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Preface to the Fifth Edition

The aims of the fifth edition of the Clinical Virology
Manual remain the same as prior editions and include
serving as a reference source to healthcare professionals
and laboratorians in providing clinical and technical in-
formation regarding viral diseases and the diagnosis of
viral infections.

This new edition includes 40 chapters and 3 appen-
dices and, similar to the organization of prior additions,
consists of the four sections: general topics, laboratory
procedures, viral pathogens, and the appendices. We
have modified the content of the appendices to provide
basic but practical information on reference virology
laboratories at both the national and international levels.
The viral pathogen chapters have a consistent organiza-
tion, with proportionally more content dedicated to di-
agnostics and testing. Additionally, a new section, with
the heading of “Diagnostic Best Practices”, has been in-
cluded in each viral pathogens chapter. The section
summarizes recommendations for diagnostic testing and
cites evidence-based guidelines when available.

The past several years have been very challenging, as
well as exciting, for diagnostic virologists, with outbreaks
of enterovirus D68, measles virus, mumps virus, norovi-
rus, Ebola virus, and, most recently, Zika virus. In addi-
tion, there is continued emergence of chikungunya,

dengue, and influenza viruses, highlighted by the influ-
enza pandemic of 2009. The landscape of hepatitis C
virus has changed, and will continue to change dramat-
ically, with the availability of new classes of direct-acting
antiviral drugs that provide an excellent probability of
cure.

This edition has incorporated these significant events
to the extent allowed by the production schedule. We
thank the authors for their contributions, particularly
during this very busy time for virologists. We also thank
the staff of the American Society for Microbiology Press
for their support and hard work in bringing this edition to
fruition.

The fifth edition of the Manual also brings a major
change in editors, as a new editor has been added and a
previous editor has cycled off. Also, after successfully
leading this series through four editions, Dr. Steven
Specter has passed on the reins of Editor-in-Chief. We
hope that this edition is a credit to Dr. Specter, as well as
to other prior editors, Drs. Lancz and Wiedbrauk.

MICHAEL J. LOEFFELHOLZ
RICHARD L. HODINKA

STEPHEN A. YOUNG
BENJAMIN A. PINSKY
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SECTION I
General Topics

in Clinical Virology





The Taxonomy, Classification, and Characterization
of Medically Important Viruses

STEVEN J. DREWS

1
Viruses are a complex and diverse group of organisms that
may have incredibly diverse and ancient origins. Their in-
teraction with humans not only involves disease processes,
but also evolutionary pressures that shape viral characteris-
tics. Viral taxonomy, classification, and characterization is
not a simple academic exercise but practically improves our
ability to diagnose, track, and compare viruses of medical
importance and develop a better understanding of patho-
physiologic processes. Over the last 5 years, there have been
significant changes in the proper names of some commonly
identified viruses of medical importance, relationships be-
tween these medically relevant viruses, technologic tools, as
well as websites and bioinformatics tools. Changes, includ-
ing what constitutes the definition of a viral species, have
already had an impact on how viruses are characterized and
classified. The expanded utilization of whole genome se-
quence analysis and metagenomic approaches has increased
the amount of biological information available to the sci-
entific community for virus characterization and categori-
zation. With these newer molecular approaches for virus
identification and characterization, as well as enhanced
bioinformatics approaches, viral classification is as dynamic
and challenging as ever, requiring continuous monitoring,
reassessment, and updating to achieve a rational taxonomic
framework.

WHAT ARE VIRUSES?
Historically, viruses have been a difficult group of pathogens
to describe, and there is continuous and vibrant discussion
on whether they should be included in the tree of life, and if
so where their places are within that tree (1). The dominant
theory, the “escape theory”, postulates that viruses evolved
recently and arose from genetic elements that escaped from
cellular hosts and evolved independent replication pro-
cesses. In contrast, the “reduction hypothesis” suggests that
viruses are the remnants of cellular organisms (2). Finally,
the virus “first hypothesis” suggests that viruses have ancient
origins and arose before the last universal cellular ancestor
(3). Regardless of the theory, it is apparent that mammals
evolved in a world with viral threats and that viruses have
co-evolved with humans and our cellular ancestors (4).

However, the differences in how viruses encode genetic in-
formation (DNA versus RNA), or how that information is
stored (double stranded versus single stranded) suggests that
viruses are polyphyletic; that is, they lack a common origin
and are developing along multiple evolutionary pathways.
These tensions between polyphyletic and monophyletic
characters, although evolutionary focused, also have an
impact on viral taxonomy. The key question that arises is,
how is it that a group of pathogens that are relatively simply
designed so difficult to characterize and categorize?

As living organisms, viruses are also extremely divergent
and have great diversity in a variety of other characteristics.
In contrast to all other forms of life, viruses can be described
as the only organisms that replicate in the form of infor-
mation (5). The most noticeable difference from other or-
ganisms and one of the more variable characters of this group
of pathogens is their diversity in how they encode this ge-
netic information (Fig. 1, Tables 1 to 7). In contrast to other
forms of life that encode genetic information within double-
stranded (ds)DNA, virus genomes may be composed of
dsDNA, single-stranded (ss)DNA, dsRNA, and ssRNA. The
form of the genome has a direct correlation to factors such
as substitution and mutation rate that are associated with
viral evolution. In general, mutation rates (mutations/site/
replication) are highest in ssRNA viruses, followed by ret-
rotranscribing viruses, ssDNA viruses, and finally dsDNA
viruses. In contrast, although substitution rates (substitution/
site/year) for ssDNA viruses are greater than dsDNA viruses,
the substitution rates of ssDNA, ssRNA, and retrotrans-
cribing viruses may overlap. Retrotranscribing viruses may
have wide ranges of substitution rates. Mutation and sub-
stitution rate trends in dsRNA viruses are well established
(6). Variables impacting substitution rates can include gen-
eration time, transmission, and selection, while variables
impacting mutation rate can include genomic architecture,
replication speed, viral enzymes, host enzymes, and envi-
ronmental effects (6). However, these trends do not always
occur as expected, and mutation rate variation also exists
among RNA viruses, which may be due to a variety of fac-
tors, particularly of the host (7). Virus genomes are also
arranged in a variety of different topologies including lin-
ear, circular, single segment, or multiple segments, and this

doi:10.1128/9781555819156.ch1
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organization can have an impact on horizontal transfer of
genetic information between individuals of different line-
ages. Each form of maintenance of the viral genome has its
own evolutionary benefits and drawbacks (8, 9). Viruses can
also be divided into pathogens that only infect humans,
those that infect other mammalian species, and those that
infect nonmammalian vectors.

Several factors separate viruses from other forms of life,
and these factors are often characterized by vertical but not
horizontal gene transfer. Although viruses contain infor-
mation, their evolution requires host cells (1). They are
parasitic agents that infect cells to reproduce virions and
disseminate genes (10), and they cannot maintain or repli-
cate themselves without hosts (1). The virally encoded
genes that are required for carbon metabolism, energy me-
tabolism, and protein synthesis are postulated to have a
cellular origin (1). Multiple differences from other life forms
have been presented and include their polyphyletic origins,
the lack of a common gene shared by all viruses, the lack of
membrane heredity, the cellular origin of translation genes,
and a biased one-way direction of horizontal gene transfer
(1). However, four factors have been described that viruses

share with other living organisms: (i) the ability of genomes
and gene products to produce progeny genomes, (ii) the
possession of self-regulation, (iii) the ability to adapt and
respond to changing environments, and (iv) maintenance of
structural organization (11).

Multiple biological pressures drive virus evolution and
shape key viral characteristics. Selective processes include
positive selection (increases prevalence of adapting traits),
negative selection (decreases the prevalence of adapting
traits), or neutral selection (random neutral occurrences
with no evolutionary advantage). Temporally, evolutionary
pressures may not be consistent, and organisms may emerge
from long periods of evolutionary stasis and enter periods of
heavy selective pressure from factors such as the host im-
mune system (12). Biologic pressure may not be applied
equally on all regions of a gene, or genome, with some epi-
topes under more pressure than others, and the selective
pressures that impact one gene may depend on the genetic
background of the virus at other gene locations (13). There
may also be differences in evolutionary pressure on viruses of
the same species, and genotype may be influenced by the
impact of climate, vector, and host on the organism, as seen,

FIGURE 1 Virus taxa infecting humans. Modified from Virus Taxonomy, Ninth Report of the International Committee on Taxonomy of
Viruses (Reprinted from Elsevier Books, Virus Taxonomy, 2002, with permission from Elsevier.)
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TABLE 1 Taxonomy and characterization of double-stranded DNA viruses of human medical importance (Baltimore classification I)

Genome
composition Order Family Subfamily Genus

Species (ICTV or other
common names) Related primary ICD-10 codes

Linear Herpesvirales Herpesviridae Alphaherpesvirinae Simplexvirus Human herpesvirus 1
(herpes simplex virus 1)
Human herpesvirus 2
(herpes simplex virus 2)

B00 herpesviral (simplex) infection
A60 anogenital herpes virus infection
P35.2 congenital herpes virus infection

Macacine herpesvirus 1
(B virus)

B00.4+ Herpesviral encephalitis

Varicellovirus Human herpesvirus 3
(varicella zoster virus)

B01 Varicella (chickenpox)
B02 Zoster (herpes zoster)

Betaherpesvirinae Cytomegalovirus Human herpesvirus 5
(HHV-5; cytomegalovirus)

B25 Cytomegalovirus disease
B27.1 Cytomegaloviral mononucleosis
P35.1 Congenital cytomegalovirus infection

Roseolovirus Human herpes virus 6A (HHV-6A)
Human herpes virus 6B (HHV-6B)
Human herpes virus 7 (HHV-7)

B08.2 Exanthema subitum (sixth disease)
T86.0 Bone marrow transplant rejection

Gammaherpesvirinae Lymphocryptovirus Human herpes virus 4
(Epstein-Barr virus; HHV-4)

B27.0 Gammaherpesviral mononucleosis
C11 Nasopharyngeal carcinoma
C83.7 Burkitt lymphoma
D82.3 X-linked lymphoproliferative disease

Rhadinovirus Human herpes virus 8 (HHV-8,
Kaposi’s sarcoma associated
herpes virus [KHSV])

C46 Kaposi sarcoma

Unassigned Adenoviridae NA Mastadenovirus Human mastadenovirus A–G B34.0 Adenovirus infection, unspecified site
B30.0+ Keratoconjunctivitis due to adenovirus
B30.1+ Conjunctivitis due to adenovirus
B97 Adenovirus as the cause of

diseases classified to other chapters
A08.2 Adenovirus enteritis
A85.1+ Adenovirus encephalitis
A87.1+ Adenovirus meningitis
J12.0 Adenoviral pneumonia

Unassigned Poxviridae Chordopoxvirinae Molluscipoxvirus Molluscum contagiosum virus B08.1 Molluscum contagiosum
Orthopoxvirus Cowpox virus B08.0 Other orthopox infections

Monkeypox virus B04 Monkeypox
Vaccinia virus B08.0 Other orthopox infections
Variola virus B03 Smallpox (for surveillance purposes only)

(Continued on next page)
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TABLE 1 Taxonomy and characterization of double-stranded DNA viruses of human medical importance (Baltimore classification I) (Continued)

Genome
composition Order Family Subfamily Genus

Species (ICTV or other
common names) Related primary ICD-10 codes

Parapoxvirus Orf virus B08.0 Other orthopox infections
Pseudocowpox virus B08.0 Other orthopox infections

Yatapoxvirus Tanapox virus B08.8 Unspecified viral infections characterized by
skin and mucous lesions

Yaba monkey tumor virus B08.8 Unspecified viral infections characterized by
skin and mucous lesions

Circular Unassigned Papillomaviridae NA Alphapapillomavirus Alphapapillomavirus 3
(human papillomavirus 6)

B07 Viral warts
A63 Anogenital (venereal) warts

Alphapapillomavirus 9
(human papillomavirus 16)

D26.0 Papilloma of cervix
N87 Dysplasia of cervix uteri
D00-09 In situ neoplasms, Bowen’s disease

Alphapapillomavirus 7
(human papillomavirus 18)

D26.0 Papilloma of cervix
N87 Dysplasia of cervix uteri
D00-09 In situ neoplasms, Bowen’s disease

Alphapapillomavirus 1
(human papillomavirus 32)

D00-09 In situ neoplasms, Bowen’s disease

Betapapillomavirus Betapapillomavirus 1
(human papillomavirus 5)

D04 Carcinoma in situ of skin; possible association

Gammapapillomavirus Gammapapillomavirus 1
(human papillomavirus 4)

B07 Viral warts
D04 Carcinoma in situ of skin; possible association

Mupapillomavirus Mupapillomavirus 1
(human papillomavirus 1)

B07 Viral warts

Nupapipillomavirus Nupapillomavirus 1
(human papillomavirus 41)

B07 Viral warts

Unassigned Polyomaviridae NA Polyomavirus BK polyomavirus
JC polyomavirus

B34.4 Papovavirus infection, unspecified site

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses; NA, not applicable.
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for example, in the pressures encountered by temperate and
tropical genotypes of Japanese encephalitis virus (14). Another
key driving pressure behind viral evolution causing human
disease includes the immunologic niche or immune-medi-
ated interactions of the human host (15). Differences in
pressures on subgroups of viruses may be ameliorated by the
differences in numbers of strains or subgroups of a virus
below the species level and how often strains are replaced
within a specific population or time period (16).

Several definitions, including taxonomy, classification,
and characterization, will be used extensively in this chapter.
Viral taxonomy has been defined as an approach to arran-
ging viruses into related clusters, defining relatedness within
and between clusters, and naming clusters or taxa (17). In
contrast, classification can be thought of as an exercise in
which one decides to use characters, features, or variables to
place a particular virus within a taxonomic system. Char-
acterization can be described as a process in which specific

TABLE 3 Taxonomy and characterization of double-stranded RNA viruses of human medical importance
(Baltimore classification III)

Genome
composition Order Family Subfamily Genus

Species
(ICTV or other
common names) Related primary ICD-10 codes

Linear,
segmented

Unassigned Reoviridae Sedoreovirinae Orbivirus Changuinola virus A93.8 Other specified arthropod-
borne viral fevers

Lembobo virus A93.8 Other specified arthropod-
borne viral fevers

Orungo virus A93.8 Other specified arthropod-
borne viral fevers

Rotavirus Rotavirus
A, B, and C

A08.0 Rotaviral enteritis

Seadornavirus Banna virus A85.2 Arthropod-borne viral
encephalitis, unspecified;
possible association

Spinareovirinae Coltivirus Colorado tick
fever virus

A93.2 Colorado tick fever

Orthreovirus Mammalian
orthoreovirus

J06 Acute upper respiratory
infections of multiple and
unspecified sites; possible association

A08.3 Other viral enteritis;
possible association

A08.4 Viral intestinal infection,
unspecified; possible association

Unassigned Picobirnaviridae NA Picobirnavirus Human
picorbirnavirus

A08.3 Other viral enteritis;
possible association

A08.4 Viral intestinal infection,
unspecified; possible association

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses; NA, not applicable.

TABLE 2 Taxonomy and characterization of single-stranded DNA viruses of human medical importance
(Baltimore classification II)

Genome
composition Order Family Subfamily Genus

Species (ICTV or other
common names)

Related primary
ICD-10 codes

Linear Unassigned Parvoviridae Parvovirinae Bocaparvovirus Primate bocaparvovirus 1–2 J06 Acute upper respiratory
infections of multiple
and unspecified sites

Dependoparvovirus Adeno-associated
dependoparvovirus virus A

—

Adeno-associated
dependoparvovirus B

—

Erythroparvovirus Primate erythroparvovirus 1 B34.3 Parvovirus unspecified site
Tetraparvovirus Primate tetraparvovirus 1 —

Circular Unassigned Anelloviridae NA Alphatorquevirus Torque teno virus 1 —

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses; NA, not applicable.

1. The Taxonomy, Classification, and Characterization of Medically Important Viruses - 7



TABLE 4 Taxonomy and characterization of positive sense single-stranded RNA viruses of human medical importance (Baltimore classification IV)

Genome
composition Order Family Subfamily Genus

Species
(ICTV or other
common names) Related primary ICD-10 codes

Linear Nidovirales Coronaviridae Coronavirinae Alphacoronavirus Human coronavirus 229E
Human coronavirus NL63

B34.2 Coronavirus infection, unpsecified site
B97.2 Coronavirus as the cause of diseases classified to other chapters

Betacoronavirus Human coronavirus HKU1 B34.2 Coronavirus infection, unspecified site
B97.2 Coronavirus as the cause of diseases classified to other chapter

Severe acute respiratory
syndrome-related coronavirus

U04 Severe acute respiratory syndrome (SARS)

Middle Eastern respiratory
syndrome coronavirus

B34.2 Coronavirus infection, unpsecified site
B97.2 Coronavirus as the cause of diseases classified to other chapter

Torovirinae Torovirus Human torovirus A08.3 Other viral enteritis
Picornavirales Picornaviridae NA

Cardiovirus Theilovirus A88 Other viral infections of central nervous system,
not classified elsewhere; possible role

Cosavirus Cosavirus A A08.3 Other viral enteritis; possible association
A08.4 Viral intestinal infection, unspecified; possible association

Enterovirus Enterovirus A B08.4 Enteroviral vesicular stomatitis with exanthem
B08.5 Enteroviral vesicular pharyngitis
B97.1 Enterovirus as the cause of disease classified to other chapters
G02.0* Enteroviral meningitis
G05.1* Enteroviral encephalomyelitis

Enterovirus B B08.4 Enteroviral vesicular stomatitis with exanthem
B08.5 Enteroviral vesicular pharyngitis
B97.1 Enterovirus as the cause of disease classified to other chapters
G02.0* Enteroviral meningitis
G05.1* Enteroviral encephalomyelitis
H13.1* Acute epidemic hemorrhagic conjunctivitis (enteroviral)

Enterovirus C (e.g., CV-A24) B08.5 Enteroviral vesicular pharyngitis
B97.1 Enterovirus as the cause of disease classified to other chapters
G02.0* Enteroviral meningitis
A80 Acute poliomyelitis
G05.1* Enteroviral encephalomyelitis
H13.1* Acute epidemic hemorrhagic conjunctivitis (enteroviral)

(Continued on next page)
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Enterovirus D B97.1 Enterovirus as the cause of disease classified to other chapters
G02.0* Enteroviral meningitis
G05.1* Enteroviral encephalomyelitis
H13.1* Acute epidemic hemorrhagic conjunctivitis (enteroviral)

Rhinovirus A,B,C J00 Acute nasopharyngitis (common cold)
J20.6 Acute bronchitis due to rhinovirus

Hepatovirus Hepatitis A virus B15 Acute hepatitis A
Kobuvirus Aichivirus A -
Parechovirus Human parechovirus A88 Other viral infections of the central nervous system,

not elsewhere classified
A41.8 Other specified sepsis

Salivirus Salivirus A 08.3 Other viral enteritis; possible association
A08.4 Viral intestinal infection, unspecified; possible association

Unassigned Astroviridae NA Mamastrovirus Mamoastovirus 1 (human astrovirus) A08.3 Other viral enteritis
Unassigned Caliciviridae NA Norovirus Norwalk virus A08.1 Acute gastroenteropathy due to Norwalk virus

Sapovirus Sapporo virus A08.3 Other viral enteritis

Unassigned Flaviviridae NA Flavivirus Dengue virus A90 Dengue fever
A91 Dengue hemorrhagic fever

Japanese encephalitis virus A83.0 Japanese encephalitis
Kyasanur Forest disease virus A98.2 Kyasanur Forest disease
Langat virus -
Louping ill virus A84.8 Other tick-borne encephalitis
Murray Valley encephalitis virus A83.4 Australian encephalitis
Omsk hemorrhagic fever virus A98.1 Omsk hemorrhagic fever
Powassan virus A84.8 Other tick-borne encephalitis
St. Louis encephalitis virus A83.3 St. Louis encephalitis
Tick-borne encephalitis virus A88 Other viral infections of the central nervous system,

not elsewhere classified
Wesselsbron A92 Other mosquito-borne viral fevers
West Nile virus A92.3 West Nile infection
Yellow fever virus A95 Yellow fever
Zika virus A94 Unspecified arthropod-borne viral fever

Hepacivirus Hepatitis C virus B17.1 Acute hepatitis C
B18.2 Chronic hepatitis C

Unassigned Hepeviridae NA Hepevirus Hepatitis E virus B17.2 Acute hepatitis E

(Continued on next page)

9



TABLE 4 Taxonomy and characterization of positive sense single-stranded RNA viruses of human medical importance (Baltimore classification IV) (Continued)

Genome
composition Order Family Subfamily Genus

Species
(ICTV or other
common names) Related primary ICD-10 codes

Unassigned Togaviridae NA Alphavirus Barmah Forest virus A92.8 Other specified mosquito-borne viral fevers
B33.8 Other specified viral diseases

Chikungunya virus A92.0 Chikungunya virus disease
Eastern equine encephalitis virus A83.2 Eastern equine encephalitis
Madariaga virus A83.2 Eastern equine encephalitis, attenuated
Mayaro virus A92.8 Other specified mosquito-borne viral fevers
O’nyong-nyong virus A92.1 O’nyong-nyong fever
Ross River virus B33.1 Ross River disease
Semliki Forest virus B33.8 Other specified viral diseases
Sinbis virus A92.8 Other specified mosquito-borne viral fevers

B33.8 Other specified viral disease
Venezuelan equine

encephalitis virus
A92.2 Venezuelan equine fever
� Encephalitis
� Encephalomyelitis virus disease

Western equine encephalitis virus A83.1 Western equine encephalitis
Rubivirus Rubella virus B06 Rubella (German measles)

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses; NA, not applicable.
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TABLE 5 Taxonomy and characterization of negative sense single-stranded RNA viruses of human medical importance (Baltimore classification V)

Genome
composition Order Family Subfamily Genus

Species
(ICTV or other
common names) Related primary ICD-10 codes

Linear
segmented

Unassigned Arenaviridaea NA Arenavirus Guanarito virus A96.8 Other arenaviral hemorrhagic fevers

Junin virus A96.0 Junin hemorrhagic fever
Lujo virus A96.8 Other arenaviral hemorrhagic fevers
Lassa virus A96.2 Lassa fever
Lymphocytic

choriomeningitis virus
A87.2 Lymphocytic choriomeningitis

Machupo virus A96.1 Machupo hemorrhagic fever
Sabiá virus A96.8 Other arenaviral hemorrhagic fevers

Unassigned Bunyaviridae NA Hantavirus Andes virus B33.4+ Hanta(cardio)-pulmonary syndrome
J17.1 Pneumonia in viral diseases classified elsewhere
N17.9 Acute renal failure, unspecified

Bayou virus B33.4+ Hanta(cardio)-pulmonary syndrome
J17.1 Pneumonia in viral diseases classified elsewhere
N17.9 Acute renal failure, unspecified

Black Creek Canal Virus B33.4+ Hanta (cardio)-pulmonary syndrome
J17.1 Pneumonia in viral diseases classified elsewhere
N17.9 Acute renal failure, unspecified

Hantaan virus A98.5 Hemorrhagic fever with renal syndrome
New York virus B33.4+ Hantavirus (cardio)-pulmonary syndrome
Puumala virus A98.5 Hemorrhagic fever with renal syndrome
Sin Nombre virus B33.4+ Hantavirus (cardio)-pulmonary syndrome
Seoul virus A98.5 Hemorrhagic fever with renal syndrome
Thottapalayam virus —

Nairovirus Crimean-Congo
hemorrhagic fever

A98.0 Other viral hemorrhagic
fever not classified elsewhere

Dugbe virus A93.8 Other specified arthropod-borne viral fevers
Orthobunyavirus Bwamba virus A92.8 Other specified mosquito-borne viral fevers

California encephalitis virus A83.5 California encephalitis
Guama virus A92.8 Other specified mosquito-borne viral fevers
Madrid virus A92.8 Other specified mosquito-borne viral fevers
Oropouche virus A93.0 Oropouche virus disease
Tacaiuma virus A92.8 Other specified mosquito-borne viral fevers

Phlebovirus Rift Valley fever virus A92.4 Rift Valley fever

(Continued on next page)
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TABLE 5 Taxonomy and characterization of negative sense single-stranded RNA viruses of human medical importance (Baltimore classification V) (Continued )

Genome
composition Order Family Subfamily Genus

Species
(ICTV or other
common names) Related primary ICD-10 codes

Sandfly fever Naples virus A93.1 Sandfly fever
A93.8 Other specified arthropod-borne viral fevers
A87.8 Other viral meningitis

Linear,
segmented

Orthomyxoviridae NA Influenzavirus A Influenza A virus J09 Influenza due to certain identified influenza virus
J10 Influenza virus not identified

Influenza B virus J09 Influenza due to certain identified influenza virus
J10 Influenza virus not identified

Influenza C virus J09 Influenza due to certain identified influenza virus
J10 Influenza virus not identified

Linear
nonsegmented

Mononegavirales Bornaviridae NA Bornavirus Borna disease virus —

Filoviridae NA Ebolavirus Bundibugyo ebolavirus A98.4 Ebola virus disease
Reston ebolavirus —

Sudan ebolavirus A98.4 Ebola virus disease
Tai forest ebolavirus A98.4 Ebola virus disease
Zaire ebolavirus A98.4 Ebola virus disease

Marburgvirus Marburg marburgvirus A98.3 Marburg virus disease
Orthomyxoviridae Paramyxoviridae Paramyxovirinae Henipavirus Hendra virus B33.8 Other specified viral diseases

Nipah virus B33.8 Other specified viral diseases
Morbillivirus Measles virus B05 Measles
Respirovirus Human parainfluenza virus 1 J00 Acute nasopharyngitis

J05.0 Acute obstructive laryngitis (croup)
J06 Acute respiratory infections

of multiple and unspecified sites
J12.2 Parainfluenza virus pneumonia
J20.4 Acute bronchitis due to parainfluenza virus
J21.8 Acute bronchiolitis due to other specified organism

Human parainfluenza virus 3 J00 Acute nasopharyngitis
J05.0 Acute obstructive laryngitis (croup)
J06 Acute respiratory infections of multiple

and unspecified sites
J12.2 Parainfluenza virus pneumonia
J20.4 Acute bronchitis due to parainfluenza virus
J21.8 Acute bronchiolitis due to other specified organism

(Continued on next page)
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Rubulavirus Human parainfluenza virus 2 J00 Acute nasopharyngitis
J05.0 Acute obstructive laryngitis (croup)
J06 Acute respiratory infections of multiple

and unspecified sites
J12.2 Parainfluenza virus pneumonia
J20.4 Acute bronchitis due to parainfluenza virus
J21.8 Acute bronchiolitis due to other specified organism

Human parainfluenza virus 4 J00 Acute nasopharyngitis
J05.0 Acute obstructive laryngitis (croup)
J06 Acute respiratory infections of multiple

and unspecified sites
J12.2 Parainfluenza virus pneumonia
J20.4 Acute bronchitis due to parainfluenza virus
J21.8 Acute bronchiolitis due to other specified organism

Mumps virus B26 Mumps including parotitis: epidemic, infectious
Pneumovirinae Metapneumovirus Human metapneumovirus J00 Acute nasopharyngitis

J06 Acute respiratory infection of multiple
and unspecified sites

J12.3 Human metapneumovirus pneumonia
J21.1 Acute bronchiolitis due to human metapneumovirus

Pneumovirus Human respiratory
syncytial virus

J00 Acute nasopharyngitis
J05.0 Acute obstructive laryngitis (croup)
J12.1 Respiratory syncytial virus pneumonia
J20.5 Acute bronchitis due to respiratory syncytial virus
J21.0 Acute bronchiolitis due to respiratory syncytial virus
B97.4 Respiratory syncytial virus as the cause

of disease classified to other chapters
Rhabdoviridae NA Lyssavirus Australian bat lyssavirus A82 Rabies

Rabies virus A82 Rabies
Vesiculovirus Chandipura virus A85.8 Other specified viral encephalitis,

possible association
Isfahan virus —

Vesicular stomatitis
Indiana virus

A93.8 Other specified arthropod-borne viral fevers

Vesicular stomatitis
New Jersey virus

A93.8 Other specified arthropod-borne viral fevers

Circular Unassigned Unassigned NA Deltavirus Hepatitis delta virus B17.0 Acute delta-(super) infection of hepatitis B carrier

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses; NA, not applicable.
aHave been described as ambisense.
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characters (e.g., factors, features, or variables, as described
later in this chapter) are attributed to a virus in order to
classify it into a structured taxonomy. The practice of a
taxonomic approach is not just an academic exercise
whereby we develop a better understanding of how viruses
are related or just place names to living things. Instead,
taxonomy and the exercises described above improve our
knowledge of molecular biology, pathogenesis, and epide-
miology, as well as our ability to respond to newly emergent
viruses with new diagnostics and therapies or preventive
approaches (18). Taxonomy creates a common language that
aids in how we communicate with colleagues and discuss
viral pathogens. We can all quickly understand that we are
discussing a specific and definable organism. For example,
the Ebolavirus species affecting West Africa in 2014 can be
further discussed and characterized as a member of the spe-
cies Zaire ebolavirus, or the enterovirus infecting patients in
North America in the summer and fall of 2014 is in fact a
member of the species Enterovirus D.

The taxonomic grouping of viruses often relies on utili-
zation of a variety of defined characters, and early systems
of classification would have utilized characters as seen in Fig.
1. One of the most widely utilized methods for viral classi-
fication is the Baltimore classification, a nonhierarchical
approach, named after the Nobel Prize winner David Bal-
timore. This system of categorizing viruses was originally
divided into six groups, but with the inclusion of hepatitis B
virus, it is now divided into seven groups and is based on
the genome present in virions and type of replication (http://
viralzone.expasy.org/all_by_species/254.html) (19). As seen
in Tables 1 to 7, group I comprises dsDNA viruses, while
group II comprises ssDNA viruses. Group III is composed of
dsRNA viruses. Group IV is composed of positive sense
ssRNAwhile group V is negative sense ssRNA. Group VI is
composed of positive sense ssRNA viruses that replicate by
means of a DNA intermediate. Group VII is composed of
dsDNA viruses that replicate by means of a ssRNA inter-
mediate (20). However, this method alone does not permit
for stratified classification of viruses, and thus does not give a
sense of hierarchies of relationships down to species or the
subspecies level. An approach like the Baltimore system is
also arbitrary in its division of viral characteristics and may
miss key attributes such as the ambisense nature of the ge-
nomes of arenaviruses or Rift valley fever virus within the
family Bunyaviridae in which an S segment uses an ambisense
strategy (Table 5) (21).

There are other historic but less widely used systems of
viral classification, and the hierarchical principles seen in
some of these earlier systems can be seen as laying the ground
work for current hierarchical approaches. The principles
identified in these approaches have been utilized for decades
but are still used today to help us characterize viruses of
medical importance. Early approaches still seen today in-
clude elements of the Holmes classification, an early hier-
archical classification approach from the 1940s for insect
viruses that attempted to classify viruses largely on the basis
of their morphology, the physical characteristics of their
inclusions (or lack of inclusions), their host insect popula-
tion, and disease processes (22). Two early approaches that
took into account the physical characteristics of viruses were
the L.H.T. (Lwoff Horne Tournier) system from the 1960s, a
hierarchical classification system focusing on shared physical
characteristics (nucleic acid, symmetry, presence/absence of
an envelope, diameter of capsid, and number of capsomers)
(23) and the Casjens and Kings classification from the
1970s, a nonhierarchical system that classified viruses on theT
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basis of nucleic acid, symmetry, presence or absence of an
envelope, and site of assembly (24).

Modern taxonomy came into being with the formation
of the International Committee on Taxonomy of Viruses
(ICTV). The ICTV is a committee of the Virology Division
of the International Union of Microbiological Societies with
activities governed by statutes. These statutes are intended
to (i) develop internationally agreed taxonomy for viruses,
(ii) develop internationally agreed names for virus taxa, (iii)
communicate taxonomic decisions to the international vi-
rology community, and (iv) maintain an index of agreed
names for virus taxa (25). The principles of nomenclature
identified by the ICTV include (i) essential principles to aim
for stability, avoid or reject names that might cause error or
confusion, and avoid the unnecessary creation of names; (ii)
viral nomenclature that is independent of other biological
nomenclature and is a recognized exception; (iii) the pri-
mary purpose of a taxon being to supply a means of referring
to the taxon rather than to indicate the characters or history
of a taxon; and (iv) the name of a taxon having no official
status until approved by the ICTV (http://www.ictvonline.
org/codeOFVirusClassification.asp). Since 1971, nine re-
ports have been released by the ICTV. Historically, this
group decided to use species to classify viruses along with
genus and family and set about to create working groups to
develop plans to demark these species within a hierarchical
structure when possible (e.g., http://www.ictvonline.org/
proposals/2005.020-72.04.Herpes.pdf) (26).

The ninth report of the ICTV identified six orders, 87
families, 19 subfamilies, 349 genera, and 2,284 virus and
viroid species. Representative viruses of medical importance
are outlined in Tables 1 to 7 of this chapter. Within the
report, each genus contains a type species and often other
species, and some ICTV study groups worked to define “type
isolates.” Species may or may not be included within a genus,
but all species are assigned to a subfamily or family. Genera
and families are defined on a phylogenetic basis, and thus
most genera are assigned to families, although some are
unassigned until they can be further defined in terms of
status and relationship. By the ninth report, it became ap-
parent that classification of viruses would need to account
for the increasing amount of genetics information available
and the strategies used for making decisions about classifi-
cation (27). In some less common cases, ICTV study groups
have also worked on developing standards for naming strains
and genetic variants that are becoming more evident with
partial and whole genome analysis (28). An extensive and rel-
atively up-to-date species master list is available at the ICTV
website (http://talk.ictvonline.org/files/ictv_documents/m/
msl/default.aspx).

Viral taxonomy is a dynamic field, and this is evident by
recent updates that have occurred in the ninth report or
since that time. In particular, multiple recent changes were

ratified by the ICTV in March 2014, some key ones of
which are identified in this chapter and described on the
ICTV website (http://talk.ictvonline.org/files/ictv_official_
taxonomy_updates_since_the_8th_report/m/vertebrate-
official/default.aspx) but may not be yet identified in
the master species list (http://talk.ictvonline.org/files/ictv_
documents/m/msl/default.aspx). There are some striking and
very important changes within the family Parvoviridae, with
five new genera, five names expanded, a decrease in the
identity required for species determination, new species in-
troduced, and binomial species names used. Most notably,
the species Human parvovirus B19 was removed from the
genus Erythrovirus in the subfamily Parvovirinae, family Par-
voviridae. The species Human parvovirus B19 was renamed
Primate erythroparvovirus 1 and placed in the genus Ery-
throparvovirus. (http://talk.ictvonline.org/files/ictv_official_
taxonomy_updates_since_the_8th_report/m/vertebrate-offi
cial/default.aspx) (29).

Other important changes were also included in the 2014
ratification. Within the family Adenoviridae multiple chan-
ges occurred, including renaming the genus Adenovirus to
Mastadenovirus and renaming the species Human adenovirus
A-G to Human mastadenovirus A-G. These changes were
intended to be on the species level and were not intended to
impact colloquial virus, strain, or isolate names. To prevent
confusion, uppercase letters were proposed to be retained,
but in the future, there would be an understanding that the
uppercase letters would not be considered sequential, nor
would they imply a sense of completeness within a series
(30). In the family Papillomaviridae, genus Gammapapillo-
maviridae, 10 new species Gammapapillomavirus 11 to Gam-
mapapillomavirus 20 were created, and multiple changes were
made in this family (http://talk.ictvonline.org/files/ictv_
official_taxonomy_updates_since_the_8th_report/m/verteb
rate-official/default.aspx). A new species, Bokeloh bat lyssa-
virus, in the genus Lyssavirus, family Rhabdoviridae was cre-
ated (31). This virus has been identified as a potential
emerging human pathogen, and a fatal cause of rabies in a
Natterer’s bat was reported, but a link to human disease has
not been identified; this virus is not included in Table 5 at
this time (32).

Several recent changes should be noted in the ninth
report, or following in the species master list. Within
the Picornaviridae, the speciesHuman enterovirus A toD were
renamed as Enterovirus A to D, and the species Human rhi-
novirus A toC were renamed Rhinovirus A toC. A new genus
Salivirus (Stool Aichi-like Virus) was created, with a new
type species, Salivirus A, created to encompass the previous
Salivirus NG-J1. The previous possible species Human
cosavirus Awas re-assigned with the new speciesCosavirus A
and the Human cosaviruses B to D were left unassigned.
Also, the species “Aichi virus” was named Aichivirus A
within the genus Kobuvirus, family Picornaviridae (30).

TABLE 7 Taxonomy and characterization of DNA reverse-transcribing viruses of human medical importance
(Baltimore classification VII)

Genome
composition Order Family Subfamily Genus

Species
(ICTV or other
common names)

Related primary
ICD-10 codes

Partially
double-stranded,
circular genome

Unassigned Hepadnaviridae Orthohepadnavirus Hepatitis B virus B16 Acute hepatitis B
B18 Chronic viral hepatitis

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses.
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Key taxonomic changes (http://talk.ictvonline.org/files/
ictv_official_taxonomy_updates_since_the_8th_report/m/
vertebrate-official/default.aspx) also occurred in a variety of
families and are seen in the species master list. Following a
proposal in 2010, within the family Astroviridae, genus
Mamastrovirus, the species Human astrovirus was changed to
Mamastrovirus 1. Lujo virus was designated as a new species in
the genus Arenavirus, and it has been described to be asso-
ciated with viral hemorrhagic fevers in South Africa and
Zambia (33). In 2012, a proposal was initiated to create a
new species Madariaga virus within the genus Alphavirus,
which comprised strains of the species Eastern equine en-
cephalitis virus from Central and South America and the
Eastern Caribbean lineages II to IV. Multiple reasons justify
this discrimination, including an attenuated illness in
Madariaga virus disease compared to illness caused by Eastern
equine encephalitis virus (34). A new species, Sangassou virus,
was created within the genusHantavirus to describe a murine
virus with amino acid sequence similarity to hantaviruses
that are possibly associated with fever of unknown origin
in patients in Africa (http://talk.ictvonline.org/files/ictv_
official_taxonomy_updates_since_the_8th_report/m/verteb
rate-official/default.aspx) (35).

There have been multiple discussions and disagreement
about how virologists should be define a species. The sixth
report of the ICTV in 1995 defined species as a “polythetic
class of viruses that constitutes a replicating lineage and
occupies a particular ecological niche.” This focus on a
polythetic origin was a controversial topic even by the time
of the ninth ICTV report (27), and in 2011 a proposed
species definition that “Avirus species should be defined on
the basis of a range of criteria to ensure that the viruses
assigned to it form a phylogenically distinct lineage” was
introduced. Another proposed definition of species was in-
troduced in 2012, which suggested that “A species is a
monophyletic group of viruses whose properties can be dis-
tinguished by multiple criteria” (36). These multiple criteria
could include properties such as natural or experimental host
cell range, cell and tissue tropism, pathogenicity, vector
specificity, antigenicity, and degree of relatedness in genes
and genomes. Further to this, Gibbs commented that a
species should consist of viruses that are linked with “a single
‘type genomic sequence’” and “should be predominately
monophyletic,” which would lead to a definition of species
that is more informative and acts as a quality assurance
measure (37).

Below the level of species, there is no widespread,
consistent, generalized, or systemized approach to naming
and identifying viruses. However, some well-established ap-
proaches do exist, including those that account for variation
due to laboratory-originated recombination. For example, for
filoviruses, the genetic variant naming takes the approach,
< virus name> (“strain> /)< isolation host-suffix> /< coun-
try of sampling > / < year of sampling > / < genetic variant
designation> - < isolate designation > with the proposal to
add a “rec” suffix for laboratory-derived recombinants (38).
This is a similar approach to the nomenclature for influenza
A strains, but use of geographic and temporal variables can
be difficult to maintain due to a lack of standardization.
In 2011, the World Health Organization (WHO) suggested
revising how highly pathogenic influenza H5N1 is named
to create a unified system that would allow for interpreta-
tion of data from different laboratories, replace geographic
labeling with a more representative system, and create a
system that accounts for antigenic variation and reassort-
ment in multiple genotypes (http://www.who.int/influenza/

gisrs_laboratory/h5n1_nomenclature/en/). Segmented viru-
ses such as influenza A or rotavirus also have an additional
level of characterization based on individual gene segments.
The rotavirus working groups have taken a nucleotide-
sequencing approach and utilized percentage cutoff values to
identify strains. They have also given descriptors to each of
the 11 gene segments (Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-
Ex-Hx) and have proposed that strains are named as “RV
group/species of origin/country of identification/common
name/year of identification/G- and P-type” (39).

The ICTVdb was a curated virus database initiated fol-
lowing a decision by the ICTV executive in 1991, and it is
still accessible (http://ictvdb.bio-mirror.cn/Ictv/ICTVindex
.htm). The database used a decimalized numbering system to
allow for the easy and unique identification of a virus at the
level of species, genus, subfamily, and family. The ICTVdb
was integrated with other databases containing genome se-
quence such as NCBI GenBank and EBI EMBL. Unfortu-
nately, following the retirement of its curator, the ICTVdb
became out of date, and by 2011 the ICTV suspended the
ICTVdb project. With the suspension of the ICTVdb, other
forums have arisen to provide continuity in taxonomic ac-
tivities (Table 8). Some of these, such as the ExPASY
Bioinformatics Resource Portal, are general in nature and
provide a quick overview of viral characterization. Others
such as the NCBI viral genomes database or the Viral
Bioinformatics Resource Centre (University of Victoria),
the VIDA 3.0 database, the Icosahedral virus capsid struc-
ture database, the RNAs and proteins of dsRNA viruses
website and are broadly focused and can be used to study,
characterize, and classify a broad variety of viral pathogens.
Other websites may focus on one specific virus or smaller
clusters of viruses as listed in Table 8. A disease-focused
taxonomy involving viruses can also be created using the
WHO ICD-10 database for identifying direct and indirect
characters associated with human viral pathogens.

The International Statistical Classification of Diseases
and Related Health Problems (ICD) is a standardized tool
developed by the WHO to organize and code mortality and
morbidity data that are then used for statistics, epidemiology,
health care management, health care resource planning and
allocation, monitoring, evaluation, research, primary care,
and treatment. This tool can also be used to characterize the
general health of a country or population as well as the impact
that viruses have on the morbidity and mortality of individ-
uals and populations (http://www.who.int/classifications/icd/
revision/icd11faq/en/). The 10th revision was endorsed by
the World Health Assembly in 1990 and is expected to be
utilized until work on the current 11th revision is com-
plete around 2017 (http://www.who.int/classifications/icd/
en/). The 2010 English version is available online (http://
apps.who.int/classifications/icd10/browse/2010/en) and al-
lows for easy searching of viral diseases, syndromes, and
viruses themselves and is supported by a user guide (http://
www.who.int/classifications/icd/ICD-10_2nd_ed_volume2.
pdf).

With the ICD-10, diseases are classified using an alpha-
numeric system that allows for assigning primary and sec-
ondary disease codes. These codes are provided as examples
of diseases caused by or associated with specific viruses in
Tables 1 to 7. Table 9 outlines how ICD-10 codes focused on
a character, in this case viral hemorrhagic fever in humans,
could be used to categorize arthropod-borne viral hemor-
rhagic fevers and create a disease-focused taxonomy (40)
separate from one focused on viral order, family, genus,
and species. Some codes such as A91 (dengue hemorrhagic
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TABLE 8 Websites for online taxonomy databases

Focus
Working or
other group Title/topic Website

Specific viruses
Astroviruses Pirbright Institute The Astrovirus Pages http://www.iah-virus.org/astroviridae/
Bat-associated

viruses
Institute of Pathogen Biology,

Beijing, China
dBatVir/Viral genome database http://www.mgc.ac.cn/DBatVir/

Coronaviridae VIPR: Virus Pathogen Resource CoVDB/Viral genome database www.viprbrc.org/brc/home.spg?decorator=corona
Dengue virus Broad Institute Dengue virus portal http://www.broadinstitute.org/annotation/viral/Dengue/Home.html
Group A rotaviruses Multiple authors RotaC2.0 automated genotyping tool http://rotac.regatools.be
Hepatitis B Multiple groups The Hepatitis B Virus Database (HBVdb) https://hbvdb.ibcp.fr/HBVdb/
HIV Los Alamos HIV resistance mutation database http://www.hiv.lanl.gov/content/sequence/RESDB/
HIV Los Alamos HIV sequence database http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html
HIV Stanford University HIV drug resistance database http://hivdb.stanford.edu/
Human adenovirus Comparative Virology Team Adenovirus Genetics and Taxonomy www.vmri.hu/~harrach/
Influenza Chinese Academy of Sciences IVDB/Viral genome database http://influenza.psych.ac.cn/
Influenza Swiss Institute of Bioinformatics Open Flu Database http://openflu.vital-it.ch/browse.php
Picornaviruses European study group on the

molecular biology
of Picornaviruses

Europic http://www.europic.org.uk/

Picornaviruses ICTV Picornaviridae study group Picornaviridiae Study Group Pages http://www.picornastudygroup.com/
Picornaviruses Pirbright institute The Picornavirus Pages http://www.picornaviridae.com/
General

Bioinformatics ExPASy Bioinformatics
Resource Portal

Viral zone http://viralzone.expasy.org/all_by_species/677.html

(Continued on next page)
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TABLE 8 Websites for online taxonomy databases (Continued)

Focus
Working or
other group Title/topic Website

Bioinformatics
Poxviruses

University of Victoria Viral bioinformatics resource centre http://athena.bioc.uvic.ca/

Disease-focused
taxonomy

World Health Organization ICD-10 Version:2010 http://apps.who.int/classifications/icd10/browse/2010/en

Genomics NCBI Viral genomes http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgi?taxid=10239
Icosahedral virus

capsid structure
database

The Scripps Research Institute Viperdb: Virus Particle ExploreR2 http://viperdb.scripps.edu/

Taxonomy ICTV Virus taxonomy:2013 release http://ictvonline.org/virusTaxonomy.asp
Universal protein

database
UniProt consortium UniProt http://www.uniprot.org/

Multiple
Herpesviridae
Poxviridae
Papillomaviridae
Coronaviridae
Arteriviridae

University College London VIDA 3.0 http://www.biochem.ucl.ac.uk/bsm/virus_database/VIDA3/VIDA.html

Influenza virus
Dengue virus
West nile virus

NCBI Virus variation database http://www.ncbi.nlm.nih.gov/genomes/VirusVariation/index.html

ICTV, International Committee on Taxonomy of Viruses; NCBI, National Center for Biotechnology Information.
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fever) and A95 (yellow fever) are tightly linked to an easily
identifiable viral species. Other codes, such as A96 arena-
viral hemorrhagic fever identify a genus associated with
disease but may not identify all species such as Sabia virus
(Brazilian hemorrhagic fever) or Guanarito virus (Venezue-
lan hemorrhagic fever). Yet codes, such as A92 (other
mosquito-borne viral fevers, excluding Ross River disease),
may be vector associated and include different genera such as
alphaviruses and phleboviruses. Other genera and species
not characterized elsewhere would be lumped into A98
other viral hemorrhagic fevers, not classified elsewhere.

ICD-10 codes are considered administrative health data,
and there are concerns about how well these data can

characterize illness as well as their accuracy. Administrative
health data have value in helping us understand clinical
outcomes associated with viral diseases at a population level
as well as risk factors for disease. The current version is
thought to provide both a better description of clinical sit-
uations as well as more specificity in describing health care
problems than ICD-9 (41). However, using chart reviews, it
was found that ICD-9 and ICD-10 had roughly equal sen-
sitivity for coding conditions in general (42). ICD codes, in
this case ICD-9 codes, have been shown to be highly pre-
dictive of determining pneumonia, herpes simplex virus
infections, cirrhosis with hepatitis C virus, and HIV or
hepatitis B co-infections with hepatitis C virus when ad-
ministrative databases were analyzed (43). However, vali-
dations need to be undertaken to ensure each code is
accurately describing a viral disease process.

Character-based description allows for the use of de-
scriptors, variables, or characters to classify and compare
viruses. The ICTV uses an extensive and comprehensive
listing of different characters, and these generally include
isolation details, historic ICTVdb virus codes, classification
at taxonomic level, virion properties, morphology, physio-
chemical and physical properties, nucleic acid, proteins,
genome organization and replication, antigenicity, and
biological properties including natural host range and pa-
thology. The ICD-10 codes described earlier could also be
considered pathology-focused characters. As an example,
the following species demarcation criteria would be used
within the genus Flavivirus: nucleotide and deduced amino
acid sequence data, antigenic characteristics, geographic
association, vector association, host association, disease as-
sociation, and ecological characteristics (http://ictvdb.bio-
mirror.cn/Ictv/fs_flavi.htm). Use of these multiple and diverse
characters allows for the systematic understanding of how
viruses compare to each other, and it could be argued that
they are a natural progression of other historical methods
while still ensuring that a hierarchical classification based
on a modern multidisciplinary approach can be under-
taken. One of the issues with using a character-based system
and character-based descriptors is that their demarcation
criteria can vary greatly within and between families and
as such they lack a single unifying property. This variabil-
ity is required to ensure that each virus is classified (44).
However, as described earlier, there now seems to be a
greater role for a genetics-based approach in defining virus
taxonomy.

Molecular phylogenetics is an approach that allows for
the comparison of nucleic acid and/or protein sequences to
investigate evolutionary relationships. The multiple issues
with non-sequence-based viral taxonomy, including the
subjective nature of other characters, poor clinical charac-
terization, or more practical factors, such as the lack of ad-
equate tissue culture propagation systems or animal infection
models for certain viruses, suggests that nucleic acid or
protein sequence should be the primary driver of taxonomic
decisions (45). The most common method used is a pairwise
analysis of a particular gene, amino acid sequence, or sub-
genomic marker and the creation of a “tree” that allows for
an estimation of genetic relatedness; this has traditionally
been a method for comparing sequences to determine phy-
logeny at the subgenomic level (46). Much of this work will
be described in chapter 15 and several previously reviewed
approaches to genome tree formation include (i) alignment-
free trees, (ii) gene content trees, (iii) chromosomal gene
order trees, (iv) average sequence similarity trees, and (v)
meta-analysis trees (47, 48). As described later in this chapter

TABLE 9 Arthropod-borne viral fevers and viral
hemorrhagic fevers (A90–A99)
A91 Dengue hemorrhagic fever

A92 Other mosquito-borne viral fevers
Excluding: Ross River disease (B33.1)
A92.0 Chikungunya virus disease

Chikungunya (hemorrhagic) fever
A92.4 Rift Valley fever

A95 Yellow fever
A95.0 Sylvatic yellow fever

Jungle yellow fever
A95.1 Urban yellow fever
A95.9 Yellow fever, unspecified

A96 Arenaviral hemorrhagic fever
A96.0 Junin hemorrhagic fever
Including: Argentinian hemorrhagic fever
A96.1 Machupo hemorrhagic fever

Bolivian hemorrhagic fever
A96.2 Lassa fever
A96.8 Other arenaviral hemorrhagic fevers
A96.9 Arenaviral hemorrhagic fever, unspecified

A98 Other viral hemorrhagic fevers, not elsewhere classified
Excluding: Chikungunya hemorrhagic fever (A92.0), dengue
hemorrhagic fever (A91)
A98.0 Crimean-Congo hemorrhagic fever

Central Asian hemorrhagic fever
A98.1 Omsk hemorrhagic fever
A98.2 Kyasanur Forest disease
A98.3 Marburg virus disease
A98.4 Ebola virus disease
A98.5 Hemorrhagic fever with renal syndrome

Hemorrhagic fever:
Epidemic
Korean
Russian
Hantaan virus disease
Hantaan virus disease with renal manifestations
Nephropathia epidemica
Excluding: Hantavirus (cardio-)pulmonary syndrome

(B33.4+, J17.1*)
A98.8 Other specified viral hemorrhagic fevers
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there are some examples in which classification systems are
based largely, or even purely, on sequence homology in-
cluding human papillomaviruses.

Different approaches in terms of target, such as amino
acids versus nucleotides, as well as genes sequenced and
whether to include hypervariable regions in the analysis,
can impact taxonomic classifications. One important choice
is whether to use nucleotide or amino acid sequences within
the analysis. It has been argued that phylogenetic relation-
ships based on nucleotide sequences alone may be mis-
leading since they analyze sites with saturated substitutions,
and it has been suggested that these biases should be com-
pensated for by using Bayesian methods or maximum like-
lihood methods or by analyzing aligned amino acid
sequences (49). However, amino acid analysis alone may
not be sufficient because some taxonomic or phylogenetic
approaches may take into account noncoding regions.
Another key choice is whether to include partial or full
genome sequences. For obvious reasons, including earlier
technologic issues with sequencing long regions of nucleic
acid and the management of sequencing information, ear-
lier classification approaches were often based on partial
genome sequences of viruses. For example, the RNA-
dependent RNA-polymerase (RdRp) protein sequence was
used as one tool to understand relatedness of families within
the order Picornavirales and could be used to distinguish
members of different genera within the family Reoviridae
(27). Subgenomic analysis of one or multiple genes will not
reveal the nature of all genetic changes within a virus and
may not confidently classify a virus that is being studied
within an appropriate taxonomic framework. The increased
use of whole genome sequencing rather than sequencing
only subgenomic regions has led to instances in which
greater diversity or variants are identified from previously
studied viral populations (49). Whole genome approaches
have also uncovered previously undescribed evolutionary
relationships, including evidence of interspecies transmis-
sion and related recombination events (50), that can then
assist in how viruses are classified. When these approaches
are applied, they can be used to generate more consistent
nomenclature (39). This new information identified by
analysis of a complete genome is important because it in-
creases our awareness of relatedness between individual
viruses being studied and improves our knowledge of viral
epidemiology and pathophysiology.

The impact of the viral metagenome on understand-
ing the virome and characterizing virus components within
primary specimens or natural samples should also be noted.
High-throughput deep-sequencing approaches have played
important roles in the discovery of viruses and viral com-
munities, or the virome, within primary specimens and bi-
ological samples (51). However, one of the issues with this
approach is the incredibly large amount of information pro-
duced and how to manage this information as it significantly
increases on a yearly basis (52). Other key problems include
concerns in the bioinformatics community about how to
account for factors such as their small genomes, fast muta-
tion rates, and low conservation (53), and how to assign
taxonomy to very short reads of nucleic acid sequence (54).

Once phylogenetic approaches are used, questions then
arise as to how comparisons between viruses will be made,
and whether these approaches will be consistent or incon-
sistent with the previously defined taxonomy (55). These
questions have not only been faced by virologists but are
universal when phylogenetic approaches are taken to classify
organisms. Multiple factors will impact phylogenetic analy-

sis, including how trees are established and how they change
as new sequences are added (56). In some cases a tree model
may not be used, and phylogenetic networks may instead be
used for investigating evolutionary relationships to establish
relationships; however, these often require extensive full
genome sequences (57). Other methods such as the calcu-
lation of genetic distances between nucleotide sequences of
full genome sequences can be used without construction of
trees and can correlate well to subgenomic regions, without
the requirement of extensive full genome sequences being
available (57). Regardless of the approaches to determine
phylogenetic relationships, the conclusions may still be bi-
ased if they do not account for recombination and conver-
gence (58).

Descriptions of viral taxonomy and categorization can
easily diverge from clinically relevant viruses unless a strong
effort is made to link the virological information to infor-
mation describing disease processes. Furthermore, viral in-
fections may not actually be linked to any disease processes,
or infections may be associated with disease processes but
may not be confirmed with Koch’s postulates. Part of this
problem may be that until recently we had very limited tools
for diagnosing viral diseases and the age of viral discovery is
now outstripping our ability to show causality with exercises
such as the use of Koch’s postulates. Tables 1 to 7 show a
summary of viruses of medical importance and use ICD-10
codes to indicate the associated disease processes attributed
to these viruses. These codes act as the disease- or pathology-
focused character associated with viral infection. A frame-
work of these relationships can also be seen in Table 9,
which uses a viral hemorrhagic disease as an example.
However, it should be noted that the disease-focused tax-
onomy provided in Tables 1 to 7 is not intended to be an
exhaustive description of the diseases caused by each path-
ogen but is shown to indicate medical relevance and to
identify specific disease-focused characters.

As seen in the Tables 1 to 7, if the virus is not directly
listed with an ICD-10 code then the correlation becomes
more complicated. For example, the pathophysiology linked
to Human torovirus could be linked to A08.3 other viral
enteritis. Other disease processes may not be related to all
species of a genus, and the diseased-focused taxonomy may
not be entirely specific. In the case of code B30.0 + kerato-
conjunctivitis due to adenoviruses, it would be simplistic to
link this disease to all types of adenovirus because types 8,
19, and 37 are usually involved, while type 5 can be involved
with severe disease. In contrast, B30.1 + conjunctivitis is
mostly caused by types 3, 4, and 7, but most types can cause
this disease. Similarly, enterovirus categorization is complex
and examples given use a previous review on enterovirus
infection (59). ICD-10 coding to describe a viral infection
may primarily link a virus to a specific disease process, while
other secondary disease processes may be described later,
sometimes as footnotes. For examples, Venezuelan equine
encephalitis virus disease is described in ICD-10 as a viral
fever, but in a minority of cases they lead to viral encephalitis
as described in a footnote in ICD-10 coding.

Other infectious processes may be hard to define in terms
of an ICD-10 code or another disease- or pathology-focused
character and may not currently fulfill Koch’s postulates.
Betapapillomavirus 1 may play a role in carcinoma in situ
of the skin and in actinic keratitis, Mupapillomavirus 1 is
sometimes found in warts and other times on normal skin
(60), while the role for gamma papilloma viruses in human
disease is even less obvious (61). Banna virus has been
identified in patients with viral encephalitis, and there may
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be a possible association with illness (62). Mammalian
orthoreoviruses have been identified in humans with mul-
tiple illnesses (63); however, evidence on causation is not
strong, and these are listed in the table as associations. The
role of Borna disease virus in human disease, including viral
encephalitis and neurologic or psychiatric disorders, is still
controversial (64). There is also a possible association of
Cosavirus A with diarrhea in immune-compromised and
pediatric patients (65). Aichivirus A, Salivirus A, and Thei-
lovirus or “Saffold virus” have been shown to circulate in
children with diarrhea, but their roles are not well under-
stood.Theilovirus virus may also be an emerging viral cause of
central nervous system disease (66). Human picobirnavirus
also has an associated role in diarrheal illness (67). Although
Torquetenovirus 1 has been identified in human specimens,
its role in human disease is unclear (68), as is the role for
Thottapalayam virus (69).

The following scenarios describe the issues faced by the
scientific community in determining taxonomy. Some are
relatively straightforward, while others have required sig-
nificant discussion or are still points of discussion. Examples
are described for the papillomaviruses, picornaviruses, ade-
noviruses, and noroviruses. A common theme that appears
in all examples, and one that has been described previously,
is the impact of whole genome sequence analysis on cate-
gorization of viruses within a taxonomic framework. Pri-
marily, much of these discussions focuses on what criteria
should be used to classify these viruses, with the under-
standing that these criteria are key because typing needs to
be consistent across methods to ensure continuity in un-
derstanding the epidemiology and clinical presentation of
these viruses and to allow for the effective identification of
new strains or types that may cause severe illness.

Papillomaviruses
Multiple characteristics can be used to develop a taxonomic
approach; however, in some cases the taxonomic approach is
restricted to genetic approaches, and the question still arises
about which genetic approach to use. With human pa-
pillomaviruses, genetic approaches were required because of
a lack of reliable cell culture systems and animal models of
infection for these particular viruses (27). As a result of these
pressures, taxonomy developed on two basic themes: host
specificity and the use of phylogenetic analysis. Also, some
categorization focused on whether the HPV type could be
grouped as cutaneous or mucosal, but this approach was not
maintained following more extensive phylogenetic analysis
(45). Coordination within the scientific community study-
ing human papillomaviruses emerged early, and in the 1980s,
the community established a reference center in Germany.
Basic rules established that identifying a new type required
storing the full-length cloned genome at this reference
center. Even with this strong coordination, there was no
consensus on which gene targets to utilize for taxonomic
classification, and for a considerable period of time, there
was significant discussion on the gene targets or sequences
(e.g., L1, and E6 and E7), whether open reading frames
(ORFs) and partial gene sequences or full gene sequences
should be used, and what level of similarity should be used
for each target to classify a new species (70). As new tech-
nologies increased the output of sequence available to be
analyzed, there was an increased need to standardize ap-
proaches to classification (71). Currently, human papillo-
maviruses are classified by phylogenetic analysis of the L1
gene ORF with variations in the percentage of difference
used to determine if a newly identified sequence belongs to a

new species, a new subtype, or a new variant (71). Following
this approach, new discussions have now moved onto
whether to accept new types that are sequenced and iden-
tified by metagenomic approaches (45).

Picornaviruses
The following illustrative example describes the issues the
scientific community may need to deal with when transi-
tioning from a taxonomic approach involving multiple po-
tentially variable characteristics to one using potentially
more objective characteristics. Current picornavirus taxo-
nomic classification is carried out by the Picornavirus Study
Group on behalf of the ICTV. Classification of picorna-
viruses involves a number of rules that take into account
several different characteristics, including polyprotein se-
quence homology, genome organization, genome base com-
position, host range, host cell receptor variety, and replicative
processes. Multiple molecular markers may also be used to
create a picornavirus taxonomy (27, 72). At the species level
the use of VP1 pairwise sequencing can often be used to
determine relationships between viruses (73). However, for
the purposes of developing hierarchal categorizations, it
is argued that this approach lacks a gold standard, and a
growing number of picornaviruses are not assigned to any
taxonomic grouping or are in provisional groupings (72).
Also, the identification of clades and relationships between
strains at the subspecies level, such as those within human
enterovirus 68 (EV-D68), requires the analysis of several
other non-VP1 targets including the 5¢-untranscribed region
and VP4 (74). The inability to assign specific viruses to a
particular taxonomic grouping is problematic because there
is a need to link clinical disease with specific types, as well as
a need to develop and define the characteristics of new tests
that may need to account for the absence of current assay
targets. As described previously, the increased utilization of
whole genome sequencing has allowed for the character-
ization of viruses to identify new relationships within the
picornaviruses (75). New bioinformatics approaches for
comparing whole genome sequences, including quantitative
procedures to hierarchically classify picornaviruses based on
intervirus genetic divergence, are now being attempted by
some scientists (76). A side-by-side comparison with ICTV
classification has already been undertaken using this ap-
proach, with the authors proposing that the genome con-
tains enough information to act as the sole demarcation
criterion for the picornaviruses (72).

Adenoviruses
As stated earlier, the lowest level of taxonomic classification
that the ICTV undertakes is the species, and multiple crite-
ria are used to determine a species within the genus Masta-
denovirus (http://www.vmri.hu/~harrach/AdVtaxlong.htm).
Below the level of species, serotype has been used to un-
derstand the clinical epidemiology and pathophysiology of
these viruses in humans; however, in the case of adeno-
viruses, serotype/type has played a key role in linking a
species to a disease process. Traditional adenovirus typing
involved the isolation and propagation of the virus followed
by serotyping, which in the case of a suspect novel type
would require an extremely large number of virus neutrali-
zation assays. However, for almost a decade, the amplifica-
tion of the hexon gene provided a reasonable surrogate to
the traditional approaches (77). Recently, major points of
discussion include how to define type, how to deal with
recombination events (including intertypic recombination),
the extent of sequences required for comparison, and how
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to manage and identify new strains as well as storage of
sequence information, and it is clear that a typing method
focusing on one gene target will not be operationally viable
going into the future (78). There are already significant
criteria being introduced at the Human Adenovirus Work-
ing Group to address the use of sequencing information, link
species to type in a new nomenclature system, require the use
of complete genome sequencing and phylogenetics in the
creation of a new type identifier, provide a rule for naming
priorities, and deal with the issue of recombination (79).
Some researchers have already proposed that whole genome
analysis should be used to identify new lineages of adeno-
viruses and provide the evidence for either a new species or a
new type number (80), and this approach has also been used
to speculate on viral evolution and search for potentially
emerging types and subtypes (81). Regardless, these issues
will definitely create changes in how adenoviruses are
characterized over the next 5 to 10 years and will push
consensus groups further into the realm of subspecies clas-
sification.

Norovirus
Norovirus genogroups I, II, and IV are clinically important
for humans, with recent novel strains emerging and data
suggesting that strain variation can be driven by positive
selection during chronic infection within immunocompro-
mised hosts (82). Currently, real-time PCRs to determine
genogroups I and II are in broad use and the ability to ge-
notype has also been widely established, but multiple ap-
proaches exist and there is a need for consistency for
genotyping as well as identification of new strains (83).
These genogroups are further divided into genotypes (84).
Since the mid-1990s, norovirus genotypes have been based
on the complete VP1 gene sequence (ORF2; open reading
frame 2), encoding the 60 kDa capsid protein, with new
genotypes being designated when more than 20% of VP-1
amino acids differed using pairwise analysis. In 2011, re-
searchers who were part of the Food-Borne Viruses in Europe
Network proposed a molecular epidemiologic approach fo-
cused on the analysis of ORF2 (85). This focus on ORF2 and
its epitopes B, C, and D is still used to characterize new strain
variants (86). However, the primary focus on ORF2 as a sole
target for genotyping has begun to shift within the last 5
years. During the 4th International Conference on Calici-
viruses in 2010, a need for common classification of nor-
oviruses was identified and a norovirus working group was
established. This group was influenced by the Picornaviridae
and Flaviviridae working groups described earlier in this
chapter that had created practical standards for universal
nomenclature and typing systems. By 2013, members of this
working group proposed a phylogenetic analysis of the full
VP1 sequence as well as the partial 3¢ORF1 sequence being
utilized to generate new genotypes (84). The ORF1 en-
codes for a nonstructural polyprotein that undergoes pro-
teolytic cleavage to release six nonstructural proteins (87).
An expanded approach has been shown to allow for
identification of recombination events at the ORF1/ORF2
overlap (88, 89), recombinations within VP1 (ORF2) (90),
and possibly within the ORF2/ORF3 boundary (90) in
emerging variants, which would not be identified if only
ORF1 or ORF2 sequences were analyzed (91). As seen
previously, other groups have gone to full genome analysis
to characterize the emergence of new strains within their
jurisdictions (92, 93). These whole genome approaches
have already been used in outbreak settings to identify
minor genetic variations that could suggest transmission

events and might be utilized to suggest a direction of
transmission (94).

In conclusion, in spite of their simplicity, viruses are a
complex and diverse group of organisms that may have
equally diverse origins and evolutionary pressures. Their
interaction with their human hosts may cause disease but
also impacts viral evolution and shapes key viral character-
istics. Viral taxonomy, classification, and characterization
can be thought of as important tools that improve our abil-
ity to diagnose and compare viruses of medical importance.
This framework also allows us to place newly identified
viruses within the tree of life and may provide clues to
pathophysiology when they may not yet be completely evi-
dent. Linkage to well-understood disease processes also
allows for the characterization and classification of viruses
into disease-focused frameworks that may not be completely
driven by the biology of the organisms. Over the last 5 years,
there have been significant changes in the field of viral
taxonomy, and this includes changes in the proper name
of some commonly identified viruses as well as realign-
ment of relationships between these medically relevant
viruses. Some resources, such as databases, have ceased to
exist as up-to-date tools, while new databases have emerged
or been strengthened to support viral taxonomy. Some of
these changes, such as with the nature of what constitutes a
viral species, have led to vibrant discussion and are critical
for the development of taxonomy in the future. Related to
this discussion with the nature of species, the changes in
taxonomic approaches and even our understanding of viral
evolution have also changed and are now being driven by
significant increases in genetic information created by whole
genome analysis and metagenomic approaches as well as
the bioinformatics tools to support this information. These
molecular approaches now allow for the classification of
viruses in new ways, which will in turn also impact how cur-
rently known and yet to be discovered viral pathogens are
characterized and classified. No doubt, we will continue to
see a greater role for phylogenetics in the placement of viruses
within a structured framework, while other more subjective
or historic characters of these viruses will have a lesser impact
on viral taxonomy.
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Quality Assurance and Quality Control in Clinical
and Molecular Virology

MATTHEW J. BANKOWSKI

2
The clinical virology laboratory provides important and of-
ten critical information to the health care provider in order
to support the diagnosis or monitoring of viral disease for the
patient. Testing results will often serve as a guide for optimal
treatment of the disease, contribute to infection control and
prevention of a hospitalized patient or offer insight into the
prognosis for the disease. Therefore, the quality of the vi-
rology laboratory testing has to be highly accurate and of-
fered in a timely fashion in order to achieve optimal patient
management. A well-structured and ongoing quality assur-
ance (QA) program will provide the framework for main-
taining accuracy in all phases of the testing process. These
phases include the preanalytical, analytical, and post-
analytical stages of the testing. However, no process is per-
fect, and every QA program should include a surveillance
component that continuously identifies and corrects any
weakness in the system. This corrective action should also be
followed by preventative action in order to eliminate
weaknesses and improve the entire QA program.

REGULATORY REQUIREMENTS
In the United States all clinical laboratories have to be cer-
tified under the Clinical Laboratory Improvement Amen-
dments (CLIA) (1, 2). This amended USA federal law
governing clinical laboratory testing is listed in Section 353
of the Public Health Service Act (42 U.S.C. 263a) as
published in the Federal Register on 28 February 1992 as a
final rule. The CLIA regulations established three levels of
complexity corresponding to minimal quality standards for
the type of laboratory. These categories consist of waived,
moderate-complexity, and high-complexity. CLIA was es-
tablished to ensure the quality of laboratory services based
on these complexity levels. The CLIA regulations incorpo-
rate provisions for clinical laboratory personnel, facilities,
quality assurance, quality control, proficiency testing, record
keeping, and record retention.

Subsequently, the Department of Health and Human
Services (HHS) published a revised final rule in the Federal
Register on 24 January 2003. This revised final rule con-
tained clarifications and reorganization to make the docu-
ment more concise. Importantly, this revised final rule
incorporated the quality system concept into clinical labo-

ratory testing. All clinical laboratories must be certified
under CLIA. However, depending upon the state in which
the clinical laboratory is located, other agencies, such as the
Centers for Medicare and Medicaid Services (CMS), may
approve the laboratory licensure. CLIA-certified laborato-
ries are also subject to biennial inspections, which are in-
tended to be educational and aid in improving testing and
optimizing patient care. Clinical laboratories may also meet
the CLIA requirements through being inspected by CMS-
approved nonprofit organizations (e.g., College of American
Pathologists [CAP] or The Joint Commission).

VIROLOGY QUALITY ASSURANCE
Quality assurance in the clinical laboratory is a multifaceted
process. QA includes quality control, proficiency testing,
technical staff training and competency, instrument cali-
bration, and clinical correlation. It is an ongoing process
that maintains optimum test performance that is controlled
at every stage of the testing process. This includes testing
personnel from preanalytical to analytical and postanalytical
test procedures. Quality control reagents are included in the
day-to-day testing process, and frequent challenging of the
process is also carried out by proficiency testing. A trouble-
shooting process is instituted when tests fail, which is fol-
lowed up by investigation, corrective action, and preventive
action. Useful documents that serve as guidelines for main-
taining quality assurance in the clinical virology laboratory
can be obtained from the Clinical and Laboratory Standards
Institute (CLSI) (Table 1) and the American Society for
Microbiology (ASM) (Table 2). General documents from
these two reference sources include CLSI QMS02A6 and
Cumitech 3B.

CLINICAL LABORATORY PERSONNEL
All laboratory staff involved in any part of the testing process
need to be qualified according to CLIA and applicable state
licensure requirements. The laboratory director is responsi-
ble for defining the qualifications and responsibilities in
written form for all of the staff involved in this process.

Virology testing is considered as moderate or high com-
plexity according to CLIA-88. Therefore, any staff involved
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in the actual testing of specimens are required to be qualified
under these categories. Staff involved in the analytical phase
need to be adequately trained on a test in order to ensure
that there is a complete understanding of the test procedure.
In order to ensure fulfillment of this step, an evaluation by
actual observation of the technologist performing the test on
a recurrent basis (i.e., operator competency assessment) is
instituted. This approach to testing is to be unaltered, and
strict adherence to the procedure manual, biosafety training
and awareness, patient confidentiality, result interpretation,
reporting, and quality control are to be maintained at all
times. Competency assessment is instituted to identify em-
ployee performance issues. Documentation of problems, es-
pecially a pattern of performance issues, is to be addressed
using remediation. Testing personnel also need to be knowl-
edgeable enough to recognize unusual results and to be
proficient in troubleshooting of failed runs. In addition,

laboratory personnel are to have documented evidence of
continuing education and active licensure. Refer to Table 1
(CLSI) and Table 2 (Cumitech) for further information and
guidance from documents QMS03A3, Cumitech 39 and 41.

PROCEDURE MANUAL
The procedure manual is one of the most important docu-
ments in the laboratory. It is customized to the individual
laboratory but is standardized to contain procedures with
sections that are required as described in the CLIA docu-
ment QMS02A6 (Table 1). It is required that the proce-
dure manual contain directions and guidance for all three
stages of the testing process: preanalytical, analytical, and
postanalytical. The procedure is not just a rewritten form of
the package insert but a highly organized, concise, step-by-
step document customized to the individual laboratory.

TABLE 1 Guideline documents from the Clinical and Laboratory Standards Institute (CLSI)a

Document no. Date Document title and description

General laboratory
GP17A3 06/29/12 Clinical Laboratory Safety; Approved Guideline—Third Edition
GP27A2 02/22/07 Using Proficiency Testing to Improve the Clinical Laboratory; Approved Guideline—Second

Edition
GP29A2 08/29/08 Assessment of Laboratory Tests When Proficiency Testing Is Not Available; Approved

Guideline—Second Edition
GP31A 08/22/12 Laboratory Instrument Implementation, Verification, and Maintenance; Approved Guideline
QMS02A6 02/28/13 Quality Management System: Development and Management of Laboratory Documents;

Approved Guideline. Sixth Edition.
QMS03A3 05/02/09 Training and Competence Assessment; Approved Guideline Third Edition.
QMS04A2 02/22/07 Laboratory Design; Approved Guideline—Second Edition
QMS05A2 09/28/12 Quality Management System: Qualifying, Selecting, and Evaluating a Referral Laboratory;

Approved Guideline—Second Edition
QMS12A 12/29/10 Development and Use of Quality Indicators for Process Improvement and Monitoring

of Laboratory Quality; Approved Guideline
Method evaluation
EP12A2 01/25/08 User Protocol for Evaluation of Qualitative Test Performance; Approved Guideline—Second

Edition.
EP15A3 09/11/14 User Verification of Precision and Estimation of Bias; Approved Guideline—Third Edition
EP23A 10/25/11 Laboratory Quality Control Based on Risk Management; Approved Guideline
EP25A 09/23/09 Evaluation of Stability of In Vitro Diagnostic Reagents; Approved Guideline
EP26A 09/30/13 User Evaluation of Between-Reagent Lot Variation; Approved Guideline

Microbiology
M41A 11/30/06 Viral Culture; Approved Guideline
M53A 06/30/11 Criteria for Laboratory Testing and Diagnosis of Human Immunodeficiency Virus Infection;

Approved Guideline
Molecular methods
MM03A2 02/17/06 Molecular Diagnostic Methods for Infectious Diseases; Approved Guideline—Second Edition
MM06A2 11/30/10 Quantitative Molecular Methods for Infectious Diseases; Approved Guideline—Second Edition
MM09A2 02/28/14 Nucleic Acid Sequencing Methods in Diagnostic Laboratory Medicine; Approved Guideline—

Second Edition
MM13A 01/06/06 Collection, Transport, Preparation, and Storage of Specimens for Molecular Methods; Approved

Guideline
MM14A2 05/23/13 Design of Molecular Proficiency Testing/External Quality Assessment; Approved Guideline—

Second Edition
MM17A 03/21/08 Verification and Validation of Multiplex Nucleic Acid Assays; Approved Guideline

aClinical and Laboratory Standards Institute (CLSI), Wayne, PA, http://clsi.org
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An outline of the clinical virology procedure manual
sections with examples is listed in Table 3. Note that it
covers all three parts of the testing process. It is specific and
very precise in describing each of these sections. For exam-
ple, the analytical section discusses specific specimen types,
and media used for the collection, and transport conditions.
All tests have to be validated/verified for test performance
and signed off by the clinical laboratory director in order

to assure the claims issued by the test kit or reagent manu-
facturer. Any change or deviation in these materials or
conditions will require revalidation/reverification by the
laboratory. Refer to reference 3 (see Table 5 in Chapter 51)
for a suggested guide to the verification/validation process.

The discussion of the analytical process is also very spe-
cific in the test procedure. It includes specimen preparation,
quality control, step-by-step test procedure, calculation,

TABLE 3 Outline of the clinical virology procedure manual sections including examples and comments

Clinical procedure manual section Section example(s) and/or comment(s)

General Information
Effective dates and signatures
Purpose
Principle

Date of acceptance for the test procedure signed by the laboratory director
or designee

Brief description of the purpose of the test and fundamentals of the test principle.

Department/Section Microbiology, Virology Section
Test Frequency (e.g. performed daily) Performed daily
Preferred Container Type Viral transport media (VTM)
Acceptable Sources Cervical swab

Other Acceptable Specimen(s) Pleural fluid and cerebrospinal fluid
Ambient Stability One hour at room temperature in VTM
Refrigerated Stability Two days at 2–8°C in VTM
Frozen Stability One month at -70°C to -80°C
Local Transport Temperature Refrigerated (2–8°C) or frozen (<-70°C)
Long Distance Transport Temperature Refrigerated (2–8°C) or frozen (<-70°C)

Specimen Rejection Specimen not received in VTM
Equipment, Supplies, and Reagents (ESR’s) Briefly and completely list all ESR’s
Quality Control List the specific QC used in the testing.

Positive and negative QC on each run (or less frequently under Equivalent Quality
Control or Individualized Quality Control Plan)

Frequency of Use Repeat the test run if QC is unacceptable.
Corrective Actions
QC Data Storage

Quality control documented daily, reviewed weekly, and stored for two years

Procedure
Specimen Preparation

Completely and clearly list all steps used in the test procedure

Procedure Cell culture inoculation and incubation
Troubleshooting Repeat run failed, retest with new lot

Test Limitations Performance is unknown for <14 yrs age
Calculation and Interpretation Software calculation is automated
Results and Interpretation HSV type 1 virus detected
References Isenberg, et al. 2004. Clinical Microbiology Procedures Handbook. ASM Press,

Washington, DC
Attachment(s) Include all pertinent forms, algorithms, tables, and figures as attachments

TABLE 2 Cumitech—Cumulative Techniques and Procedures in Clinical Microbiology documents from the
American Society for Microbiology (ASM)a

Document no. Date Document title and description

3B 2005 Quality Systems in the Clinical Microbiology Laboratory
29 1996 Laboratory Safety in Clinical Microbiology
31A 2009 Verification and Validation of Procedures in the Clinical Microbiology Laboratory
39 2003 Competency Assessment in the Clinical Microbiology Laboratory
41 2004 Detection and Prevention of Clinical Microbiology Laboratory-Associated Errors
44 2006 Nucleic Acid Amplification Tests for Detection of Chlamydia trachomatis and Neisseria gonorrhoeae

aAmerican Society for Microbiology (ASM), Washington, DC, http://www.asm.org
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results, and troubleshooting a failed test run. It is always
advisable to include an algorithm, table, and/or figures of the
testing procedure for clarity. Once the results are obtained,
the postanalytical process of the results’ confirmation, in-
terpretation, and reporting to the ordering healthcare pro-
vider through the laboratory’s information technologies is
instituted by qualified laboratory personnel.

SPECIMEN COLLECTION AND TRANSPORT
Specimens, such as blood or CSF, need to arrive in the
laboratory as soon as possible. However, others that are
collected on a swab and placed in transport media can sus-
tain a delay in transport and processing. Virus viability can
usually be maintained from collection to testing in viral
transport media (VTM). VTM in the most basic formulation
contains a balanced salt, a pH indicator, and a virus stabi-
lizing protein. VTM also contain antimicrobials, such as
gentamicin, streptomycin, or nystatin. Strict adherence to
the intended use, storage conditions, and shelf life of the
VTM should ensure virus viability until the specimen is pro-
cessed. Lastly, the use of rayon or synthetic polyester fiber-
tipped swabs is recommended. Calcium alginate or cotton
swabs should never be used because they will usually result in
loss of virus viability and recovery. Refer to CLSI M41A for
more detailed information on recommended specimens for
specific virus isolation.

Transport and storage conditions are equally important in
the preanalytical process. Ideally, transport time should not
exceed two hours. However, this is often not possible, and
temperature then becomes critically important in the
transport and storage process. The preferred transport tem-
perature is usually in the range of 2 to 8°C for up to 72 hours.
If extended transport conditions are encountered, freezing is
sometimes recommended at -70°C or below, depending
upon the specimen type. Strict adherence to the freezing
temperature is required because lower temperatures are
detrimental to virus viability and result in an unacceptable

TABLE 5 Molecular virology infectious disease testing
controls and calibrators

Molecular
test category Controls and calibrators

Qualitative Internal control (IC)
Positive (low, LP)
Positive (high, HP)
Negative control (NC)
No nucleic acid control (NNA)

Quantitative Internal control (IC)
Positive (low, LP)
Positive (high, HP)
Negative control (NC)
Calibrators (CAL)

Multiplex Internal control (IC)
Multiple positive controls (PC)
Negative control (NC)

TABLE 4 Molecular virology infectious disease testing quality control sourcesa

Infectious disease agent AM BR EG MM SC QU WHO ZM

Bacteria
Chlamydia trachomatis X X X

Viruses
BK Virus (BKV) X X
Cytomegalovirus (CMV), HSV (H), VZV (V) CMV H,V CMV X
Epstein Barr Virus (EBV) X X X
Hepatitis B Virus (HBV) X X X X
Hepatitis C Virus (HCV) X X X
Human Immunodeficiency Virus type 1 (HIV-1) X X X X
Human Papillomavirus (HPV) X X X
Influenza Virus types 1 and 2 X X
Parvovirus B-19 X X
West Nile Virus (WNV) X
Other (Adenovirus [Ad], enterovirus [E], HSV) Ad, E Ad

Multiple ID agents and resistance genes
Gastrointestinal (GI panel) X X
Ebola Virus (Control panel) X
Respiratory pathogens (RP panel) X X

Negative molecular control
Blood and/or specific matrix control X X X

a(AM) AcroMetrix, Inc. (Life Technologies), Benicia, CA, http://www.lifetechnologies.com
(BR) Bio-Rad Laboratories, Irvine, CA, http://www.bio-rad.com
(EG) ELITech Group, Princeton, NJ, http://www.elitechgroup.com
(MM) Maine Molecular Quality Controls, Inc., Scarborough, ME, http://mmqci.com
(SC) SeraCare Life Sciences, Inc., West Bridgewater, MA, http://www.seracare.com
(QU) Quidel Corporation, San Diego, CA, http://www.quidel.com
(WHO) World Health Organization, Geneva, Switzerland, http://www.who.int/bloodproducts/ref_materials/en/
(ZM) ZeptoMetrix Corporation, Buffalo, NY, http://www.zeptometrix.com
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specimen. Likewise, freeze-thaw cycles often are detrimental
to the viability of the virus (i.e., especially in the case of
CMV recovery).

Inadequate adherence to collection, storage, and trans-
port of clinical specimens for virus culture should always
be addressed with the ordering healthcare provider (HCP).
Ideally, the specimen should be re-collected or if the speci-
men cannot be re-collected, the HCP should be made fully
aware of the possible adverse effect on virus viability and the
effect on viral isolation in culture.

REAGENTS, MATERIALS, AND
CELL CULTURES
Reagents should be examined for breakage, acceptable dat-
ing on shelf life, acceptable shipping temperature, and time
to arrival in the laboratory and the overall expected physical
integrity of the material. Each lot or shipment has to be
challenged for expected performance using control materials
and known specimens prior to use in patient testing. Lastly,
all reagents should be stored according to the label or
package insert requirements.

Acceptance of materials (e.g., disposable plasticware tubes
or plates) should also be examined for breakage and overall
physical integrity. Sterile supplies should be thoroughly in-
spected for any package perforations upon receipt and also
prior to use. The manufacturer or distributor should be im-
mediately notified of any damage noticed upon receipt or
prior to use in clinical testing.

Virus isolation requires the use of susceptible target cells
that are viable and optimized for virus isolation. Cell culture
microscopic assessment of cell monolayers (e.g., acceptable
cell density), media contamination, and pH assessment
should be performed upon receipt of the cells from the dis-
tributor or manufacturer and prior to use. The manufacturer
should supply a record indicating the product was checked
for mycoplasma and endogenous viral contamination. If an
extraneous agent is present, a possible false negative or false
positive result may occur.

It is often the case that, before use of cell culture media,
various additives need to be incorporated into the media.
These cell culture additives are to be free of contamination,
and any animal sera used in the media should be checked for
toxicity. This is usually supported by an attestation certifi-
cate supplied by the product manufacturer.

Optimal viral isolation depends upon the appropriate use
of cell lines for viral culture. There are many cell types
available for the isolation of most viruses in culture. The
choice is up to the laboratory, but it should involve the use of
an adequate number and variety of cell types to at least cover
the common types of viruses encountered in the clinical
setting. An extensive list of both cell types and viruses is
outlined in more detail in CLSI M41A.

It is also necessary that tube cultures are incubated for a
sufficient time period in order to recover viruses suspected in
a particular specimen type. For example, herpes simplex
virus should be held for at least five days (CAP) and respi-
ratory viruses for at least 10 to 14 days in order to allow
sufficient time for viral recovery.

Absence of contamination, optimal cell density and cell
line virus sustainability are all quality indicators for the
successful isolation of virus in culture. Viral culture condi-
tions should be monitored on a daily basis for incubation
time and temperature within the acceptable range stated in
the procedure manual. Appropriate monitoring of cells for
cytopathic effect (CPE) and hemadsorption by a trained and

competent technologist should be conducted frequently
according to the times stated in the procedure manual and
recorded. Any deviation from this schedule may result in a
reporting delay for viral detection and less than optimal
patient care. Appropriate recording of cell types, passage
number, source, culture media and control viruses used to
challenge the cell types should all be contained within a
written and retained record.

MOLECULAR TESTING
Quality management of molecular virology testing begins
with the preanalytical phase. The use of molecular virology
testing is often more costly than culture but has many ad-
vantages. These include an increase in test performance, a
decrease in turnaround time, the detection of uncultivable
viruses, and a much higher level of patient care. Molecular
testing is often more complex and requires the ordering of an
appropriate test from a HCP. Consultation between the
laboratory director and the HCP is highly recommended if
the intended use is not clear.

The collection, handling, and transport of an appropriate
specimen should always strictly follow the procedure manual
instructions. Any deviation from the stated protocol has the
potential to cause patient harm or even result in unnecessary
and costly expense.

Molecular amplified nucleic acid testing may be ordered
as qualitative, quantitative, multiplex, or even nucleic acid
sequencing, if available: The type of test required will de-
pend upon the particular virus(es) sought in the diagnosis.

Nucleic acid amplification testing (NAAT) is categorized
as target- or signal-based. The polymerase chain reaction
(PCR), transcription mediated amplification (TMA), and
strand displacement amplification (SDA) are all target-
based compared to the signal-based methods of Hybrid
Capture or Invader (Clevase) technology. Depending upon
the technology and the test platform, careful consideration
in containing and monitoring the amplified product should
be clearly written into the procedure manual. This may in-
clude a physical separation of the specimen processing with
the extraction and purification of nucleic acid (e.g., DNA or
RNA) from the amplification and detection stage. This is
accomplished by the use of a positive and negative pres-
sure room, respectively. Likewise, each of these areas should
have dedicated lab coats, reagents, instruments, and dis-
posables. Ideally, a unidirectional workflow should exist from
positive to negative pressure rooms in order to avoid con-
tamination carryover. The reader is referred to the chapter
on “Laboratory Design” in this book, which provides more
specific details.

It is beyond the scope of this chapter to include any
extensive detail on quality assurance using molecular test-
ing. Recommended guidelines and references can be found
in CLSI documents MM03A2, MM06A2, MM09A2, and
MM17, Cumitech 44, Molecular Microbiology: Diagnostic
Principles and Practice (3), and the Manual of Clinical Mi-
crobiology (4).

VIRAL SEROLOGY AND DIRECT ANTIGEN
DETECTION
In the preanalytical phase, collection of the blood specimen
in the correct type of tube should always be confirmed (e.g.,
EDTA, ACD or no preservative) by both the phlebotomist
and the accessioning personnel. It is also important to
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organize the collection tubes and draw specimens from only
a single patient at a time in order to avoid mislabeling
specimens. If the blood specimen is collected in an incorrect
tube, documentation of the collection error and describing
the specific details on the employee’s record should always be
a part of the QA process. In some cases, this may even be
followed up by retraining of the employee, if warranted.

In the analytical phase, viral serology involves both an-
tigen and antibody test methods. Most of these tests involve
screening for exposure or infection from a particular virus.
Screening tests are usually optimized for test sensitivity and
confirmatory tests for test specificity. Therefore, screening
tests will show more false positives than confirmatory tests.
The percentage of false positives will also vary among the
different test kits. An appropriate quality assurance measure
for the laboratory is to monitor the percentage of false pos-
itives for a particular antigen or antibody test over time. One
course of action might be to consider the replacement of a
particular test kit that is exhibiting a high level of false
positives. In some cases, consultation by the laboratory di-
rector with the ordering HCP may even be warranted.

Direct antigen detection by either direct immunofluo-
rescence antibody (IFA) or enzyme immunoassay (EIA) re-
quires adequate cell numbers from the patient for testing.
Grading the cells present for IFA testing as a quality assur-
ance measure is suggested. EIA is more difficult to access, but
the incorporation of a human cell antigen control by the test
kit manufacturer may serve the purpose.

INSTRUMENTATION
Assurance that all instrumentation in the clinical virology
laboratory is performing according to the manufacturers’
specifications requires operational validation checks. Pre-
ventive maintenance at specified time intervals will also
serve to extend the life of the instruments and prevent break-
downs. Instrument analytical measurement range (AMR)
determination is a CAP requirement and is also required on a
biannual basis or more frequently depending upon the man-
ufacturers’ recommendations or major instrument changes (e.
g., major software version changes). Other recommendations
may be found in the CLIA document GP31A.

QUALITY CONTROL AND STANDARDS
Each lot or shipment of media for viral culture from a
manufacturer should have a specification sheet. This sheet
will list the particular components of the media in addition
to any quality control performed by the manufacturer on the
particular lot in the shipment. A written record should exist
to verify that the media was received without breakage and
the appearance of the media is as expected. Any rejected
media and the reason for the rejection should be noted in
the written record. The laboratory is also responsible for the
development of a procedure for verification of the media
performance for the intended use in the laboratory. In most
cases, other components are also added to the media before
use and the verification of these materials should also be
documented. Awritten procedure to ensure that sterility has
been maintained following the introduction of all required
components to the media and a record showing that the
procedure has been followed need to be available in the
laboratory. In addition to sterility, animal sera used for cell
growth media have to be checked for the absence of cell
toxicity. This information is to be contained in a written pro-
cedure, which also shows the records of animal sera checks.

Cell lines (i.e., primary, diploid, continuous, or geneti-
cally altered) have to be checked for mycoplasma contami-
nation. If cell lines are infected byMycoplasma spp., they are
subsequently rendered noninfectable to a virus. For this
reason, virus and mycoplasma cultures should never exist in
the same physical area of the laboratory. Proof of myco-
plasma-free media can be accomplished by documentation
received from a commercial vendor or alternatively by the
monitoring of a negative, uninoculated control cell line.

Continuous cell lines should also be checked for endog-
enous viral contamination (e.g., foamy virus). If contami-
nation is noted, it has to be recorded in the laboratory
written record and the appropriate follow-up steps listed
(e.g., rejection of the cell line lot). Another check by the
commercial vendor is written documentation of testing for
monkey virus. Commercial vendors will always supply evi-
dence that a particular cell line has also been checked for
monkey B virus. This is a lethal virus for humans (70%
mortality if not treated with antivirals), and any handling of
monkey-derived cell lines is to be handled under strict
biosafety conditions.

Every type of cell line lot used for viral culture in patient
testing has to be checked for infectivity by a representative
virus or viruses expected to grow in the particular cell
line. Demonstration of growth includes, but is not limited
to, showing the correct cytopathic effect (CPE) or hem-
adsorption under the correct incubation conditions in an
appropriate time period.

Each new lot and shipment of reagents and test kits have
to be verified for the expected performance. If the reagents
or test kits are intended to detect multiple viruses, each
individual virus detection needs to be assessed prior to pa-
tient testing. However, pooled controls can be used for the
daily quality control check following the initial individual
virus detection by the reagent or test kit.

In the case of molecular virology testing, quality control
material may be difficult to obtain. A listing of quality con-
trol sources is provided in Table 4, which includes multiplex
testing materials. Recommendations for qualitative, quan-
titative, and multiplex testing using various controls and
calibrators are outlined in Table 5. Daily QC testing for both
clinical and molecular virology testing is to be reviewed by
qualified personnel for acceptability before reporting patient
results.

PROFICIENCY TESTING
The establishment of an external, graded proficiency testing
(PT) program was implemented with CLIA-88. All labora-
tories must participate in PT programs for each analyte or
test used for patient testing. If proficiency testing is not
available for a particular analyte or test, internal or external
PT testing can be established. Reference materials should be
carefully considered, and interlaboratory variation should be
carefully assessed before implementing such a program (5, 6).
CLIA documents GP27A2 and GP29A2 offer guidance on
using PT in the clinical laboratory and also include recom-
mendations when a PT program is not available for a par-
ticular analyte or test (Table 2).

A written procedure describing the PT process must be
available and understood by all testing personnel. Every PT
challenge is to be treated exactly as you would treat testing
for a patient specimen. In addition, an internal or external
PT program should include a minimum of five samples tested
three times per year for regulated analytes. However, if the
analyte is unregulated (i.e., not listed in CLIA), one or more
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samples (i.e., no minimum) are required per event twice a
year. In either case, both accuracy and reliability of the
system still has to be verified at least twice a year. A labo-
ratory or referee response showing at least 80% correct is
considered acceptable. Any test failures should be listed on a
written form, investigated, and the corrective action de-
scribed. If appropriate, preventive action should also be in-
stituted and written into the procedure.

CORRECTIVE AND PREVENTIVE
ACTION (CAPA)
Quality management in the laboratory includes quality in-
dicators for process improvement and overall monitoring of
the laboratory’s quality. Quality control of equipment and
testing are considered examples of quality indicators. They
are a part of quality improvement described in the ISO-9000
requirements. Corrective action is defined as the process that
identifies and eliminates the cause(s) of a problem in an
effort to prevent a recurrence through preventive action.
Corrective action is a way of supporting a quality manage-
ment system and preventive action is a way of ensuring
that a particular error or breach in quality may be prevented
in the future. A sample checklist for corrective action and
preventive action is outlined in Table 6. The interested
reader is referred to the CLIA QMS12A document, which
describes this in more detail.

TEST VERIFICATION AND VALIDATION
A suggested outline for the clinical virology verification/
validation protocol is shown in Table 7. A protocol docu-
ment should be brief and concise. It should contain all of the
sections listed, and it is highly advisable to develop a tem-
plate for the protocol. This will standardize the process and
save time for the technologists involved in the protocol. The
final protocol should be signed off by the author, appropriate
management, and the director of the department. Testing

should not begin until all have agreed to the content of the
protocol by signatures. The test performance characteristics
to be determined will depend upon the test category (e.g.,
FDA-cleared or -approved, FDA modified and laboratory-
developed test or LDT). For instance, an LDTshould include
analytical and clinical sensitivity and specificity, accuracy,
precision, interfering substances, and reportable and normal
reference ranges.

Upon completion of the verification or validation, the
sections should be filled in under the appropriate subsections
according to all the data accumulated from the testing. Any
deviations from the original signed protocol should be listed
in the Appendix section and discussed under the results
section of the report. Finally, and most importantly, patient
testing should not begin until the final report is again signed
off by the same individuals or designees involved or familiar
with the details in the protocol. The final approval signature
is always from the laboratory director or designee. Upon final
approval, a statement in the report is included that indicates
the method can be used to test patient specimens: “This
verification/validation has been reviewed and the test per-
formance is considered acceptable for patient testing.”

A guide to verification/validation of newly introduced or
modified molecular tests under various FDA categories is
shown in reference 3 (see Table 5 in Chapter 51). It is
beyond the scope of this chapter to discuss the details of
how to approach verification and validation in the clinical
and molecular virology laboratory. However, it should
be noted that the laboratory developed test (LDT) is the

TABLE 7 Section outline of the clinical virology test veri-
fication/validation protocol

Section Description

Purpose
Principle
Responsibility
Materials, Reagents,

and Equipment
Controls and

Specimens
Precautions
Procedure
Acceptance and

Rejection Criteria
Results
Definitions of Terms
Discrepant Analysis
Data Retention
Technical References
Addendum

Briefly describe the purpose of the
test

Briefly describe the test principle (e.g.,
real-time PCR)

Who can perform and report the test
as examples

Briefly and completely list all supplies
used in testing.

What specimens/numbers are included
with controls?

Safety and MSDSa considerations
List the precise steps used in the

procedure.
What results are acceptable compared

to the standard?
List all results in the test report,

including failed runs.
Define all terms (e.g. analytical

sensitivity)
How will discordant results be

resolved?
How long and in what location will the

data be stored?
Include all pertinent references with a

complete citation.
For example, include 2 x 2 test

performance tables.
aMaterials Safety Data Sheet (MSDS).

TABLE 6 Corrective action and preventive action (CAPA)
checklist for test failures

Investigation and Corrective
Action (CA)a Preventive Action (PA)a

Investigation Course of action plan
List the type of test Metrics supporting success or

failure
List the reason for the

test failure
If unsuccessful—propose

next plan
Methodology, technical,

clerical, quality control
Integrate successful PA plan

into workflow
Summary of findings Document the PA change

in the procedure
Conclusion from the

findings

Corrective Action (CA)
Step(s) or action(s) to

correct the error(s)
Summary of CA success

or lack of success
If unsuccessful—discuss

the next step(s)
aDocument all personnel involved and the date of action(s) by the involved

staff.
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most complex and time-consuming in the verification or
validation process. Unlike the FDA-cleared or approved
tests, the LDT test performance characteristics must be
established rather than simply validated. For more specific
details and information on the verification and validation
process, the reader is referred to CLSI documents EP15A3
and EP26A (Table 2), Cumitech 31A (Table 3), and refer-
ences 3,7, and 8.
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Regulatory Compliance
LINOJ SAMUEL

3
Clinical laboratories have come a long way since the 1900s
when concerns were raised that they were too expensive and
testing was too time consuming to be of practical use (1). In
spite of those objections, laboratories have become the
cornerstone of medical decision making. The beginning of
laboratory regulation can be traced to the 1940s when
Sunderman and Belk published findings from a voluntary
survey of proficiency testing of regional laboratories that
showed significant variation in laboratory performance (2).
At around the same time, the College of American Pa-
thology (CAP) was established, and one of its first functions
was the initiation of national proficiency surveys in 1947
and 1948. The results further confirmed the need for stan-
dardization and regulation of clinical laboratories (3). In
subsequent years, participation in proficiency surveys be-
came standard practice among large hospital and reference
laboratories (4). In 1967, Congress passed the Clinical La-
boratory Improvement Amendment of 1967 (CLIA 67),
which mandated certain minimum performance standards
for reference laboratories involved in interstate commerce
(4, 5). Similar regulation for hospital laboratories that were
funded by Medicare followed in 1968 (6). The CLIA 67
regulations mandated that laboratories participate in “state
approved or state operated proficiency testing programs” (5).

In 1987, a series of articles in the media brought attention
to erroneous results generated by cytopathology labs reading
Pap smears (7). These media reports eventually resulted in
the passage of the CLIA Act of 1988 (CLIA 88). The final
regulations of CLIA 88 were published on February 28,
1992, with minor modifications on January 24, 2003 (8).
The Centers for Medicare and Medicaid Services (CMS)
was charged by Congress with implementing this legislation.
CLIA 88 “sets forth the conditions that all laboratories must
meet to be certified to perform testing on human specimens”
(8). This legislation brought all laboratories that perform
clinical testing under the umbrella of CLIA regulatory re-
quirements (9).

The regulatory landscape in the United States involves
several agencies. The Clinical and Laboratory Standards
Institute (CLSI), which was formerly known as the National
Committee for Clinical Laboratory Standards, is a nonprofit
voluntary organization that develops consensus standards
and guidelines for clinical laboratories. CLSI draws on vol-
unteers from industry, government, and health care services

to accomplish this goal. CLSI standards are widely accepted
both in the United States and around the world and span a
wide range of topics from validation and verification of tests
to veterinary medicine and laboratory informatics. In addi-
tion, CLSI plays a significant role in the development of
International Organization for Standardization (ISO) stan-
dards for clinical laboratories (http://clsi.org/standards/iso-
standards/).

The Centers for Disease Control and Prevention (CDC)
is a federal agency under the authority of the Department of
Health and Human Services (HHS) that is responsible for
tracking, monitoring, and responding to disease trends and
outbreaks in the United States. The CDC also participates
in the development of laboratory standards and guidelines
and advises the HHS on technical and scientific issues via
the Clinical Laboratory Improvement Advisory Committee
(http://wwwn.cdc.gov/cliac/).

The Food and Drug Administration (FDA) is another
federal agency of the HHS. It oversees the regulation of
human and veterinary drugs, vaccines, and medical devices,
and it is responsible for food and cosmetic safety and regu-
lation of tobacco products.

The Centers for Medicare and Medicaid Services (CMS)
started out as the Health Care Financing Administration,
and it is another federal agency within the HHS. CMS is
responsible for administration of the Medicare program, and
it works with the states for administration of the Medicaid
program. Among its other roles, CMS is responsible for the
regulation of clinical laboratories that perform testing on
humans in the United States (http://www.cms.gov).

The level of regulation as per CLIA 88 depends on the
complexity of testing performed by the laboratory. The hi-
gher the complexity of testing, the more stringent the reg-
ulatory requirements. Three categories of test complexity
have been established:

1. Waived
2. Moderate complexity, including provider-performed

microscopy (PPM)
3. High complexity

While CLIA describes the categories of test complexity, the
FDA is responsible for determining whether a test falls into a
particular category. For a test to receive a certificate of
waiver (waived test status), the FDA must approve it for
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home use. In addition, it must also determine that it is rel-
atively simple to perform and poses limited risk to patients if
performed incorrectly (8). Determination of whether a test
falls into moderate or high complexity status is determined
by the FDA using scoring criteria in seven different cate-
gories (Table 1) (8).

Tests are scored in each category on a scale of 1 to 3 based
on complexity, and a total score of greater than 12 will result
in a test being categorized as high complexity (8). For a test
to qualify as PPM, it must be performed by either a physi-
cian, mid-level practitioner, or dentist and be limited to
moderately complex microscopy procedures utilizing either a
bright field or phase contrast microscope in situations in
which delay could potentially result in inaccurate test re-
sults. Examples of PPM procedures include direct wet mo-
unts and potassium hydroxide preparations. The FDA data-
base showing test complexity can be accessed at http://www.
accessdata.fda.gov.

A laboratory may limit the testing performed to just one
category or multiple categories of complexity. Per CLIA 88,
the laboratory must be either CLIA-exempt or possess one of
the following CLIA certificates:

1. Certificate of registration, which enables the laboratory
to conduct moderate or high complexity laboratory
testing or both until the laboratory is determined to be
in compliance through a survey by CMS or its agent.

2. Certificate of waiver, which enables a laboratory to
perform only the waived tests.

3. Certificate for PPM procedures, which is issued to a
laboratory in which a physician, mid-level practi-
tioner, or dentist performs no tests other than PPM
procedures and/or waived tests.

4. Certificate of compliance, which is issued to a labo-
ratory after an inspection that finds the laboratory to
be in compliance with appropriate CLIA require-
ments.

5. Certificate of accreditation, which is issued by an ac-
creditation organization approved by CMS indicating
that the laboratory meets all applicable CLIA re-
quirements.

For laboratories performing moderate and/or high complex-
ity testing, CLIA also outlines the minimum requirements
for quality control, proficiency testing, quality assurance, and
personnel. CMS is responsible for the implementation of the
various facets of CLIA, while the FDA is responsible for the
classification of test complexity (8).

CLIA is funded by fees charged to the laboratories for
registration and inspection. Laboratories may register for a
CLIA certificate by filing an application and undergoing an
inspection if necessary. Laboratories that only perform
waived and PPM testing are not subject to routine inspec-
tion, although inspections may occur randomly as part of
representative sampling or in the setting of allegations of

misconduct. The purpose of these inspections is to ensure
that the laboratories are performing testing appropriate to
the certificate of waiver and are following manufacturers’ test
instructions. Laboratories that perform moderate or high
complexity testing may choose to be inspected by either
CMS or a private nonprofit accreditation program that is
granted deemed status by CLIA. In addition, licensure by
state regulatory agencies in states where the requirements are
determined to be at least as stringent as CLIA may serve in
lieu of CLIA requirements. Currently, two states meet these
requirements: New York and Washington (http://www.cms.
gov/clia).

Laboratories that have passed inspection by CMS receive
a certificate of compliance, while those inspected by orga-
nizations having deemed status under CMS receive a cer-
tificate of accreditation. Accrediting agencies with deemed
status under CMS include the CAP and The Joint Com-
mission (TJC) among others (Table 2). Rather than focus on
a methodical evaluation of the compliance of the laboratory
with each regulatory standard, the CMS surveys take a
quality assurance approach that assesses the ability of the
laboratory to monitor its own processes and provide accurate
test results in a reliable and timely manner. As part of the
educational approach, the laboratory is given time to ade-
quately address any deficiencies that have been identified,
unless the deficiencies pose the risk of immediate harm to
patients. Failure to resolve these deficiencies may result in
sanctions commensurate with the nature and scope of the
situation (http://www.cms.gov/clia).

To remain compliant with CLIA 88, a laboratory per-
forming moderate or high complexity testing must address
the following CLIA requirements:

1. Personnel: CLIA sets the minimum qualifications for
personnel performing or supervising PPM, moderate,
or high complexity testing. The requirements vary
based on the level of testing complexity and can be
found at http://www.cms.gov/clia/. There are no re-
quirements for personnel performing waived testing.

2. Proficiency testing: CLIA law Section 353(f)(3) states
that laboratories performing nonwaived testing should
participate in graded proficiency testing for the ana-
lytes listed under 42 CFR part 493, Subpart I. Under
42 CFR part 493, Subpart H, proficiency testing for
nonwaived processes or analytes requires an 80%
passing score and should include at least three annual
events composed of five challenges per event. Profi-
ciency testing materials may be obtained from CMS-
approved vendors (http://www.cms.gov/clia). For ana-
lytes or test processes not listed under Subpart I, CLIA
requires that the laboratory check the accuracy of the

TABLE 2 List of accrediting agencies with deemed status
under CLIA
AABB (formerly known as American Association of Blood Banks)
American Association for Laboratory Accreditation
American Osteopathic Association
American Society for Histocompatibility and Immunogenetics
COLA (formerly known as Commission of Office Laboratory

Accreditation)
College of American Pathologists
Joint Commission

Source: http://www.cms.gov/clia; accessed October 2014.

TABLE 1 Categories for determination of test complexity
Knowledge required to perform test
Training and experience required
Reagent and materials preparation
Nature of operational steps
Calibration, quality control, and proficiency testing materials
Troubleshooting and maintenance
Interpretation and judgment for test performance
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test at least twice annually. Repeated failure to obtain
minimum satisfactory score in successive or two out of
three consecutive proficiency test events for a partic-
ular analyte, test, specialty, or subspecialty may result
in limitations being placed on the laboratory’s ability
to perform testing for the analyte or subspecialty in
question unless appropriate remedial action is taken.
Proficiency testing is not required for waived tests (8).

3. Quality system: CLIA Subpart K mandates that labo-
ratories have a quality system that controls and mon-
itors all phases of testing: pre-analytic, analytic, and
postanalytic as well as general laboratory systems. This
system should be elaborated in written policies and
procedures that outline the process of continuous im-
provement that serves to identify, evaluate, and resolve
problems with the testing process (8).

As of 2013, there were 244,564 laboratories registered
under CLIA, with the vast majority of these (201,842)
performing either waived or PPM procedures (http://www.
cms.gov/clia). Among accredited laboratories, most are
certified by the CAP, TJC, or COLA.

The CAP is the largest organization in the world com-
posed solely of board-certified pathologists. It currently ac-
credits 7,600 laboratories and provides proficiency testing for
over 20,000 laboratories worldwide (http://www.cap.org).
CAP’s proficiency testing program is the largest in the world
and allows laboratories to compare themselves against their
peers in a wide range of analytes and test systems.

TJC (formerly known as Joint Commission on Accred-
itation of Healthcare Organizations) is an independent non-
profit group that certifies and accredits 20,500 health care
organizations in the United States. TJC inspects health care
facilities on a 3-year accreditation cycle and laboratories on a
2-year cycle (http://www.jointcommission.org).

COLA, formerly known as the Commission on Office
Laboratory Accreditation, was originally established in 1988
to accredit physician office laboratories. COLA is a physician-
directed organization and accredits over 8,000 laboratories
(http://www.cola.org).

For laboratories that are looking to go beyond the regu-
latory requirements to establish a quality management sys-
tem, ISO provides laboratory-specific standards. ISO is an
independent nongovernmental organization, headquartered
in Geneva, Switzerland, whose members are the national
standards bodies of 165 countries. ISO develops standards to
ensure the quality of products, services, or systems. The or-
ganization is the world’s largest developer of standards, with
19,500 at last count (http://www.iso.org). ISO standards are
the product of collaboration between experts from every
facet of a particular industry or field who come together
under the aegis of a technical committee. The U.S. repre-
sentative in ISO governance is the American National
Standards Institute (ANSI). In the United States, compli-
ance with ISO standards is voluntary, but many industries
seek ISO accreditation due to the implications for quality,
reliability, and efficiency. While ISO provides the standards,
it does not certify that any product, organization, or service
meets these standards; that function is performed by third-
party organizations that serve as certifying or accrediting
agencies. ISO certification implies that a “product, system,
or service meets specific requirements.” ISO accreditation
on the other hand, indicates that an organization operates
according to specific standards (http://www.iso.org).

The most commonly referenced ISO standard is ISO
9001, which sets out the general criteria for a quality man-

agement system and can be adapted to most industries and
services. ISO 9001 contains general requirements that are
open to significant interpretation, however, and they may be
difficult to adapt to the laboratory setting. In contrast, ISO/
IEC 17025 pertains to the competence of general testing and
calibration laboratories. In 1994, at the request of the CLSI
via the ANSI, ISO created Technical Committee 212 (ISO/
TC 212) with the mandate to develop laboratory-specific
standards for “Clinical diagnostic testing and in vitro diag-
nostic systems” (http://clsi.org/standards/iso-standards/). The
scope of the guidance for ISO/TC 212 is “Standardization
and guidance in the field of laboratory medicine and in vitro
diagnostic test systems.” This includes quality management,
pre-analytical and postanalytical procedures, analytical per-
formance, laboratory safety, reference systems, and quality
assurance (http://www.iso.org). CLSI serves as the secretariat
for ISO/TC 212, a responsibility that was delegated to CLSI
by ANSI. CLSI works with the 33 participating countries to
develop standards using the ISO consensus process (http://
www.clsi.org). Under the auspices of ANSI, CLSI also ad-
ministers the U.S. technical advisory group (TAG), which
allows any organization or individual within the United
States to participate in development of ISO laboratory
standards via ISO/TC 212. The criteria for membership
of U.S. TAG can be found at http://clsi.org/standards/iso-
standards/.

The first ISO standard that specifies particular require-
ments for quality and competence for medical laboratories is
ISO 15189, which was based on ISO/IEC 17025 and ISO
9001 and released in 2003, with revisions in 2007 and 2012
(10). In some countries, ISO accreditation is the standard for
reimbursement, but in the United States, accreditation is
considered voluntary (9). The process of ISO 9001 accred-
itation involves assessment of quality management systems,
whereas with ISO 15189, the focus of the audit is on tech-
nical competence of the laboratory in addition to its quality
management system. By this measure, the successful com-
pletion of the ISO 9001 audit confers certification, whereas
establishment of compliance with ISO 15189 results in ac-
creditation under that standard. In addition, ISO 15189
contains requirements for routine assessment of laboratory
performance in specific tests (technical competence) via pro-
ficiency testing, whereas ISO 9001 contains no requirement
for determining technical competence (10).

The structure of ISO 15189:2012 is similar to that of ISO
15189:2007 and ISO/IEC 17025/2005 on which it is based.
The standards are broken down into the following compo-
nents:

1. Scope
2. Normative references
3. Terms and definitions
4. Management requirements
5. Technical requirements

The bulk of the ISO 15189 standards are covered under
sections 4 (management standards) and 5 (technical stan-
dards). The ISO 15189 management standards cover a wide
range of aspects, but the primary focus revolves around es-
tablishment of a quality management system (QMS) under
the oversight of a quality manager. The quality manager is
responsible for effective implementation and monitoring of
the performance of the QMS. Under the QMS, ISO 15189
fosters a system of continuous improvement by requiring
the laboratory to maintain a comprehensive system for
identification and tracking of defects within the testing
process. In addition, the laboratory should have a process for
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determining root cause, implementing corrective action, and
monitoring the effectiveness of changes. A documented
mechanism should also be in place to capture and resolve
customer complaints. Regularly scheduled internal audits
assess the effectiveness of the QMS via management review
as part of the process of continuous improvement required
by the ISO standards (Table 3). However, the audits also
serve the purpose of ensuring that the laboratory processes
effectively serve the needs of the users and conform to the
requirements of the QMS (10).

Because of its focus on continuous improvement, com-
pliance with ISO 15189 serves as an excellent foundation for
implementation of other quality initiatives such as LEAN
and Six Sigma (9). The management standards also outline
specific criteria for service agreements, evaluation of refer-
ence laboratories, and advisory services. Results of manage-
ment review should be communicated to laboratory staff,
and the administration is responsible for effective follow-up.

Document control is also a major component of the ISO
15189 management standards, with requirements for a
document management system that encompasses all docu-
ments under the QMS, including policies, flowcharts, post-
ers, calibration charts, and requisitions. The standards also
prescribe a naming convention for documents and requires
that steps be taken to ensure that obsolete documents are
removed from service. A structured communication system
should ensure that changes in documentation are commu-
nicated to relevant staff at all levels and that actual practice
matches protocol (10).

The technical component of ISO 15189 standards spans
a range of requirements covering topics from personnel
qualifications and competency assessment to the laboratory
testing process itself (Table 4). The term “examination
process” refers to any laboratory test method. ISO 15189
standards outline the need for clear documentation of lab-
oratory protocol for every step of the testing process from
specimen collection and transport to electronic results re-
porting. It also describes the structure, format, and scope of

laboratory procedures. While the standards describe the
need for validation and verification of laboratory tests, it
does not have specific requirements for performing either.
The ISO 15189 technical standards also cover the quality
control requirements (10).

While the technical committees under ISO are respon-
sible for developing the ISO standards, the best practices to
assess compliance with the standards are outlined by the ISO
Committee on Conformity Assessment (CASCO). The
committee does not perform assessments but sets out policy
and standards on conformity assessment (http://www.iso.org/
iso/Casco). Third-party agencies that perform ISO accredi-
tation can use these standards for assessing compliance with
ISO standards. Organizations such as the International La-
boratory Accreditation Cooperation (ILAC), which is a
collaboration between a number of national laboratory-
accrediting agencies, play a role in assessing the competence
of ISO accreditors (http://www.ilac.org). In addition to pro-
moting laboratory standards and accreditation, ILAC has
the stated goal of promoting acceptance of inspection re-
sults. ILAC recognition of an ISO accrediting organization
may be obtained by inspection by a peer inspector under the
ILAC umbrella. ISO recommends the use of certification
bodies that use the appropriate CASCO standard and are
accredited under ILAC (http://www.iso.org/iso/home/stan-
dards/certification.htm). However, this accreditation is not
required at this time, and some major organizations that offer
ISO 15189 accreditation, such as the CAP, have chosen not
to be accredited under ILAC (http://www.cap.org).

The process of adopting the ISO 15189 standards begins
with selection of an accrediting agency. Laboratories in the
United States can select ILAC-recognized accrediting ag-
encies via http://www.ilac.org. Alternatively, laboratories
may select accrediting agencies that are not recognized by
ILAC, such as the CAP, since ILAC recognition is not a
requirement for an ISO accreditor. The steps in the process
of ISO accreditation are outlined in Table 5.

TABLE 3 Scope of ISO 15189 management review
(a) The periodic review of requests, and suitability of procedures

and sample requirements
(b) Assessment of user feedback
(c) Staff suggestions
(d) Internal audits
(e) Risk management
(f) Use of quality indicator
(g) Reviews by external organizations
(h) Results of participation in interlaboratory comparison

programs
(i) Monitoring and resolution of complaints
(j) Performance of suppliers
(k) Identification and control of nonconformities
(l) Results of continual improvement including current status of

corrective actions and preventive actions
(m) Follow-up actions from previous management reviews
(n) Changes in the volume and scope of work, personnel, and

premises that could affect the quality management system
(o) Recommendations for improvement, including technical

requirements

TABLE 4 Technical components of ISO 15189:2012
5.1 Personnel: Qualifications, training, competency,

performance review and continuing education
5.2 Accommodation and environmental conditions:

Physical space and environment (for patients and staff)
5.3 Laboratory equipment, reagents, and consumables:

Equipment acquisition, calibration, maintenance
and repair. Reagent storage, new lot validation
and inventory management

5.4 Pre-examination processes: Patient preparation,
requisition format, sample acceptability criteria and
laboratory user guide, sample collection and transport

5.5 Examination processes: Verification and validation
of laboratory testing, measurement uncertainty,
reference ranges, and protocols

5.6 Ensuring quality of examination results: Quality
control and proficiency testing requirements

5.7 Postexamination processes: Specimen storage, results
review and acceptability criteria

5.8 Reporting of results: Reporting format and contents
5.9 Release of results: Critical values and revised reports
5.10 Laboratory information management: Criteria for

implementation, validation, and operation
of a laboratory information system
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The key differences between ISO accreditation and lab-
oratory accreditation programs (LAPs), such as those ad-
ministered by the CAP, are as follows:
� ISO 15189 may serve as the regulatory standard in some
countries, but it does not address U.S. regulatory re-
quirements and as such does not replace laboratory ac-
creditation programs such as those offered by the CAP
and other deemed organizations under CLIA.

� LAP accreditation programs such as the CAP may in-
volve either volunteer peer or professional assessors. The
ISO 15189 accreditation program typically uses profes-
sional assessors to determine compliance with the ISO
standards (http://www.cap.org/apps/docs/laboratory_
accreditation/15189/15189_accreditation_faq.pdf, http://
www.a2la.org).

� ISO inspections are on a 3-year cycle, whereas the LAP
inspections under CLIA are on a 2-year cycle. Under the
CAP 15189 program, once a laboratory is accredited, it
has to undergo annual surveillance assessments during the
first and second year with a full reaccreditation inspec-
tion in the third year (http://www.cap.org/apps/docs/
laboratory_accreditation/15189/15189_accreditation_
faq.pdf).

� LAP inspectors focus on the technical competence of the
clinical laboratory, whereas ISO accreditors such as the
CAP typically provide separate assessors for the quality
management system and the technical component.
However, this may vary based on the accreditor involved
and the scope of accreditation requested (http://www.cap.
org, http://www.a2la.org).

� ISO accreditors focus on the quality management system
under ISO, which differs from LAP requirements in that
it emphasizes a continuous improvement process that

captures defects, performs root cause analysis, and im-
plements and monitors corrective action.

As mentioned previously, ISO 15189 may serve as the
regulatory standard in some countries, but it does not address
U.S. regulatory requirements and does not replace laboratory
accreditation programs such as those offered by the CAP and
other deemed organizations under CLIA. In the current
climate of limited resources, this may place a significant
burden on clinical laboratories that have to satisfy two
separate and distinct regulatory standards. However, while
compliance with LAP requirements establishes that a labo-
ratory meets the basic technical standards, compliance with
the ISO 15189 standards can serve to improve the efficiency,
quality, and productivity of clinical laboratories. For exam-
ple, the requirements for reagent management ensure that
the laboratory can streamline inventory management in a
manner that avoids waste due to expired reagents and re-
duces inventory costs. The document control requirements
are often best implemented using electronic systems that can
help avoid the use of large volumes of paper documents that
can be difficult to track and maintain. The overall focus of
the ISO 15189 standards on continuous improvement pro-
cesses ensures that the laboratory is continually working
towards improvement in all aspects of performance, rather
than focusing on meeting the minimum required standards.
Adoption of ISO 15189 standards will go a long way towards
meeting the goals of improving laboratory standards, opti-
mally utilizing limited resources, delivering a higher quality
of patient care, and meeting customer expectations.
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TABLE 5 Steps in the ISO 15189 accreditation pathway

Step Summary

Application
submission

Laboratory submits application along with
supporting documentation

Assessment and
gap analysis

Accrediting agency reviews documentation
and determines whether additional
information is required. This stage may
require on-site visit depending on the
accrediting agency

Onsite
assessment

Inspection by accrediting agency, which
determines compliance with both the
management and technical component of
ISO 15189 standards

Corrective
action

Laboratory submits documentation of
corrective action to address
nonconformances identified during
accreditation inspection

Assessment of
compliance

Accrediting agency reviews response to
nonconformances and determines if the
laboratory is in compliance with standards

Accreditation Accreditation committee votes on whether to
grant accreditation
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Laboratory Safety
K. SUE KEHL

4
This chapter outlines the requirements for a safe environ-
ment in the clinical virology laboratory. This begins with
development of a culture of safety which identifies the risks,
develops a system to mitigate these risks, and encourages
ongoing evaluation of the environment and continuous risk
reduction. Chemical and fire safety, and decontamination
and waste disposal, in addition to biosafety, are important
components of an overall safety program. Classification of
organisms by risk group and the corresponding biosafety
containment levels are described. Routine work practices in
clinical virology are identified along with recommended safe
practices.

SAFETY IN THE CLINICAL VIROLOGY
LABORATORY
The risk of laboratory-acquired viral infections is unknown
as there is no systematic reporting system or surveillance
mechanism. Infections may be subclinical, have atypical
incubation periods, unusual routes of acquisition, or unusual
disease presentations. Most reports identify bacterial agents
as the most common cause of laboratory-acquired infections
and cannot identify a specific accident or incident associated
with the infection (1). However, an extensive survey of re-
search and clinical laboratories published by Pike in 1976
identified viral infections as the cause of 26.7% of labora-
tory-acquired infections, a large percentage of these due to
hepatitis B virus (2). The majority of reported viral infec-
tions occur in research laboratories despite the larger number
of laboratory personnel at risk in diagnostic laboratories. A
recent systematic review (3) focused on reports of research
laboratory-acquired viral infections from 1935 to 2006.
During the most recent time period analyzed, 1983–2006,
aerosol exposure/inhalation was the leading mode of trans-
mission (92%) with Hantavirus accounting for 70% of all
laboratory-acquired viral infections. Data from research
laboratories may not apply directly to clinical laboratories
since facilities and methods often differ significantly. How-
ever, it does highlight aerosol exposure/inhalation as a pri-
mary mode of transmission. Other common modes of
exposure include hand to mouth (e.g., eating, drinking,
mouth pipetting, transfer via contaminated fingers, or arti-
cles), skin (e.g., needles or other sharps, cuts), or mucous
membranes (splashes or transfer via contaminated fingers).

National guidelines have progressed since 1974, when
graded levels of biosafety were first introduced by the Cen-
ters for Disease Control and Prevention (CDC).

Principles of Biosafety
The fifth edition of Biosafety in Microbiological and Bio-
medical Laboratories (BMBL5) (1) outlines four biosafety
levels with increasing requirements for containment, safety
equipment, microbiological practices, and facility safeguards.
Biosafety level 1 is suitable for Risk Group 1 organisms,
which are agents unlikely to cause disease in immunocom-
petent humans or animals and present little hazard to per-
sonnel or the environment. Biosafety level 1 relies on
standard microbiologic techniques with no special require-
ments for containment, safety equipment, or facility safe-
guards. Secondary education or undergraduate teaching
laboratories can often perform at a biosafety level 1. Bio-
safety level 2 is appropriate for work with Risk Group 2
organisms, which are agents that can cause human or animal
disease. The organisms handled at this level are unlikely to
be a serious hazard; however, exposure may result in infec-
tion. Effective treatment is available and the risk of spread to
others or the environment is minimal. Many clinical virol-
ogy laboratories operate at biosafety level 2. Biosafety level 3
is appropriate for work with Risk Group 3 organisms, which
are agents that usually cause serious human or animal dis-
ease. Exposure may result in serious infection, effective
treatment is available, and the risk of spread to others or the
environment is minimal. There are numerous clinical lab-
oratories with the capability to operate at biosafety level 3.
For example, detection, identification and susceptibility
testing ofMycobacterium tuberculosis is performed at biosafety
level 3. Biosafety level 4 is appropriate for work with Risk
Group 4 organisms, which are agents that usually cause se-
rious human or animal disease. Exposure may result in seri-
ous infection; effective treatment is usually not available,
with the potential for spread to others or the environment.
There are a limited number of these facilities in the United
States and worldwide.

A Culture of Safety
It is the responsibility of the laboratory director and the entire
laboratory management team to develop a “Culture of Safe-
ty”within the laboratory. This requires ongoing assessment of
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work processes and procedures to identify risks and to de-
velop plans to mitigate those risks. In the clinical virology
laboratory, the biohazard risks are often unknown so policies
and procedures must be in place to mitigate the most serious
of these potential biohazards.

The first step in this process is performance of a risk
assessment by the laboratory director or other members of
the management team. While there is no standardized pro-
cedure for performing a risk assessment, that outlined by the
CDC (4) is an excellent process. The first step is to identify
the biohazards associated with the infectious agents or
specimens. One must consider the agents likely to be re-
covered, their infectious dose, and the route of infection.
Agent summary statements in BMBL5 are an excellent
source for this information. Pathogen safety data sheets are
also available from the Public Health Agency of Canada
(http://www.phac-aspc.gc.ca/lab-bio/res/psds-ftss/index-eng.
php). These include information on the pathogenicity,
mode of infection, potential laboratory handling risks, and
recommended containment. Second, identify the activities
likely to expose workers to the biohazards. Table 1 lists ac-
tivities that might expose workers to hazards and highlights
work practices and engineering controls that can be em-
ployed to mitigate these risks. Consider the likelihood of
generating aerosols and the environment in which these
activities are performed. The concentration of organism and
the equipment utilized affect the likelihood of aerosol gen-
eration. Scraping cells from tissue cultures demonstrating
viral induced cytopathic effects (CPE) and subsequent
spotting of potentially infected cells onto the surface of slides
can be aerosol-generating procedures. Aliquoting and
preparation of specimens prior to nucleic acid amplification
testing can also be aerosol-generating procedures. Consider
the experience and training of the personnel performing
these activities. This is of ever-increasing importance as
molecular testing is implemented outside the clinical labo-
ratory. Inexperienced personnel may be more likely to gen-
erate aerosols. Then, evaluate the likelihood of occurrence
of the risk and the severity of the consequences. This in-
formation is used to determine the appropriate biosafety
level to be employed. It is important to note that there may
be instances where, based on the risk assessment, necessary
precautions exceed those for the suspected risk group or-
ganism and associated biosafety level.

Based on this assessment, the laboratory director and the
management team should develop policies and procedures to
mitigate these risks. Whenever possible, engineering con-
trols should be used to mitigate risks. This decreases reliance
on personnel to properly perform tasks. Implementation of
safe work practices and utilization of personnel protective
equipment further decrease risk. It is a requirement for cer-
tification by the College of American Pathologists (5) that
laboratories comply with national, state, and local guide-
lines on occupational exposure to bloodborne pathogens,
as well as have written procedures for the safe handling
of microbiological samples (6). These procedures should
be included in staff training and be readily available for
their use.

A key component of this culture of safety is a compre-
hensive Biosafety Manual. This manual should address not
only biosafety, but also disinfection and sterilization,
chemical hygiene, fire safety, waste disposal, and biosecurity.

Disinfection and Sterilization
An essential component to safe laboratory practices is dis-
infection and sterilization. Disinfection is the process where

most, but not necessarily all, microorganisms are destroyed.
This can be accomplished by physical or chemical means
and is usually preceded by a decontamination or cleaning
step. Physical methods of disinfection are boiling at 100°C
for 15 minutes, pasteurizing, or UV light irradiation. It is not
recommended that UV light be used for disinfection of
biosafety cabinets. UV light does not penetrate effectively
and organisms not in the direct path are not affected. Also,
UV light deteriorates plastic in the biosafety cabinet and
exposes employees to risk. UV lights must be monitored as
intensity decreases over time with life expectancy of 9,000
hours (4).

Chemical methods of disinfection are more commonly
used. The choice of disinfectant used should be based upon
its effectiveness against expected pathogens. In the virology
laboratory, a high-level disinfectant which has activity
against nonlipid or small viruses should be used. In the
United States, the disinfectant should be one approved by
the U.S. Environmental Protection Agency (EPA) for en-
vironmental surfaces. The CDC has issued guidelines (7)
which include recommendations for disinfection and steril-
ization. Ethyl alcohol is nonsporicidal and evaporates
quickly such that adequate exposure time is difficult to
achieve. At concentrations of 60% to 80%, ethanol is active
against enveloped viruses (e.g., herpesviruses, vaccinia virus,
and influenza virus) and many nonenveloped viruses in-
cluding adenovirus, enterovirus, rhinovirus, and rotaviruses,
but not hepatitis A virus or poliovirus. It is effective against
bacteria, fungi, and mycobacteria as well. A 70% ethanol
concentration has been used to disinfect external surfaces of
equipment and small surfaces. Alcohols do not penetrate
protein rich environments and thus should not be used to
decontaminate spills. Phenolic compounds are labeled as
bactericidal, fungicidal, tuberculocidal, and virucidal.
However, they have been reported not to have activity

TABLE 1 Activities associated with exposure to hazards
and work practices and engineering controls that can
be employed to mitigate these risks

Activity Risk mitigation

Mouth pipetting Handheld pipetting device
Splash Work in biosafety cabinet, behind

Plexiglas shield, or use face mask
Use of disinfectant-soaked, absorbent,

plastic-backed material on bench surface
Needlestick Do not recap or bend needles; if necessary,

use one-hand method for recapping
Use nonsharp device or safety needles
Safe sharp disposal

Broken tube
in centrifuge

Sealed centrifuge cups opened
in biosafety cabinet

Aerosol from
cell spot
preparation

Work in Biosafety cabinet
Fix cells prior to removal from

biosafety cabinet
Aerosol from

nucleic acid
extraction

Inoculate lysis buffer with pipet
tip below surface of buffer

Aerosol from
direct specimen
testing

Work in biosafety cabinet, behind
Plexiglas shield or use face mask
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against enterovirus. Quaternary ammonium compounds are
also effective surface disinfectants. They are fungicidal,
bactericidal, and virucidal against enveloped viruses but are
not sporicidal, tuberculocidal, or virucidal against non-
enveloped viruses. Their use should be avoided in a clinical
virology laboratory. Chlorine bleach is an effective disin-
fectant and is recommended for surface disinfection. It has a
broad spectrum of activity being bactericidal, fungicidal,
sporicidal, tuberculocidal, and virucidal. A 1:10 dilution of
5.15% to 6.25% sodium hypochlorite (household bleach)
can be used for decontamination of blood spills (7). For
disinfection of equipment, the disinfectant recommended
by the manufacturer must be employed (8). If no instruc-
tions are provided, one should consider the potentially
contaminating organisms, the composition of the equip-
ment, and the potentially caustic nature of the disinfectant.
Bleach disinfection followed by a rinse with 70% alcohol or
water is often recommended to decontaminate stainless steel
surfaces (1, 4, 9). The length of contact time required de-
pends on the organism load and the disinfectant employed.
Cleaning surfaces or equipment to remove organic debris
decreases microbial load and thus can result in more effec-
tive contact time. It is imperative that the disinfectant be
prepared according to the manufacturer’s recommendations
and that the disinfectant be used for the recommended
contact time.

The laboratory environment should be clean prior to
performing any testing. All laboratory benches, supplies, and
equipment should be disinfected whenever there is a spill
and laboratory surfaces should be disinfected after perform-
ing work and at the end of the day (4).

Each laboratory must have a procedure to disinfect and
clean up spills (10). This procedure may vary depending
upon the location of the spill, the volume of the spill, and
the infectious agent. If a spill occurs within the biosafety
cabinet, the biosafety cabinet should be left on. If the spill
occurs in an occupied area, others should be warned to
leave. If the area is under negative pressure, the bioaerosol
should be allowed to settle for 30 minutes prior to cleanup.
If the area is not under negative pressure, spill cleanup
should begin immediately. In general, spills can be disin-
fected with tuberculocidal agents, agents active against
nonenveloped viruses, or bleach. The spill should be cov-
ered by towels to prevent aerosolization when the disin-
fectant is added or the disinfectant should be added from
the edge of the spill toward the center. The disinfectant
must be allowed to act for its required contact time prior to
clean-up of the area. All spill materials are then collected
using a squeegee or dust pan and decontaminated prior to
disposal (11).

Sterilization is the process where all forms of microor-
ganisms are killed. This can also be accomplished by physical
or chemical means. The physical methods of sterilization are
incineration, moist heat or autoclaving, dry heat, filtration,
and ionizing radiation. The most common chemical method
is ethylene oxide; however, glutaraldehyde and peracetic
acid are also used. Incineration is a method commonly used
by medical waste handlers. It is a common practice to
package laboratory medical waste for incineration offsite by a
medical waste management company. Moist heat is also used
for sterilization of media and supplies by autoclaving at
121°C for 15 minutes and for sterilization of medical waste
by autoclaving at 132°C for 30 to 60 minutes. Filtration
using a 0.2 mm filter can be used to remove bacteria from
solutions; however, this will not remove viral agents. Re-
gardless of the method employed it is important that the

sterilization process be monitored. This can be accomplished
by either chemical or biological indicators (11).

Chemical Safety
Each laboratory in the United States is required to have a
Chemical Hygiene Plan (CHP) as outlined by the Occu-
pational Safety and Health Administration (OSHA)’s Oc-
cupational Exposure to Hazardous Chemicals in
Laboratories standard (29 CFR 1910.1450) (12). This
standard requires that all hazardous chemicals are invento-
ried yearly and labeled according to the United Nations’
Globally Harmonized System of Classification and Labelling
of Chemicals stating the health risks. The standard requires
that the CHP include criteria that the laboratory will use to
determine and implement engineering controls, and per-
sonal protective equipment to reduce exposure to hazardous
materials. The CHP must include when to use a fume hood
and the proper procedures for its use. Laboratories are also
required to maintain Safety Data Sheets for every chemical
utilized. Safety Data Sheets are available from manufacturers
or suppliers. Instructions for accessing Safety Data Sheets are
available at http://www.ors.od.nih.gov/sr/dohs/LabServices/
MSDS/Pages/material_safety_data_main.aspx. Safety Data
Sheets provide information on the chemical and precautions
to be taken in case of exposure or spill. The standard also
requires that laboratories inform employees of the hazardous
chemicals they work with, the signs and symptoms due to
exposure, and provide training in the appropriate measures
to take to protect themselves. The Safety Data Sheets must
be available to employees at all times in case of exposure
or spill.

The hazardous chemicals handled in the clinical virology
laboratory will vary depending on the methods employed
(4). Alcohols are commonly employed to fix cells, extract
nucleic acids, and disinfect surfaces. Acetone is also used to
fix cells. Both should be stored in a flammable cabinet. If
cold acetone is required, it must be stored in an explosion-
proof refrigerator. Several chemicals used in the clinical vi-
rology laboratory are toxic when handled as powders. These
include antibiotic powders, solutions of which are routinely
used in culture and viral transport media, and Cyclo-
heximide, used in culture of Chlamydia trachomatis. Evans
Blue, used as a counterstain in fluorescence methods, is a
potential carcinogen. Exposure to these powders can be re-
duced by purchasing prepared solutions or handling powders
with the use of gloves, masks, or within fume hoods. Sodium
azide is used as a preservative to prevent bacterial growth in
many reagents. It is a poison, and even minute amounts can
cause symptoms. It is also explosive when in contact with
metal. When disposed of in drains, the drains must be
flushed with copious amounts of water (13). Thimerosal is
an organomercury compound also used as an antibacterial
and antifungal agent. Thimerosal is very toxic by inhalation,
ingestion, and in contact with skin (14).

Guanidinium compounds used in nucleic acid extraction
produce toxic fumes when mixed with bleach (15). Care
should be taken to not mix. Ethidium bromide is an inter-
calating agent commonly used as a fluorescent nucleic acid
stain in molecular biology laboratories for techniques such as
agarose gel electrophoresis. Ethidium bromide is a potential
mutagen due to its intercalation with DNA. It is not regu-
lated as hazardous waste at low concentrations, but is often
treated as hazardous waste. Ethidium bromide can be de-
graded chemically, or collected and incinerated (16). Low
concentrations are often disposed of by pouring it down a
drain or treating with bleach before disposal. Ethidium
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bromide can also be removed from solutions with activated
charcoal or ion exchange resin. Various commercial products
are available for this use. Safer alternatives, such as SYBR
Safe DNA Gel Stain are available and should be considered
for use.

Dimethyl sulfoxide (DMSO) is a cryoprotectant used to
freeze cell cultures. It is a mutagenic agent and can readily
penetrate cells. Double gloving should be considered when
handling DMSO as it will eventually penetrate latex gloves
and dissolves nitrile gloves (4).

Sodium hypochlorite, or bleach, at a dilution of 1:10 is
commonly used as a laboratory disinfectant. However, it is
important to note that it is also a toxic chemical. Undiluted,
it is a strong oxidizer and capable of causing burns. It is also
not compatible with many chemicals used in the laboratory.
For example, mixing with acid can cause the release of toxic
chlorine bleach.

Electrical Safety
Faulty electrical equipment is both a fire hazard and a per-
sonal health hazard. The appropriate number and type of
electrical outlets should be present and distributed in such a
manner that extension cords are unnecessary. Prior to in-
stallation, equipment should be checked for proper ground.
It is imperative that electrical equipment undergo periodic
electrical safety checks as part of preventive maintenance.
Faulty equipment must be taken out of service (8, 10).

Fire Safety
Personnel should know how to respond to a fire. The ac-
ronym Race (Rescue, Alarm, Contain, and Extinguish)
provides simple instruction on proper response. Evacuation
plans should be posted. Fires are classified according to the
material involved. The fire extinguisher appropriate for the
class of fire should be readily available (17). A fire extin-
guisher that can extinguish class A (ordinary solid com-
bustibles), class B (flammable liquids and gases), and class C
(energized electrical equipment) fires is most frequently used
in laboratories. Personnel should be trained in its use. The
acronym PASS (which stands for Pull, Aim, Squeeze, and
Sweep) provides clear instruction on proper usage.

Biosafety
Laboratory directors and the management team are respon-
sible for identifying potential hazards, identifying activities
that might expose workers to those hazards, assessing the
risks associated with those hazards, and implementing pro-
cedures to mitigate those risks. However, all laboratory
personnel must assume responsibility for identifying poten-
tial hazards in their work environment and bringing these to
the attention of the laboratory director and management
team. To classify potential hazards, the World Health Or-
ganization in the third edition of the WHO Laboratory Bio-
safety Manual (18) has defined risk groups for infectious
organisms that are based on their risk to laboratory workers,
animals, and to the environment. Murine leukemia virus,
murine sarcoma virus, and adeno-associated virus are ex-
amples of Risk Group 1 viruses. Many viruses, including
adenovirus, herpesviruses, orthomyxoviruses and paramyxo-
viruses, picornaviruses, hepatitis B virus, and hepatitis C
virus are Risk Group 2 viruses (19). These viruses can cause
human or animal disease but are unlikely to be a hazard to
laboratory workers. HIV, Hantaviruses, Japanese B enceph-
alitis virus, Rift Valley fever virus, Yellow Fever virus, and
rabies virus are examples of Risk Group 3 viruses. Risk
Group 3 viruses usually cause serious or fatal disease and are a

hazard to laboratory workers. Risk Group 4 organisms, such
as the hemorrhagic fever viruses, usually cause serious or fatal
disease but therapy is not available.

Exposure to biohazards can occur through a variety of
routes. Ingestion, inoculation, contamination of skin or
mucous membranes, and inhalation are the most common
routes. Ingestion occurs through mouth pipetting and eating,
practices prohibited in most laboratories, or transfer of or-
ganisms by placing contaminated items into the mouth. Staff
should be trained not to place pens in their mouth and avoid
hand contact with eyes and mucous membranes. Con-
tamination of skin or mucous membranes also occurs
through splashes or spills. Working in a biosafety cabinet,
wearing a mask, or working behind a splash shield can
mitigate risks associated with activities likely to generate
aerosols or splashes. In addition to wearing gloves when
contact with blood or other potentially infectious material is
expected, gloves should also be worn when there are cuts in
the skin to eliminate risk of exposure.

Inoculation occurs through needle stick or sharps inju-
ries. Adherence to OSHA’s Bloodborne Pathogen Standard
(29 CFR 1910.1030) (20) greatly reduces risk associated
with needlestick or sharps injuries. This standard requires
that an employer identify employees at risk and the activities
that put them at risk. Engineering controls must be identi-
fied and used. These are devices that isolate or remove the
bloodborne pathogen hazards from the workplace. They
include sharps disposal containers, self-sheathing needles,
and safer medical devices, such as sharps with engineered
sharps-injury protection and needleless systems. All em-
ployees with occupational exposure must be offered the
hepatitis B vaccine within 10 days of assignment. An ex-
posure incident is a specific eye, mouth, other mucous
membrane, nonintact skin, or parenteral contact with blood
or other potentially infectious material. Postexposure eval-
uation and follow-up must be provided immediately and at
no cost to the worker. The exposure control plan must be
updated annually. In up to 20% of laboratory-associated
infections the route is unknown, but believed to be infec-
tious aerosols. There are a variety of laboratory activities that
are commonly associated with aerosol generation (2).
Handling tissue culture cells by pouring or decanting fluids,
opening culture containers, mixing infected cell suspensions
with pipettes, and aspirating cultures using vacuum are
common practices in the clinical virology laboratory which
are capable of generating aerosols. Aliquoting or preparing
specimens for molecular testing or processing samples for
antigen detection are also activities that are capable of
generating aerosols. Most Risk Group 3 and 4 organisms can
be acquired through respiratory transmission of aerosol
droplets (2). Aerosol droplets > 0.1 mm in size settle out
quickly while smaller droplets (< 0.05 mm) evaporate and
remain suspended in air. Aerosol droplets can be removed
from the air within 30 to 60 minutes with an air exchange
rate of 6 to 12 changes per hour (2).

Standard Precautions, first described by the CDC in 1987
(21), are guidelines identifying work practices to reduce the
risk of transmission of bloodborne pathogens. Now referred
to as Universal Precautions, these precautions include the
routine use of appropriate barriers to prevent skin and mu-
cous membrane exposure, including the use of gloves when
contact with blood or other body fluids is expected, the use
of masks and face shields when procedures that are likely to
generate droplets are anticipated, and the use of gowns when
splashes are anticipated. Table 2 lists safe work practices
specifically identified for laboratories.

44 - GENERAL TOPICS IN CLINICAL VIROLOGY



Biosafety containment levels (BSL) range from BSL1 to
BSL4. They are a combination of safe microbiological work
practices, primary barriers (safety equipment and personal
protective equipment), and secondary barriers (facilities
design) required to safely handle infectious agents. Safety
equipment includes biological safety cabinets and safety
centrifuge containers. Laboratory coats, gowns, gloves, res-
pirators, face shields, booties, etc., are examples of personal
protective equipment. Directional airflow and controlled
access are examples of facility design.

Table 3 is a summary of recommended BSL practices,
safety equipment, and facilities. Detailed description of the
BSL recommendations can be found in BMBL5 (1). In ad-
dition to safe microbiological practices performed at BSL-1,
BSL-2 safe practices require limited access to the laboratory,
biohazard warning signs at entrances to the laboratory, uti-
lization of safe “sharps” precautions, and a biosafety manual
outlining waste disposal and medical surveillance, if neces-
sary. Additionally, BSL-3 safe practices require controlled
access to the laboratory, decontamination of all waste prior
to disposal, and decontamination of all laboratory clothing
prior to laundering. Collection and storage of serum samples,
or serological testing, prior to performing work with Risk
Group 3 agents should be considered to facilitate exposure
investigation.

Primary containment barriers physically separate the
worker from the biohazard and are required for all BSL levels
except BSL-1. A biosafety cabinet must be utilized as pri-
mary containment in the clinical virology laboratory. Class I
biological safety cabinets provide containment of the hazard
with no protection of the samples. Air is pulled into the
cabinet through a HEPA filter and vented to the outdoors.
They may be used to enclose aerosol-generating equipment
such as centrifuges or perform procedures such as necropsy
where sample protection is not essential. Class II biological
safety cabinets provide personal protection, sample protec-
tion, and containment of the hazard. HEPA filtered air flows
downward and splits over the work area. The HEPA filtered
air directed toward the front of the cabinet prevents con-

taminants from entering the work area. Air pulled into the
cabinet prevents aerosols from exiting the cabinet. All of the
air leaving the work area is filtered through a HEPA filter
and either exhausted to the outdoors or into the room. Be-
cause balance between intake and downflow air is critical,
certification and proper operation are required to ensure safe
performance. Class II biosafety cabinets are most appropriate
for routine use in the clinical virology laboratory (1). Class
III biological safety cabinets provide maximum containment
of high-risk agents, protecting both the worker and the en-
vironment. They are specialized glove boxes with HEPA
filtered intake air and double HEPA filtered exhaust air
operated under negative pressure with a complete barrier
between the worker and the agents. Class III biological safety
cabinets are utilized in BSL-4 laboratories.

In addition to the biosafety cabinet, BSL-2 and BSL-3
primary barriers should also include an autoclave for steril-
ization and waste disposal. The personal protective equip-
ment (PPE) to be used should be based on the risk. PPE
should be worn only in the work area. PPE in the form of a
laboratory coat is recommended for BSL-1. Laboratory coats
should be knee-length and fluid repellant. Attire should
minimize the amount of skin exposed. The use of laboratory
coats and gloves is recommended at BSL-2. Laboratory coats
must not be altered in any way and sleeves should not be
rolled or pushed up. Gloves should be pulled over the cuff of
the laboratory coat to reduce skin exposure. Gloves should
be single use and changed when visibly soiled, torn, or
punctured. Additionally, aerosol-generating activities must
be performed in a biosafety cabinet or eye and face protec-
tion, such as goggles and face masks or splash shields, must be
used. When necessary, such as working at BSL-3, additional
respiratory protection may be required. The use of N-95
mask or powered air purifying respirator, as determined by
risk assessment, may be necessary. BSL-4 PPE requires a
positive pressure personnel suit with a segregated air supply.

Secondary containment barriers are those barriers in-
corporated into the facility design to protect both the
workers in the laboratory as well as the community. They
provide additional containment to prevent spread outside
the primary barrier. Refer to Table 1 in the chapter on
Laboratory Design for secondary barriers required for the
different biosafety levels. Impervious laboratory benches and
hand washing sinks are a requirement at all biosafety levels.
BSL-1 secondary barriers include separation of the labora-
tory from public areas, and easily decontaminated laboratory
space and furniture. BSL-2 secondary barriers additionally
include a biosafety cabinet and a method for waste decon-
tamination. Consideration of airflow such that there is an
inward flow of air without recirculation outside the labora-
tory should be included in facility design. BSL-3 secondary
barriers include physical separation from corridors, self-
closing double door access, negative airflow into the labo-
ratory, and nonrecirculating exhaust air. BSL-4 secondary
barriers include multiple showers (both to enter and exit)
and other safety precautions designed to destroy all traces of
the biohazard. The laboratory must have double door access
with airlocks and electronic security to prevent both doors
from opening at the same time. All air and water going to
and coming from the laboratory must be decontaminated.

The biosafety level utilized usually corresponds to the risk
group of the organisms; however, it is imperative that a risk
assessment be performed to consider other factors. BSL-1 is
usually recommended when working with agents not known
to cause disease in adults, such as occurs in teaching labo-
ratories. BSL-2 practices are used in diagnostic laboratories

TABLE 2 Safe laboratory work practices
Universal Precautions—Safe work practices for laboratories

� Specimens should be placed in secure, leak-proof containers
� Gloves should be worn when handling specimens
� Masks and protective eyewear should be worn if mucous
membrane contact is anticipated

� Biological safety cabinets should be used whenever droplet
generating procedures are conducted

� Mechanical pipetting devices should be used
�Needles and sharp use should be limited. If required, safe sharp
practices should be employed

� Laboratory work surfaces should be decontaminated
� Contaminated materials should be decontaminated prior to
disposal or disposed of as infective waste

� Equipment should be decontaminated before being repaired
� Staff should wash their hands and remove protective clothing
when leaving the laboratory

� Staff should not eat, drink, smoke, or apply cosmetics in the
laboratory

� Staff should assume all patients and patient’s samples are
infectious
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that handle organisms not transmitted via aerosols. BSL-3
practices are recommended when handling organisms that
are highly infectious and transmitted via aerosols. BSL-4
practices are required when handling life-threatening agents
for which no therapy is available such as Ebola virus and
Crimean-Congo hemorrhagic fever virus.

Recommended Work Practices
For the clinical virology laboratory, it is recommended that
minimally BSL-2 work practices and facilities be employed.
However, BSL work practices or facilities may be increased
based upon the risk assessment. All human specimens, re-
gardless of test requested, must be handled employing Uni-
versal Precautions and minimally at BSL-2. Laboratory coats
and gloves should be worn by all laboratory personnel.
Processing of specimens for viral testing has the same re-

quirements as other laboratory test requests. Specimens must
be transported to the laboratory in a secondary container;
most commonly a zip-lock bag is employed. Leaky containers
may lead to contamination of the specimen as well as be a
hazard to laboratory personnel. Specimens with gross ex-
ternal contamination that cannot be safely disinfected
should not be handled (11, 22). Occasionally it may be
necessary to perform testing on an irretrievable or precious
specimen. If the leak is contained within the secondary
container, the external surface of the container can be dis-
infected, taking care to not disinfect the specimen. This can
be accomplished by placing the specimen in a petri dish and
applying a disinfectant such as 10% bleach to the external
surface for the appropriate period of time. Work should be
performed within a biosafety cabinet with appropriate PPE.
If the specimen has leaked out of the secondary container,

TABLE 3 Biosafety level recommendations

Biosafety
level (BSL) Work practices Primary barriers Facility design

BSL 1 Standard microbiologic methods
� Hands must be washed after handling
potentially infectious material and
upon leaving the laboratory

� Eating, drinking, applying cosmetics,
handling contact lenses, and storing
food are prohibited

� Mouth pipetting is prohibited
� Splashing or aerosol generation
must be minimized

� All cultures and other potentially
infectious material must be
decontaminated prior to disposal

� A universal biohazard sign must
be posted at entry to laboratory

� Pest management program
must be in place

� All laboratory staff must be trained

None Open laboratory bench
Hand-washing sink

BSL 2 BSL 1 plus:
� Limited access, no unauthorized
personnel

� Biohazard warning sign
identifying pathogens

� “Safe sharps” practices

� Class II Biosafety cabinet for potential
aerosol-generating procedures including
specimen processing for antigen,
antibody, and molecular testing
as well as work with tissue cultures

� Laboratory coats, gloves,
face shield as necessary

BSL 1

BSL 3 BSL 2 plus:
� Controlled access
� Decontamination of waste
prior to disposal

� Decontamination of PPE prior
to disposal or laundering

� Baseline serum, if applicable

BSL 2 plus:
� Class II Biosafety cabinet for all procedures
� Respiratory protection

BSL 2 plus:
� Physical separation from
outside corridor

� Self-closing double door access
� Air exhausted directly outside
� Negative airflow

BSL4 BSL 3 plus:
� Change of clothing on entry
� Shower out
� Decontamination of all material
prior to disposal

BSL 3 plus:
All procedures performed in Class III

biosafety cabinet with full body,
air-supplied, positive pressure suit

BSL 3 plus:
� Separate building
or isolated area

� Dedicated vacuum,
supply and exhaust, and
decontamination system
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immediate disinfection with appropriate handling, as for any
spill of infectious material, is required. Test requests and
specimens must include proper patient identification. It is
helpful if the request for viral testing indicates the suspect
agent to ensure selection of the appropriate method,
whether it be molecular detection, culture with inoculation
of proper cell lines, antigen detection, or serologic testing.
The laboratory should have a list of viral agents indicating
the preferred sample and the preferred method of testing.
This list should include those agents for which culture
should not be performed. This list includes hemorrhagic
fever viruses such as Lassa virus, Marburg and Ebola viruses,
smallpox virus, and other CDC Select Agents. If requests are
received for these agents, contact the local public health
department and/or the CDC.

Processing of specimens for viral testing should be per-
formed in a Class II biosafety cabinet. Cabinets should be
cleaned prior to and after use, should be documented to be
performing properly, and certified prior to use. Prior to work
in the biosafety cabinet, any items within the cabinet should
be disinfected with a 1:10 dilution of bleach and removed.
The interior surface should be disinfected with bleach and
rinsed with water or 70% alcohol. Bleach alone will corrode
the surface of the biosafety cabinet. Alcohol alone has little
effect on nonenveloped viruses. All items to be used in the
biosafety cabinet should be disinfected prior to being placed
back in the cabinet (4). The biosafety cabinet should be
allowed to run for at least 4 minutes (or that recommended
by the manufacturer) prior to use (1, 4, 9). After completion
of work, all items should be disinfected and removed. The
interior surface should be disinfected with bleach and rinsed
with water or 70% alcohol. The blower should be allowed to
run for 15 to 20 minutes; however, many laboratories leave
biosafety cabinet blowers running continuously.

Cell cultures, whether inoculated or not, are potentially
infectious (4). Cell cultures may contain unintended or
adventitious agents. Primate cell lines are commonly con-
taminated with SV-5 and SV-40.Herpesvirus simiae (B virus)
may infect some Old World monkey cell lines. Human cell
lines may also contain unintended infectious agents. These
may go undetected as they do not produce cytopathic effect.
When handling cell cultures, adherence to BSL-2 precau-
tions is required. PPE should include laboratory coats and
gloves. A biosafety cabinet should be used for handling all
specimens received for viral testing as well as for handling
tissue culture cells, whether inoculated or not. Only fixed
tissue culture cells can safely be handled outside the biosafety
cabinet. This includes, but is not limited to, inoculation,
feeding, passing cells, hemadsorption or hemagglutination,
preparation of cell spots, and fixation of cells. It is a good
practice to inoculate specimens to cell cultures in a separate
cabinet from that used to handle infected cell lines and
controls. If this is not possible, then these activities should be
performed at separate times within the cabinet, with the
cabinet cleaned between sessions.

Shell vials and microtiter plates are centrifuged during
inoculation. Centrifuge safety cups should be employed and
the safety cups opened in the biosafety cabinet.

Cell cultures may be contaminated on the outside during
inoculation, feeding, or passing. The exterior surface of
tubes, shell vials, and microtiter plates should be disinfected
prior to removal from the biosafety cabinet. Gloves and a
laboratory coat should be worn whenever handling the
tubes, including reading cultures (4). When removing the
lids of culture tubes, the use of a single sterile gauze for each
lid can reduce contamination. Only one tube should be

opened at a time. Handheld pipetting devices should be used
for feeding cells. When inoculating and feeding cells,
working with shell vials or microtiter cultures, or working
with cultures demonstrating CPE, tissue culture media is
often aspirated from the cells. If using a vacuum apparatus to
do this, the vacuum system should be protected with a
HEPA filter. A liquid disinfectant trap should also be utilized
such that the final concentration is the recommended di-
lution of disinfectant. A two-bottle system should be used to
avoid aspiration of contaminated materials into the system.

A molecular diagnostic laboratory or the molecular sec-
tion of the clinical virology laboratory for the detection of
infectious agents from human specimens must operate at
BSL-2. Work practices employed for molecular testing to
prevent amplicon contamination include many of the same
safe work practices, safety equipment, and laboratory facili-
ties as described for BSL-2 laboratories (23). Specimens
should be aliquoted for extraction or added to lysis buffer
within a biosafety cabinet. Dead air boxes used in the per-
formance of molecular tests function as a shield or splash-
guard and do not provide protection to the operator. They
should not be used for handling unknown or hazardous
agents. Mechanical pipettes with barrier tips must be used.
Specimen should be added below the level of the lysis buffer
to prevent aerosol generation. Due to the sensitivity of
molecular methods, it is good practice to change gloves
between each specimen to prevent contamination. Auto-
mated sample to answer molecular instruments often require
decontamination of the instrument between samples. This
should be performed according to the manufacturer’s rec-
ommendation.

Tests performed directly on patient specimens, such as
rapid antigen tests, should also be performed in a biosafety
cabinet. If a biosafety cabinet is not available for direct
specimen testing, the testing can be performed behind a
protective shield or splashguard. Gloves must be worn when
handling patient specimens (4).

Specimens submitted for viral testing may involve un-
known viruses, select agents, or prions. Specimens con-
taining prions can be handled safely at BSL-2 following
special work practices. Work should be performed in a bio-
safety cabinet with the exterior surface of containers disin-
fected with 2N NaOH. Solid waste should be autoclaved
prior to disposal. Liquid waste should be treated with 2N
NaOH prior to disposal (24). Unusual cytopathic effect,
CPE in an unusual cell type, or failure of a confirmatory test,
using either a fluorescent or a molecular method, can be
indicative of an unusual agent, an agent of bioterrorism, or
an agent of public health importance. These cultures should
be handled at BSL-3, and a reference laboratory or local
Laboratory Response Network should be consulted for rec-
ommendations.

Safe Transport of Specimens/Biological Agents
Specimens or biological agents transported within the fa-
cility should be contained within a leak-proof secondary
container (11, 20). Zip-lock bags are commonly employed,
some with an outer sleeve for separate requisition storage.
Specimens transported outside the facility are required to be
placed within a secondary leak-proof container labeled with
a biohazard warning label in accordance with OSHA
Bloodborne Pathogens Standard 1910.1030. Absorbent
material capable of absorbing the specimen must be placed
between the primary and secondary container. The sec-
ondary container must be placed in a durable outer package.
Transport of specimens outside the facility is regulated by
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governmental and regulatory agency regulations. The In-
ternational Air Transport Association (IATA) and the De-
partment of Transportation (DOT) mandate minimum
requirements for shipping within the United States (25, 26).
Shipping regulations vary depending upon the dangerous
good classification of the specimens. Biological materials fall
into the categories of Category A infectious substances,
Category B infectious substances, diagnostic specimens, bi-
ological products, genetically modified organisms and mi-
croorganisms, and unregulated biological materials. Category
A infectious substances are capable of causing permanent
disability, life-threatening or fatal disease. Many select
agents are classified as Category A substances. Category B
infectious substances are not generally capable of causing
life-threatening or fatal disease. Infectious substances that are
not considered to be in Category A are generally classified
within Category B. Patient specimens may be Category A,
Category B, or exempt human diagnostic specimens (26).
Any human excreta, secreta, blood and its components, and
tissue and tissue fluids being transported for diagnostic pur-
poses are normally classified as diagnostic and clinical spec-
imens. Packaging and labeling requirements vary depending
on the category. Refer to your shipper’s requirements for
proper shipping and labeling instructions.

Specimens shipped on dry ice must be shipped as Class 9
dangerous goods. Dry ice must be placed outside the sec-
ondary container. It should never be handled with bare
hands as it will freeze cells and cause injury similar to a burn.
Dry ice can be disposed of by allowing it to sublimate in a
well-ventilated area. It is an explosion hazard, so the outer
package must allow for the release of CO2. Packages con-
taining dry ice must be labeled as such. Refer to your shipper’s
requirements for proper shipping and labeling instructions.

Waste Disposal
A waste management plan should identify potentially in-
fectious liquids and solids and outline the proper disposal of
each. It should also identify chemical hazards and outline
the proper disposal. A “Hazardous laboratory chemicals
disposal guide” (16) and chemical safety data sheets are good
references for chemical disposal. Specimens must be disposed
of as infectious waste and disinfected by autoclaving or dis-
posed as infectious waste to be treated offsite by a medical
waste management company. Solid waste such as specimen
containers, transport bags, swabs, pipettes, and tissue cul-
tures can also be disinfected by autoclaving or disposed of as
infectious waste to be treated offsite by a medical waste
management company. Infectious liquid waste, such as waste
wash solutions, can be mixed with a disinfectant to its final
concentration and disposed of in the sanitary sewer. Most
infectious liquid waste from performing viral culture, and
antigen and antibody testing can be mixed with household
bleach to a final 1:10 dilution prior to disposal. Liquid waste
from performing molecular methods may not be compatible
with bleach. Guanidine salts found in many lysis buffers and
utilized in nucleic acid extraction can generate the toxic
fume hydrogen cyanide and hydrochloric acid (15). It is
imperative that compatibility between the liquid waste and
the disinfectant be determined prior to use. Care must be
taken to treat spills and dispose according to manufacturer
guidelines.

Biosecurity
A biosafety manual that addresses good laboratory work
practices, safety equipment, personal protective equipment,
and facility design is no longer adequate without a discussion

of biosecurity. Biosecurity addresses the institutional security
measures to prevent the loss, theft, or misuse of pathogens. It
begins with a thorough risk assessment that includes the
identification of pathogens, their quantity, their location,
and identification of personnel responsible for them. The
CDC and the Animal and Plant Health Inspection Services
have identified agents which have the potential to pose a
severe threat to the public, animal, or plant health. These
agents are designated as Select Agents. Laboratories must be
registered to possess, use, or transfer select agents. Additional
information on select agents is available at www.select-
agents.gov. Biosecurity measures should apply not only to
select agents, but to all pathogens. A protocol should be
developed for the identification, reporting, investigation,
and remediation for breaches in biosecurity, including dis-
crepancies in inventory.

Summary
Clinical virology laboratories often perform a variety of
methods for the detection and identification of viral agents,
including antigen and antibody detection, traditional viral
cell culture, and molecular methods. These different meth-
ods encompass a wide variety of hazards, both biological and
chemical. It is imperative that provision of a safe work en-
vironment include an ongoing assessment of risks as new
technologies and methods are implemented in the labora-
tory. Development of a “Culture of Safety” within the lab-
oratory requires that all workers, not only laboratory
directors and management staff, become aware of the hazards
and work collectively to mitigate the risks.
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Laboratory Design
MATTHEW J. BINNICKER

5
Planning and executing the design of a clinical laboratory is
a unique and challenging task. This process not only in-
volves coordinating how clinical samples will be received
and tested, but also how efficiency can be maximized, safety
ensured, and flexibility maintained. The design of a modern-
day clinical virology laboratory can be especially challeng-
ing, given the continued application of traditional viral cell
culture in some laboratories and the increasing use of mo-
lecular techniques (e.g., real-time PCR) for the diagnosis of
viral infections. If there is one truth regarding laboratory
design, it is that there is no “one size fits all” approach.
Before a laboratory can begin to discuss the ideal approach
for virologic testing at its institution, a number of important
issues must be considered. These issues include the space
that is (or will be) available, the number of laboratory staff
that will occupy the space, the testing that will be per-
formed, and the patient population from whom samples will
be collected and submitted for testing. Furthermore, im-
portant decisions need to be made by laboratory and insti-
tutional leadership regarding whether testing should be
performed in a centralized (i.e., consolidated) laboratory, a
decentralized (i.e., specialized) laboratory, or a combination
of the two. Another important consideration, driven by the
increasing development of rapid, sample-to-answer mole-
cular devices, centers around whether testing should be
performed “near the patient” or at the “point of care.”
Addressing each of these important issues is outside the
scope of this chapter. However, key components of labora-
tory design, especially as they pertain to clinical virology,
will be discussed to provide laboratory professionals with a
foundation and guide to help ensure that test results are
accurate, laboratory staff are safe, and future growth can be
accommodated.

THE PHASES OF LABORATORY DESIGN
Planning
The first, and potentially most important, phase of designing
a clinical laboratory is planning and programming (Fig. 1).
In the beginning of this phase, it is essential to identify a
project team that will coordinate the planning efforts and
oversee each step of the process. At a minimum, the project
team should consist of representation from laboratory lead-
ership (e.g., laboratory director and supervisor), laboratory

administration, the facilities department, and the architec-
tural/engineering firm. Ideally, the architectural firm will
have experience in the design of clinical laboratory space
and be knowledgeable about the requirements from state,
federal, and accrediting agencies (e.g., College of American
Pathologists, Occupational Safety and Health Administra-
tion) regarding accepted guidelines for laboratory design (1).
Once the project team is formed, it is important to assess the
advantages and limitations of existing space, if applicable.
This will allow the future design to incorporate features that
are known to work well, while improving on areas where the
current operation falls short. In addition to reviewing ex-
isting space, it may also be beneficial to perform a bench-
marking analysis of similar laboratories in the region. This
analysis may involve the project team participating in “site
visits” to observe other laboratory operations and discuss
features of laboratory designs at other institutions. Another
critical component of the planning phase is to gather feed-
back from the laboratory staff that will be occupying the fu-
ture space (2). Laboratory technologists are often best suited
to provide guidance on the features of a clinical laboratory
that ensure proper workflow and employee safety. The plan-
ning phase will allow for the completion of a space program,
which will summarize the estimated square footage required
for each area in the laboratory. From the details outlined
in the space program, representatives from the facilities de-
partment will be able to develop an initial cost estimate for
the project. It is imperative that the project team enter the
planning phase with an open mind, willing to “think outside
the box” and always keeping in mind the impact that future
changes (e.g., test volume changes, new technology) may
have on the laboratory operation.

Design
Following the planning phase, the project enters a more
detailed stage in which ideas, concepts, and data are trans-
lated into a working schematic design (Fig. 1). During the
design phase, the project team should maintain flexibility
and continue to critically assess new ideas; however, the
ultimate goal of the design phase is to develop a floor plan
that will illustrate the relative position of laboratory equip-
ment, benches, doors, and windows. Furthermore, the design
phase will begin to define the layout of the laboratory, as well
as the proposed workflow of clinical samples and laboratory
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personnel. An important consideration during the design
phase is whether fixed or moveable casework will be used.
Moveable casework is advantageous because it allows for fu-
ture redesigns and the incorporation of new laboratory equip-
ment at a fraction of the cost compared to fixed casework.
The schematic design should be reviewed by the project team
and laboratory staff to further refine the plan. Subsequently,
the project enters the design development phase, in which
more specific details are discussed, including the types of fin-
ishes, casework, utilities, and laboratory equipment that will
be incorporated into the space.

Bidding
Once the schematic and design development stages are
complete, the information should be distributed to at least
three construction firms to initiate the bidding process. Dur-
ing this phase, cost estimates for completing the project are
submitted from potential construction firms. Once the bids
are received,modifications to the design and scope of the pro-
ject may possibly be required, especially if the cost estimate
exceeds the budgeted allocation. When the construction
firm is selected, the project team may also complete a process
known as value engineering, in which the budget for the
project can be reduced by deferring certain unnecessary items
(e.g., intercom systems) or identifying less expensive options
that serve a similar function to more costly alternatives (e.g.,
stainless steel versus Corian countertops). The construction
bid should always include a contingency fund (typically 5%

to 10% of the total estimate) to cover any unforeseen prob-
lems or expenses that arise during construction.

Construction
The construction phase of a new laboratory can represent
one of the most exciting, yet stressful, stages of the project
(Fig. 1). It is important for the project team to develop a
detailed timeline, with approved milestones and deadlines
for the construction firm. Regular updates should be pro-
vided to the laboratory staff and institutional leadership to
assure these groups that the project is on budget and within
scope and is meeting established milestones. Regular com-
munication with the laboratory staff is extremely important
so that they are aware of the progress being made. In cases in
which an existing laboratory is being remodeled or ex-
panded, the construction will likely need to be completed in
a phased approach so that laboratory testing can continue
while the construction is in progress. This can be especially
challenging, but developing a detailed phasing plan will help
ensure that testing is not compromised, employee safety is
maintained, and the project is completed on time.

Occupancy
The project team should begin planning for the occupancy
phase well in advance of the initiation of construction. This
process should include a detailed plan of how and when
equipment, instrumentation, and reagents will be relocated

FIGURE 1 The phases of laboratory design.

TABLE 1 Biosafety level requirements in the clinical virology laboratory

Biosafety levela

1 2 3 4

Airlock present No No Yes Yes
Anteroom No No Yes Yes
Autoclave

� On site No Optional Yes Yes
� In-room No No Optional Yes
� Double-ended No No Optional Yes

Biological safety cabinet No Yes Yes Yes
Physical separation of laboratory No No Yes Yes
Room sealed for decontamination No No Yes Yes
Ventilation

� Negative pressure No Yes Yes Yes
� HEPA-filtered No No Yes Yes

Viruses that can be manipulatedb Adenovirus, herpes
viruses (CMV, EBV,
HSV, VZV), enteroviruses,
hepatitis viruses (A–E)

Arboviruses (WNV),
MERS, Nipah, rabies,
HIV, avian influenza

Ebola virus,
Marburg, Lassa,
smallpox

aCMV, cytomegalovirus; EBV, Epstein-Barr virus; HSV, herpes simplex viruses 1 and 2; MERS, Middle Eastern Respiratory Syndrome coronavirus; VZV, varicella zoster
virus; WNV, West Nile virus.

bPropagated in viral cell culture and/or worked with as a live virus in clinical samples.
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to the new laboratory space. Furthermore, it is critical that
the project team develop a phasing plan, so that laboratory
services are not disrupted during the move. This approach
will allow the team to identify the areas that should be op-
erational first and plan accordingly. Note that instrumen-
tation and general laboratory equipment must be validated
following installation (or relocation) in the new space. The
validation process must be completed prior to the com-
mencement of patient testing (3). A final inspection of the
new laboratory space should be performed before occupancy
to commission the laboratory and ensure that the facility,
including ventilation, biosafety cabinets, and airflow, is work-
ing properly.

IMPORTANT ELEMENTS OF LABORATORY
DESIGN FOR CLINICAL VIROLOGY
A number of important issues must be carefully considered
when designing a clinical virology laboratory. These include
the test menu, the patient population, and whether the
laboratory will be part of a centralized (consolidated) or
decentralized (specialized) operation (4). In regards to the
test menu, the clinical virology director and/or supervisor
should determine whether testing will consist of conven-

tional methods (e.g., viral cell culture, microscopy, antigen
testing), contemporary techniques (e.g., molecular testing),
or a combination of the two. Defining the test menu will
help determine the type of laboratory infrastructure that is
required, as well as the ideal workflow. A second important
consideration is the patient population from which the
laboratory will receive samples for testing. Important ques-
tions include, “Will the primary patient population be from
the local community, or will the laboratory serve as a refer-
ence laboratory for regional, national, or international pa-
tients?”Answering these questions will help define the types
of infectious diseases the laboratory may encounter and
therefore assist the project team in planning for an appro-
priate laboratory space.

A third element of laboratory design that must be dis-
cussed in detail is ensuring the safety of laboratory personnel.
Viral pathogens such as influenza and novel coronaviruses
(e.g., severe acute respiratory syndrome, Middle Eastern re-
spiratory syndrome [MERS]) pose a substantial risk to lab-
oratory staff, and the appropriate precautions must be taken
to prevent laboratory-acquired infections (5). If a virology
laboratory will be manipulating raw clinical samples and
propagating viruses in cell culture, then the work must be
performed in the appropriate biosafety level (BSL) using

FIGURE 2 Laboratory design schematic for performing both molecular testing and routine viral cell culture. Sample processing is often
performed inside a biosafety cabinet (BSC). For molecular testing, reagent and master mix preparation is ideally performed in a separate
walled-in room that has positive pressure in relation to the remainder of the laboratory (1). Nucleic acid extraction may be performed in a
unique or shared space as long as strict unidirectional workflow is followed. Test setup, which includes loading the master mix and nucleic
acid extract into the test cartridge, is then completed in a separate area (2). Finally, PCR is performed in a third walled-in space that has
negative air pressure (3). No material (e.g., laboratory coats, gloves, work books, equipment) in the PCR analysis room should be removed
from this space without proper decontamination. For viral cell culture testing, work should be performed in a biosafety level 2 (BSL2) or BSL3
facility using an appropriate BSC. The airflow should maintain negative pressure in relation to the remainder of the laboratory.
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the correct tier biosafety cabinet (BSC) (Table 1). At a
minimum, a diagnostic virology laboratory must meet the
requirements to operate at a BSL 2 or above (5). This in-
volves laboratory staff wearing personal protective equip-
ment and performing testing inside a BSC if there is the
potential that aerosols will be generated. For laborato-
ries that perform viral cell culture, the manipulation of
clinical samples and inoculated cell culture tubes must be
performed inside a BSC in a room with negative air pres-
sure in relation to surrounding work units and hallways.
Furthermore, the laboratory design should include eye
washes and safety showers to protect laboratory personnel
in the event of a spill or splash with chemicals or bioha-
zardous material.

Specimens collected from patients under investigation
for emerging viral pathogens (e.g., MERS-coronavirus, avian
influenza) should be performed in a BSL3 facility (Table 1).
Testing of samples collected from patients under investiga-
tion for a BSL4 pathogen (e.g., Ebola virus) may be per-
formed in a BSL2 facility; however, laboratories should
follow Centers for Disease Control and Prevention (CDC)-
specific guidance based on patient risk factors. If preliminary
testing suggests the infection may be due to a BSL4 patho-
gen, confirmatory testing should be completed at an ap-

proved state or local health department laboratory or at the
CDC where BSL4 precautions can be applied.

WORKFLOW
Designing a laboratory with proper workflow can help
maximize efficiency, reduce contamination, and enhance
safety. Taking the time to carefully consider workflow can
also have a significant impact on reducing expenses and
improving staff satisfaction. Issues such as the proximity of
the clinical virology laboratory to other areas in microbiol-
ogy, especially the specimen receiving and initial processing
areas, should be discussed. Integrating the virology lab-
oratory with other areas that share specimens and in-
strumentation can reduce turnaround time and increase
communication among laboratory personnel.

The issue of proper workflow has become of paramount
importance as molecular diagnostic techniques (e.g., real-
time PCR) have become commonplace in today’s clinical
virology laboratory. This is due to the exquisite sensitivity of
molecular methods and the potential that trace amounts of
raw clinical samples containing viral particles (e.g., BK
virus) or amplicon contamination from prior rounds of PCR
may impact the results of patient testing. Because of these

FIGURE 3 Laboratory design schematic for performing both molecular testing and routine viral cell culture in a common area. For
molecular testing, reagent and master mix preparation as well as nucleic acid extraction should be performed in a separate area, preferably in a
different room (1). Test setup (2) and PCR amplification/analysis (3) may be performed in a common space, but testing should follow a strict
unidirectional workflow. BSC, biosafety cabinet.
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concerns, a number of guidance documents have been
published on the subject of proper workflow in the area of
molecular diagnostics (6–9). It is now accepted that a lab-
oratory performing molecular testing should have separate
areas for reagent preparation, nucleic acid extraction, test
setup, and molecular amplification. Ideally, these areas would
be physically separated, with individual rooms for each ac-
tivity (Fig. 2). Preparing reagents and master mix in a sepa-
rate room with positive pressure in relation to the remainder
of the laboratory can help prevent the contamination of re-
agents, which may render significant downstream conse-
quences on testing and patient results. Similarly, having a
specified BSC for nucleic acid extraction and a walled-in
area for PCR amplification and post-PCR analysis is ideal.
This room should have negative pressure in relation to sur-
rounding areas, and all material inside this room, including
laboratory coats, gloves, and equipment should not leave the
space unless thoroughly decontaminated. If space and re-
sources are limited, these activities can be completed in a
common space, but staff should make every effort to physi-
cally separate the areas as much as possible (Fig. 3).
Regardless, when molecular testing is performed in the
clinical virology laboratory, it is essential that laboratory staff
follow a unidirectional workflow (reagent preparation /
nucleic acid extraction / test setup / post-PCR) to
minimize the potential for specimen and/or amplicon con-
tamination (Fig. 2 and 3). Unidirectional workflow should
also be followed for viral culture techniques to prevent the
contamination of uninoculated reagents with clinical spec-
imens or amplified virus (10).

In recent years, clinical laboratories have implemented
design concepts that reduce cost and waste by optimizing
efficiency (11). One philosophy to accomplish these goals is
the concept of LEAN design, which was first introduced in
the manufacturing industry but has gained significant in-
terest in the clinical arena (2). Laboratories introducing
LEAN concepts attempt to design a facility that reduces or
eliminates waste, standardizes work practices, and maximizes
productivity (12). This process uses data to drive decisions.
For example, while designing a new clinical laboratory, the
project team decides to complete an exercise known as
“value stream mapping.” In this exercise, the team gathers
data on how different designs impact efficiency. In Design A,
it is determined that a laboratory technologist will be re-
quired to visit three different stations, and therefore, take
approximately 150 steps to complete a certain task. In
comparison, Design B allows the technologist to finish the
task while visiting only two stations and taking less than 50
steps. These data assist the project team in determining
which design would yield maximal efficiency. Other exam-
ples in which LEAN principles can impact design include
the storage of reagents/supplies and planning for redundancy
(back-ups) in the laboratory. Rather than storing months of
reagents in the laboratory, a LEAN approach would be to
store minimal supplies on hand and to have an automated
process for ordering new supplies when they reach a pre-
defined level. This approach would minimize the amount of
casework that is required and the amount of space that is
taken up by laboratory supplies. Similarly, reducing the
amount of redundancy in the laboratory (e.g., back-up in-
strumentation) to only that which is required can maximize
the amount of usable space.

SUMMARY
Designing a clinical virology laboratory is a challenging task
that requires a significant amount of planning and coordi-
nation. Virology labs that perform traditional cell culture
should have the appropriate facilities and infrastructure to
keep personnel safe and prevent laboratory-acquired infec-
tions. The adoption of molecular techniques for the diag-
nosis of viral infections has revolutionized the field;
however, it also creates substantial challenges in terms of
laboratory design and workflow so that contamination risks
are mitigated. Laboratories using molecular methods should
have separate areas for reagent preparation, test setup, and
post-PCR analysis. Furthermore, the laboratory should fol-
low a strict unidirectional workflow to minimize the risk of
specimen and/or amplicon contamination. In the future, it
will be interesting to observe how new technologies impact
the design and operation of the clinical virology laboratory.
It is likely that testing will migrate closer to the patient as
new technologies become even more rapid, less expensive,
and provide direct “sample-to-answer” results.
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Specimen Requirements Selection, Collection,
Transport, and Processing
REETI KHARE AND THOMAS E. GRYS

6
Proper specimen collection is essential for interpreting test
results because of the wide range of viruses, the complexity
of virus–host interactions, and changes in testing method-
ology. Some viruses are part of our normal flora and cause no
symptoms. Others, such as human herpes virus 6 (HHV-6),
can integrate into germ line cells and be transmitted verti-
cally to children (1, 2). Chronic, suppressed, or latent vi-
ruses like human immunodeficiency virus (HIV) or BK virus
(BKV) can be reactivated to cause transient, low-level vi-
remia that may or may not need clinical attention (3, 4).
Asymptomatic shedding can also result in detection of
virions for long periods of time (5–7). In order to recognize
and interpret infectious episodes, it is crucial for diagnos-
tic laboratories to receive appropriate specimens for viral
testing.

Suitable specimens are dependent on the methods used
for testing. Molecular, antigen, culture, serology, or histo-
pathology assays each have different performance charac-
teristics and volume requirements. Importantly, each
method detects viral infections in different ways and there-
fore might require different specimen sources. For instance,
using a readily obtained specimen source (serum), serology is
a valuable tool to measure a host response (antibodies)
against some pathogens like chikungunya virus that can
cause a systemic viremia (8). On the other hand, for local-
ized disease, such as a herpetic lesion, culture is useful for
detecting the presence of actively replicating virus particles.
Molecular assays can be particularly useful when serum is
unavailable and there is no chance of a viable virus, such as
when only formalin-fixed, paraffin-embedded tissue is
available (9). Currently, the landscape of viral diagnostics is
changing rapidly and an increasing number of laboratories
are transitioning to molecular methods. Early application of
methods like polymerase chain reaction (PCR) to the field
of clinical virology tended to be in the form of laboratory-
developed tests with varying performance characteristics and
high interassay variability (10, 11). However, the utilization
of international standards and commercial assays cleared or
approved by the Food and Drug Administration (FDA) for
targets such as HIV, hepatitis C virus (HCV), hepatitis B
virus (HBV), and cytomegalovirus (CMV) has enabled
consistency and standardization across facilities (12).

Recent advances in molecular technologies have also
encouraged development of “syndromic” testing. Viral cul-
ture using mammalian cells was once the main method for a
broad investigation of viral pathogens, but today, a single
multiplex PCR assay can detect 10 to 20 infectious organ-
isms from a small amount of sample with high sensitivity and
same-day results (13). This approach to diagnostic testing
significantly affects the types and amounts of specimens ac-
cepted by the laboratory.

IMPORTANCE OF TEST SELECTION,
SPECIMEN SELECTION, AND SPECIMEN
COLLECTION
The primary purpose of the diagnostic laboratory is to pro-
vide actionable results to providers of patient care. For this
to happen, the entire process of test ordering, specimen
collection and transport, analytical testing, and reporting
needs to happen with efficiency and quality. Laboratories
can only generate useful and reliable results when they re-
ceive patient specimens from an appropriate source, in the
right amount, and at the correct time of illness. These pa-
rameters should be collated into an electronic ordering
process, a test catalog, or another similar resource that is
readily available to providers. Information regarding clinical
symptoms, associated viral etiologies, optimal specimen
types, methods of collection, methods of detection, volumes
required, and containers for transport should be included.
An overview of specimens collected from different viral
syndromes is represented in Tables 1–12. Together, this in-
formation gives clinicians guidelines for interpretation of
assay results, and should therefore be updated periodically.
Ideally, electronic ordering of laboratory tests will require
that a specimen can be submitted only according to the
appropriate conditions and correctly labeled so that the
specimen is processed for optimal testing. With the advent of
multiplex syndromic panels, additional efforts are required
by the laboratory to guide providers to use them appropri-
ately. These tests are typically costly to the patient, but when
used appropriately, the multiplex panels may save time, lead
to a rapid treatment, and create opportunities to reduce
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inappropriate use of antimicrobials. Laboratory staff plays a
critical role in consulting on the use of these tests.

HOST FACTORS THAT AFFECT SPECIMEN
COLLECTION
Selecting the appropriate specimens depends heavily on the
host, the clinical presentation, and the suspected viral
pathogen. Host factors, such as age and immune status, can
significantly affect specimen collection conditions. For in-
stance, several genotypes of human papillomavirus (HPV),
like HPV16 and HPV18, are implicated in the development
of cervical cancer. The incidence of HPV in adolescent
women is extremely common, but 91% of HPV-positive
patients with abnormal cytology results will regress to nor-

mal cytology within 3 years (14). Therefore, the American
Society of Colposcopy and Cervical Pathology (ASCCP)
does not recommend HPV cytological screening for women
< 21 years old or routine HPV DNA testing for women < 30
years old (15). The laboratory should have specimen rejec-
tion criteria to reflect these recommendations because un-
necessary testing of young women may result in unneeded
colposcopies, biopsies, and undue harm.

Herpes simplex virus (HSV) is another pathogen for
which the age and immune status of the patient may influ-
ence the diagnostic approach. Testing for HSV in the pe-
ripheral blood of immunocompetent individuals is another
example of unnecessary evaluation as the yield is generally
low and results do not always correlate with clinical findings.
In pediatric patients with primary HSV gingivostomatitis,

TABLE 1 Specimen Information for respiratory disease [e.g., pharyngitis, laryngotracheobronchitis (croup), bronchitis,
bronchiolitis, pneumonitis]

Viral pathogen
Nucleic acid

testing Serology Culture Other comments

Influenza virus
Parainfluenza virus
Respiratory syncytial virus
Human metapneumovirus
Coronavirus
Rhinovirus
Enterovirus
Adenovirus

Nasal swab
NP swab, wash,

or aspirate
Throat swab
BAL
Lung tissue
Sputum

Nasal swab
NP swab, wash, aspirate
Throat swab
BAL
Lung tissue
Sputum

Coronaviruses are not cultured
on routine laboratory cell lines.

Severe acute respiratory
syndrome virus

Tracheal aspirate
NP aspirate
Throat, nasal swab
Throat wash
Stool

Culture is not
recommended

Tracheal aspirate or stool is the
preferred specimen. Consult with
public health department.

Middle Eastern
respiratory
syndrome virus

NP and OP swabs
NP wash, aspirate
Sputum
BAL
Tracheal aspirate
Pleural fluid
Serum, blood

Serum Culture is not
recommended

Serology should be used for
epidemiological rather than
diagnostic purposes. Consult
with public health department.

Herpes simplex virus Respiratory washes
BAL
Throat swab
Tissue

Respiratory washes
BAL
Throat swab
Tissue

Cytomegalovirus Throat washes
Blood
Plasma
Urine
Ocular
Amniotic fluid
BAL

Respiratory washes
Throat swab
BAL

Mumps virus Buccal swab
Stensen’s duct exudates
Throat swab
Urine

Serum Buccal swab
Stensen’s duct exudates
Throat swab
Urine

NP, nasopharyngeal; BAL, bronchoalveolar lavage; OP, oropharyngeal.
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TABLE 2 Specimen information for exanthems (e.g., maculopapular, diffuse, dermatomal, vesicular)

Viral pathogen Nucleic acid testing Serology Culture Other comments

Herpes
simplex virus

Vesicular fluid
Dermal and genital swabs,

scrapings, tissue from
base or unroofed lesion

Serum Vesicular fluid
Dermal and genital swabs,

scrapings, tissue from base
or unroofed lesion

Vesicle scrapings for Tzanck smears have low
sensitivity and specificity.

Compared to PCR, culture has poor sensitivity
and turnaround time.

Varicella-
zoster virus

Vesicular fluid
Dermal and genital swabs,

scrapings, or tissue from
base or unroofed lesion

Serum Vesicular fluid
Dermal and genital swabs,

scrapings, or tissue from base
or unroofed lesion

Vesicle scrapings for Tzanck smears have low
sensitivity and specificity.

Compared to PCR, culture has poor sensitivity
and turnaround time.

Enterovirus Throat swab
Vesicular fluid
Blood, plasma, serum
Rectal swab/stool
CSF

Throat swab
Rectal swab/Stool
Vesicular fluid

Parvovirus B19 Bone marrow
Amniotic fluid
Blood, plasma, serum

Serum Serology is the preferred method of diagnosis.
Appearance of characteristic “slapped cheek”
rash can be diagnostic.

Rubella virus Throat or nasal swab
Amniotic fluid
Urine

Serum. The presence of
IgM may indicate acute
infection, but can be
negative during early infection.

Viral culture may be performed
on throat, nasal, urine,
and amniotic fluid specimens
for epidemiologic purposes.

Serology is the most common method of diagnosis
and should be performed with paired and
convalescent sera. PCR is available at the CDC.

Measles virus
(rubeola)

Throat, nasal, or
nasopharyngeal swabs

Urine

Serum. The presence of IgM
may indicate acute infection,
but can be negative during
early infection and can persist
for up to 2 months.

Viral culture may be performed
on oropharyngeal or
urine specimens for
epidemiologic purposes.

Serology should be performed with paired and
convalescent sera.

Collect clinical specimens within
7 days of onset of the rash.

PCR is available at the CDC.
Human T lymphotropic

virus type I and II
Blood Serum. Serology is generally

used as the primary screen.
Consider performing PCR in cases where serology

is negative but clinical suspicion of infection is high.
Human herpesvirus 6 PBMCs

Blood, plasma, serum
CSF

Serum. Serology is only useful for
primary diagnosis of young infants.

PCR of PBMCs can be used to detect primary
infection, reactivation, or chromosomally
integrated viral DNA.

Human herpesvirus 7 PBMCs
Blood, plasma, serum

Serum Serology may cross-react with HHV-6.

Human herpesvirus 8 Blood, plasma, serum Serum PCR is typically positive during active infection.
Molluscum

contagiosum virus
Usually diagnosed clinically (e.g., classic appearance

of waxy, convex papules with central umbilication)
Histologic/cytologic analysis may be performed from
biopsy or fine needle aspiration of the lesions.

Human papillomavirus Viral typing can be performed from lesion
biopsies, but is not typically done.

Lesion biopsy can be assessed by histologic methods.

Adenovirus Throat swab Throat swab

CSF, cerebrospinal fluid; IgM, immunoglobulin M; PCR, polymerase chain reaction; CDC, Centers for Disease Control and Prevention; PBMCs, peripheral blood mononuclear cells; HHV-6, human herpesvirus 6.
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TABLE 3 Specimen information for neurological infections (e.g., meningitis, meningoencephalitis, encephalitis, encephalopathy)

Viral pathogen Nucleic acid testing Serology Culture Other comments

Herpes simplex virus CSF
Brain biopsy

CSF
Serum

Brain biopsy Culture of CSF has poor sensitivity. PCR is the
preferred method of detection.

Enterovirus CSF
Brain biopsy
Blood, plasma, serum
Urine
Stool or rectal swab
Throat swab

Brain biopsy
Serum
Urine
Stool or rectal swab
Throat swab
Rectal swab

Culture of CSF has poor sensitivity. PCR is the
preferred method of detection.

West Nile virus Blood, plasma, serum
CSF
Tissue from brainstem

and spinal cord

Serum
CSF

Viremia may be brief, so molecular assays from blood and CSF
should only be performed within 4 days of symptom onset.

Serology may cross-react with other flaviviruses or may be
negative if tested during early disease; retesting may be indicated.

California (La Crosse)
encephalitis

St. Louis encephalitis
Western equine encephalitis
Eastern equine encephalitis
Powassan virus
Bourbon virus
Heartland virus
Venezuelan encephalitis

Serum
CSF

Serum
CSF

PCR assays are available at some local and state public
health laboratories and CDC.

Dengue virus Serum
CSF

Serum Viremia may be brief, so molecular assays should only be
performed within 5 days of symptom onset.

Serology may cross-react with other flaviviruses or may be negative
if tested during early disease; retesting may be indicated.

Chikungunya virus Serum
CSF

Serum PCR and serological assays are available at some state
public health laboratories, CDC, and commercial laboratories.

Viremia may be brief, so molecular assays should only
be performed within 8 days of symptom onset.

Serology may cross-react with other alphaviruses.

(Continued on next page)
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Epstein-Barr virus Blood, plasma, serum
CSF
PBMCs

Serum

Varicella-Zoster virus CSF
Dermal

Viral culture of CSF has poor sensitivity.

Cytomegalovirus CSF
Amniotic fluid

Viral culture of CSF has poor sensitivity.

Measles virus (Rubeola) CSF
Brain biopsy

Serum
CSF

Rabies virus Skin biopsy
Saliva

Serum
CSF

Saliva Immunohistochemistry and immunofluorescence can be performed
on brain biopsies. Antigen testing can be performed on skin biopsies
taken from the base of hair follicles. Contact the CDC for further
testing information.

Mumps virus Buccal swab
Stensen’s duct exudates
Throat swab
Urine

Serum Buccal swab
Stensen’s duct exudates
Throat swab
Urine

JC virus CSF PCR from CSF may not detect all cases of progressive multifocal
leukoencephalopathy. Follow up a negative PCR result with
histopathology of brain biopsy if clinical suspicion is high.

Human T-lymphotropic virus type I and II Blood Serum Serology is generally used as the primary screen. Consider performing
PCR in cases where serology is negative but clinical suspicion
of infection is high.

Lymphocytic choriomeningitis virus Serum
CSF

CSF, cerebrospinal fluid; PCR, polymerase chain reaction; CDC, Centers for Disease Control and Prevention; PBMCs, peripheral blood mononuclear cells.
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TABLE 4 Specimen information for infections with joint pain (e.g., fever, polyarthralgia, polyarthritis, tenosynovitis)

Viral pathogen
Nucleic acid

testing Serology Culture Other comments

Dengue virus Serum
CSF

Serum. Serology may cross-react with
other flaviviruses or may be negative
if tested during early disease;
retesting may be indicated.

Viremia may be brief, so molecular assays should only
be performed within 5 days of symptom onset.

Chikungunya
virus

Serum Serum. Serology may cross-react
with other alphaviruses

PCR and serological assays are available at some state
public health laboratories, CDC, and commercial
laboratories.

Viremia may be brief, so molecular assays should only
be performed within 8 days of symptom onset.

Parvovirus B19 Synovial fluid
Blood, plasma,

serum

Serum Serology is the preferred method of diagnosis.

Epstein-Barr
virus

Blood
Plasma

Serum Serologic testing for EA IgG, EBNA IgG, VCA IgG,
VCA IgM is indicated for those patients with
heterophile-negative (rapid test method) determinations.

Human immuno-
deficiency virus
type 1 and 2

Blood, plasma,
serum

Blood, plasma, serum. Serology
with an antigen/antibody
immunoassay is recommended
as the initial screen.

Serology results should be confirmed with an HIV1/2
differentiation immunoassay. Nucleic acid assays can
be used for confirmation of acute HIV infection as
well as for monitoring.

Rubella virus Throat or nasal
swab

Urine

Serum. The presence of IgM may
indicate acute infection, but
can be negative during early
infection.

Viral culture may be performed on
throat, nasal, urine and amniotic fluid
specimens for epidemiologic purposes.

Serology is the most common method of diagnosis and
should be performed with paired and convalescent
sera. PCR is available at the CDC.

CSF, cerebrospinal fluid; PCR, polymerase chain reaction; CDC, Centers for Disease Control and Prevention; EA, early antigen; IgG, immunoglobulin G; EBNA, Epstein-Barr virus nuclear antigen; VCA, viral capsid antigen; HIV-1/
2, human immunodeficiency virus-1/2.
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no cases of viremia were detected by culture (16). In a
separate study, only 34% of patients with PCR-positive oral
lesions also had detectable HSV in the blood (17, 18).
Therefore, HSV PCR or culture from the blood of immu-
nocompetent patients > 30 days old may yield false-neg-
ative results (19, 20). On the other hand, asymptomatic
reactivation of HSV-1 and HSV-2 in oral and anogenital
specimens leads to results of limited clinical meaning.
Asymptomatic reactivation of HSV in these sources occurs
with high frequency, and shedding can result in transmis-
sion during subclinical phases of infection (6, 21). If HSV-
2 is detected by PCR from lesions of immunocompetent
patients, treatment with oral valacyclovir has been shown
to reduce shedding and decrease transmission to seroneg-
ative partners (22).

Host immune status can play a significant role in inter-
pretation of results. Neonates and immunosuppressed hosts
(e.g., transplant recipients, persons with malignancy or HIV

infection, or those taking immunosuppressive medication)
are at increased risk of significant disseminated HSV disease.
In these patients, detection of HSV in blood components is
correlated with increased mortality (19, 20, 23).

For some pathogens, host immune status can also have
implications for specimen collection by infection control.
Norovirus causes acute but self-limited gastroenteritis in most
patients, for which the Centers for Disease Control and Pre-
vention (CDC) recommends contact precautions for ap-
proximately 48 hours after cessation of symptoms to prevent
further transmission (24). However, symptomatic or asymp-
tomatic immunocompromised patients may shed viral RNA
in their stool for extended periods of time (25). These patients
may require repeat specimen collection for the purpose of
prolonged isolation precautions, although asymptomatic
shedders contribute minimally to transmission (24, 26). The
significance of shedding is not always clear because the testing
modalities are often non-culture based, as in the example of

TABLE 5 Specimen information for hepatic infections (e.g., jaundice, elevated liver enzymes, dark urine, abdominal pain)*

Viral
pathogen

Nucleic
acid testing Serology Culture Other comments

Hepatitis A
virus

Serum
Stool
Saliva

Serum. The presence of IgM
indicates acute infection.
IgG only likely represents
vaccination or past infection.

Serology is the current gold standard method of diagnosis.

Hepatitis B
virus

Serum Serum Quantitative molecular assays are available for monitoring
disease progression and efficacy of therapy.

Both antigen and antibody markers may be detected
from serological studies.

Hepatitis C
virus

Serum Serum Reactive serology is most commonly confirmed with
a quantitative viral load assay and can be used for
monitoring disease progression and efficacy of therapy.

Hepatitis D
virus

Serum Serum Serology can detect antigen or antibody.
Hepatitis D virus is dependent on hepatitis B surface antigen,

so patient must also be positive for HBV.
Hepatitis E

virus
Stool
Serum

Serum

*EBV and CMV occasionally cause hepatitis, especially in immunocompromised patients.
IgM, immunoglobulin M; HBV, hepatitis B virus; EBV, Epstein-Barr virus; CMV, cytomegalovirus.

TABLE 6 Specimen information for gastroenteritis (e.g., diarrhea, abdominal pain, vomiting)

Viral
pathogen

Nucleic
acid testing* Serology Culture Other comments

Rotavirus Stool Antigen detection assays can be used to detect rotavirus
in stool specimens, but these tests have lower
sensitivity and specificity
compared to PCR.

Norovirus
I and II

Astrovirus
Sapovirus

Stool Antigen testing on stool may be useful in outbreaks
(lower cost with high throughput and adequate
sensitivity). PCR is more sensitive and may continue
being positive well beyond the symptomatic period.

Adenovirus Stool
Rectal swab

Stool
Rectal swab

PCR assays may specifically target adenovirus 40/41,
which are the serotypes most frequently associated
with gastrointestinal disease.

Hepatitis
A virus

Serum
Stool
Saliva

Serum. The presence of IgM
indicates acute infection.
IgG only likely represents
vaccination or past infection.

Serology is the current gold standard method of diagnosis.

*PCR assays are more sensitive and specific and are becoming more widely available for gastrointestinal pathogens, particularly as multiplex assays.
PCR, polymerase chain reaction; IgM, immunoglobulin M; IgG, immunoglobulin G.
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norovirus, which is typically diagnosed by enzyme immuno-
assay (EIA) or PCR. Paradoxically, there is often limited in-
formation gained regarding infectivity of the patient from the
testing methods that are optimal for diagnosis.

VIRAL FACTORS THAT AFFECT SPECIMEN
COLLECTION
The characteristics of viral pathogens, like incubation pe-
riod, duration of infection, and cellular tropism, affect the
type and time of specimen collection. For example, BKV is a
latent virus that establishes asymptomatic, chronic infection
in renal epithelial cells (27). It is highly prevalent in hu-
mans, with greater than 80% of the population showing
serological evidence of exposure (28). In the event of im-
munosuppression, BKV may reactivate in the kidneys to
cause polyomavirus-induced nephropathy (PVAN) and can
produce high titers ( > 2.0 · 107 viral copies/ml) in the
urine as detected by PCR (29). It is important for clinicians
to note, however, that detection of BKV viruria is not de-
finitive evidence of disease. Studies have shown that urine
samples can be positive for BKV DNA in up to 14% of
immunocompetent controls (28, 30–32). Therefore, high
viral load in the urine and in the blood, correlation with the
clinical picture, as well as biopsy-proven histological evi-
dence, must be taken together for a definitive diagnosis of
BKV reactivation (33).

If infection with arboviruses such as dengue virus and
West Nile Virus (WNV) is suspected, serology often has
higher clinical utility than PCR (34). This is due to the short
period of viremia after symptom onset, which may last a
week or less. The levels of viremia are often reduced sig-
nificantly by the time a patient presents to a physician and

submits a specimen. One study showed that within 8 days of
symptom onset, PCR testing identified 56% of cases of
WNV infection whereas only 4.3% of cases were detected
after this time. On the other hand, immunoglobulin M
(IgM) assays identified 54% of cases within 8 days and 98%
of cases after a week of infection (35, 36). Therefore, PCR is
useful in detection of WNV in asymptomatic blood donor
populations, but a rise in titers of WNV-specific IgM and
immunoglobulin G (IgG) from blood and cerebrospinal fluid
(CSF) is generally more useful in identifying exposure to
WNV after presentation of symptoms. Antibody may also
remain elevated for months, such that exposure to a virus in
the recent past (e.g., 6–9 months previous) could confound
the interpretation of current clinical symptoms.

The kinetics of infection is necessary for understanding
the most appropriate time of specimen collection. In addi-
tion to viremic and symptomatic phases of infection, the
length of virus incubation is helpful for determining the
route of exposure. For instance, a CMV-positive urine, sa-
liva, blood, or tissue specimen collected during the first 2–3
weeks of life from an infant with congenital disease is strong
evidence supporting the viral etiology of the congenital
anomalies, presumably because the agent was acquired in
utero and active viral infection and replication of the virus is
present (37). Conversely, isolation of CMV from the same
source after 2–3 weeks would not discriminate between
congenitally or postnatally acquired CMV.

IMPORTANCE OF TEST PLATFORM
FOR SPECIMEN COLLECTION
The decision of which specimen to collect depends on the
most appropriate test method for the viral pathogen under

TABLE 7 Specimen information for genital infections (e.g., lesions, atypical squamous cells)

Viral pathogen Nucleic acid testing Serology Culture Other comments

Herpes
simplex
virus

Genital swabs
Scrapings of vesicles,

pustules, and
ulcerative lesions

Serum Genital swabs
Scrapings of vesicles,

pustules, and
ulcerative lesions

Serology is rarely informative, unless used
to detect primary genital infection.

Vesicle scrapings for Tzanck smears have
low sensitivity and specificity.

Human
papillomavirus

Endocervical/vaginal brush,
broom, or swab in
SurePathTM

or ThinPrep� solution
Biopsy tissue

Molecular methods are typically used
for secondary screening and
confirmation and should be performed
on women ‡ 21 years of age. Some commercial
platforms are endorsed by the FDA
for primary screening and are currently
recommended for testing women ‡ 30 years old.

FDA, Food and Drug Administration

TABLE 8 Specimen information for retroviruses

Viral pathogen
Nucleic

acid testing Serology Culture Other comments

Human
immunodeficiency
virus types 1 and 2

Blood,
plasma, serum

Blood, plasma, serum. Serology
with an antigen/antibody
immunoassay is recommended
as the initial screen.

Serology results should be confirmed with
an HIV-1/2 differentiation immunoassay.
Nucleic acid assays may be used for
diagnosis of acute HIV infection as
well as for monitoring.

Human
T lymphotropic
virus types I and II

Blood Serum Serology is generally used as the primary
screen. Consider performing PCR
in cases where serology is negative
but clinical suspicion of infection is high.
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TABLE 9 Specimen information for congenital infections (e.g., intrauterine, perinatal, postnatal)

Viral pathogen Nucleic acid testing Serology Culture Other comments

Cytomegalovirus Plasma
Blood
Urine
Ocular
Respiratory
washings
Amniotic fluid for

in utero detection

Serum Urine
Throat swab

Detection of CMV in urine from neonates within
2–3 weeks of birth indicates congenital infection.

Presence of IgM in cord or neonatal blood can also
indicate congenital infection.

Herpes
simplex virus

CSF
Eye swab
Anal/rectal swab
Nasal swab
Amniotic fluid for

in utero detection
Multisite swab
Genital swabs and

scrapings of active
lesions from the mother

Serum from pregnant mother
is only useful in identifying
primary exposure to HSV.

Cord blood. The presence
of IgM indicates
congenital infection.

Vesicle, pustule
or lesion swab

Throat swab
Amniotic fluid for
in utero detection

Multi-site swab

Blood is a poor source for HSV detection but can be
used to in babies £ 30 days old to assess disseminated
disease. A single swab of multiple sites (e.g., eye,
oral mucosa, nasal cavity, axilla, and rectum)
collected 12–24 hours after birth can be used
to identify active neonatal infection.

Rubella virus Amniotic fluid for
in utero detection

NP or throat swab
Urine
Conjunctival swab

Serum
CSF
Cord blood

Viral culture may be performed
on throat, nasal, urine,
conjunctiva, CSF,
and amniotic fluid
specimens for
epidemiologic purposes.

A 4-fold rise in maternal IgG may indicate infection
in asymptomatic mothers.

In babies up to 6 months old, only IgM antibody
should be assayed because IgG reflects passive
transfer from the mother.

(Continued on next page)
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TABLE 9 Specimen information for congenital infections (e.g., intrauterine, perinatal, postnatal) (Continued )

Viral pathogen Nucleic acid testing Serology Culture Other comments

CSF In countries of very low prevalence, IgM testing
has such low positive predictive value that has
little to no clinical value.

Enterovirus Throat swab
Vesicular fluid
Blood, plasma, serum
Rectal swab, stool
CSF
Amniotic fluid for

in utero detection

Throat swab
Vesicular fluid
Blood, plasma, serum
Rectal swab, stool
CSF
Amniotic fluid for

in utero detection

Cord blood is a useful and productive specimen
for recovering enteroviruses.

Parvovirus B19 Amniotic fluid for
in utero detection

Blood, serum, plasma

Serum Acute infection in the mother is most commonly
evaluated by serological methods.

Human
immunodeficiency
virus type 1 and 2

Blood, plasma, serum (RNA)
Whole blood, PBMC (DNA)

Serology should not be used for
diagnosis of infants less than
18 months old because of
transfer of maternal antibodies.

PCR of integrated HIV DNA can be detected in PBMCs.

Varicella-zoster virus Placental tissue and amniotic
fluid for in utero detection.

Neonatal tissue, blood,
serum, plasma

Serum. The presence
of IgM can indicate
congenital infection.

Placental tissue and amniotic
fluid for in utero detection

Neonatal tissue

Diagnosis can be made with clinical findings
in the neonate and confirmation of maternal
infection during early pregnancy.

CMV, cytomegalovirus; IgM, immunoglobulin M; CSF, cerebrospinal fluid; HSV, herpes simplex virus; NP, nasopharyngeal; IgG, immunoglobulin G; PBMCs, peripheral blood mononuclear cells; HIV, human immunodeficiency virus.
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question. Despite the shift toward increased molecular test-
ing, traditional test methods like viral culture, serology,
histopathology, and antigen assays still have essential roles
in viral diagnostics. For instance, biopsy specimens con-
taining histopathological evidence of adenoviral inclusions
within epithelial cells of the gastrointestinal tract suggest
invasive gastrointestinal disease (38). On the other hand,
detection of adenoviral DNA in stool samples cannot dif-
ferentiate between viral shedding and active disease (39).
A well-defined differential diagnosis of potential viral eti-
ologies will guide appropriate test utilization and is fun-
damental for interpretation of laboratory results.

Compared to culture-based assays, molecular methods
have significantly improved sensitivity and specificity of
detection for HSV and varicella-zoster virus (VZV) and can
provide same-day detection and differentiation of these vi-
ruses from clinical specimens (40, 41). VZV replicates slowly
and poorly in cell cultures, and real-time PCR is 91% more
sensitive than detection of the virus in shell vials and other
diagnostic methods (42, 43). At our institution, culture re-
quests for HSV and VZV from dermal, oral mucosa, and
genital lesions are automatically converted to molecular
assays to enhance overall clinical sensitivity of viral detec-
tion. From dermal virus culture, HSV (70%), VZV (29%),
coxsackievirus type A (1%), and some echoviruses are the
most common agents that are identified. Similarly, recovery
of respiratory viruses from patient specimens was signifi-
cantly enhanced from a positivity rate of just 9.2% with viral
culture to 16.5% with real-time PCR (44).

Cell culture is still popular with some providers because
specimens from a wide range of sources are generally ac-
ceptable, such as tissue, swabs, and sterile and nonsterile
body fluids. Viral culture has also traditionally been used for
relatively broad coverage of viral pathogens. At our insti-
tution, viral culture is performed on rhesus monkey kidney
(RhMK) and human fetal lung fibroblast cells (MRC-5).
Respiratory specimens can be tested for influenza A and B,
parainfluenza virus (types 1, 2, and 3), respiratory syncytial
virus, and rhinovirus, but culture in these cell lines does not
identify human metapneumovirus or coronaviruses. Sim-
ilarly, CSF is a poor source for viral culture. Many neuro-
tropic viruses like JC virus (JCV), WNV, St. Louis
encephalitis virus, and other neurotropic viruses are not
detected by standard cell lines used in diagnostic laborato-

ries. Some viruses like HSV and enteroviruses may be cul-
tured, but PCR is the most sensitive approach for detection
of viruses in CSF. It is important for laboratories to specify in
their lab test catalogs and in the report which pathogens are
screened in an assay, because providers are likely not aware
of the viruses that grow in commonly used primary and
diploid cell culture lines.

As molecular methods have been developed and inte-
grated into clinical virology laboratories over the years, in-
creasing emphasis has been placed on detecting multiple
pathogens from a single specimen. These multiplex assays
combine the breadth of viral culture with the specificity and
sensitivity of PCR and are useful when different viruses can
cause indistinguishable clinical symptoms. However, com-
mercial multiplex tests may be limited by specimen source,
such as testing only on nasopharyngeal swabs for respiratory
pathogens. In some cases, this validated source is not ideal
for testing of all pathogens on the panel, which can result in
different levels of clinical sensitivity for each target. Labo-
ratories may consider validating additional sources such as
nasopharyngeal aspirates, nasal washes, throat swabs, tra-
cheal aspirates, and bronchoalveolar lavage (BAL) fluid to
make these assays more useful and appropriate.

As technology continues to develop, sensitivity of virus
detection from patient specimens will increase. However,
laboratories will need to consider more carefully the value of
a result in the context of test platform and types of specimens
selected. For example, like other members of the herpesvirus
family, HHV-6 is a mild pathogen in immunocompetent
hosts and can cause fever and exanthema subitum rash in
children under 24 months old (45). After primary infection,
the virus causes life-long latency in many cell types, such as
mononuclear cells, salivary glands, bone marrow, lung, and
liver, although some periods of benign reactivation may
occur (46, 47). When reactivation occurs in immunocom-
promised patients, like transplant or acquired immunodefi-
ciency syndrome (AIDS) patients, HHV-6 can be a serious
pathogen; it can cause encephalitis, pneumonitis, and may
be involved in a host of other complications (48). Diag-
nostic tests must be able to differentiate between active and
quiescent infection with HHV-6. Serological assays are
generally unhelpful because 85% of the human population
has antibodies against the virus by the time they are 3 years
old (49). Furthermore, viral DNA is chromosomally

TABLE 10 Specimen information for infectious mononucleosis

Viral pathogen
Nucleic

acid testing Serology Culture Other comments

Epstein-Barr virus Blood, plasma,
serum

Serum. Serologic testing is
recommended
for diagnosis.

Serologic testing can be done using heterophile
antibody testing. In the context of classical
mononucleosis symptoms and negative
heterophile results, additional EBV
markers such as EA IgG, VCA IgG, and
VCA IgM should be evaluated.

Cytomegalovirus Blood, plasma,
serum

Throat swab

Serum Throat
swab

Detection of IgM can indicate primary infection.

Human
immunodeficiency
virus types 1 and 2

Blood, plasma,
serum

Blood, plasma, serum. Serology
with an antigen/antibody
immunoassay is
recommended as the
initial screen.

Serology results should be confirmed with
an HIV-1/2 differentiation immunoassay.
Nucleic acid assays may be used for diagnosis
of acute HIV infection as well as for monitoring.

EBV, Epstein-Barr virus; EA, early antigen; IgG, immunoglobulin G; VCA, viral capsid antigen.
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TABLE 11 Specimen information for hemorrhagic fevers

Viral pathogen Nucleic acid testing Serology Culture Other comments

Dengue virus Serum Serum
CSF

Viremia may be brief, so molecular assays should only be performed within
5 days of symptom onset.

Serology may cross-react with other flaviviruses. Additional personal
protective equipment may be required.

Hantavirus Lung or bone marrow aspirate
Tissue (lung, kidney, spleen, heart, brain,

lymph nodes, pancreas, pituitary) biopsy

Serum
Blood

Organ tissue can be tested by immunohistochemistry.
PCR assays are available at the CDC.

Marburg virus Blood, serum
Tissue

Blood, serum Contact the CDC or state public health labs for further testing information.

Ebola virus Blood, plasma, serum
Semen, vaginal fluid
Vomitus, stool
Aqueous humor
Other body fluids and tissue

Blood, serum Culture is not
recommended in
diagnostic laboratories
due to risk of exposure.

Contact the CDC or state public health labs for further testing information.
Serology for IgM and IgG may be used for monitoring. Additional personal

protective equipment required. Tissue may also be analyzed with histologic
techniques. In acute clinical disease compatible with Ebola, at least two negative
molecular results are necessary to consider the patient negative. Ebola survivors
may shed virus in semen and other fluids for extended periods.

Lassa virus Blood/serum
Tissue (frozen)

Blood
Serum

Contact the CDC for further testing information. Additional personal
protective equipment may be required.

CSF, cerebrospinal fluid; PCR, polymerase chain reaction; CDC, Centers for Disease Control and Prevention; IgG, immunoglobulin G; IgM, immunoglobulin M.

TABLE 12 Specimen information for other infections, like ocular (e.g., conjunctivitis, retinitis, endophthalmitis), heart (e.g., myocarditis, pericarditis), and renal infections
(e.g., hemorrhagic cystitis, nephropathy)

Viral pathogen Nucleic acid testing Serology Culture Other comments

Cytomegalovirus Aqueous or vitreous humor Detection of CMV IgG from serum
in HIV+ patients may indicate the
possibility of reactivation.

CMV retinitis is typically diagnosed by identifying characteristic retinal
features by fundoscopy and histologic features from retinal biopsy. PCR
can be performed from ocular fluid but it may have low sensitivity.

Herpes simplex virus
Adenovirus
Enterovirus
Varicella-zoster virus

Corneal scraping or biopsy
Conjunctival swab
Aqueous or vitreous humor
Tear film

Corneal scraping
or biopsy

Conjunctival
swab

Keratitis may be assessed by histology
of corneal specimens.

Adenovirus
Epstein-Barr virus
Parvovirus B19
Enteroviruses
Human herpesvirus 6

Myocardial, endocardial,
or pericardial tissue biopsy

Pericardial fluid
Blood

Serum Biopsy tissue Histologic examination of biopsy tissue can confirm the
diagnosis of carditis.

BK virus
JC virus

Plasma, blood
Urine

Detection of viruses may represent shedding without active renal
disease, so results should be correlated with the clinical presentation.

Adenovirus Urine Urine

CMV, cytomegalovirus; IgG, immunoglobulin G; PCR, polymerase chain reaction; HIV, human immunodeficiency virus.
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integrated into tissues and peripheral blood mononuclear
cells (PBMCs) of normal controls. These integrated ge-
nomes can be detected by molecular assays (48) and, as a
result, the interpretation of qualitative PCR assays for di-
agnosis of latent versus active HHV-6 disease can be diffi-
cult. In situations of latent infection, quantitative assays can
provide additional context in terms of viral dynamics in
relation to clinical symptoms and treatment.

SPECIMEN TYPE
Detection of viruses from blood specimens may indicate
systemic invasive infections in the right host with the right
clinical picture. Serology testing on serum or plasma is the
primary screening method for antibodies against blood-
borne pathogens like HCV. However, serology alone cannot
distinguish between acute, persistent, and resolved HCV
infection because the antibodies that are formed are lifelong.
For patients with reactive screening for HCV, confirmatory
reverse-transcription PCR should be performed to detect the
viremia present in active infections (50–52). The PCR result
both confirms an actual infection and also provides a base-
line viral load.

Many viruses can invade the central nervous system
(CNS) to cause inflammation of the brain, brainstem, and
spinal cord. In these cases, CSF is an important specimen
type for testing and will typically demonstrate abnormal
characteristics, such as lymphocytic pleocytosis and elevated
protein levels, but normal glucose levels (53). Molecular
assays have dramatically increased the detection of viral
pathogens from CSF compared with viral culture, as PCR
can rapidly identify common causes of viral meningoen-
cephalitis like enteroviruses and herpesviruses. However, for
some viruses like dengue virus andWNV, serological analysis
from CSF can play a significant role in diagnosis of acute
CNS infections. For instance, detection of IgM antibodies
against WNV or dengue virus in the CSF and serum, or
detection of a 4-fold rise in IgG antibodies titers from paired
acute and convalescent specimens, supports the diagnosis of
acute infection (54).

Specimen types should be selected carefully because de-
tection of viruses in some patient specimens may not have
real clinical significance. For instance, JCV is a cause of fatal
progressive multifocal leukoencephalopathy (PML) in im-
munosuppressed hosts (55). However, in both normal and
symptomatic hosts, JCV DNA can be detected in stool or
urine specimens. Therefore, testing should be limited to
symptomatic patients. Even then, results from urine and
stool specimens should be interpreted with caution. For
patients presenting with neurologic symptoms, infection
with JCV should be assessed by appearance of characteristic
histopathological features on brain biopsy or PCR of the
virus from CSF (56, 57). Similarly, nongastrointestinal se-
rotypes of adenovirus, such as adenovirus types 2 and 5,
typically cause upper respiratory tract infections, but they
can be shed asymptomatically in the stool for extended pe-
riods of time (58). Enteroviruses are also transmitted by the
fecal–oral route and can be isolated from the feces of indi-
viduals with asymptomatic, acute, or past gastroenteritis (59,
60). If an enterovirus is suspected to be the cause of neu-
rological or upper respiratory tract symptoms, CSF or throat
samples should be submitted for analysis by PCR, although
supplementary testing from stool may be indicated (61). In
general, specimens should be collected from the foci of in-
fection, and waste specimens like urine and stool should be
evaluated together with other clinical evidence.

In the immunocompetent host, HSV (corneal infections)
and adenoviruses (conjunctivitis) are the most common
ocular viral pathogens. Detection of either virus is best de-
termined from a conjunctival swab or corneal scrapings by
molecular testing or culture. Molecular testing can provide
the most sensitive and specific diagnosis of CMV retinitis in
immunosuppressed individuals, especially HIV-infected per-
sons who are most at risk. For example, Yamamoto et al.
determined that in a group of AIDS patients with retinitis,
88.1% of aqueous humor from eyes with active retinitis were
positive for CMV DNA, and 78.4% of those specimens from
ocular sites became DNA-negative after treatment (62).

SPECIMEN COLLECTION
The utility of diagnostic virology testing depends not just on
the sensitivity of the test but also on the quality of the
patient specimen. Specimens can be collected in a variety of
ways that may affect specimen quality. For instance, anti-
coagulants used in collection of blood specimens have been
shown to affect detection of viral nucleic acid. In early-
generation HIV assays, heparinized plasma resulted in lower
HIV RNA values in comparison with EDTA plasma (63,
64). In studies of newer HIV platforms that use different
extraction methods, no difference in viral load was observed
between EDTA and heparin plasma (65).

Swabs are popular collection devices because they are
easy to use, inexpensive, and minimally invasive. Swabs can
be composed of different materials, such as synthetic rayon,
nylon, or Dacron tips with plastic or aluminum shafts.
Wood-shaft swabs containing preservatives and swabs with
calcium alginate tips can inhibit viral recovery and should
not be accepted for testing (66, 67). Traditional swabs are
made by wrapping long strands of fiber onto the end of the
shaft, whereas flocked swabs are made with short nylon fibers
that are electrostatically charged and bonded perpendicu-
larly to each other. This latter technique substantially in-
creases the swab’s surface area for more efficient collection
and release of particulate matter (68, 69).

Swabs are convenient to use and, despite the small vol-
ume of material collected, a single swab specimen may be
enough to test for multiple viral pathogens if the sample is
collected appropriately and is tested on a suitable assay
platform. In evaluations of three commercially available
multiplex assays, only a single nasopharyngeal swab is nec-
essary to test simultaneously for 10–20 viruses (70, 71).

Despite the convenience of swabs, the overall sensitivity
of detection for most test modalities is enhanced by in-
creasing specimen volume. A study comparing paired naso-
pharyngeal aspirates and nasopharyngeal swabs showed that
the combined sensitivity of detection for adenovirus, influ-
enza, parainfluenza, and respiratory syncytial virus (RSV)
was statistically lower for the swabs regardless of whether
immunofluorescence assays, culture, or PCR were used (72).
In some cases where pathogens cause lower respiratory tract
infections, more invasive bronchoalveolar lavage (BAL),
bronchial wash, or biopsy procedures may further improve
sensitivity of detection.

REPEAT SPECIMEN COLLECTION
In some cases, submission of a single specimen is sufficient
for clinical and laboratory assessment. For example, a dermal
specimen positive for HSV should be considered a mean-
ingful result that requires immediate clinical attention. In
other cases, such as HIV diagnosis, where a positive or
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negative result can have significant implications for the
patient, repeat or additional specimen collection may be
warranted for confirmatory testing. False-negative HIV re-
sults from testing very early in infection may occur as there is
a window period of 310 days before HIV RNA titers begin
to rise and 315 days before p24 increases (73). Therefore,
repeat specimen collection and testing may be necessary to
ensure that a diagnosis of HIV is not missed in these patients
or in patients with repeated exposures. If possible, a dedi-
cated tube should be collected if molecular assays are used for
confirmation and follow-up testing to avoid any potential
contamination events.

For therapeutic, rather than diagnostic, purposes, labo-
ratories should be prepared to receive multiple specimens
from a single patient over time. The Infectious Disease So-
ciety of America (IDSA) recommends monitoring HIV viral
load in untreated patients or therapeutically stable patients
every 3–6 months and more frequently (2–4 weeks) if
therapy is recently initiated or changed (74). Similarly,
transplant patients such as hematopoietic stem cell recipi-
ents, will have specimens collected and sent to the labora-
tory for routine monitoring of CMV and Epstein-Barr virus
(EBV) viral load (75). Pre-emptive monitoring can help to
determine whether transplantation needs to be delayed due
to active infection. After transplant, it is recommended that
high-risk (CMV-seropositive or patients with CMV-sero-
positive donors) patients be screened for CMV in the blood
approximately once a week from day 10 up to day 100
to determine appropriate therapy (75). As another exam-
ple, detailed guidelines exist for the treatment of HCV
genotypes 1 through 6, whereby the viral load informs the
response to treatment and probability of sustained virologic
response (52).

Laboratories may consider restricting testing of repeat
specimens due to high cost. For example, some commercial
multiplex tests are associated with a high charge to the pa-
tient ($500–$1000/test or more). These tests are valuable for
diagnostic purposes due to their broad coverage of pathogens
from a single specimen, but may be unwarranted for moni-
toring purposes. Rapidly conveying this information to cli-
nicians, or creating an automatic system for preventing these
orders, can help minimize unnecessary laboratory charges
and costs and optimize overall test utilization. A helpful
reminder to care providers is the question of whether a test
will provide actionable information. If the result will not
affect patient care, the test may not be needed.

SPECIMEN PROCESSING
Body fluid specimens like CSF, urine, synovial fluid, secre-
tions, and other aspirates can be applied directly to antigen
assays and culture cell lines. For PCR-based assays, nucleic
acid is generally extracted prior to testing. Although nucleic
acid extraction from specimens requires an additional pro-
cessing step, time, and expense, it can enhance detection of
viral pathogens by removing inhibitors from the patient
sample. Inhibitors are molecules like bile salts, bilirubin,
hemoglobin, lactoferrin, IgG, and other complex carbohy-
drates that decrease the efficiency of PCR, such as inhibiting
the action of DNA polymerase (76–78). Purification of
nucleic acids prior to amplification may reduce the amount
of inhibitors in the final extract, but in some cases they may
be co-extracted along with nucleic acids (79). As a result,
PCR on some patient specimens (especially whole blood,
stool, and bile) may be predisposed to false-negative results.
To ensure that PCR is able to proceed correctly, inclusion of

an internal amplification control is one way to assess each
sample. If a control gene does not amplify, this indicates the
potential presence of inhibitory substances and therefore the
potential for false negatives. A study performed at Mayo
Clinic laboratories showed that inhibition rates are gener-
ally £ 1.05% for most specimen types, except for formalin-
fixed, paraffin-embedded tissue (80). Also, fresh tissue and
biopsy specimens may require additional processing before
diagnostic PCR assays can be performed. In our laboratory,
the tissue is digested with proteinase K at 55oC and shaken
(e.g., 500 rpm) for up to 24 hours to disrupt the cellular
material and enhance recovery of viral pathogens. The su-
pernatant is then extracted prior to nucleic acid testing.
Therefore, microbiology laboratories should only accept
complex specimen sources for testing by PCR after thorough
validation for potential inhibitors (81).

Cell culture may also be susceptible to inhibitory sub-
stances. For instance, whole blood and urine specimens are
difficult to culture because they can cause lysis of the cellular
monolayer. Bacterial overgrowth may also disrupt mamma-
lian cell growth. Contamination events can be caused by
inadequate quality control of commercial culture reagents,
nonadherence to aseptic technique during processing, or
from the specimen itself (82). Respiratory and fecal speci-
mens are examples of specimens that are likely to contain
significant bacterial flora. If microbial overgrowth is seen,
the original samples are filtered through a 0.45-mm filter and
then reinoculated onto fresh cell monolayers. At the Mayo
Clinic, these filter and repeat procedures need to be per-
formed on approximately 30% of respiratory and 10% of
fecal samples.

Specimens containing liquid-based formalin, ethanol,
formaldehyde, acetone, or other fixatives are generally re-
jected because these compounds inactivate viable organisms
and cross-link nucleic acid, thus rendering PCR ineffective.
However, there are two exceptions for viral testing. One is
PCR from formalin-fixed, paraffin-embedded tissue, which is
an accepted and validated source for some pathogens in
some laboratories (83, 84). If fixatives are used, specimens
should spend minimal time in formalin (85).

The second exception to performing molecular assays on
samples containing fixatives is HPV nucleic acid detection.
Both high- and low-risk genotypes can be detected from pa-
tient specimens collected in ThinPrep� fluid, which contains
an alcohol fixative, as well as SurePathTM preservative fluid,
which contains alcohol and formaldehyde (86–88).

SPECIMEN TRANSPORT AND STORAGE
The type of transport medium and transportation time to the
laboratory are important considerations for viability of the
specimen matrix, the pathogen, viral antigens, and nucleic
acid. A laboratory-based study showed that inoculation of
various swabs with enveloped and nonenveloped RNA and
DNA viruses could be detected by PCR after 7 days at room
temperature (4°C and 37°C). However, dry swabs, swabs
with Amies gel containing charcoal, and swabs maintained
at 37oC for > 3 days yielded consistently lower amounts of
viral nucleic acids (89).

To maintain stability, most swabs, brushes, and tissue
specimens should be transported in viral transport media.
Viral transport medium (VTM) is used to stabilize viral par-
ticles and nucleic acids, prevent specimen drying, maintain
pH, and inhibit bacterial overgrowth in culture. Several
formulations are available that contain a combination of
buffered solution, protein stabilizers, antibiotics, and minimal
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nutrients (66). As an exception, nonsterile (e.g., stool,
urine, and respiratory secretions) and sterile (e.g., blood/
plasma, CSF, and pleural, ocular, and joint fluids) body fluids
should be tested without dilution in viral transport medium
to optimize sensitivity of detection.

In general, viruses that are enveloped, like blood-borne
(e.g., HIV, HBV, and HCV) or respiratory (e.g., the ortho-
myxo- and paramyxoviruses, like influenza, RSV, human
metapneumovirus, and parainfluenza viruses) pathogens are
relatively labile compared with those without envelopes
(66). Most viruses persist longer at cooler temperatures, and
even highly labile pathogens such as CMV, RSV, and VZV
can survive transit for 1 to 3 days if maintained at 4°C (90,
91). To increase viral recovery, specimens for viral culture
should be transported to the laboratory under refrigerated
conditions, and frozen samples should be discouraged.

Unlike viral culture, where each hour of delay before
inoculation translates to progressively lower probability of
successful isolation, molecular and antigen testing abrogates
the need for viral viability. This is a distinct advantage, as an
unexpected delay in sample processing due to an error in
communication, handling, or due to the weather will min-
imally affect the quality of the test and result for the patient.
In a study performed by Jerome et al., swabs from a variety of
anatomical sites were placed in viral transport medium (92).
Part of this material was extracted immediately for quanti-
tative real-time PCR testing and the remainder of the nu-
cleic acid extract was stored at 4ºC. The rest of the original
sample was frozen at - 20ºC. After 16 months in these
conditions, the stored extracts were reevaluated by real-time
PCR; the viral titers were essentially the same, with 93% of
the extracts agreeing within 1 log of the initial quantitative
result. Similarly, raw samples stored for 16 months and then
re-extracted for PCR analysis showed 94% agreement within
1 log of the initial results. These results demonstrate that
freezing patient specimens and refrigerating nucleic acid
extracts of specimens do not significantly affect viral quan-
tification for at least 16 months. Another group showed that
quantification of concentrations of nucleic acids from HBV
(DNA) and HCV (RNA) remained stable in patient sam-
ples after eight freeze–thaw cycles, as determined by a com-
mercial detection platform (93).

An alternative approach was taken for storage of respi-
ratory swab specimens in a study by Krafft et al. (94). Swabs
were stored in ethanol at ambient temperatures for 1 month
or 6 months, and the results of molecular testing (for influ-
enza viruses A and B and adenovirus) were compared to
culture results at the time of specimen collection. The results
of real-time PCR tests on the stored specimens demonstrated
a high correlation with initial culture results, and PCR could
even detect positive results in specimens that were culture-
negative. In another study, real-time PCR was 82% sensitive
(and more sensitive than repeat culture) when used to detect
influenza in nasal aspirates stored frozen for 1–3 years at
- 70ºC compared to viral culture at the time of the aspirate
(95). At our institution, ambient, refrigerated and frozen
samples are acceptable for molecular testing for up to 7 days.
After the result is reported, patient specimens are generally
stored for 7 days in the laboratory at 2–8ºC.

Specimens from patients suspected of being infected with
highly virulent and transmissible viruses like avian influenza,
filovirus (e.g., Ebola and Marburg), arenavirus (e.g., Lassa),
bunyaviruses (e.g., Hantaan), rabies, severe acute respiratory
syndrome (SARS), or Middle East respiratory syndrome
(MERS) coronaviruses should be handled with particular
caution. To minimize exposures in the laboratory, procedures

should be in place to triage specimens suspected of having
these pathogens to be tested at a state laboratory or the
Centers for Disease Control and Prevention (CDC). Some
limited testing may be performed on site to rule out more
common pathogens presenting with similar symptoms. If rule-
out testing is necessary, viral culture should not be performed
to avoid viral amplification and specimens should be handled
according to the appropriate biosafety level guidelines (66).

During the Ebola virus disease outbreak in 2014, the
CDC described safety measures to protect hospital workers.
Specimens from potentially infected patients should be
transported to the laboratory in plastic tubes within a sec-
ondary, leakproof container. To minimize the risk of break-
age, specimens must be transported manually instead of
using the pneumatic tube system. Upon receipt of these
specimens, safe handling measures include the use of a cer-
tified class II biosafety cabinet and personal protective
equipment like double gloves, impermeable gowns, eye
protection, and an N95 mask or respirator (96). Testing
should be limited to what is absolutely necessary, and the
testing that is needed should take place in the patient room
or in a nearby contained testing area. It is safest to use point-
of-care systems to minimize transport, handling, and number
of staff exposed to the specimens. Laboratories should have
plans and procedures in place to address the collection,
processing, transport, and possible testing of these suspect
specimens. State laboratories and the CDC are also vital
resources to be consulted when these diagnoses are being
considered. Check with local and federal authorities for the
latest during ongoing outbreaks as information regarding
recommendations can change daily.

FUTURE CONSIDERATIONS
Technology has improved dramatically over the past three
decades. The increasing use of rapid, highly sensitive, and
specific nucleic acid amplification assays has affected which
specimens are the most appropriate for testing, how much is
needed, and at what point of the infection the specimen
should be collected for maximum yield. In turn, this has
improved the ability of a clinician to recognize and interpret
acute, quiescent, chronic, and reactivated viral infections.

Currently, nucleic acid amplification methods have
largely displaced more traditional methods of virus detec-
tion, like virus culture, rapid antigen assays, and immuno-
fluorescence-based antigen assays. Replacement of viral
culture with molecular testing may affect regulations and
requirements for specimen collection. As laboratories tran-
sition away from viral culture, they will no longer be gen-
erating relatively pure, high-titer viral isolates for submission
to regional and public health laboratories. Instead, public
health laboratories may expect to see a significant rise in the
number of clinically collected specimens sent directly to
them for further characterization and analysis.

Increasing attention is being given to the ability of mo-
lecular testing to detect multiple pathogens from a single
specimen based on clinical syndromes, like respiratory or
gastrointestinal diseases. In an evaluation of multiplex test-
ing of gastrointestinal pathogens at our institution, we de-
termined that patients with possible infectious diarrhea had
an average of three bacterial, viral, or parasitic tests per-
formed, with only an 8.3% positivity rate per patient. Using
a single multiplex molecular assay for 15 or 23 targets, de-
pending on the assay used, the positivity rate increased to
> 30%. Notably, the two multiplex panels evaluated in this
study detected a significant number of viruses for which we
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currently do not have routine test methods, such as as-
trovirus and sapovirus. This type of “syndromic” testing from
a single specimen collection allows clinicians to screen for a
panel of pathogens that present with overlapping clinical
symptoms (97).

The convenience and benefit of testing multiple patho-
gens from a single specimen is becoming popular with cli-
nicians, and, as a result, some laboratories are striving to
provide broad testing panels from single-specimen collection
devices, such as a single swab for diagnosis of gynecologic
pathogens. Similarly, increasing use of technology like mi-
crofluidics, as well as the miniaturization of diagnostic test-
ing, is being investigated for identification of multiple
analytes from just a few drops of blood. These new methods
and devices can potentially minimize incorrect specimen
collection, reduce the number of invasively collected spec-
imens, and dramatically reduce the volume of material that
needs to be collected from a patient. However, despite the
value in such testing, it is necessary for laboratories to ensure
that changing specimen type and volume does not com-
promise the sensitivity of detection of any analytes. Also, it
is crucial to provide panels only containing analytes that
provide relevant, meaningful clinical information. The risk
of overtesting from single samples is misinterpretation of the
clinical importance of a result, which may lead to over-
treatment and patient harm.

Further developments and breakthroughs in technology
will increase our ability to characterize viral infections. For
example, Sanger sequencing of HIV is used routinely to
monitor genotype resistance mutations, but this platform
may be replaced by deep sequencing techniques for greater
coverage of minor resistance mutations (98) and ability to
detect low-prevalence mutations within the patient’s viral
population. Influenza virus nucleic acid is also highly dy-
namic, and next-generation sequencing of the neuramini-
dase gene is being used to monitor oseltamivir resistance (99,
100).

The type of testing platforms used in clinical laboratories
for viral detection has evolved rapidly and will continue to do
so as newer technology emerges. The technological changes
that increase our ability to detect multiple analytes from a
single specimen have, and will, affect the specimen type,
collection devices, and amount requirements that are needed
for virus testing.
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Viruses are obligate intracellular parasites and thus are
propagated using living cells in the form of cultured cells,
embryonated hen’s eggs, or laboratory animals. Culture has
long been considered the “gold standard” for viral diagnosis
because it secures an isolate for further analysis, is more
“open-minded” than methods that target single agents, and
allows the unexpected or even novel agent to be recovered.
In practice, use of specialized cell culture systems, embryo-
nated eggs, and laboratory animals is confined to research or
major public health reference laboratories, with cell cultures
in monolayers the sole isolation system utilized in routine
diagnostic laboratories. The past two decades have seen
conventional cell culture methods supplemented or even
replaced by more rapid and targeted cell culture methods.
Rapid culture methods can be performed by less experienced
personnel, with less labor, and with results reported within
1 to 5 days of inoculation.

Isolating viruses in cell cultures in various configurations
has been the main diagnostic approach in most clinical
virology laboratories, but this approach is being used less
frequently now that viral antigen detection assays and
molecular techniques have been improved in analytical
sensitivity and specificity and simplified to allow their per-
formance in routine laboratories. At this writing isolation
in cell culture is most often incorporated into viral diag-
nostic algorithms to confirm optimal performance of other
methods, to validate newer methods, or to aid the discovery
of new viruses, rather than as the primary diagnostic method.
This change in the role of virus isolation in cell cultures is
reflected in the lack of recent publications in innovative cell
culture methods for clinical diagnosis. Regardless of the
breadth of application across smaller clinical laboratories,
virus isolation in culture will continue to be used in larger
specialized virology and public health laboratories and by
those interested in virus discovery. Thus this chapter will
provide details of current cell culture isolation methods used
for viral diagnosis and describe various clinical applications
of virus isolation in cell culture.

VIRUS ISOLATION IN CELL CULTURES
Types of Cell Culture
The discovery by Enders, Weller, and Robbins in the late
1940s that poliovirus replicates in cultivated mammalian

cells revolutionized and simplified procedures for the isola-
tion of viruses (1). After that landmark discovery, cell cul-
tures were prepared for virus studies from a wide variety of
animal and human tissues, and many of the common viruses
we are familiar with today were discovered. Cell cultures are
generally separated into three types (Table 1): primary cells,
which are prepared directly from animal or human tissues
and can usually be subcultured for only one or two passages;
diploid cell cultures, which are usually derived from human
tissues, either fetal or newborn, and can be subcultured 20 to
50 times before senescence; and continuous cell lines, which
can be established from human or animal tissues, from tu-
mors, or following the spontaneous transformation of normal
tissues. These have a heteroploid karyotype and can be
subcultured an indefinite number of times. However, sensi-
tivity to virus infection may change after serial passage and
after passage in different laboratories.

Variation in Sensitivity to Different Viruses
Cell cultures vary greatly in their sensitivity to different vi-
ruses (Table 2). If a virus is inoculated into an insensitive cell
culture, the virus will not be able to replicate and a negative
result will be obtained. When small amounts of virus are
present in a clinical sample, a positive result may be obtained
only when the most sensitive systems are used. Therefore, it
is important that providers caring for the patients inform the
laboratory of the clinical syndrome and/or virus(es) sus-
pected, so that the most sensitive cell cultures can be used
and appropriate detection methods employed. Laboratories
should periodically monitor the sensitivity characteristics of
cell cultures, since significant changes can occur over time or
even from season to season for rapidly changing viruses such
as influenza (2–4).

Supplies and Equipment Needed
The materials needed for the isolation of viruses in cell
culture are given in Table 3. Maintaining different cell
cultures in healthy condition is absolutely necessary to en-
sure good results. Awide variety of cell cultures are available
commercially and can be purchased and delivered once or
twice a week according to the needs of the laboratory.
Vendors of prepared cell cultures in the United States in-
clude Diagnostic Hybrids (DHI, Quidel, Athens, OH) and
CellPro Labs (Golden Valley, MN). Both the quantity and
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types of cell cultures used will vary with the seasonal varia-
tions in virus activity. The use of cryopreserved cell cultures,
that can be stored at - 70°C and thawed for use as needed,
can provide additional flexibility (5, 6).

Obtaining and Processing Specimens
It is important to reiterate that without appropriate speci-
mens that are properly collected early in illness and promptly
transported to the laboratory, the subsequent time and effort
spent in isolation attempts will be wasted. Accomplishing
this is an important task of the clinical virology laboratory
and requires continuing communication with and education
of the providers.

Conventional Cell Culture
Conventional cell cultures in clinical laboratories have
traditionally been grown as monolayers in screw-capped
roller tubes and been inoculated and incubated as described
in the following section. However, cultures in 24-well plates
and shell vials (1-dram vials) can also be used and either
fixed and stained at a predetermined time after inoculation
or observed for longer periods for cytopathic effects (CPE).
To isolate a spectrum of viruses in conventional culture, cells
of several different types are inoculated, such as human

diploid fibroblasts (HDF), a human heteroploid cell line
(e.g., A549), and a primary monkey kidney cell culture.
Alternatively, for specific indications (e.g., herpes simplex
virus [HSV] infection), limited cultures intended to detect
only one or two virus types can be performed. The cell
type(s) most sensitive to the suspected viruses in the clinical
specimen should be included. Ideally, only actively dividing
cultures should be used because aged cells are less sensitive to
virus infection. All cell cultures should be examined under
the microscope before inoculation to ensure that the cells
are in good condition.

Inoculation and Incubation
Although techniques may vary somewhat for different vi-
ruses, in general, the following procedures apply for non-
centrifuged conventional cultures:

1. Pour off or aspirate culture media and inoculate
specimens, 0.1 to 0.3 ml, into each culture tube.
Uninoculated cultures should be kept in parallel for
comparison.

2. Allow specimen to adsorb (in a horizontal position in
a stationary rack) in the incubator at 35°C to 37°C for
30 to 60 minutes. Then, 1.0 to 1.5 ml of maintenance
medium should be added and the inoculated cultures
returned to the incubator. Inoculated cultures in roller
tubes can be placed in a rotating drum if available,
which is optimal for the isolation of respiratory viruses,
especially rhinoviruses, and results in the earlier ap-
pearance of CPE for many viruses. If stationary racks
are used, it is critical that culture tubes be positioned
so that the cell monolayer is bathed in nutrient me-
dium; otherwise, the cells will degenerate, especially at
the edge of the monolayer.

3. Microscopically (light microscope, · 10 objective,
reduced light) evaluate inoculated culture tubes daily
for the first week, then every other day for virus-
induced CPE. Compare the appearance of the inoc-
ulated tubes with uninoculated control tubes from the
same lot of cell cultures. Also note the color of the
medium in the inoculated tubes. Culture medium
containing a phenol red indicator should appear light
orange or peach colored. Bright magenta color signals
pH that is too basic, and bright yellow signals acid

TABLE 1 Types of cell cultures commonly used in a clinical
virology laboratory

Cell culturea Examples
No. of

subpassages

Primary Kidney tissues from monkeys
(RhMK), rabbits (RK), etc.
Embryos from chickens (CE),
guinea pigs (GPE), etc.

1 or 2

Diploid Human embryonic lung (MCR-5)
or human newborn foreskin (HFF)

20–50

Continuous Human epidermoid carcinoma
of lung (A549), mink lung
(ML or Mv1Lu)

Indefinite

aMixtures of different cell cultures within a single tube or well are now
commonly used. Some continuous cell lines have been genetically engineered to
provide a reporter system for rapid and simplified detection, or for greater sensi-
tivity.

TABLE 2 Conventional cell cultures for viruses commonly isolated in a clinical virology laboratorya,b

Virus Sensitivity in cell culturec Average time to CPE (range) Characteristic CPE

RNA viruses PMK HDF A549
Influenza +++ + - 2 (1–7) Cellular granulation, HAd-positive
Parainfluenza +++ + +/ - 6 (1–14) Rounded cells, some syncytia, HAd-positive
RSV ++ + +/ - 6 (2–14) Syncytia in Hep-2 and RhMK
Rhinovirus +/ - ++/- - 5 (2–14) Degenerating rounded cells
Enterovirus +++ ++ +/ - 2 (1–8) Small round refractile cells

DNA viruses
Adenovirus + ++ +++ 6 (1–14) Grape-like clusters
CMV - +++ - 8 (1–28) Foci of rounded cells; slow progression
HSV +/ - ++ +++ 2 (1–7) Foci large rounded cells; HSV-2 produces

syncytia; rapid progression
VZV + +++ +++ 6 (3–14) Foci of pyknotic, degenerating cells
aPMK, primary monkey kidney; HDF, human diploid fibroblasts; A549, human heteroploid cell line; CPE, cytopathic effects; HAd, hemadsorption.
bViruses that are not routinely isolated in conventional cultures include HMPV, coronaviruses, rhinovirus group C, EBV, HHV-6.
cDegree of sensitivity: +++, highly sensitive; ++, moderately sensitive; +, low sensitivity; +/ - , variable; - , not sensitive.
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pH, which is often a marker of bacterial or fungal
contamination. Samples showing altered pH should
be evaluated and the pH corrected. Steps 4 and 5
describe corrective action.

4. Certain specimens, such as urine and stool, will fre-
quently be toxic to the cell cultures, and this toxicity
can be confused with virus-induced CPE. With such
specimens it is a good practice to check inoculated
tubes, either after adsorption or within 24 hours of
inoculation, and refeed with fresh medium if neces-
sary. If toxic effects are extensive, it may be necessary
to subpassage the inoculated cells in order to dilute
toxic factors and provide viable cells for virus growth.

5. Bacterial or fungal contamination will require filtra-
tion, using a 450-mm filter, of either the inoculated
culture supernatant fluid or of the original specimen,
followed by inoculation of fresh cultures.

6. Inoculated cultures and the uninoculated cell culture
control tubes are generally kept for observation for vi-
rus-induced effects for 10 to 14 days. Exceptions in-
clude cultures for HSVonly, which may be terminated
at 7 days, and for cytomegalovirus (CMV), which are
commonly kept for 3 to 4 weeks. During this time, cell
cultures may need to be refed to maintain the cells in
good condition. Some continuous cell linesmay require
refeeding or subculturing every few days. Great care
must be taken when refeeding cultures to ensure that
cross contamination from one specimen to another
does not occur. Separate pipettes should be used for
separate specimens. Aerosols, spatter, and contamina-
tion of test tube caps and gloves should be avoided.

7. When virus-induced CPE occurs and progresses to
include 25% to 50% of the monolayer, specific iden-
tification can usually be accomplished by immuno-
fluorescence (IF) staining of infected cells. Passage of
infected cultures into a fresh culture of the same cell
type may be necessary to ensure recovery of sufficient
virus for further identification of the isolate or ensure
that a virus is present. For certain cell-associated vi-
ruses, such as CMV or varicella zoster virus (VZV), it
is necessary to trypsinize and passage intact infected

cells. Adenovirus can be subcultured after freezing and
thawing infected cells, which disrupts the cells and
releases intracellular virus.

8. For certain fastidious viruses, when the amount of in-
fectious virus in the specimen is low, or when the pa-
tient has received antiviral therapy, blind passage
(i.e., subculture of the inoculated culture in the ab-
sence of viral CPE) into a set of fresh culture tubes may
be necessary before virus proliferation can be detected.

Detection of Virus-Induced Effects

Cytopathic Effects
Many viruses can be identified by the characteristic cellular
changes they induce in susceptible cell cultures. These can
be visualized under the light microscope. Examples of CPE
characteristic for a number of common viruses are shown in
Figure 1 and described in greater detail in the sections on
individual viruses. The degree of CPE is usually graded from
+ to ++++ based on the percentage of the cell monolayer
infected: 25% of the cell monolayer (+), 50% (++), 75%
(+++), and 100% (++++). There are two important points
that should be emphasized regarding CPE induced by virus:

1. The rate at which CPE progresses may help to dis-
tinguish similar viruses; for example, HSV progresses
rapidly to involve the entire monolayer of several cell
systems. In contrast, two other herpesviruses, CMV
and VZV, grow primarily in HDF cells and progress
slowly over a number of days or weeks.

2. The type of cell culture(s) in which the virus replicates
is important factor in identification (Table 2).

Caution must be exercised to be certain that a virus-
induced CPE is distinguished from “nonspecific”CPE caused
by cell age or toxicity of specimens, bacteria, fungi, or par-
asites. A subculture onto fresh cells should amplify virus
effects and dilute toxic effects. On occasion, foci of cells
inoculated onto the culture monolayer from the original
specimen or from another cell culture can be mistaken for
viral CPE. With experience, the appearance of the cellular
changes, taken together with the susceptible cell systems,
the specimen source, and clinical disease, usually allows a
presumptive diagnosis to be made as soon as the virus-
induced cellular changes occur.

Hemadsorption (HAd)
Parainfluenza and sometimes influenza virus replication may
not induce distinctive cellular changes; however, these vi-
ruses express hemagglutinins that are expressed on the
infected cell membrane and have an affinity for red blood
cells (RBCs). The addition of a guinea pig RBC suspension
to the infected cultures allows the RBCs to adsorb onto
the infected cells, resulting in the observations shown in
Figure 2B. However, if older guinea pig RBCs are used,
nonspecific HAd may occur in an uninoculated culture
(Fig. 2C) and should be distinguished from that resulting
from a specific viral infection. Furthermore, the HAd test is
usually performed at 4°C to 22°C because the RBCs will
elute when incubated at 37°C. When HAd is observed on
the monolayer, the infected cells are transferred to a slide
and stained by IF to identify the causative virus. Alter-
natively, the culture fluid can be subcultured into a fresh
culture either to confirm the virus isolation or to permit
further identification.

It should be noted that not all viruses that agglutinate
RBCs can adsorb them onto infected cell monolayers. HAd

TABLE 3 Supplies and equipment needed for isolation
of viruses in cell culture

Process Supplies and equipment needed

Inoculation of cell
cultures

Laminar flow hood, centrifuge, pipettes,
automatic pipetting device, pipette jar
and discard can, disposable gloves,
disinfectant, and sterile glass and plastic
ware

Maintenance of cell
cultures

Culture media, serum, antibiotics, 4°C
refrigerator, test tube racks, and/or
rotating drum, shell vial racks, room air
incubators, CO2 incubator, waterbath,
and upright and inverted microscopes

Staining of shell
vials and
identification
of virus isolates

Centrifuge, centrifuge tubes, PBS,
Teflon-coated microscope slides,
forceps, incubator, monoclonal
antibodies and reagents, mounting
medium, fluorescence microscope

Preservation and
storage of viruses

Freezer vials, ultra-low temperature freezer
( - 70°C), and dimethyl sulfoxide as
stabilizer
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FIGURE 1 Uninfected cell cultures and cell cultures showing CPE of viruses commonly isolated. (A) Uninfected A549 cells, (B) HSV-2
in A549, (C) adenovirus in A549, (D) uninfected MRC-5 fibroblasts, (E) CMV in MRC-5, (F) rhinovirus in MRC-5, (G) uninfected
RhMK, (H) enterovirus in RhMk, (I) influenza A in RhMk, (J) uninfected HEp-2, (K) RSV in HEp-2, and (L) monkey virus contaminant in
RhMk. · 85. (Photos by permission, Leland and Ginocchio [6].)

FIGURE 2 Hemadsorption of guinea pig red blood cells by parainfluenza virus in monkey kidney (MK) cells. (A) Uninfected MK cells;
(B) specific hemadsorption in parainfluenza infected MK cells; (C) nonspecific hemadsorption seen with aged red blood cells in uninfected
cell cultures. Modified from Hsiung et al. (72). (Reprinted from last edition.)
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is a property of those viruses that bud from the host cell
membrane during maturation and thus express viral hem-
agglutinin on the surface of the infected cell.

Blind Immunostaining
To more rapidly detect virus growth, shorten the observation
period, and avoid repeated examinations for CPE, intact cell
culture monolayers can be fixed and stained with fluorescein
or horseradish peroxidase-labeled antibodies to viral antigens
usually within 1 to 6 days after inoculation. Alternatively, at
the end of the observation period and in the absence of
positive CPE or HAd, cells can be scraped or trypsinized from
roller tubes, affixed to glass slides, and blindly stained for
detection of viral antigens prior to discard.

Identification of Virus Isolates
Presumptive identification of virus isolates usually can be
made on the basis of characteristic virus-induced effects
(e.g., type of CPE or HAd) and selective cultured cell sen-
sitivity. Definitive identification most frequently uses virus-
specific fluorescein-labeled antibodies. Monolayers showing
CPE or HAd can be trypsinized or dislodged via scraping.
The cells are transferred and fixed to a glass slide with in-
dividual wells, and the fixed preparations are stained with
antibodies specific to viral antigens. In more difficult cases,
PCR also can be used for virus identification. When deter-
mination of specific type is requested for enteroviruses or
adenoviruses, neutralization of virus-induced cytopathology
in cell culture may be used; this testing is rarely performed
outside of the research setting. Typing is now performed by
PCR, followed by nucleic acid sequencing (7, 8).

Occasionally, a virus isolate cannot be identified by the
standard tests. The morphologic properties of the infecting
virus can be determined by electron microscopy, if available,
with subsequent identification by molecular techniques (9).
Some viruses may be known but rarely diagnosed in human
disease, for example, neurologic disease due to Cache Valley
Virus, which has been isolated from cerebrospinal fluid
in Vero E6 (10), A549 and RD (11), or Buffalo green
monkey kidney (BGMK) cells (12). “New” viruses recovered
by isolation from clinical samples include human meta-
pneumovirus in tertiary monkey kidney cells (13), severe
acute respiratory syndrome (SARS) coronavirus in Vero E6
cells (14), NL-63 coronavirus in tertiary monkey kidney
cells (15, 16), Middle East respiratory syndrome (MERS)
coronavirus isolated in Vero and LLC-MK2 (17), and
severe fever and thrombocytopenia syndrome (SFTS) and
Heartland phleboviruses isolated in DH82 cells, a canine
macrophage-monocyte cell line (18, 19).

RAPID CULTURE METHODS
Centrifugation Culture (Shell Vial Technique)
The rapid diagnosis of viral infections is important in patient
management. However, conventional virus isolation re-
quires observation of monolayer cultures for CPE, which can
take days to weeks to appear. The application of centrifu-
gation cultures to viral diagnosis can shorten time to diag-
nosis to 1 to 2 days.

It has long been recognized that low-speed centrifugation
of cell cultures enhances infectivity of viruses (20) as well as
chlamydia. The mechanism for this effect is unclear and may
involve centrifugation of virus aggregates or virus attached
to cell debris or an effect on cell membranes to enhance virus
entry.

In 1984 the use of centrifugation cultures followed by
staining with a monoclonal antibody at 24 hours post-
inoculation was first reported for CMV (21) (Fig. 3). Sub-
sequent reports documented its usefulness in rapid diagnosis
of other viruses, including HSV (22), VZV (23), adenovirus
(24), respiratory viruses (25), and polyomavirus BK (26). In
addition, when the inoculum is standardized, semiquanti-
tative results can be obtained by counting the number of
virus-positive cells (27).

The shell vial technique usually combines (i) cell culture
to amplify virus in the specimen, (ii) centrifugation to en-
hance viral infectivity, and (iii) early detection of virus-
induced antigen (before CPE) by the use of high-specificity
antibodies. It can be used for any virus that replicates in cell
culture and for which a specific antibody is available. For
viruses with a long replication cycle, such as CMV, viral
antigens produced early in the replication cycle can be de-
tected many days before CPE are apparent using light mi-
croscopy. For viruses that replicate faster (e.g., HSV) or if the
available antibodies are directed toward late rather than
early replication products, less time is gained for detecting
positives using the shell vial technique. However, shell vial
cultures can be terminated and negatives reported at 1 to 5
(VZV) days rather than at 7 to 14 days.

It should be noted that centrifugation cultures can also be
employed without early IF staining, but rather can be
monitored for CPE and tested by HAd, similar to conven-
tional cultures in roller tubes. Centrifugation cultures can
also be performed using 24- or 48-well tissue culture plates,
instead of in shell vials.

The overall sensitivity of the shell vial technique varies
with the type of specimen (28), the length and temperature of
centrifugation (29), the virus, the cell cultures, the antibody
employed, and the time of fixation and staining. The use of
young cell monolayers (30) and inoculation of multiple shell
vials enhance the recovery rate (31). Toxicity, particularly
problematic with blood and urine specimens, can lead to cell
death and the loss of the monolayer, necessitating blind
passage of the specimen or specimen reinoculation.

Furthermore, with all rapid techniques that target specific
viruses, only the viruses sought will be detected. Although
conventional isolation using a spectrum of cell cultures
can detect a variety of virus types, including unantici-
pated agents (32), maximal sensitivity and virus recovery is
obtained by performing both conventional culture and

FIGURE 3 Centrifugation culture: detection of CMV immediate
early antigens in infected nuclei at 16 to 24 hours postinoculation
(immunofluorescence stain). (Reprinted from last edition.)

7. Primary Isolation of Viruses - 83



centrifugation cultures in parallel (25,33–35). To conserve
resources, this combined approach might be limited to se-
lected patient groups and sample types.

Inoculation of Shell Vials (Traditional Single Cell
Culture Type, Stained for One Virus)
Note: Manufacturer’s instructions should be followed. Fix-
atives, amount of antibody, and staining times may vary.

Reagents and Equipment: Antibodies to specific viral
types, usually fluorescein labeled
Cold acetone
Cell cultures grown on coverslips in shell vials, sensitive
to the suspected viruses
Low-speed centrifuge with adapters for shell vials
Humidified chamber
Rotator or rocker
Suction flask and vacuum source

Test Procedure

1. Prepare two shell vials.
2. Remove cap and aspirate medium from shell vial.
3. Inoculate prepared specimen onto monolayer, 0.2 to

0.3 ml per vial.
4. Replace cap and centrifuge (30 to 60 minutes at

700 · g).
5. Aspirate inoculum for blood, urine, and stool samples,

then rinse with 1 ml of medium to reduce toxicity.
6. Add 1.0 ml of maintenance medium to each shell vial

and incubate at 35°C for 1–2 days.

Fixation of coverslips in shell vials.

1. Before fixation, inspect the coverslips for toxicity,
contamination, and so forth. If necessary, passage the
cell suspension to a new vial and repeat incubation
before staining.

2. If monolayer is intact, aspirate medium from shell vials
and rinse once with 1.0 ml of phosphate-buffered sa-
line (PBS) (pH 7). If monolayer appears fragile, do not
rinse with PBS.

3. Aspirate medium completely, add 1.0 ml of 100% cold
acetone or 50/50 acetone/methanol to each shell vial
and allow cells to fix for 10 minutes.

4. Aspirate the acetone and allow the coverslips in the
shell vial to dry completely.

Staining of coverslips.

1. Add 1.0 ml of PBS to each coverslip, then aspirate the
PBS.

2. Pipet 150 ml (five drops) of antibody reagent (ap-
propriately titrated and diluted) into the shell vial.
Replace the cap.

3. Rock the tray holding shell vials to distribute the re-
agent; then check to see that coverslips are not
floating above the reagent.

4. Place rack holding the shell vials in a humidified
chamber in the 35°C incubator.

5. Incubate for 30 minutes.
6. Add 1.0 ml of PBS to the shell vial, then aspirate.

Repeat wash step two additional times.

For direct assays (primary antibody is labeled), go directly to
step 9. For indirect assays (primary antibody is not labeled):

7. Pipet 150 ml (five drops) of labeled conjugate onto the
monolayer.

8. Repeat steps 3 to 6, except do not aspirate the last
1.0 ml of PBS.

9. Using forceps and a wire probe, remove coverslip, and
blot on tissue or absorbent paper (e.g., Kimwipe).

10. Add one drop of mounting fluid to a properly labeled
slide and place coverslip on mounting fluid with cell
side down, being careful not to trap air bubbles.

Reading procedure. Coverslips are examined using a
· 20 objective with a fluorescence microscope equipped
with the appropriate filters to maximize detection of
the fluorescein isothiocyanate (FITC) label (or a light
microscope if a peroxidase label is used). A known positive
control is run for each viral antigen with each assay.
Noninfected monolayers are fixed and stained as negative
antigen controls. For indirect IF, normal goat serum, or PBS
plus FITC conjugate, is used as a negative serum control.

The pattern of fluorescence varies depending upon the
suspected virus, the antibody used, the cell culture, and the
stage of virus replication. Even a single cell, characteristi-
cally stained, is considered a positive result. The test should
be repeated in the following circumstances:

1. The staining pattern is not typical for the suspected
virus,

2. Nonspecific staining is observed on the negative
control, or

3. The staining color is more yellow than green.

Mixed (Co-Cultivated) Cell Cultures
and Monoclonal Antibody Pools
The great success of rapid shell vial cultures for detection of
individual viruses led to an impetus to simplify the process.
In order to detect more viruses with fewer cell cultures,
antibodies to more than one virus, often with two or three
different fluorescent labels, were pooled (25, 36, 37), and
two to three different cell cultures were combined in one
vial, thus described as co-cultivated cells (38–40). This
concept was embraced by a commercial supplier and the cell
cultures further enhanced through genetic engineering
(Table 4). Numerous investigators have reported the value of
these mixed cell cultures. Some laboratories have eliminated
conventional cell culture tubes and converted to shell vials
with mixed cells. When combined with IF staining using
antibody pools, detection of common respiratory viruses is
simplified, labor is reduced, results are reported more rapidly
on both positives and negatives, and the need for primary
monkey kidney cells is eliminated. Learning to read and
interpret IF staining of shell vial cultures is much easier than
reading direct IF on clinical samples or CPE in conventional
cell cultures. Mixed cell cultures also can be maintained
longer than the 1 to 5 days typically employed for IF staining
and observed for CPE for 1 to 2 weeks, if desired.

There are at present a variety of combinations of cultures
to choose from, depending upon the suspected viruses
(Table 4). R-mix (Mv1Lu and A549) and R-mix Too (Madin
Darby Canine Kidney [MDCK] and A549) are commonly
used with monoclonal antibody pools to rapidly detect se-
lected respiratory viruses—that is, adenovirus; influenza A
and B; parainfluenza 1, 2, and 3; and respiratory syncytial
virus (RSV) (40–46). Human metapneumovirus also can be
detected in this system. Other viruses can be detected by
observing the cultures for CPE. R-mix Too was developed to
avoid inadvertently growing SARS coronavirus. In contrast
to Mv1Lu cells, MDCK cells will not support the growth of
SARS coronavirus.
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E-mix targets enteric viruses. The original E-mix A (RD
and H292) and E-mix B (BGMK and A549) cells provided
an advantage over the three to five conventional cell cul-
tures traditionally inoculated to detect enteroviruses. How-
ever, E-mix A and B cells were discontinued and replaced by
the more sensitive, genetically engineered Super E-mix de-
scribed in the section Genetically Modified Cell Lines (47).

H&V mix (CV-1 and MRC-5) was developed for isola-
tion of HSV 1 and 2 and VZV, and it can also detect CMV.
Although all of these viruses can be detected after 1 or 2 days
of incubation via IF staining, optimal detection of VZV re-
quires staining at 2 and 5 days. Many other viruses can also
replicate and be detected by CPE (48).

The protocols for inoculation, incubation, and staining
for commercially obtained mixed cell cultures are generally
those recommended by the supplier and modified as needed
by the user. Steps in inoculation, fixing, staining, and
reading of mixed cell cultures in shell vials are similar to
those described for shell vial cell cultures for a single virus
(described previously). In general for mixed cultures, two to
three shell vials are inoculated. For respiratory viruses, one
shell vial is stained with the antibody pool one day post-
inoculation (Fig. 4A). If this is positive, a second shell vial
is scraped, and cells are spotted onto an eight-well slide
for identification by staining with individual antibodies
(Fig. 4B). If the day 1 screen is negative, a second shell vial

can be scraped on day 2 of incubation and spotted onto both
a single well and an eight-well slide. If the screening reagent
applied to the single-well slide is positive, the multiwell slide
is then stained with individual antibodies. If the screening
reagent is negative, the multiwell slide is discarded. If a third
vial was inoculated, this vial can be observed for CPE for a
longer period to allow some slower growing and low titered
viruses to be detected. In another approach, some labora-
tories may stain the second shell vial in situ and, if positive,
use the third shell vial to prepare a multiwell slide.

For enteroviruses, two shell vials are needed and staining
at 2 and 5 days of incubation is recommended. Samples that
contain high titers of virus, such as stools, are generally
positive by day 2, but for spinal fluids up to 5 days may be
required (47).

Genetically Modified Cell Lines
In the Super E-mix for enteroviruses (previously described),
human decay-accelerating factor (hDAF) or CD55, a cel-
lular receptor for several enteroviruses, was transfected into
BGMK cells to enhance cell susceptibility to enterovirus
isolation (49, 50). BGMK-hDAF cells were then combined
with the human colon adenocarcinoma cell line (CaCo-2)
in a mixed cell culture. The resulting Super E-mix cells in
one culture vessel were reported to be more sensitive for
enterovirus recovery than inoculation of three separate

TABLE 4 Mixed cell culture methods used in clinical laboratories

Culture source/cell culture
composition Targeted viruses Principle

Reference
no.

R-mixa/Mink lung
(Mv1Lu) and A549

RSV; influenza A and B; parainfluenza
1, 2, and 3; adenovirus

Can detect HMPV by IF
CPE for other viruses can be observed

(HSV, CMV, enteroviruses); can
monitor third vial for CPE or stain
by IF

Inoculate three shell vials for each specimen.
Stain with monoclonal antibody (MAb) pool

at 24 hours; if positive, scrape second vial,
make multiwell slide, and identify pathogen
by individual MAbs.

If negative, scrape second shell vial at 48 hours,
stain, and make single-well and multiwell
slides. Stain single well with pooled reagent;
if positive, identify using multiwell slide and
individual MAbs.

Third vial can be observed for other CPE for
5 days if desired or used for identification of
positives on day 2.

40–46

R-mix Tooa/MDCK and
A549

Same as R-mix, except not susceptible
to SARS coronavirus

More sensitive than R-mix for some
respiratory viruses especially
adenovirus and influenza B

Same as R-mix

H&V mixa

African green monkey
kidney (strain CV-1) and
MCR-5 cells

HSV-1 and -2, VZV
Can also isolate CMV; mumps;

measles; rotavirus; polio type 1;
rhino-, adeno-, and enteroviruses;
RSV

Combination of cells highly sensitive to HSV
and VZV

Can observe for CPE then confirm by IF, or stain
by IF before CPE develops

Can stain shell vials for HSV at days 1 and 2,
and for VZV at days 2 and 5

48

Super E-mixa

BGMK-hDAF and A549
Enteroviruses Same as above

ELVISa

BHK cell line with UL39
promoter and E. coli
LacZ gene

HSV-1 and HSV-2 Positive cells stain blue with X-Gal
Can type positive cultures by adding two

type-specific MAbs

51,53–57

aAvailable from Diagnostic Hybrids, Inc.
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conventional tube cultures using primary rhesus monkey
kidney, A549, and fetal foreskin (SF) cells (47). In the
current Super E-mix, CaCo-2 cells have been replaced by
A549 cells.

In another approach, genetic elements derived from viral,
bacterial, or cellular sources can be stably introduced into a
cell, and when the target virus enters the cell, an event in
the viral replication cycle triggers the production of a mea-
surable enzyme. In a simple histochemical assay, infected
cells stain a characteristic color (Fig. 5). This approach has
been shown to be feasible for both DNA and RNA viruses
(51, 52), although different strategies are necessary for en-
zyme induction. In contrast to CPE, infected cells stained in
the inducible system can be read by an untrained observer
and the earliest stages of infection reliably detected.

The acronym ELVIS (enzyme-linked inducible system)
has been given to a commercially available cell system for
isolation of HSV (53). Transgenic baby hamster kidney
(BHK) cells have been altered to include an HSV-specific
promoter and an Escherichia coli LacZ reporter gene. HSV-
positive cells form a blue precipitate when reacted with a
chromogenic substrate (X-Gal). Both positive and negative

results can be reported in as little as 16 hours. It is simple,
sensitive, and rapid and can be used for the simultaneous
detection, identification, and typing of HSV isolates from
clinical specimens (54–57). However, ELVIS is somewhat
less sensitive than the most sensitive of conventional cell
culture systems when specimens contain only a few infec-
tious HSV particles.

VIRUSES COMMONLY ISOLATED
IN CONVENTIONAL CELL CULTURE
Herpes Simplex Viruses (HSV-1 and HSV-2)
Vesicular fluids, throat swabs, and genital lesions are the
most common sources for virus isolation. Both HSV-1 and
HSV-2 infect a wide variety of cell cultures. Early studies
demonstrated rabbit kidney (RK) and human embryonic
kidney (HEK) to be very sensitive to HSV infection (2).
Subsequent evaluations found MRC-5 to be more sensitive
than RK cells from commercial suppliers (4). Four contin-
uous cell lines, mink lung (ML), RD, A549, and H292 cells,
are also highly sensitive (58–60). Differences in sensitivity
are more evident when specimens contain low titers of virus
(61) or are collected late in illness or if transport is delayed
by error or distance. Variations in susceptibility over time or
between suppliers can be problematic. The recently intro-
duced mixtures of two sensitive cell lines (H & V Mix—
described previously) in one culture may help alleviate this
problem.

HSV produces a rapid degeneration of cells, often ap-
pearing within 24 hours of inoculation of the cell culture
(Fig. 1B). CPE begins as clusters of enlarged, rounded, re-
fractile cells and spread to involve the entire monolayer,
usually within 48 hours. The formation of multinucleated
giant cells also can be seen with HSV-2 and is more apparent
in epithelial than in fibroblast cells. Subcultures are per-
formed by passaging 0.2 ml of supernatant fluid to a fresh
culture tube. Over 90% of positives will be identified within
3 to 5 days. Occasionally, CPE develops later when very low
titers are present or if the patient is on antiviral therapy.

Centrifugation cultures in shell vials or 24-well plates can
be stained from 1 to 3 days after inoculation; however,
staining at 1 day may miss some low-titered samples (34).

Identification of virus as HSV and differentiation as type
1 or 2 is most readily done by IF using monoclonal antibodies
(62, 63). As already discussed, genetically engineered cell
lines (e.g., ELVIS) also can be used to isolate and identify
HSV.

FIGURE 4 R-mix cells in shell vial format. (A) Stained with respiratory virus screen reagent at day 1 postinoculation; (B) identified as
influenza A by spotting shell vial cells onto a multiwell slide and staining with individual antibodies (immunofluorescence stain). Photos
courtesy of Diagnostic Hybrids, Inc. (Reprinted from last edition.)

FIGURE 5 Detection of HSV in ELVIS cells. Blue cells positive
for HSV infection (X-Gal stain). Photo courtesy of Diagnostic
Hybrids, Inc. (Reprinted from last edition.)
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Varicella Zoster Virus (VZV)
Vesicle fluid and lesion swabs are the usual sources for VZV
isolation. VZV is difficult to grow and less sensitive than
direct IF even when optimally performed (64). If attempted,
prompt inoculation into cell culture is desirable.

HDF and A549 cells are the most sensitive cells for the
isolation of VZV, although the virus also has been isolated in
other human epithelial cells, primaryMKcells andCV-1 cells.

Cytopathology starts as foci of rounded enlarged cells, as
seen with HSV; however, the onset and progression are
much slower, and the foci of CPE tend to progress linearly
along the axis of the cells similar to CMV. However, VZV-
infected foci degenerate more rapidly than those of CMV.
CPE first appears 3 to 7 days after inoculation but may take 2
to 3 weeks. The virus is cell associated, and subpassages are
performed by trypsinization and passage of infected intact
cells to fresh monolayers of cells. Final identification is by IF
using monoclonal antibodies.

Centrifugation cultures are significantly more sensitive
than conventional roller tubes for VZV isolation (3, 23).
Staining of monolayers at 2 days and again at 5 days after
inoculation is recommended for optimal sensitivity. Use of
mixed cell cultures (48) and antibody pools with different
fluorescent labels may optimize detection of both HSV and
VZV in a single culture (36).

Cytomegalovirus (CMV)
CMV can be isolated from a variety of specimens including
urine, saliva, tears, milk, semen, stools, vaginal or cervical
secretions, peripheral blood leukocytes, and bronchoalveolar
lavage fluid, as well as biopsy tissue from lung, liver, and
gastrointestinal sites. HDF are the single most successful
conventional culture system for the isolation of CMV. The
source of the fibroblasts can be either human embryonic
tissues or newborn foreskin. The latter, however, lose their
sensitivity after the 10th to 15th passage.

CPE may develop within a few days to many weeks, de-
pending on the amount of virus in the specimen. Charac-
teristic CPE consists of foci of enlarged, refractile cells that
slowly enlarge over weeks and often do not involve the
entire monolayer (Fig. 1E). Thus, it is important that the
monolayers be maintained in good condition for at least 3
weeks. On the other hand, when a high titer of CMV is
inoculated, as contained in urine samples from congenitally
infected babies, generalized rounding at 24 hours—which
can be confused with an HSV CPE—may be seen. For
subculture, early passage of intact infected cells is essential.
Monolayers should be trypsinized and then dispensed onto
fresh uninfected cells. Identification of isolates can be ac-
complished with IF. Since CPE is slow to advance, passage of
trypsinized monolayers into centrifugation cultures, followed
by staining at 24 to 48 hours can provide a more rapid
confirmation.

Centrifugation cultures have had a major impact on the
rapid diagnosis of CMV infections. However, for optimal
CMV recovery from samples other than urine, conventional
cultures should be performed in parallel (33). ML cells,
though not permissive for CPE in conventional cultures,
have proved very useful for CMV centrifugation cultures,
especially because ML cells are less susceptible to toxicity
from blood samples (65).

Adenovirus
For adenovirus detection, throat swabs, nasopharyngeal
swabs, eye swabs, and stool are good sources of virus, the

choice depending on the clinical syndrome. In general,
human adenoviruses produce CPE in continuous human cell
lines, such as A549, HEK, and HDF cell cultures. Each of
these cell systems has its disadvantages: the continuous cell
lines may be difficult to maintain; HEK often are not readily
available and are expensive; and HDF are less sensitive and
the changes produced are not characteristic (66). Nonhu-
man cells, such as rhesus monkey kidney (RhMK) cells in-
fected with SV40, are of variable sensitivity, and virus
growth is slower.

Characteristic CPE consists of grape-like clusters of
rounded cells (Fig. 1C), which appear in 2 to 7 days with
types 1, 2, 3, 5, 6, and 7. Other adenovirus types may require
3 to 4 weeks or blind passage. Adenovirus is cell-associated,
similar to VZV and CMV; however, adenovirus is non-
enveloped and stable to freezing and thawing. Therefore,
two to three cycles of freezing at - 70°C and thawing dis-
rupts the cells and releases infectious virus. Enteric adeno-
virus types 40 and 41, associated with gastroenteritis, do not
grow readily in A549 cells or HDF, but can be isolated in
H292 cells (60).

Identification of isolates as adenoviruses can be done by
IF using anti-hexon antibody. Neutralization tests with type-
specific antiserum or molecular analysis will identify virus
types.

Centrifugation cultures can provide a more rapid diag-
nosis, but staining at 2 days and again at 5 days may be
needed for optimum sensitivity (24, 66, 67).

Enterovirus
Enteroviruses were originally classified by their growth in
different types of cell culture and suckling mice. The use of
nucleotide sequencing has resulting in the identification of
new strains, the reclassification of enteroviruses into four
groups (A to D) and the reclassification of echoviruses types
22 and 23 into a new genus, Parechovirus, which has now
expanded to include 16 virus types (68).

Enteroviruses can be recovered from feces, throat swabs,
cerebrospinal fluid, blood, vesicle fluid, conjunctival swabs,
and urine. In general, enteroviruses grow best in epithelial
cells of primate origin. Polio and coxsackie B viruses grow
well in primary monkey kidney (MK), HEp-2, and BGMK
cells, and echovirus grows well in primary MK and RD cells
(a rhabdomyosarcoma cell line), but not in HEp-2 cells. The
universal host for coxsackie group A is the newborn mouse;
however, some strains grow in HDF, HEK, MK, or RD cells.
Since inoculation of multiple cell types optimizes enterovi-
rus detection (69, 70), the use of mixed cell cultures may
result in greater yield while conserving time and resources.

Characteristically, infected monolayer cells round up,
become refractile, shrink, degenerate, and then detach from
the surface of the culture vessel (Fig. 1H). Virus in the su-
pernatant fluid can be subpassaged. Preliminary identifica-
tion can be determined by characteristic CPE and cell
susceptibility (71, 72). Shell vial centrifugation cultures
using multiple single cell types in separate vials (67, 73) or
mixed cells in a single vial (47) have shortened time to
detection. Fluorescein-labeled monoclonal antibodies avail-
able for identification of enteroviruses, either in shell vial
cultures or isolates from conventional cultures, have been
plagued with nonspecific staining (74). Newer mono-
clonal antibodies are reported to be more sensitive and
specific (75). Final identification and serotyping by micro-
neutralization tests in cell culture using antiserum pools is
expensive and time-consuming and has largely been re-
placed by PCR and nucleotide sequencing (7, 8, 76).
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Rhinovirus
Rhinoviruses are classified as picornaviruses and are now
considered within the enterovirus genus. Rhinoviruses have
traditionally been separated from the latter by their sensi-
tivity to low pH and preference for a lower growth temper-
ature. Sources of virus include nasal swabs or washes and
throat swabs.

Many rhinovirus types were originally isolated in organ
cultures of human embryonic trachea. Rhinoviruses can be
isolated in cells of human origin (usually HDF), certain
strains of HeLa cells, and human fetal tonsil cells; however,
varying sensitivity of different lots of cells can be a problem.
WI-38 and HeLa-I cells have been identified as the most
sensitive cells (77) and cultivation at 33°C in a roller drum
apparatus is optimal.

CPE may occur from the first to the third week of incu-
bation. CPE is similar to those of the enteroviruses, start as
foci of rounded cells, and spread gradually (Fig. 1F). How-
ever, CPE may not progress and may even disappear; if
they are not progressing, subpassage of supernatant fluids
from infected cells should be performed. Identification of
isolates is by characteristic CPE and inactivation at pH 3.
Reverse transcriptase (RT)-PCR can be used to identify an
isolate as a picornavirus; however, identification as a rhi-
novirus is less reliable due to similarity to enterovirus.
Typing is reserved for public health or research laboratories,
and neutralization tests have largely been supplanted by
sequencing (78).

Nevertheless, only a minority of rhinovirus infections are
identified by cell culture. With wider use of molecular
methods, the true prevalence of rhinovirus infections has
been shown to be much greater than shown by isolation in
cell culture (79). Indeed, group C rhinoviruses have not yet
been grown in cell culture (80).

Influenza
Nasopharyngeal aspirates and swabs, nasal washings, and
throat swabs are good sources for virus and should be col-
lected early in illness, preferably in the first 24 to 48 hours.
Primary MK is the most widely used cell culture for isolation
of influenza, although the host range may be increased by
addition of trypsin to the medium (81). MDCK, MRC-5,
and ML cells (82) have all been used successfully, especially
in centrifugation cultures (83). Influenza is also reliably
isolated in embryonated eggs (84).

Serum components may inhibit influenza virus from
replicating. Therefore, serum should be removed from cell
cultures by rinsing with Hanks’ balanced salt solution
(HBSS) before inoculation, and cultures should be main-
tained in serum-free medium after inoculation. Incubation at
33°C in a roller drum is optimal for isolation. The presence
of virus is generally detected by HAd of guinea pig RBCs
onto infected monolayers (Fig. 2B). CPE is seen with in-
fluenza (Fig. 1I), but they usually occur later than the de-
tection of virus by HAd. Subcultures can be performed by
passaging the supernatant fluids. Isolates can be identified as
influenza A or B by IF using monoclonal antibodies. Sub-
typing is feasible by hemagglutination inhibition (HI) or
monoclonal antibody staining (85) but is now most com-
monly determined by RT-PCR and other molecular methods
(86). Strain identification is still determined by HI.

Parainfluenza (PIV)
Nasopharyngeal aspirates and swabs, nasal washings, and
throat swabs are good sources for virus. Primary MK culture

is the most sensitive system for isolation of these viruses.
HEK, HDF, and HEp-2 cells are less sensitive. Some success
has recently been reported with H292 cells (60).

Cell cultures should be washed with HBSS before inoc-
ulation and refed with medium without serum. Incubation at
33°C to 36°C in a roller drum is optimal. The presence of
virus is detected by HAd (Fig. 2B), which occurs before
CPE. PIV 2 may produce syncytia, especially in HEp-2 cells.
On subculture PIV 3 may also induce syncytia formation. In
those instances when high levels of virus are present, HAd
may be detected in the infected cultures within a few days;
with specimens containing less virus, 10 days or more of
incubation may be necessary. PIV 4 requires HAd at room
temperature instead of 4°C, which is commonly used for
types 1 to 3. Identification of parainfluenza viruses is done by
either IF or HAd inhibition.

Respiratory Syncytial Virus (RSV)
RSV is found in respiratory secretions from the nose and
oropharynx. Sample collection is important, and RSV is
more reliably detected from nasopharyngeal aspirates than
from swabs in children (87). RSV grows best in continuous
cell lines, such as HEp-2, in which it produces characteristic
syncytia (Fig. 1K). However, because syncytium formation is
variable, using it as the sole criterion for RSV replication
could cause viral replication to be missed. If HEp-2 cells are
confluent and 5 to 7 days old when inoculated, syncytia may
not form. Rather, nonspecific rounding may occur. Syncytia
formation is also dependent upon the presence of adequate
levels of glutamine and calcium in the medium (88, 89).
Primary MK cells show CPE and HDF cells support RSV
growth, but the cytopathology is not as characteristic (90).
HEp-2 cells have become so difficult to work with that many
laboratories rely on other cell cultures such as A549 or MK,
with suboptimal results. Use of centrifugation cultures can
improve detection. Identification of RSV in cell culture is
done by IF.

QUALITY ASSURANCE
AND TROUBLESHOOTING
Based on the assumption that most clinical virology labo-
ratories purchase rather than produce their own cell cultures,
the following components are important for assuring quality
of cultured cells (91). Careful documentation of all quality
assurance activities is required. Shipments of commercial
cell cultures must be examined for breakage, and the cell
monolayers must be examined microscopically to ensure that
the monolayer is well-established, with cells attached to the
substratum, confluence appropriate for the method and cell
line, and cell appearance that is typical. If additives, such as
antibiotics, are added to commercial cell culture medium,
the culture medium must be tested for sterility after they are
introduced. Animal sera used for cell growth media must be
checked to ensure absence of toxicity to cells. The labora-
tory must maintain records of the cell types, passage number,
source, and media that are used for specimen testing and
virus culture.

The laboratory must ensure that appropriate cell lines are
available for all types of specimens tested and for all viruses
reported. Appropriate incubation times and temperatures
for target viruses must be used, and inoculated cultures must
be checked for CPE to optimize the time to detection of
viral pathogens. Uninoculated cell monolayers or mono-
layers inoculated with sterile material must be available for
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comparison with cultures of clinical material. There must be
a procedure for handling cell culture showing unusual CPE.

APPLICATIONS IN DIAGNOSTIC
VIROLOGY
As clinical virologists attempt to provide the most effective
viral diagnostic services, the advantages and limitation of
detection methods must be considered before choosing a
combination that is right for a particular setting. The ad-
vantages of cell culture for virus diagnosis include broad
spectrum, biologic amplification of the input virus, ability to
differentiate infectious virus, greater sensitivity than antigen
detection methods, and the recovery of unknown or unex-
pected infectious virus(es) that may be present in the spec-
imen (92).

One particularly appealing aspect of virus isolation in cell
culture is the “open” nature of specimen types that can be
tested. With effective sample processing prior to culture
inoculation (e.g., addition of antibiotics and antimycotics to
samples from sites contaminated with bacterial and fungal
flora and attention to pH and other factors that are poten-
tially toxic to cell culture monolayers), cell culture systems
can be effective for isolating virus from most body sites.
Individual extensive validation and revalidation are not
usually required for each sample type. Such validation are
essential for each specimen type for antigen detection and
molecular methods, especially those that received FDA
clearance based on testing of a single sample type (e.g., na-
sopharyngeal swab only); this is a factor that has dramati-
cally complicated utilization of these methods compared to
cell culture isolation.

An additional consideration with cell culture methods is
that viral proliferation confirms the viability of the virus and
differentiates viable from nonviable virus. Detection of in-
fectious virus in culture may have a better predictive value
for clinical significance than detecting viral DNA or RNA
with a highly sensitive molecular methods. For CMV, mo-
lecular methods are highly sensitive and have a strong
negative predictive value, but there is as yet no clear con-
sensus on what level of CMVDNA correlates with disease in
lung or gastrointestinal tissue or bronchoalveolar lavage
(93). In a study of PCR of urine versus culture to diagnosis
congenital CMV, PCR detected more positives, but dis-
crepant samples were collected 10 to 17 days after birth,
raising the issues of whether these were postnatal infections,
and with PCR, whether samples must be collected closer to
birth (94).

Cell culture continues to facilitate the discovery and
rapid molecular characterization of new viruses (9). Recent
examples include hPMV (13) and NL63 coronavirus (15,
16) in tertiary MK cells, SARS coronavirus (14) in Vero E6
cells, MERS coronavirus in Vero and LLC-MK2 (17), Cache
Valley virus in Vero E6, A549 and BGMK (12), and
Heartland and SFTS in DH82 (18, 19).

Virus isolation is generally more sensitive than rapid
antigen detection assays, detects a broader spectrum of vi-
ruses, and is less costly than molecular assays. When per-
formed locally, HSV culture of lesion swab specimens tested
was recently shown to be 92.8% sensitive compared to direct
HSV PCR using a commercial kit (95). Culture can also
detect positives missed by molecular methods due to se-
quence variation (95). Although conventional virus isola-
tion with observation for CPE has more limited application
in the diagnostic laboratory than in the past, rapid culture
innovations have increased viral diagnostic capabilities,

shortened turnaround times to 1 to 2 days in most cases, and
significantly reduced the technical expertise, labor, and
quality control required.

There are definitely disadvantages of virus isolation in
cell culture. It is limited by the inherent time delay required
for virus growth, which can extent to weeks for some viruses,
by the difficulty in maintaining cell cultures, by the some-
times variable quality of cultures, and by the decreased
sensitivity of cell lines at higher passage levels. To get the
best results from primary isolation in cell culture, use of
healthy cell cultures susceptible to a spectrum of viruses is
essential. Traditionally this has required the inoculation of at
least three separate cell cultures such as a primary MK cell
culture, an HDF cell strain, and a human heteroploid cell
line (e.g., A549), with observation for CPE for 1 to 3 or 4
weeks. This time delay is one of the major disadvantages of
virus isolation in cell cultures. If patient management is to be
affected, results must be available quickly.

Some common viruses neither replicate nor produce
identifiable effects in readily available cell cultures. Exam-
ples include hepatitis viruses, gastroenteritis viruses, group C
rhinoviruses, and some group A coxackieviruses.

Contamination with adventitious agents occurs, includ-
ing bacteria, fungi, and mycoplasma, which can inhibit the
growth of viruses in clinical specimens (96–101). Viruses
that are latent in the tissue or contaminating the calf serum
can begin to replicate during cultivation and can cause CPE
or HAd (Fig. 1L), and thus, they can be confused with virus
isolated from the patient’s specimen (102). Viruses such as
herpes B virus potentially present in primary MK cell cul-
tures can pose a serious health risk to laboratory personnel.

The presence of inhibitory substances and/or antibodies
in calf serum used in the cell culture media can reduce the
isolation of certain viruses, especially of the orthomyxo- and
paramyxovirus groups (103). Ideally, maintenance media for
inoculated cultures should be serum-free; however, serum is
required for long-term maintenance of cells. Using fetal or
agammaglobulin calf serum reduces this problem, but it adds
to expense. To date, no completely satisfactory, chemically
defined medium is available (104).

In view of the disadvantages of virus isolation in cell
culture and the advancements in molecular methods, the
following question has been asked (105): “Is the era of viral
culture over in the clinical microbiology laboratory?” This
question must be answered by each clinical laboratory after a
careful analysis of each unique situation. Laboratory size,
patient population, technical expertise of personnel, level
and range of viral diagnostic services desired, and access to
molecular testing must all be considered. Reducing the time
to result has become increasingly important in order to limit
unnecessary tests and antibiotics, initiate antiviral therapy,
implement infection control measures, and shorten hospital
stays. The need to lower costs and do more with fewer per-
sonnel has created additional pressures. Innovations in viral
culture methods that have allowed both positive and nega-
tive cultures to be reported in 48 hours include the follow-
ing: rapid shell vial centrifugation cultures, use of pooled
antibodies for detection of multiple viruses, mixtures of two
cell systems in one culture vessel, and genetic engineering to
enhance cell culture susceptibility to particular viruses. The
greater use of continuous cell lines and more stringent
quality control has reduced the incidence of adventitious
agents in the cultures. Furthermore, cryopreserved cell cul-
tures can now be purchased and stored at - 70°C, to be
thawed as needed for inoculation of clinical samples, thus
making culture more economical and user-friendly.
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In a setting where a limited range of viral diagnostic
services is desired (e.g., a moderate-sized microbiology lab-
oratory serving primarily sexually transmitted disease clin-
ics), HSV may be the only target virus. This laboratory may
use the ELVIS cell culture system to provide reliable HSV
detection without requiring personnel experienced in de-
tection of CPE. A laboratory desiring to provide detection of
the common respiratory viruses as well as HSV might in-
corporate mixed cell lines in shell vials for respiratory virus
detection, along with ELVIS for HSV detection. Such sce-
narios are practical and “do-able” for most microbiology
laboratories. Even large laboratories with the capacity to
offer a broad range of molecular viral detection methods as
well as cell culture may employ appropriate molecular
methods as the first line in diagnostics, using cell culture for
certain specialized purposes: for detection of less commonly
encountered agents for which molecular methods are un-
available on site (e.g., measles, mumps), for testing in par-
allel with molecular methods to ensure detection of viruses
that have the capacity for genetic changes (e.g., influenza
A), for detection of viruses known to be less effectively
detected by molecular method (e.g., adenovirus), to provide
a more open detection—especially with clinical specimens
such as biopsies and bronchoalveolar lavage—which are
collected via a surgical procedure.

Ultimately, the combination of culture and nonculture
methods will provide the most effective viral diagnostic
service, empowering laboratories with multiple approaches.
Initial viral detection may be by rapid antigen detection
testing, with reflexing of negative samples for culture or
molecular testing. Rapid cell cultures provide a more broad
spectrum and sensitive diagnosis than antigen tests, with
results in 1 to 2 days. In addition, culture is valuable for
lower respiratory tract and tissue biopsy samples due to better
correlation with disease and to detect additional or unsus-
pected viruses. A discussion of algorithms incorporating
virus isolation, antigen detection, molecular methods,
electron microscopy, and antibody detection for detection
and identification of viruses is available (106).

As molecular methods become increasingly user-friendly
and economical and syndromic molecular panels (e.g., re-
spiratory and gastrointestinal pathogens panels) are further
developed, use of cell culture is expected to decline. In the
interim, viral diagnostic laboratories continue to find culture
helpful. Since cultures can be inoculated every day, the time
to result can be faster than molecular methods that are not
performed as frequently or are sent to a distant reference
laboratory. Lastly, for public health and new or unusual virus
detection, cell culture will continue to play an essential role.
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Laboratorians continually seek methodologies that yield
accurate results in a timely fashion, are cost effective, and
require less technical expertise. Diagnosis of viral infections
via viral antigen detection methods such as immunofluo-
rescence (FA), immunochromatography (lateral flow) (IC),
and enzyme immunoassays (EIA) offer many of these at-
tractive features and are useful for direct detection of viral
antigens in an array of clinical specimens and for identifi-
cation of cultivated viruses. Whether the detection method
is FA, rapid IC, or EIA, detection of antigens of the common
respiratory viruses (i.e., adenovirus; influenza virus [Flu] A
and B; parainfluenza virus [PIV] - 1, - 2, and - 3 and re-
spiratory syncytial virus [RSV]), has been shown to be more
useful in patient management than either traditional virus
isolation (1, 2, 3) or viral detection in rapid culture using
centrifugation-enhanced inoculation (4). There is consid-
erable variability in the sensitivity, specificity, technical con-
siderations, and turnaround time among the various meth-
ods, and each method may perform differently depending on
the viral target. This chapter deals with principles of FA, IC,
and EIA and their contemporary applications in viral anti-
gen detection.

BASIC CONCEPTS OF VIRAL ANTIGEN
DETECTION METHODS
Immunofluorescence (FA)
Assays utilizing antibodies tagged with fluorescent dyes have
been used for viral antigen detection for many years. Most
employ U.S. Food and Drug Administration (FDA)-cleared
monoclonal antibodies (MAbs) commercially marketed in
the United States for use in detecting viral antigens directly
in clinical specimens and in virus-infected cells from cell
cultures. This approach is popular for detecting and differ-
entiating herpes simplex (HSV) type 1 and type 2, varicella
zoster virus (VZV), and eight common respiratory patho-
gens: adenovirus; human metapneumovirus (hMPV); Flu A
and B; PIV - 1, - 2, and - 3 and RSV. Distributors of these
reagents in the U.S. include, but are not limited to, the
following: DakoCytomation USA, Carpinteria, CA; Diag-
nostic Hybrids/Quidel (DHI), Athens, OH; Millipore Cor-
poration Light Diagnostics, Temecula, CA; and Trinity
Biotech, Carlsbad, CA.

For FA testing for viral antigens, cells from skin or genital
lesions and various respiratory samples (nasopharyngeal
washes, aspirates, and swabs) are fixed on a microscope slide,
usually in several cell spots or dots or by cytocentrifugation
(5). Intact cells must be present if the assay is to be valid.
Cells scraped from an infected cell culture monolayer are
prepared on microscope slides; cells growing on a shell
vial monolayers may also be stained. The instructions pro-
vided by the manufacturer of the specific reagents must be
followed.

Most procedures are direct immunofluorescence (DFA)
methods. In a typical DFA, specimens are fixed in acetone
and dried prior to staining. Fixed smears may be stored for
several days at 2 to 8°C or frozen at - 20°C for up to a year
when stored in an air-tight container. For smears on mi-
croscope slides, 1 or 2 drops of fluorescein-labeled MAbs are
added. For shell vial monolayers, 3 or 4 drops of MAbs are
added. The preparations are incubated for 15 to 30 minutes
at 37°C in a humidified environment. The smears are
washed with a phosphate-buffered saline (PBS) solution and
then air dried. Mounting fluid and coverslips are added,
and the smears are examined microscopically at a magnifi-
cation of · 200 or higher, using a fluorescein isothiocyanate
(FITC) filter system. Virus-infected cells demonstrate bright
apple-green fluorescence against a background of red fluo-
rescing material stained by the Evans Blue counterstain
contained in most MAb preparations. The technologist must
evaluate the intensity of fluorescence as well as the distri-
bution of antigens within the stained cells.

Characteristic distribution of fluorescence varies from
virus to virus. Fluorescence may be cytoplasmic, nuclear, or
both, with either uniform, even, punctate, or speckled stain-
ing. Fluorescence may be found in association with syncytia.
For hMPV, MAbs for DFA staining were not commer-
cially available until 2008. The hMPV fluorescence is
speckled and predominantly cytoplasmic (6). Examples of
fluorescence staining of several respiratory viruses are shown
in Fig. 1.

Some MAbs for viral antigen detection are marketed in
an indirect immunofluorescence (IFA) format. IFA is similar
to DFA and is appropriate for the same types of samples with
the same smear preparation and fixation guidelines. In IFA,
two staining steps are required. First, unlabeled antiviral
MAbs are added to fixed cells. Following incubation and
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washing, FITC-labeled antimouse antibodies are added to
cover the cells. Following a second incubation and washing,
slides are dried and a coverslip is added. Stained smears are
observed as described above for the DFA procedure. IFA is
described in detail in this volume in chapter 9, Serologic
Methods. MAbs marketed in the IFA format are used
most frequently for confirming the identity of viral cell
culture isolates. Measles virus, mumps virus, PIV-4, and
enteroviruses are examples of viruses often confirmed by IFA
staining methods.

MAb pools that screen for common respiratory viruses are
marketed in a DFA format that allows definitive identifi-
cation of more than one virus simultaneously through the
use of two different fluorescent dyes with overlapping spectra
(Light Diagnostics SimulFluor reagents; Millipore Corp.).
These reagents are FDA-cleared for direct specimen testing
and for culture confirmation. When stained preparations are
examined with a fluorescence microscope with an FITC
filter set, one antibody will produce apple-green fluorescence
and the second will appear gold or golden orange. Simul-
Fluor reagents include the following combinations: RSV/six
other respiratory viruses, RSV/PIV-3, PIV-1, -2, -3/adeno-
virus, PIV-1, -2/PIV-3, Flu A/Flu B, RSV/Flu A, HSV/VZV,
and HSV-1/HSV-2. SimulFluor reagents have shown excel-
lent sensitivities and specificities comparable to those of in-
dividual stains, for the respiratory viruses (5).

DHI also markets two MAb preparations with two dif-
ferent fluorescent labels in the DFA format (D3 Duet DFA
Kits). Staining with one of these preparations identifies Flu
A with golden fluorescence while showing green fluores-
cence for the other six common respiratory viruses (D3 Duet
Influenza A/Respiratory Virus Screening Kit). The second
Duet preparation identifies RSV with golden fluorescence,
whereas the other six respiratory viruses showed green fluo-
rescence (D3 Duet RSV/Respiratory Virus Screening Kit).

A rapid DFA format for staining nasal and nasopharyn-
geal (NP) cells in solution (D3 FastPoint L-DFA; DHI)

features three dual-labeled (R-phycoerythrin versus FITC)
MAb preparations also containing propidium iodide and an
Evans Blue counterstain: Flu A/B, RSV/hMPV, and PIV 1-3/
adenovirus. Cells infected with the first virus named for each
preparation will fluoresce yellow, and cells infected with the
second virus named for each preparation will fluoresce green.
Uninfected cells and background material will fluoresce red.
PIV- 1, - 2, and - 3 are not differentiated in this system.
Examples of FastPoint staining are shown in Fig. 2. The
staining procedure is expedited because the specimen ma-
terial is not fixed to a microscope slide. After a short incu-
bation of portions of liquid specimen material with each of
the three MAb preparations, the three samples are placed on
a microscope slide and examined in the wet state with a
fluorescence microscope with an FITC filter set. Results are
available in 25 minutes or less, with accuracy comparable to
traditional DFA (Product information, D3 FastPoint L-DFA,
DHI).

Immunochromatography (Lateral Flow)
The test principle of a typical IC assay is shown in Fig. 3. In
this testing, antiviral MAbs labeled with “visualizing parti-
cles,” such as colloidal gold nanoparticles, carbon black or
blue polystyrene—sometimes called the “signal” or “detec-
tion” antibodies—are adsorbed nonspecifically onto one end
of the strip. This end of the strip is where the patient’s
sample is applied (Fig. 3A). At the opposite end of the test
strip, there is an area, the test area, in which unlabeled
antiviral antibodies, usually polyclonal, are immobilized in a
thin line. Further toward the opposite end of the strip, there
is an area, the control area, in which unlabeled polyclonal
antispecies (usually antimouse) IgG is immobilized.

In IC assays the patient’s sample may be one that has
been collected on a swab and diluted in a small amount of
buffer or extracting compound or may be a drop of liquid
sample from various aspirates or washes, etc. If the sample
contains the antigen in question, the labeled MAbs on the

FIGURE 1 DFA staining with FITC-labeled monoclonal antibodies of virus-infected cells, 400x. (A) influenza B–infected cells, (B) herpes
simplex–infected cells, and (C) respiratory syncytial virus–infected cells. Green fluorescence indicates antigen detected. Red fluorescence is
background material stained with Evans Blue counterstain included in the stain preparation. Photos courtesy of Indiana Pathology Images.

FIGURE 2 Diagnostic Hybrids (DHI) proficiency panel samples stained with the DHI D3 FastPoint L-DFA method, 200x. (A) parainfluenza
(yellow) and adenovirus (green), (B) human metapneumovirus (green), and (C) influenza A (yellow) and B (green). Red fluorescence is
uninfected cells and debris stained with propidium iodide and Evans Blue counterstain. Photos courtesy of Indiana Pathology Images.
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sample pad bind to the viral antigen, and the labeled anti-
viral MAb-viral antigen complexes travel laterally along the
test strip membrane (Fig. 3B, C). When they reach the test
area in which the unlabeled antiviral antibodies are bound,
these antibodies bind to the viral antigens—the ones that
were initially bound to the labeled MAbs, resulting in a
visible colored line (usually pink or red). Unbound or excess
labeled antiviral antibodies pass through the test line and are
bound at a control line by the antimouse IgG, also resulting
in a visible colored line (Fig. 3D). Gross visual assessment of
presence/absence of colored lines determines the test result.
The presence of a line at the test area and at the control area
indicates a positive result. The appearance of a line at the
control area in the absence of a line in the test area indicates
a negative result. The assay result cannot be interpreted
unless a line is seen in the control area. Many IC kits for Flu
A and B and RSV detection are available commercially.
This includes, but is not limited to, the following: Binax-
NOW (Alere Scarborough, Scarborough, ME), Directigen
(Becton-Dickinson [BD], Sparks, MD), SAS FluAlert (SA
Scientific, Inc., San Antonio, TX), QuickVue (Quidel, San
Diego, CA), and Xpect (Remel, Inc., Lexena, KS).

In contrast to the visual examination of results in tradi-
tional IC assays, the interpretation of results of some newer
IC assays is enhanced by use of an automated readout device
or analyzer. In the BD Veritor IC (Becton-Dickinson) a
readout device displays the assay results 10 seconds after the
test cartridge—which has undergone 10 minutes of color
development—is inserted. The reader detects a proprietary
enhanced colloidal gold particle, which is deposited at the
test line. A fluorescence-based IC system, the Sofia (Qui-
del), features an analyzer that detects unique polystyrene
microparticles impregnated with a europium compound.

Elimination of the subjectivity of visual evaluation of results
enhances accuracy and reproducibility of these methods, and
these assays routinely show higher sensitivity and specificity
than traditional ICs (7, 8, 9). The Sofia analyzer also tracks
quality control functions and offers additional operator
oversight.

Most IC assays are one-step procedures. Following addi-
tion of the patient’s sample, the test requires no further
manipulation other than observation of the result at the
end of the time period. Many of the traditional IC assays
have been granted waived status according to the Clinical
Laboratory Improvement Act (CLIA) guidelines. This fa-
cilitates performance of these assays in physicians’ offices and
clinics. They are user-friendly, require only 10 to 30 minutes
to complete, are stable in the long term, and cost $20 to $30
per test.

Of the common respiratory viruses, only RSV and Flu A
and B virus antigens are frequently detected by ICs. Al-
though all three of these viruses proliferate in standard cell
cultures, and antigens of all three can be identified by DFA,
the rapid ICs are popular because they can be performed
quickly and require little time or technical expertise. Studies
comparing these rapid IC antigen assays to virus isolation
in cell culture show that the rapid methods have very good
specificity, averaging 98%, but moderate to poor sensitivity,
averaging 62% (10). IC systems may require as many as
1,000,000 viral particles to yield a positive result; this is in
contrast to viral culture, which may require as few as 10
infectious virus particles for successful virus isolation (11).
The sensitivity of RSV antigen detection by IC compared
to cell culture is higher than that of similar tests that detect
Flu antigens. In general, the specificities (compared to virus
isolation in cell culture) reported for rapid assays for RSV

FIGURE 3 IC (lateral flow) testing mechanism. (A) Viral antigen in the specimen is added to the sample pad of a nitrocellulose strip;
labeled antiviral antibodies are bound nonspecifically on the sample pad. The nitrocellulose strip also includes a test area of unlabeled
antiviral antibodies and a control area of unlabeled animal antihuman IgG; (B) Labeled antiviral antibodies on the sample pad bind to viral
antigen in the sample, and the complexes migrate along the strip; (C) Migration continues; (D) Viral antigens, in complex with labeled
antiviral antibodies, are recognized and captured by the unlabeled antiviral antibodies in the test area of the strip, forming a visible line;
excess labeled antiviral antibodies continue to migrate and are captured at the control line by anti-IgG. This control ensures that the
specimen migrated the entire length of the strip and that the strip is functioning properly.
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and Flu virus antigen detection tend to be high, and the
predictive value of a positive result is high, especially during
respiratory virus season (12). Lower sensitivity for Flu B
antigen has been reported (10, 13) with some IC antigen
detection systems, but sensitivity equivalent to that of Flu
A detection has been seen (9). However, there is consider-
able variation in findings from study to study—with differ-
ences relating to the level and type of virus circulating in
the particular season, age of patients tested, skill of testing
personnel, IC method tested, and format of the reference
method (rapid viral culture versus conventional tube culture
vs. reverse transcriptase [RT] polymerase chain reaction
[PCR]) (9, 13, 14). Comparisons of various ICs for detection
of Flu A (H3N2)v (8) and of DFA for Flu A 2009 H1N1
(15) showed definite differences among popular rapid ICs in
detecting different strains.

Although IC assays are used most frequently for detec-
tion of Flu A and B and RSV antigens, several FDA-cleared
ICs for detecting adenovirus antigens are available in the
U.S. A CLIA-waived IC, the AdenoPlus (Rapid Pathogen
Screening, Inc., Sarasota, FL), used to test conjunctival sam-
ples primarily as an aid in differentiating adenoviral con-
junctivitis from HSV keratoconjunctivitis, showed 93%
sensitivity and 90% specificity detection compared to shell
vial culture and PCR (16). Other FDA-cleared ICs are
marketed for detection of adenovirus in eye swabs, nasal and
pharyngeal secretions, fecal samples, and cell culture super-
natants. At this writing, the literature is sparse regarding
performance of these IC tests. However, a pseudo-outbreak
of adenovirus infection in a neonatal intensive care unit due
to false-positive results from an adenovirus antigen detection
assay was reported (17).

FDA-cleared ICs are available for detection of rotavirus
antigens. These compare favorably in sensitivity and speci-
ficity with microwell-based rotavirus EIAs and with electron
microscopy for detecting group A rotavirus (18). These ICs
would be suitable for use in a point-of-care setting.

One new IC, a fourth generation human immunodefi-
ciency virus (HIV)-1/-2 antibody/HIV-1 p24 antigen assay
(Alere Determine HIV-1/2 Ag/AB Combo), simultaneously
detects both antigens and antibodies in the same sample.
Specimen (serum, plasma, fingerstick, or venous whole
blood) is added to the sample pad on the nitrocellulose strip.
The specimen mixes with a biotinylated anti-p24 antibody,
selenium colloid-antigen conjugate and selenium colloid anti-
p24 antibody. This mixture continues to migrate through the
solid phase to the immobilized avidin recombinant antigens
and synthetic peptides at the patient window sites. If anti-
bodies to HIV-1 and/or HIV-2 are present in the specimen,
the antibodies bind to the antigen-selenium colloid and to
the immobilized recombinant antigens and synthetic pep-
tides, forming one red bar. If HIV antibodies are absent, no
red bar forms. If free nonimmunocomplexed HIV-1 p24 an-
tigen is present, the antigen binds to the biotinylated anti-
p24 from the sample pad and the selenium colloid anti-p24
antibody, and it binds to an immobilized avidin, forming a
red bar at the patient HIV antigen window site. If p24 an-
tigen is not present, both the biotinylated anti-p24 and se-
lenium colloid anti-p24 antibody flow past the patient
window, and no red bar is formed at the patient HIV antigen
site (19). Detection of HIV-1 and HIV-2 antibodies with this
IC has been reported to be equal to that of other HIV-1/-2
antibody detection ICs (20). Because of the antigen detec-
tion component of this assay, it is expected to offer earlier
detection of new HIV infections. However, at this writing,
very poor sensitivity and specificity for antigen detection

have been reported (20–22). Of five samples positive by a
p24 antigen assay, none was identified as positive in the
rapid IC assay (20). The lower limit of HIV antigen detec-
tion of 25 pg/ml indicated by the rapid IC manufacturer—
established with control serum dilutions—appears to be
higher in actual clinical samples (21).

Enzyme Immunoassay (EIA)

Membrane EIAs
The most rapid and convenient application of EIA tech-
nology in viral antigen detection involves membrane EIAs.
Rapid (20 to 30 minutes) EIA systems are available as single-
use, self-contained units assembled in individual modules or
cassettes. The most prominent application of membrane
EIAs in viral antigen detection at this writing is detection of
either Flu A and Flu B or RSV in patients’ samples collected
from the respiratory tract. One EIA system, the BD Direc-
tigen EIA, includes a pretreatment step, after which the
sample is forced through a focusing device, resulting in
nonspecific adherence of viral antigen on the membrane
held within the test cassette (Fig. 4). Then sequential ap-
plications of enzyme-labeled antiviral antibodies, washing
buffer, and substrate solution are applied to the cassette.
Color development occurs on the pad in the packet if viral
antigen was present in the sample. This pad is often prepared
in a unique shape that facilitates interpreting the color
change reaction. The EIA test area also contains an internal
control to monitor the performance of both the assay and
the user. The internal control is actually a dot of viral an-
tigen. There should be color development of this control if
the reagents are working properly and the test is performed
correctly, regardless of whether the patient’s sample is posi-
tive or negative for the analyte. These assays have several
timed steps as part of the procedure. Although necessary
technical expertise is minimal, most of these assays are clas-
sified as moderately complex according to CLIA. Costs for
membrane EIAs may range from $25 to $35 per test.

In general, membrane EIAs for detection of Flu A and
B and RSV yield sensitivities that are lower than those of
DFA. However, sensitivities are usually slightly higher than
those of most ICs (23, 24).

Immunohistochemical Staining
Immunohistochemical (IHC) staining is a type of EIA that
permits visual detection and localization of antigens in tissue-
thin sections by conventional light microscopy. IHC em-
ploys antibodies, either monoclonal or polyclonal, coupled
to reporter enzymes, such as horseradish peroxidase and al-
kaline phosphatase. These enzymes catalyze chromogenic
chemical reactions, when combined with a substrate, re-
sulting in the formation of an insoluble, visually detectable
colored reaction product that marks the locations where the
antibodies have bound within the specimen. IHC staining in
modern histology laboratories is, for the most part, per-
formed using automated systems on formalin-fixed, paraffin-
embedded specimens mounted on microscope slides. Briefly,
thin sections of tissue are transferred onto microscope slides
and deparaffinized prior to antigen retrieval pretreatment,
which exposes epitopes that may have been masked by for-
malin fixation and specimen processing. Specimens are next
blocked, usually with normal serum, to minimize nonspecific
antibody binding that could hamper detection of specific
staining.

Antibodies of known specificity, such as those raised
against viral antigens, are next added to the specimen. In
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direct IHC staining, the antibodies are labeled with the re-
porter enzyme. After an incubation period and rinsing, a
substrate, often 3, 3¢-diaminobenzidine (DAB) or 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/
NBT), is added. In areas where enzyme-labeled antibodies
have bound to their cognate viral antigen(s), the enzymes
act on the substrate to produce the insoluble colored reac-
tion product. Direct IHC staining usually requires only 20 to
30 minutes. For indirect IHC staining, the antibodies ap-
plied initially to the specimen are unlabeled. After incuba-
tion and rinsing, a preparation of enzyme-labeled antispecies
antibodies (directed against the species in which the primary
antibody was raised) is added. These “detection” antibodies
bind to unlabeled antibodies that were bound in the first
step. After incubation and rinsing, a substrate solution is
added and color development occurs. For amplification of
the analytical signal, an alternate indirect staining method
that employs a biotin-labeled primary antibody that binds
with very high affinity to enzyme-labeled streptavidin can be
used. Indirect staining requires approximately 90 minutes.
Finally, specimens are counterstained, and the slides are
examined with a standard light microscope. The intensity,
distribution, and pattern of the staining are evaluated.

Antibodies for IHC-based detection of several viral an-
tigens, including those of adenovirus, BK polyomavirus
(using anti-SV40 large Tantigen), Epstein-Barr virus (EBV),
HSV, cytomegalovirus (CMV), human papillomaviruses,
parvovirus B19, and West Nile virus, among others, are
commercially available from a variety of manufacturers such
as Thermo Fisher Scientific, Dako and Chemicon Inter-
national, Inc. (25). Typically, IHC for virus detection is
performed secondary to the observation of intracellular in-
clusions or other morphological clues seen during exami-
nation of hematoxylin and eosin-stained specimens. In our
institution, IHC is most frequently used to detect antigens of
CMV and EBV, but, overall, IHC staining is not used as

frequently as other viral antigen detection methods, such as
immunofluorescence.

The obvious advantage of IHC over immunofluorescence
is that a fluorescence microscope is not required for exami-
nation of IHC stains; a standard light microscope is all that
is required. Also, many histology laboratories are already
equipped to perform viral antigen IHC stains, as most per-
form IHC stains for detection of other, nonviral, antigens.
Disadvantages of IHC methods include the time required for
color development during the staining process and nonspe-
cific staining that may be due to endogenous peroxidases in
some types of clinical specimens. Another disadvantage is a
rather limited pool of peer-reviewed data regarding the an-
alytical parameters of viral antigen IHC. However, Lu et al.
(26) demonstrated that automated IHC for CMV yielded a
sensitivity of 75.7% and a specificity of 100%. In contrast, a
study conducted by Fanaian and colleagues (27) determined
that the sensitivity of automated EBV IHC was 44% and the
specificity was 93%. A review of the analytical parameters of
specific viral antigen IHCs is provided by Elston et al. (28).
Examples of IHC staining for viral antigens in tissues are
shown in Fig. 5.

Tube or Microwell-Based EIA
EIAs requiring more analytical steps and often performed by
automated systems are used for detection of some viral an-
tigens. In most of these systems, viral antibody is mounted
on the inner surface of a microwell or test tube, and se-
quential addition of patient’s serum and various detection
reagents, one of which is labeled with an enzyme, produces a
color change when viral antigen is detected. These systems
are described in detail in chapter 9 of this volume. Often the
antigens of bloodborne pathogens such as HIVor hepatitis B
(HBV) are detected with such systems. Neither HIV nor
HBV proliferates in standard cell cultures, and their antigens
are not detected through FA methods. Because both HIV

FIGURE 4 Membrane EIA testing mechanism and gross appearance. Testing mechanism: (A) viral antigen in specimen is nonspecifically
adhered to the membrane by filtration through a focusing device; (B) enzyme-labeled antiviral antibody is added and binds to viral antigen
present on the membrane; (C) a substrate solution is added and changes color when acted upon by the enzyme. Gross appearance: (D) a test area
is defined within the cassette—this is colorless at the beginning of the assay; (E) the test area changes color due to the action of the enzyme on
the substrate solution. The colored dot in the center of the test area is a built-in control to ensure proper function of the device.
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and HBV antigens can be detected in peripheral blood, this
is the specimen of choice for detection of these antigens.
Both HIV and HBV antigen detection EIAs are usually
performed in conjunction with EIA testing for a variety of
additional antibody markers of infection, and this testing
represents some of the highest volume viral marker testing
offered in clinical laboratories. Although HIV-1 p24 antigen
testing has largely been replaced by more sensitive nucleic
acid tests, newer fourth generation HIV screening methods
include detection of this analyte, along with HIV-1 and
HIV-2 antibodies. Fourth generation combination screening
tests are the first step in the 2014 CDC recommended HIV
screening algorithm (29). Most of these screening tests are
highly automated and have been shown to provide sensitive
and specific detection of both antibodies and p24 antigen of
HIV (30).

Microwell-based EIAs for detection of antigens of several
nonculturable gastrointestinal viral pathogens are available.
These may be manual or automated, but the specimen of
choice is stool, which is a specimen type that is not easily
processed with automated systems, and, also, is not a satis-
factory specimen for FA testing. Fortunately, EIAworks well
for detecting viral antigens in stool samples. Antigens of
rotavirus, adenovirus types 40/41, and norovirus are com-
monly detected in these systems. Rotavirus antigen EIAs are
widely used and have high sensitivity and specificity. A re-
view of EIAs for testing for the antigens of rotavirus, ade-
novirus 40/41, and norovirus is available (31). Molecular
methods for detecting these gastrointestinal viral pathogens
provide even more sensitive detection (31, 32).

APPLICATION OF VIRAL ANTIGEN
DETECTION IN DIAGNOSTIC VIROLOGY
Numerous investigators have attempted to evaluate the per-
formance of rapid viral antigen detection assays. The focus of
many of these investigations has been Flu A and B antigen
detection by rapid influenza diagnostic tests (RIDT). A re-
cent meta-analysis (10) of results obtained with 26 different
RIDTs showed high specificity with modest sensitivity, bet-
ter performance with samples from children than specimens
from adults, higher sensitivity for Flu A than Flu B, and
no single commercial brand performing markedly better
or worse than others. A second meta-analysis of rapid viral
diagnosis of acute febrile respiratory illness in children in
the emergency department (ED) focused primarily on RIDTs
and their impact on patient management and outcomes
(33). Four studies (3, 34, 35, 36) were included in the anal-

ysis with the following findings: rapid viral testing did not
reduce antibiotic use in the ED, there were lower rates of
chest radiography with RIDTs, but there was no effect on
length of ED visits or blood or urine testing in the ED;
however, there was a trend toward decreases in the latter
three criteria. Viewed individually, one study (3) showed
decreases in antibiotic use, shorter ED visits, and lower rates
of chest radiography while another (36) showed no signifi-
cant differences in any of these parameters.

Such conflicting reports in the literature regarding per-
formance characteristics and possible clinical impact of viral
antigen detection methods make it difficult for laboratorians
to determine which, if any, of these assays to choose.
Nonetheless, during the last three decades viral antigen
detection assays have become a part of diagnostic algorithms
in most settings where viral diagnoses are made. In view of
the many outpatient visits and hospitalizations of young
children with acute respiratory infections, most of which are
caused by viral agents, the availability of assays that detect
the common respiratory viruses is essential. The ICs and
membrane EIAs for RSV and FLU A and B virus antigens
are especially useful when a rapid result is needed and highly
skilled virologists are not available.

Specimencollection/transport, technical expertise, equip-
ment, turnaround time, target viruses, sensitivity/specificity,
and cost are just a few of the parameters that must be con-
sidered in selecting these assays. Some of these factors are
compared for the various viral antigen detection methods in
Table 1.

With more and more diagnostic testing being performed
in point-of-care settings and physician offices, the IC assays
are very popular. In general, these require no equipment
and virtually no technical expertise to perform. These sim-
ple, one-step assays require only a few minutes to set up and
are ready for a final reading after a 10- to 30-minute in-
cubation. Because testing can be completed while the pa-
tient remains available in the facility, results can be used in
patient management. Viral diagnostic testing in the point-
of-care setting is described in detail in this volume in
chapter 17.

FDA-cleared IC assays are available commercially in the
U.S. for detecting antigens of very few viruses: adenovirus,
Flu A/B, rotavirus, and RSV, with Flu A/B and RSV IC
assays the most widely used of these. Sensitivities and spe-
cificities vary from virus to virus and from season to season.
The CDC website (12) provides guidance for clinical labo-
ratory directors for selection of rapid diagnostic tests for
influenza, indicating that for this highly seasonal virus,

FIGURE 5 Immunohistochemical staining reveals the presence of viral antigens (dark brown areas) in tissue-thin sections. (A) Adenovirus-
infected hepatocyte (center of image) demonstrating both nuclear and cytoplasmic staining. Scattered throughout the tissue are coarse,
refractile, and brown-staining bile pigment granules; (B) BK virus–infected renal tubular epithelial cells demonstrating nuclear staining; (C)
Cytomegalovirus-infected lung tissue reveals viral antigens in both nuclear and cytoplasmic compartments. Original magnification 400x.
Photos courtesy of Indiana Pathology Images.
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sensitivities vary from 50 to 70%, and specificities typically
range between 90 and 95% when compared to virus isolation
or RT-PCR. However, when disease prevalence is low (e.g.,
beginning and end of the influenza season), false positive
results are seen more often, and, when disease prevalence is
high, false negative results are more likely to occur. Disease
prevalence is an important factor with all viral diagnostic
testing.

Because most viral antigen detection methods detect
only Flu A and B or RSV antigens, viruses other than the
target viruses that may be present in the sample will remain
undetected. In addition, a positive IC or membrane EIA test
result does not eliminate the possibility that patients may be
coinfected with another virus that may be contributing to
their symptoms (37). This is of particular significance when
testing persons with impaired immune function and children
with severe respiratory illness (38, 39). Therefore, if dual
infections are suspected, additional testing must be done.

Sample type must be considered. The approved speci-
mens for each IC or membrane EIA may be few in number
and different from those of other comparable assays. For
example, some IC Flu A/B assays are approved for testing of
nasal swabs only, whereas others accurately test NP washes/
aspirates/swabs and throat swabs, thus providing more op-
tions for testing. Approved sample types also vary for ade-
novirus and RSV antigen ICs. However, both ICs and EIAs
for viral antigen detection, in comparison to the FA meth-
ods, have less stringent specimen requirements. For FA,
samples must contain intact infected cells. ICs and EIAs can
detect free virus, so intact infected cells are not essential for
accurate results. For virus isolation, viable infectious virus
must be present in the sample. FAs, ICs, and EIAs success-

fully detect nonviable viruses and viral antigen fragments,
which would fail to proliferate in cell cultures. However,
falsely negative viral antigen IC results have been reported
with bloody samples and those with high viscosity (40).
In addition to sample type, the age of the patient contributes
to the expected sensitivity of the test. Young children, un-
der the age of 5 years, are known to shed virus in higher
titer than adults.

Although the need for technical expertise is advertised as
being minimal for performance of most rapid viral antigen
detection methods, testing that is carried out by personnel
who are less experienced with test kits, especially in reading
results that are weakly positive, yields lower sensitivity and
specificity than that advertised by the manufacturer (41).
There are a number of concerns for FDA-cleared CLIA-
waived testing performed outside the laboratory at point-
of-care or near-patient waived sites in physicians’ offices and
clinics. With simple test procedures, less emphasis is placed
on training and fewer restrictions are placed on the number
of health care workers allowed to carry out testing. It is likely
that test sensitivity and specificity will suffer if those who
perform waived testing are not properly trained and provided
with adequate oversight. These issues and others involved
with waived testing have been reviewed (42) and should be
considered if results of waived status viral antigen tests per-
formed outside the laboratory are to be used in patient
management.

Both IC and membrane EIA methods are sometimes
performed within the clinical laboratory because they of-
fer a short turnaround time and may be used during off-
shifts when the virology staff is unavailable. In some clinical
laboratories, the diagnostic algorithm for respiratory virus

TABLE 1 Characteristics of Viral Antigen Detection Methods

Method Viral Antigens Detected**
Typical Turnaround

Time
Equipment Required/

Steps in Assay CLIA Status

Immuno-Fluorescence
DFA adeno, HSV-1/-2, hMPV,

Flu A & B, PIV-1,
-2, -3, VZV

25–30 min Fluorescence Microscope,
incubator, multiple
steps in assay

Mod or Highly
Complex

IFA Used to confirm
isolate ID: entero,
measles, mumps, PIV-4

2–3 hours (same as DFA) (same as DFA)

Immuno-
chromatography

adeno, Flu A & B,
rotavirus, RSV

15–30 min One step assay,
no equipment
(some have readout
device)

Waived or Mod
Complex

EIA Membrane
Cassette

Flu A & B, RSV 30 min No equipment,
multiple steps
in assay

Mod Complex

EIA Immuno-
histochemistry

BK, CMV, EBV,
HSV-1/-2, others

24–48 h to process
tissue, staining
performed in batches,
read by pathologist

Facilities for tissue
processing, imbedding,
cutting, staining, light
microscope, multiple
steps in assay

Highly complex

EIA Microwell hep B surface Ag,
hep Be Ag, HIV-1
p 24, rotavirus

~24 hours, usually
performed in
batches with related
Ab EIAs

Usually automated
instrumentation
or spectrophotometric
plate readers, multiple
steps in assay

Mod Complex

Abbreviations: Ab=antibody, adeno=adenovirus, CLIA=Clinical Laboratory Improvement Act, EBV=Epstein-Barr Virus, entero=enteroviruses, Flu=influenza, he-
p=hepatitis, HIV=human immunodeficiency virus, hMPV=human metapneumovirus, PIV=parainfluenza virus, RSV=respiratory syncytial virus.

**Common utilization, may not be all inclusive.
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detection begins with either IC or EIA testing for viral an-
tigens of Flu A/B and RSV. Then, based on the result of this
testing, the sample may be reflexed for testing by more
sensitive methods (43). Product information for most viral
antigen detection ICs and EIAs includes the suggestion
that samples with negative results should be tested with
another more sensitive method, such as viral culture or a
molecular method. The sensitivity and specificity obtained
with the rapid IC and membrane EIA tests when put to use
in the routine diagnostic virology laboratory are often
lower than that stated by the manufacturer and lower than
that reported in studies that were conducted under tightly
controlled circumstances targeting a particular group of pa-
tients (44).

FA methods, both DFA and IFA, have been standards in
the clinical laboratory for many years for viral antigen de-
tection. Specimen preparation requirements and staining
procedures, in addition to the requirement for a fluorescence
microscope, keep FA from being an attractive method for
the point-of-care setting. FA methods require considerable
expertise for performing testing and reading results; however,
these methods typically yield substantially higher sensitivity
and specificity than IC and EIA methods. The added benefit
of this testing is that the quality of the sample can be de-
termined to ensure that adequate numbers and types of cells
are present. Likewise, the staining intensity and distribution
ensure specificity. FA testing may be the next step in a viral
respiratory testing algorithm to follow either IC or EIA
screening (43).

An added benefit of FA testing over IC and EIA is the
larger test menu. All of the common respiratory viruses
(adeno, Flu A/B, hMPV, PIV1-3, and RSV) as well as HSV-
1/-2 and VZV can be detected with DFA methods. The
menu is further enlarged with IFA methods for confirming
the identity of viral culture isolates of enterovirus, measles,
mumps, and PIV-4. The relatively short turnaround time of
30 minutes to 1 hour for DFA and 2 to 2.5 hours for IFA also
contribute to the usefulness of this method. Modified FA
methods that detect more than one virus at a time (Millipore
Simulfluor and DHI Duet) and those that expedite staining
with centrifugation and reading in suspension (DHI Fas-
tPoint) represent alternatives to simplify and speed up FA
technology while retaining the advantages of FA assay sen-
sitivity and specificity.

Immunohistochemical stains that are performed on fixed
tissue sections represent another viral antigen detection ap-
proach. These methods, which are actually simply EIAs per-
formed on tissue sections mounted on microscope slides, are
a great aid to anatomic pathologists who are challenged with
the task of making preliminary viral diagnosis based largely
on the morphology of virus-infected cells in tissues. Through
immunohistochemical staining, the identity of the viral in-
fection can be confirmed in a much shorter time than would
be the case if isolation of the virus in culture was required.

Viral antigen detection performed in more traditional
tube or microwell-based EIA procedures are needed for
detecting and quantitating viral antigens that circulate in
peripheral blood. These are definitely not the types of assays
involved in rapid viral detection, with testing confined
largely to antigens of bloodborne pathogens and usually
highly automated. Panels of antibody and related antigen
detection EIA are often performed together for these path-
ogens.

When compared with molecular methods that include
target amplification, the viral antigen detection assays de-
scribed here invariably have lower sensitivity. As molecular

assays are improved to be more user-friendly, require less
specialized equipment and technologists’ time, are devel-
oped as syndromic panels that include both bacterial and
viral pathogens, and receive FDA-clearance, they will re-
place some of the viral antigen detection methods. At this
writing, viral antigen methods continue to play a major role
in assisting with rapid viral diagnoses.

QUALITY ASSURANCE
AND REPORTING
Membrane-based EIAs, ICs, and FAs for viral antigen de-
tection are qualitative in nature, with results reported as
positive or negative. Microwell-based EIAs with spectro-
photometric readouts may convert readings to numerical
values (continuous scale), so it is possible to report results in
either a qualitative (positive vs. negative) or quantitative
format. Samples containing standardized levels of antigens
are not widely available, making nation- or world-wide stan-
dardization of quantitative assays difficult. However, most
commercially available microwell or tube-based EIA prod-
ucts are marketed with calibrator samples and positive and
negative control samples to ensure each run of testing is
valid.

One additional type of control that must be incorporated
into testing is an external lot-to-lot control that is tested
when new lots of reagents are put into service. The purpose
of this type of control is to ensure that each new lot of
reagents produces results comparable to those of the previous
lot. This type of control is especially important in tests that
provide a quantitative value. Lot-to-lot control materials are
not routinely provided by manufacturers and must be pur-
chased or otherwise obtained by the laboratory. Patients’
samples (or pooled patient materials) previously tested may
be used for this purpose. Prior to being put into service, all
lot-to-lot control material must be tested in duplicate or
replicated in several runs of testing, including more than one
lot number of reagents, in order to define an acceptable
range. Most laboratories prefer to use a range that includes
– 2 standard deviations, although some laboratories use – 3
standard deviations as their cutoff.

An additional consideration for performance of viral
antigen tests is a relatively new addition to the laboratory
inspection checklist of the College of American Pathologists
(CAP). The item is part of the CAP Immunology Checklist
and is identified as IMM.41850 Direct Antigen Test QC
(45). This item applies to “nonwaived direct antigen tests on
patient specimens that DO include internal controls” and
indicates that “a positive and negative external control are
tested and documented with each new kit lot number or
shipment, and as frequently as recommended by the manu-
facturer, or every 30 days (whichever is more frequent).”
This checklist item likely should be applied to EIA and IC
assays (performed in non-CLIA-waived formats) because
they meet the criteria of “nonwaived tests with internal
controls.”

Further recommendations by CAP for this checklist item
indicate that acceptability studies must be done to include
daily comparison of external controls to built-in controls for
at least 20 consecutive days when patients’ samples are tes-
ted. This requirement is effective for studies performed after
January 31, 2012. External control samples must include
each antigen sought if the assay includes more than one
analyte.

As with all quality assurance and quality control proce-
dures and processes, careful documentation must be created
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and maintained. Such documentation must also be reviewed
at acceptable intervals by the laboratory director.

CONCLUSIONS
As the need for more rapid “real-time” diagnoses continues
to increase, careful and creative selecting and combining of
viral antigen detection methods with other viral diagnostic
techniques is needed. Rapid viral antigen detection methods
continue to provide both timely and accurate results.
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9
For communicable diseases, clinical management, and pub-
lic health response, it is often important to know the body’s
immune response following exposure and infection with
pathogens. Although humoral and cell-mediated immunity
both play roles in the body’s specific immunity against viral
pathogens, testing antibody response for humoral immunity
is much more common and is also easier in clinical virology
laboratories than testing for cell-mediated immunity because
of the convenience of antibody serological testing methods.
There is a long history of using various serologic methods in
clinical virology laboratories for antibody detection. Some
methods, such as complement fixation test and immuno-
diffusion test, have been gradually phased out and replaced
by faster and less laborious methods (1, 2). In this chapter,
we will focus on antibody detection methods used in clinical
virology laboratories: neutralization, hemagglutination in-
hibition, indirect immunofluorescence, enzyme immunoas-
say, and Western blot.

Antibody detection tests can be used to diagnose cur-
rent or past infection, acute or chronic disease, and evalu-
ate immune status; however, diagnosis is dependent on the
timing of specimen collection, the immunoglobulin (Ig)
class tested, and the patient’s clinical history. Some viral
diseases rely on serologic detection not only to assess in-
fection and the body’s immunity, but also to predict prog-
nosis, such as with hepatitis B virus (HBV) infections in
combination with antigen detection, and for human im-
munodeficiency virus (HIV) infections in combination with
CD4 cell counts and virus load testing. Serologic antibody
testing results are widely used as a laboratory criterion for
clinical diagnosis of diseases, and are used to define cases for
epidemiological investigation and surveillance. In the Uni-
ted States, the Council of State and Territorial Epidemiol-
ogists (CSTE) and the Centers for Disease Control and
Prevention (CDC) have developed and annually update
case definitions for notifiable infectious conditions, which
are a set of uniform criteria used to define an infectious
condition or disease for public health surveillance (3). For
some viral diseases, the CSTE case definitions list antibody
detection test results with specification of Ig classes and titers
as laboratory criteria for diagnosis. Case classification and
definitive diagnosis of infection must be based on the
combination of clinical findings, patient history, laboratory

test results, and epidemiological data. Vaccination history
should also be considered for some conditions, particularly
for vaccine preventable diseases.

There are 5 Ig classes or isotypes of antibodies in humans:
IgG, IgM, IgA, IgE, and IgD. Specific IgA detection has
been reported in infections with several viruses (4–6), in-
cluding hepatitis E virus, dengue virus, and Epstein-Barr
virus (EBV). There are some reports showing the detection
of human IgE antibodies to HIV, HBV, and influenza virus
(7–9). However, the role, onset, level, and duration of IgA,
IgD, and IgE are less predictable than those of either IgG and
IgM, and serologic tests for the former isotypes are not per-
formed routinely in diagnostic laboratories (2). The majority
of antibody detection assays performed in the clinical vi-
rology laboratories are directed at IgG and IgM, which will
be the focus of this chapter.

In general, during a primary viral infection, IgM appears
1 to 2 days after the onset of illness, peaks at 7 to 10 days,
and declines to an undetectable level within 1 to 3 months,
or even longer for some conditions. Following natural in-
fection or vaccination, IgG usually appears several days after
IgM and increases to higher levels than IgM. IgG then
gradually declines but remains detectable for years or even
lifelong. IgG will anamnestically respond and rise to high
titer upon reinfection, revaccination, or reactivation, while
IgM may or may not respond. Therefore, for diagnosis of
viral infection, detection of IgM in the acute phase of in-
fection from a serum specimen collected several to 14 days
after disease onset indicates current or recent infection; a
4-fold rise in IgG titer between acute and convalescent sera,
collected 2 to 3 weeks apart, or demonstration of serocon-
version from acute to convalescent sera, suggests current or
recent infection. However, antibody responses following
reactivation of latent viruses (e.g., herpesviruses) are often
less predictable than responses following primary acute
infection or reinfection (1). For immune status, only one
specimen is required and detection of IgG indicates past
infection or immunization. The interpretation of IgG and
IgM as described is generally applicable to all serologic assays
covered in this chapter with the exception of the neutrali-
zation test.

For clinical manifestations that suggest infection by
a group of possible viruses, serology panels of candidate
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antigens may be employed to test for antibodies to these
viruses. These viruses may cause clinical syndromes such
as central nervous system (CNS) infection, myocarditis-
pericarditis, respiratory conditions, and rashes, which require
timely laboratory differential diagnosis. Clinical consultation
with physicians may help to decide if a panel is necessary or
whether to choose targeted pathogens included within the
panel (10).

NEUTRALIZATION
Overview
Virus neutralization is defined as the blocking or prevention
of viral infection of a susceptible host or cell system by a
specific antibody or other reagent. This assay can be used to
identify antibody response or the specific virus. Early on, it
was recognized that the neutralization assay has high speci-
ficity as it could distinguish between closely related viruses or
antibody responses, such as those against polioviruses 1, 2,
and 3. Among the measures of antibody response, specific
neutralization is considered as the best indicator of protec-
tion from infection with certain agents. This assay has been a
valuable test for diagnostic purposes and for surveillance of
exposure or immunity for many years.

Historically, the neutralization test was one of the first
tests used for virus identification and measuring host re-
sponse to viral infection. Although no longer used for rou-
tine diagnostic purposes, protocols for identifying a wide
variety of viruses and host responses to viral infection can be
found in older editions of viral texts such as the 5th edition
of Diagnostic Procedures for Viral, Rickettsial and Chlamydial
Infections (11). A more up-to-date discussion of the topic is
available (12).

Methods
The neutralization assay has 3 main components: the test
specimen, usually serum, the target antigen or agent, and the
host system. To measure antibody response to a virus, a
well-characterized, pre-titrated virus is required. This is
determined in a host system that supports replication of the
virus, usually cell culture, although embryonated eggs or an
animal host such as mice may also be used. The virus is
prepared in the same host system in which the test will be
run. The type of cells used in cell culture is critical as the
use of different cell types may result in different measures
of neutralizing antibody, for example, antibody titers to
dengue virus differ when determined in Vero cells as com-
pared to Raji cells (13).

The test for antibody detection can be run on a sin-
gle serum, paired acute-convalescent sera, or CSF obtained
from the subject being tested. The test serum specimen is
heated at 56°C for 30 minutes to inactivate complement or
other nonspecific inhibitors, serially diluted, and mixed with
standardized dose of virus. The virus titer used in the test is
checked simultaneously. After incubation of the serum-virus
mixtures at a defined temperature and time, the cells of
choice are added to each dilution of the serum–virus mix-
ture, or susceptible host animals are inoculated with each
serum–virus mixture. The cells or host animals are examined
daily for evidence of viral growth: cytopathic effect (CPE),
plaque formation, fluorescent foci, or cell death for cell
culture systems; also a lethal dose or other effects on the host
when using an animal system. The highest dilution of the
test serum protecting the host against the virus is the serum

neutralization titer. Evidence of previous exposure or infec-
tion to a virus can be inferred from a single serum sample
demonstrating a neutralization titer, typically of 1:8 or
greater. With paired acute and convalescent sera, a 4-fold or
greater rise in the antibody titer between the acute and
convalescent sera is defined as evidence for recent expo-
sure or infection, and is usually considered diagnostically
significant. Measureable titers in acute and convalescent sera
without a 4-fold increase between them are interpreted as
previous exposure or infection at an undetermined time. No
measurable titer is interpreted as no previous infection or
exposure.

For viruses that do not replicate in cell culture, such as
human papillomavirus (14) and hepatitis C virus (15), or
that are of high risk or present safety concerns such as
Middle East respiratory syndrome coronavirus (MERS-CoV)
(16), certain strains of influenza (17), or dengue virus (18),
pseudoviruses have been developed and employed in the
neutralization assay for determining specific antibody titer.
Pseudoviruses are constructs that contain the surface pro-
teins and neutralizing epitopes of the target virus, and the
core of a second replication competent virus capable of at
least one round of replication in the host system but is un-
able to replicate outside that system. Applications such as
use of microtiter plates and use of vital stains and spectro-
photometric measuring instruments have increased through-
put and reduced the requirement for reagents, and have in
some cases increased the objectivity of test results (19).

Applications
The application of the virus neutralization assay is to use
single or paired specimens to determine evidence of current
or recent infection, infection or exposure at some time, or
no evidence of exposure for the given specimen(s). The
availability of other more rapid diagnostic and serologic
assays has all but eliminated the use of the neutralization
assay for immediate diagnostic purposes. However this as-
say does have important applications. The high specificity
of neutralization tests is useful for diagnostic differentia-
tion of infection of closely related viruses, where a 4-fold
or greater difference in neutralizing antibody titers of a
patient specimen between 2 targeted viruses is considered
significant for differential diagnosis. For example, plaque
reduction neutralization test (PRNT) and colorimetric
microneutralization assay are able to distinguish infection
between closely related flaviviruses such as West Nile virus
and St. Louis encephalitis virus (20). For viruses with many
serotypes, neutralization may be the only method for dis-
criminating infection with a particular serotype, such as
serologic surveys for particular enteroviruses (21) or ade-
noviruses (22).

Virus neutralization data can be used for determining
recent infection in a particular subject or for surveys of
population exposure or immunity to the agent (23). For
instance, serosurveys for exposure or successful vaccination
to viruses such as rubella and mumps have been based on
plaque reduction neutralization tests (24, 25). In some cases
where it is important to measure immunity or protection, as
for rabies virus, the presence of neutralizing antibodies at
some minimum titer is considered the best measure of pro-
tection or immunity to that virus. Although the Advisory
Committee on Immunization Practices (ACIP) does state
that there is no one measure for protection against rabies
virus, a neutralizing antibody titer of 0.1 IU or 1:5 dilution is
accepted as a safe titer for a person at risk for potential
exposure to the virus (26, 27).
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Quality Assessment and Troubleshooting
Before setting up a neutralization test, the reagents must be
carefully standardized. The virus is propagated in the same
living host system as will be used for the test and titrated and
must be verified as to type by neutralization or another test of
high specificity. Aliquots containing the virus at the target
titer, 100 TCID50 for example, are prepared, stored frozen,
and the titer verified in each test. Positive control serum
obtained from the CDC, commercial sources, or produced
in-house is titered against the standard dose of the virus.
This serum should continue to neutralize the virus to the
established titer. Long-term storage of serum at - 20°C
preserves the antibody titer.

Each time the test is performed, internal controls that
give expected results must be included for the test to be
valid. These controls include (i) the virus control demon-
strating that the virus replicates in the host cells of the test as
expected; (ii) a test serum control demonstrating that it is
not toxic to the host cells by itself; and (iii) a cell control
demonstrating that uninoculated host cells do not exhibit
any effects that could interfere with reading or interpreting
the test results. Additionally, these standards should be pe-
riodically checked for run to run reliability.

HEMAGGLUTINATION INHIBITION
Overview
Hemagglutination is the aggregation of erythrocytes or red
blood cells (RBCs) into a lattice-like formation that causes
the RBCs to form a diffuse reddish solution in PBS. Viruses
that express hemagglutinin (HA) proteins on their surface
can cause hemagglutination when viral HA molecules bind
receptors on RBCs. Hemagglutination is a rapid physical
measure of virus and historically this effect has had a wide
impact on the study of viruses (28). The hemagglutination
assay is commonly used to determine relative concentration
or titer of influenza virus. Building upon the phenomenon
of hemagglutination, hemagglutination-inhibition (HI) as-
says were developed to detect serum antibodies to viruses
that express HA such as influenza virus, arboviruses, ade-
novirus, measles virus (29), and hantavirus (30), as well as to
identify these viruses. Virus-specific serum antibodies bind
antigenic sites of viral HA molecules, which prevents
binding of the virus to the RBCs. This effect inhibits hem-
agglutination and is the basis for the HI assay. Although this
assay is reliable, relatively simple, and inexpensive, it is time-
consuming and labor-intensive and thus is no longer rou-
tinely used in most clinical virology laboratories. The most
common use of the HI assay is for subtyping and/or strain-
typing of influenza virus isolates by some public health lab-
oratories. However, the HI assay for antibody detection is
discussed in this chapter.

Methods
The HI assay requires three basic components: (i) virus or
HA, (ii) test serum, and (iii) RBCs. The virus is prepared
from cell culture, embryonated chicken eggs, or animal tissue
depending on the target viruses. The patient serum is pre-
treated to remove non-specific viral inhibitors and RBC
agglutinins. The RBCs are prepared from appropriate animal
or human blood, depending on the target virus. Before the
HI test is performed, the viral HA titer is first determined by
the hemagglutination assay, where serial dilutions of virus or
HA are mixed with RBCs to yield the HA titer of the virus
corresponding to the highest dilution showing hemaggluti-

nation of RBCs. For the HI assay, a predetermined amount of
virus or standardized HA is added to serial dilutions of pre-
treated test serum in wells and incubated for 30 minutes.
Then red blood cells are added to the virus-serum mixture
and incubated for 30 minutes. The presence of specific anti-
HA antibodies will inhibit hemagglutination, which would
otherwise occur between the virus and the RBCs. If the
serum contains no antibodies to the virus, then hemagglu-
tination will be observed in all wells. If antibodies to the
virus are present, then hemagglutination will be inhibited.
The highest dilution of serum that prevents hemagglutina-
tion is called the HI titer of the serum.

Applications
The HI assay indicates presence of antibody in human serum
to the virus being tested, but does not indicate infection
status. However, paired acute-convalescent sera yielding a 4-
fold rise by the HI assay is indicative of recent or current
infection. The influenza-specific HI assay is primarily em-
ployed for vaccine efficacy studies, where sera from indi-
viduals who have received influenza vaccine are tested for
the presence of strain-specific antibodies to the particular
influenza virus in question (31, 32). The HI assay has also
been used to conduct serosurveillance studies, to determine
the prevalence of antibodies to particular strains of influenza
A virus, such as avian H5N1 and 2009 H1N1 (33–35). In
addition to influenza, the HI assay has been commonly used
for paramyxoviruses and arboviruses, as well as for serodi-
agnosis and serosurveillance of hemorrhagic fever with re-
nal syndrome caused by Hantaan virus (36, 37). Although
the HI assay can be time-consuming and labor-intensive, it
is best used in high throughput situations and for such
settings it may be the best option to determine serum anti-
body levels, as opposed to other serology assays such as
enzyme immunoassay (EIA) or immunofluorescence assay
(IFA), because specific virus strains are tested to directly
indicate the specificity of the antibody response. The HI
assay is not a universal serology assay because it only works
for viruses that express hemagglutinin.

Quality Assessment, Troubleshooting
and Limitations
It is imperative to run in parallel with each test the proper
controls for the virus used, the RBCs used, and the serum
samples being tested. The virus control ensures the hemag-
glutination capacity of the virus with the test RBCs. The
RBC control determines whether the RBCs in use aggluti-
nate in PBS on their own without virus, which would in-
validate the test. Finally, the serum control consists of the
test serum diluted at 1:10 and added to RBCs. If the serum
alone agglutinates the RBCs, this may indicate interfering
agglutinins in the test serum that may yield incorrect results.

The HI assay can be affected by nonspecific inhibitors of
agglutination, which naturally occur in sera, and may give
rise to false-positive results and nonspecific agglutinins in
some serum samples that may cause false-negative results.
These nonspecific factors must be removed in order for the
HI assay to give accurate results. Other limitations of the HI
assay include the need to standardize the virus concentration
each time a test is performed, obtaining a reliable source of
fresh RBCs, appropriate preparation and storage of RBC
suspension, and the need for experienced analysts for in-
terpretation of test results.

Species choice of RBCs is critical for accurate HI results.
For different influenza Avirus subtypes, guinea pig, turkey, or
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horse RBCs work best. Rat RBCs are best for adenoviruses,
goose RBCs for arboviruses and hantaviruses, adult chicken
RBCs for mumps, and monkey RBCs for measles virus HI
assays. For reoviruses and some enteroviruses, human RBCs
are required (38). The challenge of having fresh RBCs from
different animal species in stock in the laboratory, as well as
the laborious procedures required to prepare the RBCs,
limits its common use in clinical laboratories.

IMMUNOFLUORESCENCE ASSAYS
Overview
As the previous chapter discussed, both direct and indirect
immunofluorescence (IIF) assays can be used for antigen
detection. In addition to antigen detection, IIF assays are
employed to detect serum antibody levels of IgM and/or IgG
to determine a current, recent, or past infection. This in-
expensive and rapid method relies on known viral antigens,
specificity of patient serum antibodies, and labeled reagent
antibodies to diagnose viral infections. Antihuman immu-
noglobulins, specific for human IgG or IgM, are labeled with
a fluorophore, most commonly fluorescein isothiocyanate
(FITC), to yield what is termed a fluorescent antibody
“conjugate.”Amixture of virus-infected and uninfected cells
are affixed to a glass slide, test serum is applied to the slide,
and if specific antibodies are present they will bind to the
viral antigen. Bound antibodies can then be detected by
application of the conjugate followed by visual examination
using fluorescence microscopy. Conjugates are available
from many commercial sources and can also be adapted for
laboratory-developed IIF assays. Commercial IIF antigen
slides are available for the detection of antibodies to several
viruses including measles, HIV, mumps, and West Nile virus.

When certain viruses, such as some herpesviruses, are
tested by IIF, nonspecific staining reactions may occur due to
expression of Fc receptors on virus-infected cells (39–42),
which cause nonspecific binding of serum antibody (mainly
IgG). A modified version of the IIF, the anticomplement
immunofluorescence (ACIF) assay, mitigates these nonspe-
cific reactions when virus-infected cell preparations and a
fluorescent-labeled anticomplement antibody are used to
test for antibodies to these viruses. ACIF measures total
antibody binding to the C3 component of complement,
which binds to antigen-antibody complexes within infected
cells. For EBV, a member of Herpesviridae, in vitro diagnostic
kits are available that contain EBV-antigen slides and the
necessary ACIF test reagents including complement and
control sera.

A fluorescence microscope must be used to read and in-
terpret results of IIF tests. There are many different com-
mercial sources for this type of microscope and innovations
in lighting technology have vastly improved the ease of use
of these microscopes in the diagnostic field, including sys-
tems using liquid light guides and LED light sources, which
minimize lamp replacement and eliminate lamp alignment.
In addition to light source, critical components for high
quality, reproducible, and reliable reading of immunofluo-
rescence include high quality optical lenses and objectives,
the proper filters for the specific fluorophores in use, and
routine preventive maintenance. A depiction of the func-
tional parts of a fluorescence microscope is shown in Figure
1. In this case, the filters and mirror shown are specific for
FITC, but other filters and mirrors are available depending
on which fluorophore is used. The excitation or absorption
wavelength for FITC is 495 nm, while its emission wave-
length is 519 nm, which is visualized as brilliant apple green.

Methods
IIF Assay. This is a 2-step method and can be performed for
detection of either IgM or IgG antiviral antibodies from
clinical specimens (43, 44). IgM determinations require
pretreatment of serum to remove IgG, which will bind spe-
cific epitopes and compete with specific IgM. Removal of
IgG will also eliminate IgM false-positive reactions due to
the presence of rheumatoid factor (discussed later in this
chapter) in the serum. For IgG or IgM antibody titer de-
terminations, the first step is to add serial dilutions of patient
serum to separate cell spots on the antigen slide. Positive and
negative control sera are also added to respective spots on
the slide. Test and control sera are incubated in a humid
chamber at 35 to 37°C for 30 to 45 minutes, then washed in
PBS to remove sera and unreacted antibody. Antihuman
IgG or IgM conjugate is then applied to each well and in-
cubated as in step 1. Following a final PBS wash, mounting
medium is applied to each well and a cover slip put on the
slide. The slide is read using a fluorescent microscope.
Positive reactions reveal specific brilliant green staining,
which matches the pattern observed in the positive control.
Interpretation of antibody titer correlates with the highest
dilution of serum showing specific fluorescence, provided
controls yield acceptable results.

ACIF Assay. ACIF is a 3-step method compared to the
IIF and consists of viral antigen on a slide, inactivated test
and control sera, guinea pig complement, and FITC-labeled
anti-guinea pig complement antibodies. Inactivation of sera

FIGURE 1 Diagram of the functional aspects of a fluorescent
microscope used to detect FITC-labeled antibodies. 1) Broad
spectrum light from mercury arc lamp or fiber optic light source
emits light of all wavelengths, 2) bandpass excitation filter allows
ONLY 495 nm to pass through for FITC excitation, 3) dichroic
mirror: reflects light at 495 nm; transmits light at all other wave-
lengths, 4) longpass emission filter (Barrier filter) allows > 500 nm
to pass through, and 5) eyepiece.
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is required to remove endogenous complement from human
serum that would interfere with the outcome of the test. All
incubations occur in a humid chamber. The first step is to
add inactivated patient and control sera to the antigen slide
and incubate at 36°C for 30 minutes, followed by PBS wash.
The second step is to add guinea pig complement to the
wells and incubate at 36°C for 45 minutes, followed by a
gentle PBS wash. The final step is to add anti-guinea pig
complement conjugate and incubate 36°C for 30 minutes.
Similar to the IIF assay, following the final PBS wash,
mounting medium is applied to each well and a cover slip
put on the slide. The slide is read using a fluorescent mi-
croscope. Positive reactions reveal specific brilliant green
staining, which matches the pattern observed in the positive
control. Interpretation of antibody titer correlates with the
highest dilution of serum showing specific fluorescence,
provided controls yield acceptable results.

Applications
The IIF assay is the test of choice for a rapid, low throughput
method to determine serum antibody titer for both IgG and
IgM. The IIF assay may be especially useful for rapid deter-
mination of infection or immunity to highly contagious
agents such as measles virus and some other notifiable in-
fectious conditions, such as arboviral diseases. The IIF assay
is recommended by the CDC as a confirmatory serologic
testing for several rickettsial diseases (3), which is helpful for
differential diagnosis of viral rash syndromes. It has also been
useful as an alternative confirmatory testing method for HIV
and human T-cell lymphotropic virus (HTLV) infections.
Factors limiting the choice of this test include availability of
test reagents, such as antigen slides and secondary conju-
gates. ACIF is more sensitive than IIF because total antibody
is measured, which amplifies the number of complement
binding sites and is therefore capable of detecting lower
amounts of antibodies or antibodies of low avidity. The
ACIF assay method has been used in virology laboratories for
the detection of antibodies to the nuclear antigen of EBV
(45) and varicella-zoster virus (46); however, enzyme im-
munoassays (EIAs) are now more commonly used by clinical
laboratories for EBV diagnosis than the ACIF.

Quality Assessment, Troubleshooting,
and Limitations
Each virus/antigen IIF test must include a known positive
control serum and a negative control. The positive control
should exhibit a 3 to 4+ staining intensity with character-
istic staining pattern. The negative control should exhibit
no fluorescence. One caveat to working with FITC conju-
gates is that they are pH sensitive, so it is imperative to use
an aqueous mounting medium in the range of pH 8.5 to 9.0.
Fading of FITC fluorescence will become evident when pH
falls below 8.5, while pH levels greater than 9.0 may cause
nonspecific fluorescence, which can hamper interpretation
of results.

For IgM testing by IIF, sera must be pre-treated with an
IgG absorbent to avoid false positive and false negative IgM
reactions. Refer to the IgM Determinations section of this
chapter for further discussion.

Staining patterns observed in the positive control can be
used as a reference for specific staining. If control sera do not
yield expected staining results, the test should be repeated.
Should unacceptable results occur for either control upon
repeat testing, then the control may have deteriorated or be
contaminated. In either case, a new control should be used

and the old control discarded. Nonspecific staining can be
an issue when performing the IIF assay. This assay is sub-
jective and more experienced analysts are able to distinguish
specific from nonspecific staining. Nonspecific staining may
be inherent to the specimen in which case the test should be
reported as unsatisfactory. There may be instances when the
cells on the slide have sloughed off. This situation may be
mitigated by using slides that are at room temperature and
not removing slides from their desiccant pouch until just
prior to testing. If there are fewer than 20 cells per well, the
antigen slide is unsatisfactory and the test must be repeated.
The manufacturer of the slides should be contacted with the
appropriate lot number for follow-up.

ENZYME IMMUNOASSAY
Overview
The introduction of labeled components into immunoassays
for antigen or antibody detection was a revolution in diag-
nostic immunology and virology. In the 1950s, Yalow and
Berson developed the radioimmunoassay (RIA) (47). Al-
though the RIA technique is extremely sensitive and spe-
cific, it has been replaced by immunoassays that use enzymes
or fluorophores as label markers rather than the hazardous
radioisotope labels for most of clinical laboratory tests. EIAs
are widely used in clinical laboratories because they are
suitable for high throughput testing, require little technical
expertise, and in general are cost effective. EIAs include
various methods based on specific antigen-antibody reac-
tivity, which is detected through using enzyme conjugates;
the enzyme subsequently acts on its substrate to produce
color change. One advantage of EIA tests is that reactions
can be measured by spectrophotometer and are less subjec-
tive than an assay that needs to be visually interpreted such
as IFA. EIAs used for antigen or antibody detection can be
either solid-phase based (using a solid surface such as tubes,
microwell plates, or beads) or membrane-based. Readers are
referred to the 3rd edition of The Immunoassay Handbook
(48) for a more complete description of a wide variety of EIA
designs. Because antigen detection assays are discussed in
another chapter, EIAs discussed in this chapter only focus
on antibody detection methods currently used in clinical
virology laboratories.

Methods
Indirect EIA. The indirect EIA is a rapid method that can
be applied to a high volume of patient samples for the ac-
curate detection of virus-specific immunoglobulin in human
body fluid (e.g., serum, plasma, or CSF). The indirect EIA
system is predicated on the immobilization of viral proteins
by hydrophobic forces, to a solid phase such as plastic mi-
crowells. Patient specimen is added to the solid phase and
homologous antibodies present in the sample will bind viral
epitopes. Unbound antibodies in the patient sample are
washed away. The addition of anti-human Ig conjugated
with an enzyme is then added to the solid phase that will
specifically bind to the patient antibody that is attached to
viral antigen. A wash step removes unbound conjugate and
is followed by the addition of substrate specific for the
conjugated enzyme. Color change in the substrate occurs in
the presence of specific target host antibody, either IgG
or IgM, determined by the anti-class specific conjugate (IgM
detection will be discussed in detail later). Color develop-
ment can be measured spectrophotometrically and reac-
tivity determined according to an established cutoff, or read
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visually to qualitatively differentiate reactivity from non-
reactivity. The sequential addition of reagents in the indirect
EIA is depicted in Figure 2.

Competitive EIA. The competitive EIA differs from the
indirect EIA in that the patient sample and a measured
amount of known conjugated antibody specific for the im-
mobilized antigen are added simultaneously to the solid
phase. In this format, patient homologous antibody, if pres-
ent, competes with the conjugated antibody for binding to
the immobilized antigen. Color development in this format
is an indication that patient sample does not contain specific
antibody against the target antigen. The sequential addition
of reagents in the Competitive EIA is depicted in Figure 3.

Multiplexing EIA. There is an ever-increasing demand
in clinical virology to boost the number of samples analyzed
and to decrease the turnaround time. Innovative testing
platforms have been developed that attain this goal without
sacrificing accuracy or sensitivity. One such platform is
known as multiplexing, a technology that allows for multiple
analyte determinations tested simultaneously in a single well
as opposed to a singleplex EIAwith one analyte reaction per
well. Multiplexing platforms vary; the description here will
focus on the method using a suspension of polystyrene mi-
crospheres (beads) as the target analyte solid phase. The
microspheres are color-coded and each color represents a
specific analyte. The analyte can be directly coupled to the
microsphere, or by first attaching monoclonal antibodies,
and then incubating with respective antigen target. Diluted
serum or CSF is added followed by anti-human antibody
with a fluorescence-based reporter dye such as R-phycoery-
thrin. The microspheres are identified and read by an in-
strument with dual lasers: one laser identifies a color set
corresponding to a unique analyte, and the other laser ex-
cites the reporter dye captured during specimen testing.
Some of the advantages of this system include a reduction in
specimen and reagent volume needed, and the ability to test
multiple, up to 100 analytes, all in the same well at the same
time. To perform such testing by a singleplex EIA would
theoretically require 100 different commercial kits, and the
volume of patient specimen needed would be impractically

high. Although such a high throughput system has desirable
attributes, the system requires additional controls and the
quality control for the vast array of analytes can be complex.
Additionally, there are a limited number of FDA cleared
multiplex assays currently available for clinical use.

Applications
The EIA is an ideal assay for accurate high throughput de-
termination of antibody to target antigen. It can be used for
IgG and IgM testing for various conditions and the accept-
able specimen could be serum, CSF, or other types depend-
ing on conditions. As in most clinical virology laboratories,
commercial and laboratory-developed EIAs are used in
the chapter authors’ laboratory to detect antibodies against
viruses from a number of families including Bunyaviridae,
Adenoviridae, Retroviridae, Flaviviridae, Paramyxoviridae, Toga-
viridae, and Herpesviridae. The interpretation of test results
for single or paired acute-convalescent serum samples is
discussed in the introduction of this chapter, and is the
same as with other serologic antibody detection methods.
IgM detection by EIA is discussed in the IgM determinations
section of this chapter.

In the absence of paired sera, or when the suspected
disease is one in which IgM is known to persist, e.g., West
Nile (49), hepatitis A (50), and hepatitis B (51), a single
IgG response can be diagnostically significant when assaying
the avidity strength of the Ig to the target antigen (52). An
IgG avidity assay measures IgG maturation and corre-
sponding antibody-antigen reaction stability or binding
strength. Over time, as the IgG response matures, its binding
strength and avidity to the specific epitope increases. To
measure binding strength, the avidity EIA uses a denaturant,
e.g., urea, to disrupt the hydrogen bonds that form antibody-
antigen complexes. The denaturant is added in the wash step
following the patient sera incubation, low avidity IgG
readily dissociates from the antigen in the presence of urea,
whereas high avidity IgG does not. A low avidity index is
indicative of recent exposure to the virus while a high
avidity index can demonstrate past exposure (52).

FIGURE 2 Sequential addition of reagents in the indirect EIA. FIGURE 3 Sequential addition of reagents in the competitive
EIA.
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Membrane based EIAs for antibody testing, especially
immunochromatography, are commercially developed plat-
forms in which the system is a single-use, self-contained unit
assembled in individual cassettes. They are mostly performed
at clinics as rapid or screening point-of-care tests, e.g., HIV
testing. Positive results usually need to be verified by con-
firmatory analysis at a laboratory.

Quality Assessment and Troubleshooting
Reagent optimization for each EIA platform is critical to
ensure consistent, accurate, and reproducible results. In the
indirect method, the level of viral antigen adsorbed to the
microtiter well solid-phase must be determined by previous
titration using a highly characterized group of patient serum
samples. The samples in the group should range from non-
reactive to highly reactive, with an emphasis on inclusion of
low-positive samples with signals near the established cutoff
level of the assay. Microwell surfaces should not be over-
coated with viral antigen as this may cause steric hindrance
of available binding sites. By not over-coating solid-phase
surfaces, there will be remaining uncoated surface area that
should be blocked with a buffered blocking reagent such as
casein. A blocking reagent will help mitigate the potential of
nonspecific proteins in a patient sample binding uncoated
surfaces of the solid-phase; in turn this will enhance assay
sensitivity. The use of an uninfected cell control antigen
(nonspecific control) coated well can help decrease the
potential that a patient sample may contain components
that nonspecifically react with proteins from cells used to
propagate the virus. A nonspecific control well is not typi-
cally used in commercially available assays as the manufac-
turer may be able to produce purified antigens that would
not contain potential interfering proteins from cells used to
amplify virus. Inclusion of a nonspecific control well reduces
the number of samples that can be assayed in a commercial
kit and would in turn be less cost effective for the manu-
facturer. However, a nonspecific control can assist in im-
proving assay specificity with in-house assays where crude
antigen lysates are developed from cell culture.

Enzyme conjugates must also be optimized with antigen
to determine the optimal working dilution of both reagents.
This can be done by checkerboard titration (53). The suc-
cess of the EIA is dependent on the performance of thorough
efficient washes between each reagent addition and incu-
bation step. The wash reagent should be made in a physio-
logic buffer solution such as PBS and a detergent such as
Tween 20 should be part of the solution. The detergent will
optimize the wash and enhance the removal of non-bound
or nonspecifically attached material. When washing the
microtiter wells, it is helpful to allow a convex wash buffer
meniscus to form in the well to remove any remaining re-
agent throughout the steps of the assay. Multiple rounds of
wash cycles help ensure the removal of unbound reagents.
This process can be enhanced with the use of a properly
maintained automated washer that will provide consistent,
reproducible, thorough washes. Additional steps, such as
programming soaks and shaking of the plate, can enhance
the thoroughness of the wash. Each assay run must include a
known positive and negative control serum to ensure the
reagents in the test worked as expected. When using a
commercial EIA kit, a laboratory may wish to include an in-
house known reactive serum (continuity control) to monitor
kit lot-to-lot variation. Since the spectrophotometer is a
critical mechanical component of a high throughput EIA, it
must be routinely maintained as outlined by the manufac-
turer of the product.

The laboratory may adopt a membrane-based EIA plat-
form in which color development is visually determined by
the technician. One such assay utilizes a self-contained test
card with reaction ports, and a membrane solid-phase that
the reagents migrate across (54). The disadvantage of such a
system is that the reading becomes subjective and the
throughput of samples is decreased. Another disadvantage of
the test card system is that in some of the platforms the
patient sample is added undiluted, and therefore uses a larger
volume of sample. In many cases an undiluted sample can
cause problems in the sample migration across reaction ports.

IMMUNOGLOBULIN M DETERMINATIONS
Overview
In general, detection of virus specific IgM in a single acute
serum sample has been accepted as an indication for or
evidence of current or recent viral infection. A variety of
methods have been developed for IgM determination in
diagnostic virology. These methods can generally be sepa-
rated into 3 groups: (i) those based on comparing IgM titers
before and after chemical inactivation of serum IgM, (ii)
those based on the physicochemical separation of IgM from
other serum Ig classes, and (iii) those based on solid-phase
immunologic detection of IgM antibodies (55). The first 2
groups are rarely used in clinical virology laboratories, and
the IgM determination by IFA has been discussed previously,
thus we will focus our discussion on solid-phase immuno-
logic detection of IgM by EIA.

Methods
The 2 most common EIA methods for IgM determinations
are the indirect IgM EIA and the IgM Capture Immunoassay.
The Indirect EIA method for IgM is similar to the platform
used for IgG determinations, with the exception that anti-
human IgM conjugate is used instead of an anti-human IgG
conjugate and serum incubation times may be longer for the
IgM determination.

The IgM Capture EIA starts with immobilization of anti-
human IgM antibody, adsorbed by hydrophobic forces, to the
solid-phase, e.g., plastic microwells. Patient serum or CSF is
added and the affixed anti-human IgM antibody captures
patient IgM antibodies, if present. Unbound non-IgM an-
tibodies are removed by washing. The addition of specific
target antigen follows. Anti-viral immunoglobulin enzyme
conjugate (detection antibody) is next added and reacts with
target host antigen. Unbound conjugate is removed by
washing, followed by the addition of substrate specific for the
conjugated enzyme. Color change in the substrate occurs in
the presence of specific target host antibody, the reaction is
then terminated by the addition of stop reagent. The level of
IgM detection is quantitated by reading the microtiter well
with a spectrophotometer set at the proper absorbance for
the specific substrate. The sequential addition of reagents in
the IgM Capture EIA is depicted in Figure 4.

Applications
While properly timed acute and convalescent phase sera are
necessary to demonstrate evidence of current or recent in-
fection for the IgG assay, a single acute phase serum sample
can be all that is needed for the IgM EIA. However, the
diagnostic value of the specific IgM is dependent on the
respective virus and the infection targeted. Detection of
IgM in a single serum must be interpreted with caution,
and should be evaluated with consideration of clinical
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presentation in the patient. Generally, pronounced transient
IgM responses are characteristic of acute virus infections
caused by viruses that elicit long-lasting immunity, such as
with rubella, measles, mumps, parvovirus B19, and hepatitis
A viruses. In these infections, a diagnosis can usually be
made by specific antibody testing of a single serum specimen
taken early in the illness. In infections with viruses be-
longing to groups of closely related strains or serotypes (e.g.,
herpesviruses, adenoviruses, enteroviruses, parainfluenza
viruses, alphaviruses, and flaviviruses), IgM serodiagnosis
may be complicated by the possible absence of a specific IgM
response, as well as by possible false positive reactions to
related viruses (55). False positive reactions can also occur
due to the presence of rheumatoid factor or heterophilic
antibodies in the patient serum or CSF. IgM detection may
also be a false indication of current or recent infection due to
its persistence following some viral infections (discussed
later).

Quality Assessment and Troubleshooting
The presence of rheumatoid factor (RF), primarily an IgM
class immunoglobulin that complexes endogenous IgG, can
be problematic with the indirect IgM EIA, and to a lesser
degree with an IgM capture format. Removal of RF is par-
amount to the success of the assay. In the indirect EIA, RF
present in the patient serum can cause a false positive re-
action by attaching to IgG bound to antigen on the solid
phase. When this occurs, the anti-class IgM enzyme conju-
gate can bind RF and produce color mimicking specific IgM
class detection in the patient sample (as shown in Figure 5).
In order to reduce this type of nonspecific reaction, the
patient specimen should be pretreated with an IgG absor-
bent. The pretreatment of patient specimens can also im-
prove assay sensitivity. High levels of antigen specific IgG in
patient specimens can outcompete specific IgM for antigen

epitopes on the solid phase. This interference may prevent
IgM from binding and cause a false negative IgM reaction.

For IgM capture EIA, one possible interfering factor is
the presence of heterophilic antibodies in a patient sample,
serum, or CSF, which can lead to false positive reactions
(56). Heterophilic antibodies in an individual are produced
against animal species’ immunoglobulins, and often are
found in animal handlers or in individuals who have been
treated with animal immunoglobulin (57). The antibody is a
bridging antibody that can cross-link the reagent antibodies,
i.e., the capture antibody and the detection antibody. The
problem occurs when the patient has produced IgM antibody
to the animal species from which the capture and detection
antibody have been derived. This nonspecific cross-linking
can produce a false positive reaction (as shown in Figure 6).
One way to mitigate this problem is to use reagent antibodies
from different species, e.g., mouse capture antibody and goat
detection antibody. This, however, is not foolproof, as in-
dividuals may have developed antibody to multiple animal
species. To determine whether heterophilic antibody may
have produced a false-positive reaction, any reactive result
must be repeated and tested in 2 microwells. One well is
tested with all reagents as in the original test; however, viral
antigen is omitted from the second well. The retest wells are
then compared. If heterophilic antibodies are present and
cross-link reagent antibodies, color development will occur
in the second well containing no antigen, indicating a
nonspecific heterophilic antibody reaction.

Another confounding problem with IgM assays, across all
platforms, can be that of IgM persistence in the host. IgM
has been noted to persist in chronic infections such as
hepatitis B (43) and in congenital rubella infections (58). It
has also been noted with West Nile virus, where host IgM
antibody has been shown to persist for 90 days and in some
cases longer (41). In these examples, the overall interpre-
tation of the patient’s results can be better defined by testing
paired acute-convalescent sera and looking for a significant

FIGURE 4 Sequential addition of reagents in the IgM capture
EIA.

FIGURE 5 Depiction of rheumatoid factor (RF) false positive in
indirect IgM EIA.
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rise in specific IgG, by seroconversion of IgG, or by using a
more specific assay such as PRNT.

WESTERN BLOT
Overview
Although some serologic assays, such as IgG and IgM EIA
for certain viral infections, are very sensitive and highly
specific, false positive reactions may occur, particularly in
low prevalence populations. Given the medical and social
significance of particular viral infections, such as HIV and
hepatitis, it is important that the diagnostic tests or algo-
rithms be specific, accurate, and as sensitive as possible (59).
The immunoblot or Western blot (WB) assay is as sensitive
as and more specific than standard colorimetric EIA (60).
The WB was developed on the basis of dot immunobinding
assay and protein electrophoresis, a combination of molec-
ular and immunologic laboratory technologies. WB can
discriminate antibodies to individual viral proteins and has
the potential to distinguish between antibody responses to
closely related viruses. It has been used as the confirmatory
test for diagnosis of viral infections, such as those caused by
HIVand HTLV (61–63). Once prepared, WB strips are non-
infectious and may be stored and transported, and their use
in WB is rapid and inexpensive and requires no specialized
equipment.

Methods
WB for antiviral antibody testing consists of 3 steps. The first
step is to grow and purify viruses and then to separate viral
proteins by electrophoresis. Viral lysates are made by me-
chanical and chemical disruption of virus and loaded on 2
layer gels. Then the virion proteins are separated by gel
electrophoresis according to their size. The second step is the
transblot, which transfers the migrated viral proteins from
the separation gel to a nitrocellulose membrane. The third
step is a modified EIA, where strips of the membrane are first

incubated with patient specimens (serum, plasma, dried
blood spot elute, oral fluid, etc.), then incubated with anti-
IgG or IgM conjugate, and lastly with substrate (59, 60).
After all steps are completed, stained bands, which indicate
a specific antibody reaction with the viral protein on the
membrane, are compared with controls, and results are
reported provided controls are acceptable.

Most clinical laboratories purchase WB kits with viral
lysates pre-loaded on nitrocellulose strips and only perform
the final step, the modified EIA of the strips, to test patient
specimens (59, 60). Some laboratories purchase disrupted
virus proteins from commercial sources, and prepare their
own strips.

Quality Assessment and Limitations
Quality assessment of WB should be site and procedure
specific and appropriate for the sample type. If electropho-
resis is performed, run parameters should be within normal
range and protein molecular weight standards should be
included with every gel run, to determine relative molecular
weights of viral proteins. Negative and low- and high-titer
controls should be included for each test. If commercial
materials or kits are used for any portion of the test, proce-
dures must be conducted exactly as described in package
insert. If laboratory-developed WB materials and procedures
are used, pertinent CLIA requirements for quality assess-
ment must be followed. The WB technique requires well-
trained and experienced personnel to perform the test and
interpret results, with the understanding of the limitation of
the procedure used and performance characteristics.

While WB is much more specific than EIA, it can pro-
duce “indeterminate” reactions in which often only a single
band is seen, alternatively multiple bands but of a banding
pattern that does not meet criteria for a positive interpre-
tation, or bands of reaction with nonspecific cellular pro-
teins may appear. These results may be attributed to an
underlying autoimmune disease, among other causes, or pre-
cede a truly positive antibody response. Any indeterminate
reaction requires testing a second specimen collected at a
later date. Similarly, false negative reactions may occur but
these are relatively rare (53, 59).

Applications
In the U.S., for clinical virology laboratories, WB is com-
monly used for diagnosis of retrovirus infections. WB has
been used as a supplemental and confirmatory test for HIV
diagnostics according to CDC guidelines since 1988. Re-
cently, the “fourth generation” testing algorithm replaces the
WB with an HIV-1/HIV-2 antibody differentiation immu-
nochromatographic assay as the supplemental test (64). But
the WB for HIV diagnostics will still be used by laboratories
that do not have fourth generation testing capabilities. In
addition, FDA approved rapid HIV tests are widely used as a
more accessible point-of-care test for oral fluid, urine, and
finger-stick blood. All HIV reactive rapid test results must be
confirmed by either WB or IFA (65). For HTLV, WB is the
confirmatory serology diagnostic testing method. In some
specialized laboratories, laboratory-developed procedures are
used for detection of HIV-1/-2 and HTLV I/II antibodies
from plasma and serum specimens (63), and commercial test
kits are used for detection of HIV antibodies from oral fluid
specimens.

Glycoprotein G (gG)-based WB is also used to detect
both type specific and type common antibodies to herpes
simplex virus (HSV)-1 and HSV-2 (66). This assay is useful

FIGURE 6 Depiction of heterophilic (Hp) antibody false posi-
tive in IgM capture EIA.
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to diagnose subclinical infections and to supplement virus
detection methods in cases of atypical presentation or when
sampling conditions are not optimal for virus recovery, as
diagnosis can indicate treatment with appropriate antiviral
medication (e.g., acyclovir). The WB may be used to dis-
tinguish maternal from infant antibody profiles and to dis-
tinguish serum and CSF profiles of HSV antibodies. WB is
the current gold standard HSV serologic test and provides a
highly accurate confirmatory test for positive results by EIA
(67). WB is used to measure antibody to human herpesvirus
(HHV)-6 mainly to identify and analyze the role of specific
proteins in the immune response to HHV-6 (68). WB is also
designed to detect antibody response to HHV-8-specific
antigens expressed during latency or lytic infection, but are
of limited use in the diagnosis and management of acute
clinical disease (68).

In recent years, WB has been reported to differentiate
infections caused by serologically cross-reactive flaviviruses,
such as West Nile virus, St. Louis encephalitis virus, and
dengue virus, as well as different alphaviruses, such as
Eastern equine encephalitis virus and Chikungunya virus.
WB analytical results are comparable to the PRNT and the
WB may supplant the neutralization assay as the confirma-
tory test for virus-specific antibodies from specimens, espe-
cially for laboratories lacking cell culture capabilities (69,
70). In fact, WB correlates more closely with neutralizing
antibodies than the EIA, and has been employed for par-
vovirus B19 virus IgM and IgG antibody determinations
(71).

For RSV, WB provides serologic evidence of a recent
infection even if a single serum is used. It also helps to
discriminate immune response associated with subunit RSV
vaccine from those associated with natural RSV infection
(72). WB is employed in serologic antibody testing for
hantavirus diseases. It has been reported that recombinant
antigen-based WB is more sensitive than EIA, especially for
IgG testing (59). AWB assay using recombinant antigens
and isotype-specific conjugates for IgM-IgG differentiation
has also been developed, and its results are generally in
agreement with those of the IgM-capture format (73).

SUMMARY
Serologic assays are very important in diagnosing viral in-
fections, especially when specimens of infected tissue are not
available (e.g., brain tissue), when the viruses under con-
sideration cannot be cultured or isolated, and when causa-
tive viruses are no longer detectable in the host. As reviewed
in this chapter, serologic methods are diverse, yet similar in
their ability to determine current, recent, or past infections.
In clinical virology laboratories, classic and labor-intensive
assays of antibody detection such as the neutralization assay
and HI have largely given way to more rapid, sensitive, ac-
curate, and economical tests, such as IFA, EIA, and WB.
Technology is ever-advancing and in the future, multiplex
platforms or other advanced methods may overtake con-
ventional formats to provide even more improved serologic
diagnostics.

David P. Schnurr, PhD, passed away in November 2014
shortly after completing the Neutralization portion of this Chap-
ter. He authored the Neutralization Chapter of the 4th edition of
this book. Dr. Schnurr was an impactful scientist who contributed
greatly to the field of clinical and public health virology and he
served as a mentor to many laboratorians at public health la-
boratories in California. He is dearly missed.
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Nucleic acid (NA) extraction is a critical step used in mo-
lecular biology and molecular diagnostics (1–5). Successful
extraction of NA depends on the quantitative recovery of
pure molecules of RNA and DNA in an undegraded form.
Salts, for example, are common impurities in NA samples,
and it is important that they are removed from NA before
any downstream processes and analyses can be performed
(1). Therefore, single or multiple separation and/or purifica-
tion steps are needed to desalt the sample containing the
NA. The process of extraction and purification of NA also
removes a variety of inhibitors of downstream NA amplifi-
cation procedures. The first step of NA extraction and puri-
fication involves cell lysis to liberate NA from cell nuclei
or pathogens. Effective NA extraction methods include
reagents that inactivate nucleases (DNase and RNase) to
preserve the NA in an intact state. The final steps involve
separation and recovery of the NA free of cellular debris,
proteins, and various potential inhibitors of downstream
assays (1–5).

In the past, the process of extraction and purification of
NA used to be complicated, time consuming, and labor in-
tensive (6–11). Currently, there are innumerable specialized
methods that can be used to extract pure NA, including
manual techniques and automated systems (12–17). The
objective of this chapter is to present a review of the me-
thods and systems designed to be used in small, medium, and
large molecular microbiology laboratories.

MANUAL AND SEMI-AUTOMATED
METHODS FOR NA EXTRACTION
IN DIAGNOSTIC VIROLOGY
Phenol-Chloroform
The phenol-chloroform method represents an organic sol-
vent liquid-liquid extraction that is widely used in isolating
NA. A liquid-liquid extraction separates mixtures of mole-
cules based on the differential solubilities of the individual
molecules in two different immiscible liquids (18). This me-
thod requires that a cell lysate be prepared with the addition
of proteinase K. The extraction of NA involves adding an
equal volume of phenol-chloroform to an aqueous solution
of lysed cells, mixing the two phases, and separating the
phases by centrifugation. At the proper pH, the hydrophobic
phase will settle on the bottom, with the hydrophilic phase

on the top. Lipids and other hydrophobic components will
be dissolved in the lower hydrophobic phase, while DNA
will be dissolved in the upper aqueous phase. Amphiphilic
components, which have both hydrophobic and hydrophilic
properties, and cell debris will collect as a white precipitate
at the interface between the two layers (2, 3, 7).

To minimize protein contamination of the final DNA
preparation, the aqueous phase can be repeatedly re-
extracted with phenol-chloroform until the interface is
translucent rather than thick and opaque in appearance.
The crude DNA solution is then mixed with an equal vol-
ume of chloroform-isoamyl alcohol solution with shaking to
remove any residual phenol from the aqueous part. Finally,
the upper phase is precipitated by mixing with ethanol or
isopropanol and salt. The ethyl or isopropyl alcohol is added
to the upper phase solution at a 2:1 or 1:1 ratio, respectively.
The DNA forms a solid precipitate, which is collected by
centrifugation. Excess salt is removed by rinsing the pelleted
NA in 70% ethanol, centrifuging, discarding the super-
natant, and then dissolving the DNA pellet in rehydration
buffer, usually 10 mM Tris, 1 mM EDTA, or water (2, 3, 7).

The phenol-chloroform extraction method can be
adapted to process a wide variety of patient specimens from
paraffin-embedded tissue to body fluids. It produces highly
concentrated DNA with high purity, making it a reliable
method for any molecular diagnostic assay. However, the
manual phenol-chloroform extraction method is labor in-
tensive and requires some user expertise. In addition, phenol-
chloroform solutions are chemical hazards, and the waste
from this method needs to be handled appropriately. Finally,
contamination by residual phenol and/or chloroform will
inhibit downstream enzymatic reactions and consequently
must be carefully and completely removed (2, 3, 7).

Guanidinium Thiocyanate-Phenol-Chloroform
Extraction
Although phenol, a flammable, corrosive, and toxic carbolic
acid, can denature proteins rapidly, it does not completely
inhibit RNase activity, which can interfere with the RNA
extraction (1). The use of guanidinium isothiocyanate in
RNA extraction was first mentioned by Ullrich et al.
(6). The method was laborious, and it has therefore been
replaced by guanidinium thiocyanate-phenol-chloroform
extraction (8), which is a single-step technique whereby the
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homogenate is extracted with phenol-chloroform at reduced
pH. Guanidinium thiocyanate is a chaotropic agent used in
protein degradation. The principle of this single-step tech-
nique is that RNA is separated from DNA after extraction
with an acidic solution consisting of guanidinium thiocya-
nate, sodium acetate, phenol, and chloroform (11). Under
these conditions, total RNA remains in the upper aqueous
phase of the whole mixture, while DNA and proteins remain
in the interphase or lower organic phase. Recovery of total
RNA is then done by precipitation with isopropanol (5).

Acid phenol-chloroform-isoamyl alcohol (25:24:1) so-
lution efficiently extracts RNA. Chloroform enhances the
extraction of the NA by denaturing proteins and promoting
phase separation, and isoamyl alcohol prevents foaming. For
RNA, the organic phase must be acidic (pH 4 to 5). The
acidity of the organic phase is adjusted by overlaying it with
buffer of the appropriate pH. In some isolation procedures,
DNase is added at the lysis step to eliminate contaminating
DNA. Alternatively, RNase-free DNase may also be added
directly to the isolated RNA at the end of the procedure.
After phase separation, the upper aqueous phase contain-
ing the RNA is removed to a clean tube, and the RNA is
precipitated by addition of two volumes of ethanol or one
volume of isopropanol. Glycogen or yeast transfer RNA
may be added at this step as a carrier to aid RNA pellet
formation. The RNA precipitate is then washed in 70%
ethanol and resuspended in RNase-free buffer or water (1, 5,
7–9, 11).

TRIzol (Life Technologies, Carlsbad, CA) and QIAzol
(Qiagen, Valencia, CA) are complete ready-to-use reagents
for the isolation of high-quality total RNA or the simulta-
neous isolation of RNA, DNA, and protein from a variety of
biological samples. These reagents are an improvement from
the single-step RNA isolation technique developed by
Chomczynski and Sacchi (8). TRIzol and QIAzol perform
well with small quantities of tissue and cells as well as with
large quantities of tissue and cells. They come with pur-
ification protocols and maintain the integrity of the RNA
due to highly effective inhibition of RNase activity while
disrupting cells and dissolving cell components during sam-
ple homogenization. The simplicity of these methods allows
simultaneous processing of a large number of samples. The
entire procedure using these reagents can be completed in
approximately 1 hour. Total RNA isolated by TRIzol and
QIAzol is free of protein and DNA contamination (TRIzol
and QIAzol package inserts).

QIAamp Viral RNA Mini Kit
The QIAamp Viral Mini Kit (Qiagen, Hilden, Germany)
provides reliable isolation of high-quality viral RNA (16,
19–22). The kit combines the selective binding properties of
a silica-gel-based membrane with the speed of microspin or
vacuum technology and is ideally suited for simultaneous
processing of multiple samples. The entire extraction pro-
cedure includes four different steps.

First, the sample is lysed under highly denaturing con-
ditions to inactivate RNases and to ensure isolation of intact
viral RNA. Next, viral RNA is adsorbed onto the QIAamp
silica-gel membrane during centrifugation or by vacuum.
The third step includes a couple of washes to ensure com-
plete removal of any residual contaminants without affecting
RNA binding. In the end, the sample is eluted in RNase-
free water buffer that contains 0.04% sodium azide to pre-
vent microbial growth and subsequent contamination with
RNases (19).

The QIAamp viral mini kit provides a fast and easy way
to purify viral RNA for reliable use in amplification tech-
nologies and can be fully automated on the QIAcube
(Qiagen). Viral RNA can be purified from plasma (untreated
or treated with anticoagulants other than heparin), serum,
and other cell-free body fluids. Samples may be fresh or
frozen; if frozen, samples should not be thawed more than
once. Repeated freeze-thawing of plasma samples will lead to
reduced viral titers and should be avoided for optimal sen-
sitivity. This kit can be used for isolation of viral RNA from a
wide variety of viruses including human immunodeficiency
virus (HIV), hepatitis A virus, hepatitis C virus, hepatitis D
virus, enterovirus, herpes simplex virus type 2, and more (16,
19, 21, 22). However, performance cannot be guaranteed
for every virus, so in-house verification of performance is
necessary. Also, QIAamp kits are not designed to separate
viral RNA from cellular DNA, and both will be purified
in parallel if present in the samples. Therefore, to avoid
copurification of cellular DNA, using cell-free body fluids for
preparation of viral RNA is recommended. Samples con-
taining cells, such as cerebrospinal fluid, bone marrow, urine,
and most swabs, should first be filtered or centrifuged for 10
minutes at 1500 · g and the supernatant used. However,
in most cases it is not absolutely necessary to remove cellular
material from any sample since the downstream nucleic
acid amplification test (NAAT) protocols will generally be
highly specific for the target viral NA sequences and will not
cross react with cellular nucleic acids (RNA or DNA). If the
protocol used requires pure RNA, and RNA and DNA have
been isolated in parallel, the eluate can be DNase digested
using RNase-free DNase, followed by heat treatment to
inactivate the DNase (19).

QIAamp DNA Mini and Blood Mini Kit
QIAamp DNA Mini and QIAamp DNA Blood Mini Kits
(Qiagen) provide fast and easy methods for purification of
total DNA. Total DNA (i.e., genomic, viral, mitochondrial)
can be purified from whole blood, plasma, serum, buffy coat,
bone marrow, other body fluids, lymphocytes, cultured cells,
tissue, and forensic specimens. The procedure is similar to
the QIAamp Viral RNA Mini Kit, following the four main
steps, which are ideal for simultaneous processing of multiple
samples and yield pure DNA ready for direct amplification
in just 20 minutes. Purification of viral DNA is possible
with QIAamp DNA Mini or QIAamp DNA Blood Mini
Kits. However, since cellular DNA co-purifies with viral
DNA, cell-free samples (e.g., plasma, serum) are necessary to
obtain pure viral DNA (20, 23, 24). However, depending
on the application and targeted virus, it may be advanta-
geous to retain the cells if they are likely infected with the
target virus, in which case one can detect either free or cell-
associated virus.

In addition to Qiagen, several other vendors offer column
(spin or vacuum) based NA extraction systems including the
GeneJET RNA and DNA kits (ThermoFisher, Waltham,
MA), EconoSpin (Epoch Life Science, Sugar Land, TX),
Genelute (Sigma Aldrich, St. Louis, MO), Pe+NAD (Gene-
reach USA, Lexington, MA), PureLink (LifeTechnologies,
Grand Island, NY), and PureYield (Promega, Madison, WI).
There are systems available for manual NA sample prepara-
tion that includes a bead beating step to break up cells. Bead
beating is not generally required for isolation of viral NA;
however, the systems could be useful if one is attempting to
recover NA from samples that could include difficult-to-lyse
organisms (fungi, mycobacteria, other bacteria) and there
is also a need to test for these pathogens. Available systems
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include those fromMoBio (Carlsbad, CA),MP Biochemicals
(Santa Ana, CA), and Bertin (Rockville, MD).

NucliSens miniMAG System
The NucliSens miniMAG system (bioMérieux, Inc., Dur-
ham, NC) is a semi-automated extraction platform that uses
magnetic silica particles and a magnetic device (13, 15, 25–
28). The magnetic device has a rack for 12 tubes, allowing
12 extractions to be processed at one time. The system is
based on the silica-based technology described by Boom
et al. (12), using magnetic silica particles to avoid the need
for microcentrifugation during multiple washes and the final
elution of NA containing both DNA and RNA molecules.

The NucliSens miniMAG platform is a simple, rapid, and
clean extraction procedure, with no pre-extraction ultra-
centrifugation step, that yields NA of sufficient quantity and
quality for downstream NAAT (13–15, 25–28). The ex-
traction workflow includes two main steps. The first is to
add the lysis buffer to the sample and second, to mix the
magnetic silica with the lysis buffer-sample mixture. The
lysis buffer-silica-sample mixture is pelleted, and the super-
natant is aspirated. The pellet is resuspended in wash buffer 1
and transferred to a 1.5-ml centrifuge tube. Several wash
steps are performed using the miniMAG semi-automated
instrument. After the last wash buffer is aspirated, the elu-
tion buffer is added, followed by a short incubation at
60°C. Tubes are moved against a magnetic rack while the
eluted DNA is pipetted. A maximum of 12 specimens can be
processed during each run, and the entire procedure takes
approximately 1 hour (13). The extraction method is uni-
versal and can be applied for a broad range of different
specimens and volumes (26, 27). Furthermore, miniMAG is
flexible with its generic extraction chemistry and allows
parallel processing of different sample types in the same run.
One eluate is compatible with multiple downstream appli-
cations and is ready for immediate use after the extraction
procedure is concluded. No use of ethanol or other organic
solvents is required, and the method presents a highly ef-
fective removal of inhibitors (13–15, 25–28).

Several studies have shown that the performance of this
semi-automated system is satisfactory (13–15, 25–28) and
sometimes even superior to other more automated systems
(13). The NucliSens miniMAG instrument is compact en-
ough that it can fit on a benchtop or inside a hood, and it
can simultaneously extract 12 to 24 samples in about 60 to
90 minutes, by using two instruments in parallel. However,
there is no walk-away time during the extraction procedure.
This is inconvenient for handling large numbers of speci-
mens; nevertheless, for small or mid-sized laboratories, this
semi-automated but convenient and efficient method of NA
extraction can be a good choice (13–15).

TruTip Technology
The TruTip (Akonni Biosystems, Frederick, MD) is a new
manual NA extraction technology (29–31) that also uses
the BOOM silica binding chemistry (12) for NA binding
and elution. TruTip consists of a porous rigid silica monolith
inserted into a pipette tip that connects to standard labo-
ratory pipettors (single or multi-channel) or automated liq-
uid handling systems. The geometry of the monolith can be
adapted for specific pipette tips ranging in volume from 1.0
to 5.0 ml. The porosity of the TruTip monolith is available in
configurations to allow low viscosity or highly viscous or
complex samples to readily pass through it with minimal
fluidic backpressure. Bidirectional flow maximizes residence

time between the monolith and sample and enables large
sample volumes to be processed within a single TruTip.
Figure 1 describes the TruTip process for purifying NA.

The fundamental steps, irrespective of sample volume or
TruTip geometry, include cell lysis, NA binding to the inner
pores of the TruTip monolith, washing away unbound sam-
ple components and lysis buffers, and eluting purified and
concentrated NAs into an appropriate buffer. TruTip kits
accommodate a wide range of sample sources (i.e., blood,
saliva, urine, sputum, and nasopharyngeal aspirate), sample
viscosities, and sample types from human genomic DNA
to microorganisms (bacterial or viral pathogens).

Few studies so far reported results using this new tech-
nology in different formats (29–31). The first one (29)
showed the development and application of a manual Tru-
Tip procedure for purifying influenza RNA from nasophar-
yngeal samples using a single or multi-channel pipettor. This
simple, pipette-operated manual sample preparation tech-
nology was as effective as the clinically validated QIAcube
or easyMAG (bioMérieux) automated sample preparation
systems for extracting and purifying influenza RNA from
nasopharyngeal samples. A second study (30) validated the
TruTip extraction technology for an automated extraction of
influenza RNA from clinical specimens, using the epMotion
5070 liquid handling system (Eppendorf, Hamburg, Ger-
many). The authors described a TruTip/epMotion protocol
that successfully extracted influenza RNA in 99% of pre-
viously positive nasopharyngeal samples and presented com-
parative clinical efficacy between the automated TruTip/
epMotion procedure and the easyMAG and QIAcube
(Qiagen) instruments. Last, automated protocols using the
TruTip technology described in another study (31) empha-
sized the utility of the TruTip for processing diverse clinical
samples and how it can be adapted for large volumes and
specific liquid handling extraction robots.

The simplicity of the TruTip technology also affords some
cost advantages for those interested in purchasing a new
automated NA purification system because the primary
hardware required for automating TruTip procedures is the
pipette channel arm itself rather than magnetic rods, vac-
uum systems, or on-board centrifuges. Minimizing deck
space with TruTip protocols also enables advanced users to
integrate upstream or downstream automated processes with
the TruTip. Postextraction processes such as NA quantita-
tion, normalization, polymerase chain reaction (PCR) setup,
or DNA sequencing are also readily integrated with TruTip
on the larger liquid handling platforms (29–31).

AUTOMATED METHODS FOR NA
EXTRACTION IN DIAGNOSTIC VIROLOGY
Automation of NA extraction for detection of viral agents
using molecular diagnostic methods has resulted in numer-
ous improvements in the field. One important advantage is
the reduction in labor time dedicated to the extraction pro-
cess. By being able to load samples on an instrument and walk
away, the technologist is able to better multitask, performing
other procedures while the samples are processed. Other ad-
vantages to the automated extraction methods include
� Potentially greater reproducibility due to the precision
robotics versus manual pipetting.

� Potentially lower risk of contamination compared to
performing extraction with multiple manual steps where
errors could occur and lead to contamination of samples.

� Lower probability for sample mix-ups during processing.
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FIGURE 1 TruTip Technology. (a) TruTip Design (b) TruTip Extraction Process.
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There are some disadvantages with automated extraction
systems. These include
� More expensive because they require either a capital
expenditure up front or addition of costs to disposables to
cover reagent rental.

� Maintenance and repair costs for the systems (service
contracts).

� Potentially less flexibility in sample type, sample size,
and elution volume compared with a manual extraction
process.

However, in many laboratories the positive impact on
productivity and reproducibility make the automated ap-
proaches a positive fit for the lab. In addition, most of the
Food and Drug Administration (FDA)-cleared viral molec-
ular diagnostics assays are specifically cleared for use on an
automated extraction instrument as part of the system. Using
a different method would require validation, which is not
particularly difficult but nevertheless does add effort for assay
implementation. Some molecular assays are FDA cleared
on an extractor sold by the assay vendor, while others are
cleared on third party extraction systems.

Automation of the NA extraction process can take sev-
eral forms ranging from automating a manual process all the
way to building systems that provide completely automated
sample in–answer out instrumentation platforms.

Automation of Manual Processes
Qiagen has been successful at automating their filter spin-
vacuum column procedures using three different instruments.
Characteristics of the instruments are shown in Table 1. The
QIAcube automates a centrifugation-based protocol, elim-
inating the multiple hands-on steps associated with the
manual spin column method. The QIAcube HT and the
BioRobot instruments achieve automation of the column-
based manual process using a vacuum filtration method and
robotic liquid handling. Each system significantly reduces
hands-on time for sample NA extraction processing. All of
them can use many of the column-based extraction proto-
cols designed for different sample types, providing a high
level of flexibility for the laboratory. The Qiagen automated
column-based extraction protocols have been evaluated for
viral molecular diagnostic applications (21, 32).

Automation of NA Extraction Using Magnetic
Particle Capture and Robotics
Numerous systems are available for fully automated NA
extraction that provide an eluate of pure NA that is ready for
use in viral molecular diagnostics applications. The instru-
ments all utilize a lysis buffer that releases viral NAs from the
viral capsid, inactivates any nucleases present in the sample,

and captures the NAs on magnetic silica particles or another
magnetic particle matrix to bind the released NAs. The
QIACube, QIAcube HT, and Biorobot systems discussed
earlier use a solid-phase silica-based matrix to capture NAs
using spin or vacuum filtration methods. Some of the in-
struments (Qiagen EZ1 series [Qiagen], MAXwell [Promega,
Madison, WI], Abnova [BioGX, Birmingham, AL], MagNA
Pure Compact [Roche Diagnostics, Indianapolis, IN], and
BDMAX [BD Diagnostics, Sparks, MD]) use a reaction strip
format that is essentially self-contained, with all reagents in
wells within the strip. Figure 2 describes the configuration of
the BD MAX reaction strip. Most others will have a similar
configuration with tips and reagents for the extraction pro-
cess; however, unlike the BD MAX strip they do not have a
position for the PCR master mix. Others (NucliSENS
easyMAG system [bioMérieux], KingFisher [Thermo Fisher
Scientific Inc., Waltham, MA], MagNA Pure and Ampli-
prep [Roche Diagnostics], Abbott m2000 sp [Abbott Mole-
cular, Des Plaines, IL], Sentosa SX101 [Vela Diagnostics,
Singapore], epMotion [Eppendorf], and QIAsymphony
[Qiagen]) utilize robotics to process reagent trays with dis-
posable pipetting tips to transfer and wash magnetic parti-
cles. The Sentosa SX101 is based on the Eppendorf
epMotion platform. The systems and some of their operating
characteristics are summarized in Table 2. All have been
evaluated and shown to have the ability to effectively
recover viral NAs from a variety of pathogens in numerous
sample types (13, 16, 17, 21, 27, 32–49). The instruments
provide throughput options from single samples per run up
to 96 samples per run, with numerous options for sample
input volumes and elution volumes.

Automation of Extraction Plus Setup of Master
and Reaction Mix
The next step in the development of automated NA ex-
traction instrumentation involves the addition of setting up
the PCR or other reactions on-board and dispensing the
complete reaction mix into 96-well trays or reaction disks
that are ready to be placed in amplification instruments.
The instruments that provide this functionality are listed in
Table 3. Some of these instruments were included in Table 2
because it is optional for the reaction mix setup function to
be utilized. Some instruments require an additional module
to allow for automated master mix and reaction setup
(Roche Ampliprep and Qiagen QIAsymphony). Automat-
ing preparation of master mix and setting up the PCR in the
amplification vessel (vial, plate, or disk depending on the
amplification platform) serve to further reduce labor time.
These steps also have the potential to reduce the likelihood
of human error in setting up reactions due to pipetting an
incorrect amount of one of the reaction components or

TABLE 1 Instruments that automate the column extraction process

Instrument
Samples
per run

Processing
time (h)

Sample input
volume (ml)

Elution
volume (ml) Sample typesa Vendor contact

Qiagen Qiacube Up to 12 1–1.5 200–600 20–200 B, S, P, CSF, U, T,
UTM, SW

www.qiagen.com

Qiagen Qiacube HT 8–96 in sets of 8 1–1.25 200–350 30–150 B, S, P, CSF, U, T,
UTM, SW

www.qiagen.com

Qiagen Biorobot
Universal

Up to 96 2.20–3 Up to 200 20–150 B, S, P, CSF, U, T,
UTM, SW

www.qiagen.com

aB, whole blood; CSF, cerebral spinal fluid; P, plasma; S, serum; SW, swab; T, tissue; U, urine; UTM, universal or viral transport medium.

10. Nucleic Acid Extraction in Diagnostic Virology - 121

http://www.qiagen.com
http://www.qiagen.com
http://www.qiagen.com


neglecting to add extracted NAs to reaction wells. Some of
the systems offer connectivity with the real-time PCR
instrument to transfer patient identifiers without the need
for manually entering the information on the cycler. These
include the m2000 sp (Abbott), Sentosa SX 101 (Vela DX),
Ampliprep (Roche), and the QIAsymphony (Qiagen). The
Sentosa SX101 and the QIAsymphony possess the flexi-
bility to perform this with either vendor-supplied reagents or
with laboratory-developed tests. The ability to utilize man-
ufacturer-supplied kits and laboratory-developed procedures
on the same platform increases efficiency by reducing the
need for staff to learn how to use and maintain multiple
instruments.

Systems with Full Sample In–Answer Out
Automation
Several systems, listed in Table 4, offer sample in–answer out
automation that combines NA extraction, reaction mix
setup, and on-board amplification with minimal hands-on
time. The instruments operate in several formats, including
real-time PCR, PCR followed by array detection, and tran-
scription-mediated amplification (TMA). The Panther and
Tigris systems (Hologic Gen-Probe, San Diego, CA) provide
for sample in–answer out automation of the TMA process.
The instruments utilize capture oligos rather than true ex-
traction for recovery of NAs. The systems are currently
available for only vendor-supplied assays. Hologic is devel-
oping an add-on module for the Panther instrument that will
provide automated setup of their PCR-based kits (ProFlu+,
etc.) and will have the ability to accommodate user-devel-
oped PCR assays. There are several PCR-based systems that
use varying detection technologies and provide sample in–
answer out automation. The GeneXpert (Cepheid, Sunny-
vale, CA) system uses self-contained cartridges that require
only the addition of sample and in some cases reagents to the
cartridge. The instruments range from only one cartridge slot

for very-low-volume applications to 16 position systems for
medium-throughput applications and up to 48 positions for
high-throughput applications. The GeneXpert system is
designed to use only tests supplied by Cepheid and cannot be
used for laboratory-developed tests. The FilmArray (bio-
Mérieux) system performs highly multiplexed assays in a
sample-to-answer format using two-stage nested PCR and
array detection in a specially designed pouch that contains
all reagents on-board. It requires only addition of sample and
addition of a buffer to hydrate the reagents. Each FilmArray
instrument contains a single processing station, and the time
to result is 60 to 70 minutes. The FilmArray system cannot be
used for laboratory-developed procedures. Focus Diagnostics
(Cypress, CA) has the 3M Integrated Cycler (Focus Diag-
nostics), a sample-to-answer system that utilizes a specially
formulated reagent mix to allow for PCR amplification on
samples without full NA purification. A proprietary mix of
reagents in the master mix decreases the effect of inhibitors
in the samples. Focus has several in vitro diagnostics (IVD)
assays using this technology. The sample-to-answer format is
not currently available for laboratory-developed procedures.
Nanosphere (Northbrook, IL) also has a sample-to-answer
automation format, the Verigene system, that uses fluidics to
perform extraction, PCR amplification, and then array-based
detection of amplified products, incorporating nano-sized
gold particles and optics for enhancement of detection.

The BD MAX (BD Diagnostics) instrument is the only
system currently available that can accommodate either
IVD-cleared assays or laboratory-developed procedures in
the fully automated sample-to-answer format. It provides
sample-to-answer automation of real-time PCR assays using
flexible batch size with extraction/reagent strips and PCR
cards with two sets of 12-well positions. The time to result
for a run of 24 samples is about 2.5 hours.

Table 5 lists sample-to-answer instruments that are cur-
rently in development and likely to be available in 2015 to
2016. Luminex (Austin, TX) is developing the Aries MDx

FIGURE 2 Reaction strip from the BD MAX Instrument. (a) Current configuration: one extraction and one polymerase chain reaction
(PCR) amplification. (b) Future configuration: one extraction and two PCR amplifications.
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System that will use a strip format to combine extraction,
PCR amplification, and real-time detection of the PCR
product. It is designed to perform six sets of reactions at a
time with dual six-position reaction bays. The vendor’s plans
include development of IVD assays on the system, but it will
also support the vendor’s analyte-specific reagents and will
allow for adaption of laboratory-developed procedures on
the system. GenMark Diagnostics, Inc. (Carlsbad, CA) is
developing a sample-to-answer platform that will combine
extraction, PCR amplification, and detection, using their
eSensor technology on arrays. It will be similar to the
GeneXpert in that the system will consist of blocks of six
independent processing positions with the ability to link
up to six of the blocks to a single computer providing
throughput of up to 36 reactions. It will not accommodate
laboratory-developed procedures. ELITech (Puteaux, France)
is also developing a sample-to-answer system, the inGenius
system, that will combine extraction with real-time PCR in a

reagent strip format similar to the approach in the BDMAX.
ELITech is planning to use the platform for IVD assays along
with their analyte-specific reagents, and it is reported to be
amenable to adapting laboratory-developed procedures to
the platform.

Performance of the Automated Systems
Our laboratory has validated the bioMérieux easyMAG
system and the Sentosa SX101 with a large variety of sample
types. These include
� Whole blood, bone marrow, plasma, and serum
� Urine
� Cerebrospinal fluid and other fluids, including bronch-
oalveolar lavage, bronchial washing, vitreous, amniotic,
pleural

� Swabs in universal transport media (UTM) or Copan
ESwabs

TABLE 2 Instruments that use variations of magnetic particle capture for nucleic acid extraction

Instrument
Samples
per run

Processing
time

Sample input
volume

Elution
volume Sample typesa Vendor contact

EZ1 Advanced 1–6 20–50 min 200–400 ml 50–100 ml B, S, P, CSF, U,
T, UTM, SW

www.qiagen.com

EZ1 Advanced XL 1–14 20–50 min 200–400 ml 50–100 ml B, S, P, CSF, U,
T, UTM, SW

www.qiagen.com

QIAsymphony SP 1–96 in
batches
of 24

3.5–6 h 200–1,000 ml 50–400 ml B, P, U, UTM,
SW

www.qiagen.com

EasyMag 1–24, best in
sets of 8

45 min Up to 2 ml
depending on
sample typeb

Variable from
25 to 110 ml

B, P, S, UTM,
T, CSF, U,
BAL/BW,
ST, FL, SP

www.biomerieux.com

Maxwell 1–16 28–52 min 100–300 ml 50 ml P, S www.promega.com
KingFisher Up to 24 35–60 min 20–200 ml 100 ml P, S, SW, CSF,

UTM, ST
www.thermofisher.com

KingFisher ML Up to 15 35–60 min 50–1,000 ml 100 ml P, S, SW, CSF,
UTM, ST

www.thermofisher.com

KingFisher Flex Up to 24 or
up to 96

35–60 min 20–1,000 ml
or 200–5,000 ml

100 ml P, S, SW, CSF,
UTM, ST

www.thermofisher.com

Abnova 16 or 32 55–90 min 50–200 ml 100 ml B, P, S, UTM,
T, CSF, ST,
BAL/BW

www.biogx.com

Sentosa SX101 1–96 90–120 min 1–1,000 ml 80 ml B, P, S, UTM,
SW, CSF, SP

www.veladx.com

m2000 sp 24–96 in
batches
of 24

90–250 min 0.4–4 ml 15–190 ml B, P, S, SW,
T, CSF, ST,
BAL/BW

www.abbottmolecular.com

Magnapure 96 1–96 50–90 min 50–1,000 ml 50–100 ml B, P, S, ST, CSF,
SW, BAL/BW

www.molecular.roche.com

Ampliprep 1–48, optimal
batches of
12

1.5–2 h 50–850 ml 75 ml S, P www.molecular.roche.com

Magnapure Compact 1–8 20–45 min 100–1,000 ml 50–200 ml B, S, P, T, FL,
CSF, U, UTM

www.molecular.roche.com

QuickGene 810 1–8 6–20 min 100–200 ml 50–200 ml B, P, S, UTM,
SW, ST, T

www.autogen.com

Arrow 1–12 30–40 min 200–500 ml 50–200 ml B, P, S, UTM,
SW, ST, T

www.autogen.com

aB, whole blood; S, serum; P, plasma; U, urine; CSF, cerebral spinal fluid; T, tissue; ST, stool; SW, swab; UTM, universal or viral transport medium; BAL/BW, bronchial
alveolar lavage/bronchial washing; FL, other fluid; SP, sputum.
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We also have validated a number of sample types that
require pretreatment:
� Sputum: pretreat with Copan SL to liquefy
� Tissue: pretreat with protease K
� Stool: suspend in UTM and perform a low-speed spin to
remove larger matter

Both systems provide for automation of NA extraction,
and as noted earlier, the Sentosa SX101 provides the ability
to set up master mixes and PCR amplifications with the
purified NA. We have compared the two systems for ex-
tracting a variety of pathogens including BK virus from urine

and plasma; cytomegalovirus (CMV) from plasma, bronch-
oalveolar lavage, cerebrospinal fluid, and other samples; and
Mycobacterium tuberculosis from liquefied sputum. There was
excellent correlation of results between the two extraction
systems. For example, the performance of a Laboratory
Developed Test (LDT) for M. tuberculosis complex using
easyMAG (bioMérieux) extraction and manual PCR setup
followed by PCR on a Rotor-Gene 3000 (Qiagen) was
identical to the performance of the LDT on the Sentosa
SX101 (Vela DX) extraction and automated master mix/
PCR setup with PCR on a Rotor-Gene Q (R. H. Widen and
S. Silbert, unpublished). Similar results were obtained for
CMV. Our routine CMV PCR is performed using the easy-

TABLE 4 Systems that provide total automation with sample-in, result-out functionality

Instrument
Samples
per run

Processing
time

Random
access Sample typesa

IVD kits
only or LDTc Vendor contact

Tigris 180 (450 in 8 h) 3.5 h to first results No SW, LC, U, P IVD kits only www.hologic.com
Panther Up to 275 3.5 h to first results Yes SW, LC, U IVD kits only

currently
www.hologic.com

GeneXpert Variable
dependent
on format

< 1–2 h depending on
test

Yes CSF, UTM,
SW, LB, ST

IVD kits only www.cepheid.com

FilmArray 1 About 1 h No; 1
module per
instrument

BC, UTM,
ST, BAL/BWb

IVD kits only www.biomerieux.com

Verigene 1 (in modules) 2.5 h Yes UTM, SW, ST IVD kits only www.nanosphere.us
3M Integrated

Cycler
1–8 or up to 96

depending
on test

1–1.25 h No CSF, SW, ST IVD kits only
currently

www.focusdx.com

BD MAX 1–24 2–3 h No SW, UTM, LB,
CSF, BAL/BW,
SP, ST

IVD kits and LDTs www.bd.com

aBC, positive blood culture; BAL/BW, bronchial alveolar lavage/bronchial washing; CSF, cerebral spinal fluid; LB, Lim broth; LC, liquid cytology; P, plasma; SP,
sputum; ST, stool; SW, swab; U, urine; UTM, universal or viral transport medium.

bBAL/BW validated in house on the FilmArray for their respiratory pathogen panel.
cIVD, in vitro diagnostics; LDT, laboratory-developed test.

TABLE 3 Automated extraction systems with PCR mix setup function

Instrument
Samples
per run

Processing
time

Sample input
volume

Elution
volume

Sample
typesa

IVD kits
or LDTb Vendor contact

m2000sp 1–96 50–90 min 50–1,000 ml 50–100 ml B, P, S, ST, CSF,
SW, BAL/BW

IVD kits www.abbottmolecular.com

Qiagen
Biorobot

Up to 96 2.20–3 h Up to 200 ml 20–150 ml B, S, P, CSF, U,
T, UTM

Both www.qiagen.com

QIAsymphony 1–96 in batches
of 24

3.5–6 h 200–1,000 ml 50–400 ml B, P, U, UTM Both www.qiagen.com

Ampliprep 1–48 in batches
of 12

1.5–2 h 50–850 ml 75 ml P, S IVD kits www.molecular.roche.com

Magnapure 96 1–96 50–90 min 50–1,000 ml 50–100 ml B, P, S, ST, CSF,
SW, BAL

Both www.molecular.roche.com

Sentosa SX101 1–96 90–120 min 1–1,000 ml 80 ml B, P, S, UTM,
SW, CSF, SP

Both www.veladx.com

epMotion� Variable
depending on
exact model

60–120 min 1–1,000 ml Variable B, P, S, U LDT www.eppendorfna.com

aB, whole blood; BAL/BW, bronchial alveolar lavage/bronchial washing; CSF, cerebral spinal fluid; P, plasma; S, serum; SP, sputum; ST, stool; SW, swab; T, tissue;
U, urine; UTM, universal or viral transport medium.

bIVD, in vitro diagnostics; LDT, laboratory-developed test.
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MAG for extraction and Focus DX CMV quantitative PCR.
Similar results were obtained with an LDT for BK virus with
excellent correlation of both qualitative and quantitative
(no values were > 0.5 log different) results for BK from urine
or plasma extracted with the easyMAG or Sentosa SX101
instruments with PCR performed on the RG3000 or Rotor-
Gene Q instruments, respectively (our unpublished data).
The only situations in which discrepancies occurred were
with samples that had very low viral load (500 IU/ml or less),
and these were most likely due to sampling error since there
was no trend for one system being consistently better.

Literature References Comparing Performance
of Extraction Systems
Numerous published studies have compared many of the
automated extraction systems, often including comparison
to a manual extraction system (13, 16, 17, 21, 27, 32–49).
General observations include
� The automated systems generally demonstrated at least
equal performance in recovery of NA compared to a
manual processing method, especially the liquid phase
manual extraction methods. Many demonstrated greater
recovery and purification than obtained with manual
methods (16, 17, 27, 33–35, 42, 49).

� For most of the studies, there were minimal differences in
the ability to detect pathogens in samples. Some studies
demonstrated greater analytic sensitivity of one system
versus another, with variations dependent on specific
targets and sample types (16, 21, 32, 37).

� When differences in recovery were noted, it was often
with samples that were close to the limit of detection for
the PCR assay (13, 16, 37, 39, 48).

� For most studies the differences in analytic sensitivity or
quantitative recovery with the automated platforms were
less than 0.5 log, indicating overall good correlation of
the various systems (21, 34, 35, 38, 45).

� Studies also revealed that protocols optimized for one
sample type may not be optimal for different samples
(36).

� Many of the studies emphasized the need for individual
laboratories to include an analysis of performance of the
NA extraction method as part of the validation of the
overall assay performance.

Emerging Extraction Technology
Rogacs et al. recently published an article reviewing the
potential application of a technology called isotachophoresis

(ITP) for isolation and recovery of NAs (50). ITP does not
require special chemistries or matrices for DNA binding, and
the process does not require instruments with multiple
moving parts. As the authors noted, the process is compa-
tible with numerous lysing chemistries and sample types. ITP
takes advantage of the fact that NA has ionic electro-
phoretic mobility compared to other materials present in
crude lysates. It uses this electrophoretic mobility to pre-
concentrate, purify, and then recover NA. By setting the
parameters of the buffers and the electrical field correctly, it
is possible to selectively separate the NA. ITP has been
demonstrated to be effective in recovering human DNA and
pathogen-specific DNA and RNA from biological samples.
The authors noted that challenges remain in adapting ITP to
routine NA extraction protocols. We are not aware of any
systems that incorporate ITP in NA purification that are
commercially available at this time.

Another variation being examined for NA extraction
involves transport of the NA bound to magnetic particles
through an immiscible liquid to remove inhibitors and re-
cover NA as described by Sur et al. (51). The concept
essentially involves two wells overlaid with liquid wax. The
first well contains the sample lysate with the NA and
paramagnetic NA binding particles. The bound particles are
moved through the liquid wax and carried to the elution
well (second well) by magnets. Impurities and inhibitors are
captured in the liquid wax matrix. The authors evaluated the
method for extracting and recovering HIV-1 RNA from
plasma, HIV-1 proviral DNA in whole blood, and bacterial
(Chlamydia trachomatis and Neisseria gonorrhoeae) DNA in
urine samples. There was no statistically significant differ-
ence in recovery of any of the targets in comparison to an
alternative standard extraction protocol. The challenge
the authors discussed is determining methods to minimize
carry-over of potential inhibitors and determining tolerance
of the amplification system to the materials. They were able
to determine specific characteristics of the paramagnetic
particles that led to minimal carryover. The amount of time
to extract and recover NA is far less with their approach as
compared to methods that utilize multiple wash steps of the
particles with the bound NA. Finally, the authors note that
this approach may provide a method for developing self-
contained point of care molecular diagnostics assays due to
the simplicity of the extraction and recovery process. It is
not clear if this technology has been or is being incorporated
into commercial products at this time.

The final area with ongoing research involves the lab-on-
a-chip process in which the goal is to continually miniatur-
ize the components and use microfluidics to accomplish

TABLE 5 Fully automated sample-to-answer instruments in development

Instrument
Samples
per run Processing time

Random
access Sample typesa

IVD kits only
or LDTb Vendor contact

GenMark 1–6 in a module To be determined Yes Projected SW,
CSF, UTM, ST

IVD kits only www.genmarkdx.com

Aries 1–12 with 2
independent
6-sample bays

Approximately 2 h No Projected SW, ST,
UTM, LB

IVD kits
and LDTs

www.luminex.com

InGenius
system

1–12 < 90 min No Projected SW,
CSF, UTM, ST

IVD kits
and LDTs

www.elitechgroup.com

aCSF, cerebral spinal fluid; LB, Lim broth; ST, stool; SW, swab; U, urine; UTM, universal or viral transport medium.
bIVD, in vitro diagnostics; LDT, laboratory-developed test.
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extraction and molecular amplification (52–54). In reality
the lab-on-a-chip approach has already been implemented
to some extent with commercial systems, specifically the
Cepheid GeneXpert and the Nanosphere Verigene systems.
These systems use microfluidics to combine extraction,
recovery, amplification, and detection. The efforts to further
miniaturize the systems are ongoing. Kemp et al. (53) pre-
sented data in 2012 that demonstrated recovery of plasmid
herpes simplex virus 2 DNA could be achieved from urine
by using a chip that successfully extracted 400 ml of urine.
They utilized an adaptation of the immiscible barrier con-
cept to process the bound paramagnetic particles. The chip
did not include the PCR amplification step; however, it did
demonstrate the ability to rapidly extract and recover NA on
a microfluidic chip. Shin et al. (54) demonstrated the utility
of the microfluidic lab-on-a-chip approach to extract and
recover human genomic DNA from blood and urine. The
concept is reviewed by Price and colleagues (52).

Validation of NA Extraction Systems as Part of a
Clinical Laboratory Viral Molecular Diagnostics
Assay
As noted earlier, an important component of new assay
validation, especially for LDTs or when validating an IVD-
cleared assay with a noncleared sample type, is to demon-
strate acceptable performance characteristics of the modified
assay, including recovery of the NA from the sample in a
state amenable to use in the assay. One approach is to utilize
patient samples run in parallel with two different assays with
the same or different NA extraction protocols and document
equivalent performance. However, there may be too few
positive samples for some targets, and the other limitation is
the fact that the absolute quantity of the viral target may not
be known. An acceptable approach would be to use spiked
samples in a series of dilutions to document the ability of the
NA extraction system to recover the NA. If there is quan-
titated material present, a true limit of detection can be
defined by using the extraction protocol with any particular
sample matrix. However, even if there is not a quantitated
standard, one can still design a validation study by using
serial dilutions of the virus and comparing recovery in the
“standard” or FDA-cleared sample type with the sample type
to be validated. This will allow the laboratory to verify equal
recovery in a variety of matrices and equivalent perfor-
mance in the downstream PCR or other NAATassay. If the
recovery is not equivalent (not within one to two cycle
numbers or 0.5 log), one may attempt to modify the ex-
traction parameters (pretreat, add more sample, reduce the
elution volume) or simply report a different limit of detec-
tion with different sample types. Interestingly the in vitro
analytic performance does not always correlate with detec-
tion of infection. For example, in studies comparing the
Focus DX first generation influenza A/B and RSV assay,
which incorporated extraction on the easyMAG, with per-
formance of the Focus Simplexa Direct FluA/B/RSV, we
found that the two assays had equal ability to detect positive
versus negative samples. The ability was equal even though
the direct assay had reduced analytical sensitivity, with
three to four cycles more, indicating either reduced recovery
or possibly partial inhibition. But nonetheless all positive
samples were detected with both approaches. As a final
point, it is important to state that regulations require
laboratories to validate several performance characteristics
of modified tests, including both analytical and diagnostics
performance.
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Nucleic Acid Amplification by Polymerase Chain Reaction
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Nucleic acid detection methods have been rapidly evolving
and play an important role in viral detection and quanti-
fication. One technology which emerged in the 1990s,
polymerase chain reaction, better known as PCR, has es-
tablished itself as a primary tool for molecular biology. In
fact, this technology has been so widely adopted in the
clinical virology laboratory it has, in many cases, com-
pletely replaced culture. At its core, PCR is a straightfor-
ward chemical reaction whereby one strand of template
DNA is exponentially amplified. This chapter will give an
overview of different PCR technologies available, as well as
the strength and weaknesses of each. For a more in-depth
review of their applications in the clinical laboratory, the
reader is directed to the appropriate chapter(s) elsewhere in
this text.

CONVENTIONAL PCR
Although the detection of PCR products varies widely, the
mechanics of the reaction stay the same. First, DNA, which
is in a double-stranded state, needs to be denatured. This is
typically accomplished by heating the reaction to high
temperature such as 95°C. After denaturation, the reaction
is cooled to allow for primers to anneal. Primers are short,
typically 15 to 30 nucleotides, pieces of DNA that are com-
plementary and specific to the target of interest. There are
traditionally 2 primers in any PCR reaction, one designed
for the 5¢ end of the sequence, and the other designed for
the 3¢ end. The reaction is cooled to allow the primers to
anneal. Depending on the reaction, this temperature may be
appropriate for the subsequent extension step. For other
reactions, the temperature is changed again to allow for
the DNA polymerase to generate a copy of the DNA by
extending the primer after it has bound. After each round of
extension, the reaction is again heated to allow for the newly
synthesized double-stranded DNA fragments to separate
from one another, making both old and new strands avail-
able for additional rounds of PCR. In this manner, one
strand of DNA can turn into millions of copies of the frag-
ment of interest. The more cycles performed, the greater the
amplification. Too many cycles, however, increases the risk
of a non-specific product being amplified (Fig. 1).

Arguably the most important breakthrough in the overall
development of PCR was the discovery of a heat stable DNA

polymerase. The temperature required for the DNA poly-
merase to work depends on the polymerase itself. First used
by Kary Mullis, DNA polymerase derived from Thermus
aquaticus, or Taq for short, has become the standard for PCR
amplification (1). The use of Taq allowed for the enzyme to
be added to a reaction before the denaturation step, and
eliminated the need to add additional enzyme throughout
the process. Since the original discovery of the utilization,
dozens of other polymerases from other organisms including
Pyrococcus spp. and Thermococcus spp. as well as Thermus
spp. have been studied and commercialized for use in am-
plification reactions. Researchers as well as commercial
manufacturers have also modified the native Taq polymerase
in a number of ways to change the temperature at which the
reaction is most efficient, alter the fidelity of the enzyme,
and even influence the speed at which the polymerase is
capable of copying the DNA. The fidelity of the polymerase
determines how many errors are introduced during each
cycle of the reaction. Basic low fidelity enzymes introduce
one incorrect nucleotide at a rate of about 2 per 104 base
pairs, whereas high fidelity enzymes only introduce one in-
correct nucleotide per 106 base pairs (2). For applications
where the end point is the nonspecific intercalation of a dye,
a loss in fidelity may not be critically important. When the
endpoint involves secondary sequence specificity, such as in
probe-based detection, a low fidelity enzyme may generate
more falsely negative results. Different polymerases also have
different rates in which they can copy 1 kb of sequence. For
example, Taq polymerase has an extension rate of 1.4 to 4.8
kb per minute, depending on reaction conditions and man-
ufacturer modifications, whereas KOD1 polymerase from
Thermacoccus kodacaraensis has an extension rate of 6.0 to
7.8 kb per minute (2). With the advent of “rapid” molecular
diagnostics, the need for polymerases that have faster rates of
extension has grown. Because each of these factors (tem-
perature, fidelity, and speed) can greatly influence the per-
formance and usability of a clinical assay, many commercial
assays utilize specific proprietary enzymes for their applica-
tions.

While many of the polymerases mentioned are very useful
for amplifying DNA, many clinically relevant viruses are
RNA viruses. Therefore, in order to detect these viruses or
any other RNA template using PCR, a DNA copy must be
made first. This is achieved by utilizing a reverse transcriptase
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enzyme. Commonly used reverse transcriptases come from
the Moloney murine leukemia virus (M-MuLV or MMLV),
avianmyeloblastosis virus (AMV), or the commerciallyman-
ufactured Superscript family of enzymes from Life Technol-
ogies (Carlsbad, CA) (3, 4). Reverse-transcriptase PCR can
be done in either a one- or two-step approach. The two-step
approach is not commonly used in the clinical laboratory
and requires manipulation of the sample and addition of new
primers and reagents after the reverse transcriptase step. The
one-step approach, however, is commonly used in the di-
agnostic virology laboratory for everything from arboviruses
to zoonotic influenzas (5, 6), and combines both reverse
transcription and DNA amplification/detection in the same
reaction. Newer two-step approaches combine a “tradition-
al” one-step with a second nested assay or sequencing ap-
plication. One example of this is sequencing protease and
polymerase regions of hepatitis C to determine genotype 1
subtypes (7).

One of the key steps in developing any assay that utilizes
PCR is to design appropriate primer pairs. An important
consideration in primer design is for the two primers to
contain a similar percentage of G/C nucleotides so that they
will anneal at a similar rate at a given temperature. This
annealing temperature will vary from primer set to primer
set, but typically is in the range of 55 to 65°C. Too high of an
annealing temperature will decrease the sensitivity of the
reaction, whereas too low of an annealing temperature will
decrease the specificity of the reaction. This latter feature is
used when designing reactions to look for novel or non-
identical targets. Additionally, nonspecific nucleotide ana-
logs can be incorporated into primers to allow for lower
stringency reactions, so-called degenerate PCR. This appli-
cation is especially suitable when querying for something
that may have a conserved amino acid sequence but differ at
the nucleotide level.

Optimization of PCR conditions is important for the
development of a robust assay. Indications of poor optimi-
zation are a lack of reproducibility between replicates as well
as inefficient and insensitive assays. There are three main
approaches for optimization, either changing primer/probe
concentrations or reaction mixtures, and/or trying different
annealing temperatures. The most common aspect of a re-

action mixture that is changed to optimize a PCR reaction is
the amount of magnesium added to the reaction. Magnesium
serves as an important cofactor for Taq and other polymer-
ases and the amount of Mg2+ in the reaction influences the
fidelity of the reaction (8). Gradient PCR, as its name in-
dicates, enables testing a range of temperatures simulta-
neously in a single experiment. It is often used to determine
the optimal annealing temperature for a given reaction. To
find the optimal annealing temperature of the reaction, a
range of temperatures both above and below the calculated
Tm of the primers/probes are tested. The PCR master mix
stays the same, with each sample having the same concen-
tration of all the ingredients (enzyme, template, primers,
etc.). Therefore, the only value that changes is the anneal-
ing temperature for each sample. The optimal annealing
temperature is the one that results in the largest signal am-
plitude difference, measured via the intensity of the product
bands upon gel electrophoresis, between the positives and
the negatives and that also avoids nonspecific amplification.

Though it was the technology that started the move from
culture to molecular methods for the detection of viruses,
conventional single-plex endpoint PCR has been widely
replaced with multiplex PCR, often using real-time detec-
tion. This endpoint method is particularly useful if one is
simply looking for the presence or absence of a particular
gene/mutation in a sample. Conventional PCR also provides
the template for gene sequencing, a method used to detect
resistance in cytomegalovirus or human immunodeficiency
virus for example (9–11). In fact, a conventional PCR still
serves as the first step for many emerging technologies
(discussed below).

In terms of assay design, instrumentation, and detection,
conventional single-plex PCR has several advantages over
other amplification methods. Because only one target is
being queried in any single reaction, sacrifices to optimize
large sets of primers and probes do not need to be made.
Thermocyclers used for basic single-plex reactions cost sig-
nificantly less than cyclers used for other applications, such
as real-time PCR (discussed later). Finally, detection meth-
ods provide straightforward positive or negative results, using
electrophoresis equipment common to any molecular bi-
ology laboratory.

Although PCR is quite versatile, it is not necessarily the
best method of nucleic acid amplification for all situations.
Alternative methods of amplification such as transcription
mediated amplification (TMA) or isothermal amplification
are discussed elsewhere. Isothermal amplification has par-
ticular advantages over PCR in that it can potentially typ-
ically be done using less sophisticated equipment because no
temperature cycling is needed, making the technology more
amenable for products for resource limited settings. Ad-
ditionally, detection of conventional PCR products may
require an additional step, sometimes using carcinogens such
as ethidium bromide to visualize the results of the reaction in
an agarose gel.

NESTED PCR
Nested PCRs are secondary PCRs that utilize the diluted
product of an initial reaction as the template for a second
PCR (Fig. 2). By nesting the second PCR within the product
of the first PCR, the specificity of the reaction is increased
because the second PCR should only work if the specific
product is available from the first reaction.

One commonly used commercial product that heavily
uses nested PCR is the FilmArray (BioFire Diagnostics, Salt

FIGURE 1 Conventional PCR. Start at top, the dsDNA strands
are heated causing them to denature. As the solution cools, the two
primers anneal to opposite strands of the target DNA (right). The
DNA polymerase then extends the primers creating new DNA
strands complementary to the target sequence (bottom). The old
and new strands serve as templates for further DNA synthesis during
the next cycle. dNTPs, deoxynucleoside triphosphates.
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Lake City, UT). These multiplex panels contain between 20
and 27 targets and provide sample-to-answer analysis. The
nested reactions are the key in providing adequate specificity
while performing such a large number of reactions simulta-
neously. Nested PCRs can also be used to distinguish be-
tween closely related viruses after amplification of a common
region. This approach has been utilized to distinguish BK
from JC polyomavirus in the urine samples of transplant
recipients (12). This approach is also utilized for the diag-
nosis of dengue virus infections (13). Nested PCRs are also
useful in diagnosing rare/difficult manifestations of infectious
diseases. For example, the diagnosis of occult hepatitis B
infection is quite difficult and oftentimes controversial using
traditional markers of hepatitis B infection (serum viral load,
HBsAg, antibody profile). The gold standard molecular
method for diagnosis of occult hepatitis B is nested PCR on
both a liver biopsy and blood sample (14).

One of the biggest advantages of nested PCR is that it
greatly improves the specificity of the reaction. Similar to
probe based techniques, a successful second round of am-
plification requires that the initial product contained the
appropriate target sequence. Another benefit of nested PCRs
is the variety of detection methods available. The detection
of nested PCR products can be achieved via a number of ways
including gel electrophoresis, incorporation of intercalating
dyes, probe hybridization, and melting curve analysis.

The design of a nested PCR reaction is only as good as the
primers it utilizes and the database of strains that generate
those primers. Nested PCRs are especially prone to sequence
variation, as there are two different sets of primers that may
be affected. Recent examples include genetic variation of
dengue virus leading to decreased sensitivity (13). Another
potential downside of nested PCRs is that they often require
a dilution step between the first and second PCRs. This may
require the handling of amplified material in the laboratory,
which can lead to contamination in the laboratory. Some
applications, such as the FilmArray, mitigate this risk by
performing the dilution within the assay itself, meaning no
amplified material is handled.

REAL-TIME DETECTION OF NUCLEIC
ACIDS BY PCR
Real-time PCR is a variation of the conventional PCR
technique where nucleic acid amplification is measured as it

occurs, rather than collecting results after the reaction is
complete. In real-time PCR, the amount of DNA is mea-
sured after each cycle, commonly via fluorescent dyes. The
increase in fluorescent signal over the course of the reaction
is directly proportional to the number of PCR amplicons
generated. Data collected in the exponential phase of the
reaction gives quantitative information on the starting
amount of amplification target. The fluorescent signal is
plotted against cycle number to generate an amplification
plot that represents the accumulation of product over time.
If a particular sequence is abundant in the sample, amplifi-
cation is observed in earlier cycles; if the sequence is scarce,
amplification is observed in later cycles.

Many real-time fluorescent PCR chemistries exist, but
the most widely used are 5’ nuclease based assays such as
TaqMan reporter oligonucleotides, and melting curve anal-
ysis utilizing SYBR green dye. In 1995, SYBR green was
introduced as being safer and more sensitive than ethidium
bromide for staining agarose gels (15). SYBR green is a
fluorescent dye that binds to the minor groove of dsDNA.
Unbound SYBR green barely fluoresces in solution, but the
conformation changes brought about by DNA binding lead
to a 100-fold increase in fluorescence intensity. When the
reaction is heated after each cycle, the change in fluores-
cence of the intercalating dye is monitored. It is a simple and
inexpensive approach to real-time amplification and detec-
tion. Although few commercial technologies utilize SYBR
green, it remains a fixture of many laboratory developed
tests, including those for commonly encountered viruses
such as human coronavirus and West Nile virus (16, 17).

One of the main disadvantages of using an intercalating
dye is that SYBR green will bind to any dsDNA in the
reaction, including primer-dimers and other nonspecific re-
action products. Therefore, when utilizing SYBR green for
PCR, the procedure must be carefully optimized to prevent
mispriming and primer dimer formation. Additionally, the
use of intercalating dyes in a real-time application limits the
ability to multiplex as the product which is being amplified
may not be discernable. Multiplexing can only be achieved
by dye-based methods if the products have different char-
acteristics such as size or a melting point that can be inde-
pendently resolved, since the dye itself intercalates non-
specifically.

Another widely used technology is based on TaqMan
reporter oligonucleotides. Detection by this method employs

FIGURE 2 Nested PCR. The first primer set is used to amplify the target DNA. The product of this first PCR is diluted and serves as the
template for a second PCR reaction. The primers of the second reaction are “nested”more centrally than those of the first reaction. If the first
reaction amplified the specific target of interest, the second set of primers anneal and generate a new product (A). If the first reaction
generated a nonspecific amplicon, the second set of primers will not anneal and no product will be formed (B).
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two primers and an internal reporter oligonucleotide known
as a probe. The probe has a fluorescent reporter molecule
coupled to the 5¢ end and a quencher molecule at the 3¢ end
(18). When the probe is intact, the proximity of the
quencher molecule suppresses the fluorescence of the re-
porter molecule (19). This phenomenon is referred to as
fluorescence resonance energy transfer (FRET), where the

fluorescence of the fluorophore is quenched by energy
transfer when in close proximity to a quencher (20). If
complementary sequence is present in the sample, the probe
will anneal to the single stranded DNA (Fig. 3). During
PCR, the reporter probe is displaced and digested using the
exonuclease activity of the Taq polymerase, separating the
reporter and quencher molecules. This causes an increase in
fluorescence (21) and allows extension to continue normally
(Figure 3). Additional probes are cleaved with each thermal
cycle, causing a cumulative increase in fluorescence inten-
sity.

There are other real-time FRET systems available such as
molecular beacons and Scorpion molecules (22–24). Mole-
cular beacons are hairpin-shaped oligonucleotides that
fluoresce upon hybridization to a target sequence. The loop
sequence is the probe, and the stem is formed by annealing of
complementary arm sequences located on either side of the
probe sequence. A fluorophore is linked to the end of one
arm and a quencher to the end of the other arm. In the
absence of target, the stem keeps the fluorophore and
quencher in close proximity causing quenching by energy
transfer. However, when they hybridize to a target strand
they undergo a conformational change that enables fluo-
rescence to be detected (Fig. 4A). Molecular beacons have
been used to detect both RNA and DNA viruses such as
respiratory pathogens, West Nile virus, and hepatitis B (23).

Scorpion molecules are similar to molecular beacons in
that they are also stem loop structures with a fluorophore
on one end and a quencher on the other end of the stem
loop. The difference is that they are bi-functional molecules
that carry both probe and priming functions on the same

FIGURE 3 TaqMan probes. As the upstream primer is extended,
the DNA polymerase (black oval) reaches the probe, which is
displaced and digested by the 5¢ to 3¢ nuclease activity of the
polymerase. Once the reporter and quencher molecules are sepa-
rated an increase in fluorescence is observed from the reporter
molecule.
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FIGURE 4 Molecular beacon and Scorpion molecules. Molecular beacons are stem cell loop structures where the ends are self-
complementary and the center portion is complementary to the target sequence. In the presence of a target sequence, the reporter and quencher
molecules are separated and fluorescence is detected (A). Scorpionmolecules are also stem-cell loop structures but have a primer added to their 5¢
end. After initial extension of the target sequence, the loop unfolds and the loop-region of the probe hybridizes to the newly synthesized target
sequence. Since the reporter is no longer in close proximity to the quencher, fluorescence emission takes place (B).
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oligonucleotide construct. The primer element is attached to
the 5¢ end (Fig. 4B). For more information see (25).

The most common applications of real-time PCR are
pathogen detection and viral quantitation in clinical
specimens. One of the main advantages of real-time PCR is
the ease in which a quantitative answer can be obtained.
By generating a standard curve and using cycle threshold
values, the quantity of an unknown target can be deter-
mined. Another major advantage of real-time PCR over
conventional PCR is an increased dynamic (linear) de-
tection range. It is not unusual for viral quantitative assays
to detect from tens to hundreds of copies/ml up to 109
copies/ml. Quantitative real-time PCR (qPCR) is used in a
myriad of viral infections to not only aid in determining
patient prognosis, but for monitoring therapeutic response
in HIV positive patients receiving antiretroviral therapy,
for example. They are also widely used in transplant re-
cipients for determining CMV, EBV, BKV, and HHV-6 viral
loads over time. For an in-depth discussion of quantitative
PCR, please see chapter 13.

Real-time PCR is not only used quantitatively. Many
real-time-PCR assays are performed for qualitative results
since they require less sample manipulation in comparison to
conventional PCR and allow for faster turnaround times
having no post-amplification processing. Less sample and
amplicon manipulation also leads to less contamination and
laboratory errors. Probe based real-time PCR also offers in-
creased specificity over conventional end-point PCR, as a
product must not only be generated but the probe must be
able to anneal to the amplicon in order for a signal to be
detected. These are some of the reasons why real-time based
PCR is the staple of many commercial and laboratory de-
veloped methods.

There are many different types and models of real-time
PCR instruments available but each must have an excitation
source, which excites the fluorescent dye(s), a detector to
detect the fluorescent emission(s), and a thermal cycler to
control the temperature at each step of the reaction. More
advanced models allow for additional manipulations such as
melting point determination or gradient cycling. The type of
instrument needed for any one particular assay can vary by
laboratory based on other needs. While there exist a mul-
titude of commercial kits available for use with traditional
real-time instruments, a number of manufacturers have
started to develop assays for use with specialty instruments
that frequently do all of the necessary processing steps, in
addition to the real-time amplification and detection. Ex-
amples of these platforms include the Cepheid GeneXpert
(Cepheid, Sunnyvale, CA) and Focus Simplexa Direct
(Focus Diagnostics, Cypress, CA). These types of platforms
allow for the decentralization of molecular testing. Offering
speed and ease of use, these assays still perform comparably
to traditional molecular assays (26, 27). This approach will
likely continue to expand the footprint and accessibility of
molecular testing in laboratory medicine. In addition to
commercially available assays, numerous commercial com-
panies have developed real-time PCR analyte specific re-
agents (ASRs) for many commonly encountered viral
pathogens. This reduces the development time necessary for
new assays while allowing laboratories to continue to use the
equipment for molecular diagnostics that they already have.
The performance characteristics of ASRs tend to vary com-
pared to tests using laboratory developed protocols (28, 29).
It is therefore important that each ASR is carefully evaluated
by the clinical virology laboratory before put into use.

Multiplex PCR
Probe based real-time PCR also allows for assay multiplexing
in which there is amplification and specific detection of two
or more nucleic acid target sequences in the same reaction.
The most common type of multiplex is a duplex, but higher-
order multiplexes are also run. A common application of
multiplex pathogen detection is PCR assays for herpes sim-
plex viruses that can differentiate between HSV-1 and HSV-
2 in the same reaction. Typically, in multiplex reactions
separate primers and probes are used for each reaction. The
use of differentially labelled probes is what allows for de-
tection of multiple targets in the same reaction.

Benefits to multiplexing include increased throughput,
since more samples and targets can be assayed per reaction,
reduced sample usage, and reduced reagent usage. It also
allows for the use of an internal control within the reaction
to check for inhibition or other problems with the reaction.
This is a key feature of many commercial assays and provides
added assurance that negative results are not the result of
technical error or artifact. The choice of quencher for each
probe in a multiplexed assay becomes more important as the
number of probes being multiplexed increases. There are
both fluorescent quenchers such as TAMRA, and dark
quenchers such as BHQ or QSY. Fluorescent quenchers work
by releasing the energy of the fluorophore at a different
wavelength while dark quenchers release energy in the form
of heat rather than fluorescence, keeping the overall fluo-
rescent background lower. They are also useful to increase
the number of targets in a reaction, since a quencher is not
occupying a usable channel.

Although multiplexing has a number of benefits, draw-
backs exist as well. They are more difficult assays to design as
only a single set of cycling parameters is used. This may
require selecting a different primer target to make sure all
primer/probe combinations have similar melting and an-
nealing profiles. If this is not done properly, false-positive
results occur due to less specific binding or false-negative
results occur due to inappropriate annealing temperatures.
The greater the number of targets multiplexed, the more
difficult this process becomes. As mentioned previously, the
ability to multiplex is also limited by the detection method.
Conventional multiplex detection requires amplicons of
different sizes or G/C content. Real-time detection is limited
by the ability to separate fluorescent signals. Target probe or
microarray based detection methods require additional steps
and cannot be performed in real-time.

There are numerous examples of commercial multiplex
assays in both plate based and so called “sample-to-answer”
formats. Plate based multiplex assays are more useful for
batching large numbers of specimens while sample-to-answer
formats allow for testing outside of the molecular laboratory.
Additionally, the development of alternatives to real-time
detection has allowed for the development of large, massively
multiplexed panels that test ten or more different targets si-
multaneously. This approach, sometimes termed “syndromic
testing” has been particularly impactful in the virology labo-
ratory as it pertains to respiratory virus testing. Examples
of commonly used assays are the Luminex RVP (Luminex,
Austin, TX), the BioFire FilmArray Respiratory Panel (bio-
Merieux, Durham, NC), the Genmark eSensor RVP (Gen-
mark Diagnostics, Carlsbad, CA), and the Nanosphere RP
Flex (Nanosphere,Northbrook, IL). These panels allow not
only for the detection of influenza and respiratory syncytial
virus, but also parainfluenza, rhinovirus, enterovirus, corona-
virus, adenovirus, and human metapneumovirus using the
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same assay. These assays show high, but not equivalent, sen-
sitivity/specificity compared to single-plex molecular assays
(30–32). One concern for the use of these panels is whether or
not a full panel is needed for every patient, especially as these
tests can be significantly more expensive for both the patient
and the laboratory than targeted assays (33).

EMERGING TECHNIQUES
PCR-ESI/MALDI
A number of technologies are being developed to couple
PCR with sophisticated detection methods to increase the
utility of the technology. One such application is that of
PCR followed by mass spectrometry. Two methods of mass
spectrometry have been used to analyze PCR products,
electrospray ionization (ESI) and matrix assisted laser/deso-
rption ionization time of flight (MALDI-TOF). The major
advantage of these methods is their ability to provide addi-
tional information about the PCR product. In the case of

PCR-ESI, the mass of the product is specific such that the
base composition can be determined. For PCR-MALDI,
weighted nucleotides are used to determine the sequence of a
product. Although these detection methods are quite so-
phisticated, both utilize conventional PCR as a starting
point. In PCR-ESI, the PCR product is nebulized via solvent
evaporation in the presence of an electric field. This gen-
erates ions of single stranded DNA molecules. The mass of
these molecules is directly proportional to the nucleotide
composition. By analyzing multiple primer sets, the identity
of the pathogen can be deduced. This approach has been
used for respiratory infections, demonstrating the ability to
detect commonly encountered pathogens such influenza or
RSV, but also emerging pathogens such as SARS corona-
virus (30, 31). In PCR-MALDI, products are mixed with an
organic matrix and then excited with laser energy. This
excitation results in the formation of ions, which then mi-
grate through a drift field according to their size and charge.
The incorporation of nonextendable weighted nucleotides
and resulting mass shifts allows for the identification of the

FIGURE 5 Digital PCR. A sample of nucleic acid containing the target sequence (red) is partitioned into many individual cells. The
partitions containing the target sequence are amplified causing signal to accumulate. The fraction of positive partitions is determined and the
target concentration estimated.

TABLE 1 Comparison of different PCR techniques

Conventional PCR Real-time PCR Digital PCR

Overview Detects PCR product at the
end of the reaction

Detects PCR amplification
in real-time

Measures fraction of negative droplets
to calculate absolute copies

Quantitative Not routinely Can be if standard curve is used Yes, utilizes a Poisson statistical algorithm
Applications Qualitative pathogen detection

Amplification of DNA for
sequencing

Amplification of DNA for mass
spectrometry analysis

Qualitative pathogen detection
Quantification of viral load

Absolute quantification of viral load
without standards

Strengths Simple design
Lower cost compared to other

molecular methods
Ability to be used in multiple

different downstream
applications

Increased dynamic range
No post-amplification processing
Fluorescence based discrimination
of products

Ability to be used in multiple
different downstream
applications

Does not rely on references
or standards

Increased precision
Higher tolerance to inhibitors
Detects small fold-change differences

Weaknesses Post-amplification processing
needed

Poor precision
Low resolution
Narrow dynamic range

Depends on standard curve
for analysis

Limited number of targets in
any one reaction

Limited sensitivity
Low throughput
High cost
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nucleotide sequence. Most clinically available solutions
harness the power of these technologies by using them as a
way to offer a limited bias approach to diagnostics using large
numbers of broad range primers either to detect large groups
of pathogens (e.g., bacteria) or heavily query a specific one
(e.g., influenza). Studies have demonstrated the ability of
PCR-ESI to rapidly identify and differentiate influenza
strains into clades and subtypes. This analysis can be per-
formed directly from patient sample with highly accurate
results, further reducing the need to maintain culture for
epidemiologic purposes (32). PCR-MALDI has been suc-
cessfully used to differentiate closely related viruses such as
enteroviruses using a limited number of PCR reactions (33).
Similarly, PCR-MALDI has also been used to detect and
characterize hepatitis B virus mutations that arise during
antiviral therapy (34). With the development of new direct
acting antiviral agents for common viral infections such as
hepatitis C, the need for these types of assays may increase in
the future. The biggest challenge to widespread adoption of
these techniques, however, will remain their ability to pro-
vide a cost-benefit ratio that exceeds that of other emerging
technologies such as next generation sequencing.

Digital PCR (dPCR)
Digital PCR was originally described in 1992 (35) as an
alternative method to nucleic acid detection and quantifi-
cation that uses molecular counting. In a typical digital PCR
experiment, a sample of nucleic acid is randomly partitioned
into many individual parallel reactions. Some of these par-
titions will contain one or more template copies while others
will have none. During amplification, TaqMan chemistry is
utilized to detect sequence specific targets as in real-time
PCR. If no target is present then no signal will accumulate
(Fig. 5). The partitions are PCR amplified simultaneously
and read using a droplet reader to determine the fraction of
positive partitions. The target concentration is estimated by
modeling as a Poisson distribution:

Copies per droplet = - ln(1 - p);
p = fraction of positive droplets

where the numbers of positive and negative droplets are used
to calculate the concentration of the target sequence and
their Poisson-based 95% confidence intervals.

An advantage of digital PCR over real-time PCR is that
the fraction of negative reactions is used to generate an
absolute count of the number of target molecules in the
sample without the need for references or standards. For
more information about dPCR see chapter 13.

CONCLUSIONS
The impact of PCR on the clinical virology field has been
immense. It has become a key player not only for the diag-
nosis of viral diseases, but also on detecting drug resistance,
aiding in management of patients on antiviral therapies,
and monitoring of immunocompromised individuals such as
transplant recipients. Rapid time-to-result of PCR has also
improved patient management, ultimately reducing length
of hospital stay. In addition, PCR provides rapid diagnosis
with improved sensitivity when dealing with viruses that
otherwise would be dangerous to amplify in culture such as
Ebola, and has been used to help contain the deadly epi-
demics that have occurred.

PCR has a great amount of flexibility in the different
types of assays available (Table 1). Each application comes

with its own strengths and weaknesses, but together allow for
a robust method of detecting and investigating pathogens.
Looking forward, advances in PCR chemistry will allow for
the continued improvement of diagnostic assays not only in
accuracy, but also in speed and efficiency. This will allow
for the continued development of sample-to-answer PCR
tests for the clinical laboratory, which will help foster
broader use of these tests. Furthermore, the coupling of
PCR techniques to new detection methods will allow re-
duction in bias and contribute to the discovery of novel
viruses that affect humans.
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12
In clinical virology, molecular diagnostics based on the di-
rect detection of specific genetic material in a specimen
through nucleic acid testing (NAT) has largely replaced
antigen testing by immunoassays and has become the leading
technology. Molecular test systems are more specific and
sensitive. They are able to detect the presence of a pathogen
earlier than an antigen immunoassay and are thus mainly
used for diagnosing and screening patients for numerous viral
diseases today.

Among NAT techniques, the polymerase chain reaction
(PCR) is the most widely used tool for qualitative and
quantitative detection of viral nucleic acids present in
clinical specimens. Today, in the clinical virology laboratory,
molecular test systems based on real-time polymerase chain
reaction (qPCR) have largely replaced those based on end-
point PCR. Numerous qPCR and reverse transcription
(RT)-qPCR assays have been developed to allow the iden-
tification of DNA and RNA viruses. For all PCR-based as-
says, nucleic acid amplification through a thermal cycling
program with specific temperatures is common. In contrast,
isothermal nucleic acid amplification assays require only a
single optimized reaction temperature. A large number of
techniques based on isothermal nucleic acid amplification
have been developed; however, just a few are used in the
clinical virology laboratory. This chapter highlights those
techniques that have been shown to be useful for molecular
diagnostics in the clinical virology laboratory.

TRANSCRIPTION-BASED AMPLIFICATION
METHODS: NUCLEIC ACID SEQUENCE-
BASED AMPLIFICATION (NASBA) AND
TRANSCRIPTION MEDIATED
AMPLIFICATION (TMA)
Technique:

Nucleic acid sequence-based amplification (NASBA) and
transcription mediated amplification (TMA) are isothermal
RNA amplification methods that mimic retroviral replica-
tion (1–3). Both methods use a combination of multiple
enzymes: NASBA employs three enzymes (avian myelo-
blastosis virus reverse transcriptase/DNA polymerase, T7
RNA polymerase, and a separate RNase H), whereas TMA
makes use of the intrinsic RNaseH activity of the reverse
transcriptase. The polymerization process generates RNA
amplification products; these have the theoretical advantage

of reducing the possibility of carry-over contamination since
RNA is less stable than DNA. The methods use a primer
that contains target-specific as well as T7 RNA polymerase
promoter sequences. Following hybridization of this primer
to the target RNA, reverse transcriptase generates a cDNA
copy of the target RNA, the resulting RNA:DNA duplex
is degraded by RNaseH activity and a second primer binds
to the cDNA. A new strand of DNA is synthesized from
the end of this primer by reverse transcriptase, generating
a double-stranded DNA molecule with a T7 RNA poly-
merase promoter at the beginning. The T7 RNA polymerase
recognizes the promoter sequence and initiates transcrip-
tion. Each of the newly synthesized RNA amplification
products re-enters the amplification process and serves as
a template for a new round of replication leading to an
exponential expansion of the RNA amplification products.
A target-specific probe using a real-time format detects the
amplification products generated in these reactions. In
contrast to RT-PCR, amplification by NASBA and TMA
works at isothermal conditions, usually at a constant tem-
perature of 41°C.

Application of NASBA in the Clinical Virology
Laboratory
Assays for the clinical virology laboratory based on the
NASBA technology have been developed by bioMerieux
(Marcy l’Etoile, France). Currently, the NucliSENS EasyQ
HIV-1 v2.0 and HPV kits are commercially available
(Table 1). Furthermore, bioMerieux provides the Nucli-
SENS EasyQ basic kit, allowing for establishment of labo-
ratory developed assays based on the NASBA technology.
Following either manual nucleic acid extraction with the
NucliSENS miniMAG kit or automated nucleic acid ex-
traction on the NucliSENS easyMAG platform, NASBA is
performed on the NucliSENS EasyQ platform.

The NucliSENS easyQ HIV-1 v2.0 kit has been de-
signed for detection and quantitation of human immuno-
deficiency virus type 1 (HIV-1) RNA in plasma, or dried
blood spot specimens. This assay has been in vitro diagnostics
(IVD)/Conformite Europeene (CE)-marked. bioMerieux was
the first manufacturer to offer CE/IVD marking for extrac-
tion and quantitation of HIV-1 RNA in dried blood spot
specimens with the NucliSENS easyMAG and NucliSENS
EasyQ platforms. The NucliSENS EasyQ HIV-1 v2.0 kit
targets the HIV-1 p24 gag gene. Quantitation is achieved
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through an individual, internal calibrator that is already
added at the sample lysis step (and serves as internal control
in parallel). The calibrator is extracted simultaneously and
co-amplified on the NucliSENS EasyQ platform. According
to the manufacturer, the linear range of the NucliSENS
easyQ� HIV-1 v2.0 kit is 2.5 · 101 to 1.0 · 107 copies/ml
when a plasma input volume of 1 ml is used. When a total
volume of 100 mL of a re-suspended dried blood spot (whole
blood) is used, the lower limit of quantitation is 800 copies/
ml. The turnaround time from sample to result is less than
3 hours per run, with less than 1 hour hands-on time. The
clinical performance of the NucliSENS easyQ HIV-1 v2.0
kit has been investigated in several studies. While plasma
HIV-1 subtype B concentrations were found to be compa-
rable to alternative assays including the m2000rt RealTime
HIV-1 (Abbott Laboratories, Abbott Park, IL) and the
COBAS AmpliPrep/COBAS TaqMan HIV-1 Test v2.0
(Roche Molecular Diagnostics, Pleasanton, CA), discrepant
results were obtained when samples containing HIV-1 non B
subtypes and those containing circulating recombinant
forms were tested (4–8). For quantitation of HIV-1 RNA in
dried blood spot specimens, the NucliSENS easyQ HIV-1
v2.0 kit has been shown to be useful providing reliable re-
sults (9, 10). Recently, a superior specificity of this assay was
shown with this kind of specimens when compared to the
Roche COBAS AmpliPrep/COBAS TaqMan HIV-1 Test
v2.0 (11).

The IVD/CE-labeled NucliSENS easyQ HPV kit has
been designed to detect the expression of human papillo-
mavirus (HPV) oncogenic factors E6 and E7 from the five
most prevalent HPV genotypes in cervical cancer. For minor
cervical cytology, this mRNA-based assay was found to pro-
vide a higher specificity but lower sensitivity when compared
to DNA-based assays and was proposed to serve as a triage
test (12–14). For anal dysplasia in HIV-positive men who
have sex withmen, theNucliSENS easyQHPV kit was found
to have an increased specificity and positive predicted value
but similar or lower sensitivity when compared to DNA-
based assays (15, 16).

Furthermore, the NASBA technique has been used
for laboratory developed test systems for detection of viruses
including human bocavirus, SARS coronavirus, entero-
viruses, and rhinoviruses (17–20).

Application of TMA in the Clinical Virology
Laboratory
Assays for the clinical virology laboratory based on the TMA
technology have originally been developed by Gen-Probe.
In 2012, Hologic (Bedford, MA) announced its successful
acquisition of Gen-Probe, the latter being a wholly-owned
subsidiary of Hologic since then (Table 1).

In order to increase safety on donated blood, the TMA-
based Procleix assays have been developed. The Procleix
assay procedure consists of three main steps—target capture,
amplification, and detection—and is performed either on
the Panther or Tigris systems. Both CE-marked platforms are
fully-automated, no pretreatment or manual sample handl-
ing is required. Capture probes hybridize simultaneously
with the internal control and viral nucleic acids and bind
them to magnetic particles. After amplification, the dual
kinetic assay technology allows for the simultaneous detec-
tion of both IC-encoded and viral-encoded RNA. The
classic Procleix Ultrio assay has been designed to simulta-
neously detect hepatitis B virus (HBV) DNA, hepatitis C
virus (HCV) RNA, and HIV-1 RNA in donated blood and
has been available worldwide since 2006. Following IVD/
CE-labeling, the assay was FDA-approved for use on the
Tigris system in 2007. The Procleix Ultrio Plus assay has
been designed to enhance the Ultrio assay by improving the
sensitivity for HBV and can be used for plasma and serum
specimens. It was CE-marked in 2009 and approved by the
FDA in 2012. When the Procleix Ultrio assay was compared
with the Procleix Ultrio Plus assay using dilution panels of
WHO international standards, both assays showed an equal
analytical sensitivity for the detection of the WHO HCV
subtype 1 and the WHO HIV-1 subtype B standards; how-
ever, the Procleix Ultrio Plus assay was found to have a 3-
fold higher analytical sensitivity to detect HBV DNA than
the Procleix Ultrio assay (21). Those results were confirmed
in other studies showing that the Procleix Ultrio Plus assay
was found to have a significantly higher clinical sensitivity
to detect HBV DNAwhen compared to the Procleix Ultrio
assay while HCV and HIV-1 RNA detection were not
compromised (22, 23). More recently, further assays have
been brought to the market: The Procleix Ultrio Elite assay
(for detection of HBV DNA, HCV RNA, HIV-1 RNA, and

TABLE 1 Isothermal nucleic acid amplification methods: Manufacturers and commercially available kits for detection and/or
quantitation of viral DNA or RNA (updated August 2015)

Method Manufacturer Kits commercially available

NASBA bioMerieux (Marcy
l’Etoile, France)

NucliSENS easyQ HIV-1 v2.0; NucliSENS easyQ HPV

TMA Hologic (Bedford, MA) Procleix Ultrio; Procleix Ultrio Plus; Procleix Ultrio Elite;
Procleix HEV; Procleix Parvo/HAV; Procleix WNV;
Aptima HIV-1 Quant Dx; Aptima HPV

SDA BD (Franklin Lakes, NJ) BD ProbeTec Herpes Simplex Viruses (HSV 1 & 2)
Qx Amplified DNA Assays

LAMP / Q-LAMP DiaSorin (Saluggia, Italy)
Meridian Bioscience

(Cincinnati, OH)

Iam BKV; Iam HSV1&2; Iam VZV; Iam CMV; Iam Toxo;
Iam Parvo

illumigene� HSV 1&2
NEAR Alere (Waltham, MA) Alere I Influenza A & B
RPA None None

NASBA, nucleic acid sequence-based amplification; TMA, transcription mediated amplification; SDA, strand displacement amplification; LAMP, loop-mediated
isothermal amplification; Q-LAMP, quantitative loop-mediated isothermal amplification; NEAR, nicking endonuclease amplification reaction; RPA, recombinase
polymerase amplification.
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HIV-2 RNA), the Procleix HEV assay (for detection of
hepatitis E virus RNA), the Procleix Parvo/HAV assay (for
detection of parvovirus B19 DNA and hepatitis A virus
RNA), and the Procleix WNV assay (for detection of West
Nile virus RNA), all of these assays being CE-marked with
the Procleix WNV assay additionally being FDA-approved.
In a recent study, it was shown that the change in the oligo-
nucleotide design of the Procleix Ultrio Elite assay in order
to enable HIV-2 RNA detection has not affected the ana-
lytical sensitivity for the other viruses regardless of the ge-
notype (24). The Procleix HEV assay has recently been
shown to provide evidence of HEV RNA presence in Cata-
lan blood donors (25). Finally, the Procleix WNV assay was
reported to perform well when used for detection of both
West Nile virus lineages in an Italian external quality as-
sessment program (26). Very recently, the Aptima HIV-1
Quant Dx assay, based on real-time TMA, providing quan-
titative results, has been introduced. This assay has been
IVD/CE-labeled while currently not approved for use in the
USA. It is designed for performance on the Panther system.
The Aptima HIV-1 Quant Dx assay is useful for both diag-
nosis of HIV-1 infection and antiretroviral treatment mon-
itoring. Corresponding assays for detection and quantitation
of HBV and HCV will be available shortly.

Similar to the NASBA-based HPV kit (see above), the
TMA-based Aptima HPV assay targeting high-risk HPV
mRNA from the E6/E7 oncogenes has been brought on the
market. Additionally, the Aptima HPV 16 18/45 Genotype
assay which detects HPV 16 and a pool of HPV 18 and 45 is
commercially available. Both assays have been IVD/CE-
labeled and FDA-approved. In recent studies, the Aptima
HPV assay performed similar to (DNA-based) competitor
assays and no cross-contamination was detected with this
assay in a challenge experiment (27–29). Furthermore, it
was reported that the Aptima HPVassay has a high negative
predictive value for future cervical intraepithelial neopla-
sia grade 3 (CIN3), indicating that HPV-mRNA-negative
women are at low risk of progression to high grade CIN (30,
31). The Aptima HPV assay meets the criteria required for
the UK National Health Service (NHS) cervical screening
program (32). Both the Aptima HPV and the Aptima HPV
16 18/45 Genotype assays were found to be useful for cer-
vical cancer risk stratification in women with an “atypical
squamous cells of undetermined significance” (ASC-US)
cytology diagnosis and may provide a more cost-effective
patient care (33–35). In contrast to the NASBA-based
technology, no laboratory developed test systems for detec-
tion of viruses based on the TMA technology have been
published recently.

STRAND DISPLACEMENT AMPLIFICATION
(SDA)
Technique:

Strand displacement amplification (SDA) is a some-
what complex isothermal amplification technique (36, 37).
Amplification consists of two steps: a target generation
step followed by an exponential amplification phase that
replicates the target sequence through a series of complex
extension, nicking, and strand displacement steps. The prod-
ucts contain a detector probe-annealing region and ampli-
fication product detection occurs simultaneously with
amplification. The detector probe consists of a target specific
hybridization region at the 3¢ end and a hairpin structure at
the 5¢ end. The loop of the hairpin contains a restriction
enzyme recognition sequence. The 5¢ base is conjugated to a

fluorophore donor molecule, while the 3¢ base of the hairpin
stem is conjugated to an acceptor molecule in close prox-
imity. When the donor is excited, the fluorescent energy is
transferred to the acceptor molecule, and little fluorescence
is observed. As the hairpin anneals to the target, another
complex set of displacement, extension, and restriction steps
frees the donor from the quenching effects of the acceptor,
and allows fluorescence to be observed.

Application of SDA in the Clinical Virology
Laboratory
Assays for routine use in the clinical laboratory based on the
SDA technology have been developed by Becton Dickinson
(Franklin Lakes, NJ). The majority of these assays are de-
signed for detection of bacteria and parasites. For the clinical
virology laboratory, there are assays for the detection of
herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2)
currently available, the BD ProbeTec herpes simplex viruses
(HSV 1 & 2) Qx amplified DNA assays (Table 1). These
qualitative IVD/CE-marked and FDA-cleared assays are in-
dicated for use with symptomatic individuals to aid in the
diagnosis of anogenital HSV-1 and HSV-2 infections. When
these assays are used with the BD Viper System in extracted
mode, specimens must be collected with specially designed
collection and transport devices, the BD Universal Viral
Transport Standard Kit including a 3 ml vial containing
BD Universal Viral Transport medium and 2 pieces of BD
Universal Viral Transport polyester-tipped swabs (vials and
swabs available separately if required) or the identical Copan
(Brescia, Italy) kit including a 3 ml vial containing Copan
Universal Transport Medium and 2 pieces of polyester-
tipped swabs (vials and swabs available separately if required).
After extraction including a pre-warm step in the BD Viper
Lysing Heater, followed by cooling, all further steps are
performed automatically by the BD Viper System. To date,
only one major evaluation study regarding the BD ProbeTec
herpes simplex viruses (HSV 1 & 2) Qx amplified DNA
assays has been published (38). In this study, the clinical
performance of these assays was compared to that of a lab-
oratory developed PCR-based assay. For anogenital HSV-1
and HSV-2 infections, sensitivities and specificities were
found to be comparable.

LOOP-MEDIATED ISOTHERMAL
AMPLIFICATION (LAMP) AND Q-LAMP
Technique:

The loop-mediated isothermal amplification (LAMP)
technique has been developed by members of Eiken Che-
mical (Tokyo, Japan). This technology employs a set of four
primers that bind to six distinct sequences on the target
nucleic acid, resulting in high specificity (39). An inner
primer initiates LAMP and subsequent strand-displacement
DNA synthesis, primed by an outer primer, releases a single-
stranded DNA. This acts as a template for DNA synthesis
primed by the second inner and outer primers. These hy-
bridize to the opposite end of the target sequence, producing
a stem-loop DNA structure. Subsequently, as LAMP pro-
gresses, an inner primer hybridizes to the loop on the product
and initiates displacement DNA synthesis, yielding the
original stem-loop DNA and a new stem-loop DNA that is
twice as long. This is a rapid and stable isothermal process,
producing up to 109 copies of the target in less than one
hour. The final stem-loop DNA products contain multiple
loops formed by the annealing of alternately inverted repeats
of the target in the same strand.
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The LAMP technology has been further developed to a
quantitative (fluorescence-quenching) loop-mediated iso-
thermal amplification method (Q-LAMP). Q-LAMP is a
rapid real-time fluorescent technique based on the recogni-
tion of multiple primer binding regions on the target nucleic
acid and amplification of the target sequence, facilitated by a
polymerase with strand displacement activity. Quantitation
is achieved through the use of fluorophore-labeled primers
and known calibrators within the reaction solution, which
fluoresce in their free form but are quenched when bound.
Because the fluorophore-labeled primers are consumed dur-
ing amplification of the target sequence, a decrease in fluo-
rescence is observed. This produces a characteristic real-time
quenching profile when measured over time. Notably, unlike
PCR, this method achieves single tube RNA amplification
without the need for an additional RT step.

Application of LAMP/Q-LAMP in the Clinical
Virology Laboratory
Eiken Chemical has signed license agreements with Dia-
Sorin (Saluggia, Italy) and Meridian Bioscience (Cincin-
nati, OH) for the LAMP/Q-LAMP technologies. Assays for
the clinical virology laboratory have been developed by
these manufacturers (Table1).

DiaSorin has brought several assays for detection of viral
DNAs in different specimens on the market including Iam
BKV, Iam HSV1&2, Iam VZV, Iam CMV, and Iam Parvo.
After automated extraction of nucleic acids on the Liason
IXT system (DiaSorin), amplification and detection is per-
formed on the Liason IAM analyzer (DiaSorin). Both in-
struments and the kits have been CE-marked; however,
they are not available in the USA and Canada currently.
No major evaluation studies regarding these new assays have
been published yet.

Meridian Bioscience has brought the illumigene HSV
1&2 DNA amplification assay on the market, besides several
assays for detection of bacteria based on the LAMP tech-
nology. This CE/IVD-marked and FDA-cleared assay detects
and differentiates HSV-1 and HSV-2 DNA in cutaneous and
mucocutaneous lesion specimens that can be collected by
using several collection devices (see package insert). After
manual extraction of nucleic acids including the illumigene
SMP PREP III (Meridian) solution, amplification and de-
tection is performed on the illumipro-10 Incubator Reader
(Meridian). To date, no published studies on performance
are available.

Several studies describing laboratory developed assays
based on the LAMP technology have been published,
mainly by Japanese scientists. Articles focus on detection of
dengue viruses, enterovirus 71, herpes simplex viruses, in-
fluenza viruses, measles virus, Middle East Respiratory Syn-
drome Coronavirus, mumps virus, respiratory syncytial virus,
rubella virus, and varicella-zoster virus (40–51). Recently,
the establishment and evaluation of a multiplex (M-) LAMP
assay for the detection of influenza A/H1, A/H3, and in-
fluenza B has been reported (52).

NICKING ENDONUCLEASE
AMPLIFICATION REACTION (NEAR)
Technique:

Thenicking endonuclease amplification reaction (NEAR)
technique, originally patented by members of Envirologix
(Portland, ME), provides exponential amplification of DNA
or RNAwith a somewhat complex procedure (53). In case of

an RNA target, two templates and three enzymes (a ther-
mostable DNA polymerase, a reverse transcriptase, and a
thermostable nicking endonuclease) are employed. The
NEAR technique can be used on crude specimens, including
different kinds of respiratory specimens, without any re-
quirement for nucleic acid extraction. The whole reaction
including detection in real time, using fluorescence-labeled
molecular beacons, is finished usually within 15 minutes.

Application of NEAR in the Clinical Virology
Laboratory
A commercially available IVD/CE-marked and FDA cleared
assay based on the NEAR technology has been brought on
the market by Alere (Waltham, MA). The Alere I influenza
A & B assay is performed on the specially designed Alere I
instrument and provides fully automated detection and
discrimination between influenza A and B viruses (Table 1).
When this assay was compared to PCR-based detection of
influenza viruses, sensitivity was found to be between 73.2
and 89.4% for influenza Avirus and between 75.0 and 100%
for influenza B virus, while specificity was found to be be-
tween 98.6 and 100% for influenza Avirus and between 99.0
and 100% for influenza B virus (53–55). No major reports
describing laboratory developed assays based on the NEAR
technology useful in the clinical virology laboratory have
been published so far.

RECOMBINASE POLYMERASE
AMPLIFICATION (RPA)
Technique:

The recombinase polymerase amplification (RPA) was
developed and launched by TwistDx Ltd. (formerly known
as ASM Scientific Ltd.), based in Cambridge, UK. RPA is
a multienzyme isothermal amplification technique that
makes use of the DNA binding and unwinding properties
of prokaryotic recombinases. Target-specific primers and a
recombinase are added to a sample and the recombinase/
oligonucleotides complex scans for complementary se-
quences within target DNA samples (56). If the target sam-
ple is present, the recombinase displaces one DNA strand
with the oligonucleotides that serve as primers for the ini-
tiation of DNA synthesis by a DNA polymerase. The assay
also contains single-stranded DNA-binding proteins that
attach to and stabilize the displaced strand. These interac-
tions result in the duplication of the original template from
primer-defined points in the DNA sample. Repetition of this
process results in exponential DNA amplification. Assays
can be performed in a real-time fluorimeter with up to eight
RPA reactions to be monitored simultaneously. Alternative
detection techniques include standard fluorescence plate
readers and qPCR instruments (with a DNA binding dye or
an additional component, exonuclease III, which will de-
grade the hybridization probe and generate a real-time read-
out). The RPA technique can be used on crude specimens,
including blood and different kinds of swabs, without any
requirement for nucleic acid extraction. An RPA-based
assay operates from typical ambient temperatures (albeit
more slowly) to temperatures as high as 45°C and tolerates
fluctuations within these limits. The whole reaction in-
cluding detection in real-time is finished usually within 15
minutes, if combined with nucleic acid extraction the
turnaround time will usually not exceed 30 minutes. The
entire reaction system is stable as a dried formulation and
can be transported safely without refrigeration.
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Application of RPA in the Clinical Virology
Laboratory
Currently, no commercial assay based on the RPA tech-
nology useful in the clinical virology laboratory has been
available. However, several studies describing laboratory
developed assays based on the RPA technology have been
published. Articles include detection of dengue virus, HIV-1
DNA, Middle East Respiratory Syndrome Coronavirus, and
yellow fever virus (57–61).

PRESENT STATE AND FUTURE ASPECTS
OF DIFFERENT ISOTHERMAL NUCLEIC ACID
AMPLIFICATION METHODS USEFUL FOR
THE CLINICAL VIROLOGY LABORATORY
Today, detection and quantitation of viral nucleic acids has
become state-of-the-art in the clinical virology laboratory. In
contrast to PCR- and qPCR-based assays, isothermal nucleic
acid amplification assays require only a single optimized re-
action temperature. They provide simpler and more effective
reaction conditions, some of them with significantly less
expensive equipment. Isothermal nucleic acid amplifica-
tion assays should thus have become a reasonable part of
molecular diagnosis in the clinical virology laboratory.
However, latest data obtained from commercially available
international proficiency programs including QCMD,
NEQAS, and INSTAND do not indicate a frequent use of
isothermal nucleic amplification assays in the clinical vi-
rology laboratory. When results obtained from laboratories
participating are broken down by technology types em-
ployed for detection and quantitation of different viruses, it
currently turns out that for each viral panel less than 5% of
all results obtained were generated using an isothermal
nucleic acid amplification method. Reasons for this low
number include the limited number of commercial assays
available currently and the often complicated establishment
of a laboratory developed assay due to the complexity of
reagents (including primers) required. In the event of in-
troduction of a new commercially available assay in a clin-
ical virology laboratory, it may be desirable to run it together

with pre-existing assays on the identical platform in order to
facilitate instrument maintenance and calibration, training
the laboratory staff, and connection of the instrument to the
LIS. For instance, in immunosuppressed patients, usually a
panel of viral DNAs/RNAs to be screened and/or monitored
is requested. This panel may include the detection and/or
quantitation of DNAs/RNAs of adenoviruses, CMV, EBV,
enteroviruses, human herpes virus type 6 (HHV-6), HSV-1,
HSV-2, parvovirus B19, and varicella zoster virus (VZV).
With this situation, it appears to be most convenient to run
the assays required together with pre-existing assays on
the identical platform. While manufacturers providing kits
based on qPCR usually offer a panel of kits for detection and/
or quantitation of various viruses, manufacturers focusing on
isothermal nucleic acid amplification methods have brought
a very limited number of kits on the market until now. In
case of establishment of laboratory developed assays, it may
be necessary to clarify whether a license must be purchased
to use the technology. Furthermore, the demand for many
different enzymes may cause inconveniences such as enzyme
storage and the need to find assay conditions that are per-
missive for all of the enzymes being used as they might require
different additives or temperatures for optimal performance.
Isothermal nucleic amplification methods may thus be still
considered as niche techniques in the clinical viral labora-
tory; however, data mainly refer to laboratories located in
Europe and the USA. Indeed, the worldwide situation may
be diverse for different techniques and must be analyzed in-
dividually for each technique. Table 2 gives an overview
about advantages and disadvantages of each technique.

Advantages and Disadvantages of Transcription-
Based Amplification Methods (NASBA and TMA)
Although NASBA and TMA are the worldwide most com-
monly used isothermal nucleic acid amplification methods
in the clinical virology laboratory, these technologies play
only a minor role in the clinical virology laboratory, espe-
cially in Europe and in the USA. Two major NASBA-based
kits, the NucliSENS EasyQ HIV-1 v2.0 and the NucliSENS
easyQ HPV, are commercially available. Both of them can be

TABLE 2 Strengths and weaknesses of isothermal nucleic acid amplification methods

Method Advantage(s) Disadvantage(s)

NASBA Largely automated; manufacturer provides a basic kit
that allows generation of laboratory developed assays;
well-documented in literature

Very few commercial assays available; not
ideal for DNA analytes

TMA Commercially available kits fully automated; number
of kits available increases continuously

The majority of virus kits aimed at laboratories
that support transfusion medicine

SDA Commercially available kits fully automated Only kits for detection of the two subtypes
of a single virus available; establishment
of laboratory developed assays rather difficult

LAMP / Q-LAMP Largely automated; manufacturer provides an increasing
number of kits; laboratory developed assays can
be established relatively easily

Regarding commercially available kits,
no independent literature about assay
performance available; complex primer design

NEAR Robust technique tolerating crude samples; very quick
providing results within 15 minutes; commercially
available test well-documented in literature;
suitable for point-of-care diagnostics

Only a single test commercially available
currently; no medium- to high-throughput
instrument available

RPA Robust technique tolerating crude samples; very quick
providing results within 15 minutes; suitable
for point-of-care diagnostics in the future

No test commercially available currently

NASBA, nucleic acid sequence-based amplification; TMA, transcription mediated amplification; SDA, strand displacement amplification; LAMP, loop-mediated
isothermal amplification; Q-LAMP, quantitative loop-mediated isothermal amplification; NEAR, nicking endonuclease amplification reaction; RPA, recombinase
polymerase amplification.
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performed easily using automated platforms for nucleic acid
extraction (NucliSENS easyMAG) and amplification/de-
tection (NucliSENS EasyQ), which are benchtop instru-
ments, within less than 3 hours. Although NucliSENS
EasyQ HIV-1 v2.0 is widely used for detection and quanti-
tation of HIV-1 RNA in Africa, very few laboratories utilize
this assay in other parts of the world with the qPCR-based
Abbott or Roche kits being the major assays used for de-
tection and quantitation of HIV-1 RNA in the clinical vi-
rology laboratory. In view of the fact that the distribution of
HIV-1 subtypes is significantly different in Africa, with
predominantly HIV-1 non-B subtypes and a growing number
of circulating recombinant forms, identical amplification
efficiency for all subtypes and recombinant forms is of ma-
jor importance to warrant reliable and comparable results.
When compared to results obtained from competitor assays,
the NucliSENS EasyQ HIV-1 v2.0 has been shown to pro-
vide reliable results. Detection of HPV mRNA can also be
performed easily employing automated platforms. Currently,
this assay is utilized in only a few specialized laboratories but
may gain further importance in the future as soon as de-
tection of HPV mRNA will be implemented into interna-
tional HPV guidelines.

The majority of currently available virus kits based on
the TMA technique focus on detection of transfusion-
transmitted viruses. All Procleix kits can easily be performed
on fully automated platforms. Both instruments, the larger
Tigris, and the smaller Panther, are floor models with a rather
large footprint. The Tigris is designed for high-throughput
laboratories being especially useful for transfusion medicine
facilities while the Panther may also be useful for a lower
throughput clinical virology laboratory. In the near future,
Hologic plans to introduce kits for quantitation of HBV
DNA, HCV RNA, and HIV-1 RNA to be performed on the
same instruments as the Procleix kits. This will allow to
screen donated blood as well as to detect disease and monitor
therapy in infected patients on the identical instrument.

Advantages and Disadvantages of SDA
The BD ProbeTec Herpes Simplex Viruses (HSV 1 & 2) Qx

amplified DNA assays can easily be performed on a fully
automated platform. However, no further kit for detection or
quantitation of any additional viral DNA or RNA is com-
mercially available currently. No independent data on assay
performance is available. The establishment of laboratory
developed assays based on the SDA technique may be
complicated because SDA is performed at low non-stringent
temperatures that may lead to generation of high back-
ground signals with clinical samples (due to the abundance
of human genetic material).

Advantages and Disadvantages of LAMP
and Q-LAMP
Several kits based on the LAMP/Q-LAMP technologies
have recently been brought on the market. These assays can
easily be performed by extraction of nucleic acids followed
by amplification/detection on two rather small benchtop
instruments. Unfortunately, no major evaluation study has
been published yet making comparison of this new tech-
nique to alternative techniques impossible. Furthermore,
independent data on assay performance is not yet available.
However, several studies have shown that laboratory de-
veloped assays based on the LAMP technology may be es-
tablished rather easily in the clinical virology laboratory. In
these studies, it has been reported that the LAMP technology
has a good sensitivity. This technique was shown to be less

sensitive to both the presence of nontarget DNA in samples
and well-known PCR inhibitors. Moreover, the specificity of
the LAMP technique must be considered extremely high
because primers must bind six distinct regions on the target
DNA. Otherwise, the demand for perfectly designed primers
may be a reason for less application of LAMP in practice. To
overcome this issue, a web-based software is available for
designing LAMP primers (https://primerexplorer.jp/e).

Advantages and Disadvantages of NEAR
The NEAR technique tolerates crude samples, i.e., samples
may be amplified without preceding extraction procedure.
Only a single test based on the NEAR technique has been
brought on the market so far. This test has been evaluated in
several studies and shown to reliably detect influenza A and
B RNAs. It can be run on a benchtop instrument with small
footprint. Results are provided within 15 minutes making
this molecular test suitable for point-of-care diagnostics facil-
itating effective patient management and enabling prompt
initiation of infection control measures. It may thus be useful
for testing on influenza viruses during epidemic outbreaks;
however, it must be considered that only one test at a time
can be run on a single instrument. Furthermore, outside ep-
idemic outbreaks, the benefit of this assay may be ques-
tionable because usually a panel of viral DNAs/RNAs for
diagnosis of respiratory disease is requested.

Advantages and Disadvantages of RPA
Since there is no requirement to melt double-stranded DNA
or to unfold RNA, RPA is a true one-step amplification
procedure. Furthermore, similar to the NEAR technique,
RPA tolerates crude samples, i.e., samples may be amplified
without preceding extraction procedure. No commercial test
based on the RPA technique has been brought on the market
so far. However, studies describing laboratory developed as-
says based on the RPA technique have shown that results
can be provided within 15 minutes making this technology
suitable for point-of-care diagnostics. In the future, an assay
designed for detection of viral DNAs or RNAs based on the
RPA technique may even be run on a lab-on-a-chip platform
that may facilitate utilizing such an assay for field use.

CONCLUSION AND FUTURE
PERSPECTIVES
Molecular diagnostics of viral diseases has evolved dramat-
ically over the last few decades. Compared to alternative
detection methods, NAT has superior sensitivity and speci-
ficity. Many different technologies have been developed but
none of them have become as popular as PCR-based tech-
niques. Isothermal amplification techniques have remained
less-utilized for development of viral detection assays.

Because of the excellent amplification efficiencies, the
rapid performance, and the ongoing simplification of pro-
cedures, some of the isothermal nucleic acid amplification
techniques may be regarded as ideal candidate techniques for
molecular point-of-care diagnostics and field use. These
techniques are more tolerant to crude samples making am-
plification without the need for a preceding extraction
procedure possible. Furthermore, the integration of isother-
mal nucleic acid amplification techniques with microfluidic
platforms will facilitate easier automation on smaller plat-
forms. The ongoing incorporation of these technologies in
commercial products will simplify procedures through au-
tomation making them commonplace in the clinical virol-
ogy laboratory. In the more distant future, miniaturized
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reactors, advanced microfluidics, and sophisticated detec-
tion technologies will provide the development of a mo-
lecular lab-on-a-chip device.
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Diagnostic information describing the actual or relative
density of specific viral nucleic acids in a human blood
sample is most easily ascertained using quantitative molec-
ular methods (aka viral loads), whose historical use spans
more than two decades. A common function of quantitative
viral load testing is to support clinical strategies and practices
that monitor patients for human immunodeficiency virus
(HIV) and most of the hepatitis viruses. For transplant pa-
tients, viral loads are monitored to detect numerous viruses
classified in the herpes virus group, including cytomegalo-
virus (CMV), Epstein-Barr virus (EBV), and human herpes
virus 6 (HHV-6), among others. It seems that each year,
there is a new application or interpretation for results of viral
load assays. Bacterial load assays are uncommon; however,
there is some discussion of its use for certain conditions.

In the early 1990s, the feasibility of quantitative detec-
tion of nucleic acids was demonstrated by establishing po-
lymerase chain reaction (PCR) using a traditional block
thermal cycler and gel electrophoresis as suitable detection
methods for viral loads. This detection method easily dem-
onstrated a linear relationship between input copy number
of the targeted virus and the extent of amplification over a
quantitative range of approximately 3 to 4 orders of mag-
nitude. The historical gel-based methods were often cum-
bersome and required stringent control of sample processing,
amplification, and endpoint gel electrophoresis detection.
Moreover, their dynamic range was limited.

Over the last 30 years, techniques for performing quan-
titative molecular testing have improved dramatically with
the evolution of various quantitative methods including
quantitative PCR (qPCR), quantitative reverse transcriptase
PCR (qRT-PCR) and commercially available alternative
nucleic acid amplification tests (NAAT). Alternative
quantitative methods that rely on target amplification in-
clude transcription-mediated amplification (TMA) and
similar nucleic acid sequenced-based amplification (NAS-
BA) (1). Commercially available quantitative signal and
probe amplification methods include the branched DNA
(bDNA) method and hybrid capture assays, respectively.
Several publications have reviewed historical versions and
test characteristics of quantitative methods (2, 3); therefore,
they will not be completely revisited. Rather, the clinical
utility of viral quantitation using molecular methods (4–6) is
provided briefly in this chapter.

In the last decade, quantitative real-time PCR has be-
come the mainstay for quantitative microbial testing. PCR-
based quantitativemethods routinely used in clinical virology
can be divided into the following categories: (i) Q-PCR,
typically used to determine the microbial density or “load” of
DNA viruses or bacteria in clinical specimens; (ii) QRT-
PCR, used to determine the viral load of RNA viruses; and
(iii) “gene expression” assays, QRT-PCR targeted at human
host genetic targets, which are used to determine the relative
mRNA expression levels present in different disease states.

A number of FDA-approved and laboratory-developed
procedures (LDPs) for detection of viruses have become
available in the years since quantitative molecular amplifi-
cation was first described. Viruses remain the disease agents
for which quantitative molecular testing is most commonly
used, with several viral load assays representing the best
characterized of the quantitative assays, including: methods
for HIV, hepatitis C virus (HCV), hepatitis B virus (HBV),
and recently CMV (7–12).

Given the limited availability of FDA-approved assays
(Table 1), there has been a rapid expansion of clinical ap-
plications for LDP used in clinical laboratories without the
prior rigor of the FDA approval process (12–36). LDPs used
in clinical virology laboratories incur additional responsi-
bilities for many aspects of method verification. Laboratory
personnel (37), who verify and validate these methods for
patient care, do so under the guidelines set forth in the
Clinical Laboratory Improvement Act, 42 CFR Part 493
(CLIA ’88), as discussed later in this chapter. In order to
produce quality analytical data, laboratories that use LDP
methods in their clinical practice must weigh the benefits of
implementation against the effort and expense required for
verification and validation of an LDP within a health care
setting. Because precision of quantitative assays is critical for
those who rely on the measurement of quantitative differ-
ences in microbial load over the course of the disease, careful
planning, critical assessment of statistical data from method
verification and validation, statistical comparisons of paral-
lel methods, and availability of assay controls and standards
are essential (38, 39).

For FDA-approved quantitative methods, typical assay
variability ranges from 0.2 to 0.5 log10, so relevant clinical
differences are often > 2 to 3 log10. For quantitative LDPs,
interassay variability can be large, and it is often difficult to
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compare quantitative results between different laboratories
(40–42). There is much work yet to be done to harmonize
viral load testing by implementation of additional quanti-
tative virus standards, by which to benchmark and harmo-
nize both FDA-approved methods and LDPs.

This chapter will provide a review of the technological
features unique to the quantitative molecular methods used
in clinical virology laboratories today, including key perfor-
mance issues associated with use of these assays and cur-
rent applications. The advantages and limitations of these
methods are also reviewed. For further information regard-
ing the underlying principles and mechanisms of quan-
titative assays, the reader is referred to several published
reviews (43–50).

COMMON QUANTITATIVE METHODS
PCR
In a typical PCR reaction, a DNA sequence, which serves as
the target or template, is amplified using a thermal cycler
instrument that heats and cools the reaction allowing for
interaction between the nucleic acids and the assay reaction
components. For DNA amplification to occur, each tem-
perature cycle includes the following stages: (i) denaturation
(heating to high temperatures to separate DNA into single
strands, typically at 95°C); (ii) annealing, i.e., lowering the

temperature to allow the primers (synthetic oligonucleotide
strands that are complementary to the ends of the original
target gene sequence) to anneal to a specific region(s) of the
single-stranded DNA and create a partial double strand; and
(iii) extension (historically at 72°C), in which deoxy-
nucleotide triphosphates are added to the 3¢ ends of the
bound primers by a DNA polymerase, thereby creating a
new strand of synthetic DNA. The synthesized oligonucle-
otide sequence is complementary to that of its original
template strand. Double-stranded synthetic DNA is called
the amplicon, or PCR product. Once the amplicon is cre-
ated, it can then serve as a template and be amplified further.
This allows doubling of the number of amplicons with each
cycle and an exponential increase, a main feature of PCR.
Of note, some current methods enable primer annealing and
amplicon extension to be performed at one common tem-
perature (45).

In the PCR, a DNA sequence (template) is amplified in a
buffered reaction solution containing oligonucleotide
primers, thermostable Taq DNA polymerase, deoxynucleo-
tide triphosphates, and magnesium or manganese ions. The
reaction solution is placed into a thermal cycler, which heats
and cools the reaction components, exposing them to con-
secutive cycles of varying temperatures. In each temperature
cycle three steps occur: denaturation, primer annealing,
and primer extension A mathematical description for the

TABLE 1 FDA-approved quantitative assays by type, a list of FDA-approved viral load assays (Adapted from http://www.fda.gov/
MedicalDevices/ProductsandMedicalProcedures/InVitroDiagnostics/ucm330711.htm.)

Target
Test or reagent
(manufacturer) Method

Measurable range
(IU/ml or copies/ml)

IU/Ml to
copies/ml

conversion*

HIV-1 Cobas Amplicor HIV-1
Monitor v. 1.5 (Roche)

Real-time RT-PCR Standard, 400 · 105- 7.5
· 105 (copies/ml)

Ultrasensitive, 50 · 105- 1
· 105 (copies/ml)

Cobas AmpliPrep/
Amplicor HIV-1
Monitor v. 1.5 (Roche)

Real-time RT-PCR Standard, 500 · 106- 1 ·
106 (copies/ml)

Ultrasensitive, 50 · 106 -
1 · 106 (copies/ml)

NucliSens HIV-1 QT
(bioMeriéux, Inc)

NASBA 176 · 106- 3.47 · 106

(copies/ml)
Cobas Amplipre/Cobas

TaqMan HIV-1 (Roche)
Real-time RT-PCR 48 · 107- 1 · 107 (copies/

ml)
RealTime TaqMan HIV-1

(Abbott)
Real-time RT- PCR 40 · 107- 1 · 107 (copies/

ml)
HCV Cobas AmpliPrep/Cobas

TaqMan (Roche)
Real-time RT-PCR 43 · 107- 6.9 · 107#

(IU/ml)
Realtime HCVAssay

(Abbott)
Real-time RT-PCR 12 · 108 (IU/ml)

HBV RealTime HBV PCR
(Abbott)

Real-time PCR 9 · 109- 4 · 109 (IU/ml)

Cobas TaqMan HBV
(Roche)

Real-time PCR 20· 108 - 2.3 · 108 (IU/
ml)

CMV artus CMV RGQ (Qiagen) Real-time PCR 159 · 107- 7.94 · 107

(IU/ml)
1.259

Cobas TaqMan CMV
(Roche)

Real-time PCR 1.37 · 102 - 9.10 · 106

(IU/ml)
1.1

*1 IU/ml= · copies/ml.
# Expanded clinical reportable range with maximum dilution of 1:100 (43 · 109–6.9 · 109 IU/ml).
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product accumulation within each cycle is: Yn = Yn - 1 *
(1+Ev) with 0 £ Ev £ 1.

In this equation, Ev represents the efficiency of the am-
plification, Yn the number of molecules of the PCR product
after cycle n, and Yn - I the number of molecules of the PCR
product after cycle n - 1 (85). Historically, amplicon or
product would be visualized using gel electrophoresis, which
has been replaced with real-time PCR methods that com-
bine target amplification and fluorescent detection of probe
hybridization within a single reaction vessel.

Real-time PCR
Real-time PCR methods utilize fluorescence tags whereby
the number of fluorescent signals increase until the reaction
components are depleted, reaching a plateau phase of am-
plification. The amplification process is displayed as a plot-
ted curve of the generated fluorescent signals and is
commonly called a response curve (45). The number of PCR
cycles required to exceed the background fluorescence is
called the cycle threshold (CT), crossover value, crossing
threshold, or crossing point, depending on the manufacturer
of the system. A direct and inverse relationship between the
concentration of nucleic acid and the CT values in the
original specimen extract make it possible to quantify viral
loads.

Since the fluorescent signal generated by the reaction is
proportional to the concentration of DNA in the reaction,
real-time PCR methods can incorporate standards that
enable results to be reported in quantitative measures of
nucleic acid concentration (e.g., viral copies/mL or Inter-
national units IU/ml). In general, measurements and
readings that are to be used for quantitation should be
gathered during the exponential phase of PCR amplifica-
tion, where the amplification plot crosses the threshold
(Figure 1A). Measurements taken during the lag phase or
the plateau phase of amplicon production will yield mis-
leading results. Measurement of results during the expo-
nential phases is referred to as threshold analysis and
contrasts to that of traditional gel electrophoreses, referred
to as endpoint analysis. At low concentrations of target,
Gaussian distribution effects will impact the sampling ac-
curacy and increase variability while diminishing the
ability to accurately quantitate the target at low density
(51). Such variability affects the assay’s lower limit of
quantitation (LLOQ). Assays with high precision, even at
the low end of quantitation, can prove to be extremely
variable for monitoring antiretroviral and anti-HCV ther-
apies (52).

Several fluorescent chemistries exist for use in real-time
PCR assays to detect PCR amplicon and fall into two main
types: (i) intercalating dyes, and (ii) sequence-specific
DNA probes. Intercalating dyes are nonspecific fluorescent
dyes that intercalate with any double-stranded DNA, i.e.,
SYBR Green, while sequence-specific DNA probes consist
of oligonucleotides labeled with a fluorescent reporter
which permits detection only after hybridization of the
probe with its complementary nucleic acid sequence has
occurred. In general, real-time PCR assays have the fol-
lowing commonalities. A light source (e.g., LED, halogen
lamp, or lasers with differing wavelengths), housed within a
specialized thermal cycler, stimulates the reporter dye(s) to
emit fluorescence, or in some cases, diminish fluorescence,
which can then be monitored by various detection systems.
Target-specific hybridization can be assessed by incorpo-
rating additional sequence-specific fluorescent probes into
the assay; these bind to target sites internal to the primer

sites in the amplicon, and in some cases, to the primers
themselves, and serve as the detection method. Dual
specificity of both primers and probes allows for a highly
specific fluorescent signal to be generated. The fluorescent
signal generated as amplicon is produced, measured, and
converted by software to generate an amplification plot.
Several historical internal probe formats are still used to-
day, including hybridization probes (53–55), hydrolysis
probes (56) like those used in TaqMan chemistry (57–59),
and molecular beacon probes (60, 61). Newly developed
probes or primers include scorpion probes (62), major
groove binding (MGB) probes (63), fluorescence-labeled
locked nucleic acid (LNA) hydrolysis probes (64, 65), and
scalable target analysis routine (STAR) technology, mea-
suring amplicon accumulation through incorporation of
labeled primers (66).

TaqMan chemistry, fluorescence resonance energy
transfer, and molecular beacon technology can be used to
monitor real-time endpoint (qualitative) PCRs as well
as real-time quantitative PCRs. The amount of microbe-
specific nucleic acid in patient specimens is determined by
comparing target amplification signal to internal or external
quantitative standards or calibrators. Through mathematical
algorithms, linear regression analysis compares the CT at
which amplicon is detected with the known concentration
of the standard. The resulting standard curve can be used to
predict the quantity of nucleic acid present in the test
samples (Figure 1B). Typically, real-time quantitative PCR
assays have wider linear ranges than conventional quanti-
tative PCR assays. Several automated real-time PCR in-
struments that use real-time PCR chemistries are available,
and many can use more than one fluorescent chemistry
platform. Refer to the section titled “Quantification” for
more information.

The efficiency of the PCR is calculated based on the
slope of the regression analysis of these data. Typically, each
real-time PCR cycler has its own equation to calculate am-
plification efficiency, which is based on the slope of the line
plotting CT values versus known viral densities, where at
least four to five different densities are tested (Figure 1B).
Assays utilizing intercalating dyes as the reporter are limited
in efficiency since the dye binds to both specific and non-
specific amplification products produced in the reaction.
Hence, dye incorporation alone does not ensure detection of
a specific PCR product and nonspecific amplification may
affect quantitative results, a limitation certainly overcome by
the use of sequence-specific DNA probes. s addition, PCR
inhibitors and purity of the nucleic acid extract can lower
the efficiency of Q-PCR.

Monitoring trends in the CT of a positive control of
known concentration is also recommended, since it will
allow for comparison of different reagent lots and extraction
methods. Real-time PCR data are nothing more than fluo-
rescent signal/noise ratios, perhaps more precise, but similar
in concept to colorimetric signal/noise ratios generated by
other laboratory assays.

Nucleic Acid Sequence-based Amplification
(NASBA)
NASBA is an isothermal (41°C), transcription-based am-
plification method that sensitively detects RNA targets.
Some NASBA techniques less efficiently amplify DNA,
requiring that the target DNA be in excess (> 1,000-fold)
over the RNA target or only in the absence of the corre-
sponding RNA target. As NASBA is primer dependent and
amplicon detection is based on probe binding, following
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primer and probe design rules are imperative to successful
amplification. A major advantage of NASBA is attributed to
the production of single-stranded RNA amplicons. This
ssRNA can then be directly used as a template for another
round of amplification, much like PCR, or it can be probed
for detection without the need for preliminary denatur-
ation or strand separation. Therefore, the amount of RNA
product obtained in NASBA exceeds the concentration of
primers by at least one order of magnitude, whereas for
amplification processes like PCR, the initial primer con-
centrations limit the maximum yield of the product. The
fidelity of NASBA is comparable to that of other amplifi-
cation processes using DNA polymerases that lack the 3¢
exonuclease activity.

Disadvantages of NASBA include: (i) NASBA enzymes
are not thermostable and thus can only be added after the
melting step, (ii) primers are not incorporated in the am-
plicon and thus labeled primers cannot be used for detec-

tion, and (iii) the length of the target sequence to be
amplified efficiently is limited to approximately 100 to 250
nucleotides. In addition, any nonspecific interactions of the
primers can be increased if the reaction temperature is
lowered.

Quantification by NASBA is achieved by including a
coextracted calibrator in the assay, which is added prior to
isolation of the nucleic acids and is coamplified with the
target nucleic acid. The calibrator, in turn, acts as an ex-
traction control. The calibrator sequence to be amplified is
identical to that of the target’s sequence; however, the de-
tection probe binding sequence of the calibrator is a ran-
domized version of that of the target sequence, with
comparable hybridization efficiency for the interaction be-
tween the probe and the amplicon of the target, and for the
calibrator as well. Likewise, during amplification, the same
primers are used for the calibrator as for the target, resulting
in competition between the calibrator and the target. The

FIGURE 1 (A) Fluorescence output from real-time PCR showing eight samples with corresponding copy numbers and corresponding
standard curves derived from theCT values. Reactions occurring after cycle 45 could depict the formation and amplification of primer-dimers,
so sequence analysis of these types of reaction may be necessary. (B) Example of a standard curve derived from real-time Q-PCR with
calculations for PCR efficiency. The log of the starting copy number of nucleic acid is plotted against CT. Samples of unknown concentration
can be assessed in comparison to the standard curve. Efficiency can be calculated from the slope of the regression line.
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competition that takes place determines the quantitative
range of the assay, which is approximately 5 logs. Calibrator
concentration determines which target concentrations are
included in the quantitative range. The lowest amount of
target that still results in an efficient isolation and amplifi-
cation of both target and calibrator nucleic acids is desig-
nated as the assay’s lower detection limit (67).

NASBA target detection is accomplished by two main
methods, electro-chemiluminescence (ECL), an endpoint
analysis whereby biotin is attached to the 5¢ end of the
capture probe to immobilize it on streptavidin-coated para-
magnetic beads, and real-time analysis using molecular
beacons. The ECL-based quantitative NASBA assays in-
clude three calibrators (68) added in fixed, but different,
concentrations, with each having its own detection probe
binding sequence and accompanying detection probe with
amplification taking place in the same test tube as that of the
target nucleic acid. After amplification has completed, four
independent hybridization reactions are performed with the
specific detection probes, and the results of the calibrator
reactions are used to quantify the target input. The molec-
ular beacon-based assays include only one calibrator with a
fixed concentration to quantify the target input, with the
amplification and detection both taking place in a single test
tube. The relationship between the fluorescence kinetics
results obtained from the calibrator beacon and the target
nucleic acid beacon are then used to calculate results for
quantification.

kPCR
Branched DNA (bDNA), previously used for viral load
testing, was removed from the market by Siemens Health-
care USA. To take its place, Siemens introduced the VER-
SANT kPCR Molecular System (not currently available
in the United States, CE marked) with assays available
for HIV-1, HBV, and HCV viral loads offering a wider
quantitation range than the former bDNAVERSANT 440
assays. The performance of the VERSANT kPCR HCV
RNA 1.0 assay substantially under quantitates HCV RNA
concentrations for genotypes 2 and 3, a limitation which
will undoubtedly be improved in future versions of the assay
(69, 70).

Digital PCR (dPCR)
Successfully used for quantitation of HIV and CMV, digital
PCR is noted to have potential for highly accurate and re-
producible quantitation of viruses and other genetic targets
without the need for a standard curve (10, 71–76). Massive
sample partitioning is a key aspect of the dPCR technique.
In contrast to real-time PCR, dPCR uses an alternate
method that is not dependent on CTs. Instead, the samples
are partitioned into thousands of independent endpoint
PCR reactions prior to amplification. Each reaction well is
scored as either positive or negative for amplification of the
viral target sequence of interest. Counting of the positive
wells and conversion to a concentration of target in the
original sample provides the quantification. Assigning each
well as positive or negative prior to quantification greatly
minimizes the measurement’s dependency on parameters
such as assay efficiency and instrument calibration. There-
fore different laboratories can compare viral load measure-
ment results in a standardized manner without interference
from external factors, such as reaction chemistry, instrument
variability, or extraction method.

Droplet Digital PCR (ddPCR) from BioRad (Hercules,
CA) is a technique that is based on partitioning of many

PCR reactions into water-oil emulsion droplets housed in
multiwell plates. With individual nucleic acid molecules
amplified in droplets, this technology can overcome the
dependency on calibrants to determine copy number con-
centrations (77). Bio-Rad’s QX100 system fractionates each
sample into 20,000 individual nanoliter-sized droplets, and
PCR amplification of the template molecules occurs in each
individual droplet. PCR-positive and PCR-negative droplets
from every sample are then counted to provide absolute
target quantification in digital form. Highly precise quanti-
tation is achieved by Poisson algorithms (78) that determine
absolute copy numbers independently of a standard curve as
the DNA fragments are independently segregated into
droplets (79); more detailed information is provided in
chapter 11 describing digital PCR. Random partitioning of
the amplification fluorescence data fits a Poisson distribution
(78) that can be used to determine the actual number of
molecules present in the droplet. The equation used for
calculation is the value of ln(1-p), where p is the fraction of
positive droplets. ddPCR technology uses reagents and
workflows similar to those used for most standard TaqMan
probe-based real-time PCR assays. Though there are cur-
rently no FDA-approved assays available for clinical use
today, the potential of ddPCR as an LDP holds great promise
(10, 76, 80).

ASSESSMENT OF QUANTITATIVE ASSAY
PERFORMANCE AND LIMITATIONS
General Concepts
Several important aspects of a quantitative nucleic acid assay
can affect the use, results, and interpretation of a test;
therefore, all assay conditions and characteristics, and their
impact, should be individually taken into consideration for
every assay and every technology (81). In order to under-
stand the technical difficulties, limitations, and advantages
of quantitation strategies for specific organisms, one must
first understand some generalities that apply to all quanti-
tative methods. Topics for consideration include: (i) inher-
ent variability of testing methods, (ii) specimen integrity and
matrix issues, (iii) technical issues related to the method
verification and validation and comparative performance to
other platforms, and (iv) statistical analysis of quantitative
data. A complete discussion of all these aspects is outside the
breadth of this chapter; however, some key aspects are dis-
cussed herein. The reader is referred to this chapter’s addi-
tional references for more detail.

Quantification
In the standard curve approach, simple serial dilutions of a
known organism density (e.g., CFU or PFU/ml), a known
concentration of a synthetic oligonucleotide (e.g., copies/
ml), or a known concentration of a cloned plasmid (e.g.,
copies/ml) are amplified in parallel with the samples of in-
terest. Calibration curves, commonly called standard curves,
are created based on amplification data obtained from these
standards (typically through linear regression analysis) and
used to calculate unknown concentrations of the target se-
quence using the CT value of the unknown and the equa-
tion that defines the slope of the standard curve batches.
Historically, standard curves were tested with each quanti-
tative real-time PCR batch tested; however, depending on
the manufacturer, some new software options have the ca-
pability to “store” standard curves to be used for multiple
batches over various time periods.
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For the standard curve approach, repeated testing of
external positive controls (EPC) of documented quantity
with each batch tested is often called “trend analysis.” There
are several reasons to perform quantified controls when us-
ing external calibration curves. One limitation of the stan-
dard curve strategy is that the method cannot control for
sample-to-sample variation. Even small differences in sam-
ple substrates may affect amplification efficiency and
therefore skew the quantitative results; therefore, analysis of
EPC results can often identify assay problems more easily,
before they become major failures. In addition, cycling
conditions of each run may vary slightly, also influencing
results. Finally, since target quantities are calculated based
on the CT of the densities within the standard curve, im-
precision, which commonly occurs with low copy numbers
of target, will alter the standard curve and therefore alter
quantitative results between different batches. In summary,
minor changes in a number of factors may result in assay
imprecision; therefore, quantitative PCR results should
be viewed as indicative of relative rather than absolute
quantitation.

For microbial quantitation, whole-organism comparisons
are best but are not always feasible; therefore, plasmids or
oligonucleotides are often used as substitutes. Coamplified
homologue templates and external standards are often used
to control for amplification efficiency in an attempt to
normalize results from one reaction to another. The most
reliable quantitation can be achieved when coamplification
of a synthetic oligonucleotide and an internal reference
standard is performed. Ideally, the reference standard is de-
signed with the same primer binding sites as, and sequence
composition similar to, those of the target such that ampli-
fication efficiency is very similar for both the target and the
standard. In this scenario, the internal reference control is
added to the sample, and if target is present, both are
coamplified in proportion to the relative amounts of control
and the target template in the original sample (82–85).
During method verification, this standard can be compared
to the results of serial dilutions of organisms or target with
known concentrations such that the performance of the
synthetic control can be compared and, by mathematical
conversion, adjusted (i.e., harmonized) to better reflect that
of a live organism control (82–85).

External quality control and calibration material is not
always sufficient to assess quantitative method performance
due to differences between the composition of the control
material and that of the clinical specimens. Plasmids typi-
cally do not behave in the same way as whole organisms in
fresh specimens from patient samples. As such, plasmid-

based calibrators may therefore introduce bias, which should
be assessed prior to interpreting patient results (44, 86).

Despite the fact that manufacturers typically consider
some matrix effects in their method evaluations, analytical
differences in the results can consistently occur, even for
FDA-cleared methods. The differences can be even wider for
LDPs. For these reasons it is recommended that controls,
standards, and calibrators that are used for method verifi-
cation and assessment be as analogous to the actual speci-
men as possible. If this is not possible, an assessment of
matrix effects and interfering substances is prudent (43, 86).

Assay Variability
For HIV, HCV, and other viral load testing, there are test
utilization scenarios with immediate and profound clinical
and financial consequences. Therapy may be terminated or
extended based on viral load results, and a medically im-
portant error in a test result for viral load could lead to a
patient remaining on failing therapy, which could lead to
resistance and could increase the possibility of transmission.

The clinicians and patients assume that the quality of the
assay allows for the correct answer to be delivered with just
one test, but given the new medical decision points expected
for some viral load assays, like HCV and HIV, that as-
sumption may be best confirmed through objective and
rigorous analysis such as Sigma metrics (refer to the section
entitled “Sigma Metrics for Assessing Accuracy”).

Many variables can interfere with quantitative molecular
methods (Table 2). For in vitro amplification processes such
as PCR or RT-PCR, variability can be introduced via pre-
analytical variables, which include the presence of amplifi-
cation inhibitors in the samples, as well as improper
collection, transport, and storage, among others. The effects
of certain anticoagulants or alternate transport devices may
also adversely affect the results of quantitative testing, as will
delay in the specimen’s transport to the testing laboratory.
For these reasons a laboratory’s quality program should in-
clude assessment and controls for preanalytical variables in
addition to analytical variables.

Host factors may also contribute to assay variability
(Table 2). For HIV type 1 (HIV-1) viral loads, vaccinations
or other infections may cause transient increases in the viral
loads, while female ovulation may decrease viral load.
Nontarget amplification-based quantitative methods such as
hybrid capture are also affected by many of these variables,
but are not affected by the presence of enzyme amplification
inhibitors since they are hybridization-based technologies.

Analytical variables may also pose problems and add to
assay variability (Table 2). Variables include: (i) the quality

TABLE 2 Factors contributing to quantitative assay variability

Host factors Preanalytical factors Analytical factors Postanalytical factors

Vaccination Improper transport device Quality of water, reagents, or
consumables

Report interpretation

Other infections Improper collection Extraction or detection method Diagnostic algorithms
Ovulation Improper storage

(i.e., temperature)
Pipette calibration error or

pipetting variability
Noncompliance to clinical standards

Anticoagulants or other
interfering substances or
inhibitors in samples

Biologic or genetic variability of
organisms

Human technical error
Temperature
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of laboratory water, (ii) the quality of plastic resins used in
PCR tubes, (iii) calibration of pipettes and other equipment,
(iv) temperature deviations of the heating devices or any
room temperature incubation, (v) differences in extraction
methods, and (vi) the types of detection methods used (i.e.,
plate washing for PCR-enzyme-linked immunosorbent as-
say [ELISA] or reader calibration of visible and UV light
sources).

Minor technical or human error can compound the
variability of these relatively complex quantitative molecu-
lar assays. Particularly problematic is pipetting variability of
individuals and the variability inherent to the practice of
pipetting small volumes (87). In addition, there is inherent
error related to the statistical improbability of pipetting the
target of interest when target concentration is very low. This
variability can be characterized by the statistical analysis of
the Poisson distribution (78). The lower the concentration
of microorganisms or target, the greater the heterogeneity of
the sample with regard to organism concentration, and the
greater the likelihood of low-volume sampling error. Assay
precision may be improved at higher concentrations and
worsened at lower concentrations. At lower copy numbers,
the statistical variation is larger, primarily because of sam-
pling errors described by the Poisson distribution (78). In
short, at the low end of quantitation, large variations may be
due to the variability in the assay itself, rather than to true
variations in viral load.

The biological variability of microorganisms may also
play an important role in the inherent variability exhibited
in quantitative molecular assays. For example, the genetic
composition of a virus may play a role in the accuracy of its
quantitation. While it is common and practical for synthetic
quantitative HCV standards to be used in many commercial
HCV assays, these standards are composed of only one HCV
genotype; therefore, viral quantitation may vary when dif-
ferent genotypes are isolated (21). Synthetic viral particles
offer some utility for standardization of diagnostic assays for
HCV (88), but use of intact viral particles represents a more
realistic condition with which to assess extraction and am-
plification processes (89).

Important components of quantitative molecular assays
include precision, accuracy, and tolerance limit. The toler-
ance limit is: (i) the difference between two sequential
samples that can be considered to be significantly different,
and (ii) the sum of the biological variation in quantitation
combined with intra-assay variability. For example, due to
analytical and biological variables inherent with HIV-1
quantitative assays, changes in viral load are not considered
to be significant until the change reflects an HIV concen-
tration that is at least 3-fold (90) greater than the previous
results (91). This tolerance limit of an assay should take
assay variability into account and reflect only biologically
relevant changes in the level of viral replication (91).
Similar situations occur with HCV; due to variability in
quantitative HCV viral loads, only a 3-fold (90) increase or
decrease in viral load is considered to be significant. In the
laboratory, precision can be monitored by using trend anal-
ysis of quantitative test controls. This practice is essential to
provide a measure of reproducibility over time. Use of a low
external positive control can provide assurance of overall
function and employee competency and warn of upcoming
issues with controls or instruments. Finally, assay accuracy
can be best determined by the use of well-characterized
standards and controls.

Considering all factors, it is more valid to consider that
each amplification reaction generates quantitative results

which are relative to the individual run and to other runs of
the same method rather than to absolute measures. Highly
reproducible correlation coefficients may be generated and
suggest a precise result but not necessarily an accurate one.
True accuracy depends on accuracy of the quantitative
standards (21, 92, 93).

A thorough understanding of molecular microbiology
assay parameters is important for interpretation of laboratory
results and for comparison of results generated with different
assays (94) or in different locations (91). Significant differ-
ences occur among laboratories, even when commercially
available assays are used (21, 92, 95–97). Quality controls to
assess kit-to-kit and lot-to-lot variations are helpful. Trend
analysis can be performed on control parameters such as
optical density readings for PCR-ELISA, relative light units
for bDNA, and CT values for real-time PCR, to provide
early warning for problems that may occur with reagent kits
or equipment.

Postanalytical variables are mostly related to interpreta-
tion of reports (98), diagnostic algorithms for subsequent
testing and therapy (99, 100), and the limited ability to
compare methods to each other for assays that are not har-
monized by international units. The copy numbers of target
may not be equivalent if different assay platforms are used.
While conversion factors for HIV assays currently exist and
allow limited comparison between different assays and dif-
ferent reporting units (i.e., copies/ml versus international
units (IU)/ml), the most accurate reflection of the viral load
still comes from those results that were performed by the
same assay platform and with the same version number of
the assay. While all three of the current commercial assays
for HIV (RT-PCR, bDNA, and NASBA) are significantly
correlated, it is still not prudent to interchange assays for
quantitation of viral load in the same patient (101–103); it
should be avoided if possible. HIV-1 quantitative standards
are available with density recorded as IU/ml and help to
improve assay standardization and future comparability of
these methods.

Impact of Specimen Integrity
Specimen preparation techniques contribute to the overall
utility of molecular technologies. Optimal specimen prepa-
ration efficiently releases nucleic acid from the organism and
places the target into an aqueous environment suitable for
use in amplification and other molecular assays. The choice
of nucleic acid extraction methods may enhance or detract
from test performance, as will the choices for input extrac-
tion and output volumes. Test characteristics and results may
vary considerably if any conditions are altered. Specimen
volumes of 200 ml or less are common; however, in some
cases larger volumes may be required, especially when the
density of infectious organisms is low. These variables and
their lack of standardization in specimen processing are
important reasons why results are difficult to compare from
laboratory to laboratory. Choice of extraction methods can
cause variability of assay results (46, 104–108).

For quantitation, it is important that the physiological
level of the virus in the sample be preserved. High levels of
RNase enzymes in blood specimens make RNA targets very
susceptible to degradation. In general, serum or plasma
should be separated within 4 to 6 hours of collection and
stored, ideally at - 70°C for long-term storage, or at refrig-
erated temperature for short-term storage. Repeated freeze-
thaws of specimens should be avoided as they can degrade
nucleic acid and make the viral load appear falsely low. Each
assay will have its own specific requirements for specimen
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collection, transport, and storage, and adherence to these
requirements is crucial to quantitative assay performance.

In addition to the extraction method, the choice of
specimen or dilution matrix for quantitative standards may
also alter the standard curve results (21, 92, 109). Cloned
DNA may behave differently than viral particles (23, 110,
111), and whole organisms may produce a better indicator of
extraction efficiency than plasmid DNA (21, 92).

Whether the method is commercial or noncommercial,
certain specimen collection and storage parameters apply.
For example, EDTA and sodium citrated plasma are the
preferred specimens for HCV PCR (112). Serum is also an
acceptable specimen for some assays if it is centrifuged im-
mediately after clot formation and frozen. Refrigerated (4°C)
short-term storage of serum or plasma is also acceptable
(113–116). For HIV-1 assays (Roche RT-PCR, NASBA, and
bDNA), EDTA plasma is preferred, and if frozen within 8
hours of collection, plasma can be frozen and thawed up to
three times without substantial loss. In one study, Amplicor
HIV-1 Monitor results were maintained within 0.5 log10 (3-
fold) for plasma at 4°C for up to 3 days and for long term at
- 70°C (90).

Another important aspect of assay limitations is the
presence of inhibitors and interfering substances present in
patient specimens or introduced during specimen collection
or processing. Certain substances, such as bilirubin, hemo-
globin, lipids, heparin, and food by-products, can be inhib-
itory or interfere with nucleic acid extraction or the
assay method itself. Interaction with inhibitors and nucleic
acid or critical enzymes, especially DNA polymerases, can
prevent amplification of target. Likewise, inhibitors may
remove reaction components (117), which affect enzymatic
substrates.

The presence of such inhibitors can be determined by
several methods, as described previously (118). Controls
should be designed to detect the presence of inhibitors and
to evaluate the quality and quantity of nucleic acid. One
approach is to incorporate amplification controls into the
design of the molecular assay. This can be accomplished by
spiking the patient’s specimen with characterized concen-
trations of intact organisms, or cloned nucleic acid target,
that have/has a sequence composition similar but not
identical to that of the microbial target. This approach as-
sumes that the lower limit of detection and other assay
performance characteristics are documented in matrices
without inhibitors prior to patient testing. Then, when both
target and amplification control are tested under the same
conditions, inhibition may be present if the spiked patient
control does not amplify or produces a weaker result than is
typical in noninhibitory matrices.

When spiked specimens are assayed, the negative pre-
dictive value of the assay is generally enhanced and results
are more reliable; however, the effectiveness of spiked con-
trols varies depending on how closely control conditions
mimic test conditions. For example, since cloned DNA is
often easier to amplify than its genomic counterparts, the
concentration chosen for cloned nucleic acid controls
should be selected based on their lower limit of detection
characteristics and documented performance, not on the
performance of the corresponding intact pathogen. Fur-
thermore, the control target sequence is optimally similar in
size and guanine-cytosine (GC) ratio to the microbial target
but should not be identical, so as not to compete directly
with the microbial target.

Other approaches to identify inhibitors may be incor-
porated into assays. In certain circumstances the use of an-

alyte-specific capture probes, which can be coupled to a solid
matrix and washed to separate target DNA from inhibitors
in specimens, may be particularly useful. Nucleic acid cap-
ture to a variety of solid matrices, such as magnetic beads or
silica membranes, is also useful to bind nucleic acids while
inhibitors are washed away.

Another important specimen issue is that of specimen
adequacy. To assess the adequacy of specimen collection,
primer sets for human housekeeping genes like human
b-globin, b-actin, or GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), are designed and included in the assay.
Measurements like these are useful only if cellularity is an
indicator of adequacy. DNA concentration within a pa-
tient sample may also be measured spectrophotometri-
cally, to ensure samples contain sufficient human DNA,
which should be indicative of infected human cells. The
choice of targets depends on the type of specimen collected
and the type of disease state being tested. While not all are
appropriate for all specimens, amplification of these targets
allows the test to assess the presence of human cellular
DNA, which should be present if specimen collection was
appropriate.

Standardization
In an additional effort to standardize quantitative testing,
the World Health Organization (WHO) and collaborators
have established the WHO International Standards, which
are described in their website, available at http://www.who.
int/biologicals/en/. The first international standard for HCV
RNA was established in 1997, based on the results of an
international collaborative study (119, 120). Since then,
calibration of working reagents has become possible and
harmonization of data from individual laboratories is feasi-
ble. Standard reference materials with concentration ex-
pressed in IU/ml (as opposed to viral copies/ml) can be used
to calibrate, validate, and compare commercially available
quantitative molecular assays. However, the commutability
of such reference materials for quantitative viral loads may
not be as simple as described for other analytes (121).
Commutability, described as the equivalence of the mathe-
matical relationships between the results of different mea-
surement procedures for a reference material and native
clinical samples, is a critical property that ensures reference
materials are fit for use across laboratories (121). Commut-
ability is necessary to reduce laboratory-to-laboratory vari-
ability, yet recent data evaluating the commutability of the
WHO standard for CMV using 10 different real-time PCR
assays and run by 8 different laboratories indicated that
the reference material showed poor or absent commutability
for up to 50% of the assays (11). True consensus for com-
mutable reference materials will require further assessment
and analysis.

To date, quantitative international standards exist for
seven viruses: CMV, EBV, Hepatitis A, HBV, HCV, HIV-1,
and Parvovirus B19 (39, 119, 120, 122–124) with a col-
laborative study planned to evaluate the proposed 1st WHO
International Standard for human cytomegalovirus
(HCMV) with the HCMV standard created by the National
Institute for Science and Technology (NIST). Further in-
formation can be found by contacting the National Institute
for Biological Standards and Controls at http://www.nibsc.
ac.uk, and at http://www.nist.gov/clinical-diagnostics.cfm.
Proficiency panels for quantitative HCV and HBV assays
have also been developed and are being used in clinical
testing (125–127). Other widely used assays, including BK
virus and the herpesviruses, do not have the advantage of
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established standards, and assay variability is a common
limitation (41, 42, 86).

Laboratory Developed Procedures (LDP)
Akin to any laboratory assay, all assays do not have identical
performance characteristics, whether FDA approved or not.
In general, LDPs may have very different performance
characteristics, but certain clinical parameters apply to all
laboratory assays. Their definition is important to the read-
er’s understanding of the advantages and limitations of
molecular test methods. A recent publication (118) de-
scribes parameters such as analytical and clinical specificity
and sensitivity and their relevance to LDP molecular testing.
For quantitative molecular microbiological diagnostic test-
ing, several other characteristics, such as the linear range and
the upper and lower limits of quantification, are essential to
physicians’ understanding of test results.

Variance in the quality and characterization of non-FDA-
cleared commercial methods and user-developed assays may
be even greater. It is commonly known that there may be
wide variability in the performance of some defined LDPs.
Statistical assessment of variability is essential for the prac-
tical application of these assays (128). Since some degree of
variability is accepted and inherent to commercial quanti-
tative assays, it is difficult to decide how much variability is
acceptable. Unfortunately, there is no firm answer to that
question. To the extent possible, LDPs should maintain
variability standards, which are similar to the current and
accepted standard of care for similar assays in the market-
place. Assay design, verification, and validation are critical
to the performance and use of quantitative molecular LDPs
(128). Experimental design elements should include some
consideration of the following: demographics of the patient
population to be tested (since not all geographical locations
will have the same genotypes), the purpose and proposed
clinical utility of the new assay, and the scientific and bio-
logical background of the assay or the disease (128). In ad-
dition, response variables and control variables for statistical
analysis of assay results should be defined prior to the actual
method development and performance testing. Possible in-
terferences, potential PCR inhibitors, and other matrix ef-
fects of the samples, controls, or standards used must also be
considered and evaluated during the assay development
process (39, 129, 130).

Sigma Metrics for Assessing Precision
and Accuracy
Disease status and therapy decisions are often defined by a
single positive or negative result; therefore, precision and
diagnostic accuracy are critical to optimize patient care.
Statistical assessment tools derived from testing quality
control material, collectively called Sigma metrics, can help
molecular diagnostic laboratories improve the assessment of
their viral load assay’s accuracy. Assays that can achieve a
Six Sigma level of performance will by their nature have
fewer false positives and reduce unnecessary repeat testing
(131). To accomplish this, one must critically assess the re-
sults and know how to analyze quality control data to prove
the assay is functioning properly.

The core requirement of any method used for quality
assessing is the ability to numerically define what we con-
sider good performance and acceptable quality; therefore, we
must also define unacceptable quality and poor performance,
i.e., we must define an unacceptable error that is a defect in
the method’s performance. For viral loads, we can define a
defect or an error as any instance in which a patient result is

misclassified as it related to medical decisions. In that con-
text, there can be two kinds of defects: one occurs either
when a positive result is misclassified as negative based on
viral load; the other occurs when a normal, disease-free pa-
tient result is misclassified as positive or diseased (131).

The quality management techniques collectively known
as “Six Sigma” have been practiced in health care for several
decades, and for even longer in manufacturing, business, and
industry. The core concept of Six Sigma is to identify defects
(false negative or false positive reactions) and then reduce or
eliminate as many of those defects as possible until a nearly
defect-free operation is achieved.

Within the constructs of Sigma metrics, a defect occurs
whenever a process outcome (for example, a viral load re-
sult) deviates beyond a predefined tolerance limit. That is to
say, there is a numerical value that the test process should
produce (sometimes called the “true value”) and there is a
defined amount of variation that is considered by experts to
be acceptable. The acceptable variation bounds the true
value on either side of the true value (e.g., a mean or an
International Standard, etc.).

For diagnostic testing, laboratorians, clinicians, or stat-
isticians place a reasonable limit on the amount of variation
that can be accepted or tolerated, depending on the path-
ogen detected and therapeutic options available. The
boundary of that acceptable variation is called the toler-
ance limit, which is generally specific to the assay, the
disease, or the therapeutic decision points. Therefore,
whenever the process variation exceeds the tolerance limit,
a process defect is said to occur. In Sigma metrics, the
number of defects that occur over time is reported on a scale
of defects per million (DPM) or defects per million oppor-
tunities (DPMO).

When adapted for clinical laboratories, the “Six” in Six
Sigma comes from the idea that six standard deviations (SD)
of process variation must fit between the true value of a test
result and the defined tolerance limit. When variation is
limited to this degree of precision (Six Sigma), the process
generates only approximately 3.4 DPMO, on what is called
the short-term Sigma scale. When a process achieves Five
Sigma on the short-term scale, approximately 233 DPM
occur. With Four Sigma, the number rises to 6,210 DPM,
and with Three Sigma, it rises again to 66,807. The rapid rise
in defects observed as the Sigma metric declines helps to
explain why Six Sigma is considered the ideal performance
standard and Three Sigma is typically considered the mini-
mum acceptable performance level for a process or assay.
Processes operating at or below Three Sigma are typically
the most error prone, resource consuming, difficult-to-
maintain, and expensive processes. Within health care lab-
oratories, test methods that operate at or below Three Sigma
typically generate significant rework in the form of repeated
controls, repeated calibrations, troubleshooting, and even a
need for repeated testing of the patient in order to determine
a diagnosis. In some cases, diagnostic methods performing
significantly below Three Sigma have been recalled from the
market. But the concepts of Six Sigma are relatively new to
molecular diagnostic laboratories and are not yet commonly
calculated. Awareness of the Sigma metrics should help
molecular laboratories better define assay performance and
improve overall quality (131).

Most molecular laboratories are not yet fully accustomed
to discussing the “tolerance limits” of our test methods.
Laboratorians are more familiar with a similar concept,
known as the allowable total error (TEa). With the TEa, the
net analytical error is defined as a combination of method
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imprecision (random error) and method inaccuracy (sys-
tematic error, or bias) (131, 132). When a test method ex-
ceeds the TEa, the method or process begins to generate
defects (result errors), which could be classified as either
false positive or false negative results. When we want to
prevent our analytical method from exceeding the TEa we
can rely on Sigma metrics. If we can achieve Six Sigma
performance, in other words, maintain our imprecision at
approximately less than one-sixth of the TEa, we keep our
defect rate below 3.4 DPM.

For analytical testing processes, it is more difficult to
determine whether a test result is a defect without doing
parallel testing against a reference method or performing
retrospective clinical chart review with correlation to the
longitudinal disease state of the patient. Simple observation
is not sufficient to identify all defects in viral load assays. For
analytical methods, like viral load assays, an alternative
approach can be deployed in order to calculate the Sigma
metric. Rather than count defects, we instead calculate the
expected Sigma metric through an equation that combines
the impacts of imprecision and inaccuracy. The Sigma
metric equation (131, 132) is as follows: Sigma metric =
(TEa - bias)/CV. In this equation, the TEa, bias, and co-
efficient of variation (%CV) are all expressed as percentages
and the absolute value of the bias is used. For any molecular
method, as long as all the variables are expressed in either
logarithmic or nonlogarithmic numerical scales, it is possible
to calculate a Sigma metric.

For viral loads, the TEa value is established based on
clinical guidelines, so the percent TEa reflects a medically
important change (i.e., 0.5 log copies/ml in an HIV viral
load). The %CV and bias values are obtained from repeated
measurement of laboratory control material used to assess
precision during the method verification or by analyzing
longitudinal quality control data. The %CV and bias values
can also be obtained from comparisons with peer group
surveys or proficiency testing surveys. Examples of the rela-
tionships between Tea, bias, CV and defects are depicted
in Figure 2 and are more fully described in references 131
and 132.

The Sigma metric can be calculated with the variables
expressed in unit-based measurements, as long as all the
terms of the equation are kept consistent. The graph in
Figure 3 is a visual explanation of the Sigma metric equa-
tion, showing how both bias and imprecision affect the
distribution of test results. Whenever the curve of the dis-
tribution exceeds the TEa (the lines drawn on either side of
the true value), the area remaining under the curve repre-
sents the number of expected defects.

While the Sigma metric can be calculated, it can also be
visually displayed using a method decision chart (Figure 3).
This chart plots the performance of a test method as a
combination of the observed imprecision and bias, specifi-
cally, using imprecision as the x coordinate and bias as the y
coordinate. The diagonal lines on the chart represent dif-
ferent Sigma zones, from world class quality performance
(better than Six Sigma) near the graph’s origin to excel-
lent performance (Five Sigma), to good performance (Four
Sigma), and so on, until the last zone, the upper right
quadrant of the graph, represents less than Two Sigma per-
formance, which is considered unacceptable, unstable, and
unreliable. The visual simplicity of the graph shows the re-
lationship between the various Sigma conditions: the closer
to the origin, the fewer defects and the more confidence
the laboratory and clinicians can place in the test result.
Conversely, as imprecision and bias grow, they progres-
sively impair a method’s performance, generating more de-
fects and confusing the clinician instead of confirming a
diagnosis. In one recommended approach, laboratories
can choose to adopt the more demanding quality require-
ments at either end of the quantitative spectrum, i.e., that
the highest negative patient never exceeds the cutoff, and
likewise, the lowest positive patient never falls below the
cutoff (131, 132).

Most importantly, for a growing number of medical
therapies, the historical range of acceptable variability (0.5
log10 copies/ml) is no longer the most important decision
point used by clinicians for disease management. For many
treatment regimens, a far lower cutoff is used, one that
defines the success of a drug therapy as the achievement
of eradication or near eradication of the viral load (133–
135). In these cases, the numerical value reported is often
the actual unit measured, not a number converted to the
logarithmic scale. To determine the quality of method per-
formance in those scenarios, it will be more appropriate to
use the actual units to define the TEa. Thus, we may express
the TEa for a test on either the logarithmic or non-
logarithmic scale, depending on the clinical decision level
we are interested in assessing.

Six Sigma statistical concepts have much broader im-
plications than those of a single patient management deci-
sion. From a therapy management perspective, a virus with

FIGURE 3

FIGURE 2
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resistance-associated mutations is more challenging to treat,
with narrower windows for therapy options. In addition,
false positive rates (blip frequency) can add unnecessary
costs due to extensive repeat testing or more expensive re-
sistance testing, and increase anxiety for the patient.
Tracking an assay and instrument performance with Sigma
metrics allows laboratories to identify defects in assays prior
to downstream patient management decisions and impact.

Sigma metrics can be implemented only with clinically
defined TEa limits, which must relate directly to the treat-
ment guidelines for the disease. When these TEa limits are
defined, a Sigma metric can be calculated and an objective
judgment can be made about method precision and ac-
ceptability (52). Once the Sigma metric is calculated, that
assessment can be leveraged into additional actionable steps
for the laboratory, for example, design of the appropriate
quality control procedures (i.e., the number of controls, the
control limits, and, to some extent, the frequency of con-
trols), as well as estimations of the number of tests that will
be required to detect an error within the viral density range
where medical decisions are to be made. In summary, the
Sigma metric is not just a benchmark; it is the first step in a
process of optimizing an assay’s performance in the labora-
tory and determining its most effective use in diagnostic and
treatment pathways. Six-Sigma analyses provide a useful tool
to assay precision and overall quality for viral load testing.
The Sigma metric translates abstract analytical performance
characteristics into tangible measures that can impact lab-
oratory operations and patient outcomes. In previous de-
cades, extreme precision may not have been as necessary, but
today’s medical treatments demand higher precision. With-
out setting a higher bar for analytical performance, more
blips and errors will occur in viral loads, and fewer desirable
outcomes will be achieved (52).

APPLICATIONS OF VIRAL LOADS
Human Immunodeficiency Virus 1 (HIV-1)
Viral load testing is recommended as the preferred moni-
toring method to diagnose and confirm antiretroviral (ART)
treatment failure in the latest World Health Organization
guidelines, updated in 2013. However, if viral load is not
routinely available, CD4 count and clinical monitoring
should be used to diagnose treatment failure. The WHO
guidelines do not recommend HIV load testing initially, at
the time of HIV diagnosis, but recommend testing 6 months
into ART treatment and every 12 months thereafter to de-
tect any treatment failure.

A plasma viral load > 1,000 copies/ml on two consecu-
tive measurements at least 3 months apart, in the setting of
adherence counseling, is indicative of a treatment failure
and the need to change to second-line ART. The rationale
for the threshold of 1,000 copies/ml was based on two main
sources of evidence. First, viral blips or intermittent low-
level viremia (50 to 1,000 copies/ml) can occur during
effective treatment but have not been associated with an
increased risk of treatment failure unless low-level viremia is
sustained (136, 137). Second, clinical and epidemiological
studies show that the risk of HIV transmission and disease
progression is very low when the viral load is lower than
1,000 copies/ml (138–140).

The guidelines advocate that treatment should not be
withheld if laboratory capabilities are not available and both
CD4 and viral load testing should be performed only if re-
sources permit. The development of new technologies, like

point-of-care tests, for these resource-limited areas has led to
the use of certain technologies that use whole blood as a
sample type in the form of dried blood spots, which is un-
reliable at lower thresholds. Therefore, where these are used
a higher threshold should be adopted since the preferred
specimen type for HIV-1 quantification is plasma. Data
provided in the WHO Interim Technical Update on Im-
plementing HIV Viral Load Testing indicates the threshold
of 1,000 copies/ml can be effectively utilized for dried blood
spots used on multiple laboratory platforms (141). Most
standard blood and plasma viral load platforms available and
being developed have good diagnostic accuracy at this lower
threshold. However, the sensitivity of dried blood spots for
viral load determination at this threshold may be reduced
(141). Diagnostic testing that relies on dried blood spot
technology for viral load assessment should consider re-
taining the higher threshold (3,000 to 5,000 copies/ml) until
sensitivity at lower thresholds is established (141).

For HIV viral loads, examples of the ways in which many
of the described parameters can affect the performance and
result interpretation of the HIV-1 RT-PCR assay are well
known. It is the responsibility of the laboratory to provide
clinicians with an awareness of an assay’s inherent variabil-
ity, as QRT-PCR HIV assays exhibit differences among lab-
oratories. At best, a 0.5 log10 variance (a 3-fold difference) is
documented to exist between repeats of the same concen-
tration, even with an FDA-cleared method. Inherent as-
say variability makes more accurate quantitation possible
only within the same run of the same method; therefore,
changes of small magnitude should not take on assumed
relevance. Current therapy guidelines (Department of
Health and Human Services [DHHS]) for HIV-1 state that
virologic failure occurs when the viral load exceeds 200
copies/ml; therefore, a physician would need to confirm this
change in the viral load with a subsequent viral load mea-
surement (142–145).

As previously described, precision is reduced at lower
concentrations and increased variability is typically exhib-
ited when target concentration is less than 200 copies/ml, so
an HIV patient with consecutive undetectable viral load
results (146) may, at some point, have a viral load result of
250 IU/ml and still be well within the normal variability
of the quantitative RT-PCR. A rise in the viral load may
simply indicate a “viral blip,” that is, a temporary rise that
will resolve itself or it may continue to rise and indicate an
actual change in the patient’s status (virologic failure). For
these reasons, a > 3-fold difference in viral load is often
required before decisions that would affect therapy are made
(147–151). Although assay improvements have removed
some variability, HIV-1 quantitation may also vary with
genotype or subtypes (152–155). Most of the Group M ge-
notypes are now accurately quantitated, but not all assays
will accurately quantitate or even detect Group O genotypes
(152, 153, 155–159).

There are two recent reports that serve as examples of the
way in which HIV-1 viral load assay performance, specifi-
cally imprecision, can impact patient management and
therapy. Naeth et al. (160) evaluated patient samples at
densities of 40, 80, and 90 copies/ml. Using the study data
and applying the Sigma metric, the authors were able to
predict how likely one could identify a real change in the
viral load with a value between 40 to 200 cps/ml. This viral
load change from 40 to 200 cps/ml (0.7 log copies/ml) rep-
resents a clinically significant change as it is greater than the
0.5 log10 unit currently required by the DHHS guidelines. In
this example, the %CVs, which were used to assess viral load
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changes, were 26% and 51%, respectively. Sigma analysis, as
described previously in this chapter, demonstrated that
within this clinical decision interval (40 to 200 cps/ml) one
assay’s performance achieves a Six Sigma level (less than 3.4
defects or errors per million) while the comparator perfor-
mance achieved only the Three Sigma level (66,800 defects
or errors per million).

Ruelle et al. (161) provides another example of viral load
performance at the clinical cutoff. Similar to the previous
example, after applying the Sigma metric, authors were able
to ascertain the ability of an assay to identify a significant
change in the viral load from 25 to 400 cps/ml (a 1.2-log-
copies/ml change). This change in the viral load represents a
larger shift than DHHS considers virologic failure. In this
study, the %CVs were 41% and 83%, respectively. Sigma
analysis demonstrated that one assay performance achieved a
Six Sigma level (less than 3.4 defects or errors per million)
while the comparator performance achieved Four Sigma
performance (6,210 defects or errors per million).

Hepatitis C Virus (HCV)
Several commercially available assays and LDPs are rou-
tinely in use for quantification of HCV RNA, with results
standardly reported in international units per milliliter (IU/
ml). In contrast to HIV-1 infection, HCV viral loads remain
relatively stable in untreated patients with chronic HCV;
consequently, the viral load and HCV genotype are not good
predictors of disease severity or progression (162, 163). In-
stead, quantitation of HCV viral load provides important
information about the treatment response of patients un-
dergoing antiviral therapy (135, 164).

The treatment goal for chronic HCV infection is to
prevent complications as a result of normalizing alanine
aminotransferase levels and achieving a sustained virologic
response (SVR), which is defined as the absence of detect-
able viremia at the end of treatment and 6 months later.
Achievement of an SVR is heavily dependent on the ge-
notype of the hepatitis C virus (165). Quantitative HCV
assays provide a baseline value for assessment of the kinetics
of therapy in order to counsel patients about the likelihood
of an SVR and likely duration of the treatment. Patients
with genotype 1 viruses tend to be treated with longer
therapeutic courses, whereas those infected with genotypes 2
or 3 infections have better SVR rates. Established standard
of care for chronic HCV infection is a combination of
weekly injections of PEGylated interferon alpha (Peg-IFN)
and oral ribavirin, with a rate of treatment success of 40% to
50% for genotype 1 (165, 166). The recent introduction of
telaprevir and boceprevir increased the SVR rate from ap-
proximately 50% to > 70%, but this therapy is only ap-
proved for treating HCV genotype 1 infection.

Several other novel therapies, including simeprevir, fal-
daprevir, and asunaprevir, have already been, or will soon be,
approved for treating genotype 1. Interferon-free treatment

regimens for HCV genotype 1 are gaining traction, with
newer regimens having shorter durations, fewer side effects,
low pill burden, and efficacy approaching 90% to 100% (see
Table 3) (167). The three new drug regimens currently
available in the United States are ledipasvir/sofosbuvir
(LDV/SOF), simeprevir/sofosbuvir (SIM+SOF), and par-
itaprevir/ritonavir/ombitasvir/dasabuvir (OBV/PTV/r
+DSV). Potential for cure of each of the new regimens is
patient, subtype, and duration specific, with previous treat-
ment experience or failure, HIV-1 confection, and cirrhosis
all impacting SVRs (167).

Novel treatments or combination therapies for genotypes
2 and 3, daclatasvir, and sofosbuvir, show great promise with
high SVR rates and reductions in treatment duration to 12
weeks (168). Sofosbuvir with ribavirin treatment for 12
weeks for genotype 2 HCV and 24 weeks for genotype 3
resulted in overall SVRs of 93% and 84%, respectively. More
detailed information on the indications for use of sofosbuvir
in patients with HIV or those awaiting liver transplant is
addressed in Lam et al. (167). In addition, a combination of
daclatasvir and sofosbuvir can be used for treatment of ge-
notypes 2 and 3 (169).

Improvements in HCV therapy require that the precision
of HCV assays, particularly at the low end of the dynamic
range, be exceedingly accurate. Current HCV treatment
guidelines state that sustained virologic response at the end
of treatment is achieved if the viral load is < 25 IU/ml (170).
Therefore precision near the LLOQ must be as precise as
possible because new clinical decision points are in place.

In a study by Wiesmann et al. (171), HCV patients were
monitored for a 2-log drop from baseline to ensure thera-
peutic response. They evaluated HCV assay reproducibility
at 25 IU/ml using two commercial HCV assays and dem-
onstrated that precision ranged between 23% CV and 51%
CV. Using the analytical performance at 25 IU/ml, the au-
thors applied Sigma analysis, where total error was the
change in viral load from 25 IU/ml (the assay LLOQ) to 50
IU/ml. Assay performance ranged from Six Sigma to Three
Sigma, respectively, with the lower sigma rightly associated
with the higher %CV assay. The use of a highly precise Six
Sigma method could benefit patients, as it can document a
more accurate assessment of sustained virologic response and
clearance of HCV near the LLOQ.

Similar HCV assay precision was documented by Kessler
et al. (172) when the World Health Organization Interna-
tional Standard was used to evaluate precision at 100, 50,
and 25 IU/ml. This study demonstrated that at 25 IU/ml,
one assay’s %CV was 36% while the comparator’s CV was
95%. The former assay performed at the Five Sigma level
(230 errors per million) while the comparator performed at
the Two Sigma level (308,000 errors per million, or 31% of
all assay’s with errors at the LLOQ), an error rate not gen-
erally considered acceptable in the clinical laboratory. Five
Sigma assays can more accurately detect changes in viral

TABLE 3 Newer regimens available for genotype 1 with FDA-approved indications. Adapted from Lam, 2015 (167)

Regimen name Brand name (manufacturer) Duration (weeks)* Potential for cure* FDA approval date

LDV/SOF Harvoni (Gilead Sciences) 8–24 95–100% 10 October 2014
SMI+SOF Olysio (Janssen Therapeutics) 12–24 95–100% 6 November 2014
OBV/PTV/r
+DSV**

Viekira Pak (AbbVie Inc.) 12–24 93–100% 19 December 2014

*Dependent on patient population; see reference for details.
**Other indications include HCV/HIV-1 coinfection or liver transplant recipients with mild fibrosis.
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load, which confirm sustained virologic response, assess viral
clearance of HCV, or indicate virologic failure.

Therapeutic monitoring has been simplified by real-time
quantitative PCR applications due to greater sensitivity
compared to qualitative TMA-based assays or bDNA-based
formats. In general, the sensitive qualitative assays are typ-
ically used to evaluate the end-of-treatment response
(EOT), since low levels of residual RNA can be found in a
proportion of conventional PCR-negative EOT samples
(173–175). The highly sensitive real-time quantitative PCR
assays can be used to evaluate the early virologic response
of infections to discontinue treatment in nonresponders
and modify the treatment strategy. However, when less-
sensative quantitative test methods, like conventional PCR,
are used, use of the qualitative test methods in combination
is recommended to assess the rapid virologic response, EOT,
and SVR. Quantification and genotyping of HCV RNA
will continue to evolve as a key component of the thera-
peutic strategy for chronic HCV treatment, especially as
new therapeutics receive FDA approval for routine clinical
use.

Using the current medical decision points at 25 IU/ml, a
large amount of inherent imprecision can only be mitigated
by testing duplicate or triplicate samples and using the av-
erage value as the viral load results. While this approach will
improve the accuracy of methods with high inherent error, if
also adds cost to the process. Selection of the most accurate
and precise method to detect changes in viral load will more
readily confirm sustained virologic response, assess viral
clearance, identify virologic failure, and limit overall testing
costs.

Hepatitis B Virus (HBV)
The risk of development of cirrhosis and hepatocellular
carcinoma in chronic hepatitis B infected patients is a pri-
ority in the management strategy for treatment, with HBV
viral load testing playing a vital role. Traditionally, the HBV
e antigen (HBeAg) has been the marker for active viral
replication; however, with advances in molecular testing
methods, chronic HBV disease outcome has been well cor-
related with HBV viral loads. Though monitoring HBV
DNA levels provides the best evaluation of disease, it is the
achievement of either HBsAg seroconversion or HBsAg loss
that are the ideal outcomes of antiviral treatment, since low
levels of HBV DNA may persist in some patients that have
serologically recovered (176). Serial monitoring of HBV
DNA levels is the best approach to determine the need for
treatment as opposed to an arbitrary cutoff value; however, it
is now realized that low levels of HBV DNA (3 log10 IU/ml
to 5 log10 IU/ml) may warrant treatment and be linked to
liver disease in those who are HBeAg negative or have de-
veloped cirrhosis (176). To predict likelihood of a sustained
response to HBV treatment, one proposed treatment plan
has recommended viral load testing at 24 weeks of treatment
to characterize the virologic response as complete, partial, or
inadequate (177). The 2009 update of the American As-
sociation for the Study of Liver Diseases (AASLD) Practice
Guidelines for Management of Chronic Hepatitis B defines a
virologic response to therapy as a decrease in serum HBV
DNA to undetectable levels by PCR assays, and a loss of
HBeAg in patients who were initially HBeAg positive. A
complete response is defined as fulfilling the criteria for the
virologic response, loss of HBsAg, as well as a biochemical
response or decrease in serum ALT to within normal ranges
(176). Thus, measurement of HBV viral loads is critical to
determining the efficacy of therapy in chronic HBV pa-

tients, whether it is assessing for a total reduction or the
kinetics of a decrease in HBV DNA levels.

Cytomegalovirus (CMV)
Clinical utility of quantitative viral loads for CMV has most
extensively been demonstrated in solid organ transplant
(SOT) recipients for prognostication of CMV disease, to
guide preventative treatment, assess efficacy of treatment,
guide treatment duration, and indicate risk of CMV clinical
relapse or antiviral drug resistance (9). CMV infection is
widespread; seroprevalence rates vary depending on several
factors, including age, geography, and socioeconomic status.
In the United States, the estimated overall CMV seropre-
valence is 50.4%, yet some studies have described rates ap-
proaching 100% in some populations (178, 179). Exposure
to CMV via infected saliva and body secretions is the pri-
mary route of infection in immunocompetent persons and
presents as an asymptomatic or self-limited illness. CMV
may reactivate throughout life in these individuals, yet a
functional immune system fights off the infection, and rarely
does an immunocompetent individual exhibit clinical ill-
ness. These latently infected individuals can, however,
transmit CMV to susceptible individuals. Hence, hemato-
poietic cell (HCT) and solid-organ transplant (SOT) re-
cipients that receive infected donor organs, cells, or cellular
blood products are quite commonly at risk for CMV infec-
tion.

Though the incidence of CMV infection is dependent on
the type of organ, up to 75% of SOT recipients who do not
receive antiviral prophylaxis will experience a CMV infec-
tion (180). Those at highest risk for CMV infection are lung,
intestinal, and pancreas recipients; moderately at risk are
heart and liver recipients; and the lowest risk of CMV in-
fection and disease is in kidney recipients (180, 181). After
SOT, CMV infection may occur as a primary infection, re-
activation infection (reactivation of latent virus in the re-
cipient), or superinfection (reactivation of latent virus in
donor cells) (181). Primary infection is defined as receipt of
an allograft from a CMV-seropositive donor (CMV D+/R-)
by a CMV-seronegative recipient, acquiring CMV by natural
transmission or from a CMV-seropositive blood product
(181). Risk of CMV disease is higher for CMV Donor se-
ropositive/Recipient seropositive (D+/R+) patients than for
CMV D-/R+ SOT patients (9).

Most HCT patients will reactivate latent CMV rather
than acquire a primary infection (182). In HCT patients,
the paradigm exhibited in SOT recipients is reversed. Al-
though, a greater risk of CMV reactivation and progression
to CMV disease occurs in CMV R+ HCT patients, irre-
spective of CMV donor status (183), CMV D-/R+ HCT
patients experience further major complications compared
to CMV D+/R+ patients (184–186).

The onset of CMV infection is delayed when a prophy-
lactic prevention strategy is employed within the first 3
months after SOT, deferring CMV infection occurrence
until sometime during the first 3 months, after completion of
CMV prophylaxis. Generally the risk of CMV disease be-
yond this period is low unless SOT recipients are under a
greater degree of immunosuppression.

Three major strategies exist for prevention of CMV dis-
ease: antiviral prophylaxis, monitoring viral reactivation,
and a hybrid approach. Antiviral prophylaxis as a pre-
vention strategy is managed most commonly with valgan-
ciclovir administered for a defined duration, generally 3 to 6
months to all patients at risk for CMV disease. In contrast
to SOT recipients, use of ganciclovir as a prophylactic
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treatment strategy in HCT recipients is limited by the
myelosuppression induced by the drug. Use of aciclovir or
valganciclovir for prophylaxis has the following potential
benefits when using these drugs in selected patients: reduc-
ing the need for hospital admission and/or IV preemptive
therapy, reducing indirect effects of CMV reactivation on
immune status post-transplant, and delaying CMV reacti-
vation until the patient no longer requires immunosup-
pression and has recovered from transplant-associated
toxicity (187).

Monitoring SOT and HCT patients for CMV re-
activation using highly sensitive nucleic acid amplification
tests is an alternative approach. Upon detection of a positive
viral threshold, treatment is initiated until the viral level
falls below a clinically relevant threshold. Monitoring of
CMV DNA load in HCT recipients should be performed at
least weekly for the first 3 months posthematopoietic stem
cell transplant and should continue to 6 to 12 months if the
patient has chronic graft versus host disease (GvHD) or
prolonged immunodeficiency (187). A hybrid approach to
reduce the incidence of late-onset CMV disease uses anti-
viral prophylaxis that is followed by the preemptive ap-
proach of monitoring viral loads and initiating treatment in
those who develop CMV reactivation above a predefined
viral threshold. CMV treatment should be continued until
the quantitative viral load declines below the predefined
threshold or to an undetectable level (9). Viral load
thresholds to initiate preemptive therapy that can be applied
universally in all patients post-transplantation have not
been established. Thresholds up to 1,000 copies/ml have
been suggested, yet other thresholds dependent on the re-
cipient’s risk have also been recommended (188). Recently
published data for HCT patients recommends a threshold of
135 IU/ml as the trigger for early preemptive therapy to
reduce the time to resolution of viremia (median time of 15
days for 135 to 440 IU/ml, 18 days for 441 to 1,000 IU/ml, 21
days at > 1,000 IU/ml) and duration of therapy (median
time of 28 days for 135 to 440 IU/ml, 34 days for 441 to
1,000 IU/ml, 37 days at > 1,000 IU/ml) (189).

CMV disease and infection severity correlates with the
viral replication (i.e., viral load); high absolute viral load
values represent active CMV replication, and low viral load
values are representative of latent viral DNA (9, 181). The
higher CMV viral loads correlate with symptomatic infec-
tions and tissue-invasive disease compared to asymptomatic
CMV syndrome. Sensitivity and specificity of CMV assays
are greatly impacted by the target nucleic acid, RNA versus
DNA, and the specimen type, whole blood versus serum or
plasma, and should be considered when deciding which as-
say to utilize. RNA targeted assays, though less sensitive than
DNA, have been developed to serve as a better indicator of
clinical disease; however, RNA is readily degraded and
proper transport and processing is critical. CMV DNA is
rather stable in specimens and is rarely affected by delayed
sample processing, yet is less specific for active CMV infec-
tion partly due to the ability of such assays to detect latent
viral DNA. Specificity issues have been overcome with the
development and routine use of quantitative CMV assays.
With the availability of two FDA-cleared assays, as well as
the recently released WHO international standard for CMV
quantitation, harmonization of CMV quantitative viral
loads is promising. In this regard, the recent evaluation of
the CMV WHO standard across multiple quantitative as-
says, which clearly indicates a lack of commutability of the
WHO reference material across assay and laboratories, sug-
gests that though these advances are promising for stan-

dardizing viral load thresholds and treatment strategies,
interlaboratory variability will still be an issue and requires
further study (11).

Quantitative CMV viral loads may be used to assess
treatment response utilizing viral load decline and viral load
suppression as indicators. Higher viral loads at diagnosis
have been associated with longer treatment duration. A
recent study showed SOT recipients with a CMV load at
diagnosis of < 18,200 (4.3 1og10) IU/ml had a shorter time
to disease resolution compared to those with a higher CMV
viral load, whose time to clinical disease resolution was 5
days longer (7 days versus 12 days, respectively) (190).
Current treatment guidelines recommend viral eradication
from blood prior to discontinuing antiviral therapy. Viral
eradication occurs later than clinical resolution, there-
fore viral load suppression should be assessed beyond the
resolution of clinical disease, and until the viral load is
suppressed to levels below a safe threshold, before dis-
continuance of treatment (9). Use of assays calibrated to the
WHO international reference standard is supported by
studies indicating that the presence of detectable virus in the
blood is highly associated with disease relapse (191).
Therefore, viral load suppression to levels < 137 (2.14 log10)
IU/ml as the end of treatment is significant of clinical disease
resolution (190).

Epstein-Barr Virus
Quantitative detection of EBV is commonly performed in T-
cell-depleted allogeneic stem cell transplant patients (7,
192) and many other disease conditions (7, 193–198). Use
of EBV viral loads enabled development of models for pre-
emptive anti-B-cell immunotherapy for EBV reactivation,
and for reducing not only the incidence of EBV lympho-
proliferative disease (EBV-LPD) (199–201), but also the
virus-related mortality (202, 203). Quantitative analyses of
circulating EBV DNA in nasopharyngeal carcinomas have
demonstrated a positive correlation with disease stage and a
strong relationship with clinical events, as well as being of
prognostic importance (204). For EBV-associated lympho-
mas, quantitative EBV DNA analysis has also been found to
correlate closely with clinical progress (205). High vari-
ability existed (206, 207) until recently, when EBV quan-
titative standards became available (124, 208).

Other Herpesviruses
Quantitative viral load assays are useful for establishing ac-
tive virus replication of other ubiquitous herpesviruses, like
human HHV-6, HHV-7, and HHV-8. The high rate of re-
activation and asymptomatic excretion of these viruses is
difficult to correlate with clinical disease without the use
of quantitative assays, as qualitative assays cannot differ-
entiate latent from active viral infection. HCT and SOT
recipients are at risk for developing symptomatic HHV-6
infections, commonly through reactivation of latent virus
(209). HHV-6 DNA detected in plasma has been a proposed
marker of active viral infection; however, differentiating the
source of the DNA, whether from cell-free viral particles
produced by active infection of lymphoid tissues or from the
lysis of circulating infected cells in the blood, has not been
successful. Later, it was demonstrated that HHV-6 in plasma
likely originates from the lysis of infected circulating blood
cells as opposed to circulating cell-free viral particles, thus
quantification of HHV-6 DNA in whole blood has a higher
sensitivity for diagnosis of active HHV-6 infection origi-
nating in lymphoid tissues rather than measuring DNA load
in purified peripheral blood mononuclear cells (PBMCs) or
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plasma (210–212). Like many of the quantitative viral load
assays, HHV-6 viral load assays are not standardized or in-
terchangeable; furthermore, thresholds to guide treatment
have not yet been established. The literature supports a viral
load of > 103 targets per 106 PBMCs in stem cell transplant
patients associated with clinical symptoms (209). It should
be noted that the use of quantitative viral load assays to
assess HHV-6 infection can be confounded by the possibility
of cross-reactivity with chromosomally integrated HHV-6.

BK virus (BKV)
Originally described in 1971, BK virus (BKV) was isolated
from urine of a renal transplant patient with ureteral stenosis
and bearing the initials “B. K.”(213). Primary infection of
BKVoccurs in early childhood, 65% to 90% of children age
5 to 9 are seropositive, with chronic latent carriage in several
organs and tissues (kidneys, urothelium, leukocytes, etc.)
(214). Reactivation of latent virus occurs during episodes
of immunosuppression, allowing the virus to replicate to
pathogenic levels. As such, immunocompromised patients
can experience a host of complications attributed to BKV
including most commonly, BK virus associated nephropathy
(BKVAN) and hemorrhagic cystitis. Less common compli-
cations of BKV reactivation include pneumonitis, retinitis,
liver disease, and meningoencephalitis (215). Because the
most significant clinical impact of BKV is the complications
associated with BKVAN, the reader is referred to several
other publications that discuss the further clinical compli-
cations of BKV (215–217).

Reactivation of BKV starts within three months after
transplantation and occurs in 30% to 50% of renal trans-
plant recipients (218). Among renal transplant recipients,
80% will exhibit BK viruria, with 5% to 10% developing
BKVAN. Widespread use of PCR for quantitation has
confirmed that BK viruria and viremia are reliably identified
before the development of BKVAN (219). Screening for
persistent BK virus shedding, presence of decoy cells in
urine, or urine viral loads of > 107copies/ml, has been shown
to identify patients at risk for developing BKVAN (216,
220). BK viral load is usually 1,000-fold higher in the urine
than in the plasma (220); however, patients may present
with asymptomatic viruria without disease. Therefore, pos-
itive urine viral loads should be confirmed with plasma viral
loads and renal biopsy (215). Though highly specific and
definitive, the “gold standard” renal biopsy can result in false
negatives due to focal involvement, especially during early
stages of BKVAN. “Presumptive” BKVAN, defined as a
plasma viral load of > 104 copies/ml, is 93% sensitive and
specific for associated positive tissue histology (221). Eval-
uation of a renal biopsy to exclude other coexisting patho-
logic processes, or exclude BKVAN altogether as the cause
of allograft dysfunction, as well as staging for prognosis, re-
mains an important component of therapeutic management
(219).

No specific antiviral to BKV exists; therefore, decreasing
immunosuppression is the most common form of therapy for
BKVAN. Other pharmaceutical options that have shown
activity, primarily in vitro, though have not been formally
approved for the treatment of BKV associated nephropathy,
include cidofovir, leflunomide, quinolones, and intravenous
IgG (215). In two studies, Kadambi et al. and Vats et al.,
BKV clearance in patients was observed when treated with
cidofovir; however, since cidofovir is transported into tu-
bular epithelial cells and excreted renally, the risk of neph-
rotoxicity should be considered (222, 223). Use of
leflunomide and quinolone as therapeutic options have

successfully been shown to result in viral clearance or de-
crease of viremia, yet intravenous Ig treatment has shown
mixed results with some effect on BK viremia but no sig-
nificant improvement in graft survival (224–226).

Monitoring peripheral blood for evidence of BK vire-
mia through quantitative real-time PCR testing is an im-
portant management tool that allows for interventions that
prevent nephropathy in renal allograft patients. Significant
genetic heterogeneity of BKV exists and that variability
dramatically affects the assays performance. The implica-
tions of BKV DNA sequence variation for the performance
of molecular diagnostic assays are only beginning to be
studied (220, 227, 228).

SUMMARY AND FUTURE IMPLICATIONS
In little more than a decade, quantitative molecular methods
have become an integral part of standard medical practice
for prognosis and treatment of many viral infections. Clin-
ical laboratories now have an abundance of technologies
including PCR-ELISA, RT-PCR, real-time PCR, bDNA,
NASBA, TMA, and other non-PCR amplification methods
for quantitation of infectious agents. Other applications,
including gene expression assays and assays to model path-
ogenesis, also rely on quantitative methods. Applications of
these methods will increase dramatically in the near future as
host profiling and genetic factors related to the process of
infection and treatments are defined.

Many variables exist and influence the utility of current
quantitative molecular assays. Variables such as platform
choice, condition and concentration of target, specific mi-
croorganism characteristics, and specimen processing must
be taken into consideration in order to validate and interpret
quantitative methods. Other important aspects of method
design include primer and probe selection, selection of the
type of controls and standards used to enable accurate
quantitation, and determination of assay threshold. As with
all laboratory assays, limitations related to aspects as basic as
sampling error still exist. All these variables combined make
statistical analysis of method validation and routine perfor-
mance crucial to the accuracy of quantitative methods.

Recent advances in technology have resulted in rapid,
user-friendly, automated, contamination-resistant testing
platforms that will allow some quantitative molecular testing
methods to replace certain conventional microbiology lab-
oratory assays. As new equipment and technologies continue
to evolve, traditional issues related to method verification
and validation for nonmolecular quantitative methods will
be considered for their potential application to quantitative
diagnostic techniques. The ultimate success of these tech-
nologies depends on their successful application to patient
care and their related overall cost. A quality systems ap-
proach to verification and validation of molecular microbi-
ologic diagnostic assays is in the early stages and will require
further development. Some standardized methods and con-
trols exist, but more will be needed to provide a basis for
method comparisons. Further analysis of the clinical utility,
test utilization, and pathogen-or-disease-targeted algorithms
will also enable better use of these technologies.

Quantitative methods and viral loads are already an in-
tegral part of disease management, and the future of quan-
titative testing depends on our ability to apply quality
practices and statistical analyses and quality metrics to
commercial or user-defined methods and to incorporate
standardization into our testing methods. The effectiveness
of technology depends on careful attention to quality-based
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practices and evidence-based medicine to ensure that results
from quantitative methods may be more easily compared.
Comparison of quantitative methods is difficult and will
be improved with the development of more internation-
ally accepted standards and controls. Automation will add
to reproducibility and may reduce overall costs. When user-
developed quantitative methods are applied to clinical
testing, assay performance characteristics must be carefully
documented and scrutinized. Quantitative data must be
carefully correlated to disease in order to assess the clini-
cal utility of the methods by determining clinical sensitivity
and specificity. Adherence to standard quality practices
is essential, as practitioners of molecular diagnostic meth-
ods exercise great care to maintain the highest standards
when incorporating molecular methods into existing diag-
nostic algorithms. Speed, accuracy, and utilization of results
will be paramount to the future of quantitative technology
as new methods extend our understanding of pathogenesis
and advance our ability to improve diagnosis and disease
management.
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Signal Amplification Methods
YUN (WAYNE) WANG

14
Signal amplification methods were initially designed as an
alternative to the target amplification technologies such as
polymerase chain reaction (PCR) so as to minimize the
possibility of contamination by target amplification products.
Unlike target amplification, signal amplification methods (as
defined herein) do not rely on enzymes for the amplification.
Probe-based amplification techniques such as cleavage-based
amplification (36) and rolling-circle amplification (1) rely
on enzymes, and will not be covered in this chapter. Signal
amplification increases or amplifies the signal generated from
the probe molecule hybridized to the target nucleic acid se-
quence. The advantages of signal amplification methods
include specific detection, dynamic range, ease-of-use, and
reproducibility. To date these methods have met the chal-
lenge from advanced or automated target amplification
methods such as real time PCR. Signal amplification tech-
nologies include hybrid capture (HC) and branched DNA
(bDNA) assays (32, 33). The HC method was developed
and marketed initially by Digene Corporation (Gaithersburg,
MD) which was acquired by Qiagen (Valencia, CA) in 2007.
The bDNA method was initially developed by Chiron
(Emeryville, CA), marketed by Bayer Diagnostics (Emery-
ville, CA) which diagnostic division was acquired by Sie-
mens (Tarrytown, NY) in 2006. Due to the growing demand
for quick time to detection, automation, and multiplexing,
the popularity of commercial signal amplification methods
has declined in clinical virology laboratories.

HYBRID CAPTURE TECHNOLOGY
Principles and Characteristics of HC
Utilizing antibody capture and chemiluminescent signal
detection, HC combines the nucleic acid technology such as
RNA probes for RNA:DNA hybridization with the sim-
plicity of an immunoassay using monoclonal antibodies
RNA/DNA hybrid for rapid gene detection. HC technology
detects nucleic acid targets directly and uses signal amplifi-
cation to provide sensitivity that is comparable to target
amplification methods. HC has been successfully applied to
the detection of human papillomavirus (HPV), Chlamydia
trachomatis, Neisseria gonorrhoeae, and human cytomegalo-
virus (CMV).

The current commercially available HC test is second
generation, the so-called HC2 test. For improved conve-

nience and workflow, HC2 uses plate wells, whereas the first
generation HC test used tubes as the reaction vessel. Assays
using the HC2 technology take approximately 3.5 hours to
complete. Same-day results can be achieved in a chemilu-
minescent microplate format. Automation of the HC
methods may extend the use for HC testing.

The HC2 technology uses RNA probes to detect DNA
targets (Figure 1). Following are the steps of HC technology:

(1) Release of DNA from cells and denaturation of nu-
cleic acids. Alkali such as sodium hydroxide is added
to the specimen to disrupt the virus, release target
DNA, and make the target DNA molecules single
stranded and accessible for hybridization.

(2) Hybridization of target DNA with RNA probe. The
specimen is transferred to a container and a single-
stranded RNA probe that is complementary to the
target DNA sequence is added to the solution and
heated. The RNA probe finds its complementary
DNA target sequence and hybridizes to it, forming a
double-stranded RNA–DNA hybrid complex.

(3) Capture of RNA–DNA hybrids onto a solid phase.
The sample is then transferred to a plate well that has
been coated with antibodies (i.e., goat anti-RNA–
DNA hybrid antibody) that specifically recognize
and bind RNA–DNA hybrids. Multiple RNA–DNA
hybrids are captured or bound onto the microplate
surface by the coated antibodies specific for RNA–
DNA hybrids.

(4) Reaction of captured hybrids with multiple antibody
conjugates and label for detection. A second antibody
is added to the solution, which recognizes and binds
to the RNA–DNA hybrids that are captured onto the
surface of the plate well. This anti-RNA–DNA an-
tibody is conjugated with alkaline phosphatase (AP),
an enzyme that in the presence of chemiluminescent
substrate produces light and acts as a signal amplifi-
cation. Several AP molecules are conjugated to each
antibody and multiple conjugated antibodies bind to
each captured hybrid, which in turn results in sub-
stantial (about 3,000-fold) signal amplification.

(5) Detection of amplified chemiluminescent signal. The
plate well is washed to remove the unbound or free
components while the RNA–DNA hybrids and the
labeled antibody remain bound. Chemiluminescent
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dioxetane substrate is added, which is cleaved by the
bound AP to produce light. The emitted light is de-
tected and measured as relative light units (RLUs) on
a luminometer (Microplate Luminometer DML 2000
Instrument). The intensity of the light is evidence of
target DNA in the specimen (4, 32).

Application of HC in the Clinical Virology
Laboratory
HC2 is the current technology for hybrid capture-based
detection of HPV (21, 32). The HC method was first in-
troduced by Digene in 1995; the second generation HC2 was
approved by the U.S. Food and Drug Administration (FDA)
for the detection of high-risk HPV types in thin preparation,
liquid-based cervical specimens (9). HPV nucleic acid tests,
such as the HC2 HPV DNA test (Qiagen) have now be-
come established as part of the standard of care for cervical
cancer screening. An HC2 assay has also been used to detect
CMV. The HC2 CMV DNA test was the first molecular
diagnostic test to be cleared by the FDA for the qualitative
detection of CMV DNA in peripheral white blood cells
isolated from whole blood (23). This test is no longer
commercially available, and has been replaced largely by
quantitative PCR for CMV viral load monitoring. Thus, this
chapter only focuses on HPV testing.

HPV is a small DNA tumor virus in the family Papova-
viridae that is a causative agent of cervical cancer (24). There
are more than 100 types of HPV. Low-risk (LR) types of
HPV may cause genital warts. High-risk (HR) types have
been shown to cause most cases of cervical cancer. Thirteen
types are implicated in the pathogenesis of high-grade
squamous intraepithelial lesions and invasive cancer: 16, 18,
31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68. The HC2 HPV
test uses RNA probe cocktails to detect carcinogenic high-
risk HPV types as well as low-risk HPV types. Five probes
detect low-risk viral types associated with low-grade squa-
mous intraepithelial lesions: 6, 11, 42, 43, and 44. The LR-
HPV DNA test has little clinical usefulness and is rarely

used. The HC2 HR HPV DNA test was initially approved
by the FDA in 2000 for follow-up evaluation in women with
inconclusive Pap smear results, so-called atypical squamous
cells of undermined significance (ASCUS), to determine
the need for referral to colposcopy. With 99% negative
predictive value, the HC2 HR HPV DNA test can reliably
exclude HPV-associated dysplasias in postmenopausal
women diagnosed with ASCUS (22, 29). The HC2 HR
HPV DNA test can be performed on liquid-based cytology
samples using a specific sample collection kit. Specimens
collected and rinsed in the Cytyc’s ThinPrep Pap Test vial
(Hologic, Marlborough, MA) can be used for both the Pap
test and the HC2HPV test. Additionally, cervical biopsies
collected in a specific collection kit can be tested (2, 20).

The HC2 HPV test has been shown to have similar
sensitivity and negative predictive value to PCR or
transcription-mediated amplification methods for HPV
DNA detection (6, 10, 19, 26, 27, 34, 35).

BRANCHED DNA (BDNA) TECHNOLOGY
Principles and Characteristics of bDNA
bDNA is a signal amplification technology that detects the
presence of specific nucleic acids by measuring the signal
generated by specific hybridization of many branched, la-
beled DNA probes on an immobilized target nucleic acid.
Signal amplification is achieved by sequential (or simulta-
neous) hybridization of synthetic oligonucleotides, assem-
bling a branched complex structure on the immobilized
target nucleic acid (32). One end of bDNA binds to a spe-
cific target and the other end has many branches of DNA.
The branches amplify detection signals with linear amplifi-
cation. The end result is a target molecule with several
hundred labels; this provides the analytical sensitivity. The
final detection step uses alkaline phosphatase (AP) to gen-
erate chemiluminescence. The amplified signal on the target
molecules is related to the number of target molecules.
Creation of a standard curve in each assay allows calculation

FIGURE 1 Scheme for Hybrid Capture 2 (HC2) technology.
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of the number of targets in the samples and thus bDNA is a
quantitative technology and is used in the determination of
viral load (7, 11, 18, 32, 33). The bDNA assay is based on a
few key steps (4, 17) which are listed below and shown in
Figure 2.

(1) Release of nucleic acid from the target such as a virus,
the so-called target nucleic acid release. A lysis buffer
containing proteinase K disrupts virus, degrades nu-
cleases (RNases), and releases viral target RNA or
DNA (DNA targets require additional denaturation
to yield single-stranded target).

(2) Capture of target nucleic acid. Oligonucleotide
capture probes in solution hybridize to multiple
sequence-specific sites on the target viral nucleic
acid. These hybrids in turn are captured by specific
probes that are immobilized on microwells.

(3) Preamplification probe hybridization (to target probes
and thus to the microwell) can be performed on the
first or second day. Following the incubation, the
microwells are washed to remove unbound capture
probes, target probes, lysis reagent, and cellular debris.
Target probes mediate the binding of preamplifier
probes to the hybrid complex. Preamplifier probes are
added to the microwells. Each preamplifier probe
hybridizes to two adjacent target probes in a cruciform
configuration or cruciform design.

(4) Amplifier probe hybridization. Amplifier probes are
added to the microwells, and hybridize to preampli-
fiers. There are multiple amplifier-binding sites
present on each preamplifier for the amplifier probe
to hybridize to the preamplifier and form a branched
DNA complex (bDNA) or so-called signal amplifi-
cation multimer for amplification. Thus, the ampli-
fier molecule is the key to bDNA technology.

(5) Alkaline phosphatase (AP) labeled probe hybridiza-
tion. AP-conjugated probes called label probes are
added to the microwells and hybridize to the immo-
bilized amplifier complex. There are multiple label
probe-binding sites present on each amplifier. Diox-
etane substrate is added to the microwell for signal
generation. The dioxetane substrate chemically re-

acts with the AP from the label probes, which excites
an electron, resulting in emission of a photon of light
producing chemiluminescence.

(6) Recording of chemiluminescence by a photomulti-
plier tube in an analyzer. The amount of light pro-
duced by dioxetane substrate is proportional to the
initial target RNA concentration. Results are re-
corded as RLUs by the analyzer. Data management
software creates a standard curve from standards of
known concentrations. The concentration of viral
material in specimens is determined by comparing
the RLU of each sample with this standard curve.

The first generation of bDNA was first introduced in
1990. Subsequent bDNA generations were modified to in-
crease sensitivity. Two of the probe design features for the
bDNA assay are cruciform target probes or binding design
and base isomers (Figure 2). Two target probes are required
to stabilize binding of the preamplifier probe (32). This re-
duces background by minimizing hybridization of amplifi-
cation molecules to nonspecifically bound target probes.
Interaction between oligonucleotides is minimized by in-
corporating non-natural bases in the sequences of the target
probes, preamplifiers, amplifiers, and AP-conjugated label
probes (Figure 2). Isocytosine (Iso5MeC) and isoguanosine
(IsoG) are non-natural isomers of cytosine (C) and guano-
sine (G). Iso5MeC and IsoG participate in Watson -Crick
base pairing with each other but have unstable interactions
with DNA sequences containing natural bases. Approx-
imately every 4th nucleotide in selected probes is Iso5MeC
or IsoG. Use of a 6-base code allows the design of amplifi-
cation sequences that do not interact with target sequences
or other bDNA components (11).

The configuration of the amplification complex (pre-
amplifier, amplifier, and AP-conjugated label probes), re-
duces potential hybridization to nontarget nucleic acids, and
increases the signal to noise ratio 30-fold, thus improving
signal amplification with equivalent sensitivity to some
target amplification technologies like PCR (32).

Changes incorporated into the third generation (3.0
version) bDNA assays have increased the sample volume
and the signal-to-noise ratio to such a high level that the
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FIGURE 2 Scheme for branched DNA (bDNA) technology.

14. Signal Amplification Methods - 169



analytical sensitivity of bDNA approaches that of PCR.
Nonspecific hybridization can be reduced by using effective
blockers for the solid phase or by redesigning the amplifier
molecule or the solid phase itself (18, 32).

Assays were initially performed in a 96-microwell format
using the System 340 Analyzer (Siemens), a semiautomated
instrument that performs incubations, washes, and detec-
tion. Automation of specimen preparation (Versant 440)
improves the consistency of results.

Application of bDNA in the Clinical Virology
Laboratory
bDNA is a quantitative signal amplification method for the
measurement of viral load. Virus assays currently commer-
cially available in the United States include Versant HIV-1
RNA 3.0 and HCV RNA 3.0. These assays target the po-
lymerase (pol) gene of the HIV-1 viral RNA, and the 5¢-
untranslated (UTR) and core regions of HCV, respectively.

The Versant HIV-1 RNA 3.0 assay is able to quan-
tify HIV-1 RNA in plasma over the range of 75 to
500,000 copies/ml. In addition, HIV Group M subtypes A to
G have been validated for quantitation by the assay (7, 11,
12, 13, 25). The test does not require viral RNA extraction
steps. HIV is denser than HCV and therefore can be con-
centrated by centrifugation. Beads are added to the sample
before centrifugation to make the HIV pellet more visible.
In addition, a set of target probes hybridizes to both the viral
RNA and the preamplifier probes. The capture probes,
comprised of 17 individual capture extenders, and the target
probes comprised of 81 individual target extenders, bind to
different regions of viral RNA. A standard curve is generated
from standards containing known concentrations of beta
propiolactone (BPL)-treated virus. The high level of preci-
sion afforded by bDNA allows 3-fold changes in viral load to
be distinguished.

A review of 37 studies evaluating HIV-1 viral load
technologies, including bDNA, showed that all currently
available assays are of sufficient sensitivity to reliably detect
1,000 copies/ml plasma (28).

Evaluation of the Versant 3.0 HIV-1 test, with the Ver-
sant 440 instrument showed that bDNA underquantified
some HIV-1strains by ‡ 1.0 log (10) copies/ml, mainly non-
B subtypes compared to the Cobas Ampliprep/Taqman HIV-1
viral load (VL) assay (8). The Cobas assay has a lower cutoff
of 20 RNA copies/ml, compared with < 50 for the bDNA
assay. The new Versant kinetic PCR molecular system
(kPCR) has a lower limit of quantification of HIV RNA
viral load at 1 copy/mL compared to the Versant bDNA
system (16). Clinicians need to be aware that changes in

assay could result in difficulties in interpretation of patient
results (30).

An overnight incubation is a significant drawback of
highly sensitive bDNA assays. The Versant HIV-1 RNA 3.0
assay was modified to allow shorter target incubation, en-
abling the viral load assay to be run in a single day. The
vendor modified the composition of the Lysis Diluent re-
agent to allow reduced target incubation time from 16 to 18 h
to 2.5 h, which was comparable to PCR (3).

The HCV RNA 3.0 assay is approved by the FDA for the
quantitation of HCV RNA in the serum or plasma of HCV-
infected individuals. The assay measures HCV RNA levels
at baseline and during therapy and is useful in predicting
nonsustained response to HCV therapy. The HCV RNA 3.0
Assay accurately quantitates all HCV RNA genotypes (ge-
notypes 1 to 6) (5, 14, 15, 31).

Commercial bDNA technology has been gradually re-
placed by real time quantitative PCR, or kPCR (28), due to
improved automation, less hands-on time, and capability of
multiplexing.

SUMMARY
Signal amplification technology has unique features and
even some advantages over target amplification systems for
direct detection or quantification of target nucleic acid se-
quences. As summarized in Table 1, signal amplification
methods HC2 and bDNA require no enzymes for target
amplification, and thus create less concern for contamina-
tion and enzyme inhibition. Both technologies use the di-
oxetane chemiluminescent chemistry for detection. DNA
or RNA extraction is not required of either technology.
A manual microwell plate immunoassay-like format or a
semiautomated system can be performed in one room,
making both technologies easily implemented in a variety of
different clinical laboratory settings.

The bDNA and HC2 technologies provide relatively
uncomplicated assay procedures and reliable signal amplifi-
cation tests for diagnosis of viral infection in routine clinical
laboratories. bDNA and HC2 have been used in clinical
virology laboratories for many years, and hybrid capture
technology is still used in many laboratories for the detection
high-risk genotypes of HPV.
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DNA Sequencing for Clinical and Public Health Virology:
Some Assembly Required

JOANNE BARTKUS
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Recent advances in sequencing technology, coupled with
the relatively small genomes of viruses, make routine se-
quencing of entire genomes in clinical and public health
settings increasingly feasible. The first two widely adopted
DNA sequencing methodologies described, the chemical
cleavage method of Maxam and Gilbert (1) and the chain
termination method of Sanger et al., were both published in
the 1970s (2, 3). Coincidental to the subject of this chapter,
the first full genome to be sequenced by Sanger was that of a
virus, albeit a bacteriophage, PhiX 174 (4). The Sanger
method proved to be the more durable sequencing tech-
nology and, especially after the process was automated in
1996, was the most widely used method for DNA sequencing
for more than a decade. Beginning in 2005, however, ad-
vances in sequencing technology, the so-called next gener-
ation sequencing (NGS) methodologies, resulted in a
dramatic increase in the amount of sequence that can be
generated and a concomitant dramatic decrease in the cost
of sequencing. These factors have led to the widespread
implementation of NGS in place of the Sanger method for
typical sequencing applications and also for some novel
purposes, for example, replacing microarrays to study gene
expression. The increased use of NGS technologies has, not
surprisingly, resulted in a rapid increase in the number of
sequences submitted to the National Center for Bio-
technology Information’s (NCBI) Genbank database. In
particular, the number of viral sequences submitted since
2012 has increased 22.9% as measured in nucleotide base
pairs (5), and the number of publications based on NGS is
increasing at an impressively rapid pace (6).

While the improvements in DNA sequencing technol-
ogies have been dramatic, a number of significant challenges
remain that have prevented the widespread adoption of
DNA sequencing in clinical and public health virology
laboratories. Some of these challenges are related to the
technologies, but some of the most daunting are related
to the biology of viruses themselves. As obligate parasites,
viruses cannot be propagated outside of a host system. This
necessitates that, prior to sequencing, either the virus be
purified or target regions be specifically or nonspecifically
amplified and/or that host genomic sequences be removed
during the postsequencing data analysis. An additional

complication is that viruses with RNA genomes require a
reverse transcription step in the sequencing workflow in
order to generate cDNA that is used in the sequencing re-
action. Utilization of DNA sequencing in a clinical setting
requires that assays either be cleared by the U.S. Food
and Drug Administration (FDA) or be validated in the
laboratory as a laboratory developed test (LDT) to meet the
requirements laid out in the Clinical Laboratory Improve-
ment Amendments and the College of American Pathology
standards. At this writing, there are very few FDA-cleared
assays and sequencing platforms. However, it is the amount
and complexity of the data generated by next generation
sequencing (NGS) methodologies, in particular, that pose
the most formidable barriers to implementation for most
laboratories. These challenges are not insurmountable, and
it is likely that continued technological advancements and
the creation and adoption of regulatory and quality assur-
ance standards will increase the feasibility and likelihood
that DNA sequencing will become a routine addition to the
clinical virology repertoire. The remainder of this chapter
will be devoted to discussing the available technologies,
applications to clinical and public health virology, data
analysis and storage strategies, and quality assurance and
other considerations for laboratories that are considering or
have implemented DNA sequencing technology. There is
quite a bit of terminology that is unique to DNA sequencing
in general and to NGS in particular. Table 1 provides defi-
nitions for some of the more commonly encountered terms
used in the field of DNA sequencing.

DNA SEQUENCING TECHNOLOGIES
Sanger Sequencing
Since the advent of NGS, the Sanger sequencing method
has also been referred to as first-generation sequencing
technology. The chemistry used in Sanger sequencing is
termed dye- or chain-termination methodology because in-
corporation of a labeled, modified nucleotide substrate (di-
deoxynucleotide triphosphate or ddNTP) blocks subsequent
elongation of the DNA molecule. The ddNTPs are typically
fluorescently labeled, and, in most automated systems, DNA
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TABLE 1 Next generation sequencing terminology

Term Definition

Bar coding Addition of unique sequence tags to template DNA so that the multiplexed sequence data can be sorted during analysis of the data and assigned back to the correct sample
Bioinformatics

pipeline
A bioinformatics pipeline is a series of data processing scripts that are linked together to perform a desired analysis, essentially a computational workflow

Contig Short for contiguous sequence, i.e., a long stretch of DNA sequence composed of overlapping sequence fragments
De novo assembly Assembly of a contig or whole genome in the absence of a reference sequence. Easiest to do with long reads. Short reads require very high levels of sequence coverage and a

large amount of computing power to enable de novo assembly
Deep sequencing Sequencing with high depth of coverage in order to detect variants present at low concentrations
Depth of coverage Number of reads spanning a defined region of DNA sequence, e.g., 5x, 10x, etc.
DNA library A collection of DNA fragments used for DNA sequencing. A common method of generating a DNA library is to fragment DNA or cDNA into specific size pieces and ligate

on adapter sequences. Amplification of the fragmented DNA is accomplished in different ways for different sequencing platforms.
Emulsion PCR Amplification of DNA in water droplets immersed in oil, used by some NGS platforms for amplification of template DNA. Each droplet contains a single immobilized

DNA molecule that is amplified to produce a clonal colony that becomes the template for DNA sequencing.
FASTA/BFA A sequence read file format that does not include quality score information. BFA is binary FASTA.
FASTQ A sequence read file format that includes phred quality score information for each base-call (225)
Heat map A heat map is a graphical way of displaying a table of numbers by using colors to represent the numerical values
Indel Insertions and deletions
Insert The DNA fragment to be sequenced is sometimes referred to as an insert because it is flanked by adapter sequences
kmer Short DNA subsequences of k-length. Kmers are frequently used to facilitate data analysis by processing fragments as opposed to single nucleotides, for example for

sequence assembly and generation of phylogenetic trees.
Mate pair read Read obtained from both ends of a DNA strand where originates from a single strand, accomplished by circularizing DNA using biotinylated adapters, shearing, and then

capture of the biotinylated adapters. Useful for genome finishing and de novo sequencing, especially when elucidating the sequence of complex regions of DNA
Metagenomics Refers to study of microbial communities, but often applied to sequencing of a biological specimen for pathogen detection
Multiplexed run Sequencing multiple samples simultaneously in the same reaction; requires barcoding of sample for data analysis
Paired-end read Read obtained from both ends of a defined region of DNA, but not necessarily from the same strand
Phred quality score A quality or Q score is a quality metric generated during sequencing and reported in the sequence read FASTQ file. A score of Q20 indicates base call accuracy of 99%

while a score of Q30 indicates a base call accuracy of 99.9% (226)
Quality trimming The process of trimming low-quality bases from the ends of sequence reads
Read Reads are referred to as either raw reads, which are the clusters identified by the instrument, or as filtered reads, which are the reads accepted after base-calling. Low numbers

of filtered reads indicates a problem either with preparation of the sample or with the sequencing run itself. Filtered reads are used for subsequent analysis
Read length The length of DNA sequence produced by a sequencing platform. The Illumina platform typically provide sequence with short reads of < 100 bp while Roche 454 produces

read lengths of up to 1 kb.
Reference guided

assembly
Assembly of unknown sequence reads based on comparison, or mapping, to a reference sequence

Resequencing Sequencing of a genomic region for which a reference sequence or comparator is available. Resequencing may be targeted, i.e., a specific region is amplified and sequenced,
or it may include the whole genome.

SAM/BAM Sequence alignment file formats: SAM format stores text data in readable tab delimited ASCII columns while BAM stores data in binary form
SNP analysis Computational steps to identify single nucleotide polymorphisms, i.e., differences in DNA sequence between the experimental
Systematic error Error that tends to repeat and is reproduced in replicate studies
Virome The viral component of the microbiome (149)
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fragments are separated by capillary electrophoresis. Detec-
tion of the fragments is accomplished by laser-induced
fluorescence of the tagged nucleotides. Instrument software
analyzes the raw data, which can be exported in file formats
that are compatible with commonly used analysis applica-
tions. Template DNA for Sanger sequencing typically con-
sists of purified PCR amplicons, which are sequenced using
primers specific to the region of interest, or of cloned frag-
ments that may be sequenced using universal primers that
hybridize to the flanking sequences present in the cloning
vector. Due to the high degree of accuracy and long read
lengths (typically 800 and up to 1,000 base pairs) produced
by Sanger sequencing, this technology remains the gold
standard for sequencing and remains useful for targeted re-
sequencing to confirm variants identified by NGS and for
low-throughput applications.

Pyrosequencing
Pyrosequencing, first described in 1996 (7), relies on de-
tection of pyrophosphate (PPi) released upon incorporation
of a nucleotide into a growing DNA chain. Template DNA
is prepared by amplification of the target sequence by PCR
using one biotinylated primer. The biotinylated primer is
used to immobilize the template DNA by binding to strep-
tavidin-coated sepharose beads. The ideal amplicon ranges
between 80 and 200 base pairs in length; however it may also
be possible to perform pyrosequencing on longer templates,
up to 500 base pairs. Individual nucleotides are added se-
quentially to the immobilized DNA template. Detection of
incorporation of a nucleotide is accomplished by monitoring
the conversion of PPi to ATP, which is catalyzed by the
enzyme ATP sulfurylase. The ATP produced by this reaction
is used as the energy source by the enzyme luciferase, which
in turn catalyzes generation of a chemiluminescent signal,
from the substrate luciferin, that is captured by the instru-
ment. Finally, the enzyme apyrase is added to degrade un-
incorporated nucleotides and ATP prior to the addition of
each subsequent nucleotide and the cycle is repeated. Pyr-
osequencing generally produces shorter reads than Sanger
sequencing and has been used primarily for detection of
mutations in defined DNA targets, such as identification
of antiviral resistance mutations in influenza strains (8–
11). Pyrosequencers are available either as low-throughput
instruments (e.g., Pyromark Q24, Qiagen) or in a NGS
high-throughput format (e.g., Roche 454), which will be
discussed in the section on Next Generation Sequencing.

Next Generation Sequencing
NGS technologies increase the amount of sequence data
that can be generated in a single run by allowing parallel
sequencing of many strands simultaneously, often referred to
as massively parallel sequencing by synthesis. These tech-
nologies are categorized as either second generation, which
indicates that amplification of the template molecules
prior to sequencing is required, or third generation, which
are NGS technologies that allow for sequencing of a single
DNA molecule without requiring amplification (12, 13).
Although the various NGS systems rely on different tem-
plate preparation and sequencing chemistries, they share the
common feature of the immobilization of template DNA to
a solid substrate, which allows for the simultaneous se-
quencing of a large number of molecules (14). NGS tech-
nologies have been reviewed extensively in the literature, so
descriptions here will be brief and will be provided in the
context of the sequencing workflow (12–17).

NGS Workflow
The workflow for NGS involves a number of steps, each of
which is critical to ensure the generation of high-quality,
unbiased DNA sequence. Following nucleic acid extraction,
the first step for second generation sequencing technologies
(as well as for some third generation technologies) is prep-
aration of a DNA library. Library preparation typically in-
volves fragmentation of DNA into pieces short enough to be
sequenced and ligation of adapter sequences that enable
immobilization of the DNA onto a solid surface. DNA
fragmentation may be accomplished by sonication or enzy-
matically. Sizing of fragments prior to sequencing may be
required depending on the technology used to generate the
library. Preparation of the DNA library is a critical step in
the sequencing process and can introduce substantial bias
and errors into the sequence. Strategies for addressing the
potential for bias during template preparation will be ad-
dressed below in the section on Quality Assurance. Library
preparation can be time-consuming and laborious, employ-
ing many manual steps. However, techniques for template
preparation are evolving along with the sequencing tech-
nologies, and commercial products that simplify the process
are available. For example, Illumina’s Nextera technology
allows for DNA to be fragmented and tagged with se-
quencing adapters simultaneously (18). Library preparation
in this system is very efficient, requiring only 50 nanograms
of DNA input for the standard DNA kit and as low as 1
nanogram for the Nextera XT kit.

Sequencing of RNA templates, including RNA viruses,
typically requires conversion of RNA to cDNA prior to li-
brary preparation. This may be accomplished in multiple
steps by generation of cDNA by reverse transcription of
the RNA template, followed by library preparation. Kits
used for transcriptome analysis, such as TruSeq RNA (Illu-
mina) (19, 20), simplify the sample preparation for RNA
viruses. The Ovation RNA-Seq (Nugen) kit (21, 22), which
is used for generating amplified cDNA, can be used with
samples containing low-copy number RNA viruses. Epi-
centre’s TotalScript utilizes an optimized reverse transcrip-
tase, which limits rRNA contamination as compared to
standard buffers used for reverse transcription. This is very
helpful for viral RNA templates. Similar to the Nextera
technology, the cDNA generated by reverse transcription is
tagged using an in vitro transposase (23).

For second generation NGS technologies, the next
step in the workflow is amplification of the DNA template.
Different platforms use different amplification strategies. Ion
Torrent and Roche 454 utilize emulsion PCR to amplify
the template, while Illumina uses a technique referred to
as bridge amplification (Fig. 1). After template amplification,
if required, the next step in the workflow is the actual se-
quencing reaction. The sequencing technology used by Il-
lumina is similar to Sanger sequencing in that it relies on use
of a fluorescently labeled reversible chain terminator, which
is cleaved after imaging to allow for addition of the next
nucleotide. Sequencing in the Roche 454 system is accom-
plished by pyrosequencing, analogous to that of the Pyro-
mark platforms, but on a massively parallel scale. The
technology used by Ion Torrent is similar to that of the 454
pyrosequencing method; however, instead of using lumi-
nescence to detect release of inorganic phosphate, the Ion
Torrent uses semiconductor technology to detect hydrogen
ions released during the incorporation of each nucleotide
base (24) (Fig. 2). The Life Technologies SOLiD system,
which employs ligation of fluorescently labeled di-base

15. DNA Sequencing for Clinical and Public Health Virology: Some Assembly Required - 175



probes and provides data in “color space” as opposed to base
space (base calls), is being discontinued, and the instru-
ment is no longer being sold (25). The review article by
Metzker provides a color diagram of the process used by
the SOLid system, as well as the Illumina and 454 tech-
nologies (14).

Third-generation sequencing methods do not require a
template amplification step. The PacBio RS system utilizes
what is referred to as single-molecule, real-time (SMRT)
technology. In this technology the DNA polymerase is im-
mobilized in what is referred to as a zero-mode waveguide
(ZMW). A ZMW guides light into a very small observation

FIGURE 1 Illumina Sequencing Technology. A) Libraries for Illumina sequencing are prepared by ligation of adaptors to both ends of
random fragments of DNA. DNA fragments are attached to the Illumina flow cell by hybridization of the adaptors to complimentary linker
oligonucleotides on the surface of the flow cell. The hybridized DNA fragments are next amplified by a process referred to as solid phase bridge
amplification. Each DNA strand has an attached and a free terminus. The strands are then denatured, resulting in the generation of millions
of single-stranded DNA clusters. B) The reverse strands are released from the flow cell by cleavage and washed away, leaving only the forward
strands for sequencing. Sequencing of these DNA clusters is done simultaneously by adding a sequencing primer and fluorescently labeled
nucleotides. Laser excitation results in fluorescence of the last base incorporated, the label and a blocking group are removed and washed
away, and the cycle is repeated. Fluorescence is detected by way of CCD camera image capture.
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window that is just large enough to visualize a single fluor-
escently tagged nucleotide being incorporated by the poly-
merase. Once the nucleotide has been incorporated, the tag
is cleaved off and the fluorescence diffuses outside of the
visualization field. In this way, the addition of nucleotide can
be measured as it occurs. Library preparation consists of
DNA fragmentation and ligation of hairpin adapters. At this
writing, the PacBio RS technology is the only third gener-
ation NGS platform currently on the market. The Helicos
NGS technology, developed by HeliScope, was the first in-
strument capable of single-molecule sequencing, but the in-
strument is no longer sold, and the technology is now
available only as a service. Helicos technology uses what are

referred to as virtual terminator nucleotides, which have a
cleavable indicator tag. Samples are immobilized via a 3¢ poly
(A) tail added during the library preparation step, and the
labeled nucleotides are added, incorporated, washed and
imaged, and then the cycle is repeated following cleavage of
the fluorescent tag. The poly(A) tail also serves as the primer
for sequencing. Unique among NGS technologies, the DNA
polymerase used in this method can be replaced by re-
verse transcriptase, which enables direct sequencing of RNA
molecules without prior conversion to cDNA (26). The
requisite poly(A) tails may be attached to RNA molecules
enzymatically using a poly-A polymerase. There are, however,
no publications demonstrating the utility of this technique

FIGURE 2 Ion Torrent Sequencing Technology. Libraries for Ion Torrent sequencing are prepared by ligating adaptors onto DNA
fragments. Fragments are clonally amplified by emulsion PCR. The particles are applied to the Ion Torrent chip for sequencing. Sequencing is
accomplished by addition of a sequencing primer, DNA polymerase, and the sequential addition of dNTPs. The Ion Torrent chip is a
semiconductor, and each microwell contains millions of copies of the amplified DNA template. Incorporation of a nucleotide results in the
release of a proton, which results in a detectable change in pH in the microwell, which is converted to digital information. If no base is
incorporated, then there is no voltage change. When multiple sequential nucleotides with the same base are present in the sequence, the
result is an increase in the voltage that is proportional to the number of identical bases in the homopolymer run. So for two bases the voltage is
doubled, for three it is tripled, and so on. Signals are processed and bases are called by the Ion Torrent software.
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for direct sequencing of RNA viruses. Nanopore sequenc-
ing, which analyzes transit of nucleotides through a nano-
pore-sized channel in a membrane by measuring ionic
current through the pore (27), is being developed by Oxford
Nanopore and has recently become available through an
early access program (https://nanoporetech.com/community/
the-minion-access-programme-philosophy). The Oxford
Nanopore MinION, is a single-use, miniaturized device that
plugs into a computer via a USB connection. The details of
sample preparation are not available; however, the system is
designed to be compatible with blood, serum, and envi-
ronmental samples. This device is intriguing; however, it
appears that the data produced by the MinION, despite
providing very long reads, are not suitable for de novo se-
quence assembly due to systematic sequencing errors (28).
The Oxford Nanopore GridION also consists of a single-use
cartridge that contains all of the necessary sequencing re-
agents; however, it is much larger than the MinION and
requires separate instrumentation, but it is scalable. Double-
stranded DNA will be required; however, there will be no
need for library preparation (https://www.nanoporetech.
com/about-us/for-customers).

Options for NGS Implementation
In many large institutions, next-generation sequencing is
performed as a service by a dedicated core facility, which
typically provides both DNA sequencing services and
bioinformatics support. NGS is also available as a service
from a number of providers, such as Life Technologies,
SeqLL, ChunLab, and others. The introduction of affordable
bench top NGS platforms and the need for rapid turnaround
times has increased the number of laboratories that have
brought the technology into individual laboratories. It
should be noted, however, that the cost of the platform does
not reflect the total cost, as the laboratory also needs to
consider costs associated with sample preparation, sequenc-
ing reagents (flow cells and library prep kits are expensive),
and data analysis, which may be significant. Benchtop se-
quencers, such as the Illumina MiSeq and Life Technologies
Ion Torrent PGM and Roche 454 GS Junior, are best suited
to amplicon, resequencing, and small genome sequencing
applications due to throughput limitations. The various
platforms and models differ in throughput, accuracy, read
lengths, purchase cost, and suitability for particular appli-
cations. Numerous options are available, and the list in
Table 2 highlights the most commonly used, currently
available, or under development (e.g., Oxford Nanopore)
NGS platforms. The field is evolving rapidly, and, in fact,
the first NGS technology to be introduced to the market, the
454 pyrosequencing platform, is about to be discontinued
(http://www.genomeweb.com/sequencing/roche-shut-
ting-down-454-sequencing-business). The ABI SOLid in-
strument has also been discontinued and will be replaced by
the Ion Torrent Proton semiconductor sequencing system.
At this writing, the Illumina platforms dominate the NGS
market, with the Illumina MiSeq and Ion Torrent PGM
sharing much of the benchtop sequencer segment. Manu-
facturers offer both affordable benchtop and more expensive
ultra-high throughput instruments, providing a great deal of
flexibility for the laboratory to choose an instrument best
suited to their applications and throughput needs. Because of
the rapid pace of technological innovation, any summary is
almost immediately out of date; however, an excellent
source of information relevant to choosing a NGS platform
is Travis Glenn’s Field Guide to Next Generation DNA
Sequencers (12). This article was published initially in 2011;

however, the tables are updated annually and are available
online. The 2014 Field Guide to Next Generation DNA
tables may be found at http://www.molecularecologist.com/
next-gen-fieldguide-2014/. These tables provide compari-
sons of accuracy, throughput, instrument cost, cost per
gigabase sequenced, and a variety of other variables impor-
tant to choosing a NGS platform.

A number of performance comparisons of NGS platforms
have been published (29–33). Instrument comparisons are
challenging because of the differences in sample preparation
and data analysis algorithms that may result in differences
not attributable to the platform itself (34). A comparative
study of the PGM, PacBio RS, and MiSeq for sequencing of
microbial genomes from cultured organisms conducted by
Quail et al. revealed that the three platforms were compa-
rable for GC-rich, neutral, or moderately AT-rich genomes
(30). However, the PGM exhibited a significant bias with
the AT-rich genome of Plasmodium falciparum. This bias was
partially overcome by substitution of Platinum Taq with
Kapa HiFi for the amplification step. A performance com-
parison of MiSeq, 454 GS Junior, and PGM for resequencing
of Escherichia coli O104:H4 was conducted by Loman et al.
(32). These authors concluded that MiSeq had the highest
per run throughput coupled with the lowest error rates, al-
though the Ion Torrent PGM had the highest throughput.
Characteristic of the 454 platforms, the GS Junior generated
the longest reads but had the lowest throughput. Of greater
interest to the field of virology, Frey et al. compared three
platforms, MiSeq, PGM, and 454, for metagenomic identi-
fication and antiviral resistance of influenza H1N1 in clin-
ical specimens (33). They found that all three platforms
were capable of detecting influenza spiked into blood; how-
ever, they were unable to detect resistancemutations at any of
the concentrations tested. The performance characteristics of
each platform differed: the 454 produced the longest reads,
the MiSeq yielded the greatest depth and breadth of cover-
age, and the PGM was the most rapid. In another virology
study, Li et al. compared the IlluminaHiSeq 2000, Roche 454
GS-FLX, and Roche 454 GS Junior platforms for detection of
HIV-1 minority variants associated with resistance to the
antiretroviral agents raltegravir in pretreatment specimens from
patients who ultimately failed therapy (34). The results of this
study showed that the Illumina platform provided 1,000 times
greater coverage compared to the 454 platform, along with
higher sensitivity for variant detection with fewer false posi-
tives. The cost of sequencing the multiplexed samples was
similar for the two platforms; however, the authors concluded
that the higher coverage produced by the Illumina system
would allow for multiplexing of specimens to reduce cost. Yet
another study compared four NGS platforms, Illumina, Ion
Torrent, PacBio, and 454, for determination of HIV coreceptor
tropism (35). The performance of all four systems was com-
parable with regard to error rates and ability to detect virus
variants. There were minor differences in the ability of the
platforms to identify non-R5 HIV viruses (i.e., those that did
not utilize chemokine receptor CCR5 for entry into target
cells) however, the authors concluded that all four platforms
could be used to reliably predict HIV receptor tropism.

Ultimately, the choice of NGS platform will be based on
considerations of throughput, multiplexing capacity, read
length, accuracy, instrument cost, reagent costs, turnaround
time, and laboratory space limitations. In general, higher
throughput is required for deep sequencing for viral popu-
lation analysis and metagenomic applications, while longer
read lengths are helpful for applications requiring de novo
sequence assembly.
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NGS Strategies
Because of the small size of viral genomes, Sanger and small-
scale pyrosequencing work well for many applications, es-
pecially if the virus is known and the region of interest is
small. However, NGS may be preferable for large-scale se-
quencing of amplicons (36) or when the goal is detection
and identification of an unidentified virus, especially if it is
present in a complex matrix (i.e., metagenomic sequencing).
There are a number of strategies for optimizing NGS se-
quencing to make sequencing cost effective and to facilitate
data analysis, and the strategy selected will depend on the
application.

Given the small genome size of viruses relative to the
amount of data generated in a NGS run, multiplexing of
samples would make NGS more cost effective for most
laboratories. Multiplexing refers to combining, or pooling,
multiple samples in a single sequencing lane. In multi-
plexing, template DNA from individual samples is “bar-
coded” by adding a unique tag to the DNA. This is typically
accomplished by adding the unique sequence to the PCR

primer used during generation of amplicons for targeted se-
quencing, or to the adaptor ligated to fragments during li-
brary preparation. The bar codes are used to sort the
sequence data during the analysis step so that the reads can
be assigned to the correct sample. Multiplexing may not be
suitable on benchtop sequencers for applications requiring
high coverage levels, such as virus population analysis or
metagenomics.

For applications requiring de novo assembly (i.e., assembly
in the absence of a reference sequence) or for sequencing
regions of DNA with repetitive elements, mate-paired and
paired-end sequencing, as opposed to single-end sequencing
strategies, increase the ability to accurately assemble the
sequencing reads. In paired-end sequencing, different
adapters are attached to each end of the template DNA such
that the reads originate from both ends of the same molecule
being sequenced; however, they are not complimentary
unless the fragment being sequenced is very short. The ad-
vantage to having paired ends is that it enables better
alignment of the reads because the distance between the two

TABLE 2 Overview of next generation sequencing technologies and platforms

Platform
Sequencing
technology Advantages Disadvantages

GenomeLab GeXP
(Beckman)

ABI 310, 3130,
3730, 3500 (Life
Technologies)

Dye terminator High accuracy rate
Long reads
Data analysis

easily performed

Cost prohibitive for high-throughput applications

PyroMark Q24,
Q96 (Qiagen)

Pyrosequencing Rapid Short reads
Errors in homopolymeric regions

454, 454 GS
Junior (Roche)

Massively parallel
Pyrosequencing

Long reads
Fast run time

High reagent cost
Errors in homopolymeric repeats
Roche to discontinue 454 sequencers and will

no longer support product starting in 2016

MiSeq, NextSeq
500, HiSeq (Illumina)

Reversible
Terminator

Low cost per base
Moderate read lengths
Very high throughput,

for HiSeq models

Requires heterogeneity of sequence template,
which is problematic for amplicon sequencing

Ion Torrent PGM,
Ion Proton (Life
Technologies)

Semiconductor Low-cost instrumentation
Simple machine

Errors in homopolymeric and AT regions
High reagent cost, depending on application

ABI SOLiD
(Life Technologies)

Ligation Very high throughput
High accuracy

Very short reads
Long run times
Instrument no longer commercially available

PacBio RS
(Pacific Biosciences)

Single Molecule
Real-time

Extremely long reads
Fast run times

High error rate
Expensive
Relatively low throughput

MinION, GridION
(Oxford Nanopore)

Nanopore (27) Small footprint
Simple design

Available through an access program
Performance characteristics for virology

application not yet evaluated

SeqLL http://seqll.com/
Helicose sequencing
performed as a service

ChunLab
Numerous other

Sequencing
as a service

Does not require purchase
of instrumentation

Ideal for sporadic
sequencing needs

May be cost prohibitive
Turnaround time may not be sufficient for diagnostic

or public health investigation purposes
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ends of the insert being sequenced is known, making it
easier to identify gaps, insertions and deletions. While sim-
ilar in concept (i.e., a sequence is obtained from both ends
of a DNA template) mate-end sequencing is slightly differ-
ent in execution. For mate-paired sequencing, the DNA
fragment created during library preparation is circularized
using biotinylated adapters, and then sheared. The bioti-
nylated adapters are used to capture the fragments, and the
adapters are used to initiate sequencing. Mate-paired se-
quencing typically allows for use of larger inserts than does
paired-end sequencing. A good overview of these two se-
quencing strategies can be found on the Illumina website,
http://technology.illumina.com/technology/next-generation-
sequencing.ilmn.

Host Contamination
Regardless of the sequencing technology employed, it is
necessary to address the issue of contamination of virus
samples with host DNA and RNA that complicate the de-
tection and identification of viral sequence reads. Decreas-
ing host contamination (host depletion) by centrifugation,
filtration, or nuclease treatment or increasing viral nucleic
acid (target enrichment) by amplification are two ap-
proaches used to enable enrichment of viruses that may be
present at low levels in a sample. These methodologies are
frequently used in combination to provide the largest in-
crease in the relative amount of viral nucleic acid relative to
host contamination. The problem of host contamination is
lower for cultured viruses as centrifugation may be used to
remove most of the host cells (37).

The simplest method for dealing with host contamina-
tion is to amplify specific genomic regions of the viral target
by PCR, followed by amplicon sequencing (i.e., targeted
sequencing). Examples of this approach are numerous.
Amplification of a single region of the genome is commonly
used for highly targeted applications, such as assessment of
antiviral resistance mutations or virus genotyping (34, 38–
41). Whole viral genomes may be amplified by PCR using
degenerate primers or overlapping primers that generate
amplicons covering the entire genome (42–46). A com-
mercial product, the PathAmpFluA kit (Life Technologies),
is available for whole genome analysis of influenza A
(https://tools.lifetechnologies.com/content/sfs/brochures/
Influenza_A_Typing_App_Note.pdf). The kit includes uni-
versal influenza primers for multiplexed amplification of all
eight influenza A genome segments. The cDNA amplicons
produced are then sequenced on the Ion Torrent PGM. The
advantage of targeted amplification is that the methodol-
ogy is fairly standard, and sequencing may be accomplished
by either Sanger or NGS methods, depending on the
throughput required. The disadvantage of targeted amplifi-
cation is that it is sequence-dependent, requiring a priori
knowledge of the identity of the virus as well as genomic
sequence information.

Sequence independent amplification methods can be
used to increase the amount of viral nucleic present in a
sample prior to sequencing to identify novel viruses without
a priori sequence information. Random amplification of
RNA viruses has been accomplished using random hexamer
primers (47–49), or more recently using whole tran-
scriptome or RNA-seq commercial kits as described previ-
ously in the section above on Amplification and Sequencing
(21, 22, 50, 51). Treatment of specimens with DNase to
remove contaminating host DNA, followed by sequence-
independent single-primer amplification (SISPA), has been
used for amplification of both DNA and RNA viruses prior

to cloning and sequencing (52–54). Rolling circle amplifi-
cation may be used for isothermal amplification of viruses
that contain a circular DNA genome, for example human
papilloma virus (HPV) (55, 56). VIDISCA-454 is a tech-
nique that couples VIDISCA with Roche 454 sequencing.
VIDISCA (virus discovery based on cDNA-AFLP [ampli-
fied fragment length polymorphism]) is a method whereby
adaptors ligated to restriction fragments are used as primers
for PCR amplification. This method has been successfully
applied to detect Norovirus in feces and HIV-1 in serum
(57). It should be noted, however, that random amplifica-
tion methods have the potential to introduce bias and errors,
which need to be addressed in the experimental design
and/or during data analysis (58–60).

Viral targets may also be separated from host contami-
nation by a technique referred to as target capture. Target
capture (sometimes referred to as “baiting”) is a hybridization-
based method that uses long (120 nucleotide) RNA se-
quences as capture probes to enrich specific sequences,
which are then subjected to NGS. This methodology can
be used to capture either DNA or RNA sequences and
has been used for enrichment of herpeseviruses from clini-
cal specimens (61) and for identification of virus integra-
tion sites from formalin-fixed, embedded human tissue
(62) using the Agilent SureSelectXT Target Enrichment
System.

Physical methods including ultracentrifugation and fil-
tration are commonly used to concentrate viral particles
present in a sample (63–66). These methods are frequently
used in conjunction with other methods, such as nuclease
digestion, to remove any unencapsidated nucleic acid pres-
ent in the sample, or random amplification to enrich low
abundance sequences as described above. Marston et al.
(37) showed that RNA viruses could be enriched relative to
host contamination by polyethylene glycol precipitation,
followed by RNA extraction with Trizol, DNase digestion to
remove host genomic DNA, and rRNA depletion by exo-
nuclease digestion, although there was a 3- to 100-fold de-
crease in the amount of extracted RNA following DNase
treatment. This study also demonstrated that the extraction
method used had a significant impact on the amount of RNA
extracted, with Trizol providing greater RNA yields than a
spin column extraction method (RNeasy). A recent study by
Hall et al. (67) compared five combinations of centrifuga-
tion, filtration and nuclease digestion for virus enrichment.
Their results indicated that large amounts of contaminating
nucleic acids remained and that the relative abundance of
viral sequences within a metagenomics data set was not
substantially increased except when a three-step enrichment
method, consisting of centrifugation, filtration, and nuclease
digestion, was used. While capable of significantly reducing
host background sequences, physical as well as enzymatic
methods may result in loss of viral sequences and are not
capable of enriching viruses that are integrated into the host
genome.

With the exception of target-specific PCR, none of the
methodologies described above are capable of complete re-
moval of contaminating sequence reads. Because of host
contamination of specimens for metagenomic NGS se-
quencing, virus detection and identification typically require
over-sampling during sequencing to provide enough se-
quence coverage to detect viruses present at low concen-
trations, which poses a significant challenge to analysis of
the sequencing data. Removal of host sequences during the
post sequencing data analytical step is typically accom-
plished by computational subtraction, which involves

180 - LABORATORY PROCEDURES FOR DETECTING VIRUSES

http://technology.illumina.com/technology/next-generation-sequencing.ilmn
http://technology.illumina.com/technology/next-generation-sequencing.ilmn
https://tools.lifetechnologies.com/content/sfs/brochures/Influenza_A_Typing_App_Note.pdf
https://tools.lifetechnologies.com/content/sfs/brochures/Influenza_A_Typing_App_Note.pdf


mapping the sequencing reads to a host reference genome
and then filtering the mapped reads so that they are no
longer included in subsequent data analysis. This process will
be described in more detail below in the section on Bioin-
formatics.

Bioinformatics
The analytical processes for data generated using first gen-
eration Sanger sequencing technologies are well developed,
and numerous tools are available, either commercially or in
the public domain, for various steps in the analytical pipe-
line. The first step in DNA sequence analysis, regardless of
whether it is from a first, second, or third generation plat-
form, is the processing of instrument data into base calls.
This step is typically accomplished by software integral to,
and provided with, the instrument platform, and the output
is the DNA sequence read. The output file from the in-
strument typically also includes PHRED, or quality scores,
for each base called. Sanger sequencing instruments typically
provide the option to export data in a number of sequence
file formats, including those that are specific to the instru-
ment, for example, ABI or CEQ (Beckman), as well as for-
mats that are used for subsequent data analysis, such as
FASTA or FASTQ. The next step in the analysis of se-
quencing data typically involves editing or filtering the se-
quence to remove low-quality reads. The quality score for
each base can be used to facilitate the trimming process, as
well as to identify positions in the sequence containing
mixed bases that may indicate a polymorphism at an indi-
vidual position in the sequence or a mixed virus population.
For Sanger sequences, visual inspection of the sequencing
trace may be performed to identify regions requiring editing,
which can be done manually. This is not possible, however,
for sequences generated on NGS platforms. Trimmed se-
quences are then used as input in other analytical steps. For
some applications, such as identification of sequence variants,
the sequence may be plugged directly into the appropriate
analytical program. However, if longer sequences are re-
quired, it may be necessary to compile overlapping sequences
into longer pieces, also referred to as contigs (short for con-
tiguous sequence). The type of computational tool used for
the analysis will depend on the application. Some common
DNA sequence analyses include performing a BLASTsearch
(http://www.ncbi.nlm.nih.gov/BLAST/) against a database
of virus sequences to search for homology to a known virus,
comparison to a reference sequence to identify popula-
tion variants and quasispecies or phylogenetic analysis using
ClustalW (http://www.ebi.ac.uk/clustalw/), or other align-
ment programs to determine evolutionary relationships (68),
as well as numerous other downstream applications.

The magnitude of the data generated by next generation
sequencers and the shorter read lengths necessitate different
computer algorithms than those used for assembly and
analysis of sequences from first generation platforms. The
review by Gogol-Döring and Chen provides a very nice
overview of the general steps involved in the analysis of
NGS data (69). As for Sanger sequencing, primary analy-
sis of NGS data involves converting the instrument data
into DNA sequences (base-calling). The sequence data are
first demultiplexed, if multiplexing is used as part of the
sequencing strategy (as described previously). Sequence-read
statistics, such as the number of raw reads and the number of
filtered reads (e.g., reads accepted after base-calling) should
be reviewed to assess the overall success of the sequencing
reaction. Sequences are next trimmed to remove low-quality
portions of reads and adaptor sequences prior to further

analysis. Low-complexity reads (e.g., homopolymeric
regions) may also be filtered out and removed from subse-
quent analysis.

Secondary analysis includes sequence assembly, which
may be accomplished either by mapping or alignment of
reads to a reference sequence (reference-guided assembly), or
de novo assembly in the absence of a reference. Read map-
ping involves finding the region of the reference sequence
that best matches the newly sequenced fragment. Because
reads may not match the reference sequence exactly, the user
can define the number of mismatches that will be allowed
between the read and the reference sequence. Setting this
number too high may result in improperly mapped reads,
while setting it too low may preclude mapping of reads when
there is a mismatch due to sequencing error or sequence
variants. While mapping tools may provide output in a va-
riety of formats, SAM/BAM is rapidly becoming the stan-
dard mapping file format. Mapping statistics can be used as a
quality indicator, with a low number of mapped reads indi-
cating poor sequence quality or contamination. Addition-
ally, mapping data provide information on sequencing
coverage, or the number of reads that map to a specific
portion of the reference sequence. For example, if 10 reads
map to the same region, the coverage is said to be 10-fold for
that region. Nonuniform coverage of the reference genome
may indicate the potential for bias in the data or the pres-
ence of additional repeated regions in the newly sequenced
genome.

De novo assembly is compilation of an assembled se-
quence in the absence of a reference sequence. This is ac-
complished by alignment of overlapping reads to form
contigs and is extremely challenging for platforms that yield
short sequence reads. Therefore, an increased amount of
coverage is required to ensure that there are enough over-
lapping reads to assemble into a full-length genome (64). For
this reason, platforms that yield longer sequence reads (e.g.,
454) enable de novo assembly at lower coverage levels. The
need to generate a full-genome sequence will depend on the
application. Because of the expense and time needed to
complete a full-length genome, many sequences are left as a
collection of contigs.

Similar to first generation sequencing, post-alignment or
downstream data analysis, for example, variant detection,
depends on the clinical or research application and will re-
quire specialized analytical tools. Many of the algorithms
used for analysis of NGS data are customized by the end user,
require specialized expertise to execute, and are not as well
standardized as those used for Sanger sequencing. In addition
to the need for specialized bioinformatics tools and expertise,
the amount of sequence data produced by NGS and the
number of processes involved in data analysis result in the
need for much greater computer processing and storage ca-
pacity and may be problematic for transfer of data elec-
tronically due to bandwidth limitations. Bioinformatics and
computing needs represent the biggest barrier to broader
implementation of NGS technology in individual labora-
tories. Recently, there has been an increase in the availability
of commercially available software packages, including some
that are included by the NGS system manufacturers when
the system is purchased or are available from the vendor at an
additional cost. In addition, bioinformatics is now increas-
ingly being offered as a service, further decreasing the need
for laboratories to have specialized expertise in bioinfor-
matics. However, the data analysis remains complex, and
laboratories will likely still need to have in-house expertise
to review and interpret sequencing results. These changes
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in bioinformatics offerings, along with provision of server
and cloud-based storage and analytical services, have en-
abled laboratories to begin to at least explore the poten-
tial of NGS for clinical applications and are described
further below.

Bioinformatics Tools and Options
There are a wide array of bioinformatics tools and options
currently available either as free, downloadable, public-
domain tools, as well as commercially available software
packages, either stand-alone or provided by the instrument
manufacturer (70, 71). Table 3 provides a partial list of the
variety of bioinformatics and software solutions that a lab-
oratory can select from, a few examples of offerings in each
category, and the advantages and disadvantages of each. The
field is rapidly evolving; therefore laboratories interested in
pursuing any of these options should conduct their own re-
search to find a package that best suits their needs, com-
puting and informatics structure, bioinformatics expertise,
and budget. NGS platform vendors offer computing storage
and analytical packages. Many basic data analyses can be
performed using software provided by the vendor.

Primary sequence analysis, such as base-calling and as-
sessment of sequence quality, is typically accomplished by
software integral to the sequencing platform. Secondary
analyses may be accomplished in a variety of different ways
and can be tailored to the abilities and resources of the in-
dividual laboratory. Illumina’s MiSeq Reporter is the bioin-
formatics software built into the MiSeq that can be used to
perform secondary computational functions, such as align-
ments, structural variants, and contig assemblies. The anal-
ysis is launched automatically based on the data analysis
workflow, or pipeline, specified by the user during instru-
ment setup. In addition to software, Illumina also offers
storage in the form of either a standard computational sys-
tem that provides storage for up to 400 genomes, or as an
advanced system for high-capacity storage (up to seven
HiSeq instruments). Illumina’s BaseSpace is a cloud-based
system for analysis, archiving, and sharing of NGS data and
is provided via Amazon’s Web Services. BaseSpace is also
available as a local system. Base Space users can select from a
variety of applications tools, or apps, some of which are
standard and others that are customized by end users and
made available to other users. An example of a user provided
app is DeepChek-HIV, which is an app for antiviral resis-
tance typing of HIV (http://blog.basespace.illumina.com/
2014/07/23/deepchek-hiv-app-for-genotyping-by-ngs-and-
inferred-drug-resistance-testing-for-research-use-only/). Path-
SEQ Virome is a BaseSpace app that is capable of detecting
more than 50,000 virus genomes in approximately one hour
(http://www.pathgendx.com/_asset/PathSEQ_Virome-Getting_
Started.pdf). Likewise, Ion Torrent provides both compu-
tational software and storage options. As with Illumina,
these computational solutions are scalable and can be
adapted to the needs of the individual laboratory. The Ion
Reporter Software consists of a set of preconfigured bioin-
formatics tools for automated data analysis workflows and
provides for both customization and data and workflow
sharing via a collaboration space. The PacBio Sequencing
System also includes a software package that automates data
analysis and integrates with LIMS and third-party analysis
tools. Roche also provides a suite of software for the GS
Junior and GS FLX Systems at no extra cost for applications
including de novo assembly, reference mapping, and ampli-
con variant analysis. Information on all of these computa-
tional options may be found on the vendor websites. Data

output from all of these systems includes standard formats,
such as FASTA (sequence file), FASTQ (sequence file with
PHRED quality scores), and SAM/BAM (standard align-
ment format).

Commercial software for analysis of sequencing data,
such as Sequencher, Bionumerics, Lasergene, CLC Bio and
Vector NTI (Table 3), have been widely used for analysis of
first generation sequencing, and NGS options are also
available or are being developed for many of these software
packages. These software packages are affordable and run on
most commonly used operating systems, such as Windows,
Mac OSX, and Linux. CLC Bio offers several different
software options for analyzing both Sanger and NGS data,
including desktop and enterprise (server system) solutions.
CLC Genomics Workbench is a desktop application that
provides a user-friendly graphical user interface and supports
all major NGS platforms. CLC Genomics Workbench
includes tools for many of the most commonly performed
NGS data analysis operations, including resequencing, read
mapping, de novo assembly, and variant detection and has
been used for analysis of hepatitis C drug-resistant mutations
(72), characterization of Epstein Barr virus in human B
lymphocytes (73), and typing of human papillomavirus
(HPV) (56), among others. DNASTAR Lasergene also pro-
vides an integrated software package for assembly and anal-
ysis of NGS data. In addition to desktop software packages,
many vendors offer cloud-based options as well.

For those laboratories with sophisticated bioinformatics
expertise and advanced informatics infrastructure, there are
a number of open source NGS software tools available to
choose from that are freely available in the public domain.
These include single-purpose tools that may be used to de-
velop an analysis pipeline that can be tailored to a specific
application, as well as pipelines that have already been de-
veloped. For example, Bowtie2 (74) is a tool commonly used
in bioinformatics pipelines that performs short-read align-
ments to reference genomes, and SOAPsnp (75) is a tool for
variant detection that identifies single nucleotide polymor-
phisms (SNPs) by comparing a consensus sequence to a
reference sequence. These single-purpose tools, when per-
formed in series, form the basis of Crossbow, an automated
analysis pipeline (or workflow) used to detect SNPs in high-
coverage, short-read genome sequence data (76, 77). There
are many open-source bioinformatics pipelines that have
been described in the literature. These programs typically
run on a Linux operating system and require some level of
expertise to create the pipeline and/or download, install, and
run the scripts, as well as bioinformatics expertise to inter-
pret the data. The programs are often run as shell scripts that
combine a sequence of commands into a single script. This is
useful for processes that are performed repeatedly; however,
informatics expertise is needed to write the scripts and to
troubleshoot when the script fails. A tool for simplifying this
process for bioinformatics pipelines, Bpipe (78), has been
developed to address some of the problems related to run-
ning a shell script. In addition to pipelines developed for a
specific purpose, there are software packages that provide
access to a wide variety of NGS tools. One example is
Galaxy (79, 80), which is available to install locally or can
be used as a web-based interface that provides a single in-
terface to some of the commonly used NGS tools. Likewise,
the Broad Institute has developed a Genome Analysis
Toolkit (GATK) that offers a wide variety of tools for
analysis of resequencing data with an emphasis on quality
assurance (81). Cloud-based resources are becoming in-
creasingly available, which allow access to single-purpose
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TABLE 3 Bioinformatics software options

Application
Platform/
Availability Examplesa Advantages Disadvantages

Single-purpose
tools

Downloadable
Public
Domain

Numerous, see reviews (227, 228) Free of charge
Configurable, create

your own pipeline

Does only one specific job
Requires bioinformatics

expertise for scripting
and maintenance
on Linux

Time consuming

Bioinformatics
workflows

Downloadable
Public
Domain

GATK (81)
CG-Pipeline
See Table 4 for pipelines developed

for virology applications

Free of charge
Available for a variety

of general or specific
purposes

Require extensive
validation

Pipelines for the same purpose
using different component
tools may yield
different answers

Requires Linux and
bioinformatics expertise

Bioinformatics
workflows

Cloud-based
Public
Domain

Galaxy (74, 79) http://galaxyproject.org/
Rainbow (97) http://s3.amazonaws.

com/jnj_rainbow/index.html
Crossbow (76)
CloVR (83)

Does not require
Linux expertise

Require extensive
validation

Transfer of large data packages
can be problematic

Privacy and security
concerns

Bioinformatics
infrastructure

Downloadable
or cloud-based

Public Domain

CloVR(83) No need for
computational core

Requires informatics/
bioinformatics expertise

Sequence
viewing and
data analysis

Desktop software
Public Domain

GENtle http://gentle.magnusmanske.de/
MEGA6 http://www.megasoftware.net/
BioEdit http://www.mbio.ncsu.edu/

bioedit/bioedit.html
NCBI Genome Workbench http://www.

ncbi.nlm.nih.gov/tools/gbench/

Free of charge
Runs on local machine

May not be suitable for
analysis of NGS data

Limited analytical
capability

Sequence
viewing and
data analysis

Desktop
software

Commercial

CLC Genomics Workbench (CLCbio)
Lasergene (DNASTAR)
Sequencher (Gene Codes)
Bionumerics 7.0b (Applied Maths)
Vector NTI (Life Technologies)
Geneious 8.0 (Biomatters)
NextGENe (SoftGenetics)
CodonCode (CodonCode Corporation)
Geospiza (Perkin Elmer)

User friendly
Less bioinformatics

expertise needed
User support provided
Automated
Integrated tools

Analysis options may be
limited

May be cost prohibitive
May not support NGS

applications

Instrument-
based data
analysis

Instrument
software

Commercial

Varies, see text User friendly
Some software provided

with instrument
platform

Enables basic analysis
Ability for end users

to develop and
share applications

May not include tools
for all applications

Cloud storage may
be cost prohibitive

Bioinformatics
as a service

Commercial Integrated Analysis Inc. http://www.i-a-
inc.com/proteomics-saas

ChunLab
http://www.chunlab.com/
Accura Science http://

www.accurascience.com/

Does not require
informatics equipment
of expertise

May be cost prohibitive
(prices range from $75
to $260 per hour)

aExamples are not all inclusive, nor do they represent an endorsement of any particular, program, product, or service.
bBionumerics 7.5 will include NGS capability.
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tools, bioinformatics pipelines or bioinformatics infrastruc-
ture through the Internet via cloud-hosted services (76, 79,
82–86). Although software with a web interface simplifies
usability of the programs, bandwidth limitations and con-
cerns about data security may preclude widespread use of
these bioinformatics options in a clinical setting.

Pipelines for Viral Bioinformatics
Viruses pose a number of bioinformatics challenges due
primarily to the fact that viruses are obligate intracellular
parasites and cannot be cultivated in the absence of host
cells. Additionally, viruses display a high degree of sequence
heterogeneity due to the tendency to undergo recombina-
tion at relatively high rates and because of RNAviruses’ lack
of proof-reading during nucleic acid synthesis (87). From a
taxonomic perspective, viruses are challenging because,
unlike the bacterial 16S ribosomal RNA gene, there are no
genes that can be used as a phylogenetic marker across all
virus families (88). The applications of NGS to virology vary
widely, and the bioinformatics tools and databases needed
are dependent on the specific application and task, which
may include structure/function correlation, virus detection
and taxonomy, phylogenetic analysis, and variant analysis,
among others (see Applications of Sequencing to Virology
section). There are a number of standard computational
tools that have been used for analysis of viral DNA se-
quences for many years, for example BLAST for homology
searching or ClustalW for phylogenetic analysis (see review
of Yan for additional examples [89]). Recently, an increasing
number of bioinformatics pipelines have been developed for
specific virology applications, and most of them have been
made freely available in the public domain (Table 4). Many
of these pipelines are downloadable Linux-based programs,
which typically require expertise in informatics for down-
loading, installation, configuration, and maintenance of the
software, as well as bioinformatics expertise to interpret the
data output. Some of these pipelines are developed for a
relatively narrow purpose, for example, variant calling or
detection of virus integration sites, while others provide
general purpose tools and pipelines. In addition, some of the
pipelines are specific to a particular sequencing platform, for
example, VirusHunter (90), which was developed for the
longer reads generated by the 454 sequencers, and snp-assess
(34), which was developed to characterize viral popula-
tions using the Illumina pipeline. However, many of the
tools that have been developed recently accept standard
FASTA or FASTQ formats as input, making them usable for
output from any of the first or next generation sequencing
platforms.

As for analysis of human genomic sequences, an increas-
ing number of bioinformatics pipelines and tools for viral
sequence analysis are web- or cloud-based, requiring little or
no informatics expertise to install and provide output that
requires less bioinformatics expertise thanmany of the Linux-
based programs. The J. Craig Venter Institute has developed
Cloud BioLinux to provide viral genomic data analysis
pipelines. Cloud BioLinux is a public virtual machine on the
pay-by-the-hour Amazon Elastic Compute Cloud (EC2)
that provides preinstalled analysis pipelines for viral “end-to-
end, sequencing-to-annotation” (84). Users without com-
putational infrastructure or expertise can access more than
100 bioinformatics tools via a web browser and run them
without needing to purchase software or to modify the
pipelines. Galaxy CloudMan (79) is included in the Cloud
BioLinux package to provide the suite of Galaxy tools. The
Virus Pathogen Database and Analysis Resource (ViPR) is a

web-based database that includes metadata on multiple virus
families categorized as priority pathogens or that impact
public health (91, 92). Data present in ViPR include in-
formation from publicly available sources, direct submission,
and novel data generated by ViPR. In addition to the da-
tabase, ViPR includes a number of tools for comparative
genome analysis that enables multiple sequence analysis,
phylogenetic analysis, sequence variation, and visualization
of 3D structures.

Metagenomic analysis of viruses is a particularly chal-
lenging problem requiring a series of time-consuming com-
putational steps, specialized analytical tools, and a large
amount of computer memory and processing capacity. An
overview of the computational issues and tools is provided in
a relatively recent review by Fancello et al. (93); however,
there are a number of newly described tools and approaches
to the analysis of viral metagenomic data that have appeared
in the literature since that publication. Typical metagenomic
pipelines utilize mapping of reads to a host reference se-
quence followed by removal of those sequences from sub-
sequent analyses. Many of these pipelines utilize a BLASTor
MEGABLAST algorithm for the final pathogen identifica-
tion step, which is very slow and may be unable to detect
pathogens that are highly divergent at the nucleotide level.
The Metagenomics Pathogen Identification for Clinical
Specimens (MePIC) pipeline (94) is a cloud-based analysis
pipeline that accepts the standard FASTQ file generated by
most sequencing platforms as input. The MePIC pipeline
first processes the sequence to remove adapter sequences and
low-quality bases, maps reads to the human genome and
removes them from the analysis, and uses the remaining se-
quences as input to query the NCBI database using MEGA-
BLAST. The database search result is downloadable by the
user and includes annotated sequence reads that can be vi-
sualized in freely available metagenome browsers. Run times
for the MEGABLAST search vary from 10 hours using a
single core computer to 6 minutes for 100 cores running in
parallel to analyze 1 million reads that are 200 base pairs in
length. The run time depends on the specimen type, with
longer run times for highly complex specimens, such as stool
or sputum samples, which contain microbial sequences that
are not removed by filtering of the host sequences. Petty
et al. (95) have recently published a bioinformatics pipeline,
ezVIR, for virus detection and identification by NGS that is
sequencing-platform agnostic and that provides a user-
friendly report. The first step in the ezVIR pipeline is to map
reads to the human genome to enable computational sub-
traction of host sequences. Following filtering of the mapped
host sequences, the remaining, presumably nonhuman, reads
are mapped to a curated database of virus whole-genome
sequences. Mapped reads are analyzed, and a report is gen-
erated that provides information on positive hits to the virus
database, as well as sequencing statistics, such as percent
genome coverage, maximum coverage depth, and total ge-
nome length covered. While the output of ezVIR represents
an improvement in the utility of this particular pipeline,
there are still hurdles to the routine use of this approach to
virus detection in a clinical setting. Although the report is
user-friendly relative to other programs, ezVIR is Linux-
based and requires expertise to install and run the pro-
gram. In addition, the data analysis took approximately 4
days, and the cost of sequencing per paired-end run was
$1,500, posing a challenge to implementation in a clinical
setting. Naccache et al. (85) have described the devel-
opment and testing of a Linux-based, cloud-compatible,
bioinformatics pipeline, SURPI (sequence-based ultrarapid
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TABLE 4 Bionformatics pipelines for virology applications

Application Program
Computer
platform Data input Additional informationa

Assembly of
heterogeneous
virus populations

VGA (Viral
Genome
Assembler)
(165)

Linux Sequence reads
aligned to a consensus
sequence generated
using VICUNA

http://genetics.cs.ucla.edu/vga/

Metagenomic
detection
of pathogens

SURPI (85) Linux, cloud-
compatible

FASTQ http://chiulab.ucsf.edu/surpi

Pathogen
detection

PathSeq (229) Linux or
Cloud-based

FASTA/BFA http://www.broadinstitute.
org/software/pathseq/

Pathogen
detection

RINS (230) Linux Mate-paired or
unpaired
sequencing reads

http://khavarilab.stanford.
edu/resources.html

Pathogen
detection

READSCAN
(231)

Linux FASTA/FASTQ http://cbrc.kaust.edu.sa/readscan

Variant-calling
in deeply
sequenced
viral populations,
illumina pipeline

snp-assess (34) Linux Illumina sequencing
reads

Center for Health Informatics,
Harvard School of Public
Health, https://github.com/hbc/
projects/tree/master/snp-assess

Viral integration
site discovery

ViralFusionSeq(232) Linux FASTQ http://sourceforge.net/
projects/viralfusionseq/

Virome analysis VIROME (233) Web interface FASTA + Qual,
FASTQ, or 454
sequencing .sff format

http://virome.dbi.udel.edu/

Virome analysis
and metagenome
comparison

Metavir (234),
Metavir2 (235)

Web interface FASTQ Only accepts assembled sequence,
http://metavir-meb.univ-bpclermont.fr.

Virus bioinformatics,
general purpose

Cloud
BioLinux (84)

Cloud-based virtual
machine or run on local
machine (Linux,
Windows, Mac OSX)

Sequencing reads http://www.cloudbiolinux.org

Virus detection
(known viruses)
and identification
of integration sites

VirusSeq (236) Linux FASTQ http://odin.mdacc.tmc.edu/~xsu1/
VirusSeq.html

Virus detection,
virus integration
sites, and sequence
variants

VirusFinder 2 (237) Linux FASTQ or BAM http://bioinfo.mc.vanderbilt.edu/
VirusFinder/

Virus genotyping,
influenza A

FluGenome Web tool FASTA http://www.flugenome.org/

Virus identification ViPR (91) Web interface FASTA http://www.viprbrc.org/brc/
home.spg?decorator=vipr

Virus identification
in clinical
specimens

MePIC (94) Cloud-based FASTQ https://mepic.nih.go.jp/

Virus identification
in clinical
specimens

ezVIR (95) Linux FASTQ http://cegg.unige.ch/ezvir/

Virus identification
in clinical
specimens

VirusHunter(90) Linux Roche 454 or longer
sequences (Sanger
or assembled contigs)

http://pathology.wustl.edu/
VirusHunter/

Virus population
analysis

VICUNA (167) Linux Paired-end
read FASTQ

http://www.broadinstitute.org/
scientific-community/science/
projects/viral-genomics-
analysis-software

aWebsites last accessed 10/13/2014.
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pathogen identification), for detection of and identification
of pathogens by NGS directly from clinical samples that
addresses the need for rapid turnaround of NGS data anal-
ysis. SURPI speeds up the analytical process by comparison
of nucleotide sequences against viral and bacterial databases
in a rapid mode and against the full NCBI nucleotide da-
tabase in a more comprehensive mode. To enhance the
detection of novel or highly divergent viruses, reads are also
translated and aligned to viral and NCBI protein databases.
These processes are completed in minutes to hours, as
compared to days or even weeks for more traditional analysis
algorithms using rapid alignment tools. The output of the
SURPI pipeline is a report that lists all reads that mapped to
a known pathogen along with taxonomic assignment and
coverage statistics and maps. A graphical user interface is
currently under development, and SURPI is being incor-
porated into a clinical workflow to develop a validated NGS
workflow that may be used in a CLIA-certified laboratory.

Viruses lack a single common ancestor, and there is no
gene that can be used for comparison across all virus families,
which makes virus taxonomy challenging. The taxonomic
principles and challenges in classification of viruses are re-
viewed in Chapter 1 of this volume, which also provides an
updated list of taxonomic databases. Accurate, annotated
databases are necessary for virus identification and variant
analysis, predicting open reading frames, and finding infor-
mation on gene function, as well as other downstream data
analyses. In order to be useful to clinical virology applica-
tions, there needs to be a curated and validated database, a
standardized set of bioinformatics tools, and common no-
menclature. Underwood and Green (96) have called for a
quality standard for sequence-based assays in clinical mi-
crobiology that includes the need for curated and quality-
controlled databases. There are numerous virus-specific
databases available that differ in the type of information that
is provided and the degree to which the database is curated
and controlled for quality. The databases and tools for virus
identification and classification are constantly changing,
and any comprehensive listing is soon outdated; however,
the review by Yan (89) provides an overview of many of
the types of bioinformatics tools and databases used by re-
searchers for comparative genomics of viral genomic and
protein sequences.

Data Storage and Management
Data generated by first generation sequencers is easily
managed by commercially available software such as Vector
NTI and Bionumerics, to name but two. However, NGS has
the potential to generate massive amounts of data that
rapidly exceed the storage capacity of even the largest in-
stitutions. As mentioned previously, instrument vendors
provide both cloud-based and local server solutions for data
storage, and a number of third-party vendors also offer data
storage solutions. However, it is not clear that these solu-
tions will be cost effective or, in the case of cloud-based
storage, that it will be feasible to move large amounts of data
via the Internet. In fact, some users of cloud-based bioin-
formatics pipelines actually write the data to a disk and send
it by courier to the cloud vender (e.g., Amazon EC2) (97).
There are a number of evolving strategies to reduce the
amount of data that needs to be stored. The image or signal
files produced by the instrument, depending on the platform
used, may be quite large. For example, a single sequencing
run on the Illumina Hi-Seq platform generates 2 terabytes of
raw data (98). Once base-calling has been accomplished,
however, it may be feasible for the image or signal data files

to be deleted and for the laboratory to retain the FASTA or
FASTQ sequence files, which are much smaller (99). How-
ever, no data standards have been established, and labora-
tories must ensure that whatever files are retained contain
enough information to enable reanalysis of the data as new
software algorithms become available. In addition, data
compression algorithms may be used to reduce the amount of
data to be stored. Challenges to compression include scal-
ability, compression rates, and the need to account for
quality scores when compressing read files (100). Associa-
tion of metadata with the sequence and the need for pro-
tection of patient privacy will also be taken into
consideration, as well as integration with a laboratory in-
formation management system (101).

Public access to data for research and comparison pur-
poses is important, and a Sequence Read Archive (SRA) has
been created to act as a publicly available archive of next
generation sequence data (102). The SRA is operated by the
International Nucleotide Sequence Database Collaboration,
whose partners include NCBI, the European Bioinformatics
Institute, and the DNA Data Bank of Japan. The SRA is a
“raw data” archive, and data submitted to the SRA must
include both base calls and quality scores. For example, BAM
and FASTQ are supported file formats, although binary data
are preferred over text data. Data are organized into Bio-
Projects, which are studies or research initiatives that may
contain data generated from multiple biological sources or
BioSamples. The SRA Handbook provides instructions on
how to submit sequencing data to the SRA (http://www.
ncbi.nlm.nih.gov/books/NBK47528/). Data stored in the
SRA may be viewed using the downloadable NCBI Genome
Workbench (link to download provided in Table 3).

Quality Assurance
The rapid advancement of sequencing technologies has far
outpaced our ability to develop guidelines and standards for
validation, quality assurances, and interpretive standards.
These standards are necessary if these technologies are to
be used routinely in the clinical setting. There are many
potential sources of bias and error in generation and inter-
pretation of both Sanger and next generation DNA se-
quencing data that need to be addressed and controlled for
by implementation of appropriate quality assurance para-
meters.

Errors and bias may be introduced at all stages of the
sequencing process, including nucleic acid extraction, re-
verse transcription, PCR amplification of sequence targets or
during library preparation and sequencing and at many steps
in the bioinformatics pipeline. This is true for all generations
of DNA sequencing technologies. Different sequencing
platforms have different sources of error that are specific to
the platform. For example, Ion Torrent and Roche 454 errors
tend to be systematic, with indel errors occurring frequently
in homopolymeric regions, while the errors generated in the
Illumina platforms tend to be random substitution errors
(103). In addition, sequencing errors tend to be greatest at
the each end of the sequencing read, although the effect is
more pronounced at the end of the sequencing run, espe-
cially in NGS platforms where the sequencing process can
become unsynchronized (referred to as dephasing) during
the later cycles of sequencing, resulting in incorrect base
calling. The first quality assurance parameter in the pipe-
line is the quality score provided for each base in the se-
quence read, although the Q-score has been shown to
vary with regard to reliability and may not adequately in-
dicate systematic errors or errors introduced during template
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preparation or amplification. Still, it is an important quality
indicator that can be used to monitor and correct for prob-
lems with the sequencing reaction and to filter out obviously
low-quality sequences. Errors may also be introduced in the
bioinformatics pipeline. Alignment programs also provide
quality metrics, including the fraction of uniquely mapped
reads, the distance of mate pairs and duplicate reads that may
indicate PCR or other artifacts, although the reliability of
read-mapping quality tools has been questioned (104, 105).
Errors are also possible during de novo assembly (106) and
variant analysis (107) as well as other downstream applica-
tions.

As noted previously, library preparation represents the
potential to introduce bias into NGS sequencing, and a
variety of strategies may be used to reduce bias (58–60). As is
the case with sequencing error, it is imperative to identify
and address the potential causes of bias in NGS sequencing
data and to take any unavoidable bias into account when the
data are analyzed. Template or library preparation that in-
volves amplification tends to result in bias due to preferen-
tial amplification of certain sequences, especially for GC- or
AT-rich sequences. Reverse transcription for sequencing of
RNA viruses using random hexamers is another common
source of bias because the binding of the hexamers is not
totally random. Other causes of bias include differences in
the efficiency of adapter ligation, pipetting accuracy and
reagent batches, pooling of barcoded samples prior to pur-
ification, and biases introduced during nucleic acid extrac-
tion. Strategies to reduce these sources of bias will depend on
the cause. Bias related to PCR amplification may be ad-
dressed by use of PCR enzymes that have increased fidelity
with GC-rich sequences, such as Kapa HiFi (Kapa Biosys-
tems), and by reducing the number of amplification cycles
(58). Oyola et al. (108) have described a method for re-
ducing bias during library preparation of AT-rich genomes
on the Illumina platform by optimizing the library prep-
aration conditions by addition of a DNA-binding agent,
TMAC, to the PCR reaction.

The different sources and types of errors necessitate dif-
ferent strategies to account for sequencing errors; therefore it
is imperative that the laboratory understand the sources of
error unique to their processes and platform and must de-
termine what level of error is acceptable. For example, for
resequencing applications, a consensus sequence may be
generated from the reads covering each region of the ge-
nome, which corrects for occasional random errors, assuming
that the sequencing coverage is deep enough. However, for
deep sequencing for viral population analysis, variants may
be present at levels approaching the error rate, making it
difficult to distinguish true variants from sequencing errors.
Sequence resampling, which refers to the repeated se-
quencing of the same template, has been addressed by tag-
ging PCR primers with a random sequence tag known as a
Primer ID (109). Sequences with the same tag are used to
generate a consensus sequence for that template, enabling
correction of a variety errors introduced during the se-
quencing process. While this is a promising approach to
improving the assessment of complex viral populations,
Primer ID is not without its own challenges, including tag-
ging of different templates with the same Primer ID and
overestimation of sequence templates due to PCR errors in
the Primer IDs (110, 111). The choice of reference genome
and alignment parameters is also critical, and different se-
lections may yield different interpretations (99). The review
of McElroy et al. provides an overview of sources of error,
their impact on deep sequencing of pathogen populations,

and bioinformatics solutions to correct for some common
sequencing errors (112).

Sanger sequencing is also prone to errors and bias, but in
spite of the long history of the use of this technology for
sequencing in clinical settings, there are few studies that
have evaluated the ability of laboratories to generate high-
quality sequences and to correctly analyze the data. The
European Union has launched an initiative to develop a
methodologic External Quality Assurance (EQA) program
for DNA sequencing, EQUALseq (113). The program con-
ducted a study to assess DNA sequencing quality whereby
participating laboratories were provided with a four-sample
set to assess the laboratory’s ability to generate accurate se-
quences and to interpret the data correctly. The results of
this study revealed variation in both the ability of labora-
tories to generate the correct sequence and to analyze the
information. In some cases the sequences generated con-
tained multiple errors, or the laboratory failed to resolve
ambiguous base calls. Only 33% of participating laboratories
generated sequences without any ambiguous base calls.
Laboratories also frequently failed to identify mixed samples
and heterozygous nucleotide positions. Many of the labora-
tories utilized the same sequencing platform and chemistry;
however, the amount of template used in the sequencing
reactions varied from 1 to 1,000 nanograms per microliter,
which may explain, in part, the variable results observed.
The European Molecular Genetics Quality Network con-
ducted a study in which four DNA samples of known ge-
notype (450-bp PCR-amplified fragments of exon 10 of the
cystic fibrosis transmembrane conductance regulator [CFTR]
gene involved in cystic fibrosis) were sent to laboratories for
sequencing (114). The authors observed a 5% error rate in
identification of variants and an 8% error rate in naming
mutations among the data from participating laboratories.
The data from laboratories that provided acceptable results
were used to generate a consensus benchmark to enable
laboratories to assess their performance. Taken together,
these studies indicate the need for an external quality as-
sessment program to enable laboratories to assess their per-
formance and to provide a benchmark for improvement.
Yang et al. (115) conducted a failure mode analysis of Sanger
sequencing on the ABI 3700 and 3730XL platforms. Some
runs failed completely due to process issues such as blocked
capillaries, problems with automated liquid handling sys-
tems, or loss of the DNA template during precipitation.
Other failures were related to cross contamination and
challenging templates, such as those containing homopoly-
meric regions or repetitive regions. Tracking failure and error
rates and performing a root-cause analysis is critical to de-
veloping corrective and preventive actions to address errors
and prevent recurrence of the problem. The publication of
Holm-Hansen and Vainio provides a detailed protocol for
Sanger sequencing of viral PCR products, as well as tips for
troubleshooting problems that occur during sequencing, the
most common of which are the quality and amount of tem-
plate material (116).

There is clearly a need to develop quality standards and
method validation parameters that can be applied to DNA
sequencing in clinical and public health laboratories. The
Centers for Disease Control convened a workgroup to de-
velop approaches for establishing the elements of a quality
management system to ensure the analytical validity of
NGS (117). The workgroup focused on detection of vari-
ants associated with human genetic disorders; however,
their recommendations are applicable to clinical virology, as
well as strictly following CLIA guidelines for validation of
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laboratory developed tests (LDTs). CLIA requires that lab-
oratories establish the performance characteristics of LDTs,
including accuracy, precision, analytical sensitivity, analyti-
cal specificity, reportable range, and reference range. In ad-
dition, CLIA requires adequate quality controls be run with
each test and that proficiency testing (PT) and competency
testing be conducted to ensure that laboratory staff is capable
of generating accurate results. The workgroup provided a
translation table that adapted the CLIA requirements for
test-method validation to fit with both NGS and Sanger
methodologies. Quality control metrics recommended for
monitoring DNA sequencing include depth of coverage,
uniformity of coverage, and quality scores for base calling
and alignment, among other parameters. Because there are
no formal PT programs for NGS and because of the logistic
challenges and expense associated with NGS, the workgroup
developed guidelines for combining a formal PT challenge,
once one is available, with an alternative process such as an
interlaboratory program in which laboratories could ex-
change well-characterized specimens for sequencing and/or
electronic sequence files to assess or validate data analysis
pipelines. Underwood and Green (96) have proposed that
a common language for DNA sequence quality be devel-
oped, as well as development of an EQA, similar to the
EQUALseq program developed by the European Union
(113). Ladner et al. have proposed standard nomenclature
for conveying the completeness and quality of viral genomic
sequences, as well as an indication of what quality of se-
quence would be appropriate for specific applications (118).
For example, description of a novel virus may require a more
complete genome sequence than identification of a known
viral pathogen in a clinical sample. The U.S. Food and Drug
Administration (FDA) convened a workshop in 2011 to
address approaches to determining the analytical validity of
NGS (119). Workshop participants stressed the need for a
flexible approach that “accommodates a rapidly evolving
field both at the bench and in bioinformatics analyses.” This,
however, is easier said than done as evidenced by the fact
that, 3 years later, we are still in need of a regulatory
framework and standards for quality assurance and valida-
tion of DNA sequencing in the clinical virology laboratory.
The National Institute of Standards and Technology held a
Workshop to Identify Standards Needed to Support Patho-
gen Identification via Next-Generation Sequencing in Oc-
tober, 2014; however, the recommendations from that
workshop are not yet available. Development and adoption
of standards will be critical to enable more widespread
adoption of DNA sequencing in clinical virology and to
allow for interlaboratory comparison of sequence data.

There are currently very few DNA sequencing tests that
are cleared by the FDA on first generation platforms, and
only two of those are for virology applications, the ViroSeq
HIV-1 genotyping system (Celera Diagnostics) and the
TruGene HIV-1 genotyping kit (Siemens Healthcare Diag-
nostics). The first FDA clearance of a next generation se-
quencing platform, the MiSeqDx, as well as a universal
sequencing kit, was granted in late 2013 (120) and should
lead to the development of new tests; however, many of the
manufacturer-developed tests that will go through the FDA
clearance process are likely to be for detection of human
genetic disorders. Therefore virology laboratories will need
to rely on LDTs for many DNA sequencing applications.
The FDA has recently provided draft guidance for regulation
of LDTs, as well as a notice for requiring that laboratories
notify the FDA of all LDTs and report an adverse events
associated with a LDT. Because of these regulatory changes,

the validation requirements in the CLIA regulations may no
longer apply, and any future validation and quality assurance
parameters for the test will likely be mandated by the FDA.

Applications of Sequencing to Virology
Application of DNA sequencing, particularly NGS, in vi-
rology has been reviewed in a number of recent publications.
(6,121–126) The intent of this section is not to reproduce
the information in these reviews but to provide examples of
the use of the various sequencing methodologies, strategies,
and bioinformatics pipelines described in previous sections
of this chapter. DNA sequencing of viruses has utility in
several areas, including clinical care, public health, and re-
search settings. DNA sequencing applications fall into two
broad categories: those for virus detection and identification
and those for virus characterization. Sequencing for virus
detection and identification includes both targeted se-
quencing, as well as metagenomics for detection of known
and novel viruses. Virus characterization may include virus
genotyping for epidemiologic investigation, population anal-
ysis, assessment of tumorigenic potential and identification
of antiviral resistance mutations, as well as for many research
applications, such as evaluation of host-pathogen interac-
tions, identification of targets for development of antiviral
therapies, and studies of virus evolution. Any of the DNA
sequencing platforms will work for the applications de-
scribed below, although there is a clear advantage to using
next generation sequencing technologies for metagenomic
applications and in applications where there is no a priori
knowledge of the identity of the virus.

Virus Detection and Identification
The most obvious application of DNA sequencing in
clinical virology is for infectious disease diagnostics and
detection of emerging viral infections (121, 127). Molecular
methods have rapidly replaced culture-based methods for
detection and identification of viruses, and, although rapid,
sensitive, and specific, are typically limited to detection of a
small number of specific viral pathogens. More highly mul-
tiplexed assays are becoming available, but these are still
limited to a defined set of viral pathogens, and the viruses
included are typically grouped in panels according to the
syndrome with which they are most commonly associated.
So a respiratory panel would include targets for influenza A
and B, coronavirus, human metapneumovirus, etc. These
panels, therefore, do not detect novel agents associated with
these syndromes and, because of the sequence diversity
within virus families, the test may not be able to detect all
members of the virus, depending on the degree of conser-
vation of the molecular target used in the assay. DNA se-
quencing provides a comprehensive and unbiased method
for detection and identification of viruses in clinical speci-
mens.

Detection and identification of viral pathogens from
complex matrices (metagenomics or metagenomic diag-
nostics) are becoming more common and have been the
subjects of a number of recent reviews and commentaries
(128–134). Both Sanger and NGS technologies have been
used for detection of novel viruses (135). In a public health
setting, our virology laboratory at theMinnesota Department
of Health, we cultured a virus from a case of severe respira-
tory illness that produced a cytopathogenic effect when
grown in cell culture but which we were unable to identify
using either classical or PCR-based methods. Using the
method of Victoria et al. (49) we were able to use random
amplification to enrich for virus RNA, followed by Sanger
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sequencing to detect human enterovirus 71 in the specimen
(Gongping Liu, unpublished). The presence of this virus was
subsequently confirmed by virus-specific PCR. We have also
used Sanger DNA sequencing to identify Saffold virus as the
putative etiology of an outbreak of unknown etiology (136).
In this case, standard PCR, using primers performed in our
laboratory designed to detect calicivirus, yielded the same
non-specific band for all of the outbreak specimens. Cloning
and sequencing of this fragment yielded a nucleotide se-
quence that did not match any sequences in GenBank;
however, a protein query of the translated sequence showed
homology to mouse theilovirus (revealing the need to con-
duct a peptide search to identify highly divergent viruses).
The DNA sequence of this virus was subsequently shown to
be homologous to Saffold virus, a newly-identified cardio-
virus (137). Svraka et al. also used random amplification and
cloning to identify Saffold virus, as well as BK polyomavirus
and herpes simplex virus, in cell cultures that exhibited
cytopathic effect but for which the etiology was unknown
(138). Sanger sequencing has also been used to identify
viruses from patients with acute respiratory syndrome (52),
novel picornaviruses associated with gastroenteritis and fe-
brile illness (54, 137), and a variety of viruses associated with
non-polio flaccid paralysis in children (139).

While Sanger sequencing has been used quite successfully
for metagenomic diagnostics, there are some clear advan-
tages of NGS, especially in terms of the reduced cost to
generate large amounts of sequence data, but NGS may also
increase the sensitivity of detection. de Vries et al. compared
VIDISCA followed by either Sanger sequencing of cloned
fragments or by NGS sequencing without cloning (140).
They found that reduction of rRNA amplification, coupled
with NGS sequencing (Roche 454), increased the sensitivity
of the assay markedly compared to Sanger sequencing and
enabled detection of viruses in 11 of 18 clinical specimens
known to contain respiratory viruses. A recent study by
Prachayangprecha et al. (66) utilized random PCR followed
by NGS for detection of respiratory viruses directly from 81
clinical specimens and compared the results to RT-PCR.
Viruses were identified by NGS in the majority of the
specimens, with NGS revealing the presence of multiple
viruses in the majority (60%) of the samples. In many cases
at least one of the viruses identified was not known to cause
respiratory illness (e.g., anellovirus); however, mixed infec-
tions with two or more viruses known to cause respiratory
infections were found in 25% of the specimens. The sensi-
tivity of NGS approached that of RT-PCR, and the number
of reads mapping to viral reference sequences correlated with
the Ct value of the RT-PCR. Both Sanger and NGS se-
quencing enabled detection of a novel astrovirus (VA1)
associated with an outbreak of acute gastroenteritis in Vir-
ginia (141). Both methods yielded similar results, revealing
the presence of the novel adenovirus in two of six specimens
and yielding nearly identical sequences. However, a RT-PCR
assay using primers designed specifically to detect astrovirus
VA1 was more sensitive than the sequencing methods and
yielded positive results for all six samples. These three studies
utilized Roche 454 technology. Advantages to the longer
sequencing reads produced by this platform include simpli-
fying de novo assembly and enabling translation of nucleotide
to peptide sequences, which allows for better identification
of highly divergent viruses. However, the higher throughput
of the short-read platforms, such as Illumina, compensates, at
least in part, for the short read length (142). Examples of
metagenomic diagnostics utilizing Sanger, NGS (various
platforms), or some combination of these methodologies

include identification of yellow fever virus in Uganda (143),
polyomavirus associated with Merkel cell carcinoma (144),
Trichodysplasia spinulosa (145), acute respiratory tract infec-
tions (146), arenavirus as the cause of febrile illness associ-
ated with organ transplant (147), and a novel rhabdovirus
associated with acute hemorrhagic fever (148), to name but
a few.

Viromics
The human virome consists of all viruses found in associa-
tion with the human microbiome, including acute and
chronic disease-causing viruses, endogenous viruses that are
integrated into the human genome, orphan viruses (those
not known to cause disease in humans) and viruses that
infect bacteria (bacteriophages) (149). Sequences derived
from viruses comprise 8% of the human genome, most of
which are retroviral in origin; however, sequences with
homology to Borna-like viruses have recently been identi-
fied as endogenous within mammalian genomes, including
humans (150, 151). The composition of the virome may be
an important factor in human health. For example, bacte-
riophages are capable of transmitting virulence factors be-
tween bacteria (152) and have the potential to impact
bacterial populations and human health (153), and alter-
ations in bacteriophage population have been shown to be
associated with periodontal disease (154) Viruses, including
beta- and gamma-papillomaviruses, polyomavirus and cir-
covirus have been found to be a component of the flora of
apparently healthy human skin, although some have the
potential to cause human disease (e.g., Merkel cell and
squamous cell carcinomas) (155–157). A number of viruses
have been found in blood of healthy people, including Tor-
que teno Virus (TTV), Epstein-Barr virus, and parvovirus
B19 (65). TTV is an anellovirus that is found at high prev-
alence, up to 100% depending on the population screened,
in apparently healthy individuals (158). The significance of
these viruses in apparently healthy individuals is not well
understood; however, there is speculation that they may be
pathogenic under certain circumstances (159). It is quite
likely that the composition of the virome will differ
depending on the human population studied, the anatomical
location from which samples are taken, and the health of the
individual tested. Understanding the role of the virome in
human health will be critical to enable interpretation of
metagenomic data derived from individuals, especially when
the goal is to identify the etiology of an infectious (or
chronic) disease.

Viral Population Analysis
DNA sequencing has been an indispensable tool for ana-
lyzing viral intra-species heterogeneity. Virus populations,
RNA viruses in particular, consist of a mix of variants that
are referred to as quasispecies. Characterization of these
quasispecies has utility in guiding antiviral therapy, devel-
opment of vaccines, understanding disease transmission,
virus evolution, and epidemiologic investigation. It is of
greater importance for viruses of particular concern such as
HIV, HBV, and HCV as mutations present at low levels in
the virus population may lead to treatment failure (72, 160–
162). As with metagenomic analysis of viruses, a number of
different sequencing strategies have been utilized to assess
viral populations; however, unlike metagenomic analysis,
the goal is to characterize variation within a specific virus
population as opposed to detection and identification of
novel or unknown viruses. Because the virus species typically
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is known, population analysis is often done on DNA that has
been amplified using primers specific to the species of in-
terest, and sequencing is performed using either first or next
generation technologies. While this simplifies the procedure
and the analysis, there may be a bias introduced due to
mismatches between the PCR primer and certain variants
in the virus population. Performing a limiting dilution,
followed by cloning and Sanger sequencing, has been a
traditional approach to assessing population sequence het-
erogeneity; however, the procedure is laborious and may lack
sensitivity to detect variants present at low concentrations.
For these reasons, NGS is an attractive option for population
analysis; however, there are numerous challenges with that
approach as well. Errors may be introduced during sample
preparation due to the need for amplification used in second
generation technologies and during the sequencing reac-
tion due to misincorporation of nucleotides. In addition,
sequencing coverage of the genome may not be uniform,
resulting in an incomplete picture of the true diversity of the
population. Paradoxically, this actually reveals an advantage
of amplicon sequencing, which enables more uniform cov-
erage of the entire virus genome or targeted regions. Lastly,
to state that the bioinformatics of virus population analysis is
challenging, is an understatement. Because the goal is to
assess variants, errors introduced during sequencing and data
analysis may lead to inaccurate and misleading conclusions.
Therefore avoiding the introduction of errors and correcting
errors during data analysis are critical. Beerenwinkel et al.
provide a detailed review of the sources of error and chal-
lenges associated with virus population analysis (163). A
number of approaches have been developed to minimize and
identify sequencing artifacts and to better enable assembly of
virus genomes to allow for accurate population analysis
(164–166). To cite the most recent example, Mangul et al.
(165) utilize a library preparation technique in which tem-
plate DNA fragments are barcoded, which enables com-
parison of sequences derived from a common fragment to
detect sequencing errors. Following elimination of inaccu-
rate reads, VICUNA (167) is used to generate a de novo
consensus sequence, which allows for comparison in the
absence of a suitable reference genome. Assembly of indi-
vidual genomes is accomplished with Viral Genome
Assembler, which first maps reads to the consensus sequence
and then performs the viral population assembly. The au-
thors demonstrated that this approach reduced the number
of sequencing errors enabling accurate assembly of HIV
populations and identification of low-level variants from
millions of sequencing reads.

Antiviral Drug Resistance
There are numerous applications of DNA sequencing for the
detection of antiviral resistance in viruses, including detec-
tion of resistance to adamantanes and neuraminidase in-
hibitors in influenza A (8, 11, 38), nucleotide/nucleoside
analogs in Hepatitis B (162, 168), protease inhibitors and
other direct-acting antivirals in Hepatitis C (72, 169, 170),
among others. DNA sequencing has also been used to
demonstrate that late relapse of Hepatitis C infection fol-
lowing a sustained virological response resulted from a re-
lapse of the initial infection as opposed to reinfection with a
different Hepatitis C virus (171). However, the bulk of the
literature on sequencing for detection of antivirals pertains
to the many classes of antivirals used to treat HIV, including
protease inhibitors, nucleoside and nonnucleoside reverse
transcriptase inhibitors, CCR5 agonists and integrase strand-
transfer inhibitors, to name but a few (34, 35, 172, 173).

Sequencing for detection of antiviral drug resistance testing
may be performed on a viral population directly from a
clinical specimen as described above or on viruses grown in
culture and, as for population analysis, may be accomplished
using first or next generation technologies. The challenges
surrounding population-based analysis of antiviral resistance
were described above.

The simplest and most common method of assessing
antiviral resistance is to amplify the target gene and se-
quence using either first or next generation platforms, de-
pending on the throughput needed and whether population
analysis is being performed. The only two FDA-cleared se-
quencing assays for antiviral resistance are the ViroSeq HIV-
1 Genotyping System (Celera Diagnostics) and the TruGene
HIV-1 Genotyping Kit (Siemens Healthcare Diagnostics).
Both of these systems utilize first generation sequencing
technology to detect resistance mutations in the protease
and reverse transcriptase genes. Both of these systems have
been found to work well with subtype B strains of HIV-1,
which is the predominant subtype in the United States and
Europe. However, there are numerous other subtypes of
HIV-1 throughout the developing world, and many of these
subtypes have been introduced into the United States. We
have characterized the diversity of HIV-1 subtypes in Afri-
can-born residents of Minnesota (40), and it has been
demonstrated that the TruGene assay is capable of providing
both accurate antiviral resistance information on the non-B
subtypes and subtype identity (174). It has been reported
that the ViroSeq system works well for detection of resis-
tance mutations in nonsubtype B strains of HIV-1 (175,
176); however, a more recent study reveals a high failure rate
of the system for genotyping of non-B HIV-1 subtypes in
Cameroon (177). The reason for these failures is not clear,
although variation in the primer binding sites is one possi-
bility. However, this could not be confirmed because the
sequence of the ViroSeq primers is not public.

Use of NGS to perform unbiased sequencing may over-
come the limitations associated with amplification-based
sequencing; however, at this time there are no systems for
HIV-1 typing that are commercially available and labora-
tories must develop their own tests, which is not a trivial
task. Roche was developing an HIV resistance typing assay
for the 454 GS Junior, and a prototype of the assay was
provided to a small number of laboratories for clinical
evaluation (178, 179). The accuracy and reproducibility of
NGS and Sanger were comparable, while the advantage of
the NGS assay over Sanger sequencing (TruGene) was the
ability to detect resistance mutations present in low abun-
dance (less than 20%). However, the turnaround time was
much slower (4-fold) for the NGS method than for Sanger,
and there were many manual steps (179). As was the case
with Sanger sequencing, widespread adoption of the NGS
technology for HIV-1 sequencing will likely not occur in the
clinical laboratory until the assay is automated. It is not clear
what the status of development of this assay is since Roche
has announced discontinuation of the 454 platform.

Molecular detection of antiviral resistance requires
knowledge of the specific mutations associated with a re-
sistance phenotype. This necessitates that phenotypic tests
be conducted and the results correlated with genetic muta-
tions. Given the rapid mutation rate of some viruses, this
presents a significant challenge to ensuring that the data
analysis provides an accurate assessment of resistance mu-
tations. In some cases, influenza, for example, there are a
relatively small number of drugs and drug targets, and it is
relatively easy to keep track of the mutations associated with
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resistance. HIV, however, poses more of a bioinformatics
challenge due to the number of drugs available, the diversity
of the targets and the potential for discordance between
phenotypic and genotypic resistance determinations (180,
181). The International Antiviral Society-USA publishes a
list of mutations reported in the scientific literature that lead
to antiviral resistance in HIV, and this list is updated an-
nually (182). TruGene and ViroSeq both provide software
that allows for assessment of sequence quality and produces a
resistance genotype report. Laboratory developed tests must
rely on publicly available databases and software. One widely
used tool is the HIV Drug Resistance Database, HIVdb.
HIVdb was developed by Stanford University for assessment
of protease, reverse transcriptase, and integrase mutations
(183) and can be accessed by individuals and institutions via
Sierra, the Stanford HIV web service (http://sierra2.stanford.
edu/sierra/servlet/JSierra). The British Columbia Centre for
Excellence recently developed an automated drug resistance
genotyping pipeline, RECall, which has been made freely
available (http://pssm.cfenet.ubc.ca/) (184). RECall com-
pared favorably with the Stanford algorithm and has the
advantage of automating the process of trimming low-quality
data, alignment to a reference standard, and exporting a
FASTA file. While these software solutions were designed
for use with Sanger sequencing data, they may be used with
NGS platforms as well since the input into the genotyping
tool is a standard FASTA format.

Virus Genotyping
In addition to antiviral resistance genotyping, there are
numerous other applications in clinical virology. Although
genotyping in the clinical setting is currently limited to a
relatively small number of applications, there are numerous
public health applications, which will be detailed below.
One important clinical application of genotyping in the
clinical setting is for characterization of human papilloma-
virus. HPV is the etiologic agent of cervical cancer and
genital warts, with different genotypes associated with each
of these conditions. Out of more than 200 genotypes, ap-
proximately a dozen have been associated with cervical
cancer, with HPV-16 and HPV-18 responsible for the largest
proportion of cases (185). NGS methods have recently been
described for typing of HPV (39, 56). NGS was found to be
sensitive and specific as compared to the INNO-LiPA HPV
Genotyping Extra assay. Depending on the HPV type, there
were some differences in sensitivity, with NGS being better
at detecting variants present at low concentration (39). NGS
is capable of detecting variants not included in commercial
assays (56); therefore it will be increasingly important to
develop interpretive guidelines and continue to evaluate the
oncogenic potential of those types not known to be associ-
ated with cervical cancer. Genotyping is also important for
assessment of HCV, as certain genotypes may be less sus-
ceptible to interferon or other therapies (186), and for HBV,
to assess risk factors for development of liver cirrhosis
(187). Detection of enterovirus in clinical laboratories is
routine; however, genotyping of enterovirus is less common.
Recently, genotyping by DNA sequencing has been used to
identify enterovirus D68 (EV-D68) as the cause of clusters of
cases of acute respiratory illness in children (188). While the
recent increase and severity of illness was striking, increased
incidence of EV-D68 has previously been reported to have
occurred in North America (including the United States),
Europe, and Asia (189, 190) and in New Zealand (191).

In the public health arena, virus genotyping has become
critical for identification and investigation of outbreaks,

conducting surveillance for rare and emerging diseases, un-
derstanding the vectors, reservoirs and transmission routes of
emerging diseases and, occasionally, for conducting forensic
investigations. Outbreaks may be due to relatively common
viruses, such as norovirus, or rare or emerging viruses. For
rarely encountered viruses, even a single case can trigger an
investigation. The examples provided below include a va-
riety of epidemiologic investigation scenarios in which
genotyping has been demonstrated to have utility.

Norovirus is the most common etiology of foodborne
disease outbreaks in the United States (192). Although
norovirus outbreaks have been linked to shellfish that have
been contaminated in nature, most transmission occurs due
to contamination of food by a food handler or by person-to-
person contact and contaminated surfaces. Because of the
relatively short incubation period for norovirus (24 to 48
hours), distinctive symptoms, and the fact that outbreaks
tend to involve clusters of illness, sequencing has limited
utility for outbreak detection. However, genotyping has been
helpful in detecting single-transmission sources linked
to multiple outbreaks, including staff working in multiple
long-term care facilities (LTCF) (193), a post-symptomatic
food handler (194), and symptomatic oyster harvesters
(195). While most norovirus sequencing is done by Sanger
sequencing, NGS has been used to characterize nosocomial
transmission of norovirus within a health care facility (196).
The CDC has established CaliciNet, which, similar to the
PulseNet system for bacterial foodborne pathogens, allows
for submission of genotyping data (in this case, DNA se-
quences of norovirus and sapovirus) to a central database to
enable calicivirus surveillance (192). Recent genotype
analysis of norovirus outbreaks in the United States from
2009 to 2013 revealed cyclic emergence of new norovirus
strains and indicated that some genotypes were more likely
than others to be associated with foodborne outbreaks (197).
Sequencing has also been used to characterize sapovirus, a
calicivirus related to norovirus, outbreaks in long-term care
facilities in Oregon and Minnesota (198). Similar to nor-
ovirus, multiple genotypes of sapovirus were found to be
associated with outbreaks in LTCFs, with the majority being
attributed to genogroup IV.

Molecular genotyping, usually by RT-PCR, has become
common for public health surveillance of influenza; how-
ever, novel viruses are only detected as viruses that do not
amplify using primers targeted to a limited number of cur-
rently circulating strains. DNA sequencing may be used to
identify and characterize novel influenza viruses, as well as
reassortment events, and is increasingly used to assess anti-
viral resistance and to assess transmission pathways. NGS is
an ideal tool to enable surveillance for oseltamivir resistance
in large numbers of viruses by sequencing pooled amplicons
of the neuraminidase gene (38). NGS also enables analysis
of full-length influenza genomes by sequencing of RT-PCR
amplicons spanning the entire genome, which has been used
on both cultured virus and directly on human specimens
(10, 43) or on cultured virus using a random amplification
method (20). As mentioned previously, a commercial kit,
PathAmp FluA, is available for amplification and sequenc-
ing of influenza A on the Ion Torrent platform.

Because of under-vaccination in some populations,
there has been an increase in outbreaks due to vaccine-
preventable diseases, most notably measles. Measles is an
airborne disease, and transmission occurs readily upon face-
to-face contact and spreads rapidly in an unvaccinated
population. Genotyping by DNA sequencing was used to aid
in the investigation of a large measles outbreak that occurred
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in Minnesota in 2011(199). This outbreak began with im-
portation of the virus in a child returning to Minnesota from
Kenya. Sequencing confirmed the genotype as B3, a geno-
type that is endemic in sub-Saharan Africa (200). Geno-
typing at CDC and at the Minnesota Department of Health
(MDH) was also used to rule out a case that had a non-
outbreak genotype, to rule in a case with no known exposure
but who had the outbreak genotype, and to rule out several
individuals who were found to be carrying the vaccine strain.
This demonstrated the utility of genotyping to help focus the
epidemiologic investigation to enable better use of scarce
resources for contact tracing and follow-up.

DNA sequencing has been used for characterization of
outbreaks of disease involving emerging viral pathogens such
as SARS, MERS, and other coronaviruses (42, 128, 201,
202) and, most recently, Ebola. NGS was used to determine
that the 2014 epidemic of hemorrhagic fever in Guinea was
caused by a strain of Ebola related to a lineage that has
caused previous outbreaks (203). More recent sequencing of
99 Ebola virus genomes from Guinea, Liberia, and Sierra
Leone revealed that transmission likely crossed from Guinea
to Sierra Leone and that human-to-human contact has been
the primary mode of transmission and that there have been
no reintroductions from animals (204). Concurrent to the
outbreak in Guinea, Sierra Leone, and Liberia, there were
several cases of Ebola in the Democratic Republic of Congo,
which were demonstrated by sequencing not to be linked to
the cases in the other countries (http://www.who.int/med
iacentre/news/ebola/2-september-2014/en/). This distinc-
tion was important to dispel the fear that the outbreak had
spread to central Africa.

Phylogenetic analysis utilizing calculation of evolutionary
rates can act as a “molecular clock,” providing an estimate of
viral divergence (205). Phylogenetic analysis has been in-
strumental in the investigation of two cases of illness in
Minnesota caused by live attenuated oral poliovirus vaccine
(OPV). The first case involved introduction and trans-
mission of vaccine-derived poliovirus (VDPV) in an Amish
community, whose members were unvaccinated (206). Se-
quencing of the VP1 region of the enterovirus genome (41)
at MDH was used to identify an enterovirus isolated from an
infant with an underlying immunodeficiency, as a Sabin
strain of poliovirus. Subsequent whole genome sequencing at
CDC provided phylogenetic evidence that the VDPV had
been circulating in the community for about 2 months prior
to detection of the infant’s infection, and that the ancestral
virus (from the initiating OPV dose) had been circulating for
about 8 months prior to introduction into the community.
The second case involved a death caused by a type 2 VDPV
in which two attenuating substitutions had reverted to wild-
type sequence leading to neurovirulence (207). Whole ge-
nome sequencing indicated that the patient who had an
underlying immunodeficiency had likely been infected with
the VDPV at the time her child was immunized with OPV
approximately 12 years earlier.

Phylogenetic analysis has also been critical in under-
standing the transmission of HIV (208–210). HIV transmis-
sion can be challenging to investigate due to the reticence or
inability of individuals to provide accurate information to
enable contact tracing, as well as to the relatively long pe-
riod of time during which individuals are infectious. Using
“molecular phylodynamics,” Lewis et al. determined that in
the population that they studied, HIV transmission among
men who have sex with men (MSM) was episodic and that
in 25% of cases, transmission occurred within 6 months of
initial infection (209). These data indicate that early de-

tection of infection and rigorous follow-up to identify con-
tacts may be effective strategies to reduce the rate of HIV
transmission (210). Phylogenetic relationships have been
used both to identify an individual as the source of HIV
infection (211) as well as to rule out an individual (212).
Molecular phylogeny has also been used as a tool for the
investigation of criminal cases involving HIV transmission
with the “intent to inflict bodily harm.” Scaduto et al. de-
scribe two criminal cases in which phylogenetic data were
used to reveal an index case to be the defendant on trial
(213). The use of phylogenetic analysis to evaluate HIV
transmission raises ethical concerns and reveals the need for
standards for data interpretation and maintaining data pri-
vacy (214).

Sequencing is also important to understand host-patho-
gen relationships and to identify potential reservoirs of in-
fection. Hepatitis E virus (HEV) infections have been linked
to pork consumption and are a particular problem for
transplant patients, especially in southern France where
HEV is hyperendemic. Sequencing of a genotype 3e HEV
strain from a chronically infected kidney transplant patient
revealed that the sequence most closely resembled HEV
sequences from swine and, in fact, the patient had reported
consumption of wild boar meat (215). Bats have been
demonstrated to be important reservoirs for many emerging
viruses (216). In the United States, bats are a major reservoir
for the rabies virus. While rabies virus infects many different
mammals, rabies variants replicate most efficiently in their
reservoir host and sometimes within a defined geographic
distribution. Interspecies transmission is typically a single
event (e.g., bat variant to skunk), and secondary transmis-
sion (skunk to skunk) is rare (217, 218), although secondary
transmission has been documented (219). Control measures
for rabies are dependent on the host reservoir, and under-
standing bat rabies is important, especially in areas where
rabies has been eliminated from carnivores (217). Raccoon
rabies, which has emerged as a particular concern due to the
close proximity of raccoons to human populations (220),
may be controlled by using bait containing a live vaccine
(221, 222), while skunk rabies has been controlled by
trapping and parenteral vaccination (219). Genotyping of
rabies’ variants aids in determining the appropriate control
measures given the likely reservoir host of the virus. Rabies
virus may have a very long incubation period, and it may
take several years after exposure for a person to develop
symptoms. Boland et al. used phylogenetic analysis to show
that a Massachusetts resident developed rabies 8 years after
having been exposed in Brazil (223).

CONCLUSIONS
DNA sequencing has become an important tool in virology;
however, widespread implementation in clinical settings will
depend on the development of guidelines and standards for
performing the sequencing reactions and interpretation of
the data. Additionally, most laboratories will likely be un-
able to implement sequencing unless an automated, FDA-
cleared platform becomes available. While nothing is cur-
rently available on the U.S. market for virology applications,
Illumina has an FDA-cleared version of the MiSeq platform
(MiSeqDx), and Ion Torrent has listed the Ion PGM Dx
System with the FDA. It important to note, however, that
although the platforms are FDA-cleared, absent an FDA-
cleared informatics pipeline, the laboratory will need to
validate the test as an LDT (224). Still, given the pace of
developments in the field of next generation sequencing, it
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seems likely that there will be assays developed for virology
applications in the not-too-distant future and that these
assays will be integrated into the workflow of the clinical
virology laboratory.

Thanks to Bill Wolfgang and Pascal Lapierre from New
York’s Wadsworth Center for lending their expertise to
conduct a critical review of this chapter to ensure accuracy
and readability. Their contribution is greatly appreciated.
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Where the use of antibiotics goes back to the discovery of
penicillin by Alexander Fleming in 1928, application of
antiviral treatment was not achieved until the early 1960s
with the use of the nucleoside analogue idoxuridine for
treatment of herpetic keratitis (1) and methisazone for
treatment of smallpox, variola, and cowpox. The first major
advances in antiviral treatment were obtained for herpes
viruses with the discovery of another nucleoside analogue,
acyclovir, by the Burroughs Wellcome Company in the early
1980s. Despite these advances, the real wave of antiviral drug
discovery was the result of the HIV epidemic, and started
with the development of azidothymidine (AZT) as the first
antiretroviral for AIDS patients (2). Nowadays a wide
spectrum of antiviral agents are used for a variety of infec-
tions. However, similarly to bacteria, development of resis-
tance is an important complication when using antiviral
agents. In addition, many viral pathogens have an RNA
genome and use RNA polymerases that lack proofread ac-
tivity for their replication. Therefore, mutations will be in-
troduced into the viral genome in every replication cycle and
as a consequence an altered susceptibility or even resistance
to an antiviral agent may develop. These resistant variants
are easily selected under pressure of an antiviral treatment as
shown by the rapid development of resistance when using
AZT (3, 4). The viral reverse transcriptase incorporates this
thymidine analogue into the viral genome, inhibiting proper
replication. Resistant viruses rapidly evolve by acquiring
resistance-associated mutations (RAM) in the gene encod-
ing for the enzyme. With HIV being a retrovirus, these
mutations are also incorporated in the host DNA and
therefore the resistant viral genome is stored in the DNA of
the patient and will emerge upon reintroducing the drug.

Over the last decades, considerable progress has been
made in the development of antiviral agents and conse-
quently in the treatment of viral infections. Increased use of
antiviral agents has led to an increase in the development of
resistant viruses as well. Due to the relatively small genome
sizes, the limited number of genes, and the presence of
in vitro cultivation systems, the mechanisms of resistance
have been elucidated for many drugs. Once the mechanism
is known, diagnostic tests for antiviral susceptibility testing
can be introduced to optimize patient treatment.

In this chapter, laboratory methods are described for
phenotypic and genotypic susceptibility testing for the major

viruses where antiviral treatment is applied and thus there
may be a need for analyzing antiviral susceptibility or resis-
tance. Assays for resistance testing largely overlap and will
be discussed in more detail for antiviral resistance testing of
herpes viruses. A more general overview will be provided for
HIV, influenza viruses, and hepatitis viruses.

ANTIVIRAL SUSCEPTIBILITY TESTING
The classical approach of testing for antiviral resistance is
based on replication of the virus in cell culture and, there-
fore, application is limited to those viruses that can be
propagated in vitro. Reduction of growth in the presence of
an antiviral agent is indicative of resistance and can be
measured in different ways, including the inhibition of virus-
induced plaque formation or cytopathic effect or a decrease
in the production of viral antigens, enzyme activities, or
nucleic acid synthesis. In the molecular era, genotypic assays
that provide rapid analyses of genetic markers that are as-
sociated with antiviral resistance have been developed and
now, in many cases, have replaced the more traditional
phenotypic approaches. The choice of which molecular
method to use depends on the complexity of the resistance
mechanism. If only a few mutations result in resistance, real
time PCR assays or hybridization tests such as the LineProbe
assay (LiPA, Fujirebio Inc., Belgium) can be used. If a few
mutations result in resistance, real time PCR assays can
identify single nucleotide polymorphisms. However, if the
mechanism is more complex or the number of mutations
that potentially can result in antiviral resistance is higher,
nucleotide sequence analysis is the preferred method. Sanger
sequencing has been applied in many diagnostic assays to
identify RAMs. For a more in-depth analysis of viruses
consisting of quasispecies or for detection of minor variants,
next generation sequencing (NGS) applications can be
used.

Culture-Based Systems
With culture-based systems, the mode of action of antiviral
agents is based on interference with viral replication. One
well-known mode of action of antiviral agents is that the
molecule, sometimes after processing, acts as a defective
nucleotide that is incorporated in the viral genome and
aborts further replication or expression. The large group of
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nucleoside/nucleotide polymerase inhibitors (NPI) belong
to this group. Another mechanism is direct interaction of
the antiviral agent with viral proteins or receptors being used
by the virus. In all cases the antiviral agents interfere with
replication or propagation of viruses. As a result, for those
viruses that can be grown in cell or tissue culture, in vitro
models examining antiviral activity on viral strains are
readily available.

An in vitro model can be used to monitor antiviral ac-
tivity of new compounds or old compounds on new viruses
(5–7). However, they can also be used to establish antiviral
resistance in patients not responding to antiviral therapy.
Inhibition of a particular strain can be quantitated by de-
termining the reduction of growth. The 50% tissue culture
infectious dose (TCID50) is a measure that indicates what
concentration of virus is required to infect 50% of the cells
in tissue culture. By inoculating multiple culture plate wells
with dilutions of a virus, the TCID50 can be determined by
an algorithm that includes those dilutions that do not infect
all replicates of the cells in the number of wells (8). As a
result, when a virus with a known TCID50 is grown in the
presence of a dilution series of an antiviral agent, the re-
duction of the TCID50 is a measure for the antiviral activity
of the compound. In the same way, the antiviral resistance
can be measured by an increase of TCID50 in the presence of
an inhibitory concentration of antiviral agent.

If diluted viruses are grown in cell culture with an agarose
overlay, a single infectious virus particle will infect a single
cell and spread only to its neighboring cells. In this way, a
small defined part of the cell layer is affected and can be
made visible as a plaque. The number of plaques is related to
the growth capacity of the viral strain and is indicated as
plaque forming units (pfu). If a viral strain is incubated with
an antiviral agent, the number of pfu will be reduced as a
result of the antiviral activity. On the other hand, no re-
duction in growth as measured by no decrease in the number
of pfu in the presence of antiviral agent is indicative for
antiviral resistance.

Currently the diagnostic use in determining antiviral
resistance by these laborious cell culture methods is limited.
By using quantitative PCR to determine an increase in viral
DNA or RNA rather than increase in TCID50 of pfu in
resistant viruses, some improvement in turnaround time is
achieved. Still, these DNA/RNA reduction assays remain
laborious (9). With an increase in technological possibilities,
a shift towards molecular methods as PCR and nucleotide
sequencing has been observed.

PCR-Based Methods
Hybridization assays were the first molecular resistance tests
that became available. PCR amplification of the viral ge-
nomic regions carrying RAMs, as for example the hepatitis B
YMDD motif, with subsequent hybridization to immobilized
probes that represented all possible wild type and resistant
sequences provided rapid information on the antiviral sus-
ceptibility (10). Initially these assays were also used for HIV
(11) but the rapid evolution of the number of RAMs in the
HIV genome together with the rapid increase in antiviral
agents made it impossible to maintain an appropriate test.
As a result, nucleotide sequence analysis became the stan-
dard for diagnosing these more complicated resistance pat-
terns.

PCR or real time PCR methods can be combined with
culture-based methods. By assessing the amount of virus
grown that is grown in the presence or absence antiviral
agent by PCR amplification, laborious TCID50 or pfu assays

can be avoided. DNA or RNA can be extracted from the cell
culture supernatant and subsequently amplified and quanti-
fied using real time PCR. Although still laborious, resistance
could be determined independently on the mechanism of
resistance, comparable to phenotypic assays.

If only a limited number of RAMs are responsible for
antiviral resistance, as for example amantadine resistance of
influenza viruses, a real time PCR can be designed that can
differentiate the susceptible virus (with amino acid S31)
from the resistant virus (with aminoacid mutation S31N) by
using probes with different fluorophores or a difference in
melting temperatures (12). PCR-based methods have revo-
lutionized clinical microbiology, not only for diagnosing the
infection, but also in antiviral susceptibility testing. How-
ever, for detailed analysis of antiviral resistance, the infor-
mation provided by PCR amplification alone is usually
insufficient. Identification of a set of mutations associated
with resistance requires detailed information that can be
obtained by nucleotide sequence analysis.

Sequencing Methods
The exact nucleic acid sequence of a gene can be determined
by nucleotide sequence analysis. Most widely used is the
Sanger chain termination method. By using the correct
mixture of regular deoxy nucleoside triphosphates (dNTPs),
that result in chain elongation, and dideoxy nucleoside tri-
phosphates (ddNTPs), which halt elongation, the exact
sequence can be measured. By analyzing the viral genes that
harbor mutations that are associated with antiviral resis-
tance, detailed information on potential resistance is ob-
tained. The length of the sequence required is dependent on
the available antiviral agents and knowledge about the
mechanism of resistance with respect to the mode of action
and, more specifically, what mutations result in resistance. In
HIV, patients are treated with combination antiretroviral
therapy to control the viruses. If the dosage is inadequate, for
example because of incompliance of the patient in taking
the medication, mutations may occur that will result in re-
sistance to the antivirals used. The majority of the mutations
that will lead to resistance are detected in the first 1,500
nucleotides of the polymerase gene of HIV. This gene codes
for the viral protease, reverse transcriptase, and integrase,
enzymes that are the main targets to be inhibited by antiviral
treatment. In treatment of herpes viruses, the main targets
are the thymidine kinase (TK) and polymerase (pol) which
are two crucial proteins in viral replication. In development
of resistance, the range of RAMs observed in the affected TK
and pol gene genes may require up to 3,000 nucleotides of
sequence for proper analysis. A limitation of Sanger se-
quencing is that only the major variant of the virus is being
analyzed. Presence of minor variants, with minor being less
than 25% of the total population, will remain unnoticed.

Next generation sequencing is able to provide complete
information of viral genomes and enables in depth analysis
of minor variants of resistance mutations, i.e., deep se-
quencing.

For HIV resistance, NGS deep sequencing applications
have been used to identify minor variants of RAMs (13, 14).
These NGS application studies for HIV resistance suggest an
increased risk for viral failure by the presence of minor
variant RAMs. However, these findings are the result of
population based analysis. For individual patients the added
value of this approach remains to be established. As only
short fragments of sequence are generated, it is hard to de-
termine if they are part of viable viruses or part of viral
genomes with reduced fitness. NGS is still in development
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and with improvement of turnaround time and read length,
NGS application in resistance testing will become an im-
portant tool. However, further evolution of the methodology
is required before it can be implemented.

ANTIVIRAL TREATMENT AND
SUSCEPTIBILITY TESTING FOR SELECT
VIRUSES
Herpes Viruses

Antiviral Treatment
Antiviral treatment is indicated in various, but not all,
herpes virus infections. Infections caused by herpes simplex
virus (HSV), varicella-zoster virus (VZV), and cytomega-
lovirus (CMV) are most commonly treated with antivirals
and therefore will be discussed here. Antiviral preparations
for herpes virus ophthalmological infections will not be
discussed.

Severe primary infections with HSV and oral or genital
ulcerations due to reactivation of HSV patients can be
treated with systemic, oral or topical acyclovir (ACV), or its
oral prodrug valacyclovir (15, 16). Likewise, chickenpox
and herpes zoster can be treated with the same agents. Other
antivirals such as pencyclovir (topical administration) and
famcyclovir (oral administration) can be used for the same
indications. Primary infections with CMV are usually only
treated in treated in the immunocompromised hosts. In this
group, reactivation of CMV can also be treated with gan-
cyclovir or its oral prodrug valgancyclovir (vGCV) (17–21).
Second line agents for treating all of the above mentioned
herpes virus infections, in case of antiviral resistance or drug
intolerance, are foscarnet (FOS) and cidofovir (CDV),
which are administered intravenously. The efficacy of mar-

ibavir in the prevention and treatment of CMV is still under
investigation and, hence, antiviral susceptibility testing re-
garding this agent will not be discussed (22–25).

Clinical Indications for Antiviral Susceptibility
Testing
Antiviral susceptibility testing is mainly indicated in im-
munocompromised patients, since antiviral resistance is rare
in herpes virus infections in immunocompetent individuals
(26–30). In immunocompromised patients, persistent herpes
virus infection despite antiviral treatment may be caused by
antiviral resistance. However, such treatment failure, either
clinical or virological, can have various causes since antivi-
rals merely suppress viral replication awaiting restoration of
antiviral immunity. Hence, treatment failure may be due to a
profound state of immunodeficiency in which the patient’s
immune system is unable to control viral replication to any
extent. Also, inadequate dosing or impaired drug absorption
of antivirals can play a role. Lastly, resistance of the virus to
antivirals can cause failure of treatment. Therefore, suscep-
tibility testing is required to guide further treatment in pa-
tients with clinical or virological treatment failure. Figure 1
provides a flow chart on the suggested diagnostics and
treatment of persistent herpes virus infections (31).

Definitions of Antiviral Resistance and Variables
of Antiviral Susceptibility Testing
Optimally, breakpoints to identify resistant viruses take into
account the in vitro established susceptibility, pharmacoki-
netics of the antiviral agents, and clinical response to the
given treatment. Only for HSV, such clinically validated
susceptibility breakpoints have been established for plaque
reduction assay by Clinical and Laboratory Standards In-
stitute (CLSI) (32). Both technical and clinical issues have

consider other causes of
symptoms 

viral response no viral response

resistance associated mutation 

confirm viral response 1  if applicable 2

symptomatic  infection with a 
clinical response

asymptomatic  infection

assess

symptomatic  infection without a 
clinical response 

assess viral response1

detection of viral DNA after a standard treatment course

continue course of 
second line treatment 

resume course of 
first line treatment

viral clearance unlikely

give additional course of first line treatment and perform 
genotypical resistance diagnostics

mutation of unknown significance

change to course of second line treatment 
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viral clearance likely
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monitoring if applicable 
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monitoring if applicable 

• viral response1
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• immunological recovery 3

change to course of second 
line treatment 
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FIGURE 1 Flow chart for diagnosis and treatment in case of failure of antiviral therapy of DNA virus infections in immunocompromised
patients. Global approach to diagnosis and treatment in case of persistent DNAvirus infections in immunosuppressed patients.1Assessment of
viral response may include the viral load after treatment and the decrease in viral load in response to the given treatment.2In case of severe
symptomatic disease.3Assessment of immunological recovery may include total and virus-specific T-cell counts and the possibility to decrease
the use of immunosuppressive medication. Details may differ per virus (31).
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hampered the development of standardized assays and
breakpoints for CMVand VZV. Technical issues are the slow
and cell-associated growth of CMV and VZV and the diffi-
culties isolating virus from relevant body sites such as blood
and cerebrospinal fluid. In addition, it is difficult to reliably
assess clinical outcome in severely immunocompromised
patients in whom failure may be only partly related to an-
tiviral treatment. Hence, in many publications, phenotypic
antiviral resistance is merely defined as a reduced in vitro
susceptibility compared to a reference isolate or a pretreat-
ment or wild-type isolate from the same patient, with rather
arbitrary cut-offs to define significant reduction in suscep-
tibility in the various assays. At least intra- and interassay
variation of a specific assay should be taken into account
when defining relevant changes in susceptibility. The sub-
sequent clinical relevance of a diminished susceptibility re-
mains hard to determine from these results. Furthermore,
resistance is often defined on the basis of sequence analysis
of a viral isolate showing mutations in relevant parts of the
associated viral genes. The subsequent annotation of such in
silico changes is optimally performed by transferring specific
mutations into a susceptible virus to establish the effect on
in vitro susceptibility, but should at least be confirmed by
in vitro susceptibility testing of the viral isolate containing
the mutation. Often, this marker transfer is not technically
feasible and/or viral isolates cannot be cultured, hampering
this analysis. Also, in isolates containing various mutations
it can be difficult to separate the mutation(s), contributing
to resistance from polymorphisms. All relevant genes in
HSV, VZV, and CMV contain numerous polymorphisms.
Hence, antiviral resistance studies based solely on genotypic
analysis should be interpreted with caution.

Assays
GCV resistance mutations in CMV mainly map to the viral
kinase gene UL97 (33–37). After prolonged treatment and
after treatment with foscarnet or cidofovir, mutations in the
viral polymerase gene UL54 can also emerge (36, 38). Se-
quencing analysis is the fastest method for susceptibility
testing of CMV, which cannot be easily cultured. Fur-
thermore, many mutations in the CMV genome have been
accurately characterized phenotypically by marker transfer
(Tables 1 and 2) (49–58). The relevance and extent of the
reduced susceptibility varies per mutation and depends on
the method used for phenotypic susceptibility testing. Data
on cross-resistance in cases of UL54-mutants are often very
limited, so should be interpreted with caution. Conven-
tional sequencing methods are rather time consuming;
hence, various genotypic screening methods have been
developed for mutation detection in CMV, each with its
own advantages and limitations. Some methods allow rapid
screening, but only of fixed genome positions known to
be involved in antiviral drug resistance (39–41). Mass
spectrometry-based comparative sequence analysis com-
bines the possibility of detection of all nucleotide variations
within a designated region of a viral genome, with reduced
hands on time due to the automation of post-PCR pro-
cessing and analysis, but is still costly (42). Deep-sequenc-
ing methods allow for detection of minor variants of HCMV
in patients (43), but are laborious and may be less suitable in
a clinical setting.

Resistance to antiviral drugs for HSV 1 is primarily
caused by mutations in the UL23 gene of the viral TK (re-
sistance to ACV) or, rarely, in the UL30 gene of the viral
DNA polymerase (resistance to ACV, CDV, or FOS) (30,
44, 45). Also, for HSV-2, mutations in TK and DNA po-

lymerase genes can cause resistance. Sequencing of these
genes may reveal a resistance conferring mutation (Tables 3
and 4), but since nucleotide variations are common, muta-
tions of unknown significance are frequently detected (30,
44, 45). Included in the tables are mutations whose phe-
notypical significance has either been characterized by
transferring specific mutations into susceptible virus or has
been confirmed by a phenotypic susceptibility test of the
mutated isolate (44–87). In the latter situation, isolates
containing more than one mutation of unknown signifi-
cance were excluded. The relevance and extent of the re-
duced susceptibility varies per mutation and depends on the
method used for phenotypic susceptibility testing. Data on
cross-resistance in cases of UL30 mutants are limited, so they
need to be interpreted with caution. In such cases, pheno-
typic susceptibility testing of HSV is required and tradi-
tionally performed by a standard plaque reduction assay or
some variation of this method (32). This methodology is
labor intensive and time consuming and, hence, results are
usually not available in a clinically relevant time frame.
Faster versions of the plaque reduction assays have been
developed (88–90). Real time PCR based phenotypical
susceptibility assays may also overcome these limitations and
facilitate timely diagnosis of antiviral resistance (9, 91, 92).
However, clinical breakpoints for these assays need stan-
dardization.

Similar to HSV-1 and HSV-2, VZV resistance to anti-
virals is mainly due to mutations in the viral TK gene of
VZV (resistance to ACV), or, in rare cases, in the viral DNA
polymerase (Pol, resistance to ACV, CDV, or FOS) (93–98).
However, mutations of unknown significance can occur, due
to infrequent antiviral resistance and the scarcity of phe-
notypic data (Tables 5 and 6) (94, 98, 99). Included in the
tables are mutations whose phenotypic significance has ei-
ther been characterized by marker transfer or has been
confirmed by a phenotypic susceptibility test of the mutated
isolate (93, 94, 96–98, 100–114). In the latter situation,
isolates containing more than one mutation of unknown
significance were excluded. The relevance and extent of the
reduced susceptibility varies per mutation and depends on
the method used for phenotypic susceptibility testing. Data
on cross-resistance in cases of Pol mutants are limited, so
they need to be interpreted with caution as well. Resistance
can be diagnosed by culture of the virus in the presence of
antiviral agents. Culture-based techniques are challenging as
VZV is a slowly growing and highly cell-associated virus.
Furthermore, VZV cannot be cultured directly from clinical
samples such as plasma or cerebrospinal fluid. Direct se-
quence analysis of the target genes is possible in various types
of clinical samples and avoids selection bias by different
growth properties in cell culture. However, it is unclear what
sample type is the best for analysis of resistance, as com-
partmentalization of resistant strains has been described
(93). Web-based software tools, such as ReCall (RECall beta
v2.6 at http://pssm.cfenet.ubc.ca) can be applied for all
herpes virus sequence analyses and facilitates sequence
analysis in routine diagnostics.

Influenza Viruses
Vaccination against influenza is the most effective way to
protect patients at risk for influenza complications. As a
second line of defense, antiviral agents can be used. Anti-
viral treatment of influenza infections dates back to 1966
when Symmetrel (Amantadine) received clearance from the
U.S. Food and Drug Administration (FDA). Amantadine
blocks the influenza M2 ion channel, a product of the matrix
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TABLE 1 Mutations in the UL97-gene of CMV

AA position Mutation Interpretation Remark

19 Q19E susceptible to (val)ganciclovir
68 N68D susceptible to (val)ganciclovir
95 T95S susceptible to (val)ganciclovir
108 S108N susceptible to (val)ganciclovir
112 R112C susceptible to (val)ganciclovir
126 L126Q susceptible to (val)ganciclovir
137 R137C susceptible to (val)ganciclovir
227 E227D susceptible to (val)ganciclovir
244 I244V susceptible to (val)ganciclovir
329 D329H susceptible to (val)ganciclovir
337 L337M susceptible to (val)ganciclovir
342 F342S reduced susceptibility to (val)ganciclovir
353 V353A susceptible to (val)ganciclovir
355 DEL355 reduced susceptibility to (val)ganciclovir
356 V356G reduced susceptibility to (val)ganciclovir
397 L397R susceptible to (val)ganciclovir
405 L405P reduced susceptibility to (val)ganciclovir
409 T409M susceptible to (val)ganciclovir
411 H411L susceptible to (val)ganciclovir
411 H411N susceptible to (val)ganciclovir
411 H411Y susceptible to (val)ganciclovir
427 A427V susceptible to (val)ganciclovir
449 Q449K susceptible to (val)ganciclovir
460 M460I reduced susceptibility to (val)ganciclovir
460 M460T reduced susceptibility to (val)ganciclovir
460 M460V reduced susceptibility to (val)ganciclovir
466 V466G reduced susceptibility to (val)ganciclovir
466 V466M susceptible to (val)ganciclovir
469 H469Y susceptible to (val)ganciclovir
478 A478V susceptible to (val)ganciclovir
510 N510S susceptible to (val)ganciclovir
518 C518Y reduced susceptibility to (val)ganciclovir
520 H520Q reduced susceptibility to (val)ganciclovir
521 P521L reduced susceptibility to (val)ganciclovir
550 M550I susceptible to (val)ganciclovir
582 A582T susceptible to (val)ganciclovir
582 A582V susceptible to (val)ganciclovir
587 H587Y susceptible to (val)ganciclovir
588 A588V susceptible to (val)ganciclovir
590 DEL590-593 reduced susceptibility to (val)ganciclovir
591 A591V susceptible to (val)ganciclovir possible low-level resistance
591 DEL591-594 reduced susceptibility to (val)ganciclovir
591 DEL591-607 reduced susceptibility to (val)ganciclovir
592 C592G reduced susceptibility to (val)ganciclovir
594 A594E reduced susceptibility to (val)ganciclovir
594 A594G reduced susceptibility to (val)ganciclovir
594 A594P reduced susceptibility to (val)ganciclovir
594 A594T reduced susceptibility to (val)ganciclovir
594 A594V reduced susceptibility to (val)ganciclovir
595 DEL595 reduced susceptibility to (val)ganciclovir
595 DEL595-603 reduced susceptibility to (val)ganciclovir

(Continued)

16. Phenotypic and Genotypic Antiviral Susceptibility Testing - 205



gene segment of influenza A (but not influenza B) viruses.
Resistance is induced by mutations in the M2 gene coding
for the ion channel pore, most frequently an S31N muta-
tion. Resistance testing is possible by testing for this muta-
tion by allele specific PCR analysis (12, 115). However, in
the present time, over 99% of all circulating human influ-
enza virus A strains, including subtypes influenza A(H1N1)
as well as A(H3N2), are now resistant to adamantanes, and
therefore these antivirals are no longer of use in clinical
practice (116, 117).

Nowadays, neuraminidase inhibitors (NAI) are the most
effective antivirals for treatment of influenza infections, al-
though antivirals targeting the polymerase are under evalu-
ation. Oseltamivir and zanamivir have been available for
over a decade and the newer NAI as peramivir and lanimivir
are now licensed for use in some countries (118). In 2009,
nearly all seasonal influenza A(H1N1) viruses were resistant
to oseltamivir as they contained the H275Y mutation in the
neuraminidase (NA) gene. Emergence of influenza virus A
(H1N1)pdm09 almost completely reduced the proportion of
resistant A viruses to less than 1%. Occasionally, isolates or
clusters of resistant viruses emerge and worldwide surveil-
lance is implemented to monitor their prevalence (119).
Resistance can also be induced by prolonged treatment with
NAI (120) requiring susceptibility testing for analysis of
treatment efficacy.

For measuring resistance to NAI, actual phenotypic
analysis of the NA activity provides the most accurate in-

formation. The function of the NA enzyme is to release
newly synthesized viruses from the cell by cleaving the viral
hemagglutinin from the sialic acid receptor of the cell. An
inactive NA results in accumulation of viruses at the cell
surface. Commercial chemiluminescent (121) or fluorescent
(122) neuraminidase inhibition (NI) assays are available and
measure the concentration of the NAI which results in 50%
reduction of enzymatic NA activity. For daily diagnostic use,
these assays are quite laborious as viruses need to be propa-
gated and clinically relevant thresholds are difficult to de-
fine. Therefore, in most laboratories, genetic analysis is
implemented as the primary diagnostic tool for resistance
testing.

In the influenza NA gene, mutations have been identi-
fied that are associated with the majority of resistant viruses.
For influenza A virus (H1N1)pdm09, the H275Y mutation
has been most frequently found. For influenza A virus
(H3N2), the 3 most common substitutions resulting in NAI
resistance are E119V, R292K, and N294S. So by molecular
analysis of 600 nucleotides of the NA gene, the susceptibility
or resistance to NAI can be established. In influenza B vi-
ruses, changes at E117, D197, H273, and R374 are associ-
ated with resistance, but other RAMs and combinations of
RAMs have been identified as well (116). For surveillance
purposes, large scale analysis of resistance in influenza viruses
is required and pyrosequencing would be an option as short
sequences can be rapidly generated. As a general rule, using
molecular methods, information is collected for only those

TABLE 1 Mutations in the UL97-gene of CMV (Continued)

AA position Mutation Interpretation Remark

595 L595F reduced susceptibility to (val)ganciclovir
595 L595S reduced susceptibility to (val)ganciclovir
595 L595T susceptible to (val)ganciclovir
595 L595W reduced susceptibility to (val)ganciclovir
596 E596G reduced susceptibility to (val)ganciclovir
597 N597D susceptible to (val)ganciclovir
598 G598S reduced susceptibility to (val)ganciclovir
599 K599R susceptible to (val)ganciclovir
599 K599T reduced susceptibility to (val)ganciclovir
600 DEL600 reduced susceptibility to (val)ganciclovir
600 L600I susceptible to (val)ganciclovir
601 DEL601 reduced susceptibility to (val)ganciclovir
601 DEL601-603 reduced susceptibility to (val)ganciclovir
603 C603R reduced susceptibility to (val)ganciclovir
603 C603S reduced susceptibility to (val)ganciclovir possible low-level resistance
603 C603W reduced susceptibility to (val)ganciclovir
605 D605E susceptible to (val)ganciclovir
607 C607F reduced susceptibility to (val)ganciclovir possible low-level resistance
607 C607Y reduced susceptibility to (val)ganciclovir
615 M615V susceptible to (val)ganciclovir
617 Y617H susceptible to (val)ganciclovir
623 G623S susceptible to (val)ganciclovir
634 L634Q susceptible to (val)ganciclovir
659 T659I susceptible to (val)ganciclovir
665 V665I susceptible to (val)ganciclovir
674 A674T susceptible to (val)ganciclovir
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TABLE 2 Mutations in the UL54-gene of CMV

AA position Mutation Interpretation Remark

19 Q19E susceptible to (val)ganciclovir
68 N68D susceptible to (val)ganciclovir
95 T95S susceptible to (val)ganciclovir
108 S108N susceptible to (val)ganciclovir
112 R112C susceptible to (val)ganciclovir
126 L126Q susceptible to (val)ganciclovir
137 R137C susceptible to (val)ganciclovir
227 E227D susceptible to (val)ganciclovir
244 I244V susceptible to (val)ganciclovir
329 D329H susceptible to (val)ganciclovir
337 L337M susceptible to (val)ganciclovir
342 F342S reduced susceptibility to (val)ganciclovir
353 V353A susceptible to (val)ganciclovir
355 DEL355 reduced susceptibility to (val)ganciclovir
356 V356G reduced susceptibility to (val)ganciclovir
397 L397R susceptible to (val)ganciclovir
405 L405P reduced susceptibility to (val)ganciclovir
409 T409M susceptible to (val)ganciclovir
411 H411L susceptible to (val)ganciclovir
411 H411N susceptible to (val)ganciclovir
411 H411Y susceptible to (val)ganciclovir
427 A427V susceptible to (val)ganciclovir
449 Q449K susceptible to (val)ganciclovir
460 M460I reduced susceptibility to (val)ganciclovir
460 M460T reduced susceptibility to (val)ganciclovir
460 M460V reduced susceptibility to (val)ganciclovir
466 V466G reduced susceptibility to (val)ganciclovir
466 V466M susceptible to (val)ganciclovir
469 H469Y susceptible to (val)ganciclovir
478 A478V susceptible to (val)ganciclovir
510 N510S susceptible to (val)ganciclovir
518 C518Y reduced susceptibility to (val)ganciclovir
520 H520Q reduced susceptibility to (val)ganciclovir
521 P521L reduced susceptibility to (val)ganciclovir
550 M550I susceptible to (val)ganciclovir
582 A582T susceptible to (val)ganciclovir
582 A582V susceptible to (val)ganciclovir
587 H587Y susceptible to (val)ganciclovir
588 A588V susceptible to (val)ganciclovir
590 DEL590-593 reduced susceptibility to (val)ganciclovir
591 A591V susceptible to (val)ganciclovir possible low-level resistance
591 DEL591-594 reduced susceptibility to (val)ganciclovir
591 DEL591-607 reduced susceptibility to (val)ganciclovir
592 C592G reduced susceptibility to (val)ganciclovir
594 A594E reduced susceptibility to (val)ganciclovir
594 A594G reduced susceptibility to (val)ganciclovir
594 A594P reduced susceptibility to (val)ganciclovir
594 A594T reduced susceptibility to (val)ganciclovir
594 A594V reduced susceptibility to (val)ganciclovir
595 DEL595 reduced susceptibility to (val)ganciclovir
595 DEL595-603 reduced susceptibility to (val)ganciclovir
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markers known to confer resistance and therefore pheno-
typic testing remains the gold standard (118).

Real time PCR-based methods are more suitable for
rapid, immediate screening of influenza patients, as they can
provide result in only hours. Due to the limited number of
mutations to be analyzed, SNP analysis can be performed
using real time PCR by using two Minor Groove Binder
(MGB) probes specific for each SNP or by analyzing differ-
ences in melting temperatures of the PCR products by high
resolution melting (12, 115).

Hepatitis Viruses

Hepatitis B Virus
Approximately 240 million people are chronically infected
with hepatitis B virus (123). First-line monotherapy treat-
ment regimens of nucleoside/nucleotide analogues lam-
ivudine (LAM), telbivudine, and adefovir resulted in
significant development of resistance. After 5 years of
treatment, almost 80% of patients treated with LAM carried
resistant virus. Mutations in the reverse transcriptase part of
the polymerase gene cause resistance and testing is per-
formed exclusively by molecular methods. All relevant
mutations are grouped around the catalytic site of the reverse
transcriptase between amino acids 180 and 250. The line
probe assay INNO-LiPA HBV DR (Innogenetics, Belgium)
specifically targets a set of mutations conferring resistance
(124). Amplification and sequence analysis of a region of

just over 200 bp of the polymerase (pol) gene enables anal-
ysis of all relevant mutations present. Analysis of sequence
data can be performed by the Geno2pheno drug resistance
interpretation algorithm (http://hbv.geno2pheno.org).

Presently, first-line treatment with entecavir (125, 126)
or tenofovir (127, 128), greatly reduces the risk of devel-
oping resistance and testing for resistance is not commonly
indicated.

Hepatitis C Virus
An estimated 150 million people have a chronic hepatitis C
virus (HCV) infection resulting in a significant number of
patients developing liver cirrhosis or hepatocellular carci-
noma (129). Until a few years ago, the main treatment
option for those patients was pegylated interferon-a (PEG-
IFN) and ribavirin (RBV). Success of treatment, as indi-
cated by a sustained viral response (SVR) after 12, 24, or 48
weeks, varied from 50% for HCV genotype 1 to over 80% for
HCV genotype 2 (130). However, from 2011 until the
present time, new classes of antiviral agents have been ap-
proved, increasing treatment options and success rates
(131). These antiviral drugs act directly on the nonstructural
HCV proteins and therefore are referred to as direct-acting
antiviral agents (DAAs). The three classes of DAAs com-
prise the protease inhibitors, polymerase inhibitors, and the
NS5A replication complex inhibitors. The first approved
DAAs were the protease inhibitors telaprevir and bocepre-

TABLE 2 Mutations in the UL54-gene of CMV (Continued)

AA position Mutation Interpretation Remark

595 L595F reduced susceptibility to (val)ganciclovir
595 L595S reduced susceptibility to (val)ganciclovir
595 L595T susceptible to (val)ganciclovir
595 L595W reduced susceptibility to (val)ganciclovir
596 E596G reduced susceptibility to (val)ganciclovir
597 N597D susceptible to (val)ganciclovir
598 G598S reduced susceptibility to (val)ganciclovir
599 K599R susceptible to (val)ganciclovir
599 K599T reduced susceptibility to (val)ganciclovir
600 DEL600 reduced susceptibility to (val)ganciclovir
600 L600I susceptible to (val)ganciclovir
601 DEL601 reduced susceptibility to (val)ganciclovir
601 DEL601-603 reduced susceptibility to (val)ganciclovir
603 C603R reduced susceptibility to (val)ganciclovir
603 C603S reduced susceptibility to (val)ganciclovir possible low-level resistance
603 C603W reduced susceptibility to (val)ganciclovir
605 D605E susceptible to (val)ganciclovir
607 C607F reduced susceptibility to (val)ganciclovir possible low-level resistance
607 C607Y reduced susceptibility to (val)ganciclovir
615 M615V susceptible to (val)ganciclovir
617 Y617H susceptible to (val)ganciclovir
623 G623S susceptible to (val)ganciclovir
634 L634Q susceptible to (val)ganciclovir
659 T659I susceptible to (val)ganciclovir
665 V665I susceptible to (val)ganciclovir
674 A674T susceptible to (val)ganciclovir
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TABLE 3 Mutations in the UL23-gene of HSV

HSV type AA position Mutation Interpretation Remark

1 6 C6G susceptible to (val)aciclovir
1 12 A12P susceptible to (val)aciclovir
1 14 D14Y susceptible to (val)aciclovir
1 17 A17V susceptible to (val)aciclovir
1 19 S19P susceptible to (val)aciclovir
1 20 R20S susceptible to (val)aciclovir
1 23 S23N susceptible to (val)aciclovir
2 26 R26H susceptible to (val)aciclovir
2 27 A27T susceptible to (val)aciclovir
1 30 R30C susceptible to (val)aciclovir
1 32 R32C susceptible to (val)aciclovir
2 34 R34C reduced susceptibility to (val)aciclovir
1 36 delE36 reduced susceptibility to (val)aciclovir
1 36 E36K or D susceptible to (val)aciclovir
2 39 E39G susceptible to (val)aciclovir
1 41 R41H susceptibility to (val)aciclovir

varyingly reported
1 42 L42P susceptible to (val)aciclovir
1 44 Q44H susceptible to (val)aciclovir
1 51 R51W reduced susceptibility to (val)aciclovir
1 53 Y53 stop or D or C or H reduced susceptibility to (val)aciclovir
1 55 D55N reduced susceptibility to (val)aciclovir
1 56 G56S reduced susceptibility to (val)aciclovir
1 57 P57H reduced susceptibility to (val)aciclovir
1 58 H58R reduced susceptibility to (val)aciclovir
2 59 G59P reduced susceptibility to (val)aciclovir
1 59 G59W reduced susceptibility to (val)aciclovir
1 60–61 frameshift (deletion of G in 180–183) reduced susceptibility to (val)aciclovir
1 61 G61A susceptible to (val)aciclovir
1 62 K62N reduced susceptibility to (val)aciclovir
1 62–63 frameshift (deletion of A in 184–187) reduced susceptibility to (val)aciclovir
1 63 T63I or A reduced susceptibility to (val)aciclovir
1 65 T65N reduced susceptibility to (val)aciclovir
2 66 S66P reduced susceptibility to (val)aciclovir
1 68 L68P reduced susceptibility to (val)aciclovir
2 72 A72S reduced susceptibility to (val)aciclovir
2 73–74 frameshift (deletion of G in 219–222) reduced susceptibility to (val)aciclovir
1 74 S74stop reduced susceptibility to (val)aciclovir
1 77 D77N susceptible to (val)aciclovir
2 78 D78N susceptible to (val)aciclovir
1 78 I78F susceptible to (val)aciclovir
1 83 E83K reduced susceptibility to (val)aciclovir
1 84 P84L or S reduced susceptibility to (val)aciclovir
1 85 M85I susceptible to (val)aciclovir
1 89 Q89R susceptible to (val)aciclovir
2 96 E96D susceptible to (val)aciclovir
2 102 S102N/ D/ R? reduced susceptibility to (val)aciclovir exact amino acid

change unknown
1 103 T103P or stop reduced susceptibility to (val)aciclovir
1 104 Q104stop reduced susceptibility to (val)aciclovir
1 105 H105P reduced susceptibility to (val)aciclovir
2 105 Q105P reduced susceptibility to (val)aciclovir
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TABLE 3 Mutations in the UL23-gene of HSV (Continued)

HSV type AA position Mutation Interpretation Remark

1 108 108stop reduced susceptibility to (val)aciclovir
2 110 I101S reduced susceptibility to (val)aciclovir
1 111 E111K susceptible to (val)aciclovir
1 111 frameshift (deletion of G at 333) reduced susceptibility to (val)aciclovir
2 119 A119T susceptible to (val)aciclovir
1 121 M121R reduced susceptibility to (val)aciclovir
1 123 R123S reduced susceptibility to (val)aciclovir
1 125 Q125H or E or L reduced susceptibility to (val)aciclovir
1 125 Q125N susceptible to (val)aciclovir
1 128 M128L reduced susceptibility to (val)aciclovir
1 129 G129D reduced susceptibility to (val)aciclovir
2 131 T131P reduced susceptibility to (val)aciclovir
2 133 Y133F reduced susceptibility to (val)aciclovir
2 135 A135P susceptible to (val)aciclovir
2 137 D137E susceptible to (val)aciclovir
2 137 D137stop reduced susceptibility to (val)aciclovir
1 138 V138I susceptible to (val)aciclovir
1 139 L139V reduced susceptibility to (val)aciclovir
2 140 F140L susceptible to (val)aciclovir
1 144–146 frameshift (deletion of G in 430–436) reduced susceptibility to (val)aciclovir
1 144–146 frameshift (insertion of G in 430–436) reduced susceptibility to (val)aciclovir
2 145–147 frameshift (deletion of G in 433–439) reduced susceptibility to (val)aciclovir
2 145–147 frameshift (insertion of G in 433–439) reduced susceptibility to (val)aciclovir
2 145–147 frameshift (insertion of GG in 433–439) reduced susceptibility to (val)aciclovir
1 146 E146G susceptible to (val)aciclovir
2 151 frameshift (deletion of C in 452) reduced susceptibility to (val)aciclovir
1 151 H151Y susceptible to (val)aciclovir
1 152–153 frameshift (deletion of C in 455–458) reduced susceptibility to (val)aciclovir
1 154–155 frameshift (deletion of C in 460–464) reduced susceptibility to (val)aciclovir
1 154–155 frameshift (insertion of C in 460–464) reduced susceptibility to (val)aciclovir
2 155–156 frameshift (deletion of C in 463–467) reduced susceptibility to (val)aciclovir
1 156 A156V reduced susceptibility to (val)aciclovir
1 156 frameshift (deletion of C in 467) reduced susceptibility to (val)aciclovir
1 161 F161L susceptible to (val)aciclovir
1 162 D162A reduced susceptibility to (val)aciclovir
1 163 R163H reduced susceptibility to (val)aciclovir
1 167 A167V reduced susceptibility to (val)aciclovir
1 168 A168T susceptible to (val)aciclovir
1 170 L170P reduced susceptibility to (val)aciclovir
1 172 Y172C reduced susceptibility to (val)aciclovir
1 173 P173L or R reduced susceptibility to (val)aciclovir
1 174 A174P reduced susceptibility to (val)aciclovir
1 175 A175V reduced susceptibility to (val)aciclovir
1 176 R176Q or W reduced susceptibility to (val)aciclovir
2 177 R177W reduced susceptibility to (val)aciclovir
1 178 L178R reduced susceptibility to (val)aciclovir
1 181 S181N reduced susceptibility to (val)aciclovir
2 183 M183I reduced susceptibility to (val)aciclovir
1 183–185 frameshift (deletion of C in 548–553) reduced susceptibility to (val)aciclovir
1 183–185 frameshift (insertion of C in 548–553) reduced susceptibility to (val)aciclovir
2 184–186 frameshift (deletion of C in 551–556) reduced susceptibility to (val)aciclovir
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TABLE 3 Mutations in the UL23-gene of HSV (Continued)

HSV type AA position Mutation Interpretation Remark

2 184–186 frameshift (insertion of C in 551–556) reduced susceptibility to (val)aciclovir
1 187 V187M reduced susceptibility to (val)aciclovir
1 189 A189V reduced susceptibility to (val)aciclovir
1 191 V191A susceptible to (val)aciclovir
1 192 A192V susceptible to (val)aciclovir
1 194 delI194 reduced susceptibility to (val)aciclovir
2 196–197 frameshift (deletion of C in 586–590) reduced susceptibility to (val)aciclovir
2 196–197 frameshift (insertion of C in 586–590) reduced susceptibility to (val)aciclovir
1 200 G200D or S or C reduced susceptibility to (val)aciclovir
2 201 G201D reduced susceptibility to (val)aciclovir
1 201 T201P reduced susceptibility to (val)aciclovir
1 204 V204G reduced susceptibility to (val)aciclovir
1 206 G206R reduced susceptibility to (val)aciclovir
1 207 A207P reduced susceptibility to (val)aciclovir
1 208 L208H reduced susceptibility to (val)aciclovir
1 210 E210D susceptible to (val)aciclovir
2 210 frameshift (insertion of T at 628) reduced susceptibility to (val)aciclovir
1 214 I214T susceptible to (val)aciclovir
2 215 A215T susceptible to (val)aciclovir
1 216 R216H or C reduced susceptibility to (val)aciclovir
1 219 K219T susceptible to (val)aciclovir
1 220 R220C or H reduced susceptibility to (val)aciclovir
2 220 R220K susceptible to (val)aciclovir
2 221 R221H reduced susceptibility to (val)aciclovir
2 222 Q222stop reduced susceptibility to (val)aciclovir
1 222 R222C reduced susceptibility to (val)aciclovir
1 222–224 frameshift (deletion of C in 665–670) reduced susceptibility to (val)aciclovir
2 223 R223H reduced susceptibility to (val)aciclovir
1 227 L227F reduced susceptibility to (val)aciclovir
1 239 Y239S reduced susceptibility to (val)aciclovir
2 239 Y239stop reduced susceptibility to (val)aciclovir
1 240 G240E susceptible to (val)aciclovir
1 243 A243S susceptible to (val)aciclovir
1 245 T245M reduced susceptibility to (val)aciclovir
1 250 Q250stop reduced susceptibility to (val)aciclovir
1 251 G251C susceptible to (val)aciclovir
2 251 Q251R reduced susceptibility to (val)aciclovir
1 256 R256W reduced susceptibility to (val)aciclovir
1 259 W259R susceptible to (val)aciclovir
1 260–261 frameshift (deletion of G in 779–782) reduced susceptibility to (val)aciclovir
1 261 Q261stop reduced susceptibility to (val)aciclovir
1 265 A265T susceptible to (val)aciclovir
1 267 V267L susceptible to (val)aciclovir
1 268 P268T or S susceptible to (val)aciclovir
2 270–271 frameshift (deletion of C in 808–811) reduced susceptibility to (val)aciclovir
1 272 A272T susceptible to (val)aciclovir
1 273 E273K susceptible to (val)aciclovir
1 273 E273Q susceptible to (val)aciclovir
2 274 D274G reduced susceptibility to (val)aciclovir
1 274 P274T susceptible to (val)aciclovir
1 275 Q275P susceptible to (val)aciclovir
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vir, inhibitors of the NS3/NS4A encoded protease of HCV
genotype 1. Later, the second generation protease inhibitors
simeprevir (SPV) and asunaprevir became available and
showed better tolerability profiles and a higher genetic bar-
rier, i.e., an increased number of RAMs required to result in
resistance. Unfortunately, these DAAs still only have lim-
ited effect on genotypes other than HCV genotype 1.

A second class of DAAs are available and inhibit the
NS5B encoded polymerase. As in HIV, there are nucleoside/
NPI and non-nucleoside polymerase inhibitors (NNPI).
NNPIs, as for example asabuvir (DAS), have a low genetic

barrier to resistance, activity to only HCV genotype 1, and a
variable tolerability. NPIs have a broader range of activity to
other genotypes, with sofosbuvir (SOF) being the most
widely used NPI as it is well tolerated and has a pangenotypic
activity (132).

Finally, inhibitors of the NS5A encoded phosphoprotein
are now available. The protein is involved in replication and
assembly, but has no enzymatic activity. The NS5A inhibi-
tors daclatasvir (DCV) and ledipasvir (LDV) are used
in combination with other DAAs and carry a broader ge-
notypic coverage of at least genotypes 1, 3, and 4 (131).

TABLE 3 Mutations in the UL23-gene of HSV (Continued)

HSV type AA position Mutation Interpretation Remark

1 276 S276R susceptible to (val)aciclovir
1 280 280stop reduced susceptibility to (val)aciclovir
1 281 R281stop reduced susceptibility to (val)aciclovir
1 281 unknown susceptible to (val)aciclovir
1 285–286 frameshift (deletion of G in 853–856) reduced susceptibility to (val)aciclovir
1 286 D286E susceptible to (val)aciclovir
1 287 T287M reduced susceptibility to (val)aciclovir
2 288 T288M reduced susceptibility to (val)aciclovir exact position unclear,

possibly T287M
1 289 L298A reduced susceptibility to (val)aciclovir
1 291 L291P or R reduced susceptibility to (val)aciclovir
1 293 R293W susceptible to (val)aciclovir
1 293–294 frameshift (deletion of G in 878–880) reduced susceptibility to (val)aciclovir
1 294 A294V susceptible to (val)aciclovir
1 295 P295T susceptible to (val)aciclovir
1 299–300 frameshift (deletion of C in 896–900) reduced susceptibility to (val)aciclovir
1 302 G302S susceptible to (val)aciclovir
1 315 L315S reduced susceptibility to (val)aciclovir
1 322 M322L susceptible to (val)aciclovir
1 323 H323Y susceptible to (val)aciclovir
1 327 L327M susceptible to (val)aciclovir
1 328 D328E susceptible to (val)aciclovir
1 332 S332P susceptible to (val)aciclovir
1 334 A334T susceptible to (val)aciclovir
1 336 C336Y reduced susceptibility to (val)aciclovir
2 336 C337Y reduced susceptibility to (val)aciclovir exact position unclear,

possibly C336Y
1 341 Q341stop reduced susceptibility to (val)aciclovir
1 345 S345P susceptible to (val)aciclovir
1 348 V348I susceptible to (val)aciclovir
1 350 T350S susceptible to (val)aciclovir
1 355 frameshift (deletion of A at 1065) reduced susceptibility to (val)aciclovir
1 355 P355Q susceptible to (val)aciclovir
1 357 S357C susceptible to (val)aciclovir
1 364 L364P reduced susceptibility to (val)aciclovir
1 365 A365T reduced susceptibility to (val)aciclovir
1 367 M367T susceptible to (val)aciclovir
1 373–374 frameshift (deletion of G in 1117–1121) reduced susceptibility to (val)aciclovir
1 374 E374A susceptible to (val)aciclovir
1 376 N376H or P or T susceptible to (val)aciclovir
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TABLE 4 Mutations in the UL30-gene of HSV

HSV type AA Position Mutation Interpretation Remark

1 3 S3A susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 9 A9T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 12 G12E susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 15 P15R susceptible to (val)aciclovir, cidofovir, and foscarnet
2 15 S15P susceptible to (val)aciclovir, cidofovir, and foscarnet
1 20 A20V susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 23 F23I susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 25 A25V susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 27 A27T susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 29 P29H susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 33 G33S susceptible to (val)aciclovir, cidofovir, and foscarnet
1 33 S33R susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 34 Q34H susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
2 37 P37L susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 40 C40W susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 41 R41H susceptible to (val)aciclovir, cidofovir, and foscarnet
1 42 Q42K susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 43 Q43R susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 49 H49Y susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 60 P60L susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 70 E70D susceptible to (val)aciclovir, cidofovir, and foscarnet
1 72 D72N susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 78 A78D susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 78 A78V susceptible to (val)aciclovir, cidofovir, and foscarnet
1 98 H98Y possibly reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 102 A102T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 104 K104Q susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 112 R112H susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 116 R116H susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 132 G132C susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 137 P137Q susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 138 A138V susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 139 E139K susceptible to (val)aciclovir, cidofovir, and foscarnet
1 145 T145A susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 146 V146I susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown

(Continued on next page)
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TABLE 4 Mutations in the UL30-gene of HSV (Continued )

HSV type AA Position Mutation Interpretation Remark

1 164 F164L susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 171 F171S susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
2 203 R203Q susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 219 R219S susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 229 A229T susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
2 232 A232T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 248 F248L susceptible to (val)aciclovir, cidofovir, and foscarnet
2 250 E250Q reduced susceptibility to (val)aciclovir, susceptible to foscarnet cidofovir susceptibility unknown
1 280 S280A susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 286 N286Y susceptible to (val)aciclovir, cidofovir, and foscarnet
1 289 A289D susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 291 I291V reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
2 324 G324E susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 330 R330A susceptible to (val)aciclovir, cidofovir, and foscarnet
1 352 I352V susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 370 D370N reduced susceptibility to (val)aciclovir, susceptible to foscarnet cidofovir susceptibility unknown
1 421 E421D susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 425 N425T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 428 A428V susceptible to (val)aciclovir, cidofovir, and foscarnet
1 429 A429T susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 434 T434M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 479 L479M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 494 N494S reduced susceptibility to foscarnet, susceptible

to (val)aciclovir and cidofovir
1 498 V498G susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 498 V498M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 507 Q507H susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 507 S507R susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 522 N522S susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 561 P561S susceptible to (val)aciclovir, cidofovir, and foscarnet
1 562 A562T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 566 A566T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 573 V573M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility varyingly reported
1 577 Y577H reduced susceptibility to foscarnet, susceptible to (val)aciclovir cidofovir susceptibility unknown
1 597 E597D reduced susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
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1 597 E597K reduced susceptible to (val)aciclovir foscarnet resistandtie borderline,
cidofovir susceptibility unknown

1 599 S599L reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 605 A605V reduced susceptibility to (val)aciclovir and foscarnet,

susceptible to cidofovir
1 618 Q618H reduced susceptibility to (val)aciclovir, susceptible

to cidofovir and foscarnet
1 639 T639I susceptible to (val)aciclovir, cidofovir, and foscarnet
1 645 A645T susceptible to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 646 A646T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 657 A657T reduced susceptibility to (val)aciclovir, susceptible

to cidofovir and foscarnet
1 660 D660E susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 671 D671N susceptible to foscarnet (val)aciclovir and cidofovir susceptibility unknown
2 671 D671N susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 672 D672N susceptible to (val)aciclovir and cidofovir foscarnet susceptibility varyingly reported
1 675 E675A susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 676 D676G susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 676 D676N susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 676–677 del DD676-677 susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 677–679 del DED677-679 susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 678 E678G susceptible to foscarnet cidofovir susceptibility unknown, (val)aciclovir

susceptibility varyingly reported
2 680 G680R susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 681–682 del GD681-682 susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 682 E682K susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 683–686 del DGDE683-686 susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 683–686 ins DGDE683-686 susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 684 E684A susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 684 E684D susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 688 E688K susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 700 R700G reduced susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 700 R700M reduced susceptibility to cidofovir, susceptible

to (val)aciclovir and foscarnet
1 702 L702H reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 702 L702I reduced susceptibility to foscarnet, susceptible

to (val)aciclovir and cidofovir
1 703 D703N susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown

(Continued on next page)
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TABLE 4 Mutations in the UL30-gene of HSV (Continued )

HSV type AA Position Mutation Interpretation Remark

1 711 N711K susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 711 N711T susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 714 V714M reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 715 V715M reduced susceptible to (val)aciclovir, susceptible

to foscarnet and cidofovir
2 716 D716N susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 716 F716L reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 719 A719T reduced susceptible to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 719 A719V reduced susceptibility to (val)aciclovir foscarnet and cidofovir susceptibility varyingly reported
2 721 F721L susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
2 724 A724T reduced susceptibility to foscarnet, susceptible

to (val)aciclovir and cidofovir
foscarnet resistandtie borderline

2 724 A724V reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 724 S724N reduced susceptible to (val)aciclovir and foscarnet cidofovir susceptibility varyingly reported
2 729 S729N reduced susceptibility to foscarnet, susceptible

to (val)aciclovir and cidofovir
2 732 Q732R reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 740 A740S susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 743 V743M susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
2 746 E746K susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 749 G749D susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 753 L753M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 771 E771Q reduced susceptibility to (val)aciclovir, susceptible to foscarnet cidofovir susceptibility unknown
1 775 S775N reduced susceptibility to (val)ciclovir, susceptible to foscarnet cidofovir susceptibility unknown
1 778 L778M reduced susceptible to (val)aciclovir and foscarnet cidofovir susceptibility varyingly reported
1 780 D780N reduced susceptible to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 782 L782I reduced susceptible to (val)aciclovir

and foscarnet, susceptible to cidofovir
2 783 L783M reduced susceptibility to foscarnet, susceptible to (val)aciclovir susceptibility to cidofovir unclear
2 785 D785N susceptible to (val)aciclovir and cidofovir foscarnet susceptibility varyingly reported
1 797 P797T reduced susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 798 E798K
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reduced susceptibility to (val)aciclovir
and foscarnet, susceptible to cidofovir

2 799 Q799R susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 801 P801T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 802 L802F reduced susceptibility to (val)aciclovir, cidofovir, and foscarnet
1 805 K805Q susceptible to (val)aciclovir, cidofovir, and foscarnet
1 813 V813M reduced susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 815 N815S reduced susceptible to (val)aciclovir,

susceptible to foscarnet and cidofovir
1 817 V817M reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 818 Y818C reduced susceptibility to (val)gancivloir,

cidofovir, and foscarnet
1 821 T821M reduced susceptible to (val)aciclovir and cidofovir foscarnet susceptibility varyingly reported
2 829 Q829R reduced susceptibility to (val)aciclovir,

susceptible to foscarnet
cidofovir susceptibility unknown

1 834 A834S reduced susceptibility to foscarnet, susceptible
to (val)aciclovir and cidofovir

2 837 H837R reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 839 T839I reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 841 G841C reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 841 G841C reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 841 G841S reduced susceptibility to (val)aciclovir,

susceptible to cidofovir and foscarnet
foscarnet susceptibility varyingly reported

1 842 R842S reduced susceptibility to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 844 T844I reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 846 L846I susceptible to (val)aciclovir, cidofovir, and foscarnet
2 850 L850I reduced susceptibility to foscarnet,

susceptible to (val)aciclovir and cidofovir
1 870 A870G reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1 871 D871N susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 875 P875S susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 880 P880H susceptible to (val)aciclovir, cidofovir, and foscarnet
1 891 F891C reduced susceptible to (val)aciclovir

and foscarnet, susceptible to cidofovir
2 903 T903M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown

(Continued on next page)
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TABLE 4 Mutations in the UL30-gene of HSV (Continued )

HSV type AA Position Mutation Interpretation Remark

2 904 A904G susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 904 V904M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 905 A905E susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 905 V905M susceptible to (val)aciclovir, cidofovir, and foscarnet
2 906 G906A susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 906 M906V susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 907 D907V reduced susceptible to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 908 K908R susceptible to (val)aciclovir susceptibility foscarnet and cidofovir unknown
1 910 A910V reduced susceptibility to foscarnet, susceptible

to (val)aciclovir and cidofovir
2 912 D912V reduced susceptibility to foscarnet, susceptible to cidofovir (val)aciclovir susceptibility unknown
1 914–916 SRA914-916LCV reduced susceptibility to (val)aciclovir

and foscarnet, susceptible to cidofovir
1 916 A916T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 920 P920S susceptible to (val)aciclovir, cidofovir, and foscarnet
1 922 I922N reduced susceptibility to foscarnet, susceptible to cidofovir (val)aciclovir susceptibility unknown
1 941 Y941H reduced susceptible to (val)aciclovir,

susceptible to foscarnet and cidofovir
1 948 G948C susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 958 V958L reduced susceptibility to (val)aciclovir and foscarnet,

susceptible to cidofovir
1 959 R959H reduced susceptibility to (val)aciclovir and foscarnet,

susceptible to cidofovir
1 959 R959H reduced susceptibility to (val)aciclovir and foscarnet,

susceptible to cidofovir
1 961 N961K reduced susceptible to (val)aciclovir, susceptible to cidofovir foscarnet susceptibility varyingly reported
2 987 T987S susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 995 A995T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 995 L995F susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
2 1000 A1000T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1005 E1005K susceptible to (val)aciclovir and cidofovir foscarnet susceptibility varyingly reported
1 1007 L1007M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility varyingly reported
1 1012 A1012V susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1019 R1019G susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1020 R1020C susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
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1 1026 I1026S susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 1028 I1028T reduced susceptibility to cidofovir, susceptible

to (val)aciclovir and foscarnet
1 1077 V1077L susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1082 E1082K susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 1083 A1083T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1086 T1086M susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1099 A1099T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1100 A1100T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1103 D1103H susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
2 1103–1111 del PGDEPA1106-

1111
susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown

1 1104 E1104D susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1113 S1113C susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 1114 A1114V susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1123 S1123A susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1123 S1123L susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1124 H1124P susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1128 P1128L susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1129 G1129V susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1147 A1147T susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
2 1149 E1149G susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1166 L1166W susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1168 A1168V susceptible to cidofovir and foscarnet (val)aciclovir susceptibility unknown
1 1175 A1175D susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1181 A1181T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1194 E1194D susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1199 P1199Q susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1203 A1203T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1204 A1204T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1208 A1208T susceptible to (val)aciclovir, cidofovir, and foscarnet
1 1209 A1209T susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1219 T1219M susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
2 1223 A1223V susceptible to (val)aciclovir and foscarnet cidofovir susceptibility unknown
1 1229 R1229I susceptible to (val)aciclovir cidofovir susceptibility unknown, foscarnet

susceptibility varyingly reported
1 1234 L1234I susceptible to (val)aciclovir, cidofovir, and foscarnet
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Following the implementation of DAAs, treatment guide-
lines for HCV are changing. Clinical trials show the success
of combination therapy of different classes DAA where a
high percentages of SVR is achieved. However, combination
with RBV and or PEG-IFN treatment is still required for
SVR with some HCV genotypes (130).

HCV infection results in an extremely high replication
rate of a trillion genomes a day and with the high mutation
rate of its polymerase, the HCV genome pool is likely to

accumulate mutations that cause resistance upon treatment.
Protease inhibitors have been shown to have a low genetic
barrier towards selection of resistance mutations. Most of
these mutations are detected between amino acids 36 and
170 of the protein and, as a result, sequence analysis of ap-
proximately 400 bp of the gene will provide information on
the presence of RAMs (133, 134). For SPV, a well-tolerated
protease inhibitor (PI) for HCV genotype 1, a very general
Q80K mutation resulting in reduced susceptibility is present

TABLE 5 Mutations in the TK gene of VZV

AA position Mutation Interpretation

5–101 frameshift (deletion of nt 14–303) reduced susceptibility to (val)aciclovir
16–17 frameshift (deletion of ATTT at 47–50) reduced susceptibility to (val)aciclovir
24 G24E reduced susceptibility to (val)aciclovir
24 G24R reduced susceptibility to (val)aciclovir
24–26 frameshift (deletion of A in 72–76) reduced susceptibility to (val)aciclovir
25 K25R reduced susceptibility to (val)aciclovir
41 N41S susceptible to (val)aciclovir
48 E48G reduced susceptibility to (val)aciclovir
59 E59G reduced susceptibility to (val)aciclovir
86 T86A reduced susceptibility to (val)aciclovir
90 Q90stop reduced susceptibility to (val)aciclovir
125–126 frameshift (deletion of TA at 375–376) reduced susceptibility to (val)aciclovir
129 D129N reduced susceptibility to (val)aciclovir
130 R130Q reduced susceptibility to (val)aciclovir
130 R130Q reduced susceptibility to (val)aciclovir
138 C138R reduced susceptibility to (val)aciclovir
138 frameshift (insertion of TA at 412–413) reduced susceptibility to (val)aciclovir
143 R143G reduced susceptibility to (val)aciclovir
143 R143G reduced susceptibility to (val)aciclovir
143 R143K reduced susceptibility to (val)aciclovir
154 L154P reduced susceptibility to (val)aciclovir
165–166 frameshift (deletion of C in 493–498) reduced susceptibility to (val)aciclovir
165–166 frameshift (insertion of C in 493–498) reduced susceptibility to (val)aciclovir
179 S179N susceptible to (val)aciclovir
179–180 frameshift (deletion of nt 535–539) reduced susceptibility to (val)aciclovir
192 E192stop reduced susceptibility to (val)aciclovir
214 frameshift (deletion of T at 641) reduced susceptibility to (val)aciclovir
225 225stop reduced susceptibility to (val)aciclovir
225 W225R reduced susceptibility to (val)aciclovir
226 frameshift (deletion of AC at 677–678) reduced susceptibility to (val)aciclovir
227–228 frameshift (deletion of AC at 681–682) reduced susceptibility to (val)aciclovir
228 frameshift (deletion of CT at 682–683) reduced susceptibility to (val)aciclovir
256 T256A reduced susceptibility to (val)aciclovir
266 C266I susceptible to (val)aciclovir
269 frameshift (deletion of GA at 805–806) reduced susceptibility to (val)aciclovir
288 S288L susceptible to (val)aciclovir
297 frameshift (insertion of TC at 889–890) reduced susceptibility to (val)aciclovir
303 Q303stop reduced susceptibility to (val)aciclovir
308 E308Q susceptible to (val)aciclovir
317 frameshift (deletion of C at 950) reduced susceptibility to (val)aciclovir
319 A319V susceptible to (val)aciclovir
329–330 frameshift (insertion of GAAA at 987–990) reduced susceptibility to (val)aciclovir
332 L332P reduced susceptibility to (val)aciclovir
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in about 30% of the HCV genotype 1 strains. Therefore,
testing for the presence of this mutation is indicated before
treating with SPV (134, 135). Also, the initial NS5B po-
lymerase inhibitors had a low genetic barrier for selection of
RAMs, with the S282T being the most general mutation
observed. Fortunately, most RAMs also result in a reduction
of the replication fitness of the virus. The recently licensed
SOF, however, shows an excellent activity against most ge-
notypes and appears to have a higher genetic barrier to re-
sistance (135, 136).

NS5A inhibitors like DCV and LDV accumulate RAMs
that are located between amino acids 28 and 93 of the
protein (135, 137), which can be easily analyzed by nucle-
otide sequence analysis of less than 250 nucleotides of the
genome.

In summary, antiviral resistance testing for DAAs is based
on nucleotide sequence analysis of a relatively small part of
the genome. Because of on-going improvements in reaching
a SVR by combination therapy in an increasing number of
HCV patients, resistance testing may not be indicated for
most patients, with the exception of Q80K testing in HCV
genotype 1 infected patients if use of SPV is considered
(136, 138). However, SPV is not present in the recently
released DAA combinations. Oral only, interferon-free
DAA combinations as Harvoni (SOF/LDP) (139) and the
three dose Viekira Pak that contains newer DAAs such as
paritaprevir (PTV-R), ombitasvir (OMB) and DAS further

improve treatment for HCV infected patients. With more
DAAs in development, and the treatment success of current
combinations already up to 99% in combination with
ribavirin (140), resistance testing for HCV will only be in-
dicated for a limited number of patients.

HIV
Monitoring drug resistance is part of standard care for HIV-
infected patients in the Western world. Phenotypic testing
by measuring the inhibition of replication of HIV by anti-
viral drugs provides the most detailed information. In prac-
tice, genes or mutations of interest are cloned into
recombinant or pseudoviruses and their effect on replication
is measured (141). In 1998, the Antivirogram Phenotype
assay (Virco, Mechelen, Belgium) was launched, but dis-
continued some years ago as it was replaced by the Virco-
TYPE HIV-1 assay to determine the virtual phenotype based
on genomic sequences. The PhenosenseGT plus Integrase
(Monogram Biosciences, San Francisco, CA) is still being
offered to determine the phenotype of HIV strains. The same
company also offers an assay (Phenosense Entry) to deter-
mine resistance to the entry inhibitor Fuzeon. In addition,
assays (Trofile and Trofile DNA) are available to determine
the tropism of the virus, required if Maraviroc is considered
as the drug is only active for viruses using the CCR5 cor-
eceptor and not the CXCR4 coreceptor. Actual phenotypic
assays are laborious and largely replaced by genotypic assays.

TABLE 6 Mutations in the POL gene of VZV

AA position Mutation Interpretation Remark

186 G186C susceptible to foscarnet (val)aciclovir susceptibility unknown
286 M286I susceptible to foscarnet (val)aciclovir susceptibility unknown
298 Q298K susceptible to foscarnet (val)aciclovir and cidofovir susceptibility unknown
512 E512K reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
662 K662E reduced susceptibility to (val)aciclovir,

cidofovir, and foscarnet
effect on cidofovir and aciclovir seems limited

665 R665G reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
666 V666L reduced susceptibility to (val)aciclovir,

cidofovir, and foscarnet
effect on cidofovir seems limited

668 D668Y reduced susceptibility to (val)ciclovir
and cidofovir, susceptible to foscarnet

effect on cidofovir and aciclovir seems limited

692 Q692R reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
762 E762D susceptible to (val)aciclovir,

foscarnet, and cidofovir
767 L767S reduced susceptibility to (val)aciclovir,

cidofovir, and foscarnet
effect on cidofovir seems limited

779 N779S susceptible to foscarnet (val)aciclovir susceptibility unknown
805 G805C reduced susceptibility to foscarnet (val)aciclovir susceptibility unknown
806 R806S reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
808 M808V reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
809 L809S reduced susceptibility to foscarnet (val)aciclovir and cidofovir susceptibility unknown
824 E824Q susceptible to foscarnet (val)aciclovir susceptibility unknown
855 V855M reduced susceptibility to foscarnet (val)aciclovir susceptibility unknown
863 S863G susceptible to (val)aciclovir and foscarnet susceptibility cidofovir unknown
984 R984H susceptible to foscarnet (val)aciclovir susceptibility unknown
1089 H1089Y susceptible to foscarnet (val)aciclovir susceptibility unknown
1095 L1095M susceptible to foscarnet (val)aciclovir and cidofovir susceptibility unknown
1159 C1159R susceptible to foscarnet (val)aciclovir susceptibility unknown
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Sequence analysis of the pol gene (coding for protease,
reverse transcriptase, and integrase proteins) and parts of the
env gene (coding for structural envelope proteins) provide
information on resistance against all classes of antiretroviral
therapy. Most widely used commercial kits are the Trugene
HIV-1 genotyping kit (142, 143) (Siemens Healthcare), the
Viroseq HIV-1 Genotyping system (144, 145) (Abbott
Molecular), and the GenoSure PRIme and MG assays
(Monogram Biosciences). In addition, in-house assays have
been used as well (146, 147). Once a nucleotide sequence
has been determined, many web-based tools are available for
interpretation of the results (148–150). Currently, a large
number of antivirals are present for treatment of HIV pa-
tients and information on induction of RAMs and their role
in the development of resistance is accumulating. Therefore,
web-based algorithms need frequent updates with the latest
insights as provided by the International Antiviral Society
on a yearly basis (151). Using conventional sequencing,
minor variants (MVs) up to 25% can be reliably detected.
Recently, NGS has been applied for deep sequencing of HIV
and provides information on MVs below 1% (152, 153).
However, with current technology, only very short fragments
are being sequenced which makes it difficult to interpret
these MV mutations. The MV RAMs that are detected may
not be present on viable viral genomes and thus have no
effect on the therapy of the patient. However, recently it was
shown that pre-existing MVs increase the risk of virological
failure (154).

Discussion
With an increase of treatment with antiviral agents and the
development of new antivirals, testing for antiviral suscep-
tibility will rapidly evolve as a routine diagnostic tool, most
likely for specialized laboratories only. The recent revolution
in HCV treatment may prove beneficial for treatment of
other flaviviruses. Dengue virus, for example, is an important
flavivirus with increased spread over the world. An estimate
of 50 to 100 million infections annually with half a million
severe cases (155, 156) shows the necessity of exploring
possibilities to treat dengue virus infections. Currently, no
antiviral treatment is available for this infection, nor for
other, sometimes fatal, infections of flaviviruses such as West
Nile virus, Yellow Fever virus, and Japanese encephalitis
virus. The new DAAs for hepatitis C virus have been de-
veloped to some targets that are also present in other
emerging flaviviruses. There is no guarantee that successful
treatment protocols will be developed for these viruses and,
therefore, it is too early to speculate on potential require-
ments for antiviral resistance testing. If testing is indicated, it
will follow the general strategy as outlined in this chapter,
with focus on nucleotide sequence analysis of the gene
products most suitable as targets for treatment (7). A similar
phenomenon was observed for favipiravir, developed for
treatment of influenza but potentially effective for treatment
and prophylaxis of Ebola infection (157).

For enteroviruses, antivirals may be needed to enable the
final step of polio eradication. Apart from polio, other en-
teroviruses can cause severe infections for which treatment
would be indicated. Human rhinoviruses, another species of
the enterovirus genus, are the most frequently detected
pathogen in acute respiratory infections for which broad
reactive antivirals would be both clinically and economi-
cally beneficial. So far, compounds have been developed
that are directed against the capsid of these viruses with
Pleconaril as a known example. Despite promising efficacy,
Pleconaril has some safety issues preventing it from being

FDA cleared. Unfortunately, the capsid proteins are the
most variable proteins in this virus group and mutations are
quite common. Therefore, resistance may readily develop
following monotherapy with this kind of antiviral drug.

Altogether, the next decade will greatly enhance the
possibilities for treatment of viral infections and, therefore,
potentially increase the need for antiviral resistance testing.
Sequence analysis will be the most important method and,
with increasing technical developments, next-generation
sequencing will most likely play an important role in the
near future.
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A point-of-care test (POCT) may be defined as an analytical
or diagnostic test that is performed at the bedside or in a
near-patient setting, a location distinct from a typical hos-
pital laboratory (1). POCTs are technically less complex
than traditional laboratory tests and therefore can be per-
formed by health care professionals or nonmedical per-
sonnel. Some laboratories may also use POCTs as a rapid
alternative to conventional methods or in facilities where
complex testing is limited. Key features of POCTs are listed
in Table 1. To be of value, POCTs should afford rapid results
and have a high degree of sensitivity and specificity com-
pared to more complex traditional testing performed in a
laboratory. With reliable POCT results in hand, providers
can make patient management decisions that improve out-
comes for the patient or hospital. In some instances the
impact may also be a more cost-effective solution compared
to laboratory-based testing. POCTs should be simple to per-
form and interpret by nonlaboratory personnel using un-
complicated instrumentation, contain internal controls to
ensure validity of results, have temperature-stable compo-
nents that allow easy and prolonged storage, and be rela-
tively inexpensive.

POCTs have been developed for a number of disciplines
in clinical medicine. Commonly used assays include those
for biochemical analytes (e.g., glucose, electrolytes, cardiac
markers), hematologic assays (e.g., prothrombin time/INR,
D-dimer, complete blood count), hormonal assays (e.g.,
parathyroid hormone, urine pregnancy testing), and drug
testing (e.g., drugs of abuse). POCTs for diagnosis of viral
infections rely on detection of specific antigens from the site
of infection (e.g., a rapid influenza diagnostic test), specific
antibodies from blood or other body fluids (e.g., a rapid HIV
test), or specific detection of viral nucleic acids (e.g., en-
terovirus in cerebrospinal fluid). This chapter examines the
performance characteristics of POCT and near-POCT sys-
tems when performed exclusively by nonlaboratory person-
nel as well as their impact on patient care and outcomes.
Refer to chapters 8 through 14 (Antigen Detection Meth-
ods, Serologic Methods, and Nucleic Acid Amplification
Methods) for detailed descriptions of the design and con-
figuration for these types of assays.

In the United States, with the implementation of the
Clinical Laboratory Improvement Amendments of 1988
(CLIA), performance standards for laboratory testing are

regulated by the Centers for Medicare and Medicaid Ser-
vices. The classification of the laboratory tests being per-
formed is determined by complexity (waived, moderate, and
high). Those tests that are considered CLIA-waived must
use direct, unprocessed specimens and be easy to perform
with negligible chance of error. A full list of CLIA-waived
tests can be found on the U.S. Food and Drug Administra-
tion (FDA) website (http://www.accessdata.fda.gov/scripts/
cdrh/cfdocs/cfClia/analyteswaived.cfm). CLIA-waived tests
can be performed by individuals without formal laboratory
training and outside traditional laboratories at the point-
of-care. Results from POCTs are needed for making many
medical decisions and are particularly important in settings
where either the urgency of the clinical problems or the dif-
ficulties of patient follow-up make them clinically valuable
and economically feasible. Although the number of publi-
cations describing POCTs of this kind for viral diagnostics
is increasing, there remains a paucity of data describing their
utility and impact at bedside or in a near-patient clinical
setting with clear outcomes-based and cost-effectiveness
information.

ANTIGEN DETECTION ASSAYS:
RESPIRATORY VIRUSES
Respiratory viruses are responsible for a wide range of acute
respiratory tract infections, including the common cold,
influenza, and croup, and represent the most common cause
of acute illness in the United States. Studies using viral
culture as the diagnostic method estimated that infants and
preschool children experienced a mean of 6 to 10 viral in-
fections annually, and school-age children and adolescents
experienced three to five illnesses annually (2). Accurate
and timely diagnosis of the cause of lower respiratory tract
infections has many benefits. Diagnosis of viral infection can
improve patient management by ensuring appropriate anti-
viral treatment and decrease the overall cost of care (3, 4).
The ability to differentiate between viral and bacterial in-
fections and treat them appropriately may reduce selection
for antibiotic-resistant bacteria (4). In addition, accurate
diagnosis of the cause of respiratory infections provides in-
formation that can be used by infection control personnel
and public health authorities to decrease the spread of dis-
ease and help form public health policies (3).
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Rapid antigen detection tests for influenza viruses and re-
spiratory syncytial virus (RSV) are immunoassays that utilize
a sample of secretions from the nasopharyngeal cavity to
qualitatively detect specific viral antigens. Many com-
mercially available test formats are available and include
immunochromatographic tests, enzyme immunoassays, and
optical immunoassays. For many, no specific virology or
laboratory expertise is required (CLIA-waived), and results
can be obtained within 10 to 30 minutes. Many factors can
influence the performance characteristics of rapid antigen
detection tests. Technically, false negatives may occur due
to poor analytical sensitivity. The assay’s limit of detection
may vary depending on the type or strain of virus. Factors
inherent to the host such as age, disease severity, and time
to presentation and testing also affect test performance. The
type and quality of respiratory specimen influences test
accuracy, and infections that are primarily of the lower re-
spiratory tract are less likely to be identified by sampling
through the nasal cavity. Furthermore, administration of im-
munoprophylaxis (e.g., palivizumab) may compete with
immunoassay antibodies for binding the viral target protein
and thereby reduce sensitivity.

Influenza Virus
In both pediatric and adult patients, the diagnosis of influ-
enza infection based solely on clinical signs and symptoms
can be challenging (5–7). Patients may present with influ-
enza-like illness due to myriad causes other than infection
due to influenza. The availability of rapid and accurate di-
agnostic testing specifically for influenza makes it possible
to establish the etiology of infection and impact medical
decision making. Rapid influenza diagnostic tests (RIDTs)
have been used extensively for many years in a variety of
settings including physicians’ offices, urgent care centers,
and small laboratories where more complex viral diagnostic
capabilities may not be available (8). During periods of
higher prevalence, positive results by these rapid methods
generally correlate well with actual influenza virus infection.
However, many RIDTs have suffered from poor performance
in terms of analytical and clinical sensitivity and low nega-
tive predictive values compared to culture and/or molecular
detection methods; pooled sensitivity has been calculated to
be 62.3%, while pooled specificity is 98.2% (9, 10). These
findings are particularly apparent for novel or pandemic
influenza strains (11–13). Because of these limitations, sev-
eral organizations and professional societies have cautioned

clinicians about the utility of RIDTs for certain patient
populations and how results should be interpreted (14–16).
Their opinion is that since a negative RIDT result may not
reliably exclude influenza infection and misdiagnosis can
have potentially serious consequences, follow-up testing
with a more sensitive and specific method such as RT-PCR
or viral culture should be considered to confirm the result.
Unfortunately, this practice will have the consequence of
delaying decisions about patient management. In addition,
the correct interpretation and appropriate use of RIDTs
should be considered in the context of the prevalence of
circulating influenza strains in the community since this
affects the positive and negative predictive values of the
tests. If the prevalence is unknown, RIDT results become
difficult to interpret and are of limited use in making pa-
tient management decisions. Also, RIDTs do not give
information on the influenza subtype, a situation that
becomes important when deciding among choices of anti-
viral treatment.

A protocol for rapid influenza testing at the point-of-care
in the emergency department by nonlaboratory personnel
for febrile infants and young children significantly decreased
additional testing (e.g., complete blood count, blood culture,
chest x-ray), the total length of time spent in the emergency
department, and total medical charges (17–20). Prompt di-
agnosis of influenza has also been shown to facilitate the
appropriate use of antiviral therapy. Health care providers in
outpatient facilities such as community health centers and
physician offices rely heavily on results of RIDT performed
at the point of care for determining whether a patient re-
ceives antiviral medications, particularly for those at higher
risk for influenza complications (8, 21). Studies have noted
the effect of RIDTs in reducing the unnecessary use of an-
tibacterials among children and adults. Doctors who col-
lected and tested nasal swabs during house-call visits were
less likely to prescribe antibiotics than those who did not use
an RIDT (22). Fewer antibiotics were prescribed when the
diagnosis of influenza in emergency departments and phy-
sician offices was made in association with results of an
RIDT (18, 21, 23, 24). Early identification of cases of in-
fluenza also allows for the institution of infection control
measures within hospitals or long-term care facilities to re-
duce secondary cases (25, 26).

The FDA has recently proposed up-classifying RIDTs
from class I to class II devices subject to special controls and
performance standards (27). The intent of the reclassifica-
tion is to assure the reliability and accuracy of RIDTs, re-
duce the likelihood of false negative results, aid clinicians
in making appropriate treatment decisions, and enable ef-
fective infection control and public health response during
influenza outbreaks. This new rule would “1) identify the
minimum acceptable performance criteria, 2) identify the
appropriate comparator for establishing performance of new
assays, and 3) call for mandatory annual analytical reactivity
testing of contemporary influenza strains, including testing
of newly emerging strains that pose a danger of public health
emergency.” The proposed minimum performance criteria
are listed in Table 2. Currently, many RIDTs do not meet
these standards.

Respiratory Syncytial Virus
Respiratory syncytial virus (RSV) is responsible for annual
winter outbreaks of respiratory tract infection among chil-
dren in temperate climates. RSV infection accounts for 50%
to 80% of all bronchiolitis in the United States and has the
highest incidence of identification as the etiology of serious

TABLE 1 Essential features of point-of-care and near point-
of-care testing
� Provides accurate results with high sensitivity and specificity
� Results can be obtained in a timely manner
� Simple and easy for nonlaboratory personnel to perform and

interpret the test
� Provides a result that impacts patient or hospital outcomes or

provides overall health care cost savings
� Contains internal controls to assure the validity of results
� Includes test components that are stable at room temperature

and have a long shelf life
� Does not require highly complex or elaborate instrumentation
� Cost of testing is relatively inexpensive
� Reduces the risk of pre-analytical errors such as handling,

transporting, and labeling of specimens
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lower respiratory tract disease in infants and young children,
frequently requiring hospitalization (28). Hospital bed ca-
pacity may become limited in these situations. Clinically,
RSV is virtually indistinguishable from other viral respira-
tory infections. Traditional laboratory methods for diagnosis
of RSV have relied on moderate to complex techniques such
as cell culture, nucleic acid amplification, and immunoflu-
orescence assays, procedures that require trained laboratory
personnel and specialized equipment. Given the burden of
disease in pediatric hospitals during the RSV season, rapid
testing may assist with infection control, patient isolation,
and cohorting, thus reducing nosocomial transmission.
Rapid diagnosis of RSV in pediatric patients has been as-
sociated with reductions in antibiotic use, hospital costs, and
length of stay. A decrease in nosocomial RSV transmission
has been noted following the introduction of POCT (29).
Rapid diagnosis of RSV may also enable early institution
of antiviral therapy (e.g., ribavirin) in high-risk patients. In
most adults, RSV causes a mild illness, but in the elderly or
those with comorbid lung or cardiac conditions, RSV in-
fection can be disabling and even fatal (30). Due to partial
prior immunity, the viral load present in nasal secretions
during RSV infection decreases with age, as does the dura-
tion of viral shedding. These factors contribute to the lower
sensitivity of RSV-POCTwhen used in adults (30, 31).

When performed by trained nurses in a pediatric hospital
unit, RSV-POCT was highly specific and allowed prompt
infection control and clinical care measures to be instituted
(32). However, due to the low sensitivity of the RSV-POCT,
follow-up testing by RT-PCR was required, a process that
delayed some results by several hours. RSV-POCT per-
formed by trained emergency department staff allowed for
RSV-positive children < 2 years of age to be admitted di-
rectly to a designated cohort area, a process that improved
bed management such that an average of five inpatient
treatment areas could be left free each day (33). Thus sig-
nificant extra capacity was generated through rapid RSV
testing, and the additional cost of testing was relatively small
compared to costs such as the savings achieved through
less cleaning of more areas in the emergency department.
RSV-POCT has been used to identify outbreaks rapidly so
that appropriate infection control measures could be imple-
mented in a timely manner (34).

Unlike other respiratory viruses such as influenza, con-
comitant bacterial superinfection in RSV-infected children
is very rare ( £ 1.6%) (35, 36). Therefore confirmation of
RSV infection should prompt treating physicians to dis-
continue antibiotics. In some studies rapid diagnosis of RSV
has led to a reduction in antibiotic use in children (37),
while others failed to show a positive impact on antimi-

crobial stewardship among children hospitalized for respi-
ratory infection (38).

ANTIGEN DETECTION ASSAYS:
GASTROINTESTINAL VIRUSES
Rotavirus
Prior to the availability of vaccines, rotavirus was the
most important etiological agent of diarrhea in children
under 5 years of age, accounting for 111 million episodes
of gastroenteritis in the world with approximately 2 mil-
lion hospitalizations and 611,000 deaths annually, mainly in
developing countries (39). Many cases of rotavirus infection
require hospitalization, which can lead to a high prevalence
of health care–acquired diarrhea in other pediatric patients.
Although the rotavirus vaccine has been shown to reduce
both childhood infections and hospitalizations, outbreaks
may still occur in unvaccinated children or elderly adults due
to the emergence of nonvaccine strains or waning immunity.

Immunochromatographic antigen tests for rotavirus have
been used to identify infected inpatients in a timely manner
to allow for prompt institution of infection control measures
to prevent nosocomial transmission (40, 41). Limiting the
spread of rotavirus within health care institutions is impor-
tant to improve patient outcomes and to avoid additional
health care costs. These types of assays are also suitable for
testing in developing countries where the burden of pedi-
atric diarrheal disease is associated with high morbidity and
mortality and laboratory resources are limited.

Norovirus
Noroviruses have emerged as one of the most important
pathogens causing acute gastroenteritis in children and
adults. Although rarely fatal, norovirus cases add a huge
burden to the health care system in terms of doctor visits,
hospitalizations, and loss of productivity. After an incuba-
tion period of 1 to 2 days, there is a rapid onset of vomiting
and nonbloody diarrhea, which typically last for 48 to 72
hours. Noroviruses are highly contagious since very low
doses of viral particles can cause infection. Norovirus out-
breaks occur in health care settings (including nursing
homes and hospitals), cruise ships, restaurants, and schools
(42–44). The control of norovirus outbreaks in hospitals
requires rapid and strict infection control procedures that
efficiently limit the spread of the infection among patients as
well as staff. Prompt initiation of infection control measures
requires a rapid diagnosis of the infection.

Although no norovirus rapid antigen assays are currently
FDA-cleared in the United States, several studies have

TABLE 2 The FDA-proposed minimal performance criteria for RIDTs

Comparator RIDT characteristic Influenza A Influenza B

Viral culture Sensitivity ‡ 90% point est. ‡ 80% point est.
‡ 80 (lower 95% CI) ‡ 70% (lower 95% CI)

Specificity ‡ 95% point est. ‡ 95% point est.
‡ 90% (lower 95% CI) ‡ 90% (lower 95% CI)

Molecular Sensitivity ‡ 80% point est. ‡ 80% point est.
‡ 70% (lower 95% CI) ‡ 70% (lower 95% CI)

Specificity ‡ 95% point est. ‡ 95% point est.
‡ 90% (lower 95% CI) ‡ 90% (lower 95% CI)

CI, confidence interval; FDA, U.S. Food and Drug Administration; RIDT, rapid influenza diagnostic tests.
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described their potential in identifying an outbreak situation
(45–47). These are immunochromatographic tests that de-
tect antigens specific for genotype I, genotype II, or both and
can be completed in 15 to 20 minutes. Assay sensitivity is
highly genotype-dependent with higher sensitivities gener-
ally noted for genotype II noroviruses (47, 48). Based on
worldwide surveillance, most norovirus outbreaks are caused
by the GII.4 strain. Specificities have been reported to be
> 97%. In general, because the sensitivities of norovirus
rapid antigen tests are much lower than those of molecular
methods, RT-PCR is recommended to confirm negative
immunochromatographic test results.

ANTIBODY DETECTION ASSAYS
Hepatitis C Virus
The current testing algorithm recommended by the Centers
for Disease Control and prevention for hepatitis C virus
(HCV) relies on testing whole blood specimens for anti-
HCV screening, using enzyme immunoassays followed by
supplemental confirmatory assays if the screening assay is
reactive but below a defined signal-to-cutoff ratio threshold
(31, 49, 50). Although this algorithm effectively detects
active infection, its limitations include higher likelihood of
false positives in low prevalence populations, high test costs,
and long turnaround time (TAT). Several HCV antibody
detection-based POCTs that are convenient and quality-
assured are in use, offering rapid TAT fewer than 30 minutes
and facilitating preliminary screening; however, these tests
cannot differentiate between acute and chronic infections
(51). These tests provide opportunities to expand screening,
and their rapid turnaround time limits the loss of patients to
follow-up and facilitates earlier establishment of patient care
programs (52).

Of the several POCTs available worldwide, only the
OraQuick HCV Rapid Antibody Test (OraSure Technolo-
gies Inc., Bethlehem, PA, USA) is currently FDA-approved
and was granted a CLIAwaiver for testing in nontraditional
settings. OraSure is a qualitative immunoassay that detects
antibodies to HCV associated with HCV genotypes 1 to 4
and may be performed using fingerstick whole blood and
venipuncture whole blood specimens from symptomatic or
at-risk individuals older than 15 years; it is not approved for
use in pregnant women (20, 53, 54). Although OraSure is
not FDA-approved for use with oral fluid, it has been shown
to detect anti-HCV antibodies from this type of specimen
(55, 56). This is useful for epidemiological purposes, espe-
cially when blood collection is difficult or for field collection
in nonclinical settings by personnel with minimal training.
Antibody detection with the OraSure assay employs core
NS3 and NS4 antigens immobilized on a nitrocellulose
membrane with the resultant antigen-antibody complex di-
rectly visualized using colloidal gold labeled with protein A,
which generates a reddish-purple line within 20 minutes in
the presence of HCV-specific antibodies.

In a number of studies published to date, OraSure test-
ing of blood specimens has displayed clinical performance
characteristics comparable to those of laboratory-based
methods (enzyme immunoassay [EIA], recombinant immu-
noblot assay, and PCR) with better specificity and sensitivity
compared to four other HCV POCTs (51). OraSure has
a manufacturer-reported accuracy of > 99% compared to
standard laboratory-based EIA tests and has been shown to
detect HCV specific antibodies up to 4.9 days earlier than
some conventional EIA tests (53). The overall sensitivity

and specificity of OraSure for whole blood specimens (finger
stick, venous) was reported as 99.8% and 99.9%, respec-
tively (51, 53, 54). A lower sensitivity ranging from 83.3%
to 98.1% and a specificity of 99.6% have been observed for
oral fluids (56, 57).

Currently, limited data are available describing the clin-
ical utility or the cost effectiveness and economic impact of
HCV point-of-care testing in field settings where they are
likely to be implemented. Dried blood spot HCV testing in
drug users was shown to be associated with an average in-
creased acceptance and allowance of HCV testing by 14.5%
compared to the 8% prior to the randomized trial. Although
this study was laboratory-based, the increased uptake in
HCV testing with dried blood spot sampling is indicative of
the potential impact of HCV point-of-care testing. In-
tegration of HCV point-of-care testing using the OraSure
assay in a sexually transmitted disease (STD) clinic resulted
in an increased awareness of HCV infection and the rapid
determination of test results to the clients provided the
opportunity to educate them about their potential risks for
HCV acquisition and the consequences of infection (58).
Additionally, it allowed the linkage-to-care counselors an
immediate opportunity to inform the HCV-positive clients
on the process of appropriate medical evaluation, treatment,
and care. Similarly, field screening of a high-risk urban
population, using the OraSure oral swab, and in people who
inject drugs, using a fingerstick blood sample, demonstrated
that the test was well-accepted and appropriate in commu-
nity settings (59, 60). The reasons for acceptability were
attributed to participants wanting quicker results regarding
their anti-HCV status and with potentially less pain asso-
ciated with testing from a venous blood draw. Of note, the
test preference was unaffected by the anti-HCV results. This
is important since those testing HCV positive will require a
blood draw for follow-up HCV RNA testing.

A critical characteristic of point-of-care assays in field
settings is readability (i.e., ease of interpretation of immuno-
chromatographic test lines). In a study assessing the read-
ability of OraSure and two other rapid anti-HCV tests, the
agreement score for OraSure and a second rapid test were
very high based on the comparison of interoperator agree-
ment, implying that the same test interpretation could be
obtained regardless of who reads the assay (54). Further
evaluations of preference and acceptability for anti-HCV
test type (i.e., fingerstick at point-of-care versus venous col-
lection and standard lab-based testing) in real-world settings
and at other community settings such as drop-in services,
military camps, and needle-exchange programs are needed to
assess the true impact of point-of-care HCV testing. Recently
the FDA cleared the Home Access Hepatitis C test system
(Home Access Health Corp.), which can be purchased on-
line, by fax, or by mail. This kit is based on collecting a blood
sample on a blood specimen card using a fingerstick at home
and shipping the card to an accredited laboratory. Test results
are usually available within 14 days. There are provisions for
pre- and post-test counseling and referrals. The performance
of this kit remains to be determined.

Currently available rapid, point-of-care anti-HCV test-
ing is limited by its inability to distinguish between acute/
past and active/resolved infections, distinctions that cur-
rently require laboratory-based RNA testing. It also remains
hampered by the need for counseling and further medical
evaluation, including confirmatory testing of positive results.
Despite these limitations, point-of-care anti-HCV testing,
by being accessible in nonmedical settings with lay workers,
by not initially requiring phlebotomy, and by providing
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immediate results, provides an important opportunity to en-
hance prevention and treatment programs as well as stream-
line access to care.

Epstein-Barr Virus
In primary health care, the classic rapid diagnostic test for
infectious mononucleosis (IM) caused by Epstein-Barr virus
(EBV) is the Paul-Bunnell or “monospot” heterophile an-
tibody (HA) test (61). The conventional Paul-Bunnell test
has now been replaced by rapid qualitative latex agglutina-
tion tests or solid phase chromatographic immunoassays that
use antigens of purified bovine red blood cell extracts. These
rapid heterophile antibody tests are frequently used in a
physician’s office and have facilitated a more rapid diagnosis
of IM with reduced cost, no extensive blood analyses, and
minimal training of nonlaboratory personnel who can
perform the test with results available in about 5 minutes.
There are numerous FDA-approved POCTs for EBV based
on HAs that have been in use for a number of years and
include (among many others) Clearview Mono-plus II test
(Inverness Medical Innovations), OSOM Mono Test (Gen-
zyme Diagnostics), QuickVue+ Infectious Mononucleosis
Test (Quidel Corporation), BioStar Acceava Mono II test kit
(Alere), and Meridian ImmunoCard STAT Mono (Applied
Biotech) (43). These commercially available kits (e.g.,
“Mono spot” tests) are CLIA-waived for use with whole
blood specimens and CLIA-nonwaived for serum or plasma
specimens.

Several studies have shown varying sensitivities and
specificities of the different point-of-care HA tests compared
to EBV-specific antibody tests. In individuals 13 years or
older, the overall sensitivity and specificity of various “Mono
spot” tests ranged from 71% to 91% and from 82% to 100%,
respectively (62–66). It has been repeatedly demonstrated
that HA tests have low sensitivities ranging from 25% to
50% when used in children younger than 13 years of age
(62). Lower specificities have been reported in EBV unin-
fected patient populations and those with autoimmune
conditions. Furthermore, tests with purified antigens have
increased sensitivity and specificity compared with tests
that used whole red blood cell agglutination (62, 67). Al-
though relatively specific, HA tests suffer from limitations
of occasional false positives coupled with a false-negative
rate as high as 25% during the first week of illness, particu-
larly in patients less than 4 years of age who do not produce
appreciable HAs. Therefore, a negative HA test does not
rule out the diagnosis of IM, and further testing using EBV-
specific antibody detection by conventional EIA is needed.

Newer POCTs based on EBV-specific antibodies have
been developed and are available for use in Europe. These
tests may be a more sensitive and specific alternative to the
HA-based POCTs. EBV-specific antibody POCTs include
Monolert Rapid Elisa test, TruEBV-M, and TruEBV-G tests
(Meridian Bioscience). Monolert is a qualitative assay that
detects anti-EBV nuclear antigen-1 (anti-EBNA-1) IgM and
IgG antibodies in human serum or plasma. The TAT is 10
minutes, and the manufacturer-reported sensitivity is 98.8%
with a specificity of 94%. TruEBV-M and TruEBV-G are
rapid immunochromatographic assays that detect anti-
viral capsid antigen (VCA) IgM or anti-VCA IgG and anti-
EBNA-1 antibodies in human serum, respectively. The
manufacturer-reported sensitivities for TruEBV-M and EBV-
G are 91.6% to 96.5% with specificities of 95.8% to 96.4%.
The TATs for TruEBV-M and EBV-G tests are 20 minutes.
These tests are not currently FDA-approved for use in the
United States.

Further studies evaluating the outcomes of using rapid
HA tests at point-of-care sites are needed to assess the im-
pact on the number of clinic visits, length of stay, antibiotic
usage, and number of recovery days or days of work or school
lost. Additionally, although these tests could currently re-
place the Paul-Bunnell test in many instances, further
studies are required to understand the downstream effects of
a correct or incorrect diagnosis of IM by point-of-care HA
tests. It is important that clinicians be aware of these limi-
tations, and before any rapid test is instituted as a diagnostic
tool, a thorough validation of its clinical performance and
outcomes must be performed to ensure that the most accu-
rate test is used.

Human Immunodeficiency Virus
Rapid testing for antibodies and/or antigens to HIV provides
a highly beneficial solution for the need to provide
at-risk populations and those unaware of their positive se-
rostatus with accessible testing and treatment options (68).
To lower transmission rates and to link infected patients
with appropriate care, public and private health organiza-
tions rely on rapid point-of-care HIV testing in clinical and
nonclinical settings. Although point-of-care HIV testing is
not designed for screening the general population, it can be
used in high-risk populations and may be most useful in
resource-limited settings or outreach settings with poor in-
frastructure, lack of trained personnel, extremes of climate,
and lack of uninterrupted power supply, all of which impact
conventional laboratory testing. In general, these rapid
POCTs are less expensive (US$0.5 to US$1.2 per test),
portable and easy to use, require few or no reagents or in-
strumentation, and provide results within 30 minutes.

Rapid POCTs for HIV diagnosis include those used for
screening, initial diagnosis, disease staging, treatment/viral
load monitoring, and early infant diagnosis. The majority of
rapid HIV tests used at a point-of-care are antibody-based
tests for screening, and the description and performance of
these in point-of-care settings are discussed below. Numer-
ous FDA-approved, highly sensitive, rapid HIV antibody
tests are now available with TATs of 10 to 20 minutes.
Currently, there are six CLIA-waived rapid antibody tests for
use in nonlaboratory settings. These include OraQuick Ad-
vance (OraSure Technologies), INST HIV-1 Antibody test
(bioLytical Laboratories), Uni-Gold Recombigen (Trinity
Biotech PLC), and Clearview HIV-1/2 Stat Pak and Com-
plete tests (Chembio Diagnostic Systems) (69). These rapid
test kits are lateral flow or flow-through cassette tests for use
on a small volume of whole blood (fingerstick or veni-
puncture) or oral fluid specimens (70, 71). These tests are
categorized as moderately complex when used with serum or
plasma. The common targets detected by these antibody
tests include envelope proteins glycoprotein (gp) 41, gp120,
and gp60 in HIV-1; gp36 in HIV-2; and core antigen p24
(72). Some of the previously mentioned rapid POCTs detect
antibodies to HIV-1 and 2 (e.g., OraQuick, Clearview HIV
Stat Pak and Complete, Uni-Gold Recombigen), while
others are specific only for HIV-1 (e.g., INSTI HIV-1).

Recent evaluation of all FDA-approved rapid antibody
tests on fingerstick specimens documented high accuracy
with similar sensitivity and specificity to current laboratory-
based EIA methods. Branson (72) evaluated the perfor-
mance of the OraQuick Rapid HIV-1 Antibody test on
whole blood and plasma specimens, and the device was
shown to be 98.6% sensitive and 99.9% specific on whole
blood and 100% sensitive and 99.8% specific on plasma.
Rapid antibody detection tests using oral fluids or saliva
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display variable performance characteristics but are generally
less sensitive than tests using whole blood; test sensitivity in
pregnant women is as low as 75% (73–76). However, the
noninvasiveness of specimen collection makes this type of
test an attractive alternative for screening as well as sur-
veillance purposes. Oral fluid sampling could be highly
beneficial in young children and injection drug users with
collapsed blood vessels, as a backup for patients who decline
fingerstick testing, or for settings where high-volume fin-
gerstick testing might be less feasible. The ease of use of the
oral fluid-based HIV tests also makes them amenable for
home-based HIV self-testing, as shown in a recent study in
Africa (77).

Since rapid HIV tests have become available, they have
proven to be extremely useful in many settings beyond the
traditional hospital laboratory. A number of potential ben-
efits of rapid HIV antibody testing are listed in Table 3.
These tests have been used in many types of outpatient
clinics, in obstetric wards, during military field operations,
and in population screening in developing countries. Rapid
HIV testing in nonclinical settings has been shown to detect
a substantial number of newly infected persons with high
accuracy in community-based organizations, transgender
populations, college and university screening programs, and
STD clinics and in pregnant women with unknown HIV
status during delivery. Several studies have demonstrated
improved acceptance of HIV screening with point-of-care
testing in outpatient and perinatal settings and in resource-
limited countries (72, 78, 79). In one outpatient setting,
rapid testing was associated with a 73% rate of return to the
emergency department for confirmation of results among
those who were HIV-positive compared to 62% for those
tested by conventional methods (80). Similar results were
also observed in STD clinics. The use of a simple oral-fluid
test in a labor ward was successful in reducing mother-to-
child HIV transmission (81, 82). Additionally, the median
TAT for rapid tests performed in the maternal unit was 45
minutes versus 3 hours for tests performed in the laboratory,
leading to faster initiation of prophylaxis to prevent vertical
transmission (83). Furthermore, the uptake of rapid HIV
testing (reported as acceptability) ranged from 67% to 97%
in pregnant women and from 83% to 93% in youth seen in
emergency departments and adolescent primary care clinics
(82, 84). In pregnant women the increased uptake was
mostly associated with age greater than 21 years, higher
education status, gestational age less than 32 weeks, and lack
of prenatal care during pregnancy. These studies highlight
the benefits of point-of-care HIV testing in unique popula-
tions. Interestingly, the acceptance rates were unaffected by
the type of rapid HIV test offered in the emergency de-
partment; the acceptance rate was 69% for oral-fluid testing

compared to 67% for fingerstick blood testing (85). How-
ever, oral-fluid testing was preferred for home-based testing
and tablet-based kiosk testing in the emergency department
as shown in the systematic review by Pant Pai et al. (86). In
2012, the FDA approved the first rapid self-administered
over-the-counter HIV test, OraQuick In-Home HIV Test.
The OraQuick In-Home HIV Test is a manually performed,
visually read 20-minute immunoassay for the qualitative
detection of antibodies to HIV-1 and HIV-2 in human oral
fluid. Although self-testing at home does not fall under
CLIA regulations, it is important to note that all tests used
outside of professional health care settings have to be CLIA-
waived and approved by the FDA for home use.

Evaluation of quality-of-care measures for inpatients
diagnosed with HIV via point-of-care testing in the emer-
gency department versus patients diagnosed via conven-
tional testing after admission revealed that the mean length
of stay was 6 days for the rapid test group compared to 13
days for the conventional test group and 16% of the con-
ventional test group, but none of the rapid test group pa-
tients were discharged without receiving their HIV
diagnosis (87). These results suggest that rapid point-of-
care HIV testing can play an important role in inpatient
settings. For the newly identified HIV-infected patient,
inpatient rapid HIV testing may contribute to better care
and decreased chances of being discharged without knowl-
edge of infection status. Economic analyses demonstrated
lower health care costs with the use of point-of-care HIV
tests since only a single visit was required and the cost
effectiveness of HIV screening using rapid HIV tests was
similar to that of commonly accepted interventions, even
in relatively low-prevalence populations (88). In outreach
settings, the mean overall cost of new HIV diagnoses varied
extensively depending on the recruitment strategy for test-
ing (outreach, partner notification, or social networks),
type of testing, and whether variable and/or fixed costs
were included in the testing (89).

As with all tests, rapid point-of-care HIV testing has
several limitations. Antibody-based tests are insensitive for
detecting acute infections, and whenever possible, patients
who are screened should be evaluated for high-risk expo-
sures and signs and symptoms of acute retroviral infection
that may warrant testing using a more highly sensitive test
(e.g., HIV RNA detection). Additionally, all reactive anti-
body test results must be confirmed using a conventional
laboratory-based test at an approved HIV testing laboratory
to rule out the likelihood of a false-positive result. Health
care workers at the point-of-care, in contrast to a clinical
laboratory, are responsible for specimen collection, testing,
reporting, and counseling; hence, adequate resources, ap-
propriate training, and implementation of quality assurance
practices are critical for proper administration of a rapid
point-of-care HIV test. Additionally, HIV testing in a point-
of-care setting requires pre- and post-test counseling that is
different from the usual HIV counseling with conventional
testing. Counseling ensures that the individual understands
the implications of the test and risk of transmission and
returns for confirmatory testing and referral for anti-retro-
viral therapy.

Newer advancements in the field of rapid HIV antibody
testing include the Alere Determine HIV-1/2 Ag/Ab Combo
test, which is an FDA-approved CLIA moderately complex
medical device for simultaneous detection of free HIV-1 p24
antigen as well as antibodies to both HIV-1 and HIV-2 in
human serum, plasma, and venous or fingerstick whole blood
specimens. The detection of both antibodies and the p24

TABLE 3 Benefits of rapid HIV antibody testing
� Decentralization of testing with community or home-based

services
� Increased uptake in HIV testing
� Improved recognition and diagnosis of individuals with HIV

infection
� Faster initiation of prophylaxis and reduced transmission
� Decreased number of patients lost to follow-up
� Increased linkage to and retention in care
� Reduced mother-to-child HIV transmission
� Decreased length of hospital stay
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antigen not only enables detecting nearly 90% of infected
individuals who were missed by an initial antibody-only
screening test, but also reduces the diagnostic window period.
While the Alere Determine test is already in use in hospitals,
laboratories, and some physician’s offices, it has not yet been
CLIA-waived for use in facilities and point-of-care settings
that lack certification for higher complexity testing.

NUCLEIC ACID DETECTION ASSAYS
The current market for POCT for viral diseases has been
dominated by immunological-based diagnostic tests using
lateral flow technology that can be performed outside clin-
ical laboratories. Unfortunately, assay performance for some
analytes has been suboptimal in these settings (90, 91).
Until recently, molecular or nucleic acid–based testing for
the diagnoses of viral infections has not been incorporated
into POCT settings. The current nucleic acid–based testing
for clinical diagnostic applications is comprised of highly
complex PCR-based tests that can be exclusively performed
in centralized laboratories, requiring high-end instrumenta-
tion with highly skilled personnel. Therefore, at present
there are currently no true point-of-care or CLIA-waived
molecular tests, although at least one company has applied
for CLIA-waived status for a PCR-based platform.

A successful molecular POCTwould be one that provides
access to much-needed diagnostic methods in low-resource
areas with a high disease burden, includes sample-to-result
analysis with no off-instrument processing or reagent prep-
aration, features maintenance-free instrumentation, is easy
to use by minimally trained personnel, and yields clear ac-
tionable results in addition to being suitably sensitive and
specific. There have been significant technological advance-
ments focusing on platforms that are fully automated and
integrated to generate “sample in to result out,” offering
significant advantages in a nonlaboratory setting. These tests
are often moderately complex, require less hands-on time,
are frequently more user friendly to perform, and reduce the
requirement for highly trained personnel. With automated
recording and reporting of results, they are typically less
subjective to interpret than immunochromatographic im-
munoassays. In recent years, many commercial entities have
endeavored to provide such platforms that can be used near-
patient or near point-of-care in a rapid manner to provide
clinicians with actionable results.

Enteroviruses
Rapid diagnosis of enteroviral (EV) meningitis by real-time
molecular assays is now recognized as the “gold standard”
and is a critical tool in the assessment of patients with
central nervous system disease. The GeneXpert EV assay
(Cepheid) is a moderately complex FDA-approved qualita-
tive test for detection of enterovirus RNA in cerebrospinal
fluid specimens. Since the test can be completed within 2.5
hours, it can often be performed and provide results during
the time the patient remains in the clinic or emergency
department. The GeneXpert system is a random access, on-
demand test platform that utilizes a single-use microfluidic
cartridge that integrates the sample preparation, amplifica-
tion, and detection steps. Each cartridge contains a syringe
and rotary drives that move the sample into reaction
chambers for the addition and mixing of reagents.

The Xpert EV assay has a reported sensitivity of 97.1% to
98.8% and a specificity of 100% (3). A study by Nicosia
et al. (92) demonstrated that implementation of Xpert EV
assay performed in adult and pediatric emergency rooms was

associated with reductions in the average response time from
5 days to 3 hours, time to perform the test from 5 to 2.45
hours, the technical hands-on time from 2 hours to 10
minutes, and the test cost per cerebrospinal fluid sample
compared to a laboratory-based RT-PCR assay. These dif-
ferences also reduced the average hospital stay from 6.6 to
1.2 days (infants) and from 7.3 to 1.9 days (adults), findings
corroborated by other investigators (93). Use of Xpert EV
method afforded overall health care savings of more than
33% compared to conventional batch testing. These costs
included a reduction in antibiotic therapy (3.5 to 2 days)
and a reduction in the need for additional diagnostic tests
(from 72% to 26% of patients). In a second study the empiric
antibiotic treatment for bacterial meningitis was stopped in
40% of young infants, and 25% of these patients were dis-
charged following a positive EV result (94).

Respiratory Viruses
The FilmArray rapid respiratory panel (RP) (BioFire Diag-
nostics, Salt Lake City, UT) uses a self-contained, multiplex
PCR, microarray detection system to detect 20 viral and
bacterial agents, including adenovirus, coronavirus (229E,
HKU1, NL63, OC43), human metapneumovirus, rhinovi-
rus/EV, FluA, FluA subtype (H1, 2009 H1, or H3), FluB,
parainfluenza (1, 2, 3, 4), RSV, Bordetella pertussis, Chlamy-
dophila pneumoniae, and Mycoplasma pneumoniae. The test is
run on the FilmArray instrument, a small benchtop, closed
single-piece flow real-time PCR system. The platform ana-
lyzes a single-use cartridge with the assay and integrates
automation of nucleic acid extraction, an initial reverse
transcription and multiplex PCR, followed by single-plex
second-stage PCR amplifications with microarray detection
of specific agents in about an hour, with a hands-on time of
approximately 2 minutes.

The published sensitivity and specificity of the FilmArray
RP are 84% to 100% and 98% to 100%, respectively. A
study assessing the impact of the FilmArray RP on patient
outcomes showed that the mean time to test result was
shorter (383 vs. 1,119 minutes for laboratory PCR), and
51.6% of patients in the emergency department received
their results during their visit compared to 13.4% with lab-
oratory-based PCR (95). Furthermore, the identification of a
viral pathogen by the FilmArray RP within 4 hours of receipt
of sample resulted in a decrease in length of stay of about
a quarter of a day and decreased duration of antibiotic use,
and those who received a positive result were discharged
about 6 hours earlier when the FilmArray test was used. The
implementation of the FilmArray also resulted in savings of
$231 in hospital costs and $17 in antibiotic use per patient.

The Verigene Respiratory Virus Plus (RV+) (Nanosphere
Inc.) is an FDA-cleared multiplex microarray-based tech-
nology for the detection of FluA (H1, 2009 H1), FluB, and
RSV within 2.5 hours. The Verigene system carries out au-
tomated nucleic acid extraction, RT-PCR, and hybridization
through nanoparticle-conjugated target-specific probes. The
clinical utility and performance of the RV+ testing by pe-
diatricians at near-patient level was assessed in a recent study
(96). Compared to rapid antigen tests, RV+ testing had
overall sensitivity and specificity for influenza viruses of
100% and 96.2%, respectively; sensitivity and specificity of
RSV were 100% and 100%, respectively. Based on the time
of fever onset, the sensitivity of RV+ for influenza viruses
was 100% compared to 37.5% for rapid antigen tests. This
study highlights that the administration of RV+ at near-
patient level represents a major development in point-of-
care molecular testing. With only 5 minutes of hands-on
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time for test setup and loading, the RV+ test has the po-
tential to change respiratory virus diagnostics in the primary
care setting, especially where fast and accurate results are
needed, such as during the index visit.

The FDA-cleared Simplexa Flu A/B & RSV Direct as-
say (Focus Diagnostics) is a real-time RT-PCR system that
detects FluA, FluB, and RSV from nasopharyngeal swabs in
about 1 hour and does not require nucleic acid extraction.
The assay consists of the Simplexa Flu A/B & RSV Direct
reagents, a 3M Integrated Cycler, and direct amplification
discs. The published Simplexa sensitivities for FluA, FluB,
and RSV are 82.8%, 76.2%, 94.6%, while specificities are
100%, 94.6%, and 100%, respectively (97). The short run
time in combination with high specificity and good sensi-
tivity make it an option for near-patient rapid detection of
these three important viral respiratory pathogens.

The Alere i Influenza A&B is an isothermal amplifica-
tion-based, simple-to-use automated test for FluA and B
viruses with the potential to generate results within 15
minutes. The Alere instrument is relatively small and por-
table, requires minimal training, and can be ideally placed in
near-patient settings for most minimal TAT for results.
When evaluated using pediatric frozen respiratory speci-
mens, the Alere i Influenza A&B assay displayed overall
sensitivity and specificity of 93.3% and 94.5% for FluA and
100% and 100% for FluB compared to viral culture (98). In
comparison to real-time RT-PCR, the overall sensitivity and
specificity were 88.8% and 98.3% for FluA and 100% and
100% for FluB virus, respectively. Additional studies eval-
uating the clinical performance in direct comparison with
other molecular tests and rapid antigen tests in the point-of-
care setting are needed to fully understand its potential. At
the time of writing, CLIA-waived status of the Alere i
Influenza A&B assay was pending.

The IQuum Lab-In-A-Test (LIAT) Influenza A/B assay
(Roche Molecular Diagnostics) performed on the LIAT an-
alyzer is a moderately complex isothermal automated mul-
tiplex real-time RT-PCR developed for the rapid qualitative
detection of FluA/B viruses in nasopharyngeal swab speci-
mens. The IQuum LIAT system fully integrates multiple
features, such as sample volume metering, on-board internal
control, advanced error diagnostics, and automated data
interpretation to ensure the quality of results when operated
by minimally trained users. The LIAT analyzer is a sample-
to-result, relatively small bench-top system that can be
battery operated and does not require an external computer.
However, the LIATanalyzer can only process one sample at a
time. A slightly larger LIAT workstation that can process
eight samples in random access mode has recently been
developed. Having an operator hands-on time of less than 1
minute and a total time-to-result of approximately 20 min-
utes, the LIAT assay can be performed on-demand in near-
patient settings, providing physicians with accurate and
timely results; however, this assay does not subtype influenza
A virus–positive specimens and scant information is cur-
rently available regarding the clinical performance of this
assay for detecting influenza viruses.

The SAMBA (simple amplification-based assay) Flu
duplex test is a dipstick-based molecular assay developed for
diagnosis of influenza A and B viruses (targets matrix gene of
influenza A and a nonstructural gene of influenza B) in-
tended for near-patient testing. This test couples isothermal
amplification with visual detection of nucleic acid on a test
strip. The entire test procedure, including extraction, am-
plification, and detection, is integrated into an enclosed
semi-automated system. This test is currently available only

in Europe. The single study that has evaluated the test’s
performance demonstrated that the clinical sensitivity and
specificity using nasal/throat or nasopharyngeal swab speci-
mens were 100% and 97.9% for FluA and 100% and 100%
for FluB, respectively, compared to RT-PCR (99). However,
the current TAT for the SAMBA Flu duplex test is 2 hours
and 15 minutes, longer than a number of other commercially
available influenza molecular tests. The capacity to process
multiple (up to four) samples in one test run, high sensitivity
of molecular detection, low technical requirement, along
with the result interpretation by eye on the dipstick make it
particularly suitable in the near-patient setting.

Gastrointestinal Viruses
The FilmArray Gastro Intestinal (GI) panel (BioFire Di-
agnostics), which was recently FDA approved, allows for
the detection of 23 viral, bacterial, and parasitic patho-
gens, including adenovirus F40/41, astrovirus, norovirus
GI/GII, rotavirus A, and sapovirus (I, II, IV, and V) among
viral agents. The TAT is approximately 1 hour with ap-
proximately 2 minutes hands-on time. A high sensitivity of
> 90% has been reported for most targets (100). The
Verigene Enteric Pathogens (EP) Test (Nanosphere Inc.)
recently received FDA clearance for the detection of two
viral (noroviruses and rotaviruses) and seven bacterial
agents (and associated toxins) that cause gastroenteritis
infections, and it is reported to provide a result in appro-
ximately 2 hours. Advantages include the little hands-on
time required to perform the test, coupled with the inte-
grated sample-to-result format. Studies evaluating its per-
formance in clinical and nonclinical settings are needed
to assess its potential as a near-patient test for diagnosing
GI infections.

QUALITY MANAGEMENT
The expansion of POCT outside the clinical laboratory ne-
cessitates implementation of new technologies and training
of new operators who may not be familiar with regulatory
requirements. In the United States, compliance with regu-
latory guidelines for POCT is mandatory for institutions to
maintain their accreditation status. Federal and state re-
quirements along with accreditation standards developed by
the College of American Pathologists, Commission on Of-
fice Laboratory Accreditation, and The Joint Commission
have resulted in major improvements in the point-of-care
testing environment. A complete POCT program includes
supervision and management, written procedures, operator
training and competency, instrument evaluation, quality
control, and proficiency testing, all with the necessary doc-
umentation. A POCT management program should ensure
quality of testing and regulatory compliance and promote
efficient management of resources such as devices, consum-
ables, and staff time. The management team is responsible
for oversight of the program, evaluation and implementation
of new technologies, and training and education of staff that
perform testing.

In the United States, CLIA specifies minimum testing
requirements for every site examining “materials derived
from the human body for the purpose of providing infor-
mation for the diagnosis, prevention, or treatment of any
disease . . .” (101). POCT sites in hospitals usually meet the
CLIA requirements and carry an appropriate and current
CLIA certificate by being accredited and inspected by the
College of American Pathologists or The Joint Commission.
Free-standing POCT sites, such as physician office labora-
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tories, must obtain their own CLIA certificates by applying
to the Centers for Medicare and Medicaid Services. These
certificates are based in part on the complexity of the
methods as determined by the technical difficulty and
the knowledge, skills, and experience needed to perform the
testing. Because of personnel and quality requirements,
usually only waived or moderately complex methods are used
at the point-of-care. For a laboratory performing only waived
tests, CLIA has no specific requirements other than to follow
the manufacturers’ instructions.

Quality assurance is the process that monitors the entire
test process to ensure that the test results are reliable. A
quality assurance program identifies indicators that can be
tracked and monitored over time to determine improve-
ments for the test process. This involves ensuring that test
procedures and processes are effectively implemented, test
results are acceptable, the test system provided by the man-
ufacturer meets quality requirements, and the risk of erro-
neous results is minimized. POCT has many of the same
overall quality assurance requirements as testing in a central
laboratory. Training of staff and assurance of competency are
key to making POCT work. Control processes of POCT
should assess equipment, specimens, reagents, and testing
personnel (102). Some devices that are interpreted by di-
rect visual inspection have internal procedural controls
that indicate whether the individual device is operational
and whether there are inadequate specimens or interfer-
ences with the test. External quality control and proficiency
testing are important checks for equipment, reagents, and
operator performance and are required for maintaining ac-
creditation.

Because those performing POCT are not specialists in
laboratory testing, and because these tests are frequently
performed in settings where other medical and nonmedical
activities compete for attention, ensuring careful quality
oversight can be challenging in maintaining a POCT oper-
ation. The aim of POCT is to provide accurate, reliable, and
clinically useful services to improve the speed, accessibility,
and quality of patient care. The goal of quality control is to
ensure a reliable and correct test result is reported to the
health care provider. The manufacturers’ instructions de-
scribe the minimum conditions or recommended frequencies
for testing internal and external controls. At a minimum,
test controls should be run with each new lot or shipment of
test reagents or kits and quality control testing should be
performed by the same personnel who perform the patient
test.

POCToperator proficiency is critical to obtaining quality
test results. Operators need adequate training on the specific
test and must demonstrate a minimum level of competency
to ensure their ability to achieve an appropriate test result.
POCT operator training must emphasize not only proper
device operation but should also include common sources of
error in sample collection, patient identification, reagent
storage, quality control, test analysis, reporting results, and
instrument maintenance. Individuals performing tests for
patient care need to be checked periodically to make sure
they are still performing the test correctly. This competency
assessment must be documented and retained for a period of
2 years. Every year at a minimum, the testing personnel
should be assessed on the following: properly collecting and
handling samples, doing quality control, performing the test
according to the procedure, reading the test properly and
obtaining correct answers, and recording and reporting the
results properly (103).

SUMMARY
POCT is one of the most rapidly growing and changing
segments of clinical diagnostic testing. Turnaround time
usually is perceived as the key advantage of POCT over
testing in a centralized laboratory. POCT can expedite
treatment decisions and provide convenience for the pa-
tient. The drive to shorten patient encounters and provide
care during a single visit makes POCT an important and
attractive patient assessment tool. POCT can also provide
access to testing for populations that otherwise may not be
tested.

In order to justify the cost of the implementation of a
POCT, the target pathogen should give rise to significant
cost burden and pressure on the health care system. To en-
sure optimum POCT performance characteristics (sensitiv-
ity, specificity, positive predictive value, negative predictive
value), the target pathogen should be present in the sample
at a high titer and be highly prevalent in the target popu-
lation (or have periods when it has high prevalence). POCT
has proven most beneficial in situations in which more rapid
institution of appropriate patient management can limit
ongoing damage and produce better medical outcomes.
Improved operational efficiency is a potential outcome and
can also lead to lower costs, especially if it results in de-
creased length of stay in high-expense facilities such as
emergency departments, intensive care units, and operating
rooms.

Rapid antigen tests for influenza viruses and RSV have
been shown to improve patient outcomes but still suffer from
deficiencies in analytical and clinical sensitivity. Numerous
studies demonstrate the benefits of rapid diagnosis of influ-
enza, both in directing the appropriate use of antivirals and
in reducing unnecessary diagnostic tests. The greatest cost
benefit for rapid influenza virus testing is achieved when
unnecessary antibiotics are not prescribed for patients with
positive test results. It is generally accepted that these tests
are most useful at the point-of-care when the virus is prev-
alent in the community. During peak prevalence of influenza
in the community, negative results cannot be used to rule out
infections.

Rapid antibody tests for HCVand HIV have documented
exceptional sensitivities and specificities in both traditional
and point-of-care settings. Importantly, the ease of use and
affordability of these rapid tests have made them critical
diagnostic tools in resource-limited and developing coun-
tries, where facilities may not be optimal and formal edu-
cation programs for laboratorians are absent. The clinical
impact of rapid HCV and HIV screening and diagnosis has
been demonstrated by the reduction in transmission of in-
fection, reduced loss of patients to follow-up, and more ef-
fective triage to treatment. While most of the current rapid
HIV antibody tests are insensitive for detecting acute in-
fections and require additional confirmatory testing, newer
versions of these POCTs seek to shorten the window be-
tween infection and antibody production by using a com-
bination of p24 antigen and antibody detection.

Most molecular platforms are best suited for placement in
the laboratory for testing to be performed by medical tech-
nologists, particularly those of high complexity. However,
several on-demand sample-to-result molecular testing plat-
forms that have been simplified in complexity such that
point-of-care or “near point-of-care” diagnostics are feasible
and in fact anticipated. Fully automated on-demand or
single-test formats are often significantly more expensive on
a per test basis than batched testing formats. However, the
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rapid results provided by these systems often enable patient
management decisions that can reduce the total cost of care.
To reap the greatest benefit from these technologies, the
assays must be able to be conducted and results reported 24
hours a day, 7 days a week or the benefit of rapid TAT to
patient care will be lost.

It is necessary to ensure the clinical utility for POCTand
the training and competence of all health care personnel
performing the assay in all quality aspects, including ap-
propriate documentation of tests performed, sample collec-
tion, performance of the tests, and interpretation of their
results (104). Previous studies have shown that failure to
train staff in each of these aspects can have adverse outcomes
in terms of assay performance (105). Sometimes, the most
difficult aspect of many POCTs is the interpretation of the
results, particularly for immunochromatographic tests in
which any color change at the sample line should be inter-
preted as positive. This can be quite subjective, with very
faint reactions often missed by the user or misinterpreted as
being false positive and thus reported as negative.

The expanding menu of POCT makes it desirable to
improve access to testing, quality of patient care, and con-
venience for clinical care providers. Before we can reliably
determine whether viral POCT warrants widespread utili-
zation, we need stronger evidence that the provision of
prompt results for a particular virus improves patient or
hospital outcomes and is cost effective. Ultimately, the state-
of-the-art bedside diagnostic technique will be able to rap-
idly and accurately identify nearly all clinically significant
pathogens on a single panel.
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This is a very exciting time for the field of clinical diag-
nostics. In recent years, there has been an absolute explosion
in new methodologies and instrumentation to diagnose in-
fection, with a focus on optimization of therapy and anti-
microbial stewardship (1, 2). The result is new technology
that improves the diagnosis, characterization, and monitor-
ing of viral infections. These technologies are changing al-
most every aspect of the laboratory workflow. For example,
viral culture, once an important diagnostic tool for viral
infections, is now commonly absent from diagnostic virology
laboratories and reserved for public health and research
laboratories. The transition away from viral culture was the
consequence of stepwise innovations in viral diagnostics,
including serologic testing, traditional end-point PCR, real-
time PCR, multiplex PCR syndromic panels, and ultimately
automated molecular methods (3). Technologies such as
next-generation sequencing are making their way into the
clinical space, offering potential advantages such as an un-
biased approach to pathogen detection.

Most of these methods achieve marked improvements in
turnaround time compared to conventional methods, but
this often comes at an increased cost, might be technically
demanding, or may require specialized equipment. It is un-
clear how many of these emerging technologies will rise to
widespread, routine clinical use. There are a number of
challenges that preceded widespread adoption, including
regulatory approval and demonstration of adequate analyti-
cal performance characteristics.

This chapter will highlight and summarize some of the
emerging technologies for the diagnosis of viral infec-
tions, including digital PCR, next-generation sequencing
methods, mass spectrometry, surface plasmon resonance
assays, and novel approaches to point-of-care diagnostics.
The strengths and limitations of each methodology, as
well as potential clinical diagnostic applications, will be
described.

APPLICATIONS IN DIAGNOSTIC
VIROLOGY
Next-Generation Sequencing
Approaches to DNA sequencing have evolved dramatically
over the past several decades. In 1977, Frederick Sanger

developed a chain-termination sequencing method (also
known as Sanger sequencing); this technology was widely
adopted as the primary “first-generation” DNA sequencing
methodology. Although the initial iterations of this method
were slow and laborious, the technology evolved and auto-
mated sequencers incorporating capillary electrophoresis
were ultimately adopted, improving the speed and accuracy
of this method (4).

Next-generation sequencing technologies represent ma-
jor leaps forward, especially with regard to throughput and
cost. That said, significant variability exists between meth-
ods, especially with regards to accuracy, quality, speed,
throughput, sequence read length, and cost per base se-
quenced. We refer the reader to Chapter 15, Table 2 for an
extensive overview of next-generation sequencing methods.
Next-generation sequencing methods are typically further
classified into “second-generation” and “third-generation”
approaches. Different approaches to second-generation se-
quencing technologies emerged, such as pyrosequencing,
based on detection of pyrophosphate release during nucle-
otide incorporation, or “sequencing by synthesis” whereby
each type of nucleotide is labeled with a different cleavable
fluorescent dye and a removable blocking group which
complements the template one base at a time. Imaging sys-
tems are used to photograph fluorescently labeled nucleo-
tides. An example of this type of technology would be the
Illumina system (Illumina Inc., San Diego, CA). Another
platform is the Ion Torrent system (ThermoFisher Scien-
tific, Asheville, NC) based on semi-conductor sequenc-
ing, using the production of hydrogen (i.e., change in pH
as a result of proton release) as a marker of the sequence.
Although this approach can generate up to 25 Mb of se-
quence in a single run with a 2-hour runtime, accuracy of
long repeats are very challenging for this method, and the
read length is relatively short at approximately 50 to 100
nucleotides (4, 5).

At the time of writing, third-generation sequencing
methods are based on detection of a fluorescent signal (e.g.,
the Pacbio system, Pacific Bioscience, Menlo, CA) or
electric current (e.g., the Nanopore system, Oxford Nano-
pore Technologies, Oxford, UK). The Pacbio system has the
advantage of producing an average read length of 1300 bp,
which is much longer than second-generation methodolo-
gies; however, this comes with the tradeoff of a higher error
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rate, a large instrumentation footprint, and increased cost
(both capital cost and reagent cost) (4, 5).

There is a great deal of excitement around creating se-
quencing technologies that are even smaller and faster, with
the ability to be used in almost any setting. For example, the
Nanopore MinION is poised to be a “disruptive technology,”
based on the ability of this platform to produce sequences
using a hand-held device that can connect to nearly any
computer using a USB connection and is approximately the
size of a cellular phone (6–9).

Next-generation sequencing approaches have played an
important role in viral discovery as well as in providing an
unbiased approach to viral detection in clinical specimens
(10). For example, some of the work in this area has been
focused on describing the so-called human virome—that is,
the collection of viruses found in or on humans. The virome
may consist of viruses causing active/acute infection, or la-
tent viruses (11, 12). Other applications include unbiased
surveys to identify a viral etiology for diseases that have been
postulated to be attributed to a virus, but, to date, no virus
has been identified (e.g., multiple sclerosis or Kawasaki
disease) (13–17).

A number of bioinformatics pipelines are emerging to
facilitate the use of next-generation sequencing for diagnosis
of viral infections directly from clinical specimens. Viral
applications of next-generation sequencing have some
unique challenges. In contrast to bacteria and fungi, which
have conserved genomic regions that can be used to query
the overall community of taxa present, viruses present a
special challenge as they lack such a conserved genomic
segment. As an additional complication to analysis, viral
sequences may be in low abundance compared to human or
other microbial sequences. In addition, it may be difficult to
classify viral sequences as a consequence of a lack of refer-
ence genomic sequences in databases to with which viral
sequences can be aligned.

At this time, it is unclear if next-generation sequencing
of clinical specimens will itself become a widely adopted and
utilized methodology, or rather if it will be used to discover
and define new viruses and provide detailed genomic in-
formation to inform targets for alternative diagnostic ap-
proaches, such as multiplex PCR, antigen detection, or array
technologies.

Digital Polymerase Chain Reaction
Digital PCR (dPCR) is similar to traditional real-time PCR,
in that primers, probes, and taq polymerase are used to
amplify target DNA present within a sample. Unlike tradi-
tional PCR, in which the PCR reaction takes place in a
single tube, dPCR is a collection of hundreds to thousands of
individual, independent PCR reactions that take place in a
tiny droplets (also referred to as droplet digital PCR) or wells
of a specially designed chamber or plate. Each reaction is
then analyzed for the presence or absence of DNA amplifi-
cation using a fluorescent reporter and the total viral load is
calculated based on the number of individual positive and
negative reactions. Although not FDA approved, dPCR is
commercially available for research applications from four
manufacturers, including Bio-Rad (Hercules, CA), Rain-
Dance Technologies (Billerica, MA), Life Technologies
(Carlsbad, CA), and Fluidigm (South San Francisco, CA).
This is a rapidly evolving field, and many of these platforms
are at an early stage of development; a summary comparing
the systems can be found in a recent review (18).

Digital PCR is useful for detection and quantification
of very low levels of virus in patient specimens. Tradi-

tional qPCR contains a great deal of interassay variability,
making it a challenge to compare different commercial and
laboratory-developed tests, or the same assay between dif-
ferent laboratories. In contrast, dPCR produces an absolute
quantification of viral load without the requirement for a
standard calibration curve, making interassay comparisons
feasible (19). To date, this technology has been used to
detect human immunodeficiency virus (HIV) (20, 21), cy-
tomegalovirus (CMV) (22, 23), Chlamydia trachomatis (24),
human herpesvirus type 6 (HHV-6) (25), and Hepatitis B
virus (26) from clinical specimens. There is debate as to
the relative sensitivity of viral detection of dPCR compared
to quantitative PCR (qPCR), with studies showing that
dPCR is more sensitive (20), the methods are equivalent
(22), or even that real-time PCR is more sensitive for viral
detection (23, 26). These discrepancies are likely influenced
by the virus which is being assayed, the specimen type, and
the study design (19).

The superior precision of dPCR has been widely reported,
but the benefit of increased precision is unknown or un-
proven in most clinical scenarios. One area where a highly
precise assay may be clinically useful is long-term monitoring
of chronic viral diseases such as HIV, Hepatitis C virus,
CMV, Epstein-Barr virus (EBV), adenovirus, BK virus, and
HHV-6, especially in specialized patient populations. Often
the decision to treat patients with antiviral medications and/
or modulate immunosuppressive regimens are made based on
changes in viral load at the low end of the quantifiable range
of the PCR assay, where there is known to be a great deal of
interassay variation. Precise measurement of the viral load
in these patient specimens would be useful for monitoring
therapy and making treatment decisions (22). Another
niche where dPCR could have clinical benefit is in detec-
tion of proviral DNA as a measure of the cellular reservoir
of HIV in HIV-infected patients. These reservoirs are fre-
quently small and can have sequence variation, thus accurate
quantification may be difficult using traditional viral load
assays. Strain et al. found that dPCR had greater sensitivity
and precision for detection of low levels of HIV proviral
DNA compared to qPCR due to reduced background noise
and increased detection of sequence variants (20).

Given the described technology, it is not likely that
dPCR will supplant more traditional qPCR assays for routine
virus detection. Some of the major reasons for this are that
dPCR has a lower throughput and higher reagent costs than
qPCR. However, dPCR could be a very useful tool for the
specialized scenarios described above. Comparison studies of
dPCR and qPCR as well as comparisons between different
dPCR platforms are an area of active research which are
likely to continue as dPCR technology is more often utilized
for research and specialized clinical testing (23, 27).

Polymerase Chain Reaction/Electrospray
Ionization Mass Spectrometry
Polymerase Chain Reaction/Electrospray Ionization Mass
Spectrometry (PCR/ESI-MS) is a relatively new approach
for detecting established and novel pathogens directly from
clinical specimens. In brief, PCR amplification is performed
on a sample using either target-specific or broad-range PCR
primers, and ESI-MS is then performed on the resulting
amplified nucleic acids. The mass to charge ratio detected by
MS is analyzed by companion software and is translated into
the base pair composition of the PCR product. PCR/ESI-MS
is highly sensitive for detection of minute quantities of nu-
cleic acids in patient specimens, and the technology is able
to detect multiple pathogens from a single patient specimen.
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Although first described for identification of bacterial
pathogens, the PCR/ESI-MS and reverse transcriptase (RT)-
PCR/ESI-MS have been used to detect both DNA and RNA
viruses, respectively. Broad-range PCR primers that target
highly conserved sequences allow for detection of both
known and novel viruses. PCR-ESI/MS has been used to
detect viruses that undergo rapid mutation, allowing for
detection and subtyping of novel influenza viruses (28–31).
It has also been used in humans to detect and serotype
adenoviruses (32), identify Severe Acute Respiratory
Syndrome-associated coronavirus (SARS-CoV) and other
pathogenic coronaviruses (33), and identify other respira-
tory pathogens (34, 35). Additionally, PCR-ESI/MS has
been used to identify monkeypox virus from clinical speci-
mens obtained from experimentally infected macaques (36)
as well as alphaviruses and flaviviruses from tick and mos-
quito vectors (37, 38).

PCR/ESI-MS testing requires specialized, expensive
equipment with a large footprint, specific containment re-
quirements to control for potential contamination, and
highly skilled technicians to perform the assay. The tech-
nology is primarily used for infectious disease research, epi-
demiology, surveillance, and in the food industry. At the
time of writing, no FDA-approved PCR/ESI-MS platforms
are available for clinical use. Efforts have been made to au-
tomate and streamline this type of testing, and the Ibis 5000
BioSensor System was the first PCR-ESI/MS instrument in-
troduced for identification of pathogens from clinical speci-
mens (39). The technology was acquired in 2008 by Abbott
Molecular and the platform was renamed PLEX-ID (40).
PLEX-ID has a turnaround time of 6 to 8 hours for detection
and identification of bacterial, viral, or fungal pathogens
from patient specimens (41). Although PCR/ESI-MS is a
powerful technology with enormous potential, it is not
broadly applicable for routine clinical use in its current form.

Viral Microarray-Based Assays
The detection of novel viral pathogens in the clinical vi-
rology laboratory using molecular testing methods is a major
challenge because assays only detect specific sequences for
established viruses. Three microarray-based assays exist for
detection of known and novel viral pathogens. These in-
clude the ViroChip (University of California San Francisco,
CA) (42, 43), GreeneChip system (Columbia University,
NY) (44), and Lawrence Livermore Microbial Detection
Array (Lawrence Livermore National Laboratory, CA) (45).

Viral microarrays target conserved sequences established
for known viruses, permitting simultaneous screening for
all known viruses, as well as detection of novel viruses re-
lated to known viral families based on sequence homology.
As of 2009, the ViroChip array contained > 36,000 probes
from > 1,500 known viruses (43). For known viruses, the
ViroChip pan-viral microarray has been shown to have a
sensitivity that is comparable, if not superior in some cases,
to conventional laboratory testing by real-time PCR for viral
pathogens (46–48). The real value of viral microarray assays
is in the ability to detect viruses from patient samples that
are negative following routine PCR testing, either because
the patient is infected with a novel virus, or because testing
for the virus present is not widely available. Some examples
of the latter include a 2005 case of parainfluenza virus type 4
detected from an immunocompromised adult with respira-
tory failure (49) and a 2006 case of human metapneumovirus
detected from an adult with cancer and an acute respiratory
illness (50). In addition, the ViroChip assay has been used
to identify emerging viral pathogens including SARS coro-

navirus (51) and the 2009 pandemic influenza A H1N1
virus (52).

The ViroChip microarray assay is technically demanding,
requires specialized instrumentation, and contains several
analytical steps. Specimens undergo nucleic acid extraction,
PCR amplification using random primers to amplify all
DNA present in a specimen, fluorescent dye incorporation,
microarray hybridization and scanning, and extensive data
analysis. Although turnaround time is estimated to be 24
hours, the analysis requires several complicated steps, and, as
a result, repeat analysis and/or troubleshooting may be re-
quired for a large percentage of samples. Therefore, viral
microarray-based assays are not widely used for routine di-
agnosis of viral pathogens in the clinical microbiology lab-
oratory at this time. These assays may be used as a tool for
viral discovery from specimens from critically ill patients
from which conventional testing fails to yield a diagnosis.

VirScan is a novel array approach to comprehensively
analyze the collection of antiviral antibodies in human sera.
The assay combines DNA microarray synthesis and bacte-
riophage display to create a uniform, synthetic representa-
tion of peptide epitopes comprising all know viruses that
have human tropism. Immunoprecipitation and high-
throughput DNA sequencing reveal the antigenic peptides
recognized by antibodies in the human samples (53). This
combination of a serologic- and sequencing-based ap-
proaches is a novel and powerful method for interrogating
interactions between the human immune system and the
virome. Additional studies evaluating how this type of ap-
proach may be incorporated into routine diagnostic appli-
cations in the future are eagerly awaited.

Surface Plasmon Resonance
Surface Plasmon Resonance (SPR) technology has been
widely used for many years to investigate molecules and re-
ceptor interactions, such as biomolecular interactions be-
tween viruses and host cells, with the goal of developing new
antiviral agents. Only recently has it been used for the direct
detection of viruses from clinical specimens. SPR uses highly
localized electromagnetic fields and a biosensor to detect
very small changes in the refractive index of molecules in a
signal chamber. To detect viruses or other pathogens, one
signal chamber contains a glass slide coated with a virus-
specific antibody while a second reference chamber contains a
glass slide coated with nonspecific viral antibodies. Specimen
is placed within the flow cell system, and as viral antigens pass
through the flow cell, they are bound by virus-specific an-
tibodies that are immobilized on the glass slide. As the
sample runs through both flow cells simultaneously, any
bound antigen will alter the surface plasmon waves, resulting
in a change in the refractive index as measured by a detector.
The viral load of a specimen can then be calculated based on
the ratio of refractive index between the chambers. SPR
technology is ideal for measuring viral load because it can be
used to detect unlabeled virus and it is sensitive enough to
detect minute amounts of antigen-antibody binding (54). To
date, the literature is scarce regarding SPR and diagnosis of
viral infections (55–60). A study by Su et al. found that SPR
was not as sensitive as traditional quantitative PCR for de-
tection of BK virus in urine, but that sensitivity of the assay
was sufficient for detection of BK at subclinical levels in
renal transplant patients (59).

Currently there are no commercially available SPR assays
for detection of viruses in the clinical setting. Testing requires
expensive and specialized equipment, no commercial re-
agents are available, and performing the assay requires a very
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high level of technical expertise. Technically, it may be dif-
ficult to maintain a high level of sensitivity with SPR given
that specimen matrices such as plasma, serum, and urine, may
nonspecifically absorb onto the sensing surface, which ap-
pears to greatly affect the lower limit of detection of this
system. If these obstacles could be overcome, detection of
viruses from clinical specimens is hypothetically a simple and
rapid process, with a turnaround time of approximately 20
minutes. SPR is a flexible application, which can be adapted
to detect any virus to which a capture antibody can be de-
signed. On the other hand, SPR testing was not as sensitive
for detection of BK virus detection compared to real-time
PCR and the decrease in turnaround time (e.g., 20 minutes as
opposed to 60 minutes for standard real-time PCR) is not
clinically actionable. Therefore, at this time SPR remains a
research tool rather than a test that is ready to be moved to
the clinical laboratory for routine diagnosis of viral infection.

Digital Immunoassays for Rapid Detection
and Differentiation of Influenza Viruses
Commercially available rapid influenza diagnostic tests
(RIDTs) are a mainstay of influenza detection in outpatient
physician offices and emergency rooms due to their rapid
turnaround time, ease of use, and low cost (61). Un-
fortunately, these tests have been shown to be less sensitive
than culture and real-time PCR-based detection methods,
have reduced sensitivity in specimens with low concentra-
tions of virus, and have variable sensitivity across influenza
subtypes which can lead to the inability to detect novel or
emerging influenza strains (62–66). The technological ad-
vancement and advantage of emerging digital immunoassays
is not necessarily in methodology of the assay, but rather in
the machinery used to interpret the assays. Traditionally,
RIDTs are read by eye, resulting in reduced sensitivity and
variability in interpretation among operators. The use of
digital readers for assay interpretation permits a lower limit
of detection than can be achieved by a manual interpreta-
tion of the assay. In addition, the objective digital readout of
positive or negative results reduces interoperator variability,
and results in increased specificity due to the presence of a
negative control which measures nonspecific binding. Al-
though nearly as user friendly as traditional RIDTs, digital
immunoassays require test cartridges to be placed into the
digital reader, which increases turnaround time and hands-on
time of performing the assay, obligates an equipment pur-
chase, and requires readers to be available wherever assays are
resulted. The following section highlights new testing that
has been designed to increase the sensitivity for detection of
seasonal, pandemic, and novel influenza A and B detection
provided by RIDTs, while retaining the desirable qualities of
rapid turnaround time and ease of use.

Sofia Influenza A+B Fluorescent Immunoassay
The Sofia Influenza A+B Fluorescent Immunoassay (FIA)
(Quidel, San Diego, CA) is a fluorescence-based lateral flow
immunoassay which detects viral nucleoproteins (67). The
assay uses polystyrene microbeads impregnated with euro-
pium, a compound which efficiently converts energy from
365 to 618 nm in wavelength, increasing the separation of
excitation from emission wavelengths. This method reduces
problems associated with traditional fluorescent compounds,
such as background and interfering substances found in pa-
tient samples, and results in higher analytical sensitivity. In a
study of over 2,000 patients at 16 testing sites, the Sofia
influenza A+B FIA was 78% sensitive for detection of in-
fluenza A virus and 86% sensitive for influenza B virus, and

specificity was > 95% for both influenza A and B viruses
compared to PCR-based testing (68). Similar to other types
of influenza immunoassays, the Sofia assay performed well
with samples containing high viral loads, but lacked sensi-
tivity when testing samples with low viral titers. These re-
sults match those of two other published studies which found
the Sofia influenza A+B FIA to be 80% and 74.78% sensi-
tive for influenza A and B viruses, respectively (69), and
82.2 and 77.8% sensitive for influenza A and B viruses, re-
spectively (70), compared to PCR testing of clinical isolates.

The Sofia influenza A+B FIA is an FDA cleared, Clinical
Laboratory Improvement Amendments (CLIA) waived test
that occurs in a self-contained cassette, requires minimal
hands-on time, and 15 minutes of incubation. For analysis,
the test cartridge is placed into the Sofia FIA for one minute
to generate a result, eliminating the need for visual inter-
pretation by a technologist. The Sofia FIA can also be used
to test for respiratory syncytial virus (RSV), Group A
Streptococcus, and Legionella (not currently available in the
United States), making the analysis instrumentation versa-
tile for clinical laboratory and point-of-care testing.

BD Veritor System Flu A+B Immunoassay
The BD Veritor System Flu A+B (Becton, Dickinson, and
Company, Franklin Lakes, NJ) is a digital immunoassay
system that uses a reader and test device for direct detection
and differentiation of influenza A and B viruses from naso-
pharyngeal specimens, nasal washes, nasopharyngeal aspi-
rates, and swabs from symptomatic patients (71). The BD
Veritor System is a reading instrument which analyzes the
line signal intensity in comparison to background signal to
increase the sensitivity of testing. A study comparing BD
Veritor System Flu A+B, BinaxNOW Influenza A+B, and
QuickVue influenza testing found the BD Veritor System Flu
A+B to be the most sensitive of the assays for detection of
the three influenza strains tested (two influenza A viruses,
one influenza B virus) (72). BD Veritor System Flu A+B
achieved approximately a one log greater sensitivity of de-
tection compared to the QuickVue Influenza Test and 1.5
logs greater sensitivity of detection compared to BinaxNOW
Influenza A+B. Studies using clinical specimens have shown
that the BD Veritor System Flu A+B has improved sensi-
tivity compared to rapid influenza diagnostic tests. In one
study, the assay was 72% and 69.3% sensitive for detection of
influenza A and B viruses, respectively, compared to real-
time PCR (73). The sensitivity of influenza detection using
digital immunoassays appears to be higher in pediatric pop-
ulations compared to their adult counterparts. A study of 200
pediatric clinical specimens found an overall sensitivity and
specificity of 89.6% and 98.8%, respectively, compared to
PCR (74).

The BD Flu A+B Immunoassay is an FDA-cleared and
CLIA-waived rapid assay that requires a 10-minute incu-
bation period once the patient specimen has been added.
Analysis using the BD Veritor System takes approximately
10 seconds per assay and reports a positive or negative result,
completely eliminating the need for a technologist visuali-
zation and interpretation. In addition to the Flu A+B Im-
munoassay, the BDVeritor System is able to analyze other BD
immunoassays for RSVand Group A Streptococcus, making it
versatile in both clinical laboratories and outpatient settings.
The reduced incubation, analysis, and hands-on times re-
quired by the BD Veritor System Flu A+B compared to the
Sofia influenza A+B FIA have been shown to reduce the
turnaround time to results when testing single samples or
batching samples in groups of ten (75).
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In summary, implementation of digital analyzers may
increase the sensitivity of influenza immunoassays while still
providing a rapid turnaround time compared to more sen-
sitive real-time PCR assays.

Emerging Point-of-Care Diagnostics
Recent advances in clinical virology testing have focused on
developing testing devices and assays that are smaller, por-
table, technically simple to use, and can be performed one
test at a time with high sensitivity and specificity. Ideally,
these tests would be performed near to the patient. The
following point-of-care assays expand viral testing from
within the confines of the clinical microbiology laboratory
to outpatient physician offices and remote locations around
in the world.

Influenza Viruses

Alere I Influenza A&B Assay
The Alere i Influenza A&B assay (Alere, Waltham, MA) is a
new, rapid molecular assay for identification and differenti-
ation of influenza virus subtypes A and B from clinical
specimens. This assay is the first CLIA-waived molecular
rapid influenza test to be cleared by the FDA. The assay uses
isothermal nucleic acid amplification to amplify short re-
gions of target RNA from clinical respiratory specimens,
followed by a thermostable nicking endonuclease to differ-
entiate between influenza virus subtypes A and B. Fluo-
rescently labeled molecular beacons are used to detect the
presence of sequences specific for influenza A virus and in-
fluenza B virus in real time.

In studies by Bell et al. and Nie et al., a combined total
of > 900 adult and pediatric nasopharyngeal and nasal swab
specimens were tested using the Alere i assay (76, 77). It was
found to be 73.2 to 99.3% sensitive and 98.1 to 100% spe-
cific for detection of all influenza A viruses and 97% sensi-
tive and 100% specific for detection of influenza B virus
compared to real-time PCR. The assay performed very well
overall, but struggled to identify influenza A viruses outside
of the subtypes H1N1 and H3N2 (76).

The major advantage of the Alere i Influenza A&B assay
is an increase in sensitivity over RDITs. Testing requires
approximately 2 minutes of hands on time for specimen
handling and setup. Results are available in less than 15
minutes, providing molecular detection of influenza with a
turnaround time comparable to RIDTs. The major limitation
of this assay is that only one specimen can be run on the
instrument at a time. Also, although molecular testing oc-
curs in a single-use cartridge, there are a few steps necessary
to dilute and load the correct amount of patient specimen
into the test cartridge. Overall, these data suggest that the
Alere i Influenza A&B assay is a viable alternative to point-
of-care RIDTs.

Roche Cobas Liat System
The Cobas Liat or “lab in a tube” system (Roche Diag-
nostics, Indianapolis, IN) is a point-of-care molecular plat-
form that provides highly sensitive detection of influenza A
and B viruses in less than 20 minutes, which is similar to the
time it takes to run a rapid antigen test. Briefly, patient
sample is loaded into a test strip and inserted into the small
Cobas Liat instrument. A real-time PCR assay is performed
using a series of plungers and clamps which move sample
to different areas of the test strip, allowing for cell lysis,
nucleic acid amplification, and detection within a single
test strip. The assay is a closed system and an instrument can

run one specimen at a time. The assay is FDA-cleared and
CLIA-waived. Studies have found the Cobas Liat System
to be > 97% sensitive and > 99% sensitive for detection of
influenza A and B viruses compared to the Prodesse ProFlu
+real-time PCR assay (78), and > 99% sensitive and 100%
specific compared to the Focus Simplexa Flu A/B and RSV
Direct test (79).

Cepheid GeneXpert Omni
The Cepheid GeneXpert Omni (Cepheid Inc., Sunnyvale,
CA) is a small, portable, molecular point-of-care testing
device. The instrument weighs only 1 kg, is wireless, runs off
battery power, and uses Cepheid’s preexisting GeneXpert
testing cartridges. The novelty of this instrument is not in
the decreased turnaround time of results, but in its porta-
bility. The instrument size and the ability to perform testing
without the need for electricity allow highly sensitive real-
time PCR testing to take place nearly anywhere in the world.
Like the original GeneXpert system, nucleic acid extraction,
amplification, and detection occur in a close system and the
Omni runs one test cartridge at a time. The Omni is ex-
pected to debut in the United States and emerging markets
in 2016 with an expected test menu of Xpert MTB Ultra,
Xpert HIV-1 Qualitative, Xpert HIV-1 Viral Load, Xpert
HCV Viral Load, and Xpert Ebola (Cepheid website. Ac-
cessed January 7, 2016) (80).

Focus Simplexa FluA/B & RSV Direct
The Focus Simplexa Flu A/B & RSV Direct assay (Focus
Diagnostics, Inc., Cypress, CA) is an FDA-approved, mul-
tiplex, real-time PCR assay for the detection of influenza A
and B viruses, and RSV from nasopharyngeal specimens.
Compared to traditional real-time PCR assays requiring
nucleotide extraction prior to PCR amplification, the Focus
Simplexa FluA/B & RSVassay is an extraction-independent
assay. Specimen and master mix are added directly to the
assay well with no further processing steps, which reduces
the time it takes to perform the assay to just 60 minutes and
reduces the hands-on time to just minutes. In a study of 210
clinical specimens from patients of all ages, the Focus Sim-
plexa FluA/B & RSV Direct assay was found to have spec-
ificities of 92.2% for influenza Avirus, 89.1% for influenza B
virus, and 80.7% for RSV compared to a laboratory devel-
oped real-time PCR assay (81). The specificity was 100% for
all targets. Many other comparison studies have since been
published on the topic showing high positive and negative
percent agreement compared to real-time PCR (82–85).

Enigma MiniLab Influenza A/B & RSV
Enigma MiniLab influenza A/B & RSV (Enigma Diagnostics
Inc, San Diego, CA) is a point-of-care molecular assay for
detection of influenza A and B viruses, and RSV from na-
sopharyngeal swabs. The RT-PCR assay requires minimal
hands-on time and provides a result in 90 minutes. The
instrument is random access and scalable, with the ability to
run a maximum of six samples at a time. In a prospective
study, 698 specimens from children < 16 years with respi-
ratory symptoms were tested using the Enigma MiniLab
Influenza A/B & RSV system and the Luminex xTag Res-
piratory Virus Panel. Very few of the children had influenza
infection during the testing period, with only 22 being
positive for influenza A virus and only 6 being positive for
influenza B virus by the Enigma assay. In comparison to the
Luminex assay, there were 18 specimens positive by both
methods, but 10 discrepant results which were positive by
only one of the assays. Thus, there is a positive percent
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agreement of 81.8% between the methods for influenza A
virus with 98.8% negative agreement. For influenza B virus
the positive and negative percent agreement were 100% and
99.8%, respectively (86, 87). The EnigmaMiniLab influenza
A/B & RSV has obtained CE-IVD designation in Europe,
but is not currently available in the United States.

Human Immunodeficiency Virus
The development of HIV diagnostics for point-of-care use
has been a focus with two groups of users in mind. In de-
veloped countries, highly sensitive point-of-care tests are
used to rapidly diagnose persons with acute HIV in the
comfort of their physician’s office and immediately place
them into counseling and establish a treatment plan and
follow-up care. In rural settings in underdeveloped interna-
tional countries, there is a great need to rapidly diagnose
persons with HIV because patients who test positive for HIV
can be lost to follow-up during the weeks to months it takes
for results to be returned from a centralized testing laboratory.

Alere Determine HIV-1/2 Ag/Ab Combo Rapid Test
Previously, screening for HIV-1 & HIV-2 antibodies has
been the mainstay of point-of-care HIV testing, but this
method does not detect HIV in the “window period” of 3
to 4 weeks in which infected persons will test negative for
HIV-1 & HIV-2 antibodies, have a high viral load, and are
highly infectious to others. The Alere Determine HIV-1/2
Ag/Ab Combo Rapid Test (Alere, Waltham, MA) is a 4th
generation point-of-care assay developed to detect both
HIV-1 & HIV-2 antibodies as well as p24 antigen. Studies
have shown that the assay was able to detect 24 of 39 (62%)
banked blood specimens from patients diagnosed with early
HIV infection based on p24 antigen and/or HIV RNA
presence, but not HIV-1 & HIV-2 antibodies (88). In a
separate study, the same assay detected 55% of early HIV
cases, classified as patients with a negative or indeterminate
3rd generation HIV screening assay or a negative antibody
confirmation test following a positive 4th generation
screening assay (89). These studies show that, although not
as sensitive as laboratory-based 4th generation HIV Ag/Ab
screening assays, the Alere Determine HIV-1/2 Ag/Ab
Combo Rapid Test is a viable option for rapid detection of
early HIV infection in outpatient international settings.

Alere Q NAT
The Alere Q NAT system (Alere, Scarborough, ME) is a
point-of-care test that detects HIV-1 and 2 RNA from 25 ml
of whole blood in 60 minutes. In a study of 827 HIV-exposed
infants aged 4 weeks to 18 months being seen at a primary
health center in Mozambique, the Alere Q NATwas 98.5%
sensitive and 99.9% specific for detection of HIV when
compared to the Roche Cobas Ampliprep/Cobas TaqMan
HIV-1 Qualitative Test, which detects HIV-1 total nucleic
acids (RNA and DNA) (90). Having point-of-care testing
on site allows for immediate follow up and treatment initi-
ation for HIV positive patients.

Biobarcode Amplification (BCA) Assay
Anew research method under development for point-of-care
HIV testing, the biobarcode amplification (BCA) assay, is a
europium nanoparticle-based microtiter-plate immunoassay.
Tang et al. have previously developed a traditional europium
chelate-dyed nanoparticle assay placed on a lateral flow im-
munoassay platform that is able to detect HIV p24 antigen in
amounts less than 1 pg/ml (91). To adapt europium nano-
particle-based technology for detection of HIV in low re-

source settings, the assay was miniaturized to a microchip
format. The miniaturized assay was slightly less sensitive
than the original assay, with a limit of detection of 5 pg/ml of
HIV-1 p24 antigen, but the sample and reagent volumes
required for testing have been reduced by 4.5-fold and the
assay run time has been decreased from around 2.5 hours to
60 to 75 minutes (92). Although currently at the concept
stage of development, with further optimization this assay
has the potential to be used as a highly sensitive point-of-
care method of HIV detection in resource-limited settings.

Coinfections with HIV and Treponema pallidum, the caus-
ative agent of syphilis, are on the rise. An emerging group of
point-of-care diagnostic tests for HIVand syphilis are currently
being developed for rapid detection of both sexually trans-
mitted diseases at once. A study comparing three research-use
only assays, MedMira Multiplo TP/HIV test (MedMira Inc.,
Halifax, Nova Scotia, Canada), Standard Diagnostics (SD)
Bioline HIV/Syphilis Duo test (Standard Diagnostics Inc.,
Gyeonggi-do, Republic of Korea), and Chembio DPP HIV-
syphilis assay (ChemBio Diagnostics Inc., Medford, NY), was
performed using 150 serum specimens previously tested for the
presence of HIV and T. pallidum using routine laboratory
methods (81). The three dual detection assays were 98 to 99%
sensitive and 94 to 100% specific for detection of HIV com-
pared to the Siemens Advia HIV enzyme immunoassay. For
T. pallidum detection, the dual assays were 93 to 95% sensi-
tive and 97 to 100% specific compared to the TP-PA assay.
Having a dual assay available at the point-of-care for both HIV
and syphilis may prevent further spread of these sexually
transmitted diseases due to earlier diagnosis and initiation of
treatment.

Dried Blood Spot Testing
In developed countries, patients are monitored by HIV viral
load determination and HIV drug resistance genotyping prior
to initiation of antiretroviral therapy and again in the setting
of treatment failure. Unfortunately, this type of monitor-
ing is difficult to provide to the majority of HIV-infected
persons, as they reside in health care limited settings where
the majority of HIV testing is performed in distant central-
ized laboratories. A successful method to store and ship
blood specimens has been the dried blood spot, in which
patient blood samples are blotted onto absorbent filter paper
and dried. The dried blood spot is noninfectious, relatively
stable, light weight, and can be shipped without refrigera-
tion, making it an ideal method to transport patient speci-
mens to distant laboratories for testing. A study by Parry
et al. was initiated comparing use of dried blood spot spec-
imens to the gold standard of plasma for HIV drug resistance
genotyping. The study demonstrated that genotyping was
feasible from dried blood spots as long as they had not been
stored at ambient temperatures for more than two weeks
(93). The testing performance was best if the HIV RNAviral
load in the blood specimen was > 50,000 copies/ml. Based
on this data, dried blood spot testing is a reasonable alter-
native as a specimen type for HIV resistance genotyping and
other HIV testing in resource limited settings. It is hoped
that the ease and cost effectiveness of dried blood spot
testing will promote more HIV resistance genotyping as well
as measurements of viral load and early infant diagnosis,
thereby improving care of patients in health care–limited
settings.

Ebola Virus
A growing area of rapid diagnostic testing (Table 1) has been
prompted by the major Ebola virus outbreak that started in
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West Africa in 2014. Traditionally, regional laboratories
proximal to outbreak areas have employed reverse tran-
scriptase PCR-based testing for Ebola virus detection. PCR-
based detection is highly sensitive and specific, and is rapid
compared to viral culture-based methods of detection. Un-
fortunately, outbreaks tend to occur in low-resource settings
which lack infrastructure such as mechanisms for specimen
transport, biological safety cabinets, thermocyclers and other
laboratory instrumentation, skilled personnel, as well as re-
frigeration and electricity. These factors are all barriers to
Ebola testing in this setting.

To combat these challenges, several companies have
developed lateral flow immunochromatographic assays for
diagnosis of Ebola virus antigen. These tests are rapid and
can be performed as point-of-care tests with blood from a
simple finger stick. They do not require specialized equip-
ment or highly trained laboratory personnel. The assays are

easy to transport and fairly inexpensive, ideal characteristics
for use in remote locations with limited access to clinical
laboratories. Although antigen tests are generally not as
sensitive as amplified PCR testing, there is hope that these
rapid immunoassays could be used in outbreak settings to
triage patients (94).

ReEBOV Antigen Rapid Test
The ReEBOV Antigen Rapid Test is an immunochromo-
genic dipstick immunoassay manufactured by Corgenix
(Broomfield, CO). It is the first rapid antigen test for de-
tection of Ebola virus to be granted Emergency Use As-
sessment and Listing (EUAL) through the World Health
Organization (WHO) and Emergency Use Authorization
(EUA) by the U.S. FDA. Briefly, blood from a finger stick is
placed on the pad of the diagnostic strip and a chemical
solution is added to inactivate the virus. Lateral flow action

TABLE 1 Summary of diagnostic assays for Ebola virus
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wicks the specimen up the test strip, which contains anti-
bodies specific for Ebola virus VP40 antigen. Results of the
testing are available within 15 to 25 minutes. This assay was
developed in cooperation with the Viral Hemorrhagic Fever
Consortium, a group of researchers with ties to industry and
academics. ReEBOV technology is based on the group’s
previous development of a rapid diagnostic assay for Lassa
fever. Testing of nearly 300 fresh whole blood and archived
plasma specimens showed that the ReEBOV was 91.8%
sensitive and 84.6% specific for detection of Ebola Zaire
virus compared to reverse transcriptase-PCR (WHO emer-
gency use assessment public report-ReEBOV).

Defense Science and Technology Laboratory Ebola
Virus Rapid Antigen Diagnostic Test
Similar to the ReEBOV rapid test, the British-designed
Defense Science and Technology Laboratory Ebola Virus
Rapid Antigen Diagnostic Test (DSTL EVD RDT) is a
rapid, lateral flow assay that can be performed at point-of-
care. The assay uses capillary blood to test for the presence of
Ebola virus antigen and results are available in 20 minutes.
The DSTL EVD RDT is unique in that it produces semi-
quantitative results based on color intensity of the developed
line. Intensity is scored between 2 and 10, and any number 4
or greater is considered positive. In a study of 131 pa-
tients from Sierra Leone on which Ebola testing was per-
formed, 15 patients were positive for Ebola virus by RT-PCR.
The DSTL EVD RDT analysis results in a sensitivity of
96.6% and a specificity of 100%. The lower sensitivity was
due to specimens with lower intensity ratings. For those
assays scoring an 8 or greater led to a rise in sensitivity to
99% (95).

There are currently no FDA-approved tests for detecting
Ebola. In October 2014, the FDA granted Emergency Use
Authorization (EUA) for Ebola virus testing (Table 1) in the
face of a public health crisis. EUA status was first granted for
the use of RT-PCR assays used by the Department of Defense
and the Centers for Disease Control and Prevention. Shortly
after, private companies were granted EUA status for their
Ebola diagnostic testing products starting with the FilmAr-
ray NGDS BT-E and Biothreat-E tests (Biofire, Salt Lake
City, UT).

FilmArray BioThreat Panel
Biofire is best known for multiplex PCR assays that detect
pathogens associated with a specific disease syndrome. They
offer a respiratory panel for detection of 20 respiratory
pathogens, a gastrointestinal panel for detection of common
viral, bacterial, and parasitic causes of infectious diarrhea, a
meningitis/encephalitis panel for detecting viruses, bacteria,
and yeast responsible for central nervous system diseases,
and a blood culture identification panel for the differentia-
tion of 24 bacteria and yeast and three antibiotic resistance
genes. The company has recently developed a panel to be
used for surveillance of bioterrorism agents and pandemic
diseases called the FilmArray BioThreat Panel. It detects 17
bacterial and viral pathogens as well as toxin genes. The
assay is easy to set up, requiring less than five minutes of
hands-on time for technologists, and it has an analysis time
of approximately an hour. The BioThreat panel is performed
on the same instrumentation as other FilmArray assays,
making it easily adaptable to the clinical laboratory for in-
stitutions running other FilmArray assays. The instrument
itself is small enough to fit into a biosafety cabinet, pro-
viding an extra level of safety for laboratories that wish to
pursue testing.

Summary
Diagnostic virology is a rapidly evolving discipline, both
because the patient population is changing and because of
the emergence of new technology. These new technologies
have variable complexity, instrumentation requirements,
and analytical performance characteristics and, as a result,
variable potential for translation into routine use in the
clinical laboratory. That said, molecular testing in the clin-
ical virology laboratory is rapidly evolving and is being made
smaller and simpler due to advances in microelectronics, mi-
crofluidics, and microfabrication. The number of approved
“sample-in-answer-out” assays is growing and more are under
development. As a result of these advances, we may see a
change in not only how testing is done, but where testing is
performed. It is expected that some testing will move out
of the laboratory and into physician offices and community
pharmacies. The dichotomy between highly technical, highly
complex testing requiring expert interpretation (e.g., next-
generation sequencing) and rapid testing requiring minimal
expertise to perform, is expanding. This is an exciting time of
tremendous growth and rapid development, which will en-
hance our understanding of viral pathogens and enhance
patient care.
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Respiratory tract illnesses are one of the most common
health conditions affecting humans. Most of these illnesses
are caused or triggered by viruses. Clinical presentations and
severity range from mild and self-limited upper respiratory
tract illnesses (URTI) to serious or fatal lower respiratory
tract disease. Respiratory viruses exert considerable pressure
on health care systems, are significant drivers of antibiotic
overuse, and contribute significantly to loss of productivity.
Accurate identification of these infections and appropriate
care of affected patients are therefore priorities for health
care systems.

Prior to 2000, six “classic” human respiratory viruses were
known: respiratory syncytial virus (RSV), influenza virus,
parainfluenza virus (PIV) 1–3, rhinovirus (RHV), the hu-
man coronaviruses (HCoV) OC43 and 229E, and adeno-
virus. Molecular methods have now permitted identification
of human metapneumovirus (HMPV), new coronaviruses
(CoV), including two with pandemic potential, a fourth
PIV, and noncultivatable RHVs. This chapter describes the
collective list. Viruses that affect the respiratory tract, but
primarily involve other organ systems, are described in their
respective chapters.

CLASSIFICATION AND BIOLOGY
Influenza Virus
Of all respiratory pathogens, influenza viruses cause the
largest number of serious acute infections in humans. The
most notable is “influenza,” which affects 10% or more of the
population during epidemics and significantly more during a
pandemic. The name “influenza” stems from the Latin in-
fluentia because influenza outbreaks were once considered
under astrological influence. Influenza viruses belong to the
Orthomyxoviridae family of complex, moderately sized, en-
veloped RNA viruses. Within this family are 3 genera with
eponymous species (or “types”) that infect humans: influenza
A, influenza B, and influenza C. Species are distinguished by
antigenic differences in their internal matrix (M1) proteins
and nucleoproteins (NP). Influenza Awas initially described
in the 1920s as a transmissible agent in human mucus ca-
pable of infecting swine; influenza B and C viruses were
identified decades later. Besides humans, influenza A natu-
rally infects many species of birds and nonhuman mammals,
most notably swine. Infections with influenza B and C
mostly involve humans.

Virions are approximately 100 nm in size and spherical or
pleomorphic in shape. Projecting from the host-derived
envelope are glycoprotein spikes of two types known as
hemagglutinin (HA) and neuraminidase (NA). HA permits
attachment to specific sialic acid-containing receptors on
the surface of cells. Similar binding to guinea pig red blood
cells causes hemagglutination. HA also contains the major
(and most variable) antigenic determinants and is the most
important component in influenza vaccines. NA enzymati-
cally removes viral receptors, enhancing release of progeny
from infected cells. Influenza C lacks NA but has glyco-
protein spikes with similar functions.

The RNA genome is negative-sense, single-stranded and
segmented. Influenza A and B contain 8 RNA segments; in-
fluenza C contains 7. Each segment of influenza B and C en-
codes a single protein; some influenza A segments have
additional coding capacity. Total genome length is 10–14.6 kb.
Internal proteins include the nucleoprotein and the RNA
polymerase complex proteins PB1, PB2, and PA. The M1
protein is interposed between the ribonucleoprotein com-
plexes and the viral envelope; a second matrix (M2) protein
in influenza A creates an ion channel that aids viral un-
coating. Replication takes place primary in the nucleus, an
unusual feature for an RNA virus.

Influenza A viruses are further classified into subtypes
based on the properties of their HA or NA surface glyco-
proteins. Eighteen antigenic forms of HA (H1-18) and 11 of
NA (N1-11) are now recognized. Only viruses with H1, H2,
or H3 and N1or N2 commonly infect humans; the others
circulate among other mammals or birds, with the greatest
variety in wild waterfowl. Influenza B and C lack distinct
subtypes, but influenza B has evolved into two lineages
(Yamagata and Victoria); lineages of influenza C are also
described. Within each grouping are antigenically distinct
strains. Strains are denoted by virus type, species of origin
(except for human), geographic location of first isolation,
strain number, and year of first isolation, with the influenza
A subtype in parentheses, as in A/California/7/2009
(H1N1). Influenza Avariants that naturally infect swine and
occasionally humans are identified by a “v” before the sub-
type, as in v(H3N2).

RSV and HMPV
RSV was first isolated in 1956 from a chimpanzee with re-
spiratory symptoms and later named for its characteristic
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cytopathic effect (CPE) of syncytia formation in cell culture.
HMPV was identified in 2001, among a collection of slow-
growing paramyxovirus-like isolates from young children
with RSV-like illnesses, and later characterized as the first
human species within the Metapneumovirus genus. Both
viruses belong to the Pneumoviridae family of nonsegmented,
negative-sense, enveloped RNA viruses. Within the Pneu-
moviridae are two genera. The Orthopneumovirus genus
consists of three species, including RSV, and its bovine and
murine relatives. The Metapneumovirus genus contains
HMPV and two avian Metapneumovirus.

RSV particles are irregularly spherical or filamentous and
150–300 nm in diameter. The 15 kb RNA genome contains
10 genes that encode 11 proteins. The nucleoprotein (N)
surrounds the viral RNA and forms the nucleocapsid. The
RNA-dependent RNA polymerase complex consists of the
large (L) protein, the phospho (P) protein, and transcrip-
tion/replication factors M2-1 and M2-2. The matrix protein
(M) surrounds the nucleocapsid and links it to glycoprotein
(G) and the fusion glycoprotein (F). The short hydrophobic
(SH) protein spans the viral envelope and forms short spikes
on the surface. There are also two nonstructural proteins,
NS1 and NS2. The G protein, and perhaps the F protein as
well, mediate attachment to host cells. The F protein in-
duces membrane fusion, which is important for virus entry
into host cells and spread of infection by syncytia formation.
The F protein may also aid viral attachment to cellular re-
ceptors. The F and G proteins are the primary targets of the
immune response. HMPV virions resemble RSV but are
slightly larger and have longer spikes. The genome is also 2
kb shorter, has a different gene order, and lacks the NS1 and
NS2 genes. After correcting for this difference, the two vi-
ruses share 50% nucleotide-sequence homology. Since the
NS proteins of RSV may have anti-interferon activity, their
absence may contribute to HMPV’s somewhat lesser path-
ogenicity. Both viruses replicate in the cytoplasm and are
highly cell-associated.

Parainfluenza Virus
PIV was first isolated in the 1950s from cultures demon-
strating CPE or hemadsorption when inoculated with spec-
imens from individuals with acute respiratory illnesses. The
name reflects the early observations that some symptoms
induced by PIV are influenza-like and that PIV and influenza
particles have hemagglutination and neuraminidase activi-
ties. Subsequently, the two viruses were found to differ sig-
nificantly and were classified into separate families.

The PIVs belong to the Paramyxovirinae subfamily of
Paramyxovirdae. Viruses in this subfamily differ from mem-
bers of the Pneumovirinae subfamily like RSV and HMPV in
several ways. The most notable difference is that the PIVs
have an attachment molecule with combined hemaggluti-
nation and neuraminidase activities that Pneumovirinae lack.
PIV virions are of medium size, 150–200 nm in diameter,
enveloped, and mostly spherical in shape. They contain a
nonsegmented, single-stranded, negative-sense RNA ge-
nome of approximately 16 kb that encodes a basal comple-
ment of six structural proteins. A nucleoprotein (N) encases
the RNA, forming the helical nucleocapsid. The large (L)
protein and phospho (P) protein form the polymerase
complex. The matrix protein (M) connects the nucleocapsid
to two surface glycoproteins, hemagglutinin-neuraminidase
(HN) and fusion (F), which project through the viral en-
velope and form short spikes. The HN glycoprotein confers
hemagglutinating (sialic acid-binding) and neuramini-
dase (sialic acid receptor-cleaving) activities. Functions of

HN include mediating virus attachment to sialic acid–
containing cellular receptors, triggering of the F glycoprotein
to initiate fusion between virus and host cells, and cleaving
sialic acid residues from receptors on the viral envelope so
that particles do not self-aggregate during release from in-
fected cells. The HN and F proteins are the major antigenic
determinants.

There are four PIV types that are further categorized into
two genera based primarily on differences in genetic orga-
nization and antigenicity. PIV-1 and -3 are grouped within
the Respirovirus genus, whereas PIV-2 and -4 are in the Ru-
blavirus genus. PIV-4 is further classified into subtypes 4A
and 4B based on differences in antigenicity and organization
of P and HN genes.

Rhinovirus
Rhinoviruses are members of the Picornaviridae family, En-
terovirus genus. Their name is derived from the Greek word
for nose, an important site of virus replication. Rhinoviruses
cause more common colds (minor URTIs) than any other
virus infecting the upper respiratory tract. The first isolate was
obtained in the mid 1950s from nasal washings of individuals
with colds. Additional recoveries were made by mimicking
nasal conditions, including reducing the culture temperature
to 33oC, lowering the pH to neutral, and providing aeration.

There are three rhinovirus species, A, B, and C, and more
than 100 distinct serotypes. Historically, neutralization with
type-specific antibody was used to identify serotypes. Cur-
rent classification is genotypic (based on capsid-protein se-
quences) but retains the serotype designation. This approach
is necessary to classify serotypes of rhinovirus C, which do
not replicate in standard cell culture. Individual serotypes
are designated by the letter of their species and genotype
number, as in A23. Strains of each type are also recognized.
The 2014 International Committee on Taxonomy of Viruses
lists 80 rhinovirus A types, 32 rhinovirus B types, and 55
rhinovirus C types (http://www.picornaviridae.com/ [Ac-
cessed 3 May 2016]).

The rhinovirus virion is a small (15–30 nm), non-
enveloped, icosahedral particle encasing a single-stranded,
positive-sense RNA of approximately 7.2 kb. The genome
contains a noncoding region at the 5¢ end and a single open
reading frame. The capsid consists of four viral proteins,
VP1, VP2, VP3, and VP4, which are created by posttrans-
lational cleavage of a precursor polyprotein. Nonstructural
proteins consist of 2 proteases and an RNA-dependent RNA
polymerase. The VP1, VP2, and VP3 proteins are on the
capsid surface. VP4 is inside and helps anchor viral RNA to
the capsid. The capsid surface contains hydrophobic
“pockets” that function in binding to cellular receptors and
are targets for some antiviral medications. Variation in the
surface proteins leads to antigenic diversity and stimulates
durable, type-specific host immune responses. There is no
group antigen, so sequential infections with different geno-
types are frequent. Unlike enteroviruses, most rhinovirus
serotypes lose infectivity upon exposure to mild acid, which
explains their general inability to infect the gut.

Coronavirus
Human coronaviruses (HCoV) were discovered in the 1960s
from nasal secretions of persons with mild URTI and were
initially considered relatively harmless causes of colds. By
contrast, animal CoV have long been known to cause many
significant and diverse illnesses, including respiratory disease
and diarrhea. Interest in all CoV increased substantially once
animal CoV were found to cross species barriers and cause
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serious human respiratory diseases, such as severe acute re-
spiratory syndrome (SARS) and Middle Eastern Respiratory
Syndrome (MERS).

CoV are medium-sized, enveloped, single-stranded,
positive-sense RNA viruses of the Coronaviridae family.
Their name derives from their appearance, which resembles
a crown (or corona in Latin) due to numerous club-shaped
spike (S) proteins radiating from the viral envelope. The
Coronavirinae subfamily contains two genera, the Alpha-
coronaviruses and Betacoronaviruses, with species that
infect humans. The human Alphacoronavirus species are
229E and NL63. Betacoronavirus species that infect hu-
mans cluster into 3 lineages. OC43 and HKU1 are in lineage
a, SARS-CoV is in lineage b, andMERS-CoV is in lineage c.

The CoVare pleomorphic, mostly spherical particles, 80–
160 nm in diameter. They contain a helical nucleocapsid
surrounding a nonsegmented genome of approximately 27–
32 kb, the largest among RNA viruses. Genes at the 5¢ end
specify proteins for RNA replication; genes at the 3¢ end
encode the structural S, envelope, membrane, and nucleo-
capsid proteins, and accessory proteins that may interfere
with the immune response. A hemagglutinin esterase (HE)
gene found only in some betacoronaviruses, including
HKU1, encodes a second set of short spike proteins. Fol-
lowing attachment to specific cell surface receptors via their
S (and HE) proteins, CoV enter the cell and replicate in
the cytoplasm. Replication is error-prone, leading to signif-
icant rates of mutation and recombination, which aid virus
evolution.

Adenovirus
Adenoviruses are medium-sized (70–90 nm), nonenveloped,
icosohedral DNA viruses within the Adenoviridae family.
The name originates from their initial isolation from cultures
of human tonsils and adenoids in 1953. With rare exception,
only members of the Mastadenovirus genus infect humans.
Within the genus are 7 species (previously known as groups),
designated A-G, and termed Human adenovirus A, Human
adenovirus B, and so forth. To date, 51 serotypes are ac-
cepted. Additional types are described, some of which are
probably intertypic recombinants whose clinical relevance
remains to be established. Only a third of recognized sero-
types cause appreciable human illness.

Adenoviruses contain a single, linear, double-stranded
DNA molecule of about 36 kb that encodes approximately
35 genes. Mutations and recombination within types aid
virus evolution. The icosahedral capsids consist of proteins
called hexons and pentons. Hexons form the particle’s tri-
angular faces, and a penton occupies each vertex. From each
penton projects a fiber (two in some serotypes) with a ter-
minal knob. Hexons contain epitopes, which are common to
all adenoviruses, but these epitopes reside within the capsid,
so neutralizing antibodies are not generated. Species-specific
determinants are on the fiber. Type-specific determinants on
external regions of the hexon and the fiber stimulate neu-
tralizing antibodies and serotype-specific immunity. At-
tachment of viral knobs to specific receptors on cell surfaces
initiates infection, followed by viral DNA replication and
assembly in the nucleus.

EPIDEMIOLOGY
Influenza Virus
Influenza viruses cause annual epidemics in temperate cli-
mates globally during cool weather. Seasonality is less pro-

nounced in the tropics. Epidemics last 6–8 weeks in a locale
and typically involve one or two subtypes of influenza A,
with or without influenza B. Strains of each virus may persist
temporarily but are invariably replaced due to “antigenic
drift.” This gradual process, which is most pronounced with
influenza A, is due to slow accumulation of spontaneous
point mutations in HA and NA genes generated during viral
replication, which results in strains with new antigenic
features. Strains emerge if incompletely neutralized by ex-
isting antibodies in the population. Antigenic drift neces-
sitates frequent reformulation of influenza vaccines.

Attack rates vary by age, with the highest rates in young
children and the elderly. In unimmunized populations, at-
tack rates range from 10–70%. The morbidity and mortality
associated with epidemics is considerable, with 80,000 or
more influenza-associated hospitalizations likely to occur
annually in U.S. adults (1). Populations at highest risk for
complications include children 6–59 months, adults older
than 50 years, persons with underlying chronic conditions,
pregnant women, the morbidly obese, and American Indian
or Alaska natives. The highest fatality rates are found in the
elderly and when influenza A(H3N2) predominates. Influ-
enza B causes a lesser burden of disease by causing fewer
illnesses.

Pandemics occur unpredictably and less frequently,
spread faster and globally, involve more individuals, and
have higher fatality rates than epidemics. Pandemics result
from the sudden appearance of an antigenically distinct and
transmissible new influenza A subtype or strain, which is
poorly recognized, if at all, by preexisting immunity. Six
pandemics have occurred since 1900. The most devastating
was the 1918 “Spanish Flu” pandemic that killed 25–50
million adults worldwide. Its cause was most likely a novel
A(H1N1) originating from birds (2). By contrast, the recent
2009 “Swine Flu” pandemic, also due to an A(H1N1) virus,
was relatively mild, perhaps because many elderly retained
immunologic memory to the viral 1918-like antigens (3).
Panolemic viruses are generated by “antigenic shift,” an
abrupt and dramatic change in viral HA (and to a lesser
extent in other proteins) due to genetic reassortment oc-
curring during co-infections with human influenza A and
avian influenza A (AI) viruses. Pigs often serve as
intermediaries in this process because AI viruses rarely infect
humans directly, but swine can host human influenza and AI
virus infections. Swine may also contribute genetic infor-
mation from their own endemic influenza viruses. Indeed,
the 2009 A(H1N1) “swine flu” pandemic virus was a triple
reassortant containing sequences of human influenza A
(H3N2), AI viruses, and swine influenza A viruses. Swine
occasionally generate influenza A variants that can infect
humans and have pandemic potential as well (4).

Although human infections with AI viruses were once
rare, a 2003 epizootic of a highly pathogenic AI among wild
waterfowl in Asia spilled over to domestic flocks, causing
millions of poultry to die and deaths in humans in contact
with infected birds (5). Birds have now spread this
A(H5N1) AI virus to at least 15 countries in Asia, Africa,
and Europe, resulting in more than 700 mostly sporadic
human fatalities. The A(H5N1) virus is now endemic
among birds in these regions and reports of human cases
have slowed. Another novel AI virus, A(H7N9), emerged in
China in 2013 and so far has caused nearly 300 human
deaths. Other novel AI viruses continue to emerge in Asia
and cause sporadic human fatalities, a situation that remains
closely watched. In late 2014, AI “H5-like” viruses appeared
in North American wild birds and infected domestic flocks.
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These viruses have now been detected in more than 25 U.S.
states, causing mortality and significant financial losses to
poultry production facilities. No human cases are yet re-
corded. Updates on avian influenza can be found at http://
www.cdc.gov/flu/avianflu/index.htm (last accessed 16 May
2016).

RSV and HMPV
RSV is the major cause of bronchiolitis and pneumonia in
young children and other age groups. Infections are exceed-
ingly common, with virtually all children infected by age 2.
Worldwide, RSV causes an estimated 33.8 million LRTI
annually in children younger than age 5. In the U.S., more
than 20,000 children younger than age 5 are hospitalized
annually for these conditions (6). Estimated infection rates
range from 4–10% in high-risk adults with underlying con-
ditions, to nearly 35% among children with preterm birth.
Hospitalizations in children are most frequent in the first 6
weeks–6 months of life, with most children infected by age 3.
Although most children who acquire RSV were previously
healthy, predispositions to severe illness include premature
birth, underlying neuromuscular or cardiopulmonary disor-
ders, or being an Alaska or Native American Indian. HMPV
is likewise an important cause of respiratory illnesses at all
ages. Initial infections occur at a slightly older age (a median
of 22 months for HMPV compared to 1–3 months for RSV),
with most children infected by age 5. The overall burden of
HMPV disease is somewhat less than that of RSV, with 4–
10% of severe acute LRTI in young children associated with
HMPV compared to 23% with RSV. Together, RSV and
HMPV cause more LRTI in young children than other
common respiratory viruses, including influenza (7).

RSV re-infections during childhood are common due to
the impermanence of the initial immune response. First re-
infections are usually symptomatic and can again involve
lower airways. Subsequent re-infections are milder as pro-
tective immunity begins to develop but can continue
throughout life due to waning immunity. In one prospective
study, repeat infections occurred in 7% of adults, with the
highest rates observed in individuals who have frequent
contact with children (8). Morbidity and mortality can be
substantial in the frail elderly. Indeed, RSV has been linked
to over 17,000 U.S. deaths annually in persons over age 65,
resulting in more deaths in this age group than in children
(9). Repeat infections with HMPV are likewise frequent,
occurring in an estimated 1–9% of adults annually. Unlike
RSV, most recurrent HMPV infections after infancy and in
otherwise healthy nonelderly adults are asymptomatic or
mild. As with RSV, however, HMPV re-infections in the
frail elderly can be severe (10).

RSV (and to a lesser extent HMPV) is an important
cause of severe lower airway disease in persons with under-
lying immune system defects, particularly those involving
T-cells so recipients of hematopoietic stem cell transplants
(HSCT) are at highest risk. Mortality higher than 50%, due
mostly to pneumonia, was reported in early studies but is
now lower due mostly to improved management (11). Also
at risk are lung-transplant and cystic fibrosis patients and
children from nonaffluent countries with HIV infection.

In temperate climates, RSV circulates in regular mid-
winter epidemics lasting 4–5 months; in equatorial areas
virus circulation is continuous. Onset weeks and duration of
epidemics vary by year and location. Transmission is highly
efficient, with as many as 50% of babies born the previous
spring and summer infected during an epidemic. Spread is
facilitated by shedding of virus from infants for as long as

4 weeks and from immunocompromised individuals for
months after infection; older children and adults shed only a
few days. Circulating viruses belong to one of two subgroups,
designed A and B, based primarily on antigenic differences
of the G protein. Both subgroups can co-circulate or one
may predominate for several seasons before being replaced.
Local strains also appear in patterns that change with suc-
cessive seasons. Subtypes and strains can differ between
adjacent locales, suggestive of constant virus evolution and
local immunologic pressure. Viruses of subgroup A replicate
to the highest titers in culture and the human respiratory
tract and are more common than subgroup B, perhaps due to
a more transient immunity.

HMPV also circulates in annual epidemics in cool
weather, with peak periods of RSV and HMPV illnesses of-
ten coinciding. HMPV, however, is more likely than RSV to
appear year-round. The amount of HMPV circulating sea-
son-season also varies more than with RSV. HMPV has two
antigenic subgroups, A and B, with the amount of diversity
similar to RSV. The F protein is highly conserved between
the two subgroups and is the primary target of protective
antibodies. The G protein is highly variable and is minimally
conserved between subgroups. Four HMPV lineages (A1,
A2, B1, and B2) are described. Like RSV, circulation is
community-based with several lineages often co-circulating
and varying seasonally. Re-infections can involve homolo-
gous and heterologous lineages.

Parainfluenza Virus
PIVs are the most significant cause of croup (laryngo-
tracheitis) worldwide and second only to RSV (or perhaps
HMPV) as a cause of viral bronchiolitis and pneumonia in
infants and young children. In the U.S. alone, from 6,000 to
almost 30,000 children are hospitalized annually due to PIV-
associated respiratory tract disease (12). Seasonality of the
four PIV types is type-specific and interactive. In temperate
climates, PIV cause large biennial epidemics of croup in
children between 6 months and 6 years of age in the autumn
of odd-numbered years. Up to 250,000 U.S. children may be
affected in such outbreaks, with PIV-1 responsible for half of
the cases and PIV-2 and -3 for a smaller but appreciable
number. Circulation of PIV-3 is more endemic, with
springtime peaks. A second smaller autumn peak of PIV-3
sometimes appears when PIV-1 is not prominent. As many as
20,000 U.S. neonates and young infants acquire symptom-
atic PIV-3 infections annually, and many are hospitalized.
Overall, nearly 14% of all hospitalizations for LRTIs in U.S.
children younger than 5 years are attributable to PIV-1, -2,
or -3. Less is known about PIV- 4. but inital studies suggest
that the virus circulates year round, with biennial peaks in
the autumn and spring of odd numbered years, like PIV-1
(13).

Primary PIV infections occur during infancy or early
childhood, with most individuals infected by age 5. Re-in-
fections are frequent, especially during the first two years of
life, which is the age range for most PIV-associated hospital-
izations. In otherwise healthy adults, PIV re-infections ac-
count for 1–15% of all acute respiratory illnesses. PIVs are
among the four most common viral pathogens in hospitalized
adults but are less frequently associated with exacerbations of
asthma or chronic obstructive pulmonary disease (COPD)
than are rhinoviruses or HCoV. Prospective studies have
documented PIV in 2–14% of elderly residents of nursing
homes, but infections are usually of lesser significance than
with influenza viruses, rhinovirus, or HCoV, although fatal-
ities have been reported.
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PIV infections are reported in 2–7% of patients with
cancer or HSCT, with PIV-3 most often involved. Infections
can be especially severe in pediatric HSCT patients with
mortality rates of 4–75% (14). Asymptomatic shedding is
frequent and may contribute to nosocomial infections (15,
16). Lung transplant recipients may acquire significant PIV
infections as well, resulting in acute graft rejection or
bronchiolitis obliterans. Lower airway involvement is also
reported in subjects with HIV infection or cancer.

Rhinovirus
Rhinoviruses are themost frequent cause of the common cold
in all age groups. Species A and C are responsible for most
infections (17). Rhinovirus infections occur year-round with
increased circulation in spring and fall. During peaks, more
than 20 rhinovirus types can be identified, with complete
changeover in subsequent seasons. Throughout the year,
about half of all colds are due to rhinoviruses, but as many as
80% of all URTI may be rhinovirus-associated during the
fall-spring peaks. Infants, young children, and the elderly are
especially susceptible. Although most rhinovirus-associated
colds are trivial, their sheer number produces more episodes
of illness, greater restriction of activities, and more physician
visits than any other human pathogen. Complications of
URTI include acute otitis media, which develops in as many
as a third of symptomatic or asymptomatic infections in
young children, as well as acute and chronic sinusitis.

Although rhinoviruses are traditionally associated with
URTIs, they can also cause lower airway disease with con-
siderable morbidity, an association that recently became
apparent by molecular methods. Rhinovirus C in particular
is associated with lower respiratory tract disease (18). Rhi-
novirus LRTIs are most frequent in young children and in
persons with chronic respiratory diseases, such as COPD and
cystic fibrosis, and the elderly. High hospitalization rates
occur in preterm infants and children with a history of
wheezing or asthma. In the elderly and young children, the
burden of rhinovirus LRTI may exceed that of influenza
virus. Other rhinovirus-associated manifestations are croup
and bronchiolitis. An influenza-like syndrome is a frequent
reason for hospitalization in children (19). Fatalities due to
rhinoviruses in immune-competent individuals are rare.

Rhinoviruses may be a significant viral trigger of preex-
isting pulmonary conditions, such as asthma in genetically
predisposed individuals, COPD, or cystic fibrosis, and may
worsen symptoms due to other pathogens. Analysis of these
studies, however, is complicated by the high rate of rhino-
virus detection in asymptomatic subjects and frequent co-
infections. Indeed, asymptomatic rhinovirus infections are
identified in 20% or more of healthy individuals, and co-
infections are detected in 8% to more than 50% of symp-
tomatic persons (20). Highly immunocompromised patients,
particularly HSCT recipients, can also acquire serious
rhinovirus infections, particularly if acquired pretran-
splantation (21). Coinfections and prolonged shedding are
frequent in these complex populations, so the contribution of
rhinoviruses to direct pulmonary damage, in predisposing to
secondary bacterial infections, or causing death remains
unclear. Rhinovirus infections in lung transplant patients
can predispose them to graft rejection. Persistent shedding of
rhinovirus RNA is common in patients with primary
hypogammaglobulinemia and other immunodeficiencies
(22). Shedding of rhinovirus in otherwise healthy individu-
als, however, rarely persists beyond one month (23). Fatal-
ities in some immunocompromised patients are documented.

Coronavirus
Collectively, HCoV 229E, OC43, HKU1, and NL63 are the
most frequent cause of URTI, behind rhinovirus. The highest
rates of infection are in young children, although repeat
infections occur throughout life, with as many as half of
all school age children and 80% of adults having sero-
logic evidence of previous infection. About 30% of all
URTIs are due to NL-63 and OC43, with 229E and HKU1
responsible for about 10% (24). HCoV circulation is mark-
edly restricted to winter in temperate climates, with the
prevalence of individual species varying annually. HCoV-
associated LRTIs occur, and can be severe in children
with underlying medical conditions, the elderly, immuno-
compromised hosts, and when OC43 is the cause. Mortality
is uncommon. Establishing the degree of HCoV involve-
ment in LRTI, however, is difficult due to frequent co-
infections with other respiratory viruses and asymptomatic
shedding.

In 2002–2003, an unprecedented pandemic of severe
LRTI known as SARS affected a total of 8,000 individuals in
26 countries, including Canada and the United States (25).
Most cases were in China, where the virus arose, and in
Hong Kong. All infections were in adults but were especially
severe in persons older than 60 years or with underlying
conditions. The fatality rate was 9.6%. The causative agent,
SARS-CoV, probably originated from a bat CoV. Humans
were probably not infected by this virus. Rather, exotic
mammals purchased for consumption in live animal markets
may have been infected first, with subsequent mutations
permitting human infection. Human-human transmission
then spread the virus worldwide, facilitated by lack of expe-
rience with CoV-associated pandemics and high rates of
nosocomial infections. Infection required close contact with
contaminated fomites, droplets, or aerosols from the respira-
tory or gastrointestinal tract, so most cases were in families or
in hospitals. Laboratory-related infections also occurred. In-
tense quarantining and inefficient person-person transmis-
sion aided cessation of the pandemic. It is now apparent that
some Chinese were infected with similar viruses on multiple
occasions before SARS was recognized, suggestive of frequent
species-crossing events. Therefore concerns for re-emergence
continue.

MERS was first identified in 2012 in a patient with severe
LRTI in Saudi Arabia. As of March 2016, more than 1,700
confirmed cases of MERS and more than 600 fatalities have
been reported worldwide (http://www.who.int/emergencies/
mers-cov/en/). Most affected individuals are from the Ara-
bian Peninsula, with some cases appearing in Europe, Africa,
Korea, the Philippines, and the United States. So far, all
infections have been found in recent travelers or are linked
to travelers from the Middle East. Persons with the most
severe involvement have had significant comorbidities
whereas only 10–30% of patients with severe SARS had
underlying conditions (26). The source of the causative
agent, MERS-CoV, is probably an animal reservoir, most
likely dromedary camels, although bats may have been the
original source. Many camels have antibodies to MERS-CoV
in serum and milk and virus in nasal secretions. The exact
mode of animal-human transmission remains uncertain, and
new cases continue to appear. Outbreaks and small clusters of
human-human transmission, mostly in health care settings,
have also occurred. Asymptomatic shedding and unrecog-
nized URTIs may have contributed to the magnitude of these
outbreaks. Spread likely occurs via large droplets and con-
tact. Transmission has occurred in communities but so far
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has not been sustained. Unlike SARS, all age groups are
affected by MERS. Like SARS, most MERS fatalities are in
the elderly.

Adenovirus
Adenoviral respiratory infections are common. From 2–5%
of all acute respiratory viral infections and as many as 18% of
such infections in children are caused by adenoviruses. In-
fections begin in childhood once maternal antibodies wane;
by late childhood, almost all individuals have been infected
with one or more types. Many infections are subclinical.
Adenoviruses of species B, C, and E cause respiratory disease,
most types 1, 2, 5, and 6 are primarily endemic and types 4,
7, 14, and 21 are responsible for small epidemics, mostly in
winter-spring. Spread is facilitated by the stability of the
particles and persistent shedding from the gastrointestinal
tract and tonsils. Outbreaks are frequent within families and
closed settings.

Adenovirus types 4 and 7, and to a lesser extent type 21,
have caused epidemics of acute respiratory distress syndrome
(ARDS) among new military recruits. As many as 80% of
trainees can be affected, with many hospitalizations and
some fatalities. Stress, fatigue, crowing, and lack of immunity
are contributing factors to these adenovirus types in young
adults. In 2006–2007 a new strain of adenovirus type 14
(14a) emerged and caused severe respiratory disease and
some fatalities in several U.S. military camps. The strain
then spread to the general population, causing serious in-
fections and deaths among civilians, with and without co-
morbidities, throughout the United States (27).

CLINICAL SIGNIFICANCE
Respiratory viruses are commonly associated with the clin-
ical syndromes of first description, such as rhinoviruses with
the common cold, parainfluenza viruses with croup, and
RSV with bronchiolitis. Each virus, however, can cause
disease along the pulmonary tract, depending on viral and
host characteristics, as well as environmental contributors
such as air pollution. The relative involvement of each virus
in clinical entities is summarized in Table 1.

Influenza Virus
The classic “influenza” syndrome consists of a triad of abrupt
fever that peaks early, respiratory symptoms, such as a non-
productive cough, sore throat, conjunctivitis, rhinitis, and
systemic symptoms, including malaise, myalgia, and head-
ache. Influenza in the elderly can present solely as confusion

or listlessness. Infections are acquired by inhaling large
droplets or perhaps small particle aerosols, or by auto-
inoculation. The incubation period is 1–4 days. Shedding is
detectable before symptoms develop; peaks in 2–3 days when
symptoms are maximal, and ends 6–8 days later. In un-
complicated cases, symptoms resolve about a week after
onset, but cough and malaise can linger for weeks. The
clinical picture, morbidity, and mortality are similar in ill-
nesses caused by influenza A and B (28).

Influenza in children can be a more significant illness
than in adults and difficult to distinguish from other respi-
ratory virus infections. Presentation can include a sepsis-like
illness with high fevers and febrile seizures, fever with few
respiratory symptoms, URTI, croup, otitis media, an asthma
exacerbation, or an influenza-like syndrome. Gastroenteritis
is found more frequently in children and with influenza B
(29). Children also shed influenza viruses longer and at
higher titer than adults. Influenza C affects mostly children
in whom it causes mostly sporadic mild URTI, although
some LRTI are reported.

Serious complications are most frequent in the elderly,
children younger than 2 years, and other high-risk popula-
tions. Complications include viral pneumonia, which can
rapidly progress to death, and secondary bacterial pneumonia,
which can also be fatal. Extra-pulmonary manifestations are
rare but can be significant. Central nervous system involve-
ment ranges from influenza encephalopathy, postinfluenza
encephalitis, acute disseminated encephalomyelitis, Guillain-
Barré syndrome, transverse myelitis, to Reye’s syndrome
(associated with aspirin use). Encephalopathy is more fre-
quent in children of Japanese descent and with influenza A.
Myositis, and myocarditis can complicate influenza B infec-
tions in children (30). Influenza during the 2009 pandemic
affected slightly younger age groups. Gastrointestinal symp-
toms were common in all ages. Complications included viral
pneumonitis accompanied by shock and renal failure (31).
New groups at high risk of complications were the morbidly
obese and pregnant women.

Human infections with AI virus usually present as LRTI
due to preferential replication of these viruses in lower air-
ways. Viral loads are usually low in the nasopharynx (NP),
which may be why person-person transmission is rare. Gas-
trointestinal symptoms are frequent, and acute encephalitis
can occur. Infections with A(H7N9) tend to exacerbate
underlying medical conditions and are frequently compli-
cated by secondary bacterial pneumonia (32). In most AL
virus infections, virus shedding is prolonged and high levels
of cytokines are released, with the highest levels and viral
loads in fatalities. Death occurs in more than half of cases in

TABLE 1 Relative importance of major respiratory viruses in upper and lower respiratory tract disease

Importance ina:

Virus Common cold
Influenza or

Flu-like Illness Croup Bronchiolitis Pneumonia

Influenza +++ ++++ + + ++++
RSV +++ + ++ ++++ ++++
HMPV ++ + + ++++ ++++
Parainfluenza +++ + ++++ +++ ++++
Rhinovirus ++++ ++ + – +++
HCoV +++ + + + +
Adenovirus +++ ++ + – ++++

a+ to ++++, minimal to major importance;—, no, or negligible, importance.
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2 weeks or less due to progressive viral pneumonia or ARDS
related to unrestrained virus replication, host inflammatory
responses, and slow development of specific immunity.

RSV and HMPV
Most RSV (and probably HMPV) infections are acquired by
contact with contaminated secretions in droplets or on fo-
mites. Transmission is highly efficient, facilitated by survival
of virus on surfaces for as long as 6 hours and by shedding
from infants for 4 weeks or longer from immunocompro-
mised hosts. The median incubation period is 4–8 days.
Acute infections in most healthy term infants manifest as a
classic URTI, with symptoms of cough, sneezing, and rhi-
norrhea. Other indicators are lethargy, irritability, and poor
feeding. Fever may be absent. Few initial infections are
asymptomatic, except in very young infants who are pro-
tected by maternal antibodies. RSV is significant risk factor
for otitis media without bacterial pathogens (33).

Spread to lower airways occurs in 25–40% of RSV and
5–15% of HMPV infections in children. Many cases require
hospitalization. Major manifestations are bronchiolitis,
pneumonia, and sometimes croup. Significant wheezing,
cough, coryza, intermittent fever, and apneic spells can de-
velop, requiring intensive care or mechanical ventilation in
some cases. Atelectasis is reported with some infections.
Most patients improve with supportive care and recover in
8–15 days. Some prematurely born infants with RSV LRTI
can have residual lung dysfunction. Another 10–50% can
have recurrent wheezing or asthma episodes, which can
persist for years and are triggered by re-infection. Whether
these viruses cause reactive airway disease, or whether in-
fection reveals preexisting host abnormalities remains un-
clear. The pathogenesis of LRTI in infants is also unclear.
Concurrent invasive bacterial co-infections are infrequent
unless patients are immunocompromised or intubated. Viral
factors may be important, with RSV nonstructural proteins
NS1 and NS2 and glycoprotein G impeding both innate and
adaptive immune responses. It was once believed that viral
replication triggers an inappropriately excessive immune
response, but during natural RSV infection in infants, cy-
totoxic T cells in the airways correlate with recovery rather
than with disease (34). Additional evidence now favors an
inadequate adaptive immune response and immunosup-
pressive effect of maternal antibodies, followed by rapid and
profound viral replication leading to massive apoptotic
sloughing of respiratory cells and airway obstruction (35).
Extrapulmonary manifestations may develop with RSV in-
fection, but whether they represent direct or indirect effects
of virus remains unclear. Gastrointestinal symptoms and
encephalitis have been reported, with viral RNA (and, less
frequently, infectious virus) detectable in blood, CSF, or
tissue other than lung in severe or fatal cases.

In response to infection, only half of infected infants
produce specific IgM, IgG, and IgA in respiratory secretions.
Titers and avidity are also low, perhaps due to protection by
maternal antibodies and immunologic immaturity. Anti-
bodies also wane rapidly and may disappear completely by
age 1, especially if infection occurred in early infancy.
Durable protective responses begin to develop after re-
infection. Cell-mediated immunity is also important for re-
covery, as demonstrated by the severe consequences of RSV
and HMPV infection in immunocompromised patients.

Repeat infections with RSV in normal adults tend to be
symptomatic and associated with rhinorrhea, pharyngitis,
cough, and bronchitis. Recovery is prolonged in many cases
and prompts many adults to seek medical attention, but fa-

talities are rare. Most HMPV infections in working-age
adults are asymptomatic, although clinically apparent illness
resembles RSV. In frail elderly and immunocompromised
individuals as many as 50% of RSV or HMPV URTI in-
fections can progress to the lower airways, requiring hospi-
talization due to pneumonia or exacerbation of underlying
medical conditions. Viral pneumonia in HSCT recipients
can also be severe or fatal. Persistent viral shedding by im-
munocompromised patients can prolong symptoms and lead
to progressive pulmonary damage.

Parainfluenza Virus
PIV infections are acquired, like other respiratory virus in-
fections, by inoculation of mucous membranes of the respi-
ratory tract with virus-laden secretions from fomites or large
droplet aerosols. After an incubation period of 2–6 days,
replication is detected in the NP, and symptoms appear.
Shedding continues for 3–10 days but can be longer, espe-
cially in immunocompromised patients, or persons with
chronic respiratory disease. Survival of virus on fingers is
brief but can last as long as 10 hours on surfaces. This har-
diness, a low infectious dose, and prolonged shedding con-
tribute to efficient transmission to susceptible individuals
and frequent nosocomial spread.

URTIs are the most common clinical manifestation. In
young subjects, PIVranks as the third or fourthmost common
cause of URTIs when molecular tests are used. Most of these
illnesses are mild and self-limited, although otitis media can
complicate as many as a third of cases in infants and young
children. Common clinical features include rhinitis, bron-
chitis, pharyngitis, cough, and fever. Re-infections in children
and adults usually manifest as mild URTIs that cannot be
distinguished from other respiratory virus infections.

Approximately 15% of these illnesses spread to the lower
airways. Persistent fever and productive cough usually signal
this involvement. The signature manifestation is croup in
children, with a barking cough that identifies airway ob-
struction. Most cases are due to PIV-1, with lesser involve-
ment of PIV-2 or -3. Progressive obstruction, requiring
supportive care, can develop, but most cases can be managed
without hospitalization. PIV-3 infections are the most se-
vere, appearing during the first year of life or soon thereafter,
and are responsible for most fatalities (36). Bronchiolitis and
pneumonia, with wheezing, tachypnea, retractions, and cy-
anosis, are frequent clinical presentations. Less is known
about the clinical presentation of PIV-4, but one recent U.S.
study identified more PIV-4 than PIV-2 or PIV-3 in hos-
pitalized children. Most PIV-4 associated illnesses resem-
bled those induced by PIV-3, and no child had croup (13).
PIV infections are usually self-limited, but poor outcomes
can occur in infants and children, individuals with under-
lying medical problems, or HSCT patients (14). Spread
beyond the respiratory tract is rare, but PIV-associated par-
otitis, aseptic meningitis, and encephalitis have been re-
ported. Fatal infections involving gastrointestinal and
urinary tract tissues have occurred in children with con-
genital immunodeficiencies.

Rhinovirus
Rhinovirus URTIs usually begin by autoinoculation of virus
into the nose or eyes. Aerosol transmission may occur with
prolonged contact. Psychological stress may increase the
occurrence of symptomatic infections. The incubation period
is approximately 2–3 days. Symptoms typically peak 2–4 days
after onset and resolve in 10–14 days. Illness begins with a
profuse watery nasal discharge, which may become
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mucopurulent and viscous. Other symptoms can include
malaise, nasal congestion, sneezing, mild headache, phar-
yngitis, and cough. Fever is infrequent. Peak viral shedding
from the nose occurs at 2–3 days after symptoms develop.
Shedding usually ceases by 7–10 days, but infectious virus
can be recovered for as long as 3 weeks in some individuals.
Viral RNA is shed for about a month, except in immuno-
compromised patients, who can shed for prolonged periods
(21, 23, 37). Re-infections are more common than pro-
longed infections, however, and contribute to the appear-
ance of persistent shedding (38). Replication occurs in the
cytoplasm of mucosal cells of the nose, sinuses, and eusta-
chian tubes with surprisingly little tissue damage. Symptoms
largely derive from induction of inflammatory mediators.

Symptoms of rhinovirus LRTI can range from an
influenza-like syndrome to bronchiolitis and pneumonia
(39). Clinical characteristics do not distinguish rhinovirus-
associated LRTI from those caused by other common res-
piratory viruses, but are often preceeded by asthma or
wheezing episodes. Rhinovirus LRTI, like those due to other
respiratory viruses, may predispose immunocompromised
patients to bacterial super-infections (40). In patients with
chronic asthma, COPD, or cystic fibrosis, illnesses that begin
as a URTI can progress to exacerbations accompanied by
severe cough, wheezing, and sometimes hypoxia. Fatalities
are rare but reported. Viremia has been detected in severe
cases (41). Virus can also be identified in the feces of chil-
dren with respiratory illness (42).

Type-specific immunity consists of IgG neutralizing an-
tibodies in serum and a local IgA response, which is probably
most important for long-lasting immunity. Interferon and
other innate responses may also contribute to recovery be-
cause individuals who have one rhinovirus infection rarely
get another within the following month. Type-specific se-
rologic responses are mounted even by infants and persist for
years, with the number of individual responses increasing
throughout life. This pattern suggests that repeat infec-
tions are related in large part to the number of viral types
encountered.

Coronavirus
The most frequent clinical manifestation in otherwise
healthy individuals is a self-limited cold. Infections are ac-
quired through inhalation of large droplets or by auto-
inoculation of mucous membranes. The incubation period is
2–5 days. Symptoms last about a week (range 3–18 days).
Typical clinical features are coryza, rhinorrhea and nasal
congestion, sore throat, and pharyngeal edema. Fever can be
absent. Croup is a frequent manifestation of NL63 in chil-
dren younger than 3 years. Otitis media complicates as many
as half of the infections in young children. Underlying res-
piratory disorders can be exacerbated, although exacerbation
seems to be more of an issue with rhinoviruses. Virus shed-
ding can persist 3 weeks or longer after onset, and asymp-
tomatic infections are frequent. Species-specific antibody
appears but lasts for a mean of 4 months, and there is no
heterotypic antibody response. These factors probably con-
tribute to a high re-infection rate.

In some studies, as many as a third of young children
hospitalizedwith LRTI have evidence ofHCoVinfection, but
causal roles are difficult to establish due to frequent asymp-
tomatic shedding in asymptomatic controls (43, 44). Symp-
toms are usually not as severe as RSV. Clinical manifestations
are bronchitis, bronchiolitis, and pneumonia and occur most
often in young children, the elderly, and persons with im-
munodeficiencies. LRTI involving OC43 may be more se-

vere than with other HCoV. Fatalities are rare but have been
reported in the very young, the very old, and in high-risk
groups. Co-infections with other respiratory viruses are fre-
quent. Disease may extend beyond the respiratory tract, with
enteritis, hepatitis, and neurologic manifestations noted in
some studies. Involvement in multiple sclerosis and Kawasaki
disease were once proposed but are now discounted.

SARS usually presents as a LRTI without preceding up-
per respiratory tract symptoms (25). Onset is 4–7 days after
exposure and begins with signs of systemic involvement,
such as fever, myalgia, malaise, and headache. A nonpro-
ductive cough or dyspnea follows. Pneumonia appears in 7–
10 days and progresses to severe acute respiratory distress in
20–30% of patients. Diarrhea develops in as many as 70% of
individuals. Fatal cases have virus in multiple organs, in-
cluding lung, bowel, liver, kidney, and brain. The highest
upper airway viral loads appear late in the course of infection
when patients are in intensive care, so many nosocomial
infections occur. Most survivors fully recover. Sero-
conversion is demonstrable 2–3 weeks after onset of illness,
with IgM and IgG appearing together. The IgG response,
however, is not always sufficient for recovery and does not
appear to be durable.

The clinical spectrum of MERS is more variable than that
of SARS, ranging from asymptomatic infection or a URTI to
full-blown ARDS with septic shock, and multi-organ failure
(26). Case fatality rates are currently 35%. Mean incubation
period for cases transmitted among humans is 5 days. Pro-
gression is more rapid than with SARS. Extrapulmonary
manifestations involve the gastrointestinal tract, kidney, and
liver; hypotension and septic shock can also occur. Co-in-
fection with other respiratory viruses and bacteria are re-
ported. Viral loads in the upper airway are higher than with
SARS, but highest in lower airway specimens. Virus can also
be detected in blood, urine, and stool. In some cases, diar-
rhea precedes respiratory symptoms. Shedding after recovery
can be prolonged. The immune response resembles that in
SARS. Secondary cases tend to be milder.

Adenovirus
Acute infections are acquired by contact with contaminated
respiratory secretions, stool, or fomites or inhalation of
aerosols. Initial sites of infection are usually the conjuncti-
vae, oropharynx, or gut. The incubation period is 5–6 days.
Following a brief viremia, virus spreads to regional lymphoid
tissue where it can persist for weeks to months after recovery,
especially in children. URTI manifest as colds, exudative
tonsillitis, pharyngitis, pharyngoconjunctival fever, and oc-
casionally croup. Discrete flecks of exudate on tonsils are
often observed. Systemic symptoms include fever, headache,
and malaise. Bacterial otitis media often complicates upper
airway illnesses in young children. Follicular conjunctivitis
(or “pink eye”) accompanies many adenoviral URTI but can
be the sole presentation. Severe adenoviral ocular infection
can also be acquired by swimming in contaminated water or
by contact with contaminated ophthalmologic instruments.

Adenoviral LRTI can be severe, prolonged, and associated
with significant sequelae, such as bronchiectasis or bron-
chiolitis obliterans or bacterial super-infection. Fatalities in
newborns and young children are not uncommon. Manifes-
tations include tracheobronchitis, bronchiolitis, ARDS, and
an influenza-like illness. Previous associations with pertussis-
like symptoms and Kawasaki disease were most likely due to
coincidental detection of persistent virus. Radiographic
findings sometimes mimic a bacterial process. Adenoviral
LRTI can be especially severe in solid-organ transplant
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(SOT) or HSCT recipients (45). Sources are latent or re-
activated virus or new exposures. Pneumonia can be an
isolated finding or can accompany disseminated adenoviral
disease. Mortalities of 18–52% in HSCT patients and as
high as 35% in SOT recipients are described, with the
highest rates in children. Acute infections in lung transplant
patients can be severe and can induce bronchiolitis ob-
literans. Co-infections with other respiratory viruses are
frequent in immunocompromised patients but can also occur
in other populations.

After recovery, virus can be shed for 3–6 weeks in the
throat and as long as 18 months in the stool of otherwise
healthy children; shedding can occur for more than a year in
some immunocompromised individuals. Virus can also be
detected in about 5% of respiratory tract specimens from
asymptomatic subjects by molecular methods (20). Genus-
and type-specific IgG antibodies appear 7–10 days after onset
in older children and adults; neutralizing antibodies may last
a decade or more. The IgG response in young children can
be delayed and is often directed only at the infecting virus
type. A rise in titer to heterologous viruses within a species
occurs in about 25% of adults. Virus-specific IgM appears in
only 20–50% of cases and may reappear upon re-infection.

TREATMENT AND PREVENTION
Influenza Virus
Influenza is the only respiratory viral illness for which there
are effective treatments and vaccines. Three neuraminidase
inhibitors are licensed and approved for treatment and
chemoprophylaxis of influenza A and B: orally administered
oseltamivir (Tamiflu); zanamivir (Relenza) which is inhaled;
and peramivir (Rapivab), which is given intravenously.
Treatment, if initiated within 48 hours of symptom onset,
may shorten duration of fever and other symptoms by about
a day. It can be considered for otherwise healthy persons
with recent onset of illness and is recommended for high-risk
patients with confirmed or suspected influenza or in severe,
complex, or progressive illness. Treatment should be initi-
ated as soon as possible and not await laboratory confirma-
tion of virus; treatment of hospitalized patients 4–5 days (or
longer) after illness onset may improve outcomes. Side ef-
fects include nausea, vomiting, renal syndrome, headache,
and occasional psychiatric syndromes. Infections with AI
viruses may respond, even when treatment is implemented
late in disease. Resistance is currently negligible, but a few
2009 A(H1N1) viruses have acquired resistance due mostly
to a H275Y mutation in the NA gene. Resistance develops
most often in immunocompromised patients, who can be a
reservoir of resistant virus for others. Amantadine and ri-
mantadine, antiviral medications that block viral uncoating,
are still approved but are no longer recommended for
treatment of typical influenza A virus infections because
currently circulating influenza A viruses are resistant.
However, the adamantanes may still have benefit to treat
novel or neuraminidase inhibitor-resistant strains.

Vaccination is the most effective management strategy.
Current influenza vaccines are given annually due to viral
antigenic drift and the transient nature of vaccine-induced
immunity. Vaccination is recommended for persons older
than 6 months, lacking specific contraindications, individ-
uals with risk factors for complications, and pregnant women
for their protection and to “cocoon” their infants with
maternal antibodies until the infants are eligible for vacci-
nation. Close contacts of high-risk individuals should also be

immunized to protect themselves and their patients. Indeed,
annual influenza vaccination of U.S. health care workers is
mandated by many facilities as a condition of employment.

Influenza vaccines are prepared using strains deemed
most likely to circulate during the subsequent season. Vac-
cine preparation and distribution are lengthy processes, so
mismatch can occur if antigenic drift happens late in the
season. Effectiveness is usually 40–60% in healthy adults but
can be lower when A(H3N2) predominates and in the el-
derly, who have difficulty mounting protective antibody
responses. Four types of vaccine are currently approved: in-
activated influenza vaccines (IIV); live inactivated influenza
vaccines (LAIV); cell-culture inactivated influenza vaccines
(ccIIV); and recombinant influenza vaccines (RIV). IIV is
administered by injection and induces systemic immunity.
LAIV is attenuated and is administered by nasal spray, so the
live viruses can replicate in the lower temperature of the
nasal passages and induce local immunity. Shedding of LAIV
is detectable by culture, immunoassay (IA), or nucleic acid
amplification techniques (NAAT) for about a week after
administration, so recent immunization should be consid-
ered when interpreting positive influenza test results. For
persons with severe allergy to eggs, ccIIV and RIV are made
in canine and insect cell cultures, respectively. Both are
delivered by injection and induce systemic immunity. They
can be made more quickly than egg-derived vaccines, which
could prove useful in a pandemic. Candidate vaccine viruses
(CVVs) have also been prepared against A(H5N1) and A
(H7N9) in case the vaccines are needed.

Current influenza vaccines are either trivalent or quad-
rivalent. Trivalent vaccines contain the selected strains of
influenza A(H3N2) and A(H1N1) plus a single clade of
influenza B. Quadrivalent vaccines contain both influenza A
subtypes plus both clades of influenza B virus. Vaccine no-
menclature denotes the vaccine type with a subscript nu-
meral denoting valency, as in LAIV4, a quadrivalent live
virus vaccine. A high-dose IIV for persons 65 years or older is
available and effective in this age group. Two doses of vac-
cine are needed for children 6 months to 8 years to achieve
adequate immune responses. Protective responses usually
appear about 2 weeks after vaccination of healthy individ-
uals. For more information, see http://www.cdc.gov/flu/
professionals/index.htm.

RSV and HMPV
Treatment of most RSV and HMPV infections is currently
supportive. Corticosteroids or bronchodilators are generally
ineffective. The synthetic nucleoside ribavirin has antiviral
activity against both RSV and HMPV in vitro. Aerosolized
ribavirin was once used to treat severe RSV-associated LRTI
in pediatric patients, but routine use is no longer recom-
mended due to concerns about efficacy, high cost, terato-
genicity, and difficulties with drug delivery. Ribavirin does
have modest therapeutic benefit, so it is sometimes used in
aerosol or intravenous form in severe cases. Ribavirin also
inhibits HMPV in vitro, and there are anecdotal reports of
clinical benefit. GS-5806, a new antiviral that interferes
with virus-cell fusion, reduces RSV viral loads and severity
of disease in experimentally infected adult subjects. Phase 2
clinical trials are under way to assess safety and efficacy (46).
Other compounds under investigation to treat or prevent
RSV or HMPV LRTI include small interfering (si) RNA
molecules to reduce viral RNA replication and novel nu-
cleoside analogues.

Efforts to prevent infection involve active and passive
immunization. To date, no approved RSV vaccine is
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available because of significant hurdles that include a re-
quirement for efficacy in young infants in the presence of
maternal antibody and a poor immune response of infants to
initial infection. One experimental, formalin-inactivated
vaccine actually enhanced disease in young children after
natural infection, resulting in hospitalization and deaths of
some recipients. Progress toward a safe and effective RSV
vaccine has been aided by improved understanding of viral
pathogenesis, the immune response to RSV, and the crystal
structure of the F-protein, which is the major component of
many proposed vaccines. Vaccines currently in development
or advancing to early clinical trials now include live atten-
uated, live chimeric, replication defective, and nucleic acid-
based preparations (47). Similar approaches are under in-
vestigation for HMPV.

By contrast, passive immunization with a humanized
mouse monoclonal antibody known as palivizumab or Syn-
agis (Medimmune), to prevent RSV LRTI in high-risk in-
fants and young children, is approved and effective at
reducing RSV severity in infants and young children with
chronic lung disease of prematurity, preterm birth, or con-
genital heart disease. Palivizumab can prevent 40–80% of
RSV-associated hospitalizations in these high-risk children,
although its economic benefits are not firmly established
(48). It has no efficacy as a therapeutic agent against severe
RSV or HMPV disease. A second generation palivizumab
antibody (motavizumab), with enhanced RSV F protein
binding, significantly reduced hospital admissions and seri-
ous adverse events, compared with placebo, when given as
prophylaxis, but like palivizumab, it has little benefit for
treating severe disease. Resistance to palivizumab develops
rarely, with only a single report to date of a palivizumab-
resistant RSV mutant isolated from an infant. Similar
monoclonal antibodies specific for the HMPV F-protein and
MEP8, a monoclonal antibody that can neutralize RSV and
HMPV viruses, are under investigation, but clinical trials in
humans are not yet reported.

Parainfluenza Virus
No proven antiviral treatment for PIV infections is avail-
able. Ribavirin has activity against the virus in vitro and in
animal models but is of uncertain benefit in humans. Reports
of use are mostly limited to treatment of HSCT or lung
transplant recipients in anecdotal reports or small case series.
Other promising treatments include neuraminidase inhibi-
tors, activators of interferon, polyoxometalates, small inter-
fering RNAs, and the promising attachment inhibitor, DAS
181 (49). Dexamethasone and corticosteroids are estab-
lished treatment for symptomatic relief of severe croup, but
corticosteriod use in PIV-infected HSCT patients is associ-
ated with the development of viral pneumonia.

Currently no PIV vaccines are licensed. Most efforts have
been directed toward developing a vaccine for PIV-3, al-
though vaccines against PIV-1 and formulations effective
against all types are under consideration. Development has
been slowed by tactical questions of whether a stand-alone
vaccine is indicated, whether the effort should be directed
toward a combined PIV-3/RSV vaccine, or if vaccination
against PIV should await proof of principle that an RSV
vaccine will work. Current efforts are focused on intranasally
administered vaccines using the classical technique of
cold-passage, host-range attenuation, or reverse genetics
to introduce specific attenuatingmutations. The PIV vaccines
with the most accumulated data include cp45, a live-attenu-
ated, cold-passaged PIV-3 vaccine, and rHPIV3cp45, and a
cDNA-derived recombinant version of cp45. Trials are also

under way or planned with a chimeric vaccine of PIV-3 HN
and F genes inserted into a bovine PIV-3, PIV-3 HN genes
inserted into amurine PIV-1 (Sendai virus), a combinedRSV/
PIV vaccine, and a PIV-1 vaccine.

Rhinovirus
Antiviral therapy or vaccination for rhinovirus infections
would have widespread application, but no therapies or
vaccines are currently approved. Many promising antiviral
compounds have been evaluated, including substances
blocking virus attachment, uncoating, RNA replication, and
protein synthesis. Medications interfering with cellular sus-
ceptibility and immunomodulators have also been assessed.
Many putative antivirals show activity in the laboratory, but
issues of drug delivery often reduce their clinical benefit.
Among the compounds that have been studied are soluble
ICAM-1, inhibitors of ICAM-1 upregulation, interferon
alpha-2, intranasal imiquimod, intranasal ipratropium bro-
mide, and pyrrolidine dithiocarbamate. One especially
promising substance was pleconaril, which binds to a pocket
in the VP1 protein and blocks uncoating of most picorna-
virus serotypes. It was not approved for use in humans due to
interference of the compound with the efficacy of oral
contraceptives. In volunteer trials, a viral protease inhibitor,
rupintrivir, was effective but caused nasal irritation. Va-
pendavir inhibits the release of viral RNA into target cells.
A phase 2 clinical trial to assess safety and efficacy of va-
pendavir in asthmatic adults with rhinovirus infection is
currently under way. Alternative substances, such as Echi-
nacea, have been evaluated, but most trials have been in-
conclusive or contradictory. Oral zinc sulfate may have some
benefit for prevention and treatment of rhinovirus infections
in children. Limited progress has been made in the devel-
opment of an effective cross-serotype HRV vaccine due at
least in part to the substantial antigenic heterogeneity ob-
served in HRVs (50). Prevention of infection and symp-
tomatic relief are the most effective interventions.

Coronavirus
Currently there are no specific antiviral medications or
vaccines for the common HCoV, so treatment is supportive.
Many attempts were made to treat SARS during the pan-
demic, but few large studies were conducted, and none was
controlled. Compounds tested included ribavirin, cortico-
steroids, lopinavir/ritonavir, interferon, intravenous gamma
globulin, convalescent plasma, and traditional Chinese
medications. Some were active against SARS-CoV in vitro,
but none was beneficial in vivo. More promising candidates
developed recently include monoclonal antibodies and
other compounds to prevent virus attachment, SARS-CoV
specific protease inhibitors, and small interfering RNAs.
Several vaccines have now been prepared and tested for
efficacy in animal models. Neutralizing antibodies against
SARS-CoV have been stockpiled to provide passive im-
munity should the virus resurface.

Treatment for MERS remains intensively supportive, al-
though various interferon regimes, with or without ribavirin
or mycophenolate, have been tried ad hoc. Antiviral com-
pounds coming under more systematic investigation include
GS5734, which was developed against Ebola and is now in
clinical trials, as well as BCX4430, a potential treatment for
filioviruses (51). Convalescent plasma and several new
monoclonal antibodies are available for prophylaxis in
health care settings and may be useful for treatment as well.
Vaccines that induce neutralizing antibody responses to the
S protein in humans, as well as a novel vaccine to immunize
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camels, have been developed (52). Initial assessment of
treatments and prevention has been hampered by lack of
small animal models that mimic MERS, but novel tech-
nology to generate “partially humanized mice” may aid this
effort and interventions for other emerging infections (53).
The most effective means to prevent SARS and MERS,
however, may be surveillance for the early identification of
cases and the rapid implementation of infection control.

Adenovirus
No treatment is currently approved for respiratory adeno-
virus infections. Investigational approaches include phar-
macotherapy, biologic agents, and adoptive immunotherapy.
Promising antiviral medications for severe respiratory illness
in immunocompromised or immune normal individuals are
the nucleoside analogues cidofovir and its lipid-linked and
less-toxic derivative, brincidofovir (CMX001) (54, 55).
Ganciclovir and ribavirin have been less effective but may
be useful as adjuncts. A promising approach is silencing of
adenoviral receptor and protein-gene expression by small
interfering RNA molecules given alone or in combination
with soluble receptor traps to inhibit virus attachment.
Adoptive immunotherapy, using related or unrelated donor
or recipient T cells sensitized to adenoviral structural pro-
teins, is in clinical trials (56). Currently, no medications are
approved to treat adenoviral ocular disease.

A live virus, enteric-coated, oral vaccine against adeno-
virus types 4 and 7 was given to U.S. military recruits in
1971–1996 and was effective in preventing epidemics of
ARDS. When the vaccine program lapsed, outbreaks pre-
dictably resumed. A similar vaccine was redeveloped and
introduced to troops in 2011; results are encouraging so far
(57). No vaccine for civilians is planned.

DIAGNOSIS
Diagnosis of common respiratory virus infections can bemade
by culture, detection of viral antigens by immunoassays (IA),
such as direct immunofluorescence (DIF) also referred to as
direct fluorescence antibody tests (DFA), enzyme linked
immunosorbent assay (ELISA), or immunochromatography,
or identification of viral RNA or DNA by NAAT. Serology
plays a minor role because other methods are more rapid and
accurate. It can be useful if other specimens are not available
and to detect immune response to novel viruses.

Influenza Virus
Swabs, aspirates, or washes of the NP are suitable for influ-
enza virus detection by most methods; nasal and oropha-
ryngeal swabs will yield virus in some methods but especially
by NAAT (58). Lower respiratory tract specimens, such as
tracheal aspirates, bronchoalveolar lavage (BAL), or lung
tissue, are usually necessary for diagnosis in adults or im-
munocompromised patients. CSF rarely yields virus, but
stool can be positive, particularly in 2009 A(H1N) infec-
tions (29). Influenza virus can be detected in blood by
NAATwhen disease is severe (59). Blood and feces are often
positive in AI virus infections (5).

Influenza viruses can be identified by culture, IA, or
molecular methods. Culture is typically performed on pri-
mary monkey kidney cells or the Madin Darby kidney
(MDCK) cell line, but Mv1LU, LLC MK2, BGMK, or hu-
man A549 cell lines or lung fibroblasts are suitable. CPE
usually develops in 4–5 days but can take 2 weeks. Occult
replication can be revealed by hemadsorption of guinea pig
(influenza A, B) or chicken (influenza C) red blood cells to

infected monolayers. Isolates are usually confirmed and
typed by immunofluorescence testing (IF) of infected cells.
Sensitivity varies season-season but is less sensitive than
NAAT. Hemagglutination inhibition with specific antisera
can identify virus strains, although molecular analysis of HA
or NA genes is increasingly used. Centrifugation-enhanced
shell vial culture followed by IF (SVCC) on A549, monkey,
or mixed cells (R-Mix, Quidel) can detect influenza viruses
in 1–3 days with 50–94% sensitivity compared to culture in
tubes (60, 61).

Two IA formats are available, (DIF), and rapid influenza
diagnostic tests known as RIDT. DIF is performed on exfo-
liated NP cells using individual or pooled fluorophore-
labeled monoclonal antibodies. Kits approved in the United
States by the Food and Drug Administration (FDA) to de-
tect influenza and other respiratory viruses by DIF include
the D3 Ultra Respiratory Virus Screening and ID Kit (Di-
agnostic Hybrids), Bartel’s Viral Respiratory Screening and
Identification Kit (Intracel), and PathoDx Respiratory Virus
Panel (ThermoFisher). Sensitivity of DIF for influenza virus
was considered adequate relative to culture until molecular
methods became widely available for comparison. Sub-
sequently antigen detection methods were found to be of
highly variable sensitivity, particularly for the 2009 A
(H1N1) virus (62). Detection of AI viruses was poor by IA
and culture (63).

RIDTare widely used by many laboratories and physician
offices to obtain results in fewer than 30 minutes. The 10 or
more RIDTcurrently approved in the U.S. are listed at http://
www.cdc.gov/flu/professionals/diagnosis/rapidlab.htm. Most
detect viral antigens by immunochromatography on paper
strips and are read visually. Sensitivities are only 50–70% for
the 2009 virus (H1N1), slightly better for seasonal strains of
influenza A, and vary in their ability to detect influenza B
and AI viruses relative to NAAT. A high false positive rate
was also observed with one kit (64). Two new lateral flow
RIDT, the Sofia Influenza A and B Fluorescent Immunoassay
(Quidel) and the Veritor System for Flu A+B (BD Diag-
nostics), have been developed for better accuracy and to
provide traceable results by instrument-based digital scans of
their test strips. Accuracy is somewhat improved, but as-
sessments have been performed mostly in children and adults
and not the elderly, who have the highest rates of influenza
morbidity and mortality and low viral loads (65).

Detection of viral RNA can be accomplished with sen-
sitivity exceeding 95% and high specificity by NAAT. To
date, numerous such assays are FDA-approved and are listed
at http://www.cdc.gov/flu/professionals/diagnosis/molecular-
assays.htm. Most require an NP specimen, and all distinguish
type A from type B. Some also identify influenza A subtypes,
which could be helpful if antiviral resistance develops in a
subtype. At least one assay specifically detects A(H5N1).
Co-detection of influenza A and B and RSV is provided by
Xpert Flu/RSV (Cepheid), Simplexa Flu A/B & RSV Direct
Kit (Focus Diagnostics), and Prodesse ProFlu+ (Hologic/
GenProbe). Highly multiplexed panels approved in the
United States to detect influenza A and B and other respi-
ratory viruses include Film Array Respiratory Pathogen
Panel (Biomerieux), eSensor RVP (GenMark Diagnostics),
xTag and NexTag Respiratory Virus Panels (Luminex), and
Verigene Repiratory Pathogens+ (Nanosphere). Time to
results ranges from 1–8 hours. In head-to-head comparisons
of multiplexed NAAT assays for respiratory viruses, sensi-
tivities for influenza A and B ranged from 73–100% (66, 67).
Methods are described or available outside the United States
to differentiate the two clades of influenza B or influenza A
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variants from typical strains, to quantify virus loads, assess
antigenic drift and shift, and to identify all known subtypes,
clades, and vaccine viruses.

Three NAATs, the Alere i Flu A/B (Alere), COBAS
Influenza A/B (Roche Diagnostics), and Xpert Flu+RSV
Xpress (Cepheid), have recently received waivers to enable
testing at the point of care. All tests are performed on small
instruments and provide results in fewer than 30 minutes.
Independent studies report that Alere i is 78–98% and 75–
100% sensitive for influenza A and B, respectively, and
COBAS is > 99% sensitive for both viruses compared to
other NAATs. Specificities exceed 99%. Accuracy is
therefore significantly higher than for culture or RIDT (68,
69). Influenza serology is infrequently used for diagnosis for
reasons previously discussed. Interpretation is also compli-
cated by the “doctrine of original antigenic sin” character-
ized by a higher anamnestic response to the first infecting
virus after an infection with a related one.

RSV and HMPV
Appropriate specimens from infants and children are aspi-
rates or swabs of the NP. Lower airway specimens, such as
BAL, can also be tested and are the best samples to diagnose
LRTI in adults or immunocompromised patients. RSV grows
in human A549, Hep-2, or HeLa cell lines; yield is lower
using monkey kidney and human fibroblast cells. CPE of
rounded cells is evident in 3–8 days and may not include
syncytia formation. Hemadsorption of guinea pig red blood
cells to cell monolayers should be absent. Confirmation by
IF or a similar method should be performed because other
respiratory viruses can induce syncytia. Sensitivity of culture
ranges from 50–90%, with variations due to virus subtype,
laboratory expertise, quality of the cells, stage of infection,
and comparison assay. Alternatively, SVCC on individual or
mixed cells can be performed. It is more sensitive than tube
culture and can provide results in 1–3 days (60, 61). Tube
culture for HMPV is insensitive and takes weeks and
sometimes blind passages before a subtle RSV-like CPE is
evident. Vero and LLC-MK2 cells are most often used. A
low concentration of trypsin can enhance growth in some
cell types. HMPV can also be identified by SVCC, with one
study claiming more than 90% recovery relative to molec-
ular methods (70).

Several IA formats are available in the United States for
RSV antigen detection, including DIF, ELISA, and lateral
flow immunochromatography. When correctly performed,
DIF for RSV in exfoliated NP cells can be more sensitive
than ELISA or immunochromatographic assays and 60–94%
sensitive relative to NAAT. When the aforementioned
multiplex DIF kits are used, RSV and other respiratory vi-
ruses can be detected. HMPV can also be detected by DIF.
Sensitivities of 85% and 95% are reported for the D3 DFA
(Diagnostic Hybrids) and Light Diagnostics Immuno-
fluorescence (Millipore) kits, respectively, relative to
NAAT. Both kits are > 99% specific (71).

Lateral flow immunochromatographic assays are more
rapid and easier to perform but less accurate than DIF.
Sensitivities for RSV in most studies are 50–80% and
specificities are 93–97% relative to NAAT. Two newer IA,
Sofia RSV (Quidel) and Veritor RSV (Becton Dickinson)
kits, have been developed, as with influenza viruses, for
higher sensitivity. A recent study comparing these tests to
NAAT in fresh NP specimens from infants and toddlers
reports modest improvement; sensitivities were 85% for
Sofia RSV and 73% for Veritor RSV compared with 57–
70% for two conventional IA. (72). Similar assays for

HMPV are described but are no longer available in the
United States.

Currently, NAAT is the most accurate method to detect
RSV and HMPV in all age groups and patient populations.
Many good RSV and HMPV assays using different chemis-
tries and platforms are FDA-approved for U.S. use. Most
provide results within hours. No commercial assay detects
only RSV, but Pro-HMPV+ (Hologic) detects only HMPV;
RSV and HMPV can be identified by the Lyra RSV and
HMPVAssay (Quidel). The previously described Xpert Flu/
RSV, ProFlu+, and Simplexa Flu/RSVassays detect RSVand
influenza virus well, with greater than 97% agreement
among them (73, 74). The highly multiplexed approved
NAAT assays from Biofire, Genmark, Luminex, and Nano-
sphere also detect RSV and HMPV exceedingly well (66,
67). RSVA and B subgroups can be separately identified by
the Genmark, Luminex, and Nanosphere assays. No HMPV
subgroup data are provided by commercial NAAT, although
such assays are reported. At this time, no RSV or HMPV
NAAT is approved in the United States for point of care.
Reported sensitivities for commercial RSV NAAT, variously
compared to tube culture, SVCC, IF, or other NAAT, range
from 88–100%; sensitivity of commercial HMPV NAAT
relative to other molecular assays is 98–100%. There is no
cross-reaction between RSV and HMPV. Typing of RSV or
HMPV is relevant mostly for epidemiology or research. Se-
rology is insensitive and difficult to interpret due to fre-
quent re-infection and therefore is rarely used for diagnostic
purposes.

Parainfluenza Virus
PIV can be isolated from many upper- or lower-airway
specimen types. Whereas specimens from the NP are best,
swabs of the nose or oropharynx can also be used for culture
and particularly for NAAT. Growth in culture is slow, with
3–5 days or longer being required. Replication is detected by
CPE, which differs subtly by serotype, or by hemadsorption
of guinea pig red blood cells to infected monolayers. PIV-4
can require 10 days or more to express CPE, and he-
madsorption may be weak. Confirmation can be performed
by IF with the aforementioned commercial group- or type-
specific antibodies. SVCC, using human A549, monkey
kidney, or mixed cells, can detect 60–90% or more of PIV-1,
-2, or -3 positive specimens in 1–3 days (60, 61).

Rapid detection of PIV 1–3 antigen by DIF in exfoliated
cells is only slightly less sensitive than culture. Testing by
molecular methods increases the detection rate considerably.
For example, a 41% increase in PIV yield using NAAT,
compared to culture, was reported with nasal or oropha-
ryngeal swabs from ill children in one study (75). NAATalso
detected 30% more PIV-3, 64% more PIV-1, and 88% more
PIV-2 than DIF in specimens from pediatric patients in
another assessment (76). An FDA-approved multiplex
molecular assay, Prodesse ProParaFlu+ (Hologic/GenProbe),
detects and separately reports PIV-1, -2, and -3 (67). All four
PIV types are typically included on the previously men-
tioned highly multiplexed respiratory virus panels (66, 67).
Serology is of little diagnostic importance because of the
requirement for acute and convalescent specimens. Sero-
logic cross-reactions between PIV and mumps virus can also
hamper interpretation of results.

Rhinovirus
Rhinoviruses can be identified in most respiratory specimen
types, including swabs or aspirates from the nose, pharynx, or
NP, as well sputum, tracheal aspirates, BAL, and lung tissue
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(77). Culture was the initial method of virus detection, but it
is now known to be insensitive and will not recover species
C. Culture can be performed on human cells, such as
MRC-5 or fetal tonsil, under conditions simulating those in
the nose, i.e., pH of 7.0, temperature of 33–35oC, and gentle
rolling of tubes. Typical CPE of rounded small and large cells
appears in 1–4 days but can appear later, evolve slowly, or
regress. Most isolates can be presumptively identified by
CPE, although some resemble enteroviruses. Sensitivity to
brief acid treatment was once used to distinguish rhino-
viruses from the acid-stable enteroviruses. The assay is
cumbersome, and interpretation can be confounded by re-
spiratory enteroviruses, such as D68, that are partially acid
labile. Commercial “rhinovirus-specific” monoclonal anti-
bodies for confirmation by IF can also detect enteroviruses,
so confirmation (and typing) of an isolate requires neutral-
ization using type-specific antibodies or molecular analysis
(78). The lack of a common antigen and a plethora of rhi-
novirus types also limits use of serology for diagnostic work.

Molecular methods are the most sensitive and rapid
means to detect all three rhinovirus species. Most NAAT
identify a region in the 5¢ untranslated region shared by
rhinoviruses and enteroviruses without differentiating be-
tween them. Assays purported to detect only rhinoviruses
may co-detect enteroviruses, may not detect all serotypes, or
may require some form of postamplification processing to
detect all serotypes. Improved assays are reported but not
commercially available (79). Detection of rhinoviruses (co-
detected with enteroviruses) is also included in the previ-
ously mentioned commercial multiplexed NAAT panels.
Given the frequent detection of rhinovirus RNA in
asymptomatic individuals, quantitative PCR has been used
to evaluate clinically relevant cutoff values (80). Analysis of
host transcriptome patterns has the potential to differentiate
between symptomatic rhinovirus disease and asymptomatic
infection (81).

Coronavirus
Respiratory coronaviruses were initially detected by electron
microscopy, which is cumbersome and insensitive for diag-
nostic work. Culture is likewise challenging because, al-
though 229E grows on human diploid cells and NL63 on
monkey cells, OC43 requires organ culture and HKU1,
primary human airway epithelial cells. Antigen detection
methods are not commercially available. Currently, NAAT
offers the most practical mean of detection. The common
HCoV can now be detected in upper and lower airway
specimens by several previously mentioned FDA-approved
multiplexed NAAT, including the Luminex NexTag and
Biofire kits.

SARS-CoV will exhibit CPE on primary monkey or Vero
cells, but culture should not be attempted by routine clinical
laboratories for safety reasons. Commercially available
multiplex NAAT, that detect common HCoV, do not
identify SARS-CoV. Testing should be requested through
public health laboratories, although some commercial lab-
oratories offered testing when SARS-CoV circulated.
NAAT was the most useful test during the pandemic (25).
Sensitivity was about 80% on day 3 of illness but will likely
be higher with contemporary methods. Early in the course of
illness, NP and oropharyngeal swabs plus serum should be
tested. Specimens from lower airway are most important, as
replication tends to be highest there. Stool can also yield
virus. The slow development of antibodies limits the im-
mediate usefulness of serology, so serum should be collected
initially and 28 days after onset to confirm or rule out a case.

The full spectrum of MERS infection remains to be de-
fined, so collection of lower and upper respiratory tract
specimens, serum, and stool forMERS-CoV-specific NAATis
recommended early and throughout the illness (26). As with
SARS-CoV, the virus can be isolated on monkey cells, but
culture should not be attempted in clinical diagnostic labo-
ratories. Commercial multiplex NAAT that detect common
HCoV also do not detect MERS-CoV, so specific testing in
the United States must be accessed through public health
departments. Serodiagnosis requires paired specimens col-
lected early in the course of infection and 14–21 days later. If
onset is greater than 14 days, serology may be essential be-
cause NAATcould be negative. An initial positive screening
serology should be confirmed by neutralization since cross-
reactivity with antibodies to other coronaviruses can occur.

Adenovirus
Suitable respiratory specimens are swabs, aspirates, or washes
of the NP, as well as tracheal aspirates, BAL, lung tissue, and
swabs or scrapings from the eye. Adenovirus DNA is also
detectable in blood by molecular methods during some re-
spiratory infections. Plasma or serum is usually preferred for
analysis because whole blood white cells, especially from
children, can contain low levels of virus (82).

Adenoviruses can be cultivated in tubes of human epi-
thelial cells, such as A549, Hep-2, HeLa, or KB. Recovery is
lower on human fibroblasts and monkey kidney cells. A
characteristic CPE, usually of grapelike clusters, appears in
2–14 days and can be confirmed by IF. Some types, partic-
ularly those in species D, may not grow in routine culture.
SVCC on individual cell types considerably reduces time to
detection. The yield is only 50% compared to tube culture at
24 hours, which is lower than for other respiratory viruses,
but can increase to almost 100% if incubation time is ex-
tended. Mixed cells do not recover adenoviruses well (61).

Several immunoassay kits are approved in the United
States to detect viral antigens in exfoliated respiratory cells
or fluids or ocular swabs. All are less sensitive than culture
and molecular methods in particular. The SAS Rapid Adeno
Test (SAS Scientific), a rapid immunochromatographic as-
say, can detect common types in NP specimens or oropha-
ryngeal swabs. Initial reports suggested high sensitivity that
could not be confirmed in a subsequent study (83). The
AdenoPlus (Rapid Pathogen Screening Inc.) is another
rapid immunochromatographic assay for ocular swabs that
can be performed at the point of care. Sensitivity was only
40% in a recent prospective study compared to NAAT (84).

Molecular tests are now widely used to identify adeno-
viruses in respiratory specimens and blood during acute in-
fection. An FDA-approved commercial NAAT kit,
Adenovirus R-gene (Biomerieux), is available for qualitative
and quantitative viral detection in respiratory specimens and
blood. A recent multicenter assessment, using mixed cells
and another NAAT, reported greater than 98% sensitivity
and high specificity for qualitative detection in NP speci-
mens compared with SVCC culture (85). Adenoviruses are
detected by most of the aforementioned highly multiplexed
commercial NAAT kits, but high sensitivity for all relevant
virus types has been difficult to achieve. Indeed, the ade-
novirus component of the BioFire kit has already been re-
formulated but still may not detect specimens with low viral
loads (86). Qualitative or quantitative detection of adeno-
virus DNA in blood may also have utility in identifying
patients with adenoviral respiratory disease (45, 87).

Adenovirus typing can be performed by serology or
NAAT. Its major use is for epidemiology or to study virus
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evolution, not for diagnosis. Detection of an IgG response to
adenovirus in paired acute and convalescent specimens can
help identify infections in otherwise normal adults, but it is
not useful in children or in immunocompromised hosts.

BEST PRACTICES
Rapidly establishing the viral etiology of a respiratory illness
can be beneficial in many ways. Improved antimicrobial use is
the positive outcome most often demonstrated in observa-
tional studies (88, 89). Other advantages may include re-
duced hospital costs, fewer ancillary tests, less time spent in
isolation, and shorter stays (90). Rapid testing also provides
important data for hospital preparedness efforts and may re-
duce excess morbidity and mortality in the severely immu-
nocompromised (91). Indeed, many transplant centers now
provide nonapproved treatment for RSV and adenovirus
LRTI in HSCT patients and delay conditioning treatments if
any respiratory virus, including rhinovirus, is detected prior
to transplant (92, 93). Clinical care guidelines also recom-
mend rapid detection of respiratory viruses, particularly for
hospitalized children with community-acquired pneumonia
and patients with hematologic disorders (94, 95). Studies
unable to verify significant benefits have cited difficulties
with providers responding quickly or appropriately to test
results and the expense of testing (96, 97). It should be
noted, however, that, to our knowledge, only a single ran-
domized controlled trial, that of rapid influenza testing in an
ED that included children with underlying diseases, has
demonstrated the clinical utility of rapid respiratory virus
testing (98). Other randomized controlled trials of rapid
testing have shown no statistical difference in antibiotic use,
ancillary testing, hospital admissions, or length of stay (99–
106). Thus, the data supporting the cost-effectiveness and
clinical utility of rapid respiratory virus testing are suggestive
but far from conclusive. Additional randomized controlled
studies are critically important to develop respiratory virus
testing algorithms that ensure quality, cost-effective clinical
care of patients with suspected respiratory virus infections.

Considerations that affect the quality of rapid results
include patient age, timing of specimen collection, collec-
tion site, and sampling method, as well as assay design. Yield
is always best with specimens from children due to their
higher viral loads and longer duration of shedding. Speci-
mens should be collected within the first few days after onset
of symptoms, although molecular assays can extend the de-
tection window. Specimens from the posterior NP are most
often sent because collection is straightforward, and the vi-
ruses detected there usually predict those replicating in lower
airways (107, 108). Swabs of the NP can be easier to collect
than aspirates or washes, but the latter result in a higher
yield, even from children, but especially from adults and
immunocompromised patients (109, 110). Oropharyngeal
swabs can recover some respiratory viruses, but NP or nasal
swabs are usually more sensitive (111). Oropharyngeal and
nasal swabs contain mostly squamous cells, so are less useful
for DIF but may increase yield of culture or NAAT when
combined with NP specimens (112). Saliva, gargles, and
nasal mucus can yield respiratory viruses by NAAT but are
less informative than other specimens.

Lower tract specimens, such as BAL, are optimal to de-
tect viral LRTI in adults, the elderly, or immunocompro-
mised patients due to low viral loads. Sputum can yield
common respiratory viruses by NAAT and may be more
sensitive than nasal and oropharyngeal swabs, but special
processing may be needed prior to testing (113). Sputum

from young children is usually saliva and of less diagnostic
use. Nucleic acids of many respiratory viruses, including
rhinoviruses, are detectable by NAAT in the blood of oth-
erwise healthy or immunocompromised symptomatic pa-
tients. Though virus load in blood appears to correlate with
the amount of virus in BAL fluid, at least for some respira-
tory viruses, and may reflect disease severity (114–116),
quantitative respiratory virus NAAT in blood specimens is
not widely available; qualitative detection in BAL provides
sufficient information for most clinical decision making.

Test methods for rapid detection of respiratory viruses are
in transition. Use of culture (tube and centrifugation) and
antigen detection continues to diminish. Molecular methods
are increasingly favored due to high sensitivity and speci-
ficity, rapidity, ease of use with newer commercial kits and
instruments, operator safety, and the ability to detect culti-
vatable and noncultivatable viruses. Concerns for contam-
ination are also decreasing with the advent of molecular
closed systems. Remaining challenges include the expense of
testing and interpretation of results. Cost-benefit ratios can
be optimized by limiting testing to populations most likely to
benefit. Interpretation of results is more problematic because
molecular methods can detect viral nucleic acids from pre-
vious, incipient, asymptomatic infections. Firmly establish-
ing the etiology may ultimately require identification of
virus-specific host-response biomarkers or use of quantitative
assays with thresholds to discriminate active from incidental
virus infections. An interim solution may be to consider
virus type and patient age. Indeed, several studies suggest
that influenza virus, RSV, and HMPV are more likely to be
etiologic agents than PIV, HCoV, rhinovirus, and adenovi-
rus, especially in children (80, 117). Yet severe and even
fatal illnesses with these latter viruses are well documented
in many populations.

Influenza
Once seasonal influenza is widespread, a clinical diagnosis
can reasonably guide treatment in most low-risk outpatients.
Testing is important, however, for sound decision making in
other settings. Unlike specimen requirements for many re-
spiratory viruses, oropharyngeal and nasal swabs can be in-
formative, especially by NAAT. Collection of oropharyngeal
swabs or BAL is recommended for AI viruses, which repli-
cate to highest titer in lower airways. NP specimens should
also be obtained in case the virus is a seasonal strain.

The most appropriate diagnostic method is controversial.
Culture, even SVCC, is too slow to affect patient care. Sen-
sitivity and timeliness are concerns for DIF. RIDTcontinue to
be used by many providers due to low cost and a body of older
literature supporting their benefits. Many RIDT, however,
now have unacceptably low sensitivity and specificity,
prompting the FDA to propose that manufacturers regularly
demonstrate adequate detection of currently circulating and
AI viruses relative to culture and NAAT. Participation in
this program, however, is currently voluntary. Meanwhile
the CDC has issued guidelines, available at (http://www.cdc
.gov/flu/professionals/diagnosis/rapidlab.htm [last accessed 3
May 2016]) recommending NAAT for confirmation of
RIDT-negative specimens during periods of high influ-
enza prevalence, and for RIDT-positive specimens when vi-
rus circulation is low. How widely these guidelines are
followed is uncertain. Studies on the performance and ac-
ceptance of rapid influenza NAATas an alternative to RIDT
are pending.

Another consideration is the need for reliable detection
of human infections with AI or swine variant influenza
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viruses. With the recent appearance of highly pathogenic AI
viruses in U.S. poultry, awareness should be high that per-
sons involved in poultry outbreak response or with exposure
to infected birds are at risk of infection. Most commercial
influenza assays cannot detect AI viruses well or differentiate
avian from human subtypes, so suspect cases should promptly
be referred to public health laboratories, even if initial in-
fluenza test results are negative, where such tests can be
obtained. Guidelines to determine who should be evaluated
are at http://www.cdc.gov/flu/avianflu/clinicians-evaluating-
patients.htm (last accessed 16 May 2016). Similar consid-
erations apply for persons frequently exposed to swine.

RSV and HMPV
A presumptive clinical diagnosis of RSV or HMPV can be
made in an infant or young child with classic bronchiolitis
during the wintertime. Due to lack of antiviral treatment for
RSV or HMPV, establishing a specific diagnosis is less
pressing than for influenza. Indeed, current U.S. clinical care
guidelines discourage viral testing for infants and young
children with suspected RSV bronchiolitis (118). This rec-
ommendation, however, is controversial, cohort pediatric
patients by specific viral etiology, as many institutions with
open wards (119). Clinical care guidelines also recommend
testing of infants who are hospitalized and receiving monthly
palivizumab because detection of RSV permits discontinu-
ation of prophylaxis due to low probability of a second RSV
infection in the same year. Diagnosis is also recommended
for immunocompromised patients to inform decisions about
clinical care, including delay of conditioning treatment or
chemotherapy or to consider ribavirin therapy (92). Con-
siderable data also support testing for hospitalized children
with pneumonia, as well as adults and the elderly with LRTI
and no evidence of bacterial infection, and perhaps in
emergency room settings (88).

RSVand HMPV can be detected in the same NP or lower
airway specimens that identify other common respiratory
viruses. Nonculture methods are best because both viruses are
labile and grow slowly. Antigen detection methods, partic-
ularly DIF and, to a lesser extent, immunochromatography,
for RSV can be used, but NAAT is preferred for reasons
previously mentioned. Highly multiplexed NAAT have the
advantage of detecting both RSV and HMPV and differen-
tiating these viruses from others that cause similar symptoms.
Typing of RSV or HMPV is unnecessary for clinical work.
Detection of virus in blood may be a marker of severe RSV
disease, but its usefulness in management of individual pa-
tients remains to be determined.

Parainfluenza Virus
A reasonably accurate clinical diagnosis of PIV can be made
in a child with croup when PIV-1 is circulating. A specific
viral diagnosis is usually unnecessary because management of
croup is symptom-based. In pneumonia or other unusual
presentations, testing may be indicated if a viral etiology
could improve outcomes. As with RSV, PIV infections in
HSCT and other immunocompromised patients can be es-
pecially severe, so a viral diagnosis can contribute to ap-
propriate management, provide access to novel antiviral
treatments, and help limit nosocomial outbreaks (16, 49).
Virus can be detected in the same NP or lower airway
specimens used to identify other common respiratory vi-
ruses, although nasal or oropharyngeal swabs may be ade-
quate if NAAT is used. Detection of PIV by molecular
methods is currently the most sensitive and practical ap-
proach to detect all four virus types. Due to the nonspecific

nature of symptoms in PIV-associated LRTI, other than
croup, multiplex NAAT rather than PIV-specific tests may
be preferable.

Rhinovirus
Diagnosis of rhinovirus-associated URTI or exacerbations of
asthma or COPD is currently unnecessary due to lack of
specific antiviral therapy or virus-specific interventions.
Since rhinoviruses are now known to cause serious, although
rarely fatal, LRTI, rapid identification is likely to improve the
same outcomes associated with diagnosis of other respiratory
viruses. Rhinovirus yield was once thought to be highest from
the nose, so nasal swabs were the sample most often recom-
mended, but upper and lower respiratory tract specimens
are now considered suitable. Diagnosis of rhinovirus disease,
however, is more challenging than for other respiratory
viruses due to frequent co-detection with other respiratory
viruses, difficulty differentiating rhinoviruses from enterovi-
ruses, and frequent asymptomatic infections. Methods to
distinguish clinically relevant rhinovirus-associated illnesses
from asymptomatic or persistent infections are under inves-
tigation, including determinations of relevant viral loads or
molecular signatures of host response to rhinovirus disease
(80, 81). Meanwhile, if a specific diagnosis is sought, NAAT
should be used. Culture is insensitive and cannot recover
species C, and antigen detection methods are not available.
Currently, the only commercial NAATs approved for rhi-
novirus detection in the U.S. are the large multiplex NAAT
panels. These tests can also determine if a pathogen other
than rhinovirus is present.

Coronavirus
Detection of the common HCoV in appropriate clinical
scenarios is best made by NAAT due to the insensitivity of
culture and lack of antigen detection tests. Virus can be
detected in the same NP or lower-airway specimens useful for
the other common respiratory viruses. As with rhinoviruses,
the significance identifying HCoV is especially difficult to
interpret due to the high rate of asymptomatic carriage and
frequent co-detection of other viruses. Rapid diagnosis of
human infections with MERS-CoV (and SARS-CoV if it re-
emerges) is essential to prevent human-human spread.
Awareness of MERS should be high because cases continue
to emerge globally; SARS is less likely to be considered since
the virus has not circulated since 2004. Early symptoms of
SARS and MERS can also be confused with illnesses due to
common respiratory viruses, which has been a significant
problem in the Middle East where MERS is prominent. To
prevent over-testing, recommendations to identify probable
cases based on epidemiologic risk factors and clinical pre-
sentations are available at http://www.cdc.gov/coronavirus/
mers/hcp.html (last accessed 16 May 2016) for MERS and
http://www.cdc.gov/sars/surveillance/absence.html (last ac-
cessed 16 May 2016) for SARS. Recommendations include
asking about contact with travelers who live or have visited
regions where MERS is currently circulating or SARS once
spread, or about contact with dead birds. Indeed, question-
ing visitors for possible exposure to MERS has been added to
assessment of risk for Ebola in many U.S. health care facil-
ities. Public health officials should also be notified promptly
about persons of interest, even before testing them for
common respiratory viruses. Suitable specimens to diagnose
MERS and SARS differ from those recommended to recover
common HCoV in that oropharyngeal swabs and lower
airway specimens, as well as serum and stool, should be
submitted for MERS- and SARS-CoV.
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Adenovirus
Laboratory testing is necessary when a specific diagnosis is
sought because adenovirus-induced symptoms closely resem-
ble those due to other respiratory viruses; ocular symptoms
may be more specific. Typical NP, ocular, and lower respira-
tory tract specimens are suitable for diagnosis of respiratory
disease. Throat swabs should be avoided because of shedding
from adenoids and tonsils. Blood may have diagnostic utility
in immunocompetent children and immunocompromised
hosts with respiratory illnesses. Histopathologic evidence in
lung tissue is more suggestive of adenoviral disease than of
other respiratory virus illnesses.

Culture and antigen detection are less helpful for adeno-
virus testing than for many other respiratory viruses and have
largely been displaced by molecular methods. Test methods
vary in sensitivity and may miss important virus types, so
caution with assay selection is warranted. Interpreting posi-
tive results from respiratory specimens is also challenging due
to the tendency of adenovirus to cause asymptomatic infec-
tions, to be shed for prolonged periods after acute infection,
or to reactivate, particularly in children and immunocom-
promised hosts. In this regard, assessment of viral load in
respiratory specimens by NAAT has been proposed to dis-
tinguish active from incidental respiratory tract infections
(120), although this approach has not been widely imple-
mented. Qualitative detection of adenovirus in serum may
also be useful (87). Quantitative assessment of adenovirus
DNA in blood is an established method to diagnose dis-
seminated disease and other clinical manifestations in im-
munocompromised patients. It is therefore possible that
relevant values can be derived that distinguish active re-
spiratory disease from asymptomatic shedding (45, 80, 87).
Institution-specific values, however, should be established
because consensus cutoff values are unreliable due to lack of
international quantitative standards and wide variations in
assay performance.

CONCLUSIONS
Respiratory virus diagnostics have been energized by signif-
icant changes, particularly the development of highly sen-
sitive molecular assays that have altered our understanding
of the clinical spectrum, epidemiology, and pathogenesis of
respiratory disease. The value of diagnostic methods to help
control virus spread and provide early warning of impending
pandemics is undisputed. It is also becoming clear that a
specific viral diagnosis in the right clinical setting can im-
prove many clinical and economic outcomes. Yet consider-
able challenges remain, most notably a need for more
effective antiviral therapies and vaccines for prevention.
The medical burden of respiratory viral disease is significant
and will continue to increase with population growth, in-
creasing numbers of susceptible individuals in the popula-
tion, and globalization. Continued efforts to improve
diagnostic strategies and prevent or treat respiratory virus
infections should therefore be priorities.
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Enteroviruses and Parechoviruses
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Human enteroviruses (EV) are members of the Enterovirus
genus of the family Picornaviridae and are among the most
common human viral infections. Their discovery had im-
plications for all of virology because they indicated, first,
that poliovirus (PV) grew in various tissue culture cells that
did not correspond to the tissues infected during the human
disease and, second, that PV destroyed cells with a specific
cytopathic effect (CPE). The infectious virus is relatively
resistant to many common laboratory disinfectants, includ-
ing 70% ethanol, isopropanol, dilute Lysol, and quaternary
ammonium compounds. Poliomyelitis should be considered
in all cases of pure motor paralysis and is usually associated
with a normal or slightly elevated value for protein, nor-
mal sugar value, and moderate mononuclear pleocytosis in
cerebrospinal fluid (CSF). Real-time PCR is the primary
test used to detect, even with very small amounts of clini-
cal specimens, such as CSF. All important information
about a virus could potentially be obtained directly by
PCR in conjunction with nucleic acid sequencing if all
the molecular correlates of viral phenotypic determinants
were understood. The most common molecular typing sys-
tem is based on reverse transcription (RT)-PCR and nu-
cleotide sequencing of a portion of the genomic region
encoding VP1. Another group of pathogenic picornaviruses,
the human parechoviruses (genus Parechovirus), cause a
similar array of illnesses as the EV, and they are detected
clinically by distinct molecular assays that are analogous to
those used for the EV.

VIRUS CLASSIFICATION AND BIOLOGY
Human enteroviruses are members of the Enterovirus genus
of the family Picornaviridae and are among the most com-
mon human viral infections. Although most EV infections
are asymptomatic, millions of symptomatic EV infections are
estimated to occur each year in the United States (1–3).
Most EV infections cause only mild nonspecific disease, but
infections can infrequently lead to serious illness and hos-
pitalization, especially in infants and in those who are im-
mune-compromised. In addition, this group of viruses is the
most common cause of aseptic meningitis, the most frequent
central nervous system (CNS) infection (4). Enteroviruses
have also been implicated in other acute and chronic dis-
eases. The human parechoviruses (family Picornaviridae,
genus Parechovirus) also have a somewhat similar clinical

spectrum and physical properties, but they are genetically
distinct and present particular diagnostic challenges.

History of Virus Discovery
The history of EV begins with the history of poliovirus (PV).
Many of the early PV studies are landmarks in the study of
EV and all of virology. The first clinical descriptions of po-
liomyelitis were made in the 1800s, with reports of cases of
paralysis with fever. Understanding of the infectious nature
of this disease began with studies in the early 20th century.
These studies recognized the communicable nature of po-
liomyelitis, the importance of asymptomatic infection in the
transmission of PV, and the role of enteric infection in dis-
ease pathogenesis. In a classic study, Viennese investigators
Landsteiner and Popper proved the infectious nature of
poliomyelitis by inoculation of CNS tissue homogenates
from human cases into monkeys and successfully transmit-
ting the clinical disease and its pathology to a nonhuman
host (5).

Building on studies of others, Enders et al. showed that
PV could be propagated in nonneural tissue culture (6).
These investigations had implications for all of virology
because they indicated, first, that PV grew in various tissue
culture cells that did not correspond to the tissues infected
during the human disease and, second, that PV destroyed
cells with a specific cytopathic effect (CPE).

The control of polio began with the production of two
different vaccines, the Salk inactivated polio vaccine (IPV)
delivered via intramuscular injection (licensed in 1955 in
the United States [U.S.]) and the orally-delivered Sabin
live, attenuated vaccine (oral polio vaccine [OPV], licensed
in 1961–1962).

Coxsackieviruses (CV) were first isolated from the feces
of paralyzed children following a poliomyelitis outbreak in
1947 in Coxsackie, New York (7), and from cases of aseptic
meningitis in 1948 (8). These isolates were detected by
observing paralysis following intracerebral inoculation of
suckling mice. The original CV group A (CVA) isolates
produced myositis with flaccid hind-limb paralysis in new-
born mice, whereas the CVB produced a spastic paralysis and
generalized infection in newborn mice, with myositis as well
as involvement of the brain, pancreas, heart, and brown fat
(9, 10).
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In 1951, echoviruses (E) were first isolated in tissue
culture from the stools of asymptomatic individuals (11).
Echoviruses received their name because they were enteric
isolates, cytopathogenic in tissue culture, isolated from hu-
mans, and orphans (i.e., not associated with a known clinical
disease). Subsequent studies have shown that echoviruses,
in fact, do cause a variety of human diseases (12–18).

Virus Classification
Historically, the classification of EV into the subgroups of
polioviruses, CVA, CVB and echoviruses was based on the
empirical observations of their association with certain
clinical syndromes or disease, tissue tropism, the nature of
disease in suckling mice, growth in certain specific cell
cultures and, in some cases, antigenic similarities (19–22).
Using these criteria, 67 different serotypes were recognized
and classified, despite the fact that several antigenically-
related viruses had different pathogenic properties in mice
(22). This last discrepancy eventually led to the dropping of
the old designations; thereafter, new serotypes were simply
termed “enterovirus” followed by a number, beginning with
EV68 (23, 24). A more satisfactory, and completely new,
classification system followed from the advent of compre-
hensive genetic studies. From these new data, and to avoid
the inconsistencies of the previous classification scheme, the
human enteroviruses have been reclassified into four spe-
cies: Enterovirus (EV) A through D (25). The current clas-
sification for picornaviruses affecting humans is given in
Table 1.

Continued molecular characterization of enteroviruses
has also identified many new members of the genus, with the
naming continuing sequentially from enterovirus 73, ex-

tending up to EV121, including some viruses from nonhu-
man primates that are related to the human EV (26). These
have been assigned to one of the four species and are in-
cluded in Table 1 for reference. Based upon similar genetic
comparisons, the human rhinoviruses have been classified as
three species in the Enterovirus genus (Table 1).

Molecular studies also demonstrated that echoviruses 22
and 23 are genetically distinct from the EV (27–29). On the
basis of a very low genetic relationship, differences in viral
proteins and processing, and a novel protease, E22 and E23
were reclassified as members of the new picornavirus genus,
Parechovirus, and renamed human parechoviruses 1 and 2,
respectively (25, 30). Additional members of this genus have
been recently identified, including both additional serotypes
of human parechovirus (31–34), as well as a separate species
first isolated in Swedish bank voles, Ljungan virus (35).
Other recently described picornavirus genera associated with
human infection are Cosavirus, Kobuvirus, and Salivirus (36,
37). Although little information is currently available about
these viruses, it appears that kobuviruses and saliviruses are
associated with gastroenteritis in young children and infec-
tion is common. It is unknown whether cosaviruses cause
any disease in humans. What is notable about the newer
genera is that the molecular reagents for the detection of EV
do not detect these viruses (see Laboratory Diagnosis).

Biology

Structure
Enteroviruses are small RNA viruses consisting of a small
(~30 nm) spherical, nonenveloped capsid that contains a
single-stranded positive-sense RNA genome. The genomes

TABLE 1 Picornavirus genera, species,a and serotypes affecting humans

Genus and species
No. of
types Types

Genus Enterovirus
Enterovirus A 21 CVA2-8, 10, 12, 14, 16; EV-A71, A76, A89-92, A114, A119, A120, A121
Enterovirus B 59 CVA9; CVB1-6; E1-7, 9, 11–21, 24–27, 29–33; EV-B69, B73-75, B77-88, B93, B97-98,

B100-101, B106-107, B111
Enterovirus C 23 CVA1, 11, 13, 17, 19–22, 24; PV1-3; EV-C95-96, C99, C102, C104-105, C109, C116-118
Enterovirus D 4 EV-D68, D70, D94, D111
Rhinovirus A 80 HRV-A1-2, A7-13, A15-16, A18-25, A28-34, A36, A38-41, A43, A45-47, A49-51, A53-

68, A71, A73-78, A80-82, A85, A88-90, A94, A96, A98, A100-109
Rhinovirus B 32 HRV-B3-6, B14, B17, B26-27, B35, B37, B42, B48, B52, B69-70, B72, B79, B83-84, B86,

B91-93, B97, B99-106
Rhinovirus C 55 HRV-C1-55

Genus Cardiovirus
Encephalomyocarditis virus 1 Encephalomyocarditis virus
Theilovirus 11 Saffold viruses 1–11

Genus Cosavirus 24 Human cosavirus A1-24
Genus Hepatovirus 1 Human hepatitis A virus
Genus Kobuvirus

Aichivirus A 1 Aichivirus 1
Genus Parechovirus

Parechovirus A 16 HPeV1-16
Genus Salivirus 2 Salivirus viruses A1-2

aThe classification scheme shown is adapted from the Picornavirus Study Group of the International Committee for the Taxonomy of Viruses (http://www.
picornastudygroup.com/) (25) and distributes serotypes among different species, based on genome organization, sequence similarity and other physical properties. Many of
the listed species and genera also contain members not listed that affect mammalian hosts other than humans, and that to date have no documented role in human disease.
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of the EV and HPeV are approximately 7,500 nucleotides
long and encode a single open reading frame for all viral
capsid and functional proteins. The genomes of almost all
EV types have been sequenced completely (for updated
information, see “The Picornavirus Pages,” http://www.
picornaviridae.com/). A small virus protein (VPg, for “virus
protein—genome-linked”) is covalently bound to the 5¢ end
of the RNA molecule, and the 3¢ end of the virion RNA
is polyadenylated. The 5¢ and 3¢ termini of the viral RNA
include nontranslated regions (NTRs) of different lengths
(5¢ NTR, 711 to 755 nucleotides; 3¢ NTR, 69 to 109 nu-
cleotides), each showing a high degree of secondary struc-
ture.

The icosahedral virus capsid, consisting of 60 protomers,
is assembled from 12 identical pentamers. Each protomer is
composed of the four virus proteins, VP1, VP2, VP3, and
VP4. VP1, VP2, and VP3 constitute most of the capsid
surface, whereas VP4 is located in the interior of the capsid
in close contact with the viral RNA (38). In the case of
parechoviruses, the protomer consists of only three proteins,
VP0, VP1, and VP3, since VP0 does not undergo the mat-
uration cleavage to VP4 and VP2 that occurs in the EV (30,
39). Additional differences in genome organization and
protein function differentiate the parechoviruses from the
enteroviruses (3).

Antigenicity and Neutralization
The picornaviruses are among the simplest RNA viruses,
having a highly-structured capsid with limited surface elab-
oration. Yet, despite the limited genetic material and struc-
tural constraints, evolution within the picornaviruses has
resulted in a large number of readily distinguishable mem-
bers. This variability has been categorized antigenically as
serotype. Each of the serotypes correlates with the immu-
nologic response of the human host, protection from disease,
receptor usage and, to a lesser extent, the spectrum of clin-
ical disease. Molecular studies have provided a framework in
which the EV antigenic relationships can be better under-
stood. These studies suggest that the nucleotide sequence of
VP1 is an excellent surrogate for antigenic typing by means
of neutralization tests in order to distinguish EV serotypes
(40–44). When virions are disrupted by heating, particularly
in the presence of detergent, nonsurface antigens are ex-
posed that are shared broadly among many EV (45). Despite
these limitations, the serotype remains the single most
important physical and immunologic property that distin-
guishes the different EV.

Although there are measurable in vitro antigenic differ-
ences among strains within a serotype, the significance of
these differences during natural infection has not been de-
termined. Several PV isolated during outbreaks have dem-
onstrated different antigenic properties when compared with
the reference vaccine strains (46) but, in all cases, immunity
derived from vaccination has been sufficient to provide
protection and to control the circulation of these strains.
Even in the face of massive PV immunization campaigns, no
antigenic escape mutants resistant to neutralization have
ever been observed, and successive genotypes of PV have
been eliminated.

Replication in Cell Culture
One of the prominent characteristics of EV is the cytolytic
nature of growth in cell culture. For many years, PV was the
prototype of a lytic viral infection. At the microscopic level,
infection is usually manifested within 1 to 7 days by the

appearance of a characteristic CPE, which features visible
cell rounding and shrinking, nuclear pyknosis, refractility,
and cell degeneration. The earliest effects can be seen in less
than 24 hours if the inoculum contains many infectious
particles. With fewer virions, however, visible changes are
not recognizable for several days, although a sufficient
number of cells are infected. In addition, some EV either do
not cause CPE at all, or do so only after several passages. In
general, once focal CPE is detected, infection spreads rapidly
throughout the cell sheet with total destruction of the
monolayer, sometimes in a matter of hours.

All known EV (to the extent the newer members have
been tested) can be propagated in either cell culture or in
suckling mice (1, 47). Most of the serotypes can be grown in
at least one human or primate continuous cell culture (48–
56). No cell line, however, can support the growth of all
cultivable EV. Even after many years of experimentation, a
few serotypes (e.g., CVA19) can be propagated only in
suckling mice. The typical host range of human EV in cell
cultures or animals is not clearly associated with a given virus
species. At least half of the known HPeV grow poorly, if at
all, in culture, so their characterization has mainly relied on
molecular methods (57).

Infection of target cells depends on viruses binding to
specific receptors on the cell surface. Collectively, the EVuse
at least seven different receptors, including two different
integrins, decay-accelerating factor (DAF; CD55), the
“coxsackievirus-adenovirus receptor” (CAR), intracellular
adhesion molecule 1 (ICAM-1), sialic acid, and the polio-
virus receptor (PVR; CD155) (58, 59). Some EV are able
to use more than one receptor, and other, unidentified, re-
ceptors may also exist. HPeV-1 uses av integrins for cell
entry, but specific receptors are not known for the other
HPeVs.

EPIDEMIOLOGY
Mode of Transmission
EV can be isolated from both the lower and upper alimentary
tract and can be transmitted by both fecal-oral and respira-
tory routes. Fecal-oral transmission may predominate in ar-
eas with poor sanitary conditions, whereas respiratory
transmission may be more important in more developed
areas (60). The relative importance of the different modes of
transmission probably varies with the particular EV type and
the environmental setting. It is believed that almost all EV
can be transmitted by the fecal-oral route; however, it is not
known whether most can also be transmitted by the respi-
ratory route. EV70 and CVA24v, the agents that cause acute
hemorrhagic conjunctivitis, are seldom isolated from the
respiratory tract or stool specimens and are probably pri-
marily spread by direct or indirect contact with eye secre-
tions (61). EV that cause a vesicular exanthema presumably
can be spread by direct or indirect contact with vesicular
fluid, which contains infectious virus. It is likely that EV are
transmitted in the same manner as are other viruses causing
the common cold—that is, by hand contact with secretions
(e.g., on the hand of another person) and autoinoculation to
the mouth, nose, or eyes. Direct bloodstream inoculation,
usually by laboratory accidents (e.g., needle sticks), can re-
sult in EV infection. EV are efficiently amplified and trans-
mitted among humans without intermediaries, such as
arthropods or other animals. Although several species of
nonhuman primates may become experimentally or even
naturally infected with some human EV, there is no evidence
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that they play any significant role in virus circulation or
constitute an effective animal reservoir. EV have been
detected in pooled donor blood (62, 63), but neither blood
transfusion nor mosquito or other insect bite appears to be a
significant route of transmission.

Transmission within households has been well studied for
both PV and nonpolio EV. Small children generally intro-
duce EV into the family, although young adults make up the
majority of index cases in some outbreaks of AHC (64).
Intrafamily transmission can be rapid and relatively com-
plete, depending on duration of virus excretion, household
size, number of siblings, socioeconomic status, immune sta-
tus of household members, and other risk factors (65).
Transmission generally has been found to be greatest in large
families of lower socioeconomic status, with a greater num-
ber of children 5 to 9 years of age and with no evidence of
immunity to the virus type. Not surprisingly, infections in
different family members can result in different clinical
manifestations.

Household secondary attack rates in susceptible members
may be greatest for the agents of AHC and for the PV and
of lesser magnitude for the CV and echoviruses. In some
studies, secondary attack rates may be greater than 90%,
although they are typically lower.

Transmission occurs within the neighborhood and com-
munity, particularly where people congregate. EV can be
rapidly transmitted within institutions when circumstances
permit (e.g., crowding, poor hygiene, or contaminated wa-
ter), similar to many other viruses. School teams or activity
groups and institutionalized ambulatory retarded children or
adults may be at special risk (66). Despite crowding, EV
transmission is not usually accelerated to a noticeable degree
in institutions where good sanitation is found.

Nosocomial transmission of various EV and parecho-
viruses also has been well documented, typically in newborn
nurseries. Hospital staff may have been involved in medi-
ating transmission in some of these outbreaks. EV70 and
CVA24v are highly transmissible and can cause outbreaks in
ophthalmology clinics when instruments are inadequately
cleaned between patients. An apparent outbreak of CVA1,
which included some fatal cases, has been reported in bone
marrow transplant recipients (67).

Although little evidence suggests that EV found in the
environment are of public health importance, concern has
been expressed about the possible dangers of contaminated
water sources. Recreational swimming water has been in-
vestigated in several studies, and EV have been isolated from
swimming and wading pools in the absence of fecal coliforms
and in the presence of recommended levels of free residual
chlorine (68). Reports have suggested that swallowing of
contaminated pool or lake water theoretically may ac-
count for transmission, but no proof exists that this type
of transmission is significant in recreational settings. In in-
dustrialized countries, EV transmission from potable water is
apparently uncommon but is a constant source of concern
for public health investigators because the usual conditions
under which municipal drinking water is chlorinated may be
insufficient to completely inactivate EV.

Enteroviruses have been isolated from raw or partly
cooked mollusks and crustaceans and their overlying waters
(69). Shellfish rapidly concentrate many viruses, including
EV. These viruses can survive in oysters for 3 weeks at
temperatures of 1 to 21°C but, to date, no outbreak of EV
disease has been attributed to the consumption of contam-
inated shellfish. Other foodborne transmission has been
documented but is thought to be uncommon.

Enteroviruses are more prevalent in sewage from areas
with low socioeconomic conditions or with large propor-
tions of young children. In addition, sewage workers have
been shown to have a higher prevalence of serum antibodies
to EV, consistent with an occupational risk (70). Soil and
crops also provide conditions favorable to EV. Enteroviruses
survive well in sludge and remain on the surface of sludge-
treated soil and even on crops. Air samples from aerosolized
spray irrigants using contaminated effluents also have been
found to contain EV (71). Survival of EVon vegetable food
crops exposed to contaminated water or fertilizer has not
been proved to be associated with virus transmission.

In tropical regions, especially where sanitation is poor,
the efficiency of transmission is high. Consequently, not
only is the overall prevalence of EV infections higher but
also the average age of infection is younger. During infancy
and preschool, children get frequent infections with many
EV (72, 73). It is not uncommon in these areas to detect two
or three simultaneous infections of different EV serotypes,
often causing no disease. Since children likely become
infected with nearly all EV in the tropics, most adults are
immune and nearly all babies are born with maternal anti-
bodies to most EV (74). Normally, neonates not protected
by maternal antibodies are at risk for serious illness when
infected by EV. Because of the protective maternal anti-
bodies, neonatal EV disease is extremely rare in the tropics,
despite the high prevalence of EV infections in older chil-
dren. In contrast, in temperate regions where the overall
prevalence of EV infections and maternal antibodies are
much lower, neonatal EV diseases are relatively more com-
mon (75).

Shedding may be intermittent and is affected by the
immune status of the individual. Past natural infection with
the same EV serotype (or immunization, in the case of po-
liovirus) serves to significantly reduce the extent and dura-
tion of virus shedding (76). Immunity will protect against
disease but does not form an absolute block that will prevent
future infection. Therefore, immune individuals can also
contribute to virus transmission, while not being at risk for
significant disease.

Geography, Season, Socioeconomic Factors, Sex,
Age, and Risk Groups
Enterovirus excretion does not necessarily imply association
with disease because most such excretion is asymptomatic.
Enterovirus activity in populations can be either sporadic or
epidemic, and certain EV types are associated with both
sporadic and epidemic disease occurrences (2). The reported
incidence or prevalence of a given EV disease may artifac-
tually be increased in an outbreak situation when a sudden
focus of attention improves diagnosis and reporting of cases,
but this may also increase reporting of noncases. In addition,
there may be a tendency for other strains to be excluded
when a particular strain is predominant in a community;
however, large communities with summer enteroviral disease
typically support cocirculation of several different types si-
multaneously and in no particular pattern (77).

An important concept in understanding the epidemi-
ology of the EV is variation: by serotype, by time, by geo-
graphic location, and by disease. This concept is illustrated
in surveillance studies of nonpolio EV infections. For ex-
ample, during 1970 to 2006, several major E30 epidemics
occurred in the U.S., from 1981 to 1982, 1990 to 1994, and
1997 to 1998 (78–80). By contrast, endemic viruses (e.g.,
CVB3) are isolated nearly every year and in similar numbers
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each year. Even with endemic viruses, larger outbreaks do
occasionally occur, as with CVB3 in 1980. Similar endemic
and epidemic patterns are seen for the other echoviruses and
CVA (2).

Variation by location is also a major characteristic of EV.
Outbreaks can be restricted to small groups (e.g., schools and
day care centers) or to select communities, or they may
become widespread at the regional, national, or even in-
ternational level. Outbreaks in small groups can sometimes
be linked epidemiologically to a breakdown in hygiene
practices. Even during national outbreaks of a specific se-
rotype, the location of virus activity may not be uniform.
During the period of 1990 to 2005, E30 was the most
commonly isolated EV in the U.S., however, not all parts of
the country had E30 isolates during the entire period. Some
areas, such as the New England states, had extensive circu-
lation in only one year, whereas other areas, such as the
entire western U.S., had extensive virus circulation at least
three of the four years. It is important to note, therefore, that
aggregate national data can obscure significant regional and
local variation in viral prevalence.

In temperate climates, EV are characteristically found
during the summer and early autumn, although outbreaks
can continue into the winter. In fact, naturally occurring EV
have a distinct seasonal pattern of circulation that varies by
geographic area; in contrast, live attenuated PV vaccine
strains are isolated year round in OPV-using countries, re-
flecting the routine administration of polio vaccine to
children. In tropical and semitropical areas, circulation tends
to be year-round or associated with the rainy season. In the
U.S., 36 years of surveillance indicated that 82% of EV
isolations were made during the five summer or fall months
of June to October (2).

Molecular Epidemiology
Study of the molecular variation of viral proteins or nucleic
acid may contribute significant epidemiologic information
on viral diseases. Molecular epidemiologic studies have
helped in our understanding of EV by providing the op-
portunity for unequivocal strain identification, providing
insights into EV classification and taxonomy, clarifying the
origins of outbreaks and allowing identification of strains
transmitted between outbreaks. For the EV, and in particular
PV, the primary method used to generate epidemiologic in-
formation is direct analysis of genomic variation using nu-
cleic acid sequencing (81, 82). Nucleic acid sequencing
technology has been most comprehensively applied to
studies of PV where the information has proved valuable for
supporting the global PV eradication program. The intro-
duction of the technique of genomic nucleic acid sequencing
and its application to the study of wild PV isolates from
different parts of the world has significantly extended the
epidemiologic power of molecular studies. By analyzing the
random mutations that occur in the genome of different PV,
closely-related viruses were easily differentiated and, in ad-
dition, more distantly-related viruses were clustered into
distinct geographic groupings of endemic circulation (83).
This approach allowed epidemiologic links to be extended
beyond those identified with other techniques. Building on a
nucleic acid sequence database of PV strains worldwide, it
has been possible to develop rapid approaches to tracking
wild PV strains (84).

Studies on the molecular epidemiology of nonpolio EV
have focused on the evolutionary inference derived from the
comparison of virus isolates within a serotype over time, as
well as the comparison of isolates from different serotypes

and even between different genera within the Picornaviridae.
One of the studies of CVB5 isolates examined the pattern of
genetic changes over three separate outbreaks in the U.S.
(85). The nucleotide sequence from multiple isolates from
the epidemics showed that each of the epidemics was caused
by a single genotype. The genotype of CVB5 observed in the
1967 epidemic showed more similarity to the virus observed
in the 1983 epidemic than to viruses isolated during the
intervening years, suggesting discontinuous transmission of
epidemic CVB5 in the U.S. during this time. In an analo-
gous manner, E30 genotypes have demonstrated an over-
lapping succession among the isolates characterized in the
U.S. (86).

More than one genotype may be found in certain periods,
and the displaced genotype can be found in other parts of the
world after isolations have ceased in the U.S. for many years.
In studies of EV71 isolates, at least three distinct genotypes,
and possibly a fourth, have been characterized (87–89).
Unlike the situation with E30 and more similar to the CVB5
example, the transition from one genotype to another oc-
curred during a single year, 1987, and the older genotype has
not been isolated in the U.S. since then, despite isolation in
other parts of the world.

PATHOGENESIS AND CLINICAL
SYNDROMES
Typically, the primary site of infection is the epithelial cells
of the respiratory or gastrointestinal tract and the lymphoid
follicles of the small intestine (90). Replication at the pri-
mary site of infection may be followed by viremia, leading
to a secondary site of tissue infection. Secondary infection
of the CNS results in aseptic meningitis or, rarely, enceph-
alitis or paralysis. Other tissue-specific infections can result
in pleurodynia or myocarditis. Disseminated infection can
lead to exanthems, nonspecific myalgias, or severe multiple-
organ disease in neonates.

Incubation Times
All polioviruses, group A and B coxsackieviruses, and echo-
viruses have incubation times ranging from 2 to 35 days,
with an average of 7 to 14 days (47). The shortest incubation
period, 12 to 72 h, has been reported for local infections of
the eye by EV70 (91).

Asymptomatic Infections
The link between an EV infection and a disease syndrome
should be made with caution. Inapparent infections and
prolonged excretion of virus, especially in stools, are com-
mon. A definitive link cannot be made between infection
and disease based solely on isolating virus from the stool of
an individual patient. A link can be inferred if the virus is
isolated from a site that corresponds to the clinical symptoms
and if that site is normally sterile. Most associations between
EV infection and disease have been made from studies of
outbreaks in which a large number of persons with the same
clinical signs and symptoms have evidence of infection with
the same serotype. Such studies have clearly demonstrated
that EV infection can cause aseptic meningitis, pericarditis,
pleurodynia, myocarditis, acute hemorrhagic conjunctivitis
(AHC), acute respiratory illness, and encephalitis. When an
individual patient has a disease syndrome shown clearly to
be associated with EV infection and there is no evidence of
involvement by another agent, infection implies probable
causation.
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Clinical Syndromes
It is neither necessary nor practical to enumerate all diseases
caused by each of the EV serotypes. A limited number of
viruses cause a few clinically-distinct diseases (e.g., polio-
myelitis, AHC, and herpangina). They are relatively easily
recognized, and etiologic confirmation by laboratory tests,
if required, can be directed at a few specific EV. Certain
syndromes (e.g., meningitis, encephalitis, and myocarditis)
have varied causes, including EV, other viruses, bacteria,
non-infectious causes, etc. In such cases etiologic diagnosis is
important for selecting appropriate treatment or avoiding
inappropriate treatment. With some notable exceptions,
most EV generally are capable of causing a variety of clinical
diseases, and for any specific disease it is difficult to predict
the serotype from signs and symptoms alone (Table 2).

Poliomyelitis
The term poliomyelitis refers to the inflammatory damage
due to infection of the anterior horn cells of the spinal cord,
recognized clinically as acute-onset, lower-motor-neuron
paralysis (or paresis) of one or more muscles. When its viral
cause was recognized, the agent was called poliovirus,
thereby redefining poliomyelitis as spinal cord disease caused
specifically by one or another poliovirus serotype. Polio-
viruses may cause other diseases, but muscle paralysis due
to myelitis is the most important. Until poliovirus infec-
tions were controlled by immunization, they were the most
common cause of acute flaccid paralysis (AFP), but this is no
longer the case in almost all countries.

Poliomyelitis may vary widely in severity from paresis of
one or a few muscles or paralysis of one or more limbs to
quadriplegia and paralysis of the muscles of respiration (di-
aphragm, intercostal muscles). Most children recover from
the acute illness, but some 70% continue to have some re-
sidual motor weakness, which may vary from mild impair-

ment to complete flaccid paralysis. The permanent loss of
motor neurons results in denervation atrophy of the affected
muscles.

While the vast majority of poliovirus infections are either
asymptomatic or associated with nonspecific febrile illnesses,
the case-fatality rate of those who develop poliomyelitis is
2% to 5% and in epidemics it can be as high as 10%. Death is
most often due to respiratory paralysis or arrest in children
with bulbar poliomyelitis.

Poliomyelitis should be considered in all cases of pure
motor paralysis and is usually associated with a normal or
slightly-elevated value for protein, normal sugar value, and
moderate mononuclear pleocytosis in CSF. Early in the ill-
ness polymorphonuclear cells may predominate in the CSF,
followed by a shift to mononuclear cells. Defects in the
ventral horns of the spinal cord can be observed by magnetic
resonance imaging (MRI). The MRI lesion corresponds to
the innervation pattern of the affected extremity. Electro-
myography and nerve conduction velocities (NCVs) gen-
erally fail to show evidence of a conduction block. The
differential diagnosis includes spinal cord compression,
stroke, neuropathy, and Guillain-Barré syndrome (GBS).

Delayed progression of neuromuscular symptoms (post-
polio syndrome) may occur 20 years or longer after the initial
paralysis due to poliovirus (92). Post-polio syndrome is
characterized by new muscle weakness associated with dys-
function of surviving motor neurons. The illness is usually
associated with deterioration of those nerves involved in
reinnervation during recovery from the original poliovirus
infection. It does not appear that reactivation or replication
of poliovirus is involved, but current data are inconclusive,
since no infectious virus has ever been isolated (93, 94).

Paralytic Myelitis Caused by Other Enteroviruses
A clinical syndrome of AFP may be caused infrequently by
certain EV other than polioviruses. In children, EV71 may
cause AFP either sporadically or in outbreaks (95–98).
Several other EV and parechoviruses have been found to be
associated with AFP on rare occasions (31, 99–102). The
clinical picture is usually one of a mild disease, occasionally
with paralysis of a single muscle, such as the deltoid, and
often with complete recovery. Although most patients re-
cover completely, some may continue to have residual pa-
ralysis, as in poliomyelitis.

Viral Meningitis
Fever, headache, and nuchal rigidity, often with Brudzinski’s
sign, are characteristic of enteroviral meningitis in children
and adults. The CSF is usually clear and under normal or
mildly to moderately increased pressure and with mild-to-
moderate pleocytosis (usual range, 100 to 1000 cells per
microliter) (103–105). Although on the first or second day
of illness, CSF cells may be predominantly neutrophils, they
are predominantly lymphocytes when evaluated 1 or 2 days
later (106). Enteroviral meningitis usually occurs sporadi-
cally, while some children are infected with the same virus
without neurologic disease or even asymptomatically. Occa-
sionally EV meningitis may occur as small outbreaks. Entero-
viruses are by far the most frequent cause of viral meningitis
in most locations (4, 107, 108).

Many other viruses, such as mumps virus, herpes simplex
virus (HSV), Epstein-Barr virus, arenavirus, and several ar-
boviruses, also may cause viral meningitis (109). The clini-
cal picture and the laboratory findings on CSF examination
lead to a diagnosis of aseptic meningitis. Viral isolation in
cell culture or suckling mice from CSF is usually successful

TABLE 2 Clinical syndromes associated with enterovirus
infection
CNS

Aseptic meningitis
Encephalitis
Flaccid paralysis

Respiratory
Mild upper respiratory tract illness (common cold)
Lymphonodular pharyngitis
Bronchiolitis
Bronchitis
Pneumonia

Exanthems
Hand, foot, and mouth disease (HFMD)
Herpangina

Cardiac
Myocarditis
Pericarditis

Other
Pleurodynia
Acute hemorrhagic conjunctivitis (AHC)
Neonatal disseminated disease
Chronic infection of agammaglobulinemic patients
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only early in the course of illness. Virus isolation and de-
tection by molecular methods are the only definitive agent-
specific diagnostic results.

Encephalitis
Infection of the brain parenchyma is a relatively rare mani-
festation of EV/parechovirus infection (1, 110, 111). The
encephalitis may be global or focal. It is probably more
common in children than in adults in both tropical and
temperate regions. The illness starts with fever and consti-
tutional symptoms. After a few days, confusion, irritability,
lethargy, or drowsiness develops and usually progresses rap-
idly to generalized convulsions and coma. In some children,
focal encephalitis is characterized by focal seizures, very
much as in herpes simplex virus encephalitis. Other clinical
manifestations are usually related to elevated intracranial
pressure and to cranial nerve or cerebellar involvement.
Occasionally myelitis may also occur, with lower motor
neuron paralysis of muscles (112).

More recently, a syndrome of fatal brain stem encephalitis
that is associated with EV71 infection has been described in
several countries of Southeast Asia (113–115). Although
sporadic cases of infection with this virus have been de-
scribed since the virus was first recognized in 1971, the
deaths in Southeast Asia occurred in the context of wide-
spread hand-foot-and-mouth disease (HFMD) outbreaks.
The fatal outcome had few clinically predictive symptoms
but was specifically associated with young children, most of
whom were less than 2 years of age. The onset of neurologic
symptoms was particularly rapid, and death often occurred
within 24 hours as a result of cardiopulmonary failure, pre-
sumably of neurogenic origin (113).

As a rule, CSF culture does not yield an EV. Brain tissue
is seldom obtained by biopsy for virus isolation. It is gener-
ally believed that herpes simplex virus, several arthropod-
transmitted viruses, and EV are the most common causes of
viral encephalitis (116, 117).

Acute Myocarditis and Pericarditis and
Their Chronic Sequelae
Acute myocarditis, with or without pericarditis, caused by
several EV can occur in infants, children, adolescents and
young adults (118). The most common serotypes implicated
in acute myocarditis are the CVB (119–121).

Acute Hemorrhagic Conjunctivitis
Mild conjunctival hyperemia is noted with many EV dis-
eases. However, a severe form of conjunctivitis, usually oc-
curring in rapidly-spreading epidemics and characterized by
subconjunctival hemorrhage in nearly half the subjects, is
caused by two EV serotypes. This disease is different from
other enteroviral illnesses, having occurred in global pan-
demics since its introduction around 1969, when both EV70
and “CVA24 variant” (CVA24v) emerged as causes of acute
hemorrhagic conjunctivitis (AHC) (61, 122–128). To date,
AHC epidemics have occurred largely in the tropical and
subtropical countries of Asia, Africa, and Latin America.
Only sporadic cases or small outbreaks have occurred in
temperate climates.

The illness has a sudden onset. The incubation period for
these agents is shorter than for other EV (24 to 72 hours),
systemic illness is much less common and conjunctival
replication of virus is the rule. Spread is mainly through
direct contact, via fingers or fomites. Eye pain, photophobia,
excessive lacrimation, and congestion of the conjunctiva are

almost always present. The characteristic subconjunctival
hemorrhage in a proportion of cases in an epidemic is an
important diagnostic feature. The disease is usually bilateral.
Adults and school-age children are more affected than in-
fants and preschool children, although household spread is
efficient regardless of age. After a few days, symptoms abate,
but the hemorrhage resolves slowly and recovery is complete
in 5 to 10 days.

Pleurodynia
Pleurodynia, also known as Bornholm disease, is a distinct
illness with mild or high fever of short duration and chest
pain located on either side of the sternum or retrosternally
and may occur sporadically or in outbreaks. The pain is
usually intermittent or spasmodic and sometimes excruci-
ating, often exacerbated by deep breathing. Intercostal
muscle tenderness and a pleural rub, when present, are im-
portant signs distinguishing the illness from myocardial in-
farction, which is often suspected in adults. The chest
radiograph and electrocardiogram are normal. Symptoms
usually last for a few days to more than 2 weeks, with oc-
casional relapses. In children severe abdominal pain, ap-
parently arising from the diaphragm, may occur.

This syndrome has primarily been associated with CVB
(129, 130), particularly CVB3 and CVB5, although sporadic
cases may be caused by other EV. Rarely, pleurodynia may be
accompanied by another clinical manifestation of EV in-
fection, such as aseptic meningitis, or even myocarditis.

Hand-Foot-and-Mouth Disease
The distinguishing feature of this illness is the characteristic
vesicular eruption on the hands and feet and in the mouth
(131). The oral lesions, mostly on the buccal mucosa, be-
come shallow ulcers. CVA16 is the most frequent etiologic
agent, occasionally causing large outbreaks. Other EV, es-
pecially CVA10 and EV71, may also cause HFMD outbreaks
(88, 132). The etiologic agent can be isolated or detected
from the vesicles and from the throat and feces. Occasion-
ally, HFMD may occur with other EV involvement such as
meningitis. CVA6 recently emerged as a frequent cause
of HFMD worldwide (133–136). In these cases, the skin
lesions were unusually severe, causing significant concern
among parents and health care providers (137–140), and a
significant fraction of cases occurred among adults (141,
142).

Herpangina
This illness is characterized by a typical crop of vesicles on
the soft palate, uvula, other parts of the oropharynx, or the
tongue (143). Each vesicle is about 1 to 2 mm in diameter,
with a surrounding red areola. It usually occurs in children
younger than 10 years old. Fever and sore throat are the
common symptoms. Careful examination of the oropharynx
reveals 1 to 12 discrete lesions, which usually subside with-
out ulcerating.

Short Fever with Maculopapular Rash
Many EV may cause a short febrile illness with a maculo-
papular rash resembling rubella or mild measles, particularly
in infants and very young children (143). The distribution
of the rash on the face, neck, and chest, and occasionally
on the arms and thighs, may mimic other well-recognized
exanthems. Sometimes there may be mild upper respiratory
symptoms, adding to the difficulty of accurate clinical di-
agnosis. Outbreaks of EV exanthem also have been called
Boston exanthem (144).
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Diarrhea
Mild diarrhea is a common accompanying symptom in many
enteroviral diseases, and EV occasionally may cause a short
acute diarrheal illness. Although occasional outbreaks of
diarrhea without other typical EV symptoms have been at-
tributed to EV or parechovirus infections, these are un-
common.

Neonatal Enterovirus Diseases
Neonates are more vulnerable to invasive EV diseases than
are older children and adults. Infection may occur in utero or,
more commonly, perinatally. Many of the clinical fea-
tures described previously, as well as the more sinister le-
sions in the CNS or the heart, may cluster together in the
infected neonate (145, 146). Such illnesses very much re-
semble other severe systemic infectious diseases, such as
bacterial septicemia. Thus, the infant may present with
lethargy, feeding difficulty, vomiting, tachycardia, dyspnea,
cyanosis, jaundice, and diarrhea, with or without fever.
Clinical evidence for aseptic meningitis, encephalitis, myo-
carditis, hepatitis, or pneumonia may be present in any
combination. The case fatality rate is high. Sometimes death
may occur rapidly.

Respiratory Disease
Like the related human rhinoviruses, EV are often associ-
ated with mild respiratory illness, most frequently restricted
to the upper respiratory tract (common cold) (147). How-
ever, EV and parechoviruses may also cause more serious,
lower respiratory tract illness, including bronchitis, bron-
chiolitis, and pneumonia (148, 149). In particular, EV-D68
appears to be almost exclusively restricted to the respiratory
tract and associated with respiratory disease (150). Since
the mid-2000s, EV-D68 has been increasingly recognized as
a cause of acute respiratory illness clusters and outbreaks,
highlighted by a nationwide outbreak of more than 1000
confirmed cases in the United States in 2014 (151, 152).

TREATMENT AND PREVENTION
Antivirals
A number of specific antiviral compounds have been de-
veloped to target enteroviral proteins and steps in the virus’
life cycle; none of these has received regulatory approval, so
there are currently no drugs available to treat enterovirus or
parechovirus infection.

Polio Eradication
The epidemiology of poliovirus infection has been radically
altered by the widespread use of both IPV and OPV. The
recent activities of the Polio Eradication Initiative have
eliminated endemic poliovirus from most of the world (84).
Since 1988, poliomyelitis from wild poliovirus has declined
dramatically and in the year 2015 remains endemic in only
three countries in Africa and South Asia. Four regions of the
world—the Americas, the Western Pacific, Europe and
Southeast Asia—have been certified to be free of endemic
poliovirus transmission (153). One of the three serotypes
of wild poliovirus (type 2) has already been eliminated
from the entire world (154). The only remaining wild
type 2 viruses are now found in laboratories and vaccine
manufacturing facilities. The eradication goal is attainable

because humans are the only known reservoir for poliovirus.
The current global eradication program launched by WHO
relies exclusively on OPV for mass vaccination, but IPV is
being introduced globally in 2015-2016.

To achieve high vaccine coverage in all regions of the
world, the Polio Eradication Initiative also relies on sup-
plemental immunization campaigns and aggressive investi-
gation of all suspected cases of AFP to identify wild PV
circulation (155). To ensure that no case of poliomyelitis is
missed, every case of AFP in every location in every country
must be detected through clinical surveillance and investi-
gated virologically. Two stool samples should be collected on
consecutive days, within 2 weeks after the onset of paralysis,
and processed for virus isolation.

Any area with endemic wild PV can serve as a reservoir
for reintroduction of PV to areas that have no endemic PV
circulation (156). In addition to several documented long-
range importations over the past 25 years, wild PV spread
from an endemic reservoir in Nigeria to cause cases in 18
additional countries during 2002 to 2005 and re-establish
virus circulation in six of these countries. The frequency and
ease of international travel probably results in frequent in-
troduction of wild PV into all regions of the world. High
rates of polio-vaccine coverage are necessary to prevent
poliomyelitis epidemics.

At least two dozen poliomyelitis outbreaks in 18 coun-
tries have been associated with circulating vaccine-derived
polioviruses (cVDPV) (157). The outbreak strains were
unusual because their capsid sequences were derived from
OPV. These viruses had recovered the capacity to cause
paralytic poliomyelitis in humans and to be transmitted ef-
ficiently among human populations (158). Intense investi-
gations suggest that circulation of vaccine-derived virus is a
rare event, occurring only in populations with low immu-
nization rates and high population densities. The discovery
of cVDPVs has created urgency in planning a comprehen-
sive post-eradication immunization strategy and emphasizes
the fact that the risk of polio will not be eliminated until
OPV vaccination stops (159). As a consequence, the erad-
ication effort will need to address issues of future vaccination
policy, the containment of laboratory and vaccine produc-
tion strains and a coordinated strategy to achieve the ces-
sation of OPV immunization as vital parts of the eradication
effort following the successful elimination of wild virus cir-
culation (159).

LABORATORY DIAGNOSIS
A general diagnostic caveat is shared among EV and other
ubiquitous pathogens. Since EV infections are quite com-
mon, especially in childhood, and since most infections are
noninvasive and prolonged, the detected EV infection need
not be the cause of the illness under investigation. Rather, it
is an issue of probabilities. If the clinical syndrome is already
known to be associated with the detected agent, then in-
fection is taken as reasonable evidence of causation. If the
agent is found in diseased tissue or a relevant body fluid
(such as CSF), that constitutes concrete evidence of inva-
sion, hence causation. To rule out poliovirus infection in a
paralytic case, two stool specimens should be collected at
least 24 hours apart during the first 14 days following onset of
paralysis. Isolation in culture remains the gold standard for
poliovirus detection (160). The preferred methods for lab-
oratory diagnosis of picornavirus infections are outlined in
Table 3.
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Virus Isolation and Identification
Many of the detailed procedures for the laboratory diagnosis
of EV and parechovirus infections using virus isolation have
been described (47). The traditional techniques for de-
tecting and characterizing EV rely on the time-consuming
and labor-intensive procedures of viral isolation in cell cul-
ture and neutralization by reference antisera. Isolation of EV
from specimens using appropriate cultured cell lines is often
possible within 2 or 3 days and remains a very sensitive
method for detecting these viruses. The best specimens for
isolation of virus are, in order of preference, stool specimens
or rectal swabs, throat swabs or washings, and CSF. Throat
swabs or washings and CSF are most likely to yield virus
isolates if they are obtained early in the acute phase of the
illness. For cases of AHC, the best specimens are conjunc-
tival swabs (47), although occasionally virus can be isolated
from tears (161).

The procedure for virus isolation involves inoculation of
appropriate specimens onto susceptible cultured cells. No
single cell line, however, exists that is capable of growing all
human EV. It is common practice to use several types of
human and primate cells to increase the spectrum of viruses
that can be detected (47, 162). Even with a variety of cells,
however, several CVA serotypes fail to propagate in culture
(55). The CV, including those that do not grow in cell
culture, can be isolated and propagated by intracerebral in-
oculation of suckling mice (55). The nature of the CPE in
various cell cultures is so characteristic that a cautious pre-
sumptive diagnosis of EV infection can often be made at
initial detection of cytopathic changes. Some components of
a sample inoculated onto cell cultures (from fecal samples,
for example) can produce cell toxicity in the first 24 hours,
which can be confused with viral CPE. To distinguish tox-
icity from virus CPE, an additional passage can be performed
so that toxic components of a specimen can be diluted; the
passage will allow cells to maintain viability or, alternatively,
for the virus to amplify and produce CPE.

As a consequence of current PVeradication activities and
the importance of PV as a public health problem, specific
diagnostic procedures have been developed to detect this
virus (163). In general, PV grows well on a variety of primate
and human cell culture lines, but it cannot be distinguished
from other EV solely on the basis of CPE. Polioviruses are
unique in their use of CD155, which is distinct from re-
ceptors used by all other EV to infect cells. This receptor has

been transfected and expressed in a murine cell line that
normally cannot be infected by most EV but is permissive to
viral replication when the viral genome is present within the
cell. One of these transfected murine cells, L20B, can grow
PV and has been exploited selectively to isolate PV even in
the presence of other EV (164, 165). When a specimen is
inoculated onto these cells and a characteristic EV CPE is
seen, the virus can be presumptively identified as a PV. A few
strains of certain nonpolio EV serotypes are able to grow on
the parent murine L cells, however, and therefore growth on
L20B cells is not a definitive identification of PV, and
confirmatory testing is required.

Type-specific monoclonal antibodies may also be used for
EV typing, typically in indirect immunofluorescence assays
to identify viruses isolated in cultured cells (166, 167).
Commercially-available monoclonal antibodies can be used
to detect relatively common serotypes, including PV1-3,
CVA9, CVA24, CVB1-6, E4, E6, E9, E11, E30, EV70, and
EV71. Additional monoclonal antibodies have recently
been developed for CVA2, CVA4-5, and CVA10 (167).
Indirect immunofluorescence is faster and easier to perform
than neutralization, and the reagents can be produced in
large quantity as needed, but the method still suffers from the
same limitations as other antigenic typing methods, namely
the requirement for a virus isolate in culture prior to typing
and the need for a large number of reagents to identify all
serotypes. Despite these limitations, the method has been
adopted as the standard EV typing method in a large number
of clinical and reference laboratories.

Molecular Detection and Characterization
Molecular procedures are now the methods of choice for EV
detection in CSF and are widely used for a patient with a
clinical presentation of meningitis.

As with virus isolation and serotyping, the molecular
methods attempt to detect the presence of EV in a specimen
and, in some procedures, to further characterize the detected
virus. The techniques can be grouped on the basis of their
infrastructure and technical requirements and the types of
specimens to which they are applied. Additionally, the tests
can be grouped on the basis of the type of answer the test
provides and the predictive value of a positive and a negative
finding. The first broad group of tests is based on PCR,
which is used primarily to detect EV genomes in cell cul-
tures, clinical specimens, and biopsy or autopsy tissues. The
second and newest procedure utilizes genomic sequencing
for the characterization of EV at the highest levels of spec-
ificity. While it has not yet been integrated into routine
clinical virology workflows, so-called “next-generation” se-
quencing is an exciting technology that promises to revo-
lutionize pathogen molecular identification without prior
knowledge of viral targets (168–171). However, consider-
able development work is required for this vision to become
a reality.

By far the most common use of PCR for EV diagnosis is
the direct detection of virus in clinical specimens (172,
173). Numerous variations on the details of the procedures
are found, but all methods that can generically detect EV
have several common features. The most important property
of these tests is that the primers are targeted to amplify the
5’-NTR of the virus genome. Many of these assays, however,
have not been completely evaluated on a large number of
clinical isolates to confirm reactivity with all EV serotypes
and strains within serotypes, and therefore they have not
been validated sufficiently for diagnostic use (174). The

TABLE 3 Preferred methods for Picornavirus detection and
characterization

Sensitivity Specificity

Ease
of
use Speed

Detection
Cell culture ++ + ++ ++
Suckling mouse

inoculation
++ + + +

Real-time RT-PCR +++ ++ +++ +++
Identification/

characterization
Indirect

immunofluorescence
(of culture isolates)

++ ++ +++ ++

PCR + sequencing +++ +++ + ++
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major advantage of the pan-EV PCR is that rapid detection
of an EV is possible, even with very small amounts of clinical
specimens such as CSF. It is also possible to detect EV that
do not readily grow in cell culture. As with all PCR, the
sensitivity of amplification of RNA from biologic speci-
mens is extremely variable, depending on the nature of the
specimen. Although the PCR procedure can be shown to
give a positive result even from only one or a few copies
of viral RNA, it is not unusual for the sensitivity to be
many orders of magnitude lower in certain specimens (e.g.,
stool). The introduction of “real-time” PCR methods has
largely solved this issue as the fluorescence detection systems
generally increase the sensitivity significantly. A small
number of “panEV” real-time PCR assays have received
regulatory approval for clinical use in the U.S. or Europe, but
some of these are labeled for narrow indications or specimen
types, so many clinical laboratories still rely on laboratory-
developed tests. A more recent innovation is the devel-
opment of molecular respiratory virus panels that allow
simultaneous detection of a dozen or more common respi-
ratory viruses (175). Some of these incorporate a “rhinovi-
rus-enterovirus” assay targeting conserved, shared sites in the
5¢-NTR. Sensitivity varies among the available systems and
among targets within a given platform, but the ability to
rapidly test for a wide range of common respiratory patho-
gens offers a distinct advantage over single-assay systems.

A goal in virus identification is knowledge of the se-
quence of the viral genome. Encoded within this sequence
are determinants for all the biologic properties that are at-
tributable to a given virus. Therefore, the nucleic acid se-
quence information of a virus represents its ultimate
characterization. All important information about a virus
could potentially be obtained directly by PCR in conjunc-
tion with nucleic acid sequencing if all the molecular cor-
relates of viral phenotypic determinants were understood. At
present, however, the genetic location for many properties of
the virus remains uncertain. Nevertheless, it is possible to
use sequence information to assign an EV isolate to a par-
ticular serotype (40–44, 174). The most common molecular
typing system is based on RT-PCR and nucleotide se-
quencing of a portion of the genomic region encoding VP1.
The serotype of an unknown isolate is inferred by compar-
ison of the partial VP1 sequence with a database containing
VP1 sequences for the prototype and variant strains of all
human EV serotypes (174). Using this approach, strains of
homologous serotypes can be easily discriminated from
heterologous serotypes and new serotypes can be identified.
The technique is also useful to rapidly determine whether
viruses isolated during an outbreak are epidemiologically
related. The most sensitive version of this approach uses
semi-nested PCR to allow molecular typing directly from
clinical material and is approximately equal in sensitivity to
real-time PCR using hydrolysis probes (176–179). In some
cases, it may be advantageous to use VP1 sequence of a few
viruses in an outbreak to develop a simple real-time PCR
assay to facilitate rapid identification of cases that are part of
the outbreak and differentiate them from sporadic cases
infected with other co-circulating EV types. For example,
several such assays were developed during the 2014 North
American EV-D68 outbreak (180–182).

Serologic Diagnosis
Serologic diagnosis of EV infection can be made by com-
paring antibody titers in acute and convalescent phase
(paired) serum specimens. In general, however, EV serodi-

agnosis is more relevant to epidemiologic studies than to
clinical diagnosis. The most basic serologic test is that of
neutralization in cell culture. The mechanics of the assay are
similar to the test used for identification of isolates, except
that a known virus is mixed with serial dilutions of antisera
from a patient (183). A 4-fold or greater rise in type-specific
neutralizing antibody titer is considered diagnostic of recent
infection. Antibody, however, may already be present at the
time the original specimen is obtained because of the ex-
tended incubation period and prodromal period of many
enteroviral illnesses, which complicates interpretation of
results. The neutralization assay also requires knowledge of a
suspected serotype as the specific virus must be used as an-
tigen. With more than 100 known EV types, this approach is
impractical if the serotype is unknown or cannot be reduced
to a very small number.

Several groups have developed an enzyme-linked im-
munosorbent assay (ELISA) for EV-specific IgM (184–187).
These tests have been found positive for nearly 90% of
culture-confirmed CVB infections and can be performed
rapidly. The ELISA has been successfully applied for epi-
demiologic investigations of outbreaks (188), as well as for
specific diagnostic use (189–191). In most cases, the IgM
ELISA test is not completely serotype-specific. Depending
on the configuration and sensitivity of the test, from 10% to
nearly 70% of serum samples show a heterotypic response
caused by other EV infections. This heterotypic response has
been exploited to measure broadly reactive antibody, and the
assay has been used to detect EV infection generically (192,
193). In attempting to characterize the exact nature of the
response using different antigens, it is clear that the human
immune response to EV infection includes antibodies that
react with both serotype-specific epitopes and shared epi-
topes (194). In summary, the IgM assays that are generally
used in epidemiologic studies have very good sensitivity and
appear to be very specific for EV infection; however, these
assays detect heterotypic antibodies resulting from other EV
infections and therefore cannot be considered strictly sero-
type-specific. A positive result with either the neutralization
test or IgM ELISA indicates a recent viral infection; how-
ever, the infecting serotype found with the IgM assay may
not be the same one determined by the neutralization test.

Parechovirus Diagnostics
Despite their original classification, sequencing and PCR
studies demonstrated that parechoviruses 22 and 23 were
distinct from the enteroviruses, resulting in their reclassi-
fication as members of a new picornavirus genus, Par-
echovirus (25, 27–29). Since then, 14 additional human
parechovirus types have been identified (26, 31–33, 195–
199). Like the enteroviruses, human parechoviruses were
traditionally detected and identified by virus isolation and
antigenic typing (200). By these methods, HPeV1 (formerly
E22) consistently accounted for 2% to 4% of “enteroviruses”
reported to CDC from 1975 to 1995 (2). RT-PCR began to
supplant virus culture as the method of choice for EV de-
tection in clinical diagnostic laboratories in the mid-1990s.
Since that time, the number of HPeV1 reports has declined
to under 1%, probably because HPeV-containing specimens
are usually reported as EV PCR-negative and not further
characterized.

A number of investigators have developed real-time PCR
assays to detect HPeVs (196, 201–211). These methods
target conserved sites in the 5’-NTR that are analogous to
those targeted by EV-specific PCR assays. A number of re-
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cent studies have applied molecular methods to the detec-
tion of HPeVs in patients with enteritis, respiratory illness,
and neonatal sepsis-like syndrome (31, 33, 35, 146, 195,
196, 201, 212, 213). As these methods are increasingly in-
tegrated into the diagnostic routine of clinical and reference
laboratories, a better estimate will emerge of the burden of
disease attributable to this group of picornaviruses. Mole-
cular typing assays, using RT-PCR and sequencing targeted
to VP1 (and analogous to approaches used for the enter-
oviruses), have been developed to identify parechoviruses in
clinical specimens (214, 215).

DIAGNOSTIC BEST PRACTICES
Virus isolation in cell culture is still sometimes used to detect
enteroviruses and parechoviruses, but intracranial inocula-
tion of suckling mice is rarely attempted these days (Table
3). In current practice, the most sensitive assays to detect
enteroviruses and parechoviruses use molecular amplifica-
tion methods such as RT-PCR. Enteroviruses and rhino-
viruses cannot always be distinguished using molecular assays
that target the conserved 5¢-NTR, so additional PCRs tar-
geting the capsid region and coupled with sequencing are
generally used to differentiate these two closely related virus
groups. Conversely, detection of parechoviruses requires a
separate set of assays as the parechovirus genome sequences
are distinct from those of the enteroviruses. Identification
of enterovirus types by indirect immunofluorescence with
commercially-available monoclonal antibodies is relatively
simple (though reagents are limited to a small number of
type specificities), but as virus isolation has become less
common, most enterovirus and parechovirus typing is ac-
complished through amplification and sequencing of a por-
tion of the VP1 capsid region.
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VIRAL CLASSIFICATION AND BIOLOGY
Measles
Measles virus is a single stranded, nonsegmented, nega-
tive sense RNA virus and the prototypic member of the
Morbillivirus genus of the Paramyxovirnae subfamily of the
Paramyxoviridae. The standard viral genome is 15,894 nu-
cleotides in length and contains six genes and encodes eight
proteins which include nucleoprotein (N), phosphoproteins
(P) C and V, and matrix (M), fusion (F), hemagglutinin (H),
and polymerase (L) proteins. The measles virion is spherical
with a diameter ranging from 120 to 250 nm. The virus buds
from the plasma membranes of infected cells and has an
envelope composed of glycoproteins, the H and F proteins,
and lipids. The H and F proteins appear as short surface
projections and are responsible for receptor binding and
virus entry into susceptible cells (1). Three cell surface re-
ceptors for wild-type measles virus have been identified and
all interact with the H glycoprotein (2). The M protein is
positioned under the virion envelope and anchors the nu-
cleocapsids to the budding sites at the plasma membrane.
Unlike the H and F surface proteins, the M is neither gly-
cosylated nor transmembranous. The envelope encloses an
elongated helical nucleocapsid in which protein units are
spirally arranged around the nucleic acid. The nucleoprotein
(N), phosphoprotein, and large polymerase protein, in
conjunction with the virion negative strand RNA, comprise
the ribonucleoprotein complex, the replicating, and tran-
scriptional unit of measles virus (1, 3). Although measles
virus has only a single serotype, it can be subdivided into 24
distinct genotypes based on the sequence variability of the
last 450 nucleotides of the N gene. These sequences can vary
by up to 12% among the genotypes and form the basis of the
molecular epidemiology applied to tracking of transmission
pathways, monitoring control measures, and distinguishing
wild-type viruses from vaccine strains of measles (4, 5).

Mumps
Mumps virus is a single-stranded, negative sense, enveloped
RNA virus in the Paramyxoviridae family, Paramyxovirinae
subfamily, genus Rubulavirus. Mumps virions are pleomor-
phic but generally spherical structures, and range in size from
85 nm to 300 nm in diameter (1). Filamentous structures
have also been observed. The viral genome is 15,384 nu-
cleotides in length and encodes nine proteins from seven

genes. The mumps genome is encapsidated by nucleoprotein
(NP) and the phosphoprotein (P) and large (L) protein are
associated with the encapsidated RNA to comprise the ri-
bonucleoprotein complex. The envelope is a lipid bilayer
membrane and contains the two surface glycoproteins, a
haemagglutinin-neuraminidase (HN) and fusion (F) hemo-
lysin protein, as well as a matrix (M) and a short hydro-
phobic (SH) membrane-associated protein. The SH protein
may play a role in pathogenesis (6, 7). The gene encoding
the SH protein is highly variable and has been used as the
basis of genotyping mumps viruses for molecular epidemio-
logical purposes (8). Genotypes show nucleotide variation of
2 to 4% within genotypes, and 6 to 19% between genotypes
(9). There is one mumps virus serotype; however, distinct
lineages of wild-type viruses cocirculate worldwide. The
World Health Organization (WHO) currently recognizes 12
genotypes designated A to N (excluding E and M) which are
based on the nucleotide sequences of SH and HN genes
(10). The last two proteins, V and I, are nonstructural pro-
teins. The V protein plays a role in interferon signaling and
production, while the role of the I protein is not known.

Rubella
Rubella (German measles or 3-day measles) was first de-
scribed in the 18th century and was accepted as a disease
independent of measles and scarlet fever in 1881 (11). Al-
though rubella had been largely ignored for 60 years, in
1941, N. McAlister Gregg first recognized that cataracts in
children followed maternal rubella during gestation (12).
The association between congenital rubella and a spectrum
of significant birth defects including sensorineural hearing
loss, cardiovascular abnormalities, cataracts, congenital
glaucoma, and meningoencephalitis is now accepted. Ru-
bella virus (RV) is recognized as the most potent infectious
teratogenic agent yet identified (13).

RV is a 60- to 70-nm-diameter particle consisting of a
core particle surrounded by a lipid envelope. The envelope
contains two viral glycoproteins, E1 and E2, and the core
contains the viral capsid protein (C) and an infectious
single-stranded RNA genome of about 9,762 nucleotides
(14). Rubella viral particles and some individual proteins
have been studied by high resolution crystallographic and
cryo-electron tomographic methods (15–17). The 5¢ two-
thirds of the genome codes for a polyprotein which is cleaved
into nonstructural proteins necessary for virus replication.
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Structural proteins (E1, E2, and C) are cleaved from a sec-
ond polyprotein translated from a subgenomic mRNA pro-
duced during viral replication. The subgenomic RNA has
the nucleotide sequence of the 3¢ one-third of the genome.
New virions are produced when genomic RNA, the E1
glycoprotein, the E2 glycoprotein, and the C protein as-
semble at cellular membranes.

A number of small, enveloped viruses having the same
overall genetic organization and replication strategy as RV
exist, and they are grouped into the family Togaviridae. The
family consists of the Rubivirus genus, containing only RV,
and the Alphavirus genus, containing about 25 other viruses,
all of which are transmitted by arthropods (e.g., Chikun-
gunya virus). RV has a restricted host range and humans
appear to be the only species in which rubella circulates.

RVs currently circulating in the world contain RNAs
that differ sufficiently that two clades of RVs, differing by
about 10% in the nucleotide sequence, have so far been
identified (14). Groups of related viruses within the clades
have been classified as genotypes. At present, 12 genotypes
and one provisional genotype of RVs have been recognized
(18). Only minor immunologic differences exist among
circulating viruses. Genotypes have been subdivided into
different lineages, but there is no consensus on the criteria
for lineages and a naming convention is lacking (19, 20).

EPIDEMIOLOGY
Measles
Man is the only known natural host for measles (rubeola)
virus. Enders and Peebles first reported the successful isola-
tion of measles virus in human and rhesus monkey kidney
tissue cultures in 1954 (21). At that time there were more
than 400,000 cases of measles reported each year in the
United States. However, since virtually all children would
acquire measles, the true number probably exceeded three
million per year. In 1963, both an inactivated and a live
attenuated vaccine (22) were licensed for use in the United
States. The killed vaccine eventually proved less effec-
tive and children who received this material were at risk of
developing an atypical severe form of the disease when
subsequently exposed to live measles virus. In 1967, the in-
activated vaccine was discontinued. After a further attenu-
ated variant of the Edmonston B vaccine was introduced in
1968, the reported cases of measles took a dramatic down-
ward turn. In 1960, the cumulative total number of cases was
399,852 from week 1 to 35. In 1970, the total was 39,365.
The number of cases over the next decade decreased more
than 10-fold and in 1983, there were 1,194 cases from week
1 to 35 (23). There was hope that 1983 would be the year in
which measles would be eliminated from the United States
but this goal was not accomplished. In fact, reported cases
increased every year until 1986 when there were 6,282 cases.
A major resurgence of measles ( > 50,000 reported cases and
over 100 deaths) occurred between 1989 and 1991. This led
to the current two-dose measles-mumps-rubella (MMR)
schedule currently in place, i.e., the first dose given at 12 to
15 months of age and the second between 4 and 6 years (24).
Epidemiologic and laboratory data suggested that the
transmission of indigenous measles was interrupted for a
6-week period in the United States in 1993 (25, 26). That
same year, the Childhood Immunization Initiative called for
the elimination from the United States by 1996 of indige-
nous transmission of measles, rubella, congenital rubella
syndrome, and three other childhood diseases. However, it

was not until the year 2000 that measles was officially de-
clared eliminated from the United States (27). During 2009
to 2014, 1,264 confirmed measles cases were reported in
the United States and the annual median for this period was
130 case-patients (range, 55 to 667), compared with ear-
lier postelimination years between 2001 and 2008, when
the annual median number of cases reported was 56 cases-
patients (range, 37 to 140). During 2009 to 2014, 865 (74%)
of 1,173 U.S.-resident case-patients were unvaccinated and
188 (16%) had unknown vaccine status.

The maintenance of elimination of measles (and of ru-
bella and congenital rubella syndrome [CRS]) through 2011
was certified by a panel of experts convened by the Centers
for Disease Control and Prevention (CDC) at the request of
the Pan American Health Organization (28). Imported cases
of measles from endemic areas continue to be a cause for
concern, particularly when such cases come in contact with
unvaccinated groups (29, 30). Vaccination coverage must
be maintained at a very high level ( > 95%) to sustain the
elimination status of the United States. Measles remains
endemic in most of the world, but the use of vaccination
strategies that include a second dose of measles-containing
vaccine have resulted in a drastic reduction in measles mor-
tality (31). Even though measles is no longer endemic in the
United States, the threat of reintroduction from endemic
areas requires vaccination coverage at or near 95%, and
disease surveillance capable of detecting imported measles
cases that have the potential of initiating outbreaks in sus-
ceptible groups.

Mumps
Mumps occurs worldwide and humans are the only natural
host of mumps virus infection, although nonhuman primates
and rodents can be experimentally infected. Recently, a bat
virus conspecific with the human mumps virus was identified
as a potential reservoir (32). This virus was found to have a
direct antigenic relatedness as well as a close genetic prox-
imity to the human mumps virus. In addition, the surface
glycoproteins of the bat mumps virus have recently been
shown to be functionally related to those of human mumps
viruses (33). It is not yet known if this virus is transmissible
from bats to humans.

Although other viruses such as Epstein-Barr virus, human
parainfluenza virus, adenovirus, enterovirus, human her-
pesvirus type 6, influenza A, and parvovirus can sometimes
cause parotitis, mumps virus is the only known cause of
epidemic parotitis. Mumps is transmitted by contact with
infectious respiratory tract secretions or saliva either by di-
rect person-to-person transfer, air-suspended droplets, or
recently contaminated fomites. In comparison to measles
and varicella, which can be transmitted by aerosol spread,
mumps is less infectious. Mumps infection can be either
clinically apparent or subclinical. The average incubation
period is 16 to 20 days, but cases may occur from 12 to 25
days after exposure. The period of communicability can be
from 7 days before the salivary gland involvement until 9
days thereafter. The virus is also excreted in the urine for as
long as 14 days after onset of illness. Mumps infections in
previously vaccinated persons likely result in decreased
levels of virus shedding into the buccal cavity. This, and
compliance issues with the current 9-day isolation period,
has led to considerations by CDC and other public health
agencies to reduce the number of days of patient isolation
from 9 days to 5 days postsymptom onset (34). In healthcare
settings, both standard and droplet precautions should be
observed during the isolation period.
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Mumps vaccine was licensed in the United States in
1967 and recommended for routine childhood immuniza-
tion in 1977. Following implementation of a 2-dose MMR
vaccine recommendation in 1989 for measles control, cases
of mumps declined to extremely low levels, with an inci-
dence of 0.1/100,000 by 1999. From 2000 to 2005, season-
ality no longer was evident, and there were fewer than 300
reported cases per year representing a greater than 99% re-
duction in disease incidence since the prevaccine era.
However, in 2006, a sizable mumps outbreak occurred in the
Midwestern United States, with 6,584 reported cases (inci-
dence of 2.2/100,000) (35). Most of the cases occurred
among 18 to 24 year olds and most had previously received
two doses of MMR vaccine. This outbreak was not merely a
chance occurrence as it was followed by an outbreak from
2009 to 2010 in the northeastern United States and cases
again were primarily seen among individuals that received
two doses of MMR vaccine (3,502 cases). From 2011to 2015
several smaller scale outbreaks have occurred and case counts
for these years range from 222 to 1,151 per year. Most cases
occurred in close contact environments such as schools,
camps, colleges, or were associated with sports teams. Mumps
outbreaks among two-dose vaccine recipients are not unique
to the United States or to populations vaccinated with the
Jeryl Lynn vaccine strain (the only licensed mumps vaccine
in the United States). In fact, mumps outbreaks among
vaccinated populations have occurred in numerous coun-
tries, some of which utilize different strains of vaccine virus
(36, 37).

In the prevaccine era, the peak incidence of mumps was
between January and May and among children younger than
10 years of age. At present, mumps incidence peaks pre-
dominantly in late winter and spring, but the disease has
been reported throughout the year. Vaccine coverage of 90%
to 92% has been estimated to be necessary to achieve mumps
elimination (38). Seroepidemiologic studies measuring
mumps IgG in the United States using enzyme immunoas-
says indicate that 80% to 90% of adults have evidence of
prior exposure to mumps, either through vaccination or
previous mumps infection (39). Moreover, this value is likely
an overestimate of those protected from disease, since mumps
seroprevalence does not necessarily reflect mumps immunity
and there is no antibody level that has been defined as a
surrogate measure for immune protection from mumps (40).
There is poor correlation between mumps neutralization
titers and enzyme immunoassays which are frequently used
to assess seroprevalence. Enzyme immunoassays predomi-
nantly detect nucleoprotein-specific antibody which does
not correlate well with neutralization (41).

Rubella
RV was not isolated until 1962, largely because infected cells
are difficult to identify in tissue culture (42, 43). After iso-
lation of the virus, there was rapid progress in the develop-
ment of a vaccine. Introduction of rubella vaccine in the
United States (licensed in 1969) mostly through childhood
immunization, immediately broke the 6- to 9-year epidemic
cycle of rubella. Rubella incidence during epidemics is often
10-fold higher than in interepidemic periods (44). The last
major U.S. rubella epidemic was in 1964 to 1965, when ap-
proximately 20,000 CRS cases occurred (45). A combined
MMR vaccine was recommended for the United States in
1972. Rubella and CRS have been eliminated in the United
States (28, 46). In the United States, most mothers of CRS
children were born in countries without rubella immunization
programs or with recently organized programs. Occasional

outbreaks of rubella in some U.S. populations have not spread
to under vaccinated populations, suggesting that herd im-
munity has been protective (47).

Postnatal transmission of RV is often by close contact
with an infected individual, such as occurs in correctional
institutions or day-care centers. Communicability is greatest
between about day 14 and day 19 postexposure. Reinfection
with RV can occur, but viremia is rare; reinfection of a
pregnant woman poses low risk to the fetus (48). Indigen-
ous rubella and CRS have also been eliminated from the
Americas; rubella is targeted for elimination in Europe by
2015 and that region will likely continue to work on rubella
control and an elimination goal (49). Rubella is poorly
controlled in most of the world. The percentage of sero-
negative women of childbearing age varies depending on the
vaccination program and on previous epidemics, and is
sometimes above 25% (50). During rubella outbreaks in
unvaccinated populations, lack of immunity in women of
childbearing age typically results in one to two CRS cases
per 1,000 births. About 100,000 to 200,000 CRS cases occur
annually in the world. Nevertheless, based on successful
control programs for rubella, rubella is targeted for elimi-
nation in five of six WHO regions by 2020 under the Global
Vaccine Action Plan (49).

CLINICAL SIGNIFICANCE
Measles
Measles is spread through direct contact with infected
droplets originating from a cough or sneeze. It is a highly
contagious, acute biphasic disease with a prominent pro-
drome preceding the exanthemic phase. Susceptible persons
intimately exposed to a measles patient have a 99% chance
of acquiring the disease. Prior to the use of vaccines, more
than 90% of the population had measles before 10 years of
age. After an incubation period of 9 to 11 days there is an
initial 3- to 4-day prodromal period characterized by fever,
cough, coryza, and conjunctivitis. The incubation period in
adults may last up to 3 weeks. A fever occurs 24 hours or less
before other symptoms appear and these increase in severity,
reaching a peak with the appearance of the rash on the
fourth to fifth day.

Bluish-white lesions with a red halo, Koplik spots, appear
on the buccal or labial mucosa in 50% to 90% of the cases, 2
to 3 days after the onset of the prodrome. These lesions are
small, irregular red spots with bluish-white specks in the
center and are located on the inner lip or opposite the lower
molars and are pathognomonic for measles (51). They may
be few in number early in the prodrome; however, they in-
crease rapidly to spread over the entire surface of the mucous
membranes. A lesion somewhat similar in appearance to
Koplik spots has been reported with Coxsackie A9, A16,
and A23 virus infections. The measles rash is first evident
behind the ears or on the forehead. The lesions are red
macules, 1 to 2 mm in diameter, which become mac-
ulopapules over the next 3 days. By the end of the second
day, the trunk and upper extremities are covered with rash
and by the third day the lower extremities are affected. The
rash resolves in the same sequence, lasting approximately 6
days. The lesions turn brown and persist for 7 to 10 days and
then are followed by a fine desquamation (52).

The most frequent complication of measles involves in-
fections of the lower respiratory tract. Croup, bronchitis,
bronchiolitis, and, rarely, giant cell interstitial pneumonia
may occur. Otitis media is a common bacterial complica-
tion of measles. Prior to the advent of antibiotics, these
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complications contributed to a high number of fatalities and
significant morbidity. Excluding pneumonia and otitis me-
dia, the most frequent serious complication of measles is
postinfectious encephalitis (PIE). PIE occurs in 0.1% to
0.2% of measles patients during any stage of the illness, al-
though it is most common 2 to 7 days after the onset of the
exanthem. Death occurs in one to two out of every 1,000
reported cases in the United States. Other complications
include thrombocytopenic purpura, appendicitis, myocardi-
tis, and mesenteric lymphadenitis (53).

Subacute sclerosing panencephalitis (SSPE), also called
Dawson’s encephalitis, is a persistent measles infection of the
central nervous system. SSPE is a progressive, invariably
fatal, encephalopathy characterized by personality changes,
mental deterioration, involuntary movements, muscular ri-
gidity, and death. It usually begins 4 to 10 years after the
patient has recovered from naturally acquired measles.
Successful isolation of measles virus from brain and lym-
phoid tissues of SSPE patients (54, 55) clearly established
the etiologic agent involved. In the prevaccine era, the in-
cidence of SSPE was approximately 1:100,000 to 1,000,000
measles cases, although recent studies suggest that the inci-
dence may have been about 19-fold greater (56). The in-
troduction of live attenuated measles vaccine raised
concerns that the vaccine virus might cause SSPE, but ep-
idemiologic studies demonstrated a dramatic decrease in the
frequency of this disease (57). Recent studies have clearly
demonstrated that measles vaccine virus is not involved in
the genesis of SSPE and that the use of measles vaccine not
only is beneficial in preventing acute measles, but has all but
eliminated SSPE from the United States (56, 58).

Transplacental infections have been associated with some
fetal effects. There is an apparent increased frequency of
premature labor, low birth weight, abortions, and stillbirths
(59). Available evidence does not support an association
between measles in pregnancy and congenital defects (60).

Atypical measles occurred in some children previously
vaccinated with killed measles virus vaccines when they
became infected with wild-type measles (61). Fever, a pro-
dromal period, and subsequent rash characterized the dis-
ease. During the prodrome, some patients experienced
malaise, myalgia, headache, nausea, and vomiting. Symp-
toms usually lasted for 2 to 3 days and frequently individuals
had a sore throat, conjunctivitis, and photophobia along
with nonproductive cough and pneumonia. Chest X-rays
often showed patchy infiltrates. The rash produced was
different from that of typical measles. It could be a mixture of
macules, papules, vesicles, and pustules. Frequently, there
was a petechial component, which began at the distal ex-
tremities and concentrated on the hands, wrists, ankles, and
feet and then progressed centrally toward the trunk. Koplik
spots were not reported and the face was rarely involved.
Edema often occurred in the extremities. The appearance of
atypical measles could be confused with Rocky Mountain
spotted fever.

Among immunocompromised patients, measles can be
severe and prolonged. This is particularly a risk for pa-
tients with certain leukemias, lymphomas, or human im-
munodeficiency virus infection with severely depressed CD4
counts (62).

Mumps
Mumps is an acute viral disease characterized by fever,
swelling, and tenderness of one or more salivary glands,
usually the parotid and sometimes the sublingual or sub-
maxillary glands. Prodromal symptoms are nonspecific,

consisting of myalgia, anorexia, malaise, headache, low-
grade fever, and vomiting and may precede parotitis by
several days. Parotitis reaches a maximum after 48 hours and
typically lasts 7 to 10 days. Approximately 30% to 40% of
mumps infections produce parotitis, 20% to 30% of infec-
tions are asymptomatic, and 50% are associated with non-
specific or respiratory symptoms. Parotitis may be initially
unilateral, but becomes bilateral in about 65% of cases (63).
The mumps virus replicates in the nasopharynx and regional
lymph nodes, with a secondary viremia occurring late in the
incubation period. The average incubation period is 16 to 20
days, but cases may occur from 12 to 25 days after exposure.
During the viremic period, the virus spreads into the major
target organs. Although the salivary glands are most com-
monly affected, the central nervous system, pancreas, liver,
spleen, kidneys, and genital organs can also be involved.
Complications of mumps may vary with sex and age, and can
occur without parotitis. Severe complications, including
deaths, are uncommon (64). In males, orchitis is the most
common complication, occurring in approximately 20% to
30% of affected postpubertal males (65); orchitis is rare in
prepubescent males. Orchitis usually occurs 1 to 2 weeks
after parotitis and is most commonly unilateral with only
10% to 30% of cases presenting bilaterally (65, 66). Im-
pairment of fertility is estimated to occur in about 13% of
patients, although a greater percentage of patients with bi-
lateral mumps orchitis may experience decreased fertility
(80). Testicular atrophy is more common than impaired
fertility with 30% to 50% of affected testicles showing some
amount of testicular atrophy (67).

Previous vaccination appears to limit the severity of
cases; complication rates among vaccinated persons are
lower than rates reported during the prevaccine era (68–70).
In a recent study, orchitis was reported in 11.3% of unvac-
cinated cases compared to only 4.4% of two-dose vaccinated
cases during a U.S. outbreak in an Orthodox Jewish com-
munity (69). Similar results were seen during an outbreak in
Israel, where the main complications included orchitis
(3.8% of males of age > 12 years) and meningoencephalitis
(0.5%) (71). In postpubertal women, mastitis occurs in up to
30% and oophoritis occurs in approximately 5% of cases (63,
72). Mumps can cause sensorineural hearing loss (SNHL) in
both children and adults. Hearing loss occurs suddenly 4 to 5
days after prodromal symptoms and is not related to the
severity of the infection (73). Generally hearing loss is
unilateral and reversible; however, serious and permanent
hearing loss can occur (74). Aseptic meningitis and en-
cephalitis can also occur, and their presence increases the
risk of SNHL (75). Complications involving the CNS are
common. Symptomatic aseptic meningitis occurs in up to
10% of mumps cases; patients usually recover without
complications, though many require hospitalization. Mumps
encephalitis is rare (1 to 2 per 10,000 cases), but can result in
permanent sequelae such as paralysis, seizures, and hydro-
cephalus; the case-fatality rate for mumps encephalitis is
about 1%. Mumps infection during the first trimester of
pregnancy has been associated with spontaneous abortion,
but there is no evidence that mumps during pregnancy
causes congenital malformations. Pancreatitis, usually mild,
occurs in 4% of cases. Less common complications include
myocarditis, arthralgias, arthritis, thyroiditis, nephritis, en-
docardial fibroelastosis, thrombocytopenia, cerebellar ataxia,
transverse myelitis, and ascending polyradiculitis. There
have been reports of diabetes mellitus being associated with
mumps (76), although this remains inconclusive. A recent
retrospective cohort study among active component U.S.
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military personnel did not find an increased risk of diagnosed
type 1 diabetes and MMR (77).

Rubella
Postnatal rubella is usually a mild disease requiring little
treatment. The disease is characterized by an acute onset and
generalized maculopapular rash with mild fever (greater than
99°F) and may include arthritis or arthralgia (mostly in
postpubertal females), lymphadenopathy (specifically post-
auricular and suboccipital nodes), and conjunctivitis. These
symptoms can also be caused by other infections. The virus is
found in throat, oral, and nasopharyngeal specimens and,
with more difficulty, from blood and urine.

Symptoms of postnatal rubella usually begin at about day
14, but the disease may be asymptomatic. Joint involvement
may be very painful and may, in rare cases, last a month. The
virus has been reported to replicate in synovial membrane
cell culture (78). Rare complications of postnatal rubella
include postrubella encephalitis (about 1 in 6,000 cases).
There are case reports of long-term RV replication in some
diseases (79).

The clinical course of rubella in pregnant women is
similar to that in nonpregnant women. RV infection, even
subclinical infection, can be transmitted to the fetus. The
likelihood of defects is highest during the first 11 weeks of
gestation. Defects can be limited (e.g., sensorineural hearing
loss) or profound (e.g., deafness-blindness). During maternal
viremia, about days 7 through 16 postexposure, the placenta
may be infected, particularly endothelial cells, and the re-
sulting damage likely allows the virus to cross the placenta
(80, 81). With infection in the first trimester, many fetal
organs (heart, brain, and lens cells) can be infected. RV
spread in the fetus likely occurs via the vascular system.
Spontaneous abortion occurs in about 20% of infections
acquired in the first 8 weeks of pregnancy. Neonates with
CRS usually have RV-specific IgM but remain virus positive
for months. Maternal rubella after the first trimester often
leads to infection of fetal tissue, but fetal damage is often
limited, presumably because organogenesis is complete,
maternal IgG is transferred to the fetus, and a fetal immune
response is present.

Late manifestations of CRS have been recognized. One
disability is insulin-dependent diabetes mellitus. In a follow-
up study, 40% of CRS patients from the 1964 rubella epi-
demic had developed evidence of overt or latent diabetes
(82). Other endocrine disorders have been seen in small
numbers of survivors of CRS (83).

Ocular consequences of CRS are observed during and
after the neonatal period (84). CRS has recently been as-
sociated with Fuchs heterochromic iridocyclitis (85). A rare
disability associated with CRS is progressive rubella panen-
cephalitis (PRP) (86). Progressive deterioration of intellec-
tual and motor function occurs with dementia close to the
time of death. There is an intense immune response against
rubella antigens, and high titers of rubella antibody are
present in both serum and cerebrospinal fluid (CSF). No
correlation has been made between the occurrence of PRP
and the presence of rubella-associated defects or the severity
of neonatal infection.

The pathology produced with congenital rubella in the
fetus appears to result from a chronic viral infection with
alterations of cell multiplication at critical points in organ-
ogenesis. This causes the hypoplastic organ develop-
ment and other characteristic structural defects seen with
this disease. The immune response may also contribute to
permanent damage in the developing child either by an

impaired immunity or by inflicting damage through in-
flammatory mechanisms (87).

Congenital rubella infection (CRI) results in both
shedding of virus and IgM antibodies in the neonate. Di-
agnosis is not based on clinical symptoms and is based on
detection of RV (RT-PCR or virus culture) or RV-specific
IgM in such patients. If congenital defects characteristic of
CRS are not present, the infant is diagnosed as having in-
fection only (CRI) (88).

TREATMENT AND PREVENTION
Measles
Individuals having an illness compatible with measles should
be isolated in order to limit contact with other potentially
susceptible individuals or immunocompromised patients.
The communicability of measles virus is extremely high.
Therefore, any susceptible individuals who had direct face-
to-face contact with the infectious individual should obtain
prophylactic treatment. Measles vaccination may provide
protection if given within 72 hours of exposure (89). The
Advisory Committee on Immunization Practices (ACIP)
supports readmission to school of all previously unimmu-
nized children immediately following vaccination (90).
Immune globulin, given within 6 days of exposure, can
prevent or modify measles virus infection. It is indicated for
susceptible, close contacts of measles patients at highest risk
for severe complications, e.g., infants aged < 12 months,
pregnant women without evidence of measles immunity, and
severely immunocompromised persons. If immune globulin
is used, measles vaccine should be given 5 or 6 months later
provided that the child is at least 12 months old. In the
United States, children with severe measles, such as those
who are hospitalized, should receive vitamin A. In other
settings, treatment guidelines recommend vitamin A for all
measles cases, particularly where malnourishment and know
vitamin A deficiency is commonplace. The reader is referred
to the most recent ACIP recommendations (91) regard-
ing postexposure prophylaxis, since full discussion of such
treatment is beyond the scope of this chapter.

The most effective and efficient means of preventing
measles is immunization with MMR vaccine. Currently the
ACIP recommends two doses of measles-containing vac-
cine be administered to children; the first dose given at 12
through 15 months and the second dose at 4 through 6 years
of age before school entry. Two doses are recommended for
persons at risk for exposure, such as college students or other
posthigh school educational institutions, international
travelers, and particularly healthcare personnel, and a single
dose for other adults aged ‡ 18 years (91).

Mumps
Mumps has no specific treatment although symptoms can
be relieved by using medicines such as analgesics to reduce
pain and discomfort. Immune globulin (IG) is not effec-
tive postexposure prophylaxis for mumps and it is no longer
available in the United States. Postexposure MMR vacci-
nation does not prevent or alter the clinical severity of
mumps and is not recommended (91).

Immunization with mumps-containing vaccine is the best
way to prevent mumps infection. Mumps vaccine is included
in the combination MMR vaccine. In the United States, the
mumps vaccine was introduced in 1967 and recommended
for routine use in 1977. Following implementation of the
one-dose vaccine requirement mumps cases declined from
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an incidence of 50 to 251 per 100,000 to 2 per 100,000 in
1988. Despite high single-dose MMR coverage, sporadic
outbreaks have occurred among highly vaccinated popula-
tions (92, 93). In 1991, a mumps outbreak was sustained in a
population where 98% of individuals had been vaccinated
with at least one-dose of MMR (92). Between December
1997 and May 1998, a mumps outbreak occurred in New
York City. Among the 111 cases with known vaccination
history, 92% had received at least one-dose of mumps-
containing vaccine, and 62% had received two or more
doses (94). In 1989 a second dose of MMR was recom-
mended for purposes of measles control and mumps cases
further decreased to 0.1 case per 100,000 in 2001 (95).
Beginning in 2000 to 2005, seasonality was no longer ap-
parent and there were less than 300 reported cases per year
(incidence of 0.1/100,000) representing a 99% reduction in
disease incidence since the prevaccine era.

The success of high two-dose MMR coverage led U.S.
public health officials in 1998 to set a goal to eliminate
endemic mumps transmission by 2010 in the United States.
Unexpectedly, in 2006, the United States experienced the
largest mumps outbreak in almost 20 years (6,500 cases),
largely affecting Midwestern states. This outbreak was not a
chance occurrence and was followed by a large outbreak
(3,502 cases) among residents of Orthodox Jewish commu-
nities in 2009 to 2010 in New York City, New York, and
New Jersey. A smaller outbreak occurred during this period
in the U.S. territory of Guam (505 cases reported). In each
of these outbreak settings, the majority of affected individ-
uals had received two doses of MMR vaccine, reaffirming
questions regarding the long-term effectiveness of the cur-
rently used mumps vaccines (40, 96). The U.S. Healthy
People 2020 goal for mumps has been changed to a disease
reduction goal (i.e., to have fewer than 500 reported cases of
mumps annually), rather than an elimination goal.

Mumps outbreaks among two-dose vaccine recipients are
not limited to the United States or to use of the Jeryl Lynn
vaccine strain (the only licensed mumps vaccine in the
United States). In fact, mumps outbreaks among vaccinated
populations have happened in numerous countries, some of
which utilize different strains of vaccine virus (36, 37, 97).
Mumps-specific antibody levels are known to decline with
time and decreased vaccine effectiveness has been observed
with increasing time postvaccination (98–101) suggesting
that waning immunity is likely a contributing factor to these
outbreaks. A study in Finland found that 21 years after
vaccination, 24% of two-dose vaccine recipients had no
measurable mumps antibodies (99). A cellular response,
measured by lymphoproliferation or cytokine production,
was detected but the role of cell-mediated immunity in
protection is not clear. The immune response to mumps
vaccination probably involves both the humoral and cellular
immune response, but no definitive correlates of protection
have been identified. An attempt to identify a correlate of
immunity during an outbreak in the Midwest was not con-
clusive but did demonstrate that those who did not develop
mumps had higher preexposure neutralization and enzyme
immunoassay (EIA) titers than those who developed the
disease (102).

A popular, yet controversial, explanation is that mumps
vaccine elicits only a partially protective immune response
against currently circulating wild-type mumps strains (103,
104). It has, however, been repeatedly shown that the most
divergent strains can be neutralized in vitro with only slight
variations in serum titers (104, 105). Interestingly, studies
indicate that the frequency of mumps-specific memory B

lymphocytes is very low compared to measles and rubella
and that the predominant antibody response appears to be
directed to the nucleoprotein, a nonneutralizing target (41).
It is also significant that persons with documented mumps
infections can be reinfected with mumps virus later in life
(106, 107). This detail underscores the point that immunity
to mumps is not well understood and breakthrough mumps
infections following vaccination might reasonably be ex-
pected. Regardless of the reason(s) for such outbreaks, they
indicate that more efficacious vaccines are likely required for
control and elimination of mumps (68, 96, 108). Develop-
ment of such vaccines will first require a better under-
standing of the immune response to mumps and the
identification of a measurable correlate of immunity, if one
can be defined.

Rubella
The means to control rubella and CRS is immunization.
Safe, effective attenuated live-virus vaccines have been de-
veloped by serial passage in tissue culture. The virus used to
produce the RA27/3 vaccine, which is used in the United
States and many other countries, often as a component of
the MMR vaccine, was passaged in cell culture between 25
and 33 times inWI-38 cells (109). Only minor immunologic
differences exist among circulating viruses of all genotypes
and immunity to RV of one genotype is sufficient to protect
against clinical disease caused by other known RVs.

The RA27/3 vaccine produces a more wild-type immune
response than a previously used vaccine, HPV77DE5, and
induces 95% seroconversions of susceptible individuals. It
produces the symptoms of mild rubella in 10% to 15% of
vaccinees, occasionally even producing a rash. Although
virus is shed from the upper respiratory tract, transmission of
vaccine virus is very rare. Joint symptoms occur in about
14% of postpubertal women, and rarely, these develop into
arthritis. Although pregnancy is a contraindication for
vaccination, hundreds of seronegative women have been
vaccinated during the first trimester and no fetal defects
have been observed (110). Nevertheless, the ACIP recom-
mends avoiding pregnancy for 28 days after receipt of
rubella-containing vaccine (91).

Control of rubella through vaccination has resulted in
elimination of rubella and CRS from the United States and
the Americas. In the United States, the first dose of rubella
vaccine should be given at 12 to 15 months of age, combined
with MMR; the second dose of the MMR vaccine should be
given at 4 to 6 years of age. Prenatal testing for immunity to
rubella and counseling of seronegative pregnant women to
avoid contact with rubella cases are an important part of
CRS prevention. Pregnant women who do not have sero-
logic evidence of rubella immunity or documented rubella
vaccination should be vaccinated with rubella or MMR
vaccine after completion or end of the pregnancy.

DETECTION/DIAGNOSIS
Measles
The clinical diagnosis of a case of measles can be made based
on observation of rash, fever, and either cough, coryza, or
conjunctivitis. Rapid and accurate laboratory confirmation
is extremely important, however, because of the highly in-
fectious nature of the virus and possible confusion with other
rash-causing illnesses. The incidence of measles has de-
creased in many areas to the extent that medical personnel
may be unfamiliar with the clinical presentation of the
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disease. The collection of specimens for both serological and
molecular confirmation of clinically diagnosed measles is
recommended at the time the patient is first seen in the
healthcare facility. Rapid laboratory confirmation of clini-
cally suspicious cases can be achieved using serum tested in a
measles IgM assay, and/or respiratory or, less frequently, urine
specimens in real time RT-PCR assays. Isolation of measles
virus in cell culture from respiratory or urine specimens,
seroconversion from measles IgG negative to positive, or a
fourfold rise in measles IgG using a quantitative assay can
also confirm a measles case. The latter methods are by no
means rapid, and often exceed 7 days for the end result to be
obtained (111).

Serum specimens are best collected 4 to 5 days postrash
onset to assure optimal detection of measles IgM antibodies
in enzyme immunoassays, but the timing varies with assay
sensitivity (112, 113). Throat and nasopharyngeal (NP)
swabs (preferably flocked Dacron or synthetic swabs) and
nasopharyngeal aspirates should be collected as early as pos-
sible postrash onset to optimize RNA detection. In one
study, measles RNA was successfully detected (93% to
100%) from nucleic acid extracts of throat swabs, NP swabs,
and NP aspirates using RT-PCR if collected between 0 and
7 days after rash onset. Optimal detection in urine speci-
mens was determined to be 4 to 7 days after rash onset, with
detection of RNA in some specimens out to 16 days postrash
onset (113).

Throat and NP swabs should be transferred to 1 to 3 ml of
viral transport medium (VTM). Swabs should not be per-
mitted to dry out before transfer to VTM. Urine specimens
(10 to 50 ml) should be collected and centrifuged (800 · g)
for 10 minutes at 4°C. The pelleted material containing
sloughed cells from the urinary tract should be suspended in
2 to 3 ml of VTM or suitable fluid such as tissue culture
medium or buffered saline with a protein source. All speci-
mens should be kept at 4°C and shipped to the testing
laboratory on wet ice within 24 hours for arrival within
48 hours. If longer time periods are required, all specimens
should be frozen at - 70°C or lower and shipped on dry ice
to maintain specimen integrity.

The preferred laboratory confirmatory test is the detec-
tion of measles-specific IgM antibody in a single serum
sample obtained during the acute phase of the disease (112,
114). For the detection of measles-specific IgM, commercial
kits based on both indirect and IgM capture formats have
been used (115–118). Though IgM capture is generally re-
garded as the more sensitive format, some of the commercial
indirect IgM EIA kits have sensitivities and specificities that
approach those of the capture format (119, 120). The
availability of excellent immunoabsorbants capable of re-
moving IgG from diluted serum specimens is largely re-
sponsible for the success of the indirect IgM methods. In
elimination settings such as the United States, the perfor-
mance characteristics of the available EIAs and other IgM
tests are frequently not sufficient for measles confirmation.
The false-positive rate is a compendium of factors including
disease prevalence, assay specificity, cross-reacting agents
and interfering substances (121–123).

In unvaccinated individuals, measles-specific IgG can
appear a few days after IgM, but generally between 5 to 10
days postrash onset. Seroconversion from IgG negative to
IgG positive or demonstration of a fourfold rise in IgG when
tested in a quantitative IgG assay provides laboratory con-
firmation of measles, but requires the collection of paired
serum specimens that are a few days or weeks apart, respec-
tively (124). Traditional IgG antibody tests such as immu-

nofluorescence antibody assay (IFA), hemagglutination
inhibition (HI), plaque-reduction neutralization (PRN)
(125), and EIA have been used extensively in the serologic
confirmation of measles. However, because of the availability
of sensitive and specific commercial kits, indirect EIAs have
become the most widely used test format. Some of the
available measles IgG kits are found to have sensitivities and
specificities that compare favorably with the “gold standard”
quantitative plaque-reduction neutralization (126, 127).

In highly vaccinated populations, it is advisable to si-
multaneously test the serum specimens collected from sus-
pected cases for the presence of measles IgM and IgG. In this
setting, the presence of both IgM and IgG in early specimens
may have several interpretations depending upon when
the serum was obtained postrash onset and the patient’s
vaccine history. Measles IgG avidity assays have been used
to distinguish a primary IgG response (low avidity), that
occurs days or weeks following vaccination or natural in-
fection, from a mature IgG (high avidity) response that
occurs months or years following vaccination or infection
(128–131). Determinations of IgG avidity in some infec-
tions such as rubella (see below) are capable of influencing
the interpretation of a positive rubella IgM test in individ-
uals with a resident rubella IgG. Such suspect rubella cases
have been demonstrated as IgM false positives, and can be
ruled out as rubella cases on the basis of the high avidity
rubella IgG. This is not the case with measles, since measles
infections do occur in previously vaccinated persons. Low
avidity measles IgG can rule in a measles case, particularly in
the event that the IgM response is indeterminate or other-
wise not interpretable.

Although the majority of measles cases in the United
States are unvaccinated or have an unknown vaccination
history, 8% to 12% of measles cases have been classified as
reinfections, i.e., have a history of wild-type infection or
vaccination with live-attenuated measles vaccine and sub-
sequently were infected with wild-type measles. Measles in-
fections years after receiving vaccine have been attributed to
primary vaccine failure due to insufficient primary antigenic
stimulation, or secondary vaccine failure due to a putative
loss of protective antibody or waning (antibody) immunity,
following a competent immune response to measles vaccine
or wild-type infection. Measles IgG avidity measurements
were found to distinguish between primary and secondary
vaccine failure cases. Primary vaccine failure cases responded
to infection, as would naïve individuals with an acute case of
measles, i.e., making IgM and low avidity IgG. In contrast,
persons known to have responded to vaccine in years past
frequently made low levels of IgM and produced high avidity
measles IgG in response to reinfection (132, 133). Recent
studies have demonstrated that the high avidity measles IgG
found associated with measles reinfections appears to occur a
few days after rash onset. Measles-specific neutralizing titers
can exceed 100,000 mIU, and strongly suggests that this
response is a heightened B cell memory response triggered by
measles infection (134, 135).

These suspect measles cases often presented with modi-
fied symptoms, such as reduced fever and modified rash
illness in terms of appearance and duration and are remi-
niscent of cases referred to as “secondary vaccine failure”
cases. While measles transmission from reinfection cases has
been documented (136), confirmed measles reinfections in
healthcare workers with numerous pediatric contacts re-
sulted in no additional cases indicating that these modified
infections pose a low transmission risk and little threat to the
eradication effort (135). Nevertheless, good public health
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practice would dictate that these modified measles cases be
monitored to assure that contacts remain uninfected, par-
ticularly unvaccinated contacts.

The plaque-reduction neutralization (PRN) assay which
quantifies neutralizing antibodies that are directed against
the surface glycoproteins of measles virus is more sensitive
than HI or EIA (125). Since functional antibodies are de-
tected, the PRN test provides the best serologic correlate
for the assessment of immune protection. However, the
PRN test is not suitable for routine serologic diagnosis be-
cause it is very labor intensive, requires paired serum sam-
ples, and takes 5 to 7 days to perform. A WHO working
group has standardized the PRN assay for use in aerosol
vaccination studies, so that the results of these assays can
be compared between and among studies (137). As men-
tioned above, the PRN assay can be used as a means to
quantify the neutralizing antibody response from reinfec-
tion cases, thus serving as a biomarker with high avidity
measles IgG. Table 1 summarizes the possible interpreta-
tions of serologic testing of suspected measles cases referred
to the laboratory.

The Vero/hSLAM cell line has been recommended for
the isolation of measles virus in the WHO laboratory net-
work. These cells are the result of the transfection of Vero
cells with a plasmid encoding the gene for the human sig-
naling lymphocyte activation molecule (hSLAM) (138).
SLAM has been shown to be a receptor for both wild-type
and laboratory-adapted strains of measles. Testing conducted
to date indicates that the sensitivity of Vero/hSLAM cells for
isolation of measles virus is equivalent to that of B95a cells,
an Epstein-Barr virus-transformed B lymphoblastoid cell line
derived from marmoset lymphocytes. The advantage to the
Vero/hSLAM cells is that they are not persistently infected
with Epstein-Barr virus, and therefore, are not considered as
hazardous material like B95a cells. This provides a signifi-
cant safety advantage for laboratorians and greatly facili-
tates international shipments. The disadvantage of the Vero/
SLAM cells is that they must be cultured in medium con-
taining geneticin (G418) to retain SLAM expression, thus
increasing the cost of the cell culture medium. This cell line
is available from commercial sources.

Intranuclear and intracytoplasmic inclusions and giant
cells are characteristic CPE for cells infected with measles
virus. Cytologic examination of various tissue specimens and
secretions for these Warthin-Finkeldey giant cells can be
used as a diagnostic procedure. Secretions are obtained by
aspiration of mucus from the nose or by swabbing the nasal
mucosa with a sterile, cotton-tipped applicator. Slides can be
stained with either Wright stain or hematoxylin and eosin
(H + E). Tissue samples may be fixed in 10% formalin,
embedded in paraffin, sectioned, and then stained with H +
E stain (53). Staining of tissue specimens with monoclonal
antibodies to the measles nucleoprotein has been used to
support the diagnosis of giant cell pneumonia, measles in-
clusion body encephalitis, and SSPE (56, 139).

Standard and real time RT-PCR (rRT-PCR) assays have
been used for a number of years in research settings to detect
measles virus RNA in clinical specimens and infected cells
(140–143). The confirmation of clinically suspected measles
cases in highly vaccinated or measles eliminated regions can
be challenging. Therefore, both serologic testing and real
time RT-PCR is now recommended for routine diagnosis of
acute measles infections (111). Standard RT-PCR followed
by genotyping analysis is critical for distinguishing rash ill-
nesses caused by wild-type measles infections versus sequelae
following vaccination where IgM testing is compromised by
the concurrent or recent use of measles-containing vaccine
as part of outbreak response or in settings of high vaccine
coverage (144). Likewise, molecular detection methods can
be used when cell culture isolation is not a practical alter-
native and/or when genetic characterization of the virus is
required. RT-PCR has been particularly useful for the labo-
ratory confirmation of measles inclusion body encephalitis,
subacute sclerosing panencephalitis, and giant-cell pneu-
monia. Sequence determination obtained from the PCR
products in conjunction with phylogenetic analysis has
proven useful in suggesting the possible source of virus in-
volved in outbreaks, tracking transmission pathways during
outbreaks, and differentiating between vaccine and wild-
type strains of measles (145).

Measles RNA is easily amplified from RNA extracted
from infected cell culture and it has been possible to detect

TABLE 1 Interpretation of measles serological results

IgM
result

IgG
result Previous infection history Current infection Comments

+ + or - Not vaccinated, no history of measles Recent 1st MMR Seroconvert*; low avidity IgG (if present)
+ + or - Not vaccinated, no history of measles Wild-type measles Seroconvert*, classic measles; low avidity IgG

(if present)
+ + or - Previously vaccinated, primary

vaccine failure
Recent 2nd MMR Seroconvert*; low avidity IgG (if present)

- + Previously vaccinated, IgG+ Recent 2nd MMR IgG level may stay same or boost
+ or - + Previously vaccinated, IgG+,

secondary vaccine failure
Wild-type measles May have few or no symptoms**; high avidity IgG,

abnormally high IgG values if quantitative assay
used e.g. plaque-reduction neutralization (PRN)

+ + Recently vaccinated Exposed to wild-type
measles

Cannot distinguish if vaccine or wild-type, evaluate
on epidemiologic grounds***

+ or - + Distant history of measles Wild-type measles May have few or no symptoms**; high avidity IgG,
abnormally high IgG values if quantitative assay
used (PRN)

*IgG response depends on timing of specimen collection (124).
**If so, do not consider contagious unless clinical presentation is consistent with measles.
***If IgM negative, helpful to rule out wild-type measles infection; nucleotide sequencing of viral RNA will distinguish wild type from vaccine.
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measles RNA in nasal, urine, oral fluid, dried blood spots
(146, 147), and sometimes serum samples by RT-PCR even
when virus isolation has been unsuccessful (148, 149). Most
recently, real time RT-PCR and semiquantitative molecular
assays such as loop-mediated isothermal and quantitative
RT-qPCR methods have been developed for measles using
various target genes along the measles genome (5, 150, 151).
Several of these assays claim sensitivities of 10 to 50 RNA
copies per reaction.

Mumps
Clinical diagnosis of mumps infection can be made reliably
when typical parotitis is evident at the time of patient ex-
amination. However, since parotitis may be caused by other
viral and nonviral diseases or conditions, and as much as
20% to 30% of mumps infection can be asymptomatic, di-
agnosis by viral isolation, molecular detection, or serological
techniques is preferable. Collection of both a buccal or oral
swab specimen and a blood specimen is recommended from
all patients with clinical features compatible with mumps.

Mumps virus can be detected from fluid collected from
the buccal cavity, from urine, and from CSF. Detection from
blood is not routinely performed or recommended. The early
collection of buccal or oral swab specimens provides the best
means of laboratory confirmation, particularly among sus-
pected mumps patients with a history of vaccination. Urine
samples are not preferred since they are less likely than oral
specimens to contain sufficient virus for culture or detection
by molecular methods. For virus detection, oral or buccal
swabs should be collected as soon as mumps disease is sus-
pected. Samples collected when the patient first presents
with symptoms have the highest chance of having a positive
result by RT-PCR. Buccal or oral swab specimens should be
obtained by massaging the parotid gland area for 30 seconds
prior to swabbing the area around Stensen’s duct. A com-
mercial product designed for the collection of throat speci-
mens or a flocked polyester fiber swab can be used. Synthetic
swabs are preferred over cotton swabs; the latter may contain
substances that are inhibitory to enzymes used in RT-PCR.
Flocked synthetic swabs appear to be more absorbent and
permit more easy and efficient elution of samples. Swabs
should be placed in 2 ml of standard VTM and remain in
VTM for 10 minutes to 1 hour (4°C) with intermittent
gentle vortexing before reaming the swab around the rim
of the tube to express cells and fluid in the tube. The swab
can be broken off and left in the tube or removed from the
tube and discarded. Once collected, samples should be
maintained at 4°C and shipped on cold packs (4°C) within
24 hours. If there is a delay in shipment, the sample is best
preserved by freezing at - 70°C. Frozen samples should be
shipped on dry ice. Processing the swabs within 24 hours of
collection will enhance the sensitivity of both the RT-PCR
and virus isolation techniques.

For serologic assays, blood is best collected in a red-top or
serum-separator tube. Serum specimens should be stored at
4°C and shipped on wet ice. Optimal timing for serum
specimen collection varies depending upon the patient’s
vaccination history. If serum collected prior to day 3 of par-
otitis onset in an unvaccinated person is negative for IgM,
testing a second sample collected 5 to 7 days after symptom
onset is recommended since the IgM response may require
more time to develop. Detection of mumps-specific IgM
among previously vaccinated or previously infected persons
can be challenging since patients may not have an IgM re-
sponse or it may be delayed, transient, or not detected de-
pending on the timing of specimen collection. The likelihood

of detecting mumps is improved among cases with two doses
of MMR, if serum is collected > 3 to 10 days after parotitis
onset (152, 153). The absence of a mumps IgM response in a
vaccinated or previously infected individual presenting with
clinically compatible mumps does not rule out mumps as a
diagnosis. Failure to detect mumps IgM in previously vacci-
nated individuals has been well documented (154, 155).

Serologic assays currently in use include IgM capture
assays, IFAs, indirect EIAs, and IgG assays. Most IgM assays
perform well for diagnosis of primary mumps infection in
unvaccinated persons (152, 156). Among previously vacci-
nated persons, acute-phase mumps specimens may contain
significant levels of mumps IgG. The IFA format is partic-
ularly susceptible to interference by high levels of mumps
IgG. Treatment of serum with an agent to remove human
IgG antibody, such as GullSORB, or a similar IgG inacti-
vation reagent, is necessary to avoid false-positive (rheu-
matoid factor) and false-negative IgM test results. A
comparison of commercial IgM assays using virus culture-
confirmed mumps cases indicated that IgM capture assays are
more sensitive than indirect EIA or IFA for detection of
mumps IgM. Fifty-one percent of serum samples were posi-
tive using the CDC IgM capture assay compared to 9% to
24% of serum samples by other assays. Among two-dose
vaccine recipients, the ability to detect IgM improved
among all assays when serum was collected at > 3 days post
parotitis onset (152). Table 2 summarizes the possible in-
terpretations of serologic testing of suspected mumps cases.

A single serum sample tested for mumps-specific IgG is
not helpful for diagnosing acute mumps infections since it
does not differentiate between an active or past mumps in-
fection. The presence of mumps-specific IgG, as detected
using a serologic assay (EIA or IFA), does not necessarily
predict the presence of neutralizing antibodies or indicate
protection from mumps disease. A positive IgG result is
expected among previously vaccinated persons as well as
individuals with past mumps infections. Older persons or
foreign-born individuals without a history of mumps illness
or vaccination very frequently have detectable mumps IgG
due to a previous subclinical infection. Parainfluenza viruses
1, 2, and 3, Epstein-Barr virus, influenza virus, adenovirus,
and human herpesvirus 6 have all been noted to interfere
with mumps serologic assays (157, 158).

Virus isolation is considered the gold standard for con-
firming mumps infection; however, sample quality must be
maintained to ensure viability of the virus. Virus isolation
from saliva, blood, urine, or CSF confirms the presence of
recent mumps infection (159, 160). Virus may be detected
when IgM antibodies or a rise in IgG titer are not detected.
While primary monkey kidney cells are likely the most
sensitive cells, availability, risk of infection with herpes B
virus, and animal rights issues have resulted in the use of
continuous cell lines. Growth of mumps virus has been
noted to occur in primary human cell cultures; continuous
cell lines such as HeLa and Vero are currently the cell lines
of choice. Often it is necessary to grow the virus in culture to
have adequate material for viral sequencing. Although
mumps virus infection results in characteristic CPE con-
sisting of large syncytia, some isolates vary in the intensity
and frequency of the CPE and thus must be confirmed by
IFA staining (161), by immunocytometric assay (162), or by
molecular detection methods, such as RT-PCR (163, 164).

Rubella
Strong clinical identification of suspected rubella cases
will dramatically improve the positive predictive value of
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laboratory confirmation. Postnatal rubella is often a mild
disease and the defects occurring in CRS can occur for other
reasons. Clinical diagnosis is further complicated because
postnatal rubella is a rare illness in some countries, leaving
many physicians with little experience with these diseases.
Therefore, both suspected rubella and suspected CRS cases
need to be confirmed with laboratory methods (165).

To identify (clinical) CRS cases and for surveillance
purposes, the CDC has adopted the following procedure
(88): CRS defects are divided into two groups. Group A
consists of cataracts and congenital glaucoma, congenital
heart disease (usually patent ductus arteriosus or peripheral
pulmonary artery stenosis), loss of hearing, and pigmentary
retinopathy. Group B consists of purpura, splenomegaly,
jaundice, microcephaly, developmental delay, meningoen-
cephalitis, and radiolucent bone disease. Two symptoms
from group A or one from group A and one from group B
result in a probable CRS case. The most common defects
seen in CRS are hearing loss, cataracts, retinopathy, and
congenital heart disease. Infants may present with a single
defect, with hearing impairment being the most common.
Therefore, in the United States, the presence of any defect
consistent with CRS and laboratory data consistent with
congenital rubella infection results in a CRS diagnosis.
Detailed clinical descriptions of CRS are available and are
useful in diagnosis.

Clinical specimens for culture of RV are usually throat
swabs or nasopharyngeal secretions diluted into transport
medium. The virus can also be isolated from a number of
other specimens, including cataract tissue and urine (pro-
vided urine is removed immediately after the time allotted
for virus attachment to cells). Urine is often a source of
infectious virus from CRS patients. Specimens for virus
detection should be stored at 4°C for short periods (32
days) or at - 70°C for long periods. Virions lose infectivity at
higher temperatures (e.g., 37°C) and are rapidly inactivated
by mild heat (56°C), detergents, or lipid solvents. Speci-

mens for serology or culture can be transported by standard
methods (e.g., overnight carrier) at 4°C since both virions
and rubella-specific antibodies are relatively stable at that
temperature. RV-specific IgG can be detected in urine (166).
Alternative specimens such as dried blood spots have been
shown to be adequate for surveillance of rubella using IgM
detection and virus detection (167).

The timing of specimen collection is especially important
in postnatal rubella. Detection of RV-specific IgM is the
laboratory diagnostic criterion typically used for rubella, but
about 50% of rubella cases are IgM negative on the day of
rash. Since postnatal rubella is a mild disease of short du-
ration, special effort may be required to obtain a serum
sample at least 5 days after rash, when most rubella patients
are strongly IgM positive. Patients with CRS are IgM and
virus positive for months; therefore, timing is less critical for
these patients.

Laboratory diagnosis of both postnatal and congenital RV
infections is by serologic and/or virus detection techniques.
Antibodies specific for RV antigens can be detected by EIA,
neutralization tests, latex agglutination, or HI methods.

A serum positive for RV-specific IgM is diagnostic for
recent RV infection. An IgM capture assay is usually pre-
ferred because of fewer difficulties, such as false positives, but
indirect EIAs that avoid such difficulties by proper removal
of IgG by absorption techniques are acceptable (168). The
major use of indirect EIAs for RV-specific IgG is prenatal
screening for immunity to rubella. In addition, the IgG tests
can be used to detect antibodies that have developed in
response to a recent or past rubella infection or immuniza-
tion or to identify those who have never been exposed to the
virus.

Avidity tests have been used when IgM detection does
not reliably indicate recent postnatal infection (e.g., inap-
propriate IgM testing during screening for immunity which
can result in an incorrect positive result). Such tests are
particularly useful in low prevalence settings, such as the

TABLE 2 Interpretation of mumps serological results

IgM result IgG result Previous infection history Current infection Comments

+ or - + or - Unvaccinated, no history
of mumps

Recent 1st MMR or
wild-type mumps

IgM may be detected for weeks to months; retest
if IgM negative £ 3 days post parotitis*; low
avidity IgG (if present).

+ or - + or - Previously vaccinated
1 dose

Recent 2nd MMR or
wild-type mumps

High avidity IgG; approximately 50% of serum
samples collected 1–10 days after symptom
onset were IgM-positive; 50%–80% of serum
samples collected > 10 days after symptom
onset were IgM-positive

+ or - + or - Previously vaccinated 1 dose,
primary vaccine failure

Recent 2nd MMR or
wild-type mumps

Retest if IgM negative £ 3 days post parotitis**;
Low avidity IgG (if present); second negative
IgM result does not rule out mumps unless the
IgG result is also negative

+ or - + Previously vaccinated
two doses, IgG+

Wild-type mumps Absence of a mumps IgM response in a vaccinated
or previously infected individual presenting with
clinically compatible mumps does not rule out
mumps; detection of IgM improves somewhat
when serum is collected ‡ 3 days or more after
symptom onset**

Likely + Likely + Recently vaccinated first dose Exposed to wild-type
measles

Cannot distinguish if vaccine or wild-type, evaluate
on epidemiologic grounds

*If serum sample collected £ 3 days post parotitis onset from an unvaccinated person is negative, testing a second sample collected 5–7 days after symptom onset is
recommended, since the IgM response may require more time to develop.

**If an acute-phase serum sample collected £ 3 days after parotitis onset in a previously vaccinated person is negative for IgM, testing a second sample collected ‡ 10
days after symptom onset is recommended since the IgM response may require more time to develop.
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United States, in order to eliminate falsely positive IgM test
results. Low avidity rubella IgG antibodies suggest recent
postnatal infection (169). This test compares the ability of
detergents or chaotropic agents to dissociate case IgG and
control IgG from RV proteins. Both high and low avidity
control sera should be used in each assay. Avidity tests are
not widely available and vary in performance.

Since the clinical symptoms of postnatal rubella and CRS
are dramatically different, it is not surprising that there are
significant differences between the immune responses in
patients with these diseases, beyond the timing of the IgM
response and the persistence of rubella virus replication.
These differences can be observed on Western blots, in
which antibodies in sera from CRS patients often demon-
strate different reactivity to rubella glycoproteins than those
from postnatal rubella patients and this altered immune re-
sponse continues (at least until 10 years of age) in CRS
survivors (170).

Cell culture-adapted RV strains produce CPE in a variety
of cells. Nonadapted viruses from clinical specimens typi-
cally do not produce CPE, and additional techniques are
required to document the presence of RV in clinical speci-
mens. Viruses in clinical specimens replicate in a variety of
cell lines including Vero, RK13, BHK-21, and GMK-AH-1,
and viral replication can be detected by IFA, immuno-
colorimetric assays (ICA), and RT-PCR (171).

The plaque reduction neutralization test is done when a
quantitative assessment of the antiserum’s capacity to neu-
tralize is necessary, i.e., comparisons of vaccine potency as a
result of various storage conditions, or the efficacy of several
different rubella vaccines or lots of vaccine. The assay fol-
lows a format common to many tests. An immunocolori-
metric neutralization assay for RV using a soluble substrate is
a substantial improvement compared with plaque develop-
ment. The detection portion of the assay can then be done
with a microplate washer and dispenser, enhancing
throughput by a factor of about three and reducing techni-
cian hands-on time by a factor of about six (172, 173).

Sensitive conventional RT-PCR assays and real time
PCR assays have been developed which allow detection of

RV RNA derived from tissue culture and directly in clinical
specimens (20, 143). Not all RT-PCR protocols are suffi-
ciently sensitive to be used directly with postnatal rubella/
CRS clinical specimens. Assays that can reliably detect 3 to
10 copies of RV RNA per reaction are sufficiently sensitive.
Real time and nested RT-PCR protocols usually meet this
criterion. Many postnatal rubella cases are IgM negative
before 4 to 5 days postrash and direct detection of viral RNA
is the most sensitive test during this time period (174). No
standard real time or RT-PCR protocol for detection of viral
RNA has been established and there are currently a number
of such tests being used. At present, real time and conven-
tional RT-PCR are mostly used in national or global refer-
ence laboratories. The sensitivity of the RT-PCR system used
to detect viral RNA from infected tissue culture cells is not
critical, since the amount of rubella virus and available viral
RNA has been substantially amplified by passage in tissue
culture. Differentiating between wild-type virus and vaccine
virus requires sequencing of small regions of the genome
(about 700 nucleotides).

In postnatal infections, IgM is detectable in almost all
cases 5 days after disease onset and persists for about 3 weeks.
If a serum taken 4 or fewer days after disease onset is negative
for RV-specific IgM, testing should be repeated with a serum
taken about 5 days later. Alternatively, methods to detect RV
RNA may be used. Since virus shedding in throat or naso-
pharyngeal specimens declines rapidly in the first week after
onset of rash, many patients will present when virus shedding
is low. In addition, the false-negative rates of such tests have
typically not been determined. If acute and convalescent
phase sera are available, a fourfold rise in RV-specific IgG is
diagnostic for RV infection. For best results, such sera should
be taken within 7 days of rash and 17 to 21 days after rash,
respectively. Table 3 provides a summary of serologic inter-
pretations for suspected postnatal rubella cases.

The utility of laboratory techniques is different for CRS
than for postnatal rubella. When the risk of postnatal in-
fection is low, the presence of IgM in infants less than 6
months of age is diagnostic of in utero infection. The per-
centage of cases of congenital rubella infections that are IgM

TABLE 3 Interpretation of suspected postnatal rubella serological resultsF•

IgM
result

IgG
result Previous infection history Current infection Comments

+ + or - Not vaccinated, no history of rubella Recent 1st MMR Seroconvert*; low avidity IgG (if present)
+ + or - Not vaccinated, no history of rubella Wild-type rubella Seroconvert*, rubella; low avidity IgG (if present)
+ + History of rubella or previously

vaccinated
No known exposures

or risk factors
May or may not have symptoms; high avidity IgG;
probable false IgM positive

- + Previously vaccinated, IgG+ Recent 2nd MMR IgG level may stay same or boost; high avidity IgG
+ or - + History of rubella or previously

vaccinated
Rubella reinfection# Usually few or no symptoms; high avidity IgG,

fourfold or greater rise in IgG titers in acute
and convalescent-phase sera run in parallel**

+ + Recently vaccinated Exposed to wild-type
rubella

Cannot distinguish if vaccine or wild-type, evaluate
on epidemiologic grounds***

- - No history of rubella or vaccination Wild-type rubella Specimen collected too early, second specimen
collected at least 5 days postonset needed for
confirmation

FInterpretations are for low incidence settings with some vaccinated individuals.
•Not all possible situations are listed. For example, IgM negative, IgG positive with no history of vaccination, and rubella are not listed.
*IgG response depends on timing of specimen collection.
**Timing of specimen collection is critical, useful only in cases with symptoms, sera must be titrated.
#Very rarely detected due to lack of symptoms in most cases.
***Nucleotide sequencing of viral RNA will distinguish wild type from vaccine.
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positive declines between 6 and 12 months. Detection of
IgM or RV RNA in a newborn with defects consistent with
CRS confirms the diagnosis. Virus can be detected in CRS
cases for up to 1 year and up to 3 years in some specimens,
such as lens aspirates. Before rubella elimination, about half
of the CRS cases in the United States were confirmed by
RV-specific IgM and half by detection of virus. Infant IgG
levels which are high or increasing in the first year of life,
when maternal IgG declines, are consistent with congenital
RV infection. Again, this is particularly useful when the risk
of postnatal infection is low.

BEST PRACTICES
Measles
The following section summarizes laboratory “best practices”
and the reader is referred to the source material for addi-
tional and more detailed information (90, 91, 111, 167).
Measles was declared eliminated from the United States in
2000; elimination has been successfully maintained for well
over a decade. Continued maintenance of elimination in an
environment where frequent measles importations occur will
require high levels of two-dose vaccination coverage, case-
based surveillance, effective monitoring of vaccine exempt
populations, and rapid and effective laboratory tests for case
confirmation and classification.

The highly infectious nature of measles requires rapid
investigation and response to persons showing the clinical
signs of disease. While it is very important that laboratory
confirmation be accurate and timely, epidemiologic inves-
tigations involving contact tracing and identification of
an index case must not wait for laboratory confirmation,
particularly in environments where there are known un-
vaccinated or a suspicion of possible unvaccinated individ-
uals. It should be emphasized that in measles-eliminated
populations, every suspect measles case should be investi-
gated and, if possible, laboratory confirmed or excluded from
consideration.

Regardless of the setting, the measles IgM assay has been
the assay of choice for laboratory confirmation. Such assays
must have excellent performance characteristics particularly
when used in elimination settings. Measles is known to be
most contagious 4 days before and 4 days following rash
onset. Thus, specimens for viral culture or for viral RNA
detection are optimally collected within this time frame.
However, best practices strongly encourage the collection of
specimens from suspected cases when first seen by a
healthcare professional. It is recommended that both blood
specimens for serology and respiratory specimens, i.e., throat
swabs, nasopharyngeal swabs, or aspirates for molecular as-
says or virus isolation be collected to improve the probability
of case confirmation. If possible, urine specimens should be
collected, particularly from sporadic cases, to further en-
hance the possibility of virus and RNA detection.

Genotyping should be attempted from all measles cases,
since identifying the circulating strain(s) of virus could aid
in tracing pathways of transmission and contribute to sur-
veillance data required for maintenance of elimination.
Genotypic analysis is the only means to delineate measles
vaccine reactions and adverse events from wild-type virus
infections and their sequelae. In many instances, conven-
tional RT-PCR and sequencing can be accomplished directly
from the RNA extracts of specimens. Isolation of measles
virus in cell culture is sometimes required to assure a suffi-
cient source of viral RNA for eventual genotype analysis.

Best practices in such cases would strongly recommend the
use of the highly sensitive Vero/hSLAM cell line for prop-
agation of measles.

The use of real time RT-PCR to detect measles RNA in
extracts of appropriately collected respiratory specimens has
been included among the laboratory tests capable of con-
firming a case of measles (111). It should be strongly em-
phasized, however, that failure to detect measles RNA with
this method does NOT rule out a measles case. The vagaries
of the techniques and timing of specimen collection, con-
ditions of specimen storage and transport, as well as ex-
traction procedures and performance characteristics of the
real time RT-PCR assay, all affect the assay results. Many
state public health laboratories have adopted the CDC real
time RT-PCR protocol for detection of measles RNA (142).

In 2012, the CDC, in collaboration with the Association
of Public Health Laboratories (APHL), established four
Vaccine Preventable Disease Reference Centers (VPD RCs)
at four State Public Health Laboratories. The VPD RCs were
established to provide an efficient means of testing for
measles (mumps, rubella, and other viral and bacterial
VPDs) based on CDC developed and evaluated protocols
that can be offered to state and local health departments that
have limited budgets for testing for diseases of low incidence
or low-volume testing. The RCs provide serological and
molecular confirmatory testing and genetic characterization
for other VPDs, surveillance support, and confirmation of
vaccine adverse events in a shared-service model to 43 state
(including the 4 RCs) and 10 local submitter public health
laboratories. Results are contemporaneously transmitted to
the submitting public health departments and CDC (175).
Many public health departments have seen the merit in
participating as submitter laboratories, rather than incurring
the time and expense of establishing the molecular assays in
their laboratories.

While the vast majority of U.S. measles cases occur in
unvaccinated individuals, measles infections in previously
vaccinated persons do occur. These infections can be diffi-
cult to confirm, since many do not have a classical presen-
tation, and laboratory confirmation of measles infections in
previously vaccinated persons may require specialized testing
procedures consisting of PRN and measles IgG avidity. Al-
though there are commercial measles avidity assays avail-
able, quantifiable IgG assays like the PRN are less available
and would have to be evaluated and validated for use as an
indicator of infection.

Mumps
Mumps is an acute viral disease characterized by fever,
swelling, and tenderness of one or more salivary glands,
usually the parotid gland. Treatment is symptomatic and
vaccination with two doses of mumps-containing vaccine is
the best method of prevention. Two doses of mumps vaccine
are 88% effective at protecting against mumps. Clinical di-
agnosis of mumps can be made based on prodrome and
parotitis; however, laboratory confirmation is desirable be-
cause prodromal symptoms are nonspecific and parotitis
can result from other infections or conditions. Laboratory
diagnosis is based on detection of viral nucleic acid or
mumps-specific IgM antibodies in serum or saliva/oral fluid,
or isolation of the virus from body fluids (excluding blood).
Efforts should be made to obtain clinical specimens (buccal
cavity/parotid duct fluids, throat swabs, urine, or CSF) for
virus isolation and/or RNA detection by real time RT-PCR
for all sporadic cases and at least some cases in each outbreak
at the time of the initial investigation. Once a case has been
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identified, health departments should consider conducting
case investigations and assessing the immune status of close
contacts before laboratory results are known or before ad-
ditional cases are identified, particularly in settings with high
risk, such as households, schools, and summer camps. A
mumps outbreak is defined as three or more cases linked by
time and place. Negative laboratory results among vacci-
nated persons do not necessarily rule out the diagnosis of
mumps, particularly if there is an outbreak of parotitis.
Mumps outbreaks have occurred in highly vaccinated pop-
ulations in high transmission settings such as schools, col-
leges, camps, and sports events. Mumps should not be ruled
out on the assumption that individuals have evidence of
mumps immunity because of vaccination.

Case contacts identified during the 2 days prior to
symptom onset through 5 days after onset should be assessed
for vaccination status, offered vaccine as appropriate, and
instructed about signs and symptoms. Droplet precautions, in
addition to standard precautions, in healthcare settings
should be used. In the event of an outbreak, enhanced sur-
veillance and public awareness should be instituted. If it is
clear when and where transmission likely occurred, investi-
gative efforts should be directed to these locations. Local or
state health departments should contact area healthcare
providers to apprise them of the outbreak and request re-
porting of additional suspected cases. During outbreaks, ac-
tive surveillance for mumps should be conducted for every
confirmed and probable mumps case and maintained for at
least two incubation periods (50 days) following parotitis
onset in the last case. To control the outbreak, the popula-
tion at risk and the transmission setting should be defined
and unvaccinated individuals should be identified and vac-
cinated if possible. If vaccination is contraindicated, indi-
viduals should be excluded from transmission settings to
prevent exposure. Mumps vaccination of those already in-
fected is not effective but vaccination may prevent infection
in those not yet exposed or infected. During an outbreak, a
second dose of mumps-containing vaccine may be considered
for children aged 1 to 4 years and adults who have received
one dose previously. If a nosocomial outbreak occurs,
healthcare facilities should implement the two-dose recom-
mendation for all healthcare personnel, including those who
were born before 1957 and lack laboratory evidence of im-
munity or laboratory confirmation of disease. Healthcare
personnel without evidence of immunity should be excluded
from the 12th day after the first unprotected exposure to
mumps through the 25th day after the last exposure.

Rubella
In the United States, best practices for investigation of cases
of rubella and CRS are summarized in detail in frequently
updated surveillance documents (88, 176). Important in-
formation to consider for best, nonlaboratory practices for
postnatal rubella include the case definitions for suspected,
probable, and confirmed rubella and the epidemiologic
classification into internationally imported cases, U.S.-
acquired cases, import-linked cases, imported virus cases,
endemic cases, and unknown source cases. Guidance for case
investigations, contact investigation, and outbreak control
may also be important. Best (nonlaboratory) practices
for CRS include the case definitions for suspected, proba-
ble, confirmed, and infection-only and congenital rubella
infection-only cases and epidemiologic classification into
internationally imported cases and U.S.-acquired cases.

Best practices for the laboratory are also important. Both
IgM and IgG testing should be done with most sera for both

suspected postnatal rubella and CRS cases, since the com-
bination of test results often provides additional information
useful for diagnosis. For example, with a rubella infection,
the IgG is expected to become detectable by ELISA about 5
days after a rubella rash. Results from a serum sample taken
at 8 days postrash that are positive for IgM but negative for
IgG to RV would be inconsistent with the immune response
to rubella; thus, the IgM result would be most suspect in this
situation. A positive result for RV culture is obtained when
growth is confirmed by real time or conventional RT-PCR
using RNA extracted from the culture or when at least one
cluster of infected cells is determined positive by IFA or
ICA.When an IFA or ICA is used, the expected distribution
of viral proteins within infected cells should be obtained
(162). Direct detection of RV RNA by PCR-based protocols
requires the laboratory to evaluate the significance of results
from such tests. Multiple negative controls and amplified
product in more than one specimen from a given patient will
increase confidence of a positive diagnosis based on direct
RT-PCR. When serum from a patient cannot be obtained, or
when confirmation of serologic results is desired, direct de-
tection of RV RNA by RT-PCR may be necessary, since it is
more rapid than viral culture.

There is often a considerable burden on the laboratory in
the diagnosis of rubella. For example, when primary RV in-
fection is suspected for a pregnant woman, false-positive and
false-negative results may lead to incorrect clinical decisions
(177). Testing for recent infection with other viruses that
cause clinically similar diseases (e.g., human parvovirus B19)
is often prudent. Positive rubella results may be more be-
lievable if no other infection is found. Specimen retesting and
testing of different specimen types with alternative methods
(e.g., serology, RT-PCR, and viral culture) often yield con-
sistent results and reduce the likelihood of false-positive re-
sults. False-positive results can occur even with IgM-capture
ELISA. False-negative results can often be identified by
testing more than one serum specimen from a patient ob-
tained 1 week apart. If only a single specimen is available, it
may be tested by multiple assays. For example, IgG avidity
may resolve the diagnosis from a single serum sample that is
IgM positive for both RV and human parvovirus B19.

Correct classification of suspected postnatal rubella and
CRS is often primarily based on laboratory results rather
than clinical presentation. Clinical, laboratory, and epide-
miological information (e.g., international travel) all may
enter into the final decision(s). A full description of classi-
fication criteria and recommendations should be consulted.
One specific diagnostic situation should be noted. Standard
TORCH (toxoplasmosis, other, rubella, cytomegalovirus,
and herpes simplex virus) panels include testing for RV IgM,
and clearly should not be used to determine immunity. Each
state and territory has regulations or laws governing the re-
porting of rubella and CRS (and other conditions of public
health importance).
Disclaimer: The statements and conclusions presented in
this chapter are those of the authors and do not necessarily
reflect the official position of the Centers for Disease Con-
trol and Prevention.
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Since the demonstration by Albert Kapikian and colleagues
that a virus was the etiological agent of Norwalk gastroen-
teritis (1), multiple viruses have been recognized as signifi-
cant causes of gastroenteritis in children and adults.
Gastrointestinal viruses have been implicated in food and
waterborne outbreaks of gastroenteritis, seasonal disease, and
outbreaks in all age groups in both the developed and de-
veloping worlds. The major gastrointestinal viruses causing
acute gastroenteritis are found in several virus families
(Table 1) and will be discussed in greater detail in the fol-
lowing text.

VIRAL CLASSIFICATION AND BIOLOGY
Caliciviruses
The family Caliciviridae is divided into 5 genera, Norovirus,
Sapovirus, Lagovirus, Nebovirus, and Vesivirus, with human
pathogens found in the first 2 groups (noroviruses and
sapoviruses). Caliciviruses infecting humans are non-
enveloped round viruses 27 to 39 nm in diameter (Fig. 1).
When viewed by electron microscopy (EM), noroviruses
have a smooth round morphology, whereas sapoviruses have
a “Star of David” appearance (1–3). The genome of noro-
viruses and sapoviruses is a single-stranded plus-sense RNA
7.3 to 7.5 kb in length (4, 5). The 5¢ end of the genomic
RNA is linked covalently to a small protein encoded by the
viral genome VPg, and the 3¢ end is polyadenylated (6). The
genome of noroviruses and sapovirus genotypes GI, GIV, and
GV encodes 3 open reading frames (ORFs), whereas the
genome of sapovirus genotype GII encodes 2 ORFs (4, 5).
Viral nonstructural proteins (NS1 through NS7) are enco-
ded as a polyprotein in ORF1 located at the 5¢ end of the
genome in both viruses (6). The major capsid protein VP1 is
also encoded in ORF1 in the sapoviruses but is expressed
through ORF2 in the noroviruses (4, 5). Both viruses express
the minor capsid protein VP2 in an ORF located nearest the
poly-A tail at the 3¢ end of the genome (ORF2 in sapo-
viruses, ORF3 in noroviruses) (6). Sapovirus genotypes GI,
GIV, and GV also encode a small protein of unknown
function in an ORF (ORF3) that overlaps the VP1 coding
region of ORF1(4). VP1 comprises the viral capsid, which is
characterized by structures resembling cups from which the
virus family derives its name (calici originated from the Latin
word for cup, calyx) (6). Standard systems for propagating

human noroviruses and sapoviruses in cell culture have yet
to be developed, so much of what is known about the bio-
logy and immunology of these viruses has been determined
using surrogate animal strains or virus-like particles produced
using recombinant expression systems (5, 7). Recent find-
ings suggest that human B cells are the cellular target of no-
roviruses (8).

The Norovirus and Sapovirus genera derive their names
from the prototype strains of each genus, Norwalk virus and
Sapporo virus, respectively (1, 9). The genus Norovirus
contains 1 species, Norwalk virus (Table 1), and 6 recog-
nized genogroups, GI through GVI (6). Human pathogens
are found in genogroups GI, GII, and GIV (Table 1) with 9,
19, and 1 individual genotypes causing human disease
assigned to each genogroup, respectively (6). Genogroup
GII, genotype 4 (GII.4), is the variant responsible for the
majority of norovirus outbreaks (10) (Table 1). Genotype
GI.1 is the prototype Norwalk virus strain (6). The genus
Sapovirus contains 1 species, Sapporo virus, and 4 geno-
groups causing human disease, GI, GII, GIV, and GV
(Table 1). The prototype Sapporo virus is designated ge-
notype GI/1 (4).

Rotaviruses
Rotaviruses are members of the genus Rotavirus of the virus
family Reoviridae. Within the genus there are 8 recognized
groups: A, B, C, D, E, F, G, and H. Group A rotaviruses
(RVA) are the primary human pathogen, although groups B,
C, and H also have been infrequently reported to be asso-
ciated with human disease (11, 12); see the section on other
viruses. Groups D through G have been detected in animals
only (12). RVA virions are approximately 100 nm in di-
ameter, nonenveloped, and have a characteristic appearance
when viewed by EM (Fig. 1.). Each virion is composed of 3
concentric shell layers with visible spikes protruding through
the outmost shell (Fig. 1). The genome of rotaviruses con-
tains 11 segments of double-stranded RNA (dsRNA) with a
total genome size of approximately 17.5 kb. Each segment
encodes one or two proteins, 6 structural proteins (VP1-4,
VP6, VP7) and 5 or 6 nonstructural proteins (NSP1-5/6)
(Table 2). The outer capsid is composed of VP7, a glycosy-
lated protein (G-protein) shell from which spikes of VP4, a
protease-sensitive protein (P protein), protrude and virions
retaining the 3-layer configuration are referred to as triple-
layered particles (13). VP6 comprises the inner capsid and
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is the dominant immunogenic protein. Particles that lack
the outer shell but retain the inner capsid are termed double-
layered particles. The core shell is composed of VP2, and,
in the virion, the structure encloses equimolar amounts of
the 11 genome segments as well as the VP1 and VP3 pro-
teins (13).

After ingestion, RVA pass through the stomach to the
small intestine where RVA virions bind to cellular recep-
tors through VP4 and VP7. Some strains have been shown
to bind sialic acid moieties of intestinal enterocytes and
others bind nonsialated HBGA in a similar manner to ca-
liciviruses (14, 15). The major human-infecting RVA strains
bind either Lewis or H antigens (16). After binding, the VP4
is cleaved by intestinal proteases, such as trypsin, into VP5*
and VP8*, and the protein undergoes conformational
changes. The VP8* region at the head of the VP4 protein is
important for cellular receptor binding, whereas the lipo-
philic VP5* region, which forms the stalk, is important for
virion entry into cells (13). RVA replicate in viroplasms
located in the cell cytoplasm and bud through the mem-
branes of the endoplasmic reticulum. Virions are then re-

leased through cell lysis or released from the apical surface of
polarized cells by vesicular transport (13, 17).

Serotyping and genotyping of the VP6 protein has led to
the establishment of the RVA through RVH groups (12).
Traditionally RVA strains have been classified using a bi-
nomial typing system based on the VP7 (G-type) and VP4
(P-type) proteins and genes. There are at least 27 G types
(G1 through G27) and 35 P-types (P[1] through P[35])
described to date (11). The brackets used to enclose the
P-type indicate that it is a genotype rather than a serotype.
Human disease is caused primarily by genotypes G1P[8],
G2P[4], G3P[8], G4P[8], and G9P[8], and G12P[8] appears
to be an emerging genotype. In 2008 the Rotavirus Classi-
fication Working Group established a new classification
system that assigns genotypes to all eleven genes (18). The
new nomenclature is Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-
Hx (where x = genotype number), which represents the
genotypes for VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-
NSP3-NSP4-NSP5/6, respectively. The new nomenclature
is particularly useful for classifying RVA for which whole
genome sequence data are available. The segmented genome

TABLE 1 Major gastrointestinal viruses causing acute gastroenteritis

Family Genus Species Genogroup Genotype/Serotype

Caliciviridae Norovirus Norwalk virus GI GI.1
GII GII.4
GIV

Sapovirus Sapporo virus GI
GII
GIV
GV

Reoviridae Rotavirus Rotavirus A 1 G1P[8]
G3P[8]
G4P[8]
G9P[8]
G12P[8]

2 G2P[4]
Astroviridae Mamastrovirus Mamastrovirus 1 I 1

2
3
4
5
6
7
8

Mamastrovirus 6 MLB1
MLB2
MLB3

Mamastrovirus 8 II HMO-A
VA-2
VA-4

Mamastrovirus 9 HMO-B
HMO-C
VA-1
VA-3

Adenoviridae Mastadenovirus Adenovirus F Ad40
Ad41
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of RVA permits different strains that infect the same cell to
exchange segments through genetic reassortment, a major
mechanism in RVA evolution.

Astroviruses
Astroviruses are members of the family Astroviridae. The
family contains two genera: Avastrovirus, with 3 recognized
species that infect birds, and Mamastrovirus, with 2 geno/
serogroups and 19 species that have mammalian hosts (http://
www.ictvonline.org/virusTaxonomy.asp). Of the strains in-
fecting humans, Mamastrovirus species 1, which contains 8
genotypes (classical human astroviruses) and 3 genotypes
(MLB1, 2, and 3), has been described for species 6 (Table 1).
Species 8 and 9 encompass genotypes (HMO/VA strains)
that infect humans but are closely related to strains from
mink, sheep, and other mammals (19) (Table 1).

Astroviruses were first discovered by EM in 1975 in stool
samples from children with gastoenteritis (20) and were
subsequently given the name astroviruses due to their star-
like appearance when viewed by EM following negative
staining (21) (Fig. 1). Astroviruses observed in stool are

TABLE 2 Rotavirus A genes and proteins

Segment
no. Gene Protein

1 VP1 RNA polymerase
2 VP2 Core capsid shell protein
3 VP3 Methyltransferase
4 VP4 Protease-sensitive outer capsid

spike protein
5 NSP1 Interferon antagonist
6 VP6 Inner capsid protein
7 NSP3 Translation enhancer
8 NSP2 NTPase
9 VP7 Glycosylated outer capsid shell protein

10 NSP4 Enterotoxin
11 NSP5 Phosphoprotein
11* NSP6

*not present in all strains.

FIGURE 1 Electron micrographs of gastroenteritis viruses: (A) sapoviruses; (B) noroviruses; (C) astroviruses; (D) small round viruses; (E)
rotaviruses; (F) adenoviruses; (G) coronaviruses; (H) torovirus-like particles; (I) picobirnaviruses. Bar = 100 nm.
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approximately 28 to 30 nm in diameter and slightly larger
when propagated in cell culture (22). The astrovirus genome
consists of a single-stranded, positive-sense RNA approxi-
mately ranging in size from 6.2 kb to 7.7 kb plus a 3¢ poly(A)
tail approximately 30 adenines long (22, 23). The 5¢ end of
the genome is linked covalently to a virally-expressed VPg
protein (24) and contains 3 ORFs designated ORF1a,
ORF1b, and ORF2 (25). Full-length transcripts made from
cloned astrovirus genomes are infectious (26). ORFs 1a and
1b express the nonstructural proteins, which are involved in
gene transcription and genomic replication. These ORFs
overlap by 10 to 148 bases, and the ORF1b protein is
expressed through a ribosomal frameshift mechanism (22,
27). ORF2 encodes the viral structural proteins, and this
gene is expressed as a polyprotein (VP90) via a positive-
sense subgenomic RNA (23). Astroviruses have been shown
to enter Caco-2 cells via a clathrin-dependent endocytic
pathway (28). The process of astrovirus replication is not
well understood at present but is known to involve pro-
duction of a negative-sense intermediate RNA species that
immediately precedes positive-strand RNA synthesis (29).
VP90 has been shown to associate with membranes sug-
gesting that these are the sites of initial particle assembly
(30). The VP90 protein is cleaved by cellular capases into
the capsid protein, VP70, which forms the capsid structures
found on extracellular virus (31). Viral infectivity is en-
hanced by trypsin, which cleaves VP70 into 3 smaller
structural proteins (32).

Enteric Adenoviruses
Adenoviruses were first isolated in the 1950s from explants
of human tonsils and adenoids, the latter tissue serving as a
source of the name “adenovirus” (33). The family Adeno-
viridae contains 5 genera with the adenoviruses of mammals
assigned to the genus Mastadenovirus (http://www.ictvon
line.org/virusTaxonomy.asp). Seven species—A, B, C, D, E,
F, and G—comprise the human adenoviruses with at least 57
different serotypes. Adenoviruses are known to cause a va-
riety of human diseases including respiratory illnesses,
pharyngitis, keratoconjunctivitis, hemorrhagic cystitis, and
meningoencephalitis, as well as gastroenteritis (34). Many
adenovirus species can be detected in human stools, but their
causal role in gastroenteritis is unclear (35). Two adeno-
viruses primarily associated with diarrhea are Species F types
Ad40 and Ad41 (Table 1), but Species A types Ad12, Ad18,
and Ad31 and Species C types Ad1, Ad2, Ad5, and Ad6
have also been implicated (36). There is a report of Species
G type Ad52 causing diarrhea in adults (37).

Adenoviruses are nonenveloped viruses with an icosa-
hedral capsid shell (Fig. 1) approximately 95 nm in diameter
(38). The capsid is mostly composed of 240 trimers of hexon
protein along with 12 pentamers of penton protein, which
interact with trimeric fiber proteins (39). The adenovirus
genome consists of a linear dsDNA molecule approximately
34 to 36 kb long (40). The genome encodes more than 40
proteins, only 12 of which have been shown to be structural
components of the virus (38).

What is known about the replication of adenoviruses is
derived from studies of nonenteric types. Various receptors
have been identified for different adenovirus types, but the
cellular receptor(s) for Ad40/41 has yet to be identified (41).
The penton fiber serves as a cellular attachment protein.
After entry into the cell via endocytosis, adenoviruses par-
tially uncoat in the endosome and escape into the cytoplasm
where further capsid disassembly occurs. Then the viral
DNA and core proteins enter the cell nucleus where geno-

mic replication takes place (39, 42). Newly synthesized viral
proteins are transported from the cytosol to the cell nucleus
for virus assembly (43). The final step in virus maturation
involves processing of precursor structural proteins by a
virally-encoded protease (44).

EPIDEMIOLOGY
Caliciviruses
Norovirus outbreaks occur year-round, though there is an
increase in the winter months. Hence the name “winter
vomiting disease.” Noroviruses are spread primarily by fecal-
oral transmission and are the leading cause of nonbacterial
foodborne illness worldwide (45, 46). Noroviruses appear to
be overtaking rotavirus as the most common cause of severe
pediatric gastroenteritis in countries that have introduced
rotavirus vaccination (47). In the United States, an esti-
mated 19 to 21 million illnesses, 1.7 to 1.9 million outpa-
tient visits, 400,000 emergency department visits, and
56,000 to 71,000 hospitalizations occur each year due to
norovirus (48). Outbreaks occur frequently in closed popu-
lations such as restaurants, cruise ships, hospitals, daycare
centers, and nursing homes, (45) and norovirus is commonly
associated with traveler’s diarrhea (49). Crowded conditions
facilitate transmission. Waterborne transmission occurs as
does disease associated with consumption of contaminated
shellfish (50). Fomites can play a role in transmission due to
the stability of noroviruses on environmental surfaces and
their resistance to conventional cleaning agents (51). Nor-
ovirus is shed in feces at concentrations up to 1011 particles
per gram of stool (52), and the 50% infectious dose for
humans has been determined to be approximately 1320
genomic copy units (53). The virus is also shed in vomitus,
and vomiting can transmit the disease as well as contaminate
environmental surfaces (54).

The epidemiology of sapoviruses is similar to that of
noroviruses except that sapovirus outbreaks tend to occur
most often in children. Almost all children have serological
evidence of infection by age 5 (55).

Rotaviruses
RVA are a significant cause of moderate to severe diarrhea in
children under 5 years of age, and an estimated 453,000
deaths occur annually due to RVA acute gastroenteritis
(AGE), primarily in Sub-Saharan Africa and the Indian
subcontinent (56, 57). Most children are infected multiple
times during the first few years of life. The primary infection
tends to cause more severe disease than later infections, and
the probability of reinfection decreases with each subsequent
infection (58). These principles serve as the logical basis for
RVAvaccination, in which the first infections are simulated
by administration of live-attenuated vaccines (see the
Treatment and Prevention section). RVA disease also occurs
in adults with documented outbreaks in elderly populations,
most frequently caused by genotype G2P[4] strains (59, 60).

In most parts of the world there is a seasonal pattern to
RVA activity. In temperate regions most infections occur
during the fall and winter months. In the tropics the period
of peak activity is the dry season, though infections tend to
occur throughout the year (61). RVA are transmitted most
often by fecal-oral transmission and are shed by infected
individuals at very high concentrations, up to 1011 particles
per gram of stool. Combined with the fact that the infectious
dose is very low (102 to 103 particles (62)), one can see how
RVA are highly transmissible. RVA is environmentally
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stable and can also be transmitted via food and water,
and there is some evidence of respiratory transmission (63).
RVA are resistant to many disinfectants but can be inac-
tivated by chlorine solutions and alcohol-based hand clean-
ers (64, 65).

Astroviruses
Astroviruses are transmitted primarily by the fecal-oral
route. Most of the associated disease is in children under 2
years of age, though infections also occur in older children,
adults, and the elderly (22). Astroviruses are found world-
wide with typical prevalences of 2 to 9% in cases of acute
nonbacterial gastroenteritis, though this rate of infection can
be higher in rural areas and in developing countries (22, 66).
Astroviruses are often detected along with other viral gas-
troenteritis viruses, such as noroviruses and RVA. Astro-
viruses are shed at very high concentrations by infected
individuals, up to 1013 genome copies per gram of stool (67),
and the infectious dose is presumed to be low. In temperate
areas the highest incidence of disease is in the colder
months, whereas in tropical areas the peak activity tends to
be during the rainy season, but these seasonal patterns may
be associated with classical human astroviruses only (22).
Outbreaks of astrovirus diarrhea have been documented in
closed communities such as schools, child care centers,
hospitals, and elder care facilities (35). Foodborne outbreaks
of astrovirus disease have been described, and astrovirus
infection has been associated with shellfish consumption
(68). Fomites and waterborne dissemination also are
thought to play roles in transmission of astroviruses (69, 70).
Astroviruses can be inactivated by application of free chlo-
rine at concentrations of 0.5 to 2.5 milligrams per liter (68).

Enteric Adenoviruses
Enteric adenoviruses are shed at very high concentrations in
feces, up to 1011 virus particles per gram of stool (71) and are
presumably transmitted by the fecal-oral route. Ad40 tends
to cause infections in children under 1 year of age, whereas
Ad41 infections are more common in older children (72).
There appears to be no seasonality to enteric adenovirus
infections, though there may be a midsummer peak in some
regions (73). Infection with enteric adenoviruses is thought
to occur worldwide based upon serological studies (74).
Multiple studies have detected enteric adenoviruses in the
stools of children living in developed countries, with sig-
nificantly greater detections of virus in cases of diarrheal
disease compared with controls (71). In developing coun-
tries, enteric adenoviruses have been found to be significant
causes of moderate to severe diarrhea in children under 5
years of age (56). Enteric adenoviruses have caused out-
breaks of diarrhea in hospitals, orphanages, and child care
centers (35).

CLINICAL SIGNIFICANCE
Caliciviruses
Noroviruses cause acute gastroenteritis known as “winter
vomiting disease” (75), and the first outbreak associated
with noroviruses occurred in Norwalk, Ohio, in 1968 (76).
Sapoviruses were first associated with an outbreak of gas-
troenteritis among Japanese infants in 1979 (2). Both viruses
produce a clinical syndrome characterized by nausea, ab-
dominal cramps, vomiting, low-grade fever, and diarrhea
(35). The diarrhea does not contain blood or mucus and can
be loose or watery (77). Virus is shed in the stool and

vomitus of infected individuals. The average incubation
periods for noroviruses and sapoviruses are 1.2 and 1.7 days,
respectively (78). Symptoms generally resolve within 12 to
72 hours (77). Shedding of noroviruses occurs an average of
approximately two weeks after virus is first detected in the
stool but can last as long as 60 days (79). Norovirus infec-
tions in infants and the elderly produce severe gastroenteritis
with a longer clinical course that may necessitate hospital-
ization (80).

The mechanism by which caliciviruses produce gastro-
enteritis involves a reduction in the villus surface area of the
duodenum along with increases in the permeability of tight
junctions and epithelial cell apoptosis (81). There is tran-
sient malabsorption of lactose, D-xylose, and fat and a
leaking of water and ions into the intestinal lumen (81, 82).
Intestinal tissue shows little inflammation with the excep-
tion of an intraepithelial infiltrate of CD8+ lymphocytes
(81). Whereas CD8+ lymphocytes may be involved in the
pathogenesis of human norovirus disease, CD4+ lympho-
cytes and secretory/serum antibodies have been shown to
play roles in protective immunity in the mouse norovirus
model (83).

Noroviruses are known to bind to human histo-blood
group antigens (HBGAs), which are found on the surface of
mucosal epithelial cells and are secreted as free oligosac-
charides into body fluids such as blood, milk, and saliva (16).
HBGAs include A/B, H, and Lewis antigens, and norovirus
genotypes differ in their antigen-binding affinity (84); e.g.,
GII.4 strains bind A/B and H antigens only, GII.5 strain
MOH binds A/B but not H or Lewis antigens, and GII.9
strain VA207 binds Lewis antigens only (16). Bacteria
expressing HBGAs are thought to serve as a stimulatory
factor for norovirus infection of human B cells (8).

Rotaviruses
RVA are the primary cause of AGE in children worldwide.
The disease spectrum ranges from asymptomatic infection to
moderate to severe AGE. Death due to RVA is most often
the result of dehydration and lack of prompt access to
medical care, particularly in developing countries (85).
After ingestion of RVA, there is an incubation period of 1 to
4 days (average 2 days) (78). Disease typically begins with
fever and vomiting followed 1 to 2 days later by diarrhea
(61), which is typically nonbloody. RVA infection produces
viremia, which can last up to 8 days (86). Seizures and neu-
rological involvement have been reported in rare cases (87).
In severe cases, dehydration with shock, electrolyte imbal-
ance, and metabolic acidosis can occur with fatal outcome if
medical attention is not administered. In most cases, disease
resolves in 3 to 7 days, though virus shedding can continue
for weeks after symptoms have subsided.

RVA infect the mature enterocytes in the villi of the
small intestine (61). Progeny virus is released from infected
cells 10 to 12 hours after infection, and virus is shed at high
concentrations into the gut and infects neighboring cells
(88). In a murine model, RVA infection causes enterocyte
death and proliferation of secretory crypt cells (89). The
RVA encoded endotoxin, NSP4, is thought to produce ex-
tracellular leakage through changes in the tight junctions
between enterocytes (90). NSP4 also causes increased
chloride secretion and water loss with activation of calcium
channels and induction of diarrhea (89). NSP4 is also
thought to activate the enteric nervous system with induc-
tion of vagal afferent nerves that connect to regions of the
brain associated with nausea and vomiting (91).
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Immunity to rotavirus appears to be primarily antibody-
mediated, though interferon types I and III are thought to
play a role in limiting infection (92). RVA infection is a poor
inducer of the T cell-mediated immune response, and neu-
tralizing antibody titers correlate with protection (93).
Neutralizing antibodies are both homotypic (i.e., recognize
the immunizing strain genotype) as well as heterotypic (i.e.,
cross-react with other genotypes). IgM is a marker for acute
RV infection (94). Secretory IgA is believed to be the pri-
mary immune effector, and serum IgA is used as a correlate
for measuring immune protection (95, 96). RVA-specific B
cells circulated in the blood of infected individuals express
the gut-specific homing receptor a4b7, suggesting local
protection (97).

Astroviruses
Astroviruses cause gastroenteritis primarily in young chil-
dren. The incubation period ranges from 1 to 5 days with a
median incubation period of 4.5 days (78). Disease typically
lasts 2 to 3 days and is characterized by mild diarrhea, ab-
dominal pain, vomiting, and low-grade fever (98). Diarrhea
caused by astroviruses tends to be milder than that associated
with RVA infection and is less apt to cause severe dehy-
dration (23). Compared with calicivirus and RVA infection,
vomiting occurs less frequently (22). Shedding of virus in
the feces can occur from a few days to weeks post disease
onset (99).

Astrovirus replicates in the tissues of the small intestine,
and virus particles have been detected in the low villous
epithelium, surface epithelium, and macrophages of the
lamina propria (100). Infected intestinal tissues show minor
histological changes, and inflammation does not appear to
contribute to disease pathogenesis (22). The exact mecha-
nism by which astrovirus induces diarrhea is not known, but
studies using an avian animal model suggests that it occurs
through induction of sodium malabsorption (101). Immu-
nity to astrovirus is not well understood, though there is the
suggestion that virus-specific T-cells are involved in the
development of protective immunity and that natural killer
cells are involved in the antiviral response (102). The capsid
protein of astroviruses has been shown to block activation of
the complement system through both the classical and an-
tibody-mediated pathways (103).

Enteric Adenoviruses
After an incubation period of 8 to 10 days, cases of adeno-
virus gastroenteritis develop watery, nonbloody diarrhea
with a duration of 7 to 8 days, which is typically accompa-
nied by vomiting and sometimes by fever of short duration
(104). Compared to RVA, enteric adenoviruses produce a
milder infection with a longer course of diarrhea. Prolonged
diarrhea, up to 2 weeks’ duration, is common, especially with
Ad41 (71). Little is known about the pathogenesis of enteric
adenoviruses. Examination of a fatal case of Ad41 by elec-
tron microscopy revealed crystalline arrays of virus particles
in nuclei of cells in the intestinal epithelium suggesting that
this is the site of replication for the virus (105).

Infections in Immunocompromised Hosts
In the immunocompromised host, the course and severity
of infection can differ markedly compared with disease in
immunocompetent individuals. In congenital cases of se-
vere combined immunodeficiency (SCID), RVA can cause
chronic infections with prolonged courses of diarrhea
months in duration (106). Live attenuated RVA vaccine
strains have also been implicated in persistent infections of

SCID cases with prolonged viral shedding (107). In im-
munosuppressed transplant patients, noroviruses can cause
chronic diarrhea and prolonged virus shedding lasting
months to years (77). In children with inherited immune
deficiencies, norovirus is among the most common gastro-
intestinal pathogen detected, and shedding of virus has been
shown to last longer than 9 months in over 50% of cases
(108). The incidence of astrovirus diarrhea has been shown
to be especially high in persons undergoing chemotherapy,
tissue or organ transplantation or with HIV infection (102),
and astrovirus VA1/HMO-C has been identified as a cause
of encephalitis in immunocompromised hosts (109). Un-
typed adenoviruses are associated with diarrhea in HIV
patients (110), and a nonenteric adenovirus type has caused
an outbreak of diarrheal disease among hematopoietic stem
cell transplant recipients (111). Other viruses known to
cause severe gastroenteritis in immunosuppressed individu-
als include cytomegalovirus (CMV) and Epstein-Barr virus
(EBV) (36).

TREATMENT AND PREVENTION
Currently there are no antiviral therapies for viral agents of
gastroenteritis. Treatment is primarily supportive and de-
signed to prevent and reverse dehydration caused by diar-
rhea and vomiting (112). Oral rehydration is used in cases of
mild to moderate dehydration and intravenous therapy is
utilized in cases of severe dehydration or when the patient is
unable to drink fluids. The World Health Organization
recommends the use of an oral rehydration solution (ORS)
containing 75 millimoles per liter of sodium and 75 milli-
moles per liter of glucose (224 millimoles per liter of total
osmolarity) for the treatment of noncholera diarrhea and
the administration of additional liquid or ORS to main-
tain hydration following each episode of diarrhea (61).
Other therapies shown to reduce the symptoms and shorten
the course of gastroenteritis include zinc supplementation,
probiotic regimens, bismuth subsalicylate, loperamide, and
ondansetron (113).

With the exception of RVA, vaccines are not available
for the gastrointestinal viruses. A live-attenuated human-
rhesus reassortant RVAvaccine (Rotashield, Wyeth Labora-
tories, Inc., Marietta, PA) was licensed for use in the United
States in 1998 but withdrawn from the market in 1999 after
cases of vaccine-associated intussusception were reported
(114). Two new live-attenuated RVA vaccines were subse-
quently licensed in the United States and are now in use
worldwide. RotaTeq (Merck & Co., Inc. West Point, PA) is
a pentavalent human-bovine reassortant vaccine in which
human RVA G1-G4 and P[8] genes have been inserted into
a bovine strain, WC3, through genetic reassortment (115).
It was licensed for use in the United States in 2006. Rotarix
is a monovalent G1P[8] vaccine derived by serial passage of a
human RVA strain, 89–12, in cell culture (115). It was li-
censed by the U.S. Food and Drug Administration in 2008.
Both vaccines have been shown to be safe and efficacious
and are currently in use in more than 75 countries (http://
sites.path.org/rotavirusvaccine/rotavirus-vaccines/#global-
intro). Two additional vaccines, LLR (Lanzhou Institute of
Biological Products Co. Ltd., Gansu, China) and ROTA-
VAC (Bharat Biotech International Ltd., Hyderabad, India)
are live-attenuated RVAvaccines in use in China and India,
respectively.

The disease and economic burden of noroviruses has
made development of vaccines against these pathogens a
priority area of research, which has been hampered by the
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lack of in vitro cultivation systems and animal models for
human noroviruses. VLPs expressing the major capsid pro-
tein VP1 of norovirus have been expressed in a variety of
systems and have been shown to function antigenically in a
manner similar to authentic capsids (116). Phase I clinical
trials assessing the safety and immunogenicity of GI.1 and
GII.4 VLPs have been carried out (117, 118).

General infection control and prevention strategies used
for the management of norovirus outbreaks can be applica-
ble to other viral agents of gastroenteritis. These include
identification of the etiologic agent, increased hygiene, es-
pecially thorough hand washing, cleaning and disinfection
of contaminated surfaces, clothing, bedding and other items,
case isolation, and removal of contaminated food and in-
fected food handlers (35, 54).

DETECTION AND DIAGNOSIS
Caliciviruses

Serology
Antibody detection assays are not used primarily for diag-
nosis but rather for serosurveys of populations. Assays for
detection of total Ig IgA, IgG, and IgM have been developed
using norovirus virus-like particles (VLPs) expressed in ba-
culoviruses in enzyme-linked immunosorbant assay (ELISA)
and dissociation-enhanced lanthanide fluorescent immu-
noassay (DELPHIA) formats (49, 119, 120). Detection of a
greater than 4-fold rise in specific IgG titers in paired sera or
detection of IgM is considered diagnostic. Assays have also
been developed for detection of specific IgA in stool speci-
mens (121).

Electron Microscopy
Immunoelectron microscopy (IEM) was used to detect the
prototype Norwalk virus in 1972 (1), but EM is rarely used
today for diagnosis because it is too labor intensive and lacks
the sensitivity of other diagnostic assays for caliciviruses.
The limit of detection of EM is approximately 106 virus
particles per gram of stool, and caliciviruses are typically
shed at titers below this detection threshold during clinical
illness.

Immunoassays
Several commercial antigen detection enzyme immuno as-
says (EIAs) using polyclonal, or pools of monoclonal, anti-
bodies raised against VLPs or recombinant antigens are
available today. The RIDASCREEN Norovirus 3rd Gener-
ation Antigen Enzyme Immunoassay (R-Biopharm AG) has
been approved by the U.S. Food and Drug Administration
for in vitro diagnostic detection of norovirus genogroups GI
and GII. The sensitivity of antigen detection EIAs is low
compared with PCR-based assays, but the analytical perfor-
mance of EIAs for norovirus detection increases as the
number of outbreak samples tested increases (51). While
these assays are easy to run compared with RT-PCR-based
assays, their lower sensitivity and the detection challenges
presented by the large variety of norovirus genotypes render
antigen detection EIAs a second choice for norovirus diag-
nosis if reverse transcription-PCR (RT-PCR) or real time
RT-PCR (qRT-PCR) assays are available.

RT-PCR
RT-PCR assays have been used for diagnosis of caliciviruses
since the 1990s and are, along with qRT-PCR, the primary
method for diagnosis today. RT-PCR methods have targeted

different gene regions in ORF1, ORF2, and the ORF1-ORF2
junction and the ORF3 of noroviruses (122). These assays,
when run in RT-PCR or RT-PCR plus nested/heminested
format, offer distinct improvements in sensitivity compared
with EIA and permit sequencing of amplicons for strain
determination. Capsid gene (norovirus ORF3) sequences
have been shown to be most reliable for genotype assign-
ment (123). The primary disadvantage of conventional RT-
PCR is that a postamplification analytical step is required to
detect amplicons (see the next section).

Real-Time RT-PCR
The qRT-PCR assays, typically using the TaqMan format, are
the gold-standard method for norovirus detection due to
their sensitivity, which is often in the range of 10 to 100
genomic copies, and ease of use. The most frequent target
regions are ORF1 and the highly conserved ORF1-ORF2
junction (124–127). The advantages of qRT-PCR over
conventional RT-PCR are that no post-run analytical step
(i.e., agarose gel electrophoresis) is required and the assays
can target short, highly-conserved regions of the calicivirus
genome that can serve as targets for multiple genotypes and
are less apt to change through genetic drift. Elimination of
the postamplification analytical procedure reduces the
chance of PCR amplicon contamination in the laboratory.
In addition, internal process controls such as MS2 phage can
be incorporated into multiplexed assays to monitor for in-
hibitory substances in specimens (125). The qRT-PCR assays
can be used to quantitate viral load through the use of
quantitative standards such as RNA transcripts. Norovirus
qRT-PCRs assays have been used to test a variety of sample
types including stool, vomitus, food, shellfish, water, sewage,
and other environmental specimens (128–131).

Rotaviruses

Serology
Serology is used rarely today for diagnosis of RVA infection
but has been used extensively to determine the efficacy of
RVA vaccines and the immune response against specific
serotypes/genotypes (132, 133). Neutralization assays have
been used to measure antibodies directed against the VP4,
VP6, and VP7 proteins (134). ELISA methods are used
to measure titers of specific anti-RVA antibody classes in
children and adults (135). Assays have been developed to
measure secretory IgA titers in stool and breast milk samples
(136, 137).

Cell Culture
Diagnosis of RVA infection by isolation of virus in cultured
cells has been accomplished since the 1970s but is rarely
practiced today due to the time, effort, and technical ex-
pertise required. RVA can be isolated and propagated in
various cell lines derived from monkey kidneys (e.g., BSC-1,
CV-1, MA-104) and human adenocarcinomas (Caco-2, HT-
29) (138). Trypsinization of the virus is typically performed
preinoculation and during culture to cleave the VP4 protein
into VP8* and VP5* peptides in order to enhance and
maintain viral infectivity (139, 140). The use of primary
monkey kidney cells has been shown to result in greater
efficiency of virus isolation compared with continuous cell
lines such as MA-104 (141). RVA infection and growth can
be observed in cultured cells through the use of plaque assays
or fluorescent-focus assays (138). Growth of RVA in intes-
tinal organoids derived from human stem cells and con-
taining multiple cell types offers a novel method for isolation
and cultivation of RVA (142).
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Electron Microscopy
RVA are identifiable in stool specimens by electron micro-
scopy (EM) due to their characteristic appearance (Fig. 1)
and high concentration in feces (143). RVA in stool samples
or grown in culture can be negatively-stained with uranyl
acetate or phosphotungstic acid at pH 4.5 (144). The limit
of detection for EM is approximately 105 to 106 particles per
gram of feces (145). Methods for concentrating RVA in stool
and IEM further increase the sensitivity of this method (146,
147). EM methods are still used today for visualization of
RVA in stools but lack the sensitivity and high throughput of
other available diagnostic methods.

Electropherotyping
The 11-segmented genome of RVA can be extracted directly
from stool and visualized by gel electrophoresis (148, 149).
Typically this is accomplished by phenol-chloroform ex-
traction of a 10% stool suspension and subsequent elec-
trophoresis of the extracted material on a 5 to 10% poly-
acrylamide gel. Individual RNA segments are then visualized
by silver staining. Three primary mobility patterns (elec-
tropherotypes) have been described, “long”, “short,” and
“super short,” which are due to differences in the length of
the 3¢ nontranslated region of segment 11 (150). In strains
with a short or super short electropherotype, the longer
segment 11 migrates slower during electrophoresis and ap-
pears between segments 9 and 10. Most genotype G1P[8],
G3P[8], G4P[8], G9P[8], and G12P[8] strains will exhibit
the long electropherotype whereas G2P[4], G2P[4]-related
strains, and other genotypes will display the short or super-
short electropherotype. While labor intensive, electro-
pherotyping is useful for screening at the genogroup level
and can be used detect rotaviruses from other groups (RVB,
RVC, RVD, etc.), which display unique mobility patterns
that distinguish them from RVA. The sensitivity of this
method is reported to equal that of EM and immunoas-
says (149).

Immunoassays
EIAs offer a simple, rapid, and sensitive method for routine
laboratory detection of RVA antigen in stool specimens
(151). Commercial EIA kits have been available since the
1980s. Most use a sandwich format with polyclonal or
monoclonal antibodies in which RVA antigen is captured
onto the bottom surface of a plastic well by one antibody and
then is detected by a second enzyme-conjugated antibody.
These assays can be run in 96-well formats and have limits of
detection of approximately 105 to 106 RVA particles per
gram of stool. The Premier Rotaclone (Meridian Bioscience,
Inc., Cincinnati, OH), ProSpecT Rotavirus Microplate
Assay (Oxoid, Ltd., Basingstoke, Hampshire, UK), and
RIDASCREEN Rotavirus (R-Biopharm AG, Darmstadt,
Germany) kits have been shown to be equivalent in per-
formance (152). The Premier Rotaclone kit has been ap-
proved by the U.S. Food and Drug Administration for
in vitro diagnostic use. Other kits have obtained approval for
in vitro diagnostic use in Europe.

Lateral flow devices for RVA also offer a simple and rapid
method for RVA antigen detection in stool. Most devices use
an immunochromatographic format with capture antibodies
mounted on capillary bed material and detector antibodies
conjugated to gold, latex, or other nanoparticles. They are
particularly convenient for testing single samples, whereas
the EIA format is easier and faster for testing samples in
batches or larger numbers. The ImmunoCard STAT! Rota-
virus (Meridian Bioscience, Inc., Cincinnati, OH) has been

approved by the U.S. Food and Drug Administration for
in vitro diagnostic use. The Remel Xpect Rotavirus (Ther-
moFisher, Inc., Waltham, MA), the RIDAQUICK Rota-
virus (R-Biopharm AG, Darmstadt, Germany), the Mascia
Brunelli Rotavirus Card (Mascia Brunelli S.p.a., Milan,
Italy), the VIKIA Rota-Adeno (bioMérieux, Marcy l’Etoile,
France), Rota-Strip/Uni-Strip (Coris BioConcept, Gem-
bloux, Belgium), and the Rapid Diagnostic Test-CE-
Rotavirus-A Antigen (Beijing Macro-Union Pharmaceutical
Co., Ltd, Beijing, China) have been approved for in vitro
diagnostic use in Europe. The RIDAQUICK Rotavirus is
available in both dipstick and cassette formats and in com-
bination with a lateral flow assay for enteric adenoviruses.

RT-PCR
Conventional RT-PCR assays offer a high sensitivity testing
format that is 10 to 100 times more sensitive than antigen
detection assays. RT-PCR assays use either a one- or two-step
reverse transcription followed by PCR amplification to
achieve increased sensitivity for the detection of RVA. Gene
targets of RT-PCR assays have included VP6 (153, 154) and
VP7 (155, 156). Because RVA are typically shed in the feces
at very high concentrations, antigen-detection EIAs usually
are sufficient for diagnosis, and thus most clinical laborato-
ries perform these assays instead of conventional RT-PCR for
RVA. RT-PCR is done widely, however, in combination
with heminested PCR to perform RVA genotyping of the
VP4 (157–159) and VP7 (159–161) genes. In these meth-
ods, the genotype-specific products of the second round
heminested PCR reaction are of different lengths and the
G (VP7) and P (VP4) types of strains can be determined
by analytical agarose gel electrophoresis. In addition, the
products of the first round RT-PCR reactions can be se-
quenced to determine genotypes (162).

Real-Time RT-PCR
The qRT-PCR assays offer many advantages over traditional
RT-PCR assays: increased sensitivity, higher throughput, and
faster turnaround time as well as possible quantification of
viral loads. The qRT-PCR assay does not require a post-run
analytical step such as gel electrophoresis, and since the
amplification products are not manipulated, the possibility
of laboratory contamination with PCR products is greatly
reduced. Multiple qRT-PCR assays have been developed for
detection of RVA targeting VP2 (163),VP4 (164, 165), VP6
(166–170), VP7 (165, 171), NSP3 (172–177), and NSP4
(178) genes. Due to the genetic diversity of VP4 and VP6
gene segments, the NSP3 gene, encoded by genomic seg-
ment 7, has been shown to be the best target for detection of
wide variety of RVA genotypes (172–177, 179), and multi-
ple qRT-PCR assays have targeted a highly-conserved region
near the 3¢ end of the NSP3 gene (173–177). An NSP3-
targeted qRT-PCR assay has been developed that does not
require heat denaturation of the viral RNA prior to reaction
setup (177). The qRT-PCR assays have been designed for
detection of RVA vaccine strains in stool samples (180).

Astroviruses

Serology
Assays for detection of serological evidence of astrovirus
infection have been developed in a variety of formats in-
cluding ELISA, neutralization assay, and the luciferase im-
munoprecipitation system (LIPS) (181–184). Serology is
useful for seroepidemiological studies of astroviruses but is
not used generally for diagnostics today. Studies have shown
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high levels of seroprevalence against multiple astrovirus
genotypes, which can reach 65% to greater than 90% in
older children and adult populations (181–184).

Cell Culture
Astroviruses can be isolated and propagated in various cell
lines such as Caco-2, HEK, T-PLC/PRF/5, and T84 if trypsin
is included in the cell culture medium (185, 186) but, as for
RVA, is rarely practiced today due to the time, effort, and
technical expertise required. Integrated cell culture/RT-PCR
(ICC/RT-PCR) and ICC/RT-PCR/nested PCR assays have
been developed, which use cell culture to amplify astro-
viruses from clinical and environmental samples prior to
detection by RT-PCR (187–189).

Electron Microscopy
EM has been used routinely for detection of astroviruses in
stool specimens but is less sensitive than other detection
methods (35). High concentrations of virus (106 to 107
particles per gram of stool) are needed for visualization of the
characteristic starlike morphology because only around 10%
of the virus particles exhibit this appearance (143, 190).
Viral shedding at the necessary concentration for EM typi-
cally occurs only 12 to 48 hours after symptom onset (22)
making diagnosis by EM difficult outside this time window.
IEM enhances the sensitivity of EM and can permit ser-
otyping of astrovirus strains but requires the availability of
typing antibodies (191).

Immunoassays
EIAs using a sandwich enzyme capture format have been
developed for both detection and serotyping of astrovirus
antigens in stool specimens (192–194). Assays in both
conventional EIA format as well lateral flow devices are
available for astrovirus detection for diagnosis and epide-
miologic studies. The ProSpecT Astrovirus (Oxoid, Ltd.,
Basingstoke, Hampshire, UK), DRG Astrovirus Ag ELISA
(DRG International, Inc., Springfield, NJ), RIDASCREEN
Astrovirus (R-Biopharm AG, Darmstadt, Germany), and
the Serazym Astrovirus (Seramun Diagnostics, Heidesee,
Germany) are EIA assays approved for in vitro diagnostic
use in the European Union. Lateral flow devices include the
InterMedical Astrovirus (feces) (InterMedical S.r.l., Villar-
icca, Italy) and CerTest Astrovirus (CerTest BioTec S.L.,
Zaragoza, Spain). The advantages of these assays are the
commercial availability and ease of use, but they are not as
sensitive as RT-PCR detection assays, with limits of detec-
tion around 105 to 106 particles per gram of stool (190, 195).

RT-PCR
RT-PCR assays offer increased sensitivity compared with EM
and antigen detection EIAs. Conventional RT-PCR assays
targeting ORF1, ORF2, and the 3¢ untranslated region (3¢-
UTR) have been developed for classical human astroviruses,
both pan-type as well as type specific (196). RT-PCR assays
for detection of novel astroviruses (i.e., MLB, HMO) have
also been developed in recent years (197–200). The limit of
detection for astrovirus RT-PCR can be as low as 10 to 100
genome copies per gram of stool (190).

Real-Time RT-PCR
As is the case with caliciviruses and RVA, qRT-PCR has
become the method of choice for rapid detection and
quantitation of astroviruses due to its ease of use and sensi-
tivity. The qRT-PCR assays have been developed for de-

tection of astrovirus in clinical specimens (201–205). A
trend in clinical diagnostics has been the development of
qPCR/qRT-PCR assays for the simultaneous detection of
astroviruses along with other agents of gastroenteritis (206–
209) (See the Future Directions in Detection and Diagnosis
section). The limits of detection for qRT-PCR assays can be
less than 10 genome copies per gram of stool. In addition to
qRT-PCR, isothermal loop mediated amplification (LAMP)
assays have been develop for real-time detection of astrovirus
(210–212).

Enteric Adenoviruses

Serology
Serology has been used to survey populations for evidence of
enteric adenovirus infection but is rarely used for diagnosis.
The prevalence of antibodies in children has been shown to
rise with age. Serosurveys have shown that 33 to 50% of
children exhibit serum antibodies to enteric adenoviruses
after 6 months of age (71).

Cell Culture
Enteric adenoviruses were known as “fastidious” adeno-
viruses because they were more difficult to isolate than other
adenoviruses and generally do not cause cytopathic effect
in cell culture (213). Enteric adenoviruses can be isolated
and cultivated in tertiary cynomolgus monkey kidney cells
and human embryonic kidney (Graham) 293, Caco-2,
HEp-2, and A549 cell lines (73, 213–215). A plaque assay
for enteric adenoviruses has been developed using A549
cells (213).

Electron Microscopy
EM can be used to detect enteric adenoviruses in clinical
samples but adenoviruses, typically types causing respiratory
disease, are commonly detected in the stool of patients in the
absence of gastrointestinal illness. Thus the detection of
adenoviruses in the feces does not necessarily indicate en-
teric disease (40). The use of anti-Ad40/41 antisera in IEM
permits specific identification of enteric adenoviruses.

Electropherotyping
Analysis of restriction endonuclease digests of viral DNA
extracted from virus isolates by slab gel electrophoresis has
been used to differentiate enteric adenoviruses from other
adenovirus genome types and to characterize Ad40/41
strains (73).

Immunoassays
EIAs using monoclonal antibodies specific for Ad40/41 have
been developed for detection of enteric adenovirus antigen
in stool samples (216–218). Commercially available antigen
detection EIAs include the DRG Adenovirus Ag ELISA
(DRG International Inc., Springfield, NJ), the Adenovirus
Antigen Capture ELISA (Virusys Corp., Taneytown, MD),
the Adenovirus Antigen ELISA Kit (Abnova Corporation,
Taipei City, Taiwan), the Adenovirus ELISA kit (Diagnostic
Automation/Cortez Diagnostics Inc., Calabasas, CA), the
Fecal Adenovirus Antigen ELISA Kit (Epitope Diagnostics,
Inc., San Diego, CA), the Premier Adenoclone—Type 40/
41 kit (Meridian Bioscience, Inc., Cincinnati, OH), the
RIDASCREEN Adenovirus kit (R-Biopharm AG, Darm-
stadt, Germany), and the ProSpecT Adenovirus EZ Micro-
plate Assay (Oxoid, Ltd., Basingstoke, Hampshire, UK).
Commercially available lateral-flow antigen detection de-
vices include the Adeno-Strip/Uni-Strip (Coris BioConcept,
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Gembloux, Belgium) and the VIKIA Rota-Adeno (bio-
Mérieux, Marcy l’Etoile, France).

PCR
PCR assays for detection of enteric adenoviruses in stool
samples has been developed that target the EIB, hexon,
and long-fiber genes (219–221). In addition, a panadeno-
virus typing assay that differentiates enteric adenoviruses
from other types has been developed for use with virus iso-
lates (222).

Real-Time PCR
Real-time PCR assays have been developed for detection of
enteric adenoviruses in stool both in a single-target format
(223) as well as a multipathogen assay format (166, 206,
208, 209, 224, 225). The multipathogen assay format for
testing of stool for agents of gastroenteritis has been in-
creasingly utilized (see the next section).

FUTURE DIRECTIONS IN DETECTION
AND DIAGNOSIS
Multiple Pathogen Detection Assays
A trend in clinical diagnostics for infectious diseases has
been a shift from specific-agent detection assays or culture
methods to multiplexed PCR/RT-PCR assays for syndromic
testing (226). Multiplexed PCR/RT-PCR assays offer a
uniform testing format with excellent sensitivity and re-
producibility and a short turnaround time when compared to
conventional testing and individual PCR assays (227), es-
pecially those utilizing a qPCR/qRT-PCR format. These tests
are potentially quite useful for screening of stool samples for
agents of gastroenteritis because they can simultaneously
screen for noroviruses, sapoviruses, RVA, astroviruses, and
enteric adenoviruses, as well as bacteria and parasites.
Commercial multiplexed PCR assays for detection of enteric
pathogens have been developed for a variety of instrument
platforms, and some have been approved for in vitro diag-
nostic use (226, 228). TaqMan array cards have been de-
veloped for simultaneous detection of 19 enteric pathogens
including enteric viruses (229).

Next Generation Sequencing
Next generation sequencing (NGS) offers an unbiased ap-
proach to detection and characterization of enteric patho-
gens. With currently available diagnostics, enteric pathogens
are identified in only 25 to 58% of cases of gastroenteritis
(230), so samples from unexplained cases of gastroenteritis
and outbreaks of diarrhea are candidates for NGS. Metage-
nomics studies using NGS identified novel astrovirus VA1
(231), bufavirus (232), picobirnaviruses, and circular DNA
viruses (233) in cases of unexplained diarrhea. Multiple
NGS platforms are available commercially and the tech-
nologies continue to evolve very rapidly (234). It is antici-
pated that the role of NGS will continue to expand in the
study of gastroenteritis pathogen identification and will
make its way into the clinical diagnostic laboratory as
the technology becomes more automated and the costs
decrease.

OTHER VIRUSES
The viruses listed in this section have been identified in
stool specimens of gastroenteritis cases but their role as
pathogens is less significant or has been less well established.

Rotaviruses B, C, and H
Rotaviruses B, C, and H (RVB, RVC, RVH) constitute other
groups within the genus Rotavirus, family Reoviridae. Like
RVA, all have genomes composed of 11 segments of dsRNA,
which encode 6 structural genes and 5 nonstructural genes.
RVB has been associated with gastroenteritis outbreaks
in China, India, Bangladesh, and Nepal (235–239). RVC
causes sporadic cases and outbreaks of gastroenteritis world-
wide (240–247). RVH has been detected in adult gastro-
enteritis cases in China and Bangladesh (248, 249). RT-PCR
assays have been designed for detection of RVB and RVC
in stool samples (156).

Bufaviruses
Bufaviruses appear to be a new genus within the family
Parvoviridae. Parvoviruses are small, nonenveloped viruses
with single-stranded DNA (ssDNA) genomes approximately
5 kb in size (250). The prototype bufavirus was detected in
pediatric cases of diarrhea from Burkina Faso (232) but have
since been detected in the stools of cases of diarrheal illness
from other parts of the world (233, 251–253). Studies have
found low prevalences of bufavirus among subjects with di-
arrhea (i.e., 1 to 4%) (253), but the status of this virus as an
etiologic agent of diarrhea remains to be determined.

Coronaviruses
Members of the family Coronaviridae are enveloped viruses
with a single-stranded, plus-sense RNA genome 26 to 32 kb
in length (254) (Fig. 1). Coronaviruses (Genus Coronavirus)
are known gastrointestinal pathogens of animals and in
humans cause primarily upper respiratory tract diseases. Two
coronaviruses associated with severe respiratory disease,
SARS-CoV and MERS-CoV, both cause vomiting and di-
arrhea in a significant percentage of cases (255). Reports in
the literature document sporadic associations of other cor-
onaviruses with gastrointestinal disease (256), but definitive
proof of their etiologic role is lacking. Toroviruses (Genus
Torovirus) are another group within theCoronaviridae (Fig. 1)
that are suspect agents of human gastroenteritis (257, 258)
but whose role as a definitive pathogen has yet to be
established.

Picobirnaviruses
Picobirnaviruses (family Picobirnaviridae) are small, spherical
viruses with a bisegmented dsRNA genome (Fig. 1). The
larger RNA ranges from 1.75 to 2.6 kb in size and the smaller
segment is 1.5 to 1.9 kb long (259). Picobirnaviruses have
been detected in the stools of multiple mammalian species,
reptiles and birds and have been found to cause persistent
infections with longterm shedding usually without evidence
of enteric disease (260). Picobirnaviruses have been detec-
ted in humans that are genetically similar to strains detected
in cattle and pigs, suggesting that these viruses are poten-
tial zoonotic agents (259). In humans, case-control studies
of picobirnavirus have either shown a slight increased in-
cidence of infection in cases of diarrhea or have been in-
conclusive (261). Studies of picobirnaviruses have been
hampered by the inability to culture these viruses in vitro and
the lack of an animal model of infection (259).

Aichi Virus
Human Aichi virus is a member of the Picornaviridae family,
genus Kobuvirus, species Aichivirus A (http://www.ictvonline.
org/virusTaxonomy.asp). First associated with outbreaks of
gastroenteritis associated with oyster consumption in Aichi
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Prefecture, Japan, Aichi virus is a small, round nonenveloped
virus approximately 30 nm in diameter (262) (Fig. 1). The
genome is a plus-sense ssRNA approximately 8280 bases
long, excluding a poly-A tail (263). Aichi virus gastroen-
teritis is characterized by diarrhea, abdominal pain, nausea,
vomiting, and fever and may cause respiratory symptoms
(263). The virus is thought to be transmitted by the fecal-
oral route, either directly or indirectly through food or water
(264). Serological studies from multiple countries have
shown that 80% to 95% of persons aged 30 to 40 are sero-
positive for Aichi virus (263). An antigen detection ELISA
and a qRT-PCR assay for detection of Aichi virus in stool
have been developed (265, 266).

BEST PRACTICES
Gastrointestinal viruses will continue to be important hu-
man pathogens. As described in the detection and diagnosis
section of this chapter, there are multiple methods for di-
agnosis of gastrointestinal viruses. Criteria for selection of
assays to be used in the diagnostic laboratory include 1) the
population being tested (children, adults, elderly, immuno-
compromised, etc.), 2) the likelihood of encountering spe-
cific viral pathogens, 3) equipment availability, 4) technical
expertise for performing the testing and interpreting re-
sults, and 5) assay costs (267). Since gastrointestinal viruses
are shed typically at very high concentrations in feces,
the sample of choice for testing is stool. For caliciviruses, the
current gold standard diagnostic method is qRT-PCR, and
the populations to be tested include all age groups. For
rotaviruses, astroviruses, and enteric adenoviruses, the avail-
ability of inexpensive commercial antigen detection assays
makes them the current assays of choice when testing samples
from pediatric populations, the elderly, and immunocom-
promised individuals. In the near future, multiplexed, mul-
tipathogen detection assays will come into greater use in
clinical diagnostics and replace individual antigen-detection
and PCR-based assays. These assays will be particularly use-
ful when testing samples from populations in which infec-
tions with multiple pathogens are common (e.g., developing
countries). NGS offers a powerful tool for pathogen detec-
tion and discovery, and metagenomics studies will help to
determine the etiologic role of suspect agents of gastroenter-
itis (e.g., bufaviruses, picobirnaviruses) as well as identify
novel viruses causing gastrointestinal disease. NGS will as-
sume a greater role in clinical diagnostics in the near future
as well.
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Viral hepatitis refers to inflammation of the liver caused
by several viral agents, including hepatitis A (HAV), B
(HBV), C (HCV), D (HDV), and E (HEV) viruses. Gen-
erally, HAV and HEV are associated with acute, self-limited
infection; however, severe and protracted disease can de-
velop. These nonenveloped viruses have independently
evolved interesting mechanisms aimed at evading the im-
mune response and guaranteeing survival in the host. These
viruses are phylogenetically unrelated but share several
similarities. The genomes from both viruses are single-
stranded, positive-polarity RNA. The viruses primarily in-
fect the liver, cause acute infection, and are shed in feces.
Moreover, the clinical manifestations from HAV and HEV
infection are undistinguishable and require specific labora-
tory tests for each virus. Despite the similarities exhibited
by these viruses, differences in the epidemiology of the re-
spective diseases result in distinctive distribution patterns
worldwide.

In this chapter, we discuss in detail the epidemiology,
clinical features, and diagnostic assays, with emphasis in
clinical settings, of both viruses.

VIRAL CLASSIFICATION AND BIOLOGY
HAV
Jaundice, as described in ancient Greek and Chinese liter-
ature and described by Hippocrates as “infectious icterus,”
was probably referring to viral hepatitis. The viral etiology of
hepatitis A was originally established during the 1940s and
1950s by Krugman and colleagues (1). Subsequently, several
studies showed that transmission of hepatitis A in humans
occurred primarily by the fecal-oral route. In the 1970s,
HAV was identified in the stools of acute cases, resulting in
the characterization of the virus, development of serologic
and molecular tests and eventually development of an ex-
tremely efficient vaccine [reviewed in (2)]. Importantly, the
availability of methods capable of detecting HAV infections
in a timely manner and the implementation of vaccination
programs have led to important changes in the epidemiology
of HAV-related disease by reducing significantly the number
of acute cases.

HAV is an Enterovirus belonging to the Picornaviridae
family (3), which shares several characteristics with other

members of the family. However, HAV displays an array of
unique features that have been sufficient to classify it as the
only species in the genus Hepatovirus, although a newly
discovery virus (phopivirus) infecting seals has been proposed
as a second member of the genus (4). HAV is a non-
enveloped virus that has evolved a unique strategy by which
it hijacks cellular membranes, exiting the host cells fully
cloaked in a lipid membrane (5). The HAV genome is a
single-stranded, positive-polarity RNA approximately 7.5-
kilobases in length (3, 6). It consists of three major regions,
known as P1, P2, and P3, flanked by 5¢- and 3¢-untranslated
regions (UTR) (Fig. 1). The P1 region encodes the struc-
tural proteins, while the nonstructural proteins are encoded
by the P2 and P3 regions (7–9). The viral genome comprises
a single open reading frame (ORF) encoding a large poly-
protein of approximately 250 kilodaltons. Maturation of
individual viral proteins and subsequent assembly of the
viral particle requires the polyprotein to undergo co- and
posttranslational enzymatic cleavage (3). P1 encodes for
VP1, VP2, VP3, and VP4 proteins. VP1, VP2, and VP3
assemble into pentameric structures required for the assem-
bly of the capsid. The P2 region encodes for the 2A, 2B, and
2C proteins. While the putative 2A gene of other picorna-
viruses shows proteinase activity, the HAV 2A protein is not
enzymatically active. The role of HAV 2B is not known, but
recent reports have shown that this protein alters membrane
permeability (10). HAV 2C has been associated with heli-
case activity and contains the nucleotide triphosphate
(NTP)-binding site (11). P3 encodes for 3A, 3B, 3C, and 3D
proteins. HAV 3A, also known as preVpg, is responsible
for anchoring the 3B protein to the membrane. In other
picornaviruses, 3A serves as the membrane attachment
molecule for the viral replicase allowing for RNA synthesis.
Additionally, the 3A hydrophobic transmembrane domain
acts as a signal to relocalize HAV 3C to the mitochondria
(12). The 3B protein, also referred to as Vpg, is the adapter
molecule ligated to the HAV RNA. HAV 3C is the trypsin-
like serine HAV protease, and the 3D protein is the viral
polymerase.

The virion of HAV is a small, spherical particle of 27 to
32 nanometers. The viral particle is an icosahedral capsid
formed by 12 pentamers comprising multiple copies of the
structural proteins (Fig. 1). In this viral particle, the major
viral capsid protein, VP1, is stabilized by a network formed
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by the amino termini of proteins VP1 and VP3 (13). The
result is a highly infectious particle, relatively stable to en-
vironmental elements; these characteristics facilitate the
occurrence of outbreaks by allowing the virus to remain
viable for extended periods of time in the environment.
Viral inactivation can be attained by heating (above 185°F)
and disinfection with sodium hypochlorite.

HAV is a relatively conserved virus with only one sero-
type. However, six genotypes (I through VI) and several
subtypes have been recognized based on the nucleotide
differences in the viral genome (14). Genotypes I, II, and III
are further divided into subtypes A and B, and a novel
subtype C has been recently proposed for genotype I (15).
Humans are the main hosts for HAV; however, several
nonhuman primates may also contract the infection. Gen-
otypes I through III have been associated with infections
in humans, while genotypes IV through VI are of simian
origin.

HEV
Enterically transmitted non-A, non-B hepatitis (hepatitis E)
was first described in 1957 (16). In the following years, a
number of large outbreaks associated with contaminated
water were described in developing countries (17, 18). The
causal agent, HEV, was identified and sequenced in 1990
(19). Originally, hepatitis E was assumed to be confined to
developing countries, with sporadic cases being identified in
developed countries as travel-associated importation of the
illness. As more information was obtained about the virus, it
was determined that hepatitis E was also an autochthonous
illness in developed countries. Additionally, while hepatitis
E is usually a self-limiting disease in nonpregnant healthy
individuals, it can be more severe (fulminant) in pregnant

women (especially in the third trimester) and among indi-
viduals with pre-existing illness. Evidence from experimen-
tal infections of macaques indicates that hepatitis E is a dose-
dependent illness, and while high doses of an infectious
inoculum lead to the development of overt symptoms, a low
dose can lead to subclinical infections (20). Further, it can
cause asymptomatic, acute, and chronic hepatitis in immu-
nocompromised individuals and can progress to liver fibrosis,
cirrhosis, and end stage liver disease; severe neurological
symptoms have also been seen (21, 22). Hepatitis E has been
discovered among organ transplant patients, HIV-infected
patients, and cancer patients undergoing chemotherapy (23).
WHO estimates about 2 billion people, representing one-
third of the world’s population, live in endemic regions and
are at risk of HEV infection.

HEV belongs to the family Hepeviridae. HEV is non-
enveloped RNAvirus with an icosahedral capsid about 27 to
34 nanometers in diameter, although recent evidence sug-
gests that in the blood of infected individuals HEV may
highjack host membranes, possibly as a means to escape
immune detection (24). The viral genome has a 5¢ 7-methyl-
guanosine cap and a 3¢ polyadenylated tail. The genome is a
positive-sense single-stranded RNA of about 7.2 kilobases
for variants infecting humans. The viral genome consists of
three open reading frames (ORFs). The first ORF codes for
genes necessary for viral replication, the second ORF codes
for the viral capsid protein, and the third ORF codes for a
phosphoprotein responsible for regulating cellular functions
in, and viral release from, infected cells.

The virus has been isolated from humans, trout, chick-
ens, camels, bats, bandicoots, rats, ferrets, foxes, rabbits,
minks, moose, musk shrews, pigs, wild boars, deer, and
mongooses. In spite of this diversity of hosts, not all of these

FIGURE 1 The composition of the HAV genome is depicted. All structural and nonstructural proteins are color coded and their known
functions are also described. The nucleotide variability along the entire genome is also presented.
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variants can infect humans. Variants that infect humans
belong to the genus Orthohepevirus, and the species Ortho-
hepevirus A. Orthohepevirus A is organized into 7 geno-
types (25).

Of the four recognized Hepevirus (Orthohepevirus A) ge-
notypes, genotypes 1 and 2 are transmitted fecal-orally
among humans, and genotypes 3 and 4 are transmitted to
humans zoonotically from infected pigs, deer, wild boar, and
possibly rabbits (25). It is not known if genotypes 5 and 6
can infect humans. Recently a transplant recipient from
Somalia was found to be chronically infected with genotype
7, camel HEV. This individual farms camels and consumes
camel milk and meat (26). It is not known if genotype 7 can
be transmitted zoonotically to non-immunocompromised
individuals.

EPIDEMIOLOGY
HAV
Worldwide, approximately 1.5 million infections occur an-
nually (27). In endemic regions such as Latin America, the
Indian Subcontinent, the Middle East, and Africa, HAV
affects primarily young children (younger than 5 years of
age). In nonendemic countries, large numbers of susceptible
older individuals are infected owing to the lack of exposure
during childhood. Improved sanitary conditions reduce the
likelihood of fecal contamination and exposure in developed
countries and regions transitioning from high to intermedi-
ate or low endemicity (28). The implementation of uni-
versal childhood vaccination is also responsible for the sharp
decline of HAV infections in developed countries. As a
consequence of successful vaccination programs, a shift in
the age group and increased HAV-related disease is com-
monly observed in older individuals since they are more
likely to develop manifestations. Moreover, the increased
number of older susceptible individuals resulting from lower
exposure rates facilitates the occurrence of HAVoutbreaks in
these regions. Other factors contributing to HAV transmis-
sion include crowding, poor hygiene, improper sanitation,
and contamination of food and water.

The main risk factors associated with HAV infection are
close contact with acute HAV cases, travel to endemic re-
gions, men who have sex with men (MSM), and injection
drug use. Other modes of transmission, such as blood trans-
fusion and vertical transmission, are rare (2).

The most common mode of HAV transmission is by close
personal contact between infected and susceptible persons.
The prolonged shedding of HAV, before and after the onset
of symptoms, facilitates person-to-person transmission. Epi-
demiological and genetic analyses of outbreaks have shown
evidence of HAV person-to-person transmission in com-
munities (29). Therefore, in closed institutions, such as
schools, day care centers, and nurseries, the agglomeration of
individuals, sharing of objects, inadequate hygienic condi-
tions, and high proportion of susceptible individuals facili-
tate HAV transmission. Importantly, HAV transmission in
day care centers or schools is commonly associated with
household contacts and contact with infected Hispanic
children (29).

Hepatitis A water- or foodborne outbreaks are charac-
terized by a sudden increase in the number of jaundiced
persons within a short period of time. Waterborne outbreaks
of hepatitis A occur commonly among persons who drink
contaminated water or swim in water contaminated by ad-
jacent septic systems or sewage. On the other hand, food-

borne transmission most frequently occurs when fecal matter
from an HAV-infected food handler is transferred to food.
HAV transmissions associated with contaminated food
items, such as seafood, fruits, and vegetables, are well
documented (30–35).Viral contamination of food items can
occur at any point during harvesting, processing, prepara-
tion, or distribution. In the United States, more than 250
HAV outbreaks were identified from 1994 through 2004,
highlighting the importance of HAV control in developed
countries. Foodborne outbreaks, along with waterborne
outbreaks, account for approximately 6.5% of total HAV
cases in the United States. Moreover, foodborne outbreaks
can affect large number of individuals as observed in the
largest hepatitis A outbreak associated with consumption of
raw clams in Shanghai where approximately 300,000 indi-
viduals were infected (36).

While HAV transmission occurs primarily in children in
developing regions, in developed countries the virus spreads
also via other modes of transmission, exclusive of adult
populations. Thus, hepatitis A outbreaks among MSM have
been reported in Europe and the United States (15, 37, 38).
HAV transmission is not a direct result of sexual intercourse
among MSM but instead is promoted by practices performed
during intercourse leading to oral ingestion of viruses.
Extended virus shedding facilitates virus spread via oro-anal
and oro-genital contact. In the United States, approximately
4% of the reported risk factors for HAV infections are as-
sociated with MSM activity.

In addition to MSM, high rates of exposure to HAV and
outbreaks are observed among injection drug users (IDUs)
(39). Increased transmission of HAV among IDUs can be
associated with poor sanitary and personal hygiene condi-
tions, and factors related to lifestyle. Thus, frequent sharing
of injection needles facilitates HAV transmission from vi-
remic individuals in closed groups of IDUs.

Molecular epidemiologic approaches have helped us
better understand the dynamics exploited by HAV to war-
rant persistence in different populations (28). Genotypic
distribution and genetic relatedness studies have shown a
characteristic distribution of viral lineages worldwide (2).
Globally, genotype I is most prevalent, with subtype IA
being more common than IB (2). HAV genotypes IA or IB
have been shown to be the prevailing viral lineages in cer-
tain geographic regions; however, cocirculation is not un-
common (28). Subtype IA constitutes a major fraction of
genotype I strains circulating in South and North America,
Europe, Asia, and Africa, while subtype IB is predominant in
the Middle East and South Africa, although it also circulates
in South America (28). In the United States, strains be-
longing to subtype IA group in three major clusters that are
associated with certain risk factors, suggesting that some viral
lineages are tightly linked to certain modes of transmission
(29). Genotype II isolates were originally identified in France
and Sierra Leone; however, detection of this genotype is rare.
Subtype IIA was suggested to have been originated in West
Africa and to be endemic to Benin. Thus, it is not clear why
genotype II has such a limited circulation around the world.
Genotype III is more cosmopolitan and has been identified
in Asia, Europe, and the United States (2). In India, all
reported hepatitis A outbreaks to date have been caused by
genotype IIIA infections, while in Japan, subtypes IIIA and
IIIB cocirculate broadly with IA and IB strains. Interestingly,
increased circulation of genotype IIIA strains has been re-
cently reported in Korea, Russia, and Estonia, where geno-
type I was most prevalent (40–42). This might suggest that
viral lineage replacement is taking place in these countries.
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HEV
Genotypes 1 and 2 are transmitted to humans fecal-orally,
usually through fecally comtaminated water and are re-
sponsible for sporadic cases and epidemics. Epidemics have
been confined to developing countries. Some of these epi-
demics have infected tens of thousands of individuals. From
1988 to 1989 more than 110,000 individuals were infected
during the Xinjiang, China, epidemic (18). Epidemics of
fecal-orally transmitted hepatitis E occur in developing
countries in Asia due to contamination of drinking water
supplies. Outbreaks can also occur when water purification
systems malfunction or when sewage is not properly isolated
from drinking water supplies. In Africa outbreaks occur
during humanitarian crises in refugee camps when access to
clean water is limited. A study in India suggested that fecal
viral excretions could be found in sewage year round, and
HEV infections occurred even in nonepidemic periods (43).
Cases of HEV genotype 1, identified in developed countries,
have most often been attributed to importation either by
immigrants from, or by travelers going to, endemic regions.

Genotypes 3 and 4 are transmitted zoonotically from
infected hosts. Offal and meat from infected animals are the
prime vehicles for transmission. Unlike genotypes 1 and 2,
whose transmission is confined largely to epidemic regions,
HEV genotype 3 infects humans worldwide, and genotype 4
has been found in China, Japan, Europe, and India. Geno-
types 3 and 4 cause autochthonous hepatitis E in developed
countries. Most of these infections appear to be subclinical.
HEV RNA has been isolated from retail pig livers (44),
uncooked pig sausage (45) and farmed rabbits (46).
Although pigs are most often documented as the source of
zoonotic transmission, there have been cases associated with
consuming improperly cooked meat from infected deer and
wild boar (47, 48), and there is a report of a woman in
France infected with an HEV strain with characteristics very
similar to HEV from rabbits (46). People who work with
swine, such as veterinarians, farmers, other farm workers,
and abattoir workers, exhibit higher HEV-IgG prevalence
rates than populations without significant exposure to swine
(48). The consumption of raw or undercooked mollusks is
another potential source for zoonotic transmission (49).

The age-specific attack rate for hepatitis E is distinct from
that for hepatitis A. In nonpregnant immune-competent
individuals, hepatitis E is usually subclinical or a self-limiting
acute hepatitis. Hepatitis E affects young- to middle-aged
adults, although disease has occasionally been observed in
children. The sex ratio for hepatitis E in children is 1:1, but
among adults the disease occurs more often in males (50).
Seroprevalence for anti-HEV IgG antibodies increases with
age, with the highest rates being seen among the elderly.
Case fatality rates in adults are 0.5 to 2%, except for preg-
nant women, where case fatality rates range from 10 to 30%.
At present, the high mortality rates seen among pregnant
women have only been seen with HEV genotype 1 and have
not been confirmed with any other HEV genotype. Death is
usually due to encephalopathy, hemorrhagic diathesis, or
renal failure. Mothers can transmit the virus to the fetus.
This can lead to premature birth, increased fetal loss, hy-
poglycemia, hypothermia, and acute hepatitis in the new-
born. Transmission due to household contact is extremely
low (17).

A few cases of transfusion-associated HEV have been
described (51), and hemodialysis patients in endemic re-
gions appear to be at higher risk of infection. HEV analytes
have been detected in blood donors around the world (52–

54), and blood donors who were viremic at the time of
donation were detected in Europe (55); however, a study in
the United States found that none of 1,939 blood donors
tested was viremic (53). Donors who were viremic at the
time of donation were asymptomatic. Attempts to screen the
blood supply are complicated by the fact that neither ALT
nor anti-HEV IgM testing correlate with the presence of
HEV RNA. Thus nucleic acid testing is presently the only
reliable method for the detection of HEV in blood (52).
Additionally, the precise extent of this problem is not fully
defined, but risk assessments are under way to determine
whether donors should be screened. While chronic HEV
infections have been identified among patients with HIV
infection (21, 23), cohort studies have indicated that HEV is
unlikely to be transmitted sexually, and HEV/HIV coinfec-
tion has not been seen as a common problem (56).

CLINICAL SIGNIFICANCE
HAV
Clinical manifestations of HAV infection vary greatly de-
pending on age. Subclinical infection is commonly unrec-
ognized unless biochemical or serologic testing is performed.
Acute HAV infection is presented as an acute illness causing
jaundice or elevated serum aminotransferases. Clinically,
HAV infection may manifest as fatigue, malaise, vomiting,
anorexia, fever, and abdominal pain. Jaundice may become
evident, accompanied by pruritus, and, more infrequently,
hepatomegaly, splenomegaly, lymphadenopathy, and rash.
Symptoms and clinical laboratory abnormalities commonly
resolve within two months after onset. Infection does not
progress to chronic liver disease; however, relapsing, pro-
tracted disease, and prolonged excretion in feces of HAV
have been observed. Clinical manifestations cannot be
differentiated from other viral hepatitides, and, therefore,
differential laboratory diagnosis is required. Atypical mani-
festations of HAV infection include relapsing hepatitis,
prolonged cholestasis, and acute kidney damage. Disease can
progress, for reasons not completely understood, from jaun-
dice to acute liver failure. The term fulminant hepatitis (FH)
has traditionally been used to describe patients without
previous liver disease who rapidly undergo liver failure
within four weeks of onset of symptoms. FH is characterized
by rapid deterioration of hepatic function, resulting in en-
cephalopathy, coagulopathy, and multiorgan failure. The
clinical presentation of hepatic encephalopathy is variable
and depends on the extent and rapidness of hepatic damage.
Cerebral edema, which can reach up to 80% of FH patients,
is a major cause of mortality. Orthotopic liver transplanta-
tion is often required; however, long-term survival post-
transplantation is poor. While hepatitis B virus (HBV)
infection is the most common cause for viral FH worldwide
(approximately 1% of total cases), the incidence of HAV FH
ranges from 0.015% to 0.5%. Little is known about the
pathogenesis and underlying mechanisms involved in the
development of FH due to HAV infection. Although
spontaneous FH in chimpanzees has been reported (57), the
absence of an animal model capable of faithfully reproducing
the natural course of HAV FH disease has significantly
hindered our ability to undercover the responsible mecha-
nisms associated with disease severity.

HEV
The incubation period for hepatitis E ranges from 15 to 40
days with the average being longer than that observed for
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hepatitis A. The illness is usually divided into two phases.
The preicteric phase lasts from 1 to 10 days (average, 3 to 4
days). Gastrointestinal symptoms include diarrhea, epigas-
tric pain, nausea, hepatomegaly, splenomegaly, and vomit-
ing. Additional symptoms include itching, headache, and
fever and, less commonly, arthralgia and urticarial rash. The
icteric phase begins with the appearance of jaundice, dark
urine, and clay-colored stools. This phase can last from 12 to
15 days, and complete recovery usually takes place within
one month. Elevations in serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels occur as
a single peak preceding, or coinciding with, the onset of
jaundice, and return to normal 6 to 42 days after onset of
symptoms in uncomplicated cases (Fig. 2).

Liver biopsies show lobular disarray, enlarged portal ducts
with an inflammatory infiltrate, ballooning of hepatocytes,
and focal or bridging necrosis. There is marked canalicular
and cytoplasmic cholestasis, and bile plugs are seen in the
middle of pseudoductules (58).

In pigs experimentally infected with HEV isolated from
humans, negative-strand HEV RNA, indicative of viral
replication, has been detected in liver, lymph nodes, colon,
small intestines, stomach, spleen, kidney, tonsils, and sali-
vary glands (59). In humans, extrahepatic manifestations are
associated with the brain, central nervous system, muscle
tissue, kidney, pancreas, and placenta (21, 60, 61).

HEV is an underdiagnosed cause of chronic hepatitis in
transplant patients and is not limited to liver transplanta-
tion. Patients with cleared hepatitis E infections pre-
transplantation can become reinfected posttransplantation.
The incidence of chronic hepatitis E in transplant patients is
1 to 3% (60). Research indicates that hepatitis E infection is
not due to transplantation but usually occurs because the
patient is on immunosuppressive therapy and susceptible to
infection posttransplantation. The immune suppression in
these patients allows hepatitis E to become a chronic in-
fection, and the risk of developing chronic hepatitis is higher

than 60% in all types of transplant groups; however, the
number of patients examined has been low, and further re-
search is needed to confirm these results (23, 60). Addi-
tionally, hepatitis E can be misdiagnosed as drug-induced
hepatitis.

TREATMENT AND PREVENTION
HAV
HAV treatment is established as supportive care. No specific
antiviral medication is available for HAV treatment; how-
ever, amantadine and interferon-alpha have been reported
to interfere with HAV replication. Amantadine inhibits
HAV internal ribosome entry site (IRES)-mediated transla-
tion in hepatoma cells, but its usefulness in the treatment of
HAV cases remains to be demonstrated (3, 62).

Appropriate patient management and early detection are
critical to provide adequate support during the acute phase
of the disease and also to prevent virus spread (63). Corti-
costeroid therapy does not significantly alleviate the symp-
tomatology. Hospitalization is also recommended in case of
coagulopathy, protracted vomiting, or encephalopathy. Liver
function should be monitored to exclude progression to
coagulopathy and liver failure. Management of HAV FH
cases is determined by the complications that develop and
the availability of liver transplantation. Hepatic failure, low
serum aminotransferase, high serum bilirubin, and low al-
bumin are associated with a poor outcome for HAV-related
fulminant cases. Liver transplantation may be necessary if
overall deterioration is observed.

HEV
In immune competent individuals, treatment remains sup-
portive. At present there is no standard therapeutic proto-
col for the treatment of immunocompromised patients.
The treatment of chronic hepatitis E among immunocom-
promised individuals has been most frequently studied in

FIGURE 2 Virological, immunological, and biochemical events during the course of experimental infections of cynomolgus macaques
with hepatitis E virus.
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transplant patients. In transplant patients, reduction of im-
munosuppressants is suggested as the first intervention
strategy to achieve viral clearance, but it should be used with
caution because of the risk of rejection (23, 60).

Treatment of chronic hepatitis E with either ribavirin or
pegylated interferon is effective, but the optimal dose and
duration of therapy remain to be determined. Chronic
hepatitis E has been successfully treated with ribavirin
and pegylated interferon alone or in combination. In
transplant patients, ribavirin monotherapy (600 to 800 mil-
ligrams per deciliter) for 3 to 5 months has been successful
in achieving viral clearance at the end of therapy in 15 of
16 patients, with sustained virological response in 10 of
16 patients (3 patients were not available for follow-up
testing). Pegylated interferon (135 micrograms per week for
3 to 12 months) was successful in achieving virological re-
sponse in 4 of 5 patients at the end of therapy, with sustained
virological response in 3 of these patients. In hematological
patients, either ribavirin monotherapy or pegylated inter-
feron alone achieved virological response in 3 of 3 patients
after three months of therapy, with sustained virological
response in 2 patients (1 patient was not available for follow-
up testing) (60). One HIV-infected patient with chronic
hepatitis E was treated with combination ribavirin and
pegylated interferon for 9 months. This patient achieved a
sustained virological response followed by normalization
of liver function tests and reduction in inflammation
and fibrosis (21). Another HIV-infected patient received
1200 milligrams per day of ribavirin for 3 weeks followed
by rapid viral clearance with restoration of normal liver
function, and a third received 800 milligrams per day of
ribavirin for 3 months and achieved viral clearance in 2
months (64).

There is no treatment suggested for pregnant women
with hepatitis E, although insufficient research has been
conducted to examine this issue. In addition, ribavirin is a
teratogenic agent.

Systematic guidelines for the prevention of hepatitis E
have not yet been developed. In endemic regions, travel-
ers should avoid drinking inadequately treated water
or consuming uncooked or undercooked foods. In devel-
oped countries pork products and game meats can be ad-
equately cooked to inactivate the virus. Heating infected
pork products to an internal temperature of 71°C for
20 minutes has been shown to inactivate the virus (65).
Immunocompromised patients can reduce their risk of
exposure to HEV by abstaining from the consumption
of pork products, game meats, and undercooked meat
(60). Treatment of HEV-infected individuals was discussed
previously. In the United States there are no recom-
mended prophylactic drugs or vaccines for the prevention
of hepatitis E.

Vaccine development is an active field of research. Pre-
sently, several vaccine candidates are under development
with a couple of candidates evaluated in Phase II/III trials
(66). The first is a 56 kilodalton protein, encompassing
amino acid positions 112 and 607 from the HEV capsid,
which underwent a successful Phase II trial, but no further
progress on the development of this vaccine has been
reported as of 2011 (66). The second, encompassing amino
acid positions 368–606 from the HEV capsid, underwent a
successful Phase III trial, with reports of 95% efficacy over at
least 4.5 years after completion of a three-dose regimen. The
drug is presently licensed in China under the brand name,
Hecolin, (67, 68). Presently, no HEV vaccine has received
FDA approval.

DETECTION/DIAGNOSIS
HAV

Biochemical Testing
Assessment of liver function by biochemical tests should
be carried out to monitor cases of HAV infection. Cell
blood count, prothrombin time, serum alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST) con-
centrations are considered good markers of hepatocellular
damage. High ALT:AST ratios are commonly observed in
cases of HAV infection, with some exceptions including
severe tissue damage, leading to an increase of AST blood
levels. Lactic dehydrogenase (LDH) enzyme and bilirubin
levels are also commonly elevated in hepatitis A cases with
significant liver damage, peaking during the first weeks
after onset of symptoms and resolving within 2 months.
Other serum proteins, such as albumin, prothrombin, and
fibrinogen, are also affected by HAV-related injury of the
liver (3).

Acute cases of HAV infection exhibit normal or slightly
reduced numbers of neutrophils and lymphocytosis; how-
ever, increased cell counts (12,000 cells per cubic millime-
ter) are usually considered a predictor of poor prognosis.

Occasional agranulocytosis, thrombocytopenia, red cell
aplasia, aplastic, and hemolytic anemia can be observed in
acute patients, the latter being associated with glucose-6-
phosphate dehydrogenase deficiency (69).

Histological Characteristics
Changes in the parenchyma are usually observed during the
acute phase of the disease and include accumulation of
mononuclear inflammatory cells and hepatocyte degenera-
tion (3). Apoptosis results in the migration of affected cells
into the sinusoids, and phagocytosis by Kupffer cells. Acti-
vation of Kupffer cells leads to hypertrophy and hyperplasia.
Inflammatory cells can be observed with some frequency in
the adjacent parenchyma. Regeneration is promptly attained
(8 to 12 weeks) after the convalescence phase, and it is
characterized by significant reduction of the inflammatory
response. Focal necrosis occurs in a small percentage of pa-
tients (5 to 10%), featuring neutrophil infiltration. Impor-
tantly, confluent hepatic necrosis can lead to fulminant
hepatitis and death (3).

Antibody Detection
HAV infection is clinically indistinguishable from other
viral hepatitides; therefore, serologic testing is required for
adequate diagnosis. The antibody response is of critical im-
portance in the differential diagnosis of HAV infection.
Diagnosis of acute HAV infection is based on the detection
of IgM anti-HAV antibodies, which can be detected in se-
rum 5 to 20 days postexposure. IgM testing infrequently
produces negative results in patients seeking medical assis-
tance within 7 to 10 days after onset of symptoms. Serum
IgG anti-HAV antibodies appear later in the infection,
reaching high titers. Both IgM and IgG anti-HAVare usually
present at the onset of symptoms (Fig. 3). IgM antibodies
decay rapidly after the convalescence phase, while IgG
antibodies stay in circulation for extended periods of time,
persisting for years, apparently conferring lifelong immunity
(3). For diagnosis in acute cases, IgM antibodies are the
marker of choice for which a large number of methods have
been reported, including radioimmunoassay, enzyme-linked
immunosorbent assays, immunoblotting, etc. Several IgM
anti-HAV enzymatic immunoassays are commercially avail-

334 - VIRAL PATHOGENS



able [reviewed in (2)]. These diagnostic kits perform opti-
mally during the first weeks postexposure when IgM anti-
bodies are present at high titers. Importantly, some
commercially-available IgM assays might detect antibodies
as a result of vaccination in previously nonimmune indi-
viduals. Resolved HAV infection is commonly diagnosed by
detection of IgG anti-HAV. Thus, the presence or absence of
either antibody class can be used to differentiate between
current and past infections.

Upon vaccination, antibodies to structural proteins are
elicited. Interestingly, only a small percentage of vaccinees
(8 to 20%) develop transient IgM anti-HAV response, while
IgG anti-HAV is successfully elicited by nearly all immunized
individuals. In-house assays based on nonstructural proteins
are designed to differentiate between natural infections and
vaccinees. Thus, different assay formats provide useful in-
formation indicative of the immune status of the patient.

Virus Isolation
HAV grows in several cell types of different origins; how-
ever, viral strains obtained from human samples require
extensive adaptation. In cell culture, HAV produces relatively
low viral titers, rendering this approach impractical for a
clinical setting. HAV replicates in cell culture without obvi-
ous cell damage. Thus, due to the lack of a cytopathic effect,
immunological or molecular assays are required to detect
HAV proteins and RNA, respectively. Occasionally, cyto-
pathic variants of HAV are observed, characterized by shorter
replication cycles and higher viral yield (70).

Antigen Detection
HAV was originally identified by electron microscopy from
fecal extracts using homologous antiserum. However, HAV
antigen detection is not as straightforward. Virus capture in
clinical samples is difficult because fibronectin can bind to
HAV and mask antigenic determinants required for immu-
nological detection (71). In addition, the HAV capsid has

been detected circulating as immune complexes from ex-
perimentally infected chimpanzees, making virus capture
even more difficult (72).

Molecular Detection
Nucleic acid detection methods are usually more sensitive
than serologic assays for the detection of HAV in clinical,
food, and environmental samples. A number of different
molecular methodologies have been used to identify HAV,
including restriction-fragment-length polymorphism, single-
strand conformational polymorphism, southern blotting,
reverse transcription-PCR (RT-PCR), etc. (2). While sev-
eral of these methods have been used to identify HAV and
viral antigen in liver tissue from infected primates, not all of
them are suitable for a clinical setting.

Amplification of viral RNA by RT-PCR is currently the
most sensitive and widely used method for detection of
HAV RNA. Importantly, amplification and sequencing of
HAV RNA are used to determine genetic relatedness between
isolates and to identify sources of infection and transmission
networks during occurrence of outbreaks (28, 73, 74). Dif-
ferent regions along the viral genome provide different degrees
of resolution based on the sequence information contained
within the region (28, 74). The 5¢- and 3¢- UTR are highly
conserved regions and provide limited sequence information
suitable for genotype classification (75, 76); therefore, both
are preferred targets for HAV identification. Several small
regions across the genome, including VP1, 2C, and 3D, dis-
play higher nucleotide variability than other regions along the
HAV genome (Fig. 1). These regions have been used for
specific identification of HAV strains in molecular surveil-
lance and outbreak investigations (14, 29, 77).

HAV genotypes are identified by sequence analysis of
different subgenomic regions, including the N-terminus of
VP1, the VP1-P2A junction, and the full-length VP1 (28).
Sequence variation in the VP1-P2A junction has been
widely used to identify subtypes of HAV genotypes.

FIGURE 3 Virologic, immunological, and biochemical events during the course of experimental hepatitis Avirus infection (adapted from
reference (90) with permission.)
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Phylogenetic analyses of sequences derived from the VP1-
P2A region are most frequently used for evaluation of ge-
netic relatedness among HAV strains (2). However, phylo-
genetic relationships among HAV strains cannot be
accurately represented using small genomic regions (74).
Comparative analysis of four genomic regions, VP1-P2A,
VP1, VP2, and VP3, revealed significant variations in ge-
netic relatedness among HAV strains assessed using these
regions (14, 78). Moreover, analysis of sequences from sub-
genomic regions has been found to result in inconsistent
genotype classification (14, 79). Thus, genetic information
provided by different subgenomic regions from the HAV
genome has important implications in the classification of
viral strains (80).

HEV

Biochemical Diagnosis
Patients with acute hepatitis E will typically exhibit bili-
rubinuria, and, as stated earlier, elevated ALT and AST
levels. Additionally, there may be a modest increase in serum
alkaline phosphatase levels. Patients with severe liver
damage have abnormal coagulation test results and reduced
levels of serum albumin and prothrombin, but these analytes
are not diagnostic for hepatitis E.

Serologic Diagnosis
IgM anti-HEVantibodies can usually be detected within 3 to
4 days after onset of jaundice and may persist for several
months (average: 5 months). IgG anti-HEV antibodies ap-
pear simultaneously with the appearance of IgM or shortly
after the appearance of IgM. IgG antibodies persist longer
than IgM. IgG antibodies have been detected as long as 14
years after a hepatitis E outbreak but usually exhibit a rapid
decline in titer 14 to 20 months after acute infection, al-
though the antibodies are still detectable after this decline.
There is some evidence that IgA anti-HEV antibodies may
be useful as a marker of recent hepatitis E infection when
used in conjunction with IgM assays (81).

Although serological assays for the detection of anti-HEV
antibodies have been available for the past 20 years, head-to-
head comparisons of these immunoassays have shown that
many are discordant, requiring the clinician to be careful in
interpreting the results of these assays. An analysis of six in-
house and commercial anti-HEV IgM assays, using serum
samples from patients with PCR-confirmed HEV infection,
showed that sensitivity, specificity, and interassay agreement
varied widely. Limits for analytic sensitivity were also found
to be disparate among these assays (82). Another study
compared two commercial IgG assays using WHO anti-HEV
reference serum (83) and demonstrated substantial differ-
ences in the performance characteristics of these assays (84).
A third comparison of eight commercial IgG and IgM assays
used sera from immunocompetent and immunocompromised
patients with PCR-confirmed HEV infections. Although
these assays used antigens from HEV genotypes 1 and 2,
several of these assays exhibited good sensitivity and speci-
ficity toward serum samples from patients infected with ge-
notype 3, indicating no sensitivity problems in the detection
of genotype 3. Clinical specificity varied from 84% to more
than 99% and sensitivity ranged from 52% to 79% among the
tested assays. One assay exhibited cross-reactivity toward
samples from patients infected with Cytomegalovirus (CMV)
or HAV (85). Additionally, neither ALT elevations nor IgM
positivity correlate with the presence of HEV RNA (52, 86).
The lack of a correlation between IgM positivity and the

presence of HEV RNA in a serum specimen indicate a low
positive predictive value for serological testing.

Besides discordant results among HEV serological assays,
a high degree of CMV and Epstein-Barr virus (EBV) IgM
cross-reactivity to HEV IgM (24% and 33%, respectively)
has been demonstrated, and acute infection by CMV and
EBV may cause false positivity for anti-HEV IgM in some
HEV serological assays (85–87). Because CMV, EBV, and
HAV infections may produce acute hepatitis, false positivity
for anti-HEV IgM could result in diagnostic mistakes.

Biochemical and serological assays yield indirect evi-
dence for HEV infection and need to be interpreted care-
fully, requiring an evaluation of epidemiological and clinical
factors. If an assessment of a patient based on these factors
indicates that the patient has most likely been exposed to
HEV, then the predictive value of serological testing is
strong, but if a patient is not likely to have been exposed to
HEV, then a positive diagnostic test may have little evi-
dentiary value (81).

Molecular Diagnosis
Direct evidence for HEV requires detection of HEV RNA in
a clinical specimen. At present, all nucleic acid detection
assays are research-based in-house assays. A 2011 study
compared the results of 23 polymerase chain reaction (PCR)
assays from 10 countries. No false positive results were seen.
However, the study revealed differences in the sensitivity of
the assays used. The analysis revealed a 100- to 1,000-fold
difference in sensitivity between the assays evaluated. These
results indicate the need for improved standardization of
HEV RNA assays (88). PCR can be used to detect HEV
RNA in serum and stool. HEV RNA can usually be detected
in stool before serum, and RNA usually persists longer in
stool than serum.

Loop-mediated isothermal amplification (LAMP) has
also been used in the research laboratory to detect HEV
RNA. Unlike PCR, which uses multiple cycles of tempera-
ture gradients, LAMP uses a single-step, single-temperature
amplification process to amplify HEV RNA. One study using
LAMP suggests that the LAMP assays may have 100-fold
greater sensitivity than conventional PCR (89).

BEST PRACTICES
HAV
A number of methodologies have been developed for the
detection of HAV. However, important advances in HAV
detection have significantly improved our ability to ade-
quately identify hepatitis A cases. Concomitantly, these
advances have resulted in the obsolescence of several ap-
proaches, such as virus isolation, antigen detection, etc., in
the clinical diagnosis of HAV. Availability of highly sensitive
serological tests for identification of anti-HAV IgM provides
excellent tools for the detection of acute cases in clinical
settings and outbreak investigation. Conversely, detection of
anti-HAV IgG antibodies remains important in epidemio-
logical studies, but, considering the acute nature of HAV
infection, its value in clinical settings is less prominent.
Confirmation of serological findings using molecular ap-
proaches has been extremely important for understanding
the global epidemiology of HAVand plays an important role
in the confirmation of acute cases in the clinic. In conclu-
sion, in clinical settings, IgM detection remains the tool of
choice for the identification of acute HAV cases followed by
molecular testing using real-time PCR-based assays targeting
highly conserved regions.
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HEV
There are no FDA approved assays for the detection of HEV.
In a clinical setting, IgM detection can be used to detect
acute cases, and IgG assays can detect post-acute hepatitis.
However, because of the discordance between serological
assays, direct detection of HEV RNA with PCR is the best
method for detecting active HEV infection.

In the absence of PCR, biochemical and serological as-
says yield indirect evidence for HEV infection and need to
be interpreted carefully, requiring an evaluation of epide-
miological and clinical factors. If an assessment of a patient
based on these factors indicates that the patient has most
likely been exposed to HEV, then the predictive value of
serological testing is strong, but if a patient is not likely to
have been exposed to HEV, then a positive diagnostic test
may have little evidentiary value (81).
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BIOLOGY AND CLASSIFICATION
Hepatitis was first described in the fifth century B.C. The
earliest known outbreak of hepatitis occurred in Bremen,
Germany, in 1883 among shipyard workers who received a
smallpox vaccine stabilized with human serum. In 1950,
viral hepatitis was referred to as either infectious hepatitis
(hepatitis A) or serum hepatitis (hepatitis B) based on the
epidemiologic characteristics of the diseases (1). This ter-
minology was adapted by the World Health Organization
(WHO) in 1973.

Hepatitis B (HBV) is an enveloped DNA virus in the
Hepadnaviridae family and replicates by reverse transcription
of an RNA intermediate (2). HBV is a 42 nm, partially
double-stranded DNA virus that replicates in the nucleus of
the host cell. HBV-infected cells have no cytopathic features
because the virus causes little damage to the host cell (2, 3).
The complete virus particle is known as the Dane particle
(4). The viral nucleocapsid core is surrounded by a specific
viral core protein (HBcAg) and encloses a single molecule of
partially double-stranded circular DNA, hepatitis B e anti-
gen (HBeAg), and a DNA-dependent polymerase (2).

The HBV genome is approximately 3,200 bases and
contains overlapping genes. Replication occurs via an RNA
intermediate. There are four open reading frames in the
complete, minus strand. These genes encode the structural
proteins (HBsAg and HBcAg), replicative proteins (poly-
merase and X protein), and regulatory proteins. The genome
is compact, and most sequences are essential for productive
infection (2).

The HBV polymerase lacks proofreading activity, which
eventually leads to mutations which results in viral genetic
heterogeneity. Because of these genetic changes there is a
significant divergence in the genomes of HBV leading to a
variety of genotypes. These genotypes are grouped based
upon a divergence of 8 percent or more in the complete
nucleotide sequence (5, 6). At this time HBV is classified
into 10 genotypes (A to J) (2, 3).

HBV has a variety of genotypes which vary geographi-
cally (6). At this time there are 10 well-defined genotypes
designated from A to J. HBV Genotype A is prevalent in
Northern Europe, North America, India, and Africa. Gen-
otypes B and C are prevalent in Asia, while Genotype D is
detected in areas of Southern Europe, the Middle East, and
India. HBVGenotype E is detected primarily inWest Africa,

while Genotypes F and H are found in Central and South
America. Genotype G is more prevalent in France, Ger-
many, and the United States. Genotype I has been detected
in patients in Vietnam and Laos, while Genotype J was
identified in patients from the Ryukyu Island in Japan (7–9).

HBV particles found in the sera of patients with active
HBV infection have three morphologic entities in varying
proportions. The most abundant forms are small, pleomor-
phic, spherical, noninfectious particles (17 to 25 nm in di-
ameter). Less numerous are the tubular forms, which have
diameters similar to those of the small particles. The third
and least numerous particles is the complete HBV virion,
with a diameter of 42 to 47 nm (4). There is no cell culture
system that supports the growth of HBV.

The production of HBsAg exceeds what is needed for
virion production, and this excess protein circulates in the
blood of infected individuals as spherical and tubular parti-
cles and can be detected in clinical assays to identify active
HBV infection (2). The antigen persists in the serum for
variable periods after initial infection and in some patients
can be as high as 1013 per ml.

Two additional HBV-specific proteins, HBcAg and
HBeAg, play a key role in diagnostic testing. HBcAg and
HBeAg have different antigenic specificities, and both can
be distinguished from HBsAg. The HBcAg is a polypeptide
encoded by the C gene of HBV and is translated from the
pregenomic mRNA. The precore sequence within the C
gene contains the start codon for HBeAg translation (2).
Because of the different start codons the two proteins,
HBcAg and HBeAg, are antigenically unrelated. HBeAg is a
soluble protein or can be bound to albumin, a-1-antitrypsin,
or immunoglobulin. It is a reliable marker for the presence of
HBV virions which indicates high infectivity. In some HBV
strains, a mutation at the end of the precore region results in
a stop codon which prevents the translation of HBeAg.
These precore mutants contribute to the pathogenesis of
chronicHBV disease, leading to acute exacerbation of disease
(10, 11). A variety of other HBV gene mutations have been
observed in the core, core promoter, envelope, and poly-
merase regions. The envelope protein variants are applica-
ble to clinical disease because some protein changes may not
be recognized by the HBV vaccine. Thus some mutant vi-
ruses escape HBV immune responses. Consequently patients
infected with these escape HBV may not have detectable
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antibody to HBsAg and will not respond to HBV immuno-
globulin (HBIG) therapy (12). The various antigens and
antibodies associated with HBV infection in humans are
listed in Table 1.

Hepatitis Delta Virus
In 1977, the delta antigen was recognized to be the com-
ponent of a novel virus that was defective and required
coinfection with HBV for its replication. The hepatitis delta
virus (HDV) is a defective virus and requires the HBV sur-
face antigen for transmission. HDV requires the HBV surface
antigen (HBsAg) as its own viral coat (13, 14).

Host cells infected with HDV alone can replicate the
viral genome, but viral particles are not released. HDV
has an absolute requirement for the support of HBV for its
own replication.

EPIDEMIOLOGY
HBV
HBV infections are prevalent around the world and repre-
sent a global public health problem. The WHO estimates
that 2 billion people are infected with HBV, and approxi-
mately 600,000 people die each year as a result of acute
or chronic HBV (15, 16). According to the WHO, HBV is
50 to 100 times more infectious than HIV-1 (http://www.
who.int/csr/disease/hepatitis/whocdscsrlyo20022/en/index3.
html#transmission).

HBV causes chronic hepatitis, cirrhosis, and hepatocel-
lular carcinoma (HCC) worldwide. In most countries HBV

infections are reportable to the public health authorities.
Most of these HBV-infected individuals live in Asia or Af-
rica (Figure 1). Approximately one-fourth of adults are in-
fected with HBV as children and have serious complications
from liver cirrhosis and/or HCC due to chronic HBV (17).
The Centers for Disease Control and Prevention (CDC)
estimates that as many as 1.4 million individuals in the
United States are chronically infected with HBV (http://
www.cdc.gov/hepatitis/statistics/2010).

In the United States, most infections are in adults, in
whom the risk of chronic infection is lower. However, out-
side the United States, perinatal exposure is more common
and leads to chronic HBV infections (18).

The most common mode of HBV transmission is vertical
transmission (mother to child perinatally), early childhood
infections from infected individuals, sexual activity (both
heterosexual and male homosexual), injection drug use,
or physical contact with infected body fluids (occupa-
tional exposure, contaminated blood products, etc.) (2).
HBV is not transmitted from person to person by casual
activities (2).

HDV
Approximately 15 to 20 million people worldwide are HDV
carriers (13). Some areas of the world have a high preva-
lence of HDV-infected individuals, including countries
around the Mediterranean, the Middle East, Central Asia,
West Africa, the Amazon Basin, and the South Pacific Is-
lands (13). In these areas of high endemicity, HDV appears
to be transmitted by close person-to-person spread. How-

TABLE 1 Hepatitis B virus markers in different stages of infection and convalescence

Stage of infection

Molecular
markers Protein antigen markers HBV-specific antibody markers

HBV DNA HBsAg
HBe Anti- HBc

Anti-HBe Anti-HBsAg IgM Total

Susceptible to HBV - - - - - - -
Early incubation + - - - - - -
Late incubation period + + - / + - - - -
Acute infection + + + + + - -
Recent infectiona - / + - - ++ + + + ++
Remote infectionb - or very low - - - + +/ - +
Remote infection or chronic

infection with HBs Ag mutationb
- / + - - - + +/ - -

HBsAg-negative acute infection -
< 103 IU/ml

- - + + - -

HbsAg
variant infection

- / + - - / + +/ - + - -

Immune active carrier ++
> 105 IU/ml

+ - /+ - / + +++ - -

Inactive
HBsAg carrier

-
< 103 IU/ml

+ - - + + -

Immune
Tolerant carrier

+++ + + - + - -

Vaccination response - - - - - - +

HBsAg, protein found on the surface of HBV and on 20 nm diameter particles and tubular forms; HBcAg, antigen associated with 27 nm diameter core of HBV;
HBeAg, protein that results from the proteolytic cleavage of the preCore/Core protein by cellular proteases and secreted as soluble protein in serum.

aThis description can be applied to early convalescence and to individuals that remain HBV DNA positive for prolonged periods in the absence of HBsAg.
bRemote infection can be applied to individuals with anti HBc in the absence of other serological markers including DNA. These patients may or may not have anti-

HBs. There is evidence that these patients may reactivate HBV during immunosuppression.
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ever, many individuals acquire HDV through exposure to
blood-contaminated needles and blood products (14).

CLINICAL SIGNIFICANCE
HBV
HBV infects hepatocytes, leading to an acute infection that
resolves or a chronic infection lasting years. Some individ-
uals with subclinical hepatitis have a mild disease without
symptoms or jaundice. However, other patients have vague
symptoms such as abdominal pain, nausea without jaundice
(anicteric hepatitis), or nausea with jaundice (icteric hepa-
titis). HBV infections can result in the complete recovery of
the patient, a chronic viral infection, or fulminant hepati-
tis with mortality. Newborns infected with HBV usually
have chronic, asymptomatic infections, while older children
and adults are typically symptomatic after a primary infec-
tion (2, 18).

The symptoms of acute HBV infection may be mild but
sometimes include signs such as jaundice, dark urine, clay-
colored stools, and hepatomegaly (2). Some patients expe-
rience weight loss, right upper quadrant pain, and a tender,
enlarged liver (15). Acute HBV infections may be self-
limited, and patients recover completely after specific anti-
bodies (anti-HBs) clear the virus (18).

The disease outcome of acute HBV is age dependent, and
most patients with acute disease are adults. Acute liver
damage is caused by the host immune response to HBV
infected hepatocytes (19). This results in massive necrosis,
leading to permanent damage in the liver. Without a liver
transplantation, fulminant hepatic failure is associated with
high mortality. After transplantation, HBV reinfection of
the “new” liver is common, resulting in injury to the new
liver. HBIG and/or antiviral therapy can prevent this out-
come (18).

Patients with perinatal acquired HBVare usually immune
tolerant to HBVantigens. Thus there is an absence of severe
liver disease despite high levels of virus (12). Patients who
continue to have detectable HBsAg or detectable HBV
DNA for 6 months after infection are considered to have
chronic HBV (3, 16). Chronic carriers can remain positive
for HBsAg indefinitely, although some HBsAg-positive pa-
tients spontaneously convert to HBsAg negative after the
appearance of anti-HBs. Many of these patients continue to
have detectable HBV DNA (2, 7).

Most HBV-infected individuals progress to the immune
active phase, in which a liver biopsy shows inflammation
with fibrosis. This pathology results from a persistent im-
mune response to the HBV proteins on infected hepato-
cytes. The last phase of chronic HBV infection is the
inactive carrier phase, characterized by less inflammation

FIGURE 1 Worldwide distribution of chronic hepatitis B disease (CDC).
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and normal liver enzyme levels. These patients have a low
risk for HCC (7, 20).

A number of different HBV genotypes have been rec-
ognized. At this time there are 10 known HBV genotypes
(designated A to J) (18).

Recently there is an increased interest in the relationship
between HBV genotypes and progression of HBV disease.
There is some variability in the clinical outcomes of chronic
HBV infections. A number of factors can influence out-
comes such as viral strain, host factors, HBV genotype, and
specific viral mutations may be important in predicting
disease outcome. There are reports recently that correlate
the HBV genotype with clinical outcomes (21). A recent
report that compared disease in patients infected with ge-
notypes B or C noted that alanine aminotransferase levels
were consistently higher in patients infected with genotype
C compared to patients infected with genotype B (21).
However, it is not clear why there is a difference in the
clinical presentation of patients with different genotypes. A
recent study shows that patients infected with genotype B
are more likely to have HBeAg in serum than the patients
infected with genotype C (21).

HBV variants have been associated with certain clinical
features of HBV-related liver disease including hepatocel-
lular carcinoma. For example genotype C is associated with
HBeAg seroconversion which leads to advanced liver dis-
ease (21). Genotype A is associated with a higher risk of
progression to chronicity in adult acquired HBV infections
(21). Genotype D is associated with the precore mutation
and HBeAg negative chronic hepatitis B (21). The geno-
types prevalent in parts of West Africa, Central and South
America—E, F, and H—respectively, are less well studied.
Some HBV mutations especially in the basal core promotor
have been associated with increased risk of fibrosis and
cancer of the liver (21). The evaluation of genotype and
viral variants should be used in predicting risk about liver
related morbidity in patients with CHB.

Prevention of HBV
The most successful program to prevent HBV infection is the
HBV vaccine. Safe and effective vaccines against HBV have
been available since 1981. The complete HBV vaccination
series is protective in > 95% of infants, children, and young
adults (18). The efficacy of HBV vaccination has been
proven worldwide and is monitored by the WHO (22).
Vaccine-induced protection lasts at least 20 years and may
be lifelong (22). It is important that individuals with a
known or suspected exposure to HBV should be given HBV
vaccine as soon as possible after the exposure, in addition to
HBIG. It is recommended that testing for anti-HBs be ob-
tained 4 to 12 weeks following vaccination (23). Individual’s
that do not respond to the HBV vaccine have HBsAb levels
that are < 10 IU/l. All nonresponders should be given the
vaccine again with another full series of HBV vaccine (18).

HDV
HDV can be transmitted only to individuals who are in-
fected with HBV already or when both HBV and HDV are
transmitted together. A coinfection occurs when a naive
individual is infected simultaneously with both viruses; co-
infection occurs in only 2% of the cases (14). A superin-
fection occurs when an individual chronically infected with
HBV is infected with HDV (14). Superinfection occurs in
more than 90% of infected patients. Acute HDV superin-
fection has a greater risk of fulminant hepatitis and liver
failure than HBV infection alone. Likewise, chronic HDV

infection is associated with more rapidly progressing liver
damage than infection with HBV alone.

Rates of fulminant hepatitis can be as high as 5% in
patients with HBV and HDV coinfection (14). A biphasic
clinical course is sometimes observed during coinfection.
HDV infection does not increase the rate of chronicity of
acute HBV. However HDV can convert a mild, chronic
HBV infection into a rapidly progressive, severe disease.
Treatments with antiviral agents that reduce HBV titers
have been studied. However, it appears that therapy with
IFN-a in combination with either ribavirin or lamivudine
has not been useful in treating chronic HDV infections
(14). However, the most effective prevention is vaccination
for HBV. This vaccine also prevents HDV infection, since
HDV cannot replicate in the absence of a concurrent HBV
infection.

TREATMENT AND PREVENTION
Chronic HBV infections should be treated with antiviral
drugs. The primary goal of treating chronic HBV is to sup-
press viral replication and slow the progression of liver
damage (23). At present, seven therapeutic agents have
been approved for use in the United States by the FDA.
These drugs are classified into two categories, the interferons
and nucleoside/nucleotide analogs. The first nucleoside an-
alog approved for treating chronic HBV infection was lam-
ivudine (23, 24). More recently, several new agents have
become available for the treatment of chronic HBV. These
include adefovir, entecavir, tenofovir, emtricitabine, and
telbivudine (20, 24). Patients with HBV infection should be
treated to prevent progression of the disease that can lead to
cirrhosis, liver failure, and HCC (3, 7). Prevention of HDV
is based on prevention of HBV, as HDV requires HBV for
production and transmission. Effective medicines exist that
can prevent the development of these conditions.

Therapy is currently recommended for patients with ev-
idence of chronic or active HBV disease. The National In-
stitutes of Health recommends nucleos(t)ide therapy for
patients with acute liver failure, as well as cirrhotic patients
who are HBV DNA positive. These recommendations also
indicate therapy for patients with clinical complications,
cirrhosis or advanced fibrosis with positive serum HBV
DNA (24). Antiviral agents are available to treat HBV.
Several agents are nucleoside analogue that inhibit the ac-
tivity of the HBV polymerase such as adefovir. Another
agent used for the treatment of HBV is entecavir (18, 15).
This drug also inhibits the HBV polymerase and has a low
rate of drug resistance. Telbivudine, a cytosine nucleoside
analogue, is a second-line agent used in HBV therapy (15).
This drug inhibits HBV DNA polymerase. A number of
studies have shown that the clearance of HBV DNA after
12 months of therapy indicates successful antiviral ther-
apy (18).

The recommended first-line antiviral agents for the
treatment of HBV disease are pegylated interferon alfa
(PEG-IFN-a), entecavir (ETV), and tenofovir disoproxil
fumarate (TDF) (18). However a number of new drugs for
treatment of HBV are under investigation. These new drugs
have different mechanisms for eliminating HBV such as
inhibiting encapsidation or entry of the virus to the host cell
(20). Additionally, new therapies for HBV are under in-
vestigation including combinations such as tenofovir with
emtricitabine (20).

Another new therapy is a nucleoside analogue (3TC)
which inhibits the HBV polymerase. Treatment with this
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drug shows an improvement in histologic damage in the
liver. However, after 12 months of treatment with 3TC,
nearly half of the patients have an HBV species with mu-
tation (20).

The best method for preventing HBV infection is effec-
tive vaccination. The WHO has made eliminating HBV
worldwide a goal by emphasizing global HBV vaccination
(17, 18). At this time global immunization coverage is a goal
still unmet and requires additional resources to eliminate the
spread of HBV (18).

At this time HBV vaccination programs are ongoing in
many areas of the globe. The HBV vaccine contains a re-
combinant HBV surface antigen (HBsAg) produced in
yeast. A series of 3 injections are recommended. After ef-
fective vaccination, HBsAg antibody levels should be
greater than 10 million IU/ml (22).

All newborns should be vaccinated against HBV in-
cluding those born from mothers with HBV. Infants born to
mothers with active HBV should receive HBV immuno-

globulin (HBIG) (18, 22). All healthcare workers should
also receive the HBV vaccination. Any healthcare worker
that has a needle-stick accident from a patient with known
HBV infection should be given one dose of the vaccine as
soon as possible. These individuals should be monitored for
the presence of active HBV infection.

DETECTION/DIAGNOSIS
HBV
The initial assessment for patients with a suspected viral
hepatitis should include laboratory tests that measure serum
transaminases, direct and total bilirubin, albumin total
protein, a complete blood count, coagulation tests, and al-
pha fetoprotein. The specific laboratory tests to detect and
monitor HBV infection are a mix of viral antigen detection,
molecular measurements of HBV DNA, and serologic
markers. The tests to diagnose new HBV infection are anti-
HBc IgM, HBsAg, and HBV DNA (Table 1 and Figure 2).

FIGURE 2 (A) Typical sequence of serologic markers in patients with acute HBV infection with resolution of symptoms; (B) typical
sequence of serologic markers in patients with HBV infection that progresses to chronicity HBV. HBeAg is variably present in these patients.
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The immune-tolerant phase usually occurs when the
patient acquires HBV infection at birth or during early
childhood. Infection in this case is associated with a high
level of viral production and the presence of HBeAg.
These markers indicate a high rate of viral replication (2, 3).
There is an absence of liver disease despite high levels of
HBV replication. This is a consequence of immune tolerance
(3, 18).

As the host’s immune response matures, the patient often
moves to the immune-active phase (also referred to as
HBeAg-positive chronic hepatitis phase), during which
HBV-specific epitopes are recognized by the host immune
system, leading to immune-mediated injury in the liver.
Individuals who acquired HBV prenatally often transition
from the immune tolerant phase to the HBeAg-positive
chronic hepatitis phase between 20 and 30 years of age (7,
19). The liver biopsy in this stage shows active inflammation
accompanied by fibrosis. Patients who remain HBeAg pos-
itive have a higher risk of progressing to liver disease due to
the induction of a chronically active immune response by
high rates of HBV replication (18, 21, 24). Such patients
have high HBV DNA levels and increased levels of serum
transaminases. However, as these individuals develop anti-
HBe, they revert to HBeAg negativity and move to the
inactive carrier phase (Table 1) (18, 24). The transition
from the immune tolerant phase is often not recognized,
since patients with HBeAg-positive, chronic hepatitis often
remains asymptomatic (24).

The inactive carrier phase is characterized by the sero-
conversion to anti-HBe, and patients alternate between low
and undetectable levels of HBV DNA. The seroconversion
to anti-HBe is associated with a decrease in liver damage and
the normalization of serum transaminase levels. Mild hepa-
titis may be noted on biopsy (24). Many patients remain in
this phase for years. Patients in the inactive carrier phase
have detectable HBV DNA in serum, at intermittent or low
levels, and usually have normal serum transaminase levels.

A portion of inactive HBsAg carriers (about one-third)
develop chronic hepatitis which recurs in the absence of
HBeAg in their sera. These patients are infected with an
HBV variant that cannot express HBeAg due to mutations
in the HBV core gene (18, 20, 26). Patients with chronic
hepatitis that are HBeAg negative are more likely to have
more advanced liver disease in spite of lower serum HBV
DNA levels (19, 20). HBsAg-positive patients can transmit
HBV sexually, percutaneously, or prenatally. Individuals
with detectable HBeAg pose the highest risk of transmitting
HBV to others.

Patients who are negative for HBsAg, anti-HBc, and
HBV DNA are not infected with HBV. In some individuals
the presence of anti-HBc alone may be the only evidence of
an active, occult HBV infection of remote origin. Patients
infected with an HBsAg escape mutant test negative for
HBsAg but are positive when tested for anti-HBc and HBV
DNA (6, 9, 10).

Anti-HBs without anti-HBc develops in individuals who
receive hepatitis B vaccine (which contains only HBsAg),
and anti-HBs levels of ‡ 10 mIU/ml are considered protec-
tive (21). Due to the prevalence of vaccinated individuals,
the detection of anti-HBc is used to evaluate past or current
infection with HBV and identify individuals who should
receive the HBV vaccination. Passive transfer of anti-HBs or
anti-HBc may be observed in neonates of mothers with
current or past HBV infections (21). However, passive an-
tibody levels decline gradually over 3 to 6 months, while
levels of antibody induced by infection are stable over many

years (24, 21). Since blood donations are tested for HBsAg
and total anti-HBc, passive transfer of these HBV markers
following blood transfusions is unlikely.

Most individuals vaccinated for HBV have detectable
levels of anti-HBs; however, some vaccinated people test
negative due to waning levels of anti-HBs. They usually
respond to a challenge dose of HBsAg vaccine with an an-
amnestic response in approximately 2 weeks (21). Studies of
vaccinated individuals who no longer have detectable anti-
HBs show that infection can occur but is blunted by the
anamnestic anti-HBs response such that liver damage is
minimal and symptoms do not occur (21). In contrast, an
HBsAg-negative carrier may not produce detectable levels of
anti-HBs after vaccination (21). Individuals who do not
have a detectable response to the first series of HBV vaccine
should be given a second three-dose vaccine series (18).
Individuals who do not respond to the second vaccination
series should be considered susceptible to HBV and should
be given HBV immunoglobulin prophylaxis after any ex-
posure to HBV-positive body fluid. It is important to note
that some HBV vaccine nonresponders are chronically in-
fected with HBV. Thus, individuals who do not have de-
tectable anti-HBs after six doses of vaccine should be tested
for HBsAg (23, 24).

Testing for the HBV genotype is usually not required
except for selected patients from regions around the world
that have variability in HBV genotypes. Testing for muta-
tions associated with antiviral resistance is also not useful
during the initial evaluation of patients (20, 33). The “gold
standard” for assessing inflammatory activity (grade) and
degree of fibrosis (stage) is the liver biopsy, which is a useful
baseline for future follow-up (21).

Molecular assays are used to determine HBV DNA levels
and help to establish the stage of disease and to monitor
patients on antiviral therapy. The reduction of HBV DNA
during antiviral therapy is a measure of treatment response
and predicts histologic improvement. Increasing HBV DNA
levels are associated with chronic liver disease, cirrhosis, and
possibly death (2, 18). The WHO standards for HBV DNA
are used to standardization the HBV DNA assays and re-
sults are now reported in international units per milliliter
(14, 18).

Antiviral therapy is given to patients to prevent pro-
gression of liver disease (3, 14). During the course of therapy,
treatment response is monitored using biochemical, viro-
logic, serologic, and histologic results. Currently the most
accurate monitor of virologic activity is the HBV DNA level
using an assay with a wide dynamic range (18). The loss of
HBsAg, seroconversion to anti-HBs, and long-lasting sup-
pression of HBV DNA indicate a successful response to
therapy (14, 18). Patients who appear to have suppressed
HBV DNA levels are monitored periodically because relapse
due to antiviral resistance is possible. The most reliable
measure of a successful long-term treatment response is the
sustained suppression of HBV DNA (18, 21).

When HBV DNA levels increase by 1 log10 in a patient
taking antiviral treatment, it may indicate antiviral resis-
tance (20, 24). It is not recommended that resistance testing
be performed before starting therapy even if the patient has a
very high viral level (14, 20). Resistance detection is useful
only after a patient has been treated for several months and
fails to show a reduction of at least 1 log10 in HBV DNA
levels. They should be tested for the presence of resistant
mutants to assist in selecting a new treatment. Antiviral
resistance testing should also be performed to determine
selection of resistant viral strains (2, 6, 14).
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HBV infection is diagnosed by serologic and molecular
markers detected in serum or plasma. All FDA-approved
assays have specific specimen requirements defined in their
package inserts. These requirements state the specimen types
acceptable as well as describe the processing and storage of
the specimen. In general, HBV antigens and antibodies are
stable at room temperature for days, can be stored at 4°C for
months, and can be frozen at - 20 to - 70°C for years. Al-
though HBV markers are stable in serum stored at - 70°C,
repetitive freezing and thawing can lead to their degrada-
tion. The use of hemolyzed samples should be avoided due to
the potential of these specimens to interfere with the de-
tection signals used in immunoassays.

Useful information about many diagnostic tests can be
found by consulting the FDAwebsite and the specific year of
test approval (http://www.fda.gov/MedicalDevices/Products
andMedicalProcedures/DeviceApprovalsandClearances/
Recently-ApprovedDevices/default.htm.

The HBV virion is very hardy and remains infectious
for at least 7 days outside the host (18). Thus, spills or
splashes should be cleaned using absorbent material and
disinfected with an appropriate disinfectant. Decontamina-
tion should be carried out while wearing gloves. Laboratory
personnel should regard all specimens as potentially dan-
gerous. The Occupational Safety and Health Admin-
istration (OSHA) standards for occupational exposure to
blood borne pathogens are designed to protect employ-
ees exposed to blood and other potentially infectious
materials. OSHA mandates that all employees whose job
requirements put them at risk for blood-borne pathogens be
offered HBV vaccine at no cost. OSHA standards and
additional safety recommendations can be found in the
literature.

Microscopy
Microscopic detection of HBV does not play a role in the
diagnosis of disease. However, a liver biopsy is often used to
assess the extent of histologic involvement as well as the
response to therapy. Histologic examination is useful for
distinguishing among acute viral hepatitis, chronic hepatitis,
and cirrhosis.

Antigen
Several HBV-specific proteins can be detected in patient
specimens during infection. These are a marker of active
viral replication. The presence of HBsAg and/or HBeAg in
serum occurs during primary infection and during chronic
HBV infection (Table 1). HBsAg is located on the outer
surface of the HBV particles, while HBeAg is translated from
the precore mRNA of HBcAg. The function of HBeAg and
its role in disease have not been clearly identified; however,
the detection of this protein in serum indicates high viral
replication. Both HBsAg and HBeAg are made in large
excess by infected host cells and can be detected in serum
during active infection (3).

Diagnostic assays with high sensitivity and specificity are
available to detect these HBV antigens. Table 1 lists the
assays used to determine the stage of HBV disease. HBV
antigens are detected using solid-phase assays based on
capture with a monoclonal antibody and then detected with
a second antibody attached to a signal. These assays use
microparticles with different compositions and sizes and are
performed on automated instruments. Antigen capture and
detection reagents are specific for the major immunodo-
minant region of HBsAg. Current detection methods use

enzyme reactions, chemiluminescence, or fluorescence po-
larization to detect specific antigens.

HBsAg
The detection of HBsAg in serum plays an important role in
establishing the diagnosis of HBV infection. Each HBsAg
assay is approved by the FDA either for diagnostic use only,
for testing donors of blood, organs, and tissue only, or for
both applications. The “Name and Intended Use” section
of the package insert should be consulted to determine
what sample types have been approved for use with each
HBsAg test.

The presence of HBsAg in the serum indicates that the
patient is highly infectious. Patients who resolve an acute
infection eventually produce anti-HBs. However, when
HBsAg is present, anti-HBs can be negative in diagnostic
tests because the antibody is bound to the HBsAg.

For all commercially available diagnostic assays, any
specimens nonreactive for HBsAg are considered negative
and do not require further testing. In contrast, specimens
reactive for HBsAg are often repeated to verify positive
results. These repeatedly HBsAg-positive results may be
confirmed by a neutralization assay provided by the manu-
facturer consistent with FDA approval protocols. If the
HBsAg-reactive serum is neutralized by the anti-HBs, then
the specimen is considered positive for HBsAg. Conversely,
if the anti-HBs does not neutralize the HBsAg, then the
HBsAg test must be considered nonconfirmed and a new
specimen should be requested and/or a recommendation that
the patient be tested for other markers of HBV infection
such as IgM anti-HBc or total anti-HBc should be made.

All HBsAg assays are capable of detecting subnanogram
amounts of protein with no loss of specificity (5, 9). For
diagnostic applications, this level of sensitivity is suffi-
cient to detect the HBsAg in the sera of individuals with
actively replicating HBV. However, a recent concern is that
some assays cannot detect variants of HBsAg that have
mutations within the major antigenic region of the pro-
tein. These mutant HBsAg can be missed by some diag-
nostic assays (10, 12), so initial testing should include
the detection of antibodies to both HBsAg as well as HB
core.

The major antigenic determinant on the HBsAg is des-
ignated the “a” determinant. This antigenic site is a con-
formational structure with a disulfide bond. The region
between amino acids 124 and 147 is found within the major
hydrophilic loop of the protein (2). There is a concern that
diagnostic assays do not detect HBsAg with alterations
within this major antigenic epitope, since some HBsAg as-
says use monoclonal antibodies that capture the HBsAg
using this immunodominant epitope. These HBV strains are
thus known as “escape mutants.” The first escape mutant was
described in a child born to an HBV positive mother who
transmitted HBV to the child despite vaccination and HBIG
(20). A single amino acid change altered the antigenic
portion of the protein such that vaccine-induced antibody
no longer recognized the antigen. This allowed the altered
virus to persist in the infant. Subsequently, the patient re-
mained positive for HBV DNA and HBsAg (with mutation)
for longer than 12 years. Since that time, a number of other
substitution mutants within the “a” determinant region of
HBsAg have been recognized (26). Recent studies have
evaluated HBsAg assays to determine their ability to detect
well-defined HBsAg mutants and have found that some
mutations in the HBsAg may be missed by diagnostic assays
(9, 10, 19).
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In response to the concern that blood donors with an
HBsAg mutant are not to be identified by HBV antigen
assays, most countries screen blood donors for anti-HBc in
addition to screening for HBsAg. Blood donors in the
United States are also tested for HBV DNA (14). In-
dividuals with positive tests for HBV DNA and anti-HBc
and/or patients with positive results for HBeAg and/or HBV
DNA but negative for HBsAg could be infected with an
escape mutant (6, 9, 10).

HBeAg
The detection of HBeAg in serum is a sign of rapid viral
replication usually associated with high HBV DNA levels.
HBeAg-positive patients are highly infectious. However,
some HBV strains do not make the HBeAg due to a precore
mutation. Patients infected with these mutant strains may
have high HBV DNA levels in the absence of detectable
HBeAg (26). Several commercial assays are available for the
detection of HBeAg in serum and use principles similar to
those of the HBsAg detection system; i.e., initially posi-
tive specimens should be retested and confirmed with neu-
tralization.

Nucleic Acid Detection
Molecular assays to quantitate HBV DNA are used for the
initial evaluation of HBV infections and the monitoring of
patients with chronic infections during treatment. Addi-
tionally, blood donors are routinely screened for HBV DNA
using qualitative tests to identify donors in the early stage of
HBV infection.

A number of quantitative assays have been developed to
detect and monitor HBV DNA levels in infected patients.
Monitoring of HBV DNA levels provides information on
the effectiveness of antiviral treatment. Several assays are
available for these purposes and use a variety of different
methods (3). Most of the available assays have a lower limit
of detection, between 5 and 50 copies/ml, and can quantify
levels up to1 million copies/ml. This wide range of quanti-
tation allows for monitoring HBV DNA early after infec-
tion and identifying HBV infections resistant to antiviral
therapy (2, 3).

Commercially available HBV DNA assays differ in their
limits of detection, dynamic ranges, and methods used to
measure DNA levels. An international HBV DNA standard
was established in 2001 by theWHO in response to the need
to standardize HBV DNA quantification (3). The WHO
standard virus preparation is a high-titer genotype A prep-
aration which has been assigned a potency of 106 IU/ml.
The standard has established that 1 IU of HBV is equivalent
to 5.4 genome equivalents. The WHO standard has allowed
results for different HBV DNA assays to be reported in in-
ternational units per milliliter. Most assays use serum or
plasma as the specimen of choice. As with all FDA-approved
diagnostic assays, the package insert should be followed for
specimen type, processing, and storage. Repeated thawing
and freezing ( > 2 times) should be avoided, as this may re-
duce assay sensitivity.

Most commercial assays quantitate HBV DNA and cover
a 7-log10 to 8-log10 range, which permits the accurate
evaluation of HBV levels above a million down to very low
levels. Several studies have shown that a reduction of 2
log10 in HBV DNA levels in the first 6 months of antiviral
therapy indicates treatment efficacy (15, 22, 24).

The viral load is determined by computerized analysis of
individual results, which are compared to the standard curve.

Serologic Tests
Serologic tests for HBV-specific antibodies are used to de-
termine the stage of HBV disease and to establish immunity
after HBV vaccination. As the host mounts an immune
response to the virus, the first antibodies to appear are IgM
specific for HBc (IgM anti-HBc); this is followed by the
appearance of total anti-HBc, anti-HBe, and finally anti-
HBs (2). There are numerous commercial assays available for
HBV serologic testing.

IgM Anti-HBc
IgM anti-HBc persists for several weeks to months after an
initial infection. The detection of IgM anti-HBc indicates
an infection of less than 6 months’ duration (Table 1).
During this stage of disease, the patient’s liver enzymes may
be elevated. A negative IgM anti-HBc excludes a recent,
acute infection but does not rule out chronic infection (18,
26). The presence of IgM anti-HBc identifies patients who
are acutely infected; such patients usually have high levels of
HBV DNA (26).

Total Anti-HBc
A negative anti-HBc test indicates that a person does not
have a history of infection with HBV. A positive result can
indicate either an acute infection in which the patient is also
HBsAg positive and IgM anti-HBc positive or a resolved
(HBsAg-negative) or chronic (HBsAg-positive) HBV in-
fection (Table 1) (3, 26). Total anti-HBc antibodies remain
after IgM anti-HBc disappears and can be detected for many
years. These antibodies persist longer than anti-HBs. Thus,
total anti-HBc is the best marker for documenting prior
exposure to HBV infection. Vaccines do not include HBc;
thus, vaccination induces only anti-HBs. Therefore, anti-
HBc should not be present in vaccinated individuals unless
they were infected with HBV prior to vaccination (14, 21).
Individuals positive for antibody to HBc without any other
serologic evidence of HBV infections should be considered
infected with HBV (18, 21). This serologic pattern is con-
sistent with a remote, past HBV infection that has resolved
and in the case of which the viral DNA levels are at times
negative or very low (3, 24).

Commercial kits for detection of total anti-HBc are
available and use a variety of different methods and instru-
mentation. All assays use recombinant HBc antigen for
capture of antibody. Samples containing anti-HBc lead to a
positive signal when anti-HBc is present. All anti-HBc assays
have a test algorithm that involves testing initially reactive
specimens in duplicate in an independent run. If one or both
duplicates are reactive, the sample is reported as positive.

Anti-HBs
A negative result for anti-HBs in the absence of any other
HBV specific antigen or antibody indicates that a person has
not been infected with HBV, nor has the individual been
vaccinated with HBV. A positive result is consistent with
immunity to HBV due to an infection or from effective
vaccination (Table 1).

Commercial assays for anti-HBs are solid-phase tests
based on the sandwich principle. These assays provide a
quantitative result to assist in determination of adequate
immunity after vaccination. An initially reactive result for
anti-HBs requires repeat testing in duplicate in an inde-
pendent run. If one or both duplicates are reactive, the
sample is positive. Anti-HBs quantitation panels are com-
mercially available and should be used when validating anti-
HBs assays.
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Anti-HBs are key serologic markers for both vaccine-
induced immunity and immune responses due to infection.
As HBV vaccination has become more widespread, this se-
rologic marker is used to monitor vaccine success. Both the
WHO and CDC recognize a level of > 10 mIU/ml of anti-
HBs as an indication of protective immunity (2, 18).

Postvaccination testing for the presence of anti-HBs is
not recommended. The CDC lists exceptions to this rule,
which are infants born to mothers who are HBsAg positive,
immunocompromised patients, dialysis patients, and to
confirm successful vaccination in health care workers to
prevent the transmission of HBV in the health care setting
(18, 22, 26).

HBV escape mutants in which the HBsAg has mutated
can result in HBV infections without detectable anti-HBsAg
(26). Conformational changes in the major antigenic de-
terminant of HBsAg result in reduced detection of the anti-
HBsAg by diagnostic assays.

Anti-HBe
A positive test for anti-HBe indicates the resolution of
acute infection and is associated with a decrease in viral
replication (Table 1). During acute infection, these anti-
bodies are bound to the HBe antigen; the antibody will not
be detected until the HBeAg levels decrease. Patients who
have recovered from acute HBV infection have detectable
anti-HBe, anti-HBc, and anti-HBs. Interestingly, patients
infected with HBeAg-negative strains of HBV still have
anti-HBe (18).

Test algorithms for HBeAg and anti-HBe kits vary. Ini-
tially reactive samples in the anti-HBe assays are often re-
tested. If the repeat test is reactive, the sample is reported as
positive. The enzyme immunoassays have indeterminate or
gray zones around the assay cutoffs. If the samples repeatedly
yield values in this zone, additional testing should be per-
formed with a new specimen.

Antiviral Testing
Therapy for HBV usually requires long-term treatment with
nucleoside or nucleotide analogs which subsequently can
lead to the development of antiviral resistance. HBV repli-
cates through an RNA intermediate. The HBV RNA-
dependent DNA polymerase is not precise during rapid
replication cycles and does not proofread the final copies,
leading to frequent errors. Some of these errors create re-
sistant mutants, which are selected in the presence of anti-
viral agents (20). Over time the HBV strains with antiviral
resistance become the major viral species. The current rec-
ommendation is that a patient who has a 1-log10 increase
from the lowest HBV DNA level should be evaluated for the
development of antiviral resistance (14, 22).

Recently the nomenclature of HBV antiviral resistance
was standardized in order to track nucleotide changes asso-
ciated with drug resistance and to recognize new mutations.
Methods used to detect these mutations are available;
however, the interpretation of results is not always
straightforward. Some mutations predict resistance to mul-
tiple drugs. A single mutation at A181T is associated with
resistance to lamivudine, adefovir, tenofovir, and telbivu-
dine (10). In other situations genetic changes may not
confer resistance when present alone but contribute to the
resistance when additional mutations are present. For ex-
ample, lamivudine resistance does not occur due to a single
L180M mutation, but with the addition of a second muta-
tion, such as A181T, resistance to lamivudine occurs. Thus,
the detection of an L180M, A181T double mutation, which

alters the position of a critical residue in the nucleotide
binding pocket, is required for resistance to be apparent (6,
14). An additional concern is that patients treated with
multiple drugs will have a combination of sequence changes
that represent drug resistance mutations in addition to mu-
tations that occur in order to balance the fitness of the HBV
strains selected out after antiviral therapy (18, 22, 24). Many
of the single nucleotide changes have no recognized phe-
notype and may represent the random genetic changes found
in viruses that use a reverse transcriptase during replication.

There are some commercial assays that are available to
detect mutations associated with antiviral resistance in HBV.
These assays are generally performed in reference laboratories.

HDV
HDV infection is diagnosed by serologic and molecular
markers and should be tested in patients who are infected
with HBV from countries in which HDV is prevalent. Di-
agnosis of a coinfection with HBV and HDV is based on the
detection of HBV DNA, and HDAg, anti-HDV IgM, and
HDV RNA. A superinfection occurs when HDV infects a
patient with chronic HBV. The diagnosis of HDV superin-
fection is made when anti-HDV is found simultaneously
with HBsAg and anti-HBc in the absence of IgM anti-HBc.
Anti-HDV is present indefinitely in patients with chronic
HDV infection (15, 18).

DIAGNOSTIC BEST PRACTICES
During acute HBV disease, IgM anti-HBc is usually positive
when serum transaminases are elevated. At this phase,
HBsAg and/or HBeAg may not always be detectable. In a
typical acute HBV infection, HBsAg can be detected 2 to 4
weeks before the liver enzyme levels become abnormal and
before symptoms appear. Thus, when the patient presents
with clinical signs, HBsAg may not be detected. However,
HBV DNA can be detected 3 to 4 weeks before HBsAg, long
before the onset of symptoms (21, 26). The levels of IgM
anti-HBc eventually decline as the disease resolves or be-
comes chronic. Most patients with an active HBV infection
which resolves have detectable anti-HBs shortly after the
disappearance of HBsAg. Several published reports review
the recommendations for the management of chronic HBV
(21). These recommendations include the frequency of
screening, diagnostic tests used to determine stage of disease
and antiviral treatment. They also provide advice on labo-
ratory tests needed to monitor a patient’s treatment. The use
of these guidelines has led to better treatment compliance
and improved outcomes. Antiviral treatment should be
started with one of the recommended first line therapies,
such as interferon, entecavir, or tenofovir. Patients on
treatment should be monitored regularly for serum HBV
DNA, HBsAg, and liver function (21).
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Hepatitis C virus (HCV) is a single-stranded RNAvirus that
was not known as a causative agent of acute and chronic
hepatitis until 1989. The development of blood transfusion
technology in the mid-20th century led to its rapid spread
into new populations with enormous disease burden due to
cirrhosis and hepatocellular carcinoma (1, 2). Its discovery
by reverse molecular genetics is one of the major achieve-
ments of modern medicine and a model for the discovery of
many other pathogens during the past 25 years (3). Unlike
hepatitis B virus (HBV) and human immunodeficiency
virus (HIV), which establish permanent chronic infection,
HCV is spontaneously cleared in some individuals and is also
amenable to therapeutic cure. With advances in drug thera-
pies, all HCV infections are potentially curable. The de-
velopment of technologies for viral discovery and clinical
detection and monitoring, as well as new classes of antiviral
therapy, are important components of the HCV legacy.

VIRAL CLASSIFICATION AND BIOLOGY
HCV is a small 50-nM, enveloped virus with an uncapped
positive-sense, single-stranded RNA genome that encodes
a single 3010-amino-acid protein. It is a member of the Fla-
viviridae family and is grouped within the genus Hepacivirus
along with two other hepatatrophic viruses, GB virus B
(GB-B) and canine hepacivirus (CHV). The HCV genome
resembles other flavivirus genomes with a single coding
region flanked by 5¢ and 3¢ untranslated regions (UTR)
(Fig. 1). The HCV 5¢UTR is highly conserved among HCV
genotypes but is distinct from other flaviviruses, making it
the preferred target for all molecular detection tests. The
region includes an internal ribosomal entry site (IRES) es-
sential for initiating viral protein synthesis and two binding
sites for the micro-RNA (miR)-122, which are required for
efficient replication. The 3¢UTR ends in a highly conserved,
998-nucleotide region that interacts with the 5¢UTR for
minus-strand priming during viral replication (4).

Three structural proteins (core, E1, E2) and seven non-
structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A,
NS5B) are derived from a viral polyprotein in a process
initiated by host proteases (Fig. 1). The core protein is
highly conserved and binds to HCV RNA to form the nu-
cleocapsid. Core protein may also play a role in transcrip-
tional control and cellular transformation. The envelope
(proteins E1 and E2) forms a noncovalent complex that helps

scaffold the viral envelope. The Domain 1 of E2 interacts
with the cellular receptor CD81. E2’s hypervariable region 1
is a major target of neutralizing antibodies and is highly
variable because of the pressure of immune selection (5).
NS2 is a transmembrane protein that plays an essential role
in polyprotein proteolysis and viral assembly. Autoprotease
cleavage of the NS2/NS3 junction requires zinc stimulation
and depends on activities of terminal domains of both NS2
and NS3 proteins. NS3 also has NTPase/helicase activity
essential for replication. NS4A is a cofactor for NS3 and is
also required for NS5A phosphorylation. NS4B binds to
NS4A to indirectly effect proteolysis and replication and
plays an essential role in the formation of HCV RNA rep-
lication complexes. NS5A has many proposed functions that
affect cell signaling. It also contains a domain thought to
confer interferon resistance called the interferon-alpha
sensitivity-determining region (ISDR). NS5B is an RNA-
dependent polymerase that first copies the HCV genome and
subsequently creates a genomic plus strand from this inter-
mediate. In addition to these HCV life cycle functions, both
structural and nonstructural proteins have important im-
mune-evasive roles (6).

HCV replication is highly error prone due to the viral
polymerase’s lack of proof-reading function. The high ge-
nome copy number present in most stages of infection also
contributes to the selection of sequence variants. Alignment
of HCV sequences reveals a complex pattern of conserved
and variable regions across the genome. In 2005 a consensus
proposal was adopted for classification of HCV variants into
genotypes and subtypes that also designated formal rules
for subsequence classification and naming. The most re-
cent consensus update recognizes 7 distinct genotypes
and 67 confirmed subtypes (7). In addition, analysis of
HCV sequences from individual patients reveals the pres-
ence of closely related but distinct viral quasispecies with se-
quence variation up to 10% that evolve over the course of
infection (8).

Both innate and adaptive immune responses play a key
role in defense against HCV infection and contribute to
manifestations of host disease. The innate immune response
includes rapid release of interferon alpha and interferon beta
from hepatocytes as an early viral defense. In addition,
natural killer cells, which are abundant in the liver, produce
interferon-gamma and other cytokines. The adaptive im-
mune responses of antibody-producing B cells, cellular CD4
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T-helper cells, and CD8 cytotoxic T cells are also critical for
controlling HCV infection. HCV antibodies appear ap-
proximately seven to eight weeks after infection although
their role in viral neutralization is still unclear. HCV-specific
T cells appear early in infection and are detectable for years
during stages of chronic infection (9).

EPIDEMIOLOGY
Beginning in the 1940s, HCV spread widely throughout the
world to populations in all social strata. The major con-
tributors leading to this spread were the introduction of in-
travenous medical technologies, including transfusion and
vaccination and an increase in intravenous drug use. Ini-
tiatives to control HBV also led to the first major reduction
in new cases of HCV. New cases were further reduced with
the introduction of targeted screening of blood products for
HCV. Currently, new cases of HCVare skewed to specific at-
risk populations, particularly injection drug users. Clusters of
acute HCV have been seen in HIV positive populations,
possibly as a result of sexual practices involving mucosal
trauma and injection or noninjection drug use (10). HCV is
transmitted by percutaneous inoculation, including intra-
venous injection, tattooing, acupuncture, and circumcision,
by sexual intercourse, and from mother to child. Fluids in-
cluding saliva, urine, and semen can contain HCV; however,
transmission from these sources is rare. For all transmissions,
the inoculum size and HCV concentration correlate with
the likelihood of infection (11, 12).

It is estimated that more than 185 million people, or
approximately 2.8% of the world’s population, have been
infected with HCV and that 130 to 170 million are chron-
ically infected. Lack of surveillance resources has limited the
accuracy of data for many global regions and for select
populations in all countries. In general, the greatest burden
is in developing countries including Africa, Latin America,
and south-central regions of Asia where estimates of infec-
tion exceed 5% for many nations. In those areas, improper
sterilization has often been associated with the spread of
HCV (13). A campaign to eliminate schistosomiasis in
Egypt from the 1950s to the 1980s employed IV injection of
tartar emetic without needle sterilization and resulted in
high rates of transmission of type 4 HCV. Unintended spread
by public health campaigns has largely been corrected and
most new cases are related to IV drug injection (14).

HCV prevalence in developed regions has been most
systematically studied in the United States and Europe.
Beginning in 1998, the National Health and Nutrition Ex-
amination Surveys (NHANES) program initiated testing of
individuals from a cross-section of U.S. households. Data
from 1988 to 1994 suggested that 1.8% of the U.S. popu-
lation or approximately 3.9 million individuals were infected

with HCV (15). The most recent studies by NHANES for
the years 2003 to 2010 estimates an HCV prevalence of
approximately 1%, or 2.7 million individuals (16). Based on
these data, approximately 75% of HCV-infected individuals
in the United States were born between 1945 and 1965. An
analysis of veterans born within this time interval showed a
prevalence of 10.3% compared to only 1.2% for those born
after 1965 (17). With the advent of more effective treatment
options, this “baby boomer” cohort has become the focus of
intensive efforts to identify chronically infected individuals
and bring them to therapy (18).

The traceability of HCV genotypes has been key to un-
derstanding its spread and formulating strategies for control.
Accurate knowledge of HCV genotype distribution is also
important for treatment and public health planning since
many therapies are genotype specific. Genotypes 1 to 3 are
the most common worldwide with genotype 1 virus domi-
nant in the United States and Northern Europe. Phyloge-
netic analysis suggests that subtype 1b may have been spread
earlier in blood products as compared to subtype 1a, which is
associated with spread by drug use in these regions (13).
Genotypes 4 and 5 are found mostly in Africa and genotype
6 is concentrated in Asia. Older studies of genotype and
subtype distribution may not reflect recent population and
HCV transmission dynamics. In particular the geographi-
cally clustered genotypes 4 to 7 have now spread to bor-
dering countries and to North America and Europe (19).

HCV CLINICAL SIGNIFICANCE
HCV infection leads to chronic hepatitis in approximately
80% of cases, placing patients at risk for cirrhosis, decom-
pensated cirrhosis, and hepatocellular carcinoma (20, 21).
The time course for disease progression is variable and most
patients are asymptomatic in early years of infection. In
general, resolved infection is not associated with serious
disease; however, chronic infection poses an increasing risk
with time. The liver-related mortality of chronic HCV in-
fection worldwide is estimated to be greater than 350,000
deaths per year (20). All-cause HCV mortality is signifi-
cantly higher because of the frequent involvement of other
organ-systems during the course of chronic infection. At this
time, HCV-driven liver failure is the leading indicator for
liver transplantation in the Western world (22).

HCV infection is usually mild and often asymptomatic.
Symptoms may include fatigue, nausea, and abdominal pain,
with accompanying jaundice and dark urine. In many cases
the only indication of infection is the presence of elevated
transaminases, which occurs 10 to 14 weeks after transmis-
sion. Fulminant infection occurs in only a small percentage
of acute infections. The time course for HCV clearance is
difficult to establish and depends on many factors, including
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severity of acute infection, host immunity, host genetics, and
HIV coinfection. The likelihood of spontaneous resolution
is approximately 25%, but estimates vary in different studies
and populations. The time to viral clearance also varies, but
clearance generally occurs within 6 months of infection and
is not accompanied by significant disease. Likelihood of
clearance is correlated with fewer overt symptoms of hepa-
titis, non-African descent, lack of HIV coinfection, and host
capacity for interferon expression (21).

Chronic HCV infection is a slowly progressive disease
characterized by high viremia, fluctuating inflammation, and
steatosis. Although infections may remain indolent for many
years, progression to cirrhosis occurs in approximately 5 to
10% of patients over a 20- to 30-year period. Progression
rates are highly variable and difficult to predict. In the setting
of established cirrhosis there is a 1 to 5% annual risk of
hepatocellular carcinoma and a 3 to 6% annual risk of he-
patic decompensation (23). Risk of progression to fibrosis
with HCV is multifactorial and includes age at infection,
male gender, alcohol consumption, obesity, insulin resis-
tance, type 2 diabetes, and co-infection with HBV or HIV
(23). Although most chronically infected individuals have
persistent blood levels of HCV RNA in excess of 105 In-
ternational Units (IU)/mL, there is no strong correlation of
HCV viral load or genotype with fibrosis progression (24).

Extrahepatic complications frequently accompany HCV
infection and manifest with a broad spectrum of disease
affecting renal, cardiovascular, and central nervous systems.
Between 15 to 30% of HCV patients have circulating
cryoglobulins. Mixed cryoglobulinemia vasculitis causes
inflammation in kidney, skin and other organs. Its progres-
sion is variable but may be life-threatening because of
widespread vasculitis. The chronic stimulation of B cells
during HCVinfection has been linked to an increased risk of
non-Hodgkins lymphoma. Likewise, treatment of low-grade,
HCV-associated tumors has been associated with remission.
Type 2 diabetes is associated with steatosis and inflammatory
processes, and several studies have shown an association
with chronic HCV infection (21, 25).

The composite effect of all conditions related to chronic
HCV infection is profound and results in reduced health-
related quality of life. Psychosocial and economic factors are
also important consequences that can directly affect health.
Patients commonly experience fear and anxiety regarding
both health outcomes and stigmatization. Access to care and
the cost of new highly effective but expensive therapies are
factors that may profoundly affect total personal health (11).

TREATMENT AND PREVENTION
Treatment for HCV is based on either host immune modu-
lation by interferon or disruption of viral replication by
various classes of direct-acting antivirals (DAAs). Traditional
interferon-based treatments employ pegylated a-interferon
(peg-aINF) and ribavirin (RBV), a guanosine analog with
broad antiviral activity (26). Current DAA targets include
the NS3/4A protease complex, the NS5A packaging and
assembly protein, and the NS5B polymerase. The goal of
treatment is to achieve a sustained virologic response
(SVR), which is defined as the absence of detectable HCV
RNA 6 months after the end of therapy. An end therapeutic
response (ETR), with no HCV RNA detected at the end of
treatment, is not a reliable indicator of HCV cure because
rebound is seen at varying frequencies for all therapies. Rates
of SVR have increased dramatically, especially for new
combination therapies, and now most patients can be cured,

including those with more difficult-to-treat, advancing cir-
rhosis and late-stage decompensated liver disease. Selection
and guidance of therapy is based on HCV viral genotype and
monitoring the kinetics of response measured by quantita-
tive HCV RNA viral load testing (27).

For many years the standard for HCV treatment was
combination peg-aINF with RBV given for 6 months for
genotype 2 or 3 infections and 12 months for other geno-
types. With this therapy SVR rates of 70 to 80% are ach-
ieved for genotypes 2 or 3; however, other genotypes have
SVRs of only 40 to 50%. These differences have been at-
tributed to the association of genotype-specific sequence
differences in the carboxyterminal part of the NS5A protein,
including amino acids 2,209 to 2,248 (28, 29). Treatment is
associated with significant side effects, and many patients
discontinue treatment, resulting in even lower real fre-
quencies of cure. Since 2011, recommended HCV therapies
have incorporated DAAs, initially in combination with peg-
aINF/RBVand more recently in interferon-free formulations.
The first generation protease inhibitors, telaprevir and bo-
ceprevir, were used in combination with peg-aINF/RBV and
were approved for treatment of type 1 virus only. They
achieved SVR rates of 370% with much shorter treatment
durations but with other significant side effects including life-
threatening skin reactions with telaprevir (30). In 2013, the
first NS5B inhibitor sofosbuvir was introduced for use with
ribavirin in an all-oral formulation for treatment of genotypes
2 and 3 or with peg-aINF/RBV for treatment of genotypes 1
and 4, reducing treatment times again by about 50% (31).

Newly developed DAAs are used in combination and are
capable of curing most HCV infection with regimens of 12 to
24 weeks. These include all-oral, interferon-free treatments
with minimal side-effect profiles. Treatment algorithms are
customized for different stages of disease progression, previ-
ous treatment history, and in many cases viral genotypes or
subtypes. Due in part to the high cost of these drugs, patients
are monitored for HCV viral load during therapy to assess
compliance (27).

As HCV treatments have improved, the decision of whom
to treat and when to treat has evolved. The unfavorable side-
effect profiles and low SVRs of early therapies have led some
patients to delay treatment in anticipation of better drugs.
The arrival of dramatically improved HCV therapies has ig-
nited debate over the need for timely therapy (32, 33). Early
HCV therapy clearly mitigates future hepatic and extrahe-
patic disease; however treatment costs can exceed $150,000.
Because HCV disease often progresses slowly over many
years, rationing therapy to patients with most advanced
hepatic fibrosis occurs in many settings and is linked to re-
imbursement issues. The case for routinely treating patients
with earlier stages of disease recognizes the very high cost of
treating late-stage HCV-driven disease and the better toler-
ability of early therapy, as well as ethical concerns (33).

The widespread elimination of HCV will be achieved
only with the development of an effective and easily ad-
ministered vaccine. HCV vaccine development is challeng-
ing because of HCV’s intrinsically high genetic variability
and ability to blunt cellular immune responses (34). Viral
peptide, recombinant protein, and DNAvaccines have been
developed but none have yet demonstrated suitability for
either prophylactic or therapeutic use (35).

In the absence of an effective vaccine, HCV prevention
is primarily based on screening blood products, eliminating
unsafe medical practices, and reducing intravenous drug
use–associated transmission. For populations with access to
therapy, reducing the pool of infected individuals is also
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forecast to have a significant preventive impact (11). In
developed nations, the current risk of acquiring HCV in-
fection by blood transfusion is approximately 1 in a million
(.0001%), and the window period for detecting HCV RNA
has been reported to be as early as 3-5 days (36). Adherence
to standard care practices is also critical for preventing
transmission during routine phlebotomy and manipulation
of intravenous solutions. Although transmission rates among
injection drug users have declined, new infections still occur
at significant frequencies (37). Needle exchange programs
and other methods to reduce the numbers of new cases have
been effective primarily in developed countries (38).

DIAGNOSIS, DETECTION,
AND MONITORING
The diagnosis of acute or chronic HCV infection is based on
serologic screening for anti-HCV antibodies and confirma-
tion by detection of HCV RNA. Serologic tests for HCV
have improved steadily due to the addition of recombinant
antigens derived from HCV structural and nonstructural
proteins. Third-generation enzyme immunoassays (EIA) use
antigens from core, NS3, NS4, and NS5 and allow for the
detection of anti-HCV antibodies approximately 4 to 6
weeks after infection (39). Chemiluminescence immunoas-
says have also been developed that offer improved specificity
and precision in high-throughput, fully automated formats
(40, 41). The sensitivity and specificity of current screening
tests exceed 99%. Screening assays cannot distinguish active
infection from resolved infection, nor can they detect HCV
during early stages of infection. False-positives occur most
frequently in low-risk populations, pregnant women, and in
patients with immunologic disease. False-negatives occur at
a rate of approximately 10% in patients with inadequate
antibody response, such as immunocompromised patients
and patients on long-term dialysis (42, 43).

Until recently, seropositive samples were confirmed by
blot-based serologic tests. The recombinant immunoblot
assay (RIBA) was used widely and incorporated antigens
used in screening tests (44). This tool allowed for the
identification of previously infected individuals who had a
spontaneously cleared infection and therefore afforded
valuable epidemiologic information. Algorithms for using
signal-to-cutoff (S/CO) values from screening tests were
developed based on the observation that high S/CO samples
are strongly correlated with the presence of detectable HCV
RNA (45). RIBA has high numbers of indeterminate results,
and confirmation of high S/CO samples by HCV RNA
testing is more efficient and cost effective than RIBA con-
firmation of all samples. Manufacture of the RIBA test was
discontinued in 2013, and current guidelines call for HCV
serologic confirmation by a sensitive HCV RNA detection
method (46).

In attempts to better distinguish acute from chronic HCV
infection, both anti-HCV IgM and avidity assays have been
developed; however, these assays have not been adopted
into clinical practice. Tests that detect core antigen alone
have also been developed as a low-cost alternative for di-
agnosing acute infection. These tests have been shown to
detect acute infection 1 to 2 days following the appearance
of HCV RNA in serum and offer a low-cost, low-tech al-
ternative in resource-limited settings. Due to its lower sen-
sitivity of approximately 104 IU/ml HCV RNA, it is not
recommended as a substitute for RNA testing (47, 48).

HCV RNA can be reliably detected 1 to 3 weeks after
infection and approximately 4 weeks prior to appearance of

anti-HCV antibodies. Its presence is the definitive marker
for HCV disease. For confirmation of HCV seropositive
samples, both qualitative and quantitative tests are routinely
used. First-generation quantitative tests were less sensitive
than qualitative tests and until recently until recently no
quantitative tests were FDA-approved for diagnosis. Current
(second- and third-generation) quantitative tests have
equivalent or better sensitivity compared with qualitative
tests and have the advantage of providing a baseline for
monitoring patients during therapy, affording both conve-
nience and cost savings (49).

The primary role of quantitative HCV RNA testing is to
assess the efficacy of treatment. For peg-aINF/RBV therapy,
the kinetics of HCV RNA decline is strongly predictive of
SVR. Rapid viral response (RVR), defined as undetectable
HCV RNA 4 weeks after initiation of therapy, is the stron-
gest predictor of SVR for peg-aINF/RBV therapy. Slower
responses to interferon-based therapies have also been indi-
cators for extending treatment duration. Likewise, failure to
achieve a greater than a 100-fold drop in viral load by week
12 predicts a < 1% likelihood of SVR and is an indication to
discontinue peg-aINF/RBV treatment. Although baseline
viral load is also a predictor of therapeutic success, it is only
one of many factors (49, 50). Treatment algorithms using the
first-generation protease inhibitors boceprevir or telaprevir
in combination with peg-aINF/RBV illustrated the subtleties
of viral load use for response-guided therapy. These drugs
were used in combination with peg-aINF/RBV. Decisions to
extend treatment duration were based on quantifying HCV
RNA at set time-points. If viral loads were above or below
prescribed quantitative thresholds, therapy was continued or
stopped (51). Current therapies with highly active DAAs
call for treatment for defined intervals based on prior treat-
ment history, stage of disease, and HCV genotype. Failure to
achieve set endpoints of HCV viral load is also useful for
assessing patient compliance (110).

HCV genotyping refers to both the taxonomic assign-
ment of HCV genotypes and subtypes and to the analysis of
the HCV genome to detect resistance-associated variants.
Historically, the primary use of taxonomic genotyping has
been for determining treatment duration for interferon-
based therapies. Guidelines for treatment with peg-aINF/
RBV call for 6-month treatment for genotypes 2 and 3 versus
12-month treatment for other types. In therapies that
combine peg-aINF/RBV with DAAs, genotype-specific
outcomes are also noted. In addition, differences in treat-
ment outcome are seen between HCV subtypes 1a versus 1b.
Genotype 1a/1b subtype differences are also noted for DAA-
based therapies that do not include interferon (52). In
general, subtype 1a virus is more difficult to treat than 1b in
many therapies. Thus, current guidelines recommend using
taxonomic genotyping and subtyping 1a/1b to select DAA
therapy and its duration (110).

DAA-based therapies may be confounded by the pres-
ence of pre-existing resistance-associated variants and by
resistance-associated variants selected on treatment. The
likelihood of resistance emergence is reduced by selecting
DAAs with high barriers to resistance, using DAAs with
different resistance mechanisms in combination, and pro-
moting patient compliance to prescribed therapy. Among
DAA classes, the barrier to resistance is greatest for NS5B
inhibitors, lower for NS3/4A inhibitors, and lower still for
NS5A inhibitors (53).

Treatment with the first-generation protease inhibitors
boceprevir or telaprevir along with peg-aINF gives rise to
mutations in NS3/4A that reduce likelihood of SVR. Al-
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though second- and third-generation NS3/4A inhibitors
have higher barriers to resistance, R155K and D168E/G/V
variants can arise during treatment and affect outcomes. The
mutation Q80K arises spontaneously and also following
treatment with the second-generation protease inhibitor si-
meprevir during combination peg-aINF therapy. Resistance
occurs at higher frequency in subtype 1a versus 1b infections
and is associated with increased failure rates in some geno-
type 1a patients on simeprevir/peg-aINF therapy (54). Re-
sistance testing to detect this mutation is done prior to
initiation of therapy based on recommendations in the si-
meprevir package insert (55). The lower barrier to resistance
for genotype 1a is due in part to the requirement for resis-
tance of only two nucleotide transitions versus two transi-
tions and two transversions for genotype 1b (56).

Mutations present in NS5A prior to treatment also have
significance for clinical outcome (57). The number of drugs
affected and the impact of these mutations appear to be
greater for subtypes 1a compared to 1b (57, 58). NS5A
mutations have a low fitness cost and persist for years. The
type and number of mutations is also important in patients
being retreated after failure with NS5A inhibitors (57).
Resistance to NS5B inhibitors arises infrequently and no
cross-resistance is seen among nucleotide and nonnucleotide
classes.

Until recently, HCV resistance testing prior to initiating
therapy has not been widely performed because of the
evolving status of clinical data and lack of testing resource.
Some reference laboratories now offer resistance testing for
select indications. An example is the recommendation for
testing for several potential mutations in NS5A prior to
treatment of genotype 1a infection with the recently ap-
proved NS5A inhibitor Zepatier (elbasvir/grazoprevir) (59).
Going forward, it is likely resistance testing will be done on a
selective basis and consider factors such as prior treatment
experience, stage of liver disease, and HCV genotype.

Several genome-wide association studies have revealed
single nucleotide polymorphisms (SNPs) upstream of the
IL28B gene on human chromosome 19 that are associated
with spontaneous clearance of HCVand the host response to
interferon-based therapies (60, 61). The IL28B gene en-
codes the type III a–interferon, IFN-l3, which is important
for antiviral immunity and targets receptors that are more
localized to hepatocytes compared to type I IFN-a receptors.
Patients on peg-aINF/RIB with the SNP rs12979860 CC
genotype are twice as likely to achieve SVR compared with
individuals with CT-heterozygous and TT-homozygous ge-
notypes (62). The favorable C allele is prevalent in East

Asian individuals who have high rates of response to inter-
feron therapies and is less prevalent in individuals of African
descent who have lower rates of response. Analysis of the
codistribution of HCV and human IL28B genotypes has
provided insights into the long-observed differences in SVR
for interferon-based therapies. IL28 testing is not recom-
mended for guidance of current interferon-based combina-
tion therapies.

HCV ASSAYS
Avariety of assays are available for HCV screening, diagnosis,
quantification, and genotyping. These tests employ many
technologies including enzyme immunoassay or chemilu-
minescence immunoassay, transcription-mediated amplifi-
cation, reverse-transcription PCR (RT-PCR), quantitative
RT-PCR (qRT-PCR), hybridization-based identification,
and sequencing.

Screening Assays
Screening assays for detecting HCV antibody generally
employ chemiluminescent signaling and use recombinant
antigens bound in solid phase to magnetic beads or micro-
titer wells (Table 1). Recombinant antigens are derived from
conserved domains of the core, NS3, NS4, and NS5 regions
of the HCV genome (43). These tests detect patients’HCV-
specific antibodies using conjugate antibodies (antihuman
IgG) with horseradish peroxidase or acridinium labels,
which catalyze a luminol substrate. Light generated from
luminol catalysis is compared with a signal threshold and the
relative amount of light is reported as S/CO (63, 64). Assays
have an indeterminate range for samples slightly below the
cutoff. Samples with S/CO ratios in this range cannot be
definitively identified as negative or positive and therefore
require repeat and/or confirmation testing by another
method. The use of the serology test samples for confirma-
tory RNA testing is controversial, with some labs supporting
this practice and others requiring submission of separate
serum and plasma samples. Prealiquoting from the serology
test sample for subsequent molecular testing or requiring
submission of separate samples are practices that reduce the
possibility of false-positives due to contamination.

HCV RNA Detection and Quantification Assays
Several qualitative and quantitative assays are FDA-approved
for HCV clinical testing (Table 2). These tests target the
5¢UTR because of its high conservation, which allows
for reliable amplification of most circulating HCV strains.

TABLE 1 Commercial anti-HCV screening assaysa

Analyzer Manufacturer Method Solid phase HCV antigens

ADVIA Centaur Siemens Corp., Washington, DC, USA CLIA Magnetic particles c22-3 (Core), NS3, c200,NS5
Architect i2000SR Abbott Laboratories, Abbott Park, IL, USA CMIA Paramagnetic particles HCr43 (Core and NS3),

c100-3 (NS4A)
AxSYM Abbott Laboratories, Abbott Park, IL, USA MEIA Paramagnetic particles HCr43 (Core), c200 (NS3),

c100-3 (NS4A)
Elecsys Roche Diagnostics, Indianapolis, IN, USA ECLIA Paramagnetic particles Core, NS3, NS4
LiaisonXL DiaSorin, Stillwater, MN, USA CLIA Paramagnetic particles Core, NS3, NS4
VITROS Eci,

VITROS 3600
Ortho-Clinical Diagnostics, Raritan,

New Jersey, USA
CLIA Microwell c22-3 (Core), c200,

(NS3 and NS4), NS5

CLIA= chemiluminescent immunoassay, CMIA= chemiluminescent microparticle immunoassay, MEIA= microparticle enzyme immunoassay, ECLIA= electrolu-
minescence immunoassay

aThis table includes examples of commonly used HCV screening tests commercially available in the United States and is not intended to be an all-inclusive list.
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Internal controls are used to normalize for amplification in-
hibition or prevent reporting of results from significantly
inhibited samples. Results are reported in International Units
(IU) and are normalized to WHO standards. Qualitative as-
says previously had greater sensitivity than quantitative tests
and were preferred for confirmation of anti-HCV antibody
detection. The development of HCV quantitative tests with
equivalent or better sensitivity has led to their widespread use
for confirmatory testing and the discontinuation of some
qualitative tests. The Aptima HCV RNA Qualitative Assay
(Hologic, Inc., Bedford, MA, USA) has sensitivity equiva-
lent to current quantitative tests and is approved for HCV
diagnosis. Unlike most other qualitative assays that are PCR-
based, the Aptima assay uses transcription-mediated ampli-
fication, an isothermal process that uses MMLV reverse
transcriptase and T7 RNA polymerase to amplify RNA.

The FDA has approved several commercial tests for
quantifying HCV RNA, including the Versant HCV RNA
3.0 assay (bDNA, Siemens Healthcare Diagnostics Inc. Tar-
rytown, NY), the COBAS AmpliPrep/COBAS TaqMan
HCVTests (RocheMolecular Systems, Inc., Branchburg,NJ)
(58,65–67), and the RealTime HCV assay (Abbott Molec-
ular Inc., Des Plaines, IL) (68) (Table 2). The APTIMA
HCV RNAQualitative Assay, COBASAmpliPrep/COBAS
TaqMan HCV Test v2.0, and COBAS HCV (6800/8800)
tests also are approved as an aid in diagnosis. The Versant
bDNA assay was one of the first to be developed and used
hybridization technology in a microtiter well format, with
signal amplifier probes forming a branched-chain structure
and detection of linked alkaline phosphatase labeled probes
by chemiluminescence. The final version 3.0 assay had a 615
IU/mL LLOD and a dynamic range of 615-7.7 · 106 IU/mL.
The manufacturer has recently discontinued this assay be-
cause of the availability of more sensitive and rapid quan-
titative tests. Subsequent HCV RNA tests have all used
target amplification in a variety of formats.

The Roche COBAS assays measure HCV RNA using
qRT-PCR technology and TaqMan probes. This technology
involves DNA polymerase using its 5¢-3¢ exonuclease ac-
tivity to hydrolyze probe bound to the target during the
elongation step of PCR. Prior to hydrolysis, the quencher is
in close enough proximity to the fluorophore to prevent

signal. Following hydrolysis, the fluorophore and quencher
are spatially separated and fluorescence can be detected. The
assay quantifies HCV RNA by comparing the measured
amount of sample RNA to a known amount of internal
calibrator included in each reaction. Although the assay was
designed to universally detect all six HCV genotypes, several
groups, mostly outside of the United States, reported that
the first version of the assay under-quantified or failed to
detect some HCV isolates. Some genotype 4 samples were
particularly challenging for the assay, most likely because of
polymorphisms at positions nt145 and nt165 in the 5¢UTR
(69–72). Roche released a second version of the assay with
design improvements to address these issues (73–77). Other
improvements to the version 2.0 assay include decreasing
the required 1 mL sample input volume to 0.65 mL while
decreasing the LLOQ from 43 IU/mL to 15 IU/mL. A ver-
sion of the COBAS assay using manual extractions (the
High Pure System) was used for many clinical trials and has a
dynamic range of 25-3 · 108 IU/mL.

The Abbott RealTime HCVassay has a LLOD and LLOQ
of 12 IU/mL and a dynamic range of 12-1x108 IU/mL (68).
Like the Roche COBAS assay, the Abbott RealTime HCV
assay also uses qRT-PCR to measure HCV RNA, although it
uses a different probe technology. Its probe has a 5¢ fluo-
rophore and 3¢ quencher. In its unbound state, the probe is
randomly coiled, which causes the fluorophore and quencher
to be physically close together and thus prevents signaling.
When the probe hybridizes to the target, the fluorophore and
quencher are spatially separated and fluorescence can be
observed. The Abbott RealTime HCVassay uses a two-point
standard curve to quantify HCV RNA. The exogenous in-
ternal control to monitor sample processing and possible
inhibition is a pumpkin gene.

The qRT-PCR assays are the method of choice for diag-
nosing active infection, assessing patient compliance, and
monitoring therapeutic response due to their high sensitivity
and broad dynamic range. It is important to note that dif-
ferent qRT-PCR assays may not detect some genotypes
equally because of polymorphisms in probe and primer tar-
gets, although the assays have been designed to minimize
genotype bias as much as possible (78). Their fully auto-
mated formats (available since 2007) also allow for relatively

TABLE 2 Commercial HCV RNA testsa

Test Manufacturer Method

Lower limit
of detection
(IU/mL)

Quantitative
dynamic

range (IU/mL)

Qualitative
Ampliscreen HCV Test v2.0 Roche Diagnostics, Indianapolis, IN RT-PCR < 50 NA
APTIMA HCV RNA Qualitative Assay Gen-Probe, Inc., San Diego, CA TMA 5 NA
Quantitative
Versant HCV RNA Assay v3.0 Siemens Corp., Washington, DC bDNA 615 615-7.7 · 106

COBAS TaqMan HCV Test v2.0
with High Pure System

Roche Diagnostics, Indianapolis, IN Real-time RT-PCR 20 25-3.0 · 108

COBAS AmpliPrep/COBAS
TaqMan HCV Test

Roche Diagnostics, Indianapolis, IN Real-time RT-PCR 18 43-6.9 · 107

COBAS AmpliPrep/COBAS
TaqMan HCV Test, v2.0

Roche Diagnostics, Indianapolis, IN Real-time RT-PCR 15 15-1.0 · 108

COBAS HCV (6800/8800 system) Roche Diagnostics, Indianapolis, IN Real-time RT-PCR 15 15-1.0 · 108

RealTime HCV Abbott Laboratories, Abbot Park, IL Real-time RT-PCR 12 12-1.0 · 108

NA = not applicable
aThis table includes examples of commonly used HCV RNA tests commercially available in the United States and is not intended to be an all-inclusive list.
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fast, high-throughput testing with minimal risks for carry-
over and sample-to-sample contamination. However, these
tests require considerable technical expertise and expensive
equipment, making them less suitable for resource-limited
settings.

Genotyping Assays
Like the HCV RNA detection assays, genotyping assays
have historically targeted the HCV 5¢UTR. However,
studies have shown the limitations of 5¢UTR analysis for
subtyping due to the region’s high genetic conservation (79–
81). Furthermore, some 1b subtypes and several subtypes of 6
have identical 5¢UTR sequence and are indistinguishable by
5¢UTR analysis (82) and other unusual subtypes may con-
found 5¢UTR assays (83–85), leading to inaccurate genotype
identification. In addition to the 5¢UTR, most commercial
assays now analyze more genetically variable regions of the
HCV genome, including core and NS5B (86, 87). Se-
quencing outside of the 5¢UTR (most commonly core and
NS5B) is currently considered the gold standard for geno-
typing and provides much higher subtyping resolution. HCV
nomenclature systems require core and NS5B sequencing to
established new provisional subtypes (80, 88). However,
genotyping by sequencing is not routinely performed except
by select reference laboratories, in part because reliably
amplifying and analyzing these highly variable regions across
all genotypes is difficult. Several studies have highlighted the
need for sequencing-based approaches to complement cur-
rent commercial assays, although such sequencing is not
performed routinely (89–93). Commonly used commercial
assays include the Versant hepatitis C virus genotype 2.0
assay (LiPA 2.0) (Bayer Healthcare, Eragny, France), the
Abbott HCV Genotype II IVD assay (Des Plaines, IL,
USA), and the GenMark eSensor HCVg Direct assay
(GenMark Dx, Carlsbad, CA, USA).

The Versant LiPA method involves hybridizing bio-
tinylated PCR products to genotype-specific oligonucleotide
probes immobilized in parallel lines on membrane strips.
Hybridized products appear as purple/brown bands after the
addition of alkaline phosphatase-labeled streptavidin fol-
lowed by substrate (BCIP/NBT chromogen). The LiPA
method requires less technical expertise and may be lower in
cost than other methods. It may also detect subpopulations
in mixed infections more sensitively than sequencing. The
first version of the Versant LiPA assay was introduced in the
1990s and targeted solely the 5¢UTR to identify genotypes 1
through 6 (94). The updated LiPA 2.0 assay primarily targets
the 5¢UTR but also interrogates the core region to more
accurately identify subtypes 1a, 1b, and genotype 6. How-
ever, LiPA 2.0 still occasionally misclassifies common ge-
notypes and can be confounded by rare subtypes (90, 95,
96). Lipa 2.0 may also occasionally fail to subtype genotype 1
specimens with reported frequencies of failure ranging from
2.2 to 7.4% (90,97–100).

The Abbott HCV GT II IVD assay (Des Plaines, IL,
USA) is currently the only FDA-approved assay. It uses real-
time PCR to amplify and detect portions of the 5¢UTR and
NS5B. The assay detects HCV genotypes 1 through 5 using
probes targeting the 5¢UTR amplicon and subtypes 1a and
1b using probes targeting the NS5B amplicon. Advantages
of the GT II assay include its automated format, ease of use,
and sensitivity. Like other commercial assays, previous
studies have shown that the GT II assay fails to correctly
genotype rare subtypes and fails to subtype in 4.3 to 9.1% of
genotype 1 samples (86, 89, 93). Recently, Abbott intro-
duced the HCV GT Plus RUO assay to serve as a resolution

assay for samples with ambiguous GT II results by detecting
subtypes 1a, 1b, and genotype 6 through interrogating the
core region (101).

The GenMark eSensor method is also a hybridization-
based assay but in an array format with numerous probes. The
eSensor technology involves hybridizing PCR products to
genotype-specific capture probes, which then hybridize to
surface-bound, ferrocene-labeled signal probes. These signal
probes are then detected electrochemically. Like the LiPA
and Abbott assays, two versions of the GenMark HCV gen-
otyping assay are available: the eSensor HCV Genotyping
Test that targets the 5¢UTR and the eSensor HCVg Direct
Test that primarily targets the 5¢UTR but also interrogates
the core region. Like the other commercially available hy-
bridization methods, the GenMark assay may be vulnerable
to failure due to polymorphisms, but its array format may
make it more sensitive than other methods (102).

A variety of hybridization-based commercial methods for
genotyping are available. Current commercial assays satis-
factorily genotype routine specimens. However, they may
inaccurately genotype < 5% of samples, including rare sub-
types and intergenotype recombinants. Sequencing outside
of the 5¢UTR is a useful resolution method for determining
the genotype of challenging samples.

Resistance Testing
Some reference laboratories have recently started offering
Sanger and next-generation sequencing-based methods for
detecting DAA resistance-associated variants. Currently, no
commercial kits are available for resistance testing. In general,
resistance tests are genotype-specific and thus require iden-
tifying taxonomic genotype prior to ordering resistance test-
ing.Most resistance tests interrogate genotypes 1a and 1b only
andmore recently genotype 3. Furthermore, resistance testing
is ordered on a per gene basis. For example,NS3/4A resistance
testing is available for genotype 1a and 1b infections and
detects Q80K along with other mutations associated with
resistance to the protease inhibitors boceprevir, simeprevir,
telaprevir, paritaprevir, and grazoprevir. NS5A resistance
testing is available for genotypes 1a, 1b, and genotype 3 and
detects resistance to DAAs such as ledipasvir and ombitasvir.
NS5B resistance testing is available for genotypes 1a and 1b
and detects mutations associated with polymerase-inhibitors
such as dasabuvir and sofosbuvir. Resistance testing may be-
come increasingly important for selecting treatment with
newer and future drugs as well as for treatment-experienced
patients who have failed previous therapies.

Point-of-Care Testing
Point-of-care (POC) tests for the detection of HCV anti-
bodies have been developed using various technologies, in-
cluding test strips, lateral flow (similar to ELISA), and
immunochromatography. These tests play an important role
in developing countries where access to equipment and fa-
cilities, a constant electricity source, and skilled technicians
is often not available. With the recent availability of highly
effective, interferon-free therapies, there has been an in-
creased emphasis on potential applications for POC testing
in developed countries as well, including its use as an in-
expensive, rapid means for screening medium- and high-risk
populations.

Sample types for POC tests include plasma, serum, whole
blood, and oral fluid. Performance varies widely depending
on factors including HCV genotype, co-infection with HIV,
and storage and testing conditions (103–106). Studies have
found little genotype bias for currently available POC tests
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(103, 107, 108). Most POC tests generally have lower an-
alytic sensitivity and detect HCV antibodies a few days to a
few weeks later than standard immunoassays. One exception
is the OraQuick HCV Rapid Antibody Test (OraSure
Technologies Inc., Bethlehem, PA, USA), which performs
similarly to third-generation EIA assays and is FDA-ap-
proved for rapid screening (103), making it potentially
suitable for large-scale screening programs. Toyo anti-HCV
test (Turklab, Turkey) may also perform sufficiently well for
use in widespread screening (103, 109).

Developing countries and other resource-limited settings
commonly use rapid, POC testing for HCV screening (103).
Large-scale screening programs for these populations may
lead to reduced transmission and improved access to care
(109). As yet, POCmolecular tests for HCV confirmation or
monitoring have not been introduced; however, suitable
technologies have been developed and are now in wide-
spread use for other applications such as rapid respiratory
testing. HCV genotyping requires varying degrees of se-
quence interrogation and this capability is not yet available
on small portable devices. With the advent of pangenotypic
interferon-free therapies, future testing may require only
POC serologic screening and qualitative RNA confirmation.
The goal of identifying and bringing to therapy larger pro-
portions of at-risk populations might be well served by such
testing.

REFERENCES
1. Wise M, Bialek S, Finelli L, Bell BP, Sorvillo F. 2008.

Changing trends in hepatitis C-related mortality in the United
States, 1995–2004. Hepatology 47:1128–1135.

2. Lavanchy D. 2009. The global burden of hepatitis C. Liver Int
29(Suppl 1):74–81.

3. Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW,
Houghton M. 1989. Isolation of a cDNA clone derived from a
blood-borne non-A, non-B viral hepatitis genome. Science
244:359–362.

4. Lindenbach B, Murray C, Thiel HJ, Rice C. 2013. Hepatitis
C virus, p 712–746. In Knipe D, Howley P (ed), Field Virology,
Vol. Lippincott Williams and Wilkins, Philadelphia.

5. Polyak SJ, McArdle S, Liu SL, Sullivan DG, Chung M,
Hofgärtner WT, Carithers RL Jr, McMahon BJ, Mullins JI,
Corey L, Gretch DR. 1998. Evolution of hepatitis C virus
quasispecies in hypervariable region 1 and the putative inter-
feron sensitivity-determining region during interferon therapy
and natural infection. J Virol 72:4288–4296.

6. Moradpour D, Penin F, Rice CM. 2007. Replication of hep-
atitis C virus. Nat Rev Microbiol 5:453–463.

7. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM,
Stapleton JT, Simmonds P. 2014. Expanded classification of
hepatitis C virus into 7 genotypes and 67 subtypes: updated
criteria and genotype assignment web resource. Hepatology 59:
318–327.

8. Gómez J, Martell M, Quer J, Cabot B, Esteban JI. 1999.
Hepatitis C viral quasispecies. J Viral Hepat 6:3–16.

9. Spengler U, Nischalke HD, Nattermann J, Strassburg CP.
2013. Between Scylla and Charybdis: the role of the human
immune system in the pathogenesis of hepatitis C. World J
Gastroenterol 19:7852–7866.

10. van de Laar TJ, PaxtonWA, Zorgdrager F, Cornelissen M, de
Vries HJ. 2011. Sexual transmission of hepatitis C virus in
human immunodeficiency virus-negative men who have sex
with men: a series of case reports. Sex Transm Dis 38:102–104.

11. Thomas DL. 2013. Global control of hepatitis C: where
challenge meets opportunity. Nat Med 19:850–858.

12. Seeff LB. 1991. Hepatitis C from a needlestick injury. Ann
Intern Med 115:411.

13. Lavanchy D. 2011. Evolving epidemiology of hepatitis C virus.
Clin Microbiol Infect 17:107–115.

14. Strickland GT. 2006. Liver disease in Egypt: hepatitis C su-
perseded schistosomiasis as a result of iatrogenic and biological
factors. Hepatology 43:915–922.

15. Armstrong GL, Wasley A, Simard EP, McQuillan GM,
Kuhnert WL, Alter MJ. 2006. The prevalence of hepatitis C
virus infection in the United States, 1999 through 2002. Ann
Intern Med 144:705–714.

16. Denniston MM, Jiles RB, Drobeniuc J, Klevens RM, Ward
JW, McQuillan GM, Holmberg SD. 2014. Chronic hepatitis
C virus infection in the United States, National Health and
Nutrition Examination Survey 2003 to 2010. Ann Intern Med
160:293–300.

17. Backus LI, Belperio PS, Loomis TP, Mole LA. 2014. Impact
of race/ethnicity and gender on HCV screening and preva-
lence among U.S. veterans in Department of Veterans Affairs
Care. Am J Public Health 104(Suppl 4):S555–S561.

18. Chou R, Cottrell EB, Wasson N, Rahman B, Guise JM.
2013. Screening for hepatitis C virus infection in adults: a
systematic review for the U.S. Preventive Services Task Force.
Ann Intern Med 158:101–108.

19. Messina JP, Humphreys I, Flaxman A, Brown A, Cooke GS,
Pybus OG, Barnes E. 2015. Global distribution and preva-
lence of hepatitis C virus genotypes. Hepatology 61:77–87.

20. Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP.
2006. The contributions of hepatitis B virus and hepatitis C
virus infections to cirrhosis and primary liver cancer world-
wide. J Hepatol 45:529–538.

21. Maasoumy B, Wedemeyer H. 2012. Natural history of acute
and chronic hepatitis C. Best Pract Res Clin Gastroenterol
26:401–412.

22. Tsoulfas G, Goulis I, Giakoustidis D, Akriviadis E, Ago-
rastou P, Imvrios G, Papanikolaou V. 2009. Hepatitis C and
liver transplantation. Hippokratia 13:211–215.

23. Chen SL, Morgan TR. 2006. The natural history of hepatitis
C virus (HCV) infection. Int J Med Sci 3:47–52.

24. Pawlotsky JM. 2010. More sensitive hepatitis C virus RNA
detection: what for? J Hepatol 52:783–785.

25. Cacoub P, Comarmond C, Domont F, Savey L, Desbois AC,
Saadoun D. 2016. Extrahepatic manifestations of chronic
hepatitis C virus infection. Ther Adv Infect Dis 3:3–14.

26. Feld JJ, Hoofnagle JH. 2005. Mechanism of action of inter-
feron and ribavirin in treatment of hepatitis C. Nature
436:967–972.

27. Pawlotsky JM, Feld JJ, Zeuzem S, Hoofnagle JH. 2015. From
non-A, non-B hepatitis to hepatitis C virus cure. J Hepatol 62
(Suppl):S87–S99.

28. Watanabe H, Enomoto N, Nagayama K, Izumi N, Marumo
F, Sato C, Watanabe M. 2001. Number and position of mu-
tations in the interferon (IFN) sensitivity-determining region
of the gene for nonstructural protein 5A correlate with IFN
efficacy in hepatitis C virus genotype 1b infection. J Infect Dis
183:1195–1203.

29. Itakura J, Kurosaki M, Higuchi M, Takada H, Nakakuki N,
Itakura Y, Tamaki N, Yasui Y, Suzuki S, Tsuchiya K, Na-
kanishi H, Takahashi Y, Maekawa S, Enomoto N, Izumi N.
2015. Resistance-associated NS5Avariants of hepatitis C virus
are susceptible to interferon-based therapy. PLoS One 10:
e0138060.

30. McHutchison JG, Everson GT, Gordon SC, Jacobson IM,
Sulkowski M, Kauffman R, McNair L, Alam J, Muir AJ,
PROVE1 Study Team. 2009. Telaprevir with peginterferon
and ribavirin for chronic HCV genotype 1 infection. N Engl J
Med 360:1827–1838.

31. Keating GM. 2014. Sofosbuvir: a review of its use in patients
with chronic hepatitis C. Drugs 74:1127–1146.

32. Cardoso AC, Moucari R, Figueiredo-Mendes C, Ripault MP,
Giuily N, Castelnau C, Boyer N, Asselah T, Martinot-
Peignoux M, Maylin S, Carvalho-Filho RJ, Valla D, Bedossa
P, Marcellin P. 2010. Impact of peginterferon and ribavirin
therapy on hepatocellular carcinoma: incidence and survival

358 - VIRAL PATHOGENS

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18318441&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18318441&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18318441&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18318441&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19207969&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19207969&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19207969&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2523562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2523562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2523562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2523562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2523562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9557719&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9557719&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9557719&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9557719&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9557719&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9557719&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9557719&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17487147&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17487147&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17487147&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24115039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24115039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24115039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24115039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24115039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24115039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10847126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10847126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10847126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24307779&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24307779&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24307779&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24307779&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24307779&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20706177&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20706177&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20706177&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20706177&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20706177&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836235&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836235&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836235&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1907442&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1907442&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1907442&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21091831&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21091831&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21091831&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16628669&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16628669&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16628669&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16628669&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16702586&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16702586&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16702586&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16702586&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16702586&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24737271&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24737271&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24737271&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24737271&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24737271&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24737271&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25100421&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25100421&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25100421&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25100421&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25100421&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23183613&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23183613&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23183613&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23183613&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23183613&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25069599&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25069599&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25069599&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25069599&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16879891&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16879891&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16879891&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16879891&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16879891&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23199500&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23199500&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23199500&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23199500&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20011084&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20011084&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20011084&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20011084&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16614742&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16614742&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16614742&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20385426&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20385426&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20385426&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26862398&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26862398&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26862398&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26862398&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16107837&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16107837&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16107837&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16107837&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25920094&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25920094&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25920094&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25920094&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11262201&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11262201&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11262201&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11262201&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11262201&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11262201&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11262201&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26368554&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26368554&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26368554&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26368554&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26368554&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26368554&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26368554&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19403902&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19403902&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19403902&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19403902&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19403902&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19403902&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24958336&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24958336&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24958336&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract


in hepatitis C patients with advanced fibrosis. J Hepatol 52:
652–657.

33. Attar BM, Van Thiel DH. 2016. Hepatitis C virus: A time for
decisions. Who should be treated and when? World J Gastro-
intest Pharmacol Ther 7:33–40.

34. Ansaldi F, Orsi A, Sticchi L, Bruzzone B, Icardi G. 2014.
Hepatitis C virus in the new era: perspectives in epidemiology,
prevention, diagnostics and predictors of response to therapy.
World J Gastroenterol 20:9633–9652.

35. Liang TJ. 2013. Current progress in development of hepatitis
C virus vaccines. Nat Med 19:869–878.

36. Selvarajah S, Busch MP. 2012. Transfusion transmission of
HCV, a long but successful road map to safety. Antivir Ther 17
(7 Pt B):1423–1429.

37. Bruggmann P, et al. 2014. Historical epidemiology of hepatitis
C virus (HCV) in selected countries. J Viral Hepat 21(Suppl 1):
5–33.

38. Hagan H, Jarlais DC, Friedman SR, Purchase D, Alter MJ.
1995. Reduced risk of hepatitis B and hepatitis C among in-
jection drug users in the Tacoma syringe exchange program.
Am J Public Health 85:1531–1537.

39. Glynn SA, Wright DJ, Kleinman SH, Hirschkorn D, Tu Y,
Heldebrant C, Smith R, Giachetti C, Gallarda J, Busch MP.
2005. Dynamics of viremia in early hepatitis C virus infection.
Transfusion 45:994–1002.

40. Dufour DR, Talastas M, Fernandez MD, Harris B. 2003.
Chemiluminescence assay improves specificity of hepatitis C
antibody detection. Clin Chem 49:940–944.

41. Kim S, Kim JH, Yoon S, Park YH, Kim HS. 2008. Clinical
performance evaluation of four automated chemiluminescence
immunoassays for hepatitis C virus antibody detection. J Clin
Microbiol 46:3919–3923.

42. Saludes V, González V, Planas R, Matas L, Ausina V, Martró
E. 2014. Tools for the diagnosis of hepatitis C virus infection
and hepatic fibrosis staging. World J Gastroenterol 20:3431–
3442.

43. Bendinelli M, Pistello M, Maggi F, Vatteroni M. 2009. Blood-
borne hepatitis viruses: Hepatitis viruses B, C, and D and
candidate agents of cryptogenetic hepatitis, p 325–362. In
Wiedbrauk DL (ed), Specter S, Hodinka RL, 4th ed. Clinical
Virology Manual, ASM Press, Washington, DC.

44. Martin P, Fabrizi F, Dixit V, Quan S, Brezina M, Kaufman E,
Sra K, DiNello R, Polito A, Gitnick G. 1998. Automated
RIBA hepatitis C virus (HCV) strip immunoblot assay for
reproducible HCV diagnosis. J Clin Microbiol 36:387–390.

45. Alter MJ, Kuhnert WL, Finelli L. Guidelines for laboratory
testing and result reporting of antibody to hepatitis C virus.
Centers for Disease Control and Prevention.MMWR Recomm
Rep 200352:1–13,.

46. Gong S, Schmotzer CL, Zhou L. 2015. Evaluation of quan-
titative real-time PCR as a hepatitis C virus supplementary test
after RIBA discontinuation. J Clin Lab Anal, in press.

47. Veillon P, Payan C, Picchio G, Maniez-Montreuil M, Guntz
P, Lunel F. 2003. Comparative evaluation of the total hepatitis
C virus core antigen, branched-DNA, and amplicor monitor
assays in determining viremia for patients with chronic hep-
atitis C during interferon plus ribavirin combination therapy.
J Clin Microbiol 41:3212–3220.

48. Hosseini-Moghaddam SM, Iran-Pour E, Rotstein C, Husain
S, Lilly L, Renner E, Mazzulli T. 2012. Hepatitis C core Ag
and its clinical applicability: potential advantages and disad-
vantages for diagnosis and follow-up? Rev Med Virol 22:156–
165.

49. Chevaliez S, Pawlotsky JM. 2012. Virology of hepatitis C
virus infection. Best Pract Res Clin Gastroenterol 26:381–389.

50. Ghany MG, Strader DB, Thomas DL, Seeff LB, American
Association for the Study of Liver Diseases. 2009. Diagnosis,
management, and treatment of hepatitis C: an update. Hep-
atology 49:1335–1374.

51. Kohli A, Shaffer A, Sherman A, Kottilil S. 2014. Treatment
of hepatitis C: a systematic review. JAMA 312:631–640.

52. Pawlotsky JM. 2014. New hepatitis C therapies: the toolbox,
strategies, and challenges. Gastroenterology 146:1176–1192.

53. Cento V, Chevaliez S, Perno CF. 2015. Resistance to direct-
acting antiviral agents: clinical utility and significance. Curr
Opin HIV AIDS 10:381–389.

54. Poveda E, Wyles DL, Mena A, Pedreira JD, Castro-Iglesias
A, Cachay E. 2014. Update on hepatitis C virus resistance to
direct-acting antiviral agents. Antiviral Res 108:181–191.

55. OLYSIO Prescribing Information. Janssen Therapeutics. Ti-
tusville, NJ, USA. Available at: http://www.olysio.com/shared/
product/ olysio/prescribing-information.pdf Accessed 15 April
2016.

56. Cento V, Mirabelli C, Salpini R, Dimonte S, Artese A, Costa
G, Mercurio F, Svicher V, Parrotta L, Bertoli A, Ciotti M, Di
Paolo D, Sarrecchia C, Andreoni M, Alcaro S, Angelico M,
Perno CF, Ceccherini-Silberstein F. 2012. HCV genotypes
are differently prone to the development of resistance to linear
and macrocyclic protease inhibitors. PLoS One 7:e39652.

57. Krishnan P, Beyer J, Mistry N, Koev G, Reisch T, DeGoey
D, Kati W, Campbell A, Williams L, Xie W, Setze C, Molla
A, Collins C, Pilot-Matias T. 2015. In vitro and in vivo an-
tiviral activity and resistance profile of ombitasvir, an inhibitor
of hepatitis C virus NS5A. Antimicrob Agents Chemother
59:979–987.

58. Sarrazin C, Dragan A, Gärtner BC, Forman MS, Traver S,
Zeuzem S, Valsamakis A. 2008. Evaluation of an automated,
highly sensitive, real-time PCR-based assay (COBAS Ampli-
prep/COBAS TaqMan) for quantification of HCV RNA. J
Clin Virol 43:162–168.

59. Zepatier US Prescribing Information. Merck & Co Inc.,
Kenilworth, NJ, USA. Available at: https://www.merck.com/
product/usa/pi_circulars/z/zepatier/zepatier_pi.pdf. Accessed 16
Apr 2016.

60. Ge D, Fellay J, Thompson AJ, Simon JS, Shianna KV, Ur-
ban TJ, Heinzen EL, Qiu P, Bertelsen AH, Muir AJ, Sul-
kowski M, McHutchison JG, Goldstein DB. 2009. Genetic
variation in IL28B predicts hepatitis C treatment-induced
viral clearance. Nature 461:399–401.

61. Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura
K, Sakamoto N, Nakagawa M, Korenaga M, Hino K, Hige S,
Ito Y, Mita E, Tanaka E, Mochida S, Murawaki Y, Honda M,
Sakai A, Hiasa Y, Nishiguchi S, Koike A, Sakaida I, Imamura
M, Ito K, Yano K, Masaki N, Sugauchi F, Izumi N, Tokunaga
K, Mizokami M. 2009. Genome-wide association of IL28B
with response to pegylated interferon-alpha and ribavirin
therapy for chronic hepatitis C. Nat Genet 41:1105–1109.

62. Thomas DL, Thio CL, Martin MP, Qi Y, Ge D, O’Huigin C,
Kidd J, Kidd K, Khakoo SI, Alexander G, Goedert JJ, Kirk
GD, Donfield SM, Rosen HR, Tobler LH, Busch MP,
McHutchison JG, Goldstein DB, Carrington M. 2009. Ge-
netic variation in IL28B and spontaneous clearance of hepa-
titis C virus. Nature 461:798–801.

63. Ismail N, Fish GE, Smith MB. 2004. Laboratory evaluation of
a fully automated chemiluminescence immunoassay for rapid
detection of HBsAg, antibodies to HBsAg, and antibodies to
hepatitis C virus. J Clin Microbiol 42:610–617.

64. Jonas G, Pelzer C, Beckert C, Hausmann M, Kapprell HP.
2005. Performance characteristics of the ARCHITECT anti-
HCV assay. J Clin Virol 34:97–103.

65. Pittaluga F, Allice T, Abate ML, Ciancio A, Cerutti F, Var-
etto S, Colucci G, Smedile A, Ghisetti V. 2008. Clinical
evaluation of the COBAS Ampliprep/COBAS TaqMan for
HCV RNA quantitation in comparison with the branched-
DNA assay. J Med Virol 80:254–260.

66. Vermehren J, Kau A, Gärtner BC, Göbel R, Zeuzem S,
Sarrazin C. 2008. Differences between two real-time PCR-
based hepatitis C virus (HCV) assays (RealTime HCV and
Cobas AmpliPrep/Cobas TaqMan) and one signal amplifica-
tion assay (Versant HCV RNA 3.0) for RNA detection and
quantification. J Clin Microbiol 46:3880–3891.

67. Pyne MT, Hillyard DR. 2013. Evaluation of the Roche
COBAS AmpliPrep/COBAS TaqMan HCV Test. Diagn Mi-
crobiol Infect Dis 77:25–30.

68. Michelin BD, Muller Z, Stelzl E, Marth E, Kessler HH.
2007. Evaluation of the Abbott RealTime HCV assay for

25. Hepatitis C Virus - 359

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20346533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26855810&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26855810&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26855810&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26855810&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25110404&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25110404&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25110404&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25110404&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25110404&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836237&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836237&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23836237&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322562&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24713004&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24713004&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24713004&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24713004&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7485666&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7485666&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7485666&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7485666&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7485666&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15934999&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15934999&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15934999&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15934999&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15934999&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12765991&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12765991&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12765991&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12765991&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18945839&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18945839&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18945839&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18945839&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18945839&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24707126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24707126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24707126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24707126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24707126&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9466746&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9466746&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9466746&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9466746&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9466746&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26499369&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26499369&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26499369&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26499369&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12843066&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12843066&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12843066&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12843066&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12843066&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12843066&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12843066&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22121001&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22121001&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22121001&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22121001&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22121001&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22121001&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23199498&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23199498&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23199498&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330875&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330875&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330875&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330875&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330875&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25117132&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25117132&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25117132&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24631495&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24631495&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24631495&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26248125&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26248125&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26248125&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26248125&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24911972&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24911972&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24911972&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24911972&dopt=Abstract
http://www.olysio.com/shared/product/
http://www.olysio.com/shared/product/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22792183&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22792183&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22792183&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22792183&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22792183&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22792183&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22792183&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25451055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25451055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25451055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25451055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25451055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25451055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25451055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18692434&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18692434&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18692434&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18692434&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18692434&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18692434&dopt=Abstract
https://www.merck.com/product/usa/pi_circulars/z/zepatier/zepatier_pi.pdf
https://www.merck.com/product/usa/pi_circulars/z/zepatier/zepatier_pi.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19684573&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19684573&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19684573&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19684573&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19684573&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19684573&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19749757&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19759533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19759533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19759533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19759533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19759533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19759533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19759533&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14766824&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14766824&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14766824&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14766824&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14766824&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16122974&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16122974&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16122974&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16122974&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18098148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18098148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18098148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18098148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18098148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18098148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18799708&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18799708&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18799708&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18799708&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18799708&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18799708&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18799708&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23806661&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23806661&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23806661&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23806661&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17185031&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17185031&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17185031&dopt=Abstract


quantitative detection of hepatitis C virus RNA. J Clin Virol
38:96–100.

69. Akhavan S, Ronsin C, Laperche S, Thibault V. 2011.
Genotype 4 hepatitis C virus: beware of false-negative RNA
detection. Hepatology 53:1066–1067.

70. Chevaliez S, Bouvier-Alias M, Castéra L, Pawlotsky JM.
2009. The Cobas AmpliPrep-Cobas TaqMan real-time poly-
merase chain reaction assay fails to detect hepatitis C virus
RNA in highly viremic genotype 4 clinical samples. Hepatol-
ogy 49:1397–1398.

71. Germer JJ, Bommersbach CE, Schmidt DM, Bendel JL, Yao
JD. 2009. Quantification of genotype 4 hepatitis C virus RNA
by the COBAS AmpliPrep/COBAS TaqMan hepatitis C virus
test. Hepatology 50:1679–1680.

72. Halfon P, Martinot-Peignoux M, Khiri H, Marcellin P. 2010.
Quantification of genotype 4 serum samples: impact of hepa-
titis C virus genetic variability. Hepatology 52:401.

73. Chevaliez S, Bouvier-Alias M, Rodriguez C, Soulier A, Po-
veda JD, Pawlotsky JM. 2013. The Cobas AmpliPrep/Cobas
TaqMan HCV test, version 2.0, real-time PCR assay accu-
rately quantifies hepatitis C virus genotype 4 RNA. J Clin
Microbiol 51:1078–1082.

74. Pas S, Molenkamp R, Schinkel J, Rebers S, Copra C, Seven-
Deniz S, Thamke D, de Knegt RJ, Haagmans BL, Schutten
M. 2013. Performance evaluation of the new Roche cobas
AmpliPrep/cobas TaqManHCV test, version 2.0, for detection
and quantification of hepatitis C virus RNA. J Clin Microbiol
51:238–242.

75. Pyne MT, Mallory M, Hillyard DR. 2015. HCV RNA
measurement in samples with diverse genotypes using versions
1 and 2 of the Roche COBAS� AmpliPrep/COBAS� Taq-
Man� HCV test. J Clin Virol 65:54–57.

76. Vermehren J, Colucci G, Gohl P, Hamdi N, Abdelaziz AI,
Karey U, Thamke D, Zitzer H, Zeuzem S, Sarrazin C. 2011.
Development of a second version of the Cobas AmpliPrep/
Cobas TaqMan hepatitis C virus quantitative test with im-
proved genotype inclusivity. J Clin Microbiol 49:3309–3315.

77. Zitzer H, Heilek G, Truchon K, Susser S, Vermehren J,
Sizmann D, Cobb B, Sarrazin C. 2013. Second-generation
Cobas AmpliPrep/Cobas TaqMan HCV quantitative test for
viral load monitoring: a novel dual-probe assay design. J Clin
Microbiol 51:571–577.

78. Pawlotsky JM. 2002. Use and interpretation of virological
tests for hepatitis C. Hepatology 36(Suppl 1):S65–S73.

79. Hraber PT, Fischer W, Bruno WJ, Leitner T, Kuiken C.
2006. Comparative analysis of hepatitis C virus phylogenies
from coding and non-coding regions: the 5¢ untranslated re-
gion (UTR) fails to classify subtypes. Virol J 3:103.

80. Simmonds P, Bukh J, Combet C, Deléage G, Enomoto N,
Feinstone S, Halfon P, Inchauspé G, Kuiken C, Maertens G,
Mizokami M, Murphy DG, Okamoto H, Pawlotsky JM,
Penin F, Sablon E, Shin-I T, Stuyver LJ, Thiel HJ, Viazov S,
Weiner AJ, Widell A. 2005. Consensus proposals for a unified
system of nomenclature of hepatitis C virus genotypes. Hep-
atology 42:962–973.

81. Simmonds P, Smith DB, McOmish F, Yap PL, Kolberg J,
Urdea MS, Holmes EC. 1994. Identification of genotypes of
hepatitis C virus by sequence comparisons in the core, E1 and
NS-5 regions. J Gen Virol 75:1053–1061.

82. Murphy DG, Willems B, Deschênes M, Hilzenrat N,
Mousseau R, Sabbah S. 2007. Use of sequence analysis of the
NS5B region for routine genotyping of hepatitis C virus with
reference to C/E1 and 5¢ untranslated region sequences. J Clin
Microbiol 45:1102–1112.

83. Molenkamp R, Harbers G, Schinkel J, Melchers WJ. 2009.
Identification of two Hepatitis C Virus isolates that failed
genotyping by Versant LiPA 2.0 assay. J Clin Virol 44:250–253.

84. Cento V, Landonio S, De Luca F, Di Maio VC, Micheli V,
Mirabelli C, Niero F, Magni C, Rizzardini G, Perno CF,
Ceccherini-Silberstein F. 2013. A boceprevir failure in a pa-
tient infected with HCV genotype 1g: importance and limita-
tions of virus genotyping prior to HCV protease-inhibitor-based
therapy. Antivir Ther 18:645–648.

85. Martró E, González V, Buckton AJ, Saludes V, Fernández G,
Matas L, Planas R, Ausina V. 2008. Evaluation of a new assay
in comparison with reverse hybridization and sequencing
methods for hepatitis C virus genotyping targeting both 5¢
noncoding and nonstructural 5b genomic regions. J Clin Mi-
crobiol 46:192–197.

86. Chevaliez S, Bouvier-Alias M, Brillet R, Pawlotsky JM.
2009. Hepatitis C virus (HCV) genotype 1 subtype identifi-
cation in new HCV drug development and future clinical
practice. PLoS One 4:e8209.

87. Bouchardeau F, Cantaloube JF, Chevaliez S, Portal C, Razer
A, Lefrère JJ, Pawlotsky JM, De Micco P, Laperche S. 2007.
Improvement of hepatitis C virus (HCV) genotype determi-
nation with the new version of the INNO-LiPA HCV assay.
J Clin Microbiol 45:1140–1145.

88. Kuiken C, Simmonds P. 2009. Nomenclature and numbering
of the hepatitis C virus. Methods Mol Biol 510:33–53.

89. Benedet M, Adachi D, Wong A, Wong S, Pabbaraju K,
Tellier R, Tang JW. 2014. The need for a sequencing-based
assay to supplement the Abbott m2000 RealTime HCV
Genotype II assay: a 1 year analysis. J Clin Virol 60:301–304.

90. González V, Gomes-Fernandes M, Bascuñana E, Casanovas
S, Saludes V, Jordana-Lluch E, Matas L, Ausina V, Martró E.
2013. Accuracy of a commercially available assay for HCV
genotyping and subtyping in the clinical practice. J Clin Virol
58:249–253.

91. Hong SK, Cho SI, Ra EK, Kim EC, Park JS, Park SS, Seong
MW. 2012. Evaluation of two hepatitis C virus genotyping
assays based on the 5¢ untranslated region (UTR): the limi-
tations of 5¢ UTR-based assays and the need for a supple-
mentary sequencing-based approach. J Clin Microbiol 50:
3741–3743.

92. Larrat S, Poveda JD, Coudret C, Fusillier K, Magnat N,
Signori-Schmuck A, Thibault V, Morand P. 2013. Se-
quencing assays for failed genotyping with the versant hepatitis
C virus genotype assay (LiPA), version 2.0. J Clin Microbiol
51:2815–2821.

93. Mallory MA, Lucic DX, Sears MT, Cloherty GA, Hillyard
DR. 2014. Evaluation of the Abbott realtime HCV genotype
II RUO (GT II) assay with reference to 5’UTR, core and
NS5B sequencing. J Clin Virol 60:22–26.

94. Andonov A, Chaudhary RK. 1995. Subtyping of hepatitis C
virus isolates by a line probe assay using hybridization. J Clin
Microbiol 33:254–256.

95. De Keukeleire S, Descheemaeker P, Reynders M. 2015.
Potential risk of misclassification HCV 2k/1b strains as HCV
2a/2c using VERSANT HCV Genotype 2.0 assay. Diagn Mi-
crobiol Infect Dis 82:201–202.

96. Cai Q, Zhao Z, Liu Y, Shao X, Gao Z. 2013. Comparison of
three different HCV genotyping methods: core, NS5B se-
quence analysis and line probe assay. Int J Mol Med 31:347–
352.

97. Ciotti M, Marcuccilli F, Guenci T, Babakir-Mina M, Chiodo
F, Favarato M, Perno CF. 2010. A multicenter evaluation of
the Abbott RealTime HCV Genotype II assay. J Virol Methods
167:205–207.

98. Noppornpanth S, Sablon E, De Nys K, Truong XL, Brouwer
J, Van Brussel M, Smits SL, Poovorawan Y, Osterhaus AD,
Haagmans BL. 2006. Genotyping hepatitis C viruses from
Southeast Asia by a novel line probe assay that simultaneously
detects core and 5¢ untranslated regions. J Clin Microbiol
44:3969–3974.

99. Shinol RC, Gale HB, Kan VL. 2012. Performance of the
Abbott RealTime HCV Genotype II RUO assay. J Clin Mi-
crobiol 50:3099–3101.

100. Verbeeck J, Stanley MJ, Shieh J, Celis L, Huyck E, Wollants
E, Morimoto J, Farrior A, Sablon E, Jankowski-Hennig M,
Schaper C, Johnson P, Van Ranst M, Van Brussel M. 2008.
Evaluation of Versant hepatitis C virus genotype assay (LiPA)
2.0. J Clin Microbiol 46:1901–1906.

101. Mokhtari C, Ebel A, Reinhardt B, Merlin S, Proust S,
Roque-Afonso AM. 2016. Characterization of Samples iden-
tified as hepatitis C virus Genotype 1 without subtype by

360 - VIRAL PATHOGENS

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17185031&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17185031&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21374684&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21374684&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21374684&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21374684&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330876&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330876&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330876&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330876&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330876&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19330876&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20229587&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20229587&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20229587&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20229587&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23325825&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23325825&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23325825&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23325825&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23325825&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23325825&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25766989&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25766989&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25766989&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25766989&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25766989&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21752967&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21752967&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21752967&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21752967&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21752967&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21752967&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241371&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241371&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241371&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241371&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241371&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241371&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12407578&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12407578&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12407578&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17169155&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17169155&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17169155&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17169155&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17169155&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16149085&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8176367&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8176367&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8176367&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8176367&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8176367&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17287328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17287328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17287328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17287328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17287328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17287328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19168388&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19168388&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19168388&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19168388&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23411358&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17989191&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19997618&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19997618&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19997618&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19997618&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19997618&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17251399&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17251399&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17251399&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17251399&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17251399&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17251399&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19009252&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19009252&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19009252&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24794397&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24794397&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24794397&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24794397&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24794397&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23731847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23731847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23731847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23731847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23731847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23731847&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22915605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22915605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22915605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22915605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22915605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22915605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22915605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23616453&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23616453&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23616453&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23616453&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23616453&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23616453&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24656214&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24656214&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24656214&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24656214&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24656214&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7699055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7699055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7699055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7699055&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25907374&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25907374&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25907374&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25907374&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25907374&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241873&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241873&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241873&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241873&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23241873&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20362009&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20362009&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20362009&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20362009&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20362009&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16957039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16957039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16957039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16957039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16957039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16957039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16957039&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22760043&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22760043&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22760043&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22760043&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18400913&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18400913&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18400913&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18400913&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18400913&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18400913&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582834&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582834&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582834&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582834&dopt=Abstract


Abbott RealTime HCV Genotype II assay using the new Ab-
bott HCV Genotype Plus RUO Test. J Clin Microbiol 54:
296–299.

102. Sam SS, Steinmetz HB, Tsongalis GJ, Tafe LJ, Lefferts JA.
2013. Validation of a solid-phase electrochemical array for
genotyping hepatitis C virus. Exp Mol Pathol 95:18–22.

103. Khuroo MS, Khuroo NS, Khuroo MS. 2015. Diagnostic
accuracy of point-of-care tests for hepatitis C virus infection: a
systematic review and meta-analysis. PLoS One 10:e0121450.

104. Nyirenda M, Beadsworth MB, Stephany P, Hart CA,
Hart IJ, Munthali C, Beeching NJ, Zijlstra EE. 2008.
Prevalence of infection with hepatitis B and C virus and
coinfection with HIV in medical inpatients in Malawi. J Infect
57:72–77.

105. Smith BD, Jewett A, Drobeniuc J, Kamili S. 2012. Rapid
diagnostic HCV antibody assays. Antivir Ther 17(7 Pt B):
1409–1413.

106. Smith BD, Teshale E, Jewett A, Weinbaum CM, Neaigus A,
Hagan H, Jenness SM, Melville SK, Burt R, Thiede H, Al-
Tayyib A, Pannala PR, Miles IW, Oster AM, Smith A,
Finlayson T, Bowles KE, Dinenno EA. 2011. Performance of

premarket rapid hepatitis C virus antibody assays in 4 national
human immunodeficiency virus behavioral surveillance system
sites. Clin Infect Dis 53:780–786.

107. Daniel HD, Abraham P, Raghuraman S, Vivekanandan P,
Subramaniam T, Sridharan G. 2005. Evaluation of a rapid
assay as an alternative to conventional enzyme immunoassays
for detection of hepatitis C virus-specific antibodies. J Clin
Microbiol 43:1977–1978.

108. Scheiblauer H, El-Nageh M, Nick S, Fields H, Prince A,
Diaz S. 2006. Evaluation of the performance of 44 assays used
in countries with limited resources for the detection of anti-
bodies to hepatitis C virus. Transfusion 46:708–718.

109. Chevaliez S, Poiteau L, Rosa I, Soulier A, Roudot-Thoraval
F, Laperche S, Hézode C, Pawlotsky JM. 2016. Prospective
assessment of rapid diagnostic tests for the detection of anti-
bodies to hepatitis C virus, a tool for improving access to care.
Clin Microbiol Infect 22:459.e1–459.e6.

110. American Association for the Study of Liver Diseases, 2016.
HCV Guidance: Recommendations for Testing, Managing,
and Treating Hepatitis C Available at: http://hcvguidelines.
org/full-report-view. Accessed March, 15.

25. Hepatitis C Virus - 361

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582834&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582834&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26582834&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23583628&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23583628&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23583628&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23583628&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25816332&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25816332&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25816332&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25816332&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18555534&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18555534&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18555534&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18555534&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18555534&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18555534&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322678&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322678&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322678&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23322678&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21921221&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15815036&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15815036&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15815036&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15815036&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15815036&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15815036&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16686838&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16686838&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16686838&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16686838&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16686838&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26806260&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26806260&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26806260&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26806260&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26806260&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26806260&dopt=Abstract
http://hcvguidelines.org/full-report-view
http://hcvguidelines.org/full-report-view




Herpes Simplex Viruses and Varicella Zoster Virus
SCOTT H. JAMES AND MARK N. PRICHARD

26
VIRAL CLASSIFICATION AND BIOLOGY
The herpesviruses are classified in the family Herpesviridae
based on the characteristic large linear double-stranded
DNA genome packaged within an enveloped icosahedral
capsid. Members of this family have been identified in al-
most all animal species, and the specific herpesviruses are
usually restricted to a single species. Nine human herpesvi-
ruses have been described: HSV-1, HSV-2, varicella zoster
virus (VZV), Epstein-Barr virus (EBV), human cytomega-
lovirus (CMV), human herpesvirus 6A (HHV-6A), human
herpesvirus 6B (HHV-6B), human herpesvirus 7 (HHV-7),
and human herpesvirus 8 (HHV-8). All these viruses are
structurally similar and encode a large number of biosyn-
thetic enzymes involved in the synthesis of viral DNA as
well as structure proteins that compose the capsid and teg-
ument, as well as envelope glycoproteins that are required
for infection.

These similarities, however, belie the biological diversity
among the human herpesviruses, and they are further clas-
sified into three subfamilies. The Alphaherpesvirinae includes
HSV-1, HSV-2, and VZV, all of which exhibit a relatively
short replication cycle in primary human fibroblast cells and
the ability to establish latent infections in sensory ganglia.
Betaherpesvirinae replicate more slowly and establish latency
in secretory glands and myeloid precursor cells and include
CMV, HHV-6A, HHV-6B, and HHV-7. The Gamma-
herpesvirinae, EBV and HHV-8, generally replicate in lym-
phoblastoid cells and establish latent infections in lymphoid
tissue. One common theme among all the herpesviruses is
the establishment of lifelong infections that remain largely
quiescent, yet become problematic in immunocompromised
hosts. In this chapter, we will consider the Alphaherpesvirinae
subfamily—HSV-1, HSV-2, and VZV.

Biological Characteristics of HSV
The replication of both HSV-1 and HSV-2 involves com-
plex interactions with the host cell at the molecular level
that drives an efficient replication cycle. The virus then
targets sensory ganglia where it establishes and maintains an
exquisitely controlled latent infection in which the viral
genome remains largely silent and undetected by the host
cell (1). Lytic infection initiates when viral glycoproteins in
the viral envelope interact with receptors on the outer
membrane of the host cell, resulting in fusion events that

deliver the capsid into the cytosol. Translocation along
microtubules conducts nucleocapsids to nuclear pores where
they dock and release the viral genome into the nucleus. A
temporally regulated cascade of transcription ensues, re-
sulting in the expression of three kinetic classes of viral
proteins that are sufficient to direct the replication of the
viral genome in the nuclear replication compartment. Ad-
ditional viral enzymes are required to cleave and package
unit-length genomes from the newly synthesized DNA into
newly assembled capsids. The nuclear lamina is then dis-
rupted by viral-specific functions to release newly formed
nucleocapsids into the cytoplasm where tegument proteins
are acquired. Mature nucleocapsids are then enveloped in
modified membranes of host origin in the golgi where viral
glycoproteins are glycosylated to their mature form. Mature
virions then egress from the host cell.

The replication of the viral DNA is of particular impor-
tance because this step is targeted by all the approved
therapies for HSV infections. The genome of HSV is both
large (152 kb) and complex, with unique long (UL) and
unique short (US) segments bounded by a series of inverted
repeats, such that several viral proteins are required not only
to synthesize DNA but also to direct recombination, inver-
sion, and concatamerization events that must occur prior to
packaging of unit-length genomes (2). Both the UL and US
segments invert during packaging resulting in four distinct
isomers of the genome. DNA synthesis during lytic virus
replication occurs in two distinct phases that require differ-
ent viral gene products (3). The first phase of DNA synthesis
begins with initiation events at three origins of replication
and requires seven viral proteins: the DNA polymerase, its
accessory processivity factor (UL42), the origin binding
protein (UL9), the major single-stranded DNA binding
protein (ICP8, UL29), and three subunits of the helicase-
primase complex consisting of the UL5, UL52 subcomplex,
and UL8. Each of these proteins performs basic functions
that are conserved in other viruses as well as Escherichia coli
and Saccharomyces cerevisiae (4).

Biological Characteristics of VZV
The genomic structure and replication cycle of VZV shares
many characteristics with the other alphaherpesviruses,
HSV-1 and HSV-2. Significant differences are observed,
however, in the biological characteristics of the virus. One
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important distinction involves altered replication charac-
teristics in cell culture. First, VZV exhibits a restricted host
cell range in cell culture that includes human and simian
cells and a modestly extended replication cycle. More im-
portantly, cell culture systems do not accurately reproduce
the efficient assembly and release of progeny virus seen in
the human host. One consequence of this characteristic is
that the virus propagates rather slowly in cell culture by cell-
to-cell spread, and the progeny virus is almost entirely cell
associated. Virions that are released from the cell are poorly
infectious and unstable, so the virus is generally maintained
in infected cells. This aspect is critical to keep in mind when
culturing and maintaining virus stocks in the diagnostic
laboratory because the mishandling of specimens can result
in precipitous drops in infectivity.

Replication of the viral genome has been well studied
because it is targeted by all the approved therapies for VZV
infections. The VZV genome is similar to that of HSVand is
approximately 125 kb in length with UL and US segments
bounded by repeat sequences. The inversion of the segments
also results in four isomers, but two of the four isomers are
underrepresented. The coding content is also comparable to
HSV with 60 of the 66 genes having clear homologs in HSV.
Of the six VZV unique genes, five are dispensable for rep-
lication. VZV encodes the core 40 genes that it shares with
all the human herpesviruses, including clear homologs of the
gene products required for DNA replication in HSV. This
includes the ORF28 DNA polymerase and its accessory
protein ORF16, the origin binding protein (ORF51), the
ssDNA binding protein (ORF29), and three components of
the helicase-primase complex encoded by ORF55, ORF6,
and ORF52. Newly synthesized viral DNA is then cleaved
and packaged into newly formed capsids in a concerted
process that requires viral-specific proteins. The nucleo-
capsids egress the nucleus, tegument proteins are acquired,
and the virus is enveloped in a process that is similar to HSV.
The maturation and egress of VZV is orders of magnitude less
efficient than HSV, but the precise differences that result in
reduced infectivity are poorly understood.

EPIDEMIOLOGY
Herpes Simplex Viruses
Humans are the only known natural reservoir of HSV. In-
fections with HSV-1 and HSV-2 are common in both de-
veloped and undeveloped countries worldwide (5). Neither
virus displays distinct seasonal variation in their incidence of
infection. Acquisition of HSV results in lifelong infection
with the establishment of latency in sensory neural ganglia
followed by periodic clinical or subclinical reactivation of
viral replication. Viral shedding occurs with both symptom-
atic and asymptomatic reactivation, a feature that contributes
significantly to the spread of infection since transmission
occurs by close contact with infected body fluids such as
saliva, mucosal secretions, or vesicle fluid.

Surveillance of seroprevalence indicates that earlier ac-
quisition of infection is seen with HSV-1 as compared to
HSV-2, and in persons of lower socioeconomic status for
both HSV-1 and HSV-2 (6, 7). The overall prevalence of
HSV antibodies increases with age, indicating ongoing ex-
posure to these viruses within the population. Over 90% of
adults have acquired HSV-1 infection by their fifth decade of
life, although only a minority develop clinically apparent
disease at the time of acquisition (8). Both HSV-1 and HSV-2
can cause genital infection, but HSV-1 has typically been

more associated with orolabial lesions, whereas HSV-2 has
historically been associated with genital lesions. More re-
cently, however, HSV-1 has become the more prevalent
cause of genital herpes, responsible for 60% to 80% of genital
herpetic infections in certain populations of young women
(9, 10).

Previous studies indicated an increasing trend in HSV-2
seroprevalence rates in developed countries (11, 12) but
more recent seroepidemiologic studies from the United
States have demonstrated otherwise. Specifically, among
persons 14 to 49 years old, the seroprevalences of HSV-1 and
HSV-2 were approximately 58% and 17%, respectively,
during the period spanning from 1999 to 2004, whereas a
follow-up study from 2005 to 2010 showed that HSV-1 se-
roprevalence had declined to 54% and HSV-2 seropreva-
lence had not significantly changed (16%) (13, 14).

When considering HSV infections, the terminology of
first-episode primary, first-episode nonprimary, and recurrent
infections is commonly used. A first-episode primary infection
indicates that an individual with no prior antibody to HSV-1
or -2 has newly acquired either virus. In contrast, a first-
episode nonprimary infection occurs when a person with pre-
existing antibody to HSV-1 acquires an HSV-2 infection (or
vice versa). Viral reactivation from latency and ensuing
antegrade translocation of virus from sensory neural ganglia
to skin and mucosal surfaces produces a recurrent infection.

Varicella Zoster Virus
Primary infection with VZV results in the cutaneous mani-
festation known as varicella or chickenpox. VZV is highly
communicable by respiratory droplets as well as by direct
contact with skin lesions, as demonstrated by attack rates as
high as 30% in classroom settings and 90% in household
contacts (15). After primary infection, VZV establishes
lifelong latency in cranial nerves and dorsal root ganglia.
Viral reactivation can occur decades later in the form of
zoster, or shingles, a painful rash most commonly limited to a
single dermatome. Zoster occurs in as many as 20% of in-
dividuals who have been previously infected with VZV. Its
incidence increases with age and in individuals with im-
paired cell-mediated immunity (16).

Varicella can occur throughout the year but is more
common in the late winter and spring, whereas zoster
demonstrates no seasonal variability. Prior to the advent of
vaccination against VZV infection, varicella was a near-
universal childhood disease in the United States, as evi-
denced by antibodies being present in more than 90% of
adults. The introduction of the varicella vaccine in 1995
has led to a significant reduction in the burden of VZV
infection in the United States, with a greater than 90%
reduction in the incidence of primary infection in child-
hood and no concomitant shift of disease burden to older
populations (17).

CLINICAL SIGNIFICANCE
Herpes Simplex Viruses
Infections due to HSV can result in a wide spectrum of
disease, ranging from asymptomatic or uncomplicated mu-
cocutaneous involvement to severe disease involving mul-
tisystem dissemination or penetration into the central
nervous system (CNS). The most common types of HSV
infection are primary and recurrent infections of the orola-
bial or genital mucosa. Less frequent, but potentially-life
threatening manifestations of HSV infection include herpes
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simplex encephalitis (HSE) and vertically transmitted neo-
natal infection. HSV can also cause serious ocular infections
that have the potential to cause corneal scarring and vision
loss.

Primary or first-episode nonprimary HSVmucocutaneous
infections are often asymptomatic. Orolabial infections may
also present with extensive oral involvement (gingivosto-
matitis), which is more often seen in young children, or with
pharyngitis, which is more typical in adolescents and adults.
Genital HSV infections can also present symptomatically
with lesions most commonly found on the vulva, labia,
vaginal introitus, or cervix in women and on the glans or
shaft of the penis in men. Perianal involvement and lesions
on the inner thigh are also possible with genital HSV in-
fections. Cutaneous lesions typically present as painful ery-
thematous papules that progress to vesicles of clear fluid.
These fragile vesicles usually burst, but if they do not, pus-
tules may develop due to an influx of inflammatory cells.
After rupturing, lesions transition into shallow ulcers on an
erythematous base. Lesions located on mucosal surfaces
typically do not form vesicles but progress directly to ulcer-
ations. Lesions occurring during recurrent infection are
clinically indistinguishable from those that occur with pri-
mary or first-episode infections.

The total healing process for mucocutaneous lesions can
last for as few as 7 to 10 days or as long as 21 days. A more
severe illness with aseptic meningitis or systemic dissemi-
nation can also occur during primary or first-episode HSV
infections, but these complications are rare in immuno-
competent hosts. Immunocompromised hosts are subject to
more frequent episodes of mucocutaneous reactivation, in-
creased severity, prolonged duration of symptoms and viral
shedding, and a greater risk of systemic dissemination.

Other cutaneous manifestations outside the orolabial and
genital regions can also occur. HSV infection of the nail bed
or tip of a finger is known as herpetic whitlow and is most
common in health care professionals, but can also occur via
autoinoculation in patients with orolabial or genital infec-
tions. Herpes gladiatorum indicates a cutaneous HSV in-
fection transmitted during contact sports such as wrestling.
Patients with skin breakdown due to eczema are at risk for an
HSV infection known as eczema herpeticum.

Primary ocular HSV infections are more commonly
caused by HSV-1 and are often asymptomatic or have self-
limited, superficial involvement in the form of blepharitis,
conjunctivitis, or keratitis. Reactivation from latency in the
trigeminal ganglia can lead to disease recurrence in the re-
gion innervated by the infected dermatome and may involve
tissues that were not affected by the primary infection, such
as the cornea (herpetic keratitis).

HSE, usually due to HSV-1, is the most common cause of
sporadic encephalitis in the United States. One-third of all
HSE cases occur in patients less than 20 years old, and
typical clinical presentations include fever, altered mental
status, and focal neurologic symptoms (18). Hemorrhagic
necrosis is characteristic of disease and is most typically lo-
calized to the temporal lobe. The mortality rate of untreated
HSE exceeds 70%, with impaired neurologic outcomes in
virtually all survivors.

Neonatal HSV infection occurs in an estimated 1 in
3,200 deliveries in the United States (19). Because of the
increasing incidence of HSV-1 genital infections, the ma-
jority of neonatal HSV infections in many parts of the world
now are caused by HSV-1 (20, 21). Mothers with recurrent
genital HSV lesions pose less of a risk for transmission to an
exposed neonate than do mothers with primary or first-

episode nonprimary infections, likely due to the transpla-
cental passage of protective antibodies. Mother-to-child
transmission of HSV can occur during one of three time
periods: in utero (5%), during delivery (85%), or postnatally
via direct contact with an orolabial or other cutaneous lesion
(10%) (18).

In utero (congenital) transmission of HSV is exceedingly
rare and is characterized by a triad of cutaneous, neurologic,
and ocular manifestations present at the time of birth. Ne-
onatal HSV infection acquired perinatally or postnatally is
categorized as skin, eye, and/or mouth disease, CNS disease,
or disseminated disease. The natural history of neonatal
HSV infections involves significant morbidity and mortality,
particularly in CNS and disseminated disease.

Varicella Zoster Virus
Varicella (chickenpox) results from primary VZV infection
and manifests with prodromal symptoms such as fever,
headache, and malaise followed by the onset of a pruritic
maculopapular rash that quickly progresses to vesicular le-
sions. Within 1 to 2 days of their appearance, most vesicles
will have crusted over, leading to the development of
scabbed lesions over the next few days. Lesions occur in
successive crops on the face, trunk, and extremities such that
patients often have concomitant lesions in different stages of
development. New crops of lesions can continue to occur for
up to 7 days. Secondary bacterial infections are the most
common complication of varicella, but neurologic mani-
festations such as encephalitis and cerebellitis can also oc-
cur. Varicella in nonimmune adults is typically more severe
than in children and may be associated with interstitial
pneumonia up to 30% of the time. Primary varicella ac-
quired during pregnancy can be associated with significant
morbidity and mortality in both the mother and the fetus,
including maternal pneumonia, spontaneous abortion, pre-
term labor, congenital varicella (infection of the fetus in
utero), and neonatal varicella (transmission of VZV to a
newborn whose mother develops varicella around the time
of delivery).

Zoster (shingles) is a neurocutaneous reactivation of la-
tent VZV and is characterized by a unilateral painful vesic-
ular eruption in a dermatomal distribution. Eruptions are
often heralded by pruritus and intense pain followed by the
appearance of a maculopapular rash within 2 to 3 days. The
maculopapular lesions quickly progress to vesicles, which
may sometimes coalesce into small bullae. Crops of new
lesions can develop within the same dermatome over the
course of 3 to 5 days, ultimately crusting over and resolving
over a period of about 2 weeks in most healthy patients.
Ocular involvement is possible (herpes zoster ophthalmicus).
Immunocompromised hosts may have a prolonged and more
severe course, which may be complicated by cutaneous or
visceral dissemination. The most common complication of
zoster is postherpetic neuralgia, which is the development of
chronic pain after the resolution of cutaneous lesions. The
pain associated with postherpetic neuralgia can be constant
or intermittent, can last for months to years, and in some
cases can be debilitating.

TREATMENT AND PREVENTION
Current antiviral therapies for the treatment of both HSV
and VZV infections all target the DNA polymerase. Specific
pathways that yield active metabolites differ, yet they all
ultimately inhibit the viral DNA synthesis by interfering
with the viral DNA polymerases (Fig. 1). Acyclovir (ACV)
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was discovered 40 years ago and remains the therapy of
choice for both viruses. The development of ACV and the
orally bioavailable prodrug, valacyclovir (VACV), proved to
be highly effective in the treatment of HSV and VZV in-
fections (22, 23). A second therapy, famciclovir (FCV), is
also highly effective against HSV infections, yet ACV re-
mains the therapy of choice for serious infections. Since the
advent of acyclic nucleoside analogs, the management of
HSV infections has become both more successful and less
toxic. Although second-line antiviral therapies for treatment-
resistant HSV and VZV infections are available, they are of
modest clinical utility because of associated toxicities (24).
The pyrophosphate analog foscarnet (phosphonoformic
acid, PFA) and the acyclic nucleoside phosphonate analog,
cidofovir (CDV) generally remain active against ACV-
resistant infections, but both must be administered paren-
terally and are associated with significant toxicities.

Mechanism of Action of Therapies for HSV
Infections
It is important to understand the mechanism of action of
therapies used to treat HSV infections because resistant in-
fections occur in up to 13% of high-risk populations. The
acyclic deoxyguanosine analog, ACV must be phosphory-
lated initially to the active triphosphate metabolite that acts
as a suicide inhibitor of the viral DNA polymerase (Fig. 1).
Once ACV enters an infected cell, it is phosphorylated
initially by the HSV thymidine kinase (TK) encoded by
the UL23 gene of HSV (25). Once this occurs, cellular ki-
nases further phosphorylate the drug to yield the active
ACV-triphosphate metabolite, which competes with deox-
yguanosine triphosphate for incorporation into the elon-
gating viral DNA strand. Since it lacks a 3¢ hydroxyl analog,
it acts as an obligate chain terminator. The orally bioavail-
able L-valyl ester prodrug of ACV, VACV, acts by a similar
mechanism but has improved bioavailability and pharma-
cokinetic properties.

The drug FCV is a diacetylester prodrug form of penci-
clovir (PCV) and has a mechanism of action that is similar

to ACV (26). Once FCV is converted to PCV, the nucle-
oside analog has a very high affinity for the viral TK and
is rapidly phosphorylated to the monophosphate. It is
then further phosphorylated by cellular enzymes to PCV-
triphosphate metabolite that competitively inhibits the viral
DNA polymerase. This does not necessarily result in chain
termination, however, because it has the equivalent of a 3¢
hydroxyl group on its acyclic side chain, which can allow for
a limited amount of continued chain elongation.

Resistance to both drugs described above is primarily due
to mutations in the viral TK enzymes, which result in greatly
reduced phosphorylation of the drug to the active metabolite
(24). Thus, most resistant infections are resistant to FCV,
ACV, and ganciclovir, which is occasionally used off label
for HSV infections. Mutations in the DNA polymerase can
also impart resistance to the drugs but is much less common
than mutations in the TK.

The pyrophosphate analog PFA also targets the viral
DNA polymerase, but the mechanism of action is distinct
from that of the nucleoside analogs (Fig. 1). This compound
interacts directly with the pyrophosphate binding site of the
DNA polymerase with a high affinity and inhibits the en-
zymatic activity of the enzyme (27). Importantly, it does not
require phosphorylation by the viral TK, such that it remains
active against most ACV-resistant isolates that exhibit re-
duced TK activity. It is approved for the therapy of resistant
infections.

The acyclic nucleoside phosphonate analog CDV is a
deoxycytidine monophosphate analog and is approved for
the therapy ofCMVretinitis, although it is often used off label
to treat ACV-resistant HSV infections that do not respond to
PFA (28). Since this compound is a monophosphate analog,
it does not require an initial phosphorylation by the TK and
undergoes two additional phosphorylation steps by cellular
kinases to the active CDV-diphosphate metabolite, which is
a deoxycytidine triphosphate analog (Fig. 1) (29). Since the
drug is not phosphorylated by the viral TK, it typically re-
tains full antiviral activity against ACV-resistant isolates.
The incorporation of CDV-diphosphate into the nascent

FIGURE 1 Antiviral therapies for HSV and VZV. (A) Therapies for the treatment of HSV and VZV are shown with prodrugs shown in
parentheses. The pyrophosphate analog foscarnet is approved for resistant therapies. Cidofovir is also active against resistant isolates, but it
has not been approved for that indication. (B) Acyclovir, the therapy of choice, is initially phosphorylated exclusively by the TK enzymes
encoded by HSV-1, HSV-2, and VZV to the level of the monophosphate (ACV-MP). Cellular kinases further phosphorylate the drug to the
active triphosphate metabolite (ACV-TP) that inhibits the viral DNA polymerase. Most drug-resistant viruses contain mutations in the TK
that impair its ability to phosphorylate the drug and limits the concentration of the active metabolite. Neither foscarnet nor cidofovir require
the TK such that both drugs are active against drug-resistant isolates of the virus.
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strand of DNA does not necessarily result in termination
because of a second hydroxyl on the acyclic sugar moiety that
allows further chain elongation. However, it alters the con-
formation of the DNA strand, particularly if two molecules
are sequentially incorporated, making it a poor template for
further DNA synthesis. Incorporation of CDV into viral
DNA also renders the DNA refractory to amplification re-
sulting in reduced sensitivity of nucleic acid amplification
tests (NAATs) in specimens from patients treated with
this drug.

Prevention of VZV Infection and Mechanism
of Action of Therapies for VZV Infections
Vaccination is the best means to protect against disease as-
sociated with VZV infection. The Varivax live attenuated
vaccine has been proven to be both safe and effective and
has been recommended for routine use in children since
1995 (17). Since the recommendation of a second dose of
the vaccine at age 12, the effectiveness against varicella has
been estimated to be as high as 98% (30). Continued studies
with the vaccine over an extended time frame will be re-
quired to gauge a potential impact on zoster. Protection
against herpes zoster is also afforded by the same attenuated
virus strain in the Zostavax vaccine and was approved for
immunocompetent adults over 60 years of age in 2006. This
vaccine is also safe and reduces both the burden of illness
and the incidence of postherpetic neuralgia by more than
60% (31).

Prodrugs of ACV and PCV remain the therapy of choice
for VZV infections (32). Systemic VZV infections in im-
munocompromised hosts have been shown to respond to
ACV and it also reduces the incidence of dissemination and
visceral disease in children with primary varicella (33). The
mechanism of inhibition against VZV is similar to that de-
scribed for HSV with minor differences. Both drugs are
initially phosphorylated by the VZV TK homolog, although
the active triphosphate metabolite of PCV is more stable
than ACV-triphosphate and accumulates to higher intra-
cellular levels. However, both drugs exhibit similar efficacy
in vitro because the VZV DNA polymerase has a lower af-
finity for PCV-triphosphate than ACV-triphosphate. Both
of these therapies limit the natural course of the disease,
although their effect on attendant postherpetic pain is
modest. Resistance to these drugs is rare and is typically
detected only in immunocompromised hosts (34). Resist-
ance typically maps to the viral TK that reduces the phos-
phorylation of the compound resulting in very low levels of
the active metabolite. As with HSV, resistant infections can
be treated successfully with either PFA or CDV, although
their dose-limiting toxicities and lack of oral bioavailability
limits their usefulness.

DETECTION/DIAGNOSIS
Herpes Simplex Viruses
Diagnosis of HSV infections is straightforward because the
viruses are readily cultured and assays for the detection of
antibodies, antigens, and viral DNA are highly sensitive. An
algorithm for the evaluation of specimens sent for HSV or
VZV testing is shown schematically in Figure 2. Clinical
presentation consistent with HSV infection requires labo-
ratory evaluation to confirm the etiology of the infection.
Primary infections are typically evaluated by virus culture
followed by detection of antigen by antibodies to type
common antigens, or to type specific antigens to distinguish

between HSV-1 and HSV-2 infections. NAAT-based assays
are also capable of rapidly diagnosing infections and are
increasingly used as costs are becoming more competitive
with viral culture. Serology can also confirm primary infec-
tions, but is slow given the time required to mount an im-
mune response to the infection. Recurrent infections
complicate the serological diagnosis of infection, but they
can be characterized by the presence of a robust IgG response
with negligible levels of IgM antibody. Finally, neonatal
infections and CNS infections are life threatening and re-
quire immediate therapy with ACV while diagnostic tests to
detect viral DNA in cerebrospinal fluid (CSF) are per-
formed. Over time, NAAT technologies will predominate
over other assays as they become cheaper and easier to
perform in the diagnostic laboratory.

Preanalytical
One important consideration in the diagnosis of HSV in-
fections is specimens from patients on suppressive therapies
for the infection, which can interfere with virus culture or
NAAT in some cases. Swab specimens, mucosal secretions,
CSF, and tear specimens among others may be acceptable
specimens depending on how well methods have been
characterized in the diagnostic laboratory. In neonates or
when CNS infections are suspected, CSF is the preferred
specimen type, and detection of viral DNA by NAAT re-
mains the most sensitive method for the detection of en-
cephalitis (35). Furthermore, HSV DNA can also be
detected in whole blood in individuals with primary and
recurrent infection although its prognostic value has not yet
been established.

Methods used to collect specimens also require consid-
eration. Acceptable swabs can be cotton, polyester, or rayon
with a plastic shaft since both Dacron swabs and wooden
shafts can inhibit some NAATreactions. In most cases, swab
specimens are collected from sites such as skin, lip, oral,
tongue, throat, nasopharyngeal, genital, eye/conjunctiva, or
anal/rectal/perineum. Ideally, fluid-filled lesions should be
disrupted prior to collection and smaller, less-developed le-
sions are preferable because they contain more infectious
virus. Swabs should be placed in universal transport medium
and stored at temperatures 2 to 8°C if the test can be per-
formed within 24 h, or frozen at - 20°C if testing will be
delayed. Specimens kept at ambient temperature for periods
of < 8 h may also be acceptable but should be avoided be-
cause the sensitivity of downstream assays may be reduced.
CSF specimens should be collected in a sterile tube without
the addition of transport media and should be stored as de-
scribed above for swab specimens. Whole blood specimens
should be collected in EDTA (purple top) tubes and should
be maintained at 2 to 8°C. Freezing should be avoided prior
to evaluation of these specimens. Serum can be collected in
either gold-topped or plain red-topped tubes and stored
under conditions described for swab specimens.

Analytical

Culture
Both HSV-1 and HSV-2 replicate well in many cell types,

and virus culture remains an established and reliable means
to diagnose both oral and genital lesions. A swab specimen
in universal transport media or equivalent should be placed
on ice until it can be cultured in the diagnostic laboratory.
Shell vials containing monolayers of primary human fibro-
blasts or mixtures of African green monkey kidney cells are
acceptable substrates for this assay. Since HSV replicates
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with more rapid kinetics than VZV, visual cytopathology at
24 hours following inoculation is often observed with swabs
from herpetic lesions. This still requires confirmation by
other methods since swab specimens from lesions from pa-
tients with either varicella or zoster can also contain large
quantities of virus that can also induce detectable cytopa-
thology early in viral culture. When cytopathology is ob-
served, or at day 7 following inoculation, viral antigens can
be detected with HSV specific antibodies to confirm the
identity of the infecting virus. Engineered cell lines and as-
says such as enzyme-linked virus-inducible system (ELVIS),
are also effective in identifying HSV infection. This cell line
uses a promoter with a specific response to HSV transcrip-
tional factors produced as during HSV replication to drive
the expression of b-galactosidase. The addition of the ap-
propriate substrate for this enzyme results in the HSV-
infected cells turning blue. (36).

Antibody
Serological testing is a proven technology to identify

individuals infected with HSV-1 or HSV-2. Commercial
assays, such as HerpeSelect-2 (Focus Technologies, Cypress,
CA), are available and use purified antigens for each virus to
diagnose infection and distinguish between the two viruses.
Most assays utilize differences in the immune response to
glycoprotein G (gG) of the two viruses with sensitivity and
specificity reported to be in the range of 90% to 100% (37).
Ideally, point-of-care assays could be used to identify those
infected with the virus, yet many diagnostic laboratories do

not perform the assay regularly and can report incorrect re-
sults from 46% to 83% of specimens.

Nucleic Acid Amplification Tests
With the advent of NAAT methods, detection of HSV

DNA rapidly became the diagnostic method of choice for
CSF specimens when HSE is suspected (38, 39). Acceptable
specimens will vary somewhat between platforms. Generally,
preferred specimens are swabs in universal transport media,
CSF specimens, tear strips, or culture supernatants held at 2
to 6°C for < 24 h. Well-characterized laboratory developed
real-time PCR tests to detect viral DNA in specimens, such
as mucosal secretions and CSF, have proven to be both more
rapid and more sensitive to the “gold standard” consisting of
culture of HSV followed by detection of specific viral anti-
gen (40). Thus, NAAT diagnostic approaches should result
in more rapid diagnosis and clinical decision-making com-
pared to traditional culture-based approaches. For ocular
infections, NAAT is also the standard of care and can dis-
tinguish between HSV, VZV, adenovirus, and Chlamydia
trachomatis (41).

Many commercially available platforms and NAATassays
are available and have FDA-cleared assays for the detection
of HSV-1 and HSV-2. The BD ProbeTec HSV Qx assay
(42), Focus Simplexa HSV 1&2 Direct assay (43), Luminex
Aries HSV 1&2 assay, Lyra Direct HSV 1+2/VZVAssay (44,
45), Roche cobas 4800 HSV-1 HSV-2 Test, and the Seegene
Anyplex HSV-1/2 Assay can all provide rapid and highly
sensitive detection of HSV DNA (42).

FIGURE 2 Algorithm for the diagnosis of HSV and VZV infections. If no lesions are present and time is not a critical factor, serological
testing can identify patients infected with HSVor VZV. Further testing for HSV shown in the box can type the infection as being HSV-1 or
HSV-2. If lesions are present, swab specimens can be cultured, and infected cultures can be further tested by fluorescent antibody to identify
the infection as being HSVor VZV. For high-risk or time-critical specimens (or as an alternative to viral culture), PCR of specimens can be
used to identify DNA from HSV or VZV. Many standard assays also distinguish between HSV-1 and HSV-2 at this stage.
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While NAATs are not currently possible in most diag-
nostic laboratories, they offer significant advantages in terms
of sensitivity and turnaround time to culture-based methods.
The development of new “sample-to-answer” technologies
have made monumental strides in recent years and future
studies may provide support for NAAT performance in most
diagnostic laboratories or even the point of care. Advances
in this technology are welcome news to all who engage in
diagnostic testing, yet it is important to be cognizant of the
role of viral culture to monitor changes in the phenotypic
characteristics of virus isolates over time and in infections
that are refractory to antiviral therapy (46).

Postanalytical
As with all diagnostic assays, timely results from diagnostic
assays are important to reduce turnaround time and facilitate
rapid clinical decision making. Because of the potential for
life-threatening infections with HSV, it is essential to notify
the attending physician immediately with critical results
such as the detection of HSV DNA in infants or any CSF
specimen.

Varicella Zoster Virus
The laboratory diagnosis of VZV infection is important since
it can cause rare life-threatening infections and disease
manifestations that can, in some cases, be very similar to
those of HSV. Generally, clinical presentation of lesions
consistent with varicella or zoster is sufficient to diagnose
infection, with confirmatory testing as appropriate. How-
ever, infections in immunocompromised hosts, suspected
CNS infections, and infections in newborns following re-
cent maternal infection need to be confirmed by laboratory
diagnosis to confirm the identity of the virus. Diagnostic
testing is also important in high-risk settings like nursing
homes and day care centers.

Initial testing for varicella and zoster is generally viral
culture followed by a direct fluorescent antibody (DFA) test.
Serological tests for IgM antibody can be used to diagnose
primary infection, but high levels of IgG can lead to false
positives and a 4-fold rise in IgG titer is also required to
confirm infections. Serum antibody titers prior to planned
pregnancy also may be of value to identify seronegative
women that would benefit from vaccination to prevent po-
tential fetal infection late in pregnancy. In severe infections
and neonatal infections that require immediate ACV ther-
apy, evaluation of specimens by NAATis required because of
its high sensitivity, specificity, and rapid turnaround time.

Preanalytical
Acceptable specimen types and maintenance conditions for
specimens are generally identical to those described for HSV
above. However, one important distinction is for the han-
dling of specimens for virus culture because the infectivity of
VZV is markedly reduced when specimens are frozen.
Specimens destined for culture should be maintained at 2 to
6°C and are typically stable for periods up to 72 hours. If
frozen specimens are obtained they must be stored at - 80°C
and cultured immediately after the first thaw to maximize
remaining viability of the virus.

Analytical

Culture
The “gold standard” for the diagnosis of VZV infections is

viral culture followed by DFA. Because the virus is unstable
after it has been released from infected cells, care must be

taken to obtain acceptable specimens. A swab specimen in
universal transport media or equivalent should preferably be
refrigerated until it can be cultured in the diagnostic labo-
ratory. It is critical that the specimen never be frozen because
the sensitivity of subsequent culture will be greatly reduced.
Shell vials containing monolayers of A549 cells, primary
human fibroblasts (such as MRC-5 cells), or mixtures of
African green monkey kidney cells and primary human fi-
broblasts are acceptable cell substrates. The virus replicates
well in cell culture, but cytopathology is generally observed
later after infection, with A549 cells being a superior cell
substrate to MRC-5 or primary rhesus cells (47). Cell
monolayers inoculated with swab specimens are generally
stained with commercially available monoclonal antibodies
in a direct fluorescent assay to confirm the identity of the
virus to distinguish it from other viruses like HSV.

Antibody
Since most individuals born after 1995 have been vac-

cinated, serological testing is becoming less informative over
time. Exceptions include women planning pregnancy so that
they can be vaccinated to prevent transmission to the de-
veloping fetus late in pregnancy. Available assays include
commercial kits such as the VZV-FAMa from Viran Clinical
Diagnostics (Stevensville, MI) and VZV-IgG-ELISAPKS
(medac GmbH, Hamburg, Germany), as well as the well-
characterized laboratory-developed assay SERION ELISA
classic VZV IgG assay (48).

Nucleic Acid Amplification Tests
As with HSV, rapid molecular assays for the detection of
VZV DNA are increasing in popularity and may be of value
in the management of transplant-associated infections (49).
Laboratory-developed assays have been reported that pro-
vide rapid quantification of VZV DNA, although commer-
cially quantitative assays are not yet available (50).
However, a highly sensitive qualitative assay is commercially
available on the LightCycler (Roche, Molecular Bio-
chemicals) (51). The multiplexed Lyra Direct HSV 1+2/
VZVAssay has also been cleared by the FDA (44, 45). Swab
specimens evaluated by this assay are reported to have
greatly improved sensitivity compared to culture on MRC-5
cells. As with NAATs for HSV, swab specimens in universal
transport media are the preferred specimen type and should
be held at 4 to 6°C for < 72 hours. Other specimen types
may be acceptable to laboratories that have validated against
specimens such as ocular fluid to monitor retinal infections,
CSF, and whole blood (52). Rapid NAATs are also likely to
become available in the future and will likely offer increased
sensitivity compared to viral culture.

Postanalytical
Reporting of critical results is required for certain infections
particularly if viral DNA is detected in the CSF. Con-
genitally infected infants are also at risk, and the rapid re-
porting of results is essential to ensure that therapy can be
provided in a timely manner. It is also important to consider
that infections with VZV can be more severe in the very
young and in adults.

BEST PRACTICES
Analytical methods used to diagnose both HSV and VZV
infections are similar and can provide the essential infor-
mation in a timely manner. Serology, virus culture, and
NAAT-based methods are all well-established methods, and
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each have a potential role in the diagnostic laboratory
(Fig. 2). While it is possible to detect viral antigens directly
in patient specimens such as swabs and lesion scrapings, the
best data from DFA-based systems is from cultured specimens
and adds at least 24 hours to the turnaround time. In general,
NAAT-based methods exhibit the highest sensitivity and
have proven to be more sensitive than culture for the de-
tection of both HSV (40) and VZV (51). As the cost and
complexity of NAAT methods are reduced, their use will
increase and will likely become the dominant technology for
the detection of these infections. Nonetheless, culture, se-
rology, and direct fluorescent methods are widely used and
are preferred in some cases because of cost considerations.

Since the manifestations of HSV and VZV infection can
range from asymptomatic to life-threatening infections, the
most important consideration in the selection of a diagnostic
method is the risk associated with the infections. In many
cases rapid evaluation and reporting of data are of paramount
importance and NAATs are essential. This is particularly
important in disease states with increased risk of morbidity
and mortality, including suspected viral infections in im-
munocompromised hosts and neonates and in patients with
CNS involvement.
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VIRAL CLASSIFICATION AND BIOLOGY
Cytomegalovirus (CMV) is one of 8 known herpesviruses to
infect humans. Classified as a b-herpesvirus, along with
human herpesvirus-6 and human herpesvirus-7, CMV is a
large virus that was first isolated in humans from salivary
glands in the 1950s (1). Since its discovery, CMV has been
linked to a multitude of clinical syndromes in humans and is
possibly the most important virus of clinical consequence
among immunocompromised patients and pregnant women.

Like all herpesviruses, CMV has a linear, double-stranded
DNA genome. Its size sets it apart, however, as it con-
tains open reading frames to accommodate as many as 230
different proteins (2). The genome, similar to other b-
herpesviruses, contains terminal repeat sequences that are
complementary to each other. The DNA is found in the
nucleoprotein core surrounded by matrix proteins (3). A
lipid envelope surrounds the viral matrix and genomic nu-
cleoprotein structure, containing numerous glycoproteins
used for viral entry into the cell in ways that remain unclear.
Many of the functions of the CMV proteins are still under
active investigation, but some appear to interact with many
cellular molecules associated with normal immune function,
such as tumor necrosis factor-a receptors and other cytokines
(4). These may be some of the reasons why CMV activity
and immune modulation are so closely linked in numerous
clinical scenarios (5).

CMV can infect a host of cell types from the myeloid
lineage, as well as epithelial, neuronal, and smooth muscle
cells (6). After endocytosis into the host cell, the genome
undergoes uncoating and the DNA is transported to the
nucleus, where synthesis of the polymerase and replication
begins. CMV replication forms large nuclear inclusions,
which can often be seen microscopically as a hallmark of
active CMV infection. Like all herpesviruses, after CMV
infects the cell, it becomes latent within a host of different
organ system tissues. In the setting of immunosuppression
such as that seen in patients with AIDS, patients who have
undergone transplantation, or patients taking immunosup-
pressant therapies for autoimmune disease, reactivation of
the virus can occur, leading to end-organ disease. Spread to
subsequent hosts can be through intimate mucocutaneous
contact, organ and bone marrow transplantation, blood
transfusions and exchange of other biologic products, or
from infected mother to unborn child in utero.

EPIDEMIOLOGY
Infection with CMV is fairly common. In a cooperative
study by the World Health Organization (WHO) in the
1970s, the seroprevalence of CMV antibodies among heal-
thy blood donors across the world ranged from 40 to 100%,
with socioeconomic factors playing a role in risk for infec-
tion (7). Countries with higher rates of industrialization had
a lower incidence of infection while developing countries
had a much higher incidence. In the United States, age and
ethnicity play a role in the risk of infection. Examination of
tens of thousands of serum samples taken from the National
Health and Nutrition Examination Survey (NHANES)
show the lowest incidence at 36% among 6- to 11-year-olds
and > 90% among persons 80 years old or more (8). For
NHANES 1999–2004, the overall age-adjusted CMV ser-
oprevalence was 50.4%, with infection being higher among
non-Hispanic black and Mexican-American children com-
pared with non-Hispanic white children. CMV seroposi-
tivity overall is independently associated with older age,
female sex, foreign birthplace, low household income, high
household crowding, and low household education (9).

Neonates may be infected with CMV in utero when the
pregnant mother exhibits viremia, or during exposure of
secretions in the birth canal. This most likely occurs during
primary infection of the mother while pregnant, though
infection with novel strains of CMV may still be a concern
in already-infected individuals. A prospective study of 205
postpartum seropositive women found that approximately
one-third of the participants had CMV reinfection over a
mean of 35 months of follow-up as determined by the ap-
pearance of new antibodies with strain-specific binding to
unique polymorphic determinants on the envelope glyco-
protein (10). A study specifically looking at mother-to-child
transmission showed that reinfection with a different strain
of CMV during pregnancy can lead to intrauterine trans-
mission and subsequent symptomatic congenital infection
(11). Despite these findings, the highest risk for congenital
infection lies with primary infection of the mother during
pregnancy. Meta-analyses looking at rates of transmission
suggest a close to 30% rate in mothers with primary infection
versus < 2% in those already previously infected (12).
Overall, CMV is the most common of congenital viral in-
fections worldwide, though the overall prevalence is likely
< 1% of which the percentage of infected children with
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CMV-specific symptoms at birth is just over 10% (13). The
highest risk occurs when primary infection happens during
the first half of the pregnancy (14).

The incidence of CMV disease, as opposed to just in-
fection, has been most closely linked with the loss of pro-
tective cellular immunity and the reactivation of latent virus
or transmission of virus to previously unexposed individuals
undergoing transplantation. Prior to the development of
highly active anti-retroviral therapy (HAART), CMV was
considered the most common viral opportunistic infection
in patients with AIDS. CMV retinitis, the most common
manifestation of disease among patients with AIDS, oc-
curred in up to 44% of cases, primarily in those with a CD4+
T lymphocyte count below 50 cells/mm3 (15). In the mod-
ern era of HAART, the number of HIV-infected patients
with at-risk CD4 counts is much lower, and the incidence of
CMV retinitis is not entirely clear. One recent limited co-
hort evaluation of 1,600 patients found an overall incidence
of CMV retinitis of 0.36/100 person-years (16).

Among transplant recipients, the incidence of disease
varies considerably from organ to organ (17). Other factors,
such as degree of immunosuppression and seropositive status
of the donor and recipient, translate into the risk for disease,
with the highest burden seen in the heavily immunosup-
pressed and in seronegative recipients receiving organs from
seropositive donors (D+/R-). The best and largest studies
on the overall incidence of disease have been performed in
kidney transplant recipients, where rates can be as high as
60%, though with modern and extended prophylaxis and
preventative measures, the rate can be as low as 5% (18). By
comparison, patients undergoing allogeneic hematopoietic
stem cell transplantation (HSCT) are most at risk when the
recipient is already seropositive. Other factors subsequently
increase the risk, such as receiving the transplant from a
matched unrelated donor, older age, and the development of
acute graft-versus-host disease (19). Prior to the use of pro-
phylaxis or preemptive treatment regimens, HSCT recipi-
ents experienced a baseline risk of 70–80% reactivation of
CMV (20). Historically, just after engraftment, pneumonia
was the most common manifestation of disease in this
population, but now is infrequent with the use of close
monitoring, molecular diagnostics, and preemptive thera-
peutic approaches. As many as 30% may go on to develop
CMV infection late after engraftment with the incidence of
CMV disease being considerably less (21)

CLINICAL SIGNIFICANCE
Primary infection with CMV is usually asymptomatic. When
symptoms do occur, they most commonly manifest as an
infectious mononucleosis-like syndrome comparable to
Epstein-Barr virus (EBV). Signs and symptoms include fever
and a relative lymphocytosis that can last for weeks. Dif-
ferences between primary CMVand EBV infection include a
lesser degree of lymphadenopathy and splenomegaly, as well
as less exudative tonsillitis with CMV (22). Other laboratory
abnormalities beyond the atypical lymphocytosis may in-
clude anemia, thrombocytopenia, hemolysis, cold aggluti-
nins, elevated rheumatoid factor, and positive antinuclear
antibodies (ANA) (23). Organ-specific complications are
rare in primary infection among immunocompetent indi-
viduals, but when they do occur, they can manifest in the
form of gastrointestinal diseases such as diarrhea and ab-
dominal pain, hepatitis, cardiac problems such as pericarditis
and myocarditis, and neurological dysfunction such as en-
cephalitis and Guillain-Barré syndrome (24). Other unusual

associations with CMV have included inflammatory bowel
disease and reactivation of CMV in patients who are criti-
cally ill from other causes in the intensive care unit. In both
these scenarios, clinical outcomes may be worse with those
that have evidence of underlying CMV activity (25, 26).

For newborn children who acquire CMV infection
in utero, symptoms that do occur can be severe. Fulminant,
overwhelming infection with hepatosplenomegaly, jaundice,
rash, and multiple organ failure may occur. The neurological
manifestations can be crippling, including microcephaly, mo-
tor limitations, and chorioretinitis. Classically, cerebral cal-
cifications can be seen on routine radiography, though this is
non-specific. For children who appear otherwise asymptom-
atic, concerns about long-term subtle neurologic sequelae
abound and some studies suggest that those children may be
more intellectually impaired in the long-term, have a higher
dropout rate from school, and may be more likely to suffer
hearing loss (27). Some estimates suggest that as many as one
out of every 10 clinically asymptomatic patients may develop
late sequelae including sensorineural hearing loss (28).

For the clinician taking care of adult patients, the clinical
significance of CMV lies almost entirely in the reactivation
of latent virus in the setting of immunosuppression. For
patients suffering from AIDS, CMV disease primarily occurs
as cellular immunity is lost. Retinitis is by far the most
common manifestation of CMV disease in this population
(29). Blindness can result after complete destruction of the
retina, and patients may have characteristic white fluffy
retinal infiltrates alongside areas of hemorrhage on fundo-
scopic examination. Other manifestations of CMV disease
in AIDS patients may include gastrointestinal disease, en-
cephalitis, and polyradiculopathy.

Among the transplant population, CMV disease may
manifest as a non-specific flu-like illness, often with cyto-
penias in the setting of active CMV viremia, referred to as
“CMV syndrome” (30). When CMV reactivation involves
tissues, organ-specific manifestations can occur. The gastro-
intestinal tract is the most common location for end-organ
disease involved with CMV after solid-organ transplant or
HSCT, but almost any organ system can be included, with
disease manifesting as pneumonitis, carditis, nephritis, cho-
lecystitis, pancreatitis, and meningoencephalitis (30). Be-
cause of the complex interplay between CMV and the
immune system, other indirect effects may manifest in this
population as a result of CMV reactivation or acquisition.
Phenomena such as acute and chronic allograft rejection,
vascular disease, reactivation of other viruses, risk of other
bacterial or fungal infections, mortality, and diabetes have
all been linked in transplant patients with known CMV
infection, viremia, or disease (31).

TREATMENT AND PREVENTION
In immunosuppressed patients at risk for CMV disease, there
are two major approaches to CMV prevention. The first is
universal antiviral prophylaxis and the second is targeted
monitoring and preemptive therapy. With the first approach,
an antiviral agent is given to the patient for an extended
period of time after the transplant—usually 3–12 months,
depending on the type of organ transplanted. The agent of
choice is valganciclovir, a valine-esterized prodrug of gan-
ciclovir with improved absorption from the gastrointestinal
tract and improved efficacy compared to oral ganciclovir
alone (32). With the preemptive approach, patients at risk
of CMV disease after transplantation are monitored at fixed
intervals with molecular-based assays looking for evidence
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of CMV activation before symptoms develop. Asympto-
matic patients who go on to develop viremia are placed on
antiviral therapy once a certain threshold is reached in order
to prevent CMV disease from ever occurring. No preven-
tive strategies have been studied in the HIV population,
and antiviral prophylaxis beyond HAART is generally not
employed.

The question of universal prophylaxis versus preemptive
therapy remains an area of some controversy. Although
preemptive therapy has the advantage of reducing drug-
related costs and toxicity, and Cochrane database reviews
have supported the strategy as beneficial in CMV preven-
tion after solid-organ transplant (33), the indirect effects
of CMV replication on the host may not be mitigated by the
preemptive approach. In a large Swiss study, comparing the
universal prophylaxis versus the preemptive strategy, pa-
tients who underwent the preemptive technique had a
higher risk of subsequent allograft failure despite no signifi-
cant difference in the rates of CMV disease (34). Other
retrospective reviews have also supported a higher incidence
of indirect effects via the preemptive approach, such as other
infections and overall mortality (35). In HSCT populations,
universal prophylaxis is often avoided in favor of the pre-
emptive approach due to the limiting bone marrow sup-
pressive effects of ganciclovir or valganciclovir.

Therapy for CMV disease is most often with ganciclovir—
the antiviral bedrock of CMV therapy. Used primarily as an
intravenous agent, ganciclovir is a synthetic analogue of
guanosine. Upon entering the host cell, ganciclovir is phos-
phorylated to ganciclovir monophosphate by viral kinases
produced by the aforementioned UL97 gene. Cellular ki-
nases from the host convert the monophosphate molecule to
a subsequent ganciclovir triphosphate, which acts as a com-
petitive inhibitor of deoxyguanosine triphosphate and can
be incorporated into the DNA of CMV by viral DNA
polymerase, inhibiting further chain elongation. Studies in
transplant recipients without life-threatening CMV disease,
as well as in HIV-infected patients with CMV retinitis, show
that valganciclovir can be equally efficacious for treatment
of CMV disease compared to intravenous ganciclovir (36,
37). Ganciclovir can also be used as an intravitreal injection
to treat retinitis (38).

Despite the efficacy of ganciclovir and its prodrug, it can
be associated with an array of serious hematological adverse
effects, including leukopenia and anemia. It is also consid-
ered a potential teratogen and mutagen. Alternatives to
ganciclovir include foscarnet and cidofovir. Both of these
drugs have been approved by the United States Food and
Drug Administration (FDA) for treatment of CMV retinitis
in AIDS patients, but other uses are off-label. These latter
drugs unfortunately have no FDA-approved oral formula-
tions available, though a lipid-conjugate oral prodrug of ci-
dofovir called brincidofovir, or CMX001, is being tested
(39). These drugs have the advantage of bypassing the need
for phosphorylation by viral kinases and thus can be used in
some ganciclovir-resistant strains of CMV. The downside is
that they have even more significant toxicity problems than
ganciclovir, predominantly through acute renal injury and
electrolyte wasting. Other drugs are also currently in de-
velopment for the treatment of CMV. Maribavir, lefluno-
mide, and cyclopropavir all have activity against CMV,
though in vivo studies remain limited. The novel compound,
letermovir (AIC246) inhibits viral DNA processing by
interacting with the viral UL56 subunit (40). The drug is
undergoing Phase II trials for treatment and prophylaxis in
both solid-organ and stem cell transplant recipients (41, 42).

The ultimate prevention of CMV disease would be
through use of an effective vaccine. No such vaccine exists
as of yet, but many studies are ongoing and of interest. The
ASP0113 (formally TransVax) DNA vaccine is in Phase II
trials and has been shown to limit the duration of viremia
and the need for antiviral treatment in HSCT recipients
(43). There is also a recombinant envelope glycoprotein B
vaccine formulated with the adjuvant MF59 that seems to
reduce by roughly 50% the incidence of primary CMV in
young mothers (44). A CMV vaccine has yet to complete
Phase III trial studies.

DETECTION AND DIAGNOSIS
Because of the ubiquity of CMVexposure, diagnosis of CMV
infection and disease based on clinical grounds alone is often
unreliable. Laboratory-based diagnosis is usually required to
identify congenital and perinatal CMV disease, and to di-
agnose and monitor viral levels in immunosuppressed hosts.
Diagnostic tests for CMV include serology, tests for active
disease, including quantitative nucleic acid testing (QNAT),
antigenemia, culture, and histopathology, as well as newer
immunology assays reflecting the cellular immune response
to CMV (Table 1).

Serology
Serologic tests that detect CMV antibodies (IgM and IgG)
are widely available. Enzyme immunoassays are usually em-
ployed to detect anti-CMV antibodies. Various fluorescence
assays and indirect hemagglutination and latex agglutination
tests are also available for measuring antibody to CMV (44).

Detection of CMV IgG antibody is used for the diagnosis
of CMV infection and not disease, since a majority of in-
dividuals are seropositive for CMV. Antibody tests of paired
acute- and convalescent-phase serum samples showing a
fourfold rise in IgG antibody and CMV IgM antibody can
indicate active CMV disease.

The presence of CMV IgM is not solely indicative of
primary infection. CMV IgM is detectable when a person (i)
is newly infected; (ii) has been infected in the past but has
been recently re-exposed to CMV; (iii) is undergoing re-
activation of CMV infection that was acquired in the past;
or (iv) has a false-positive test result. Thus, the presence of
CMV IgM should not be used by itself to diagnose primary
CMV infection (45). IgG avidity assays, which measure
antibody maturity, have been shown to reliably detect recent
primary CMV infection. Since the CMV IgG avidity in-
creases with time, a low CMV IgG avidity suggests a primary
CMV infection occurred within the past 2–4 months while a
high CMV IgG avidity suggests that CMV infection oc-
curred in the more distant past (46).

CMV serology is widely used for identification of primary
infection in pregnant women and in classifying organ donors
and recipients who have been infected with CMV. The
likelihood of congenital infection and disability is highest for
infants whose mothers were CMV-seronegative before con-
ception and who acquire infection during pregnancy (47).
CMV serology should be performed on all donors and re-
cipients prior to transplant to detect CMV-IgM and IgG
antibodies. Tests for anti-CMV IgG are recommended pre-
transplant, as they have better specificity than IgM or
combination IgG and IgM tests, neither of which should be
used for pre-transplant screening, as false-positive tests for
IgM may significantly decrease test specificity (48–51). The
donor and recipient serostatus combination (D/R) is a key
predictor of infection risk and management and it is
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TABLE 1 Laboratory Tests for Cytomegalovirus Detection

Method Principle
Sample type or
processing details

Turnaround
time Results and clinical utility Advantages Disadvantages

Non-nucleic
acid-based
methods

Serology Detection of
antibody
against CMV
(IgG, IgM)

Serum 6 h CMV-IgG indicates past
CMV infection (latent
infection); CMV-IgM
implies acute or recent
infection; CMV IgG
avidity more reliable than
CMV-IgM.

Prognostication and risk
assignment of patients and
their donors prior to
transplantation
(CMV D+/ - , D+/R+,
D - /R+, or D - /R- )

Not useful for CMV disease
diagnosis in transplant
recipients due to attenuated
and delayed antibody
production; not useful for
guiding duration of treatment

Histopathology Demonstration of
CMV-infected
cells (enlarged
cells with
nuclear
inclusions)

Tissue microscopy with
H&E stain; may need in
situ hybridization and
immunohistochemical
staining to increase
sensitivity and specificity

24–48 h Detection of CMV-infected
cells indicates active
tissue-invasive disease

Confirmatory test for tissue-
invasive CMV disease when
viral load in blood is negative
(as it may be in
gastrointestinal or
neurological disease); highly
specific

Need for invasive method to
obtain tissue specimen; not
generally used to monitor
treatment response or risk of
relapse

Virus culture
Tube culture Viral growth in

human
fibroblast cells
is indicated by
CPE

Cell culture facility; light
microscopy

2–4 weeks Detection of characteristic
CPE indicates presence of
virus

Highly specific for CMV
infection; useful when viral
load in blood is negative and
for non-blood samples that
may not be optimized by
molecular methods; the viral
isolate can be tested for
phenotypic susceptibility

Prolonged processing time is
not clinically useful in real-
time clinical management;
poor sensitivity; requires
viable CMV; not generally
used to monitor treatment
response or risk of relapse due
to poor sensitivity and long
processing time

Shell vial assay Viral growth with
detection
using
monoclonal
antibodies
against viral
antigens

Cell culture facility;
immunofluorescence
detection

16–48 h Infectious foci detected by
monoclonal antibody
directed to immediate-
early antigen of CMV
(prior to the onset of
CPE)

Highly specific for CMV
infection; more sensitive and
rapid than conventional tube
cultures; useful when viral
load in blood is negative and
for non-blood samples that
may not be optimized by
molecular methods

Relatively low sensitivity
compared to molecular
methods; rapid decrease of
CMV activity in clinical
specimens; not generally used
to monitor treatment
response or risk of relapse

(Continued on next page)
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TABLE 1 Laboratory Tests for Cytomegalovirus Detection (Continued)

Method Principle
Sample type or
processing details

Turnaround
time Results and clinical utility Advantages Disadvantages

Antigenemia
assay

Detection of
pp65 antigen

Polymorphonuclear cells;
processing within 4–6 h;
light microscopy or
immunofluorescence

6 h Number of CMV-infected
cells per total number of
cells (e.g., 5 · 104)

Rapid diagnosis of CMV
infection; quantification (no.
of positive cells) may indicate
disease and infection severity,
may be used as a guide for
preemptive therapy, and may
be used as a guide for
treatment response and
duration of treatment

Subjective interpretation of
results; requires rapid
processing; not useful in
leukopenic patients; lack of
standardization in no. of
positive cells for various
clinical indications

Nucleic acid-based molecular methods
Nucleic acid

amplification
tests

PCR
amplification
and detection
of CMV DNA
or RNA

Various clinical samples
(blood, other body
fluids); various assays
(commercial and
laboratory-developed
tests)

Few hours Assays standardized to the
WHO standard results
reported as IU/ml;
nonstandardized assay
results reported as no. of
CMV copies per volume
of specimen or PCR

Highly sensitive and specific for
rapid diagnosis of CMV;
quantification (viral load)
allows for individualized
management of patients; used
to indicate disease severity;
used to guide preemptive
therapy; used to assess the
risk of CMV disease; used to
guide duration of antiviral
treatment; used as surrogate
of disease relapse or infection
with resistant virus

Currently without a widely
accepted viral threshold for
predicting CMV disease; lack
of assay standardization limits
portability of results—
ongoing efforts at assay
standardization may reduce
this limitation; highly
sensitive assay may detect
latent CMV

CMV, cytomegalovirus; CPE, cytopathic effects; H&E, hematoxylin and eosin; WHO, World Health Organization.
(Adapted from reference 68 with permission.)
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imperative that a test with high sensitivity and specificity be
used close to the time of transplantation. In children youn-
ger than 12 months, passive transfer of antibodies can lead to
false-positive serologic results (52). In these situations, cell-
mediated immunity assays may be useful in establishing true
serostatus in both transfused patients and patients younger
than 12 months. In children younger than 12 months, cul-
ture or nucleic acid amplification tests of urine or throat
swabs may be helpful to identify infected patients since
children shed virus for long periods of time after primary
infection.

Viral Culture
CMV is usually isolated in culture in human fibroblast cell
lines. CMV culture can be slow, expensive, and insensitive.
However, viral culture is highly specific for the diagnosis of
CMV infection. Primary infection, reactivation, and rein-
fection during pregnancy can all lead to in utero transmission
to the developing fetus. Seropositive humans may shed
CMV in their secretions, especially during times of stress,
rendering positive cultures that do not necessarily reflect
active disease. Viral culture of stool for CMV has poor sen-
sitivity, while urine and sputum are the specimens of choice
for the diagnosis of congenital CMV when collected within
21 days of birth (53). CMV culture may take weeks before
the virus can be detected. Shell vial centrifugation assay has
a relatively more rapid turnaround time and has been used
for the quantification of viremia and of CMV in bronch-
oalveolar lavage (BAL) fluid, but remains less sensitive com-
pared to molecular assays (54, 55).

Culture of tissue specimens remains an important option
for diagnosis of tissue invasive disease, particularly for gas-
trointestinal samples (i.e., colonic biopsies), where anti-
genemia or polymerase chain reaction (PCR) testing on
blood may not always be positive even with invasive disease
(56). Also, culture is still used in isolating CMV in non-
blood samples because molecular methods are not yet opti-
mized for these clinical specimens.

Histopathology
Immunohistochemistry for CMV should be routinely per-
formed on all biopsy specimens where CMV is suspected to
maximize diagnostic sensitivity. Identification of typical
“owl’s eye” inclusion bodies or viral antigens in various tissue
(including liver, lung, kidney, gastrointestinal) biopsy ma-
terial (57, 58) or in BAL specimens’ cells is very specific for
CMV disease. False negatives due to sampling errors are
common, however. Tissue-invasive CMV disease, such as
colitis or hepatitis, should be confirmed by immunohisto-
chemistry or in situ DNA hybridization (59, 60). For quan-
titative nucleic acid testing, tissue samples should be
normalized using a housekeeping gene.

Different antibodies have variable sensitivity, and results
may vary between fresh and formalin-fixed paraffin-
embedded tissue (61). Although histopathology confirms
the presence of tissue-invasive disease, this entails a poten-
tially risky procedure to obtain tissue for diagnosis. Its use has
declined due to the availability of non- or less-invasive tests
to document CMV infection in blood. However, histopa-
thology is recommended in cases where another concomi-
tant pathology (e.g., graft rejection) or co-pathogens are
suspected, especially when patients do not respond to anti-
CMV treatment. Histopathology may also be needed when
CMV disease is suspected but CMV testing in the blood is
negative.

Antigenemia Assay
Viremia is most commonly detected by either an antigenemia
assay or a QNAT test (62). The CMV pp65 antigenemia test
detects the CMV pp65 antigen in circulating leukocytes of
fresh anti-coagulated blood or cerebrospinal fluid (CSF). The
results are reported as the number of positive cells per total
number of cells counted. This test has been shown to be
helpful in the diagnosis of early CMVreplication and disease,
and in monitoring response to therapy (63–65).

Quantification of pp65 antigen by immunofluorescence
has been used to initiate preemptive therapy in organ
transplant recipients (66). It is relatively easy to perform
although there are problems with a lack of assay standardi-
zation, including subjective result interpretation. Anti-
genemia has higher sensitivity than culture, but is less
sensitive to NAT by PCR depending on the method used for
antigenemia or PCR assay (56, 67). Limitations include the
limited stability of leukocytes and the need to process the
sample within a few hours (6–8 h) of collection, low
throughput, and the approach not being amenable to auto-
mation. Also, in patients with neutropenia, the assay cannot
be performed reliably with absolute neutrophil counts less
than 1,000 cells/mm3.

Nucleic Acid Testing (NAT)
Molecular tests that detect and quantify CMV DNA are the
preferred methods for the diagnosis and monitoring of pa-
tients at risk for CMV disease. The clinical utility of CMV
viral load is supported by a considerable body of literature on
immunosuppressed patients and consensus guidelines for
managing CMVin transplant patients (45). These assays can
be used to determine when to initiate preemptive therapy, to
monitor the response to therapy, to determine the duration
of therapy, and to assess patients at risk of developing re-
lapsing infections (53). Generally, the detection of CMV
RNA is indicative of active CMV replication. However, the
sensitivity may be lower since RNA molecules may be
readily degraded in vitro and may yield false-negative results
(56). Tests detecting CMV RNA are not in routine clinical
use. In contrast, the detection of CMV DNA in blood
components (DNAemia) may or may not reflect CMV
replication. Though latent virus may be associated with low-
level DNAemia and active replication may be associated
with high levels of CMV DNA, distinguishing latent ge-
nome detection from active infection remains a significant
diagnostic challenge.

The NAT testing requires specific equipment and spe-
cialized expertise. Real-time (named based on the ability of
this method to evaluate amplification in real-time at each
cycle as opposed to at the end of the reaction) QNATassays
are now considered the standard of care (53) because of their
sensitivity, broad linear range in which to monitor patients,
better precision, better accuracy, low risk of contamination,
and high throughput. CMV QNAT is the main alternative
option to antigenemia (68, 69). Several real-time platforms
are available for testing CMV. The vast majority of the CMV
NAT assays have been developed in-house (laboratory-
developed tests or LDTs). Variation in test platforms, nucleic
acid extraction, assay design, CMV primer, target and probe
selection, specimen type (whole blood, serum, plasma, leu-
kocytes, BAL, CSF), reaction and amplification protocols,
quantification standards and controls (plasmids, whole vi-
rus) has led to considerable variability across different testing
centers. This significant interassay quantification variabil-
ity was demonstrated in an international multicenter study
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across 33 laboratories where inconsistency in viral load
values for individual samples ranged from 2.0 to 4.3 log10
copies/ml. This lack of assay agreement has hampered the es-
tablishment of broadly applicable quantitative cut-off values
for patient management decisions (68, 70). Because of this,
the first WHO international standard for human CMV for
nucleic acid amplification techniques, NIBSC code 09/162
(CMV WHO standard), was released for harmonization
of QNAT tests in 2010 (71). This calibrator would allow
clinical laboratories and manufacturers to standardize CMV
QNAT tests and report the results in international units (IU)
rather than copies per milliliter (30, 72). Using the WHO
international standard for reporting, Razonable et al. (73)
correlated viral load with CMV disease resolution in trans-
plant patients. Patients with pretreatment CMV DNA of
<18,200 (4.3 log10 IU/ml) were 1.5 times more likely to have
CMV disease resolution. Also, CMV suppression (<137 [2.1
log10] IU/ml) was predictive of clinical response to antiviral
treatment.

Widespread availability of commercial PCR tests that
encompass all assay steps (nucleic acid preparation, reaction
setup, calibration, amplification, and detection) and dem-
onstrate reliable interlaboratory quantification as defined by
agreement and precision may resolve these residual quanti-
fication disparities (73). Recently, a droplet digital QNAT
(ddQNAT) platform that utilizes endpoint PCR and elimi-
nates the need for calibration standards has been evaluated.
While both digital and real-time QNAT PCR provide ac-
curate CMV load data over a wide linear dynamic range,
standard QNAT PCR showed less variability and greater
sensitivity than the ddQNAT PCR in clinical samples (74).
Further development of this technology may be warranted
since the advantages of direct quantification by endpoint,
limiting-partition PCR could obviate development and need
of quantitative calibrators (74).

Two platforms have recently been approved by the FDA.
The Cobas AmpliPrep/Cobas TaqMan (CAP/CTM) CMV
test (Roche Diagnostics, Branchburg, NJ; approved July
2012) (75) and the Artus CMV Rotor-Gene Q (RGQ)
MDX Kit (Qiagen, Valencia, CA; approved June 2014) (76)
have been approved for monitoring CMV DNA levels in
EDTA plasma of solid-organ transplant patients who are un-
dergoing anti-CMV therapy and can be used to assess CMV
viral load response to antiviral drug therapy utilizing the
CMV WHO standards. These assays are currently not ap-
proved for monitoring hematopoietic stem cell transplant
recipients for preemptive therapy and their use on this pop-
ulation would be considered off-label use. The CAP/CTM
CMV test uses primers and probes targeting a conserved re-
gion of the CMV genome (UL54, virus encoded DNA poly-
merase) and has a linear quantification range from 137 and
9,100,000 IU/ml, with a limit of detection (LOD) of 91 IU/
ml. The Artus CMV RGQ MDX Kit targets specific am-
plification of a 105 bp region of the CMV major immediate
early (MIE) gene DNA and has a linear quantification range
from 159 IU/ml to 7.94· 107 IU/ml with an LOD of 77 IU/
ml. These tests offer advantages of higher throughput, au-
tomation, and wide linear viral load range over the semi-
automated CE/IVD labelled Cobas Amplicor CMVMonitor
test (Roche Diagnostics, Branchburg, NJ) (77). The FDA
approval of the above assays is an important step forward. A
recent study showed good reproducibility in viral load values
and precision of CAP/CTM CMV test results across 5 dif-
ferent laboratories over 4 orders of magnitude and could be
valuable in prospective studies identifying clinical viral load
thresholds for determining the risk of disease, for diagnosing

disease, and for monitoring response to treatment across
multiple labs when using the FDA-approved tests calibrated
to the WHO standard (78). Additional studies will provide
more information of the commutability of the first WHO
CMV standard and to define the clinical thresholds (79). Re-
gulatory authorities and professional organizations will likely
require laboratories that continue to perform LDTs to reca-
librate their test to the WHO international standard, which
requires establishing collinearity with the WHO interna-
tional standard, as well as reporting results as IU/ml. Based
on the test precision and linearity, changes in viral loads of
threefold (0.5 log10 copies/ml) may represent biologically
relevant changes in viral replication. For lower viral loads
where there is greater variability, a 5-fold change (0.7 log10
copies/ml) may be required to be considered significant.

Recent work in patients on treatment for CMV disease
compared viral load testing of plasma versus whole blood
real-time PCR that demonstrated good correlation but sig-
nificant differences in absolute value and clearance kinetics
(80). Since the viral load can vary significantly between
plasma and whole blood specimens, one specimen type
should be used in serially monitoring patients at high risk of
CMV infection. CMV DNA is detected earlier and usually
in greater quantitative amounts in whole blood (80, 81).
CMV blood markers (culture, pp65 antigenemia, CMV
plasma DNA, CMV RNA) and CD4 counts <75 cells/mm3

remain risk factors for CMV disease in patients receiving
HAART (83, 84).

Other body fluids and tissues, including biopsy, BAL, and
CSF specimens, can be tested for CMV by QNAT, which
may improve sensitivity, potentially with faster results
compared to culture (85, 53). Several studies suggest QNAT
on BAL specimens may be helpful in predicting pneumonitis
(86) although some studies do not (87, 88). Due to its high
sensitivity, the negative predictive value of PCR from tissue
other than blood is high, so it can occasionally be used to
rule out disease.

Three viral load measures have been demonstrated to
correlate with the clinical outcome of CMV disease treat-
ment. These include (i) pretreatment viral load; (ii) the rate
of CMV decline during treatment; and (iii) attainment of
viral suppression as a measure of successful therapy. The
duration of treatment should be individualized, depending
upon clinical and laboratory parameters such as the decline
of CMV load in the blood as measured by rapid and sensitive
molecular standardized testing. CMV load in the initial
phase of active infection and the rate of increase in viral load
both correlate with CMV disease in transplant recipients; in
combination, they have the potential to identify patients at
imminent risk of CMV disease. The rate of increase in CMV
load between the last PCR-negative and the first PCR-
positive sample was significantly faster in patients with CMV
disease (0.33 log10 versus 0.19 log10 genomes/ml daily, P was
<0.001) (89).

Measuring Host Immune Reactivity to CMV
A number of in-house and some commercially available
immunological assays for the assessment of T cell immunity
to CMV are being evaluated for their ability to predict the
development of CMV disease (90–92). In recent years, an
increasing number of reports have focused on gamma
interferon-releasing assays (IGRAs) as the diagnostic stan-
dard for detecting cell-mediated immunity toward infectious
agents in humans. In one study, cell-mediated immunity
among donor CMV-seropositive, recipient-seronegative
(D+/R-) patients determined using the Quantiferon-CMV
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assay (Cellestis Ltd, a Qiagen company) was shown to have
clinical utility to predict if patients were at low, intermedi-
ate, or high risk for the development of subsequent CMV
disease after prophylaxis (93). The CMV IGRA assays are
not yet available for routine clinical use.

Diagnosis of Antiviral Resistance
Drug resistance generally occurs after prolonged drug expo-
sure (from weeks to months) with incomplete viral sup-
pression manifesting as increased viral loads or disease
despite therapy. Laboratory testing should be used to confirm
the occurrence of antiviral resistance and to provide guid-
ance for alternative treatment options based on the type of
resistance detected. Both phenotypic and genotypic assays
have been developed to assess antiviral resistance (94). Rou-
tine phenotypic susceptibility testing of CMV culture iso-
lates against antiviral drugs by the plaque reduction assay is
impractical because of slow turnaround time and the lack of
culture isolates in the era of molecular diagnostics. Culture is
also laborious and subject to the selection bias introduced
during growth of mixed viral populations and lacks the
sensitivity to detect low-level resistance or minor resistant
subpopulations.

Laboratory confirmation of drug resistance is now based
on genotypic assays that rely on sequence analysis of
PCR-amplified CMV DNA from clinical specimens for the
presence of diagnostic mutations. For example, resistance
mutations to ganciclovir have primarily been documented
in 2 viral genes: UL97 (protein kinase) and UL54 (DNA
polymerase). These genes can be sequenced in-house or
commercially, and mutations known to convey resistance
(“hot spots”) can be identified. In a vast majority (>90%)
of cases, ganciclovir resistance in clinical practice results in 1
to 7 mutations in the UL97 kinase gene (codons 400–670).
Sequence variations in the CMV UL54 gene (codons 393–
1000) are more complex and less common but may confer
resistance to ganciclovir and cross-resistance to cidofovir or
foscarnet. Variations in the UL54 gene typically occur after
development of UL97 mutations and increase the overall
level of ganciclovir resistance (95). There are few reports
about multidrug-resistance with mutations in both the UL97
and UL54 genes in patients after allogeneic HSCT (96).
Isolated UL54 mutation in the absence of UL97 mutation is
rare. There is an increasing database of CMV sequence
variants and special attention must be paid to the interpre-
tation of new sequence variations. These must be carefully
analyzed for reproducibility in serial specimens and treat-
ment history by proximity to known gene mutations and by
recombinant phenotyping involving targeted mutagenesis of
a lab CMV strain for corroboration (96, 7). Standard
dideoxy sequencing can detect an emerging resistance mu-
tation when it exceeds ~20% of the sequence population
and testing is more reliable if the CMV viral load in the
specimen is at least 1,000 copies/ml (7). Evolving sequenc-
ing technology (pyrosequencing and next generation se-
quencing) may be able to detect mutant subpopulations at
lower levels (96–98). The use of viral gene sequencing offers
distinct advantages over other methods, including a rapid
turnaround time, a broader range of antiviral resistance in-
formation, and the ability to provide information concern-
ing new drugs as they become available.

BEST PRACTICES
When choosing CMV diagnostic testing, one must first take
into account the patient’s medical background, epidemi-

ology, risk factors for disease, and presenting signs and
symptoms. This, combined with the array of choices—from
serology to culture to histopathology and the number of
molecular-based assays available—makes for a daunting task.
Because infection with CMV can be lifelong and the virus
establishes latency, distinguishing between infection and
disease adds to this challenge. Alternatively, for this reason,
the clinician may find himself or herself in a situation where
he or she was not concerned about CMV-related disease, but
must now contend with an unexpected “positive” CMV
diagnostic assay of unclear value. Knowing the clinical sce-
nario for the patient becomes key.

Infectious Mononucleosis
When infectious mononucleosis is caused by the far more
common EBV, patients are often diagnosed indirectly via
the heterophile antibody assay. Immunocompetent patients
with acute CMV infection will be heterophile-antibody-
negative, and confirmation of the diagnosis of CMV can be
challenging due to the sensitivity and specificity of CMV-
specific serology. CMV IgM antibodies may persist in the
host for months, leading to false-positive results in patients
suspected of having acute infection, and CMV-specific IgG
antibodies may not be detectable for several weeks after the
start of the illness, though they persist for life once estab-
lished (99). A single positive IgG antibody can only confirm
past exposure to the virus. This is of value, however, in
immunocompromised hosts or pregnant women in order to
gauge risk of reactivation or acquisition of the virus in the
future. Since therapy is otherwise not usually indicated in
the immunocompetent host with acute CMV infection, and
the disease is almost always self-limited in that setting, more
advanced diagnostic testing is often not performed or even
indicated.

Perinatal and Congenital CMV
Determining risk in a pregnant mother by serology also has
its challenges. Seroconversion may be the gold standard, but
this requires documented evidence of a prior negative se-
rology and is often not done or available. Primary infection
again cannot be relied upon fully by a positive CMV IgM
alone. Avidity testing of CMV-specific IgG antibodies may
be useful in these scenarios. The presence of an IgM and a
low-avidity IgG is strongly suggestive of primary infection in
the mother (100). The presence of a high-avidity CMV-
specific IgG suggests past infection and thus a lower risk of
transmission.

If infection is found in the mother, then prenatal evalu-
ation of fetal infection can be done via testing of the am-
niotic fluid. Both culture and PCR-based testing can be done
on amniotic fluid or from cordocentesis. The sensitivity of
testing is likely higher using PCR testing compared to cul-
ture, but is < 80% overall and limited by an inability to
predict severity of disease and the overall invasive nature of
amniotic fluid sampling (101, 102).

Serology for diagnosing CMV infection in the newborn
also has limitations and is generally not relied upon. A
positive CMV-specific IgG from a newborn may reflect
passive transfer of maternal antibody to the child and not
definitive evidence of infection, much less disease. CMV-
specific IgM antibody testing may at times be positive in a
newborn, strongly suggesting congenital infection, but false
positive serological results may occur and the sensitivity of
the assay even in symptomatic children with congenital
CMV infection is low (103).
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More direct evidence of the virus is often required and
relied upon to confirm congenital CMV infection. Culture
of the virus from the newborn can serve as confirmation of
CMV infection, but many clinicians now rely on use of
CMV DNA detection with PCR. Culture or PCR assays can
be done with urine, saliva, tissue, and serum of newborns
within the first 3 weeks (104), though PCR-based assays may
be the most sensitive test overall in this setting (103).

CMV Infection and Disease in AIDS
The most common manifestation of CMV-related disease in
HIV-infected patients with AIDS is retinitis. The diagnosis
of retinitis is almost always based solely on physical exami-
nation by an ophthalmologist. Serology in the form of CMV-
specific IgG is useful in these scenarios in order to identify
past exposure, and thus, risk of reactivation in the setting of
lower CD4+ T cell counts. CMV viremia as determined by
DNA PCR assays can be common in this population, but
does not predict progression to retinitis and cannot be used as
a diagnostic tool in these situations (105). Cultures of CMV
from the blood may not be helpful from a diagnostic stand-
point for retinitis either, though AIDS patients with positive
CMV blood or urine cultures may have a more rapid pro-
gression of retinitis and perhaps even a higher risk for mor-
tality (106). Although not as well studied in HIV-infected
patients compared to the transplant patient population,
CMV viremia detected by DNA PCR assays alone also does
not predict the development of CMV disease in this popu-
lation, regardless of the type of organ involvement (107).
Other manifestations of CMV disease in AIDS patients may
include gastrointestinal disease, pneumonitis, and neurolog-
ical disease such as encephalitis or polyradiculopathy.

The gold standard for diagnosing organ-specific tissue-
invasive CMV disease in all other situations is the identifi-
cation of CMV inclusions or CMV antigens by immuno-
histochemistry on biopsy specimens. Visual inspection
through endoscopy of either the esophagus or colon may
reveal plaque-like membranes, ulcerations, and erosions
(108). Visual inspection alone, however, cannot confirm the
diagnosis since patients with AIDS may have other patho-
gens causing similar findings. Infections such as Myco-
bacterium avium complex and Cryptosporidium may present
with the same signs and symptoms. Tissue biopsy of affected
areas revealing characteristic “owl’s eye” intra-nuclear in-
clusions in the mucosal epithelium or mucosal crypts may be
visible on routine tissue staining with hematoxylin and eo-
sin. Using immunohistochemistry to stain for CMV-specific
antigens in tissue may be of benefit in this population as well
to confirm active CMV involvement.

For pneumonitis due to CMV, attempting to culture
CMV from the respiratory tract is of little benefit, lacking
both sensitivity and specificity. Asymptomatic HIV-infected
individuals often shed CMV from the respiratory tract, and
patients with severe respiratory disease may not have de-
tectable CMVon culture (109, 110). Again, biopsy of tissue
will be necessary, especially since other opportunistic in-
fections in AIDS patients, such as Pneumocystis pneumonia
or histoplasmosis, may present in similar fashion.

In cases of central nervous system involvement, relying
on the isolation of CMV from CSF has become routine in
diagnosing CMV disease. Studies are limited in this area, but
small case series of patients with autopsy-proven disease
suggest CMV DNA detection in the CSF correlates with
active disease (111). The value of culture and antigen-based
assays from the CSF is less clear.

CMV Infection and Disease in Transplant
Recipients
Stratifying risk for disease is an important first step in diag-
nosing and managing CMV among transplant recipients.
CMV-specific IgG serologies should be obtained on all organ
donors and recipients prior to transplantation (112). Solid-
organ transplant recipients who undergo seromismatch
transplantation (D+/R-) are at highest risk for developing
CMV disease post-transplant. For seromismatch transplant
recipients, monitoring for seroconversion post-transplant
may be of value in predicting protection from late-onset
CMV disease (52). For pre-HSCT screening among patients
with underlying hematologic malignancies and hypogamma-
globulinemia, serologies can occasionally be falsely negative,
however. Regardless of the transplant scenario, serologies by
themselves should never be used alone for diagnosing active
CMV disease (7).

For detecting active CMV in the transplant recipient,
molecular-based assays have become the mainstay approach.
Most centers rely on nucleic acid testing of serum, plasma, or
whole blood to diagnose the presence of viremia. Results can
vary from assay to assay across laboratories, and although
harmonization of a universal quantifying unit has helped in
this regard, it remains unclear what threshold of viremia
should be used for clinical decision making. This means that
the clinician who evaluates a patient with a positive serum,
plasma, or blood PCR still needs to determine if the patient
has CMV disease. Low-level viremia is commonly reported
among immunosuppressed patients with no evidence of ac-
tive disease, though higher viral loads do correlate with the
increased risk for signs and symptoms of disease (89). Clin-
ical parameters, symptoms, evidence of end-organ disease,
transaminitis, and leukopenia can all be helpful in this
regard, as well as serial monitoring to better gauge the tra-
jectory of the viral load. Serial assays can also be useful from
a monitoring standpoint in patients undergoing preemptive
therapy or patients on active treatment for CMV disease.
Because of interlaboratory variability, consistent use of a
single assay is necessary to interpret serial measurements,
though the international standard conversion may be
helpful in these cases (70). Ultimately, trends in the quantity
of viremia by PCR may be more helpful over time, partic-
ularly in the setting of understanding the patient’s other
ongoing risk factors for disease (immunosuppression, etc.).
For patients on therapy, weekly monitoring for CMV by
PCR is generally recommended, though the ideal time be-
tween intervals of testing remains unclear (53). Persistent
viremia as determined by PCR testing can also be a predictor
of risk for relapse (80).

For diagnosing tissue-invasive disease of an organ system,
biopsy and histopathology remain the gold standard. Use of
culture or nucleic acid testing from bodily fluids or tissue
samples may be misleading since asymptomatic shedding of
CMV is common in immunosuppressed patients with
chronic latent infection. Even if higher viral loads in the
serum correlate with risk of tissue-invasive disease, some
patients with end-organ disease, particularly gastrointestinal
CMV disease, may have low-to-undetectable levels in the
serum (53). Measuring CMV nucleic acid or using culture
methods on respiratory tract specimens can often reflect
latent infection and asymptomatic shedding and should not
be relied upon to confirm CMV pneumonitis.

For patients with repeated episodes of disease or extensive
exposure to ganciclovir or valganciclovir, resistance may
occasionally arise. Confirmation of resistance is through
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genotypic testing from the serum looking for known muta-
tions that confer resistance. Guidelines for performing ge-
notypic testing are still in their infancy and few data are
available. Increases in viral loads during the first 2 weeks of
treatment may not always be enough to indicate underlying
resistance, though resistance testing is often performed and
recommended in these circumstances (112). For patients
with underlying risk factors for resistance who do not appear
to be responding to treatment after at least 2 weeks, geno-
typic resistance testing may be more concretely warranted,
though trying alternative therapies in the interim may be
necessary in patients with severe disease (53).

Future of CMV Diagnostics and Testing
Appropriate use of CMV diagnostic assays is becoming an
increasingly important focus of research. Despite advances in
treating and suppressing HIV infection, more patients at risk
for CMV disease are being increasingly recognized. Not only
does CMV remain the most important virus among the ever-
growing solid-organ and hematopoietic stem cell transplant
recipient population, but CMV disease as a consequence of
novel immunomodulating therapies in patients with malig-
nancy and autoimmune disorders is becoming increasingly
recognized. Beyond these special populations, the impact
and sequelae of CMV as a congenital infection continues to
be better understood. Future research will need to focus on
all these populations to help better define optimal testing
strategies, the role of CMV-specific immunity, and appro-
priate interventions of therapy. More research is needed to
increase the development of novel antiviral therapies, im-
prove our understanding of antiviral resistance among CMV,
and increase our understanding of disease prevention
through use of chemoprophylaxis, and hopefully, someday
an effective vaccine.
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VIRAL CLASSIFICATION AND BIOLOGY
In 1964, three researchers, Michael Anthony Epstein, Bert
Achong, and Yvonne Barr, published in The Lancet their
discovery of what would later be known as Epstein-Barr virus
(EBV) (1). Before this breakthrough, Epstein had been
studying chicken tumor viruses at the Middlesex Hospital
in London. In 1961, Epstein attended a lecture by Denis
P. Burkitt, a British surgeon who had been stationed in
Uganda, in which he detailed the relationship between
Burkitt lymphoma and the geographical patterns of tem-
perature, rainfall, and altitude (2). Suspicious of a viral eti-
ology, Epstein spent the next few years attempting to isolate
viral material from lymphoma biopsy samples taken from
tumors of Ugandan children sent weekly by Burkitt to
London. Despite a switch to tissue culture and assistance
from Yvonne Barr and Bert Achong, isolation of a virus was
unsuccessful. On December 5, 1963, the sample sent by
Burkitt was delayed due to inclement weather, which for-
tuitously resulted in viable, free-floating, lymphoma cells
that astonishingly grew in culture and demonstrated viral
particles by electron microscopy (1). Though this initial
finding was met with skepticism, mounting evidence over
the following decades eventually resulted in the acceptance
of EBV as the cause of Burkitt lymphoma, and the World
Health Organization and the International Agency for Re-
search and Cancer declared EBV as a group 1 carcinogen in
the 1990s (2). Approximately 90% of people worldwide are
carriers of latent EBV, and it is estimated that the virus
causes more than 200,000 cancers each year, primarily B-cell
neoplasms, which account for 1.5% of all cancers (2). There
are two types of EBV, EBV-1 (A type) and EBV-2 (B type),
that are distinguished by differences found primarily in their
latent genes. EBV in America and Europe are much more
likely to be EBV-1, whereas EBV found in Africa may be
EBV-1 or EBV-2.

EBV, also known as human herpesvirus 4, is a Lymphoc-
ryptovirus belonging to the subfamily Gammaherpesvirinae of
the family Herpesviridae. It has a linear, 172-kb, double-
stranded DNA genome with approximately 100 genes that is
encased within an icosahedral capsid surrounded by tegu-
ment proteins underlying the outer lipid bilayer envelope.
Embedded within the viral envelope are numerous proteins
and glycoproteins including the following: gp350 (BLLF1),
which binds to B cells; gp42 (BZLF2), which binds B cells

and triggers fusion; gH/gp85 (BDLF3), which binds epithe-
lial cells and triggers fusion; gL/gp25 (BKRF2), which serves
as a chaperone for gH and activates/recruits gB; gB/gp110
(BALF4), which catalyzes membrane fusion; and BMRF-2
(BMRF2), which binds epithelial cells. Attachment to B
cells is mediated by gp350 binding to B cell-specific com-
plement receptor 2 (CR2 or CD21) or to complement re-
ceptor 1 (CR1 or CD35) (3). Certain epithelial cells, such as
those found in the tonsils, have also been found to express
low levels of CD21, which may allow for attachment. Al-
ternatively, attachment to epithelial cells may occur via
binding to specific epithelial cell surface integrins such as
avb5, avb6, and avb8 by the KGD binding motif of gH/gL.
Fusion in B cells also utilizes gH/gL but requires it to be
stably complexed with gp42, which interacts with HLA class
II molecules on the surface of cells. For epithelial cells,
however, gp42 can block the KGD binding motif, thus in-
hibiting viral attachment to epithelial integrins and subse-
quent fusion. Therefore, gp42 appears to have an important
role in the switching between B-cell and epithelial cell
tropism (3). gB is required for fusion in both B cells and
epithelial cells. Within a few hours after attachment, the
linear viral genome localizes to the host cell nucleus where it
circularizes, mediated by terminal repeats, and persists in
episomal form. A nonproductive infection of resting memory
B cells is quickly established, and the viral lytic cycle is only
seen in differentiated plasma cells or differentiated epithelial
cells (3). Establishment and maintenance of an immortalized
state is accomplished through various transcription programs
involving at least 10 latent genes, including EBV nuclear
antigens (EBNA-1, EBNA-2, EBNA-3A/EBNA-3, EBNA-
3B/EBNA-4, EBNA-3C/EBNA-6, and EBNA-LP/EBNA-
5), latent membrane proteins (LMP-1 and LMP-2A/B), and
EBV-encoded RNAs (EBER-1 and EBER-2). EBV initially
infects and activates naïve B cells of Waldeyer’s tonsillar ring
of nasopharyngeal and oropharyngeal lymphoid tissue to
become proliferating blasts, which ultimately develop into
memory B cells that primarily circulate between peripheral
blood and Waldeyer’s ring (4). EBV effectively evades im-
mune detection by persisting in memory B cells and halting
expression of virtually all protein-encoding genes. When an
infected memory B cell eventually divides, expression of
EBNA-1 alone is sufficient to permit viral episome replica-
tion by the host DNA polymerase. Several latency programs
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have been described and linked to different diseases: type I
seen in Burkitt lymphoma, in which only EBNA-1 is ex-
pressed; type II seen in Hodgkin lymphoma and nasopha-
ryngeal carcinoma, in which EBNA-1 and LMP-1/2 are
expressed; and type III seen in acute infectious mononu-
cleosis and posttransplant lymphoproliferative disorder, in
which all latent genes are expressed. Virtually all latently
infected cells express EBERs in abundance, making EBER
in situ hybridization a particularly useful clinical test for
identifying and localizing EBV-infected cells. To allow for
infection in new hosts, reactivation of latent virus occurs in
sites that facilitate transmission, such as in Waldeyer’s ring
when memory B cells differentiate into plasma cells, thus
permitting the spread of EBV through saliva. Switching
from latent to lytic infection is dependent upon the tran-
scription of BamHI Z fragment leftward open reading frame
1 (BZLF-1), which is followed by expression of early antigen
(EA), synthesis of viral DNA and viral capsid antigen
(VCA), and ultimately the lysis of the host cell and release
of intact virions.

EPIDEMIOLOGY
Over 90% of people are infected by EBV at some point
during their lifetime. Worldwide, primary EBV infection
occurs within the first few years of life and does not usually
manifest as infectious mononucleosis (IM); however, if EBV
infection occurs later in life, often in adolescence and young
adulthood, 25% to 50% of cases will result in an IM syn-
drome. Earlier infections tend to occur in resource-poor re-
gions, while higher-resource regions tend to see relatively
more EBV infections occurring at older ages. Younger age,
health insurance coverage, higher household income, and
education level have been associated with lower prevalence
(5). Transmission occurs through exposure of the orophar-
ynx to infectious saliva of an EBV-positive individual. EBV
transverses the oropharyngeal mucosa to infect underlying B
cells, such as those in the tonsils and adenoids, and dis-
seminates via the lymphoreticular system during a 30- to 50-
day incubation period (6). Other bodily fluids such as blood
and semen have a questionable role in spreading the virus.
EBV-seronegative solid organ or hematopoietic stem cell
transplant recipients can be infected via transplantation
from seropositive donors.

CLINICAL SIGNIFICANCE
Infectious Mononucleosis
IM, also known as “mono,” the “kissing disease,” or “glan-
dular fever,” presents with a triad of fever, lymphadenopathy,
and pharyngitis in over 50% of cases (6). There may be a
wide array of additional clinical features of IM which are
systemic (malaise), oropharyngeal (airway obstruction, pal-
atal petechiae), lymphoid (splenomegaly, splenic rupture),
hepatic (hepatitis, jaundice), cutaneous (morbilliform rash,
drug induced rash, Gianotti-Crosti syndrome, acute genital
ulcers), cardiac (electrocardiogram abnormalities with T-
wave changes, cardiac conduction defects, myocarditis,
pericarditis), pulmonary (pneumonitis), renal (microscopic
hematuria, interstitial nephritis, glomerulonephritis), neural
(meningitis, encephalitis, mono- or polyneuritis, transverse
myelitis), and hematological (thrombocytopenia, hemolytic
anemia, neutropenia) (7, 8). Secondary infections, such
as with b-hemolytic Streptococcus, may be a complication
of IM.

The majority of IM syndromes are due to primary infec-
tion by EBV (9). However, other etiologies of this syndrome,
such as infections by cytomegalovirus, human herpesvirus-6,
human immunodeficiency virus, or toxoplasmosis, may be
difficult to distinguish from EBV based on clinical presen-
tation alone (9, 10). The sensitivities of various clinical
features for identifying heterophile antibody-positive IM in
patients with pharyngitis are as follows: fatigue (93%), any
cervical adenopathy (87%), anterior cervical adenopathy
(70%), headache (60%), inguinal adenopathy (53%), pos-
terior cervical adenopathy (40%), palatal petechiae (27%),
axillary adenopathy (27%), temperature ‡ 37.5°C (27%),
and splenomegaly (7%); whereas the specificities of these
clinical features for heterophile antibody-positive IM are
splenomegaly (99%), palatal petechiae (95%), axillary ad-
enopathy (91%), posterior cervical adenopathy (87%),
temperature ‡ 37.5°C (84%), inguinal adenopathy (82%),
any cervical adenopathy (58%), headache (55%), anterior
cervical adenopathy (43%), and fatigue (24%) (10).

Lymphoproliferative Diseases Associated with EBV

Chronic Active EBV Infection
Chronic active EBV infection, as its name suggests, is a life-
threatening condition characterized by persistent or recur-
rent infectious mononucleosis-like symptoms such as fever,
lymphadenopathy, hepatosplenomegaly, and cytopenias. In
the majority of EBV infections in immunocompetent indi-
viduals, EBV-infected cells are controlled, but not entirely
eliminated, through an adaptive immune response, and most
patients have an uncomplicated course (11). In some rare
instances, however, EBV-infected T and NK lymphocytes
proliferate uncontrollably despite an apparently functional
immune system, and the pathophysiology behind this re-
sponse remains unclear. Various terms and criteria have been
used to describe this entity, and publications on this disease
have reported varying clinical manifestations and outcomes.
Proposed diagnostic criteria for chronic active EBV infection
involve the following: persistent or recurrent infectious
mononucleosis-like symptoms; unusual pattern of anti-EBV
antibodies with raised anti-VCA and anti-EA and/or de-
tection of increased EBV genomes in affected tissues, in-
cluding the peripheral blood; and chronic illness that cannot
be explained by other known disease processes at diagnosis
(12). Infectious mononucleosis-like symptoms include pro-
longed or intermittent fever, fatigue, sore throat, headache,
myalgia, arthralgia, lymph node tenderness and pain, swell-
ing of lymph nodes, hepatosplenomegaly, and complications
affecting the hematological, digestive, neurological, pulmo-
nary, ocular, dermal, and/or cardiovascular systems.

Hemophagocytic Lymphohistiocytosis
In hemophagocytic lymphohistiocytosis, abnormal cyto-
kine release due to dysfunctional T and NK cells results
in histiocyte proliferation and activation. The histiocytes
infiltrate into the reticuloendothelial system where they
phagocytose blood cells, leading to cytopenias, fever, orga-
nomegaly, neurologic symptoms, and lymphadenopathy.
Hemophagocytic lymphohistiocytosis can be categorized as
being primary/genetic (e.g., familial form and forms associ-
ated with immune deficiency syndromes like Chediak-
Higashi syndrome, severe combined immunodeficiency,
and X-linked lymphoproliferative syndrome) or secondary/
reactive (e.g., macrophage activation syndrome associated
with autoimmune diseases, malignancy associated forms, and
infection associated forms) (13). While bacterial, fungal,
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and parasitic infections may result in hemophagocytic lym-
phohistiocytosis, viral etiologies are the most common and
EBV has been implicated in up to 74% of cases in which an
infectious agent was identified (13). Diagnostic guidelines
for hemophagocytic lymphohistiocytosis were proposed
by the Histiocyte Society and are as follows: molecular
identification of a gene mutation associated with hemo-
phagocytic lymphohistiocytosis (e.g., PRF1, UNC13D,
STX11, STXBP2, RAB27A, and SH2D1A) or the presence
of five out of eight diagnostic criteria (fever, splenomega-
ly, cytopenia affecting two or more lineages, hypertrigly-
ceridemia and/or hypofibrinogenemia, hyperferritinemia,
hemophagocytosis in bone marrow/spleen/lymph nodes
without evidence of malignancy, low or absent NK-cell ac-
tivity, and elevated soluble CD25) (14). Upon diagnosis of
hemophagocytic lymphohistiocytosis, potential underlying
etiologies should be investigated.

X-Linked Lymphoproliferative Syndrome
X-linked lymphoproliferative syndrome, also named Duncan
disease after the first identified family, most commonly (60%
to 70%) is caused by a mutation in the SH2D1A gene, which
codes for the signaling lymphocyte activation molecule
(SLAM)-associated protein (SAP) (15). SAP protein is
found on T cells, NK cells, and NKT cells, but is absent in
most normal B cells. Its mutation leads to NK and T-cell
dysfunction and failure to clear infected B lymphocytes.
There are more than 70 SH2D1A mutations including mis-
sense, nonsense, and deletion mutations that result in defi-
cient SAP protein expression (16). The type of mutation is
not correlated with disease severity. Because SH2D1A is
located on the long arm of the X chromosome (Xq25), X-
linked lymphoproliferative syndrome predominantly affects
males, but can also occur in female carriers due to skewed
lyonization or other mechanisms (17). The syndrome typi-
cally occurs early in childhood, is triggered by EBV infection,
and is characterized by fulminant infectious mononucleosis,
dysgammaglobulinemia, and lymphoma. Patients are often
in good health prior to EBV infection, but subsequently
develop lymphoproliferation and hemophagocytic lympho-
histiocytosis after infection (16). Other manifestations in-
clude lymphocytic vasculitis, aplastic anemia, lymphomatoid
granulomatosis, and autoimmune conditions like colitis and
psoriasis. Dysgammaglobulinemia and lymphoma can occur
in EBV-positive or EBV-negative patients, and mortality for
those with a history of prior EBV infection approaches 96%
(16). Most patients die before 10 years of age. A diagnosis of
X-linked lymphoproliferative syndrome should be considered
in all male patients who present with fatal or near-fatal EBV
infection, hemophagocytic lymphohistiocytosis at a young
age, common variable immunodeficiency, or other hypo-
gammaglobulinemia, or when there is a family history of X-
linked lymphoproliferative syndrome (16).

Mutations in several other genes have been described to
cause X-linked lymphoproliferative syndromes and related
disorders, including X-linked inhibitor of apoptosis (XIAP),
interleukin-2-inducible T-cell kinase (ITK), CD27, and
CORO1A (15). In particular, XIAP deficiency, due to var-
ious deletions or point mutations in XIAP causing loss of
protein function, is responsible for 20% to 30% of X-linked
lymphoproliferative syndrome cases (it is also known as XLP
type 2). The diseases caused by SAP, XIAP, ITK, CD27, and
Coronin 1A deficiencies may have overlapping clinical
characteristics, such as EBV susceptibility, but there are
notable differences (15). SAP and XIAP deficiencies are
both X-linked and are associated with hemophagocytic lym-

phohistiocytosis, while ITK, CD27, and Coronin 1A defi-
ciencies are autosomal recessive and generally not associated
with hemophagocytic lymphohistiocytosis. XIAP deficiency
is associated with colitis and is not associated with B-cell
lymphoproliferative disorders or lymphomas, in contrast to
deficiencies in the other four proteins for which the opposite is
true. Although SH2D1A and XIAP are both located at Xq25
and share certain clinical features, XIAP deficiency may be
better classified as X-linked familial hemophagocytic lym-
phohistiocytosis (18, 19). Like SAP deficiency, the only cure
for XIAP deficiency is hematopoietic stem cell transplanta-
tion. XIAP deficiency, however, tends to be less severe and
has a better prognosis than SAP deficiency.

Posttransplant Lymphoproliferative Disorders
As the name indicates, posttransplant lymphoproliferative
disorder (PTLD) is a complication of solid organ or hema-
topoietic stem cell transplantation involving lymphocytic or
plasmacytic proliferations that occur in the setting of iatro-
genic immunosuppression. EBV is positive in > 90% of B-
cell PTLD and > 70% of T-cell PTLD (20). While EBV
plays a significant role in the development of PTLD, EBV-
negative PTLD does occur and is more often seen in adults
and presents later (greater than 5 years) after transplantation
compared to EBV-positive PTLD (21). Functioning T cells
are important for controlling EBV infection, and levels of
cytotoxic CD8+ T lymphocytes correlate with the magni-
tude of circulating EBV and likelihood of developing PTLD
(21). With less immunosuppression, patients have better
cytotoxic CD8+ T-lymphocyte function and are less likely to
develop PTLD. In contrast, patients who receive anti-T
lymphocyte antibodies like OKT3 and thymoglobulin are at
increased risk for developing PTLD (21). For patients
receiving allogeneic stem cell transplants, use of T cell-
depleted stem cell transplants and administration of an-
tithymocyte globulin are predictive for development of
EBV lymphoproliferative disease (22). Primary EBV infec-
tion is a significant risk factor, and therefore pediatric pa-
tients are at greater risk than adults for the development of
PTLD (23). In transplant recipients, EBV infection has a
broad range of clinical manifestations from asymptomatic to
infectious mononucleosis to life-threatening viral sepsis and
PTLD.

EBV-Associated Lymphomas
EBV was first discovered in Burkitt lymphoma cells in 1964
(1). Since then, EBV has been associated with a wide variety
of other lymphomas including Hodgkin and non-Hodgkin
lymphomas. EBV-associated lymphomas are a diverse and
heterogeneous group with variable frequencies of EBV-
positivity. EBV is seen in 40% of classical Hodgkin lym-
phomas ( > 95% of HIV-related Hodgkin lymphomas are
positive for EBV) and in 5% of all non-Hodgkin lymphomas
(24). Further subclassification of non-Hodgkin lymphomas
shows variable frequency of EBV (Table 1) (20, 24).

Epithelial Lesions Associated with EBV

Oral Hairy Leukoplakia
Oral hairy leukoplakia is a benign lesion found in patients
with human immunodeficiency virus infection as well as
those with immunosuppression. As its name suggests, oral
hairy leukoplakia presents as unilateral or bilateral white to
gray patches in the oral cavity that cannot be scraped off,
forming prominent folds or projections that sometimes re-
semble hairs but more frequently have a corrugated or shaggy
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appearance (25). While this lesion occurs most frequently
on the lateral border of the tongue (81% of cases), it can be
found on the other areas of the tongue (8%), buccal mucosa
(8%), and retromolar area (3%) (26). It is usually asymp-
tomatic but can produce soreness, burning, mild pain, and
alteration of taste. The differential diagnosis of oral hairy
leukoplakia includes idiopathic leukoplakia, smoker’s kera-
tosis, frictional keratosis, acute pseudomembranous candi-
diasis, chronic hyperplasic candidiasis, “plaquelike” type of
lichen planus, lichenoid reaction, white sponge nevus, and
oral graft-versus-host disease (25).

Nasopharyngeal Carcinoma
Nasopharyngeal carcinoma is broadly classified by the World
Health Organization as keratinizing squamous cell carcinoma
(WHO type I) or nonkeratinizing carcinoma (WHO types
II and III), with nonkeratinizing carcinomas further subdi-
vided as either differentiated (WHO type II) or undiffer-
entiated (WHO type III). Only 20% of nasopharyngeal
carcinomas are keratinizing, while the remaining 80% are
nonkeratinizing; it is this latter group that is strongly asso-
ciated with EBV (27). The interplay between environ-
mental and genetic factors is important in the etiology of
nasopharyngeal carcinoma, which includes susceptibility in
some individuals with particular human leukocyte antigen
haplotypes, exposure to chemical carcinogens such as Can-
tonese salted fish at an early age, and latent EBV infection
(27). EBV appears to promote the progression of nasopha-
ryngeal carcinoma, rather than serve as an initiating factor as
it does in EBV-associated B-cell tumors (27). Nasophar-
yngeal carcinoma is most common in southern China, ac-
counting for about 20% of all adult cancers in the region,
and is prevalent in Southeast Asia and other Asian coun-
tries, but it is much rarer in North America and Europe,
having an incidence rate of <1 per 100,000 people (27).
The incidence is two to three times higher in males than

females, and peak incidence is in the sixth decade for high-
risk populations. Patients commonly present with a neck
mass from metastases to the cervical lymph nodes (28).
Other symptoms include otitis media, deafness, tinnitus,
epistaxis, and nasal obstruction.

Gastric Cancer
EBV accounts for approximately 10% of gastric carcinomas,
and 70,000 to 80,000 patients are estimated to develop EB-
V-associated gastric carcinoma each year (29). There is a
male predominance, preferential occurrence in the proxi-
mal stomach, and tendency toward multiple synchronous or
metachronous tumors when compared to EBV-negative
cases. Salty food intake and exposure to wood dust or iron
filings has been linked to increased risk for EBV-associated
gastric carcinoma (30). Grossly, these carcinomas are ulcer-
ated or saucer-like with gastric wall thickening. Histologic
examination reveals two patterns of carcinoma: a lymphoe-
pithelioma-like type, which resembles nasopharyngeal car-
cinoma, and an ordinary type (29). EBV-associated gastric
carcinomas, regardless of type, demonstrate increased tumor-
infiltrating lymphocytes compared to EBV-negative cases.
The lymphocytes are predominantly CD8+ and CD4+ Tcells
present in a 2:1 ratio, but only very few of these lymphocytes
are infected with EBV. Rather, EBV latent infection is found
in the vast majority of neoplastic cells, which defines EBV-
associated gastric carcinoma (29).

Breast Cancer
Whether or not viruses are an etiologic agent for breast
cancer has been a controversial topic. Research on EBV, as
well as human papilloma virus and mouse mammary tumor
virus-like sequences, as an etiologic agent of breast cancer
has yielded varying results. In a meta-analysis of 24 studies,
including 1,535 cases in which PCR was used for detecting
EBV DNA in breast tissue, there was a significantly in-
creased risk for breast carcinoma in individuals that tested
positive for EBV (31). In 11 studies there was comparison to
nonbreast cancer control groups, which when pooled dem-
onstrated that EBV infection was associated with a 6.29-fold
increased risk for breast carcinoma. EBV infection was es-
pecially prevalent in lobular carcinoma, as opposed to ductal
or other types of breast carcinoma (31). While EBV may be
implicated in lymphoepithelioma-like carcinomas in various
other organs, such as the salivary gland, lung, stomach, and
thymus, it has not been detected in lymphoepithelioma-like
carcinomas of the breast (32). Caution should be taken
when interpreting positive PCR results for EBV DNA be-
cause PCR can be positive due to the presence of EBV
within the breast carcinoma cells or within infiltrating
lymphocytes. However, some studies have shown that the
prevalence of EBV DNA is higher in cancer cells than in
infiltrating lymphocytes (31). In a separate analysis of 30
studies that utilized PCR and/or EBER in situ hybridization
for detection of EBV, 25 studies demonstrated the absence of
EBV in breast carcinoma, while only four studies showed
EBV positivity (33). Two of the studies used both PCR and
EBER in situ hybridization, which together showed that 15%
of samples were positive by PCR, but only 8% showed EBV
localization to the breast epithelium via EBER in situ hy-
bridization. In a prospective study that included 81,807
women that were followed over nearly two decades, 2,349
developed invasive breast cancer (34). Questionnaires were
administered to the women to determine whether they had
ever had infectious mononucleosis and at what age. The
results of this study did not identify a clear link between

TABLE 1 Frequency of EBV in non-Hodgkin lymphomasa

Lymphoma type

Frequency of
EBV-related
cases (%)

EBV-positive diffuse large B-cell
lymphoma of the elderly

100

Diffuse large B-cell lymphoma
associated with chronic inflammation

70–90

Primary effusion lymphoma 70–80
Plasmablastic lymphoma 60–70
HIV-associated oral type plasmablastic lymphoma 100
HIV-associated primary central

nervous system lymphoma
95–100

Extranodal NK/T cell lymphoma, nasal type 95–100
Angioimmunoblastic T-cell lymphoma 80–90
Lymphomatoid granulomatosis 90–100
Richter syndrome 15
Endemic Burkitt lymphoma 95–100
Sporadic Burkitt lymphoma 20–30
HIV-associated Burkitt lymphoma 25–35
Peripheral T-cell lymphoma,

not otherwise specified
40

aModified and reprinted from the Current Hematologic Malignancy Reports and
the Journal of Molecular Diagnostics with permission from the publishers (20, 24).
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history of clinical infectious mononucleosis and risk of in-
vasive breast cancer. Furthermore, a serologic study com-
paring 399 women with invasive breast cancer to 399
controls found that EBV seroconversion or changes in anti-
EBV IgG were not significantly associated with breast cancer
risk (35). Taken together, EBV does not appear to have a
definitive role in the etiology of breast cancer in general, but
may be associated with increased risk in specific subtypes.

Smooth Muscle Tumors Associated with EBV
EBV-associated smooth muscle tumors are essentially ex-
clusive to immunosuppressed patients and can be seen in
those with acquired immune deficiency syndrome or in the
posttransplant setting. Similar tumors that do not occur in
the setting of immunosuppression are consistently EBV
negative (36). EBV-associated smooth muscle tumors are
frequently multifocal due to separate transformation events
giving rise to independent primary tumors (37). The bio-
logic behavior is varied and ranges from benign to fatal, but
prognosis is generally better than that of sporadic leiomyo-
sarcomas.

Autoimmune Diseases Associated with EBV
EBV has been implicated in a number of autoimmune dis-
eases, including multiple sclerosis, systemic lupus eryth-
ematosis, rheumatoid arthritis, autoimmune thyroiditis,
inflammatory bowel diseases, insulin-dependent diabetes
mellitus, Sjögren’s syndrome, systemic sclerosis, myasthenia
gravis, and autoimmune liver diseases; however, causation
has yet to be proven (38). Multiple sclerosis serves as an
example. Multiple sclerosis is a common and often debili-
tating inflammatory condition of the central nervous system
with heterogeneous clinical presentation characterized by
multifocal demyelinative lesions that are separated spatially
and temporally. As a result of these lesions, patients may
experience a variety of signs and symptoms including optic
neuritis, internuclear ophthalmoplegia, trigeminal neuralgia,
Lhermitte phenomenon, paresthesias, vertigo, nystagmus,
paraparesis, ataxia, incontinence, sexual dysfunction, and
fatigue. The cause of multiple sclerosis remains unknown,
but it is widely believed to be an autoimmune disorder with
various possible genetic and environmental risk factors.
Abnormal findings in the cerebrospinal fluid including
pleocytosis, increased protein, and oligoclonal bands, which
are identified in multiple sclerosis, are typical of neurologic
infections (39). Viral etiologies have been explored, in-
cluding infection by EBV, but a definitive conclusion has not
been reached. The association between EBV and multiple
sclerosis has been suggested based on similar latitudinal
distribution. However, not all studies demonstrated the same
effect of latitude on EBV seropositivity, and in many of the
studies, variations in latitude could not be easily separated
from socioeconomic status (40). Reported history of past
infectious mononucleosis, previous hospitalization for in-
fectious mononucleosis, and EBV seropositivity were all as-
sociated with increased risk for multiple sclerosis (40).
However, studies analyzing EBV viral load in peripheral
blood mononuclear cells from patients with multiple scle-
rosis versus healthy carriers, EBER in situ hybridization per-
formed on postmortem brains of patients with multiple
sclerosis, and T-cell immune response to synthetic EBV
peptides and to autologous B-cell lymphoblastoid cell lines
have yielded discordant results (40). Despite much investi-
gation, the role of EBV in multiple sclerosis is still unclear
and requires further study. Proposed mechanisms for EBV
involvement in autoimmune diseases include infection and

immortalization of autoreactive naïve B cells, enhance-
ment of innate immunity and cytokine production, trans-
activation of endogenous retroviruses, molecular mimicry
and formation of cross-reactive autoantibodies, and by-
stander activation and epitope spreading (38). Alternatively,
EBV latency could be perturbed by the proinflammatory
environment in autoimmune diseases leading to its reacti-
vation, thus resulting in the higher serum viral loads and
detectable immune responses to EBV seen in these condi-
tions, or increased serum or intrathecal antibody titers
to EBV may be a byproduct of polyspecific B-cell activa-
tion (38).

TREATMENT AND PREVENTION
EBV infects over 90% of adults and is the cause of several
clinical diseases and neoplasms. In 1976, a little over a de-
cade after its discovery, Epstein proposed an EBV vaccine
(41). Since then, progress has been slow, and while several
patented EBV vaccines now exist, only a handful have been
tested in clinical trials (42). Vaccinia virus constructs ex-
pressing gp220-350, vaccinia recombinant vector expressing
EBNA-1 and LMP-2, adjuvant recombinant gp350, and
HLA-B8-restricted EBNA-3A peptide epitopes have dem-
onstrated safety and immunogenicity in phase 1 and/or
phase 2 clinical trials (43). Although these findings are
promising, bringing an EBV vaccine into phase 3 clinical
trials poses a number of challenges, including obtaining
funding, lack of an animal model except subhuman primates,
optimization of antigen construct and adjuvant, selection of
the ideal test population, and identification of what the
vaccine hopes to achieve (43).

Infectious Mononucleosis
IM is primarily treated with supportive care, such as the use
of acetaminophen or nonsteroidal anti-inflammatory agents
to manage fever, throat discomfort, and malaise (44).
Acetaminophen can be used as both an antipyretic and
analgesic and is preferred by many clinicians over aspirin,
because of the concern that aspirin may increase risk of
splenic hemorrhage (45). Other analgesics that are recom-
mended for IM include saltwater gargles, anesthetic throat
lozenges, or viscous lidocaine hydrochloride. Codeine may
also be used in patients that do not respond to other treat-
ments. Adequate fluid and nutritional intake should be
encouraged but may be difficult as many patients become
anorexic during acute illness (45). Corticosteroids should
only be administered to patients with severe complications
because side effects such as immunosuppression and bacterial
superinfection may result from routine use (46). Prednisone
can be used to prevent airway obstruction from severe ton-
sillar hypertrophy, autoimmune hemolytic anemia, severe
thrombocytopenia, or progressive neurologic disease (46).
Antiviral therapy, such as acyclovir and valacyclovir, is not
recommended (47). If patients are given antimicrobials,
such as amoxicillin or other penicillin derivatives, a mac-
ulopapular rash may develop in up to 95% of cases (46). To
minimize the risk of splenic rupture, patients should not
participate in any sports for at least 3 weeks from illness onset
and should avoid participation in strenuous contact sports
for at least 4 weeks from illness onset (46). Most patients will
recover from IM without any sequelae, and clinical and
laboratory findings will resolve after approximately 1 month
from diagnosis (47). Cervical adenopathy and fatigue may
take longer to resolve, and fatigue lasting longer than 6
months with functional impairment has been reported (47).
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Lymphoproliferative Diseases Associated with EBV

Chronic Active EBV Infection
Therapies such as antiviral (e.g., acyclovir and valacyclovir),
immunomodulatory (e.g., interferon-alpha and interleukin-
2), and immunosuppressive (e.g., corticosteroids and cyclo-
sporine) treatments, rituximab, cytotoxic chemotherapy (e.g.,
EPOCH [etoposide, prednisone, vincristine, cyclophospha-
mide, and doxorubicin] with rituximab), and autologous
EBV-specific cytotoxic T lymphocytes are often ineffective
or only temporarily delay disease progression (48). Alloge-
neic hematopoietic stem cell transplantation offers definitive
treatment for patients with chronic active EBV infection and
is often curative. Nevertheless, death after transplantation is
primarily due to progressive chronic active EBV disease (48).

Hemophagocytic Lymphohistiocytosis
There is no general consensus for treating secondary he-
mophagocytic lymphohistiocytosis as there is for the familial
form (49). The use of rituximab, etoposide, and hemato-
poietic stem cell transplantation have shown success in
improving outcomes. Treatment and prophylaxis for oppor-
tunistic infections is important for patients that develop
neutropenia. Attempts to control the excess cytokines have
included antithymocyte globulins, splenectomy, and plasma
exchange or blood exchange transfusions (13). Notably,
antiviral medications such as acyclovir, ganciclovir, and
cidofovir are not particularly effective for treating EBV-
associated hemophagocytic lymphohistiocytosis.

X-Linked Lymphoproliferative Syndrome
Treatment for X-linked lymphoproliferative syndrome de-
pends on the clinical manifestations of the disease; that is,
lymphomas should be treated with standard chemotherapy,
hemophagocytic lymphohistiocytosis should be treated with
disease-specific therapy, and dysgammaglobulinemia should
be treated with immunoglobulin replacement therapy (16).
Rituximab, which targets CD20-positive B cells, can be used
to control the acute primary EBV infection. Myeloablative
or reduced intensity allogeneic hematopoietic stem cell
transplantation is the only curative treatment.

Posttransplant Lymphoproliferative Disorders
Treatment for PTLD generally first involves reduction of
immunosuppression. Given the heterogeneity of PTLD and
differing approaches to immunosuppression reduction, re-
ported efficacy varies widely. Bulky disease, advanced stage,
and older age were predictive for lack of response, while EBV
seronegativity and B-cell histologic subtype did not affect
outcome (23). The level of immunosuppression reduction
needs to be weighed against the risk for acute rejection of the
transplant. Surgical and radiation therapy can be used for
localized disease or for managing symptoms and complica-
tions. Other therapies include antivirals (e.g., ganciclovir
and acyclovir), rituximab, cytotoxic combination chemo-
therapy, and adoptive immunotherapy with cytotoxic Tcells
specific to EBV.

Epithelial Lesions Associated with EBV

Oral Hairy Leukoplakia
Treatment in some cases may be used to reestablish normal
characteristics of the tongue, eliminate pathogenic micro-
organisms, improve patient comfort, and for cosmesis (50).
Treatment strategies include surgery and systemic antiviral
treatment, but topical agents have advantages of low cost,
ease of use, few side effects, and efficacy over time (50).

Nasopharyngeal Carcinoma
Treatment commonly involves radiation therapy for early
stage cancers and combined chemoradiation for more ad-
vanced stages. Neck irradiation can be given to all patients
regardless of lymph node status, given the predilection of
nasopharyngeal carcinoma for early regional lymph node
spread.

Gastric Cancer
Current therapies are not specific for EBV-associated gastric
carcinomas and include resection, radiation, and/or che-
motherapy. EBV-associated gastric carcinomas tend to be
lower stage and confer significantly better prognosis than
EBV-negative cancer (51).

Smooth Muscle Tumors Associated with EBV
Optimal treatment is unknown but depends on the tumor
localization and behavior (36). Potential therapies include
surgical resection, antiviral therapy, reduction of immuno-
suppressive regimen, and chemotherapy.

DETECTION/DIAGNOSIS
Diagnosis of EBV infection in immunocompetent patients is
generally made through serological testing. With acute pri-
mary infection causing infectious mononucleosis, there is a
nonspecific increase in serum immunoglobulins, which in-
cludes heterophile antibodies, generally IgM antibodies, that
are capable of binding to animal red blood cells. In the
heterophile antibody test, the presence of heterophile anti-
bodies in the patient plasma or serum is demonstrated by the
agglutination of sheep, horse, goat, or bovine erythrocytes or
agglutination of antigen-coated latex beads. Lateral flow
immunoassays or enzyme-linked immunosorbent assays
based on heterophile antibodies have been developed for
rapid bedside and automated testing. Along with hetero-
phile antibodies, there is a concomitant rise in EBV-specific
antibodies in response to EBV infection. IgM antibodies to
VCA and IgG antibodies EA and VCA are produced in
response to acute infection, while IgG antibodies to the EBV
nuclear antigen (EBNA) develop in the convalescent stage
and persist with anti-VCA IgG years later as indicators of
remote infection. Traditionally, indirect immunofluores-
cence assays were used, but less labor-intensive and auto-
mated techniques using enzyme-linked immunosorbent
assays are now available. EBER-1 and EBER-2 are highly
expressed in latently infected cells, at approximately one
million copies per infected cell, making EBER in situ hy-
bridization an especially efficacious test that is considered the
gold standard for determining EBV status in biopsy speci-
mens (24). Proper interpretation of EBER in situ hybridiza-
tion requires performance of appropriate positive controls to
demonstrate RNA preservation in the biopsy specimen and
negative controls. Proteins synthesized by EBV can be de-
tected and localized on biopsy specimens using immunohis-
tochemical stains for EBNA-1, EBNA-2, LMP-1, LMP-2,
BHRF-1, BZLF-1, and BMRF-1. With the exception of
LMP-1 expression in Hodgkin lymphoma, immunohisto-
chemistry is not as reliable as EBER in situ hybridization (24).
Quantification of EBV DNA by real-time PCR on biopsy
specimens can be informative, but results should always be
interpreted in conjunction with histopathology findings, as
benign EBV-infected lymphocytes incidentally present in the
specimen can result in a positive test. Quantitative real-time
PCR can also be performed on body fluids and blood samples
and has been used for prognosis, as an adjunct in diagnosis, to
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monitor treatment, and to predict disease recurrence. Sub-
stantial differences exist when comparing results from various
laboratories, though traceability to the first WHO Interna-
tional Standard for Epstein-Barr virus, approved in 2011, is
expected to eventually reduce significant interlaboratory
variability (52, 53).

Infectious Mononucleosis
Diagnostic testing for IM due to EBV is recommended for the
following situations: febrile patients between 10 and 30 years
of age who present with sore throat, fatigue, and spleno-
megaly, palatal petechiae, or posterior cervical, axillary, or
inguinal lymphadenopathy; in younger or older patients, as
an adjunct to the investigation of acutely raised transami-
nases or hemolytic anemia; or if IM is strongly suspected
clinically or from contact history (9). Testing should include
a complete blood count with differential count for lympho-
cytosis and atypical lymphocytes, heterophile antibodies in
immunocompetent adults, and viral serology in patients less
than 4 years of age and in immunocompromised patients.
Repeat testing for heterophile antibodies, and consideration
of EBV-specific viral serology to rapidly rule out IM, is rec-
ommended after 5 to 7 days if the initial test panel was not
diagnostic of IM. If the second heterophile antibody test is
also negative, identification of alternate etiologies, specifi-
cally cytomegalovirus and toxoplasmosis for pregnant or
immunocompromised patients and human immunodefi-
ciency virus in at-risk patients, is recommended when indi-
cated (9). The Hoagland criteria are often cited for the
diagnosis of IM and are as follows: presence of fever, phar-
yngitis, and adenopathy; ‡ 50% lymphocytosis with ‡ 10%
atypical lymphocytes; and, confirmation by a positive sero-
logic test (54). These criteria are specific but not sufficiently
sensitive, and only approximately half of patients with
symptoms suggestive of IM and positive heterophile antibody
test would fulfill Hoagland’s criteria (10). Instead, having a
positive heterophile antibody test, or > 20% atypical lym-
phocytes, or >10% atypical lymphocytes with an accompa-
nying lymphocytosis of ‡ 50% strongly suggests IM, and no
further testing is recommended (9).

The lymphocyte to white blood cell count ratio has been
demonstrated to be a useful parameter in distinguishing
patients with IM from those with bacterial tonsillitis, and
having a ratio > 0.35 has 90% sensitivity and 100% speci-
ficity for IM (55). It has been suggested that heterophile
antibody testing should be ordered when the ratio is > 0.35,
but could be avoided when the ratio is < 0.35. Alternatively,
lymphocyte count alone of £ 4 · 109/L was found to have
high sensitivity and specificity, 84% and 94% respectively,
for negative monospot results, and could potentially be used
to screen patients with IM symptoms, prior to heterophile or
serological testing (56). The sensitivity and specificity in-
creased to 100% and 97%, respectively, when the lympho-
cyte count was £ 4 · 109/L in patients 18 years of age and
older (56). The monospot test was therefore recommended
for adult patients with a lymphocyte count > 4 · 109/L,
pediatric patients, and cases where there was a strong clinical
suspicion for IM. However, these findings were not repli-
cated in other studies in which using a lymphocyte to white
blood cell count ratio > 0.35 resulted in a sensitivity of 84%
and specificity of 72% for IM, and using a lymphocyte count
of £ 4 · 109/L to predict a negative monospot resulted in a
sensitivity of 61.8% and specificity of 96.8% (57, 58). The
exclusive use of either lymphocyte to white blood cell count
ratio or lymphocyte count alone would therefore be insuf-
ficient for the diagnosis or exclusion of IM.

Aside from determining the white blood cell and lym-
phocyte counts, automated hematology analyzers are capable
of flagging specimens for other quantitative or qualitative
parameters. Depending on the analyzer, flags for blasts, var-
iant lymphocytes, or both blasts and variant lymphocytes
have sensitivities ranging from 41% to 43.4%, 15.8% to
72.4%, and 10.5% to 40%, respectively, and specificities
ranging from 88.6% to 97.1%, 79.1% to 90.8%, and 96% to
98.1%, respectively, for identifying patients with a positive
heterophile result (59). Manual review of Wright-Giemsa
stained peripheral blood smears also demonstrates dif-
ferences between heterophile-positive and heterophile-
negative patients, with the former having a 40.9% mean of
atypical lymphocytes and the latter having 9.15% (59). The
percentage of Downey type I, Downey type II, Downey
type III, and percentage of lymphocytes > 15 mm were all
significantly different between the two groups (p-value
<0.0001 for all). The Downey type II lymphocyte mor-
phology is significantly associated with EBV positivity,
whereas the Downey type III and the Downey type I variants
are associated to varying degrees with human herpesvirus-6
and cytomegalovirus positivity, respectively (60). Other fea-
tures identified in peripheral blood smears included smudge
cells and cloverleaf nuclei. Smudge cells and cloverleaf
lymphocytes both had a high specificity for heterophile-
positive patients, but low sensitivities of 30% and 15.5%,
respectively (17). It should be noted that chronic lympho-
cytic leukemia, adult T-cell leukemia, and infection by hu-
man immunodeficiency virus, among other conditions, may
demonstrate similar changes, so the overall clinicopathologic
context must be considered. Apoptotic lymphocytes may
demonstrate increased sensitivity for heterophile-positive
patients, up to 88.9%, whereas only 3.75% of control pe-
ripheral smears contain apoptotic lymphocytes (61). Again,
the overall clinicopathologic context in which apoptotic
lymphocytes are found needs to be considered because upper
respiratory viral infections and prolonged sample storage at
room temperature can result in apoptosis.

For the detection of heterophile antibodies, newer assays
have essentially replaced the classic Paul-Bunnell test due to
its high sensitivity, specificity, and simplicity, in that there
is no need for serum inactivation (62). While the Paul-
Bunnell reaction is capable of quantitating the titer of het-
erophile antibody, there is little practical importance of a
quantitative result because it does not correlate with disease
severity, duration, or complications (62). There are currently
numerous commercial tests available that detect heterophile
antibodies. They overall have sensitivities ranging from 81%
to 95% and specificities ranging from 98% to 100% (63).
Approximately 10% of patients with EBV infection will be
persistently negative for heterophile antibodies (64). Het-
erophile antibodies need time to increase to levels detectable
by heterophile antibody-based assays, and within the first
week of symptoms, up to 25% of patients may have a false-
negative result (64). By the third week the false-negative
rate drops to about 5%, so repeat testing is therefore sug-
gested when there is still clinical suspicion despite an initial
negative result (9). False-negative results occur more fre-
quently in immunocompromised patients and in children,
particularly children under 4 years of age in whom the
heterophile antibody response is normally negative or un-
detectable, who should instead have EBV-specific antibodies
measured (9). For patients with negative test results for
heterophile antibodies with an absolute lymphocytosis or an
instrument-generated atypical lymphocyte flag, 40% will
still have positive EBV serologies; other etiologies include
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cytomegalovirus in 39%, human herpesvirus 6 in 25%, and
Toxoplasma in 3% (60). In contrast, patients without abso-
lute lymphocytosis or an instrument-generated atypical
lymphocyte flag who were negative for heterophile anti-
bodies frequently tested negative for anti-EBV IgM anti-
bodies as well (60). False-positive heterophile antibody
test results also occur and can be seen in patients with sys-
temic lupus erythematosus, human immunodeficiency virus,
Toxoplasma, babesiosis, malaria, rubella, leukemias, and
lymphomas (8, 64).

Testing for EBV-specific antibodies may be useful in pa-
tients with negative heterophile antibody tests results who
have symptoms suggestive of IM, in patients less than 4 years
of age, and in immunocompromised patients (9). Because
they can be detected earlier than heterophile antibodies,
EBV-specific antibodies are also useful when a rapid rule-out
of EBV infection is needed, as with someone wanting to
quickly return to sports. EBV-specific antibodies have the
added advantage of being able to identify acute and remote
infections, even after heterophile antibodies have disap-
peared. IgM antibodies to EBV VCA are comparable to
heterophile antibodies for ruling in EBV IM but are con-
sidered to be better than heterophile antibodies for ruling
out EBV IM, to the extent that a negative anti-VCA IgM
result is strong evidence against EBV IM as a diagnosis (9).
Indirect immunofluorescence assays, used early in the re-
search of EBV infection, are frequently considered the gold
standard to which later developed enzyme-linked immuno-
sorbent assays have been compared (65). Indirect immuno-
fluorescence assays, however, are more labor intensive than
microtiter systems that are automated or semiautomated and
can have up to 9% of results that are uninterpretable (65).
The sensitivities of various assays for EBV-specific antibod-
ies range from 95% to 100%, while the specificities range
from 86% to 100% (63). In immunocompetent patients, the
status of three parameters, anti-VCA IgM, anti-VCA IgG,
and anti-EBNA-1 IgG, can distinguish between several se-
rological patterns associated with different clinical settings
(Table 2) (66). Commonly in clinical practice, anti-VCA
IgM, anti-VCA IgG, and heterophile antibodies are the only
three analytes tested for diagnosing acute EBV IM or deter-
mining EBV status (67). However, when more analytes are
used, such as testing anti-VCA IgM, anti-VCA IgG, anti-
EA-D IgG, anti-EBNA-1 IgG, and heterophile antibodies,
the sensitivity for diagnosing primary acute EBV infection is

improved (67). Regardless of the number of analytes tested,
the antibody combinations can generally be determined from
a single sample, thus only a single blood draw is needed from
the patient. This is advantageous over comparing changes in
antibody titers from temporally separate samples, a strategy
often employed for serologic assessment in other diseases, and
decreases the burden to the patient, phlebotomist, and the
laboratory. The results of serologic testing are not always
clear-cut, however, and unusual patterns can be seen in up to
10% of patients (65). Furthermore, atypical antibody profiles
may be present more often in immunocompromised patients,
who generally have an increase in anti-VCA IgG and anti-
EA IgG titers, and a decrease or loss of anti-EBNA-1 IgG
titers (66). False-positive results for anti-VCA IgM have
been reported for infections with cytomegalovirus, parvovi-
rus B19, Toxoplasma, hepatitis A, and human immunodefi-
ciency virus (66).

Although measuring EBV DNA in plasma has high
sensitivity for early IM, serology remains the gold standard
for diagnosis in immunocompetent patients (68). EBV viral
load is commonly measured via real-time PCR technology,
and there are currently several primers and probes available
commercially (24). After primary EBV infection, levels of
circulating EBV DNAwithin whole blood, plasma, serum, or
memory B cells peak within 2 weeks and then become low or
undetectable after weeks to months (24). A steady state of
approximately 1 to 50 EBV DNA copies per million white
blood cells in whole blood, and undetectable levels in
plasma or serum samples, may take as long as a year or more
to reach, during which time the levels of EBV DNA may
rebound idiosyncratically (24). This decline in EBV DNA
after onset of symptoms confers a very low negative predic-
tive value for IM. Furthermore, asymptomatic patients or
those experiencing reactivation may have positive EBV viral
load measured in whole blood or peripheral blood mono-
nuclear cells, thus limiting the specificity of EBV DNA for
IM diagnosis (68). EBV DNA testing for IM is therefore best
reserved for cases with inconclusive serological results and
immunosuppressed patients. Detection of EBV DNA is also
helpful for diagnosing IM in infants and young children, for
whom serologic testing may be unreliable (27, 28). In
younger patients, PCR can be more sensitive than serology
because of the time required to mount an immunologic re-
sponse (69, 70). PCR is 78.4% sensitive for diagnosing pri-
mary EBV infection, compared to the monospot test, which
is only 54.5% sensitive in this population (70). For infants in
the acute phase of IM, anti-VCA IgM was only positive in
25% of cases, but this increased to 80% for patients 4 years of
age or older; anti-VCA IgG had higher rates of positivity in
both groups, 79.2% for infants and 100% for patients 4 years
of age or older (69). Nevertheless, some infants may not
express any EBV-specific antibodies during the acute phase
of IM, but are still positive for EBV DNA by PCR (69). A
potential strategy for evaluating young patients with IM
symptoms could therefore include initial serologic testing
followed by EBV DNA testing when serologic results are
negative or indeterminate.

Lymphoproliferative Diseases Associated with EBV

Chronic Active EBV Infection
Serological studies demonstrate elevated anti-EBV anti-
bodies that generally consist of anti-VCA IgG ‡ 1:640 and
anti-EA IgG ‡ 1:160, with anti-VCA IgA and/or anti-EA
IgA commonly found. Recommended laboratory tests are as
follows: detection of EBV DNA, RNA, related antigens,

TABLE 2 EBV serological patterns and associated clinical
settingsa

Anti-
VCA IgM

Anti-
VCA IgG

Anti-
EBNA-1 IgG Interpretation

- - - No immunity
+ - - Acute infection

or nonspecific reactivity
+ + - Acute infection
- + + Past infection
- + - Acute or past infection
+ + + Late primary infection

or reactivation
- - + Past infection or

nonspecific reactivity
aModified and reprinted from the World Journal of Virology with permission

from the publisher (66).
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and clonality in affected tissue and/or peripheral blood via
PCR, EBV in situ hybridization, immunofluorescence, and
Southern blotting; histopathological and molecular studies
via general histopathology, immunohistochemical staining,
chromosomal analysis, and rearrangement studies; and im-
munological studies via general immunological tests, marker
analysis of peripheral blood including HLA-DR, and cyto-
kine analysis (12).

Hemophagocytic Lymphohistiocytosis
Serological testing can be used to determine if primary in-
fection or reactivation of EBVis the cause of the disease.Most
cases of EBV-associated hemophagocytic lymphohistiocytosis
occur in pediatric patients with primary infection, and cases
occurring from EBV reactivation are associated with worse
outcome (13). Real-time PCR can also be performed to
quantify EBV viral load, which has prognostic significance
and can be used to monitor response to treatment.

X-Linked Lymphoproliferative Syndrome
Serologic testing for EBV in patients with X-linked lym-
phoproliferative syndrome can be unreliable as they may
exhibit dysgammaglobulinemia and production of anti-EBV
antibodies may be abnormal. Instead, EBV detection via
PCR can be used. The most efficient laboratory method for
identifying patients with X-linked lymphoproliferative syn-
drome is evaluation of SAP protein expression by flow cy-
tometry. SAP deficiency is also suggested when there are
decreased CD27+ B memory cells, absence of NKTcells, and
variably impaired NK cell lytic function (16). With the
appropriate clinical setting and demonstration of SAP de-
ficiency, confirmatory testing for SH2D1A mutation can be
performed.

Posttransplant Lymphoproliferative Disorders
In patients with suspected PTLD, diagnostic workup in-
cludes complete blood count with differential, serum
electrolytes/calcium/blood urea nitrogen/creatinine, liver
function tests, uric acid, lactate dehydrogenase, quantitative
immunoglobulins, EBV serologies (including anti-EBNA,
-VCA, and -EA), peripheral blood EBV viral load, stool for
occult bleeding, chest radiograph, computed tomography of
neck/chest/abdomen/pelvis, and core needle/excisional bi-
opsy of lesions with flow cytometric analysis of lymphocytes,
EBER, and therapy-relevant markers (e.g., CD20) (21). EBV
serologies are less helpful in immunocompromised patients
whomount unreliable immune responses to EBV. Pathology is
the gold standard for diagnosing PTLD, and the histologic
spectrum of PTLD, as classified by the World Health Or-
ganization, can be divided into four categories: early lesions,
polymorphic PTLD, monomorphic PTLD, and classical
Hodgkin lymphoma-type PTLD (71). Early lesions include
plasmacytic hyperplasia and infectious mononucleosis-like
PTLD; they have preserved tissue architecture and are po-
lyclonal proliferations or have a very small monoclonal
B-cell population. Polymorphic PTLD demonstrates efface-
ment of the tissue architecture, shows the full spectrum
of lymphoid maturation (i.e., immunoblasts, variably sized
lymphocytes, and plasma cells), and can consist of poly-
clonal or monoclonal cells that are often EBV-positive but
does not fulfill diagnostic criteria for B or T/NK cell lym-
phomas. Monomorphic PTLD, in contrast, does meet diag-
nostic criteria for B-cell (e.g., diffuse large B-cell lymphoma,
Burkitt lymphoma, plasma cell myeloma, plasmacytoma-like
lesion, and others excluding indolent B-cell neoplasms)
or T-cell neoplasms (e.g., peripheral T-cell lymphoma not

otherwise specified, hepatosplenic T-cell lymphoma, and
others), and is a monoclonal infiltrate that effaces normal
tissue architecture. Finally, classical Hodgkin lymphoma-
type PTLD fulfills the diagnostic criteria for classical
Hodgkin lymphoma, containing a minority of malignant
cells (i.e., Reed-Sternberg cells and variants) among in-
flammatory cells. Despite the utility of this classification
system, multiple lesions simultaneously sampled from the
same patient may exhibit differing histologic grades. It is
important to remember that the spectrum of disease caused
by EBV is continuous, and initially benign manifestations
may progress to become more severe illnesses (21). EBER in
situ hybridization performed on tissue samples is useful in
identifying the presence of and localizing EBV to neoplastic
cells. PCR for EBV DNA is not as informative for tissue
samples because it does not distinguish between lesional and
bystander lymphocyte positivity. Instead, EBV viral load
measurement by real-time PCR performed on peripheral
blood can be used to monitor patients that are at high risk for
developing PTLD, such as EBV-seronegative recipients.
High EBV viral loads may predict the development of
PTLD, and almost all patients with PTLD demonstrate high
levels of EBV DNA in whole blood and in plasma, although
there is no consensus as to which is the preferred specimen
type (72). Clinical trial guidelines often require frequent
EBV testing in the first year after transplantation when
PTLD risk is highest (24). EBV viral load has good sensi-
tivity for EBV-positive PTLD but is not useful in EBV-
negative PTLD. Because of this and its relatively poor
specificity for PTLD, EBV viral loads are best suited for
excluding a diagnosis of EBV-positive PTLD. There also has
not been a consistent cutoff in the literature to define what
constitutes “high” EBV viral load, so it is difficult to compare
results produced by different laboratories. Within individual
laboratories, results are more reproducible and trending EBV
viral load is more meaningful. The World Health Organ-
ization approved the first WHO International Standard for
Epstein-Barr virus in 2011, which perceivably should reduce
significant interlaboratory variability (23). EBV viral load
can be used to monitor therapy for PTLD because the level
of circulating EBV serves as a gauge of tumor burden and can
be followed during the course of treatment. Progressive dis-
ease and relapses have been documented, however, despite
decreases in EBV viral load after therapy (23). Also, some
patients may continue to demonstrate sustained EBV viral
load elevation despite PTLD resolution.

EBV-Associated Lymphomas
Biopsy and microscopic examination is required for the di-
agnosis of these entities, and criteria for classification have
been established by the World Health Organization (71).
EBER in situ hybridization is the gold standard for identifying
EBV infection and localizing the virus to specific cells. EBV
viral load performed on patients with EBV-associated lym-
phomas demonstrates high levels of EBV DNA in the
plasma or serum, in contrast to healthy carriers in whom
EBV is restricted to the cellular fraction of blood (24). Im-
proper storage or delayed testing of whole blood samples may
lead to false-positive EBV viral loads in plasma or serum if
EBV DNA is permitted to escape from the intracellular
compartment. EBV DNA can often be detected before the
diagnosis of lymphoma is made; levels of EBV DNA at di-
agnosis may be predictive of therapy efficacy and outcome,
and EBV viral load in plasma can serve as a marker for tumor
burden in EBV-associated lymphomas (24). For patients
with primary central nervous system lymphoma, EBV DNA
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is present within the cerebrospinal fluid, which can be se-
rially measured to monitor therapy.

Epithelial Lesions Associated with EBV

Oral Hairy Leukoplakia
A provisional diagnosis can be made when the appropriate
clinical features of oral hairy leukoplakia are present,
but when clinical features are unclear, sampling via cyto-
logical preparations or tissue biopsy is indicated. Hyper-
parakeratosis, acanthosis, keratinized “hairlike” projections,
koilocytes with pyknotic nuclei and perinuclear halos in the
prickle cell layer, intranuclear inclusions, few or no Lang-
erhans cells, and limited to no inflammatory infiltrate in the
lamina propria are histologic features seen in oral hairy
leukoplakia, but they are not specific for this entity (25).
When light microscopic and clinical findings correlate, a
presumptive diagnosis can be made but a definitive diagnosis
requires demonstrating the presence of EBV (25). A number
of techniques such as PCR, in situ hybridization, immuno-
histochemistry, immunocytochemistry, and electron micros-
copy can detect EBV, but the gold standard for the diagnosis
of oral hairy leukoplakia is EBER in situ hybridization (26).
EBER in situ hybridization has been shown to be effective on
punch biopsy as well as exfoliative liquid-based cytology
(73). In the routine management of patients infected with
human immunodeficiency virus, definitive diagnosis is sel-
dom needed, and because oral hairy leukoplakia is generally
asymptomatic, may spontaneously resolve, and has no pre-
malignant potential, treatment is not often required (25).

Nasopharyngeal Carcinoma
Screening for nasopharyngeal carcinoma with IgA anti-
bodies targeted against VCA and EA via immunofluores-
cence assay yields a sensitivity of 51% and specificity of 95%
when both antibodies are identified (74). Subsequently de-
veloped enzyme-linked immunosorbent assays for nasopha-
ryngeal carcinoma screening demonstrate improved test
characteristics, with increased sensitivity of 95% and speci-
ficity of 94% for combined anti-VCA IgA and anti-EBNA
IgA, and have the additional advantage of automation and
large-scale testing (74). Given that the majority of people
have been infected with EBV worldwide, however, the
positive predictive values of serology-based tests are low and
often less than 5% (75). Detection of plasma EBV DNA by
real-time PCR has a sensitivity of 87%, specificity of 90%,
and a positive predictive value of 30% for nasopharygeal
carcinoma diagnosed within 1 year of follow-up in individ-
uals who are positive for anti-VCA IgA and anti-EBNA-1
IgA (75). Plasma EBV DNA load in early stage nasopha-
ryngeal carcinoma, however, has a lower sensitivity of 74%
and the positive predictive value after 1 year of follow-up
decreases to 8.3% (75). EBV DNA load may therefore be a
useful adjunct to EBV-specific serology in screening for pa-
tients with advanced-stage nasopharyngeal carcinoma, but
not for those with early disease or for predicting the devel-
opment of nasopharyngeal carcinoma. Definitive diagnosis
of nasopharyngeal carcinoma requires biopsy of the primary
or metastatic masses. Premalignant lesions, such as dysplasia
or carcinoma in situ, are not generally identified in the de-
velopment of nasopharyngeal carcinomas, unlike carcino-
mas of the head and neck, uterine cervix, or other locations
(76). EBV can be detected in biopsy specimens via EBER in
situ hybridization, which demonstrates strong nuclear posi-
tivity in virtually all tumor cell nuclei in most cases of
nonkeratinizing nasopharyngeal carcinoma. This method
localizes EBV to the tumor cells, whereas PCR may be

positive from bystander EBV-positive lymphocytes. Re-
cently, EBV DNA load tested on nasopharyngeal brushing
samples has been demonstrated to be useful in the diagnosis
of nasopharyngeal carcinoma and may potentially obviate
the need for more invasive and painful biopsy procedures
(77). EBV DNA load in blood samples, but not in naso-
pharyngeal brushings, correlates with tumor stage, and high
levels are predictive of poor prognosis. Both nasopharyngeal
brushing and blood EBV DNA levels demonstrate signifi-
cant reductions after therapy and hence may be suitable for
follow-up monitoring after treatment (77).

Gastric Cancer
The gold standard for identifying this carcinoma is via EBER
in situ hybridization, and gastric mucosal biopsies taken by
upper gastrointestinal endoscopy can be used to make the
diagnosis (30). EBV-specific antibodies, such as those tar-
geting EBNA-1 and VCA, are elevated but not significantly
different between those with EBV-associated gastric carci-
noma and healthy controls (30).

Breast Cancer
The contribution of EBV to breast cancer is unclear. Symp-
tomatology, serology, EBER in situ hybridization, and mo-
lecular methods have been used to suggest EBV involvement
in breast cancer.

Smooth Muscle Tumors Associated with EBV
Histologically these tumors consist of monomorphic spin-
dled smooth muscle cells with abundant eosinophilic cyto-
plasm arranged in short intersecting fascicles, with admixed
or separate nodules of primitive round cells seen in ap-
proximately 50% of cases (34). Both cell types are positive
for smooth muscle actin by immunohistochemistry. In-
filtrating T lymphocytes are frequently seen, and occasion-
ally necrosis and myxoid change are present. Mitoses may be
present but generally do not exceed three mitotic figures per
10 high-power fields, and nuclear atypia tends to only be
modest at most. The presence of EBV in tumor cell nuclei
can be demonstrated via EBER in situ hybridization.

BEST PRACTICES
EBV is the most common cause of IM, which is generally
self-limited. Lymphocytosis with atypical lymphocytes are
classically seen in IM. Infection results in the formation
heterophile antibodies that are not EBV-specific. However,
in the correct clinical setting, a positive heterophile anti-
body result is sufficient to make the diagnosis of IM. In
patients in whom IM is highly suspected but the heterophile
antibody test is negative, repeat testing may provide the time
necessary for heterophile antibodies to form. In immuno-
compromised patients or in young children, when hetero-
phile antibodies are unreliable, EBV-specific antibodies
targeting VCA, EBNA, and/or EA can be used. EBV-specific
antibodies, along with EBV viral load, have also been used for
diagnosis and prognostication of nasopharyngeal carcinoma.
EBV viral load monitoring has been recommended for pre-
vention of PTLD, particularly when a seronegative recipient
is receiving an organ from a seropositive individual. Neo-
plasms associated with EBV infection are diagnosed based on
cytological and histopathological criteria and utilization of
appropriate ancillary studies including immunohistochemical
staining, flow cytometric analysis, and chromosomal, rear-
rangement, and molecular studies. EBER in situ hybridization
can be used to identify and localize EBV-infected cells.
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HHV-6, -7, AND -8
Human herpesvirus 6 (HHV-6A and -6B variants), human
herpesvirus 7 (HHV-7), and human herpesvirus 8 (HHV-8)
were the last three herpesviruses identified, from 1986 to
1994 (1–3). HHV-6 and HHV-7 are ubiquitous viruses
showing > 95% prevalence worldwide from early childhood,
usually with asymptomatic primary infection. HHV-6 has
been associated with many clinical conditions, but attempts
to establish clear etiologic relationships with human disease
have largely been confounded by the ubiquity of HHV-6 and
the only relatively recent formal recognition of variants
HHV-6A and HHV-6B. The most well-recognized clinical
presentations of HHV-6 infections, roseola infantum and
fever, occur as a result of primary infection mainly in oth-
erwise healthy infants and young children. Primary infection
in adults is uncommon. Severe syndromes typically result
from HHV-6 reactivation in immunocompromised hosts.
Most infections are caused by HHV-6B; disease attributed to
HHV-6A is rare. Both of the HHV-6 variants and HHV-7
have been associated with disease in immunocompromised
organ transplant recipients. HHV-8 stands out as being the
only human herpesviruses with low prevalence in most of
the world and is mainly known as the etiologic agent of
Kaposi’s sarcoma (KS). Like other herpesviruses, these vi-
ruses establish lifelong infections in their host and are
maintained through a combination of latent (nonproduc-
tive) infections and intermittent or persistent lytic infec-
tions; consequently, they present diagnostic challenges.

DISCOVERY AND BIOLOGY
HHV-6
HHV-6 was discovered in 1986 by Salahuddin and col-
leagues, isolated from lymphocytes of immunocompromised
patients (1). Based on in vitro cell tropism, antigenicity,
nucleotide sequence, and epidemiology, two distinct variants
(HHV-6A and HHV-6B) were identified and formally
classified as distinct virus species in 2012 (4). HHV-6 is a
beta-herpesvirus, and along with HHV-7, HHV-6A and
HHV-6B are members of the Roseola virus genus. The his-
torical lack of distinction between HHV-6A and HHV-6B in
the literature and the dearth of laboratory assays able to
distinguish between these viruses have hampered under-

standing of their respective biological behaviors and roles as
agents of disease. Overall sequence divergence between
HHV-6A and HHV-6B is < 4%; while certain genome re-
gions display elevated heterogeneity of 4% to 25%, with the
major genetic differences lying in the terminal DR regions.
HHV-6A within-strain sequence variation is < 0.5%, while
for HHV-6B strain variation is < 1.0%.

In vivo tropism is broader than in vitro tropism and in-
cludes cells of lymphoid, epithelial, and neuronal origin;
in vivo cell and tissue tropisms differ between HHV-6A and
HHV-6B (4). In vivo, HHV-6B is more commonly present in
peripheral blood mononuclear cells (PBMCs) of healthy
adults in industrialized countries, and thus is most commonly
the agent involved in post-transplant reactivation disease.
HHV-6B is also detected in the GI tract of solid-organ
transplant (SOT) recipients, has been documented in end-
odontic masses, and is the species found in adenoids and
tonsils, especially in children with upper respiratory tract
infection. HHV-6B is also found in salivary glands, lymph
nodes, brain, and lung. Both HHV-6A and HHV-6B are
found in a small percentage of vitreous fluids assayed, and
both viruses are neurotropic, with evidence suggesting that
HHV-6A is more neurovirulent (5, 6). HHV-6A is also
found in skin, brain, and lung.

Typically, latent-form herpesvirus genomes are main-
tained as covalently closed circular episomes within the cell
nucleus, and cells express a limited number of gene tran-
scripts (latency-associated transcripts, LATs). HHV-6A and
HHV-6B are unique among human herpesviruses in their
ability to integrate their genomes into host cell chromo-
somes. Using fluorescent in situ hybridization, Luppi (7) first
described this phenomenon in the study of PBMCs from
three patients, a finding subsequently confirmed by many
others. The mechanism of HHV-6 integration has not been
fully elucidated but appears to involve a complex process of
homologous recombination between viral genome terminal
elements containing telomeric repeat sequences and ho-
mologous sequences found in the subtelomeric regions of
host chromosomes. Integration occurs in lymphocytes, but
also in the germline. The latter allows for vertical trans-
mission of HHV-6, and residency of HHV-6 DNA in every
somatic cell of the body. (8). Rather than represent-
ing a biological dead-end, chromosomal integration is an im-
portant—and some believe the sole—mechanism of HHV-6
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latency. Chromosomally integrated HHV-6 (ciHHV-6) can
reactivate and yield infectious virus in vitro (9) and in vivo
(10). It is now clear that in vivo reactivation of ciHHV-6
results in production of viable virus and that even trans-
placentally acquired HHV-6 can originate from reactivation
of maternal ciHHV-6 during pregnancy (11).

Immune system response and modulation: Interaction
between virus and the host immune system is complex, and
the immune response to HHV-6 infection remains incom-
pletely understood. HHV-6 infection generates antibody
against a wide variety of viral proteins including the major
antigenic virion protein (U11); major glycoproteins gB
(U39), gH (U48), and gQ (U100); gB, polymerase proc-
essivity factor (U27); late antigen REP protein U94; and
membrane protein U24. Neutralizing antibodies have also
been described, but these appear insufficient to control
HHV6, as evidenced by the impact of T-cell depletion on
virus reactivation. (12). The humoral response in cases of
inherited ciHHV-6 differs from that seen in primary in-
fection, and may leave ciHHV-6 individuals more suscep-
tible than others to secondary infection by exogenous
HHV-6 (8, 13).

HHV-7
HHV-7 was discovered by Frenkel and colleagues in circu-
lating PBMC obtained from a healthy adult and was sub-
sequently identified as a commensal inhabitant of saliva,
with 75% of saliva specimens from adults carrying infectious
virus (14). HHV-7 is closely related to the HHV-6 variants
and shares many of their molecular and biological proper-
ties. HHV-7 genomes are more compact than HHV-6 ge-
nomes, with a length of approximately 145 kb. Like the
HHV-6 variants, HHV-7 genomes are bounded by se-
quences that resemble mammalian telomeres. Sequence
identity between HHV-7 and the HHV-6 variants is 40% to
60% for most genes. HHV-7 uses CD4 as its cellular re-
ceptor, as does HIV, and under appropriate conditions
in vitro, HIV and HHV-7 can inhibit each other’s growth by
receptor competition (15).

HHV-8
HHV-8 was discovered as the etiologic agent of Kaposi’s
sarcoma (KS) as a result of several observations over 30 years.
In the 1960s the disease patterns of KS in Africa indicated an
infectious agent, which led investigators to culture herpes-
virus-like particles from KS biopsy material (16). Ob-
servation of KS during the U.S. AIDS epidemic again
indicated an infectious agent that was mainly spread through
sexual contact (17). In 1994, investigators analyzed genetic
material from a KS lesion to identify the eighth novel human
herpesvirus, HHV-8, named Kaposi’s sarcoma–associated
herpesvirus (KSHV) (3), also named HHV-8 because of
association with other diseases. HHV-8 joins Epstein-Barr
virus, human papillomavirus, and hepatitis B virus in the
small group of DNA viruses that cause cancer in humans.

Based on sequence and biological properties, HHV-8 is
classified in the Rhadinovirus genus of the gammaherpesvirus
subfamily. Its closest relative is EBV. The HHV-8 genome is
approximately 160 kb long and encodes over 85 genes, in-
cluding herpesvirus core genes and several genes of host
derivation that encode proteins involved in cell-cycle reg-
ulation, signal transduction, and modulation of host im-
mune responses (18, 19). As with all herpesviruses, HHV-8
infection lasts for a lifetime. Following resolution of primary
infection, HHV-8 enters a latent state in which few viral
genes are expressed and there is no production of infectious

virus. Viral latency is an effective adaptation by herpesvi-
ruses to minimize exposure to the host immune system and
thus escape the host antiviral response.

HHV-8 has a broad host range for virus entry and es-
tablishment of latency, but efficient replication and serial
passage of clinical isolates in cell lines has not been dem-
onstrated (20). Human B-cell lines naturally infected with
HHV-8 have been generated from primary effusion lym-
phomas (PELs) and are in wide use as serodiagnostic re-
agents. In PEL cell lines, the virus is latent in most cells and
can be induced with stimulants such as phorbol ester (tet-
radecanoyl phorbol acetate) and sodium butyrate. The high
copy numbers of the kaposin and T1.1 transcripts during
latent and lytic infection, respectively, make them useful
targets for in situ hybridization.

EPIDEMIOLOGY AND TRANSMISSION
HHV-6
HHV-6 host range is restricted to humans and closely related
nonhuman primates. HHV-6 is ubiquitous, with a global
reach. The lack of type-specific serology assays means that
the respective contributions of HHV-6A and HHV-6B are
not defined, including whether or not there are ethnic and/
or geographic differences in their circulation. In developed
countries, HHV-6 seropositivity is > 95% in adults. In the
limited number of studies in which type-discriminating tests
were used, HHV-6B appeared to be more prevalent (58%)
than HHV-6A (25%) (21). Approximately 50% of children
are seropositive by 1 year of age, increasing to 90% by age 2,
with incidence of acquisition peaking between 9 and 21
months, and increasing to 95% by adulthood (22). HHV-6B
almost always infects first, and HHV-6A infection is thought
to be acquired later in life (23, 24). Although HHV-6A
infection is largely asymptomatic, it has been associated with
clinical illness (primary infection) in children from Africa
and the United States and has been detected in the blood
of hospitalized febrile children with HIV infection in
Africa (25).

Transmission: Intrauterine, perinatal, and fecal-oral
mechanisms of transmission have been suggested (24), and
while these may contribute to HHV-6 spread, the prepon-
derance of evidence indicates that saliva from asymptomatic
adults and older children is the most important mechanism
of virus transmission. (26, 27). An estimated 80% to 90% of
the population intermittently sheds HHV-6 in saliva. HHV-
6B DNA has been detected in salivary glands and in saliva
(22). HHV-6 acquisition is associated with older siblings and
parents but not with daycare attendance (28), indicating
that close contact is needed for transmission. There is no
evidence that HHV-6 can be transmitted through breast-
feeding or blood transfusion (29, 30). Congenital infection
occurs in approximately 1% of newborns; the majority, if not
all, of infections are due to transmission of HHV-6 from
ciHHV-6 (31).

HHV-7
HHV-7 is highly and widely prevalent in more than 90% of
the human population and normally acquired early in life.
The prevalence of HHV-7 reaches 50% to 70% by the age of
2, with primary infection generally following primary HHV-
6 infection (32). Infectious HHV-7 is present in the saliva of
most seropositive individuals; thus saliva is likely the primary
route of transmission. Because HHV-7 seems to be much
more readily available for transmission, it is a mystery why
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HHV-6B is normally acquired earlier. In addition to saliva,
HHV-7 has been detected in about 10% of breast milk
specimens and 3% to 10% of cervical/vaginal fluids (33);
thus additional paths of transmission are possible.

HHV-8
HHV-8 is unique among the other human herpesviruses in
having a very low seroprevalence in much of the world; high
HHV-8 infection rates of 40% to 60% are found only in sub-
Saharan Africa where KS is a very common and aggressive
cancer in men, women, and children. Moderate seropreva-
lence (10% to 30%) is observed in Eastern Mediterranean
countries including Italy, Greece, and Israel. Low HHV-8
seroprevalence ( < 5%) is seen in North America and North-
ern and Western Europe, where the occurrence of KS is
almost entirely limited to homosexual and bisexual men with
AIDS and some organ transplant recipients (34).

There are four distinct clinical-epidemiological subtypes
of KS: 1. Classical KS was first described over a century ago,
occurring mostly in elderly men of Mediterranean, Eastern
European, or Middle Eastern origin. It is a mild form of KS
with lesions on lower extremities that run an indolent course
and seldom cause death. 2. Endemic KS (or African KS) was
first described in the 1960s among people living in sub-
Saharan Africa. It is unrelated to HIV infection and affects
adults and children. Endemic KS used to be the predomi-
nant form of KS in Africa but epidemic KS is now the most
common form in Africa. 3. Epidemic KS (or AIDS-related
KS) was first described in the 1980s among gay men and
served as harbinger for the U.S. AIDS epidemic. Most cases
have a rapid course with extensive skin and visceral in-
volvement, although effective treatment for AIDS in the
1990s dramatically reduced KS incidence in developed
countries. 4. Transplant-related (or iatrogenic) KS occurs in
organ allograft recipients, discussed further in the following
section on Transmission (34).

Transmission of HHV-8 appears to be via saliva for both
casual and sexual transmission. In African countries where
HHV-8 is endemic, transmission is clearly horizontal and
casual, beginning early in childhood. In nonendemic coun-
tries, HHV-8 transmission is concentrated among men who
have sex with men (MSM) with risk factors that are clearly
sexual, and heterosexual transmission appears to be rare for
reasons that are not understood (35).

Blood Transfusion and Organ Transplantation
The first evidence for bloodborne transmission of HHV-8
was a strong association between HHV-8 seropositivity and
injection drug use (36, 37) followed by evidence for HHV-8
transmission by blood transfusions in Uganda (38). In the
United States and many European countries where HHV-8
seroprevalence is low ( < 5%) and blood is universally leu-
koreduced, there is no evidence to date for HHV-8 trans-
mission by blood transfusion and therefore no apparent need
to promote universal screening of the blood supply.

Organ transplantation is an area of growing interest for
HHV-8 because of increasing numbers of transplants overall
and numbers of HIV+ patients receiving transplants. The
prevalence of KS following organ transplantation increases
with the HHV-8 prevalence in a region. For patients who are
HHV-8 seropositive prior to surgery, the risk for developing
KS is 14% to 30%. KS most often results from virus reacti-
vation in the recipient but can also be donor-derived, which
carries higher rates of severe illness and mortality. Regression
of KS with less risk to the graft has been obtained by
switching from calcineurin inhibitors (CNI) to sirolimus,

also known as rapamycin, which is now considered the first-
line treatment of KS for transplant recipients (39–41).

CLINICAL ASPECTS
HHV-6
HHV6 has been associated with many clinical conditions,
but attempts to establish clear etiologic relationships with
human disease have largely been confounded by the ubiquity
of HHV-6, its ability to establish latency, its capacity for
vertical transmission, and the relatively recent formal rec-
ognition of fundamental differences between HHV-6A and
HHV-6B. The most well-recognized clinical presentations of
HHV-6 infections, roseola infantum and fever, occur mainly
in otherwise healthy infants and young children as a result of
primary infection. Primary infection in adults is uncommon.
Severe syndromes typically result from HHV-6 reactivation
in immunocompromised hosts. Most infections are caused by
HHV-6B; disease attributed to HHV-6A is rare.

Infections in Immunocompetent Hosts
Primary HHV-6 infection in immunologically normal hosts
generally occurs early in life, usually after maternal antibody
wanes at around 6 months of age. Most HHV-6 infections
are self-limited, but severe and fatal cases have been re-
ported. It is estimated that HHV-6 infections account for
20% to 40% of febrile presentations in pediatric emergency
departments among children 6 to 24 months old (42, 43).
Children are most commonly affected between 6 and 12
months of age. High fever (39.5–40°C) may be accompanied
by irritability, malaise, and rhinorrhea. Other nonspecific
symptoms and findings may also be present.

Roseola infantum (exanthem subitum; sixth disease):
Roseola affects approximately one-third of children in the
United States (43, 44). The typical presentation is of several
days of high fever (39–40°C) and irritability, followed upon
defervescence by a maculopapular rash beginning on the
upper body and then spreading to the extremities, lasting 1
to 3 days. Other nonspecific symptoms may also be present.
Most cases are relatively mild and self-limited. Viral DNA is
detectable in blood by PCR for over a month after primary
infection (42). Roughly 30% of febrile seizures in children
< 2 years of age have been attributed to HHV-6. In a case
series including 160 children with HHV-6 infection, fe-
brile seizures occurred more commonly in HHV-6-infected
children than those with fever due to other causes (43).
Congenital infection is usually asymptomatic. One pro-
spective study of 57 infants with congenital HHV-6 infec-
tion has suggested that infection may have a detrimental
effect on neurologic development, although further study is
warranted. (45)

Associations with Chronic Diseases: HHV-6 has been
suggested as having a role as a causal agent or participant in
an array of chronic conditions, including multiple sclerosis
(MS) (46), temporal lobe epilepsy (47), and drug-induced
hypersensitivity syndrome (DIHS) (47). The association
between HHV-6 and many chronic diseases remains con-
troversial and requires further investigation.

Infections in Immunocompromised Host
Viral activity in immunocompromised patients typically re-
sults from reactivation. Clinical findings may include
pneumonitis, bone marrow aplasia, and persistent fever (24).
HHV-6 can cause infection in cancer patients and those
infected with HIV, but the most significant clinical presen-
tations occur in hematopoietic stem cell transplant (HSCT)
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recipients and to a lesser extent the SOT population (48).
During the post-transplant period, HHV-6 activity is de-
tectable in up to 50% of HSCT and SOT recipients, most
commonly 2 to 4 weeks after transplantation and is usually
asymptomatic (49). Clinically apparent disease tends to be
more severe in HSCT than in SOT recipients and includes
fever and rash resembling graft-versus-host disease (GVHD),
sinusitis, pneumonitis, graft suppression and rejection, en-
cephalitis, andcytomegalovirus(CMV)reactivation(50).Al-
though sometimes linked to GVHD, it is not clear whether
HHV-6 activity is the cause of GVHD or is caused by
GVHD.

Over 90% of HHV-6 detected following organ trans-
plantation is HHV-6B (50). Whether ciHHV-6 causes dis-
ease in transplant patients is controversial and unresolved
(51). In HSCT recipients, HHV-6 has been associated with
delayed engraftment, delirium, cognitive dysfunction, and
increased mortality (48, 52). The most common severe
consequence of HHV-6 infection in HSCT recipients is
encephalitis, occurring in about 1% of recipients with a
mortality up to 40% (48, 53). Survivors often have persis-
tent neurologic symptoms. Detection of viral DNA in CSF is
diagnostic for HHV-6 encephalitis; in the post-HSCT set-
ting CSF detection of HHV-6 DNA may also be clinically
significant (54). Clinically apparent disease occurs in fewer
than 1% of SOT recipients and most commonly presents as
fever and bone marrow suppression, mimicking CMV dis-
ease (55).

HHV-7
It is likely that the full spectrum of HHV-7-associated disease
has not been defined. To date, primary infection with HHV-
7 has been associated with a subset ( < 10%) of roseola cases,
with a subset of those developing neurologic complications
such as febrile convulsions (32). The other main clinical
aspect of HHV-7 is disease similar to that commonly asso-
ciated with HCMV infections in solid organ transplant
(SOT) recipients. Although the true incidence of HHV-7
related disease is not known, it is likely to occur in less than
1% of SOT patients. In most cases, HHV-7 has been de-
tected in blood of patients with CMV disease, and the ex-
tent to which HHV-7 directly contributes to any of the
clinical symptoms in patients with CMV disease is not yet
clear (56, 57). HHV-7 has been implicated as having indi-
rect effects, including a higher predisposition to developing
CMV disease. HHV-7 may have immunomodulatory effects
and may be a risk factor for other opportunistic infections in
immunocompromised patients (57).

HHV-8
Similar to the betaherpesviruses (CMV, HHV-6A, HHV-6B,
HHV-7) and the other gammaherpesvirus (EBV), primary
infection with HHV-8 exhibits no symptoms or mild, non-
specific symptoms and thus is rarely documented. HHV-8
infection alone is not sufficient to cause KS, and cofactors
that lead to development of KS have not been identified
except that immunosuppression appears to play a role in all
forms of KS.

Kaposi’s Sarcoma
Epidemiologic, pathologic, and molecular data make it clear
that HHV-8 is the etiologic agent of all forms of KS, char-
acterized by reddish-brown lesions usually localized to the
skin of the extremities and trunk (Fig. 1). Pathologically, KS
lesions are characterized by cells with a spindle-like ap-
pearance, extensive networks of vascular slits, extravasated

red blood cells, and purplish pigmentation (Fig. 2). Not a
classic cancer, KS is a proliferative condition intermediate
between the benign and malignant categories. The time
from HHV-8 infection to onset of KS is 2 to 10 years for
AIDS patients, compared to decades for classic KS (58).

An important cofactor for development of AIDS- and
transplant-associated KS appears to be severe immunosup-
pression. Cofactors for the development of classic and Af-
rican KS are less clear, but immunosuppression secondary to
age (classic) and malnourishment (African) is thought to
play a role. KS remains the second most frequent tumor in
HIV-infected individuals worldwide and is the most com-
mon cancer in sub-Saharan Africa. The prevalence of KS
and the associated morbidity and mortality will remain high
in Africa until treatment for HIV infection becomes widely
available. The incidence of KS among AIDS patients in
the United States and Europe has decreased dramatically
with the availability of highly active antiretroviral therapy
(HAART) that became available in the mid-1990s. Prior to
HAART, approximately 20% of male patients experienced
KS during the course of their AIDS. The incidence of KS in
the United States and Europe could potentially rise as
the HIV/ HHV-8 coinfected population ages. Primary Effu-
sion Lymphoma and Multicentric Castleman’s Disease: PEL

FIGURE 1 The photomicrograph depicts histopathologic chang-
es seen in a human skin biopsy of Kaposi’s sarcoma, most notably
the appearance of the dermal layer with a cellular infiltrate and
proliferation of vascular elements.

FIGURE 2 The skin of a patient displaying characteristic red-
dish-brown cutaneous plaques indicative of Kaposi’s sarcoma.
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belongs to a class of non-Hodgkin’s B-cell lymphomas that
arise without detectable tumor masses in body cavities. Al-
most all patients with PEL harbor HHV-8 (59). Half of PEL
patients are coinfected with EBV, and EBV-positive PEL
exhibits a different pattern of gene expression compared to
EBV-negative PEL. At present there is no evidence that EBV-
positive PEL has a different clinical outcome or responds
differently to treatment. PEL is rare even in AIDS patients,
constituting less than 1% of all AIDS-associated lymphomas
in theUnited States (60). The relatively consistent growth of
PEL cell lines in culture and the fact that many PEL cell lines
can be induced to release infectious KSHV have made them
invaluable for molecular studies in KSHV pathogenesis. All
PEL cell lines depend on the presence of KSHV and the
continued expression of KSHV genes for survival (59).
Multicentric Castleman’s disease (MCD) is a lymph node
hyperplasia rather than a frank lymphoma and occurs pri-
marily in AIDS patients (59). In HIV-negative individuals
MCD is much less common and is less often associated with
HHV-8. Numerous diseases have been studied for possible
associations with HHV-8 including multiple myeloma, pri-
mary pulmonary hypertension, sarcoidosis, and angiosarco-
ma. However, at present only KS, PEL, and MCD have a
clear etiologic link to HHV-8.

PREVENTION AND TREATMENT
HHV-6
The ubiquity of HHV-6 and nearly universal seropositivity
in childhood make exposure-prevention strategies imprac-
tical and unlikely. Primary disease in children is self-limited,
and treatment is supportive. Serious illness caused by HHV-6
acute infection or reactivation in immunocompromised
hosts may successfully be managed through moderation/re-
versal of immune suppression if possible (61). No antiviral
drugs are presently approved for the treatment of HHV-6
infection, and no guidelines currently exist for the treat-
ment of acute HHV-6 infection. The International Herpes
Management Forum and the American Society of Trans-
plantation Infectious Diseases Community of Practice rec-
ommend antiviral therapy for cases of HHV-6 encephalitis
(57). Ganciclovir (GCV), foscarnet (FOS), and cidofovir
(CDV) each demonstrate in vitro activity against HHV-6
through inhibition of HHV-6 DNA polymerase; resistance
to GCV has been described in vitro (57). Treatment of
symptomatic illness in immunocompromised hosts with
GCV and/or FOS may be beneficial, although the optimal
course of therapy is unknown. Treatment of asymptomatic
viremia is not indicated, as most episodes are transient and
self-limited (57). Small clinical trials suggest that antiviral
prophylaxis may be effective for preventing HHV-6 disease
in HSCT patients, but current evidence is inadequate to
support prophylaxis in HSCT or SOT recipients (57, 62).
Artesunate has been used for treatment with reported effect
(63). Immunotherapeutics directed at restoring or promot-
ing T-cell responses to HHV-6B have shown encouraging
results (64), but further study is warranted.

HHV-7
The ubiquity of HHV-7 and nearly universal seropositivity
in childhood make prevention strategies unlikely and at this
time unwarranted. Antiviral therapy might be of value
for treatment of HHV-7-associated CMV disease in organ
transplant recipients, but there have been no randomized
and controlled trials assessing the efficacy of antiviral drugs

for the prevention and treatment of HHV-7 infection after
transplantation. Data on the susceptibility of HHV-7 to
ganciclovir are conflicting, probably as a result of the lack of
a widely accepted standard definition of HHV-7 disease, a
specific antiviral agent for HHV-7, and a standard diagnostic
assay to monitor response to treatment (57).

HHV-8
Safe-sex practices such as the use of latex condoms during
sexual intercourse can reduce the risk of infection. Oral
fluids are likely vehicles for transmission, but effective
strategies have not been identified for reducing their ex-
change.

Dramatic declines in AIDS-associated KS began in 1996
with the introduction of highly active antiretroviral therapy
(HAART) for the treatment of AIDS, which led to a 6- to 8-
fold decrease in the incidence of new KS and regression of
existing KS in a majority of patients (65, 66). The mecha-
nism for the therapeutic effect of HAART on KS is largely
indirect, by inhibition of HIV replication and subsequent
recovery of the immune response to HHV-8. Despite the
declines in the incidence of KS with HAART therapy, KS
remains common among individuals with AIDS. Combined
antiretroviral therapy (cART) remains key to KS treatment,
and as sole therapy can achieve remission in 70% to 90% of
patients with limited-stage disease (67). However, this usu-
ally follows the recovery of cell-mediated immunity, which
can take several months. Therefore, in more advanced-stage
or aggressive Kaposi’s sarcoma, systemic chemotherapy in
combination with cART is the established treatment strat-
egy. The use of cytotoxic chemotherapy to treat AIDS-KS
requires a careful balance of risk and benefit to achieve
an anticancer effect without causing further immune com-
promise, especially in view of known drug interactions
between cART and chemotherapeutic agents. Current strat-
egies for chemo-, radio-, immuno-, systemic, and targeted
therapies for KS are reviewed by La Ferla et al., and Robey
and Bower (68, 69).

Organ transplantation: HHV-8 screening for the pre-
vention of post-transplant KS should be considered because
reduction of immunosuppressive therapy is risky for the al-
lograft and, moreover, patients that develop visceral KS
universally have a grim prognosis. HHV-8 serologic screen-
ing of donors and recipients in HHV-8 endemic regions and
possibly of high-risk individuals (MSM, IDU) in non-
endemic regions may be warranted, not to exclude the graft
but to monitor HHV-8 viral load after transplantation to
determine risk and avoid over-immunosuppression. (39, 70,
71). Therapeutic reduction of KS risk has been observed
with the use of sirolimus, a mammalian target of rapamycin
(mTOR) inhibitor. Accumulating experience among organ
transplant studies points toward the potential of sirolimus to
prevent the development of de novo malignancies of various
types in the post-transplant period (39, 72).

HIV: The transplant community has seen the gradual
acceptance of liver and kidney transplantation in carefully
selected HIV-positive patients. Such patients have been
showing 3- to 5-year survival rates for liver and kidney
transplant similar to those of non-HIV-infected patients
(73). Thus infection by HIV is no longer a contraindication
for transplant in selected candidates with end-stage organ
disease and has become more common. Organ transplanta-
tion is an appropriate therapeutic option for HIV-infected
patients with end-stage organ disease who may be a group
that warrants consideration for HHV-8 testing and moni-
toring for prevention of KS.
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LABORATORY DIAGNOSIS
HHV-6
Classic roseola is diagnosed clinically. HHV-6 diagnostic
testing by PCR is important in the management of SOTand
HSCT recipients, especially in the diagnosis of encephali-
tis, as an adjunct diagnosis for DHIS, as part of diagnosing
possible cases of measles, mumps, or rubella, and to prevent
misdiagnosis of vaccine adverse events. Because HHV-6 is
only one of several agents potentially causing a given clinical
presentation (e.g., encephalitis), multiplex approaches may
be appropriate to achieve operational efficiencies. As de-
scribed in the following sections, discriminating primary
from reactivated or active from latent infection remains a
challenge in the laboratory. Health care providers should
also be aware that because of a lack of standardized methods
and definitions, caution is necessary in assessing the litera-
ture and in extrapolating results of extramural studies to
local practice. The use of tests able to differentiate HHV-6A
and HHV-6B is important and recommended in order to
further understanding of the pathogenic roles and potential
of each of these viruses (4) but is not clinically relevant.

Specimen Selection
Specimens include whole blood, plasma, serum, CSF, bron-
choalveolar lavage (BAL), body fluid cell fraction (e.g.,
PBMCs), and tissue. (22, 27).

Virus Isolation
Culture of patient peripheral blood lymphocytes on PBMCs
or on mitogen-stimulated human cord blood cells has proven
successful, as has use of the immature T-cell lines HSB-2
(HHV-6A) and MT-4 and Mot-3 cell lines (HHV-6B) (74).
HHV-6 is easily isolated from the blood of patients with
roseola during the febrile first and second days of illness (75).
Although recovery of HHV-6 in culture provides unequiv-
ocal evidence of active infection, because culture models are
complex and labor intensive and no continuous cell line is
recommended for isolation, culture is limited to research and
drug evaluation settings.

Antigen Detection
Limited HHV-6, HHV-6A, and HHV-6B-reactive immune
reagents have been developed by individual laboratories or
are available from commercial vendors as research tools for
laboratory-developed tests. Currently only lytic cycle-spe-
cific antibodies are available. Detection of viral antigen in
PBMCs has been used to monitor HHV-6 in post-transplant
patients. Immunohistochemical detection of HHV-6 anti-
gen in biopsy material allows precise cellular localization of
virus in tissue and can be important in the workup of SOT
recipients with graft rejection (49).

Serology
The application of serology in the clinical setting is limited
and interpretation of serologic results can be difficult. IgG
seropositivity is an unhelpful diagnostic result in older
children and adults. HHV-6 reactivation induces a rapid rise
in IgG and an increase in IgM. Up to 5% of adults are IgM
positive at any given time, through either reinfection or
reactivation (76). Cross-reactivity of antibodies generated
against CMV, HHV-6A, and HHV-6B due to shared epi-
topes or to heterotypic response are reported, affecting the
performance of some assays (77).

Commercial serology assays in indirect immunofluores-
cence (IFA) and enzyme-linked immunosorbent (ELISA)

formats are available, and studies comparing them differ in
their conclusion as to which has the best specificity (78, 79).
IgG avidity has proven useful in distinguishing primary from
recurrent infection in SOT recipients but remains a research
method (80). The high degree of nucleotide homology be-
tween HHV-6A and HHV-6B has stymied development of
species-specific assays, and none are presently available
outside of the research laboratory.

Nucleic Acid Detection and Monitoring
PCR is primarily useful for the diagnosis and evaluation of
viremia and central nervous system (CNS) infection. HHV-
6 DNA detection is commonly performed in CSF, whole
blood, BAL specimens, bone marrow, and tissue biopsy rel-
evant to end-organ disease. Caution is required in test se-
lection and result interpretation, because neither detection
nor quantitation values strictly predict disease. Much
HHV-6 reactivation (thus DNA positivity) is asymptomatic
and resolves spontaneously with clearance of virus without
intervention. The possibility of ciHHV-6 further compli-
cates result interpretation and its presence must also be
considered—and excluded—to properly assess the signifi-
cance of viral load results. Despite the many advances in this
area, distinguishing between active, latent, and chromo-
somally integrated/inherited HHV-6 remains challenging,
and clinically significant viral load threshold value defini-
tions are lacking.

The gold standard for detecting andmonitoringHHV-6 in
patient specimens is real-time quantitative PCR (qRTPCR),
for which primer and probe design can be readily exploited
to develop species-differentiating tests (81, 82). A variety of
well-validated PCR in-house tests are reported in the liter-
ature, and assay kits are commercially available. Genes tar-
geted by these include U11, U22, U31, U38, U57, U67,
U94, and U95.

Qualitative PCR
Qualitative HHV-6 DNA detection is of limited diag-

nostic value because it cannot distinguish active from latent
infection. PCR on biopsy material may be helpful to quickly
determine if viral DNA is present, but antigen detection is
required to establish HHV-6 presence in tissue cells rather
than in transiting inflammatory cells.

Quantitative RTPCR
Many laboratory-developed (LD) quantitative RTPCR

(qRTPCR) assays are reported in the literature (83–89). A
small number of qRTPCR assays is commercially available,
and published evaluations are few. Two studies evaluating
multicenter performance of molecular assays used to detect
and quantify HHV-6 (88, 89) showed that results for qual-
itative detection were better than quantitative results but
that agreement between assays was poor. A commutable
international standard (such as available for CMV) (90) is
needed to standardize qRTPCR results. Development and
implementation of alternate detection and measurement
technologies such as digital PCR (91) may also lead to prog-
ress in this area. Digital PCR has not yet been widely applied
in the clinical virology arena but shows potential as a pow-
erful diagnostic tool (92).

HHV-6 DNAemia
Previously, detection of HHV-6 DNA in plasma was thought
to reflect active viral replication. However, plasma DNA has
been shown to be derived from lysed PBMCs latently in-
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fected with HHV-6 and not to represent circulating virus
(93). Thus, whole blood is an appropriate and convenient
clinical specimen, and HHV-6 viral load measurement in
peripheral blood is considered the most powerful method
presently available for the diagnosis of active infection (94,
95). Awareness of a patient’s white cell count is important,
because the cellularity of blood directly influences viral load,
and without correlation, results may be misleading (e.g., in
leukopenia).

In primary infection, viral loads exceeding 5.5 log10
copies/mL of whole blood may be observed (96, 97). In
healthy blood donors, HHV-6 viral loads were found to be
low, in the range of 3.2 log10 to 3.5 log10 copies per mL and
1.09 log10 to 3.17 log10 copies per million cells (98). In
HSCT recipients, viral loads are approximately 10 times
higher than in the normal population, and symptoms at-
tributed to HHV-6 have been associated with loads greater
than 3 log10 copies per million PBMC or 4 log10 copies per
mL (99, 100). It is reasonable and important to test trans-
plant patients with end-organ disease (101). No benefit has
been demonstrated by routine monitoring of HHV-6
DNAemia in SOT and in HSCT patients (62, 102).

HHV-6 DNA in CSF
CNS disease in the setting of HSCT (100) and in occasional
instances, primary infection, justifies HHV-6 DNA testing of
CSF. Provided that ciHHV-6 has been ruled out, the de-
tection of HHV-6 in the absence of another etiologic agent
is considered diagnostic in encephalitis. Normal CSF may
contain up to 5 nucleated cells/mL, and RTPCR assays will
detect ciHHV-6, potentially leading to a false diagnosis
(103). Prevalence of HHV-6B in the CSF of immunocom-
petent patients with primary infection is low, and when
detected, DNA is present in low concentration (mean viral
load 2.4 log10 copies/mL) (6). In contrast, immunocompe-
tent patients with suspected encephalitis and known to
harbor ciHHV-6 have elevated concentrations of viral DNA
(mean viral load was 4.0 log10 copies/mL (6). In HCT re-
cipients, reported viral loads in encephalitis vary widely (600
to 288,975 copies/mL) peak median 16,600 copies/ml (104);
> 999,000 copies/mL (105).

HHV-6 DNA can also be detected in the CSF of
asymptomatic HSCT recipients (median peak value 655
copies/mL, range 25 to 260,000 copies/mL) (53). Children
under 3 years of age have detectable CSF HHV-6 in primary
infection, even in the absence of encephalitis (106). Mon-
itoring CSF viral load over the course of treatment has
proven informative (107).

HHV-6 DNA in Saliva
Although saliva is not useful as a diagnostic specimen, some
have evaluated the saliva as an HHV-6 monitoring tool. Zerr
(22) detected and quantitated HHV-6 DNA in saliva of im-
munocompetent children following primary infection and
found low viral burdens in the first week (median 1,700
copies/mL; in the first 4 weeks multiple sampling was required
for detection) that increased by week 8 (100,000 c/mL) and
remained detectable for at least 12 months (approximately
40,000 copies/mL). Nefzi (108) compared HHV-6 salivary
viral load to conventional blood viral load in 50 leukemia
patients. Detection frequency in saliva was significantly
higher than in blood (P = 0.01 to P = 0.09), viral loads in
saliva were higher than in blood, and increases in salivary vial
load preceded onset of DNAemia. These findings appear to
suggest that saliva may be a more sensitive specimen than
peripheral blood for monitoring HHV-6 in these patients.

Viral Load Interpretations
Quantitative PCR assays can be highly variable, with per-
formance influenced by sample selection, specimen process-
ing, extraction method, amplification/detection reagents,
amplification platform, and operator. This heterogeneity
makes interlaboratory comparisons of viral loads difficult and
precludes the establishment of universally meaningful clini-
cal thresholds and treatment algorithms.

The presence of ciHHV-6 must also be considered to
properly assess the significance of viral load results.
CiHHV-6 produces persistently high levels of viral DNA in
blood, tissues, and in specimens containing lysed cells
(CSF, serum) and can lead to misdiagnosis of active in-
fection. Ward showed that in immunocompetent ciHHV-6
subjects, viral loads were elevated in blood, serum, and hair
follicles (7.0 log10 copies/mL, 5.3 log10 copies/mL, and 4.2
log10 copies per follicle cell, respectively) (81). When
normalized, these data indicated that HHV-6 DNA was
present in each sample type at ‡ 1 copy per cell. The
accepted method for identifying ciHHV-6 is viral load
testing of hair follicles or nails. As an alternative, detecting
HHV-6 DNA at levels greater than 5.5 log10 copies/mL in
whole blood is considered acceptable (103). However, viral
loads greater than 5.5 log10 copies/mL in blood also occur
in primary infection or reactivation (96, 109), and under
these circumstances, persistence of elevated viral loads is
used as the distinguishing characteristic of ciHHV-6 (81,
97). A number of hospital, university, and commercial lab-
oratories offer quantitative HHV-6 DNA testing for the
identification of ciHHV-6 (103). Information on commer-
cial sources for ciHHV-6 testing is available through the
HHV-6 Foundation (www.hhv6-foundation.org/clinicians/
cihhv6.testing).

HHV-6 Transcript Detection
The detection and measurement of viral transcripts can be
used to distinguish active replication from latency. Studies
using reverse transcriptase PCR (RT-PCR) to detect HHV-6
mRNA in leukocytes have been reported (110). Assays
target transcripts expressed at different stages of the repli-
cation cycle. Immediate early (U90), early (U12), and late
(U100) mRNAs and others have been evaluated, and cor-
relations have been made with active infection (109), with
viremia (94), and between quantitated mRNA and viral
load (95). Instability of mRNA and the generally low sen-
sitivity of assays developed to date have prevented this
technique from being useful in the routine diagnostic vi-
rology laboratory.

HHV-7

Antibody Tests
IFA, EIA, and immunoblot assays have been described for
detecting HHV-7 antibodies. False-positive results can be
obtained with the IFAs and EIAs due to cross-reactivity with
HHV-6 (111). Immunoblot assays using antigens specific for
each of the viruses do not cross-react (111), but reagents for
such assays are not readily available.

The high prevalence of HHV-7 makes it difficult to in-
terpret single positive serologic results and thus the detection
of virus and viral DNA is more often used for clinical
evaluations. The three circumstances where monitoring
HHV-7 viral activity might have clinical value are in chil-
dren experiencing febrile rash or neurologic illness following
routine childhood vaccination, neurologic illness, and organ
transplant recipients.
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Methods available for detecting HHV-7 include culture,
monoclonal antibodies, and PCR. Because viral culture is
complex and labor-intensive, it has become less available in
diagnostic laboratories. Several PCR systems for HHV-7
have been described, including quantitative and multiplexed
methods (56, 112). Quantitative PCR from serum is likely to
provide the most useful evidence for viral activity, but its use
for this purpose is an area of research and specific guidelines
for its application are not available. Because of the labor
and other costs associated with screening for multiple agents,
multiplexed PCR assays that allow screening for several
agents simultaneously would provide greater efficiency for
monitoring organ transplant recipients.

HHV-8
HHV-8 laboratory tests are not generally used to diagnose
KS (or PEL or MCD) because KS is typically a clinical di-
agnosis with histological examination of a KS lesion biopsy.
The major applications of HHV-8 diagnostic tests are for
epidemiology, studies on transmission, prediction of KS de-
velopment, monitoring efficacy of therapy, and investigation
of KS risk and KS etiology in organ transplantation and new
disease associations.

Serology
Serology is the method of choice to detect HHV-8 infection
because most infected individuals will not have detectable
levels of HHV-8 in their blood at any given time. In fact,
HHV-8 DNA is found in the blood of only 30% to 50% of
individuals with clinical KS and far less often among indi-
viduals with asymptomatic infection (113–115). Several
serology tests have been developed for research and epide-
miology in immunofluorescence assay (IFA) and enzyme-
linked immunosorbent assay (ELISA/EIA) formats to detect
antibodies against HHV-8 latent and lytic proteins. The
majority of these tests show good concordance and sensi-
tivity with sera from KS patients but show considerable
discordance on sera from subjects without KS (116, 117).
The difficulty with accurate detection of HHV-8 antibody is
largely biological because humoral immune response to
HHV-8 infection in immunocompetent people is often
weak, with antibody levels hovering around the threshold of
detection. Moreover, immune response involves several viral
antigens, different subsets of which can develop in subjects
during the course of HHV-8 infection (118, 119). Lastly,
evaluation of HHV-8 test specificity is challenging since
most infections are asymptomatic with virus at undetectable
levels; thus it is very difficult to identify controls known to
be HHV-8 uninfected.

Lytic and latent IFA
The first HHV-8 serology tests developed were immunoflu-
orescence assays (IFA) based on HHV-8-infected PEL cell
lines that are still used today for detection of antibodies to
either lytic or latent viral proteins. PEL cells treated with a
virus inducing agent such as tetradecanoyl phorbol acetate
(TPA) or sodium butyrate induce HHV-8 into lytic repli-
cation and are used for the detection of antibodies against
various lytic cycle proteins (120). The lytic IFA consistently
shows the highest sensitivity for detection of antibodies in
patients with KS, but the fact that early versions of the test
reacted with 20% of U.S. blood donors was considered ev-
idence of poor specificity. Later versions of the lytic IFA
retained > 95% sensitivity among patients with KS and
dramatically reduced reactivity in U.S. blood donors to 3%
(114). However, the lytic IFA is labor intensive with sub-

jective interpretation and thus is not a practical choice for
commercial or high-throughput testing. Untreated PEL cells
are used for the detection of antibodies against the main
latent cycle protein called latency-associated nuclear anti-
gen (LANA) (121, 122). The LANA IFA by itself is rela-
tively insensitive for identifying HHV-8 antibodies in KS
patients and other groups but contributes to overall sensi-
tivity and specificity in multiantigen tests.

ELISA
Several enzyme-linked immunosorbent assays (ELISA or
EIA) have been developed based on immunogenic antigens
expressed during the lytic cycle (K8.1, orf65) or latent cycle
(orf73 and K12) (114, 117). The lytic cycle gene K8.1 en-
codes a glycoprotein located in the viral envelope with no
homolog in other herpesviruses. Orf 65 is another lytic cycle
gene that encodes a viral capsid protein that is the homolog
to the EBV capsid protein BFRF3. Orf 73 encodes LANA
required for replication and persistence of viral DNA. Sev-
eral ELISA-based tests have been developed for HHV-8
based on the K8.1 and orf 65 viral proteins. The perfor-
mance of most of these HHV-8 serology tests has been
compared in several studies that test panels of sera from
different demographic groups, with the following consistent
results: lytic-antigen-based assays are more sensitive than
latent-antigen-based assays, and multiple antigen tests are
more sensitive than single antigen tests (114, 117, 123).
Thus, most current testing involves two or more serology
tests based on different HHV-8 antigens that show concor-
dance or the use of multiple antigen tests. Commercial tests
for HHV-8 are available and some have been included in
assay comparison studies mentioned above and performed
well in studies on high-risk populations, but none have yet
emerged as broadly considered sensitivity and specific.

New tests in development are high-throughput, multiple-
antigens formats and are providing encouraging results. A
whole-virus ELISA developed by a Brazilian laboratory used
a supernatant from sonicated, TPA-induced BCBL-1 cells
and had a reported sensitivity of 97% and specificity of 86%
by latent class analysis (124). ELISA testing has the ad-
vantage of being widely used and readily operational in any
diagnostic laboratory. A bead-based multiplex assay is under
development by the National Cancer Institute (NCI) that
detects antibodies to six KSHV antigens; the three viral
antigens most commonly used to date, K8.1, orf 65 and orf
73, together with three additional antigens determined to
have immunogenic properties, orf 38, orf 59, and orf 61
(125). Bead-based assays are not yet as widely used, espe-
cially in lower resource settings, but have the advantage of
flexibility for easily adding and removing different viral
antigens as the test is further developed and for use in dif-
ferent populations.

Despite progress in the development of multiantigen-,
high-throughput serology assays for HHV-8, the challenge
remains of proving assay specificity in asymptomatic subjects
with discordant test results. To address this, repeat measures
from the same individuals over time could document in-
creasing antibody titers or the presence of viral DNA and
further establish accurate tests or testing algorithms.

Immunohistochemistry (IHC) and In Situ
Hybridization (ISH)
IHC and ISH have proven useful to confirm the diagnosis of
KS in lesions with nontypical pathologies or to rule out KS
in the case of other spindle cell lesions. ISH has been useful
to show viral gene expression in different cell types of in-
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fected tissue (126). IHC and ISH can more closely link viral
expression to a given disease process to better understand
viral pathogenesis and to allow for more targeted therapy
(127, 128).

PCR
PCR is not the test of choice for diagnosis of HHV-8 in-
fection because most infected individuals do not have de-
tectable levels of viral DNA, even those with clinical KS.
HHV-8 DNA has been found in 30% to 50% of peripheral
blood mononuclear cells (PBMCs) from AIDS patients with
KS, in 5% to 20% of PBMCs from HIV-infected subjects
without KS, and is undetectable or rarely found in healthy
HIV-negative HHV-8 seropositive individuals (113–115).
However, HHV-8 PCR is invaluable to study transmission,
correlates of viral load with disease, and response to antiviral
therapy. Numerous PCR primer sets have been described
against the following viral genes: orf 26 (3, 129), orf 25
(130), K6 (131), and orf 73 (132). HHV-8 DNA is present
in high concentration in KS biopsy material, but collection
of biopsy material is painful for the patient and is not nec-
essary for routine diagnosis. Viral DNA when detectable is

present in the saliva and whole blood, with a higher con-
centration in white blood cells, so these are the specimens of
choice for many studies.

Quantitative PCR methods have revealed strong corre-
lations between HHV-8 viral load and the presence and
progression of KS (115,133–135).

DIAGNOSTIC BEST PRACTICES
HHV-6
A summary of the main methods and application for diag-
nosis of HHV-6 infection is shown in Table 1. As under-
standing of HHV-6A and HHV-6B pathogenesis and roles in
human disease evolve and diagnostic test reagents and
technologies improve, the type of and indications for testing
for HHV-6 will also evolve. The reader is directed to the
main text of this chapter as well as to the primary literature
for detailed information.

Specimens submitted for analysis, diagnostic tests per-
formed, and result interpretation must be appropriate for the
given clinical context. As stated previously, whenever pos-
sible, the use of HHV-6A/HHV-6B differentiating assays is

TABLE 1 Laboratory diagnosis of HHV-6

Approach Method Application Remarks

Virus isolation Cell culture Research, antiviral agent evaluation Complex, labor-intensive methods; no
continuous cell lines available. Not
performed in diagnostic laboratories.

Antigen Detection
PBMC IHC Monitoring infection in post-

transplant patients
Qualitative and quantitative;

nonstandardized methods, mostly
LDTs; can be difficult to read.

Biopsy IHC In end-organ disease, cellular
localization
of HHV-6 in tissue

Nonstandardized methods, complex
and labor-intensive; can be difficult
to read.

Serology
IgM IFA, ELISA Primary infection in children Limited clinical utility due to

methodological issues, antibody
cross-reactivity, and virus
prevalence. IgG avidity remains a
research method.

IgG IFA, ELISA Seroconversion; seroprevalence
Nucleic Acid Detection

ISH ISH Identification of ciHHV-6; cellular
localization of viral genome

Complex and labor-intensive methods;
not performed in routine diagnostic
laboratory.

Qualitative Detection PCR, RTPCR Detection of viral nucleic acid;
identification of ciHHV-6
in hair follicles or nails

Limited clinical utility. Does not
distinguish latent from active
infection. Mainly LDTs; lack of
method standardization.

Quantitative Detection
and Monitoring

qRTPCR, ddPCR Diagnosis and monitoring of infection Gold standard method for HHV-6
detection. Nonstandardized
methods, many LDTs, no viral
thresholds defining clinical
significance.

Transcript Detection rtPCR Detection of active replication Non-standardized complex and labor-
intensive methods; not performed in
routine diagnostic laboratory.

ISH, in situ hybridization; IHC, immunohistochemistry; LDT, laboratory-developed test; IFA, immunofluorescence assay; ELISA, enzyme-linked immunosorbent assay;
ciHHV-6, chromosomally integrated HHV-6; RTPCR, real-time polymerase chain reaction; qRTPCR, quantitative RTPCR; ddPCR, digital droplet PCR; rtPCR, reverse
transcription PCR.
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strongly recommended (4). Important limitations remain in
the interpretation of nucleic acid detection and quantitation
test results and correlation of these with clinically significant
pathogenicity. Standardization of molecular assays and es-
tablishment of broadly applicable viral load thresholds re-
main elusive at the time of writing. When molecular testing
indicates the presence of HHV-6 DNA, viral load determi-
nations must be used to exclude the possibility of ciHHV-6.

Primary Infection
Laboratory testing is rarely indicated in primary infection.
Roseola is diagnosed clinically. Central nervous system in-
fection resulting from primary infection is diagnosed by
molecular detection of viral DNA in the CSF, following
exclusion of more common etiologic agents.

Reactivation
Targeted testing is indicated based on clinical presentation
and degree of suspicion of HHV-6 involvement in the trans-
plant recipient.

HHV-7
The high prevalence of HHV-7 makes it difficult to interpret
single positive serologic results and thus the use of PCR for
detection of viral DNA is more often used for clinical
evaluations. The three circumstances where monitoring
HHV-7 viral activity might have clinical value are in chil-
dren experiencing febrile rash or neurologic illness and in
organ transplant recipients. Quantitative PCR from serum is
likely to provide the most useful evidence for viral activity,
but specific guidelines for interpretation of results is an area
of research and not currently available.

HHV-8
A summary of the main methods and application for diag-
nosis of HHV-8 infection is shown in Table 2. Because KS is
typically a clinical diagnosis, the major applications of HHV-
8 diagnostic tests are not to diagnose KS but rather to study
epidemiology, transmission, and disease progression and to
monitor efficacy of therapy. Serology is the method of choice
to detect HHV-8 infection because most infected individuals
will not have detectable levels of HHV-8 in their blood at
any given time. Most current serology testing involves two
or more serology tests based on different HHV-8 antigens
that show concordance or the use of multiple-antigen tests.
Commercial tests for HHV-8 are available but none of the
tests have yet emerged with broadly considered sensitivity
and specificity. New tests in development although not yet
commercially available have high-throughput, multiple-an-

tigen formats and are providing encouraging results (see
main text under Laboratory Diagnosis).

PCR is not the test of choice for diagnosis of HHV-8
infection because most infected individuals do not have
detectable levels of viral DNA, even those with clinical KS.
However, HHV-8 PCR is invaluable to study transmission,
correlates of viral load with disease, and response to antiviral
therapy.
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Papillomaviruses are species specific; in humans they infect a
number of sites such as the skin, mouth, anus, conjunctiva,
and lower genital tracts of both males and females. The
majority of infections, no matter the site, are typically
asymptomatic and subclinical. Genital human papilloma-
virus (HPV) is the most common sexually transmitted dis-
ease. It has been established and accepted that oncogenic or
high-risk HPV types are the main cause of cervical cancer in
women and can cause other cancers such as vulvar, vaginal,
penile, anal, and oropharyngeal cancer. Although persistent
infection with a high-risk HPV type is necessary for the
development of cervical cancer, many women will sponta-
neously clear the infection and are subsequently not at risk
for developing cancer in the future. It is known that greater
than 70% of cervical cancer cases are due to HPV types 16
and 18, and testing for HPValong with Pap smear testing is a
widely accepted approach for cervical cancer screening.
Several organizations have developed guidelines for cervical
cancer screening in United States (US) including the
United States Preventive Services Task Force (USPSTF),
American Cancer Society (ACS), the American Society for
Colposcopy and Cervical Pathology (ASCCP), and the
American Society of Clinical Pathology (ASCP). Recent
data suggest that HPV testing can be used as the primary
screen for cervical cancer screening as algorithms continue
to evolve around clinical patient management. Prevention
of cervical cancer and other cancers is now feasible because
of the availability of HPV vaccines.

VIRAL CLASSIFICATION AND BIOLOGY
Papillomaviruses are small, circular, nonenveloped double-
stranded DNA viruses (355 nm in diameter) and taxo-
nomically belong to the family Papillomaviridae (1). These
viruses infect a number of hosts including various animals from
birds to mammals and can cause benign wartlike lesions or
produce malignant disease in the form of cervical or other
cancers. The family Papillomaviridae contains approximately
over 200 papillomavirus types, in five genera, infecting over 49
species, human, mammalian, reptilian and avian (2, 3). The
five major genera include a-papillomavirus, b-papillomavirus,
g-papillomavirus, mu-papillomavirus, and nu-papillomavirus;
classification is based on the nucleotide sequence of the open
reading frame(ORF) coding for the L1 capsid protein (2).
Classification of HPV into different genera is predicated on

less than 60% nucleotide sequence similarity within the L1
portion of the genome for each HPV genus. Within a genus,
different viral species typically share between 60 to 70% ho-
mology of the viral genome. For an HPV type to be novel, that
virus must have less than 90% nucleotide similarity to any
other HPV type known at the time of discovery (2). No-
menclature designation for papillomaviruses is determined by
the papillomavirus study group, which is part of the Interna-
tional Committee on Taxonomy of Viruses (ICTV). It is es-
timated that almost 400 HPV types actually exist. HPV
classification is managed by the International HPV Reference
Center in Stockholm, Sweden. When the center receives new
and novel HPV types, they are recloned and resequenced and
if confirmed to be a new HPV type, assigned a type designa-
tion. All reference clones are listed on the following web site,
www.hpvcenter.se, which is available for public access (2).
HPV types continue to be discovered with g-genus currently
containing the most types [2]. L1 is the most conserved gene
and has been used for many years to identify new HPV types
(5). The current system of HPV type number designation,
based only on L1 sequences, was agreed upon in 1995 at the
Quebec Papillomavirus workshop (4).

Papillomaviruses contain a genome that is approximately
8 kilobases in size (ranging from 6953 to 8607 base pairs)
(1, 3). Much is known about the molecular biology of HPV,
and bovine papilloma virus type-1 has served as the proto-
type for many of these studies (6). Viral pathogenicity de-
pends on a number of factors, as is true for other pathogens.
These factors include the host immune system, the virus
genotype, and the nature or tropism of the infected cell.
What is important to note is that papillomaviruses replicate
and assemble exclusively in the nucleus of the host cell. Cells
infected in the host are the keratinocytes found in the basal
layers of the stratified squamous epithelium (6). Zheng and
Baker provide an excellent review regarding the molecular
biology of HPV (6). Viral gene expression is tightly regu-
lated, both at the transcriptional and post-transcriptional
level. During viral gene expression there are six nonstructural
gene ORFs expressed, which are E1, E2, E3, E4, E5, and
E6 (Table 1). These ORFs are from the early region of the
viral genome and are expressed in undifferentiated or inter-
mediately differentiated keratinocytes. Those keratinocytes
undergoing terminal differentiation express two structural
viral capsid proteins, L1 and L2 (6), with L1 facilitating
attachment to the host cell. Each gene described above has a
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role, specifically E4, which continues to be expressed in the
terminally differentiated keratinocytes while E1 and E2 are
important in regulation of early transcription and viral rep-
lication (6). Oncogenes E5, E6, and E7 are responsible for
transforming the cell into a cancerous cell (5,7–9). E1 along
with E2, L1, and L2 ORFs are highly conserved within the
papillomavirus family (5). E6 and E7 play an important role
in inactivating two host cell tumor-suppressor proteins, p53
and pRb, respectively. In immunocompetent hosts alpha-
papillomaviruses are examples of a virus that is adept at host
immune evasion. This is often reflected in the recalcitrant
infections that can occur with cutaneous warts. Beta- and
gamma-papillomaviruses typically cause visible lesions only
when the host is immunocompromised. An excellent recent
review by Egawa et al. summarizes viral tropism and the
development of neoplasia in the host (3). Table 1 lists and
describes core and accessory proteins that are important in
the virus life cycle and pathogenicity (3).

EPIDEMIOLOGY
An Italian physician observed that during the period of
1760–1839 women who were sexually active had a higher
frequency of cervical cancer than those who were not sex-
ually active (26). It was deduced that the higher rate of
cervical cancer was due to sexual contact. Electron micro-
scopic visualization of viral particles associated with genital
warts was achieved in 1949 (10). In 1967, Rownson and
Mahy described warts caused by HPV (11). Among the
approximately 200 or more HPV types, only certain types are
oncogenic (3,12–14). It wasn’t until 1970 that investigators
suspected that cancerous and precancerous cervical changes
were caused by viral-induced cellular transformation due to
HPV. By the 1980s it was the prevailing opinion that vir-
tually all cervical cancers were related to infection of the
cervical epithelium by oncogenic types of HPV (15). Skin

and genital warts were well known in ancient times (16). It
is estimated that HPV is the cause of 72% of oropharyngeal
cancers, 90% of all anal cancers, and 71% of vulvar, vaginal,
or penile cancers (17).

Infection with HPV can occur at any age and has even
been reported in children (18). Warts are the most com-
mon HPV infection in children and young adults. HPV
risk in adults is highly correlated with the number of sexual
partners a person has in a lifetime. It is estimated that at
least 80% of adults who are sexually active will have
at least one anogenital infection. It has been reported that
a protective effect is seen in regard to HPV infection in
women who have partners who have been circumcised (19).
Condom use does appear to have a protective effect in
college women in terms of acquiring new HPV infections
and against cervical intraepithelial neoplasia (CIN) devel-
opment (20, 21).

HPV is the most common sexually transmitted disease.
Transmission of disease occurs primarily through abrasion of
the skin and introduction of the virus and is associated with a
variety of clinical conditions. There is conjecture though
that infection can also occur via autoinoculation and via
digital or fomite transmission as well (22). Men who have sex
with men (MSM) are a reservoir for HPV infection and have
a higher chance of developing anal cancer later in life than
heterosexual men (23). In one study MSM had a higher anal
HPV prevalence (84% versus 42%) mainly for multiple HPV
types ( ‡ 3). In addition to having a higher prevalence, there
was a higher incidence rate and lower clearance rate of anal
HPV compared to rates in heterosexual males. Data on HPV
in women appear to be lacking (24). According to theWorld
Health Organization (WHO), cervical cancer is the second
most common cancer in women living in less developed
countries. In 2012 there were approximately 450,000 new
cases of cervical cancer with an estimated 270,000 deaths
worldwide (mostly in low- to medium- income countries).

TABLE 1 The function of viral proteins
Core Proteins
E1—ATP dependent helicase. Role in papillomavirus genome replication.
E2—Coactivator of viral genome replication through the recruitment of E1 to the viral replication origin. Transcription facto or E6 & E7,

also important for viral genome segregation.
L1—Major capsid protein. Assembles into pentomeric capsomeres, which are the primary components of the icosahedral virion shell.
L2—Minor capsid protein. Involved in encapsidation of viral DNA. Facilitates virus entry and trafficking to the nucleus.

E4—E4 gene is embedded within the E2 gene and is expressed abundantly as an E1̂ E4 fusion protein during the late stages of the viral life
cycle. Binds to cytokeratin filaments and disrupts their structure. E4 is thought also to contribute to virus release and transmission.

Accessory Proteins
E5—Small transmembrane protein. In alpha-PVs, E5 interacts with the EGF receptor and activates mitogenic signaling pathways. Has a role

in evading the immune response and apoptosis. Beta-, gamma-, and mu-PVs lack E5 gene.
E6—Drives cell cycle entry to allow genome amplification in the upper epithelial layers. E6 of high-risk alpha-PV types binds and degrades p53

and can also activate telomerase and contribute to transformation. Also involved in immune evasion. Some gamma-PVs lack the E6 gene.
E7—Drives cell cycle entry to allow genome amplification in the upper cell layers. E7 of high-risk alpha-PV types binds and degrades pRb

and can induce chromosomal instability. E7 is necessary for cell transformation.
Both E6 and E7 have a number of cellular substrates, with the identity of these substrates differing between types (Holmgren et al. (116)).
The Function of Viral Proteins
All known papillomavirus encodes a group of “core” proteins that were present early on during papillomavirus evolution and that are

conserved in sequence and in function among PV types. These include E1, E2, L2, and L1. The E4 protein may also be a core protein that
has evolved to meet papillomaviruses’ epithelial specialization. The accessory proteins have evolved in each papillomavirus type during
adaptation to different epithelial niches. The sequence and function of these genes are divergent among types. In general, these proteins
are involved in modifying the cellular environment to facilitate virus life cycle completion, contributing to virulence and pathogenicity.
Knowledge of accessory protein function comes primarily from the study of alpha-papillomavirus types.
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The National Cancer Institute of the National Institutes of
Health in the United States projected that in 2015 there will
be approximately 12,900 cervical cancer cases in the United
States and approximately 4100 deaths. This ranks cervical
cancer below the 10 most common cancers in the United
States. The percentage of women surviving at 5 years is
estimated to be 68%. Typically there is an inverse relation-
ship between age and the prevalence of HPV. In a study of
18,498 women between the ages of 15 and 74, the preva-
lence of HPV in women tested in 15 different areas on four
continents showed considerable variation in the shape of the
age-specific curves related to disease prevalence. The au-
thors note that based on this study, the inverse relationship
between disease prevalence and age does not always exist in
all populations (25). Many studies continue to be performed
assessing the HPV types that are most common in varying
populations around the world. Recent population-based
studies have shown that anal cancer rates are increasing,

particularly in MSM. The populations identified at highest
risk for anal cancer are HIV-positive homosexual and
bisexual men.

CLINICAL SIGNIFICANCE
HPVs can infect both mucosal and cutaneous areas in hu-
mans, and many infections are asymptomatic. Table 2 lists
the common genotypes associated with human diseases. The
causative role of HPV in human cancers is nicely reviewed in
a manuscript by Harald zur Hausen (26). HPV can cause a
variety of cancers including cervical, anogential, head and
neck, and cutaneous, as described above (26).

CUTANEOUS HPV
Cutaneous HPV infections are predominantly caused by
HPV within the genus beta-papillomavirus and gamma-

TABLE 2 Diseases associated to human papillomaviruses in immunocompetent peoplea

HPV contribution
Diseases in different anatomical location HPV genus Common genotypes

Benign oral lesions
Verruca vulgaris (common wart) b-HPV HPV types 1, 2, 4, and 7
Oral squamous cell papilloma a-HPV HPV types 6 and 11
Condyloma acuminata a-HPV HPV types 6 and 11
Focal epithelial hyperplasia (Heck’s disease) a-HPV HPV types 13 and 32
Recurrent respiratory papillomatosis a-HPV HPV types 6 and 11

Potentially malignant oral disorders
Oral lichen planus a-HPV (23%) HPV types 6, 11 and 16
Leukoplakia a-HPV (63%) HPV types 6, 11 and 16
Erythroplakia a-HPV (50%) HPV types 6, 11 and 16

Malignant oral disorders
Oropharyngeal squamous cell carcinoma a-HPV (47%) HPV 16 (90%)
Oral cavity cancer a-HPV (11%) HPV 16 (96%)

Benign anogenital lesions
Condyloma acuminata a-HPV (90%) HPV 6 (89%), HPV 11 (11%)
Atypical and low-grade squamous

cell lesion of the cervix
a-HPV (55%) HPV 16 (9%), HPV 6/11 (5%), HPV 31 (4%),

HPV 33 (2%), HPV 18 (2%)
Premalignant anogenital lesions

Cervical high-grade squamous cell lesion a-HPV (84%) HPV 16 (45%), HPV 31 (9%), HPV 33 (7%),
HPV 18 (7%), HPV 58 (7%), HPV 52 (5%),
HPV 35 (4%)

Malignant anogenital lesions
Cervical squamous cell carcinoma

and adenocarcinoma
a-HPV (> 99%) HPV 18 (10%), HPV 45 (6%), HPV 31 (4%),

HPV 33 (4%), HPV 52 (3%), HPV 35 (2%),
HPV 58 (2%)

Vaginal cancer a-HPV (70%) HPV 16 (54%), HPV 18 (8%)
Vulvar cancer a-HPV (40%) HPV 16 (32%), HPV 18 (4%)
Anal cancer a-HPV (97%) HPV 16 (75%), HPV 18 (3%)16

Penile cancer a-HPV (45%) HPV 16 (60%), HPV 18 (13%), HPV 6/11 (8%)
Benign skin lesions

Common wart b-HPV HPV types 1 and 2
Flat warts b-HPV HPV types 3 and 10

Potentially malignant skin disorders
Epidermodysplasia verruciformis b-HPV HPV types 5 and 8

HPV, human papillomaviruses
aReprinted with permission from Grce M, Mravak-Stipeti�c M. 2014. Human papillomavirus-associated diseases. Clin Dermatol 32(2):253–258.
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papillomavirus. These virus types are known to produce
persistent subclinical infections typically infecting children at
a very young age (27). Plantar, common, or flat warts are the
cutaneous manifestation of HPVon the skin. These warts are
typically a result of contact with infected skin or object
harboring the virus. Warts such as this are known to occur in
approximately 10% of children and young adults, with the
highest incidence occurring between the ages of 12 and 16.
Warts occur with greater frequency in girls versus boys and
spontaneously clear in about 2 years in 40% of those infected.
Cutaneous warts that are recalcitrant to therapy can be a
reservoir for infection (28). Some beta-papillomaviruses
cause nonmelanoma skin cancer in some individuals (29).

Epidermodysplasia verruciformis (EV) is a rare genetic
disease that predisposes certain individuals to HPV infec-
tions of the skin. Onset of EV is typically seen in infancy or
in young children and many patients seem to exhibit defects
in their cell-mediated immune system. Mutations occur in
the transmembrane channel gene TMC6 or TMC8 and re-
sult in the development of warts. EV is the first disease in
which epidemiologists were able to correlate cancer and viral
infection (30). Skin eruptions that are flat to papillomatous
occur on the trunk, hands, and upper and lower extremities.
They are typically reddish-brown pigmented plaque-like le-
sions. In areas that exposed to ultraviolet radiation there is a
higher risk of developing malignancy, especially squamous
cell carcinoma (SCC). The development of these cancers is
typically between the ages of 20 and 40 and usually these
patients are infected with multiple types of HPV.

MUCOSAL HPV
HPV infecting the mucosal areas in humans include the
anogenital areas of both men and women and can include
infection of the oral mucosa and oropharyngeal area. It is
known that around 40 different HPV types can infect the
genital area.

Genital Warts (Anogenital Warts, Condyloma
and Genital Papilloma)
Anogenital warts are commonly caused by the non-
oncogenic types of HPVand infections occur predominantly
in young adults and populations that are sexually promis-
cuous. Most notably, HPV types 6 or 11 are the predominant
types causing these infections, although other types such as
16, 18, 31, 33, and 35 can also produce anogenital warts and
can be associated with types 6 or 11, resulting in coinfec-
tions. The aforementioned high-risk types can be associated
with high-grade squamous intraepithelial lesions (HSIL),
especially in those patients who are also infected with HIV.
HPV types 6 and 11 can be associated with other body sites
such as nares, conjunctiva, and larynx, as discussed below.

The incubation period for condylomas can be as short as 3
weeks or as long as 8 months, averaging 2.8 months. De-
pending on the size and general location of the anogenital
wart or condyloma, the lesion can be painful and also pruritic.
In terms of appearance they are often papillary (condyloma
acuminatum), flat (condyloma planum), or pedunculated
around the genital mucosal areas. The genital mucosal areas
affected most often in men are the shaft of the penis, under
the foreskin of the uncircumcised penis, and around the
vaginal introitus in women. Warts are also seen within
multiple other sites, such as within the anogenital tract or on
the anogenital epithelium, including the perineum, perianal
skin, vagina, cervix, urethra, anus, and scrotum (31). Intra-
anal warts are observed predominantly in persons who have

had anal-receptive intercourse. The Centers for Disease
Control and Prevention (CDC) indicates that the incidence
of genital warts has increased over the years in private clinics
but stayed relatively flat in those patients seen in sexually
transmitted disease (STD) clinics. Approximately 6 to 8% of
patients seen in STD clinics had genital warts with a slightly
higher percentage seen in MSM.Women have a much lower
prevalence of genital warts, less than 3%, compared to
hetero- or homosexual men (Centers for Disease Control
and Prevention, www.cdc.gov/std/stats14/figures/52.htm). In
women flat condylomas are more predominant in the cervix.
These lesions can be visualized by the health care provider
during a procedure called a colposcopy. Biopsies are taken
and the confirmation of an HPV infection has classically
been performed using histopathology.

Immunosuppression can have an impact on the increase
in number and size of condylomas seen in populations
mentioned previously. AIDS patients are known to have a
high prevalence of condylomas. Condylomas in women can
increase in number and size of lesions during pregnancy and
regress after the birth of the child.

Respiratory Papilloma/Oropharyngeal Cancer
HPV is also reported to be associated with the malignant
conversion of oropharyngeal papillomas into squamous cell
carcinomas, and these types of infections have been observed
in patients dating back to 1940 (32, 33). The initial reports of
HPV-associated tongue and other oropharyngeal carcinomas
was observed in 1985 (34). The rate of oropharyngeal cancer
has increased and there are projections that the rate will
surpass cervical cancer rates by the year 2020 (35). Typically
oropharyngeal cancer is associated with a younger age at di-
agnosis, oral sex being the primary risk factor. The viruses
recovered from both juvenile and adult onset disease are
typically types 6 and 11, which are the same viruses that are
responsible for genital warts (36). Early recognition is im-
portant relative to better outcomes and vaccination of young
men and women will affect the numbers of cases in the future
(35). In one study patients with HPV-positive oropharyngeal
squamous cell carcinoma (OPSCC) have a 95% survival rate
at 2 years versus a survival rate of 62% at 2 years for HPV-
negative OPSCC (37). In one study that analyzed 116 cases
of HPV-positive OPSCC, 87.9% were HPV type 16 (38).
HPV can be transmitted from mother to child during child-
birth, resulting in HPV colonization in the infant. Sanchez-
Torices et al. indicated the rate of oropharyngeal colonization
with HPV from a vaginal delivery was as high as 58% (39).

Cervical Cancer
Cervical cancer is one of the most common cancers in
women. The International Agency of Research on Cancer
(IARC) has been responsible for large studies that have ul-
timately helped established the link between HPV and cer-
vical cancer in women. In addition to those studies, other
data have shown the relative risk of cervical cancer is based
on the genotype the woman is infected with. The PAP smear
has been historically used to screen women for cervical
cancer. LSIL or low-grade squamous intraepithelial lesions
indicates mild dysplasia (CIN1) is usually caused by HPV
and typically resolves spontaneously within a few years.
HSIL or high-grade squamous intraepithelial lesions indicate
moderate or severe cervical intraepithelial neoplasia or car-
cinoma in situ. These are the lesions that can lead to cervical
cancer. HSIL corresponds to CIN2 or CIN3. By the 1980s it
was clearly recognized that most cervical cancers were re-
lated to infection with specific oncogenic types of HPV (15).
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The study by Bosch et al. in 1995 involved approximately
1000 women from 22 different countries with invasive cer-
vical cancer. This cohort was very influential not only be-
cause of the fact that HPV was the causative agent of
cervical cancer but also for the assignment of specific ge-
notypes as being carcinogenic (40). This study was pivotal
for several reasons and was used as the basis to assign risk to
certain HPV genotypes for inclusion in diagnostic and re-
search tests (40). There are approximately 15 to18 HPV
types that are oncogenic, meaning that they have a high risk
for the development of cervical cancer, but more recent
studies have singled out types 16 and 18 as having an in-
creased risk for causing high-grade disease. Based on studies,
there is strong evidence for types 16, 18, 31, 33, 35, 45, 45,
51, 56, 58, and 59 as the cause of most cervical cancers in
women. There is limited evidence for genotypes 26, 53, 66,
67, 70, 73, and 82 causing cervical cancer (41). Adding
genotypes to cervical cancer screening tests must be done
carefully. The detection of oncogenic types must be balanced
with adding types that significantly affect the specificity of
the assays as well (42).

It is becoming more widely accepted that women who
harbor either genotype 16 or 18 would benefit from more
aggressive management early on. Khan et al. looked at the
10-year cumulative incidence rate (CIR) for ‡CIN 3 in a
screening population of women 30 years and older. In those
women with negative cytology, the CIR for ‡CIN 3 for
HPV 16 or 18 was 17% and 14%, respectively. The 10-year
CIR was 3% for women infected with other than 16/18
genotypes and 1% for women that were high-risk HPV
negative (43).

Other Cancers
Studies clearly demonstrate that some vulvar and penile
cancers are caused by HPV, and there were found to be
frequently positive for type 16 (44). In contrast to cervical
cancer, only 50% of the vulvar squamous cell carcinomas are
HPV positive (45). In one study of the vulvar cancers di-
agnosed, most were HPV type 16 (46, 47). The causation of
the non-HPV cancers is speculative and remains a very
important question. In contrast to vulvar cancers, 60 to 90%
of cancers of the vagina are caused by HPV, similar to the
percentage in anal and perianal cancers as well (45, 48). In
2000 the global incidence of anal and perianal cancers was
relatively low, ranging from 0.1 to 2.8 cases per 100,000
(49). Sexual habits and men having sex with men (MSM)
are increasing the incidence of these cancers. In the United
States the CDC estimates that between 2004–2008 the in-
cidence of anal cancer in women was 2.0 and in men was 1.1
per 100,000, respectively (50).

TREATMENT AND PREVENTION
HPV infections are not necessarily treated themselves; in-
stead the treatment is directed at HPV- associated conditions
that exist within the host. There are various treatment op-
tions that can be used for intraepithelial neoplasias and
anogenital warts that vary based on the severity of disease.

Treatment of Anogenital Warts
The primary goal in treating anogenital warts is wart re-
moval. There is no evidence that the presence of anogenital
warts has an effect on the development of cervical cancer.
Treatment is variable and consists of the following, which
can be classified as patient-applied or physician-applied
treatments. Patient-applied treatment includes the follow-

ing: Imiquimod cream 3.75% or 5%, Sinecatechins oint-
ment 15%, or Podofilox solution or gel 0.5%. Physician-
administered therapy includes the following: podophyllin
resin 10 to 25%, cryotherapy with liquid nitrogen or cryo-
probe, trichloracetic acid (TCA) or bichloroacetic acid 80
to 90%, or surgical removal using tangential scissor excision,
tangential shave excision, laser, curettage, or electrosurgery.
It is important to note that many patients who have external
anal warts might benefit by a digital examination of the anal
canal using standard anoscopy or high resolution anoscopy,
because internal genital warts are often found in patients
that have external warts (31).

Treatment of Cervical Cancer and Pre-cancer
The persistence of HPV within cervical epithelial cells can
result in precancerous lesions or cancer. Treatment of cer-
vical cancer is directed at the macroscopic or pathological
precancerous lesion. There is no antiviral therapy to eradi-
cate these lesions. Precancerous lesions are detected through
cervical cancer screening using Pap smear and/or HPV
testing (31). Although the Pap smear is not diagnostic per se,
it does direct the clinical management of the patient. For
CIN 1 the recommended management would be follow-up
with a physician to look for persistence or progression of a
lesion. For precancers of a moderate or higher grade such as
CIN 2, CIN 3, or adenocarcinoma in situ, there are several
treatment options. These options can consist of removal of
the abnormal area using laser, a loop electrosurgical exci-
sional procedure (LEEP), or cold-knife conization. The ab-
normal area can also be destroyed using cryotherapy and
laser vaporization as well. Cure rates are comparable among
the procedures, and physicians can help guide the patient as
to which procedure or approach is preferred (51).

Prevention
Currently at the time of this publication there are three
vaccines for HPV for the prevention of certain types of HPV,
all of which are approved by the U.S. Food and Drug Ad-
ministration (FDA). HPV vaccines consist of recombinant
HPV L1 capsid proteins from various HPV types as shown in
Table 2. The prevention of up to 90% of genital warts and up
to 70% of invasive cancer is now possible through the use of
these vaccines in addition to other types of cancers that are
caused by other HPV types now found in the 9-valent
vaccine. The vaccines available today are the Quadrivalent
and 9-Valent Gardasil vaccines (Merck & Co., Inc.) and
the Cervarix vaccine (Glaxo SmithKline Biologicals). Gar-
dasil is U.S. FDA approved and is a recombinant quadri-
valent vaccine for types 6, 11, 16, and 18 and is approved
for prevention of diseases associated with HPV infection
(Table 3). Cervarix is also U.S. FDA approved and is a re-
combinant bivalent vaccine for types 16 and 18 (Table 3).
The 9-valent Merck vaccine was only recently U.S. FDA
approved in 2015. This vaccine includes HPV types 6, 11,
16, 18, 31, 33, 45, 52, and 58. The efficacy of the 9-valent
vaccine was extensively studied in a randomized double-
blind trial that included 14,215 previously unvaccinated
females that were 16 to 26 years old. Each was given a dose of
either the quadrivalent or the 9-valent vaccine on day 1 that
was repeated at months 2 and 6. The 9-valent Gardasil
vaccine was superior in reducing the risk of high-grade cer-
vical, vulvar, or vaginal disease related to 31, 33, 45, 52, or
58 by 97% (0.1 vs. 1.6 cases/1000 person years) after a me-
dian of 40 months after final vaccination (52). Antibody
responses were similar in the younger age group and in boys
as compared to that seen in women 16 to 26 years of age.
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The U.S. Advisory Committee on Immunization Prac-
tices (ACIP) has recently updated recommendations on
HPV vaccination (53, 54). The recommendation for vac-
cination is a series of three doses. After the administration of
the initial dose, the second dose should be given 1 to 2
months later. The third dose should be at least 6 months
after the first dose. The safety and efficacy of the current
vaccines is discussed in a recent publication by Kash et al.
(55). Adverse reactions caused by the 9-valent vaccine were
slightly more frequent reactions at the injection site than
were seen with the quadrivalent vaccine (52). An additional
adverse reaction that has been reported is a fall in blood
pressure after the administration of the HPV vaccine in
some patients. Vaccine acceptance for HPV has been less
well received than other vaccines given to children and
adolescents. In a survey in the United States from 2013 to
2014 in ages 13 to 17 only 33.6% percent of females and
41.7% of males were vaccinated with ‡ 1 dose of HPV
vaccine. Cervical cancer and other HPV cancers have both
a psychological impact on the patient and place a financial
burden on the health care system. Several groups of inves-
tigators have tried to devise approaches to increase the
vaccination rate among women. Although the rate of HPV
vaccination varied by geographic regions in the United
States, an improvement seemed to be noted in 2014, sug-
gesting promise in increasing vaccination rates (56). Cohen
et al. developed a video called “1-2-3 Pap” to address the
vaccination problem in a rural part of one state and after
implementation of the program saw improvement in the
HPV vaccination rate (57). HPV vaccines are being studied
for the prevention of skin cancer as well in some patients. In
animal models HPV vaccines are shown not only to be
immunogenic but also to prevent skin tumor formation (58).

DETECTION AND DIAGNOSIS

Because HPV is the predominant cause of cervical cancer, the
Pap smear has been the test historically used to screen women
for cervical cancer for over 50 years (59). Significant advances
have been made with diagnostic tests that actually detect
portions of the HPV genome. The literature on the topic of
HPV is vast and includes newer studies on many of the assays
that are available on the market today. It is beyond the scope
of this text to cite and/or summarize all the relevant literature
regarding diagnostic HPV assays now available. It is also
beyond the scope of this chapter to summarize all relevant
literature comparing the diagnostic tests to one another. The
U.S. FDA-approved assays that are in use in many countries
in the clinical laboratory setting today will be discussed be-
low and are listed in Table 4. It is important that up-to-date
literature be obtained prior to assessing the clinical or ana-
lytical performance of any of the assays described since the
diagnostic field for HPV is constantly evolving. Laboratory-
developed tests (LDTs) exist in some diagnostic and research
laboratories but will not be covered in this chapter.

According to the American College of Obstetricians and
Gynecologists (ACOG) Clinical Management Guidelines
for Obstetricians and Gynecologists: Cervical Cytology
Screening (Practice Bulletin #109, 2009) cervical cancer
screening for women in the United States is recommended
to begin at age 21. Algorithms for cervical cancer screening
will be discussed in more detail in the section below on Best
Practices. This section will focus on available diagnostic tests
commonly used with the screening algorithms that include
and promote the use of both Pap smear and HPV testing.
Because the new guidelines recommend screening women
every 3 to 5 years, the negative predictive value (NPV) of an

TABLE 3 Comparison of human papillomavirus vaccines, United States (2015)

Vaccine
Cervarixa Gardasilb Gardasil 9c

(Bivalent, HPV2) (Quadrivalent, HPV4) (9-valent, HPV9)

Manufacturer GlaxoSmithKline Merck and Co., Inc. Merck and Co., Inc.
Year of Licensure

(age range)
Females: 2009 (9–25 years)
Males: not licensed for use

Females: 2006 (9–26 years)
Males: 2009 (9–26 years)

Females: 2014 (9–26 years)
Males: 2014 (9–15 years)

HPV Types (L1 protein
composition)

HPV 16: 20 mcg
HPV 18: 20 mcg

HPV 6: 20 mcg
HPV 11: 40 mcg
HPV 16: 40 mcg
HPV 18: 20 mcg

HPV 6: 30 mcg
HPV 11: 40 mcg
HPV 16: 60 mcg
HPV 18: 40 mcg
HPV 31: 20 mcg
HPV 33: 20 mcg
HPV 45: 20 mcg
HPV 52: 20 mcg
HPV 58: 20 mcg

Adjuvant Type AS04: 3-O-desacyl-4’ monophosphoryl
lipid A (50 mcg) adsorbed on to
aluminum hydroxide (0.5 mg)

AAHS: amorphous aluminum
hydroxyphosphate
sulfate (225 mcg)

AAHS: amorphous aluminum
hydroxyphosphate sulfate
(500 mcg)

Dose, Route 0.5 mL, Intramuscular 0.5 mL, Intramuscular 0.5 mL, Intramuscular
Schedule 3 doses: 0, 1, and 6 months 3 doses: 0, 2, and 6 months 3 doses: 0, 2, and 6 months
Manufacturing Insect cell line (Trichoplusia ni),

infected with L1 encoding
recombinant baculovirus

Saccharomyces cerevisiae
(Baker’s yeast), expressing L1

Saccharomyces cerevisiae
(Baker’s yeast), expressing L1

aData from Cervarix [package insert]. Research Triangle Park, NC: GlaxoSmithKline Biologicals; 2015.
bData from Gardasil [package insert]. Whitehouse Station, NJ: Merck & Co; 2015.
cData from Gardasil 9 [package insert]. Whitehouse Station, NJ: Merck & Co; 2014.
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HPV assay is extremely important. The better the NPV, the
lower the risk women have for developing precancerous or
cancerous lesions over that screening interval. Most new
assays on the market today have the ability to genotype types
16 and 18. There is an excellent contemporary review on
HPV assays by C. Ginocchio et al. within the Manual of
Clinical Microbiology (Chapter 104) that addresses many
non-FDA approved assays that are available or in develop-
ment today (60).

Primary screening using HPV testing first as opposed to
co-testing, PAP smear followed by HPV testing, has recently
been U.S. FDA approved using the Roche cobas HPV Test.
(Roche Molecular Diagnostics, Inc. Indianapolis, IN) (61).
The adoption of HPV testing as a primary screen will have a
significant impact on the volume of cytology testing and the
current algorithms used by many institutions for cervical
cancer screening.

Specimen Collection
Typically, depending on the assay used in the diagnostic
laboratory sample collection, transport and storage require-
ments are located in the package insert of the respective
commercial kit being employed. Using a collection device
that is not approved for use by the manufacturer of the
specific test would mean the test is being used off label from a
diagnostic perspective and would essentially fall under the
category of an LDT. In the United States the FDA is dis-
cussing the regulation of all LDTs used in the clinical lab-
oratory environment even if the only variation in the assay is
the use of an alternative nonapproved collection device.
Each laboratory should rigorously validate the off-label use of
any alternative collection device not tested by the manu-
facturer, in addition to any deviation from the protocol de-
lineated in the package insert.

Most diagnostic assays used today for the detection of
HPV from cervical specimens are approved with a liquid-
based cytology (LBC) media. This allows for testing of both
HPV and the Pap smear using the same vial. Exfoliated cells
from the cervical epithelium are collected using a brush or
spatula-brush device and placed into the LBC media for
transport to the laboratory. Samples other than cervical,
such as anal or oral lesions, are not FDA-approved for the
commercial assays available today but some laboratories
have validated off-label use with these sample types.

In most clinical settings HPV specimens are routinely
collected by the provider. There are several reasons to en-
courage or promote the self-collection of HPV samples in

women, but to reiterate, this method of collection would
currently be considered “off label.” This method would be
used primarily in underserved populations where there is a
need to increase HPV screening. There have been several
studies that have focused on the self-collection of HPV
specimens in women and found this approach to be prom-
ising (62, 63). The investigators in these studies reported
that self-collection is comparable to physician-collected
specimens and as sensitive in detecting CIN2+ when nucleic
acid amplification tests (NAATS) are used for HPV detec-
tion (64, 65). In addition, alternative collection solutions for
HPV screening in low-income countries has been performed
on dried urine spots (DUS). The investigators used an in-
house nested PCR assay and compared the results of DUS
with those of freshly collected urine specimens (66). The
sensitivity of the DUS was comparable to that of using
fresh urine. Performance of urine testing for HPV has been
compared to cervical cytology and has been reported in the
literature (67).

Identification by DNA-Based Assays

Signal Amplification
The Hybrid Capture� 2 High Risk HPV DNATest� (Qiagen,
Hilden, Germany) (hc2) was the first commercial U.S.
FDA-approved test that was available for HPV testing from
clinical samples. hc2 is an in vitro nucleic acid hybridization
assay with signal amplification using microplate chemilu-
minescence detection. The assay is a qualitative detection
system for high-risk HPV types 16, 18, 31, 33, 35, 39, 45,
51, 52, 56, 58, 59, and 68 in cervical specimens. Specimens
compatible with the assay that are validated by the man-
ufacturer and U.S. FDA-approved for testing are the fol-
lowing: 1) Specimens collected with the Qiagen hc2
DNA Collection Device, 2) biopsy specimens collected in
Specimen Transport Medium� (STM) (Qiagen, Hilden,
Germany), and 3) specimens collected using a broom-type
collection device (placed in Thin Prep� Pap Test� Pre-
servCyt� Solution) (Hologic, Marlborough, MA). The early
hc2 studies showed the value of HPV testing in women for
the detection of cervical cancer, setting the path for devel-
opment of additional assays and establishment of best
practices for cervical cancer screening (68, 69). Manos et al.
estimates that using an HPV based algorithm (including
immediate colposcopy for ASCUS/HPV positive women)
and repeat pap smears for all other women provides an
overall sensitivity of 96.9% (95% Confidence Interval (CI),

TABLE 4 U.S. FDA-approved assays for high-risk HPV testing

Assay Specimen Type HPV Type Detected Genotyping

Qiagen, Hilden, Germany (not FDA approved)
hc2 HPV DNATest PreservCyt,

STM, Brush
16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68 16, 18, 45

Qiagen, Hilden Germany Low-Risk types 6, 11, 42, 43, 44 (not FDA approved)
Cervista HPV PreservCyt 16, 18, 31,33, 35, 39, 45, 51 52, 56, 58, 59, 66, 68 Reflex assay 16,18
Hologic, San Diego, CA
Aptima HPV PreservCyt E6/E7 mRNA Reflex assay 16, 18, 45
Hologic, San Diego, CA 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58
cobas 4800 HPV PreservCyt 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68 Included, 16, 18
Roche Molecular, Pleasanton, CA

HR = High Risk
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88.3% to 99.5%) for detecting high-grade squamous intra-
epithelial lesions (HSILs) (70). The ALTS (ASCUS/LSIL
Triage Study) Trial was a randomized multicenter clinical
trial sponsored by the National Cancer Institute. The trial
consisted of several study arms; the sensitivity and specificity
of colposcopy, repeat cytology testing, and HPV testing using
hc2 were compared for the detection of cervical intra-
epithelial neoplasia grade 3 (CIN3) in 3488 women. The
sensitivity to detect CIN3 or above by testing for HPV DNA
was 96.3% (Confidence Interval [CI] 91.6% to 98.9%).
Sensitivity of a lower cytology triage (ASCUS) or above was
85.3% (CI 78.2% to 90.8%). hc2 had a greater sensitivity for
detecting CIN 3 or above compared to a single Pap test
(indicating ASCUS or greater) (69). Studies with hc2 paved
the way for the initial guidelines incorporating HPV into
the cervical cancer screening algorithms along with the
Pap smear.

The hc2 assay can be automated using the Rapid Cap-
ture� System (RCS) Instrument Application. This instru-
mentation is useful for laboratories that have medium to
higher HPV volumes in which the manual assay is too labor
intensive for routine clinical use. For additional information
regarding the procedure refer to the package insert at (https://
www.qiagen.com).

The Cervista HR HPV assay (Hologic, Marlborough,
MA), followed the hc2 test into the commercial market.
The Cervista HR HPV assay detects similar HPV types
compared to the Qiagen hc2 assay but also includes type 66
and is U.S. FDA approved for use with the Thin Prep� Pap
Test� PreservCyt� Solution (Hologic, Marlborough, MA).
In addition to the high-risk screening assay, there is also a
separate genotyping assay detecting genotypes 16/18, which
is important based on the recent cervical cancer screening
algorithms (71). This assay uses Invader� chemistry, which
is a signal amplification method for the detection of HPV-
specific nucleic acid sequences. The assay consists of two
types of isothermal reactions. The primary reaction occurs
on the DNA sequence targeted by the assay and the second
reaction produces a fluorescent signal. Studies show that the
Cervista assay is comparable to the hc2 assay from an ana-
lytical perspective (72, 73). Comparison in one study to the
Aptima HPV Assay (Hologic, Marlborough, MA) showed
less favorable agreement at 88%, which was mainly due to
false-positive results with the Cervista assay (74). The false-
positive results with the Cervista HPV assay had been pre-
viously documented (75). Bores et al. documented the value
of adjusting the cutoff of the assay to improve on the spec-
ificity of the Cervista assay (76). For additional information
regarding the procedure refer to the package insert at (http://
www.hologic.com).

Amplification-Based Assays
The cobas HPV Test (Roche Molecular Systems, Inc.,
Pleasanton, CA) is a real-time PCR assay for the detection
of high-risk HPV types. The test specifically identifies HPV
16, HPV 18, and the other high-risk (HR) types. The other
HR types detected as a group include 31, 33, 35, 39, 45,
51, 52, 56, 58, 59, 66, and 68. The primers target a 200-
nucleotide base pair sequence within the polymorphic L1
region of the HPV genome. As with the Cervista assay, this
is an important feature since some cervical cancer screening
algorithms suggest genotyping to help direct the physician
with respect to patient management (71). There are several
studies regarding the performance of the cobas HPV Test in
the literature (61, 77–79). The ATHENA (AddressingTHE
Need forAdvanced HPV Diagnostics) HPV study compared

the cobas 4800 HPV Test to the Qiagen hc2 Assay (79). The
sensitivity of the cobas 4800 HPV assay was slightly higher
than the hc2 assay for both CIN 2 and CIN 3 and speci-
ficities were very similar with no statistically significant
difference. Sensitivity and specificity for ‡CIN2 was 90.0%
and 70.5%, respectively, for the cobas 4800 HPV test and
87.2% and 71.1%, respectively, for the hc2 test. Sensitivity
and specificity for ‡CIN3 was 93.5% and 69.3%, respec-
tively, for the cobas 4800 HPV assay and 91.3% and 70.0%
for the hc2 assay. Negative predictive value was similar for
both assays, approaching 100% (79). The assay is automated
using the cobas 4800 instrument. Acceptable specimens are
cervical cells collected in cobas PCR Cell Collection Media
(Roche Molecular Systems, Inc., Pleasanton, CA) or Pre-
servCyt Solution (Hologic, Marlborough, MA). A FDA-
approved clinical trial is currently under way for the BD
SurePath� Pap Test (Becton Dickinson, Sparks, Maryland)
liquid-based cytology medium. As will be discussed below,
the cobas HPV Roche Test is the only assay on the market
FDA-approved for primary screening. If primary screening is
adopted, it is recommended that HR HPV testing be per-
formed. This is at least effective as 5-year cotesting (80).
This will be discussed more in the section below on best
practices. Refer to the manufacture package insert if addi-
tional information is needed for the assay.

The Aptima HPV (AHPV) (Hologic, Marlborough,
MA) assay for high-risk papillomavirus testing (U.S. FDA
approved) is a qualitative molecular test for E6/E7 RNA that
detects the 13 types found in the hc2 assay in addition to
HPV type 66 (81–83). Accompanying the screening assay is
a genotype assay that detects HPV type 16 and HPV type 18
and/or HPV 45 but is a separate assay from the screening
assay. During the clinical trial the AHPV assay was com-
pared to colposcopy and histology for the detection of CIN 2
and CIN 3. For the CIN 2 assay, sensitivity, specificity, PPV,
and NPV were 86.8%, 62.9%, 20.1%, and 97.8%, respec-
tively. For CIN 3, sensitivity, specificity, PPV, and NPV were
90.2%, 60.2%, 9.4%, and 99.3%, respectively (84). Another
study compared the cobas HPV test to the AHPV assay in a
population of women who were found to be ASCUS on
routine cytology screening (83). The assays were found to be
similar in sensitivity but the specificity overall was slightly
higher with the AHPVassay. Negative predicative value was
equivalent (98%) for both assays (83). AHPV was also
compared to the Qiagen hc2 assay in a routine screening
population using split LBC samples (ages 30 to 60) (81).
Sensitivity was slightly higher for hc2 but statistically
equivalent when comparing the two assays. Sensitivity was
overall better for CIN3 with the hc2 assay but among the
three CIN3 that were missed, two of the specimens produced
lesion-free cones and one was a non-high-risk type (81). The
AHPV assay is FDA approved on the Tigris and Panther
automation using the Thin Prep� Pap Test� PreservCyt�
Solution (Hologic, San Diego, CA). The Panther is a newer
instrument that can automate HPV testing in small- to
medium-size laboratories where the Tigris is often comple-
mentary to the higher volume laboratory where greater
sample throughput is needed. For more detailed information
on the assay refer to the manufacturer’s package insert.

Genotyping
As shown in Table 4 there are several assays that can perform
genotyping for HPV, some that are currently U.S. FDA
approved. As described below, ASCCP recommends geno-
typing specifically for HPV 16 and HPV 18 in women
with negative cytology but who are HPV positive on the
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screening test (85). Depending on the specific manufacturer,
different approaches are available for genotyping, either a
reflexive testing approach or a genotyping test integrated
into the screening assay as described in Table 4. Other non-
FDA-approved assays have been developed for broader-
based genotyping applications detecting HR HPV but also
some LR types (60).

Serology
There are no FDA-approved assays for the serological de-
tection of human papillomaviruses, and serology is not used
clinically to diagnose or monitor HPV infection in humans.
Viral persistence may be due to failure in developing an
appropriate antiviral response. Humoral immunity is not
thought to clear HPV infection but may provide some pro-
tection against reinfection by certain HPV types (86). Some
studies have shown that up to 40% of women with evidence
of HPV DNA or lesions do not show detectable type-specific
antibody responses (86–89).

Serological assays to measure a serum antibody response
are very important in the development of HPV vaccines.
Immunogenicity testing contributes to several aspects of
each HPV vaccine not only in terms of development but
also deployment of the vaccine. Immunogenicity is par-
ticularly useful to assess when increased utilization of the
vaccine occurs in other patient populations who were not
the intended target of the original vaccine (90). There are
several assays that have been deployed in the evaluation
of a serological response and used in recent vaccine
trials. These assays include VLP (virus-like particle)-based
ELISA assays, Luminex-based assays (Invitrogen), and
neutralization assays (90, 91). The strengths and weak-
nessnesses of these assays are discussed in detail by Schiller
and Lowy (92).

Antigen Detection/Alternative Methodologies
Although not the focus of this chapter, from a diagnostic
perspective it is important to mention that there are several
non-FDA-approved antigen-based methods available for the
immunohistochemical or immunocytochemical detection of
specific cellular proteins. These markers include MCM2, Ki-
67, and P16INK tumor suppressor protein and have been
evaluated in anal cancer diagnosis and as molecular markers
for CIN2+ detection (93–95). The Manual of Clinical Mi-
crobiology provides an extensive list of in situ hybridization
tests for the detection of HPV in clinical samples (60). To
date none of these assays are FDA approved in the United
States for routine use. Consensus from the College of
American Pathologists (CAP) and the ASCCP in 2012
indicated that p16 can be used as an adjunct test to increase
the diagnostic accuracy in some difficult cases (96). Other
biomarkers such as miR-34a and miR-125b (miRNAs) have
also been explored as biomarkers in cytological samples in
cancer development. One study has shown that both these
biomarkers are overexpressed in HPV-infected cells al-
though further studies to demonstrate utility are warranted.
Although miR-125b does seem to decrease as the cervical
lesions progress, levels could still be used in invasive cervical
cancer diagnosis (97). Another technology, called Raman
spectroscopy, may be a promising biochemical tool in the
field of cervical cancer diagnosis and potentially in the
analysis of disease progression (98). Raman spectroscopy
relies on the scattering of monochromatic light, usually from
a laser beam source. The spectrum is unique to the molecular
composition of what is being analyzed. Ramos et al. thor-

oughly review the advances of Raman spectroscopy in cer-
vical cancer diagnosis (98).

BEST PRACTICES
The object of cervical cancer screening is the diagnosis of
cervical cancer in asymptomatic women when the cancer is
smaller, easier to treat, and less likely to have spread and
prevention of cervical cancer by diagnosing its precursors,
cervical intraepithelial neoplasia, CIN 2, or CIN3. The
detection of the high-grade cervical intraepitheal neoplasia,
CIN2 or CIN3, or carcinoma in situ positions the provider to
select methods that will destroy the tissue with carcinoma in
situ or cervical cells harboring the CIN 3 before they progress
to invasive cancer. Cervical cancer screening has been ef-
fective in preventing morbidity and mortality from cervical
cancer both because of the natural history of cervical neo-
plasia and the fact that cervical cells are relatively easy to
obtain, either from self-collection of vaginal specimens or by
a practitioner using a speculum-assisted observation and
sample collection device. The natural history of cervical
cancer is that of infection with one or more of the high-risk
human papillomavirus (HR-HPV) genotypes, failure of the
HR-HPV infection to be cleared, transformation of cervical
cells to CIN 3, and finally development of cervical cancer
(99). This natural history is suited to screening because the
average durations between infection with HR-HPV and
transformation to CIN 3 (estimated at 5.7 years) and be-
tween transformation to CIN 3 and development of invasive
cervical cancer (3 to 17 years) are relatively long (100).

Cervical cancer screening was initially accomplished by
cytologic interpretation of exfoliated cervical cells to detect
changes suggestive of transformation (i.e., Pap smears).While
cervical cancer screening with Pap smears is effective (101),
interpretation of cervical cytology requires significant
health care infrastructure, and the relatively low sensitivity of
cervical cytology for CIN 2/3 or cancer (CIN 3+) requires a
short screening interval. Because the exfoliated cells col-
lected from the majority of women with CIN 3+ contain HR-
HPV DNA (102), there has been enthusiasm for cervical
cancer screening with HPVDNA tests. Because HPV type 16
and/or 18 DNA is found in exfoliated cells from 70.2% of
women with invasive cervical cancer (102) and in 77.3% of
exfoliated cells from women with CIN 3, there has also been
enthusiasm for HPV DNA tests which allow genotyping.

The results of four randomized screening studies suggest
that HR-HPV-based screening either with primary HR-HPV
screening or cotesting with cervical cytology and HR-HPV
tests provides 60 to 70% greater protection against invasive
cervical carcinoma compared with cytology alone (103).
This greater protection against invasive cervical cancer is
realized because testing of cervical specimens for HR-HPV is
37% more sensitive for CIN 3+ than is cervical cytology
with a cutpoint of low-grade squamous intraepithelial lesion
(LSIL) or worse (104). Women with negative HR-HPV tests
also have a lower cumulative risk of subsequent CIN 3+ than
do women with negative cervical cytology (105, 106). In
Dillner’s series, the cumulative risk of CIN 3+ six years after
a negative HR-HPV test was 0.27% [95% CI, 0.12% to
0.45%] (105) while the cumulative risk following a negative
cytology was 0.97% [95% CI, 0.53% to 1.34%], while in
Katki’s series, the cumulative risk of CIN 3+ 5 years after a
negative HR-HPV test was 0.17% and the cumulative risk
after a negative cervical cytology was 0.36%, p=0.02 (106).
The higher sensitivity and lower subsequent risk of CIN 3+
following a negative HR-HPV test allow an increased
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interval between screenings when HR-HPV tests are em-
ployed (107). As shown in Kulasingam’s modeling study, the
number of cancer cases associated with screening with cy-
tology alone every 3 years starting at age 21 (N=8.5) is
similar to that associated with screening with cytology every
3 years from ages 21 to 30 than with cytology and HR-HPV
testing every 5 years after age 30 (N=7.44) (107).

The benefits of decreasing invasive cervical cancer by
utilizing HR-HPV testing as a cotest with cytology are re-
alized when women with negative cytology and positive HR-
HPV tests are evaluated (108). Because the specificity of
HR-HPV tests for CIN 3+ is 7% lower than that of cervical
cytology with a cutpoint of LSIL (104), it is common to find
women with negative cervical cytology and positive HR-
HPV; between 3.4% and 11.3% of populations screened by
cotesting with cervical cytology and HR-HPV tests have
negative cytology and positive HR-HPV tests (109). If all
women with negative cytology and positive HR-HPV tests
were referred for colposcopy to exclude CIN 3+, the rate of
colposcopy would increase by a factor of 2 to 3 times (109,
110). Determining how women with negative cervical cy-
tology and positive HR-HPV tests should be evaluated is one
of the current controversies within cervical cancer screen-
ing. In Kulasingam’s modeling study mentioned above,
women with negative cytology and positive HR-HPV tests
were assumed to have repeat cotesting in 1 year and were
referred for colposcopy if they remained HR-HPV positive
(107). This strategy resulted in a higher number of colpos-
copies in women screened with cervical cytology every 3
years starting at age 21 (N=758) as compared with those
screened with cervical cytology every 3 years between ages
21 and 29 and with cotesting with cervical cytology and HR-
HPV testing every 5 years after age 30 (N=575) (107). The
strategy of repeating cotesting in 1 year with referral if the
HR-HPV test remains positive should be effective because
CIN 3+ is associated with persistent rather than transient
HR-HPV (99). The two problems with repeating the co-
testing in 1 year are that many women with negative cy-
tology and positive HR-HPV tests are lost to follow-up and
that some women with invasive cervical cancer will have a
delay in diagnosis. In the Kaiser Permanente study, 22.1% of
the 1,726 women with negative cervical cytology and posi-
tive HR-HPV tests in 2007 did not have a subsequent HR-
HPV test, and there may have been a delay in diagnosis of
four cervical cancers (109). An alternative strategy for
evaluating women with negative cytology and positive HR-
HPV tests is to obtain genotyping on HR-HPV-positive
specimens and refer those with HPV type 16 and/or 18 di-
rectly to colposcopy while repeating cotesting for those with
HR-HPV other than type 16 or 18 (110). This strategy
would likely follow fewer cervical cancers than would re-
peating cotesting at one year because 70% of the cervical
cancers are positive for HPV type 16 and/or 18 (102). Un-
fortunately, about 20% of the women with negative cytology
and positive HR-HPV tests have HPV type 16 and/or 18,
and this group of women with HPV 16 and/or 18 includes
only about two thirds of the CIN 3+ within women with
negative cervical cytology and positive HR-HPV tests (111).
The result is that the roughly 80% of women with negative
cytology and positive HR-HPV tests that do not have HPV
16 or 18 will still require repeat cotesting in 1 year (111).
The current consensus guidelines for management of women
with negative cervical cytology and positive HR-HPV tests
allow either repeat cotesting with cytology and HR-HPV in
1 year or immediate colposcopy for women with negative
cytology and HR-HPV tests who test positive for HPV type

16 and/or 18, with repeat cotesting in 1 year for those
without HPV type 16 or 18 (71).

Although HR-HPV tests are most useful in primary
screening for cervical cancer (80, 103), they also are effec-
tive in triage of women with cervical cytology of ASCUS
(112), in the evaluation of women with cytology of atypical
glandular cells (AGC) (113), and as a test for cure following
resection of CIN (114). Also worthy of mention is that the
sensitivity of HR-HPV tests for CIN 3+ in self-collected
vaginal specimens is similar to that in practitioner-collected
endocervical specimens only if a PCR-based HR-HPV assay
is employed (115).
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The expanding family Polyomaviridae infect a variety of dif-
ferent hosts (1). Generally, avian polyomaviruses are highly
pathogenic and have a wide host range, while mamma-
lian polyomaviruses have a limited host range and are asymp-
tomatic in the immunocompetent host (2, 3). At present,
13 of these species are linked to human infection, JC poly-
omavirus (JCPyV) (4), BK polyomavirus (BKPyV) (5), WU
polyomavirus (WUPyV) (6), KI polyomavirus (KIPyV) (7),
Merkel cell polyomavirus (MCPyV) (8), human polyoma-
virus 6 (HPyV6) (9), human polyomavirus 7 (HPyV7) (9),
Trichodysplasia spinulosa-associated polyomavirus (TSPyV)
(10) and human polyomavirus 9 (HPyV9) (11), Malawi
polyomavirus (MWPyV) (12), St. Louis polyomavirus
(STLPyV) (13), human polyomavirus 12 (HPyV12) (14),
and New Jersey polyomavirus (NJPyV-2013) (15). Zoonotic
infections have not been reported, however they cannot be
completely excluded.

VIRAL CLASSIFICATION AND BIOLOGY
In humans, polyomaviruses generally cause an initial asymp-
tomatic infection in early childhood. They then become
dormant, only reactivating and causing severe disease in
the immunocompromised host. Human polyomaviruses
have widespread seroprevalence in the general population
and can be oncogenic in animal models, but, with the ex-
ception of MCPyV, evidence of human polyomaviruses
involvement in the development of cancer is yet to be
confirmed and is the matter of extensive scientific debate.

The International Committee on Taxonomy of Viruses’
(ICTV) Polyomavirus Study Group has recently recom-
mended the revision of the family Polyomaviridae, dividing
the single genus into three genera—Orthopolyomavirus,
Wukipolyomavirus, and Avipolyomavirus—essentially creat-
ing two mammalian genera and one avian genus. Division of
the human genera is based on whole genome sequence ho-
mology of less than 81% to 84% (1). The recent discovery of
highly divergent polyomaviruses in fish will mean that at
least one other clade with these viruses as representatives
will need to be created in the near future. Additionally, the
early and late regions of many polyomaviruses exhibit evi-
dence of ancient recombination events, which further ob-
scure the true nature of the Polyomaviridae family tree (Fig. 1).

These recent discoveries highlight how much more there is
to learn about this growing virus family.

Structure and Genome Organization
The polyomavirus virion is a nonenveloped, icosahedral
particle, which is 40 to 45 nm in diameter and contains 72
pentamers of the protein VP1. Each pentamer is associated
with a single copy of VP2 or VP3 and forms a barrel-like
structure. The virion contains a circular double-stranded
DNA genome of approximately 5,000 base pairs (16). The
genome is divided into three functional regions, the early
and late coding region and the noncoding control region
(NCCR) that contains transcription factor (TF) binding
sites and the origin of replication. The early coding region
produces nonstructural proteins including the small (STAg)
and large tumor antigen (LTAg) and the late region encodes
the three capsid proteins, VP1, VP2, and VP3. The origin of
replication (ORI) separates these two coding regions, and
replication commences bi-directionally from the ORI.(3,
16) Additional nonstructural proteins are encoded in some
of the human polyomaviruses. For example JCPyV, BKPyV,
and SV40 encode an agnoprotein within the 5’end of the
late coding region.

The Polyomavirus Life Cycle
The mechanisms of polyomavirus cell entry, transportation
through the cytoplasm, and nuclear entry are an ongoing
area of research, however, it has become clear that multiple
mechanisms are employed by the different polyomaviruses.
The VP1 major capsid protein provides most of the surface
residues that interact with the host cell, therefore forming
one of the main determinants of tissue tropism, and through
these interactions the virus binds and is imported into
the cell (17). JCPyV uses a clathrin-dependent endocytosis
pathway to gain entry into the host cell after binding to
the 5HT2A serotonin receptor (18). BKPyV also utilizes
caveolae mediated endocytosis, but binds to ganglioside re-
ceptors GD1b and GT1b (19). In general, once the virus is
internalized, it is transported via vesicles to the endoplasmic
reticulum during which time the VP1 capsid unravels, ex-
posing the internal genome and VP2/3 proteins (20). The
genome is then trafficked into the nucleus, where tran-
scription and replication take place (17). Both transcription
and replication are controlled by, and originate within, the
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NCCR, with initiation being dependent on the appropriate
host TFs binding to the NCCR. Thus, the composition of
the NCCR’s TF binding sites also contribute to the virus’
tissue tropism. Early transcription produces a single mRNA
that is alternatively spliced into the small T antigen (STAg)
and the large Tantigen (LTAg) (16). Polyomaviruses do not
possess the necessary DNA replication or translation ma-
chinery. Instead, they utilize the host cell replication ma-
chinery, and therefore require a method of driving the cell
into S-phase (21). This is achieved through the interaction
of the viral t-antigens with the host cell. The LTAg has an
extensive array of effects on the host cell and its own rep-
lication. These include driving the host cell into S phase, a
transcription activator and suppressor, helicase activity, and
assistance in virion assembly (3). The STAg has an impor-
tant role in promoting cell growth including viral replica-
tion, in part through its interaction with protein phosphatise
2A (22), which regulates numerous cell cycling processes
through phosphorylation. Once viral replication begins, the
infection enters late phase and the LTAg promotes the
transcription of the late genes, while suppressing early gene
expression (23). Transcription of the late genes produces a
minimum of three proteins, VP1, VP2, and VP3, with the
agnoprotein being produced only in JCPyV and BKPyV but
not in WUPyV, KIPyV, or MCPyV (6, 7, 24). Similar to the
early transcripts, the structural proteins are transcribed after
alternative splicing of a single late region mRNA. After
transcription, the structural proteins are translocated into
the nucleus where the VP1 begins to self-assemble. Host-
derived histones are associated with the viral genomes,
which, along with the VP2/3 proteins, are then packaged
into the assembling viral capsid. Exit of full assembled in-

fectious polyomaviruses can occur through a number of
processes including host cell lysis and increasing membrane
permeability. Virus persistence and latency is not well un-
derstood, but may be influenced by production of self and
host regulating viral miRNAs (25).

Polyomaviruses have demonstrated oncogenic potential
in the laboratory setting, however to date, only MCPyV has
sufficient proof of direct involvement in human cancer (8).
The general pattern of oncogenesis involves the establish-
ment of a nonproductive infection in which the t-antigens
become constitutively expressed, thus driving the cell to
persistent replication and chromosomal instability (3). Such
nonproductive infections can arise from situations where the
host cell’s TF profile, or other replicative/transcriptional
mechanisms, are partially incompatible with the virus, or if
the viral genome becomes integrated into the host genome,
thereby abrogating expression of the structural proteins and
replicative function of the LTAg (3).

POLYOMAVIRUS EPIDEMIOLOGY
Seroepidemiology of Human Polyomaviruses

Seroprevalence of BK and JC Polyomaviruses
Many aspects of the epidemiology of the human polyoma-
viruses in the general population are still unknown, e.g., the
source of infectious virus, the route of natural transmission,
and the site of initial virus replication within the body.
Since their discovery in 1971, BKPyVand JCPyV have been
the most studied, and both viruses are endemic in almost
all populations. Man is the sole host for both BKPyV and
JCPyV, which circulate independently at both the individual

FIGURE 1 A radial phylogenetic tree generated using a Neighbour-Joining analyses of concatenated VP2, VP1, and LTAg gene sequences
from a wide variety of mammalian, bird, and fish polyomavirus species. All known human polyomaviruses are shown in red, with recognized
polyomavirus subclades highlighted.
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and population levels. Individuals with antibody to BKPyV
are often seronegative to JCPyVand vice versa (26). Neither
BKPyV nor JCPyV produce a distinct, recognizable disease
on primary infection, and disease is usually diagnosed by
detection of viral DNA in various bodily compartments.
However, an indication of a population’s exposure to BKPyV
and JCPyV may be more reliably made by assaying for an-
tiviral antibodies.

BKPyV is a common infection in both developed and
developing countries, showing a seroprevalence between
55% and 85% in studies covering all age groups of healthy
individuals (27). However, in isolated populations, sero-
prevalence rates may vary from 0% to 100%, suggesting that
this virus was absent or infrequently encountered in these
populations (28). Generally, no difference was reported in
seroprevalence between males and females.

Antibodies to BKPyV are typically acquired in early
childhood (29). Elevated levels of maternal antibody, pres-
ent at birth, are lost during the first few months of life, so
that only 5% of infants between 4 and 11 months of age
have anti-BKPyV antibody. Thereafter, seroprevalence rises
rapidly from the second year of life to reach 83% by late
childhood, consistent with antibody prevalence observed in
adults. BKPyV-specific IgM antibody was detected in be-
tween 11% and 21% of healthy or unwell children under
5 years of age, but not in children younger than 12 months,
which was consistent with BKPyV infection occurring in
young children (29, 30).

In some studies of healthy adults or blood donors, BKPyV
IgM antibody was not detected (31), whereas in others, a
rate of between 3.6% and 19.5% was reported (28, 31, 32).
However, the methods used to detect IgM antibody varied in
sensitivity and specificity, and it is not known whether these
results represent primary BKPyV infection or reinfection in
adulthood, or are due to persistent IgM production in a few
individuals. In the USA and England, the percentage of
seropositivity for JCPyV in adults ranged from 44% to 77%,
and between 85% and 92% in Brazil, Japan, and Germany
(27). Some studies reported a significantly greater propor-
tion of males with JCPyV antibodies compared to females
(33, 34). More variation was apparent in the age at which
JCPyV was acquired than BKPyV (27). Whilst in some
populations most JCPyV infection was acquired in early
childhood, in others the JCPyV seroprevalence rose more
gradually, even continuing into old age. This may indicate
that the transmission of JCPyV is more dependent on dif-
ferences between cultures or socio-economic conditions
than is BKPyV. In contrast to BKPyV, JCPyV antibody titres
did not decrease with age, indicating that there may be
continuing JCPyV stimulation throughout life, either by
virus reactivation or reinfection (35). Low levels of JCPyV
IgM antibody were reported in 15% of unselected blood
donors in England (36), which may represent primary JCPyV
infection in this population or sporadic virus reactivation.

Seroprevalence of the NewHuman Polyomaviruses
A number of studies have reported the seroprevalence of the
novel human polyomaviruses in different populations. These
results were largely based on ELISA assays employing re-
combinant viral VP1, VP1-GST capsomeres, or VLPs as the
substrate antigen.

The observed seropositivity patterns of the new human
polyomaviruses studied to date are shown in Table 1 (14,
28, 33, 37–47). These demonstrate that these viruses circu-
late widely in the general population and indicate that pri-
mary infections commonly occur in children and young

adults. In a number of studies, age stratification of the se-
ropositive specimens suggested an initial waning of immune
response from loss of maternal antibodies, followed by rapid
seroconversion during childhood. This increase of seropos-
itivity with age for most of the viruses tested, except HPyV9,
is compatible with the model of continuing primary in-
fections throughout adult life. The differences in seropre-
valence reported for the novel polyomaviruses between
studies could represent true differences in different countries,
but could also reflect differences in study populations, in
techniques used for the detection of antibodies, and in cutoff
definitions. In addition to seroprevalence data, Nicol et al.
(39) also reported increasing antibody levels for MCPyV
with age. This is consistent with reactivation of the virus at
older ages, following waning immunity with age, and pos-
sible reactivation of infection. However, a decrease in an-
tibody levels with age was observed for TSPyV suggesting
that persistence and latency in immunocompetent individ-
uals were less frequent with this polyomavirus (42). Such
differences also suggest that the new human polyomaviruses
may have different modes of transmission and capacities for
persistence. Like JCPyVand BKPyV, routes of infection have
not been determined for the new polyomaviruses, however
limited evidence for MCPyV suggests intrafamilial saliva or
skin contact as the source of transmission during childhood
(48). Antibody studies of closely related viruses may be
confounded with cross reactions of antibodies with related
viral antigens. However, several studies have demonstrated
the absence of cross reactivity against the different HPyVs,
even between polyomaviruses with high VP1 homology
(49), e.g., BKPyV and JCPyV (78%), KIPyV and WUPyV
(66%), and MWPyV and STLPyV, which share 55% amino
acid homology in the VP1 region (47).

Molecular Epidemiology
Sequence variation within each polyomavirus species is
thought to be limited, primarily due to their reliance on the
high fidelity host DNA polymerases. Nucleotide deletions
and duplications have been observed most frequently in the
regulatory region of the JCPyV and BKPyV genome and are
typically associated with periods of immune dysregulation
(27). It is thought that these changes are unique to the
individual host and may not be transmitted. Limited nu-
cleotide variation also occurs in the coding region of the
polyomavirus genome, but these do often not result in amino
acid changes. However, changes in the VP1 gene can result
in antigenic variation in BKPyV, and generate multiple ge-
notypes in JCPyV (50). Based on serological methods and
molecular variations in the BC loop of the BKPyV- VP1
coding region, BKPyV isolates worldwide have been classi-
fied into four genotypes (I-IV) which can also be considered
serotypes, with genotype I globally distributed, subtypes II
and III found rarely throughout the world, and subtype IV is
prevalent in Asia and parts of Europe (51). The main four
BKPyV genotypes can be further categorized into 12 sub-
types, of which subtypes Ib1 and Ib2 have recently been
reported to behave as distinct serotypes (52). Prototype
BKPyV (genotype I) is the most common detected type
found in all categories of patients. Dual or multiple infec-
tions can also occur (27), with some evidence suggesting
post-transplant nosocomial acquisition (52).

Only one serologically distinct JCPyV isolate (Mad-11)
has been reported (53). However, genetically, very few
amino acid changes have been observed between JCPyV
strains in the BC loop of the VP1 coding region of the
genome (54). Nucleotide changes do occur elsewhere in the
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JCPyV genome and genetic diversity in the intergenic region
between VP1 and LT and within VP1 have so far identified
eight major genotypes. These differ by 1% to 2.6%. Minor
genetic variations are found consistently in different geo-
graphic areas, and on this basis, types 1, 2, 3, 7, and 8 can be
further subdivided (55). The coevolution of JCPyV with

humans dates back at least 50,000 years, with stable geno-
types arising in geographically isolated populations. Explo-
ration of the genetic diversity of the newly discovered
human polyomaviruses has been severely limited, yet is im-
portant for investigating what role these potential genetic
groups play in human disease.

TABLE 1 Summary of seroprevalence rates for the new human polyomaviruses in different study populations

Virus Age-group Location Seroprevalence Reference

BKPyV Adults Global 55–85% (33)
Indian or aboriginal
Tribes in Brazil,

Paraguay, and Malaysia

0–100% (28,33)

JCPyV Adults USA, UK 44–77% (33)
Brazil, Japan, Germany 85–92% (33)

WUPyV Adults USA 80% (37)
Germany 89% (38)

KIPyV Adults USA 70% (37)
Germany 67% (38)

MCPyV Adults Italy 66–87% (39)
Australia 68% (40)
USA 46–64% (41)

Adults (blood donors) Italy 85% (39)

HPyV6 Adults Italy 69–83% (39)
Australia 76% (40)

HPyV7 Adults Australia 66% (40)

TSPyV Adults Italy 70–90% (39)
Australia 81% (40)
The Netherlands 70% (42)

Adults (immunocompromised) The Netherlands 89% (42)
Children (1–4 years) Italy 31% (39)
Children (5–9 years) Italy 70% (39)
Children (1–9 years) The Netherlands 41% (42)
Children (1–4 years) Finland 5% (43)
Children (6–10 years) Finland 48% (43)

HPyV9 Adults Italy 27.5–42.4% (44)
Adults (>80 years) Italy 70% (44)

Germany 20% (45)
Australia 24% (40)

Children Germany 47% (45)

MWPyV Adults Italy 41.8% (46)
Children (1–2 years) 26.9%
Children (2–4 years) 68.2%

STLPyV Adults USA 91.2–95.2% (47)
Children (<0.5 years) 53.3%
Children (0.5–1 years) 37.9%
Children (1–2 years) 22.6%
Children (>2 years) 60–85.3%

HPyV12 Adults (21–30 years) Germany 27% (14)
Adults (>30 years) 15–33%
Children (2–5 years) 12%
Children (6–11 years) 26%
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To date, only one large-scale study has reported the char-
acterization and genotyping of global WUPyV polyomavirus
strains (56). This study examined 64 wholeWUPyV genomes
that were globally distributed, and reported the existence of
three main WUV clades and five subtypes, provisionally
termed Ia, Ib, Ic, II, IIIa, and IIIb. Overall nucleotide vari-
ation was low (0% to 1.2%).

CLINICAL SIGNIFICANCE
Clinically, most data are available for BKPyV and JCPyV.
Although serologic studies show that infections in adults are
ubiquitous with these viruses, little is still known about the
clinical manifestations of primary infections. It is thought
that the majority of primary infections present with few, or
no, symptoms (57). Symptoms of upper respiratory tract
infection were identified in one-third of children who ser-
oconverted to BKPyV in one study (58) and in another
study, serologic evidence for acute BKPyV infection was
documented in 8% of children with upper respiratory tract
illnesses (57). However, human polyomaviruses may cause
significant disease in the immunocompromised host, with
reactivation of latent to lytic infection resulting in viruria
and viremia potentially leading to fatal disease.

BK Polyomavirus
Infections with BKPyV, like JCPyV, typically occur at a
young age, and the viruses establish a life-long persistent
infection in sanctuary sites such as the proximal renal tubule
(49). BKPyV can cause a lytic infection that results in the
destruction of tissue, similar to the well described cytopathic
effect of the simian polyomavirus SV40. Uncontrolled
BKPyV infection contributes to polyomavirus-associated ne-
phropathy (PVAN) in patients who have received a renal
transplant, and to haemorrhagic cystitis (HC) in patients
who have received a haematopoietic stem cell trans-
plant (59).

Urinary shedding has been reported to occur asymp-
tomatically and intermittently in healthy individuals (60).
In situations of altered immune function, including preg-
nancy, the rates and levels of urinary BKPyV shedding typ-
ically increase more dramatically than those for JCPyV, and
urine cytology can appear as shedding of tubular epithelial or
urothelial cells with intranuclear viral inclusions called
“decoy cells” (61). Despite high urine viral loads, symptoms
are absent in most solid organ transplant patients, suggesting
that the cytopathic wear in the urothelial amplification
compartment is well compensated.

HC is a BKPyV immune-reconstitution inflammatory
syndrome (IRIS) with pathology characterized by a domi-
nant inflammatory response to abundant PyV antigen, typ-
ically following a brisk recovery of the cellular response (62).
PVAN, on the other hand, is a cytopathic inflammatory
pathology characterized by high level viral replication and a
significant inflammatory response to cytopathic lysis, ne-
crosis with infiltrates of granulocytes, and lymphocytes. (63)

The role of BKPyV in human malignancies is contro-
versial. The high seroprevalence and high detection rate of
BKPyV and JCPyV by sensitive molecular tools in healthy
individuals complicate studies and require a rigorous re-
evaluation of the published data. For BKPyV, the most
convincing data of an oncogenic contribution have been
presented in single case reports of urothelial malignancies
and renal tubular malignancies, typically in the setting of
kidney transplantation as illustrated by recently reported
single cases (64).

There are also reports on the detection of BKPyV DNA
in other tumors, e.g., colorectal tumors, lymphomas, pan-
creatic cancer, brain tumors, prostate cancer, and a range of
sarcomas (65), and for non-UV light associated melanomas
(66). The interpretation of the data in these reports have
been various and controversial. However, based on ‘‘inade-
quate evidence’’ in humans and ‘‘sufficient evidence’’ in
experimental animals, a WHO International Agency for
Cancer Research Monograph Working Group recently clas-
sified BKV and JCV as ‘‘possibly carcinogenic to humans’’
(Group 2B) (67).

JC Polyomavirus
JCPyV is the causal agent of progressive multifocal leu-
koencephalopathy (PML), and although once rare, the in-
cidence of PML has dramatically increased with the spread
of AIDS. In the beginning of the HIV pandemic, it was
estimated that 5% of HIV positive patients would go on to
develop PML, although with the advent of combined anti-
retroviral therapy (cART), that incidence rate has dramat-
ically dropped from 0.13% to 0.06% (68). Likewise, the
introduction of cART reduced the one-year PML mortality
rates from 82.3% to 37.6% (69). Despite the reduction in
mortality rates however, PML remains the second leading
cause of AIDS-related deaths, and has one of the worst
prognoses of any AIDS-associated disease. Unfortunately,
the surviving patients are often left with substantial neuro-
logical impairments. Occurrence of PML in hematologi-
cal malignancy patients is uncommon, and its occurrence
in transplant patients is rare (68). Since 2005, the use of
monoclonal antibodies (MAb), such as natalizumab, to
treat autoimmune disease has also led to an unexpected
new source of PML. In multiple sclerosis (MS) patients,
the incidence of PML is 0.0034%, with a reported higher
frequency of seizures compared to AIDS-associated PML.
Mortality in MS-associated PML has been reported to be up
to 29%, depending on the time of diagnosis (70).

A further complication of PML seen in HIV positive
patients and other immunosuppressed patients is the phe-
nomenon of Immune Reconstitution Inflammation Syn-
drome (IRIS), where neurological symptoms paradoxically
increase in response to restoration of immune system func-
tion. IRIS develops in 17% to 27% of HIV positive PML
patients, typically after the start of cART, with risk factors
including low starting CD4+ counts and rapid clearance
of HIV viral load. IRIS also occurs in immunosuppressed
patients after discontinuation of immunosuppression, and in
MS patients, in which the IRIS can be triggered or even
made worst by natalizumab therapy cessation, or attempts to
remove the MAb from the bloodstream (68).

More recently, several additional neurological patholo-
gies have been described associated with JCPyV, including
JCPyV Granule Cell Neuropathy (JCV GCN), which in-
fects the cerebellum and leads to dysmetria and ataxia (71),
JCPyV encephalopathy, and JCPyV meningitis. The former
two pathologies affect the same populations at risk of PML,
but the latter is thought to possibly be a manifestation of
primary JCPyV infection (68).

JCPyV’s clinical impact is predominantly neuropathic,
however, other body sites can be affected as well. JCPyV
nephropathy in solid organ transplant recipients has been
reported, but unlike BKPyV, these cases remain a rare oc-
currence (72). JCPyV has also been implicated in the de-
velopment of human cancers including brain and
gastrointestinal tumors, however to date, evidence of such
involvement has been contradictory and contentious (68).
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The Newly Discovered Human Polyomaviruses
On the basis of the sites where the polyomavirus DNA has
been isolated, suspected sites of infection include the naso-
pharynx and lung for WUPyV and KIPyV, the skin for
MCPyV, TSPyV, HPyV6, HPyV7, and HPyV9, the gastro-
intestinal tract for MWPyV and STLPyV, and the vascular
endothelium for NJPyV.

These new human polyomaviruses are thought to be
transmitted horizontally by direct contact or by aerosol or
fecal-oral routes. However, the site of infection, the original
site of polyomavirus identification, and the distant organs in
which the virus can be detected might be distinct and dif-
ficult to relate to any pathophysiology (73). Therefore cor-
relations between infection and respiratory symptoms or
diarrheal illness remain circumstantial (74). Also, the cur-
rent data remain confounded by the presence of numerous
viral agents in the samples studied, such that no single entity
has been identified as the causative agent (75).

Attempts to link the new polyomaviruses to clinical
disease have focused on older individuals, in whom immu-
nity is waning, or in the immunosuppressed. However, ex-
cept for MCPyV and TSPyV, there has been no obvious
association of the new human polyomaviruses with a clinical
syndrome (76). Autoimmune diseases, in particular systemic
lupus erythrematosis (SLE), have been proposed to result
from a pathological response to “self,” which may be trig-
gered by human polyomavirus antigens (63).

Merkel Cell Polyomavirus
The key insight that prompted the hunt for a pathogen
in MCC was the recognition that the incidence of MCC
is higher in immunosuppressed recipients of organ trans-
plants, and in patients with HIV/AIDS than in nonimmuno-
compromised individuals.

Patients with haematological malignancies, especially
chronic lymphocytic leukaemia (CLL), are at an increased
risk of developing MCC (77). There have been several re-
ports of MCC developing in patients with autoimmune
diseases such as psoriatic and rheumatoid arthritis, particu-
larly when treated with immune-suppressive therapy. Addi-
tional risk factors for MCC include an age of greater than 60
years, and most MCCs occur in sun exposed areas of the
skin. In addition, it has been reported that pharmacological
use of statins and environmental exposure to arsenic increase
the risk of developing MCC, although the mechanisms in-
volved are unclear (78, 79). Clonal integration of the
MCPyV genome has been identified in nearly all cases of
MCC, and to date, is the only polyomavirus to have strong
causal evidence for human tumorigenesis. MCPyV has been
detected in other human cancers such as CLL and squamous
cell skin carcinomas, although at low levels and not inte-
grated into the genome (77). This is similar to JCPyV and
BKPyV, which have been detected in a variety of gastroin-
testinal and genitourinary cancers (80). However, aside from
one report of BKPyV integration into urothelial carcinoma
(64), for the most part, there has been no evidence that
these tumors contain integrated JCPyV or BKPyV genomes.
SV40 has been considered as a zoonotic agent involved in
human oncogenesis, but the low copy number (<1/1,000
cells), the inconsistent results between laboratories, and the
near undetectable seroprevalence of the virus has not sup-
ported this hypothesis (81). Thus there is so far little evi-
dence that MCPyV plays a role in the oncogenesis of tumors
other than MCC. However, the role of MCPyV in MCC is
further supported by the fact that MCC patients frequently

have very high antibody titres to MCPyVas compared to the
population in general, indicating that MCPyV infection
indeed is associated with MCC (82). Other evidence of
MCPyV involvement in MCC includes t-antigen protein
expression within tumor cells, and MCC cell growth arrest
and death upon knockdown of the viral t-antigen expression
(83). High MCPyV antibody titres and viral loads in MCC
patients have been suggested to be associated with better
clinical outcomes (84), but the use of the virus as a marker
for improved clinical outcomes remains controversial.

KI and WU Polyomaviruses
The first prevalence data for WUPyVand KIPyV were based
on PCR detection of viral DNA in nasopharyngeal aspirate
(NPA) samples, which showed that their prevalence was not
significantly different for healthy individuals compared to
those with respiratory symptoms, although some reports did
show an increase in prevalence in immunosuppressed indi-
viduals (85). Recently, KIPyV DNA and capsid proteins
were detected in the lung tissues of a young bone marrow
transplant patient who died of respiratory failure (86). These
results, in conjunction with the lack of any other microbial
detection, would suggest that under some circumstances
KIPyV may contribute to, or be capable itself of causing,
respiratory disease. A study investigating viral infections in
children under the age of two found that both WUPyV and
KIPyV, when detected as the sole viral pathogen, were as-
sociated with upper respiratory tract disease (87). In paral-
lel, other studies examined the prevalence of KIPyV and
WUPyVat sites other than the respiratory site, e.g., in urine,
blood, and stool, and showed KIPyV and WUPyV genomic
DNAwas not commonly detected in the urine of normal or
immunosuppressed individuals, or in the blood, but WUPyV
could be found at very low frequency (<1%) in stool samples
(88). Also, KIPyV or WUPyV were not found in cerebro-
spinal fluid (CSF) of patients with or without PML (89).
Several studies have investigated whether KIPyV or
WUPyV are involved in tumor development and so far, the
results have been negative for childhood brain tumors, and
non-UVexposed melanomas (66). In one study, KIPyV VP1
DNA was detected in 9 out of 20 lung cancer cases of un-
defined origin, and in 2 out of 2 transplant patients (90).
Only the C-terminal domain of the early region of KIPyV
was successfully identified in two of the lung tissues, but
possible integration was not analyzed. Thus, there is no
compelling evidence to date for a role of KIPyV in onco-
genesis, although the data may indicate the lung as a site of
viral persistence.

Trichodysplasia Spinulosa Associated
Polyomavirus
Trichodysplasia spinulosa (TS) is a rare skin disease in im-
munosuppressed patients characterized by papules and spines
and alopecia in the face. In 2010, a new human poly-
omavirus (TSPyV) was detected in the plucked facial spines
of a heart transplant patient with TS (10). Attempts were
made to find TSPyV in other immunosuppressed patients
not suffering from TS, and TSPyV was found in plucked
eyebrows of 3 out of 69 (4%) examined patients, but at much
lower viral loads than that seen in TS patients. TSPyV can
also be found on the skin of healthy subjects at low viral
loads, as well as occasionally in the blood and respiratory
tract of immunocompromised patients, although with no
apparent association to disease. However, TSPyV was not
detected in 5 JCPyV positive cerebral spinal fluids, 20
BKPyV positive blood plasma, or in 20 KIPyV or WUPyV
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positive NPAs (91). Its presence and high seroprevalence in
clinically healthy persons suggests that it causes a subclinical
latent infection. Whether TSPyV is involved in other dis-
eases or tumors remains to be investigated.

Human Polyomavirus 9
HPyV9 was detected in the serum of a renal transplant pa-
tient (92). More recently, it was shown that HPyV9 also
resides in the skin (93), although no clear association with
disease has been found. Nevertheless, additional studies may
be necessary to identify possible other sites of HPyV9 rep-
lication and persistence, and its role, if any, in human dis-
ease. Interestingly, HPyV9 is related to African Green
Monkey Polyomavirus, which can infect and immortalize
human B cells (93). If HPyV9 has a similar tropism, it might
have a causal relationship with B cell lymphomas.

Human Polyomavirus 6 and
Human Polyomavirus 7
Both HPyV6 and 7 were originally found on the skin of
healthy human volunteers (9), however no clear association
with disease has been found. Recently, two cases of extensive
velvety, pruritic rashes in lung transplant patients were
reported, with both HPyV7 DNA and viral proteins being
detected in the skin biopsies (94). Additionally, HPyV7
DNA and t-antigen proteins were found in the majority of
thymic tumors, with the authors suggesting the virus may
play a role in thymomagenesis (95).

Malawi, St. Louis, and New Jersey Polyomaviruses,
and Human Polyomaviruses 10 and 12
MWPyV was identified by shotgun pyrosequencing of DNA
purified from virus-like particles isolated from a stool sample
collected from a healthy child from Malawi (12). A real-
time PCR assay was then designed and used to screen 514
stool samples from children with diarrhea in St. Louis, USA.
MWPyV was detected in 12 of these samples, but the index
strain of these samples differed by 5.3% at the nucleotide
level compared to the Malawi index case. In parallel, a virus
termed human polyomavirus 10 (HPyV10) was found in
chondyloma specimens from a patient with warts with
hypoglobulinemia infections, and myeloathexis (WHIM)
(96). Soon afterwards, a virus called MXPyV was described
in the stools of Mexican children (97). Both HPyV10 and
MXPyV are genetically nearly identical to MWPyV, and
can be considered strains of the virus. MWPyV has been
detected in respiratory, as well as stool samples, in immu-
nocompromised and in immunocompetent children under
the age of two years, with suggestions that it may play a role
in respiratory disease (87). However, whether the virus
elicits a chronic infection in the gastrointestinal system or is
responsible for any disease in humans has yet to be fully
elucidated.

HPyV12 has been first identified in resected human liver
tissue (14). Investigation of organs, body fluids, and excre-
tions of diseased individuals and healthy subjects with both
HPyV12-specific nested PCR and quantitative real-time
PCR revealed additional virus-positive samples of resected
liver, cecum, and rectum tissues, and a positive fecal sample.
Seroprevalences of 23% and 17%, respectively, were deter-
mined in sera from healthy adults and adolescents and a
pediatric group of children. These data indicate that the
virus naturally infects humans and that primary infection
may already occur in childhood (14). No definitive associ-
ation with disease is known to date.

Finally, NJPyV was detected in a 33-year-old pancreatic
transplant recipient who developed weakness, retinal blind-
ness, and necrotic plaques on her face, scalp, and hands
(15). A muscle biopsy revealed micro-thrombosis and viral
particles in swollen endothelial cell nuclei. In situ hybrid-
ization confirmed the presence of NJPyV in endothelial cells
at sites of myositis and cutaneous necrosis, suggesting it may
have tropism and cause disease in vascular endothelial cells.
More research however is necessary to confirm such an as-
sociation, or that with any other disease.

In conclusion, given the increasing use of immunosup-
pressive therapy after renal and haematopoietic stem cell
transplantation, and specific monoclonal antibody therapies
for multiple sclerosis (e.g., natalizumab), rheumatoid arthri-
tis and other autoimmune diseases, and the ability of some
polyomaviruses to cause disease in some individuals receiving
this therapy, it is likely that the recognition of diseases re-
sulting from polyomaviruses will increase.

TREATMENT AND PREVENTION
Lytic reactivations by JCPyV and BKPyV (e.g., PVAN &
PML) can be serious, or even fatal, and therefore effective
and safe antiviral therapies are desperately needed. Current
antiviral therapies are limited by efficacy, tolerance, and
safety. Adjunct therapies such as cidofovir, leflunomide,
and intravenous immunoglobulins have been used (98), but
the benefit is not documented in clinical trials. Routine
monitoring for BKPyV in renal allografts, together with
appropriate clinical management such as reduction of im-
munosuppressive therapy, has become a key recommenda-
tion (99). There is an increased risk of JCPyV-induced
PML following natalizumab treatment for Crohn’s disease
and multiple sclerosis, therefore this treatment must also be
carefully monitored.

Possible novel therapeutic strategies include small-
molecule inhibitors of virus glycan binding or of T antigen
functions (100), booster immunization in anticipation of
immunosuppressive regimens to increase antibody levels, or
enhancement of cell-mediated immunity in elderly patients.
The increasing use of immunosuppressive therapies might
lead to more cases of polyomavirus-induced disease, and
could create a market for effective therapeutics that inhibit
polyomavirus replication. In addition, new therapeutics that
target the oncogenic activity of the MCPyV T antigens or
boost the immune response would be extremely beneficial
in MCC.

DETECTION AND DIAGNOSIS
Polyomavirus virions are considered to be hardy and can
survive a wide range of harsh environments, including sew-
age (101), and temperatures exceeding 95°C (102). The PyV
virion’s robustness, as well as their stable double-stranded
circular DNA genome, means that they may be able to per-
sist in a detectable state within environmental and clinical
samples for extended periods of time.

PCR and quantitative PCR (qPCR) are commonly relied
upon for the detection of PyVs, both in the diagnostic and
research setting. Caution should however be used when
PCR assays are applied to certain types of samples in which
collection quality or uniformity can be variable (e.g., respi-
ratory swabs). In such instances, other markers of sample
collection quality, such as human genome markers (e.g.,
RPL13A, ERV3) (103, 104) can be used to normalize the
potentially variable samples.
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Many of the newly discovered PyVs are poorly re-
presented in public sequence databases, and as such, little is
known about their genetic variability. Therefore, the use of
two PCR assays targeting different parts of the PyV genome
is recommended when feasible. Of note, the NCCR of many
PyVs has been shown to be the primary area of genetic in-
stability, particularly in the context of patient immunosup-
pression, and as such, the area should be avoided as a PCR
target unless it has been sufficiently evaluated for conser-
vation. Consensus PyV assays are not recommended for
viruses that have potential to occur together in the same
sample (e.g., JCPyV and BKPyV), as the presence of the
more populous viral species DNA may partially or com-
pletely inhibit the amplification and detection of the sec-
ondary viral species’ DNA (105). For use of PCR purely as a
detection tool, it is important to note that like any other
PCR, the smaller the PCR product is, the more likely it will
successfully amplify at low template concentrations due to
its inherent higher efficiency. Additionally, a smaller PCR
product size will also minimize the impact of DNA frag-
mentation in formalin-fixed tissue samples.

Apart from specific PCR and qPCR assays, “Pan-Poly-
omavirus” PCR assays using degenerate primers have been
utilized to detect both known and novel PyVs, including the
discovery of human PyVs HPyV7 and HPyV9 (9). Rolling
Circle Amplification (RCA) uses phi29 DNA polymerase to
preferentially amplify circular DNA in an isothermal reac-
tion and is ideally suited for use with PyV genomes. Because
most applications of RCA to PyV genomes to date have used
random hexamers (see details below), the specificity of the
reaction is reduced, and as a consequence, the sensitivity
suffers. In fact, a recent study showed that the use of ran-
dom hexamers reduces the PyV amplicon yield in a mixed-
template sample by at least 100-fold when compared with
PyV-specific RCA primers (106).

BK Polyomavirus
Urine cytology has been commonly used to monitor trans-
plant patients for BKPyV infection, with detection of
BKPyV infected epithelial cells (“decoy cells”) being a
marker for virus reactivation and potential development of
PVAN (107). Urines can be examined either neat or con-
centrated by centrifugation followed by either fixing and
viewing by Papanicolaou staining (107), electron micro-
scopy (EM) (107, 108), immunohistochemistry (IHC) (108),
or phase-contrast microscopy (109). Decoy cells appear in
both Papanicolaou-stained and phase contrast microscopy as
cells with enlarged ground-glass like nuclei, and may also
have altered chromatin, halos, or enlarged nucleoli (Fig. 2)
(107, 109). Presence of large numbers of decoy cells in
Papanicolaou-stained (>10/cytospin) (107) or phase-contrast
microscopy (>1/ · 400 high-powered field) (109) were
reported to be associated with PVAN development. Decoy
cell monitoring has been suggested as a quick and cost-
effective alternative to PCR for monitoring of transplant
patients due to a near-100% PVAN negative predictive
value (110). The urine cytology method however suffers
from a low (21.2 to 27%) PVAN positive predictive value
(108, 110), in part due to decoy cells also being produced as
a result of other viral infections or malignancies.

In contrast, PCR of urine was found to have equivalent
negative (100%) and higher positive (31%) predictive val-
ues than cytology, with viral loads greater than 2.5 · 107
copies/ml being associated with concurrent PVAN (111).
Persistent viruria occurs in nearly all HC patients, but is also
commonly shed in non-HC immunosuppressed patients, and

therefore cannot be used independently as a diagnostic
marker of HC (112). Processing of larger urine volumes
(e.g., 1 ml), or of pelleting prior to nucleic acid extraction
was reported to increase BKPyV PCR sensitivity by over 1.5
logs (113). Despite its cost-effectiveness and noninvasive
nature, the utility of urine for monitoring does have draw-
backs, including a wide fluctuation of viral loads, and a
delayed clearance response to reduction of immunosuppres-
sion (114).

Monitoring of BKPyV viraemia by PCR has an improved
PVAN positive predictive value (30% to 50%) compared
to urine, with that figure rising to 90% when viral load is
high (>1· 106 copies/ml) (114). Viraemia by itself does not
correlate to the development of HC, however decreasing
BKPyV plasma loads have been correlated with increased
HC recovery (115). For monitoring viraemia, and quantifi-
cation of viral loads, standardized sample processing needs to
be employed, as whole blood may give different BKPyV viral
load results to that of serum.

A wide range of published and commercial conventional
and quantitative real-time PCR assays exist, however all
assay oligo sequences should be checked to ensure complete,
or near-complete, homology with all BKV subtypes. Mis-
matches in the primer or probe sequences with a particular
subtype will lead to inefficient binding, and possible un-
derestimation of viral loads or outright false-negative re-
sults (116).

Rearrangements of the BKPyV NCCR can be evaluated
through PCR and sequencing. Likewise, the amplification
and sequencing of a fragment of the BKPyV VP1 gene is
commonly used to type the 12 BKPyV subtypes, although
neither the genotype nor specific NCCR changes have been
associated with hemorrhagic cystitis, and thus, are primarily
used for research purposes (117).

For immunohistological staining of biopsy material and
urine cytology, a commercially available SV40 antibody
(PAb 416, Merck Millipore, Germany), which cross-reacts
with the BKPyV VP1 protein, is most commonly employed
in diagnostic laboratories. Staining intensities can vary,
but typically sufficient contrast remains to obtain a binary
diagnosis (114).

FIGURE 2 Urine cytology micrograph showing polyomavirus
infected cells (Decoy cells). (Copyright 2010 Nephron. Permission
is granted to copy, distribute, and/or modify this image under the
terms of the GNU Free Documentation License Version 1.3.)
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Currently, no commercial serologic assays exist for
BKPyV, however several research enzyme immunoassays
(EIA) have been developed (29, 32).

JC Polyomavirus
JCPyV has been infrequently observed to be associated with
PVAN and HC, and in these situations, diagnostic protocols
similar to those for BKPyV can be followed. The predomi-
nant clinical complication of JCPyV infection, however, is
PML and other less common neurological disorders. Ori-
ginally, brain lesion biopsy was the diagnostic method of
choice for suspected PML cases, and histopathological and
IHC analysis of such biopsies is still considered the gold
standard, with EM and in situ hybridization (ISH) provid-
ing further supporting evidence (118). JCPyV infection is
typically seen in oligodendrocytes and astrocytes, with less
frequent presence in neurons, and appears under EM as in-
dividual or crystalline arrays of 28 to 45 nm virions within
the cell nucleus (68).

Typically IHC staining occurs within the cell nucleus,
however some diffuse staining may also be present in the
cytoplasm of cells with heavy nuclear staining (68). Com-
mercial JCPyV antibodies exist and can be used for IHC,
however it has been noted that the VP1 and LTAg proteins
targeted by different antibodies may not be equally expres-
sed, depending on the type of cell infected, and thus may
affect the IHC sensitivity (68). Similar to BKPyV, com-
mercially available JCPyV antibodies cross-react with SV40,
with some also having been reported to lack sensitivity in
formalin-fixed tissue (68). To mitigate the potential lowered
antibody sensitivity and specificity, it has been proposed to
use a dual-antibody approach targeting both the early and
late proteins, which also has the additional benefit of
informing on the stage of infection within the cell (68). ISH
sensitivity can also be impacted by formalin-fixation (119),
however its specificity may be higher than that of IHC due
to its requirement for homology to large stretches of JCPyV
genomic sequences (68). In cases of early or abortive in-
fections, LTAg and STAg protein expression without the
subsequent viral genome replication would occur. Conse-
quently, in such situations, ISH protocols would have much
less template to bind when compared to IHC and may ex-
plain the observed lowered ISH sensitivity when compared
against IHC (120).

While brain biopsies may be the gold standard for PML
diagnosis, they are also highly invasive and may be impos-
sible to collect if the lesion is located in a difficult to reach
portion of the brain. Because of these limitations, diagnosis
which incorporates radiography, clinical presentation, and
JCPyV PCR detection in the CSF has been favored as an
acceptable alternative (68, 121). Using qPCR, higher viral
loads in the CSF have been associated with poorer PML
outcomes (122), however low JCPyV loads in CSF are more
frequently found in MS patients with PML, as well as in HIV
patients undergoing HAART (123). Both commercial and
in-house published conventional, real-time, and quantita-
tive PCR assays exist, but because of the potential for low
copy numbers in CSF, it is critical that any assay chosen for
testing at-risk patient groups has a high sensitivity. Using
conventional PCR may only provide a sensitivity of 58% for
detecting JCPyV in PML patient CSF (123), however, with
highly sensitive real-time PCR methods, the figure can be
improved to over 95% with detection limits of 10 viral
copies/ml of CSF (124). Assay sensitivity can also be im-
proved by increasing CSF NA extraction volume (e.g., 200
ml or greater), and eluting into smaller volumes (e.g., 50 ml).

Particular attention should be paid to the collection quality
of the CSF; a traumatic lumbar puncture or the presence of
red blood cells in the CSF may contaminate an otherwise
JCPyV negative CSF with viral particles if the patient in
question happens to be viraemic. Collection quality is sa-
lient both for known PML patients, as the contamination
can lead to overestimated viral loads, as well as in patients
undergoing routine exclusion screening, which may lead to
false-positive results due to the common presence of JCPyV
even in healthy patients’ blood (121). PCR can also be ap-
plied to brain biopsies, as it is more sensitive than ISH and
IHC (120), however caution should be observed as JCPyV
has been occasionally detected by PCR in the brain tissue of
immunocompetent patients without PML as well (125).

Genetic recombination in the NCCR has been linked to
increased virulence, and its presence in JCPyV genomes
circulating in blood or urine may translate to a higher risk
of disease. Screening for such NCCR changes has been
typically accomplished through conventional PCR amplifi-
cation, followed by Sanger sequencing (126), although re-
cently a rapid method using duplex real-time PCR assay
which can detect JCPyV at extremely low copy numbers,
and discriminate between wild-type and rearranged (i.e.,
“virulent”) NCCRs has been described (124). Other genetic
changes in the agnoprotein and VP1 genes, linked to the
development of neurological conditions distinct from PML,
have been identified by standard PCR amplification and
Sanger sequencing (89, 127).

The clinical utility of measuring the humoral response to
JCPyV is still debated, with one emergent use being the pre-
screening and stratification of MS patients for risk of PML
development prior to commencement of natalizumab ther-
apy (128). Determination of cutoffs and the performance of
the EIA assays have been highlighted as the primary issues
when using such assays (118), with suggested solutions in-
cluding a 2-step adsorption method to measure low-reactivity
samples (128). Caution has to be observed with the sero-
logical results, as even with the improved 2-step protocol,
some viruric patients would present as JCPyV seronega-
tive (128). Complications which may contribute to mis-
identifying JCPyV positive patients as seronegative is the
use of plasma-exchange samples which would reduce the
antibody levels from blood (129), and the patient’s use of
mycophenolate mofetil, which will inhibit B-cell anti-
body production (130). To date, a number of research EIAs
have been developed (33, 36), with only one commercial
JCPyV EIA available (Stratify JCV; Focus Diagnostics,
Cypress, CA).

For the remainder of the current human polyomavirus
family, the clinical utility of diagnostic testing has not been
established, in part due to the uncertainty surrounding many
of their associations with disease. A number of detection
methods have been described for these polyomaviruses,
however most rely on PCR for specific virus identification.

WU and KI Polyomaviruses
These two viruses are commonly tested together as both
are commonly detected in the respiratory tract. Detection
methods primarily rely on PCR, either as conventional
consensus assays (66), singleplex real-time PCRs (131), or
multiplexed real-time PCR (132). Detections in the respi-
ratory tract are not uncommon, but typically occur at high
cycle threshold (Ct) values, which are indicative of low viral
loads. Also, co-detection with other respiratory pathogens is
very common, which confounds attempts to identify disease
associations with these viruses. Other sample sites where
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WUPyV and KIPyV have been detected include blood
(88), lung tissue (86, 133), and feces (88). No commercial
antibodies or serology assays were available at the time of
writing.

MC Polyomavirus
PCR is the method of choice for the detection of MCPyV,
with numerous qualitative and quantitative assays in exis-
tence (8, 88, 134). Particular caution needs to be taken with
use of PCRs targeting MCPyV however, due to its propensity
for environmental contamination (see below), and potential
assay target disruption resulting from host genome integra-
tion events. MCPyV genomes are integrated within 80% of
MCCs. These integration events result in seemingly random
breakpoints across most of the virus genome, apart from the
STAg and 5¢ end of the LTAg genes, which are always
conserved and appear critical for the ongoing oncogenic
support of the tumor cell (135). Therefore, the use of PCR
assays which target the conserved STAg region are recom-
mended for use, particularly if MCC or other tumor tissues
are being screened. Special attention needs to be paid to
tumor tissue which has been formalin fixed, as the process
will degrade and cross-link DNA to various degrees, de-
pending on the method and length of fixation (136). Such
degradation can lead to decreased viral load estimates or
outright false-negative results in the case of samples con-
taining low MCPyV copy numbers (137), and as such, DNA
integrity and PCR inhibition should be monitored.

Detection of integration was originally achieved through
traditional Southern blotting techniques using long radio-
labeled MCPyV probes. This technique also allows the user
to determine if the viral genome has been monoclonally
or polyclonally integrated into the tumor genome (8). To
identify the viral/host junction sequences, a modified Detec-
tion of Integrated Papillomavirus Sequences PCR (DIPS-
PCR) can be used, which involves the restriction digestion
of the virus and host genome, followed by ligation with
adapters, adapter PCR, and subsequent sequencing (135).
While this technique can also be used to detect integration
events, it is arguably less objective than Southern blotting
due to its semi-random nature and consequent difficulty in
adequately controlling the reaction.

MCPyV can also been detected in blood (138), the re-
spiratory tract (139), urine (140), healthy skin and eyebrow
follicles (141), and many other internal organs (142). The
significance of detection in most of these sites is unknown,
apart from blood, in which monocytes have been suggested
as reservoirs of MCPyV infection (138). Eyebrow follicles,
along with skin, are presumed to be its primary tropism.
MCPyV is shed from healthy skin and has been found to be
present in 75% of the environmental swabs collected in one
study (143). The prevalence of the MCPyV DNA on the
person and in the environment must therefore be taken into
account, and appropriate precautions taken against con-
tamination during sample collection and processing, as well
as assay setup if PCR will be used as the detection method.

Antibodies targeting the MCPyV LTAg and STAg have
been used to detect viral protein expression in tumor tissue
(144), which circumvents the risk of environmental con-
tamination in DNA-based detection methods. The com-
mercially available CM2B4 monoclonal antibody, originally
created by Busam et al. (145), targets the non-truncated
portion of the LTAg protein, and has been the most com-
monly used antibody for immunohistochemical (IHC) stain-
ing. In the majority of cases, CM2B4 staining correlates with
MCPyV PCR positivity, with concordance ranging from

66.6% to 71.4% (145, 146). STAg has been found to be
more commonly expressed than LTAg in MCCs however,
and may therefore account for the observed CM2B4/PCR
result discrepancy. Indeed, in some MCC cases, only the
STAg was expressed (147), which suggests that a STAg-
targeting antibody may be more sensitive for detecting viral
presence in MCCs. The use of anti-MCPyV VP1 antibodies
for IHC staining of tumor tissue is not recommended as the
VP1 protein does not appear to be expressed in virus-posi-
tive MCCs (82).

TS Polyomavirus
TSPyV forms dense virion aggregates in the nuclei of inner
hair root sheath cells of patients suffering from Trichodys-
plasia Spinulosa (TS) (148) when examined by EM. How-
ever the method is not sufficiently specific to conclusively
identify TSPyV due to the similar morphological appearance
of all polyomaviruses. Like many of the other newer human
polyomaviruses, TSPyV is commonly detected using specific
real-time PCR assays, although randomly-primed RCA fol-
lowed by next generation sequencing has also been used
(10). TSPyV can be detected in both lesions and nonlesion
skin samples of TS patients, however the viral loads in le-
sions is multiple magnitudes higher (mean 1 · 106 copies/cell
and >5 copies/cell, respectively). Detection from healthy
subject skin is rare, and like the nonlesion skin, is of low viral
load (149). Viral loads only marginally decrease after topical
therapy and resolution of symptoms (10). For IHC staining,
TSPyV is reportedly recognized not by the commonly used
SV40 LTAg antibody (91) but rather by the polyomavirus
Middle T antibody (150).

Human Polyomaviruses 6, 7, 9, 12, and MW, STL,
NJ Polyomaviruses
For the remainder of the newly-discovered human poly-
omaviruses, real-time PCR has been the primary method of
detection. Additionally, randomly-primed RCA has been
used to amplify HPyV6 & 7, MWPyV, and STLPyV (9, 12,
13, 94) before detection by conventional PCR or full ge-
nome sequencing. ELISA assays have been developed for
research (11, 13, 14, 40, 46), but HPyV9 has shown sero-
logical cross-reactivity with lymphotropic polyomavirus
(LPyV) (11), a monkey-origin virus which has previously
been detected by PCR and ELISA in human sera (151).
HPyV9 and LPyV have close nucleotide sequence similarity,
thus potentially leading to antigen cross-reactivity and sug-
gesting that previous LPyV detection in the human popu-
lation could be in fact off-target HPyV9 detection. Indeed,
there is uncertainty over LPyV presence in the human
population (152), which would suggest that HPyV9 ELISA
cross-reactivity with LPyV should not be a major concern
when examining human sera.

EM has been used to detect NJPyV as crystalloid virus
assemblies localized within a muscle biopsy’s atypical endo-
thelial cell nuclei (15), while HPyV7 has been found in
dense arrays within the keratinocytes of transplant patients
suffering from unusual pruritic rashes (94).

BEST PRACTICE
As a general rule, irrespective of assay or clinical state being
investigated, it is important to observe strict adherence to a
consistent sample type (e.g., plasma or whole blood, but not
both), particularly when using quantification methods to
determine clinical management strategies.
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BK Polyomavirus Associated Nephropathy
and Hemorrhagic Cystitis
BK Polyomavirus Associated Nephropathy
PVAN is the major risk associated with BKPyV, as it pro-
gressively affects graft function and increases the risk of graft
loss in <10% to 90% of patients (114). Because effective
anti-polyomavirus drugs are not available, routine monitor-
ing for BKPyV viraemia, together with appropriate clinical
management has become a key recommendation (Fig. 3)
(114). The detection of BKPyV helps to guide the reduction
of immunosuppression, which allows for the restoration of
BKPyV-specific cellular immune responses, curtailing of

BKPyV replication in the graft, and clearance of viremia in
70% to 90% patients (153).

Although current screening algorithms focus on the
prevention of BKPyV nephropathy via the detection of vi-
remia and reduction in immunosuppression, the prevalence
and consequences of long-term viruria have not been es-
tablished. Recently, evidence emerged that prolonged
BKPyV viruria may be an important contributor in the
development of urothelial carcinoma in transplant recipi-
ents (64). This study highlighted the need for increased
vigilance for bladder cancer detection in patients with per-
sistent BKPyV in the presence of established risk factors,
such as smoking and exposure to bladder toxins such as

FIGURE 3 Proposed schematic for the screening and management of BKPyV replication and polyomavirus-associated nephropathy in
kidney transplant patients (adapted from (114)).
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cyclophosphamide or aromatic amines. However, the opti-
mum management of BKPyV viruria is unknown and further
study is required.

BK Polyomavirus Associated Hemorrhagic Cystitis
Examining several host- or HSCT-related characteristics,
Cesaro et al. (154) showed that only BKPyV positivity in
urine and/or blood was significantly associated with the
development of HC. This supported other findings which
showed that there was a quantitative correlation between
BKPyV load and the development of post-engraftment HC,
thus allowing this to be used as a guide for a pre-emptive
treatment strategy (155).

Other causes of HC must be considered (155), however
quantitative BKPyV markers can been used to identify the
virus as the aetiological agent. Presence of urine viral loads
>107 copies/ml, in conjunction with cystitis and grade II
hematuria, have been suggested to be required to define
BKPyV-associated HC (156), while urine viral loads of
> 9 · 106 copies/ml have been shown to be predictive of HC
onset in children (154). Blood viral loads of >103 and
>104 copies/ml have been found to predict onset of HC by a
median of 10 and 17 days, respectively (157). Monitoring of
plasma, rather than urine BKPyV load, has been shown to be
a better marker for HC recovery (115). Evidence-based
guidelines reviewing the treatment of BKPyV-associated
hemorrhagic cystitis in children have been published by
Harkensee et al. (157).

JC Polyomavirus PVAN and Progressive Multifocal
Leukoencephalopathy
In rare cases, JCPyV has been identified as a cause of PVAN
and may also be cleared after reduced immunosuppression.
Although high level viruria and decoy cell shedding was
common in these cases, JCPyV viremia was not a consistent
feature (158). Also, JCPyV viruria was detected earlier than
that observed for BKPyV. Although PCR screening for
BKPyV polyomavirus in the early post-transplant period is
now routine practice, no universal screening for JCPyV
replication occurs. However, a recent study examining the
role and clinical outcome of JCPyV viremia in renal trans-
plant recipients found that screening for JCPyV in kidney
transplant recipients was important, given the more frequent
use of new immunosuppressive protocols. This study also
showed that prompt recognition and reduction in immu-
nosuppression can result in the clearance of viremia, thereby
reducing the risk for PML and graft dysfunction (159).

JCPyV has been found in the brains of both patients
suffering from PML, as well as those of otherwise normal
individuals (160). Therefore, the simple demonstration of
the virus, either in tissue or CSF, is insufficient to establish a
definitive diagnosis of PML, and must be considered in
conjunction with radiological and clinical presentation. To
aid in the diagnosis, Berger et al. (121) recently published
diagnostic criteria for PML in a Consensus Statement
from the American Academy of Neurology, Neuroinfectious
Disease Section, which provides a matrix to assist in deter-
mining diagnostic parameters in the absence of brain biopsy.
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VIRAL CLASSIFICATION AND BIOLOGY
The parvoviruses are a large group of DNAviruses capable of
infecting a wide variety of both invertebrate and vertebrate
hosts, including humans and their companion animals.
Depending on the virus and the immune status of the host,
human infection can range from overt disease to persistent
asymptomatic infection. Current parvovirus taxonomy dates
from 2004; however, in the intervening 10 years, as new
viruses have been identified and more taxonomic data have
become available, the current taxonomy is now considered
outdated. A new taxonomic classification of the family
Parvoviridae has therefore been proposed and is currently
under review and likely to be instituted in the near future
(1). The proposed taxonomy, based on the amino acid se-
quence of the NS1 and viral capsid proteins, maintains the
family Parvoviridae and subfamily Parvovirinae for the verte-
brate parvoviruses, but adds three new genera and a no-
menclature change that impact the taxonomy of the human
parvoviruses. A member of a proposed genus must now have
> 30% amino acid sequence identity to other members of
the same genus but < 30% identity to members of other
genera (1). Criteria for inclusion in a viral species have also
changed under the proposed taxonomy, with members
of the same species having > 85% amino acid sequence
identity to other members of the same species and > 15%
amino acid diversity from members of other species (1).
The proposed genera and the human viruses they con-
tain are Bocaparvovirus: human bocaviruses 1–4 (HBoV1-
4); Dependoparvovirus: human adeno-associated viruses
(AAVs); Erythroparvovirus: human parvovirus B19-related
viruses; Protoparvovirus: human bufaviruses; and Tetra-
parvovirus: human parvovirus 4–related viruses (Par4) (1).

The parvoviruses are small (~25 nm) non-enveloped,
icosahedral viruses. The name is derived from the Latin word
“parvus,” meaning “small,” as befitted their appearance on
electron microscopy. The parvovirus genome consists of a
single-stranded DNA (ssDNA) molecule of approximately
5,000 bases. As would be expected of such a small genome,
parvoviruses have a relatively simple replication strategy
compared to viruses with larger more complex genomes.
Unlike other more complex DNA viruses, parvoviruses are
unable to stimulate the cellular division needed for repli-
cation and therefore require actively dividing cells to infect.
Exceptions to this requirement are the AAVs, which are

incapable of independent replication and require the aid of a
helper virus, typically an adenovirus, or less commonly a
herpesvirus, to complete their replicative cycle (2). The
replicative strategy of the autonomous parvoviruses varies
among the many viruses but generally follows a pattern of
transcription of two non-structural (NS) proteins involved
in control of replication from the left side of the genome and
structural VP proteins from the right side of the genome (3).
One unusual aspect of parvovirus replication is the ability of
some parvoviruses, including human parvovirus B19, to
encapsidate both positive and negative strands of the ge-
nomic ssDNA. Another noteworthy feature of these viruses
is that although their genomes are replicated by host cell
polymerases, they appear to have relatively high mutation
and recombination rates, a characteristic that has been at-
tributed to the single-stranded configuration of their ge-
nomes (3). This mutability may play a role in the appearance
of parvoviruses with expanded host ranges. For example,
canine parvovirus type 2, the causative agent of a serious
infection of dogs, is believed to have arisen in the 1970s as a
result of the mutation of feline panleukopenia virus via an
intermediate wild carnivore host (4). Readers interested in a
more detailed description of the molecular biology of par-
voviruses are referred to the excellent chapter by Berns and
Parrish in Fields Virology (3).

Among the parvoviruses infecting humans, the following
is a brief listing of important molecular characteristics of the
different genera.

Erythroparvovirus: Parvovirus B19 was originally consid-
ered to have a relatively conserved genome but it is now
known to exist as 3 distinct genotypes whose nucleotide se-
quences vary by 5–20% (5). The genotypes have geographic
associations and implications for laboratory diagnosis.

Bocaparvovirus: There are 4 species of human bocaviruses,
referred to as HBoV1-4, that are characterized by a nucle-
otide sequence divergence of 10–30%, with HBoV2 being
further classified into strains A and B based on addi-
tional sequence divergence (6). Sequencing data of Kapoor
et al. (6) further suggest that because HBoV1 sequences
are relatively homogenous, this respiratory agent likely re-
cently evolved from the more divergent GI tract HBoV2-4
viruses. Analysis of bocavirus genomes has also indicated
that HBoV3 is likely a recombinant between HBoV1 and
HBoV4 (7).
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Dependoparvovirus: The human AAVs have been char-
acterized as serotypes, with up to 11 serotypes identified as
well as numerous genetic variants being identified in human
samples (2). If the new proposed taxonomy is adopted, the
AAVs will then be classified according to the previously
mentioned criteria for genera and species (1). In the absence
of a helper virus, the AAVs have the unusual ability to
establish persistent, non-productive infections of cells that
can involve chromosomal integration of the viral genome or
its existence as an episome (3).

Tetraparvovirus: The human PARV4 viruses exist as 3
genotypes that each have minimal sequence diversity, sug-
gesting the viruses may have entered the human population
relatively recently via zoonotic transmission (8). When it
was first identified, what is now called PARV4 genotype 2
was thought to be a different virus and was originally named
PARV5 (9).

Protoparvovirus: Due to their recent identification, there
is relatively little information available on the human bu-
faviruses. Initially two genotypes of human bufavirus were
described (10) with a third being described in a subsequent
report (11).

EPIDEMIOLOGY
Erythroparvovirus: Parvovirus B19, genotype 1 causes human
infections with a global distribution. It has been studied the
most thoroughly of the three genotypes and therefore more is
known about the epidemiology of this virus than is about the
other 2 genotypes. The primary mode of transmission of this
virus appears to be via the respiratory route. In a study that
would likely be difficult to perform now, human volunteers
who were inoculated intranasally with diluted human plas-
ma from a blood donor developed typical parvoviral B19
disease (12). In our laboratory in St. Louis, we found sup-
porting evidence for this when we detected parvovirus B19
DNA by PCR in upper respiratory samples of individuals
with B19 viremia (unpublished data). An interesting epi-
demiological quirk was identified when, after the discovery
that erythrocyte P antigen was a cellular receptor for B19
virus (13), it was reported that those rare individuals lacking
the erythrocyte P antigen were resistant to infection by B19
virus (14). Serosurveys indicate that by the age of 20 about
50% of individuals will have serological evidence of infec-
tion (15) with this rate rising to over 80% in some groups of
older adults (16). Sporadic infections can occur throughout
the year but in temperate regions increased activity is noted
in the spring, with larger outbreaks occurring at intervals of
several years (15). A study of 169 children admitted to a
hospital in Israel with signs and symptoms compatible with
B19 infection, such as fever, rash, and hematologic abnor-
malities, found that 13% had laboratory findings indicative
of acute B19 infection (17). A study of 633 children with
sickle cell disease, a population at high risk for severe
complications from B19 infection, reported that over a 5-
year period, 110 of the study participants who had been
without serological evidence of prior B19 infection at the
beginning of the study went on to develop evidence of in-
fection during the study period (18). This same study also
reported a 56% secondary attack rate for study participants
with siblings who had acute B19 infection, highlighting the
transmissibility of the virus (18).

Other less common modes of transmission include
transfusion of blood and blood products, transplantation,
and vertical transmission from mother to fetus. A review by
Parsyan and Candotti (19) goes into greater depth on the

issues surrounding B19 and blood transfusion. Here we state
only that the extremely high titers of B19 viremia that can
occur during infection and the ability of the virus to persist
for prolonged periods of time after acute infection (20), are
likely responsible for the detection of B19 in blood and
blood product donations, including units with very high ti-
ters, that have been reported (21). These characteristics,
combined with the fact that the virus is non-enveloped and
resistant to inactivation procedures used to prepare blood
factor concentrates (22), point to a need to develop new
inactivation methods. The transmission of parvovirus by
blood products has led to the development of screening
protocols, where in Europe a level of < 104 international
units (IU)/ml is required for plasma pools (15), with a similar
rule issued as a Guidance by the FDA in the United States in
2009 (23).

B19 infections after solid organ transplantation are un-
common but well described (24). The fact that B19 has been
reported to persist for long periods of time in tissues (20, 25)
suggests that this may be a route of infection for some organ
transplant recipients.

Finally, B19 can be vertically transferred from an infected
pregnant woman to her fetus via intrauterine infection.
There is an estimated 25% risk of transmission to the fetus at
one week post-maternal infection when viral titers are at
their peak (26). In a review by de Jong et al. (26), the
authors noted data showing that, among European women,
the range of seronegative susceptible women of childbearing
age was 26–44%, resulting in a risk of acquiring B19 infec-
tion during pregnancy of 0.61–1.24%, although it was noted
that this risk could rise significantly during epidemics.

B19 genotypes 2 and 3 are much less common than the
globally distributed genotype 1 and appear to have narrow
current geographic associations. Although the original iden-
tification of genotype 3 viruses (initially referred to as V9)
found they composed 11% of the circulating B19 viruses in
France (5), they are now known to be primarily associated
with some West African countries, where they have been
found to comprise 100% of the strains in specimens from
Ghana (27). A lower prevalence of genotype 3 has been re-
ported in Brazil (28) as well as a rare instance of detection in
a plasma donor in the United States (29).

The persistence of B19 genomes in the tissues of infected
individuals has allowed for the development of a “bio-
portfolio” whereby it is possible to associate the age of a
previously infected individual with a B19 genotype (30). To
do this, the authors analyzed over 500 tissue samples from
Europeans born during the period 1913–2000. They repor-
ted that genotype 1 viruses were found in all age groups,
while genotype 2 was detected only in tissues from those
born prior to 1973, suggesting that during the mid-20th
century both genotype 1 and 2 circulated in Europe, a state
that was then followed by the disappearance of genotype 2.
None of the tissues were found to contain genotype 3 in this
study (30). A subsequent study of autopsy specimens from
Scotland reported similar results, with genotype 2 positive
specimens being obtained from significantly older individ-
uals than those harboring genotype 1 (31). Hübschen et al.
(32) studied 166 sera from B19-infected individuals from 11
countries in Asia, Europe, and Africa. Confirming earlier
studies, Genotype 1 was most prevalent, being detected in
92% of the samples, with only 2 African countries having
genotype 3 positive samples and none found to contain ge-
notype 2 genomes (32).

Bocaparvovirus: The human bocaviruses, so named for
their relationship to bovine and canine viruses in the same
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genus, represent the first human parvoviruses recognized
since the discovery of B19 virus in 1975. Since its first
identification in respiratory specimens from Sweden (33),
what is now known as human bocavirus 1 (HBoV1), has
been found in respiratory specimens from around the globe.
Being the first identified human bocavirus, more is known
about the epidemiology of this virus than the more recently
identified types 2, 3, and 4. As a caveat for interpreting
human bocavirus epidemiology, it should be noted that all
members of the group appear to be shed asymptomatically.
Additionally, the fact that they are frequently found in the
presence of other potential pathogens makes association
with a specific disease problematic at times. HBoV1 appears
to infect primarily young children in the 6–24 months of age
range (34), with the virus less frequently detected in adults
(35). The virus appears to cause year-round infections with
some increase noted during winter months (34, 36). Reviews
have noted studies showing ranges of 2–19% (34) or up to
33% (36) for the prevalence of HBoV1 DNA detection in
respiratory specimens from cases of pediatric respiratory ill-
ness. Serosurveys performed with HBoV1 antigens confirm
the ubiquitous nature of infection around the globe, with the
majority of children being seropositive by the time they
reach school age (15, 34, 36). Although HBoV1 is most
commonly detected in respiratory specimens, HBoV1 DNA
has also been detected in serum (37–39) and stool specimens
(39–41), with one review of the literature noting that dif-
ferent studies have reported detecting the virus in 0.8–9.1%
of stool specimens obtained from individuals suffering from
gastroenteritis (42). With respect to detection in stool
specimens, it is not clear whether HBoV1 is replicating and
potentially causing disease in the gastrointestinal tract or
whether virus present in respiratory secretions is simply
being swallowed and excreted in the stool.

Following the identification of HBoV1 in respiratory
specimens in 2005, 3 additional HBoV viruses were dis-
covered in human stool specimens. The identification of
HBoV2 was first reported in the stool of a Pakistani child in
2009 (43); HBoV3 in an Australian pediatric stool specimen
(44); and HBoV4 reported in pediatric stool specimens
collected from Africa and the United States (6). With the
exception of rare reports of HBoV2 in respiratory specimens
(45, 46), HBoV2-4 appear to be exclusively detected in stool
specimens. In a review of the bocavirus literature, Jartti et al.
(34) reported that the enteric bocaviruses are globally dis-
tributed, and that of the 3 types, HBoV2 was the most
commonly detected bocavirus in stool specimens from cases
of pediatric gastroenteritis at 26%, with HBoV3 at 3%, and
HBoV4 least common at 2%. The viruses were also noted to
be detected in adult specimens as well, but all at levels less
than 5%. The association of the enteric HBoVs with disease
is unclear, with some studies supporting a small role for
HBoV2 as a cause of gastroenteritis and little or no data
indicating HBoV3 and 4 as agents of disease (34, 36). The
fact that there are serological cross reactions between the
human parvoviruses has made seroepidemiological studies
difficult to interpret in the absence of any methods able to
increase specificity (47). It is unknown how the viruses are
spread, but it is likely via a fecal oral route, a hypothesis
supported by the detection of bocaviruses in surface waters
and sewage (34).

Dependoparvovirus: Little is known about how AAVs are
acquired. This fact, along with a lack of a clear disease as-
sociation for these viruses, has resulted in little epidemio-
logical data on these viruses beyond seroprevalence studies.
Serological evidence suggests that human infection with

various human AAVs is common (2, 48, 49). Calcedo et al.
(50) reported on the prevalence of neutralizing antibodies to
various AAV types in 10 countries on 4 continents and
found neutralizing anti-AAV2 antibodies to be most com-
mon with a range of from 60% of specimens in Africa to 20%
in the United States. Lower seroprevalences were found for
AAV1, 7, and 8. It is worth noting that this and other recent
studies are being performed not for epidemiological pur-
poses, but rather for identifying AAVs with low ser-
oprevalences for neutralizing antibodies in the human
population in an attempt to find good candidate AAVs for
use as gene therapy vectors.

Tetraparvovirus: Since its identification in the plasma of a
patient with an acute viral syndrome in 2005 (51), PARV4
has been detected in blood and blood products from loca-
tions around the globe. The lack of a disease association with
PARV4 infection has limited epidemiological studies to
seroprevalance surveys and viral DNA detection studies in
various populations. Matthews et al. (8) have recently
published an excellent review of PARV4 that includes a
summary of epidemiological data for the virus. Summarizing
their review, there are three PARV4 genotypes; genotypes 1
and 2 (initially called PARV5) have been detected globally
while genotype 3 appears restricted to sub-Saharan Africa
(8). The review references a number of studies that indicate
an association of PARV4 infection with hepatitis C virus
infection, HIV infection, hepatitis B virus infection, and i.v.
drug usage (8), suggesting a blood-borne or bodily fluid route
of infection. However, other studies are also cited that sug-
gest that not all acquisitions of the virus occur by a blood-
borne route and that the seropositivity rates for PARV4 can
vary by geographic area (8). The detection of PARV4 in
nasal and fecal samples (52), plasma pools (53), and clotting
factor concentrates (54) suggests other routes for infection.
Another route was suggested by a study of 3 cases from
Taiwan that reported PARV4 can be vertically transmitted
from pregnant women to the fetus (55). As with parvovirus
B19, PARV4 appears to be able to persist and can be
detected in the tissues of some individuals (56, 57), sug-
gesting that persistence in the tissues of infected individuals
may be a characteristic of some members of this group of
viruses.

Protoparvoviruses: The human bufaviruses are the most
recently identified human parvoviruses, being first detected
in rotavirus-negative stools of children < 5 years of age with
gastroenteritis from Burkina Faso, where they were found in
4% of the specimens (10). In this same study, the authors
noted that there appeared to be 2 genotypes of the virus. To
understand if the virus is more widely distributed, the au-
thors also tested specimens from Chile and Tunisia where 1
of 63 (1.6%) of the Tunisian specimens contained bufavirus
DNA, suggesting a wider distribution than just Africa (10).
A study of 393 watery-diarrhea stool specimens collected
from children < 5 years of age in Bhutan identified 3 (0.8%)
stools containing a bufavirus that appears to belong to a
third genotype (11). Of additional interest, 2 of the 3 speci-
mens did not contain other potential GI pathogens, indi-
cating that this bufavirus strain may be capable of causing
diarrhea (11). Väisänen et al. (58) tested 629 stools from
patients of all ages in Finland with gastroenteritis and found
7 (1.1%) positive for bufavirus DNA. In contrast to previous
studies that detected the virus in pediatric specimens, the
authors reported that all positive specimens came from
adults (median age 53). Of the positive specimens, 1 also
contained norovirus RNA while the remaining 6 contained
no other viral or bacterial pathogens, suggesting a role for
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the virus as a cause of gastroenteritis. However, the authors
noted that the low level of viral DNA in the specimens
(<3.2· 104 copies/ml of fecal supernatant) suggested that
other factors may have been responsible for the gastroen-
teritis (58). Using viral metagenomics, Smits et al. (59)
found 10 bufavirus genotype reads in 1 of 27 (3.7%) stool
specimens from cases of acute diarrhea in the Netherlands.
These initial studies indicate that human bufaviruses are
widely distributed to at least African and European locations
and that they are found at low frequencies in the stools of
both adults and children with gastroenteritis. The route of
infection of these viruses is unknown, although a fecal-oral
route would seem likely. We will have to await further
studies that elucidate the global distribution of these viruses
and whether they are pathogenic or merely non-pathogenic
members of the human virome.

CLINICAL SIGNIFICANCE
Erythroparvovirus: Of the human parvoviruses, the B19
viruses currently present the greatest clinical significance.
First identified in 1975 (60), it can cause diseases ranging
from acute, benign, febrile rash illnesses, to serious life-
threatening conditions, with the outcome of infection de-
termined by host factors as discussed below.

Infections in the immunologically and hematologically
normal host: parvovirus B19 is the cause of erythema in-
fectiosum (EI), sometimes also referred to as “fifth disease”
after an outdated system of numbering febrile rash diseases of
childhood. Although non-immune adults are also at risk, the
disease is most common in children of school age and is
characterized by fever and a “slapped cheek” appearing rash
on the face. The disease is self-limited and considered be-
nign with 25–50% of infected individuals being asymp-
tomatic (61). Occasionally children will develop joint pain
from B19 infection but polyarthropathy, sometimes lasting
for months, is more common in those who become infected
as adults, and is especially prevalent among women (62).
Less commonly, B19 infection has been reported to produce
illness with hemorrhagic purpuric or petechial rash (63).
The role of B19 as the causative agent of EI was confirmed by
inoculation and monitoring of 4 adult human volunteers
(12). Because this study offers such a unique insight into B19
infection it will be briefly summarized here. Following in-
tranasal inoculation of the virus, the following pertinent
data were noted: (i) using dot-blot hybridization, viremia
was first detected 6 days after inoculation and then persisted
for about a week; (ii) anti-B19 IgM was detected during the
second week followed by the appearance of specific IgG
approximately 7 days later; (iii) a biphasic illness was noted
in the adult volunteers with the first phase coinciding with
viremia and characterized by fever, malaise, myalgia, head-
ache, and itching; (iv) a second phase occurred in the female
volunteers around 17 days after infection manifested by a
pink maculopapular rash on the arms, legs, and trunk, which
was then followed by joint pain. (v) Consistent with the fact
that the virus infects red cell precursors in the bone marrow,
reticulocytes were noted to disappear by days 8–10 post in-
fection followed by their reappearance 2–4 weeks later. As
would be expected, the volunteers were also noted to have
significant drops in their hemoglobin levels (12).

Infection in the immunocompromised host: B19 infec-
tion in hosts that are unable to mount an effective immune
response, primarily neutralizing antibody, to the virus fre-
quently results in bone marrow suppression, chronic anemia,
or pure red cell aplasia. Underlying conditions predisposing

hosts to this include solid organ and bone marrow trans-
plantation (24), HIV infection (64), chemotherapy (65),
and congenital immunodeficiencies (66). Although cells of
the erythroid lineage are most often affected, neutropenia
and thrombocytopenia have also been reported (67). Prior
to effective antiretroviral therapy, up to 25% of chronic
anemia in HIV patients was due to B19 infection (67), with
some cases still being reported in the face of effective HIV
treatment (68). In addition to immunocompromised hosts,
uncommon cases of persistent symptomatic B19 infection
have also been reported in what appear to be immuno-
competent individuals (61).

Infection in the host with hereditary anemia: in indi-
viduals with hereditary anemia, such as sickle cell disease,
thalassemia, or hereditary spherocytosis, B19 infection can
result in what is termed a transient aplastic crisis. Normal
individuals infected with B19 become anemic but generally
recover uneventfully because their bone marrow is able to
rapidly compensate and produce more red blood cells. In the
case of hereditary anemia, however, where red blood cells
have abnormally shortened life spans, B19 infection can
cause a life-threatening drop in hemoglobin levels that the
patient is unable to compensate for (61, 69).

Infection during pregnancy: Parvovirus B19 is among the
viruses that are capable of crossing the placenta and in-
fecting the fetus. B19 infection of the fetus is the primary
cause of a condition termed non-immune fetal hydrops,
which is fetal edema that is not mediated by an immune
mechanism like Rh disease. The underlying cause of the
edema is B19-induced severe fetal anemia (26, 61). Out-
come of fetal infection ranges from asymptomatic to fetal
death and spontaneous abortion. Other less common out-
comes include fetal central nervous system manifestations
and thrombocytopenia (26).

Finally, there are some less common disease associations
attributed to B19 infection such as meningoencephalitis (70,
71) and myocarditis (72–74), although the now known
ability of B19 to persist in the tissues of infected individuals
makes it harder to draw firm associations with some condi-
tions.

Bocaparvovirus: Outside of the B19 viruses, because of
their propensity to be shed asymptomatically and sometimes
be detected in the presence of other pathogens, it becomes
more difficult to ascribe clinical significance to the other
human parvoviruses. Of the human bocaviruses, HBoV1 is
most often detected in respiratory secretions. There is an
extensive literature detailing studies attempting to link
HBoV1 with respiratory tract illness that have been sum-
marized in several reviews (15, 34, 36, 39, 42, 75). Although
it appears that HBoV1 is responsible for some upper and
lower respiratory tract illness, especially in young children, it
has been difficult to interpret some of the data due to the
ability to detect the virus at times in asymptomatic indi-
viduals and the fact that detection of another respiratory
virus has been reported in up to 70% of symptomatic chil-
dren with HBoV1 in respiratory tract specimens (36). The
review by Jartti et al. noted an association of HBoV1 de-
tection in respiratory specimens with wheezing, asthma, and
bronchiolitis in children (34). The same review noted that
studies rarely detect the virus in adult specimens and that
immunosuppressed individuals do not appear to be at in-
creased risk of illness (34). It appears that detection of
HBoV1 DNA in serum may be a better indicator of acute in-
fection and association with illness in children. In a study of
259 children with wheezing, it was reported that 48 (19%)
seroconverted and that detection of HBoV1 DNA by PCR in

446 - VIRAL PATHOGENS



serum correlated with seroconversion (76). Using serocon-
version as a measure of acute illness, the authors noted
HBoV1 associated–disease lasted longer than rhinovirus
illness and was equal in severity to RSV infection (76). This
same study noted that only 71% of PCR positive nasopha-
ryngeal specimens had evidence of seroconversion leading to
the conclusion that diagnosis of HBoV1 respiratory illness
requires seroconversion or detection of DNA in serum, an
important caveat for the interpretation of other studies (76).
It is noteworthy that none of the current FDA-cleared
commercial molecular multiplex respiratory infection panels
contain HBoV1 as a target.

The association of clinical illness with infection by the
gastrointestinal HBoV2-4 viruses is even less clear. The
strongest association with gastroenteritis appears to be for
HBoV2 infection, where 1 study reported 17% of children
with acute gastroenteritis were found to have HBoV2 in
their stools compared with 8% of healthy controls (44).
Currently, there are no convincing data linking HBoV 3 or 4
to gastroenteritis or other human illnesses (6, 15, 36, 44).

Dependoparvovirus: Although infection with human
AAVs is widespread, and the viruses have been detected in
numerous human tissues, there is no evidence that these
viruses cause human disease or worsening of the illnesses
associated with the helper adenovirus infection (2). The
primary area of interest with these viruses is in their use as
vectors in human gene therapies.

Tetraparvovirus: At this time there is no evidence that the
PARV4 viruses cause illness on their own or result in more
severe pathologies associated with the blood-borne viruses
such as HIV and hepatitis C and B that they are frequently
found in association with (8).

Protoparvovirus: Beyond a weak association with the de-
tection of bufavirus DNA in stools from cases of gastroen-
teritis, the pathogenicity of this group of human parvoviruses
is currently unclear (10, 11, 58, 59).

TREATMENT AND PREVENTION
Since beyond basic infection control and public health hy-
giene measures, there are no specific treatment or prevention
measures available for the non-B19 human parvoviruses, this
discussion will be limited to the B19 viruses.

When erythema infectiousum is identified in an indi-
vidual, usually a child, because the virus is transmitted via
the respiratory route, it is recommended to exclude such
children from daycare and school while febrile (77). Re-
spiratory and contact isolation are also recommended for
patients with hereditary hemolytic anemias that are admit-
ted to hospitals with signs and symptoms consistent with
B19 infection (77, 78).

Because of the ubiquitous nature of B19 infection,
preparations of human immunoglobulin contain neutralizing
anti-B19 antibodies, allowing for intravenous administration
of these products to successfully treat persistent or other
serious B19 infections (79–83). In an effort to avoid B19-
related fetal loss, intravenous immunoglobulin has also been
administered during pregnancy (84) and employed as an
intrauterine therapy to treat the fetus directly (85).

Because of the serious nature of B19 infections in certain
populations, and the risk to the fetus in non-immune preg-
nant women, efforts to develop a vaccine have been un-
dertaken. A phase 1 trial of a recombinant B19 vaccine
was shown to produce neutralizing antibodies in volunteers
(86). However, a subsequent trial employing a virus-like
particle vaccine was halted after 3 of 43 adult recipients

developed cutaneous side-effects and the vaccine awaits
further investigation (87).

As previously mentioned, in an effort to prevent
transmission of B19 by blood products, requirements/
recommendations have been developed that limit the con-
centration of B19 DNA to a level of < 104 IU/ml for plasma
pools (15, 23).

DETECTION AND DIAGNOSIS
Excepting the B19 viruses, and perhaps HBoV1, making
recommendations for the detection of human parvovirus
infections and ascribing a diagnosis to their presence is
problematic due to the lack of a clear disease association for
these agents. At this time, detection of human parvovirus
DNA, or the evidence of seroconversion for agents other
than B19 or HBoV1, should be considered a research ap-
plication and therefore not likely to be performed in the
diagnostic laboratory. Readers interested in assays for the
detection of DNA and/or seroconversion for these agents
are referred to Table 1 for a list of appropriate references.
Additionally, genesig (Southampton, UK), a company lo-
cated in the UK with distributors around the globe, offers
a commercial taqman-based “Quantification of Human
bocavirus” product that they claim detects “all relevant
strains and subtypes” of human bocavirus while the Luminex
(Austin, TX) xTAG� Respiratory Virus Panel FAST Health
Canada IVD and CE-IVD Europe-marked assay includes a
bocavirus target.

HBoV1
As noted in the Clinical Significance section, HBoV1 has
been linked to respiratory tract disease and rarely other
conditions in young children. Application of a laboratory
diagnostic test to detect HBoV1 may therefore make sense
for individual cases or outbreaks of respiratory tract or other
less common HBoV1-assicated infections in young children
where it has not been possible to demonstrate the presence
of other pathogens. The demonstration of HBoV1 infection
relies on detection of viral DNA, seroconversion, or a
combination of both tests. Other than the previously men-
tioned commercial genesig HBoV PCR assay, there are no
commercial products for detection of HBoV nucleic acid or
antibodies. Laboratories wishing to demonstrate infection
will therefore have to develop their own assays or rely on
published methods. Table 1 lists references for those inter-
ested in laboratory diagnostic methods for HBoV1.

Determining the significance of the qualitative detection
of HBoV1 DNA in respiratory specimens can be difficult
(75) due to the fact that the viral DNA has frequently been

TABLE 1 References for molecular detection and/or
identification of antibodies for non-B19 human parvoviruses

Target References

Adeno-associated viruses (49, 50, 124, 125)
HBoV1 (37–39, 42, 47, 76, 90, 119, 126–129)
HBoV2 (6, 40, 43, 44, 47, 128, 130–133)
HBoV3 (6, 40, 44, 47, 128, 132, 134)
HBoV4 (6, 40, 47, 128)
PARV4 (9, 53, 57, 135–137)
Bufaviruses (10, 58, 59)
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detected in respiratory specimens from asymptomatic indi-
viduals or in the presence of another known respiratory
pathogen (37, 76, 88–90). Data from several studies have
indicated that acute HBoV1 infection, as determined by
serology and/or high quantitative levels of viral DNA in
specimens, is accompanied by the presence of viremia and
that the presence of virus in the blood may more accurately
indicate acute infection that correlates with symptoms, sug-
gesting blood may be preferable to respiratory specimens for
diagnosis of HBoV1 infection (37, 39, 76, 90, 91). However,
it should be noted that the detection of HBoV1 viremia does
not always correlate with illness, with about 5% of healthy
blood donors and other asymptomatic individuals being
reported to be viremic in some studies (38, 39). There are no
standards for quantitation of HBoV1 DNA in clinical spe-
cimens; however, higher levels of HBoV1 DNA in clinical
specimens have been reported to correlate with apparent
acute symptomatic infection compared to specimens from
asymptomatic individuals or specimens containing another
pathogen (37, 39, 76, 90, 91), although 1 study reported no
significant difference in viral loads between symptomatic
and asymptomatic children attending daycare (89).

Serological diagnosis of HBoV1 infection, either by the
detection of specific IgM or a rise in IgG, has also been
reported using non-commercial laboratory-developed assays
(Table 1). Due to cross reactions between different HBoV
types, interpretation of HBoV1 serological assays may re-
quire removal of potential cross reactive antibodies (47).

B19 VIRUSES
The laboratory diagnosis of parvovirus B19 infection is ef-
fected primarily by serological and molecular methods.
Methods employed less commonly in pathology laboratories
include electron microscopy, in situ hybridization, and im-
munohistochemical techniques for the detection of B19
antigens in tissues (92, 93).

For immunocompetent individuals capable of mounting
an immune response to the virus, serological methods can be
used to determine acute infection or evidence of past in-
fection. IgM antibodies arise 7–10 days after infection, per-
sisting for up to 2–3 months, while IgG appears slightly later
and is sometimes detectable for the life of the individual (94,
95). Detectable IgM is therefore generally considered to be a
marker for acute infection while the presence of IgG alone
signals past infection and immunity. The only commercial
FDA-cleared serological assays for the detection of B19-
specific IgG and IgM are the Biotrin (name changed to
DiaSorin Ireland Ltd in October 2012) sandwich enzyme
immunoassays performed in a 96-well plate format that won
approval for sale in the United States in 1999. The assays
have been reported to perform well with a sensitivity of 89%
and specificity of 99% for detection of IgM (96, 97). The
assays are also available outside the United States from
DiaSorin in a chemiluminescence format performed on their
Liaison analyzers. Additional B19 serological reagents in
research-use-only formats are commercially available from a
number of manufacturers and can be found by searching the
http://www.biocompare.com/ website. To aid in the assess-
ment of assays for the detection of anti-B19 IgG antibodies
an international standard for parvovirus antibody has been
formulated (98).

The diagnosis of B19 infection in immunocompromised
patients relies on the demonstration of viremia, usually by
PCR-based amplification methods (67). Nucleic acid de-
tection can also be used to confirm a serological result or

applied to other specimens such as amniotic fluid and fetal
blood (99, 100), bone marrow (28, 101), cerebrospinal fluid
(70, 71), joint fluid (102, 103), or tissue specimens (104,
105).

There are currently no FDA-cleared molecular assays for
the detection of B19 DNA in clinical specimens. There is an
extensive literature describing laboratory-developed assays
as well as a number of commercial products currently
available in formats that have not been cleared by the FDA
(Table 2).

Although human parvovirus B19 is a well-established
pathogen, the interpretation of tests for the detection of B19
DNA can be problematic at times. As was previously dis-
cussed, there are 3 genotypes of B19 virus with different
geographic and temporal distributions. While the majority of
B19 viruses in North America and Europe are genotype 1,
genotype 2 and 3 viruses have been detected. It is there-
fore important to understand the ability of a particular as-
say, laboratory-developed or commercial, to detect non-
genotype 1 viruses. Because it appears that genotype 2 viruses
are currently circulating only infrequently, molecular assays
capable of detecting genotype 1 and 3 viruses should be
adequate for the diagnosis of most acute infections in im-
munocompetent individuals, keeping in mind that rare ge-
notype 2 infections do occur and can be missed by genotype
1 and/or 3 assays (106). Because of the persistence of par-
vovirus in tissues following infection, it may be possible for
genotype 2 viruses to be transmitted during organ trans-
plantation or reactivated during periods of immunosup-
pression, therefore, negative results for assays that cannot
detect genotype 2 viruses should be interpreted with caution
in such patients (107). Likewise, because all three genotypes
can be transmitted by blood products, screening of such
products must employ methods that can detect all 3 geno-
types (19, 108).

An unusual cause of a false negative B19 real-time
PCR has been reported by Grabarczyk et al. (109) where 4
serum samples with extremely high levels of viremia (9.6 ·
109 to > 1011 IU/ml) caused the real-time platform analysis
software to produce false negative results. The problem was
resolved by switching from an automated analysis algorithm
to a manual method. The author has also observed this
phenomenon in our laboratory on another platform, where
specimens with Ct values less than 10 have been observed to
cause analysis problems. In most cases, the problem has been
resolved by diluting the nucleic acid extract and rerunning
the assay (unpublished observations).

False positive B19 PCR results are another potential issue
associated with the very high levels of viremia that are
known to occur with the virus. Traditionally, concerns re-
garding amplicon contamination have been the driving
force behind workflow design to reduce PCR contamina-
tion. However, the extraordinary high levels associated with
B19 viremia raise concerns about the opportunity for pre-
amplification contamination during specimen handling and
nucleic acid extraction. Laboratories using automated in-
struments to extract specimens for B19 PCR should ask the
manufacturer of their instrument for cross-contamination
data for high titered specimens as well as perform regular B19
contamination surveys of specimen processing areas and
instruments. Laboratories may also wish to consider im-
plementing their own carry-over studies by alternating high-
and low-positive specimens on their automated extractor on
a regular schedule.

The somewhat surprising ability for human parvoviruses,
including B19, to persist after acute infection, even in im-
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munocompetent individuals, is another factor to consider
when interpreting the results of nucleic acid amplification
tests for B19 DNA. Evidence has been found for the per-
sistence of viral DNA after acute infection in immuno-
competent individuals in the bone marrow (103, 110),
synovial fluid (103), and tissues (25, 30, 31, 57), suggesting

that caution be employed in interpreting positive results
from these specimens. In addition to these sites, it is now
apparent that at least in some immunocompetent people,
acute infection can result in the persistence of detectable
B19 DNA in the blood for periods of up to several years (20,
27, 111, 112). It appears that in immunocompetent indi-

TABLE 2 Laboratory-developed and commercial molecular assays for the detection of parvovirus B19 DNA

Type of Assay Supplier or Reference

Commercial Focus Diagnostics
Parvovirus Primer Pair Analyte Specific Reagent real-time PCR assay for the detection of B19 VP1 gene

utilizing a FAM labeled forward primer. For use on the Focus Diagnostics Integrated Cycler Instrument.

altona Diagnostics
RealStar Parvovirus B19 Kit 1.0 CE-marked real-time PCR assay for the detection and quantification of

B19 DNA. The assay can be run on a variety of platforms.

MBL SMITEST
Parvovirus B19 DNA Detection Kit Ver.2
Detection of B19 by PCR followed enzyme immune assay hybridization detection of products.

genesig
Quantification of Human Parvovirus B19 Standard Kit
Real-time PCR assay for the detection and quantification of B19 DNA. The assay can be run on a variety of

platforms.

Biomerieux
Parvovirus B19 R-gene
Real-time PCR assay for detection and quantification of B19 DNA. CE-marked assay that can be run on a

variety of platforms.

Sacace Biotechnologies
Parvovirus B19 real-TM Quant
Real-time PCR kit for detection and quantification of B19 DNA.

Norgen Biotek Corp
Norgen Parvovirus Kit
Kit contains reagents for the isolation of DNA from specimens and primers for PCR amplification of B19

DNA with products detected by agarose gel electrophoresis.

TIB Molbiol
Parvovirus B19 Kit
Real-time PCR assay for detection of B19 DNA using the Roche Diagnostics LightCycler instruments.

DiaSorin
IAM PARVO
Detection of B19 DNA by Q-LAMP technology performed on the Liaison IAM platform.

Abbott
PLEX-ID Viral IC Spectrum Assay
PCR-based assay combined with mass spectrometry to detect and identify 11 viral families, including

parvovirus B19, in plasma specimens. CE-marked for use on the PLEX-ID instrument.

Roche Molecular Diagnostics
Cobas TaqScreen DPX Test
Real-time PCR assay for detection and quantification of B19 DNA and the detection of hepatitis A RNA

for use in human plasma screening. Test is run on the cobas platform and is CE-marked and available to
FDA-authorized laboratories in the United States.

Laboratory-Developed
Assays

(92, 94, 107, 138–144)
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viduals with persistent detection of B19 DNA in the blood,
the level of B19 DNA is significantly lower than the high
levels typically seen during acute infection, with levels in the
10–105 IU or copies/ml reported (27, 111, 112). With the
caveat that what constitutes a significant level of B19 DNA
in blood has not been established, levels of B19 DNA seen
below 105 IU or copies/ml, especially without evidence of
recent compatible symptoms, may reflect persistent rather
than acute infection. To aid in the interpretation of quan-
titative levels of B19 in blood, a second international stan-
dard for B19 DNA nucleic acid amplification assays has been
prepared and is available (113). For laboratories that do not
perform quantitative assays for B19 DNA, blood specimens
that produce real-time PCR results with higher than nor-
mal crossing threshold values (reflecting lower levels of vi-
remia) should be interpreted with caution and possibly
considered for sending to a laboratory performing quantita-
tive testing.

Qualitative and quantitative PCR have also been used to
monitor B19 DNA in blood to determine the efficacy of
immunoglobulin therapy in reducing the level of B19 vire-
mia in certain patient populations. After 2 days of IVIg
therapy, a 3 log drop was noted in B19 blood levels in an
HIV patient with persistent B19 anemia (68) while another
HIV patient with prolonged B19-induced anemia was noted
to become B19 DNA negative in the blood after several
rounds of IVIg therapy and the institution of highly active
antiretroviral therapy (114). Similar monitoring of treat-
ment by PCR has also been reported for a patient with
common variable immunodeficiency (79), and cancer pa-
tients (115) where 1 patient was noted to have a 1–3 log10
reduction in B19 DNA serum levels following each dose of
IVIg (116). In a case where gammaglobulin was adminis-
tered into the peritoneal cavity of a B19-infected pregnant
woman whose fetus was noted to have hydrops, it was
reported that B19 DNA levels fell significantly in fetal as-
cites fluid and was accompanied by resolution of the fetal
hydrops and anemia (85). Despite the fact that there are no
standards for what constitutes a significant drop in B19
DNA following Ig treatment, the application of quantitative
nucleic acid detection to monitor such treatment likely has
benefit in helping physicians assess the efficacy of the
treatment and to help determine an end point. When suc-
cessive specimens have been taken from patients undergoing
IVIg treatment, it makes sense to include all previous spec-
imens and contemporary specimens in the same run in order
to reduce the effect of inter-assay variation on quantifica-
tion. For laboratories performing only qualitative B19 PCR
assays, following real-time PCR crossing threshold values
may allow for a useful approximation of increases or de-
creases in B19 DNA levels.

Finally, quantification of B19 DNA in plasma products to
ensure that levels of B19 DNA do exceed 104 IU/ml in
plasma products, whether mandated or recommended (113,
117), is effected through the use of quantitative nucleic acid
amplification methods (118). However, these assays are
usually employed in blood product facilities and are not
usually employed in diagnostic laboratories.

BEST PRACTICES
For human parvoviruses other than B19 and HBoV1, there
are no significant data that definitively link AAVs, HBoV2-
4, PARV4, or bufavirus to human diseases, therefore, it is not
possible to recommend best diagnostic laboratory practices
at this time. Rather, laboratories interested in detecting

evidence of infection by these viruses for research purposes
will have to rely on laboratory-developed molecular or se-
rological assays as discussed previously.

HBoV1
There is some moderate evidence suggesting that, in some
instances, HBoV1 is responsible for some upper and lower
respiratory disease in young children. Prolonged HBoV1
shedding in respiratory specimens, and its frequent detection
in the presence of other known pathogens, suggests an ap-
proach for diagnosing HBoV1 respiratory disease. First,
HBoV1 has rarely been identified in adults and older chil-
dren and epidemiological studies suggest only children older
than 6 months of age, when the maternal antibody wanes,
and younger than 2 years, appear susceptible to HBoV1
disease (34, 36, 42, 75, 119) so it may make sense to confine
testing to this age group. Second, HBoV1 DNA is frequently
detected in the presence of other viral respiratory pathogens,
especially rhinoviruses (36), and it is currently uncertain as
to whether co-infection with HBoV1 causes more severe
symptoms (75) so attaching clinical significance to the de-
tection of HBoV1 as a co-infecting agent of respiratory
disease cannot be recommended at this time. Third, as de-
tailed earlier, there is evidence acute infection with HBoV1
is accompanied by viremia that is associated with the greater
likelihood of the detection of HBoV1 DNA as the sole viral
agent in respiratory specimens and the presence of respira-
tory symptoms (37, 76, 91), suggesting that testing serum
may be reasonable to rule out HBoV1 as a pathogen.
However, serum samples may not be available for testing and
it may not be appropriate to collect serum from young
children strictly to rule out an HBoV1 infection. Therefore,
another option may be to employ quantitative PCR, where
some studies have demonstrated that higher levels of
HBoV1 DNA in respiratory specimens (> 2 · 108 copies/ml)
were more likely to correlate with a lack of co-infecting
pathogens and the presence of respiratory symptoms (34),
suggesting quantitative HBoV1 PCR could be employed for
respiratory specimens when serum is not available, although
not all studies have confirmed a similar relationship between
viral load and symptoms (34). Seroconversion to HBoV1 is
also an option, either through showing an increase in IgG or
the presence of IgM, to identify more potentially significant
infections (76). However, the lack of a commercial HBoV1
serological assay and the need to account for the presence of
cross reacting antibodies to other HBoVs (47) likely puts the
use of serology to diagnose HBoV1 infections out of the
reach of most diagnostic laboratories.

Finally, at this time, outside of research studies, the rou-
tine testing of stool specimens for the presence of HBoV1 as
a cause of gastroenteritis cannot be recommended.

HUMAN PARVOVIRUS B19—ERYTHEMA
INFECTIOSUM
In most cases, erythema infectiosum is a benign illness and
does not require laboratory confirmation. In situations where
laboratory diagnosis is desired, such as confirmation of illness
in a child who may have exposed others at risk to more
serious infections such as pregnant women or individuals
with sickle cell disease, then the detection of IgM can be
used to confirm acute infection (120, 121). IgM is usually
detectable by the time the patient presents, but if there are
concerns for an atypical presentation, or that the stage of the
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illness may be too early for the appearance of IgM, then it
can be recommended to use PCR to try to detect the pres-
ence of B19 DNA in the blood (95), where the median level
of B19 in the serum collected from 64 cases of acute ery-
thema infectiosum has been reported to be 7.6 · 105 copies/
ml, significantly lower than the range of 1010–1013 copies/ml
from 7 patients during the acute phase of aplastic crisis
(122).

INFECTION IN IMMUNOCOMPROMISED
PATIENTS
Because individuals with immunosuppression due to condi-
tions such as hereditary immunodeficiencies, HIV infection,
solid organ, or bone marrow transplant recipients may not
produce detectable anti-B19 immunoglobulins, detection of
B19 DNA, usually by nucleic acid amplification methods, is
recommended for the diagnosis of B19 infection in immu-
nocompromised patients. Because such patients may not
present symptoms typical of acute B19 infection, such as rash
and arthralgia, it is important to quickly investigate the
possibility of B19 as the cause of chronic anemia or re-
ticulocytopenia in such individuals. As B19 infection in
some immunocompromised populations can also cause pan-
cytopenia as well as be confused with recurrences of hema-
tological malignancies (61), testing of patients manifesting
these atypical manifestations may be warranted as well. The
earlier that persistent B19 infection can be confirmed the
earlier that consideration can be given to administer intra-
venous immunoglobulin treatment. Once immunoglobulin
therapy is initiated, a quantitative B19 PCR assay can be
used to monitor response to treatment (116). If a quantita-
tive PCR is not available the laboratory can follow crossing
points of real-time PCR assays to determine if viral DNA
levels are decreasing in response to treatment. It is worth
reiterating here that although genotype 2 viruses are now
uncommon, there are reports of immunocompromised pa-
tients with persistent genotype 2 infections that were not
detectable by PCR assays designed to detect genotype 1
viruses (107), underscoring the need to understand the re-
activity of the PCR assay employed.

TRANSIENT APLASTIC CRISIS
Unlike hematologically normal individuals, patients with
diseases of red blood cell production are unable to com-
pensate for the bone marrow suppression caused by B19
infection, a condition that can lead to transient aplastic
crisis and a dangerous life-threatening drop in hemoglobin
levels that if identified can be treated by transfusion of red
blood cells (69). Because high-titer viremia is usually present
in patients presenting with transient aplastic crisis (95, 122),
and the viremic state may precede the appearance of IgM,
PCR detection of viral DNA in blood is preferred for diag-
nosis in these patients. Because these patients are usually
immunologically normal, appearance of a neutralizing anti-
body resolves the viremia and induces life-long immunity
(61, 95), thus, there is generally no need for following
quantitative levels of B19 DNA in these individuals.

INFECTION DURING PREGNANCY
AND FETAL HYDROPS
For cases where a pregnant woman may have been exposed
to B19 infection, or has symptoms compatible with acute
infection, a combination of maternal serology and PCR

testing of maternal blood is recommended (26). This ap-
proach allows for determination of previous infection and
immunity (IgM- , IgG+, PCR- ) versus acute infection
(IgM+, IgG+/- , PCR+). If evidence of acute infection is
found, monitoring of the fetus for development of hydrops is
warranted. Evidence of past infection and immunity implies
that there is not a risk for development of in utero infection,
while a non-immune woman who fails to seroconvert by
2 weeks post-exposure likely has not been infected (26). Low
levels of B19 DNA in maternal blood should be interpreted
with caution as it may represent distant infection that is not
a danger to the fetus (26). If acute maternal infection is not
recognized or suspected, consideration of B19 infection may
not arise until fetal hydrops is detected. At the point hydrops
is recognized, enough time may have elapsed for IgM levels
to become undetectable, therefore PCR to detect viral DNA
in maternal blood, fetal blood, or amniotic fluid is recom-
mended (26, 123). Less commonly B19 infection has been
linked to intrauterine fetal death as the result of infection
later in pregnancy during the second or third trimester.
Symptoms may not be present in the mother of the fetus but
infection can be documented by detection of B19 DNA in
placental or fetal tissues (61). While qualitative detection of
B19 in fetal blood or amniotic fluid is diagnostic for infec-
tion, quantitation of viral DNA in maternal blood may be
useful for assessing whether infection is acute or long-
standing. Quantitative PCR may also have application to
fetal specimens and has been employed to monitor fetal viral
levels following injection of immunoglobulin into the fetal
abdominal cavity (85).

LESS COMMON B19 ASSOCIATIONS
For less common or rare conditions such as possible B19-
arthropathy or meningitis, PCR testing for viral DNA can be
applied to joint or cerebrospinal fluid. Interpretation of
positive results may be complicated by the ability of B19 to
persist in joint fluid and the fact that it is not known if the
high levels of viremia associated with acute infection can
leak into the central nervous system (CNS) and then be
detected in the cerebrospinal fluid of people without CNS
disease.

Detection of B19 in tissue samples as a way to diagnose
end-organ disease, such as myocarditis, is complicated by the
ability of viral DNA to persist in the tissues of infected in-
dividuals. Therefore, detection of B19 DNA by PCR in
tissue specimens should be considered supportive evidence
for causality with the primary laboratory diagnosis being
accomplished through histopathology and/or in situ hybrid-
ization (72, 105).
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Variola virus (VARV), a member of the Orthopoxvirus genus,
caused one of the most feared illnesses of mankind, small-
pox. In 1798, Edward Jenner described that milkmaids with
evidence of prior infection with cowpox (caused by Ortho-
poxvirus Cowpox virus [CPXV]) were immune to infection
with smallpox (VARV). Smallpox vaccines, derived from
Orthopoxvirus Vaccinia virus (VACV), were subsequently
used extensively for routine vaccination against VARV.
Through an intensive vaccination campaign, coordinated by
the World Health Organization (WHO), naturally occur-
ring VARV infections were declared eradicated in 1980.
These modalities are also of interest in recognition and
control of emerging zoonotic orthopoxviruses (Monkeypox
virus [MPXV], CPXV, and VACV).

BIOLOGY OF HUMAN POXVIRUS
PATHOGENS
Introduction

Classification
The first classification of poxviruses was based on a criterion
which considered disease signs or symptoms as well as gross
pathology. This resulted in the grouping of diseases which
were characterized by pocks on the skin, including distinct
diseases such as smallpox (VARV), chickenpox (Varicella-
zoster virus), and syphilis (the spirochete Treponema pallid-
um). The classification of poxviruses was refined with the
application of a more-stringent criterion based on morpho-
logical characterization of virions, cytoplasmic inclusion
bodies, and light microscopy (Table 1). The infectious na-
ture of the individual poxvirus virion was finally elucidated
by Ledingham (1).

In 1953, Fenner and Burnet (2) wrote a review which
summarized the characteristics of the poxvirus group. The
poxvirus family (Poxviridae) is divided into two subfamilies:
Entomopoxvirinae (poxviruses of insects) and Chordopoxvir-
inae (poxviruses of vertebrates). The vertebrate poxviruses
were further subclassified into genera by comparing cross-
protection in animal studies, cross-neutralization of virion
infectivity in cell culture, and, through the analysis of genetic
polymorphisms, in genomic viral DNA. The subfamily
Chordopoxvirinae consists of 10 genera (and several unclas-
sified viruses) which are based upon genomic comparisons:
Orthopoxvirus, Molluscipoxvirus, Parapoxvirus, Yatapoxvirus,

Avipoxvirus,Capripoxvirus,Leporipoxvirus,Cervidpoxvirus,Cro-
codylidpoxvirus, and Suipoxvirus. Four genera (Orthopoxvirus,
Molluscipoxvirus, Parapoxvirus, and Yatapoxvirus) are known
to contain species capable of infecting humans (Table 2).

Virion Morphology and Composition
Poxvirus virions are some of the largest animal viruses and
can be visualized by light microscopy when tagged, with
fluorescent dyes for example, although the details of the
virion structure remain obscure. Based on electron micros-
copy, the virions appear to be oval or brick-shaped structures
of about 200 to 400 nm in length, with axial ratios of 1.2 to
1.7 (Figure 1A). Each virion contains a noninfectious, lin-
ear, double-stranded DNA genome that varies from 130 to
300 kbp, depending on the poxvirus species (3). The virion
has more than 100 polypeptides arranged in three structures
(nucleosome core [N], lateral bodies [L], and membrane
envelope [M]) (Figure 1B), as visualized by electron micro-
scopy (EM) of virions subjected to thin sectioning, cry-
osectioning, and/or negative-staining procedures.

Poxvirus Life Cycle

A Single Cycle of Virus Replication
Poxviruses are unique among DNA viruses because the en-
tire replication cycle occurs in the cytoplasm of the host cell.
The majority of information concerning the replication of
poxviruses has been obtained by examining VACV infec-
tions in immortalized cell lines and is depicted in Figure 2.
There are two forms of infectious poxvirus: the mature virion
(MV), which contains a single lipid membrane bilayer sur-
rounding the dumbbell-shaped nucleosome core and lateral
bodies, and the extracellular enveloped virion (EV), which
consists of the MV particle wrapped in an additional lipid
membrane bilayer (Figure 2). The duration of the replication
cycle varies greatly between poxviruses. Yaba monkey tumor
virus infection takes much longer (37 to 75 hours) to obtain
maximum levels of progeny in cell culture compared to
VACV infection (12 to 24 hours).

Poxvirus Replication and Spread in the Host
Poxviruses infect the host mainly through the cornified
epithelium of the skin or the mucosa of the respiratory tract.
Infection via the skin is probably by microscopic abrasions,
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which allow access of the virus to the epidermal or dermal
layer; all members of Orthopoxvirus, Parapoxvirus, Yatapox-
virus, and Molluscipoxvirus potentially infect their hosts in
this manner. Epidemiological evidence strongly suggests that
VARV was primarily transmitted in excretions from the
mouth or nose (and less commonly from scab material). The
exact area of the respiratory tract that is initially infected is
not known. Human monkeypox (MPXV infection of hu-
mans) initial infection occurs via the oropharynx or naso-
pharynx, through abrasions of the skin, or possibly through
the oral cavity (4).

Poxviruses replicate locally in epidermal cells, causing
changes in the cellular structure, which can be detected with
histochemical stains such as eosin and hematoxylin. Differ-
ential reactivity of these stains reveals the presence of at least
three virus-specific staining patterns in infected cells. Areas
of basophilic staining are referred to as B-type or Guarnieri
inclusion bodies, and indicate sites of virus DNA synthesis
(5). Additionally, at least three different orthopoxviruses
(Ectromelia virus, Akhmeta virus, and certain strains of
CPXV) form Marchal (6) and Downie (7) bodies which are
acidophilic in character, and are now referred to as A-type
inclusion bodies (8). Molluscum contagiosum virus (MCV)
has unique intracytoplasmic, eosinophilic, granular inclu-
sion called the molluscum body, which increases in size
through the virus life cycle until the keratinocyte is devoid
of any intracellular structure, except virions (Figure 3).

Virus replicated at the site of infection spreads to the
draining lymph node via the lymphatics and possibly in
infected cells. At this point, poxvirus infection follows one
of two courses. Some viruses cause either a localized, self-
limited infection with little spread from the original site of
inoculation; such is the case with MCV or Yaba monkey
tumor virus. Others cause a fulminant, systemic infection
characterized by a generalized rash and high mortality rate,
as with smallpox and human monkeypox. In certain cases,
both of these disease patterns (localized and systemic) can be
caused by the same virus but in different host species.

Transmission of virus between an index case and a sus-
ceptible host can originate from the primary site of infection,
which is most likely the case in localized self-limited infec-
tions such as molluscum contagiosum, or from virus pro-
duced in the “end-organ” epithelia as a result of the
secondary viremia. In the case of smallpox, infectious virus
was released from lesions in the mouth, nose, and pharynx
into the nasal and oropharyngeal secretions during the first
week of the rash.

POXVIRUSES PATHOGENIC FOR HUMANS
Twelve poxviruses have been documented to infect humans
(Table 2) (9). Except for VARV and MCV, the other pox-
virus diseases are zoonoses. With the exception of VARV
and MPXV, these zoonotic poxviruses fail to maintain
human-to-human transmission. Most human poxvirus infec-
tions occur through minor abrasions in the skin. Orf and
MCV cause the most frequent poxvirus infections worldwide
with the incidence of molluscum contagiosum on the rise,
especially as an opportunistic infection of late-stage AIDS
patients (10).

Orthopoxviruses
Five orthopoxviruses have been shown to cause disease in
humans. The most notorious is smallpox, which is exclu-
sively a pathogen of humans. The time at which smallpox
emerged as a human pathogen remains uncertain (11).T
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Retrospective genomic analysis of 45 VARV isolates has
segregated strains into phylogenetic subgroups, which cor-
relate with geographic origin (11, 12). Since the global
eradication of smallpox in 1979, VARV has no longer cir-
culated in nature (13). At this time, all known stocks of
VARVare held in two WHO collaborating centers: the U.S.
Centers for Disease Control and Prevention (CDC) in At-
lanta, GA, and the State Center of Virology and Bio-
technology (VECTOR) in Kotsovo, Russia. VARV is a
select agent and subject to the U.S. Division of Select
Agents and Toxins regulations. Although the WHO ad hoc
Committee on Orthopoxvirus Infections has recommended
the destruction of the remaining VARV stocks, this has been
delayed pending the assessment of future scientific needs for
live virus.

With the eradication of smallpox, the need for continued
immunization (with VACV) was diminished. Currently,
vaccination in the United States is limited to the controlled
immunization of personnel that handle orthopoxviruses
capable of infecting humans in the laboratory, the military,
and select healthcare workers (14, 15). It is recommended
that laboratory workers who directly handle cultures, ani-
mals, and/or materials contaminated or infected with non-
highly attenuated VACV and their recombinants or other

TABLE 2 Genera of vertebrate poxviruses which infect humans

Genus Species Geographic distribution Reservoir host Other known infected hosts

Orthopoxvirus
Akhmeta virus Asia (Georgia) Unknown Cows, humans
Camelpox virusa Africa, Asia Camels None
Cowpox virusa Europe, western Asia Bank voles, long

tailed field mouse
Cats, cattle, humans,
zoo animals

Ectromelia virusa Europe Rodents None
Horsepox virusa Central Asia unknown Horses
Monkeypox virusa Western and

central Africa
Unknown—

likely rodent
Monkeys, zoo animals, humans,
prairie dogs, rodents

Taterapox virusa Western Africa Gerbils None
Uasin Gishu virus Eastern Africa unknown Horses
Vaccinia virusa unknown unknown Humans, rabbits, cows,

river buffaloes
Variola virusa Eradicated

(formerly worldwide)
Humans None

Raccoonpox virus (Eastern) United States Raccoons None
Skunkpox virus (Western) United States Skunks None
Volepox virus Western United States California vole None

Molluscipoxvirus Molluscum
contagiosum virusa

Worldwide Humans None

Parapoxvirus Ausdyk virus Africa, Asia Camels None
Bovine popular

stomatitis virusa
Worldwide Cattle (beef) Humans

Orf virusa Worldwide Sheep, goats Ruminants, humans
Pseudocowpox virusa Worldwide Cattle (dairy) Humans
Red deer poxvirus New Zealand Red deer None
Sealpox virus Worldwide Seals Humans

Yatapoxvirus Tanapox virusa Eastern and central Africa Unknown Humans
Yaba Monkey

Tumor virusa
Western Africa Unknown—

likely primates
Humans

aCompletely sequenced.
Adapted from Moss, B. 2013. Poxviridae, p. 2130–2159. In D. Knipe and P. Howley, P. (ed.), Fields Virology, Lippincott Williams, & Wilkins, Philadelphia, PA.
Damon, I. 2013. Poxviruses, p. 2161—2184. In D. Knipe and P. Howley (ed.) Fields Virology, Lippincott Williams & Wilkins, Philadelphia, PA.

FIGURE 1 Morphology and structure of a poxvirus virion. (A)
Electron micrograph of a negative-stained M form of a Molluscum
contagiosum virus virion. Magnification, · 120,000. Note the tex-
tured surface. (B) Electron micrograph of a thin section of aCowpox
virus virion. N, nucleosome; L, lateral body; M, membrane. Note
the immature forms of the virus in various stages of morphogenesis
in the upper portion of the photograph. Magnification, · 120,000.
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orthopoxviruses capable of infecting humans (e.g., MPXV,
CPXV, and others) be immunized with VACV vaccine.
Immunization is not recommended for persons who do not
directly handle virus cultures or who do not work with
materials contaminated or animals infected with these vi-
ruses. Reimmunization should be carried out according to
the Advisory Committee on Immunization Practices
(ACIP) recommendations. Administering physicians should
contact the CDC Drug Service and the CDC National
Immunization Program for details on obtaining VACV
smallpox vaccine and for advice on clinical questions (14).

The other three orthopoxviruses which cause human
disease are also zoonotic. CPXV causes a disease presenta-
tion similar to that of the emerging vaccinia-like viruses.
Disseminated human cowpox occurs rarely (16) but fatalities
have been reported (17). Since the eradication of smallpox,
monkeypox is typically the most severeOrthopoxvirus disease
in humans. Clinical signs of human monkeypox were diffi-
cult to distinguish from smallpox; the primary distinctive
feature was pronounced lymphadenopathy seen in mon-
keypox patients. Fortunately, MPXV is less efficiently spread
from human to human (18) and has a lower case fatality rate
than smallpox (4). Although MPXV is endemic in Africa,

FIGURE 2 Replication cycle of Vaccinia virus. A virion, containing a double-stranded DNA genome, enzymes, and transcription factors,
attaches to a cell (1) and fuses with the cell membrane, releasing a core into the cytoplasm (2). The core synthesizes early mRNA that is
translated into a variety of proteins, including growth factors, immune defense molecules, enzymes, and factors for DNA replication and
intermediate transcription (3). Uncoating occurs (4), and the DNA is replicated to form concatemeric molecules (5). Intermediate genes in
the progeny DNA are transcribed, and the mRNA is translated to form late transcription factors (6). The late genes are transcribed, and the
mRNA is translated to form virion structural proteins, enzymes, and early transcription factors (7). Assembly begins with the formation of
discrete membrane structures (8). The concatemeric DNA intermediates are resolved into unit genomes and packaged in immature virions
(IV) (9). Maturation proceeds to the formation of infectious intracellular MV (10). The MVs are wrapped by modified trans Golgi and
endosomal cisternae (11), and the wrapped virions (WV) are transported to the periphery of the cell along microtubules (12). Fusion of the
WVs with the plasma membrane results in release of extracellular EV (13). The actin tail polymerizes in the cytoplasm beneath the EV (13).
Although replication occurs entirely in the cytoplasm, nuclear and cytoplasmic cell factors may be involved in transcription and assembly.
(Reprinted from Moss, 2007 with permission from the publisher.)

FIGURE 3 Electron micrograph of a thin section of aMolluscum
contagiosum virus-infected cell or molluscum body. All of the cel-
lular organelles are beyond recognition, having been pushed to the
periphery of the cell by the masses of virions. Magnification,
· 3,000.
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an outbreak of human monkeypox occurred in the United
States in 2003. The epidemic was caused by infected African
rodents imported into the United States (19). The discovery
of the international dispersal of a zoonotic Orthopoxvirus
supports the concept of orthopoxviruses as a potential
emerging infectious diseases. Recently, a new Orthopoxvirus
was identified, Akhmeta virus, to cause zoonotic infections
within cattle herders in Georgia (country) (8).

Pathogenesis

Transmission
Prior to eradication, smallpox was believed to be transmitted
person to person via the upper respiratory tract, with virus
released in oropharyngeal secretions of patients who had a
rash (4). Monkeypox person-to-person transmission is
thought to occur via oropharygeal secretions but less effi-
ciently (RoSmallpox = 3.5 to 6 versus RoMonkeypox = 0.8) (20,
21); however, an extended chain of six generations of con-
firmed human-to-human transmission has been documented
(18). The exact mode of transmission of zoonotic ortho-
poxviruses from an animal source to humans is not known
but may be via the oropharynx or nasopharynx or through
abrasions of the skin (i.e., butchering of nonhuman species).
CPXV infection is usually acquired by direct introduction of
the virus from an animal source into minor abrasions in the
skin; however, 30% of human infections have no known risk
factor for infection or obvious route of inoculation (22).
VACV and vaccinia-like viral infections are usually due to
close contact with a recent smallpox (VACV) vaccinee or
infected cattle, respectively (23–27). The two instances of
Akhmeta virus infection in humans were reported in indi-
viduals who had contact with infected cattle (8). These
observations represent the current knowledge on transmis-
sion of this newly identified Orthopoxvirus.

Lesion Histopathology
Orthopoxvirus lesions are characterized with epidermal hy-
perplasia; with infected cells becoming swollen and vacuo-
lated and undergoing “ballooning degeneration.” The cells
contain irregular, faint, B-type inclusion bodies. Skin lesions
caused by CPXV in nonhuman animals contain A-type in-
clusion bodies in epidermal cells, sebaceous glands, and
endothelial cells; however, similar inclusion bodies are not
observed in the few human cowpox lesions examined (22).
A-type inclusion bodies have also been observed within
tissue culture propagated Akhmeta virus (8).

Epidemiology

Geographical Distribution
MPXV is found in the tropical rain forests of countries in
western and central Africa. There are two clades of MPXV
(28), with the less virulent strains occurring within West
Africa. The Congo Basin clade has higher reported case
fatality rates (up to 12%) and is found most notably in the
Democratic Republic of Congo (formerly Zaire). Human-to-
human transmission has only been documented with MPXV
from the Congo Basin clade. The MPXV reservoir is un-
known but is most likely one or more rodent species. Viable
MPXV has been isolated from three African species im-
ported into the United States: giant pouched rats (Cricet-
omys sp.), rope squirrels (Funisciurus sp.), and dormice
(Graphiuris sp.) (29). In fact, viable MPXV has only been
recovered twice in African wildlife; from a moribund squirrel
discovered in Zaire and a deceased sooty mangabey (Cerco-
cebus atys) in Cote d’Ivoire (30, 31).

CPXV is endemic to Europe and some western states of
the former Soviet Union. Rodents (voles, wood mice, and
rats) have been implicated as reservoirs of CPXV in Great
Britain; with humans, cows, zoo animals, and cats as inci-
dental hosts (22,32–36). Vaccinia-like viruses are known to
be endemic to Brazil and India and are found in dairy cattle
and buffalo herds (23–27); the possible wild animal reser-
voirs of these viruses are unknown. The novel Akhmeta
virus has only been isolated twice from Georgia (country) in
Asia (8). Further investigations will determine the geo-
graphic distribution of this virus.

Prevalence and Incidence
There are increasing reports of vaccinia-like viral infections
associated with bovine contact (23–27) and human cowpox,
usually transmitted by the domestic cat, cows, and rodents
(22, 33, 36). However, MPXV infections are by far the most
serious and prevalent human Orthopoxvirus disease. Reports
document increasing cases of human monkeypox in the
Democratic Republic of Congo: 51 PCR-confirmed mon-
keypox cases from 2001 to 2004 (37); 760 PCR-confirmed
monkeypox cases from 2005 to 2007 (38). The reemergence/
increase in monkeypox cases may be due to waning immunity
following cessation of the immunization program, increased
encroachment of larger human populations into the habitat
of the animal reservoir, heightened surveillance, or a com-
bination of these factors and possibly others. Furthermore,
MPXV is an emerging zoonosis of potential worldwide con-
cern. Human monkeypox has been reported in southern
Sudan and there was an outbreak in the United States in
2003, which are outside of the known geographic range (39).
These outbreaks reinforce the concept that poxviruses can be
encountered outside their normal geographic range and may
pose a threat of becoming established as agents of persistent
zoonotic disease in novel ecologies.

Clinical Signs, Symptoms, and Severity
Approximately 12 days after infection with MPXV, fever and
headache occur. This is followed 1 to 3 days later by a rash
and generalized lymphadenopathy with illness lasting 2 to 4
weeks. Although the number of lesions is variable the rash
typically appears first on the face and generally has a cen-
trifugal distribution. Skin lesions begin as macules which
progress over the course of days from papules to vesicles to
pustules. At about 8 or 9 days after the onset of rash, the
pustules become umbilicated and dry up, with a crust
forming by 14 to 16 days after the onset of the rash. Most
skin lesions are about 0.5 cm in diameter (4).

With human cowpox infection, usually a solitary lesion
appears on the hands or face. The lesion appears as an in-
flamed macule and progresses through an increasingly
hemorrhagic vesicle stage to a pustule which ulcerates and
crusts over by the end of the second week, becoming a deep-
seated, hard black eschar 1 to 3 cm in diameter (22). This
lesion can be extremely painful and the patient can present
with systemic symptoms, including pyrexia, malaise, lethar-
gy, sore throat, and local lymphadenopathy. Complete re-
covery takes from 3 to 8 weeks. No human-to-human
transmission has been reported. Complications can include
ocular or generalized infections (35); the latter occur in
patients with atopic dermatitis, allergic asthma, or atopic
eczema and, in one case, was associated with death (22).
Similarly, vaccinia-like viruses cause painful localized
lesions usually on the hands or arms, usually without the
hemorrhagic manifestation (23–27). Clinical presentation
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in the two documented Akhmeta virus cases was similar to
that seen with human cowpox (8). Both patients experi-
enced fever and lymphdenopathy with painful localized le-
sions present on the hands. One patient’s lesions also
developed into thick eschars.

Diagnosis and Differential Diagnoses
Previously, the diagnosis of human monkeypox typically
required clinical (rash), epidemiologic (equatorial Africa),
and laboratory (brick-shaped virion in scab material and/or
orthopoxviral antigen, nucleic acid, or virus detected in le-
sions) findings. Although the rash with associated lymph-
adenopathy was usually pathognomonic, the sporadic nature
of the disease and the similarity of the rash of human
monkeypox to the rash of other infectious agents such as
chickenpox (Varicella-zoster virus), tanapox, or syphilis limits
diagnosis based on clinical presentation (4). In addition to
the cocirculation of varicella viruses and MPXV in Africa,
the spread of MPXV outside of its normal geographic dis-
tribution presents challenges to using clinical and epidemi-
ology for diagnosis. Rapid identification of MPXV is
essential due to its clinical similarity to smallpox and the
increasing concern of potential bioterrorism. Laboratory
diagnostic assays (real time PCR) are essential for rapid
identification of human monkeypox cases.

Cowpox diagnosis is rarely based on clinical findings and
usually requires laboratory results. VACV infections are
usually identified based on epidemiologic and laboratory
findings. Despite differences in rash presentation and/or
evolution, generalized infection can be misdiagnosed as ec-
zema herpeticum and localized infection is most frequently
misdiagnosed as orf or milker’s nodules, herpesvirus reacti-
vation, or anthrax (22).

Molluscum Contagiosum Virus

Pathogenesis

Transmission
Molluscum contagiosum was first clinically recognized in
1817 (40). The incubation period of molluscum con-
tagiosum is poorly understood, but epidemiologic studies
suggest it ranges from weeks to months. Molluscum con-
tagiosum is observed in children and adults. Nonsexual
transmission is a consequence of infection by direct contact
or through fomites (41). Transmission between persons in
the absence of fomites requires intimate contact. Lesions can
be commonly observed on opposing epithelial surfaces and
the virus can be further spread by autoinoculation.

Lesion Histopathology
MCV has one of the most limited host cell tropisms of any
virus, replicating only in the human keratinocyte of the
epidermis (42). MCV replicates in infected keratinocytes
and lesions become more prominent during the 9 to 15 days
it takes the infected keratinocyte to reach the stratum
granulosum. By light microscopy, these cells stain as hya-
line acidophilic masses, are referred to as molluscum or
Henderson-Patterson bodies, and are pathognomonic for
disease (Figure 4). Higher magnification of the molluscum
body reveals a cell almost entirely filled with virions (Figure
3). As a consequence of these hypertrophied, infected cells
and hyperplasia of the basal cells, the molluscum lesion
extends above the adjacent skin as a tumor and projects
down into the dermis without breaking the basement
membrane.

Epidemiology

Geographic Distribution
MCV has a worldwide distribution but is more prevalent in
the tropics. Analysis of genomic DNA from MCV isolates
has revealed the existence of at least four virus subtypes.
Several studies suggest the distribution of subtypes can vary
geographically (43–46).

Prevalence and Incidence
For non-sexually transmitted molluscum contagiosum, the
disease is more prevalent in the tropics. For example, mol-
luscum contagiosum was diagnosed in 1.2% of outpatients in
Aberdeen, Scotland between 1956 and 1963, while 4.5% of
an entire village in Fiji in 1966 had the disease (41, 47, 48).
Genital molluscum contagiosum has been reported in higher
numbers; an increase in cases of 400% in England between
1971 and 1985, and a 10-fold increase in the United States
between 1966 and 1983 (48). Before effective retroviral
therapies, molluscum contagiosum was a common and
sometimes severely disfiguring opportunistic infection of
human immunodeficiency virus (HIV)-infected patients (5
to 18%), especially those with severely depressed CD4+-T-
cell numbers (49).

Diagnosis

Clinical Signs, Symptoms, and Severity
Clinically, molluscum contagiosum presents as single or
small clusters of lesions in immunocompetent individuals.

FIGURE 4 Histologic section of a molluscum contagiosum le-
sion. A hematoxylin- and eosin-stained wax section of a skin bi-
opsy specimen showing hyperkeratosis and acanthosis of the
epidermis. Note the hyperplasia associated with the lesion causes
severe invagination of the epidermis without loss of integrity of
the basal layer. Arrows indicate molluscum bodies. Magnification,
· 100.
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Lesions begin as pimples and become umbilicated,
epidermal, flesh-colored, raised nodules of 2 to 5 mm in
diameter. There are no other signs or symptoms associated
with the disease. The lesions are generally painless, ap-
pearing on the trunk and limbs (except palms and soles) in
the non-sexually transmitted disease. In children, disease
can also be fairly common in the skin of the eyelids and can
be complicated by chronic follicular conjunctivitis and later
by a superficial punctate keratitis (50). As a sexually
transmitted disease in teenagers and adults, the lesions are
mostly on the lower abdominal wall, pubis, inner thighs, and
genitalia. Lesions can persist for 2 weeks to 2 years, and
reinfections are common. A semisolid caseous material can
be expressed from the center of the lesion, is rich in mol-
luscum bodies, and probably is responsible for disease
transmission.

In immunocompromised individuals (especially in per-
sons with HIV), molluscum contagiosum is typically not
self-limiting and larger, more frequent lesions are observed,
especially on the face, neck, scalp, and upper body, with
multiple adjacent lesions sometimes becoming confluent.
Molluscum contagiosum can be considered a cutaneous
marker of severe immunodeficiency. Rarely, the disease will
present as a large lesion (> 5 mm in diameter) called “giant
molluscum.” Giant molluscum lesions (> 5 mm) have been
reported more frequently in individuals with HIV (49, 51),
although the large lesions were observed in New Guinea
prior to the recognition of HIV.

Diagnosis and Differential Diagnoses
The diagnosis of molluscum contagiosum is usually made
clinically based on gross appearance of the lesions and their
chronic nature. Laboratory confirmation is easily obtained
by hematoxylin and eosin staining of a tissue section from a
biopsy specimen or by a squash preparation of expressed
material from the lesion (Figure 4). Several PCR RFLP and
real time PCR assays have been described for molluscum
contagiosum virus (46,52–54) which allow for subtyping
when indicated.

Molluscum contagiosum (especially giant molluscum) can
be confused with a number of other disorders such as kera-
toacanthoma, warty dyskeratoma, syringomas, hidrocysto-
mas, basal cell epithelioma, trichoepithelioma, ectopic
sebaceous glands, giant condylomata acuminata, chalazion,
sebaceous cysts, verrucae, and milia or granuloma on eyelids
(55–57). In immunodeficient patients, disseminated cuta-
neous cryptococcosis and histoplasmosis may resemble mol-
luscum contagiosum (55). An inflamed molluscum lesion
without the association of typical lesions may be mistaken for
a bacterial infection.

Parapoxviruses
The parapoxviruses, including Orf virus, Bovine papular sto-
matitis virus, Pseudocowpox virus (milker’s nodule), and
Sealpox virus, cause occupational infections of humans, with
orf infections being the most common. Wildlife activities
(for example, skinning animals such as deer and reindeer)
have also been sources of Parapoxvirus infection (58). It is
believed that the majority of human Parapoxvirus infections
go unreported, as many sheep farmers and rural physicians
are aware of the diseases and make a diagnosis based solely
on clinical findings and do not seek treatment. No human-
to-human transmission of Parapoxvirus infections has been
reported.

Pathogenesis

Transmission
Direct transmission of parapoxviruses has been observed as a
consequence of contact with lesions on cattle, bottle-feeding
lambs, animal bites to the hand, and contact with sheep and
goat products during slaughter. Fomites found on items such
as wooden splinters, barbed wire, or farmyard surfaces such as
soil, feeding troughs, or barn beams have been implicated as
sources for possible virus inoculation. No human-to-human
transmission has been reported.

Persons in direct physical contact with eight different
species of pinnipeds have reported an “orf-like” lesion after
being bitten by infected animals (59–62). After the advent
of reliable PCR tests for parapoxviruses (63), Sealpox virus
was confirmed as the causative agent of the orf-like lesion
(64).

Lesion Histopathology
Histopathological features of human orf and pseudocowpox
lesions are indistinguishable and are similar to human lesions
caused by bovine papular stomatitis and sealpox viral in-
fections. Because orf infections are the most common human
Parapoxvirus infections, only the histopathological features
of human orf will be presented (65).

Epidermis
The most striking change in the epidermis during Orf

virus infections is hyperplasia in which strands of epidermal
keratinocytes penetrate into the dermis. Generally, a mild-
to-moderate degree of acanthosis is detected, and para-
keratosis is a common feature. Cytoplasmic vacuolation,
nuclear vacuolation, and deeply eosinophilic, homogeneous
cytoplasmic inclusion bodies, often surrounded by a pale
halo, are also characteristic of the infection. An intense
infiltration of lymphocytes, polymorphonuclear leukocytes,
or eosinophils frequently involves the epidermis.

Dermis
A dense, predominantly lymphohistiocytic inflammatory

cell infiltrate is present in all orf cases. Also there is marked
edema both vertically and horizontally that may contribute
to the overall papillomatous appearance. The most striking
feature of the infected dermis is the massive capillary pro-
liferation and dilation.

Epidemiology

Geographic Distribution
Orf in sheep and goat populations has been reported in
Canada, the United States, Europe, Japan, New Zealand, and
Africa. Pseudocowpox occurs in dairy herds of European-
derived cattle found in all parts of the world. Bovine papular
stomatitis is similarly distributed but is more often associated
with beef rather than dairy animals. Seals and other pinni-
ped populations worldwide have been found to harbor
sealpox.

Prevalence and Incidence
In a 1-year New Zealand study, 500 meat workers from an at-
risk population of 20,000 were infected with orf, with the
highest risk (4%) of infection associated to those involved in
the initial butchering of the sheep (66). Serologic surveys of
orf-infected sheep and goat herds yielded orf antibody
prevalences of up to 90%. The high seroprevalence of orf
antibody in herds is believed to be associated with the highly
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stable nature of the orf virion, which contaminates the en-
vironment and causes reintroduction (67, 68).

Pseudocowpox has been found to be endemic in cattle
herds in West Dorset, England (69). Pseudocowpox and
bovine papular stomatitis are probably endemic in all
European-derived dairy herds. Sealpox virus was identified as
a unique species of Parapoxvirus in 2002 (63), but disease has
been seen in pinnipeds found in Europe and North America
since 1969 (70).

Diagnosis

Clinical Signs, Symptoms, and Severity
The clinical presentation of orf usually occurs 3 to 4 weeks
postinfection. The human disease involves the appearance
of single or multiple nodules (diameters of 6 to 27 mm) (65),
which are sometimes painful, usually on the hands, and less
frequently on the head or neck. Orf infection can also be
associated with a low grade fever, swelling of the regional
lymph node, and/or erythema multiforme bullosum. The orf
lesion characteristically goes through a maculopapular stage
in which a red center is surrounded by a white ring of cells
which is surrounded by a red halo of inflammation; however,
patients usually present later when the lesion is at the
granulomatous or papillomatous stage 3 to 4 weeks following
the initial infection. Resolution of the disease occurs over a
period of 4 to 7 weeks (71), usually without complication;
however, autoinoculation of the eye may lead to serious
sequelae. Enlarged lesions can arise in humans suffering
from immunosuppressive conditions, burns, or atopic der-
matitis (71, 72). Also, lesion healing can be complicated by
bullous pemphigoid (73). Reinfections have been docu-
mented (74).

Human pseudocowpox lesions usually appear on the
hands and are relatively painless but may itch. The draining
lymph node may be enlarged. Lesions are first observed as
round, cherry-red papules, which develop into purple,
smooth nodules of up to 2 cm in diameter and may be um-
bilicated. The lesions rarely ulcerate (74). The nodules are
gradually adsorbed and disappear in 4 to 6 weeks (75).

Human bovine papular stomatitis lesions occur on hands,
diminish after 14 days, and are no longer evident 3 to 4
weeks after onset (75). The lesions appear as circumscribed
wart-like nodules which gradually enlarge until they are 3 to
8 mm in diameter (75).

Sealpox causes lesions clinically similar to orf and was
initially identified in a marine mammal research technician
(64).

Diagnosis and Differential Diagnoses
Diagnosis of Parapoxvirus infection is by clinical (lesion
morphology), epidemiological evidence (recent contact
with cattle, sheep, or pinnipeds), and EM of negative-
stained lesion material (presence of ovoid particles with
crisscross spindles) (65). Without knowing the animal
source of the infection, orf cannot be differentiated from
milker’s nodule (pseudocowpox) based on clinical findings,
histology, or EM (65). PCR-based diagnostic assays are im-
portant for identification of the Parapoxvirus (63,76–79).

Atypical giant orf lesions in patients who are immuno-
compromised or suffering from burns or atopic dermatitis
may be confused with pyogenic granuloma (71, 72, 80).

Yatapoxviruses
The genus Yatapoxvirus has two members, Tanapox virus and
Yaba monkey tumor virus, which are serologically related.

Originally thought to be a third species of Yatapoxvirus, Yaba-
like disease in monkeys is caused by the same virus that
causes tanapox in humans (81–83) as evidenced by DNA
restriction endonuclease analysis of genomic DNA (84) and
by genomic sequencing (85, 86). Yaba monkey tumor virus has
been isolated only from animal handlers, whereas Tanapox
virus has been found to be acquired by humans in riverine or
forested areas of Africa (81, 82, 87).

Pathogenesis

Transmission
Tanapox infection may occur via scratches or potentially by
arthropod vectors. Yaba monkey tumor virus is a very rare
infection of animal handlers at nonhuman primate facilities.
There is no evidence for human-to-human transmission
with either virus, and autoinoculation of virus to other areas
of the body is not common.

Lesion Histopathology
Little is known concerning the pathology of yatapoxviruses
except from the study of Yaba monkey tumor virus in non-
human primate models (88).

Epidemiology

Geographic Distribution
Tanapox is endemic in equatorial Africa (89). The animal
reservoir is not known. Yaba monkey tumor virus appeared in
primate colonies, but has yet to be seen in nature.

Prevalence and Incidence
In the town of Lisa (population, 70,000) in northern Zaire,
264 laboratory-confirmed tanapox cases were observed be-
tween 1979 and 1983 (89). More recently, a case in a
traveler returning from an extended stay in a forested area of
the Republic of Congo was reported (87). There have been
no reported human cases of Yaba monkey tumor virus in over
2 decades.

Diagnosis

Clinical Signs, Symptoms, and Severity
In most patients with tanapox, fever (38 to 39°C) com-
menced 1 to 2 days prior to skin eruptions and was frequently
accompanied by severe headache, backache, and prostra-
tion. In most patients, only a single lesion was observed
which developed on parts of the body not usually covered by
clothes. When multiple lesions were observed, the lesion
number ranged from 2 to 10. By the end of the first week
after infection, the lesion is greater than 10 mm in diameter,
with a large erythematous areola several centimeters wide
surrounded by edematous skin. The lesions can develop into
large nodules but more likely ulcerate without pus. The
maximum diameter of the lesion is reached in the second
week (89). Regional lymph nodes became enlarged with
lesion development. Lesions, nodular in nature, usually
disappeared spontaneously within 6 weeks, unless there was
a secondary infection (89).

Diagnosis and Differential Diagnoses
Diagnosis of tanapox has historically been made by a com-
bination of clinical (lesion character and number), epide-
miologic (equatorial Africa), and laboratory (enveloped
brick-shaped virions in lesion material) findings (89). Pa-
tients with multiple lesions can be misdiagnosed as having
human monkeypox. PCR analysis of lesion material can be
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very useful in providing speciation of the poxvirus causing
the infection (87, 90).

TREATMENT AND PREVENTION
Except for molluscum contagiosum, most current human
poxvirus infections are zoonoses which fail to maintain
human-to-human transmissions. Since MCV causes a be-
nign, self-limiting disease in immunocompetent patients,
there is a perceived lack of urgency for development of pre-
vention strategies. Because of the chronic nature of mollus-
cum contagiosum, curettage and cryotherapy of lesions are
therapeutic options. Cryotherapy is relatively painless, cost-
effective, and yields good cosmetic results; with patients in-
fected with HIV, this treatment approach has the added ad-
vantage of mitigating the risk of disease transmission to
medical personnel. Only removal of giant molluscum lesions
usually results in scar formation. More-recent studies have
suggested that other topical treatments (cidofovir and imi-
quimod) may be effective therapeutics for molluscum con-
tagiosum and orf, even with immunocompromised patients
(72,91–97).

Currently, the management of zoonotic Orthopoxvirus,
Parapoxvirus, and Yatapoxvirus infections is largely support-
ive. There are no FDA approved and licensed systemic or
topical chemotherapeutic agents commercially available to
treat poxvirus infections. Vaccinia immune gamma globulin
(VIG) has been useful in a number of human VACV in-
fections (98–104) and is licensed for use in treatment of
vaccine-related adverse events associated with direct viral
replication. Prevention of secondary bacterial infections
through the use of antibiotic ointments is also an option. In
the case of cowpox, steroids are contraindicated and may
exacerbate the illness (22). Current ongoing research has
identified several potential antiviral therapies for treatment
of serious orthopoxviral infection, some of which are in
clinical trials (ST-246 and cidofovir) and undergoing review
by the FDA (105, 106). Currently, the smallpox vaccine
(Acambis 2000) licensed in the United States is non-
attenuated VACVand has been stockpiled in the event mass
vaccinations are required to contain an Orthopoxvirus
pandemic. Research continues to identify an efficacious
Orthopoxvirus vaccine that is safe for use by immune-
impaired persons using highly attenuated strains of VACV.
The replication-defective MVA strain was identified after
serial passages (572 times) of VACV on chicken embryo
fibroblasts (107, 108). MVAwas first used as a vaccine at the
end of the smallpox eradication campaign in Germany
(109). Several studies have shown the safety of MVA in
immunocompromised animal models and demonstrated that
MVA vaccination provided protective immunity to MPXV
challenge in nonhuman primate models (110–114). Al-
though a good animal model for VARV infection does not
exist, current research utilizing in vitro methods determined
that MVA vaccination of humans induces an immune re-
sponse capable of neutralizing VARV as efficiently as vacci-
nation with replication-competent VACV (115). The United
States is currently incorporating the MVA-derived vaccine
(IMVAMUNE) to the national stockpile as it undergoes re-
view for licensure by the FDA (116). Another possible vac-
cine candidate is the replication-competent attenuated
VACV strain LC16m8, developed in Japan by passaging (45
times) VACV Lister through rabbit kidney cells (117).
LC16m8 was selected for its decreased neurovirulence and
was safely used to vaccinate over 50,000 children during the
1970s. In recent years, Japan has increased its national

stockpile of LC16m8 and more detailed animal and clinical
studies have been initiated (117–122). Other future candidate
vaccines include NYVAC and dVV-L, attenuated VACV
strains derived from specific deletions of genes (123–125).

LABORATORY PROCEDURES FOR
DETECTING POXVIRUSES
Collection, Handling, and Storage of Specimens
In the United States, poxvirus diagnostic specimens should
be evaluated by public health laboratories, many of which
are members of the Laboratory Response Network (LRN).
The LRN is a network of about 150 laboratories distributed
throughout the United States and overseas that are equipped
and trained to perform diagnostic assays for Orthopoxvirus
infections (for more information on the LRN, go to http://
http://www.bt.cdc.gov/lrn/factsheet.asp). An algorithm was
created to assist clinicians in the identification of patients
infected with smallpox and differentiation from other pus-
tular rash illnesses (http://emergency.cdc.gov/agent/smallpox/
diagnosis/pdf/spox-poster-full.pdf). The algorithm includes
rule outs for common rash-like illnesses that may be con-
fused with Orthopoxvirus infections and provides clinical
clues that help differentiate them. In the absence of endemic
smallpox, if an infection has a high suspicion of smallpox
after careful clinical evaluation, the nearest government
health department and the Federal Bureau of Investigation
(FBI) must be immediately notified and samples sent si-
multaneously for VARV diagnostic testing at an LRN lab-
oratory and the WHO Collaborating Center for Smallpox
and other poxvirus infections at the CDC in Atlanta, GA.
Final confirmation and characterization of VARV from
initial smallpox cases would require additional examination
(including DNA sequence analysis) at the CDC (for more
details on smallpox definition and diagnostics, etc., go to
http://emergency.cdc.gov/agent/smallpox/).

Appropriate biosafety level precautions must be taken for
the handling, transport, and processing of suspect infected
lesion material (84, 126). Guidelines have been published
for sample collection from patients believed to be infected
with an Orthopoxvirus (http://emergency.cdc.gov/agent/
smallpox/vaccination/vaccinia-specimen-collection.asp and
http://www.cdc.gov/ncidod/monkeypox/diagspecimens.htm).
Skin lesions are typically the specimen of choice for diag-
nosis for any poxvirus infection. Virions are usually present
in this material and can remain viable even after several
weeks of storage with or without refrigeration. Because le-
sion material may be analyzed by several different methods,
it is important that sufficient quantities of specimen are
collected for submission. In brief, for suspected orthopoxiral,
parapoxviral, and yatapoxviral infections, at least two lesion
specimens should be obtained and may be acquired from
lesions at the macular-papular, vesicular-pustular, and/or
crusting stages. During the vesicular-pustular stage, the fluid
(including cells from the base of the lesion where the virus is
often found in high concentration) can be collected onto
dry swabs, as a thick droplet or touch prep onto glass slides
or on plastic-coated EM grids (126, 127). Carrier media
should not be added to any of the specimens, as it may
dilute specimens for EM. The specimens can be stored for a
short time at 4°C; however, - 20°C or - 70°C storage is
preferable for longer time frames. An in-depth guide for the
collection and shipping of potential smallpox samples is
available online (http://emergency.cdc.gov/agent/smallpox/
response-plan/files/guide-d.pdf).
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International and/or local shipping regulations must
be followed when preparing suspect etiologic agents for
shipment. Guidelines and links to these regulations can
be found at http://www.cdc.gov/ncidod/monkeypox/pdf/
specimenguide.pdf. The specimens should be initially pack-
aged in a rigid receptacle matched to the size of the specimen
with a leak-proof cap. It is critical to individually contain
specimens to prevent cross-contamination. The primary re-
ceptacles should then be wrapped in sufficient absorbent
material to absorb their entire contents should a leak occur
and placed into a watertight, crush-resistant outer con-
tainer. This secondary package should then be surrounded by
dry or wet ice within an outer package that meets require-
ments of the U.S. Department of Transportation and Inter-
national Air Transport Association (IATA) (http://www.iata.
org/whatwedo/cargo/dgr/Documents/DGR52_PI650_EN.pdf)
regulations.

Laboratory Diagnostic Methods
Identification and differentiation of poxvirus species have
been carried out using a variety of analytical approaches,
including virus growth, histology, EM, and serology; how-
ever, analysis of lesion material for poxvirus DNA by PCR is
currently the most rapid and sensitive primary laboratory
diagnostic technique. Viral culture analysis remains the sole
method for determining whether the sample contains viable
virus (Figure 5). In the absence of endemic smallpox, viral
culture should never be attempted if a sample is suspected to
contain VARV unless at one of the two WHO collaborating
centers sanctioned for manipulation with live virus.

Histology
Histological examination of poxvirus lesions can be especially
informativewith bothparapoxviruses andMCV. Parapoxviral
lesions exhibit an epidermis which is hyperplastic with strands

of epidermal keratinocytes penetrating into the dermis. The
molluscum contagiosum lesion has pear-shaped lobules filled
with intracytoplasmic Henderson-Patterson or molluscum
bodies. In practice, histology is usually employed only for
confirmation of MCV infections. This can be carried out via
wax sections or a squash preparation. For the squash prepa-
ration, the keratotic dome-shaped molluscum lesion is placed
on a regular slide and under a coverslip or second slide. The
lesion is flattened and can be examined by light microscopy
directly or after staining with Wright’s or methylene blue
stains. Round-to-ovoid molluscum bodies up to 37 by 27 mm
are diagnostic of molluscum contagiosum. Alternatively, a
biopsy specimen is fixed in 10% formal saline and submitted
for wax embedding, sectioning at 5 mm, and staining with
hematoxylin and eosin. Microscopic examination should
provide a field of view similar to that shown in Figure 4.

EM
EM has been an important, dependable, and rapid method
for diagnosis of a poxvirus infection when the results are
considered along with clinical findings (Figure 1). The dif-
ference between genera (Orthopoxvirus and Parapoxivrus)
can be easily ascertained by EM as well as other rash causing
etiology but differences between species are not captured. If
virus lesion material is not available, then serology is an
alternative approach for establishing the etiology of the
disease. Unfortunately, due to cross-reactivity, current sero-
logic assays cannot differentiate between species.

DNA Analysis
Since the advent of PCR DNA amplification, primer pairs
from the gene encoding the major A-type inclusion body
protein (128) or hemagglutinin (127) have been used to
distinguish among known Orthopoxvirus species. Im-
portantly, this PCR analysis can be used directly on nucleic

FIGURE 5 Cytopathic effect of Orthopoxvirus infection within tissue cell culture. African Green Monkey Kidney cells (BSC-40) were
infected at a low multiplicity (multiplicity of infection = 0.01) to mimic what might be found within a clinical specimen. Cells were either
mock infected or infected with one of the following orthopoxviruses: Vaccinia virus, Monkeypox virus, or Variola virus. Cells were observed
daily, and photographs were taken. The number of hours postinfection (hpi) and characteristics of cytopathic effect are denoted. Magni-
fication, · 10.
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acid extracted from a scab or dried vesicle fluid (84, 127,
129). Additional PCR assays have also been validated for
the identification of parapoxviruses such as Sealpox virus and
Orf virus (63, 76, 77, 130, 131), the Yatapoxvirus Tanapox
virus (87), and MCV (46, 52, 53).

Gel chromatography visualization of PCR product with
or without subsequent RFLP analysis is a useful laboratory
diagnostic for identification of poxviral infection to the
species level despite being relatively time consuming (e.g., 8
to 12 hours). Other nucleic acid diagnostic approaches in-
clude random amplified polymorphic DNA fragment length
polymorphism for Orthopoxvirus species and strain discrimi-
nation (132, 133). Microchips have also been utilized to
identify poxvirus species by discernment of PCR amplified,
fluorescence-labeled DNA fragments which hybridize to
Orthopoxvirus species-specific immobilized DNA. In recent
years, real time PCR of primary lesion material has been
demonstrated to provide increased diagnostic sensitivity
(often down to a few genome copies), increased specificity
(can differentiate a single nucleotide polymorphism), and
decreased time to result. Several different technologies exist
for real time PCR, all utilizing primer pairs to amplify a short
DNA sequence specific to the viral agent being studied.
Most real time PCR assays also employ a probe that, upon
binding to or amplification of the target DNA sequence,
releases fluorescence (134), allowing measurement of DNA
amplification. Many of the real time PCR assays for detec-
tion of orthopoxviral DNA (135–157) have been validated
with a multitude of virus sample types and were instrumental
in the diagnosis of monkeypox cases during the 2003 out-
break within the United States (149). Similarly, real time
PCR assays for the detection of infections of MCV, para-
poxviruses, and yatapoxviruses have also been developed
(54, 78, 79, 90, 158). The efficacy of real time PCR assays
has been demonstrated through analysis of a variety of
specimens acquired from multiple sources and maintained
under various conditions. However, vigilance is necessary to
ensure the specificity of real time PCR assays is retained as
new isolates within the highly similar Orthopoxvirus genus
are identified (159).

Poxvirus Diagnostics in the Future
Real time PCR assays currently allow rapid and definitive
diagnosis of the species of poxvirus causing an infection but
still rely upon time-consuming processing of samples. Port-
able PCR machines have been designed for use in the field,
requiring limited sample processing (160, 161). Robotic
systems for nucleic acid extractions have become more
prevalent, allowing more efficient extractions with less risk
of sample contamination (162). Mass spectroscopy is being
investigated as an adjunct to PCR for identification of am-
plified sequences (163–166). Future assays may rely upon
pyrosequencing technologies, which can provide complete
genomic sequencing, perhaps even from primary clinical
material, in much less time than traditional Sanger se-
quencing (167, 168). Rapid sequencing not only allows for
identification of the viral species but can also provide
valuable information like subtyping or identifying drug re-
sistance mutants (28, 169). Finally, possible antigen-capture
methods may provide alternative protein-based approaches
to poxvirus diagnostics in the future.
Disclaimer: The findings and conclusions in this report are
those of the author(s) and do not necessarily represent the
official position of the Centers for Disease Control and
Prevention.
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VIRAL CLASSIFICATION AND BIOLOGY
Rabies is the prototype virus of the Lyssavirus genus
of the order Mononegavirales, family Rhabdoviridae. The
Mononegavirales are characterized by a nonsegmented, neg-
ative-stranded RNA genome, encapsulated tightly into a
ribonucleocapsid structure. The Rhabdoviridae are classified
as a group based on a similar conical or bullet-shaped ap-
pearance by electron microscopy. The host range for Rhab-
doviridae is highly diversified, including plants, arthropods,
fish, and mammals (1). Previously known simply as the ra-
bies and rabies-related virus group, the genus Lyssavirus is
presently composed of genotype 1, classical rabies virus, and
14 other genotypes that are closely related antigenically and
genetically and produce a clinical disease indistinguishable
from rabies (2). However, lyssaviruses are serologically dis-
tinct from other rhabdoviruses.

Genotype 1 includes the majority of field viruses of global
distribution in terrestrial mammals, insectivorous and he-
matophagous bats of the Western Hemisphere, and the
laboratory and vaccine strains. With the exception of Aus-
tralian bat lyssavirus, the distribution of the nonrabies lys-
saviruses is restricted to the Old World. They include
genotype 2, Lagos bat virus, isolated from African bats; ge-
notype 3, Mokola virus, isolated from African rodents; ge-
notype 4, Duvenhage virus, isolated from African bats;
genotypes 5 and 6, European bat lyssaviruses (EBLV) 1 and
2, isolated from European bats; and genotype 7, Australian
bat lyssavirus, isolated from Australian bats (3). Five addi-
tional lyssaviruses have been isolated from Eurasian bats and
identified as new lyssavirus genotypes, which include Ara-
van, Khujand, Irkut, and Bokeloh bat lyssavirus and West
Caucasian bat virus (4–6).

The rabies virus genome consists of a single-stranded,
nonsegmented RNA molecule of negative sense polarity. It
is approximately 12,000 nucleotides in length and has a
molecular mass of approximately 4.6 by 106 kilodaltons (7).
The viral RNA is transcribed into five polyadenylated,
monocistronic mRNA species, corresponding to the five
viral proteins. Unlike positive-sense genomes such as flavi-
viruses, which can be translated directly once inside the cell,
the negative polarity of the rabies genome prevents direct
translation into viral proteins, requiring an autonomous
transcription step facilitated by the RNA polymerase (8),
and the genome is therefore not infectious. This virion-

associated RNA polymerase is “error prone,” resulting in an
absence of RNA proofreading, repair, and postreplication
error-correction mechanisms in the cell. The lack of fidelity
in the RNA polymerase of negative-strand RNA viruses is
the main cause of nucleotide misincorporation in genome
RNA, generating RNA sequence heterogeneity.

The structure of the rabies virion measures approximately
180 nanometers by 75 nanometers. The bullet-shaped virus
is hemispherical at one end and usually planar at the other,
where it buds from the surface membrane of an infected cell.
The internal ribonucleoprotein complex (RNP) contains
the viral RNA associated with three internal proteins: a
large (190 kilodalton) RNA transcriptase, or L protein; a 55-
kilodalton nucleoprotein, or N; and a 38-kilodalton non-
catalytic polymerase-associated phosphorylated protein, P.
Spike-like surface projections protrude 10 nanometers from
the outer surface of the lipid bilayer. The viral envelope is
composed of a 26-kilodalton matrix protein, M, and an
envelope sheath consisting of lipids derived from the host
cell plasma membrane and the surface spikes formed by a 67-
kilodalton glycoprotein, G (9). The G protein is the viral
antigen that induces the production of virus-neutralizing
antibodies, conferring immunity against exposure (10). The
induction of antibody and the conferred immunity is de-
pendent upon the intact secondary and tertiary structure of
the G protein (10). The G protein is responsible for the
attachment of the virus to the cell and the properties de-
termining its transport in a retrograde fashion into the
central nervous system (CNS) (11).

Rabies virus is synthesized in the cytoplasm of infected
cells and is released by budding through cell membranes
(12). The virus is somewhat resistant to air drying and freeze-
thaw cycles and is relatively stable at a pH of 5 to 10.
However, it is labile at pasteurization temperatures and in
UV light as well as in lipid solvents, ethanol, iodine disin-
fectants, and quaternary ammonium compounds (13).

The development of PCR gene amplification and direct
nucleotide sequence analysis has substantially accelerated
progress toward understanding the structure-function rela-
tionships of the various elements of the rabies virus (14). As
noted above, the RNP functions in the transcription and
replication of the virion. Accumulations of RNP result in
intracytoplasmic inclusions within infected cells that can be
detected by direct observation with histologic methods and
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by antigen detection methods employing N protein–specific
antibodies (15). The inclusion bodies are locations for viral
transcription and replication (8).

Pathogenesis and Pathology
All mammals are susceptible to rabies infection. With very
rare exceptions, rabies infection terminates in the death of
each infected animal. Rabies virus has evolved a patho-
genesis within the individual animal that facilitates the
maintenance of the virus within the true host, the reservoir
species population. Maintenance of the virus in the reservoir
population by direct host-to-host transmission is dependent
on simultaneous infection of the brain and salivary glands. It
is the impact on behavior resulting from infection of the
limbic system that can induce biting behavior, and con-
comitant infection of the salivary gland tissue allows infec-
tious doses of virus in the saliva to serve as an infectious
inoculum for bite transmission. This pathogenic pattern has
resulted in the entrenchment of the virus in host populations
and the continued risk to humans of exposure (16).

Rabies in vector animal species is similar in most aspects
to the disease in humans, but the prodromal period is often
followed by a stage of excitation with or without aggression
either followed by, or intermixed with, periods of lethargy
and depression. Progressive paralysis, which often begins
at the site of exposure, may first be recognized in the pos-
terior limbs or larynx. Paralysis of the throat may result
in uncharacteristic vocalizations and the accumulation of
copious and stringy saliva from the mouth. During the ex-
citation period, animals may exhibit self-mutilation as well
as heightened and inappropriate sexual behaviors. The
clinical presentations of rabies in animals have often been
characterized as either “furious” or “dumb,” with the prior
involving substantial agitation and aggression and the latter
predominantly involving lethargy and paralysis. In some
cases, the animal may manifest both forms at different times
in the clinical course. Livestock may also demonstrate ag-
gressive and heightened sexual behavior, but facial and
pharyngeal paralysis; hypersalivation; bellowing; straining;
and posterior paralysis, leading to a “sitting-dog” posture and
then recumbency, are more common.

Empirical and laboratory evidence accumulated over
centuries related to rabies cycles vectored by domestic and
wild species supports the conclusion that rabies is transmit-
ted most commonly via the bite of rabid animals. While
aerosol transmission has been considered a possible mode of
transmission of rabies to humans, very little data support
such a conclusion. The apparent nonbite transmission to
humans and animals by inhalation of infectious aerosols
occurred in a cave with a bat population exceeding 10
million (17). Empirical data in this report verified aerosol
transmission to caged animals in this cave environment.
However, the conclusion that the two associated human
cases in a cave setting were unquestionably the result of
exposure to airborne virus may need to be reconsidered.
There have been several cases of “cryptic rabies” in which
exposure has not been established, and most are believed to
be the result of a bite that goes unnoticed. This is in light of
current observations that bat bites capable of rabies trans-
mission may be associated with limited injury (18). Rabies
transmission to humans has been reported to have occurred
by aerosol in two laboratory accidents (19, 20). In both
cases, the infected individuals worked with rabies virus in a
setting that could have allowed alternative means of infec-
tion. In one study using recent technologies, the experi-
mental aerosol transmission of rabies virus was documented

in mice but failed to occur in two species of bats (21).
Transmission by direct contamination of mucous membranes
by saliva has been reported (22). Infection following the
consumption of infected tissues was reported in dogs feeding
on rabid fox carcasses in the Arctic (23) and in numerous
laboratory studies (24). Human-to-human transmission has
been reported following bites, mucous membrane exposure
(25), and organ transplants from rabies victims (26). In
2004, four organ donation recipients developed fatal rabies
infections following solid organ donations from a single
donor (27). The donor was retrospectively determined to
have been infected with rabies of bat origin. In the following
year, three fatal rabies cases occurred in recipients of organs
from a single donor in Germany (28). Additionally, a 2013
report published in the Journal of the American Medical
Association describes the outcome of four organ transplant
recipients who received organs from a single donor. One
individual who received a kidney developed rabies following
a long incubation period, yet the three other individuals
remained healthy without a pretransplant rabies vaccina-
tion. The donor was retrospectively diagnosed with rabies
identified as the raccoon rabies virus variant (29).

When an animal becomes infected following exposure
from the bite of a rabid animal, the virus may invade pe-
ripheral nerves or nerve endings directly or may first be
“amplified” by replication within striated muscle cells prior
to infecting the nerve endings (30). It is unclear if the in-
fection of myocytes at the site of exposure is an essential
aspect of the pathogenesis of rabies or how this growth
contributes to varying incubation periods. The early events
of viral replication and muscle and nerve cell infection at
the site of exposure occur without substantial stimulation of
the immune system. The entry into a host cell is mediated by
the viral G protein. The receptor(s) for rabies is complex and
may vary with cell type. The putative receptor in muscle
cells is the nicotinic acetylcholine receptor (31), but there is
evidence that the neural cell adhesion molecule CD56 (32)
and the low-affinity neurotrophin receptor may also serve as
rabies virus receptors. It is likely that the virus is not limited
to a single receptor for infection of mammalian cells (11).
Cell entry may occur via fusion of the viral envelope with
the cellular membrane or through coated pits and uncoated
vesicles. Following entry into sensory or motor nerve end-
ings the virus replicates and moves transneuronally, by ret-
rograde axoplasmal flow, to the CNS and similarly within
the CNS from first-order neurons to second-order neurons
(33). The neurotropic nature of the virus and the lack of a
viremia may limit exposure to the immune system,
explaining the lack of an early antibody response (34).

Virus replication in the CNS occurs mainly in neurons,
with extensive distribution in the brain and spinal cord.
Rabies virus is described as nonlytic, as it does not generally
cause host cell destruction. However, an inverse relationship
between the induction of apoptosis (natural cell death) and
the pathogenicity of rabies virus strains suggests that apo-
ptosis may be a protective rather than pathogenic mecha-
nism (34). Recognizable clinical signs of rabies generally do
not appear until several replication cycles have occurred in
the brain. Centrifugal spread occurs following infection of
the brain via anterograde axoplasmic flow from the CNS to
peripheral nerves and to some nonnervous tissues, including,
most importantly, the salivary glands. This accounts for the
appearance of rabies virus in some tissues and the saliva up to
a few days before the recognized onset of rabies symptoms
(24). Although infectious virus in the saliva is paramount for
the maintenance of rabies in host populations, virus in the
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saliva may be sporadic during, and just prior to, the clinical
period (35). Upon necropsy, rabies antigen may be demon-
strated in the nerves innervating many tissues, including the
buccal, nasal, and intestinal mucosa; the urinary bladder;
epidermis; corneas; lungs; kidneys; heart; and adrenal me-
dulla; and the brown fat (36).

Studies in animal models have demonstrated that mul-
tiple immune mechanisms are involved in the neuropatho-
genesis of rabies (37, 38). Early-death syndrome has been
reported in animals and humans despite rabies vaccina-
tion prior to or immediately after exposure to rabies, with
infected hosts often succumbing following an abbreviated
incubation period when compared to naïve individuals.

In an in vitro model using a mouse macrophage cell line,
the presence of rabies-neutralizing antibodies in concentra-
tions below protective levels actually enhanced the ability of
rabies virus to infect these cells (37). Immunosuppression
has been demonstrated to have a sparing effect in some
situations (38). Furthermore, virus replication may suppress
the production of cellular neuropeptides and neurotrans-
mitters, leading to the functional CNS failure and the fatal
outcome of rabies infection (39).

The classical rabies pathogenesis described above results
in a variable incubation period, typically 10 days to several
months. However, few incubation periods have been greater
than 1 year. The incubation period is followed by acute
progression with clinical signs demonstrated by ataxia, ag-
gression, and unusual vocalizations that progressively worsen
and culminate in death.

Epizootiology of Animal Rabies
Rabies is maintained in bats, wild terrestrial carnivores, and
domestic canine populations that serve as reservoirs and
vectors of the disease. Specific variants of the virus are as-
sociated with each geographically and temporally defined
wildlife cycle. The vectors are highly susceptible to the
variant that has adapted to the population and are capable of
transmission to conspecifics because of coincident aggressive
behavior and infectious virus titers in their saliva. Despite
the viral preference for conspecific transmission, spillover
events from bats to skunks in the western United States have
resulted in continued transmission among skunks (40). A
sustained outbreak is also dependent upon an adequate
vector population density and a host natural history that
provides adequate opportunity for interspecific interactions
within the characteristic clinical period. Rabies distribu-
tion in animals can be discussed in three general categories:
domestic canine rabies, terrestrial wildlife rabies, and bat
rabies.

Rabies virus maintained in domestic dog populations is
responsible for 95% of all animal rabies cases reported
globally (41) and still accounts for most of the zoonotic
impact of the disease. Indeed, 90% of the human exposures
to rabies and 99% of the human rabies deaths worldwide are
attributed to canine rabies. Although the development of
highly effective vaccines in combination with stray-dog-
control programs have been proven effective in extin-
guishing dog rabies epizootics, dog rabies is still epizootic in
most countries in Asia and Africa and some areas in South
America. As a result of widespread rabies vaccination pro-
grams, the rabies incidence in Latin America and the Ca-
ribbean has decreased, and several countries (Uruguay,
Chile, Costa Rica, Mexico, and Panama) and areas of Peru,
Brazil, and Argentina are free of human rabies transmitted by
dogs. However, rabies remains endemic in certain areas of
Latin America and the Caribbean (42).

Previously, mass euthanasia of canine populations was
performed to control human rabies infections. However, it is
now well understood that large-scale euthanasia efforts do
not significantly decrease human rabies infection. A recent
report by the WHO details that the most effective way to
combat human rabies virus infections attributed to canine
rabies is through the mass vaccination of dog populations
(2). Worldwide, there are an estimated 60,000 human
deaths each year from dog-transmitted rabies and 10 million
postexposure vaccination regimens administered as a con-
sequence. Dog rabies remains a significant threat worldwide,
with an estimated 3 billion humans at risk (2). Europe
and North America controlled rabies in domestic dogs by
stray-animal control and widespread vaccination programs
during the 1950s and 1960s. To date, domestic dogs account
for fewer than 5% of animal rabies cases in these regions;
the majority are a result of spillover from bats or other
wildlife or importation from a country with endemic canine
rabies.

Molecular analyses have shed light on the origins and
distribution of canine rabies cycles seen throughout the
world. The most geographically widely distributed group of
rabies viruses is referred to as the “cosmopolitan” lineage.
Molecular epidemiologic studies reviewed by Nadin-Davis
and Bingham (43) demonstrate that the genetic similarity of
dog rabies variants (and some rabies viruses associated with
wildlife rabies cycles) indicates that the virus variant was
widely distributed during colonial times and that dogs of
14th-century Europe served as the source of these canine
enzootics.

With the exception of some island nations and states,
rabies in terrestrial wildlife is present worldwide. The disease
in red foxes has been prevalent in subarctic and northern
parts of North America, in subarctic Asia, and in central and
eastern Europe. Raccoon, dog, and gray wolf rabies reservoirs
occur in North Eurasia. In Africa, the dog rabies variant has
established enzootic rabies in wolf, jackal, and wild dog
populations. In South Africa, a distinct strain of rabies
is maintained in the yellow mongoose. Surveillance and
reporting in Asia is sporadic, but the disease is present in
foxes, jackals, wolves, and most recently in ferret badgers.
Rabies transmitted by dogs is reportedly a leading cause of
death from infectious diseases in China. Furthermore, pre-
viously unrecognized wildlife vectors are important in rabies-
related human mortality in China (44). In South America,
distinct rabies variants exist in some terrestrial wildlife, but
these variants are less understood due to the importance of
dog rabies. Rabies is present in the Indian mongoose in
Granada, Puerto Rico, Cuba, and the Dominican Republic
of the Caribbean (45).

In North America, rabies in terrestrial species is main-
tained in geographically defined outbreaks with a single
antigenically or genetically distinctive variant. The variant
is maintained by intraspecific disease transmission within
the population of a single predominant vector species, after
which the outbreak is named. The infection of other species
occurs, but these spillover cases have only rarely established
sustained intraspecific transmission in another species. The
sustained spillover event of bat variant into skunks in
Flagstaff, Arizona, was subsequently identified as the result of
multiple independent introductions of bat rabies virus into
carnivores (46). The disease may persist in the vector pop-
ulation for decades, and the geographic area affected can
grow, diminish, or shift gradually or rapidly. The establish-
ment of a rabies epizootic in a new area in a susceptible
population can also be a result of the human translocation of
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wildlife, as exemplified by the introduction of raccoon rabies
into the mid-Atlantic states in 1977 (47).

Raccoon rabies was first recognized in Florida in the
1940s and became endemic in the Southeast. This intense
outbreak presently affects areas of the 20 eastern states from
Florida to Maine. The epizootic has been characterized by
a rapid northeasterly spread, very large numbers of rabid
raccoons in newly affected areas, and a subsequent cyclic
nature, without ever completely dissipating in areas once
affected. Spillover from this outbreak has occurred to an
exceptional diversity of other mammalian domestic and wild
species, most commonly to striped skunks. The high inci-
dence of raccoon variant rabies virus in other species of
animals found in the enzootic zone has presented challenges
for both public health and wildlife officials (48). To date,
two human rabies cases, in 2003 and 2013, can be directly
attributed to the raccoon variant (29). The 2003 epidemi-
ologic investigation identified no event during which the
patient was exposed to raccoon virus. In February 2013, a
patient died of rabies 18 months after receiving a deceased-
donor kidney transplant. An investigation revealed that the
donor, an outdoorsman and hunter, had been bitten by
raccoons but failed to report the bites.

Skunk-vectored rabies enzootics exist across a broad re-
gion of North America, including most of the central United
States, California, and some Canadian provinces. The
viruses associated with this outbreak are actually composed
of three genetically distinct lineages, maintained in the
north central, south central, and Pacific coast areas (49).
The distribution of skunk rabies is limited to those areas
where the disease exists in the primary vector. Where rabies
exists in other North American terrestrial vectors, there is
significant spillover into skunks. The skunk cases in those
areas result from infection with the outbreak-associated
variant, such as the raccoon variant.

Rabies occurs in red foxes in Alaska and in several of the
more remote regions of the Canadian provinces. The red fox
variant is similar in these regions, as these outbreaks are
vestiges of the southward spread of Arctic fox rabies that
swept across the northern areas of the continent during the
1950s.

A relatively recent emergence of dog- and coyote-
vectored rabies occurred in the southern regions of Texas,
adjacent to the Texas-Mexico border. Beginning in 1988,
the outbreak expanded northward to encompass most of
South Texas. By 1999, oral rabies vaccination efforts had
nearly extinguished this outbreak. The last case of canine
rabies occurred along the Mexican border in March 2004.
After 2 more years without an indigenously acquired case of
canine variant rabies (50), the CDC reported that the
United States was canine rabies free in September 2007.

The spillover of rabies into terrestrial mammal species
other than the predominant vector species is present in all
geographic areas that experience rabies in wildlife. The most
problematic of these spillover events is rabies transmission to
unvaccinated domestic animals, especially dogs and cats.
The resulting rabid dogs and cats, usually in close proximity
to their human caretakers, account for numerous human
rabies deaths in regions where postexposure prophylaxis is
unreliable or unavailable. In areas where biologics are
available, exposure to rabid domestic animals results in the
extensive administration of postexposure prophylaxis. Rac-
coon rabies has been endemic in New York State since 1990.
During a 10-year period in New York State (2003 to 2012),
there were 2,508 raccoons diagnosed as rabid. Other animal
rabies cases during the same period that are classified as

spillover events amounted to 1,464 cases, which includes
342 domestic animals, predominantly cats (51). Rabies in
large rodents, particularly woodchucks and beavers, has been
documented in areas where terrestrial rabies is present.
Rabies is uncommon in small rodents and lagomorphs but
has been occasionally confirmed in groundhogs; domestic
rabbits; guinea pigs; and more rarely in prairie dogs, porcu-
pines, chipmunks, and mice (52).

Rabies in bats and terrestrial mammals are largely inde-
pendent cycles. The rabies variants isolated from bats are
antigenically and genetically distinct from those associated
with terrestrial rabies (53). In bats, classical rabies virus in-
fections (genotype 1 lyssavirus) are limited in distribution to
theWestern Hemisphere, where these mammals are of major
importance as reservoirs and vectors of rabies infection.
Vampire bats are found throughout the more tropical areas
of Latin America, and cattle losses from vampire bat–
transmitted rabies range from 30,000 annually in Mexico
alone to more than 1 million in all of Latin America (54).
Human mortality from vampire bat–transmitted rabies con-
tinues to be reported. Sixty-two deaths were reported from
exposure to hematophagous bats in Latin America during the
10-year period from 1993 to 2002, with local outbreaks in
some rural areas causing significant human mortality (55).

Rabies is widespread in the insectivorous bats of North
America. The disease has been confirmed in 49 states
(Hawaii remains rabies free) and in the territory of Puerto
Rico. Rabies virus has been identified in most of the 39 bat
species indigenous to the United States. In 2012, the 1,680
laboratory-confirmed rabid bats from 51 states accounted for
27.3% of all United States animal rabies cases for the year. In
the same year, 6 states reported rabies in bats but not in
terrestrial species (56). Most laboratory-confirmed rabid bats
in the nation are not identified to species, but among those
that are, most cases occur in the big brown bat, the Mexican
free-tailed bat, and the little brown bat, all widely distrib-
uted, common commensal species. Like rabies in terrestrial
mammals, virus transmission in bats is mainly intraspecific,
and distinct rabies variants can be identified antigenically or
genetically for each specific bat species or to identify spill-
over into a heterologous bat species (57). A thorough
analysis of bat rabies variants is hampered by a failure of
many rabies diagnostic laboratories to identify the species of
bats found to be rabid. Of the 27,572 bats sent to rabies
diagnostic laboratories in the United States in 2012, only
13,451 (48.8%) were identified to species. Of the 1,683
rabid bats diagnosed in 2012, in 1,031 (61.2%) the bat
species was undetermined (55). Associations of particular
variants with the major colonial and migratory species have
been described (56). Occasional spillover events resulting in
the interspecific transmission of these variants are recognized
in bats and, less frequently, terrestrial mammals. Although
terrestrial mammals infected with bat variants may shed
virus in their saliva during clinical disease (57), prior to 2001
there had been no direct observation that infection with a
bat variant had established an outbreak in a terrestrial spe-
cies. In 2001, an outbreak of rabies in skunks in Flagstaff,
Arizona, emerged that was identified as the consequence of
infection with a big brown bat variant of rabies virus (40).

While disease prevalence in samples from the random
collection of asymptomatic bats at roost is generally esti-
mated to be less than 1%, rabies positivity rates among bats
submitted to public health laboratories for testing range from
5 to 15% (56). In New York State from 1987 to 2006, 3.2%
(1,636 of 51,170) of bats submitted for public health testing
were found to be rabid (R. J. Rudd, unpublished data).

476 - VIRAL PATHOGENS



However, there is a strong bias toward abnormal behavior
and injured bats submitted to public health laboratories.
Nevertheless, these rates are relevant for public health de-
cisions because they accurately reflect the likelihood of ra-
bies infection in individual bats encountered under common
circumstances by people and pets.

The closely related EBLV 1 and 2 (genotype 5 and 6
lyssaviruses), the Australian bat lyssavirus (genotype 7 lys-
savirus), and the less closely related Lagos bat virus (geno-
type 2 lyssavirus) and Duvenhage virus (genotype 4
lyssavirus) of Africa broaden the distribution of rabies-
related encephalitis associated with bats. Lyssaviruses
recently identified in Eurasian bats have increased the
number of genotypes in the genus Lyssavirus to 14 (2).
Current information on the prevalence, vectors, and distri-
bution of the non–genotype 1 lyssaviruses is based on lim-
ited surveillance. Indeed, insufficient isolates from some of
the novel lyssaviruses prevent further characterization via
molecular or animal studies. Animal models have shown
reduced protection with preexposure vaccination or con-
ventional postexposure prophylaxis against four of these
newly recognized lyssaviruses (58). These viruses are capable
of producing rabies-like encephalitis in humans and other
mammals and may eventually prove to be of greater epide-
miologic importance as we learn more about their natural
history. Molecular epidemiologic studies support the hy-
pothesis that lyssaviruses existed in bats long before they
were present in terrestrial carnivores. Previous studies report
that early spillover events resulted in the current North
American raccoon rabies variant and cycle, and a separate
event gave rise to the existing cosmopolitan canine rabies
lineage. A molecular clock model suggests that the time of
the most recent common ancestor for current bat rabies virus
variants in the Americas was the mid-1600s (59).

EPIDEMIOLOGY OF HUMAN RABIES
Rabies remains an important yet neglected disease in Africa
and Asia. Disparities in the affordability, accessibility, and
quality of postexposure treatment combined with the risks of
exposure to rabid dogs result in a skewed distribution of the
disease burden across society, with the major impact occur-
ring on those living in poor rural communities, particularly
children. Worldwide, data regarding the incidence of human
rabies are often unreliable. Underestimates are common
because human rabies in developing areas is largely a rural
problem, and many rural cases go undiagnosed or unre-
ported. Human rabies is still common in developing areas of
Africa, Asia, and to a lesser extent certain areas of Latin
America, with an estimated 35,000 to 60,000 annual deaths
worldwide (2). Because most of these deaths are due to rabid
dog bites and a lack of, or inadequate, rabies postexposure
prophylaxis (PEP), the mortality from the disease is largely a
problem of poverty and inaccessibility to health care.

In the United States, human rabies deaths decreased
dramatically following the control of canine rabies in the
early 1950s. There were 99 cases during the 1950s, 15 in
the 1960s, 23 in the 1970s, 10 in the 1980s (60), 27 in the
1990s, 32 in the 2000s, and 11 between 2011 and September
2014. Of the 70 human rabies cases from 1990 through
September 2014, 12 were acquired from dog bites occurring
outside the United States. Of the 41 cases in which the
infection was acquired in the United States and Puerto Rico,
2 were of a variant associated with indigenous domestic dogs,
2 were of a variant associated with raccoon rabies, 1 was of a
variant associated with mongoose and dog rabies in Puerto

Rico, and 37 were of a variant associated with insectivorous
bats (55).

CLINICAL RABIES
Following the variable incubation period, the disease in
humans is marked by a brief prodromal period of several days
duration with complaints of nonspecific symptoms, includ-
ing malaise, anorexia, fatigue, headache, and fever. Char-
acteristically, during this period there is pain and paresthesia,
or “tingling,” at the site of exposure, which are usually the
first rabies-specific symptoms (61). Behavioral manifesta-
tions may include apprehension, anxiety, irritability, and
insomnia. Following the prodromal period, patients develop
a rapidly progressive neurologic course, with a range of
symptoms that may include disorientation, hallucinations,
paralysis, nuchal rigidity, aerophobia, pharyngeal spasms,
hydrophobia, hypersalivation, dysphagia, focal or generalized
seizures, cardiac and respiratory arrhythmias, and hyperten-
sion, leading to coma and death (62). A review of 32 human
rabies deaths in the United States from 1980 to 1996 (60)
identified agitation and confusion, hypersalivation, hydro-
phobia or aerophobia, limb pain, and weakness as the most
commonly observed signs of clinical rabies. The cases had a
median clinical period of 19 days (range, 7 to 28 days). In 12
of the 32 cases, the disease was only diagnosed postmortem.
In the absence of intensive care and secondary support
therapies, death usually occurs in human rabies cases within
7 to 14 days of the onset of symptoms, generally from re-
spiratory failure (63). In patients receiving intensive care, the
disease will eventually and severely affect nearly every major
organ system, and death occurs as a result of the cessation of
cerebral and cardiovascular activity (64). Over the past 45
years, there have been seven well-documented human sur-
vivals from clinical rabies worldwide, with outcomes ranging
from full recovery without sequelae, to some partial paralysis,
to major residual neurologic impairment (65). Six of the
seven patients had a history of some pre- or postexposure
vaccination. Two of the seven cases, who survived with little
or no sequelae, were infected with bat rabies virus. One of
these cases occurred in 2004 in a Wisconsin teenager with a
history of a bat bite on a finger 1 month prior to onset. This
patient was maintained in a drug-induced coma and ad-
ministered antiviral agents. Her treatment included the
administration of ketamine, midazolam, phenobarbital,
ribavirin, and amantadine. She improved and was released
from the hospital with some neurologic sequelae but has
experienced progressive neurologic improvement (66). The
role of this strategy (Milwaukee protocol) and therapeutic
regimen in this survival has not been clearly established (67).

The Milwaukee protocol has garnered considerable op-
timism; however, subsequent attempts to repeat this success
have met with mixed results. According to 43 case reports
logged on a central database, six patients treated by this
protocol are registered as survivors (68). The application of a
similar treatment has not been successful in four subsequent
cases with fatal outcomes (69). A recent publication details
the survival from clinical rabies of a 9-year-old child who
subsequently died of complications due to dysautonomia
(70). Although meeting the operational definitions of sur-
vival, the child died 76 days after presenting with rabies of
vampire bat origin transmitted through a cat bite. This case
describes the vast complexity challenging intensive care
units when treating human rabies with the Milwaukee pro-
tocol. Efforts to utilize the developing technology of meta-
bolomics show promise in advancing critical care and tactics
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designed to avert the inevitable complications that lead to
dysautonomia in human rabies cases (71). Udow et al. pos-
tulated that human survival due to rabies of a bat variant
origin versus a dog variant may account for a few docu-
mented cases of human rabies survival (72).

TREATMENT, PREVENTION, AND CONTROL
Human Rabies Prevention
The prompt management of potential human exposure to
rabies is a critical component of human rabies prevention. All
potential rabies exposures should be evaluated for rabies risk
based upon the nature of the contact, the species of animals
involved, the circumstances of the incident (e.g., behavior of
offending animal, provoked or unprovoked encounter), the
current local status of animal rabies, and the adequacy of
surveillance. The rabies vaccination status of the animal
should not be used to determine the potential for transmis-
sion. Not all biting animals need to be killed and tested. A
dog, cat, or ferret that has bitten a person does not always
need to be euthanized; nonlethal options can be considered
by the owner and state health professionals. If the owner does
not want to euthanize the animal and it is not demonstrating
signs of a rabies infection, the animal can be confined and
observed daily for 10 days. Numerous studies have been
published describing viral-shedding patterns in the days
preceding the onset of rabies-specific signs. The survival of
the animal demonstrating no clinical signs for 10 days after
the bite rules out the need for PEP. If, however, the animal
dies or signs of rabies develop during the observation period,
it must be immediately euthanized and examined. Similarly,
when a 10-day confinement of the offending animal is not
possible (if it is symptomatic or has died) or is inappropriate
(the offending animal is a wild or exotic species or hybrid),
the animal must be humanely euthanized and tested.

The Advisory Committee on Immunization Practices
(ACIP) of the U.S. Department of Health and Human
Services states that exposure to rabies occurs when infectious
virus is introduced into bite wounds, open cuts in the skin, or
onto mucous membranes. Any penetration of the skin by the
teeth, regardless of location, must be considered a bite ex-
posure. Nonbite exposures have occasionally led to rabies
infection (27) putatively following exposure to infectious
aerosols or solid organ or corneal transplants from rabies
victims, which carries the greatest risk. Direct contamina-
tion of an open wound (abrasion or scratch) or mucous
membrane with saliva or other potentially infectious mate-
rial (e.g., neural tissue) from a rabid animal is also considered
rabies exposure. Contact with blood, urine, or feces (in-
cluding bat guano) or merely petting a rabid animal is gen-
erally not an indication of exposure. Rabies virus in saliva on
environmental surfaces is quite labile; therefore, if the ma-
terial on a surface is dry, it generally can be considered
noninfectious (26). Generally, bites or other contact with a
domestic rabid animal occurring more than 10 days prior to
the recognized onset of signs of rabies in the animal are not
considered potential rabies exposures.

Despite the existence of numerous and widespread ter-
restrial rabies outbreaks in the country during the period, a
surprising 90% of human rabies cases in the United States
from 1958 to 2004 have been attributed to bats or bat rabies
variants. From 1953 to 2002, surveillance in the United
States documented at least 39 human cases associated with
bat rabies based on the patient’s history or virus character-
ization. In just 9 of these cases, there had been a definite bat
bite reported. In 11, there was known or likely contact with

bats associated with an indoor bat encounter under cir-
cumstances in which a bat bite may have gone unrecognized
(73). As a result, the ACIP has developed specific language
regarding bat encounters and rabies treatment. “Rabies post-
exposure prophylaxis is recommended for all persons with
bite, scratch, or mucous membrane exposure to a bat, unless
the bat is available for testing and is negative for evidence of
rabies. Post-exposure prophylaxis might be appropriate even
if a bite, scratch, or mucous membrane exposure is not ap-
parent when there is reasonable probability that such expo-
sure might have occurred” (26). Furthermore, bat bites may
result in very limited injury, but there is evidence that some
bat rabies virus variants may be more likely to be transmitted
by superficial dermal exposures (74). One must be cautious
not to assume that merely being in close proximity to, or in
the same room with, a bat constitutes an exposure. Particular
concern must be directed to those situations in which con-
tact was possible, but there is a reasonable probability a bite
may have gone unnoticed. Examples of scenarios justifying
consideration of rabies exposure include a sleeping person
awakening to find a bat in the room or an adult witnessing a
bat in the room with a previously unattended young child or
mentally disabled person.

Because it is often very difficult to accurately reconstruct
details immediately following an indoor bat encounter and
evaluate the likelihood of a “reasonable probability” of ex-
posure, it is prudent to recommend the capture and reten-
tion for testing of bats involved in incidents with the
potential for human exposure. As rabies positivity rates
among insectivorous bats encountered by the general public
are typically 3 to 6% (75), more than 90% of the bats en-
countered in potential exposure situations will test negative
for the virus, eliminating the need for postexposure inves-
tigations and avoiding the use of PEP. This practice will also
help ensure that PEP is provided to those who have actually
had contact with the relatively small proportion of en-
countered bats that are rabid.

Human Rabies Prophylaxis
The relatively long incubation period of rabies permits ef-
ficacious PEP. Modern biologics have afforded the potential
for 100% success with proper wound treatment, prompt and
appropriately administered immune globulin, and a course of
vaccine. Postexposure vaccines have been hypothesized to
confer protection largely because they prime an immune
response in organs peripheral to the CNS, and the activated
lymphocytes, CD4, antibody-secreting plasmocytes, and
perhaps antibodies can migrate into the nervous system (76).
However, a comprehensive understanding of the nature and
sequence of events that confer protection requires further
investigation. An immediate and thorough washing of bite
wounds with soap, water, and a virucidal agent are valuable
measures for the prevention of rabies (26). With the ex-
ception of patients with previous immunization, rabies PEP
should always include passive immunization with human
rabies immune globulin (HRIG) to neutralize virus at the
site of exposure and active immunization with vaccine to
produce neutralizing antibodies that develop in 7 to 10 days
after vaccination is initiated. Active immunization also
triggers a cell-mediated response that is critical to the success
of PEP. The importance of the administration of HRIG to
the success of PEP has been documented by numerous in-
vestigations of PEP failures (77). The HRIG is administered
only once, at the beginning of the prophylaxis, but if there is
a delay in administering the HRIG, it can be given through
the seventh day after the administration of the first dose of
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vaccine. The recommended HRIG dose is 20 international
units per kilogram of body weight. If anatomically feasible,
the full dose should be infiltrated into and around the
wounds. The remaining volume or the entire dose for
treatment for exposures with no recognizable wounds should
be injected intramuscularly at one or more sites distant from
the site of vaccine inoculation. Two immunologically com-
parable vaccines grown in two differently derived cell culture
systems are currently licensed for use in the United States: a
human diploid cell vaccine (HDCV) and a purified chicken
embryo cell vaccine (PCECV). Both are packaged for and
administered as a 1-milliliter intramuscular dose for pre- or
postexposure administration. For PEP, either of the vaccines
can be used in a four-dose course, with 1-milliliter intra-
muscular injections given in the deltoid area (or for small
children, the anterolateral aspect of the thigh) on days 0, 3,
7, and 14, commencing as soon as possible after the exposure
is known (78). PEP for previously vaccinated individuals is
comprised solely of two doses of vaccine administered as a 1-
milliliter intramuscular injection in the deltoid region on
days 0 and 3, commencing as soon as possible after the ex-
posure is known. Two HRIG products are licensed for use as
well, and both are anti-RIG (IgG) preparations concentrated
by the cold ethanol fractionation from plasma of hyper-
immunized human donors. HRIG is not administered to
previously vaccinated patients. For this purpose, a previously
vaccinated status applies only to individuals who have re-
ceived one of the recommended pre- or postexposure regi-
mens of the currently licensed vaccines or who have received
another vaccine or regimen and had a documented adequate
neutralizing antibody titer of 0.5 international units or
greater or complete neutralization at 1 to 5 serum dilution on
the Rapid Fluorescent Foci Inhibition Test (RFFIT).

Although several other efficacious cell culture vaccines
are widely available outside the United States, nervous tissue
vaccines and immune serum of equine origin are still em-
ployed in some areas. A purified RIG of equine origin has
been used effectively in developing countries. Several al-
ternative PEP schedules are employed outside the United
States, including multisite regimens that are accelerated by
the administration of more than one dose on the first day of
treatment, by either intramuscular or intradermal inocula-
tion (79). These regimens may induce early antibody re-
sponse, which is beneficial where RIG is not available, and
can reduce the amount of vaccine required.

Preexposure rabies vaccination is available for persons at
risk of rabies exposure, such as veterinarians, animal control
officers, animal handlers, rabies laboratory workers, others
whose activities bring them into contact with a rabies vector
species, and certain travelers. Preexposure vaccination does
not preclude the need for PEP following a known exposure
but eliminates the need for HRIG and reduces the number of
vaccine doses to two. Furthermore, a previously vaccinated
individual might be protected from inapparent exposures or
when PEP is unavoidably delayed (26). The primary pre-
exposure regimen consists of three 1-milliliter intramuscular
injections, given one each on days 0, 7, and 21 or 28.
Depending on the risk category, booster vaccinations may be
recommended when rabies neutralizing antibody titer is less
than 0.5 international units or at less than complete neu-
tralization at a 1 to 5 serum dilution by RFFIT.

The routine determination of adequate serum rabies
neutralizing antibody titer following primary pre- or post-
exposure vaccination is not required unless the person is
immunosuppressed. Persons at the highest or continuous risk
of inapparent rabies exposure, such as those working in ra-

bies research or vaccine production laboratories, should
have a titer determination every 6 months (80). Others in
the frequent-risk category, such as those working with mam-
mals in areas where rabies in animals is enzootic, should be
serologically tested at 2-year intervals. A single booster
vaccination is recommended when the titer is at less than
complete neutralization at 1 to 5 serum dilution on the
RFFIT or less than 0.5 international units. The ACIP rec-
ommends no routine preexposure booster doses following
primary vaccination for certain travelers and animal workers
in areas with minimal prospects of exposure (26).

Reactions following vaccination with the currently li-
censed cell culture vaccines and the administration of HRIG
are less serious and less common than with previously
available biologics. Mild local reactions such as pain, ery-
thema, and itching are reported in 30 to 74% of vaccinees
(81). Mild systemic reactions including headache, nausea,
abdominal pain, muscle aches, and dizziness are reported in 5
to 40% of recipients. Guillain-Barre syndrome–like neuro-
logic illness and other central and peripheral nervous system
disorders temporally associated with HDCV administration
have not been linked in a causal relationship with the
vaccination (82). A delayed (2 to 21 days postinoculation)
immune complex–like reaction was reported among 6% of
patients receiving booster doses of HDCV. The reaction
included hives sometimes accompanied by arthralgia, ar-
thritis, angioedema, nausea, vomiting, fever, and malaise,
but the reaction was not life threatening. No fetal abnor-
malities have been associated with rabies vaccination, and
vaccination is not contraindicated during pregnancy (83).

Rabies Control
If the control of rabies is defined as the elimination of human
mortality from the disease, then it can be achieved by success
with individual or combined strategies that involve the
elimination of the virus in animal populations, the elimi-
nation of human exposure to infected animals, the preven-
tion of human infection by pre- or postexposure vaccination,
or the development of an efficacious cure for clinical disease.
Because rabies virus is a zoonotic disease with an adaptability
to a wide variety of host populations, eradication of the virus,
as has been achieved for smallpox, may not be a realistic goal.
Control in domestic dog populations and some wildlife
vectors in geographically defined areas has been accom-
plished by stray-dog control coupled with vaccination pro-
grams and by oral rabies vaccination campaigns in wildlife
(84). The elimination of the disease in dog populations offers
not only large reductions in human mortality but vast eco-
nomic benefits to developing countries (85). However, re-
source limitations, an increasing movement of domestic and
wild animals, and a greater knowledge of the significant role
and distribution of rabies and rabies-related viruses in bats
threaten to make even regional elimination unlikely for
most of the world. Modern cell culture vaccines and purified
rabies immune globulins of human origin have made safe
and highly efficacious pre- and postexposure immunization a
reality, yet resource limitations prevent the application of
these methods for much of the world’s population.

In North America, Europe, and other developed areas,
great reduction in human mortality has been achieved by the
virtual elimination of canine rabies outbreaks by vaccination
programs (often compulsory) in association with leash and
stray-dog measures. Further reduction has occurred from the
development and availability of modern biologics for pre-
exposure treatment and PEP. Other components of the ra-
bies control effort include education of the public and
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health-care professionals regarding exposure avoidance, the
proper management of potential exposure to rabies (in-
cluding animal confinement and observation), prompt and
accurate rabies diagnosis, and accessibility to prompt and
proper PEP or preexposure vaccination when warranted.

Wildlife rabies control by vector population reduction has
only rarely proven to be effective, and in North America such
measures have not been encouraging. However, the reduc-
tion or elimination of wildlife rabies epizootics has proven to
be achievable in some situations by wildlife vaccination. Oral
rabies vaccination has controlled fox rabies in large areas of
Europe and Ontario, Canada. A modified live virus oral
vaccine has been used in Canada, and efforts in Europe have
used baits containing either modified live virus or a recom-
binant, vaccinia-vectored vaccine. The baits have been dis-
tributed by hand, helicopter, or fixed-wing aircraft in one or
two distribution campaigns per year in programs that have
continued for many years. A recombinant vaccinia-rabies
glycoprotein vaccine has proven safe and efficacious in lab-
oratory and field trials (86) and was licensed by the U.S.
Department of Agriculture in 1997 for use in oral ra-
bies vaccination programs conducted by state and federal
agencies to control rabies in raccoons. It has also been used
with success to control coyote-vectored rabies in South
Texas. With millions of vaccine-laden baits distributed an-
nually in North America and with only a single human in-
fection with the vaccinia recombinant vaccine reported,
(87) the safety of this approach is well established.
Improvements in baits and vaccines could increase the effi-
ciency and efficacy of wildlife vaccination efforts, while at
the same time making them more cost effective. Canine
adenovirus-vectored and human adenovirus-vectored re-
combinant rabies glycoprotein vaccines are in develop-
ment and evaluation, and other novel vaccine approaches
are proposed (88). In Canada, the application of a human
adenovirus-vectored recombinant rabies vaccine has shown
great potential in reducing wildlife rabies (89). Advances in
wildlife vaccination are now being extended to community
dogs in less-developed nations. Integrated programs to elim-
inate dog rabies and human deaths in areas of Asia have
recently shown great promise (90). Repeated mass dog vac-
cination campaigns appear to be the best avenue to control
dog rabies in developing nations (91).

LABORATORY DIAGNOSIS
The rabies diagnostic laboratory has long played a promi-
nent role in rabies control. Because the modern rabies lab-
oratory can provide reliable results on the day of receipt of
the specimen, the physician’s decision to provide or with-
hold rabies treatment following a bite from a suspect animal
is commonly based upon the laboratory tests performed on
the animal’s brain. Uniquely high standards of sensitivity
and specificity are required of these tests, as a false-negative
result could have the consequence of human mortality.
Alternatively, if a delay in rabies testing is unavoidable, it
may be appropriate to initiate rabies treatment. Subsequent
negative results from a reliable laboratory would justify ter-
minating PEP.

The rabies laboratory may support surveillance for the
disease in wildlife to aid in the proper allocation and tar-
geting of rabies control programs, such as the efforts to
vaccinate wildlife with oral baits. Not all biting animals need
to be euthanized and tested. Because of laboratory data and
empirical knowledge of virus-shedding periods prior to the
onset of signs of the disease, certain dogs, cats, and ferrets

may be confined and observed for signs of rabies for 10 days
following a bite to rule out rabies transmission (see Human
Rabies Prevention).

Wild animals, especially bats, foxes, skunks, and rac-
coons, that have bitten or otherwise potentially exposed a
human, should be euthanized and tested immediately. Be-
cause rabies is a disease affecting mammals, it is never nec-
essary to test arthropods, amphibians, reptiles, or birds. In
the United States, small rodents, including mice, rats, and
squirrels, are essentially free of rabies, and therefore routine
examination is not required; exceptions include rodents
involved in unprovoked attacks in areas where rabies is
endemic and larger rodents such as woodchucks, otter,
muskrats, and beaver (92).

Diagnosis of Rabies in Animals
Since the development of the first human rabies vaccines,
the accurate and timely diagnosis of rabies infections in
animals has been essential to the prompt and successful
postexposure prophylaxis of humans. Accurate diagnosis is
essential to the maintenance of a disease surveillance system,
which influences public health decisions determining ani-
mal quarantine, vaccination, control, and the related allo-
cation of government resources. Thus, the serious nature of
this zoonotic disease mandates the appropriate use of diag-
nostic techniques that will ensure the highest obtainable
sensitivity and specificity. Adherence to the accepted stan-
dardized and validated protocol for the fluorescent antibody
test in the postmortem diagnosis of rabies in animals is one
essential step toward accomplishing that goal.

Rabies diagnosis can be achieved with 100% sensitiv-
ity only by the postmortem examination of brain tissue.
Throughout most of the prolonged incubation period of
rabies there is no reliable means to rule out infection; there is
no rise in circulating antibody titer, and neither rabies virus,
its antigens, nor rabies RNA can be reliably identified. This
is due to the limited and unpredictable distribution of the
virus and its proteins during the retrograde axoplasmal
movement from the site of the exposure to the CNS. Rabies
virus, its antigens, and rabies RNA do not move centrifu-
gally away from the CNS during the incubation period (24).
The testing of saliva collected antemortem from animals
cannot be used with certainty to exclude the possibility of
rabies infection and transmission by bites from the animal
because virus may be present intermittently in saliva in
infected animals (93). However, modern methods can al-
ways identify the presence of rabies virus in the brain of a
rabid animal that dies or is euthanized during, or up to
several days before, the onset of the clinical signs of the
disease. Therefore, after a human exposure, when a decision
is made to sacrifice and test the animal for rabies infection, it
is never necessary to delay testing for further development of
the disease to achieve a reliable diagnosis. Most importantly,
the centrifugal spread of the virus from the CNS to the
salivary glands (and therefore a potentially infectious bite)
does not precede the appearance of demonstrable rabies
antigen in the brain (24). Thus, a negative result of brain
examination by acceptable methods ensures that the bite of
the animal could not have caused an exposure to rabies.

Collecting, Preparing, and Submitting Rabies
Specimens
The animal species, nature of the exposure, variant of rabies
virus, and time and cause of death may affect the terminal
distribution of rabies virus and its antigens in the brain.
Generally, the brain stem and the cerebellum constitute the
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best diagnostic samples, and areas of each tissue are exam-
ined to provide a reliable negative report. Therefore, the
intact head is the preferred diagnostic sample for the post-
mortem diagnosis of rabies in animals. Following the eu-
thanasia guidelines of the American Veterinary Medical
Association (94), an animal can be euthanized for rabies
examination with barbiturate, a nonbarbiturate injectable,
inhalants, or by other humane means that do not damage
the brain. The specimen should be immediately preserved by
cooling to 4°C and maintained at refrigeration temperature
until it arrives at the laboratory. Should refrigeration not be
possible, freezing is an acceptable but less desirable alterna-
tive. A single freeze-thaw cycle will not prevent reliable
diagnosis, but freezing will make the dissection more difficult
and may delay the test. However, repeated freeze-thaw cycles
can damage the specimen. The head should be removed
from the neck before the first vertebrae, using caution to
avoid personal injury or the creation of infectious aerosols.
Individuals capturing suspected rabid animals or handling
and decapitating the carcass should receive appropriate
safety training and rabies preexposure immunization (26).
Bats should be submitted intact to avoid damage to the
animal’s CNS during decapitation. For large livestock spe-
cies, including cattle and equines, a section of the brain stem
and cerebellum can be removed through the foramen mag-
num by a veterinarian or specifically trained individuals. It is
critical that a full cross section of the brain stem and all of
the cerebellum be submitted for testing.

The specimen should be immediately transported to
the rabies laboratory. Specimens may be shipped by a
prompt parcel delivery service if properly packaged and
labeled. Some state laboratories provide standard rabies
specimen containers for shipping heads to the laboratory.
Current guidelines applicable to the packaging of potentially
infectious samples, to which shippers must strictly adhere,
can be found at: https://www.iata.org/whatwedo/cargo/dgr/
Documents/DGR52_PI650_EN.pdf. Included with the head
should be a completed rabies specimen history form, if
available from the diagnostic laboratory. If no form is
available, provide all the significant information including
the names, addresses, and telephone numbers of the owner,
complainant, and all humans and animals in contact as well
as information on the clinical observations, date of death or
means of euthanasia, exact location of capture, and infor-
mation on the person or agency to receive the report.
Generally, reports of rabies-positive specimens are made
immediately by telephone. Reporting practices vary widely,
however, and the submitter should ascertain local practice
by contacting the local, regional, or state health department.

Dissection and Sample Preparation
When the entire head is received at the laboratory for ex-
amination, the flesh is removed from the cranium, and an
anterior and two lateral cuts are made in the cranium by
chisel or saw to permit the calvarium to be reflected pos-
teriorly. After removal of the meninges, the cerebellum and
the brain stem are removed. An alternative method, useful
for surveillance-only examinations, employs the removal of a
core of brain tissue by the insertion of a soda straw or similar
hollow tube into the foramen magnum and advancing for-
ward to capture samples of the brain stem, cerebellum, and
hippocampus that can then be forced out of the straw and
used for slide and suspension preparation (95). Touch im-
pressions or slip smears of each tissue are made on micro-
scope slides. A 10% suspension of a mixture of the diagnostic
tissues is prepared in suitable diluents for animal inoculation,

cell culture virus isolation, or molecular detection. A sample
of each brain tissue should be saved at - 40oC to - 80oC for
further testing.

Direct Immunofluorescence for Rabies Antigen
With an achievable sensitivity and specificity approaching
100% and a routine turnaround time of less than a day, the
microscopic examination of brain tissue stained with the
direct immunofluorescence assay (DFA) is the gold standard
for the diagnosis of rabies. Among the findings of a National
Working Group on Rabies Prevention and Control was the
need for a minimum national standard for the laboratory
diagnosis of rabies (96). In response to this recommendation,
a committee was formed of representatives from national and
state public health laboratories to evaluate the procedures
employed by rabies diagnostic laboratories in the United
States. Both the National Working Group and this com-
mittee have as their goal the uniformity and the improve-
ment of the overall quality of rabies testing through the
formulation of guidelines and standards for equipment, re-
agents, training, laboratory protocols, quality assurance, and
laboratory policy for rabies diagnosis. As a first step to
attaining this outcome, the committee prepared a stan-
dardized protocol for the analytical phase of rabies testing
using the DFA and evaluated the protocol by comparison
testing 435 samples submitted to public health laboratories
for rabies diagnosis. The standardized protocol was devel-
oped from published procedures and the collective labora-
tory experience of the committee members. The group
recognized that a range of possible methods may achieve the
desired outcome for some of the less critical steps in the
diagnosis of rabies and that laboratory policy may be defined
regionally in some cases. However, the goal of the group was
to establish a single protocol by which all other methods
could be validated by comparison. Furthermore, uniformity
of procedures in the national laboratories performing these
examinations permits the elucidation of diagnostic problems
and solutions without the uncertainty provided by multiple
variables. The recommendations included in this document
should be closely followed to ensure a test of the highest
sensitivity and specificity. Modifications or shortcuts in
procedures could lead to false-positive or false-negative re-
sults and nonspecific reactions (97). The new standard
protocol requires the routine use of two diagnostic antibody
conjugates on each specimen, confirmatory protocols for the
detection of minimal antigen distribution, and adequate
sampling of brain tissues. The protocol has been placed on
the websites maintained by the CDC (http://www.cdc.gov/
rabies/pdf/rabiesdfaspv2.pdf).

Glass microscope slides containing slip smears or brain
tissue impressions are fixed for 1 to 4 hours (or overnight) in
acetone at - 20°C to ensure permeability of the tissue to the
diagnostic antibodies and to aid in tissue adherence to
the slide. After removal from the acetone and air drying, the
tissue is flooded with the diagnostic immunofluorescence
reagent. These reagents are made by the conjugation of
fluorescein isothiocyanate (FITC) to immunoglobulin
G (IgG) that is specific for rabies nucleocapsid protein.
The antibodies can be extracted from the antiserum of
rabies-hyperimmune hamsters, goats, rabbits, or equines.
The development of monoclonal antibody technology has
permitted the production of highly specific and uniform
diagnostic reagents. Employing a cocktail of these antibodies
specific for different epitopes on the rabies antigen, a new
generation of diagnostic conjugates has been developed for
rabies diagnosis. After a 30-minute incubation at 37°C in a
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moist chamber incubator, excess diagnostic reagent is
washed off in multiple saline baths. The FITC-conjugated
antibodies remain attached to the tissue only where rabies
nucleocapsid protein is present. Microscope slide prepara-
tions are examined using an incident light fluorescence
microscope fitted with a high-intensity mercury or xenon
lamp and appropriate excitation and barrier filters that
present FITC-labeled structures as yellow-green fluorescent
objects against a dark background. To obtain optimum re-
sults, rabies diagnostic laboratories should use the latest
generation of microscopes and optics. Plan-apochromat
objective lenses with magnifications of 20x and 40x are
recommended for optimal results. Both dry and immersion
lenses may be used successfully for rabies diagnosis. Immer-
sion oil should have the same refractive index (1.515) as
glass and should be formulated specifically for fluorescence
applications and evaluated for autofluorescence. Objectives
with a numerical aperture of 0.75 or greater should be
employed for optimal light gathering, which is essential for
rabies diagnosis. Rabies-specific staining in brain tissue ap-
pears as characteristic round or oval intracytoplasmic inclu-
sions most prominent in the large neurons of the cerebellum,
hippocampus, and brain stem (Fig. 1). The sensitivity of
rabies immunofluorescence testing on fresh brain tissue can
be comparable or superior to isolation procedures (98).
Important factors in the avoidance of false-negative results in
rabies diagnosis using DFA include strict adherence to a
uniform methodology, the retention and training of qualified
microscopists, the use of proper scientific controls for all
procedures, the use of properly diluted high-quality diag-
nostic conjugate, and the optimization of lamp and micro-
scope performance. The specificity of the procedure can
approach 100% agreement with virus isolation when pro-
cedures and practices ensure the avoidance of cross con-
tamination and are optimized to recognize, control, and
ameliorate nonspecific fluorescence. When equivocal fluo-
rescence staining patterns are suspected, select immuno-
histochemical procedures are employed to confirm the
specificity of the staining. The use of an FITC-labeled IgG
conjugate specific to an antigen other than rabies virus is one
such procedure.

Proficiency testing for the diagnosis of rabies in animals
using DFA is not mandated by the Clinical Laboratory Im-
provement Amendment of 1988. Voluntary rabies profi-
ciency testing programs have been conducted periodically
from 1973 to 1992 and each year since 1994. The perfor-
mance of rabies diagnostic laboratories enrolled in profi-
ciency testing in the United States has been excellent when
panels of rabies-positive and rabies-negative test slides were
evaluated by the DFA. An excellent consensus has been
observed among participants for strong positive and negative
test samples. Discrepancies have mainly occurred with very
weakly positive slides. One of the most important factors
for efficacy of the rabies DFA is the laboratory’s recruitment
and retention of properly trained and experienced micros-
copists (96).

A critical requirement for sensitive rabies diagnosis by
immunofluorescence is a good-quality brain sample. Brain
tissue exposed to chemical fixative, repeated freeze-thaw
cycles, or elevated temperatures may result in denatured or
masked rabies antigens, hampering recognition by the di-
agnostic reagents. Decomposition will affect the sensitivity
of all rabies diagnostic procedures. Immunofluorescence tests
may remain positive after the isolation of virus is no longer
possible (99). Evidence of rabies infection by the DFA on
decomposed or mutilated tissue fragments may support a

valid rabies-positive report confirmable by isolation, im-
munohistochemistry, or molecular methods. A recent study
has identified the ability of viral nucleic acid in decomposed
specimens to remain detectable after DFA and virus isola-
tion fail (100). One of the most difficult diagnostic decisions
confronting the rabies laboratorian is to determine at what
stage of decomposition it is no longer possible to issue a
reliable negative rabies report. Certainly, once the CNS has
become foul smelling and green in color, with some lique-
faction, negative results are not reliable. Occasionally, even
specimens with the appearance of only early decompo-
sition on gross inspection may result in slides with each

FIGURE 1 Immunofluorescence staining of nervous tissue from
rabid animals. (A) White-tail deer spinal cord neuron. Magnifica-
tion, x400. (B) Purkinje cell from a bovine cerebellum. Magnifi-
cation, x200. (C) Slip smear of cerebellum from a rabid calf.
Magnification, x200.
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microscopic field so overgrown with autofluorescing
decomposing bacteria that reliable examination is not pos-
sible. Mutilation of the tissue by trauma to the extent that
the necessary sample regions of the cerebellum and brain
stem are not available or unrecognizable also precludes a
reliable negative result (101). This conundrum is especially
pertinent with bats that are killed by trauma. Generally, it is
not possible for lab personnel, based solely on a verbal de-
scription, to determine before the dissection whether or not
a decomposed or mutilated specimen may be testable.
Consequently, unless it is clear that the carcass is in the last
stages of decomposition or is mutilated to the extent that no
recognizable CNS exists, it is wise to submit compromised
specimens to the laboratory for evaluation as to suitability.

Other Methods of Antigen Detection
Antigenic sites recognized by antinucleocapsid diagnostic
reagents in the standard DFA may be masked by bonds
created when tissues are fixed by exposure to formalin and
other fixatives. As a result, the sensitivity of the procedure
can be greatly reduced on fixed tissues. Advances have in-
creased the sensitivity of direct and indirect immunofluo-
rescence and immunohistochemical procedures applied to
fixed tissue. Digestion of the tissue with enzymes, such as
proteinase, prior to staining may expose antigenic sites
(102). The use of avidin-biotin complex amplification and
high-affinity monoclonal antibodies for the first label has
improved the performance of these procedures so that they
may be approaching the reliability of DFA on fresh tissues. A
direct rapid immunohistochemical test employing a short
formalin fixation of fresh or glycerol-preserved brain im-
pressions and requiring no specialized microscopic equip-
ment has been demonstrated to be of utility for testing under
field conditions or for countries with limited diagnostic re-
sources (103). Further evaluation is necessary before nega-
tive results on chemically fixed tissues can be used for public
health decisions.

Histologic Examination
Negri bodies (15) are intracytoplasmic, acidophilic inclusion
bodies that can be demonstrated best in the Purkinje cells of
the cerebellum and the pyramidal cells of the hippocampus
of many rabies-infected animals by microscopic examination
of tissue stained with basic fuchsin and methylene blue or
hematoxylin and eosin (104). The presence, distribution,
and size of Negri bodies are related to the species of animal,
variant of rabies virus, and duration of the clinical period
before death or euthanasia. The demonstration of these
pathognomonic inclusions is very specific and, coupled with
evidence of an encephalitic inflammatory response, may
provide a reliable positive rabies diagnosis when reported by
an experienced pathologist. However, the sensitivity of the
method is poor, with numerous histologic surveys indicating
that 25% or more of rabid animals have no demonstrable
Negri bodies, severely limiting the value of this diagnostic
method for medical decisions. In most rabies diagnostic
laboratories, Negri body detection for routine rabies diag-
nosis was replaced with the DFA during the early 1960s.

Virus Isolation
The consequences of false-negative results in cases of human
exposure support a continued practice of utilizing rabies virus
isolation as a backup confirmatory procedure, despite the
proven sensitivity and reliability of the DFA. Virus isolation
may be employed as a general quality-control procedure
or just applied to instances of bites to humans from highly

suspect animals. In either case, it serves to sustain confidence
in the reliability of the DFA results and to exonerate the
microscopist of the full burden of responsibility. The propa-
gation of virus in the laboratory is also a critical component
for identification of virus variants and the production of di-
agnostic reagents. In vitro and in vivomethods are both widely
employed.

The mouse inoculation test (MIT) was introduced for
diagnostic purposes in 1935 (105). It is a sensitive and re-
producible procedure. When used as a confirmatory proce-
dure for DFA results, portions of the same tissues that are
used for the microscopic examination are ground into a
suspension, employing a diluent of physiologic salt solution
containing serum and antibiotic supplements. The suspen-
sion is inoculated intracerebrally into weanling Swiss albino
mice. The mice are observed daily for 30 days for evidence of
rabies infection. Mice that develop illness during the ob-
servation period are immediately euthanized and the brains
examined by DFA. A valuable attribute of the MIT is its
ability to detect small quantities of rabies virus even in very
weakly positive specimens, and it can be successfully applied
to mutilated and decomposed samples (99). Its weakness,
beyond the inherent environmental and ethical issues with
the use of live animals in the laboratory, lies in the typical 7-
to 20-day period between inoculation and recognized illness
in the mice. The limitation of the procedure results from the
possibility that if treatment were withheld following a bite
due to a false-negative DFA, detection by this backup
method would occur after a period that would cause great
concern about vaccine failure. The period can be shortened
by the use of neonate mice, with daily sacrifice and DFA
examination of numerous individual animals, but this
greatly increases the labor-intensive nature of the procedure
and can be prohibitive in a laboratory performing routine
diagnosis on large numbers of specimens.

The delay associated with the demonstration of virus by
the MIT can be avoided by the isolation and identification
of rabies virus on a continuous cell culture (106). Tissue from
the diagnostic regions of the brain of the suspect animal is
ground into a suspension in a cell culture medium as a dil-
uent. The suspension is incubated after the addition to the
cells of a continuous cell line selected for its susceptibility to
infection with rabies virus, generally a mouse neuroblastoma
cell line. The test can be performed in tissue culture slides,
96-well plates, or Teflon-coated slides. As rabies virus does
not produce a cytopatic effect in cell culture, it is necessary
to stain for rabies antigen in the cells. After an appropriate
incubation, the cell monolayers are rinsed with saline, fixed
with acetone or a formalin-methanol mix, and examined by
DFA. If infectious rabies virus is present in the brain tissue,
characteristic intracytoplasmic inclusions of rabies antigen
will be observed in fluorescent foci in the cells (Fig. 1). The
sensitivity of the procedure is comparable to that of the DFA
and the MIT (98, 99). Because results are available within
a few days of receipt of the specimen, it serves as a much
better means of confirming negative DFA results, as a false-
negative DFA would be recognized in a period of time per-
mitting the timely initiation of PEP.

Molecular Methods in Rabies Diagnosis
Molecular assays have become routine in many virology
laboratories either as the primary or confirmatory test, mo-
tivating discussion as to the feasibility of replacing the rabies
DFA with a real-time reverse transcriptase assay (RT-PCR)
(107). Molecular assays are generally less labor intensive,
require fewer employees, have increased sensitivity, and
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eliminate the need for highly skilled microscopists. These
advantages have motivated some public health laboratories
to consider replacing the DFA with RT-PCR. Currently in
the United States, the use of real-time RT-PCR as a primary
diagnostic assay has yet to be established, but the method
may be valuable as a confirmatory test (108, 109). In addi-
tion, molecular methods, such as conventional and real-time
RT-PCR, have been used in rabies virus research, yielding
significant improvements in typing rabies virus variants and
understanding rabies virus maintenance, transmission, and
pathogenesis (110).

The early days of using PCR as a rabies diagnostic assay
were problematic as false-positives results were a concern
when using nested or heminested conventional assays, and
false-negative results could occur as a result of primers that
were not effective at detecting all the variants of rabies virus
(107). The development of real-time RT-PCR has improved
specificity and sensitivity over conventional PCR by elimi-
nating the need for nested and heminested assays as primer
and probe combinations, thereby decreasing the probability
of false-positive results (111). The use of real-time RT-PCR
in antemortem human rabies diagnosis is routinely employed
to identify and quantify the viral load in diagnostic speci-
mens, including cerebral spinal fluid, saliva, and nuchal bi-
opsies (112).

The application of newer real-time RT-PCR assays in
routine rabies diagnosis has been evaluated by several public
health diagnostic laboratories (108, 109, 111, 112). To be
considered for routine rabies diagnosis, real-time RT-PCR
must match or surpass the sensitivity and specificity of the
DFA, provide rapid results, and be cost effective. To compare
the sensitivity of DFA and RT-PCR, Szanto (109) employed
the two techniques on more than 700 reservoir species. All
samples were negative via DFA, yet 10 of these DFA-
negative samples were low positives (threshold cycle values
approximately 40) via RT-PCR. Dupuis et al. collected 1001
rabies specimens submitted to the New York State Depart-
ment of Health Rabies Laboratory for routine testing and
evaluated the DFA, virus isolation, and RT-PCR (108). The
RT-PCR assay employed an automated RNA extraction and
template addition robot, decreasing the possibility for
human error. In the Dupuis et al. study, specimens previously
identified as DFA positive were positioned next to DFA-
negative specimens for the purpose of identifying any po-
tential for cross-contamination events. Additionally, the
primer probe combination used in the study (RABVD1)
demonstrated the sensitivity and specificity to identify all
rabies variants found in the northeastern United States
(112). Of the 1001 samples, 141 were positive by DFA; the
same 141 samples were positive via RT-PCR, yet 1 negative
DFA sample was positive using the molecular assay. This
sample yielded a low threshold cycle value, and cross con-
tamination was ruled out by returning to original tissue and
repeating both the DFA and RT-PCR. Hoffman et al.
evaluated the use of two RT-PCR assays employing different
primers and probes for the diagnosis of rabies in several
animal species found throughout the world (113). False-
negative results occurred when only a single assay was per-
formed; the risk of false-negative results was greatly reduced
when both assays were used in the testing algorithm.

Relying on one primer/probe combination to identify the
presence of rabies virus RNA in a diagnostic sample may be
unwise. The diversity of rabies virus variants makes the design
of a universal primer/probe combination challenging, and
thus many successful assays include degenerate primers or
more than one primer/probe pair. The use of degenerate

primers often presents challenges in developing successful
cycling conditions. Attempts to design a pan-lyssavirus RT-
PCR assay illustrates the need for multiple primer/probe sets.
Black et al. reported a successful assay capable of differenti-
ating genotypes 1 through 6 with two primer sets andmultiple
probes (114). A study by Fischer et al. describes a “cascade
approach” to detect and differentiate lyssavirus genotypes 1,
5, and 6 and Bokeloh bat lyssavirus (111). The first test in
the cascade employs an intercalating dye to determine the
presence or absence of rabies virus RNA. Following a posi-
tive result, the sample is subject to a primer/probe-based assay
capable of determining the lyssavirus genotype.

Although a false-negative result is of significant concern
in rabies diagnostic laboratories, false positives also pose
considerable challenges and may result in the euthanasia of
“exposed” animals, unwarranted postexposure prophylaxis,
undue stress, and expense. As described previously, the po-
tential for false positives has been diminished with newer
molecular techniques. However, with the increased sensi-
tivity comes the concern that false positives could occur in
animals infected with other rhabdoviruses or infectious
neurological pathogens. To ensure the sensitivity and spec-
ificity of the test, a specificity panel including several en-
cephalitic viruses and rhabdoviruses, such as vesicular
stomatitis virus, should be included in the development
phase of the assay.

A common problem among rabies diagnostic laboratories
is the submission of degraded tissue, which is compounded by
the receipt of most samples in a rabies diagnostic laboratory at
the warmest time of the year. Delays in shipping may quickly
lead to degraded samples, resulting in tissues unsuitable for
testing. Decomposition results in the breakdown of viral
proteins, modifying the antigenic structure and thus de-
creasing the sensitivity of the DFA diagnostic conjugate. The
viral proteins may be rendered too decomposed to be de-
tected by the antibodies used in the DFA. Additionally,
microbial contamination may be present in decomposed
samples and affect the sensitivity of the DFA. The design of
real-time RT-PCR and heminested PCR assays may be
valuable in evaluating decomposed samples as these assays
target small regions of the genome, usually 150 to 300 base
pairs. Previous studies evaluating the use of real-time RT-
PCR and heminested PCR in degraded tissue support the use
of molecular assays as confirmatory tests of diagnostic speci-
mens (115, 116). Beltran et al. (115) targeted a 159-base pair
region of the N gene and was successful in detecting rabies
RNA in tissues exposed to room-temperature conditions
(20°C) for 120 days. Despite the potential value of molecular
assays when confronted with unsatisfactory samples, the viral
RNA may also be too degraded to result in a positive test.
Because housekeeping genes can be affected by degradation
at different rates than the virus, evaluating degradation based
on host cell factors may not provide a direct correlation.

Although the literature describes the successful use of
heminested RT-PCR and real-time RT-PCR in rabies virus
diagnosis, there is a need for the standardization of methods
used by rabies laboratories, otherwise interlaboratory results
may not be comparable. To evaluate assay performance be-
tween laboratories, 16 European laboratories tested extracted
RNA frommultiple lyssavirus (rabies, EBLV 1 and 2) samples
with the molecular assays available in their laboratories.
Although several laboratories correctly detected the presence
or absence of rabies in the samples by one or more molecular
methods, the results were not always consistent among par-
ticipating laboratories (111). The technologies, technical
skill level, and reagents available among laboratories may not
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be equal and require considerable validation to confirm
positive and negative results on rabies diagnostic samples.
Additionally, not all laboratories have adequate space for the
proper workflow required to prevent cross contamination.
The separation of an upstream “clean” area and a post-
amplification “dirty” laboratory space is essential due to the
large amount of viral RNA typically found in positive rabies
samples (108, 109). These data reveal the need to develop
an assay that can be employed in rabies diagnostic labora-
tories and the need to implement a proficiency-testing
program. The Wisconsin Division of Public Health rabies
laboratory currently oversees the rabies diagnostic profi-
ciency program in which participating laboratories receive
identical samples to process via their DFA. Enrollment in
this program allows laboratories to identify strengths and
weaknesses in their programs and work toward corrective
action. A similar program is needed for rabies diagnostic
laboratories utilizing real-time RT-PCR as a confirmatory
diagnostic test.

There are additional concerns that rabies diagnostic
laboratories need to consider prior to adopting real-time RT-
PCR as a primary or confirmatory test. Although the sen-
sitivity of real-time RT-PCR may be greater than the DFA,
the time required for the DFA is less than for real-time RT-
PCR. Once the tissue is collected, which is accomplished by
the same necropsy technique regardless of which diagnostic
test will be used, processing a sample via DFA takes ap-
proximately 2 hours. The amount of time needed to com-
plete the real-time RT-PCR procedure is approximately 4
hours but is dependent on the methods employed by indi-
vidual laboratories.

The use of appropriate controls is essential to evaluate
RNA extraction, contamination, and template integrity. A
negative extraction control is necessary to discern contam-
ination that could occur via aerosol, contaminated reagents,
workspace, or equipment (107). Additionally, the use of an
internal control during the RNA extraction step, such as
green fluorescent protein, will allow the user to assess ex-
traction efficiency and identify inhibition (108). Positive
and negative samples should include a rabies-positive sample
that is dissimilar to samples that are frequently tested in the
diagnostic laboratory but has similar efficiency as local var-
iants. This step is valuable for the identification of crossover
contamination from a positive control. The inclusion of
positive and negative controls in each assay is essential and
will provide confirmation of a successful test. Evaluating
template integrity is more difficult given that the expression
of internal housekeeping genes (such as beta-actin) can be
complicated by the numerous species of animals from which
tissue is submitted for diagnostic testing (112). For use in a
rabies diagnostic laboratory, an internal housekeeping gene
would require a primer/probe set that could identify the gene
of interest in a broad range of species.

Molecular assays have several applications in rabies lab-
oratories and have greatly expanded our understanding of
rabies epidemiology, pathogenesis, and transmission. How-
ever, there are important considerations that need to be
addressed prior to implementing molecular assays as the
primary diagnostic tool in rabies laboratories. The potential
consequence of a false-negative or false-positive result can-
not be overstated. The lack of treatment following a bite
from a rabid animal that was misdiagnosed could have del-
eterious and potentially fatal results. Variability in the rabies
genome is greater than at the protein level, and thus small
changes in the viral RNA may affect the sensitivity of the
assay. The DFA detects protein epitopes of the nucleocapsid,

which is much more likely to be conserved than the small
viral RNA molecules targeted by the molecular assays.
Taken together, the establishment of a primary real-time
RT-PCR diagnostic assay requires extensive research, col-
laboration, and validation.

Antemortem Diagnosis of Animal Rabies
It is possible to apply the methods described for the ante-
mortem diagnosis of human rabies to suspect animals as well.
Skin biopsy has been demonstrated to be particularly sen-
sitive when applied to biopsy specimens taken from the
snouts of terrestrial carnivores, which permits examination
of the innervation of the tactile hairs (117). However, the
same limitations apply to antemortem diagnosis in animals
since all tests can remain negative well into or throughout
the clinical period, and negative results do not rule out rabies
infection. Rabies cannot be reliably diagnosed by current
methods during most of the incubation period. Claims that
molecular testing of the saliva of a biting animal can be used
for decisions of bite management are false, as rabies virus
may be shed in saliva sporadically prior to and during the
clinical period (24). Therefore, these tests are of little value
for public health decisions and should never be a substitute
when circumstances require a 10-day observation or eutha-
nasia and the examination of brain tissue.

Rabies Virus Variant Typing
Methods that characterize the antigenic and genetic attri-
butes of rabies virus isolates and the rabies-related lyssa-
viruses now enable the laboratory to identify the virus
variants responsible for epizootics as well as individual cases
of rabies in animals and humans. Distinctive differences in
the variants responsible for the major terrestrial outbreaks
worldwide, the numerous bat rabies variants, the laboratory
strains of rabies virus, and the rabies-related lyssaviruses are
distinguishable by either antigenic or molecular typing.
Rabies variant identification yields a greater knowledge of
the epizootiologic relationships between the virus and the
vectors, allowing the development of more effective animal-
contact guidelines and rabies-control strategies. Reaction
patterns in indirect DFA, employing panels of monoclonal
antibodies specific for unique viral nucleocapsid epitopes,
permit such discrimination (118). The immunofluorescence
assays can be performed on brain tissue of the original rabies-
infected tissue or mouse- or cell culture–passage virus.
Genetic analysis permits more precise detail of the evolu-
tionary relatedness of isolates, investigation of the spatial
and temporal changes that may occur, and particularly, the
measure of similarity among virus isolates. This is accom-
plished by the extraction, transcription, and amplification of
the RNA of an isolate by RT-PCR and the subsequent se-
quence analysis of the cDNA nucleotide or amino acid se-
quence for the entire or partial nucleocapsid or glycoprotein
genes. Sequence deposition on GenBank (119) allows for
the sharing, comparison, and identification of variant iden-
tity. Using computer algorithms to perform pairwise com-
parisons, estimates of genetic identity can be calculated and
expressed as percent homology among isolates. Molecular
epidemiologic studies by many investigators are reviewed
thoroughly by Trimarchi and Nadin-Davis (120), with a
description of the complex relationships among genotype 1
rabies viruses and the other lyssavirus genotypes.

Rabies Antibody Assay
Assays to identify and quantitate rabies antibody in serum
from humans and animals serve numerous functions in rabies
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diagnosis and control. Serologic testing for rabies-specific
antibodies is performed on human serum to determine the
response to pre- and postexposure vaccination and to de-
termine the timing of booster vaccinations to maintain a
rabies-immune status. Evidence of rabies antibody in serum
and cerebrospinal fluid (CSF) is used in the antemortem
diagnosis of rabies in humans. Antibody detection in human
and animal vaccinees is used in vaccine efficacy trials and in
the evaluation of field wildlife vaccination campaigns. Long
quarantines for cats and dogs entering rabies-free countries
can be reduced if an immunologic response can be confirmed
by this means.

Because these antibody tests are generally employed to
measure immune status, the most widely used assays measure
neutralizing antibodies. Neutralization assays using vary-
ing serum dilutions and constant virus challenge are most
commonly employed. Dilutions of heat-inactivated serum
are combined with a standardized amount of rabies virus and
then incubated for 1 hour at 37°C. The inoculation of mice
or cell cultures is performed after incubation to demonstrate
residual live virus. The mouse inoculation test developed in
1935 (105) is a very reproducible method, still employed in
some laboratories, and is used as the standard to evaluate
other procedures.

The commonly used cell culture virus neutralization
techniques are those in which residual virus is demonstrated
by immunofluorescence in the inoculated cell monolayers.
The most widely employed test for human postvaccinal titer
determination is the rabies fluorescent focus inhibition test
(121). This technique determines the serum neutralization
end point titer by a mathematical calculation of the number
of viral-induced fluorescent foci remaining after incubation
of the challenge virus at serum dilutions of 1 to 5 and 1 to 50.
While results may be given as reciprocals of the calculated
end point dilution, they are often expressed in terms of in-
ternational units (IU) of neutralizing activity determined on
each test by the titration of a standard reference serum.
Alternative in vitro methods that determine the last dilution
of the patient’s serum that neutralizes the virus challenge,
similar to the standard mouse test, are also utilized and
generally report titers in international units (122).

Other serologic tests are employed to identify the pres-
ence of rabies antibodies, particularly for research and vac-
cine evaluation procedures. A high degree of sensitivity and
specificity are reported with an enzyme-linked immunosor-
bent assay (ELISA) directed against whole virus for the
measurement of antibodies (123). The rabies G protein
should compose the immunosorbent for the ELISA. A
competitive ELISA, using a neutralizing monoclonal anti-
body, reportedly achieves a high degree of sensitivity,
freedom from the need for species-specific intermediate
antibodies, and a measurement of neutralizing antibody
(124). Because agreement between ELISA and neutraliza-
tion tests is not always consistent, ELISAs should not be
used to make human therapeutic decisions.

Diagnosis of Human Rabies
Despite the dire prognosis in rabies infection, testing should
be done in all cases of acute, progressive human encephalitis
of unknown etiology, even in the absence of a history of bite
exposure. As a result of the efficacy of modern PEP regimens,
human rabies cases in the United States and other developed
nations are no longer commonly associated with vaccine
failure. Also in these regions, rabies prophylaxis is provided
in all cases of known exposures and even in most cases of
suspected exposure to rabies. Therefore, human cases are

most often identified in the absence of a clear history of a
suspicious animal bite or other exposure. In numerous recent
human rabies cases in the United States, the disease was not
suspected or diagnosed during the clinical illness and was
only recognized postmortem and sometimes after a lengthy
delay (60).

The possibility of a successful outcome from a novel
therapeutic approach to a human rabies infection was
demonstrated in the recovery, following treatment with in-
duced coma and antiviral drugs, of a Wisconsin teenager in
2004 (see the discussion in Clinical Rabies above). It is
likely that a delayed diagnosis would reduce the efficacy of
such treatments (66). Antemortem diagnosis is also a valu-
able tool to permit early identification and PEP of family and
health-care staff potentially exposed by contact with the
patient’s saliva. Antemortem diagnosis also aids in patient
management and allows the family to prepare for the high
likelihood of a fatal outcome from the disease. The post-
mortem diagnosis of rabies in cases of fatal encephalitis of
unknown etiology is critical to gain greater knowledge of the
prevalence of rabies encephalitis in humans, the frequency
of failure of pre- and postexposure vaccination, and the
probable vectors and variants that pose the greatest risk to
human health.

Early laboratory confirmation of a clinical diagnosis is
essential for prompt initiation of PEP therapy. A retrospec-
tive study investigating 142 human rabies cases in North
America, South America, Europe, Africa, and Asia reported
that molecular assays were the most sensitive in identifying
antemortem cases in humans. The best samples for ante-
mortem diagnosis were saliva and skin biopsies (125). This
report also noted that bat-acquired rabies is more often
misdiagnosed than dog-acquired rabies. The most likely
factor contributing to this variation is the often unrecog-
nized exposure to rabies from a bat contact (126), whereas a
dog bite is considerably more traumatic and memorable.
Although brain biopsy would be the most sensitive ante-
mortem diagnostic method, the risks associated with the
procedure make its use uncommon. There are numerous less
invasive intravitam tests that can assist in the diagnosis of a
rabies infection. Magnetic resonance imaging may be helpful
in the antemortem diagnosis of rabies (127). However, rabies
virus, its antigens, and rabies RNA do not move centrifu-
gally away from the CNS during the incubation period and
only slowly during the clinical period (24). Similarly, hu-
moral antibody responses may not occur during the incu-
bation period and are generally not demonstrable until the
second week of clinically recognizable illness. Antemortem
diagnosis is therefore attempted by the analysis of numerous
tissues by several methods searching for rabies-specific an-
tibody in serum or CSF or viral antigen, live virus, or viral
RNA in body fluids (saliva), peripheral nerves (skin biopsy),
or epithelial cells (corneal impression). Antigen detection
can best be accomplished by DFA performed on a full-
thickness skin biopsy specimen taken from the nape of the
neck and including several hair follicles (128). DFA can also
be used to demonstrate rabies antigen in corneal impression
slides (129). It is recommended that corneal impressions be
taken by an ophthalmologist because of the risk of corneal
abrasions. Virus isolation by MIT or cell culture inoculation
can be applied to saliva and CSF. An antibody assay can be
performed by a neutralization test, ELISA, or indirect fluo-
rescent antibody test on serum and CSF. Care should be
taken in the interpretation of the indirect fluorescent anti-
body test for rabies antibody determination in CSF (130)
and the ELISA procedure (131) as false-positive results have
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been reported. Molecular methods can be included when
investigating the presence of viral RNA in saliva, skin bi-
opsy specimens, corneal impressions, or CSF (see Molecular
Methods in Rabies Diagnosis, above). The demonstration of
rabies antigen by DFA or rabies virus RNA in any solid tissue
or saliva, the presence of rabies antibody in serum and CSF,
or the isolation of rabies virus from any tissue is confirmatory
of rabies infection. Antibody in serum alone may not be
indicative of clinical rabies in a patient with a known or an
unclear history of rabies vaccination or very recently treated
with RIG.

The samples necessary to identify the presence or absence
of antibodies are 1 milliliter or more of CSF and serum,
submitted in a plastic tube or vial. The skin biopsy specimen
can be submitted on a gauze sponge moistened with sterile
physiologic saline and sealed in a small plastic container.
Corneal impression slides should be submitted in a plastic
slide container with the surface of the slide containing the
impression clearly marked. A 1-milliliter sample of frank
saliva should be collected in a plastic sputum jar. Alter-
natively, a buccal swab can be taken and submitted im-
mersed in a tube containing 1 milliliter of sterile saline. All
of these samples can be stored at - 80°C and shipped on dry
ice. Postmortem testing methods for human rabies are similar
to those described for animals. If the patient dies and an
autopsy is performed, the ideal samples for postmortem di-
agnosis are 1 cubic centimeter each of unfixed cerebellum
and brain stem preserved by refrigeration or freezing. The
storage of specimens in any fixative (formalin, methanol,
etc.) is not advised and can impede testing and/or render the
diagnosis unreliable. Samples must be shipped on dry ice
packaged in compliance with applicable federal shipping
guidelines for diagnostic specimens. International Air
Transport Association guidelines that characterize rabies
virus as a “biological substance, category B” in clinical
specimens and as a “biological substance, category A” are
followed only when the virus has been cultured.

The laboratory should be contacted immediately when
human rabies is suspected. If original samples collected
during the first week of symptoms do not disclose evidence of
rabies infection, it must be understood that this does not
conclusively rule out rabies and that repeat samples may be
necessary because antemortem tests may remain negative
well into the clinical period. A review of 32 human rabies
deaths in the United States from 1980 to 1996 (60) showed
that rabies was not suspected in 12 individuals and was only
diagnosed after death. Of the remaining 20 cases, antemor-
tem evidence of rabies was found by one or more tests in 18
cases. Antibody to rabies was detected in 10 of 18 patients
tested, and virus was isolated from saliva in 9 of 15 cases.
Rabies RNA was detected by RT-PCR in each of the 10
patients tested by this molecular method. However, nested
PCR was required in almost all cases to detect the extremely
small amounts of viral RNA in the samples collected ante-
mortem. Antigen was demonstrated by DFA in nuchal skin
from 10 of 15 patients tested and in corneal impressions from
2 of 7 patients tested. In another report (132), rabies RNA
was detected in 4 of 9 saliva samples tested with a nonnested
RT-PCR assay.

Diagnostic Best Practices
Rabies is often included in the differential diagnosis of an
encephalitic patient, even in the absence of a bite from a
rabies vector species. The application of new therapies,
palliative patient care, and the treatment of individuals
potentially exposed to the patient are reasons driving the

need for a timely diagnosis of rabies in humans. Algorithms
have been established by the International Encephalitis
Consortium for guidance as specific etiologies are identified
in fewer than 50% of cases, in part due to a lack of consensus
on case definitions and standardized diagnostic approaches
(133). Laboratory testing should be coordinated through
local or regional public health departments as rabies diag-
nosis, especially antemortem human diagnosis, is performed
in specialized laboratories at the state or federal level. Spe-
cific recommendations, including patient information forms
for a possible human rabies case, may be found at the CDC
website (134). Antemortem diagnosis is attempted by the
analysis of numerous tissues by several methods searching for
rabies-specific antibody in serum or CSF or viral antigen,
live virus, or viral RNA in body fluids (e.g., saliva), pe-
ripheral nerves (e.g., skin biopsy), or epithelial cells (e.g.,
corneal impression). It is essential that all four diagnostic
specimens (e.g., serum, CSF, saliva, and nuchal skin biopsy)
be submitted on dry ice to the rabies diagnostic laboratory.
Corneal impressions are optional but can be diagnostic if
positive on the DFA procedure. The specimens should never
be preserved in any fixative as this can destroy or reduce the
sensitivity of diagnostic procedures. The submitter should
contact the rabies laboratory by phone with the intent to
submit rabies suspect specimens, as these conversations
are essential in determining a timeline for laboratory re-
sults and confirmation that appropriate guidelines are fol-
lowed. Negative results on specimens will not necessarily
rule out rabies in the patient, as specimens can remain
negative well into the clinical period, and tests may need to
be repeated.
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VIRAL CLASSIFICATION AND BIOLOGY
Arboviruses (arthropod-borne viruses) are a biologically
defined category of viruses that almost exclusively have
RNA genomes. Most of the 100 medically important arbo-
viruses belong to five families: Togaviridae, Flaviviridae,
Bunyaviridae, Rhabdoviridae, and Reoviridae. A single genus
in the family Orthomyxoviridae (Thogotovirus) and a single
DNA virus in the family Asfarviridae (African swine fever
virus) are also members of the group. The arboviruses include
approximately 40 serological groups based on antigenic
cross-reactivity. These viruses are unique in that they gen-
erally require cycling between disparate hosts (i.e., verte-
brates and hematophagous arthropod vectors). Mosquitoes
and ticks are the most common invertebrate vectors, while
less common vectors include biting midges and sandflies.
Some viruses, such as vertebrate-only flaviviruses (Rio Bravo
virus, for one) and insect-only alpha- and flaviviruses (Kamiti
River virus, for one) are not transmitted between dispa-
rate hosts.

Togaviridae and Flaviviridae are spherical, enveloped par-
ticles 60 to 70 nm and 40 to 50 nm, respectively, in diam-
eter, with icosahedral symmetry, containing single-stranded
positive sense RNA. The genera Alphavirus and Flavivirus
contain three structural proteins, which are organized in the
genome with distinctly different replication strategies, dis-
cussed later. Bunyaviridae are pleomorphic, enveloped par-
ticles, 80 to 120 nm in diameter, with helical symmetry,
containing three-segmented single-stranded negative sense
RNA. Reoviridae are naked, double-capsid, spherical parti-
cles, 60 to 80 nm in diameter, with icosahedral symmetry,
containing 10 to 12 segmented double-stranded RNA, with
seven structural proteins. Rhabdoviridae are enveloped, he-
lical (bullet-shape), single-stranded negative sense RNA, 75
by 180 nm with four structural proteins. Arenaviridae and
Filoviridae may also be considered arboviruses. The former
are enveloped spherical particles containing two segments of
negative-sense single-stranded RNA, the latter pleomorphic
particles predominantly filamentous containing negative-
sense single-stranded RNA. In this chapter, we will focus on
the families Togaviridae, Flaviviridae, and Bunyaviridae.

Togaviridae
The family Togaviridae comprises four genera, Alphavirus (26
species), Rubivirus (one species), Pestivirus (three species),

and Arterivirus (one species) (1). The alphaviruses (sum-
marized in Table 1) include at least seven antigenic com-
plexes: Western equine encephalitis (WEE), Eastern equine
encephalitis (EEE), Venezuelan equine encephalitis (VEE),
Middelburg, Ndumu, Semliki Forest, and Barmah Forest (2).

Alphavirus RNA is infectious and can initiate replication
in a susceptible host. When alphavirus RNA is released into
the cytoplasm of the host cell, the 49S RNA serves as
mRNA for translation of three of the four nonstructural
proteins and as template for transcription of replicative in-
termediate RNA. Replication takes place in the cytoplasm
of the infected cell. The genome contains two open reading
frames. The nonstructural proteins (nsPl, nsP2, nsP3, and
nsP4) are translated directly from the 5¢ two-thirds of the
genomic RNA, and the structural proteins (capsid, E1, E2,
and E3) at the 3¢ end are translated from a subgenomic
mRNA, 26S RNA. A junction region is situated between
the structural and nonstructural regions. E2 contains the
major neutralization epitope, while El contains the major
fusion activity (3).

Alphavirus Classification
Old World and New World viruses appear to have diverged
between 2,000 and 3,000 years ago (4). There are 31 dif-
ferent virus species in the genus Alphavirus (5) (http://www.
ictvonline.org/virustaxonomy.asp), comprising the seven
virus complexes listed above. Eastern equine encephalitis virus
(EEEV) is the sole species in the EEE antigenic complex
composed of four lineages; North and South American
antigenic varieties can be distinguished serologically (6),
geographically, epidemiologically, ecologically, genetically,
and by level of pathogenicity. Because of clear biologic and
genetic differences, South American EEEV (lineages II, II,
and IV) was recently reclassified as a separate species named
Madariaga virus (MADV) (7). North American EEEV (lin-
eage I) is found mainly in the eastern United States, Canada,
and the Caribbean Islands (8), and the isolates form a highly
conserved lineage. In addition to MADV, there are old re-
ports of EEEV isolations made in the Philippines, Thailand,
the Asiatic region of Russia, and the former Czechoslo-
vakia (9).

Members of the WEE complex represent a monophyletic
group. The complex includes the prototype virus, Western
equine encephalitis virus (WEEV), as well as Buggy Creek virus,
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Fort Morgan virus, and Highlands J virus (HJV) in North
America; Aura virus (AURAV) in South America; and
Sindbis virus (SINV) and Whataroa virus (WHAV) in the
Old World. AURAV is most distant by neutralization test
(5). HJV is the sole representative of this complex on the
east coast of the United States. WEE complex viruses have
not been reported in tropical regions of Central America.
Genetic variation among selected WEEV strains isolated in
California since 1938 were analyzed by sequencing the E2
protein, and four major lineages were identified (10). WEEV
arose by a single-recombination event within the E3 gene
between a member of the EEEV lineage and the Sindbis virus
(SINV) lineage, approximately 1,300 to 1,900 years ago.
The envelope glycoproteins and a portion of the 3¢ non-
translated region are derived from a SINV-like ancestor,
while the capsid and nonstructural proteins are derived from
the EEEV ancestor. AURAV, a New World member in the

WEE complex, SINVandWHAV, two Old World members,
are not recombinants.

The VEE complex, the sister group of EEE, includes se-
ven different species, of which Venezuelan equine encephalitis
(VEEV) is the type species (11). Within the complex, six
antigenic subtypes (I to VI) have been defined, and subtype I
is composed of five varieties: AB, C, D, E, and F (5, 12).
Each subtype maintains either an enzootic or an epizootic/
epidemic life cycle (12–14). Most enzootic strains cycle
between rodents as reservoir hosts and Culex sp. mosquito
vectors, and although equines cannot be infected (15),
human infections are increasingly seen (16). Epizootic spe-
cies, subtypes IAB through IE, cause epidemics in horses and
other animals of agricultural importance. Most human cases
of VEEV result from spillover into the human population
from an epizootic outbreak. Humans are only incidental and
usually dead-end hosts. Other species in the complex include

TABLE 1 Family Togaviridae (pathogenic to humans)

Genus Subclassification
Representative

viruses

Transmission cycle
Geographic
distribution

Clinical
syndrome

Primary
vector(s)

Primary
amplifying hosts

Alphavirus WEE antigenic
complex

WEEV Culex tarsalis;
Aedes
albofasciatus
(S America)

Primary: birds
Secondary:

mammals

Americas Fever, headache,
stiff neck,
vomiting,
lethargy. May
progress to
disorientation,
seizures and coma

SINV Culex spp.
and birds

Passerine birds Africa, Asia,
Europe,
Australia

Rash, mild
fever, arthritis

WHAV Culiseta tonnoiri;
Culex pervigilans

Birds New Zealand Possibly influenza-
like symptoms

EEE antigenic
complex

EEEV Culiseta melanura
(Coquillett)

Passerine birds Americas Encephalitis

VEE antigenic
complex

VEEV Enzootic: Culex spp.;
Epizootic: Aedes,
Psorophora,
Mansonia spp.,
others

Enzootic:
rodents

Epizootic:
horses

Americas Encephalitis

Semliki
Forest
group

CHIKV Sylvatic cycle:
Ae. africanus

Epidemic cycle:
Ae. aegypti and
Ae. albopictus

Sylvatic cycle:
forest
primates

Epidemic cycle:
humans

Africa, Latin
America,
India, SE Asia

Rash, arthritis

RRV Ae. vigilax and
Culex
annulirostris

Macropods;
humans

Australia,
South Pacific

Rash, arthritis

MAYV Haemogogus spp.
mosquitoes

Primates,
rodents, birds

South America Rash, arthritis

ONNV Anopheles funestus
and Anopheles
gambiae

Humans, Sylvatic
hosts unknown

Africa Rash, arthritis

SFV Ae. africanus Primates Africa Rash, arthritis
Barmah
Forest
virus group

BFV Culex annulirostris/
Coquillettidia
linealis

Wallabies/
kangaroos

Australia Fever, malaise,
rash, joint
pain, muscle
tenderness

WEEV, Western equine encephalitis virus; SINV, Sindbis virus; WHAV, Whataroa virus; EEEV, Eastern equine encephalitis virus; VEEV, Venezuelan equine encephalitis virus;
CHIKV, Chikungunya virus; RRV, Ross River virus; MAYV, Mayaro virus; ONNV, O’Nyong Nyong virus; SFV, Semliki Forest virus; BFV, Barmah Forest virus.
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such viruses as Everglades virus, Mucambo virus, and Pixuna
virus in subtypes II, III, and IV, respectively. Subtypes V and
VI also exist as subtypes with single virus members.

Chikungunya virus (CHIKV) is a member of the Semliki
Forest virus group, as is Ross River virus (Australia) and
Semliki Forest virus (Africa). In 2013, the Asian genotype
of CHIKV expanded its range to the New World after
having been limited in distribution to the Old World before
then (17).

Flaviviridae
The family Flaviviridae contains four genera: Flavivirus,
which contains 67 human and animal viruses, Hepacivirus,
Pegivirus, and Pestivirus. Only members of the Flavivirus
genus are vector-borne, but not all flaviviruses are trans-
mitted by arthropods. Flavivirus virions are small, generally
~50 nm in diameter, enveloped, and spherical, with a capsid
surrounded by a host-derived lipid membrane containing
two glycoproteins, the envelope (E) and the major antigenic
determinant membrane protein (M). The viral RNA con-
sists of single-stranded positive sense RNA ~11 kb in length,
containing a single open reading frame that is translated
into a single polyprotein. The polyprotein is co- or post-
translationally processed by cellular and viral proteases into
three structural proteins, capsid (C), premembrane (prM),
and envelope (E), at the 5¢ end of the genome and seven
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) at the 3¢ end that are involved in RNA
replication and virus assembly (18, 19). Flaviviruses bind to
the surface of host cells via the large surface glycoprotein E
and enter the cell through receptor-mediated endocytosis.
Acidification within the endosome triggers fusion of the
viral and cell membranes and release of the nucleocapsid
into the cytoplasm. Viral RNA is uncoated and used for
translation and processing of the polyprotein and replication
of the genome. Immature noninfectious viral particles are
assembled by budding of nascent nucleocapsids together
with proteins prM and E into the lumen of the endoplasmic
reticulum. Virus maturation occurs during transport through
the host cell secretory system, by cleavage of protein prM
by the host cell protease furin in the trans-Golgi network.
Mature infectious particles are released from the cell by
exocytosis (20, 21).

Flaviviruses
Members of the genus Flavivirus (summarized in Table 2) fall
into several distinct ecologic groups: mosquito-borne (Culex
or Aedes), tick-borne, agents that infect arthropods only, or
those that infect vertebrates only (Rio Bravo virus) (22). The
genus was originally divided serologically into eight anti-
genic complexes (23, 24). Molecular genetic analyses have
upheld the original antigenic and ecologic groupings; that
is, mosquito-borne viruses dividing into viruses maintained
in Culex–bird transmission cycles and causing neurologic
disease, Aedes–primate transmission cycles causing hemor-
rhagic disease, and the tick-borne flaviviruses forming a
separate group. West Nile virus (WNV), an example of the
Culex group viruses, is made up of approximately five line-
ages based on nucleotide sequence and phylogenetic analy-
sis (25–27); however, lineage 3, represented by Rabensburg
virus, from mosquitoes collected at the border of Czech
Republic and Austria (28) appears to infect only mosquitoes
naturally. Dengue virus (DENV), an example of the Aedes
transmitted group, consists of four antigenically distinct se-
rotypes, DENV-1, DENV-2, DENV-3, and DENV-4.

Tick-borne flaviviruses can be divided into mammalian,
seabird, and Kadam tick-borne flavivirus groups (29). The
mammalian tick-borne virus group was originally referred
to as the tick-borne encephalitis serocomplex. Tick-borne
viruses share a common ancestor with the other flaviviruses
(30), and while closely related overall to each other, they
are genetically divergent, widespread, and epidemiologically
important (31, 32). Powassan virus (POWV) is the most
genetically divergent member of the Tick-borne encephalitis
(TBE) antigenic complex (24). The virus exists as two co-
existing lineages, POWVand Deer tick virus (DTV) (33, 34).
The genetic distance between these two viruses (16% nu-
cleotide difference) suggests they diverged and evolved in-
dependently into two distinct ecological niches from a single
origin (35). Viruses from both lineages have been responsi-
ble for human illness (34, 36). POWV and DTV appear to
be genetically stable over time (34, 37) and distance (38),
suggesting evolutionary constraint consistent with other
arboviruses.

Bunyaviridae
The family Bunyaviridae comprises more than 300 viruses,
with membership usually based on antigenic interrelatedness
or morphological similarity. The family is divided into five
genera: Orthobunyavirus, Phlebovirus, Nairovirus, Hantavirus,
and Tospovirus, with the last of these infecting only plants
(Table 3). Bunyaviruses are single-stranded RNA viruses.
The RNA is negative sense and 13 kb in length. The virion
is small, generally 90 to 100 nm in diameter, enveloped, and
spherical with a helical capsid. Some bunyaviruses use
ambisense coding (Nairovirus and Phlebovirus). Glycopro-
tein projections on the surface, 5 to 10 nm, contain the
hemagglutinin and virus neutralization epitopes. The ge-
nome of bunyaviruses consists of three segments of single-
stranded, negative-sense RNA, designated large (L), medium
(M), and small (S). The L segment encodes a large poly-
peptide, the L protein, which has been shown to have rep-
licase and transcriptase activities (39, 40). The M segment
encodes a polyprotein that undergoes posttranslational
proteolytic cleavage to give rise to virion surface glycopro-
teins G1 and G2, and a nonstructural protein called NSm
(41–43). The S segment encodes two proteins, the nucleo-
capsid (N) protein and a nonstructural protein (NSs). These
proteins are encoded in overlapping reading frames from the
same mRNA (44). The virion surface glycoproteins have
been implicated in many of the important biological prop-
erties of bunyaviruses, including virulence, attachment, cell
fusion, and hemagglutination (45). Neutralizing antibodies
are directed against epitopes on the G1 glycoprotein. The
N protein encapsidates one copy of each RNA segment,
forming nucleocapsids that each contain a few molecules of
L protein. It is believed that the N protein induces the for-
mation of complement-fixing antibodies upon infection of
an appropriate mammalian host.

Bunyaviruses (summarized in Table 3) can cause severe
disease: hemorrhagic fevers, as with Crimean-Congo hemor-
rhagic fever virus (CCHFV); encephalitides, as with La Crosse
virus (LACV); or severe respiratory distress syndrome, as
with hantaviruses.

EPIDEMIOLOGY
Arboviruses, which are found worldwide, have complex
life cycles, with different families of arboviruses having
exploited distinct niches with specific arthropod vectors and
vertebrate hosts. Many arboviruses are zoonotic; that is, they
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are maintained in an amplification (or enzootic) cycle be-
tween mosquitoes and vertebrates (e.g., WNV and EEEV).
Other arboviruses can be transmitted between mosquitoes
and humans without an enzootic cycle (e.g., DENV and
CHIKV). This latter group may also have a sylvatic enzootic
cycle. Transmission is predominantly seasonal with the
greatest intensity of transmission taking place in the summer
and early fall as a consequence of the biology of their vectors.
Mosquitoes are the major vectors, but ticks, phlebotamines,
and Culicoides spp. may also be important. Transmission may
be peroral through arthropod saliva containing virus, verti-

cal (transovarial or transstadial), mechanical, or in some
cases through co-feeding of uninfected arthropods in close
proximity to infected ones.

Risk factors for infection with arthropod-borne viruses
include exposure during outdoor activities or poor living
conditions, travel to endemic areas of the world, and blood
transfusion/organ transplantation, especially under immu-
nosuppression. Accurate incidence of disease is difficult to
assess since in general most cases are subclinical. Outbreaks
and epizootics occur not only with seasonal changes in
vector abundance, but also due to climate change, travel,

TABLE 2 Family Flaviviridae

Genus Subclassification
Representative

viruses

Transmission cycle
Geographic
distribution

Clinical
syndrome

Primary
vector(s)

Amplifying
host(s)

Flavivirus Japanese
encephalitis
virus group

WNV Culex spp.
mosquitoes

Birds Africa, Asia,
Europe,
Americas

Mild (fever, headache,
arthralgia) to severe
(meningitis,
encephalitis)

JEV Culex
tritaeniorhynchus

Birds, swine Asia, Pacific Mild (headache, cough,
nausea) to severe
(encephalitis)

MVEV Culex annulirostris Water birds Australia Fever, headache,
encephalitis

SLE Culex spp.
mosquitoes

Birds Americas Fever, headache,
meningitis,
encephalitis

Yellow fever
virus group

YFV Sylvatic cycle:
Haemogogus spp.
Epidemic cycle:
Aedes aegypti

Sylvatic cycle:
nonhuman
primates

Epidemic
cycle:
humans

Africa, South
America

Fever, chills, body ache,
jaundice, bleeding,
multiple organ failure

Dengue
virus group

DENV-1
DENV-2
DENV-3
DENV-4

Aedes aegypti
and Ae.
albopictus

Humans Worldwide
in tropics

Mild (fever, headache,
joint and muscle
pain, rash) to severe
(vomiting, bleeding,
hemorrhage,
organ failure)

Spondweni
virus clade

ZIKV Aedes spp. Nonhuman
primates

Africa, SE Asia,
Micronesia,
South America

Asymptomatic or rash,
fever, arthralgia,
conjunctivitis

Mammalian
tick-borne
virus group

TBEV Ixodes ricinus,
Ix. persulcatus

Rodents Europe, Asia Benign meningitis
to severe meningo-
encephalomyelitis

DTV Ixodes scapularis White-footed
mice

North America Fever, headache,
encephalitis

POWV Ixodes cookie,
Ix. marxi

Woodchucks,
squirrels

North America,
Far East Asia

Fever, headache,
encephalitis

OHFV Dermacentor spp.;
Ixodes persulcatus

Rodents,
especially
muskrats
and voles

Siberia Chills, fever, bleeding,
hemorrhage,
encephalitis

KFVD Haemaphysalis
spinigera

Porcupines, rats,
squirrels, mice,
shrews

South Asia High fever, hemorrhagic
symptoms,
gastrointestinal
bleeding

WNV,West Nile virus; JEV, Japanese encephalitis virus; MVEV,Murray Valley encephalitis virus; SLEV, St. Louis encephalitis virus; YFV, Yellow fever virus; DENV, Dengue
virus; ZIKV, Zika virus; TBEV, Tick-borne encephalitis virus; DTV, Deer Tick virus; POWV, Powassan virus; OHFV, Omsk hemorrhagic fever virus; KFDV, Kyasanur forest
disease virus.
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and increases in human population and urbanization. Cli-
mate change can induce an increase of vector populations,
for example, expansion of the range of the mosquito Aedes
albopictus, an important vector of DENV and CHIKV.
Introductions of arboviral diseases to distant regions have
been attributed to an increase in frequency and speed of
travel by which infected mosquitoes or infected animals or
humans may be transported via air travel or in cargo ships.
Population expansion in many regions of the world is also
an important factor in the epidemiology of arboviral dis-
ease. Expansion of urban populations into sparsely inhab-
ited areas can result in a dramatic effect on the ecology of
the region, allowing expansion or invasion of arbovirus
vectors. Population gains result also in urban crowding,
leading, for example, to increases in sewage and poor water
drainage, which promote excellent breeding sites for mos-
quito vectors.

Arboviruses survive dry season in tropical environments
or winter cold in temperate environments where vectors live
throughout the entire year. Alternatively, virus can be per-
petuated by vertical transmission from parent arthropod to
progeny or survive by chronic infection of a vertebrate host.

Containment of the spread of arboviral diseases can be
addressed best by surveillance (costly, labor intensive),
vector control (insecticide resistance and cost of programs
may be limiting), education and training, and immunization
programs. Integrated approaches are important to consider
because arboviral disease causes significant morbidity and
mortality worldwide and high cost due to loss of human and
animal life.

Alphaviruses

Eastern Equine Encephalitis Virus
North American EEEV was first isolated in 1933 by C. Ten
Broek from the brain of an infected horse in Delaware
during an equine outbreak (46). The virus is maintained in
an enzootic cycle between passerine birds and ornithophilic
mosquitoes, principally Culiseta melanura, in freshwater
hardwood swamps in the Atlantic and Gulf Coast states and
the Great Lakes region of the United States. Human cases are
rare, but severe; infection is more common in equines, even
though a formalin-inactivated equine vaccine (Ft. Dodge) is
available.

TABLE 3 Family Bunyaviridae

Genus Subclassification
Representative

viruses

Transmission cycle
Geographic
distribution Clinical syndrome

Primary
vector(s)

Amplifying
host(s)

Ortho-
bunyavirus

California
serogroup

LACV Aedes
triseriatus

Chipmunks
and squirrels

North America Mild (nausea, headache,
vomiting) to severe
(seizures, coma,
paralysis, brain damage).

Nairovirus Crimean-Congo
hemorrhagic
fever serogroup

CCHFV Ixodid ticks,
especially
Hyalomma

Wild and
domestic
vertebrates,
especially cattle,
goats, sheep,
and hares

Europe, Asia,
Africa

Mild febrile syndrome
to vascular leak,
multiple organ failure,
shock, and hemorrhage

Phlebovirus Sandfly fever
Sicilian

serocomplex

RVFV Aedes and
Culex spp.

Livestock Sub-Saharan
Africa, Yemen

Mild (fever, muscle
pains, headache)
to severe (meningitis,
encephalitis,
hemorrhagic fever,
eye disease)

Sandfly fever
Naples

serocomplex

SFNV Phlebotomine
sandflies

Humans
and small
rodents

Mediterranean
basin

Myalgia, headache, fever

TOSV Phlebotomus
spp.

Humans
and small
rodents

Mediterranean
basin, esp.
Italy

Mild (fever, myalgia) to
severe (meningitis,
encephalitis)

Bhanja virus
serocomplex

HRTV Amblyomma
americanum

Unknown Missouri,
Tennessee,
Oklahoma

Fever, lethargy, headache,
myalgia, diarrhea,
arthralgia

SFTSV Haemaphysalis
longicornis
ticks

Unknown Northeast
and Central
China

Fever, vomiting,
diarrhea,
multiple
organ failure,
thrombocytopenia,
leukopenia, and
elevated liver
enzyme levels

LACV, La Crosse virus; CCHFV, Crimean-Congo hemorrhagic fever virus; RVFV, Rift Valley fever virus; SFNV, Sandfly fever Naples virus; TOSV, Toscana virus; HRTV,
Heartland virus; SFTSV, Severe fever with thrombocytopenia syndrome virus.
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Venezuelan Equine Encephalitis
The VEEV antigenic complex is comprised of six distinct
subtypes, I to VI, which occur in the western hemisphere
(47). Large outbreaks of epizootic subtypes IAB and IC
occurred in Central and South America, emerging from
subtype ID via a mutation in E2 glycoprotein (48). Horses
are most severely affected, with approximately 50% devel-
oping encephalitis, but numerous and diverse animal species
may become infected. Virus is maintained in an enzo-
otic cycle through which it is transmitted predominantly
between rodents and other smaller mammals and Culex
melanoconion mosquitoes. Epizootic VEEV is transmitted
predominantly by Aedes and Psorophoramosquitoes to horses
and humans and other vertebrates. A licensed live attenu-
ated vaccine, TC-83, exists for horses.

Chikungunya Virus
CHIKV is widespread in Africa, Asia, and since 2013, the
Caribbean and the Americas; thus, it is now both a New
World and Old World virus. Epidemics historically have
been cyclic, re-occurring every 7 to 20 years. A large out-
break of the Central East South African (CESA) strain
commenced in 2004 in Kenya, then spread to islands of the
Indian Ocean and to Asia. In 2007, the first autochthonous
European outbreak occurred in Italy (49, 50), facilitated by a
mutation in the E1glycoprotein gene, which resulted in the
A226Vamino acid change that allowed the virus to be more
efficiently transmitted by the invasive mosquito species,
Aedes albopictus. The virus that invaded the western hemi-
sphere is the Asian genotype as opposed to the CESA strain,
although a CESA strain without the A226V mutation has
also been detected in Brazil.

Sindbis Virus
SINV was first isolated in 1952 near Cairo, Egypt, and has
since been found throughout the Old World. The virus is
maintained in an avian–Culex spp. cycle. It consists of five
genotypes, with isolates from Europe and South Africa
(SINV-I), Australia (SINV-II), East Asia (SINVIII), Azer-
baijan and China (SINV-IV), and New Zealand (SINV-V)
(51). All human infections are from the SINV-I genotype,
with cases reported from Sweden (Ockelbo disease), Finland
(Pogosta disease), Western Russia (Karelian fever), and
South Africa (Sindbis fever) (52).

Other Alphaviruses
Mayaro virus causes a dengue-like illness in South America;
its enzootic cycle involves canopy mosquitoes and nonhu-
man primates. Ross River virus and Barmah Forest virus both
occur in Australia and cause severe arthralgia. The natural
host appears to be large marsupials in rural areas. WEEV is
rarely detected anymore; similar to St Louis encephalitis virus
and WNV in the western United States, its primary vector is
Culex tarsalis and its host is wild birds.

O’Nyong Nyong virus, whose primary vector is anophe-
line mosquitoes, first appeared in 1959 in Uganda, causing
an epidemic that spread into Kenya, Tanzania, and Zaire and
affected over 2 million people. Its primary symptoms are
polyarthritis, rash, and fever, and it is not fatal.

Flaviviruses

Dengue Virus
Dengue is the most prevalent arboviral disease of humans,
present in pandemic proportions throughout most tropical
and subtropical regions. Approximately 50% of the world

population resides in areas at risk for infection. Infection by
any one of four antigenically distinct serotypes, DENV-1,
DENV-2, DENV-3, or DENV-4, results in lifelong protec-
tion against the infecting serotype, but protection is not
cross-reactive among serotypes, and subsequent infection by
another serotype can cause more severe forms of disease:
dengue hemorrhagic fever or dengue shock syndrome. All
four DENV serotypes are present in most endemic countries
(hyperindemicity). The virus is maintained in an enzootic
cycle between humans and predominantly Aedes aegypti
mosquitoes. Aedes aegypti is an urban mosquito residing in
household dwellings, and its population is expanding along
with expansion of the human population. Aedes albopictus, a
highly invasive species, can also transmit the virus.

DENV epidemics were reported first in the 1700s on
three different continents, indicating that the virus was al-
ready widespread. Further expansion occurred during the
18th and 19th centuries along with escalation of the ship-
ping industry (53). After World War II another expansion of
the disease occurred as air travel became more common. In
the last 50 years the incidence of DEN disease has increased
30-fold, and today more than 2 million cases occur annually
(54). One study that used case records paired with risk maps
estimated 390 million infections per year worldwide, of
which 96 million were clinical or subclinical (55). The se-
verity of infection varies, based on serotype, genotype, and
human factors. Many infections being nonapparent and the
mortality rate being comparatively low (5%) contribute to
the global impact of the disease being underestimated. The
overwhelming spread of DENV has been attributed to three
principal drivers, namely urbanization, globalization, and
lack of effective mosquito control (56). Without effective
control, spread will continue, and it is imperative that efforts
be made to mitigate the economic, social, and public health
burden of the disease. To address these issues the WHO
proposed a Global Strategy for Dengue Prevention and
Control, 2012–2020 (54). Its objectives focus on reducing
morbidity and mortality of the disease and developing a true
estimate of disease burden. Mortality can be reduced to zero
by early and efficient diagnosis, effective treatment (in-
cluding intravenous rehydration), staff training, and ex-
pansion of capacity. Public health surveillance would play an
important role in risk assessment and outbreak preparedness.
Vector control is a critical component of prevention for all
mosquito-borne arboviruses. It is interesting to note that
effective vector control to eradicate Ae. aegypti initiated
during construction of the Panama Canal to contain Yellow
fever virus (YFV) was successful until the United States,
followed by other countries, lost interest in the effort, after
which a resurgence in DEN took place (56). Promising ap-
proaches under evaluation include Wolbachia-infected Ae.
aegypti (57), release of males carrying a lethal gene (Oxi-
tech), and vaccines in trial (58).

West Nile Virus
WNV is currently the most widely distributed arbovirus in
the world, occurring on all continents except Antarctica.
The virus was first isolated from the blood of a febrile woman
in the West Nile district of Uganda in 1937 (59). Prior to
1996, occasional epidemics occurred in Africa, Eurasia,
Australia, and the Middle East, but few cases of neurological
disease were observed (60). Virus activity increased notice-
ably from 1996 to 1999 in the Mediterranean basin, south-
ern Romania, and the Volga delta in southern Russia; then
in 1999, WNV was introduced into the Western Hemi-
sphere, where it spread rapidly in the United States, Canada,
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and Central and South America over the next 4 years.
WNV is now the leading cause of encephalitis in the United
States and Canada.

Worldwide, WNV is maintained in nature in an enzootic
cycle between ornithophilic mosquitoes and competent
susceptible avian hosts. Epizootics/epidemics occur in horses
and humans, but these incidental hosts are considered dead-
ends because the level of viremia is below the threshold
required to infect mosquitoes. Genus Culex mosquitoes are
the major vector globally; in the United States it has been
estimated that Culex species are responsible for 80% of
human WNV infections (61). Birds belonging to the order
Passeriformes are the major amplification hosts. In 2000
alone, WNV infection in 55 species of birds was reported to
ArboNet (62).

Lineage 1 WNV is the most geographically widespread.
Lineage 2 contains strains isolated predominantly in sub-
Saharan Africa and Madagascar, including the prototype
1937 Ugandan isolate. Until 2008, severe West Nile neu-
rological disease in humans had been almost exclusively
associated with lineage 1 strains, but since 2004, lineage 2
strains have been found circulating in Central, Southern,
and Eastern Europe and have been responsible for major
outbreaks in Hungary, Austria, Greece, Romania, Italy, and
the Volgograd region of Russia (63–65). Using BEAST
(Bayesian Evolutionary Analysis Sampling Trees) analysis
May et al. (66) determined that Africa is the source of WNV
introduced in all areas, usually by independent events. This
analysis implies that both NY99 strain of WNV and the
1998 Israeli isolate widely believed to be its progenitor were
introduced separately most likely from Africa. Migratory
birds play a major role in the spread of WNV throughout the
world. Migratory routes from Africa to Europe and Asia are
well understood, and WNV and antibodies have been iso-
lated from migrating species (67, 68). Successful spread of
the virus by birds is dependent on avian viremia that is
sufficiently high and long lasting to survive the journey and
be infectious to mosquitoes.

Japanese Encephalitis Virus (JEV)
JEV is transmitted to humans through the bite of infected
Culex species mosquitoes, primarily Culex tritaeniorhynchus.
The virus is maintained in a cycle between mosquitoes
and vertebrate hosts, especially pigs and wading birds.
Humans are incidental or dead-end hosts because the con-
centration of JEV in their bloodstream is too low to infect
mosquitoes. Virus transmission occurs primarily in rural ag-
ricultural areas, often associated with rice production and
flooding irrigation. In some areas of Asia, these conditions
can occur near urban centers. In temperate areas of Asia,
virus activity is seasonal. Human disease usually peaks in the
summer and fall. In the subtropics and tropics, transmission
can occur year-round, often with a peak during the rainy
season.

Yellow Fever Virus
YFV originated in Africa and spread to North and South
American ports via the importation of infected Ae. aegypti
vectors on sailing ships. YFV is now predominantly found in
Africa and South America. The virus is maintained in an
enzootic cycle between canopy dwelling mosquitoes and
nonhuman primates and an urban cycle between Ae. aegypti
and humans. An additional intermediate cycle, the savan-
nah cycle, has also been identified in Africa between Aedes
species mosquitoes and humans.

Other Important Flaviviruses Include Zika Virus,
Murray Valley Encephalitis Virus (MVEV),
and Tick-Borne Encephalitis Virus (TBEV)
TBEV in the United States (i.e., Powassan virus) is trans-
mitted by several Ixodes species (e.g., Ix. scapularis, Ix. cookei,
and Ix. marxi) and in Europe (i.e., Central European TBEV)
by Ixodes ricinus (69). There have been rare reports of
transmission through unpasteurized milk of Central Euro-
pean TBEV. Zika virus is an emerging flavivirus transmitted
between Aedes species and nonhuman primates and is en-
demic to Africa and Asia (70). It was first detected outside
this region in 2007 and occasional cases have been noted
since then, as in French Polynesia, and in tourists returning
from areas where the virus is active. In May 2015, a sub-
stantial outbreak occurred in Brazil, the first in the Americas
(www.cdc.gov/zika). MVEV can be found in Australia and
Papua New Guinea, where it is maintained in a bird-Culex
cycle.

Bunyaviridae
Most bunyaviruses, with the exception of hantaviruses, are
transmitted in nature by arthropods, most frequently mos-
quitoes but occasionally phlebotomine sandflies, midges,
and ticks. Vertebrate reservoirs have been demonstrated for
some viruses. In others, transovarial transmission is thought
to play a dominant role in virus maintenance. Humans are
not known to be a natural reservoir for any of these viruses,
with the probable exception of Sandfly fever virus.

Orthobunyavirus
California serogroup viruses have been isolated in North and
South America, Africa, Europe, and Asia. They are found in
tropical, temperate, and Arctic regions. Based on serological
relationships, viruses in the genus Orthobunyavirus have
been divided into 16 serogroups and include more than 150
viruses. Although antigenically closely related, these viruses
are maintained in nature in distinct cycles involving pre-
ferred arthropod vectors and vertebrate hosts. Transovarial
transmission also is thought to be critical to the maintenance
of the viruses, particularly in the Arctic. LACV is main-
tained in an amplification cycle between Aedes triseriatus
mosquitoes and chipmunks (Tamias striatus) and squirrels
(Sciurus carolinensis) as the principal vertebrate hosts.

Phlebovirus
Rift Valley fever virus (RVFV) was first isolated in 1930 as part
of a large outbreak among sheep in East Africa (71). This
virus is transmitted most commonly by mosquitoes of the
Aedes species considered “reservoir/maintenance” vectors,
and Culex species, considered “epidemic/amplifying” vec-
tors, but it is also capable of infecting ticks and a variety of
flies. RVFV is endemic in nearly all the countries in sub-
Saharan Africa. Isolated human cases and large epidemics
(domestic livestock and human) have been described in
several countries, and the virus has most recently been
detected in the Arabian Peninsula (72).

Nairovirus
CCHFV was first recognized in the Crimean peninsula
during an outbreak of hemorrhagic fever among agricultural
workers (73). The same virus was isolated in 1956 from a
single patient in present day Democratic Republic of Congo,
leading to the name (74, 75). Ixodid ticks of the genus
Hyalomma are the principal vector. Although animals and
humans can be infected, only the latter develop the disease.
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The virus is transmitted by tick bite but human-to-human
transmission of the virus is very characteristic.

Other Medically Important Bunyaviruses
Severe fever with thrombocytopenia syndrome virus (SFTSV) is
an emerging tick-borne Phlebovirus isolated in China, Japan,
and Korea that causes disease with a high fatality rate. The
virus appears to be undergoing a recent population expan-
sion (76).

CLINICAL SIGNIFICANCE
Arboviruses are important human and veterinary pathogens
and are the cause of emerging and re-emerging diseases
worldwide. Members of the generaAlphavirus, Flavivirus, and
Bunyaviridae in particular cause infections with symptoms
ranging from mild fever to respiratory illness, febrile illness,
arthritis, encephalitis, hemorrhagic disease, shock, and even
death.

Togaviridae; Alphaviruses
Alphavirus infections occur worldwide with New World
alphaviruses in general causing rare cases of encephalitis in
the Americas and large outbreaks of polyarthralgic illness in
other parts of the world especially Asia and Africa. Alpha-
viruses are important pathogens of humans and horses and
have the potential to be used as agents of bioterrorism. In
this genus, EEEV and VEEV are the main causes of en-
cephalitis (77), whereas CHIKV and SINV cause arthralgia,
rash, and malaise.

Eastern Equine Encephalitis Virus
Among the alphaviruses, EEEV has the lowest incidence in
humans but has the highest fatality rate (50% to 70%).
Following an incubation period of 4 to 10 days, symptoms
begin with a sudden onset of fever, headache, and muscle
pain. In severe cases encephalitis occurs, which may be ac-
companied by fever, headache, vomiting, respiratory symp-
toms, seizures, hematuria, and coma.

Venezuelan Equine Encephalitis
Infections occur mainly in Central and South America.
VEEV has the lowest fatality rate in humans (<1%), mainly
in children. Epidemic strains of VEEV cause febrile illness,
although most infections lead to mild clinical signs. The
symptoms of neurological disease in patients infected with
VEEV, especially children, include disorientation, ataxia,
depression, and convulsions.

Chikungunya Virus
Outbreaks involving hundreds of thousands of individuals
have occurred in the Indian subcontinent. In general, after
an incubation period of 2 to 6 days, 95% of CHIKV infec-
tions are symptomatic and patients suffer from polyarthralgia
and myalgia. The acute phase of infection includes a ma-
culopapular rash, fever, and intense muscle and joint pain
(78). Polyarthralgias and neurologic manifestations can last
for weeks to years after the infection (79). In newborns and
the elderly the virus has caused encephalitis, with symptoms
including headache, altered mental status, seizures, sensory
abnormalities, and motor dysfunction. Central nervous sys-
tem (CNS) complications such as encephalitis and febrile
seizures are common in children infected with CHIKV. The
fatality rate is up to 10%, although in individuals over 65 it
can be as high as 33% (78). Because CHIKV circulates in
DEN-endemic regions and the symptoms mimic those of

DEN, CHIKV was long underdiagnosed and its importance
not appreciated (80). However, the 2006 Indian epidemic
has shown that CHIK is a dangerous and emerging arboviral
disease that can cause significant morbidity and mortality
and huge economic losses (81). In addition, it has become
established in the Caribbean and has the potential to be-
come established in the Americas where it can be trans-
mitted by Ae. aegypti and Ae. albopictus.

Sindbis Virus
Infections by SINV have mainly been reported from
Northern Europe with large outbreaks involving thousands
of cases in Finland (82). The infection is known as Pogosta
disease in Finland (83), Ockelbo disease in Sweden (84),
and Karelian fever in Russia (85). Sindbis fever is usually
mild and resolves spontaneously. The symptoms include
low-grade fever, rash, headache, arthritis, malaise, muscle
pain, and fatigue (86, 87). Arthritis can persist for months to
years (88).

Other Alphaviruses
Mayaro virus (MAYV) circulates strictly in South America
and is closely related to CHIKV. It produces a similar de-
bilitating disease characterized by rash and arthralgia. In
addition, because it produces a DEN-like illness with symp-
toms including fever, chills, headache, eye pain, myalgia,
and gastrointestinal signs, it is often misdiagnosed as DEN.
However, unlike DENV, it can cause severe arthralgia
that can persist for months (89) and it does not cause fatal
disease.

Ross River virus (RRV) and Barmah Forest virus (BFV) are
endemic throughout Australia and also cause regular out-
breaks. RRV is responsible for the most significant numbers
of disease cases in Australia. RRV infection is characterized
by polyarthritis, arthralgia, myalgia, fatigue, fever, and rash
(90). In addition, approximately half of those infected suffer
from lethargy, joint pain, stiffness, and swelling for 6 to 12
months after infection. The symptoms of BFV infection are
similar to RRV infection except that arthritis is more com-
mon with RRV and rash is heightened and seen more fre-
quently in cases of BFV infection (91).

Flaviviridae; Flavivirus
In the genus Flavivirus, YFV, DENV, JEV, and WNV are of
greatest interest because they cause the majority of hu-
man disease. Tick-borne flaviviruses, in particular TBEV, are
among the medically most important arboviruses in Europe
and Asia where 10,000 to 15,000 cases of tick-borne en-
cephalitis are reported annually.

Dengue Virus
The number of dengue cases in the Americas increased
fivefold between 2003 and 2013, according to the Pan
American Health Organization/WHO. Between 2009 and
2012, over 1 million cases were reported annually, on aver-
age, with more than 33,900 severe cases and 835 deaths.
One of the worst years for dengue in the hemisphere’s history
was 2013, with 2.3 million cases, including 37,705 severe
cases and 1,289 deaths. By comparison, the number of cases
reported region-wide in 2003 was 517,617.

Thousands of cases are annually reported in Africa, the
Middle East, and Asia.

Dengue presents as a spectrum of symptoms and has been
classified as dengue with and without warning signs and
severe dengue. In young children dengue infection causes a
nonspecific febrile illness. In older children and adults it
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causes a classic fever-arthralgia-rash syndrome. The onset of
fever is abrupt and is accompanied by muscle and joint pain,
retro-orbital pain, photophobia, and lymphadenopathy.
Recovery is fairly rapid. The symptoms of dengue with
warning signs (also referred to as dengue hemorrhagic fever)
include abdominal pain, vomiting, mucosal bleeding, leth-
argy, fluid accumulation, and liver enlargement. Severe
dengue (also referred as dengue shock syndrome) also in-
cludes severe plasma leakage leading to shock, thrombocy-
topenia, bleeding, and organ failure. Patients with warning
signs and the more severe forms of disease require hospital-
ization, and therefore, it is important to recognize at-risk
individuals during the triage process.

Severe dengue is strongly associated with secondary in-
fections (92). The incidence of severe disease has increased
due to the sympatric circulation of multiple DENV serotypes
(hyperendemicity) and the antibody-dependent enhance-
ment of macrophage infection by cross-reacting antibodies
leading to severe disease (93, 94).

West Nile Virus
WNV is the leading cause of arboviral encephalitis in the
United States (95), but the virus is distributed circumglob-
ally (96). Most human WNV infections are asymptomatic
although 20% to 30% of cases result inWest Nile fever. West
Nile fever develops after an incubation period of 3 to 14 days
and is characterized by fever, headache, back pain, fatigue,
arthralgia, and myalgia (97). In some cases anorexia, vom-
iting, diarrhea, retro-orbital pain, and pharyngitis have also
been observed (98). In approximately half of West Nile fever
cases, especially in children, a maculopapular rash is also ob-
served. Serious cases can result in hepatitis, myocarditis, and
pancreatitis (99). Neuroinvasive disease with a mortality
rate of 10% is the outcome in less than 1% of West Nile in-
fections. Older individuals are more susceptible to develop
neuroinvasive disease and to die of the infection. In 60% of
cases in which the CNS is infected, patients develop en-
cephalitis; in the remaining cases, they develop meningitis
(100). The symptoms of West Nile encephalitis may include
muscle weakness, acute flaccid paralysis syndrome, seizures,
or cerebellar ataxia (98, 99). Survivors of West Nile en-
cephalitis frequently suffer long-term neurologic and cog-
nitive impairment, including muscle weakness, insomnia,
depression, confusion, headache, and myalgia.

Japanese Encephalitis Virus
In Asia an estimated 35,000 to 50,000 cases of viral en-
cephalitis and 15,000 deaths are attributed to JEV each year
(101). Most infections are asymptomatic, and the clinical
disease can vary from minor to severe. The minor febrile
illness can include headache, cough, nausea, vomiting, rig-
ors, and diarrhea, whereas severe disease can include me-
ningoencephalitis, meningitis, acute flaccid paralysis, and
severe encephalitis. Seizures are common in children. In
approximately 30% of severe cases long-term sequelae
such as persistent motor deficits, behavioral problems, and
learning difficulties are observed.

Yellow Fever Virus
Tens of thousands of human cases of YFV infection occur
each year in Africa. Yellow fever presents with high fever,
chills, headache, back and muscle aches, dizziness, anorexia,
nausea, and vomiting. The disease may resolve or develop
further to high fever, epigastric pain, jaundice, renal failure,
bleeding, and death following prolonged shock.

Other Important Flaviviruses
Zika virus is closely related to YFV and is occasionally as-
sociated with human disease. The virus circulates in Africa,
Asia, most recently in Brazil, and produces a flu-like illness
associated with high fever, malaise, dizziness, anorexia, retro-
orbital pain, edema, rash, conjunctivitis, lymphadenopathy,
and gastrointestinal manifestations (102, 103). Human in-
fections of MVEV are generally subclinical, although in-
fections are more common and severe in children. Clinically
the symptoms can include sudden onset of fever, nausea,
headache, vomiting, seizures, and CNS dysfunction. The
mortality rate is 15% to 31%. The disease caused by Kunjin
virus (WNV lineage 1b) is generally similar to that caused by
MVEV. However, it is typically milder and not as deadly
(104). Both viruses are endemic in northwest Australia
(105).

Medically the most important tick-borne flavivirus is
TBEV, which has three subtypes distributed throughout Asia
and Europe. The severity of disease caused by TBEV is de-
pendent on the strain, infectious dose, and the age of the
patient. Older patients are more prone to developing severe
meningo-encephalomyelitis with neurological difficulties
and possibly death. Children are more likely to suffer from
benign meningitis. Disease caused by several other tick-
borne flaviviruses have been reported, but these are in
general restricted to local areas. Examples include Louping
ill virus in the British Isles, Omsk hemorrhagic fever virus in
Western Siberia, Powassan virus in North America and Far
Eastern Siberia, and Langat virus in Southeast Asia.

Bunyaviridae
Many viruses in the Bunyaviridae family are significant
pathogens of humans and cause illness ranging from mild
infection to severe disease including hemorrhagic fevers,
pulmonary disease, and encephalitis.

Crimean-Congo Hemorrhagic Fever Virus
After DENV, CCHFV is the second most widespread of
all medically important arboviruses. Onset of symptoms is
sudden with fever, headache, myalgia, photophobia, vo-
miting, diarrhea, and agitation followed by depression, las-
situde, and hepatomegaly and occasionally hepatitis or liver
or pulmonary failure. Petechiae are common, and in severe
cases hemorrhagic manifestations are observed. CCHFV has
a mortality rate of up to 30% in humans (106). In the United
States historically there have been 42 to 174 cases of en-
cephalitis reported each year, although this number may be
an underestimation of actual cases.

La Crosse Virus
In general, LACV infection is a nonspecific febrile illness,
but in a minority of children the disease progresses to acute
encephalitis characterized by headache, fever, vomiting, stiff
neck, and infrequently coma. Seizures occur in about half
the cases, and epilepsy develops in 10% of cases. The case
fatality rate for LACV encephalitis is approximately 0.3%,
and approximately 2% of cases develop persistent paresis,
cognitive deficits, and neurobehavioral sequelae such as
hyperactivity.

Rift Valley Fever Virus
Outbreaks of RVFV with human involvement have occurred
in sub-Saharan eastern Africa, South Africa, Sudan, Egypt,
and West Africa including Mauritania (107, 108). Infection
with RVFV can be asymptomatic or it can cause a range of
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diseases including retinitis, hepatitis, renal failure, en-
cephalitis, hemorrhagic fever, and death (109, 110). Less
than 1% of infections result in encephalitis. Symptoms of
RVFV encephalitis include disorientation, drowsiness, se-
vere headache, stiff neck, convulsions, paraparesis or hemi-
paresis, and coma (109, 111). The case fatality rate is
approximately 10% to 20% (109).

TREATMENT AND PREVENTION
Apart from some exceptions, which are discussed below,
there are generally no antivirals or vaccines available to
protect or treat humans against arboviruses (112). The main
method of disease prevention is therefore avoidance of in-
fection by reducing exposure of humans to mosquito and tick
vectors.

Treatment
Carbodine, which is a carbocylic analogue of cytidine, has
been shown to have potential as an antiviral agent against
VEEV (113), although cytotoxicity has been demonstrated.
In addition, interfering RNAs have been shown to inhibit
VEEV in cell culture (114), and their use is being investi-
gated for developing antivirals for many other RNA viruses
including CHIKV (115). There are currently no recognized
antiviral therapies for CHIKV infection, although anti-
inflammatory drugs are prescribed to treat the debilitating
arthralgia.

Treatment for JEV infection involves supportive care
because there are no specific antivirals available. Potential
therapeutics including minocycline and curcumin are under
investigation for their antiviral and neuroprotective results
(116–118). Similarly, there are no antivirals against WNVor
DENV. Some candidate therapeutic agents including riba-
virin in combination with pegylated interferon drugs, hu-
manized monoclonal antibodies and interferon alpha 2b,
and immunoglobulin with high titer against WNV (Omr-
IgG-aM) are under investigation (100, 119, 120).

There are no antivirals against bunyaviruses. However,
ribavirin has been used off label to limit the severity of
LACV infection because it is believed to inhibit infection by
inhibiting RNA-dependent RNA polymerase.

Vector Control
Vector elimination and control is very difficult even in re-
source-rich nations. Vector control must rely on sustainable,
community-based, integrated mosquito control, with lim-
ited reliance on insecticides. The best preventive measures
for residents living in areas infested with Ae. aegypti is to
eliminate the places where the mosquito lays her eggs,
primarily artificial containers that hold water. Insecticide
spraying has not proven very effective, and emergence of
resistant mosquitoes is a major concern. Large-scale vec-
tor control measures can often be expensive, impractical,
harmful to the environment, and controversial. There are
some common methods of vector control, and these include
controlling vector habitat, limiting contact with vectors,
and using biologics or chemicals to control vector popula-
tions. To prevent an increase in mosquito populations,
some simple steps to take can be performed by individuals
and communities, such as preventing standing water, re-
moving rubbish, and cutting down weeds and vegetation.
To limit contact with vectors, it is recommended that in-
dividuals wear light-colored clothes that cover the body,
use window screens and bed nets, and limit time spent
outdoors especially at dusk when mosquitoes are most active.

Large-scale aerial spraying using approved insecticides is
performed in certain areas against WNV and EEEV with
permission from the relevant authorities. However, this
practice can be problematic because of the harmful effects
on the environment and the development of resistance to
insecticides.

Vaccination
Alphaviruses
Several vaccines are under development for the alphaviruses
CHIKV, VEEV, EEEV, and WEEV, although only experi-
mental vaccines are currently available for humans. Equine
vaccines are in use for VEEV, EEEV, and WEEV in some
countries and help reduce infections in horses. The vaccine
for EEEV and WEEV consists of formalin-inactivated virus
that is available as a double vaccine. The development of
several CHIKV vaccines including safe nonreplicating vac-
cines; live attenuated vaccines (121), which can induce
rapid and long-lived immunity after one dose; and chimeric
vaccines (122) is underway. In the nonreplicating vaccine
category are inactivated whole virus (123), DNA (124),
virus-like particles (123), and adenovirus-based vectors (125).

Flaviviruses
JEV is the only encephalitis-causing virus for which vacci-
nation of large human populations is promoted, particularly
in Asia, where it has improved the control of the virus. Most
vaccines are derived from infected mouse brain, although
a cheaper inactivated cell culture–derived vaccine is also
available (126–128). There are no human vaccines for
WNV, although an equine vaccine is in use (129).

An effective human vaccine (17D) was developed for
YFV in 1937 (130). Despite the availability of this vaccine, a
significant number of infections occur in Africa on an an-
nual basis. There are currently no licensed vaccines for
DENV, although a phase 3 efficacy trial of a tetravalent
recombinant, live, attenuated vaccine (CYD-TCV) looks
promising (131). To ensure immunity to all serotypes of
DENV, a vaccine is required that produces solid and long-
lived tetravalent immunity. The problem with producing
a vaccine against only one serotype is that there is a risk
of infection with a different DENV serotype, which may
increase the risk of antibody-dependent enhancement of
immunized individuals. Chimeric vaccines in which immu-
nogenic genes that encode envelope and membrane proteins
from DENVare exchanged for equivalent genes in YFV have
been developed and are being investigated (132, 133). The
ChimeriVax-Dengue vaccine is a tetravalent vaccine com-
posed of four recombinant, live, attenuated vaccines each
using the 17D YFV as a replicative backbone to carry genes
encoding structural proteins from one of the four DENV
serotypes (134). This vaccine had an efficacy of 56% in a
phase 3 trial that included 10,275 children and is expected
to be licensed shortly based on the encouraging results
(134).

A tetravalent vaccine prepared from monovalent
DENV1-4 was attenuated following passage in primary dog
kidney cells (135) and subsequently in fetal rhesus lung
cells (136). The initial vaccine was tested in phase 1 and 2
clinical trials. Various formulations of the DENVax vac-
cine, which is also a live attenuated vaccine attenuated by
serial passage, have been developed and are currently in
clinical trials (137) . Directed mutagenesis is used in atten-
uation for the Tetra-Vax dengue vaccine (138). The muta-
tions that are introduced are chosen to reduce reactogenicity
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and toxicity while maintaining immunogenicity. In addition
to the live attenuated vaccines described thus far, inacti-
vated whole virus vaccine that does not pose a risk of re-
version to virulence has also been under investigation (139).
Multiple expression systems have been used to produce re-
combinant subunit vaccine candidates mainly based on the
E protein of DENV (140). Tetravalent formulations of the
recombinant proteins have been evaluated as potential
vaccine candidates (141). Viral-like particles (142) and
virus vectors such as adenoviral vectors (143) have been
studied as carriers of DENV vaccine antigens and have had
some success in eliciting an antibody response in mice.
Finally, DNA vaccines consisting primarily of the DENV E
protein as the target antigen have shown some protective
immunity in mice (144). As discussed, there have been
many approaches to DENV vaccine development. Currently
the live attenuated vaccines are in the most advanced stages
of clinical trials and in all likelihood a tetravalent DENV
vaccine will be licensed in the next 5 to 10 years (145).

Several vaccines have been developed based on in-
activated purified TBEV (32). The use of these vaccines has
successfully reduced the rate of tick-borne encephalitis cases
in Russia, Austria, and elsewhere in Europe.

Bunyaviruses
There are no antivirals or vaccines for bunyaviruses except
for vaccines that have been developed for veterinary use to
protect against RVFV.

DETECTION AND DIAGNOSIS
Arboviral disease is fairly rare in the United States but more
widespread globally. Many different agents, including fungal,
bacterial, and viral agents, cause similar symptoms. In mild
cases, nonspecific flu-like symptoms occur, and in severe
cases, meningitis, encephalitis, and hemorrhagic fevers are
seen. Therefore, determining a diagnosis based on symptoms
alone is very difficult. It is crucial, however, to make a spe-
cific diagnosis because it helps determine treatment strate-
gies and allows the prediction of virus activity and institution
of control steps to prevent potential outbreaks. The most
important prevention strategies are vector management,
vaccination programs, and public awareness campaigns. The
first step to establishing a diagnosis for arboviral disease is to
determine an in-depth case history. This includes time of
year, location, travel history, occupation, activities, contact
with animals, ticks or mosquitoes, vaccination history, and
immune status of the patient. In temperate climates, arbo-
viral diseases usually occur in warmer months when ar-
thropods are present. In warmer climates and in the tropics,
infections can occur year round. Therefore, travel history
and occupations that require outdoor work should prompt
the need for arboviral testing. The selection of arboviruses to
be tested will also depend on the location of the patient. As
discussed above, many arboviruses are geographically dis-
tributed in certain regions of the world. Therefore, it would
be prudent to test for a subset of arboviruses that are relevant
to the location of the patient at the time of infection (Fig.
1), keeping in mind travel history (146).

The choice of specimen, timing of collection, transport
and storage of the specimen are important factors in ensuring
that a successful diagnosis is made. In general a blood or
serum specimen is collected, and if there is CNS involve-
ment then cerebrospinal fluid (CSF) is also collected. It is
important to understand the stages of viremia and when to
expect the appearance of IgM and IgG (147). During the

viremic phase of the disease, viral nucleic acid can be
detected in CSF and serum for approximately 1 to 5 days
post onset (Fig. 2). Specimens collected during this acute
phase of the disease are most appropriate for molecular
analysis. Viral nucleic acid, especially RNA, is subject to
degradation. Therefore, specimens should be refrigerated or
kept on cold packs and delivered to the diagnostic laboratory
in a timely fashion. In a primary infection, approximately 5
days post onset, IgM antibodies appear and remain detect-
able for over 3 months (Fig. 2). IgG antibodies appear weeks
post onset, rise, and remain high for years (Fig. 2). In a
secondary infection, IgG antibodies rise rapidly and re-
main high, while IgM antibodies are significantly lower.
These timelines must be considered in the timing of speci-
men collection and in what test is performed and how it is
interpreted (148).

Diagnostic testing for arboviruses have been performed
for many decades and fall within two main categories of
serology and viral detection. The traditional tests included
virus isolation and identification and serological tests such as
hemagglutination inhibition, complement fixation, plaque
reduction neutralization test (PRNT), and indirect fluores-
cence antibody (IFA) tests, which detect the host’s anti-
body response to the viral agent. As technology improved,
new serological tests were developed to include IgM anti-
body-capture ELISA (MAC-ELISA), IgG ELISA, anti-
gencapture ELISA, and microsphere immunoassay (MIA).
In addition, molecular assays that detect the viral genome
were utilized. Initially standard reverse transcription PCR
assays (RT-PCR) and subsequently real-time RT-PCR assays,
nucleic acid amplification tests (NAAT), and nucleic acid
sequence-based amplification tests were added to the arsenal
of tests to diagnose arboviral infections. In more recent years,
sequencing methods, especially next generation sequenc-
ing, microarrays, and liquid chromatography electrospray
ionization-tandemmass spectrometry (LC-ESI/MS/MS), have
been used as arbovirus detection systems in more advanced
laboratories. Each method has advantages and disadvan-
tages, and it is rare that onemethod would be sufficient under
any particular circumstance. In general, various combina-
tions of tests are used depending on costs, the availability of
reagents, equipment, and expertise and whether the testing
is done in the field or at a laboratory.

Routine Diagnostics for Acute Arbovirus
Infections
The significant burden of DENV and CHIKV disease world-
wide and the rapid spread of WNV in the United States
since 1999 has led to the availability of routine tests, mainly
serological tests, for these viral agents.

IgM and IgG Antibody Detection
The most widely used approach for the diagnosis of WNV
infection in humans is detection of specific IgM and/or IgG
antibodies. Routine diagnostic laboratories, generally per-
form enzyme immunoassays (EIA) and immunofluorescence
(IF)-based assays because they are rapid and reproducible
and technically simple to perform, they can be automated,
and they are specific if monoclonal antibodies are used.

Detection of IgM antibody, which is produced early in an
immune response (149), is a valuable method for detecting
acute infections. The detection of IgM antibodies in the
CSF implies a recent infection. Specific IgM antibodies to
most arboviruses are usually detectable within 10 days af-
ter onset of illness and can persist up to at least 1 year.
Many separate MAC-ELISAs have been developed for the
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detection of arboviruses (150–153), and the versatility of the
assay lends itself to combining multiple assays (146). The
latter uses broadly group-reactive monoclonal antibody
conjugates together with virus-specific antigens to detect
antibodies to different arboviruses within a genus in a single
procedure.

Commercial ELISA assays for the detection of IgG and
IGM antibodies against WNV have been available for a
number of years. For example, the PANBIOWNV IgM assay
and the Focus Technologies WNV IgM and IgG assays have
U.S. Food and Drug Administration (FDA) approval for
diagnostic purposes. These assays are comparable to IFA but
require much less time and labor and are more suitable for
testing large numbers of samples. An evaluation of the Focus
MAC-ELISA showed that it had clinical sensitivity of
100%, clinical specificity of 97.1%, and an overall false-
positive rate of 2.5% and therefore demonstrated acceptable
performance (154). Microplate-based MAC-ELISAs have
also been adapted to lateral flow tests in dipstick or cassette
format. The modifications allow the assays to be used rapidly
in the field (155, 156).

IgG antibodies are usually detectable 10 days after onset
of symptoms and can last a lifetime. Arboviral IgM is more
specific than IgG for arboviral antigens (157), and there is
significant cross-reactivity between antisera and related
heterologous antigens in the IgG ELISA. IgG ELISAs are to

be used in tandem with MAC-ELISA to produce a clearer
antibody profile for each specimen. For example, a positive
IgG and a negative IgM in a sample collected after 10 days
may indicate a previous infection at some point in time. A
convalescent sample should be collected within 2 to 4 weeks
after onset of illness for confirmatory testing.

The performance of the commercial assays should be
continuously evaluated to detect changes in assay perfor-
mance as the test population evolves (158). The European
Network for the Diagnostics of Imported Viral Diseases
collaborative Laboratory Response Network performed a
quality assurance study for the serologic diagnosis of WNV
infection in 2011 (159). The study found that the overall
analytical sensitivity and specificity of in-house and com-
mercial diagnostic tests for IgM detection were 50% and
95% and those for IgG were 86% and 69%, respectively
(159). These results indicate that acute infections may be
missed by serological tests and that flavivirus cross-reactivity
remains a challenge.

IgM and IgG IF assays are slightly less sensitive than
ELISA and MAC-ELISA. However, they remain a cost-ef-
fective and sensitive alternative for the serologic diagnosis
of WNV (154). A specific and sensitive IFA test has been
developed for YFV, making it a useful tool for rapid diagno-
sis of YFV during outbreaks and for epidemiological studies
and serosurveillance after vaccination (160). In general

FIGURE 1 Geographic distribution of arboviral diseases. The choice of tests to be performed should be relevant to the location of the
patient at the time of infection, with consideration for location of residence and travel history. Refer to Tables 1 to 3 for clinical syndromes.
Virus abbreviations: BF, Barmah Forest; CCHF, Crimean-Congo hemorrhagic fever; CE, California encephalitis serogroup (in North
America: La Crosse, Snowshoe hare, Jamestown Canyon; in Europe: Inkoo, Tahyna; in Middle East and Africa: Tahyna; in Asia: Snowshoe
hare); CHIK, Chikungunya; DEN, Dengue; EEE, Eastern equine encephalitis; JE, Japanese encephalitis; KUN, Kunjin; MAY, Mayaro; MVE,
Murray Valley encephalitis; ONN, O’Nyong Nyong; POW, Powassan; RR, Ross River; RVF, Rift Valley fever; SIN, Sindbis; SFN, Sandfly
fever Naples; SFS, Sandfly fever Sicilian; SFTS, Severe fever with thrombocytopenia syndrome; SLE, St. Louis encephalitis; TBE, Tick-borne
encephalitis; TOS, Toscana; VEE, Venezuelan equine encephalitis; WEE, Western equine encephalitis; WN, West Nile; YF, Yellow fever;
ZIK, Zika. (Modified from a figure kindly provided by Robert Lanciotti, Center for Disease Control, Fort Collins, CO.)
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though, IFA tests are not definitive because of the serologic
cross-reactivity between related arboviruses, especially flavi-
viruses.

For DENV detection the most commonly used method
for detection is MAC-ELISA in a single specimen even
though the result requires confirmation using paired sera.
Multiple studies have investigated the diagnostic perfor-
mance of commercial DENV IgM ELISAs including Panbio
dengue virus IgM Capture ELISA (Alere, Australia), Stan-
dard Diagnostics dengue virus IgM ELISA (Standard Diag-
nostics, South Korea), and InBios DetectTM IgM Capture
ELISA (InBios International, Seattle, WA) as well as the
CDC MAC-ELISA (161, 162). Dengue IgM and IgG anti-
body-based rapid diagnostic tests have been used for rapid
point-of-care diagnostics for the past two decades (163).

Commercial ELISA tests are also available for CHIKV.
Abcam (Cambridge, MA) provides an Anti-Chikungunya
virus IgM Human ELISA kit and Focus Diagnostics (Cy-
press, CA) performs IgM and IgG IFA assays.

Antigen Detection
In recent years ELISA-based tests targeting the NS-1 protein
of DENV have become commercially available. The NS-1
antigen of DENV has been detected from day 1 to day 9 post
onset of symptoms and is therefore a suitable target for de-
tecting acute infection (164). The comparison of several
commercially available assays showed the sensitivity of the
assays to range from 51% to 81% and the specificity to range
from 89% to 97% (165). The commercial test that detected
NS1/IgM/IgG (SDBIOLINETMDengueDuo, StandardDiag-
nostic Inc., Korea) simultaneously performed better than the
other tests, although a negative result should not be used to
rule out dengue for any of the NS-1 tests (165).

Epidemiologic Surveillance and Research Methods
The CDC and many of the state public health laboratories as
well as research laboratories perform more specialized diag-
nostic testing that could be more expensive and require
complex technical expertise or equipment. These laborato-
ries often perform surveillance and/or act as reference labo-
ratories and have different capabilities from commercial/
hospital diagnostic laboratories. Reference laboratories often
develop in-house assays during outbreaks and for surveil-
lance and preparedness purposes.

Virus Isolation
Virus isolation is a direct detection method and requires the
presence of replicating virus in patient specimens, such as
serum, blood, CSF, or biopsy of the brain or brain tissue in a
fatal case. Because of biosafety and biosecurity issues, many
arboviruses such as EEEV have to be handled in biosafety
level 3 (BSL3) laboratories and are considered federal select
agents. Therefore, very few diagnostic laboratories have the
facilities and capabilities to perform virus isolation. In ad-
dition, cells are expensive to purchase and maintain, and the
process is time consuming. Virus can often be isolated from
blood during the first 3 to 4 days of febrile illness when the
viremia titers peak. Virus isolation is generally performed on
Vero cells since the cell line is easy to culture, and most
arboviruses can be amplified on these cells. As an example,
alphaviruses show cytopathic effects on Vero cells within 24
hours of inoculation. Virus-positive samples are identified
further by indirect IF assay and/or RT-PCR (166).

Hemagglutination Inhibition
Since the discovery of viral hemagglutination in 1941
by Hurst and the development of a hemagglutination and

FIGURE 2 Viremia and antibody kinetics following arbovirus infection. As a guide for virologic and serologic tests, the solid lines below
the graph represent the more common results, and broken lines represent reported ranges. The markers of DENV infection have been well
studied and have proven useful for diagnostic methods (225). Viremia is generally short and spans the period of acute illness (0 to 6 days after
onset). IgM appears as viremia declines, peaks approximately 14 days after onset of disease, and may persist up to 3 months. The structural
protein, NS1 is expressed during the first 9 days of illness. IgG appears at the end of the first week of illness, slowly increases and may be
detectable over the lifetime of the individual. In secondary infections, high levels of IgG are detectable even in the acute phase of illness,
whereas IgM levels are significantly lower.
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hemagglutination inhibition (HAI) test by Salk in 1944
(167), the method has been applied to many other virus/cell
systems including arboviruses (168). The HAI assay is used
to measure the level of antibodies in a patient’s serum that
will prevent the agglutination of susceptible erythrocytes
(e.g., goose red blood cells) by inactivated antigens that are
able to attach to the erythrocyte receptors on red blood cells.
A fourfold or greater increase or decrease in titer between
the acute phase and convalescent phase serum is considered
to be diagnostic of infection (54).

Complement Fixation
The complement fixation test is based on the competition
between two antigen–antibody systems for a fixed amount of
complement leading ultimately to the lysis of erythrocytes
(169). The antibodies detected by the test are mainly IgG
antibodies that develop during the convalescent phase of
illness. Therefore, this is an appropriate test for measuring an
increase in antibodies from the acute to the convalescent
phase. The complement fixation test is rapid, reliable,
broadly reactive, and relatively cheap. However, it does not
distinguish between IgG and IgM antibodies and is not as
sensitive or specific as some newer methods such as ELISAs.

Plaque Reduction Neutralization Test
The PRNT is the most specific serological test and is
therefore used for confirmation after a positive result is ob-
tained in a less specific assay such as an ELISA (170). In the
PRNT, serial dilutions of the patient’s serum are mixed with
viral antigen of known titer (171, 172). If the patient’s serum
contains neutralizing antibody, it will bind to the viral an-
tigen and form an antigen–antibody complex. The mixture
is used to inoculate a monolayer of cells. If the viral antigen
is neutralized by antibody it will be unable to infect the cell
monolayer, and plaques will not be observed. The turn-
around time for plaque formation is usually 3 to 10 days for
flaviviruses and 1 to 2 days for alphaviruses. A positive
PRNT requires 50% to 90% reduction in titer, that is, the
greatest dilution of serum that inhibits 50% to 90% of the
plaques that would have formed had the serum not been
added. A fourfold or greater rise in neutralizing antibody titer
between acute and convalescent sera (collected 2 to 3 weeks
apart) is sufficient to establish a confirmed case of arboviral
infection. The disadvantage of performing PRNTs is that
they are labor intensive, require training, have a long turn-
around time, and require live virus—this is a problem for
performing testing for viruses such as EEEV because the virus
has to be handled in a BSL3 containment facility with select
agent security. Some of the latter issues can be overcome by
using attenuated chimeric viruses with equivalent antigenic
makeup in a relatively benign backbone such as that of
SINV (173) or the vaccine strain of YFV.

Microsphere Immunoassays
Microsphere immunoassays (MIAs) for detection of anti-
bodies to arboviruses have been developed in the past de-
cade and utilize the Luminex (Austin, TX) Multianalyte
Profiling (LabMAP) technology. The method is based on
color coding of microsphere beads to generate different bead
sets. Each bead set can be coated with a specific probe that
will recognize and detect a particular target. Laser technol-
ogy is then used to detect the identity of each bead, and
hence the probe linked to the bead and also the fluorescence
of the reporter dye captured during the assay. It is theoreti-
cally feasible to perform a multiplex MIA in one tube that
tests for any group of arboviruses found in a particular region,

as long as the viral protein targets are specific and conjugated
to microspheres with different fluorescent signals (174).
Interpretation of MIA results is made in the context of the
dates of specimen collection and illness onset, and the MIA
and/or MAC ELISA results are from convalescent speci-
mens. If the MIA result is positive, the specimen is submitted
for confirmatory testing by PRNT. MIAs have been suc-
cessfully developed for a number of viruses, including WNV,
SLEV, POWV, DENV, and JEV (174–176). Advantages of
the Luminex-based immunoassay as compared to ELISA
include multiplexed capabilities, small sample volume, less
reagent consumption, ease of use, speed, and sensitivity.

Standard RT-PCR
Standard RT-PCR has been used for decades for the detec-
tion of arboviruses although the assays may not be as sen-
sitive as real-time RT-PCR assays (177). In order for PCR to
be effective for diagnostic purposes, viral nucleic acid must
be present in the specimen. The timing of specimen col-
lection is therefore important and has to be during the vi-
remic period (generally 2 to 6 days after infection). In
addition, specimen transport and handling have to occur
under conditions in which viral nucleic acid is not degraded.
Furthermore, primers have to be selected in conserved re-
gions of the genome because strains with mismatches in the
primer binding sites will not be amplified efficiently, if at all.

Standard RT-PCR assays for the specific detection of
individual arboviruses have previously been reported and
should be performed as documented (177–180). Alter-
natively, group-specific RT-PCR assays for the detection of
members of a specific genus followed by sequence analysis for
identification of members of the group can be performed. For
example, Sánchez-Seco et al. (181) and Pfeffer et al. (182)
developed primers for the detection of alphaviruses and
Scaramozzino et al. (183) developed flavivirus universal
primer pairs in the conserved region of the NS5 gene that
allow the detection of all flaviviruses.

A multiplex platform that combines PCR and mass
spectrometry has been developed to differentiate a variety of
agents that cause similar syndromes such as encephalitis/
meningitis and hemorrhagic fevers (184). This MassTag-
PCR method uses atmospheric pressure chemical ionization
MS to read molecular weight reporter tags attached to PCR
primers (184). The method can potentially be performed on
small, portable instruments at a reasonable cost.

Real-Time RT-PCR
Real-time RT-PCR is a sensitive and specific method for
detecting viral nucleic acid. The addition of a probe se-
quence in Taqman assays increases the specificity of real-
time PCR compared to standard PCR. Real-time PCR is
rapid, minimizes the possibility of contamination, and is
amenable to high-throughput. In Taqman assays multi-
plexing is limited to the number of available fluorophores;
therefore realistically an assay would only detect a maximum
of three or four targets. The method is therefore efficient for
detecting a small subset of viruses rather than discerning
between a larger set of viruses. A multitude of assays have
been developed to detect and differentiate among arbo-
viruses and a selection of those will be discussed here. Del
Amo et al. (185) developed a one-step real-time RT-PCR
multiplex assay to detect WNV lineages 1 and 2 as well as
Usutu virus. WNV also can be differentiated from JEV by
using a one-step duplex Taqman RT-PCR assay targeting the
nonstructural protein 2A gene using one primer pair and two
probes for differential diagnosis (186). The use of inter-
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calating dyes such as SYBR Green is an alternative to probe-
based assays in real-time PCR. The use of intercalating dyes
reduces specificity by allowing the detection of variants. For
example, comparison of a Taqman and SYBR Green assay
for the detection of WNV showed that the Taqman assay
failed to detect single nucleotide variations in the probe
region while the SYBR green assay detected all variants thus
circumventing false-negative results (187). It should be
noted that the disadvantage of using intercalating dyes is
that they can generate false positive signals because they can
also bind to nonspecific double-stranded DNA.

In 2012 the FDA approved a real-time PCR assay for the
detection of DEN1 to DEN4 developed by the CDC (188).
A clinically more sensitive real-time PCR assay for the de-
tection and differentiation of DEN1-4 was reported in 2013
(189). In addition two multiplex assays were developed for
the detection and differentiation of DEN1 to DEN4, WNV,
and CHIKV (190). In this assay DEN1 to DEN4 were dif-
ferentiated using high-resolution melting analysis performed
on the same Lightcycler instrumentation following the
thermal cycling for the multiplex (190). Assays have also
been described that use degenerate primers in a real-time
PCR assay to detect flaviviruses, followed by sequencing to
identify the virus at the species level (191, 192). The dis-
advantage of using degenerate primers is that assay sensi-
tivity is somewhat compromised.

Next-Generation Sequencing
Massively parallel DNA sequencing platforms, also termed
next-generation sequencing technologies are being used
more frequently in diagnostic laboratories for pathogen dis-
covery and diagnostic applications (193, 194). Whole ge-
nome sequencing and phylogenetic analysis have been used
to detect Highlands J virus in the brain of a Mississippi
sandhill crane (195). The feasibility of using pyrosequencing
to detect DENV in Ae. aegypti mosquito pools was investi-
gated, and the method was found to be sufficiently sensitive
to perform arbovirus surveillance (196). Similarly, massively
parallel sequencing using the Personal Genome Machine
(PGM, Life Technologies) has demonstrated the potential
for this technology in assessing arbovirus ecology and eval-
uating novel control strategies (197).

In addition to whole genome sequencing, metagenomic
sequencing, which involves high throughput sequencing of
complex samples that includes nucleic acid from multiple
organisms, has been used to characterize genomes of novel
viruses (198–200). In this setting, the sequence of all the
nucleic acid species of the sample are determined and
compared with those in databases. Although these methods
reduce time, labor, and cost associated with traditional se-
quencing, the costs remain prohibitive for routine diagnos-
tics. Other challenges include the computationally intensive
analysis, in some cases the lack of reference genome, sam-
ple preparation, as well as the requirement for adequate
breadth and depth of coverage to detect low-level pathogens
in specimens. Despite these challenges next-generation se-
quencing has been used in the characterization of new
viruses, detection of unexpected viral pathogens in clinical
specimen, monitoring of antiviral drug resistance, as well as
in the investigation of diversity, evolution, and spread of
viruses, and the technology is continuously being developed
and improved.

Microarray Technology
Microarrays allow the simultaneous screening of hundreds
and even thousands of targets at the same time. The initial

development of a microarray is extremely labor intensive
because a multitude of probes have to be designed and val-
idated to ensure that they are suitable for detecting each
target of interest. After each oligonucleotide is designed and
synthesized, it is attached to the surface of a solid support
(chip). The specimen containing the target is then hybrid-
ized to the probes. In the case of RNA detection, reverse
transcription is performed to produce cDNA, and in some
cases there is an initial amplification of the target to increase
sensitivity. Probe–target hybridization is detected and quan-
tified by detection of fluorophore-labeled target. Microarrays
containing probes for various arboviruses among other agents
have been developed in recent years (201–204). In general
the use of this technology for diagnostic purposes is limited
because the sensitivity requires improvement, the probes
tiled on the arrays have to match the sequence of the
pathogen, and the technology remains costly.

DNA microarrays have also been adapted to use for
pathogen discovery. Wang et al. (205) designed a microarray
containing the most highly conserved 70-mer sequences
from every fully sequenced reference genome in GenBank.
By physically recovering viral sequences hybridized to indi-
vidual array elements and sequencing them, it is possible to
detect new members of known virus families. More recently
Berthet et al. (206) designed a resequencing DNA micro-
array (RMA) for the diagnosis of a variety of important
pathogens including arboviruses.

Microarrays can be engineered to be used in the field. As
such they need to be portable, compact, easy to use, able to
withstand harsh conditions, and cost effective. Grubaugh
et al. (207) reported the use of a portable microarray plat-
form in Thailand that successfully identified flaviviruses,
differentiated between mosquito genera, and detected
mammalian blood meals. The relative lack of sensitivity of
portable microarrays is an issue that needs to be addressed in
order for these instruments to be more widely used.

Blood-Donor Screening for Arboviruses
Transfusion-associated transmission (TAT) of arboviruses
has been documented, demonstrating the risk associated
with infection via blood transfusions (208, 209). Nucleic
acid testing (NAT) of donated blood for WNV was
implemented in the United States in 2003. Initially mini-
pools were tested, and individual specimens were subse-
quently tested in high prevalence regions (210). Despite
that, some cases of TAT, including a recent fatality, have
been reported (211). Two and a half billion people are
potentially at risk of dengue infection. However, there is
no FDA-approved test for blood supplies. In Puerto Rico
an NS1-based test was initially used, and more recently
NAT screening for DENV has been performed (212). NAT
screening for CHIKV as well as photochemical pathogen
inactivation has also been reported during the 2006–2007
epidemic in La Reunion (213). Other options include sus-
pending whole blood donations during outbreaks, post-
donation product quarantine, and deferral procedures for
donors. Resource limitation, especially in less developed
regions of the world, as well as test sensitivity are among the
most important challenges for screening blood for arbo-
viruses.

BEST PRACTICES
Many of the diseases caused by arboviruses present with
similar signs and symptoms thus making a differential diag-
nosis challenging. As discussed earlier, it is important to
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obtain a pertinent travel history of the patient and deter-
mine which arboviruses may be relevant in the case. The
appropriate diagnostic specimens to be collected if an ar-
bovirus infection is suspected are serum and CSF. The ap-
plication of PCR-based techniques in the early stages of
disease is effective for the immediate identification of the
etiologic agent because the viremia during this stage will
facilitate viral genome detection. Initially, group-specific
primers should be used to perform either conventional PCR
or real-time PCR in order to detect a specific family of
viruses and narrow down the diagnosis. Unfortunately
group-specific primers are often degenerate and therefore less
sensitive. Once a specific family has been identified, specific
primers should be used to detect the etiologic agent at the
species level. This can be done by conventional or real-time
PCR or by sequencing the PCR fragment obtained following
the group-specific PCR. Concurrently with molecular
analysis, serology should be performed to detect and monitor
the antibodies produced by the patient. MIA and MAC-
ELISA are currently the most sensitive and valuable meth-
ods for diagnostic purposes. Even so, PRNT should be
performed on acute and convalescent specimens for confir-
mation. The use of serologic tests is a problem in detecting
infection in immunocompromised individuals because sen-
sitivity of these tests may be compromised by immunosup-
pression. For example, in a fatal case of WNV viral RNAwas
detected in a chronically immunosuppressed transplant re-
cipient by NAATseveral weeks after the onset of symptoms,
but IgM and IgG ELISA tests were negative in CSF and
serum for 3 weeks post onset (214). Therefore, molecular
testing in conjunction with serology is important in immu-
nosuppressed patients with a clinical suspicion of arboviral
encephalitis.

Rapid point-of-care diagnostic tests are helpful in the
field and health care centers especially in low income
countries where funding for more complex testing may not
be available. For example, the use of the OnSite Chikun-
gunya IgM Combo Rapid Test Kit (CTK Biotech, San
Diego, CA) allowed prompt response at a tertiary facility
that would otherwise not have diagnostic testing available
during the CHIK outbreak in India in 2010 (215). In ad-
dition, rapid assays based on the identification of specific
IgM are commercially available for the diagnosis of DEN
infection in the early phase. These assays are rapid, easy to
use, and do not require skilled personnel. However, their
sensitivity and specificity are not ideal (216, 217).

Laboratories that have cutting edge technology and are
not constrained by costs may use next-generation sequenc-
ing methods to diagnose a known virus or even for discov-
ering new pathogens. Despite the many methodologies
described in this chapter, it should be noted that many cases
of arbovirus infection may remain undetected or be mis-
diagnosed. For example, despite performing extensive diag-
nostic testing, the etiology of diseases such as encephalitis
and meningitis in many patients worldwide remains un-
known (218–220). Furthermore, in regions where malaria
and typhoid are endemic, many cases of arbovirus infections/
coinfections are misdiagnosed because the clinical symptoms
are very similar (221–223).

It is clear that many challenges remain for clinical labo-
ratories and clinicians where arbovirus infections are con-
cerned. Arboviruses are a significant public health concern
and the disease burden caused by these viruses throughout
the world is tremendous (224). Many viruses in the group are
emerging and re-emerging and causing extensive epidemics.
Therefore, more research is needed in the development of

antiviral therapies and vaccine development. In addition,
diagnostic tests need to be improved and surveillance sys-
tems need to be established in areas lacking surveillance
systems and strengthened in other areas. Enhanced surveil-
lance and monitoring will assist in improving outbreak re-
sponse and in developing disease control strategies to
decrease the burden of arboviral disease worldwide.
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Zoonotic infections are infections of animals that can be
transmitted to humans. There are more than 400 viruses
with a zoonotic origin that can cause mild or severe clinical
pathology in humans. This chapter will attempt to cover a
handful of these viruses that have been especially relevant as
human pathogens: arenaviruses, Ebola virus, Nipah virus,
and Hantavirus. Arenaviruses consist of a number of species
and collectively have a worldwide distribution. They cause
mild to severe illness in humans. Filoviruses have a sylvatic
epidemiology in Africa and can spill over into humans,
where they usually cause severe illness with a high mortality
rate. Filoviruses are efficiently spread person-to-person, as
highlighted in the 2014 to 2015 urban epidemic in West
Africa. Nipah virus has caused a relatively limited number of
human cases in Southeast Asia. Nipah virus infection with
central nervous system involvement is associated with high
mortality. Hantaviruses have a worldwide distribution and
cause renal and pulmonary syndromes in humans.

VIRAL CLASSIFICATION AND BIOLOGY
Arenaviruses
Arenaviruses are spherical or pleomorphic virions with a
mean diameter of 110 to 130 nanometers. Their genome con-
sists of two single-strand RNA molecules, with ambisense
properties, named the L (large) and S (small) segments. The
L segment encodes the Z matrix protein (which appears to
be an important regulator of innate signaling pathways) and
the RNA polymerase (which encodes the viral replicative
capacity). The S segment encodes the glycoprotein precur-
sor (GPC), which is encoded in the viral-sense strand and
is crucial for cellular tropism since it contains the receptor
binding site. The nucleocapsid (N) is encoded in the viral-
complementary strand and is the main component of the
ribonucleoprotein (RNP) complex.

The genus Arenavirus includes more than 25 viral species
that are classified into two phylogenetically independent
groups: Old World (lymphocytic choriomeningitis virus
[LCMV]/Lassa complex) and New World (Tacaribe com-
plex). The human pathogens among the Old World group
consist of LCMV (discovered in 1933) (1), Lassa virus
(1969) (2), and Lujo virus (2008) (3). Recent data indicate
that different lineages of Lassa virus circulate in Africa
(South Eastern lineage in Nigeria, North Western lineage in

Sierra Leone, Guinea, and Ivory Coast). The New World
group includes Junín (discovered in 1958) (4, 5), Machupo
(1963) (5), Guanarito (1989) (6), Sabia (1993) (7), and
Chapare (2004) (8) viruses.

Filoviruses
Filoviruses are filamentous, enveloped viruses with a non-
segmented, negative-sense, single-strand RNA genome that
is 19.1 kilobases long. The genome consists of 7 genes, which
encode for the viral polymerase, structural proteins (virion
envelope glycoprotein (GP), nucleoprotein (NP), and the
VP24 and VP40 matrix proteins) and nonstructural proteins
(VP30 and VP35). Whereas the GP Marburg virus produces
one product, Ebola virus gives rise to a 60- to 70-kiloDalton
soluble protein (sGP) and a full-length protein (GP) (9,
10). The viruses have a distinctive filamentous morphology
under the electron microscope. Several features of their
molecular organization and structure linked these viruses to
members of the Paramyxoviridae and Rhabdoviridae families.
The viruses have a central core formed by the RNP complex
(RNA molecule bound by the NP and VP30, the VP35 and
the L protein), which is covered by a lipid envelope derived
from the cell plasma membrane where the three remaining
structural proteins reside (GP on the outside and VP24 and
VP40 located on the inner side of the membrane).

The family Filoviridae contains seven species, which are
comprised of five Ebola virus species and one Marburg virus
species, as well as one Cuevavirus species. A recent filovirus
phylogenetic assessment by Petersen and Holder showed
that Marburg virus appears to contain two distinct sympatric
lineages. In contrast, Ebola viruses appear to show allopatric
speciation (11).

Nipah Virus
Henipaviruses are pleomorphic, enveloped viruses with a
negative-strand RNA genome. The genome contains six
genes encoding glycoproteins F (fusion) and G (receptor-
binding), matrix protein M, nucleoprotein N, RNA-
dependent RNA polymerase L, and phosphoprotein P.
Glycoproteins F and G are required for cell entry and ad-
ditionally induce neutralizing antibodies. Serologic assays
target the antibody response to these proteins (12). The
genome is larger than that of other paramyxoviruses due to
the extended open reading frame for the P gene (12). Nipah
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virus is a member of the Paramyxoviridae family, Henipavirus
genus. Two strains of Nipah virus have been described:
Malaysian strain and Bangladesh strain. These differ at the
molecular level, with about 8% amino acid variation be-
tween the P genes (13), and may be responsible for different
epidemiology and host responses to infection.

Hantavirus
Hantaviruses are negative-strand RNA viruses with a ge-
nome consisting of the 6.5 to 6.6 kilobase large (L), 3.6 to
3.7 kilobase medium (M), and 1.7 to 2.1 kilobase small (S)
RNA segments. These segments encode the L protein, the
glycoprotein precursor (which makes viral glycoproteins Gn
and Gc via cotranslational cleavage), and the nucleocap-
sid protein, respectively. The S segment can also encode
a functional nonstructural protein (NSs) in some hanta-
viruses. Hantavirus particles are pleomorphic, lipid bilayer-
enveloped and approximately 100 nanometers in diameter.
Viral glycoproteins Gn and Gc form 6 nanometer spikes
that protrude from the viral envelope (14). Hantaviruses
are members of the family Bunyaviridae, genus Hantavirus.
This genus includes a growing number of isolated viruses,
including those that cause hemorrhagic fever with renal syn-
drome (HFRS) and hantavirus pulmonary syndrome (HFS).
Several recently recognized species have been identified only
by molecular genetic analysis.

EPIDEMIOLOGY
Arenaviruses
The epidemiology of arenaviral disease is intrinsically as-
sociated with the geographic distribution of the infected
rodents and the nature of their contact with humans. Old
and New World arenaviruses are endemic on the African
and South American continents, respectively. The excep-
tion is LCMV, an Old World arenavirus, which has world-
wide geographic distribution.

Natural host species of Lassa virus is Mastomys spp
(multimammate rat) with a geographic distribution range
limited to West Africa. Thus, Lassa fever is endemic in
Nigeria, Guinea, Liberia, and Sierra Leone and is hyperen-
demic in some regions within Nigeria and Sierra Leone.
Human case data and field studies of rodent populations
provide evidence that the range of Lassa virus includes ad-
ditional West Africa countries (15). Overall, Lassa fever has
no seasonal peaks of incidence, although seasonality has
been described in Nigeria (16). About 5 million people are
at risk for Lassa fever infection. Several hundred thousand to
up to 2 million infections and 5,000 to 10,000 deaths are
reported annually. Nevertheless, underreporting is an issue,
since over 50% of the population within the endemic area
has serologic evidence of exposure (17). There exists a do-
mestic and peridomestic cycle of transmission. The virus is
transmitted through aerosol or direct contact with rodent
excreta, oral secretions and, less commonly, by secondary
person-to-person contact (urine of infected patients, sexual
contact; i.e., direct contact), including transmission inside
health care facilities.

The natural host species of LCMV is Mus musculus
(house mouse) or Mus domesticus (common mouse), with
worldwide distribution. Mice shed virus in large quantities
in urine, feces, and respiratory secretions. A number of ser-
oprevalence studies have been performed in the Americas
and Europe, which report a prevalence of anti-LCMV anti-
bodies generally around 5% in humans, ranging between 1%

and 9%. Nevertheless, seroprevalence rates as high as 36%
have been reported from Eastern Europe (18). LCMV-related
disease is under-diagnosed/reported because laboratory test-
ing is rarely performed. Outbreaks have been associated with
exposure to pet hamsters (19). Human infections are ac-
quired through aerosol or direct contact with rodent excreta
and secretions. Person-to-person transmission has not been
documented.

Lujo virus was isolated during an outbreak of hemor-
rhagic fever in South Africa that involved secondary noso-
comial transmission. Including the index patient, there were
five cases of Lujo virus infection, four of which were fatal
(20). To date, no additional cases have been reported. The
natural host species of Lujo virus is currently unknown.

The New World arenaviruses, Junín, Machupo, Gua-
narito, Sabia, and Chapare viruses, are endemic in Argen-
tina, Bolivia, Venezuela, Brazil, and Bolivia, respectively.
The natural host species of Junín, Machupo, and Guanarito
viruses are Calomys musculinus (drylands vesper mouse), C.
callosus (large vesper mouse), and Zygodontomys brevicauda
(common cane mouse), respectively. The animal reservoirs
of Sabia and Chapare viruses remain unknown. There are an
estimated 300 to 1,000 cases of Junín virus infection annu-
ally (17). Machupo virus infections are both sporadic and
outbreak related. While 19 cases were reported during the
1990s, over 200 cases were reported from 2007 to 2008 (17).
To date, there have been 618 reported cases of Guanarito
virus infection, as well as a single human case each of Sabia
and Chapare virus infection; both were fatal (17). As with
Old World arenaviruses, human infections are usually the
result of accidental exposure to infected rodent excretions.
Person-to-person transmission via direct contact, indirect
contact, and aerosols has been described for New World
arenaviruses, such as Machupo virus (21)

Filoviruses
Marburg virus was discovered in 1967 in Germany and Yu-
goslavia when workers became infected after handling kid-
neys or primary tissue cultures from monkeys that had been
imported from Uganda. Ebola virus was first detected almost
a decade later in 1976 during two simultaneous outbreaks in
the countries of Sudan and Zaire (currently the Democratic
Republic of Congo) with over 500 cases reported and fa-
talities of 53% and 88%, respectively. These outbreaks were
subsequently found to be caused by two distinct species of
the genus Ebolavirus. Another distinct species of Ebola vi-
rus, Reston ebolavirus, was first discovered in cynomolgus
monkeys that had been shipped from the Philippines and
quarantined in Reston, VA, and Perkasie, PA, in 1989 and
1990, respectively (22). Reston ebolavirus was also later
isolated in Siena, Italy, (23) and Alice, TX, (22) from
monkeys imported from the Philippines. A fourth distinct
species of Ebola virus, Tai Forest virus, emerged in the Ivory
Coast in 1992 and killed chimpanzees and caused disease
in a human (24). The last species of the Ebolavirus genus,
Bundibugyo ebolavirus was also isolated during an outbreak
in Bundibugyo in western Uganda (25). Finally, more re-
cently, and using only molecular methods, a new member of
the family, Lloviuvirus, which was proposed to have its own
genus (Cuevavirus), was discovered during a bat die-off in
Cueva del Lloviu, Spain (26).

Since 1995, outbreaks of Ebola or Marburg have occurred
in several African nations, including Uganda, South Sudan,
the Democratic Republic of Congo, Angola, Gabon, Gui-
nea, Liberia and Sierra Leone. The Ebola virus outbreak that
started in late 2013 in Guinea, and that spread to Liberia and
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Sierra Leone, has been the most extensive outbreak ever,
with WHO reporting over 27,000 cases and over 11,000
deaths. Previous outbreaks occurred in secluded areas, lim-
iting their ability to spread widely through the population.
Unique epidemiological features of this outbreak involved
individuals moving across borders and introducing the virus
into densely populated urban centers, at which point expo-
sures greatly increased.

There is strong evidence to suggest that fruit bats are the
reservoir of filoviruses. Following a 2007 outbreak of Mar-
burg virus among miners working in Kitaka Cave, Uganda, it
was found that healthy Egyptian fruit bats living in the cave
were also infected with a Marburg virus that closely matched
the virus isolates from the infected miners (27). In the case
of Ebola virus, three different species of fruit bats captured
within close proximity to infected gorilla and chimpanzee
carcasses were shown to be either serologically- or PCR-
positive for the virus (28). Serological evidence of Ebola
virus infections in bats has also been shown in other studies
(29, 30). Additionally, direct exposure to fruit bats has
been documented as a precursor to human Ebola virus out-
breaks (31).

Ebola virus is spread through direct contact with blood,
body fluids, or skin of infected individuals. The virus can
also be harbored in breast milk (32), urine (33), aqueous
humor (34), and semen after the virus is no longer detect-
able in the blood stream. In fact, Ebola virus RNA can be
detected in the semen up to 101 days after symptom onset, as
exhibited by a recent suspected sexual transmission to a
Monrovian woman after unprotected sexual intercourse
with an Ebola virus survivor (35).

Nipah Virus
Henipaviruses have an animal reservoir (fruit bats, Pteropus)
and cause central nervous system and respiratory disease in
humans. Nipah virus first emerged in Malaysia and Singa-
pore in 1999. Ongoing cases have been reported in India and
Bangladesh during the 2000s. Infections in Malaysia result in
neurological symptoms and case fatality rates of approxi-
mately 40%; infections in Bangladesh show more respiratory
symptoms and case fatality rates as high as 90%. As with
other henipaviruses, fruit bats are also the natural reservoir
of Nipah virus. Infection of nonbat hosts is believed to occur
through contact with urine and feces from infected fruit bats.
Human infections during Malaysia and Indonesia outbreaks
are believed to have been acquired from infected pigs (36),
whereas in Bangladesh and India, human infections were
acquired following consumption of contaminated date palm
sap (37). Of particular concern is the direct person-to-
person transmission observed in Bangladesh. This has oc-
curred through exposure to respiratory secretions as a result
of caregiver contact with corpses and physician contact
(with encephalitis patients) without gloves or mask (38).

Hantavirus
Hantaviruses cause two major types of illnesses, hemorrhagic
fever with renal syndrome (HFRS) and hantavirus pulmo-
nary syndrome (HPS) (39–41). These viruses are found in
both Old World and New World rodents and are specific for
certain rodent hosts; therefore viral infections are limited to
the range of their rodent hosts (42). During the Korean War
in the 1950s, more than 2000 UN troops were sickened by
Korean hemorrhagic fever (43). Virus was subsequently
isolated from the lungs of striped field mice (Apodemus
agrarius) and identified as Hantaan virus (44), and the dis-
ease was renamed HFRS. Hantaan virus also causes disease

in China and Eastern Russia. Dobrava-Belgrade virus, asso-
ciated with the yellow-necked field mouse (Apodemus flavi-
collus), causes a severe form of HFRS in Greece, Russia, and
the Balkans. A moderate form of HFRS is caused by Seoul
virus, with a worldwide distribution given by its hosts, the
Norway rat (Rattus norwegicus) and the black rat (Rattus
rattus). The hantavirus infection causing the European form
of HFRS, nephropathia epidemica, was identified as Puu-
mala virus (45). In 1993, an outbreak of severe pulmonary
illness (later named HPS) in the Four Corners region of
the United States was identified as Sin Nombre virus (46).
Several other hantaviruses have also been found to cause
disease, including Amur virus in eastern Russia (47), Saar-
emaa virus in Europe (48), Andes virus in South America
(49), and Sangassou virus in Africa (50). Overall, the dis-
tribution of HFRS is found throughout the world, while HPS
has been found in the Americas. While there are fewer cases
of HPS worldwide compared to HFRS, the mortality rate
of HPS is very high at 20 to 60%. Humans typically become
infected by exposure to rodent excrement, urine, or saliva,
either by direct contact or contact with rodent nesting
material. In the case of Andes virus, human to human
transmission during the acute phase of HPS has also been
documented (51). A recent outbreak of HPS in Yosemite
National Park in the United States also highlighted the
challenges of locating persons who disperse widely follow-
ing a potential exposure (52).

CLINICAL SIGNIFICANCE
Arenaviruses
Lassa fever presents after a 1- to 3-week incubation period,
showing signs and symptoms that include headache, fever,
malaise, dry cough, back pain, sore throat, nausea and vo-
miting, mucosal bleeding, conjunctivitis, facial swelling, etc.
Later in the disease, signs and symptoms include elevated
liver enzymes, myalgia, and malaise. Infected persons often
present with influenza-like or dengue-like disease, which
confounds diagnosis. The Lassa fever case definition is fever,
no signs of local inflammation, and no clinical response to
antimalaria treatment or antibiotics. About 80% of infec-
tions are asymptomatic or mild, while 20% present with a
severe multisystem involvement (shock, thrombocytopenia,
leukopenia, mucosal bleeding), facial and neck edema, and
pulmonary edema. The disease is more severe in pregnancy,
where fetal loss is common. The overall case-fatality rate is
1% but can be higher in hospitalized persons and during
epidemics. High Lassa virus titers are observed in blood,
liver, spleen, lung, and adrenal gland. The viral load in blood
is correlated with disease severity and prognosis (17). The
liver is particularly affected, with findings of hepatocellular
necrosis and cytoplasmic degeneration (17). Lassa virus in-
fects the vascular endothelium, resulting in increased per-
meability. In severe cases this leads to edema, shock, and
death. In contrast to hemorrhagic fever caused by filoviruses,
disseminated intravascular coagulation does not occur in
Lassa fever. In addition, a cytokine storm does not occur in
Lassa virus infections (17).

The incubation period of lymphocytic choriomeningitis
virus is 1 to 2 weeks. Influenza-like symptoms of headache
and myalgia are common. Less common are central nervous
system (CNS) involvement (meningitis or meningoenceph-
alitis), arthritis, and rash. Up to one-third of infections are
asymptomatic. Patients may have decreased leukocytes and
platelets, mildly elevated liver enzymes, and lung infiltrates.
Symptoms usually resolve in a few days. In some patients, the
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initial phase is followed by a second phase of CNS disease/
aseptic meningitis (headache, fever, photophobia, vomiting,
and nuchal rigidity). Marked cerebrospinal fluid (CSF) lym-
phocytosis is common. The entire disease course usually lasts
1 to 3 weeks. Recovery is usually complete, without sequelae.
Rare neurological complications include transverse myeli-
tis, Guillain-Barre-like syndrome, hydrocephalus, and hear-
ing loss. Illness is rarely fatal (less than 1% mortality rate) in
healthy adults.

Congenital infection with LCMV is usually severe and
can result in spontaneous abortion and fetal death. The fe-
tus usually acquires the virus transplacentally. Unlike other
congenital infections, systemic manifestations are usually
absent. LCMV is a neurotropic virus that spreads to the
brain and causes pathologic effects such as microencephaly,
hydrocephalus, periventricular calcifications, focal cerebral
destruction, and gyral dysplasia (53). Impaired vision (bi-
lateral chorioretinal scars) and brain dysfunction of varying
severity occur in surviving fetuses (53).

Severe infection and a high case-fatality rate have
also been reported in organ transplant patients (17). In a
report of five clusters involving 17 organ recipients, 14 cases
were fatal due to multisystem organ failure; hepatitis was
a prominent feature (18). Encephalopathy, coagulopathy,
thrombocytopenia, leukocytosis, fever, and graft dysfunction
have been reported (54, 55). Inhalation results in lung in-
filtrates and edema, followed by hematogenous spread and
viral replication in other organs, including meninges, cho-
roid plexus, and ventricular ependymal linings. The host
response results in tissue inflammation and symptoms, and
immunosuppression results in sustained viremia.

Signs and symptoms of Lujo virus infection are very
similar to those of Lassa fever. Infections are characterized by
rapid onset of fever, headache, malaise, and myalgia followed
by sore throat, rash, diarrhea, minor hemorrhage, neck and
facial swelling, as well as other symptoms (20). Shock and
multisystem organ failure lead to death.

NewWorld arenaviruses can also cause hemorrhagic fevers
in humans. The signs and symptoms have been summarized
in a review article by McLay et al. (17). Mortality rates are
similar, ranging from approximately 20 to 30%. High levels
of interferon alpha are associated with fatal outcome in
Argentine hemorrhagic fever (Junín virus infection). Junín
virus-mediated pathology includes renal papillary necrosis
and myocarditis, also observed in cases of Guanarito and
Machupo virus infections (17).

Filoviruses
The clinical manifestations of Marburg and Ebola hemor-
rhagic fever are similar. They have an incubation period of
6 to 12 days with a range of 2 to 21 days (14, 56, 57). Onset
is acute, and symptoms are nonspecific and include head-
ache, fever, chills, myalgia, and loss of appetite. These initial
symptoms are followed up by weakness, abdominal pain, sore
throat, nausea, vomiting, and diarrhea. Conjunctival and
pharyngeal injection are also common (14). During illness, a
diffuse erythematous, nonpruritic maculopapular rash, that
can desquamate and involve the face, neck, and trunk, may
develop (58). Gastrointestinal symptoms are also common
and include nausea, vomiting, abdominal pain, and watery
diarrhea, leading to extensive dehydration, hypotension,
and shock (56, 59, 60). It has also been shown that dis-
seminated intravascular coagulation is commonly associated
with fatal cases of disease (61). Disseminated infection and
major organ necrosis of the lung, spleen, liver, kidneys, skin,
and gonads are apparent in fatal infections (14). While

hemorrhagic fever can be seen in Ebola virus disease (EVD)
patients, data from theWest Africa outbreak of 2014 to 2015
showed only approximately 20% of patients having unex-
plained hemorrhage. This commonly manifested as blood in
the stool (about 6%), petechiae, ecchymoses, venipuncture
site oozing, pregnancy-related hemorrhage, and/or mucosal
hemorrhage (57, 62). EVD also has neurologic complica-
tions, including altered consciousness, stiff neck, and seizures
suggestive of meningoencephalitis (33). Ocular involve-
ment, including uveitis as long as 14 weeks after infection,
has been described, with infectious virus being isolated from
aqueous fluid at this late time point (34). There are also
reports suggesting that asymptomatic infections may be more
common than previously thought. One postoutbreak ser-
osurvey showed that 71% of seropositive individuals were
asymptomatic for EVD (63), while another study showed
that 46% of close contacts of EVD patients were seropositive
(64). Those who survive EVD typically begin to recover in
the second week of the disease (57).

Nipah Virus
During the Malaysian outbreak, the incubation period of
Nipah virus infections ranged from 2 to 30 days but usu-
ally lasted 1 to 2 weeks (65). Initial signs and symptoms are
influenza-like (fever, headache, and myalgia), followed by
encephalitis, with neurological signs including segmental
myoclonus, areflexia, reduced levels of consciousness, and
confusion. The incubation period during the Bangladesh
outbreaks was between 6 and 11 days. Up to 70% of Ban-
gladesh and Indian patients reported respiratory symptoms,
compared with 14 to 27% of Malaysian and Singaporean
patients (13). Most Bangladesh cases also had altered mental
status. Nipah virus is detected in bronchiolar epithelial cells
and is shed in upper respiratory tract secretions early in the
illness. Lungs are characterized by alveolitis with hemor-
rhage, pulmonary edema, and aspiration pneumonia. The
virus enters the bloodstream and then the CNS via the ol-
factory nerve, or hematogenous route. Pathologic changes
in the CNS include vasculitis, thrombosis, parenchymal
inflammation, and necrosis (66).

Hantavirus
Hantavirus infection is acquired from rodent hosts of the
virus. Patients become infected by direct exposure to, and
inhalation of, rodent urine, feces, or saliva, or through ex-
posure to rodent bedding. Following exposure, hantaviruses
have an incubation period of 2 to 4 weeks (67), with a
reported incubation period as long as 7 weeks (68). HFRS
has five phases: prodrome (3 to 7 days), hypotensive (7 to 10
days), oliguric (4 to 5 days), diuretic (7 to 11 days), and con-
valescent phase (weeks to months). HPS has four phases
with a prodrome phase (3 to 6 days), cardiopulmonary phase
(7 to 10 days), diuretic phase (1 to 3 days), and a convales-
cent phase (weeks to months) (14). In HFRS, the prodrome
phase is characterized by fever and chills, malaise, headache,
blurred vision, back and abdominal pain, anorexia, gastro-
intestinal involvement, facial flushing, conjunctival hem-
orrhage, and an erythematous rash. The hypotensive phase
includes the onset of hypotension and acute shock, vascular
leakage, and acute kidney failure. The oliguric phase is char-
acterized by blood pressure returning to normal or high
levels, urine output dropping, blood urea nitrogen and serum
creatine increasing, and possible severe diffuse hemorrhage.
The diuretic phase includes polyuria in excess of 3 liters
a day (14, 69). In HPS, the prodrome phase of infection
includes fever, chills, muscle aches, headaches, dizziness,
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nausea, abdominal pain, vomiting, anorexia, and diarrhea
that vary in severity and is rapidly followed up by the
cardiopulmonary phase in which capillary leakage and sub-
sequent pulmonary edema can occur. The diuretic phase
manifests as rapid resolution of pulmonary edema, fever,
and shock. This is followed by the convalescent phase in
which the patient continues to recover from illness (14, 69).
Hantaviruses cause multisystem organ dysfunction syndrome
by a process that is unclear. Thrombocytopenia, defects in
platelet function, transient disseminated intravascular co-
agulation, and increased vascular fragility are all thought to
play a key role in the early stages of the disease. The endo-
thelium is targeted during infection, leading to microvascu-
lar damage, capillary engorgement, and subsequent leakage.
Recent studies appear to indicate that the disease process
is mostly immunopathologic and includes a strong humoral
and cellular immune response (69, 70).

TREATMENT AND PREVENTION
Arenaviruses
Treatment of arenavirus infections is largely intensive sup-
portive care with particular attention to fluid balance. Lassa
fever has caused nosocomial infections in Africa and is
the biosafety level (BSL)-4 agent most commonly imported
into nonepidemic countries. Consequently, containment
guidelines for the management of suspected Lassa fever cases
to prevent secondary transmission have been established,
which include the containment and monitoring of close
contacts, stratified by risk. Ribavirin, a nucleoside analogue,
is effective in vitro against arenavirus. It has been evaluated
for the treatment of severe Lassa fever and reported to dra-
matically reduce the fatality rate, provided it is given early in
the illness. The fatality rate without ribavirin is approxi-
mately 87% in Nigeria and 60% in Sierra Leone, while
with early ribavirin therapy (within the first week of illness),
the fatality rate is less than 10% (71). There are no data
on ribavirin efficacy as a postexposure prophylaxis, and the
drug is currently recommended only for definitive high-risk
exposures (72). Ribavirin has also been utilized with ap-
parent success against LCMV (in combination with reduced
levels of immunosuppressive therapy) for organ transplant
recipients and Lujo (a single non-fatal case received riba-
virin treatment [20]). Candidate vaccines for Lassa fever
have been developed. Lukashevich et al. describe the various
approaches in detail (73).

Treatment of acute cases of Argentine hemorrhagic fever
using immune plasma of human survivors reduced mortality
from 15 to 30% to less than 2%, if given during the first 8
days of illness (74), and it is the current more widespread
approach. An attenuated vaccine strain of Junín virus is
available and has reduced the number of cases and mortality
of Argentine hemorrhagic fever (17). There are limited data
on the efficacy of ribavirin in the treatment of hemorrhagic
fevers caused by New World arenaviruses. Ribavirin may
have a beneficial effect in Argentine (75) and Bolivian (76)
hemorrhagic fevers.

Filoviruses
While several drugs are currently in development for treat-
ment of EVD or Marburg infections and have been used in
specific circumstances, such as compassionate use, current
treatment recommendations are supportive care, including
providing intravenous fluids to maintain electrolyte balance,
maintaining blood pressure and oxygen status, and treatment

of additional infections. Several experimental drugs, vac-
cines, and other treatment options are currently under in-
vestigation and have been tested during the 2014 to 2015
outbreak in West Africa. Some antiviral drugs in clinical
trials were repurposed for use in the outbreak. These include
favipiravir, a nucleoside analog used to inhibit RNA viruses,
and brincidofovir, an acyclic nucleotide analog used for
DNA virus infections. Favipiravir has been shown to be
effective in rodent models of EVD infection (77, 78) while
brincidofovir showed in vitro activity against Ebola virus
(79). Ebola-specific agents, ZMapp and TKM-Ebola, in com-
bination with convalescent plasma, were also administered
to select EVD patients as part of compassionate use admin-
istration (80, 81). Recombinant vesicular stomatitis virus-
based vaccines for both Ebola and Marburg have also shown
promise in nonhuman primate models (82). Additional
Ebola-specific agents are also in development, including the
nucleoside analog BCX4430, which inhibits viral RNA
polymerase function (83), and phosphorodiamidate mor-
pholino oligomers (PMOs), which are synthetic antisense
oligonucleotide analogs that interfere with translational
processes (84). Convalescent plasma and whole blood have
also been used to treat patients during the West African
outbreak, but the efficacy of this approach is not clear
(85–87).

In order to prevent the spread of Ebola virus, strict in-
fection control practices must be followed. Infection pre-
vention and control guidelines have been published by both
the United States Centers for Disease Control and Preven-
tion (CDC) and WHO (88, 89). These include isolation
of known or suspect EVD patients, hand hygiene, imple-
mentation of contact and droplet precautions, and the use
of appropriate personal protective equipment (PPE). Proper
donning and doffing of PPE are critical to prevent nosoco-
mial transmission of infection (56, 90, 91).

Nipah Virus
Treatment of Nipah virus infection is primarily supportive.
The efficacy of ribavirin is unclear (65). A recombinant
replication-competent vesicular stomatitis virus-based vac-
cine that encodes glycoprotein has shown protection in
African green monkeys (92). A human monoclonal anti-
body targeting viral G glycoprotein has also been effective
for postexposure treatment of experimentally infected Afri-
can green monkeys (93). Since there are neither vaccines
nor antivirals for treatment and because henipaviruses are
potentially able to transmit by the aerosol route, Nipah vi-
rus has been classified as a BSL-4 agent and is restricted to
laboratories capable of handling such agents.

Hantavirus
There is no specific treatment for hantavirus infection,
so care of patients is supportive therapy. Care includes
hemodynamic and pulmonary support, with initiation of
mechanical ventilation for respiratory failure, if necessary.
Hypoxic patients should be given supplemental oxygen.
Patients should be treated with broad-spectrum antibiotic
therapy, until HPS is confirmed, to treat other pathogens
that may be present, according to the differential diagnosis.
Initial care recommendations also include antipyretics and
analgesics. Due to the role of capillary leakage in hantavirus
infections, vasopressors to manage hypotension and careful
use of intravenous fluids are also recommended.

To prevent the spread of hantavirus infection, exposure
to rodents and their excrement should be avoided. Homes
should be rodent-proofed by sealing holes on the inside and
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outside with cement, or some other type of patching ma-
terial, and steel wool or wire screen. Campers and hikers
should avoid touching rodents and should limit their ex-
posure to rodent droppings or places frequented by rodents.
Areas with rodent activity should be thoroughly cleaned
by soaking with disinfectant or chlorine solution. Gloves
should be worn during cleaning, and careful attention should
be paid to prevent generating aerosols (94).

DETECTION/DIAGNOSIS
Arenaviruses
With the exception of LCMV, laboratory testing for arena-
viruses is generally limited to public health reference labo-
ratories. Arenaviruses can be isolated early in the disease,
which is normally followed by IgM and IgG antibody re-
sponses. Early diagnosis is important since treatment efficacy
appears to correlate with early administration of therapy.

Lassa virus antigen (as detected by enzyme-linked im-
munosorbent assay [ELISA]) appears in the first week of
illness and is replaced by IgM in the second week, with IgG
appearing in the third week of illness. A combination of
antigen ELISA and IgM ELISAwas 88% sensitive and 90%
specific for acute infection. Indirect fluorescent antibody
(IFA) assay (detecting total antibody) sensitivity was 70%
(95). IgM ELISA can be unreliable due to prolonged pres-
ence of IgM. RT-PCR for Lassa virus has also been described
with limited clinical validation (96, 97). Cell culture re-
quires BSL-4 practices. Virus isolation or detection of viral
markers can be performed on blood, urine, or throat speci-
mens. Immunohistochemistry can be performed on post-
mortem tissue. Currently there are no commercially available
diagnostic tests for Lassa virus.

LCMV infections are usually diagnosed by serological
methods (ELISA, IFA) for IgG and IgM. Commercial ref-
erence laboratories in the United States offer serologic test-
ing. Indirect fluorescent antibodies were adopted in the 1970s
as a more sensitive and specific alternative to complement
fixation and neutralization assays (98) and are still used.
LCMV can be isolated in cell culture. RT-PCR can be per-
formed from blood or CSF (acute phase), but there is an
absence of data demonstrating clinical diagnostic perfor-
mance. National public health reference laboratories will
perform serologic and virologic tests. In the United States,
the Viral Special Pathogens Branch of the CDC will test
serum and CSF for IgM and IgG.

The New World arenaviruses require BSL-4 practices
(Junín can be handled at BSL-3 facilities, provided labora-
tory staff have been immunized and the laboratory exhaust
is HEPA-filtered). Primary diagnostic methods are serology
and molecular methods. During arenavirus hemorrhagic fe-
vers, IgM is usually not present in the early stage of illness.
An RT-PCR assay that detects Junín virus in whole blood
specimens was 98% sensitive and 76% specific relative to
seroconversion (99). It was speculated that most of the
patients with false-positive PCR results had Junín virus in-
fections that did not result in a detectable immune response.
RT-PCR performed on serum was less sensitive and specific
(62% and 71%, respectively) (99).

Filoviruses
For rapid and sensitive diagnosis of filovirus infections, RT-
PCR is the gold standard (100). A commercially available
multiplex PCR panel that includes Ebola virus was com-
pared to a CDC RT-PCR assay both in specimens from Ebola

patients. Overall agreement was 85% in whole blood and
urine specimens (101). During a 2000 to 2001 Ebola out-
break in Uganda, RT-PCR was able to detect infection 24
to 48 hours before antigen-capture assays became posi-
tive (102). RT-PCR testing for Ebola and Marburg viruses
is available in the United States in Laboratory Response
Network (LRN) laboratories. The LRN is a network of
laboratories, including state and local public health, veteri-
nary, military, and international labs, that can respond to
biological and chemical threats and other public health
emergencies. LRN reference laboratories use standardized
laboratory assay protocols. Recently developed rapid-antigen
point-of-care tests for Ebola virus, tested on a limited num-
ber of patients, have also shown high sensitivity (100%) and
specificity (92.2%) as compared to RT-PCR (103). Serolo-
gies can be performed for IgM for acute case diagnosis as
well. Virus isolation is performed by inoculation of cell
cultures, such as Vero, human diploid lung (MRC-5 or BHK-
21), or MA-104 cells. This is followed by IFA, ELISA, or
RT-PCR testing of inoculated cells to test for viral antigens
or viral RNA. All isolation techniques must be performed in
a BSL-4 laboratory. A consensus PCR for all filoviruses has
also been described, allowing for surveillance for new virus
strains and improved contact tracing in the case of an out-
break (104).

During the most recent 2014 to 2015 outbreak of Ebola
virus in West Africa, several Ebola virus RT-PCR, and rapid
antigen assays received Emergency Use Authorization from
the Food and Drug Administration (FDA) for the pre-
sumptive identification of Ebola Zaire virus. This decision,
which authorized the use of several different assays, was
made because there were no FDA-approved/cleared tests to
detect Ebola Zaire virus in clinical specimens (http://www.
fda.gov/MedicalDevices/Safety/EmergencySituations/ucm
161496.htm#ebola. Accessed 12 October 2015).

Nipah Virus
Serologic methods for the diagnosis of Nipah virus infec-
tions include enzyme immunoassay (EIA) and neutralization
assay. IgM-capture and indirect IgG EIA can be performed
on serum and CSF for simplicity and convenience. IgM
antibody is reliably detected in serum 1 week after symp-
tom onset and in CSF 10 to 15 days after symptom onset.
IgG antibody is generally detected in serum 2.5 weeks after
symptom onset (65). Neutralization assays with wild-type
virus require BSL-4 conditions. The use of a vesicular sto-
matitis virus pseudotyped with Nipah virus proteins obviates
the need for BSL-4 conditions when performing neutrali-
zation assays (12). Virus can be isolated from CSF, brain,
spleen, lung, and kidney (but requires BSL-4 conditions).
Nipah virus also grows well in Vero cells, and a cytopathic
effect is usually observed within 3 days (105). Virus isolates
can be identified by neutralization by specific antisera or RT-
PCR. PCR targets include the M and N genes, coding for
the matrix, and nucleoproteins, respectively. RT-PCR has
been used for detection of viral RNA from serum, urine,
and CSF (106). Members of the Henipavirus genus have a
high mutation rate, challenging molecular-based tests (107).
Consensus PCR assays have been developed for the detec-
tion of Nipah virus (107).

Hantavirus
The methods used for hantavirus diagnosis include serolog-
ical assays on serum and plasma, viral antigen detection in
tissue by immunohistochemistry, and nucleic acid amplifi-
cation from sources such as blood or tissue. Serological assays

520 - VIRAL PATHOGENS

http://www.fda.gov/MedicalDevices/Safety/EmergencySituations/ucm161496.htm#ebola
http://www.fda.gov/MedicalDevices/Safety/EmergencySituations/ucm161496.htm#ebola
http://www.fda.gov/MedicalDevices/Safety/EmergencySituations/ucm161496.htm#ebola


have been the most widely used assay since, at the time
of disease manifestation, virus is usually not detectable in
blood. These include IFA, immunoprecipitation, radio-
immunoassay, Western blotting, high-density particle agglu-
tination, hemagglutination inhibition, neutralization, and
ELISA. Of the available methods, IgM-capture ELISA,
which is performed by a variety of federal, state, and regional
public health labs and by reference laboratories, is the most
widely used method for HFRS and HPS diagnosis and has
high sensitivity and specificity (108). All HFRS and HPS
patients show elevated levels of anti-hantavirus IgM at the
onset of clinical symptoms, or shortly thereafter (109, 110),
that can persist longer than 2 months after the acute phase
in HPS (111), and as long as 6 months in nephropathia
epidemica (112). IgG is also frequently measurable during
the acute phase of infection (110–114) and can remain el-
evated as long as 3 years following acute phase illness in HPS
and as long as 10 years in HFRS. Some cross-reactivity be-
tween hantaviruses has been noted between antibodies di-
rected against the nucleocapsid proteins and glycoproteins
(113, 115, 116). IgG directed against hantavirus glyco-
protein, Gn, is more hantavirus species-specific (110, 117).
While nucleic acid amplification assays for the diagnosis of
hantavirus infections have been developed (118), they are
still currently considered research tools. Genetic methods,
such as sequencing, have been useful for determining the
taxonomy of different hantaviruses and in the development
of diagnostic assays. Sequencing and subsequent analysis are
typically performed on amplified product of the nucleocapsid
protein gene or the Gc region of the glycoprotein precursor
gene (14). Direct electron microscopic examination is lim-

ited in its diagnostic value but has been used postmortem to
detect virions and hantavirus inclusion bodies (119, 120).

DIAGNOSTIC BEST PRACTICES
With the exception of LCMV, testing for viruses described
in this chapter is generally restricted to public health
and specific reference laboratories. Contact the local/state/
regional public health laboratory for information on testing
and specimen transport.

Arenaviruses
Whole blood and serum are common specimens for RT-PCR
detection of arenaviruses (Table 1). RT-PCR testing of CSF
is also warranted if neurological symptoms are present. RT-
PCR sensitivity is highest with specimens collected early in
illness.

Laboratory testing for suspected Lassa fever is important
because the differential diagnosis is extensive. Rapid testing
is justified because specific treatment is effective only when
used early in the course of disease. A combination of anti-
gen ELISA and IgM ELISA performed on blood specimens
provides reasonably high sensitivity and specificity for acute
infection (Table 1). However, the presence of IgM is not
conclusive for recent infection. RT-PCR can also be used in
conjunction with these methods.

LCMV is typically part of the differential diagnosis in
congenital infections and must be distinguished from other
TORCH (toxoplasmosis, other agents, rubella, cytomega-
lovirus, and herpes simplex) pathogens. Definitive diagnosis
requires laboratory testing. The optimal test depends on the

TABLE 1 Laboratory diagnosis of select animal-borne viruses

Virus Diagnostic procedures Optimum specimens Remarks

Arenaviruses
Old World

Lassa virus IgM-capture ELISA; antigen
ELISA; IgG ELISA;
IFA; RT-PCR

Serum (antibody); whole
blood (antigen, RT-PCR)

Antigen is detected early in illness
Antigen ELISA and IgM ELISA

combination provides good
sensitivity and specificity

Lymphocytic
choriomeningitis
virus

IgG ELISA; IgM-capture
ELISA; IFA; RT-PCR

Serum (antibody); whole
blood, CSF (RT-PCR)

Serologic testing available in most
commercial reference laboratories

Lujo virus RT-PCR Not established Can be performed at Viral Special
Pathogens Unit at the CDC

New World (Chapare,
Guanarito Junin,
Machupo and Sabia)

IgG ELISA; IgM-capture
ELISA; RT-PCR

Serum (antibody, RT-PCR);
whole blood (RT-PCR)

RT-PCR most sensitive early
in illness; IgM ELISA after
one week of illness

Filoviruses (Ebola
and Marburg)

RT-PCR; Rapid antigen test
(lateral flow immunoassay);
IgM-capture ELISA

Serum (antibody); whole
blood (RT-PCR, antigen)

RT-PCR is the gold standard and
is the most sensitive test early
in illness.

Nipah virus IgM-capture ELISA; IgG EIA;
neutralization; RT-PCR

Serum, CSF (antibody and
RT-PCR); urine (RT-PCR)

IgM detected in serum after 1 week
of illness, in CSF after 2 weeks.

IgG detected in serum after 2
and a half weeks illness

Hantaviruses IgM-capture ELISA; IFA; WB;
neutralization; RT-PCR

Serum, plasma IgM capture ELISA is most widely
used method in diagnosis. IgM is
detectable at onset of symptoms.
Virus not typically detectable in
blood at symptom onset

Abbreviations: ELISA, enzyme-linked immunosorbent assay; IFA, indirect fluorescent antibody; RT-PCR, reverse transcription polymerase chain reaction; WB,
Western blot
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suspected mode of acquisition and symptoms. In acute ac-
quired disease with CNS findings, virus isolation or PCR
from CSF and IgM serology should be performed. In a
congenital newborn infection, serologic testing (serum and
CSF) for anti-LCMV antibodies should be performed; cul-
ture and PCR are likely to be negative because virus may be
cleared.

The differential diagnosis of infections caused by New
World arenaviruses includes malaria and leptospirosis. For
optimal test sensitivity, consideration should be given to the
time since symptom onset. RT-PCR is most sensitive early in
illness, beginning at least from day 3 of fever onset (121),
while serologic tests that detect IgM are more sensitive later
in illness (Table 1).

Filoviruses
Early diagnosis of infection is critical in order to start iso-
lation procedures to prevent further spread of infection and
to initiate appropriate therapy as early as possible. Since the
signs and symptoms of filovirus infections are nonspecific
at the onset, infections, such as malaria, Lassa fever, influenza,
and bacteremia, should be ruled out. RT-PCR is the test of
choice for sensitive and rapid results (Table 1). Recently
described rapid antigen tests for Ebola virus may have sen-
sitivity approaching that of RT-PCR, but larger studies are
needed to determine sensitivity and specificity throughout
the course of illness (103).

Nipah Virus
Laboratory diagnosis of Nipah virus infection is usually
achieved by the detection of IgG and IgM in serum and
CSF (Table 1). Positive EIA results should be confirmed by
neutralization assay (106). Biosafety classification generally
precludes virus isolation. To date, performance data on RT-
PCR assays are limited to analytical sensitivity (limit of
detection) and analytical specificity (cross-reactivity among
other viruses, including henipaviruses) (106). Clinical per-
formance data are needed for RT-PCR.

Hantavirus
An early diagnosis is critical in the management of a patient
with HFRS or HPS. In addition, in the case of Andes virus,
it is crucial to institute proper isolation procedures to pre-
vent nosocomial transmission. An early clinical diagnosis is
difficult since the prodromal phase of infection is nonspecific
(fever, muscle aches, nausea, and fatigue) and can be easily
confused with other infections, such as influenza. Serological
assays on serum and plasma are typically performed (Table
1). IgM-capture ELISA is the most widely used method for
HFRS and HPS diagnosis and has high sensitivity and
specificity (108). Importantly, virus is usually not detectable
in blood at the time of symptom onset, limiting the useful-
ness of nucleic acid amplification assays for diagnosis at
this stage.
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The human immunodeficiency viruses (HIV) and the hu-
man T-lymphotropic viruses (HTLV) originate from zoo-
notic transmission of ancestor retroviruses found in primates.
HIV-1 and HIV-2 are the causative agents of AIDS; HTLV-1
causes adult T-cell leukemia/lymphoma and a broad spec-
trum of chronic inflammatory diseases, though only in few of
those infected. The three principal questions in HIV diag-
nostics are (i) whether a person is HIV-infected and, if in-
fected, (ii) with what exactly (viral properties) and (iii) how
actively the virus is replicating (viral load). With regard to
viral properties, identification of the virus type, i.e., HIV-1
or HIV-2, is essential for both the selection of a suitable viral
load test for HIV RNA quantification in plasma and the
decision with what to treat the patient. Answering these
questions is important because current commercial viral
load tests do not recognize HIV-2, and nonnucleoside re-
verse transcriptase inhibitors (NNRTI) are not effective
against HIV-2 or group O viruses of HIV-1. Knowledge of
preexisting viral mutations conferring resistance to anti-
retrovirals is another important point. As antiretroviral
therapy is increasingly considered essential for all HIV in-
fected persons, it is important to answer all relevant ques-
tions already at the timepoint of HIV diagnosis. Diagnosis of
HTLV infection is performed accordingly, but with some
important differences. HTLV never leads to viremia. Tests
for viral RNA in plasma are thus useless, and all nucleic acid
testing has to be performed on cells. The most important
task is to differentiate between the pathogenic HTLV-1 and
the virtually nonpathogenic HTLV-2.

VIRAL CLASSIFICATION AND BIOLOGY
Origin
The human immunodeficiency viruses (HIV) as well as the
human T-lymphotropic viruses (HTLV) belong to the Retro-
viridae family.

The two types of HIV, HIV-1 and HIV-2, belong to the
Lentivirus genus of the Retroviridae, more specifically to a sub-
group of primate lentiviruses called simian immunodefi-
ciency viruses (SIV). SIV naturally infect various species of
Old World monkeys and the chimpanzee. They are cate-
gorized into five major lineages. Lineage 1 contains HIV-1,

which meanwhile comprises four groups, M (main), O
(outlier), N (non-M/non-O), and P (probable). The phy-
logenetic tree shows that certain group M isolates are more
closely related to two isolates obtained from chimpanzees
than to HIV-1 group O isolates. This proves that the HIV-1
epidemic is the result of zoonotic virus transmissions from
chimpanzee to human (1). The origin of group M diversifi-
cation, i.e., the beginning of the HIV-1 pandemic in man, is
placed around 1930 (2, 3). Lineage 2 of the SIV contains
the various isolates of HIV-2, which are related to viruses
naturally prevalent in sooty mangabeys (SIVsm). Again,
some isolates of HIV-2 differ less from SIVsm than from
other human HIV-2 isolates. This demonstrates that the
HIV-2 epidemic results frommultiple simian-to-human cross-
species transmissions. Transmission of the epidemic subtypes
HIV-2 A and B may have occurred around 1940 (4).

The two types of HTLV that have a sizeable frequency in
humans, HTLV-1 and HTLV-2 (also spelled HTLV I and
HTLV II), belong to the group of primate T-lymphotropic
viruses (PTLV) that, together with the bovine leukemia
virus, form the genus Deltaretrovirus in the Orthoretrovirinae
subfamily of the Retroviridae. Viruses related to HTLV-1 and
HTLV-2 are found in many different species of Old World
monkeys. Phylogenetic analysis separates the PTLV into four
different branches, PTLV-1, -2, -3, and -4. Depending on
whether PTLV are found in man or nonhuman primates,
they are named either HTLVor STLV. HTLV-3 and -4 were
identified in African hunters from Cameroon; for HTLV-4 a
primate reservoir was recently identified in gorillas (5, 6).
HTLV infection in humans thus has resulted from multiple
cross-species transmissions of STLV in the past, and such
zoonotic transmission may well be ongoing.

Retroviral Replication and Virus Diversity
Both HIVand HTLVare enveloped plus-strand RNAviruses
with a diameter of about 110 nm. Infectious particles (viri-
ons) contain two identical copies of single-stranded RNA of
about 9 to 10 kb. The genome is organized into three genes,
gag, pol, and env, that are found in all retroviruses. Each
genome further contains a set of regulatory and accessory
genes important for virus replication. The gag gene codes for
the structural proteins that form the nucleocapsid and the
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matrix shell, pol for the viral enzymes (the primary targets for
most of the current antiviral drugs), and env for the viral
glycoproteins inserted as trimers into a lipid envelope de-
rived from the host cell membrane.

For infection of a host cell, a virion binds via its envelope
to virus receptor(s) located on the cell membrane. In the
case of HIV, the viral envelope glycoprotein gp120 binds to
the CD4 molecule. This is followed by several conforma-
tional changes in the gp120 trimer that enable further in-
teraction of gp120 with a chemokine coreceptor, CCR5 or
CXCR4, and insertion of the fusion domain of the viral
transmembrane protein gp41 into the host cell membrane.
This leads to fusion of the viral and cellular membranes and
viral entry (reviewed by 7). In agreement with CD4 being
the receptor, CD4+ T lymphocytes are the main host cells for
both HIV-1 and HIV-2.

In the case of HTLV-1, three molecules, Glucose Trans-
porter 1, Neuropilin-1, and Heparan Sulfate Proteoglycans,
appear to be involved successively in virus binding and entry
by means of interaction with the viral glycoproteins gp46
and gp21. Despite the fact that there is no interaction with
CD4, the main target cell for HTLV-1 in vivo is the CD4+ T
cell. In contrast, HTLV-2 predominantly infects CD8+ T
cells and appears to use a different receptor complex (8).

After infection of a host cell, the enzyme reverse tran-
scriptase (RT) that is contained in all retroviruses syn-
thesizes a cDNA of the viral RNA, degrades RNA from
the cDNA-RNA heteroduplex and duplicates the cDNA
strand. Regulatory sequences present at both ends of the
viral genome are thereby complemented and partially du-
plicated in a manner that yields the long terminal repeats
(LTR) that are located at both ends of the double-stranded
viral DNA and act as promoters for the retroviral genes.
The double-stranded DNAmigrates into the nucleus where
it is integrated into the host cell genome by the integrase
(IN), another mandatory retroviral enzyme. The integrated
retroviral DNA is called the provirus. The production of
viral RNA, structural proteins, and enzymes involves the
cellular enzymes associated with transcription and trans-
lation and also a number of viral regulatory and accessory
proteins. New particles are assembled at the cell membrane
and, while still immature and noninfectious, released by
budding. For full maturation into infectious particles, the
viral protease (PR) is required to cleave the gag and gag-pol
precursor proteins into the different, functionally active
subunit proteins.

In addition to replication by infectious cycles, retro-
viruses can also replicate by clonal expansion of the inte-
grated provirus during successive rounds of mitosis of their
host cells. This has the advantage that the virus has not to be
OR to get OR to become expressed and thus is protected
from the immune system. HIV appears to replicate pre-
dominantly by infectious cycles, but clonal expansion
dominates for HTLV, although replication by de novo in-
fection also occurs in the early period of infection. De-
pending on the dominating mode of replication, the degree
of genetic diversity will differ among different retroviruses.

Characteristics of HIV Replication
In the case of HIV, at least 1010 HIV particles are produced
newly every day, a single viral replication cycle lasts 1 to 2
days on average and the half-life of virus in plasma is in the
order of one hour (reviewed by 9). Retroviral RTs do not
possess a proofreading activity and thus have a high mis-
incorporation rate. Additional errors may occur during
transcription since RNA polymerase II does not proofread

either. For the 9.5 kb HIV genome, the in vivo error rate
amounts to 1 to 3 misincorporations per replication cycle
(10). Given the high rate of HIV replication, every single
mutation at every possible position of the genome could arise
daily. Another mechanism contributing to sequence diver-
sity is genomic recombination, which may occur after
coinfection of a cell with two different viruses and encap-
sidation of both viral RNAs in the same particle (hetero-
zygosity). Its frequency is estimated at 2 to 3 events per viral
genome and replication cycle. Point mutation and recom-
bination together lead to a rapid accumulation of virus
variants in an infected person. Selective pressure factors,
such as the local availability of host cell receptors or co-
receptors, cellular or humoral antiviral immune responses, or
antiretroviral drugs may then act on this pool of variant
viruses, inhibiting the growth of some variants and favoring
the replication of others that exhibit a better-suited phe-
notype. The outgrowth of such a group of viruses under
selection pressure is called a quasispecies (11). The many
quasispecies in each patient evolve both in time and space.
It is estimated that the sequence variability in an infected,
antiretroviral-therapy (ART)-naive person increases by about
1% per year. In a given patient, different quasispecies are
present at different sites in the body, for example, in different
parts of the skin, spleen, brain, or genital tract.

About 93 to 99% of the virus in the blood plasma of
untreated HIV-1 infected patients originates from activated
CD4+ T lymphocytes that get infected, produce virus, and
die with a half-life of only 0.7 – 0.2 days (so-called pro-
ductively infected CD4+ T lymphocytes). An additional 1 to
7% of the virus in plasma originates from longer-lived cells
(monocytes or macrophages, release of surface-bound virus
from dendritic cells) that have a half-life of 14 – 7.5 days.
Less than 1% of the virus in plasma is produced by latently
infected CD4+ T-cells, which become activated and then
start producing virus. This last compartment has a very slow
decay rate with a half-life estimated at 6 to 44 months, or it
may even not decay at all. Eradication of this compartment
will not be possible without measures that activate the virus
from its state of latency (12).

Characteristics of HTLV Replication
HTLV, in contrast to HIV, exhibits little genetic diversity.
Although HTLV-1 comprises 7 different subtypes, a through
g, representing as many zoonotic transmission events, the
genetic distances within a given subtype amount to only a
few percent. In a study of familial transmission of HTLV-1b,
in which 7 infected family members in three generations
were studied, all 7 HTLVisolates had identical env sequences,
i.e., of the gene that is least conserved among retroviruses.
A single mutation in the LTR accumulated within the 639
nt LTR-env sequence stretch studied over a period of 189
years, amounting to 1.1 · 10- 6 nucleotide substitutions per
site per year (13). The low degree of sequence variation
indicates that reverse transcriptase plays only a minor role
in HTLV replication. Indeed, HTLV spreads primarily by
clonal expansion of infected cells. If de novo infection of
cells or another individual occurs, it is by a highly targeted
cell-to-cell transmission mechanism by means of virologi-
cal synapses (14) and biofilm-like extracellular viral assem-
blies (15). Free virions have a poor infectivity and, much in
contrast to HIV, HTLV virions are never found in the
plasma. Instead, the blood contains very high levels of cells
carrying the HTLV provirus, frequently exceeding 10% of all
lymphocytes or 20% of the CD4+ T-cells. Experiments in
humanized mice infected with HTLV-1 and treated with RT
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inhibitors either simultaneously or with a one-week delay
showed that the delayed treatment had no effect on the
provirus load. This suggests that virus replication by infec-
tious cycles occurs only during a short period after infec-
tion and that a pool of HTLV-1 infected cell clones is
generated in this early period. Thereafter, clonal prolif-
eration of infected cells appears to be predominant. In hu-
mans, many thousands of different clones can be found
that are characterized by their unique site of provirus in-
tegration; they also differ considerably regarding their
clone size. Oligoclonal expansion of HTLV-1 infected cells
is frequently seen in patients with chronic infection or in-
flammatory disease of the central nervous system, and
monoclonal expansion is a defining property of adult T-cell
leukemia/lymphoma (ATLL). The processes that determine
why most clones remain small, others grow in size to dom-
inance, and some may eventually be transformed into highly
malignant tumors are the target of intensive ongoing study
(16, 17).

EPIDEMIOLOGY
Global Distribution of HIV
According to UNAIDS, between 33 and 37 million people
were living with HIV in 2013. The global prevalence among
individuals aged > 15 years was estimated at 0.7 to 0.8%.
New infections in 2013 amounted to 1.9 million in adults
and to 240,000 in children. The region most affected by the
epidemic is sub-Saharan Africa, where the overall preva-
lence among adults in 2013 was 4.7%. This accounts for
almost two-thirds of the global total of HIV infection. Other
world regions with a high prevalence include the Caribbean
(1.1%) and Eastern Europe/Central Asia (0.6%), while the
prevalence in other world regions is between 0.1 and 0.4%.

The extraordinary variability of HIV in conjunction with
geographical compartmentalization has led to the develop-
ment and geographical distribution of various distinctive
clades, or subtypes, of viruses. HIV-1 is now composed of
four phylogenetic groups: M, N, O, and P. Group M alone is
responsible for the HIV pandemic. It is divided into subtypes
A, B, C, D, F, G, H, J, and K. Genetic variation within a
subtype may amount to 15 to 20%, whereas variation be-
tween subtypes is between 25 and 35% (18). Viral recom-
bination, a possible consequence of infection of a person
with more than one virus (coinfection or superinfection),
has furthermore resulted in a great variety of so-called
circulating recombinant forms (CRFs), which increasingly
dominate the epidemic. To date, more than 65 CRFs have
been defined for HIV-1 and one for HIV-2. According to a
WHO study involving 23,874 HIV-1 samples from 70
countries, subtype C accounted for 50% of all infections
worldwide in 2004. Subtypes A, B, D, and G accounted for
12%, 10%, 3%, and 6%, respectively. Subtypes F, H, J, and K
together accounted for 1%. The circulating recombinant
forms CRF01_AE and CRF02_AG each were responsible
for 5% and CRF03_AB for 0.1%. Other recombinants
accounted for the remaining 8% of infections. All recom-
binant forms together were responsible for 18% of infections
(19). Isolates of HIV-1 group O, which are almost exclu-
sively restricted to persons originating from Cameroon,
Gabon, and Equatorial Guinea, differ as much from each
other as do viruses from different subtypes of group M, but
their limited number has so far precluded a definition of
distinct subtypes. HIV-1 group N viruses were isolated from
only a few individuals from Cameroon (20). A total of seven

subtypes of HIV-2, two of which are epidemic (A and B) and
five nonepidemic (C to G), have been defined, resulting
from as many different simian-to-human transmissions (4).

HIV Transmission
HIV is transmitted predominantly by sexual intercourse,
connatally from mother to child, postnatally by breast feed-
ing or by parenteral inoculation, most importantly intrave-
nous drug injection. Globally, the most frequent route of
transmission is by sexual intercourse. The probability of
HIV-1 transmission per 10,000 exposures amounts to 9,250
for blood transfusion, 63 for needle-sharing, 23 for percuta-
neous needle-stick, 138 for receptive anal intercourse, 11
for insertive anal intercourse, 8 for receptive penile-vaginal
intercourse, and 4 for insertive penile-vaginal intercourse,
while it is unquantifiably low for both receptive and in-
sertive oral intercourse (21). In general, the risk is propor-
tional to the viral load, as determined by RT-PCR for HIV-1
RNA (22, 23). Usually, a single virion is transmitted. The
virus is not transmitted through casual contact in household
settings, and there is no evidence for transmission by non-
human vectors.

Sexual transmission is mediated by infectious HIV-1
particles and/or virus-infected cells in the semen or mucosal
secretions. The risk of transmitting or acquiring infection
varies greatly. Epidemiologic studies indicate that transmis-
sion is linked to viral shedding, i.e., the amount of infectious
virus in genital fluids. This in turn is linked to the disease
stage and is highest during acute infection and late-stage
AIDS (23). Antiretroviral therapy (ART) can reduce HIV-1
shedding in semen and the female genital tract to unde-
tectable levels, but virions can sometimes be found in semen
even when they are undetectable in the blood plasma.
Although some untreated infected individuals pose a low
transmission risk—notably, no virus transmission was ob-
served from individuals with less than 1,500 copies of HIV-1
RNA per milliliter of plasma or serum–others may be “super-
shedders” and highly infectious. Acutely infected individuals
pose a particular risk (23). Moreover, other sexually trans-
mitted diseases (STDs) markedly increase both viral shed-
ding and the risk of acquiring HIV-1 infection (reviewed by
24 and 25).

Global Distribution of HTLV
The number of HTLV-1 infected persons worldwide is esti-
mated to be at least 5 to 10 million, but due to incomplete
epidemiological studies in the endemic regions the true
number remains unknown. Prevalence rates of > 1% are
found in the Caribbean, Central Africa, and South Japan. In
most other areas in the world, HTLV-1/2 infections are
mainly found in high-risk groups (i.e., immigrants from en-
demic areas, their offspring or sexual contacts, and in
patients and intravenou drug injection users attending sex-
ually transmitted disease clinics). Also, a high rate of in-
fection for both HTLV-1 and HTLV-2 was observed in the
native Amerindian population in North America as well as
in South America (26).

HTLV-1 currently comprises 7 different subtypes desig-
nated a through g. The “cosmopolitan” subtype HTLV-1a
includes the prototype isolates from Japan and is found in
many endemic areas worldwide. Its current worldwide dis-
tribution is thought to result from relatively recent human
migration such as the European voyages of discovery of
past centuries and the slave trade. Subtypes b, d, and f are
still restricted to Central Africa. Subtype e is prevalent in
South and Central Africa, subtype c is found in Melanesia,
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and subtype f was described in central African bushmeat
hunters (5).

HTLV-2 comprises two main subtypes, a and b (27). Both
are present in intravenous drug users in North America,
Europe, and Asia and have been found sporadically in
Africa. HTLV-2a is present in certain American Indian
tribes of North, Central, and South America. Due to a high
prevalence in isolated Amerindian populations, HTLV-2
was originally thought to be of New World origin. The
discovery of endemic HTLV-2 infections in remote Pygmy
populations and the identification of a simian virus closely
related toHTLV-2 in bonobos suggest, however, that HTLV-2
rather has its origin in Africa. The molecular characteriza-
tion of HTLV-2 isolates from Pygmies living in Cameroon
and Congo also supports an ancient African origin of HTLV-
2 (28).

HTLV Transmission
Like the HIVs, the HTLVs are transmitted by hetero- or
homosexual intercourse, from mother to child or by paren-
teral inoculation. Live HTLV-infected cells are essential in
all transmission modes. Mother-to-child HTLV transmission
rate is 15 to 35%, similar to that of untreated HIV-1 infec-
tions and occurs predominately in the postnatal period
through breast milk. Killing live cells from mother’s milk by
freezing and thawing abolishes viral transmission (29).
Breast-milk transmission seems to be more efficient than for
HIV-1 and occurs with a time- or dose-dependent frequency.
In one study, overall transmission was 16%. It was 5% among
infants breastfed for up to three months and 27% among
those breastfed for longer than three months. Of 78 bottle-
fed infants, 13% turned out to be infected, suggesting also
connatal transmission (30). In other studies, however, con-
natal transmission was considerably less frequent (3%).
Although HTLV-1 infected cells were detected by PCR in
2.5% of the cord bloods from HTLV-1–positive pregnancies,
this was not associated with infection when the babies were
formula-fed (31). Transmission by breast milk also depends
on its provirus load (32).

HTLV transmission by blood products is, in contrast to
HIV, strictly cell-associated; the virus is not transmitted by
plasma or plasma-derived products (33). Recipients of con-
taminated blood seroconvert with a 40 to 60% probability
and a median seroconversion time estimated at 51 days (34).
Routine HTLV screening of blood donors is justified in
countries with an elevated prevalence in the general popu-
lation and has been implemented in Japan, North America,
and several European countries.

CLINICAL SIGNIFICANCE
HIV-1 and HIV-2
HIV-1, first isolated in 1983 (35), is the virus responsible
for the AIDS pandemic, as was conclusively shown in 1984
by a series of papers demonstrating its systematic serological
and virological association with early and late stages of the
disease (36–40). AIDS, first recognized as a new disease
among homosexual young men in 1981 (41), is the result of
a long-lasting continuous destruction of a patient’s CD4+ T
lymphocytes induced by HIV. The underlying pathogenic
mechanisms are not yet fully understood; for details on
current knowledge consult recent reviews (42–44).

Important stations on the way to AIDS, as shown in
Fig. 1, include (i) an initial hidden phase during which the
virus spreads from the entry port to the various tissues and

organs. All this occurs before the virus becomes detectable in
the plasma and before clinical symptoms develop. (ii) This is
followed by a period of unhindered replication mainly in
activated CD4+ T cells located in these sites, leading to a
peak of viremia, which frequently exceeds 106 to 107 virions
per milliliter plasma. The massive virus production induces
an immune response both in the form of antibodies against
all viral proteins and a CD8+ Tcell response directed against
the viral antigens expressed on infected cells. The immune
response also activates new CD4+ T cells, which become
readily infected and produce new virus, thus generating a
vicious cycle. This phase of unhindered virus replication
corresponds to the stage of acute or primary HIV infection
(PHI) and is frequently associated with a flu-like disease.
The acute phase comes to an end when the immune system
has gained partial control of virus replication and the readily
infectable activated CD4+ Tcells have been exhausted. This
is manifested by rapidly falling virus concentrations in the

FIGURE 1 Virologic and immunologic parameters and median
diagnostic window periods in the typical course of HIV-1 infection.
For further description refer to sections III. Clinical Significance
and V. Detection/Diagnosis.
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plasma by two or three logs to a stable level called the “set
point”; in the blood a transient decline of CD4+ T cell
numbers is seen. (iii) In the phase of chronic infection or
“clinical latency”, which may last for many years, the virus
concentration in plasma remains either stable at the set
point or increases slowly. The CD4+ T cells decline slowly,
by 70 cells/mm3 per year on average. The patients in this
clinically latent phase have no symptoms and usually do not
know that they are infected. (iv)When the number of CD4+
Tcells has declined to a point below which immune control
of adventitious infectious agents is no longer possible (below
200 cells/mm3), opportunistic infections arise and tumors
may develop; i.e., the final AIDS stage has been reached.
This occurs about 10 years after infection on average. Any
remaining immune control of the HIV infection itself is also
lost, and plasma viremia increases again. If treatment with an
effective combination of antiretrovirals is not instated at this
point, AIDS will be fatal within a few years.

The process that is central to the pathogenesis of AIDS is
the slow progressive destruction of the CD4+ T cells. It has
been known for a long time that cells productively infected
with HIV-1 die of apoptosis, but this affects only a small
proportion of the CD4+ T cell total. Why apparently non-
infected “bystander” cells are also destroyed has long
remained unknown. Recent research now suggests that the
infection of most CD4+ T cells by HIV is abortive, allowing
only the initial steps of reverse transcription and synthesis of
a double-stranded proviral DNA. Migration of the proviral
DNA into the nucleus and integration, however, appear to
be rare events. The foreign viral DNA in these abortively
infected cells now was found to activate a DNA sensor lo-
cated in the cytoplasm. This leads to cell death due to an
inflammatory process called pyroptosis, which is different
from necrosis or apoptosis (45). Pyroptosis also causes im-
mune activation, another hallmark of infection by HIV-1.
Immune activation is thought to be responsible for the in-
creased occurrence of atherosclerosis and metabolic syn-
drome in HIV-1 infected individuals.

HIV-2, discovered in 1986 in a patient with AIDS (46),
is less pathogenic than HIV-1. Infection with HIV-2 occurs
mainly in West Africa, but an increasing number of cases
have been recognized in Europe, India, and the U.S. Rates of
heterosexual and mother-to-child transmission of HIV-2 are
low, and the virus rarely causes AIDS. Most HIV-2 infected
individuals remain long-term nonprogressors, whereas most
of those infected with HIV-1 progress. When clinical pro-
gression occurs, both diseases demonstrate very similar
pathological processes, although progression to AIDS in
HIV-2 occurs at higher CD4 counts and lower plasma viral
loads. Immune activation is also absent. For more detailed
information, consult (47) and (48).

HTLV-1 and HTLV-2
Most individuals infected with HTLV-1 remain disease free
throughout their lifetime. In 2 to 6% of infected individuals,
however, chronic disease may develop, usually after a long
incubation time. Three characteristic disease entities have
been etiologically linked with HTLV-1 infection in adults.
They include adult T-cell leukemia/lymphoma (ATLL), a
malignancy first described in 1977 (49, 50) and subsequently
linked with HTLV-1 (51, 52); HTLV-1-associated myelop-
athy/tropical spastic paraparesis (HAM/TSP) (53, 54); and
HTLV-1-associated uveitis (HAU) (55). Syndromes found
associated with HTLV-1 in children include infective der-
matitis (56) and HAM/TSP. Other manifestations less well
linked with HTLV-1 infection include various inflammatory

diseases like polymyositis, arthritis, infiltrative pneumonitis,
Sjögren’s syndrome, and, in children, persistent lymphade-
nopathy. A general susceptibility to infectious diseases is also
frequent. For more detailed information consult 16, 17, 57,
and 58.

HTLV-2 was originally isolated from a T-cell line derived
from a patient with a T-cell variant of hairy cell leukemia
(59). Subsequently, the virus was also isolated from a similar
case, which upon closer examination demonstrated a coex-
istence of two different proliferative processes, namely, a
CD8+ T-cell leukemia with monoclonally integrated HTLV-2
and a B-cell hairy cell leukemia negative for integrated
HTLV-2 (60). Epidemiological studies have excluded, how-
ever, that the typical B-cell form of hairy cell leukemia is as-
sociated with HTLV-2 (61). More recent studies have shown
that HTLV-2, though persistently associated with elevated
lymphocyte and platelet counts and with an increase in
overall cancer mortality, does not cause hematologic disor-
ders and is only sporadically associated with myelopathy (62).

TREATMENT AND PREVENTION
HIV
Antiretroviral Treatment
Eradication of HIV infection cannot be achieved with
available antiretroviral regimens. This is due to the pool of
latently infected CD4+ T-cells that is established during
early HIV infection and persists with a long half-life. Hence,
the primary goals of therapy in HIV-infected patients are to
reduce HIV-related morbidity and mortality, to improve
quality of life, to restore and preserve immunologic function,
and to maximally and durably suppress virus replication as
measured by the viral load. Treatment with effective com-
binations of antiretroviral drugs has resulted in substantial
reductions in HIV-related morbidity and mortality. Plasma
viremia is a strong prognostic indicator of HIV disease pro-
gression. Reductions in plasma viremia achieved with such
antiretroviral combination therapy account for substantial
clinical benefits (63). Therefore, suppression of plasma vi-
remia as much as possible for as long as possible is the goal of
current antiretroviral therapy. The ambitious new goal of
curing HIV infection will require “flushing out” of latently
infected cells by agents capable of activating the virus from
dormant cells; for more information see (64).

Due to the high variability of HIV and the generation of
drug-resistant mutants, successful long-lasting suppression of
virus replication can only be achieved with a suitable com-
bination of antiretrovirals (ART). Such regimens are usually
composed of at least three drugs, whereby one drug is selected
from the groups of NNRTI, protease inhibitors (PI) or in-
tegrase inhibitors (INI), and the other two are chosen from
the group of nucleoside (or nucleotide) analogue RT inhi-
bitors (NRTI). NRTIs function as nucleoside-triphos-phates
for RT-mediated cDNA synthesis and act as chain termina-
tors; they are active against both HIV-1 (including group O)
and HIV-2 and also against other retroviruses. NNRTI bind
directly to the RT thereby blocking its active site either di-
rectly or indirectly. As NNRTI were developed against the
RT of HIV-1 group M they are inactive against HIV-2 and
group O of HIV-1, which appear to have a different active
site configuration. PIs block the active site of the viral PR,
thereby inhibiting the processing of the gag-pol and gag pre-
cursor proteins. INI block the active site of the HIV inte-
grase. An entirely different class of drugs is directed against
the cellular coreceptor, CCR5, which is required for virus
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entry. For information on FDA-approved or investigational
drugs and all questions regarding ARTconsult http://aidsinfo.
nih.gov/.

Prevention of HIV Transmission
Any measure that effectively reduces exposure to the viral
inoculum present in genital secretions will contribute to
reducing the extent of sexual transmission of HIV. Condom
use is one of the central measures and reduces the incidence
of new HIV infections by 80 to 95% when used consistently
(65). Early identification, counseling, and treatment of in-
fected individuals, including those in the highly infectious
acute stage of infection, as well as contact tracing are also
important. Prompt treatment of concomitant sexually trans-
mitted diseases reduces inflammation and thus the number
of infected, activated, and virus producing CD4+ T lym-
phocytes and macrophages in genital secretions (25). Use of
ART has been shown effective in reducing HIV-1 shedding
in genital secretions, and a reduction in HIV-1 transmission
from infected patients receiving ART has been observed in
several studies. Expanded access to ART as a cost-efficient
means to curb the growth of the HIV pandemic thus remains
a promising strategy (44, 66).

Preventive measures that reduce the risk of a person for
getting HIV infected sexually include barrier methods, but
behavioral changes like abstinence, faithfulness, and partner
reduction are of similar importance (67, 68). Male circum-
cision, which sizably reduces the infectable epithelial area
of the penis, has been found associated with a 60% risk
reduction (69, 70). Microbicide approaches, in particular
those involving topical application of antiretroviral drugs
like Tenofovir, have also shown promising results (71). Post-
exposure prevention (PEP) of HIV transmission by sys-
temic antiretroviral drug treatment has proven effective
and is a standard procedure in developed countries (72); for
actual recommendations consult http://aidsinfo.nih.gov/. Pre-
exposure prevention (PrEP) with antiretroviral drugs like
Tenofovir, a nucleotide reverse transcriptase inhibitor of high
efficacy, is also advocated for high-risk individuals (73, 74).
In contrast, vaccine development has not made significant
progress and is many years away from routine application.

HLTV

Treatment of ATLL
Asymptomatic carriers of HTLV-1 or HTLV-2 are approached
by watchful waiting; treatment is restricted to individuals
with disease. Because in chronic HTLV infection the virus
replicates predominantly by clonal expansion, the inhibition
of viral replication by means of ART has no rational place in
HTLV treatment. Nevertheless, the NRTI azidothymidine
(AZT) has been used with success in combination with in-
terferon alpha for treatment of ATLL. The effect of AZT,
however, seems not to be due to its antiviral potency, but
rather to induction of a telomerase, thereby reprogramming
the cells to a p53-dependent senescence (75).

During the more than three decades since the recognition
of ATLL a variety of treatment approaches has been evalu-
ated. Clinical trials, mostly conducted in Japan, have dem-
onstrated that combinations of chemotherapy can induce
acceptable response rates, especially in the lymphoma sub-
type. However, the overall outcome remains poor due to a
high rate of relapse. Similarly, the so-called indolent forms of
ATLL, the smoldering and chronic subtypes, have a poor
long-term prognosis. Aworldwide meta-analysis showed that
the combination of AZT and interferon alpha was highly

effective in the leukemic subtypes of ATLL; it also improved
the long-term survival of patients suffering from smoldering
or chronic ATLL, as well as of a subset of patients with acute
ATLL. A further increase of efficacy is expected from the
addition of arsenic trioxide to this regimen. Allogeneic he-
matopoietic stem cell transplantation for patients that have
achieved complete remission is a further option. Finally, a
number of new agents including purine analogs, histone
deacetylase inhibitors (which should improve virus expres-
sion in ATLL cells, thereby exposing them to the patient’s
antiviral cytotoxic T-cell responses), and monoclonal anti-
bodies against CXCR4, are being evaluated in clinical trials.
For more information consult (16, 58, 76).

Treatment of HAM/TSP
HAM/TSP is considered to be due to a CTL response di-
rected against HTLV-expressing cells in the CNS. Therefore,
immunosuppressive and immune modulating agents includ-
ing corticosteroids, interferon alpha, and interferon beta 1a
have been tried, albeit with limited success. The combina-
tion of interferon alpha and AZTwas also ineffective.

Prevention of HTLV Infection
Overall, the diseases caused by HTLV, in particular ATLL,
remain associated with a poor prognosis. Prevention of
HTLV infection is thus of paramount importance. Public
health intervention with the aim to provide education and
counseling of high-risk individuals and populations is re-
quired. Avoidance of breast feeding and the introduction of
HTLV screening of all blood donors have led to a signifi-
cant decline of the carrier rate among the younger genera-
tion in Japan (77). Given the high kit costs for blood donor
screening, a transfer of this strategy to resource-poor settings
with HTLV-1 endemicity has so far not been possible. Blood
transfusion still represents a risk of HTLV-1 infection for
recipients in most African countries, as well as for other less
developed areas. Prevention of mother-to-child transmis-
sion would likely have a significant impact on the incidence
of HTLV-1-associated diseases, but the benefits of avoiding
breastfeeding must be weighed against its risks, namely, mal-
nutrition and increased infant mortality. Recommendations
to prevent sexually transmitted infections are the same as
for the prevention of HIV infection.

DETECTION/DIAGNOSIS
Diagnosis of HIV Infection
The three questions of principal interest in HIV diagnos-
tics are (i) whether a person is HIV-infected and, if infected,
(ii) with what exactly (viral properties) and (iii) how ac-
tively the virus is replicating (Table 1). With regard to viral
properties, identification of the virus type, i.e., HIV-1 or
HIV-2, is essential for both the selection of a suitable viral
load test and the decision with what to treat the patient.
Answering these questions is important because current
commercial viral load tests do not recognize HIV-2, and
NNRTI are not effective against HIV-2 or HIV-1 group O
viruses. Knowledge of preexisting mutations conferring re-
sistance to antiretroviral drugs is another clinically very im-
portant point. According to current opinion, antiretroviral
combination therapy (ART) is increasingly considered es-
sential for all HIV infected persons (see http://aidsinfo.nih.
gov/), making it important to answer all medically relevant
questions already at the timepoint of HIV diagnosis.
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Question 1: Is a Person Infected with HIV?
HIV infection can be detected by a variety of tests. Virus
components that can be assayed include viral RNA or pro-
viral DNA, viral proteins, in particular the p24 antigen and
RT, the enzymatic activity of which can be detected by
functional tests. Most frequently, however, HIV infection is
diagnosed by tests that assess whether an individual has
produced HIV-specific antibodies. Since retroviruses estab-
lish infections that persist for life, the demonstration of
HIV-specific antibodies can be trusted to reflect ongoing
infection, provided that it is consistent and directed against
various viral antigens (and that the individual has not par-
ticipated in an HIV vaccine trial). Thus, testing for HIV-
specific antibodies is still an important tool for HIV diag-
nostics, at least in adults. In infants, solely the testing for
virus components allows early diagnosis of the infection.

The diagnosis of HIV infection relies on commer-
cially available test kits. There is a large number of well-

standardized commercial diagnostic products of high sensi-
tivity and specificity, which provide a continuously high
standard of quality. They are usually better and yield more
consistent results than research procedures developed by
diagnostic laboratories. The use of good commercial tests is
therefore strongly recommended. Using unregistered tests
for screening or for certain types of supplemental testing
is unlawful in many countries. In the U.S., refer to http://
www.fda.gov/cber/products/testkits.htm for the actual list
of U. S. Food and Drug Administration (FDA) approved
commercial diagnostic tests. Commercial tests for diagnostic
use in Europe need to be Communauté Européenne (CE)-
marked.

Only very general descriptions of procedures are given
in the following sections, since commercial test kits all
contain detailed step-by-step instructions. For procedures
that are not commercially available, the reader is directed to
the referenced literature. The intent is to guide the reader

TABLE 1 The principal questions of HIV diagnosis and how best to answer them
1. Is an individual infected with HIV?
HIV screening in individuals > 18 months Use approved HIV-1/2/O Ab + Ag combination test

Verification (confirmation) of HIV diagnosis Two different tests of high diagnostic specificity are clearly reactive

AND

Two different samples have been tested, each with a clearly reactive
or positive result

Neonatal/Pediatric HIV screening at < 18 months Initially perform an HIV screening test to see whether baby was
exposed to maternal HIV infection.

Approved HIV-1/2 differentiation immunoassay to determine the
correct test for initial testing (HIV-1 or HIV-2); thereafter

for HIV-1: HIV-1 RNA in plasma (or DNA-PCR in PBMC)

and/or

for HIV-2: HIV-2 DNA in PBMC by means of a high-input (MEGA)
PCR

2. What properties does the virus have?
Discrimination between HIV-1 and HIV-2,

detection of double-infection HIV-1 plus HIV-2
Approved HIV-1/2 differentiation immunoassay

Confirmation of HIV-2 infection High-input (MEGA) PCR for HIV-2 in PBMC

Resistance against antiretroviral medications Genotypic resistance-testing of at least the PR and RT regions,
optimally also the IN region

Identification of HIV-1 group O Achieved most effectively via sequencing in the context of genotypic
resistance testing

Group O-specific DNA or RNA-PCR

3. How high is the viral load?
HIV-1 quantification Approved quantNAT for HIV-1 RNA
HIV-2 quantification Approved quantNAT for HIV-2 RNA or sequence-independent

quantification using the PERT assay
HIV-1 & HIV-2 double-infection Approved quantNAT for HIV-1 PLUS quantNAT or qualNAT for

HIV-2 RNA
Verification of a viral load of < 1,000 copies/mL

obtained using a commercial quantNAT
Use of a second, different quantNAT or sequence-independent testing

using the PERT assay

Abbreviations: PR, protease; RT, reverse transcriptase; IN, integrase; PBMC, peripheral blood mononuclear cells; quantNAT, quantitative nucleic acid test; qualNAT,
qualitative nucleic acid test.
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through the multitude of available procedures and to discuss
their strengths and weaknesses.

Window Periods in Early HIV Infection,
HIV Screening in Adults
HIV-specific antibodies are produced within a few weeks
after infection. They are induced by the various viral pro-
teins produced during the phase of unrestricted HIV repli-
cation that is characteristic for the initial, acute phase of the
infection (Fig. 1). The time to positivity in HIV antibody
tests (i.e., to seroconversion) depends not only on the sen-
sitivity of the test but also on the extent of virus replication,
as shown by patients who, when diagnosed prior to sero-
conversion and immediately put on antiretroviral treatment,
exhibit a delayed seroconversion (78).

In a study based on the first generation of HIV antibody
screening assays developed three decades ago and using viral
lysate for target antigen, HIV seroconversion was estimated
to occur on average 45 days after infection; with 95% cer-
tainty the window period for 90% of individuals was less
than 20 weeks (79). In comparison to this, the more recently
developed tests have reduced the average window period as
follows: third-generation anti-HIV-1/2 enzyme immuno-
assays for detection of antibodies (including IgM) by the
double-antigen sandwich (DAGS) format, reduction by
20.3 d; use of p24 antigen or PCR for proviral DNA, re-
duction by 26.4 d; and PCR for viral RNA in plasma, re-
duction by 31.0 d (80). With third-generation antibody
screening assays, the median window of seroconversion
amounts to approximately 3 weeks, i.e., half of the infected
individuals should become antibody positive within ap-
proximately 3 weeks after infection.

Compared to the 3-week median window of third-
generation antibody assays, p24 antigen testing, or the use
of fourth-generation combination assays that detect both
HIV antibodies and p24 antigen, reduces the window by a
further 5 days (i.e., to 16 days). RT-PCR and other sequence-
specific approaches for amplification of HIV-RNA (but not
HIV-DNA) are even more sensitive during the earliest stage
of infection. In the most comprehensive study to date on
early phase HIV-1 infection, HIV-1 RNA-based tests were
already positive on an average of 5 days earlier than p24
antigen based tests (95% confidence interval of 3.1 to 8.1
days) (81). According to this initial modeling, the median
time until detection of HIV-1 RNA amounted to 10 to 11
days after infection and for p24 antigen to 16 days after
infection. A second model used in the same work came to
the conclusion that, at a detection limit of 50 copies/ml,
HIV-1 RNA became detectable 7 days earlier than p24 an-
tigen, i.e., at day 9 post infection and, at a detection limit of
1 copy/ml, already at day 7 post infection (median values).

Note that median values are only indicative that at the
given timepoints 50% of the HIV-infected individuals are
positive, meaning that 50% of the individuals still have a
negative result. Previous studies have shown that in rare
cases seroconversion may be delayed (79, 82, 83). Given
that the RNA-PCR, antigen, and antibody tests described in
the above-mentioned study are always positive in rapid
succession, as shown by the narrow 95% confidence inter-
vals, even highly sensitive molecular-based HIV-tests will
remain negative in these rare cases until shortly before the
delayed seroconversion. Studies in animal models have
shown that, prior to its entry into the bloodstream leading to
its general distribution, virus can remain for varying lengths
of time within lymphatic tissue at its point of entry into the
body (83). In view of these results, it is clear that in humans

the interval between infection and the start of a rapid and
definitive increase in virus can also vary. This biological
property has not changed despite our advances in viral di-
agnostics. In view of this, it remains impossible to waive a
three-month waiting period prior to excluding HIV infec-
tion by a negative screening test result.

Due to the high costs of HIV RNA tests, it is not feasible
to use these for HIV screening. In addition, these tests usu-
ally do not detect HIV-2, and they are also unable to detect
HIV-1 infection in persons who have no detectable levels
of HIV-1 RNA in their plasma at the time of diagnosis–
which after all amounted to 0.7% in a recent study per-
formed in Switzerland (84). As a consequence, if HIV-1
RNA tests were used for screening, their overall diagnostic
sensitivity would be considerably lower than that of a good
fourth-generation screening test. The latter therefore pro-
vide an overall optimal solution for detecting both early and
late infections while still being cost-efficient.

Thus, whenever possible, FDA-approved or CE-marked
combo screening tests capable of detecting not only HIV
antibody against HIV-1 (including group O) and HIV-2, but
also the p24 antigen, should be used for HIV screening (85–
87). Antigen-testing within the framework of HIV screening
is particularly important in order to facilitate identification
of highly infectious individuals in the stage of acute or pri-
mary HIV infection (23, 88). In many European countries
the use of combo tests for HIV screening has become man-
datory more than a decade ago, and finally the U.S. also
recommends these tests for screening.

Most combo tests have to be performed in the laboratory,
but there is also one rapid point-of-care combination assay
that is both CE-marked and FDA-approved, the Alere De-
termine HIV-1/2 Ag/Ab Combo. Unfortunately, this test has
poor detection of the p24 antigen of most HIV-1 clades,
including subtype B, compared to the laboratory-performed
tests, as shown by a recent study performed with a panel
of well-standardized recombinant p24-expressing virus-like
particles that represent the entire width of genetic varia-
tion of HIV-1 (89). In agreement with these results, a study
conducted in Swaziland showed that the Alere Determine
HIV-1/2 Ag/Ab Combo had a diagnostic sensitivity of 0%
for detection of acute HIV-1 infection, even when 10 mil-
lion HIV-1 RNA copies per ml were present (90). Earlier
studies came to the conclusion that HIV antibody detection
by the Alere Determine HIV-1/2 Ag/Ab Combo was good,
but that p24 antigen detection did not add sensitivity, but
rather impaired the overall specificity of the test (91, 92).
Clearly, there is also considerable variation in performance
of instrument-performed combo tests, as shown by (89) and
an earlier study that used culture-grown virus (93). Careful
selection of these tests and thoughtful interpretation of neg-
ative results in cases of clear exposure to HIVare therefore of
paramount importance.

When to Test after a Known or Suspected
HIV Exposure
In persons with a history of recent HIV exposure and who
already have symptoms of primary HIV infection (PHI), a
combo screening test should be carried out immediately. A
large proportion of the newly infected patients do not de-
velop symptoms of PHI, however (94). Since patients are
likely to benefit from early ART, as reviewed in (95), it is
justified to perform a first combo test 16 to 20 days after the
date of exposure, since this will identify 50% of the trans-
missions that occurred. If this test is negative, a second HIV
screening test performed 3 months later is necessary to rule
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out infection, although a second test should be done im-
mediately should symptoms suggestive of PHI present during
this period or if risk of transmission is high. HIV-1 RNA
testing should be used to confirm positive combo screening
results in such cases; CDC guidelines also recommend HIV-1
RNA testing for resolving discrepant results of two combo
screening tests. A negative result of a screening test per-
formed three months after exposure definitively rules out
that HIV transmission occurred. All patients should be made
aware of the inherent high risk of virus transmission deriving
from a PHI.

HIV Diagnosis in Infants and Children Who
Are < 18 Months
If the HIV status of the child’s mother is unknown (e.g., in
the case of an adopted child) an HIV screening test should
be performed. In the case of a negative result, no further tests
are required. However, in the case of a reactive result, it must
be concluded that exposure to HIV has taken place and
further testing is needed to determine the child’s HIV status.

Since maternal IgG antibodies (including those directed
against HIV) pass by means of active transplacental trans-
port at high concentrations into the fetus, all babies born to
HIV-infected mothers have HIV-specific antibodies and are
thus diagnostically “HIV-positive.” As a consequence, an-
tibody testing for diagnosis of HIV infection cannot be used
until the complete disappearance of these maternal anti-
bodies, which should have taken place before 18 months of
age. Evidence for HIV infection during this early period is
based exclusively on tests that detect viral components.
Because the quantification of HIV-1 RNA by commercial
tests is routine in many laboratories, HIV RNA is typically
tested for, although WHO recommends testing for HIV
DNA (96). In general, if prevention of mother-to-child
transmission (PMTCT) was applied, HIV-infected children
may demonstrate PCR-negativity for both HIV-1 DNA and
RNA in blood samples taken during their first and second
months. However, test sensitivity during the child’s third to
sixth months is good (97).

In infants of any age, in the presence of symptoms of
pediatric HIV infection, virus testing must be done imme-
diately. In contrast, for asymptomatic children, a first virus
test is generally recommended at age 6 weeks. The subse-
quent testing schedule depends largely on local conditions
and financial constraints. Resource-rich countries with a low
prevalence of HIV-exposed infants and no breastfeeding by
HIV-positive mothers may repeat PCR testing at 4 and 6
months and perform a concluding antibody screening test
at 18 months. For resource-poor settings with a high prev-
alence of maternal HIV infection and a predominantly
breastfeeding population of infants, WHO recommends
a rapid antibody screening test at 9 months for all HIV-
exposed infants who were PCR-negative at 6 weeks. At 9
months, a majority of the uninfected infants will already
have lost the maternal HIV-specific antibodies. In case of
positivity in the rapid antibody test, a virus test has to be
conducted for confirmation of the suspected transmission.
A further PCR test has to be conducted 6 weeks after wean-
ing (provided the child is still younger than 18 months);
otherwise a concluding screening test is conducted at 18
months.

Several studies have shown that testing of heat-denatured
plasma samples by signal amplification–boosted HIV-1 p24
antigen enzyme immunoassay (EIA) (also dubbed the “ul-
trasensitive p24 (Up24) assay”) diagnoses pediatric HIV-1
infection with a sensitivity and specificity equivalent to that

of tests for viral DNA or RNA, but at much lower expense
(98, 99). WHO has reviewed the available literature in
2009 and has recommended the Up24 test for diagnosis of
pediatric HIV-1 infection with the same strength of evi-
dence as for PCR for HIV-1 RNA or DNA. Tests for HIV-1
DNA, RNA, or p24 antigen can also be conducted on dried
blood spot specimens (96).

It should be noted that pediatric HIV-2 infection is not
detectable using commercial kits for the quantification of
HIV-1 RNA. Consequently, if the HIV type of the mother
is unknown, the initial blood sample from a newborn must
be tested first with an HIV-1/HIV-2 differentiation test in
order that appropriate subsequent tests—for HIV-2 always
for proviral DNA in peripheral blood mononuclear cells
(PBMC)—can be implemented.

In the case of positive virus detection in newborns or
infants, guidelines for test confirmation are the same as those
to be followed for adults (see next section). However, when
HIV-1 RNA in the first sample is detected with adequate
certitude, as is the case when a sufficiently high virus con-
centration is detected and a follow-up sample has been
successfully tested for genotypic-resistance, pediatric HIV
infection is confirmed and all required virological informa-
tion is in place for treatment. Borderline results (“positive,
< 20 copies/ml”) must never be interpreted as positive; such
cases are usually PCR-negative in follow-up.

Rapid Tests and Use of Alternative Specimens
Rapid tests can be performed with minimal or no laboratory
equipment; they yield results within 30 minutes. Such tests
may be useful in certain situations, e.g., in assessing the risk
of HIV transmission in needlestick injuries and similar ex-
posures to possibly HIV-contaminated materials, organ do-
nations, or whenever a laboratory test result may not be
available quickly. Rapid tests may be of different formats,
including DAGS, indirect binding, Ig capture, agglutina-
tion, or chromatographic assay. The diagnostic sensitivity
of some of these tests seems somewhat inferior to third-
generation ELISA-based antibody tests, especially in sero-
conversion panels. Others, however, exhibit comparable
diagnostic sensitivity and specificity and can therefore be
recommended for diagnosing infections of 3 months’ dura-
tion or longer.

Many persons infected with HIV are not tested until they
develop symptoms of AIDS. Up to one-third of patients
receive their HIV diagnosis within 2 months of progression
to AIDS. The hope that such individuals could be motivated
to be tested earlier has led to adapted testing strategies,
particularly in the U.S. These recommend routine, “opt-out”
testing in all healthcare settings (100). The shift in testing
strategy also has led to the use of new test systems believed
to be more attractive to the client. They include home-
collection test systems, in which sample collection devices
are ordered by phone and delivered by express courier. Blood
is collected by finger pricking onto filter paper and sent to a
designated laboratory for screening. Such testing systems
have good sensitivity and specificity. Collecting a suffi-
ciently large specimen may be the biggest problem, affecting
7 to 10% of the users. As an alternative, testing systems for
other specimens, such as oral fluids or urine, also received
FDA approval. Excellent sensitivity and specificity were
reported in studies involving oral fluids collected from
postseroconversion individuals. This also applies to FDA-
approved test systems for urine samples. The FDA has also
approved a rapid test system for oral fluids, whole blood, or
serum, which is sufficiently easy to perform that testing at
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the point of care with a return of the result within 20 to 40
minutes has become possible. Extended studies of this device
have reported a sensitivity and specificity comparable to that
of other EIAs. The sensitivity of test systems utilizing spec-
imens other than blood in early seroconversion remains
untested, as standardized materials comparable to serocon-
version panels are not available. The use of such alternative
tests in recent exposure settings should therefore be avoided.
True home tests that are sold over the counter have also
been approved by the FDA. As with all other tests, a positive
result of such tests is preliminary and follow-up confirmatory
testing is needed.

Confirmation of the Diagnosis “HIV-Infected”
The central principle for reliability in the diagnosis “HIV-
infected” is that (i) at least two different HIV-specific tests
have been applied, both yielding positive results, and that
(ii) two distinct, independently taken specimens have given
unambiguous positive results, meaning that a first and a
second sample must be to hand. Which combination of
different tests is actually used is not that important, except
that both tests need to be of high specificity. It is recom-
mended that screening tests be combined with those tests
that are required anyway in order to answer the diagnostic
questions 2 and 3 (see below). Tests that determine viral
properties or quantify the virus are thus also confirmatory
assays. In virtually all cases, HIV infection can be unequiv-
ocally confirmed or ruled out using two samples and cur-
rently available tests.

Question 2. What Are the Properties of the Virus?

Differentiation of HIV-1 and HIV-2, Double
Infections, and Detection of HIV-1 Group OViruses
Infection with HIV-2 or Group O HIV-1 must be identified
early on as these viruses are resistant to the entire class of
NNRTI. In the case of HIV-2, a different method for de-
termining the HIV RNA load is needed in addition.

Increased suspicion of HIV-2 infection exists when in-
dividuals present with an epidemiological link to West
Africa (e.g., Ivory Coast, Ghana, Senegal, Guinea-Bissau, or
Cameroon) or Portugal, which has historical colonial links
with these regions. In Europe, HIV-2 infections amount to
0.1 to 1% of the number of HIV-1 infections (101), while in
the U.S. only 0.01% of the 1.4 million HIV infections di-
agnosed during 1987 to 2009 were due to HIV-2 (102).

HIV type differentiation is carried out primarily by means
of serological tests that are formatted as multiline or multi-
spot assays, whereby the different lines or spots contain
proteins and/or peptides of HIV-1 or HIV-2. In Europe, a
CE-marked line immunoassay, the Inno-Lia HIV-I/II Score
(Fujirebio) has long been used for both HIV confirmation
and type differentiation (103). It is a form of “Western Blot
of the second generation,” whereby antibodies against five
recombinant proteins or synthetic peptides of HIV-1 anti-
bodies and the envelope glycoproteins gp105 and gp36 of
HIV-2 are detected in a semiquantitative manner. This test
is also being utilized in a national surveillance system for
incident HIV-1 infection (104, 105). A more recently de-
veloped test, BioRad’s Multispot HIV-1/HIV-2 Rapid Test, is
now recommended for both HIV confirmation and type
differentiation in a new testing algorithm recently intro-
duced in the U.S. (106). Tests such as these are increasingly
replacing the HIV Western blot (WB) introduced into di-
agnostics when HIV was discovered three decades ago. This
is justified because over the years it has become clear that, in

contrast to the continuously improved HIV screening tests,
WB has remained a first-generation test with some well-
known flaws, namely, an inferior sensitivity in seroconver-
sion panels compared to third- and fourth-generation
screening tests and a high proportion of indeterminate re-
sults due to the detection of cross-reactive antibodies. It has
to be noted, however, that the new confirmatory/type dif-
ferentiation tests, too, can only be used after seroconversion
has occurred. They remain negative in all those cases that
are screening-positive due to the detection of p24 antigen in
fourth-generation combo tests. In the author’s experience,
this has amounted to about 5% of all new HIV-1 diagnoses
in recent years.

If screening is performed by a fourth-generation combo
screening assay, the reactants in a positive specimen are ei-
ther HIV antibodies or the p24 antigen. In case of a negative
confirmatory Inno-Lia or Multispot assay, it thus suffices to
perform one of the CE-marked antigen-only assays that are
available from different providers in Europe and have been
carefully evaluated in recent studies (89, 93). If the p24 test is
negative, the screening test was false positive, and no HIV-1
RNA is needed to confirm this. If antigen-only tests are
unavailable, as seems to be the case now in the U.S., one has
to perform a test for HIV-1 RNA instead. This carries no
advantage, however, and is more expensive. Diagnostic
utilization of PCR for HIV-1 RNA can safely be restricted to
confirmation of a positive p24 antigen test prior to sero-
conversion.

The serological diagnosis of HIV-2 infection should be
verified using a PCR approach. This approach should also
be used in the case of any doubt, particularly when anti-
bodies against the envelope region of both HIV-1 and HIV-2
are present at significant concentration. However, in the
case of HIV-2 infection, the RNA in plasma is often unde-
tectable, particularly in asymptomatic individuals. There-
fore, for confirmation of HIV-2 infection it is necessary to
resort to detection of proviral HIV-2 DNA in infected cells,
requiring submission of EDTA blood for testing and not
plasma alone. Furthermore, as the concentration of HIV-2
infected cells is often very low—less than 1 copy per mg of
DNA—a very large DNA sample, meant for use in a high-
input PCR (“MEGA-PCR”), must be used in order that a
sufficiently high level of sensitivity can be achieved (107).
As commercial nucleic acid tests for HIV-2 are not available,
such testing has to be carried out in specialized reference
laboratories. Note that the demonstration of HIV-1 RNA
does not exclude simultaneous infection with HIV-2. In
Switzerland, e.g., among a total of 3,851 HIV infections
newly diagnosed from 2008 to 2013, we have found 21 HIV-2
infections (0.5%) and 4 dual infections HIV-1 plus HIV-2
(0.1%). Should a dual infection indeed be present, viral load
testing must subsequently be undertaken separately for both
HIV-1 and HIV-2.

Much harder to diagnose than HIV-2 are the viruses of
HIV-1 group O, which may present in patients with epide-
miological links to the West African countries Cameroon,
Gabon, and Equatorial Guinea. Earlier versions of Roche’s
virus load test (i.e., the Amplicor HIV-1 Monitor Test, the
COBASAmpliScreenHIV-1Test, vers. 1.5, and theCOBAS
TaqMan HIV-1 Test vers. 1) were unable to detect HIV-1
group O viruses. A search for such viruses could therefore be
restricted to the few cases of ART-naïve HIV-1 infections
that had an undetectable HIV-1 RNA in the Roche assay
but were positive in the Abbott RealTime HIV-1. In view
of the fact that the contemporary COBAS TaqMan HIV-1
Test vers 2 now also detects HIV-1 group O, this simple and
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efficient form of group O screening is no longer feasible.
Nonetheless, diagnosis of these rare viruses is important
because all NNRTI’s are ineffective against group O. Today,
group O viruses are most effectively diagnosed within the
framework of genotypic resistance testing (GRT), provided
that the GRT method has been validated for detecting
group O, which is rarely the case. Therefore, if the HIV-1
RNA load is sufficiently high for conducting a GRT, but no
amplification products can be generated in the GRT, this
may among other possible causes indicate that a group O
virus is present. This possibility could then be further in-
vestigated in a reference lab that has at its disposal group O
specific RNA and DNA PCR tests for diagnosis of these
rare viruses.

Detection of Drug Resistant Viruses
and Determination of HIV Coreceptor Tropism
Knowledge of preexisting viral mutations conferring resis-
tance is important for any antiretroviral therapy. In a review
of 215 studies including 43,170 patients, transmission of
drug-resistant HIV was found at a frequency of 12.9% in
North America, 10.9% in Europe, 6.3% in Latin America,
4.7% in Africa, and 4.2% in Asia (108); for an interactive
map of HIV-1 drug resistance in ART-naïve persons see
http://hivdb.stanford.edu/surveillance/map/. As transmitted
resistant mutants with time will reverse to the better repli-
cating, drug-sensitive wildtype (while remaining preserved
in the viral reservoir), the best time for drug resistance
testing is at the time of HIV diagnosis—even if antiretroviral
therapy is only to begin later. As a general rule, resistance
testing has to cover those viral proteins, which are targeted
by the antiretroviral drugs to be used. For a recent review see
(109).

Genotypic resistance testing (GRT) meanwhile appears
to prevail over phenotypic testing (PRT) due to lower price,
faster turnaround, and superiority in detecting evolving re-
sistance. PRT remains useful for determining the suscepti-
bility of viruses with complex mutational patterns. This is
particularly relevant for selecting a PI for salvage therapy
because assessment of the clinical significance of many
patterns of PI-resistance mutations can be difficult (109).
One such assay, the Phenosense, is available for PRT of all
classes of antiretrovirals at the U.S. company Monogram
Biosciences.

GRT examines the population of viral genomes in a
sample for the presence of mutations known to confer re-
sistance. HIV resistance mutations databases and a wealth of
further information are accessible online at http://hivdb.
stanford.edu/ or http://www.hivfrenchresistance.org/. GRT
involves RT-PCR for amplification of the population of
relevant HIV-1 RNA sequences in plasma. The amplicons
are sequenced, and the amino acid sequence is compared to a
subtype B reference sequence. The differences are reported
as a list of mutations and evaluated for mutations known to
confer resistance (109). FDA-approved GRT kits include
the Trugene HIV-1 Genotyping Kit and Open Gene DNA
Sequencing System (from Siemens Healthcare Diagnostics)
and the ViroSeq HIV-1 Genotyping System (Celera Diag-
nostics, Alameda, CA). These kits are expensive, however,
and the manufacturers may lag behind in providing service
for new antiretrovirals. Kits for HIV-2 or HIV-1 group O are
unavailable. These shortcomings severely limit the useful-
ness of commercial kits. Many labs have therefore developed
their own protocols and rely on publicly available interpre-
tation algorithms and reporting systems.

The sensitivity of GRT ranges from 100 to 1,000 plasma
HIV-1 RNA copies per ml. At low HIV-1 RNA, GRT is
based on a very small number of assessed sequences, and
mutations present as minority variants may be missed. As a
general rule, standard GRT cannot detect variant sequences
present in fewer than 20% of the total (109). Ultradeep
sequencing should enable better detection of resistant mi-
nority variants.

More than 80% of the patients are initially infected solely
with R5 tropic viruses that use the coreceptor CCR5. The
small-molecule inhibitor maraviroc allosterically inhibits
binding of HIV-1 gp120 to CCR5. IAS-USA and DHHS
guidelines recommend maraviroc in combination with two
NRTIs as an alternate regimen for first-line ART. Preexisting
X4-tropic virus that binds to CXCR4 is the most common
cause of maraviroc failure. Therefore, prior to using mara-
viroc, X4 virus should be excluded either phenotypically
(Trofile assay, Monogram Sciences) or genotypically based
on sequencing the V3 region of gp120. For more information
refer to guidelines http://aidsinfo.nih.gov/guidelines/html/1/
adult-and-adolescent-arv-guidelines/8/co-receptor-tropism-
assays and (110).

Question 3. How High Is the Viral Load?

The concentration of HIV-1 RNA in plasma (viral load) is a
predictor of CD4+ T-cell decline and disease progression and
is utilized for monitoring the efficacy of ART (111). A test
for the viral load is a must at the time of HIV diagnosis. Viral
load determination, if clearly positive, contributes signifi-
cantly to confirmation of the diagnosis, as sequence-based
amplification tests are very specific–provided that carryover
contamination has been eliminated. A high HIV-1 RNA
load in plasma prior to full seroconversion is the hallmark of
an acute HIV-1 infection. Caution regarding the diagnostic
reliability should, however, be administered if a measured
viral load is low (a few hundred copies/ml). For some viral
load tests (bDNA), the lower limit of the quantification
range was originally fixed in a way that 95% of uninfected
controls were below it, i.e., 5% of the HIV-negative popu-
lation were false positive. It is clear that tests with a speci-
ficity of only 95% must not be used for diagnostic purposes.

Tests for quantifying HIV RNA in plasma are available
from various suppliers, such as Roche, Abbott, bioMérieux,
and Siemens (consult http://www.fda.gov/cber/products/
testkits.html). Those probably used most frequently today,
Roche’s COBAS TaqMan HIV-1 Test and Abbott’s Real-
Time HIV-1 assay, are based on reverse-transcription (RT)
TaqMan real-time PCR. Roche utilizes primers located in gag
(and for the most recent version 2.0 additionally located in
LTR) while Abbott amplifies a conserved sequence in pol.
Both platforms now recognize group M and group O viruses
of HIV-1; Abbott’s was also shown to detect HIV-1 groups N
and P. Earlier versions of the Roche test—remarkably still on
the list of FDA-approved tests—do not recognize group O
and may severely underdetect some strains of HIV-1 group M
(84, 112, 113). The bioMérieux test (NucliSENS EasyQ)
uses transcription-mediated amplification (TMA), an am-
plification process that mimics the retroviral replication
cycle and is performed at a constant temperature (114).
Siemens’ Versant HIV-1 RNA 3.0 (bDNA) uses the bDNA
probe amplification. This test is based on about 40 different
probes that cover most of the pol gene and permit detec-
tion of the various subtypes of group M of HIV-1, but not of
group O. For a recent comparative review of the performance
of HIV viral load tests refer to (115). Due to differences
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between the technology platforms, plasma input volume,
and ability to detect HIV subtypes, viral load monitoring of
individual patients is best performed always using the same
technology platform in order to ensure appropriate inter-
pretation of changes.

For HIV-2, there are still no commercial tests for mea-
suring the viral load. Therefore, one has to resort to in-house
tests for HIV-2 RNA quantification that are performed in
some reference laboratories or to the product-enhanced re-
verse transcriptase (PERT) test. The PERT assay measures
the enzymatic activity of the retroviral reverse transcriptase
(RT) enclosed in all retrovirus particles and has a sensitivity
similar to RT-PCR, while being completely sequence inde-
pendent and able to quantify all existing HIV-isolates (84,
116, 117).

Due to the highly variable nature of HIV, primer/probe
binding to the target region occasionally can be suboptimal,
resulting in underestimation of the viral load in tests based
on sequence amplification such as PCR or TMA (112). At
high virus concentrations this has negligible clinical con-
sequences. Falsely low or even undetectable viral load due to
underestimation may impact the interpretation of the suc-
cess of ART, however, and increase the risk of inadvertent
virus transmission as individuals with an undetectable viral
load are considered practically noninfectious. Therefore, the
author recommends that a viral load in an ART-naïve in-
dividual with fewer than 1,000 copies of HIV-1 RNA per ml
should be verified by a second, alternative viral load test
from a different manufacturer (84).

Diagnosis of HTLV Infection
The principles, tools, and problems of HTLV diagnosis are,
with some modifications, the same as those for the diagnosis
of HIV, but the task is simpler because HTLV infections
never release virions into the plasma. Therefore, no tests
for HTLV-RNA or HTLV-antigen need to be performed.
Screening is based on tests for HTLV-specific antibodies by
EIA or particle agglutination tests. Confirmatory tests are
based on Western blot or line immunoassay. Since there
are many indeterminate Western blot results, confirma-
tion should usually be backed by PCR for proviral DNA.
Since there is little sequence variation and because many
cells carry the provirus, underdetection of HTLV as a result
of sequence diversity is not a problem. As HTLV-1 is more
pathogenic than HTLV-2, the diagnostic testing should
clearly establish the type of HTLV.

Question 1: Is a Person Infected with HTLV?

Screening Tests for HTLV-1/2
As there is no HTLV viremia, there are no fourth-generation
combo assays for HTLV, and antibody detection should be
based on CE-marked third-generation tests of the double-
antigen sandwich (DAGS) format that uses recombinant
viral proteins for both antibody capture and tracing. DAGS
is the preferred test format because such tests detect all an-
tibody classes including IgM and thus provide the highest
sensitivity in early infection (which cannot only exist in the
case of HIV, but must also exist for HTLV, because sexual
transmission or drug inoculation are well-known modes of
transmission). Owing to the fact that the target antigens are
recombinant and that two different contacts of the antibody
molecule with the target antigen are required in order to
generate a signal, DAGS-based screening tests are also more
specific than earlier test generations. Particle agglutination

assays, which also exhibit the DAGS format and are very
popular in Japan, have a similar diagnostic performance.
Outside the U.S., such tests are available from various man-
ufacturers and also for automated test platforms (118); for
FDA-approved first-generation tests that still use viral lysate
for target antigen and do not detect IgM antibodies refer to
http://www.fda.gov/cber/products/testkits.htm. Outside of the
endemic areas, the specificity of HTLV screening tests is of
high importance. In low-prevalence populations, a reactive
result in an assay of low specificity is unreliable as it has a
very low positive predictive value (PPV). For example, one
study involving four different HTLV-1/2 EIAs found a
specificity above 99% in three of the tests, but of only 93%
in the fourth test. Even among a high-risk group with a
prevalence of 311/100,000, the PPV varied from an unac-
ceptably low 4% (for the test with 93% specificity) to a
maximum of 44% for a test with 99.6% specificity. Provided
that these assays exhibited the same specificity among blood
donors (in whom the prevalence was 0.08/100,000), the
PPVs would indicate that with the most specific assay only
2/10,000 reactive results would indicate a true infection. In
contrast, with the least specific assay only 1/100,000 reactive
results would indicate a true infection. These data illustrate
the need for both a careful choice of screening assays and of
confirmatory testing (119).

Confirmatory Tests for HTLV-1/2
Western blot and line immunoassay. Serologic confirmation of
HTLV-1/2 infection requires the demonstration of anti-
bodies to both gag (p24) and env (gp46 and/or gp68 proteins)
by Western blot (120). WB kits are provided by various
companies. Of particular value are strips that contain, in ad-
dition to the viral proteins derived from viral lysate, re-
combinant proteins representing TM (gp21) of HTLV-1
(which due to a high homology is also detected by antibodies
from individuals infected with HTLV-2) and type-specific
SU (gp46) of both HTLV-1 and HTLV-2. This increases the
sensitivity since the concentration of the gp46 for HTLV-1
and gp68 for HTLV-2 env proteins on the strips is usually low
in kits derived from lysate alone. Based on the pattern of the
reactivity it is frequently, though not always, possible to
decide whether infection by HTLV-1 or HTLV-2 is present.
With such strips, intense reaction with the gag proteins p19
and p24 and the env recombinant proteins rgp21 and rgp46
of HTLV-1 satisfies positivity for HTLV-1, and intense re-
action with p24, rgp21, and rgp46 of HTLV-2 satisfies pos-
itivity for HTLV-2 (121).

Furthermore, the use of line immunoassay (LIA) strips,
which contain standardized concentrations of recombinant
proteins and/or synthetic peptides of HTLV-1 and/or HTLV-2
at defined positions and thus can be considered as a form of
second-generation WB, presents advantages with respect to
both sensitivity and specificity (122).

Still, in many cases WB and LIA do not permit an un-
equivocal diagnosis, owing to a relatively high percentage of
samples with indeterminate results. There is nonspecific
reaction not only with lysate-derived natural gag proteins,
but also with recombinant env proteins (Table 2). Some of
these indeterminates may have very intense reactions with
p19 or p24 and a variety of larger proteins such as p26, p28,
p32, p36, p45, and p53 that are present on some WB. These
proteins are also present in HTLV-1 infected cells and
contain either a p19 or p24 moiety or both (123). Reaction
with several of these gag proteins on a WB thus may look
impressive, but signifies no more than reaction with a single
epitope of p19 or, respectively, p24. Sometimes, intense gag
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TABLE 2 Breakdown of procedures undertaken in a reference lab during repeat testing of HIV-positive samples with additional reactivity or high-negative results in HTLV-1/2 ELISA
screening. (Reprinted from Journal of Medical Virology (126) with permission of the publisher.)

Sample
Risk

Category1

ELISA Western Blot3 PBMC Culture Supernatants Final Diagnosis

Test2 OD/CO
Natural Proteins Recombinant Proteins PCR PERT4 RT-PCR

p19 p24 p26 p28 p32 p36 p53 rp21E rgp46E/HTLV-1 rgp46E/HTLV-2 HTLV HTLV HIV-1

1 IDU PL 25.77 +++ +++ - ++ - +++ +++ +++ - +++ + HTLV-2
2 IDU PL 8.09 ++ +++ - + - ++ + +++ - +++ + HTLV-2
3 HET CR 7.76 +++ +++ +++ +++ - - - +++ +++ - + HTLV-1
4 HET PL 7.37 +++ +++ - ++ - ++ ++ +++ - +++ + HTLV-2
5 IDU CR 6.16 +++ - - - - - - +++ - +++ + + +,+ -,- HTLV-2
6 IDU PL 3.34 ++ +++ - + - ++ + +++ - +++ + HTLV-2
7 IDU AB 2.47 - - - - - - - - - + - -,- -,- -,- neg
8 IDU AB 1.93 - ++ - - - - - +++ - +++ - -,- -,- -,- neg
9 IDU CR 1.50 - - - - - - - ++ - - - - - + neg

10 HET AB 1.35 - - - - - - - - + - - -,- -,- -,- neg
11 HET AB 1.34 - - - - - - - + - - - -,- -,- -,- neg
12 HET AB 1.30 - - - - - - - - - + - - - + neg
13 IDU AB 1.26 - - - - - - - - ++ - - - - - neg
14 MSM AB 1.25 - - - - - - - - + + - -,- - - neg
15 HET AB 1.13 - ++ - - - - - - - - - - - - neg
16 MSM AB 1.11 +++ - ++ - ++ - - - - + neg
17 IDU AB 1.07 - + - - - - - - - - - - - + neg
18 IDU AB 1.06 - + - - - - - - - - - - - - neg
19 IDU AB 1.01 - - - - - - - - + - - - - - neg
20 HET AB 0.87 - - - - +++ - - - - - - -,- - - neg
21 HET AB 0.86 +++ - ++ ++ - ++ - - - - - -,- - - neg
22 IDU AB 0.83 - - - - - - - ++ + + - - nd nd neg

1MSM = homosexual contact; HET = heterosexual contact; IDU = intravenous drug use.
2PL = Platelia (Bio-Rad); CR = Cobas (Roche); AB = Abbott HTLV-I/II EIA.
3HTLV BLOT Version 2.4 (Genelabs Diagnostics, Inc). NB: Reaction intensities were subjectively rated as ‘no reaction’ (-); ‘clearly visible, but weak’ (+); ‘intermediately strong’ (++); ‘strong’ (+++). Reactions with natural proteins

p21E and gp46E were all negative and are not listed.
4Symbols summarize results for supernatants sampled twice per week for at least 2 weeks. Symbols separated by a comma represent results of duplicate cultures.
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patterns may also be combined with weak reaction to env
rgp21 and/or rgp46I or rgp46II, but even this does not nec-
essarily imply HTLV infection. Weak reactions with re-
combinant envelope proteins in all possible combinations
may also be found in the absence of reaction with gag pro-
teins. In many instances, confirmation by DNA-PCR is thus
necessary. This is particularly true for areas or populations in
which HTLVs are not endemic. Under such conditions, any
suggestive serological result not strongly antibody-positive
should be confirmed by DNA-PCR. Given the problems
with nonspecific bands in WB, alternative diagnostic strat-
egies based on testing with a combination of two sensitive
and specific EIAs have been proposed (122). Thus, while
maintaining a higher overall sensitivity than with the clas-
sical EIA-WB combination, an EIA-EIA strategy reduced
the frequency of samples with indeterminate results to 2.5%.
DNA-PCR. PCR analysis for HTLV-1 and/or HTLV-2 DNA
is necessary for all serologically indeterminates in which
antibody reaction to env proteins (rgp21, rgp46I, or rgp46II)
is present. Antibody reaction with gag proteins p19 and/or
p24 alone, or rgp21 alone, has been found by PCR not to be
associated with HTLV infection (124). PCR is performed on
Ficoll-purified PBMC and frequently uses a sequence of the
tax gene, which is conserved for both HTLV-1 and HTLV-2
and is amplified by primers designated SK43/SK44, while
the product is detected by probe SK45 (125). Differentiation
of HTLV-1 and HTLV-2 in samples positive in this initial
“screening PCR” is then achieved by amplification of a type-
specific region in pol. Primers SK110 and SK111 in combi-
nation with probe SK112 are used for detection of HTLV-1.
The same primers in combination with probe SK188 are
employed for HTLV-2. Alternatively, in-house PCR meth-
ods described by various authors can be used for both the
screening step and the type differentiation (126). Real-time
PCR methods also have been described by several groups.

Question 2: With What HTLV Is a Person Infected?
The only question to be answered here is whether the in-
fection is caused by HTLV-1 or HTLV-2. This differentiation
is important because only HTLV-1 has been firmly associated
with disease causation, although luckily in only a low pro-
portion of those infected. The differentiation can usually be
made based on WB or LIA results, or if these are indeter-
minate, by type-specific DNA-PCR (127).

Question 3. How High Is the HTLV Proviral Load?
As a high HTLV-1 provirus concentration is associated with
a higher probability for development of various HTLV-
associated illnesses and the transmission risk by breast milk
(32), measurement of the HTLV-1 provirus load is some-
times required, although it has not yet been established for
disease monitoring as firmly as is the case with the HIV-1
virion load. Most ATLL cells contain only one provirus
copy. As ATLL cells are derived from HTLV-1 infected cells,
it is reasonable to conclude that most HTLV-1 infected cells
contain also only one provirus. Provirus quantification by
quantitative PCR thus can be used for enumeration of
HTLV-1 infected cells in vivo. HTLV-1 provirus load in
infected individuals differs more than 1,000-fold among
asymptomatic carriers; particularly high concentrations are
found in HAM/TSP patients (128). Quantitative real-time
PCR methods for HTLV-1 have been described by various
groups (127).

BEST PRACTICE
For diagnosis of HIV infection in a clinical setting the pro-
cedure described in Fig. 2 has stood the test of time. On a
first specimen of the person undergoing testing, a fourth-
generation HIV-1/2/O antibody plus p24 antigen combo
screening test is performed, which, if reactive, yields the first
positive result and the first HIV-positive material. On a
second specimen drawn (EDTA-blood, 7 to 10 ml), all other
required tests can be conducted: HIV-1/2 multispot or HIV-
1/2 line immunoassay for confirmation of HIV infection and
type differentiation. If again positive, this yields the second
positive test and the second positive sample and in addition
identifies the type of HIV (HIV-1 or HIV-2) to which the
remaining tests should be directed. The next test in line will
be for HIV load quantification, usually for HIV-1, by using
one of the commercial virus load tests measuring HIV-1
RNA, rarely for HIV-2, which will require in-house tests
for HIV-2 RNA quantification or PERT assay and should
be performed in a specialized, reference-type laboratory. If
the HIV-1 virus load is low ( < 1,000 copies/ml), the author
advises to confirm it by a second, alternative test (different
brand). If the viral load is sufficiently high, a genotypic re-
sistance test should be conducted, usually for HIV-1, excep-
tionally for HIV-2 (specialized, reference-type laboratory).

FIGURE 2 Preferred procedure for HIV testing describing tests conducted on the first and second sample. For a detailed description refer to
section VI. Best Practice.
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GRTshould also lead to identification of rare HIV-1 group-O
viruses. Thus, with just four tests all virological information
needed for an optimal care of an HIV infected individual
can be generated. This schedule applies to about 95% of
all new HIV diagnoses. About 5% of the cases reactive in
combo screening tests will not be confirmable or typable by
multispot or line immunoassay because they are in the pre-
seroconversion phase of infection and do not yet have HIV-
specific antibodies. These cases can only be confirmed by
tests for viral components (p24 antigen, HIV-1 RNA).

For diagnosis of HTLV infection one can follow an
analogous approach. Screening should be done with a third-
generation HTLV-1/2 antibody assay, as there is no viremia
requiring simultaneous detection of HTLV antigen. For re-
sult confirmation and type differentiation by WB or LIA, a
newly drawn EDTA-blood sample should be used, which
also will permit qualitative or quantitative PCR for proviral
DNA in PBMC if required. Note that HTLV RNA is not
present in plasma.
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CLASSIFICATION
The Chlamydiaceae are a family of small, metabolically de-
pendent bacteria with a unique intracellular life cycle (1).
As a result of the obligate intracellular growth of these or-
ganisms in eukaryotic cells, they are handled in ways more
closely resembling the detection of viruses than bacteria.
Thus, inclusion of these organisms in this manual is appro-
priate.

The taxonomy of the members of this family has evolved
over the last 2 decades. Originally there was a single genus
(Chlamydia) with 3 species: C. trachomatis,C. psittaci, andC.
pneumonia. In 1999, revisions were proposed based on partial
sequencing of the 16S and 23S rRNA subunits. At this time,
a second genus (Chlamydophila) was created containing 6
species, which are predominately non-human pathogens: C.
abortus, C. caviae, C. felis, C. percorum, C. pneumoniae, and
C. psittaci. The original genus,Chlamydia, was reorganized to
contain 3 species: C. trachomatis, C. muridarum (consisting
of organisms formerly contained within C. trachomatis), and
C. suis (2). However, this taxonomic reorganization was
controversial and did not fully take into account the bio-
logical and pathogenic features of these organisms. Further,
when full genome sequence data became available, the re-
organization did not coincide well with the emerging picture
of the evolution of these organisms (3, 4). Revised taxonomy
has been accepted (5) to return to a single genus (Chlamydia)
with 11 species: C. abortus, C. avium, C. caviae, C. felis, C.
gallinacea, C. muridarum, C. percorum, C. pneumoniae, C.
psittaci, C. suis, and C. trachomatis. For a recent review of the
evolution of chlamydia, with a detailed discussion of tax-
onomy, see Bachmann et al. (6).

Of the 11 recognized species of chlamydia, C. trachomatis,
a highly prevalent sexually transmitted organism, is the only
species that is a strictly human pathogen. This organism will
be the primary focus of this chapter. C. pneumoniae causes
respiratory disease in humans as well as a variety of other
hosts and will be briefly discussed. Psittacosis is a severe
infection caused by C. psittaci that results primarily from
interaction with (domesticated) birds. It is unclear whether
the newer species (C. avium and C. gallinacea) play a role in
this disease in humans. Cases of psittacosis are now ex-
tremely rare and have caused serious laboratory infections:
samples from suspected cases should be handled by regional
and federal public health agencies. Culture by local labora-

tories is specifically not recommended. Thus, C. psittaci and
the remaining species, which may on rare occasions cause
zoonotic infection in humans, will not be further described.

BIOLOGY
Both C. trachomatis and C. pneumoniae share the bi-phasic
intracellular life-cycle that is unique to all Chlamydiaceae.
Metabolically inert particles known as elementary bodies
(EBs) are the infectious organisms. EBs are approximately
0.3 mm in diameter compared to other sexually transmitted
pathogens such as the gonococcus (~1 mm) or trichomonads
(~10 mm). Following adhesion to the eukaryotic cell surface,
the EBs are ingested and contained within a phagosome,
called an inclusion. The inclusion is successful at evading
phagosome-lysosome fusion through mechanisms that are
not wholly understood (7). Multiple inclusion bodies within
a single cell may fuse or remain separate depending on the
species and strain (8, 9). EBs transform into reticulate bodies
(RBs), the metabolically active replicative form of the or-
ganism, in an asynchronous manner within the inclusion,
beginning approximately 12 hours post-infection. Cellular
energy sources and organelles are hijacked by the inclusion
to meet the needs of chlamydia, which replicate via binary
fission. Sometime after 24 hours post-infection, RBs begin to
condense into the infectious EBs, which are then released
into the intercellular milieu to infect new host cells. The
entire life cycle takes place over a 48- to 72-hour period.

C. trachomatis exhibits at least partial tissue tropism as-
sociated with the different strains that comprise the species.
Strains were initially categorized based on variations in an-
tigens (serotyping) contained within the major outer mem-
brane protein (MOMP). This method identified 15 serovars:
A, B, Ba, C, D, E, F, G, H, I, J, K, L1, L2, and L3. While most
serovars can be found in a variety of epithelial cells, serovars
A to C are most commonly found in isolates from the ocular
conjunctiva, and are the causative agents of blinding tra-
choma. Serovars D to K are most commonly isolated from
genital epithelial cells: the endocervical columnar epithe-
lium or the cuboidal epithelium of the urethra. Chlamydia
does not effectively infect or replicate in squamous epithelial
cells. Lymphogranuloma venereum (LGV) (strains L1, L2,
and L3) are the most invasive strains of C. trachomatis and
may cause genital ulcer disease, proctitis, or infection of the
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inguinal lymph nodes. While the other strains of C. tra-
chomatis require approximately 60 to 72 h for a single life-
cycle, the LGV strains have a shortened reproductive rate of
only 36 to 48 hours. Sequencing of the ompA gene, which
encodes the MOMP protein, resulted in an expansion of the
number strains, now referred to as genotypes (10). Variants
within the D, I, J, and L2 serovars have been described.
Interestingly, the E serovar, which is the most commonly
found serovar in epidemiologic studies conducted through-
out the world, appears to have a highly conserved genome
and does not have any identified ompA variants.

The genome of C. trachomatis is roughly 1 to 1.3 Mb in
length, encoding approximately 900 proteins. The organism
also contains a plasmid, often referred to as the cryptic plas-
mid given the limited understanding of its function, con-
taining approximately 7.5 kb. Organisms contain 7 to 10
copies of this plasmid, and thus it has often served as a target
for diagnosticnucleic acidamplification tests (NAATs). Inter-
estingly, a phenomenon first observed in Sweden was where
certain counties, using a single plasmid based assay, showed a
decrease in positivity rates while other counties, using a
different plasmid based assay, did not show any reduction in
rates. Investigation revealed that C. trachomatis organisms in
the counties with reduced rates had a mutation that had
deleted a 377 bp area, thus effectively removing the ampli-
fication target binding site from the plasmid; therefore these
strains were being missed by certain diagnostic assays. The
strain ofC. trachomatis with this mutation is often referred to
as the “Swedish variant,” or the new variant (nv C. tra-
chomatis) (11–13). This is a rare example of the enrichment
of a mutation in a population potentially in response to
diagnostic, rather than antimicrobial, pressure. As strains
without the mutation were diagnosed and treated, those
with the mutation remained in the population and could be
transmitted. Thus, vigilance in the epidemiology of C. tra-
chomatis is warranted on a continuing basis as related to use
of commercial NAAT assays.

C. pneumoniae has a similar intracellular life-cycle, but
preferentially infects alveolar macrophages and the epi-
thelial layer of airways. Multiple inclusions within a single
host cell are occasionally seen. This species can be distin-
guished by culture and fluorescent staining using monoclo-
nal antibodies as well as species-specific NAATs. They can
also be identified based on morphology using electron mi-
croscopy due to the multiple inclusions that often have a
“cluster of grapes” appearance, and the loose, pear-shaped
EBs as opposed to the very dense, round EBs ofC. trachomatis
(14, 15).

The host immune response involves both CD4 and CD8
mediated cellular responses, as well as an antibody response
that does not confer natural immunity in the short-term, as
demonstrated by high re-infection rates (16). When exposed
to certain antibiotics (e.g., penicillins), sub-lethal levels
of cytokines (e.g., interferon gamma), or iron, chlamydia
may enter into a persistent state in vitro with enlarged, non-
replicating RBs that remain quiescent until the stressor
mechanism is removed (17, 18). Following removal of the
stressor, the RBs return to a normal replicative state and
infectious EBs are produced. Chlamydia may induce low-
level immune stimulation when undetected, or when ex-
posed to non-lethal stressors, that results in scarring in the
region of infected tissues. These responses are involved in
the development of sequelae to untreated infection and
thus caution will be required in the development of a po-
tential vaccine.

EPIDEMIOLOGY
C. trachomatis
C. trachomatis is the etiologic agent of the most prevalent
bacterial sexually transmitted infection (STI) in the U.S.
and worldwide. The World Health Organization (WHO)
estimates that approximately 100,000 million people have
active infections globally at any given point in time (19).
Infection with C. trachomatis is notifiable in the U.S.,
resulting in strong epidemiologic data regarding annual case
rates, which are estimated to be 2 to 4 million annually (20).
Nationally, representative surveys that include STI screen-
ing as a biomarker of sexual health in the population esti-
mate the prevalence of this STI in the highest risk age groups
to be 1.7% in women and men combined (21). Since its
addition to the notifiable disease list, C. trachomatis has
consistently been the most common of any reportable in-
fectious disease organism with ‡ 25-fold more cases per year
than the third most common disease (salmonellosis) ac-
cording to the Centers for Disease Control and Prevention
(CDC) (22).

Case rates are continuing to climb in the U.S. and in
Western Europe. These increases are not attributable to
changes in diagnostic methods or improved coverage of
screening services, since similar increases are not being seen
in Neisseria gonorrhoeae infection rates. Since gonococcal
testing is paired with testing for chlamydial infection, at least
in the U.S., epidemiologic artifacts related to testing me-
thodology and screening coverage should be similar for the
2 organisms. Disparities by race and age are pronounced
and are reproduced in representative national surveys, re-
ducing the possibility that these are testing pattern arti-
facts. Prevalence is highest among women aged 15 to 25
(4.7%) and particularly among black women in this age
group (13.5%) (21).

Trachoma, an ocular disease caused by C. trachomatis, is a
significant cause of irreversible blindness due to scarring of
the eyelid and cornea. Trachoma is endemic in 55 coun-
tries, resulting in approximately 3.8 million cases of blind-
ness and 5.3 million cases of impaired vision throughout
Africa and Southeast Asia (23, 24). According to the
WHO, approximately 3% of cases of irreversible blindness
worldwide (8 million people) is attributable to infection
with C. trachomatis, and there are 84 to 100 million cases of
infection that, if untreated, may lead to blindness in the
coming years. Cases are found in the most resource con-
strained countries, predominately in tropical or subtropical
climates. Children living in theses environments are often
infected with this endemic disease by flies landing on or near
the eyes. Scarring occurs as a result of the chronic, sub-
clinical inflammation that is typical of untreated chlamydial
infections. Blindness occurs in adults many years post-
infection.

C. pneumoniae
C. pneumoniae is a respiratory pathogen causing infection
that is predominately sub-clinical but may result in respira-
tory illness, including pneumonia. This infection is pre-
dominately spread through inhalation of airborne organisms
or droplet secretions. Due to the difficulty associated with
culture isolation of this organism, and until recently the lack
of a commercial NAAT targeting C. pneumoniae, the epi-
demiology of this infection is based predominately on sero-
logical testing. Population based surveys conducted in
various sites around the world suggest 40 to 70% of the
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general population has antibodies reactive to C. pneumoniae.
With increasing age, the proportion of positive individuals
continues to rise, making exposure nearly ubiquitous. Ap-
proximately 20% of people with community acquired
pneumonia (CAP) were previously thought to have C.
pneumoniae, but there are no strong data suggesting that this
is the primary etiologic agent of CAP disease. The multifac-
torial nature of CAP, combined with the difficulty of diag-
nosing active C. pneumoniae infection, hinders our ability to
fully understand the role C. pneumoniae plays in this disease.

CLINICAL SIGNIFICANCE
C. trachomatis
Infection with C. trachomatis may result in signs and symp-
toms consistent with other discharge-causing STIs such as
urethral discharge, cervical discharge including mucopuru-
lent discharge, pain or burning on urination, pelvic or scrotal
pain/tenderness, or cervical friability. The urethral dis-
charge in men, if present, tends to be clear rather than the
cloudy discharge usually seen with gonococcal infection.
The presence of symptoms is not clinically specific, but may
be used for syndromic management of patients in resource
constrained settings (25). While C. trachomatis accounts for
25 to 35% of cases of non-gonococcal urethritis in men, a
large proportion of men (30 to 50%) and the majority of
women ( ‡ 60%) exhibit no signs or symptoms of infection
(26). Thus the need for screening among asymptomatic
populations is critical to control of this pathogen, in order to
prevent serious sequelae.

Men may develop epididymitis or proctitis from un-
treated chlamydial infections. Among men who engage in
receptive anal intercourse, rectal infection with genital
strains or with LGV is common. Rates of infection with
LGV have increased in Western Europe over the last decade
(27); however, similar increases have not been observed in
the U.S. While commercially available molecular assays will
detect these infections, the assays do not distinguish between
urogenital and LGV strains. Further diagnostic evaluation of
patients suspected of having LGV infection may be necessary
in order to determine appropriate treatment, since longer
treatment is recommended for LGV strains. Untreated LGV
may lead to serious complications including severe proctitis,
rectal fistulas, or abscesses.

In women, who bear the largest burden from these silent
infections, organisms may ascend from the lower genital
tract to the endometrium or fallopian tubes. Pelvic inflam-
matory disease (PID) may result from untreated infection in
as many as 15 to 25% of women (28). This results in a
substantial burden on the healthcare system due to the high
prevalence of undiagnosed disease in the population. While
control efforts have not been largely successful in reducing
the overall prevalence of disease, data from studies in North
America and Western Europe suggest that rates of PID have
been declining in countries with active control efforts (29–
31). Scarring of the fallopian tubes may also result from long-
term sub-clinical infection, increasing the likelihood of ec-
topic pregnancy or tubal factor infertility (32, 33). Due to
difficulty determining and distinguishing the possible mul-
tiple etiologies of these reproductive complications, and
differences in diagnostic classifications, the impact of chla-
mydia control efforts on these outcomes is difficult to de-
termine with certainty.

Neonatal conjunctivitis (rapid onset within the first
week of life) or chlamydial pneumonia (delayed onset at 2 to

4 months) (caused by C. trachomatis not C. pneumoniae)
may occur when infants are delivered vaginally from women
with undiagnosed/untreated infection. As a result of screen-
ing recommendations for pregnant women, and the imple-
mentation of neonatal eye drops at birth in developed
countries, the occurrence of these complications is pre-
dominately limited to resource constrained settings.

In resource poor areas, primarily sub-Saharan Africa,
repeated and untreated infection of the eyes with C. tra-
chomatis (serotypes A to C) leads to scarring of the con-
junctiva and inversion of the eyelid (trachoma). Inverted
eyelashes abrade the cornea leading to scarring, which
in turn results in blindness in adults. While this disease
has been historically endemic in many areas of the world,
trachoma elimination projects are under way across the
globe. The WHO is actively engaged in a trachoma elim-
ination project with the goal of eradication of this disease
by 2020.

C. pneumoniae
Common outcomes of infection include upper respiratory
symptoms, bronchitis, and clinically diagnosed pneumoniae
(34). Untreated C. pneumoniae infection may remain as-
ymptomatic for an extended, but unknown, duration. These
sub-clinical infections have been epidemiologically linked
with several significant outcomes including atherosclerosis
(35), asthma (36), Alzheimer’s disease (37), and reactive
arthritis (38). Given the widespread exposure of this infec-
tion (based on serological epidemiologic studies) in the
general population, such associations should be interpreted
with appropriate caution. Studies evaluating treatment ofC.
pneumoniae in order to reduce long-term outcomes are highly
confounded and have shown little impact. This is an area
deserving of further research.

TREATMENT AND PREVENTION
C. trachomatis
Treatment
The CDC recommended regimen for treatment of chla-
mydial infections is (i) a single dose azithromycin, 1 gram
orally or (ii) 100 mg of doxycycline taken orally twice per
day for 7 days (34). In patients with low anticipated adher-
ence, the use of azithromycin, preferably directly observed,
is recommended over doxycycline. Alternate regimens for
treatment, predominately intended to replace the doxy-
cycline option, which is contraindicated during the third
trimester of pregnancy, include erythromycin, ofloxacin,
and levofloxacin. For additional treatment information, see
the CDC STD Treatment Guidelines [www.cdc.gov/std/
treatment].

Infections with LGV require prolonged treatment to
ensure effective clearance of the organisms. Uncomplicated
cases of LGV require a 21-day regimen of doxycycline,
100 mg taken orally twice daily. In men living with HIV, a
test-of-cure is recommended following completion of the
regimen to ensure eradication.

Prevention
Behavioral practices that are intended to reduce exposure to
STI and HIV include delaying sexual debut, limiting the
number of sexual partners, and use of barrier protection such
as male and female condoms. There is no available vaccine
effective against C. trachomatis. Annual screening, in the
absence of signs or symptoms, is recommended for young
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women under the age of 25 as a prevention method intended
to reduce the burden of disease at the population level (39,
40). Additional recommendations for screening apply to
specific sub-populations such as pregnant women and men
who have sex with men (MSM). Pregnant women should be
screened during the first prenatal visit and again during the
third trimester if risk of re-infection is high. The MSM
population should be screened annually. Importantly, these
men should have testing performed using both urine and
ano-rectal samples. Studies have clearly shown that among
men who engage in receptive anal intercourse, case find-
ing rates are substantially increased (2- to 4-fold) by in-
cluding ano-rectal testing (41). The majority of men with
rectal infection do not have a concomitant urethral infec-
tion and thus cases are missed when testing only urine
specimens from MSM. Finally, women under 36 and men
<30 years of age should be screened on entry into correc-
tional facilities (39).

The trachoma elimination projects have developed a
prevention strategy through mass treatment in regions with
endemic levels of disease (42). Positive results of single
dose treatment using azithromycin in selected villages have
supported the feasibility of this approach (43, 44). Con-
tinued global efforts are likely to reduce the incidence of
disease and the sequelae of irreversible blindness in the
coming years.

C. pneumoniae

Treatment
In general, patients with symptomatic infection caused byC.
pneumoniae will be treated following recommendations
designed for CAP. The regimens most likely to be effective
specifically against C. pneumoniae include doxycycline,
100 mg orally twice daily for 14 to 21 days; tetracycline,
250 mg orally 4 times daily for 14 to 21 days; azithromycin,
1.5 g orally over 5 days; clarithromycin, 500 mg orally, twice
a day for 10 days; levofloxacin, 500 mg, intravenously or
orally, once a day for 7 to 14 days; or moxifloxacin, 400 mg
orally, once a day for 10 days (45).

Detection/Diagnosis
Sample Collection
Sample collection is very similar for all of the assays for
detection of C. trachomatis (see Table 1 for appropriate sam-
ple types for each class of assay). The CDC currently rec-
ommends only NAATs for the detection of chlamydia in
urogenital samples, so sample collection is directed toward
this class of assay. For women, vaginal swabs, self-obtained or
clinician collected, and first-catch urine are minimally in-
vasive samples. Endocervical sampling is more invasive and
requires more clinician time. Self-collected vaginal speci-
mens are obtained by instructing the patient to insert the
swab as far as comfortable into her vagina and to rotate the
swab. Care should be taken to emphasize the importance of
not letting anything touch the swab prior to or following
collection. This is critical to avoiding possible contami-
nants. Urine specimens should be first catch, preferably
‡ 1 hour since previous urination, with no prior cleaning
of the vulvar area in order to maximize the sensitivity of
the assays. Mid-stream samples are not appropriate for
chlamydia-gonorrhea NAATs. Clinician collection of vagi-
nal samples should be performed prior to insertion of a
speculum if a speculum-assisted pelvic exam will be per-
formed. Fluid and cells from the vaginal walls should be
collected by rotating the swab around the entire circumfer-
ence of the vagina. Endocervical samples can be collected
using a Dacron swab on a plastic shaft, NAAT manufactur-
ers’ devices, or a Pap test collection device (cytobroom or
cytobrush). For cervical swab collection, the swab should be
inserted past the cervical os in order to collect the columnar
epithelia cells of the endocervix. This sampling method was
designed to collect the host cells in which chlamydia repli-
cates for diagnosis by tissue culture. However, NAATs do not
require viable cells and have a much lower analytical limit of
detection and can therefore be used for testing mixed ecto-
and endocervical cells obtained for Pap testing, and placed
into liquid based cytology (LBC) medium. If using an LBC
sample for chlamydia-gonorrhea NAAT diagnostics, collec-
tion should be consistent with the manufacturer’s instruc-
tions for cytological sampling. NAATs performed from LBC

TABLE 1 Features of Various Classes of Assay for Detection of C. trachomatis

NAATs DFA Culture POC Serology

Sample
types

Vaginal swabs
Endocervical samples
Urethral swabs
Rectal swabs*

Oropharyngeal swabs*

Conjunctival swabs*

Urine

Endocervical swabs
Urethral swabs
Conjunctival swabs

Endocervical swabs
Urethral swabs
Rectal swabs
Oropharyngeal swabs
Conjunctival swabs
Bronchoalveolar lavage**

Endocervical
swabs

Urine

Serum

Transport Ambient Ambient Cold chain required Ambient Ambient

Storage Stability in
manufacturer’s
collection device
ranges from
7–60 days at 2–30oC

Prior to staining,
slides may be stored
ambient or frozen
indefinitely

2–8oC for up to 24 hours
post-collection. Longer
storage requires
-80oC freezing

N/A 2–7 days at 2–8°C
or frozen at £ -20°C
indefinitely

Turnaround
time

‡ 4 hours 30 minutes 2–4 days 20–100 minutes 4 hours

*No commercially available assay has claims for these sample types.
**For C. pneumoniae only.
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should be performed following the NAAT package insert to
determine if the sample for chlamydia diagnostics should be
taken prior to, or following, preparation of the cytology slide.
Laboratories should be aware of the potential for sample-to-
sample contamination that may result from processing for
cytology, since this is often done in a separate laboratory
that is not operating under conditions designed to optimize
samples for molecular testing.

Specimens from men for NAATs include first-catch ur-
ine, collected ‡ 1 hour after previous urination, and urethral
swabs. Urethral swabs for NAATmay be collected according
to the procedure recommended for culture, which involves
insertion of a rayon swab on an aluminum shaft 2 to 3 cm
into the distal urethra with rotation for at least 10 seconds.
However, due to the sensitivity of NAATs, for symptomatic
men the urethral sample may be a swab that collects exudate
from near the urethral opening. Although the findings are
mixed, several studies show that non-invasive glans, meatal,
and penile shaft swab samples may provide acceptable sen-
sitivity depending on the assay (46–49).

In addition to these genital samples, testing may be per-
formed at non-genital sites using ano-rectal and oropha-
ryngeal specimens (41, 50–59). These sample types are not
cleared by the Food and Drug Administration (FDA) for
use with any of the commercially available assays, but are
necessary in order to support the CDC screening guide-
lines for MSM. Several reports of validation of these assays
are available, suggesting that the performance of NAATs
using these non-genital samples is excellent and better than
culture (60, 61). Swabs used for endocervical or vaginal
sampling are appropriate for use at both of these body sites.
Ano-rectal samples may be clinician or patient collected (for
NAATs only). Many men report being more comfortable
with self-collection, so this strategy may enhance uptake of
screening (62–64). The swab should be inserted approxi-
mately 2 to 3 cm and rotated in order to come into contact
with the entire circumference of the ano-rectum. The swab
does not need to be inserted beyond the first sphincter if used
for NAATs. If used for culture, which is not recommended
under routine circumstances, the swab should be clinician
collected and taken from the rectum beyond the second
sphincter. Stool is never an appropriate specimen for de-
tection of C. trachomatis. Oropharyngeal samples should be
collected by rotating the swab over and behind the tonsilar
pillar. These samples should be collected by a clinician for
culture (not recommended under routine circumstances)
and can be self-obtained for NAATs (65).

Other specimen types include conjunctival, nasopha-
ryngeal, and bronchoalveolar lavage (BAL). Conjunctival
samples should be obtained using a rayon/dacron/nylon swab
on an aluminum or plastic flexible shaft. The eyelid should
be inverted, and the swab passed firmly over the conjunctiva
in order to collect epithelial cells. While none of the NAATs
has an FDA claim for ocular specimens, the assays appear to
work quite well with this sample type (66, 67). Alter-
natively, this sample type may be used for culture or direct
fluorescent antibody (DFA) staining. Nasopharyngeal swabs
(for detection of C. pneumoniae) should be collected using
the same swab type as the conjunctiva samples. The speci-
mens should be obtained by insertion through the nasal
passage, with firm contact with the nasopharyngeal epithe-
lium. This is invasive and uncomfortable, but sensitive di-
agnosis will be compromised by inadequate specimen
collection. Throat swabs have also been used by some re-
searchers. BAL should be performed according to the pro-
cedures in place at clinical facilities. An aliquot of the lavage

fluid should be placed into an appropriate transport medium
depending on the assay requested: tissue culture or molecular
testing.

Chlamydia Trachomatis
Until the 1970s, our understanding of chlamydial infections
was based predominately on serologic evidence of past in-
fections, which facilitated broad-scale epidemiologic studies
that provided data suggesting that this organism is a signifi-
cant human pathogen. Direct microscopy (e.g., using Gram’s
or other stains) was not practical due to the extremely small
size of the EBs.

Organisms could only be cultured in a live egg-yolk sys-
tem that was extremely labor intensive and logistically suited
to research facilities rather than clinical laboratories. Tissue
culture methods routinely used in virology labs were adapted
to facilitate isolation of chlamydia by the end of the 1970s,
and clinical laboratory diagnosis became available through
reference and research laboratories. The strict requirements
for adequate sample collection and maintenance of cold
chain during transport hampered the ability of many pro-
viders to offer routine chlamydia testing. Non-culture based
diagnostics were clearly needed, and several options were
developed during the 1980s. The first test to be available was
a fluorescent stain using monoclonal antibodies, that could
be used directly on smears collected from the conjunctiva,
the urethra, or the endocervix (68, 69). DFA staining re-
agents remain commercially available although the utility of
this test is limited. Enzyme immunoassays (EIA) and en-
zyme linked immunosorbent assays (ELISA) were developed
shortly after DFA (70). These antigen capture assays had the
advantage of being able to detect non-viable organisms, and
therefore the transport and storage conditions could be re-
laxed. Antigen capture chemistry was also applied to rapid
test devices for use at point-of-care (POC). All of the an-
tigen detection assays suffered from poor sensitivity (at best
85 to 90% of the sensitivity of culture), and in some in-
stances poor specificity due to cross-reactive antigens found
in patient samples.

The next significant advancement was the development
of DNA-based assays that used hybridization probes to detect
specific organisms (71–75). The major advantages to this
class of diagnostic, compared to culture and EIA/ELISA,
were (i) the ability to use a single swab (endocervical or
urethral) specimen to test for both C. trachomatis and N.
gonorrhoeae and (ii) the ability to use male urine as a spec-
imen type. Since chlamydial and gonococcal infections are
often identified as co-infections, and since collection of
urethral swabs is painful, both features represented an im-
provement in clinical processes and thus the potential to
offer increased screening. While there was an incremental,
although not always statistically significant increase in the
sensitivity of these assays compared to culture, specificity
issues were reported (76, 77). Specificity is a particular
concern when diagnosing STIs given the social implications
of infection.

In the early 1990s, assays that used nucleic acid ampli-
fication of target sequences in order to identify both chla-
mydia and gonococcal infections were being developed and
evaluated (78–81). Based on the performance of NAATs,
previous evaluations of non-culture diagnostics were re-
viewed and the true sensitivity of these older assays was
found to be lower than NAATs (77, 82). These assays
(EIA/ELISA and DNA probe assays) should no longer be
used and will not be discussed further (83). The earliest
NAATs have now moved into second or third generation,
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with continuing improvement in sensitivity, specificity,
sample type options, and automation.

Nucleic Acid Amplification Tests
Of the various classes of assay for C. trachomatis, NAATs
provide the highest sensitivity and have excellent specificity
as well. The estimates of sensitivity and specificity provided
in package inserts, and in publications reporting clinical trial
results, may underrepresent the true performance of these
assays. This is particularly true for the older assays that were
evaluated, compared to less sensitive methods such as cul-
ture, DFA, and EIA/ELISA. Based on analytical evaluations
of the limits of detection, these assays provide positive results
when as few as 10 -1 to 102 (depending on the assay) or-
ganisms are present in the specimen. The fact that assays are
positive when testing dilutions that theoretically contain
less than one organism is the result of using multiple targets
(e.g., the plasmid, which is present in 7 to 10 copies, or
rRNA, which is present in thousands of copies, per organ-
ism). The clinical sensitivity is likely > 95% when organisms
are captured with the sampling device. Further, although
specificity was a concern with NAATs when they were first
developed, studies using assays with essentially equivalent
sensitivity have demonstrated that the specificity of these
assays is excellent (usually > 98%) (84–86).

Several NAATs are commercially available (with FDA
clearance) and new products are in development in this
rapidly evolving field of diagnostics. As a result, the de-
scription of assays here should not be considered to be
exhaustive, but rather as illustrative of the technologies
currently available. For specific assays, see the manufacturer’s
package insert for more detailed information and instruc-
tions.

Each commercially available assay provides a sample
collection device and transport tube specific for that assay.
The transport conditions and times in the package insert
should be adhered to and closely followed in order to op-
timize the quality of the results. Urine samples generally
require transfer of a portion of the urine into a transport
tube that contains a preservative to stabilize the sample and
reduce degradation. Once placed in transport tubes, sam-
ples are generally stable for transport at ambient tempera-
ture.

Once in the laboratory, samples have storage times
ranging from 7 days to 2 years, depending on the assay. The
assays share some common principles, which include nucleic
acid extraction from the patient sample; target binding to
primers; amplification; and detection of amplified product.
All of the current generation assays utilize real-time outputs
that allow detection to occur simultaneously with amplifi-
cation. The majority of current NAATs are performed using
semi- or fully automated systems that minimize technician
hands-on time requirements, and maximize standardization
of processes. Some of the assays include process controls that
provide evidence of successful extraction and amplification,
and some include sample adequacy controls that demon-
strate the presence of human DNA in the sample. Both of
these types of internal control are useful for verifying the
interpretation of negative results. All of the currently
available NAATs are based on a quantitative output, usually
non-linear, that is interpreted by analyzer software to provide
a qualitative result of “Positive” or “Negative.” Several assays
also provide a result option of “Equivocal,” suggesting that
the sample generated some low-level output, but did not
cross the cycle threshold required to be called “Positive” or
“Invalid,” the latter of which indicates that internal controls

did not satisfy assay requirements. Some manufacturers’
package inserts suggest that patients should be re-sampled in
these cases. Many laboratories have validated re-test proce-
dures to minimize the need for return patient visits, partic-
ularly for “Equivocal” results.

All of the commercially available NAATs detect the LGV
strains of infection; however, none of the assays provide
results that distinguish between genital and LGV strains.
Many laboratories offer laboratory developed tests (LDTs)
that specifically target sequences in LGV strains using real-
time or Light-Cycler technology. Positive specimens from
patients for whom LGV is of concern should be sent to a
laboratory offering a validated LGV LDT.

Specific assays vary based on the chemistry utilized for
amplification and detection. The vast majority of laborato-
ries in the U.S. are currently using one of the following
assays (presented alphabetically): Amplicor CT/NG (Am-
plicor, Roche Molecular Diagnostics, Indianapolis, IN);
Aptima Combo 2 CT/GC assay (AC2) and Aptima ACT
assay (chlamydia only) (Gen-Probe/Hologic, San Diego,
CA); cobas 4800 CT/NG assay (cobas, Roche Molecular
Diagnostics, Indianapolis, IN); ProbeTec ET CT/GC assay
(BDPT, BD Diagnostics, Sparks, MD); ProbeTec Qx CT/
GC assay (Qx, BD Diagnostics, Sparks, MD); RealTime
m2000 CT/GC assay (m2000, Abbott Molecular, Des Pla-
ines, IL); and Xpert CT/NG (Cepheid, Sunnyvale, CA).
The Amplicor and the BDPT are first generation tests and
are quickly being replaced by the improved cobas and Qx
assays, respectively, and thus will not be further described
here.

The cobas (87–90), m2000 (91–93), and Xpert (94, 95)
assays are all based on polymerase chain reaction using real-
time detection via detection of fluorescent light emissions
for multiplexed chlamydia and gonorrhea testing. The cobas
and m2000 are similarly structured assays that utilize mag-
netic bead extraction of total DNA in the patient sample
performed on a large liquid handling instrument. The ex-
tracted DNA is added to master mix, which contains primer
sets specific for both C. trachomatis andN. gonorrhoeae. Both
assays utilize 2 primer sets, targeting the plasmid for C. tra-
chomatis, in order to detect both the original strains, as well
as the nv C. trachomatis. Once 96-well plates are ready for
amplification, they are transferred to a light cycler for si-
multaneous amplification and detection. Both assays provide
internal control results to verify that extraction and ampli-
fication were successful. Due to automation, these assays are
intended for batch testing and moderately high throughput.
The entire process requires 4.5 to 6.5 hours depending on
the assay.

The Xpert assay utilizes many of the same chemistries, but
is performed in an individual cartridge on an instrument
designed to manage all aspects of the assay automatically,
once samples are loaded into the cartridge (96). The single
amplification target is a highly conserved chromosomal
target. Instruments are available to handle varying batch
sizes from 1 to 80 cartridges, with random access so that
samples can be individually tested as they arrive at the
testing site. For each cartridge, the assay provides an internal
control to assess extraction and amplification, a specimen
adequacy control to verify the presence of human DNA in
the sample, and a control to verify that reagents are recon-
stituted effectively by the instrument. The test is rated as
moderately complex and not waived under the Clinical
Laboratory Improvement Act (CLIA) regulations at this
time, but may achieve that status in the near future. Runs
require only 90 minutes, which will not qualify as a rapid

550 - VIRAL PATHOGENS



POC diagnostic, but has excellent “near patient” potential
for use in specific settings.

The Qx assay uses an isothermal process called strand
displacement to amplify and detect the target sequence (78,
97). This assay, which is run on a fully automated instru-
ment, uses a single target located on the plasmid. DNA is
extracted from patient samples using ferric oxide and mag-
netic separation technology. Samples are then exposed to
primers and probes, and subsequently transferred to ampli-
fication wells where strand displacement amplification oc-
curs at 52.5°C. As amplification occurs, fluorophores and
quenchers attached to the probes are physically separated,
allowing fluorescent emission that is detected by the ana-
lyzer. Results include an extraction control that verifies both
the successful extraction of nucleic acids, and that amplifi-
cation has not been inhibited. The assay requires approxi-
mately 4.5 hours and is run in 96-well batches, making this a
moderately high throughput instrument. Chlamydia and
gonorrhea tests are in separate wells, allowing the option of
running chlamydia-only testing in those populations for
which gonorrhea testing is not ordered. Thus the batch size
will range from 46 patients (if performing both CTand GC)
to 94, if testing only for chlamydia.

The AC2 assay differs from all other commercial assays in
that the target for amplification is located on the 23S rRNA
sub-unit (98–100). This target was chosen to enhance sen-
sitivity given the 2 to 3 log increase in copy number/
organism compared to the plasmid. The principle of the
assay is based on magnetic target capture using sequence-
specific oligonucleotides with linked magnetic particles.
Following this target capture process, the unbound portions
of the patient sample are removed from the reaction. Sub-
sequent amplification of the target regions is performed
through DNA-RNA hybridization, with measurement of the
frequency of photon emissions over the course of the am-
plification process. This assay does not provide an extraction
or amplification control based on the principle that all
possible inhibitors are removed during the target capture
process. The AC2 assay is a multiplexed chlamydia-gonorrhea
test; however, the manufacturer also offers chlamydia or
gonorrhea standalone tests, based on RNA targets that differ
from those used in the AC2 assay, for labs that need to test
for only one or the other organism. The assay requires 4 to 6
hours and can be performed on 1 of 3 automated systems,
which provide varying levels of automation, and batch
sizes that range from moderately high to high numbers of
samples.

With all of the NAATs, the consideration of potential
contamination is key to accurate test results in the clinical
laboratory setting. Even though many of the next generation
assays are partially or fully automated, and amplification is
performed in a sealed environment, the potential for con-
tamination remains. Environmental monitoring for poten-
tial amplicons (the product of the amplification process) is
highly recommended. All surface areas and routinely used
equipment (e.g., pipettors, etc.) should be tested for con-
taminants on a routine basis. Due to the high copy number
of targets used for the RNA-based assay, it is very prudent for
laboratories to monitor for sample-to-sample contamination
in clinical settings where specimens are collected, to verify
that no contamination is present on shared surfaces (e.g.,
exam tables, desks, etc.) (101). Laboratories should also
monitor for laboratory environmental contamination by
performing monthly “swipe tests” of laboratory surfaces and
equipment areas. The cobas assay includes a process inten-
ded to minimize environmental contamination. This assay

uses deoxyuridine triphosphate (UTP), rather than deox-
ythyamdine triphosphate (TTP), in the mix of nucleotide
triphosphates that are the building blocks of the amplicons.
The master mix preparation contains uracyl-n-glycosolase,
which cleaves nucleic acid sequences whenever a uridine
residue is encountered. This degrades any carryover con-
taminating amplicons that may be present from test con-
tamination, and prevents them from serving as targets for
primer binding. Once the amplification cycles begin, the
enzyme is inactivated by the temperatures used for the actual
amplification process.

As mentioned above, the specificity of these assays is
quite high, and when performed in accordance with good
laboratory practices, the accuracy of results will be opti-
mized. However, as with any test, particularly those used to
screen asymptomatic populations, laboratories should be
aware that the positive predictive value (i.e., the probability
that a positive result actually came from a patient with an
infection), will vary based on the prevalence of infection in
the population. For screening in low prevalence settings, for
example prenatal screening, positive results should be in-
terpreted by the clinician within the context of patient-
specific information. Re-testing of original samples, or even
re-sampling the patient for confirmation, is not re-
commended by CDC even in low prevalence populations,
because the data do not provide a clear indication of how to
interpret subsequent re-test results if they are inconsistent
(84). Particularly for those assays that detect very low or-
ganism loads (ultra-sensitive assays), it is unclear whether
these (true) positive results reflect exposure in the absence of
active infection. Detectable dead organisms may result from
many scenarios including unprotected intercourse with a
recently treated partner; the individual’s immune system
may have inhibited successful colonization but organism
DNA or RNA is still present; or the individual may have
been treated (e.g., for an unrelated complaint) and the in-
fection has been resolved but nucleic acids are still present.
In other words, the strength of these assays, which is to say
their excellent sensitivity, may sometimes present a weak-
ness as well. All results should be interpreted by the clinician
in the context of patient-specific information to which the
laboratory has no access.

Direct Immunofluorescent Staining
DFA remains a useful diagnostic tool in very specific cir-
cumstances. The staining is simple to perform, but requires a
highly trained microscopist and access to an epi-fluorescence
microscope. Thus this is a high complexity test. Swabs col-
lected from the infected tissue should be rolled onto a slide
and allowed to air dry. The quality of sample collection and
the smear are the most important aspects affecting the sen-
sitivity of this test. After fixation, slides are stained with a
fluorescently labeled monoclonal antibody. Products are
available that are specific for C. trachomatis (anti-major
outer-membrane specific) or are more broadly reactive (anti-
LPS) across the genus, and will stain all chlamydia species.
Slides are reviewed for the presence of punctate apple-green
fluorescing organisms exhibiting appropriate morphology.
Generally, results are reported as “Positive,” “Negative,” or
“Insufficient Cellular Material,” the latter indicating either
poor sample collection or poor smear preparation. Positive
slides should be reviewed by a second microscopist to verify
that staining is not due to an interfering substance (e.g.,
powder residue from gloves during collection). This assay has
very limited sensitivity (50 to 65%) compared to NAATs
and suffers from poor specificity due to potentially auto-
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fluorescing substances in the sample. It is more accurate with
eye swabs from babies with conjunctivitis.

Tissue Culture
Culture is quickly becoming a lost art for detection of
C. trachomatis. Culture methods are still employed in some
settings in order to maintain a repository of isolates, but this
is predominately done in research or reference labs as was the
case in the 1970s and 1980s. For details regarding cell line
maintenance and media preparation, see the WHO labora-
tory manual (102). In general, culture was initially per-
formed in shell vials containing a coverslip seeded with host
cells, usually a mouse fibroblast line (McCoy cells) or a
human endocervical line (HeLa cells). At the height of
culture diagnostics, in order to accommodate the volume of
testing required, many laboratories moved to 96-well
microtiter plates. Confluent cell monolayers were inoculated
with samples collected for culture (endocervical, urethral,
rectal, oropharyngeal, or conjunctival swabs) with a media
overlay that included cyclohexamide to inhibit eukaryotic
protein synthesis. In this way, the monolayer would not
overgrow during the growth cycle of the C. trachomatis.
Cultures are typically allowed to incubate at 37°C for 48 to
72 hours post-inoculation, fixed with alcohol (ethanol or
methanol depending on the staining method used), and
stained. The most sensitive staining method is fluorescent
antibody staining, and such reagents are available commer-
cially. Giemsa and iodine staining are older options in set-
tings that do not have access to fluorescent stains and a
fluorescent microscope. Culture positive monolayers contain
very large infected cells, with a chlamydial inclusion that
fills the majority of the cell cytoplasmic space. By inocu-
lating multiple monolayers, and staining only one of these,
remaining monolayers may be harvested in order to freeze
isolates for future research. The high degree of complexity
(which leads to high cost), time to diagnosis, requirement for
strict adherence to cold chain during transport, and the
limited sensitivity of this assay (60 to 80% in the best con-
trolled circumstances) all provide rationale for retiring this
assay in most laboratories and restricting its use to research
settings.

Point-of-Care (POC) Assays
POC are rapid (generally less than 30 minutes to 1 hour)
assays that can be performed in the clinical setting while the
patient waits. These assays have been available, in various
formats, in the U.S. and globally since the late 1980s. Older
assays were based on EIA/ELISA chemistries for antigen
capture, and thus suffer from the same limitations of sensi-
tivity. The intracellular nature of this organism requires
lysing of the host cell to release the organisms for antigen
capture. Low numbers of organisms captured on endo-
cervical swabs and dilution of the number of organisms pose
additional challenges to achieving adequate sensitivity.
Many of these assays remain on the market today, but cau-
tion should be used in interpreting package inserts given that
sensitivity estimates were calculated based on comparisons
with culture in most cases (103–105). Thus a reported
sensitivity of 85% means that, in reality, the assay can detect
85% of the 50 to 80% of samples that would have been
culture positive and thus the actual sensitivity may be as low
as 43 to 70%. While this sensitivity is unacceptable in most
settings, there are circumstances under which the immediate
treatment of infections may provide sufficient benefit to
justify use of these assays (106, 107). Caution should be
taken regarding the specificity of older POC assays. Routine

assessment of the performance of these assays is not covered
under any proficiency process in the U.S. At this time the
CDC does not recommend that any of the older POC tests
be used. The Health Technology Assessment Program per-
formed an extensive cost-effectiveness review for the newer
British CRT assay compared to the Clearview Chlamydia
POC assay and standard-of-care PCR testing (108). That
review reported from several studies that the pooled sensi-
tivity of the CRT CT for vaginal swabs was 80%, and for first
void urines was 77%. For Clearview, pooled estimates from 4
studies indicated the sensitivity for vaginal, cervical, and
urethral swabs combined was 64%, and was 52% for cervical
samples. This economic analysis reported that both POC
tests were more costly and less effective than using NAAT
assays.

Next generation POC tests are currently in development
and evaluation from a number of researchers and manufac-
turers (105). The next generation assays utilize modern
biotechnology, including molecular diagnostic strategies.
Within the next 2 to 5 years, assays will be available that
have the capacity to detect a single organism, or several
related pathogens in a matter of 10 to 30 minutes. Micro-
fluidics technology has played a significant role in minia-
turizing and accelerating the target binding, amplification,
and detection processes. Most of these newer POC assays
will utilize small instrumentation (ranging from microwave
to shoebox size, and potentially smaller in the future).

The Atlas Genetics platform in the United Kingdom is a
promising chlamydia POC assay that may enter clinical trials
soon (109). This PCR assay has a novel electrochemical
detection method. The Velox technology contains an inte-
grated fluidic card for sample processing and reagent han-
dling. It incorporates a novel technique for detection of
proprietary ferrocene electrochemical labels, and utilizes a
low-cost reader instrument. One preclinical validation study
using 306 archived clinical samples demonstrated a clinical
sensitivity of 98.1%, and specificity of 98.0% (109).

The microwave accelerated metal enhanced fluorescence
(MAMEF) assay is another new POC CT technology in
development. The MAMEF assay can detect ~10 inclusion-
forming units/ml of CT in less than 9 minutes, including
DNA extraction and detection. Using a plasmid-based assay
on archived clinical samples, sensitivity and specificity were
82.2% (37/45) and 92.9% (197/212), respectively (110).
Target DNA sequences bind to an anchor probe covalently
bound to the assay surface, and a fluorophore-labeled probe.
If target CTDNA sequence is detected, metal enhanced fluo-
rescence occurs through close proximity of the fluorophore
to silver metallic nanoparticles.

These representative examples of advances demonstrate
exciting technology on the horizon and such new POC
technology will allow improved access to care and rapid,
accurate treatment. They will also reduce the laboratory role
in diagnosis of C. trachomatis infections if they can achieve
CLIA waiver.

Chlamydia Pneumoniae
Acute infection with C. pneumoniae most commonly pre-
sents as CAP, which is often multifactorial. As a result,
specific diagnostics are often not applied to these patients if
they respond well to therapy. As mentioned above, the ep-
idemiology of this pathogen is not well described and thus a
need for routine diagnostic tools has not been established.
The assays described in the sections below are predominately
LDTs, or rely on reagents that are intended for investiga-
tional use only.
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Serology
Three serological assays have routinely been used for as-
sessment of chlamydial infection: micro-immunofluore-
scence (MIF) staining, complement fixation, and EIA
(111). Complement fixation is appropriate for detection of
exposure to C. psittaci, which should be restricted to use
in regional or federal health agency laboratories and will
not be discussed further here. MIF was the original assay
that was used to perform epidemiologic studies to deter-
mine the overall disease distribution for both C. trachomatis
and C. pneumoniae (112). The assay uses purified EB re-
suspended in yolk-sac and adhered to slides in micro-
clusters. Each cluster contains 5 microspots of EBs, with
representatives from the following sero-groups (based on
sero-antigen relatedness): (i) group B contains strain types B,
Ba, D, and E; (ii) group C contains A, C, H, I, J, and K; (iii)
group F contains F and G; (iv) group L contains L1, L2, and
L3; and (v) contains C. pneumoniae. The micro-clusters
containing each of these 5 microspots are incubated with
patient serum in serial 2-fold dilutions. Patient antibodies,
if present, bind to the microspots with varying degrees of
specificity. If present, human antibodies are detected by a
secondary anti-human fluorescently labeled reagent. Fluor-
escence may be type specific (e.g., binding to a single spot),
species specific (e.g., binding to C. trachomatis spot(s) but
not to C. pneumoniae, or the reverse), or generally reactive.
Diagnosis of active infection is based on paired serum sam-
ples showing a ‡ 4-fold increase over time (usually with
approximately 2 to 3 weeks between sample collection).
While this provided the best evidence of active infection in
the era preceding culture, and eventually non-culture based
diagnostics, it has little utility for diagnosis of C. trachomatis
infections today. Further, this assay is highly technical and
requires organism stocks needed to make the microspots that
few laboratories have access to today. Finally, the interpre-
tation of the intensity of fluorescence needed to call a spot
positive or negative was very subjective, and thus titration
results varied widely between laboratories.

The MIF and assays utilizing EIA for antibody capture are
still used in the assessment of lifetime exposure (not active
infection specifically) toC. pneumoniae.Given the potential
downstream consequences of infection, such as atheroscle-
rotic disease, patient risk assessment may include C. pneu-
moniae antibody screening. The EIA methods utilize 96-well
microtiter plates coated with whole chlamydial EBs or spe-
cific protein antigens to capture human antibodies. These
assays provide a readout of “Reactive” or “Non-reactive,”
depending on the optical density of the reaction, or an ap-
proximate protein concentration. The assays may be used
with or without titration. Interpretation of results is not
clear since few studies have rigorously evaluated the clini-
cal outcomes associated with the results generated by these
assays.

NAATs
Similar to C. trachomatis, the most sensitive detection
method for C. pneumoniae is NAAT. There is now one FDA
cleared NAATassay by Film Array (BioFire Diagnostics, Salt
Lake City, UT), the use of which may help clarify the role of
this organism as an etiologic agent in CAP and other re-
spiratory infections (113, 114). Many laboratories have
thoroughly described and validated LDTs that exhibit ex-
cellent performance characteristics (115, 116). Samples in-
clude nasopharyngeal and BAL specimens. Caution should
be taken to recognize that neonatal chlamydial pneumonia
is caused by C. trachomatis not C. pneumoniae, and requests

for C. pneumoniae NAAT should not be performed from
this population. LDTs currently in use rely on real-time
or light cycler technology to run PCR based assays. While
the assays themselves have good sensitivity, specimen col-
lection is problematic and thus the results of testing may
often be falsely negative. Manufacturers are beginning to
consider addition of C. pneumoniae to panels of respiratory
pathogens that are detected in next generation molecular
assays.

Culture
Tissue culture for isolation of C. pneumoniae is available in
reference and research laboratories (117). Nasopharyngeal
or BAL specimens provide adequate samples for culture if
they are collected rigorously, if cold chain is maintained
during transport, and if samples are inoculated onto tissue
culture or frozen at ‡ - 70°C within 24 hours post collec-
tion. Since BAL samples are often spilt for a variety of tests
performed in multiple sections of a pathology laboratory, this
is often difficult to achieve.

HEp-2 cells, originally derived from human epithelial
cells obtained from a laryngeal cancer, are the preferred cell
line for isolation of C. pneumoniae. Caution should be taken
to verify that the cell line has not been contaminated with
HeLa cells as this is the case in some cell lines obtained from
the American Type Culture Collection, the most common
source of reference organisms and cell lines in the U.S.
Monolayers are prepared as for C. trachomatis culture and are
inoculated in similar fashion. Incubation is generally at 35°C
rather than 37°C to optimize the sensitivity of the culture.
Genus-specific immunofluorescent stains may be used after
48 to 72 hours post inoculation. Infected cells generally
contain multiple inclusions throughout the cytoplasm un-
like the single large inclusion formed by C. trachomatis.
Staining with C. trachomatis species-specific stains (anti-
major outer-membrane) should be negative, while genus-
specific stains (anti-LPS) are positive. Further confirmation
of the speciation requires research or LDT reagents. NAATs
may also be used for speciation based on differing melt-
ing parameters. However, if this will be the final step in
the culture process, NAATs should probably be used from
the onset due to increased sensitivity and reduced time to
results.

BEST PRACTICES
Chlamydia Trachomatis
The CDC Laboratory Guidelines for Detection of C. tra-
chomatis and N. gonorrhoeae were developed based on ex-
tensive review of the available literature regarding assay
performance (83). The recommendations developed from
that review are presented here.
� NAATs are the recommended class of assay for both di-
agnostic and screening activities.

� There is no significant difference in the performance of
these assays based on the presence or absence of symp-
toms in either men or women.

� For women, the optimum sample type is the patient
obtained vaginal swab (118–123). This specimen provi-
des sensitivity at least as high as any other specimen and
may have other advantages. Most women prefer self-
collection of vaginal swabs to endocervical sample col-
lection, or to providing a urine specimen. Further, al-
though the performance estimates for various sample
types obtained from individual clinical trials are not
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statistically different, a consistent trend suggests the rank
order of vaginal swabs, endocervical swabs, urine, and
endocervical samples in LBC. While urine samples may
already be obtained in many clinical practices, these
samples are often clean-catch midstream and thus inap-
propriate for use with NAATs. The LBC samples provide
an opportunity to bundle several tests from a single
specimen, but the sensitivity is somewhat less than that of
the other sample types and the logistics of specimen
handling through a cytology department prior to pro-
cessing for chlamydia testing may result in delays and
compromised specimen quality. Thus, from the perspec-
tives of patient flow and testing quality (including sen-
sitivity, specificity, and turnaround time) self-obtained
vaginal swabs offer the best option. Finally, this sample
type is also amenable to remote specimen collection in
non-clinical settings, which may increase access to and
utilization of services.

� The recommended sample type for both diagnosis and
screening of men is urine. Male urine performs at least as
well as urethral swabs and is much better tolerated by
patients. Urethral swabs may actually be a disincentive for
return visits for asymptomatic screening, which is a crit-
ical step in controlling the spread of this pathogen.

� MSM and women engaging in anal intercourse should be
offered ano-rectal testing at least annually. The CDC
recommends that testing be performed using NAATs,
which require laboratories to perform in-house validation
studies with this sample type.

� Culture capacity should be maintained in research and
public health reference laboratories in the event that a
need should arise for a repository of isolates.

� Serology, EIA/ELSIA, and DNA-probe technologies are
no longer appropriate for detection of C. trachomatis in
industrialized settings.

TABLE 2 Advantages and Disadvantages of Diagnostic Methodologies

Advantages Disadvantages Optimal Application

NAATs Highly sensitive and specific
Do not require viable organisms

As a result, expanded sample
types (including non-genital
specimens) and relaxed
transport conditions are possible

Results available in a single
work shift

Some assays may detect species
closely related to
N. gonorrhoeae

Organisms from exposures that
may not lead to active
infection may be detected

Instrumentation and reagent
costs remain high

Screening of asymptomatic patients in
clinical settings as recommend by CDC,
USPSTF, HEDIS, and other agencies

Screening in non-clinical settings such
as correctional facilities, schools, and
work force entry programs

Diagnostic testing for persons with signs
or symptoms of disease

Medical-legal testing for child or sexual
abuse forensic evidence

NAATs are ideal for detection of
C. pneumoniae; however, no assays
are commercially available

DFA Rapid turnaround Poor sensitivity and specificity
Requires highly skilled

microscopist

Ocular testing of neonates with
suspected chlamydial conjunctivitis

Culture Can verify active infection
Highly specific
Provides isolates for potential

research applications such
as typing and antimicrobial
resistance testing

Requires specialized technical
expertise available in few
laboratories

Need for viable organisms
restricts potential sample
collection sites to highly
invasive endocervical
or urethral specimens

Poor sensitivity, which is
heavily influenced by sample
collection and transport

Extended time to results

May be used for C. pneumoniae
in order to obtain isolates

For C. trachomatis, application should
be restricted to reference or research
laboratories in support of investigations
such as recurrent infection despite treatment

Serology Provides (limited)
information regarding
lifetime exposure

Assays are variable in quality
Development of antibodies

is dependent on duration
of exposure and thus this may
not be a useful biomarker
in populations where routine
screening and treatment
are in place

Duration of antibody response
and specificity of response
vary among individuals

Facilitates population based evaluations
of chlamydial epidemiology

554 - VIRAL PATHOGENS



Table 2 provides a list of comparative advantages and dis-
advantages for each class of assay currently available and
suggests appropriate populations and settings for use.

Chlamydia Pneumoniae
Diagnosis of C. pneumoniae continues to be hampered by
the lack of commercially available diagnostic tools. Cur-
rently, for detection of acute infection, the one commercially
available NAAT (BioFire, Film Array), or LDT NAATs are
the best choice. This will change in the near future as this
pathogen is added to more respiratory infection molecular
assay panels. Serology remains a useful tool for assessing risk
of future negative health outcomes in those cases where
strong associations with C. pneumoniae infection have been
shown (e.g., atherosclerosis). Serology is also a useful epi-
demiologic tool. Standardized assays that have regula-
tory approval would be a substantial benefit for this type of
testing.
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The human microbiome is the collection of hundreds of
trillions of microorganisms and their genomes that colonize
the human body. Recent advances in sequencing technology
have allowed these communities and their function to be
characterized and defined in detail. While the bacterial
members of the microbiome have received the bulk of the
attention, the viral members, the human virome, promise to
be no less important. This chapter describes these recent
advances in the methods for metagenomic studies, high-
lights key early findings, and looks ahead to the remaining
challenges to implementing viral metagenomics and human
virome techniques in the clinical setting for diagnostic
purposes.

INTRODUCTION
The human body plays host to hundreds of trillions of mi-
croorganisms; these have come to be known as the human
microbiome. These microbes don’t simply call our bodies
home but comprise a symbiotic relationship that imparts
numerous benefits for the human host (1–3). It is becoming
apparent that the information encoded by the human ge-
nome is insufficient for maintaining health and that prod-
ucts produced by the microbiome are vital to protection
from certain diseases (4). Humans can be thought of as a
supraorganism, where our ultimate phenotype results from a
combination of human encoded gene functions as well as the
functions encoded by the genes from the bacteria, archaea,
fungi, and viruses that comprise the human microbiome (5).
Many recent studies have shown these colonizing popula-
tions in human adults are largely unique at the level of an
individual (2, 6–8). It is therefore important to identify and
understand the countless functions the human microbiome
encodes in order to completely understand human physi-
ology. Until relatively recently, the magnitude of the effect
that the composition of the human microbiome has on our
well-being has been generally underappreciated. It is now
apparent that the human microbiome can influence nu-
merous facets of our daily lives including immune system
maturation, pathogen exclusion, digestion, nutrition, and
many others (1–3, 9).

The microbiome of humans is not one homogenous
mixture of microorganisms distributed throughout the body.
The human body is divided into several very specific and

unique niches that are inhabited by equally unique and in-
dividualized communities of microorganisms (e.g., oral
cavity, gut, exposed skin, vagina, etc.). Paving the way for
the development of the microbiome field was the intro-
duction of next-generation sequencing (NGS). In 2005, 454
Life Sciences Corp. introduced pyrophosphate-based se-
quencing in picoliter-sized reaction volumes capable of
generating 3250,000 100-base pair (bp) reads per run (10).
While sacrificing some read length and base call accuracy,
this technology represented a nearly 100-fold increase in
quality bases sequenced per hour compared with Sanger’s
dye-terminator/capillary electrophoresis method. By 2008
the length of 454 sequence reads had increased to 500 bp,
allowing for more confident read mapping and better se-
quence assemblies. By 2009, Illumina, Inc. released chem-
istry for its Genome Analyzer platform increasing output to
50 gigabases of sequence per machine run, a more than 60-
fold increase in base yield per run over 454. Overall, these
NGS methods drastically increased both the resolution with
which scientists could examine microbial communities and
the number of samples that could be analyzed simulta-
neously. Both pyrosequencing (454 Life Sciences) and se-
quencing by synthesis (Illumina) methods eliminated the
requirement for cloning targeted DNA sequences prior to
sequencing. Both of these methods allow for interrogation of
DNA from mixed microbial communities without the need
for cultivation of the organisms themselves, or any prior
knowledge of the community members. The thousands of
microbiome studies that followed NGS introduction greatly
increased our understanding of the microbial communities
that thrive on and in the human body and have revolu-
tionized our understanding of the extensive effects the hu-
man microbiome has on human health.

The different microbiome compositions amongst indi-
viduals likely contribute to differential outcomes of treat-
ment and disease progression across the human population.
Members of the microbiome impart a significant portion of
their physiological impact on the host via their metabolism
of xenobiotic compounds including dietary compounds,
antibiotics, and other drugs (11). Prominent examples in-
clude the inactivation of digoxin by Eggerthella lenta (12),
and the interaction of Helicobacter pylori with L-DOPA,
possibly reducing the amount of drug that actually arrives in
the central nervous system (13). It is well established that
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many viral infections alter an individual’s risk for the sub-
sequent contraction of certain infections. For example, in-
fection with herpes simplex virus type 2 is associated with an
increased risk of developing bacterial vaginosis (14), and
infection with influenza A virus can increase the adhesive-
ness of several E. coli strains by altering the expressed gly-
cosylation pattern of intestinal epithelial cells (15).
Additionally, studies performed in animals demonstrate the
effect of the gut bacterial composition on the success of
certain viral infections. For example, Uchiyama et al. (16)
demonstrated that ablation of gut bacteria through antibi-
otic treatment or the use of germ-free mice significantly re-
duced the infectivity of rotavirus, while simultaneously
resulting in a more durable rotavirus mucosal/systemic hu-
moral immune response. The significance of this latter ob-
servation is that the efficacy of certain vaccines may be
boosted from pretreatment of individuals with antibiotics.
Taken together, these and many other studies highlight the
intimate interactions members of the microbiome have both
with each other and with their host. The treatment of many
infections, even if caused by a single etiologic agent, may be
improved through evaluation of the microbiome composi-
tion of the infected individual.

TECHNOLOGIES FOR STUDYING
THE HUMAN VIROME
Although the human microbiome consists of all bacteria,
archaea, viruses, fungi, and other unicellular eukaryotes, the
focus of this section is on the viral members of these com-
munities, the human virome. Characterization of the human
virome has lagged behind that of its bacterial counterpart
largely because of technical limitations. For instance the
bacterial and fungal components of the microbiome can be
probed simply by amplifying and sequencing conserved ri-
bosomal genes, a technique not applicable to viruses (17).
While some putative marker genes have been identified for
viruses, they rarely extend in scope beyond viral families,
and those studies are hampered by the current paucity of
viral genome sequence data available (18, 19).

Metagenomics is the study of a collection of genomes
from a mixed community of organisms. Viral metagenomics
is the study of the subset of nucleic acids from a sample that
are of viral origin. This technique has revolutionized the
field of viral ecology by providing researchers with a method
to study the structure, function, and metabolic potential of
viral communities in an unbiased, culture-independent, and
high-throughput manner.

Viral metagenomics, in its simplest form, is applied by
collecting an appropriate sample from an environment of
interest, extracting nucleic acids, and sequencing with
minimal laboratory manipulations (i.e., no culturing of the
organisms to be studied). Prior to the introduction of nucleic
acid sequencing, compositions of viral communities inhab-
iting the human body could be probed only via physical
methods such as electron microscopy. The introduction of
DNA sequencing provided scientists with the ability to
probe communities of organisms genetically. However, pre-
paratory processes including viral particle isolation, ampli-
fication in culture, and DNA fragment cloning prior to
sequencing hampered throughput and limited the number of
nucleic acid fragments that could be reasonably evaluated.
Despite these limitations, viral metagenomics experiments
on many disparate environmental habitats were carried
out, revealing hints at the true complexity of the viral world
including the enormous concentration of viruses in sea

water, which contain an estimated > 1030 viral particles
throughout the world’s oceans (20).

Amplifying viruses in culture biases the detectable rela-
tive abundance and membership of these communities. To
avoid this, early metagenomics experiments relied on the
concentration of large volumes of primary sample to obtain
sufficient material for cloning and sequencing. For example,
Breitbart et al. (21), in one of the first papers to characterize
the viral community of a human stool sample, concentrated
viral particles present in 500 grams of stool down to a few
milliliters by first resuspending the stool in 5 liters of phos-
ophate-buffered saline (PBS), then concentrating the sam-
ple using tangential flow filtration. While this technique
successfully bypassed the requirement of amplification in
culture, it imposed processing steps incompatible with the
throughput required for any study containing more than just
a few samples.

The introduction of whole-genome shotgun (WGS) se-
quencing strategies removed many sample processing bur-
dens imposed by Sanger sequencing, enabling the field of
metagenomics to flourish. By allowing sequencing adapters
to be added directly to free DNA fragments of interest, WGS
and other NGS strategies eliminated the need for cloning
prior to sequencing. This allowed massively parallel evalu-
ation of unique DNA fragments, boosting the number of
unique fragments evaluated from at best thousands with
Sanger sequencing to billions with Illumina sequencing.
These NGS technologies paved the way for applications of
metagenomics techniques in viral discovery and community
characterization by providing increased yield, decreased
processing time, and decreased cost per sequenced base
without the need for targeted amplification of marker ge-
netic elements. This method has proven particularly adept at
providing general overviews of viral community structure
(21–24) as well as facilitating the discovery of many new
mammalian viruses (25–27).

One of the biggest boons of WGS strategies is the lack of
a requirement for any a priori knowledge about the organisms
in the community being sequenced. One downside to this
approach is that nucleic acids of viral origin typically com-
prise a very small proportion of the total extracted com-
munity. This manifests as an equally small portion of the
finished sequence data being of viral origin. To overcome
this drawback, samples are sequenced to greater depths, in-
creasing the number of sequence reads from viral genomes.
However, strategies utilizing targeted genetic sequences such
as PCR or sequence-based capture assays have the potential
to be cheaper and more sensitive. As viral genome databases
become more complete, the development of targeted assays
becomes viable, and the likelihood of missing viruses of in-
terest diminishes. For example, Wylie et al. (28) created a
capture-based viral nucleic acid enrichment system utilizing
commonly occurring representative sequences derived from
337 viral reference genomes of species known to infect
vertebrate cells. Their results showed that common se-
quences can successfully enrich the viral portion of total
extracted nucleic acids while also enriching the portion of
distantly related viruses that were not actually part of the
reference genome database used to create their capture array.
In the same vein, Briese et al. (29) constructed a probe
library of nearly 2 million sequences derived from > 200
genomes of viruses known to infect vertebrate cells. Through
a method of probe hybridization to cDNA libraries followed
by bead capture, the authors were able to achieve up to a
104-fold increase in viral sequences generated from blood
and tissue homogenates, compared to established viral
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enrichment procedures. These WGS and viral genome en-
richment methods will only continue to get better and more
sensitive as characterization of the viral world continues.

COMPOSITION OF THE HUMAN VIROME
The human virome includes particles capable of infecting
human, bacterial, archaeal, fungal cells, and integrated virus-
derived genetic elements (21,30–35). These integrated
elements have the potential to generate infectious particles,
express proteins, and alter host-gene expression. Viruses
and viral elements that comprise the human virome are
in constant interaction with the human immune system,
maintaining a dynamic equilibrium, and are the primary
source of traditional viral pathogens (36, 37). Estimates of
the size and membership of the human virome are rough at
best; however, we can be certain we have explored little of it
by sequence, and even less by function (38, 39). This is
evidenced by the fact that large portions of viral meta-
genomics sequence datasets do not match any current da-
tabase entries. To put this into perspective, the current
number of viral reference genomes in NCBI RefSeq
(35000) is less than the number of virotypes expected in
100 liters of sea water (40). Adding to the complexity of
studying the human virome are the ubiquity and rapid
evolution of viruses (41, 42). Estimates place the error rate of
viral replication at one per 103 to 108 bases copied, de-
pending on genome type, resulting in the constant intro-
duction of mutants during replication.

The majority of viruses found in the human virome (and
likely on Earth) are bacteriophages, viruses that infect bac-
teria. These are of immense clinical importance because of
their ability to transmit genes between their hosts (43, 44).
This transmitted genetic material can increase pathogenesis
through encoded toxins, spread antibiotic resistance, and
possibly alter host functional abilities (45–49). This gives
the resident bacteria access to a potentially massive pool of
genetic material allowing quick adaptations, including al-
terations in virulence, to an ever-changing environment.
The first evidence that phages could alter their host’s viru-
lence came with the discovery of platelet binding factors
pblA and pblB present in tail fiber genes of oral phage (50).
These proteins have been shown to contribute to Strepto-
coccus mitis virulence in an animal endocarditis model, also
demonstrating that the host effects of the oral microbiome
are not restricted to the mouth. Additionally, bacteriophage
particles that gain direct systemic access through a leaky gut
stimulate production of pro-inflammatory cytokines, (e.g.,
IL-1 beta, TNF-alpha) (7, 51).

Phages can be major contributors to bacterial genomic
DNA. For example more than half of the strain-specific
DNA in Lactobacillus johnsonii was contributed by prophage
sequences, phage genome sequences that have integrated
into their host’s chromosome (52). Prophages can also
benefit bacterial host fitness in numerous ways. Integrated
prophages can serve as anchor points for genome rear-
rangements (53, 54), silence nonessential genes (52, 55),
and confer homoimmunity (56, 57). Additionally, induced
prophages can cause lysis of closely related strains and in-
troduce new fitness through conversion or transduction (58–
60). Induction of prophages in the intestine may contribute
to dysbiosis by changing the ratio of symbionts to patho-
bionts, a process termed by Mills et al. as community shuf-
fling (38). This has been observed in the swine gut during
antibiotic-associated prophage induction (61). Phages may
also play a role in the dysregulated immune response of

inflammatory bowel disease (IBD) patients to mucosal-
associated bacterial populations (38). These observations
suggest that the composition of the gut phage population
affects human health both directly through interactions with
the human immune system and indirectly through modula-
tion of bacterial communities within the gut. The potential
of the phage component of the human virome to affect
human health and disease cannot be overstated, and the
extent to which the virome helps define the host’s genetic
identity is likely underappreciated.

The intimate relationship between the gut microbiota
and the immune system has been revealed through studies
utilizing germ-free animals. The lack of microorganisms in
the guts of these animals results in defects in the develop-
ment of gut-associated lymphoid tissues and other morpho-
logical abnormalities, many of which are reversed following
the introduction of gut microorganisms (62–64). While early
studies focused on the effects of removing/reintroducing
bacteria to the guts of germ-free animals, more recent studies
have shown that certain viruses are capable of eliciting
similar physiological responses. Cadwell (65) showed that
monoassociation of germ-free mice with murine norovirus
reversed many of the abnormalities observed in the guts of
these animals and provided substantial protection against
two models of intestinal damage. Other animal studies have
also revealed that certain viral infections may protect the
host against different diseases. For example, infection with
lymphocytic choriomeningitis virus appears to prevent type 1
diabetes in nonobese diabetic mice (66). Interestingly, there
is evidence that even plant viruses may impact human
health. A study by Colson et al. (67) suggests that pepper
mild mottle virus, a common plant pathogen of bell, hot, and
ornamental peppers, may not simply be along for the ride
through the human gut after ingestion but may interact with
the human immune system and cause clinical symptoms.

The majority of the adult human population is chroni-
cally infected with members of the anellovirus, adenovirus,
circovirus, herpesvirus, and polyomavirus families, among
others (68). Members of these families are typically consid-
ered opportunistically pathogenic or even commensal, be-
cause chronic infection with many of these viruses appears
clinically inconsequential. However, many chronic infec-
tions are so commonplace that their contribution to or effect
on the human immune system and/or human health is ob-
scured by the fact that they are normally present. Estimates
place the number of permanent chronic systemic viral in-
fections in the average healthy individual at around 10 (69).
These often-present viruses range from traditional pathogens
to those that are only pathogenic in small, susceptible por-
tions of the population. However, the number of chronic
viral infections is likely underestimated because methods for
detecting the full diversity of the human virome have only
recently become available, and many existing metagenomics
studies have ignored RNA viruses altogether.

The idea of a commensal virus is relatively new. Recently
developed molecular and sequencing techniques have re-
vealed many new persistent viruses including polyomavi-
ruses (70) and anelloviruses (71). Since they are not covered
in detail elsewhere, we will briefly review the family Anel-
loviridae; Spandole et al. (72) have published an in-depth
review. This family contains some of the most recently dis-
covered viruses that chronically infect the majority of
the human population. These include torque teno virus
(TTV), torque teno mini virus (TTMV), and torque teno
midi virus (TTMDV), discovered in 1997, 2000, and 2007,
respectively. This family also contains many viruses that
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infect animals, and thanks to new sequencing technologies,
novel anellovirus sequences are continually being described
(73–75). Torque teno viruses are nonenveloped 30- to 50-
nm particles with T = 1 icosahedral symmetry. Because of a
lack of compatible cell systems, TTVs cannot currently be
propagated in vitro, which has hampered structural and/or
functional studies. The TTVs contain a circular single-
stranded antisense DNA genome that varies in size from
32.8 kb for TTMV to33.9 kb for TTV (76–78). The TTV
genome contains a 31.2 kb well-conserved untranslated
region (UTR) and a 32.6 kb coding section with three
hypervariable regions. After the initial discovery of the
TTVs, their detected prevalence in blood of populations
throughout the world varied widely, from 35% in Brazil
(79) to > 90% in Pakistan, Japan, and Russia (71, 80, 81).
More recent studies targeting the conserved UTR regions
have raised the estimates of prevalence in blood, and TTV
DNA has been detected at high rates in many other organs,
tissues, and biological samples. This high prevalence led to
numerous studies associating TTV with countless diseases
and disorders including hepatitis, respiratory diseases, he-
matological disorders, autoimmune disorders, and even
cancer (72). However, there are very few existing studies
that attempt to discern possible mechanisms behind pro-
posed TTV-associated pathologies. What is clear is that
anelloviruses have infected many if not most mammals
throughout their evolutionary history, and perhaps the ab-
sence of TTV infection could have greater consequences for
human health than its presence.

Early viral metagenomics studies have revealed that hu-
mans, along with other mammals, house highly individual-
ized and often novel communities of viruses including many
currently unidentifiable sequences (82, 83). The extent of
the impact the human virome has on the course of human
disease progression and treatment outcomes remains to be
determined. However, studies mentioned above, along with
many others, demonstrate that this impact is likely much
larger than is currently appreciated. One of the largest factors
distinguishing the virome from other components of the
human microbiome is systemic persistence. For example,
herpesviruses can maintain life-long latent infections in
numerous cell types after recovery from acute infection. The
constant interaction between members of the virome and the
immune system has the potential to alter host susceptibility
and/or resistance to other infections or diseases. As new se-
quencing data is able to better define the human virome,
identification of additional viral signatures within the human
genome becomes possible. This information has the potential
to significantly increase our understanding of our own ge-
netics and the implications for human health and disease.

Our knowledge of the human virome is currently in-
complete; in fact we have hardly generated a rough outline of
its impact on human health. Outstanding barriers to a deeper
understanding still include fundamental aspects of the hu-
man virome such as a clear quantitative and qualitative de-
scription of its membership. The effects on the immune
system of not only the composition of the virome but also
host age at exposure and other variables remain to be ex-
plored. The virome is an integral part of the human micro-
biome, and microbiome studies cannot provide a complete
picture if its different components are studied in isolation.

LOOKING AHEAD
The public has been surprisingly receptive to the idea that
the trillions of microscopic entities that inhabit each of us

are not the enemy but are an integral part of what makes us
what we are. The attitude for many has changed in the
recent past away from efforts to constantly sterilize our ex-
ternal world and instead to implement rigid hygiene prac-
tices only where essential (e.g., hospital settings). Typing
“antibacterial soap” into Google brings up the top sugges-
tions “bad,” “dangerous,” “ban,” etc., which suggests aware-
ness extends beyond the scientific community. Efforts at
deciphering the mysteries of the microbiome world have had
a major impact on the way we view certain diseases, but
the full implications of these microbial communities for our
health remain to be discovered. We’re beginning to under-
stand the immense role that viruses can play in determining
the composition of the human microbiome, as well as how
individuals may respond differently to a particular disease
treatment based on their microbiome composition. In light
of the huge success intestinal probiotic products already
enjoy, the future acceptance for microbiome manipulations
as part of disease therapy seems like a foregone conclusion.
Many groups are beginning to revisit bacteriophage as an-
timicrobial therapies for human diseases caused by bacterial
strains harboring antibiotic resistance. However, more
studies are needed to fully understand the interactions be-
tween hosts and their microbiomes before these relationships
can be safely exploited.
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Host genetic variation in components of both specific and
innate immune responses affects susceptibility to viral in-
fections. Innate immunity provides the first line of defense,
and the development of adaptive immunity is stimulated by
innate responses. Pathogen recognition receptors (PRRs)
initiate signaling pathways that result in the production of
antiviral interferons and cytokines. Mutations or genetic
variants (polymorphisms) have been recognized in several
factors of innate immunity. Notably, human populations
from distinct geographic areas have different frequencies of
immune gene variants. The genetic susceptibility may vary
from life-threatening manifestations of specific virus infec-
tions to a moderately increased frequency of nonsevere in-
fections. Although the innate immunity is nonspecific by
nature, the reactions are stereotypic for viral infections
compared with bacterial infections. Even infections caused
by specific viruses can be differentiated from each other
based on the innate immune response. Host response pattern
determination by expression analysis of a predefined set of
genes is a novel strategy in the diagnosis of virus infec-
tions. Another strategy in differentiating viral and bacte-
rial infections from each other could be the determination of
a single marker, such as myxovirus resistance protein A
(MxA), which is generally induced by viruses but not by
bacteria. Host response analysis could also be used in mon-
itoring infections and antiviral treatment, but applications
for routine use are not yet available. Certain host gene
variants correlate with the prognosis of infection. Currently,
for instance, interleukin (IL) 28B genotyping is used to aid
in hepatitis C treatment decisions.

INTRODUCTION
Primary immunodeficiencies are traditionally understood as
rare syndromes with a markedly compromised defense against
viruses, bacteria, or other pathogens. Patients with these
conditions have severe or recurrent infections, which may be
caused by atypical pathogens, and they do not respond to
treatment as would be expected in otherwise healthy hosts.
Depending on the type of immunodeficiency syndrome, the
serum level of immunoglobulins and/or the number of certain
immune cell types (e.g., lymphocyte subtypes or phagocytic
cells) are usually decreased. The genetic basis of most of these
syndromes is currently understood in detail.

More recently, with the use of modern molecular biology
and sequencing technologies, a wide range of variations or
mutations have been recognized in the genes coding for
proteins that function in the immunologic response to
viruses or other microbes (1). Many of these proteins are part
of the innate immune system, whereas others regulate spe-
cific humoral or cellular responses or have more general
functions, as in cellular metabolism. The clinical manifes-
tations of such genetic variations may differ from classical
primary immunodeficiency syndromes. In some cases, the
variant types are also common in healthy populations, and
disease associations are weak or unclear. Other genetic
deficiencies are rare in healthy populations and are associ-
ated with severe infections, but the susceptibility pattern
may be highly microbe specific (2). The phenotypic conse-
quences of mutations are often highly variable.

The major histocompatibility complex (MHC), in hu-
man HLA genes, has a central role in ensuring that our
species has during phylogenesis developed the ability to
mount a specific immune response to the multitude of ex-
isting and emerging pathogens. The extreme variability
observed at MHC loci is the result of selective force from
infectious diseases (3, 4). The pattern of alleles common in
various populations reflects their advantage in mounting
efficient immunity to important local infections, as dem-
onstrated by the high frequency of the HLA-B*53 allele
associated with protection from severe malaria in western
Africa (5). Subjects with certain class II haplotypes associ-
ated with autoimmune diseases, most importantly DR3/DQ2
and DR4/DQ8, may be especially efficient in clearing viral
or other infections by producing specific cytokines. This has
contributed to the survival of these haplotypes despite the
associated tendency to present self-antigens.

Several mechanisms of innate immunity can be consid-
ered as redundant, or perhaps more precisely, as com-
plementing each other. If one function is weak or
inoperative, other signaling pathways can, to some extent,
lead to similar responses. It has been suggested that accu-
mulating dysfunctions may eventually lead to immunodefi-
ciency (6). In the presence of increased infection pressure
(i.e., living in an environment favorable for the transmission
of viruses), even a minor weakness in innate immunity
may result in recurrent infections. However, some aspects of
innate immune functions are quite specific for certain
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pathogens. Thus, a mutation in one immunologic gene may
result in the patient being otherwise healthy and free of
infections, but when the patient encounters a certain in-
fectious agent, in particular for the first time in life, a severe
manifestation may develop.

In addition to changes in the immune system, genetic
polymorphisms can simply affect virus infection by prevent-
ing the virus from binding to its specific receptor and thus its
cell entry. Examples are the rare persons with the p pheno-
type of erythrocyte P antigen who are resistant to parvovirus
B19 infection because of a lack of this receptor on their
erythrocytes and erythroid precursors (7). Furthermore, ho-
mozygosity for the nonsense mutation of the human secretor,
the FUT2 gene (G428A), correlates with complete resis-
tance to norovirus gastroenteritis (8), and probably the best-
known example is the resistance to HIV infection in subjects
homozygous for deletion in co-receptor C-C chemokine
receptor type 5 (CCR5) (9–11).

IMMUNE RESPONSE TOVIRAL INFECTIONS
Innate immune responses are critical in the first-line defense
against viral infections. Type I interferons and other antiviral
effectors limit the spread of infection and augment the
generation of specific immune responses but simultaneously
cause inflammation-related symptoms in the host. Viral
proteins may suppress the immune functions by several
mechanisms (9). The inflammatory responses need to be
carefully balanced as a weak response would be ineffective
for the control of infection, and an overreactive response
would be directly harmful to the host. The recognition of
cellular danger signals plays an important part in regulating
immune responses and inflammation (10).

Most viruses initiate infection by binding to receptors on
epithelial cells in the respiratory or gastrointestinal tracts, or
in other locations. Epithelial cells are the first cells to respond
to viral infection, and professional immune cells are also
rapidly activated. Molecules that are present only in viruses,
although not specific for any virus species, are recognized by
PRRs. The pathogen-associated molecular patterns (PAMPs)
in viruses include single-stranded and double-stranded DNA,
5’ regions of RNA, and certain virus proteins (11, 12). PRRs
include retinoic acid-inducible gene 1 (RIG-1)-like receptors
(RLRs), Toll-like receptors (TLRs), C-type lectin receptors,
and the receptors of the inflammasome (13). Of these, RLRs
and TLRs are central in the initiation of antiviral responses.
Although C-type lectins mostly operate in fungal immunity,
this group of PRRs includes collectin subgroup surfactant
proteins, which function in defense against virus infections in
the respiratory tract (14). Inflammasome activation and the
complement system have important roles both in the innate
response and in the development of adaptive immunity (15).

RIG-1 and melanoma differentiation-associated protein
5 (MDA-5, also known as IFIH1, interferon induced with
helicase C domain 1) recognize in the cytosol double-
stranded RNAs (dsRNAs) or, in some cases, single-stranded
RNAs (ssRNAs) that are specific for viruses. Many RNA
viruses (for example, influenza viruses, paramyxoviruses,
hepatitis C virus, and Japanese encephalitis virus) produce
dsRNAs that are longer and preferentially recognized by
RIG-1, whereas picornaviruses produce shorter dsRNAs that
are recognized mainly by MDA-5 (16). When triphosphate
or diphosphate at the 5’ end of RNA is detected by RIG-1, a
signaling cascade is initiated and proceeds through adaptor
mitochondrial antiviral signaling (MAVS) and results in
interferon production (12, 17).

In humans, TLRs comprise 10 numbered receptors, which
reside on the cell surface or in the endosome. Different
TLRs recognize specific microbial structures. All TLRs, ex-
cept TLR3, initiate the signaling cascade via the myeloid
differentiation primary response 88 (MyD88) protein. TLR3
and TLR4 activate the Toll-interleukin-1 receptor domain-
containing adapter-inducing interferon beta (TRIF) protein.
With important regulatory and cross-talking functions by
several intermediary proteins, the signaling pathway from
endosomal TLRs 3, 7, 8, and 9 via MyD88 or TRIF results in
the production of interferons and inflammatory cytokines,
whereas the pathway from cell surface TLRs 1, 2, 4, 5, and 6
viaMyD88 ends in the production of inflammatory cytokines
(18). Only in certain immune cells are interferons produced
via this pathway. Endosomal TLRs principally recognize viral
components: TLR3 recognizes dsRNA, TLR7 and 8 recog-
nize ssRNA, and TLR9 recognizes unmethylated CpG-rich
DNA. Cell surface TLRs 2 and 4 recognize Gram-positive
and Gram-negative bacteria, respectively, but in addition to
that, these TLRs also recognize viral proteins (19, 20).

Professional immune cells are activated directly by the
virus or by cytokines and other mediators that are produced
by virus-infected epithelial cells. Plasmacytoid dendritic cells
can produce large amounts of interferons after the recogni-
tion of viral ssDNA by TLR7 in endosomes, independently
of the RLR pathway (21). The inflammasome is activated
in macrophages and dendritic cells and also in other cell
types by signaling through TLR3 or other TLRs or directly by
viral dsRNA. This results in caspase-1 activation and the
production of IL-1b and IL-18 from their precursors (22).
Inflammasome activation is critical in the induction of
adaptive responses. Tcells are important in clearance of virus
and in recovery from the infection. Activated dendritic cells
migrate to lymph nodes and present viral antigens to naïve T
cells. They differentiate into CD4+ (T helper) and CD8+
(cytotoxic T cells) effector cells. The cytotoxic T cells need
help from cytokines produced by CD4+ cells to develop to
effector T cells, which possess cytotoxic antiviral activity.

Humoral responses develop rather late in the course of
primary viral infections, but the production of neutralizing
antibodies has an effect on virus clearance. The develop-
ment of follicular and extrafollicular antigen-specific B cells
with the help of CD4+ T cells provides the host with the
capability to respond rapidly to reinfections. The wide va-
riety of antigenically different virus types within many virus
species or families compromises the protection by neutral-
izing antibodies against reinfections. However, some degree
of cross-protection usually exists. Both CD4+ and CD8+ T
cells expanded during previous infections have been shown
to be able to recognize relatively stable epitopes common to
several enterovirus serotypes and various influenza A strains,
thus differing from serotype and strain-specific epitopes
recognized by neutralizing antibodies (23–25).

A delicate regulatory mechanism is needed to control the
inflammatory response to virus infection. Regulatory T cells
(Treg), and to some extent CD4+ and CD8+ Tcells, produce
IL-10 and other anti-inflammatory cytokines that are es-
sential in preventing injury from excessive inflammatory
reaction. Dendritic cells prevent T cells from uncontrolled
activation.

HOST GENETIC FACTORS AND
SUSCEPTIBILITY TO VIRAL DISEASES
Single nucleotide polymorphisms (SNPs), haplotypes, copy
number variations, deletions, or larger defects in the genes of
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many proteins playing roles in the immune defense or in the
pathogenesis of infection may make the host susceptible to
viral infection or, in contrast, confer protection against in-
fections. Examples of such genetic variants and associated
viral infections are listed in Table 1. However, an exhaustive
literature review of suggested genetic susceptibilities is not
possible within this chapter.

Receptor Binding
Variations in cell surface receptors, which viruses use for
attachment and internalization, can have an effect on the
susceptibility of the host. The examples of genetic protec-
tion against infection due to lack of a parvovirus B19 re-
ceptor in subjects with a p phenotype of erythrocyte P
antigen (7) and a norovirus receptor in homozygotes for
FUT2 (G428A) (8) were mentioned earlier. Also, poliovirus
receptor and major group rhinovirus receptor (ICAM-1)
have genetic variants, but the possible differences in sus-
ceptibility to infection between individuals with wild- or
variant-type receptors are unclear (26). The effects of
polymorphisms in HIV co-receptors CCR5 and CXCR4 on
the transmission of the virus and on the development of
disease have been characterized in detail. Homozygotes for a
32 base pair deletion (delta32) in the gene of CCR5 do not
express this protein on the cell surface. These individuals are
almost completely protected from HIV infection (27–29).
Heterozygotes for this variant are not protected from being
infected by HIV, but the progression of HIV disease is slow,
and virus copy numbers remain low. Other variants in co-
receptors have been detected, and they also have distinct
effects on the pathogenesis of HIV infection. Interestingly,
mutations in the HIV co-receptor CXCR4 cause an immu-
nodeficiency syndrome named WHIM (warts, hypo-
gammaglobulinemia, infections, myelokathexis) (30). This
syndrome is characterized by susceptibility to human papil-
lomavirus (HPV)-induced warts, bacterial infections, and
neutropenia.

Retinoic Acid-Inducible Gene-Like Receptor
and Toll-Like Receptor Variants
RLRs are important responders to virus infection. However,
no genetic variants in RLRs with a clear effect on infection
susceptibility have been reported. This may be partly due to
the fact that the major function of the RLR pathway, which
is the production of type I interferons, can also be achieved
through other signaling pathways via TLRs or the in-
flammasome. Recent research has shown that despite a level
of redundancy in the factors and the pathways of innate
immunity, mutants in single genes may result in specific
immune defects. Rare variants in the IFIH1 gene encoding
MDA-5 with a predicted loss-of-function effect are associ-
ated with a reduced risk of type 1 diabetes (31). Future re-
search will show whether these or other variants in MDA-5,
RIG-1, or related proteins make individuals susceptible to
specific virus infections.

Genetic variants or mutants have been reported in sev-
eral components of TLR-signaling pathways. Mutations that
cause functional deficiencies of the central adaptor mole-
cules MyD88 and interleukin-1 receptor-associated kinase 4
(IRAK-4) result in the impairment of TLR and IL-1 sig-
naling. These immunodeficiencies manifest clinically as
susceptibility to invasive bacterial infections (32). It has
been suggested that in humans the redundancy in pathways
of interferon and cytokine signaling provides normal im-
munity against viruses despite the deficient function of these

TLR pathways. Clinical findings in humans are in contrast
with studies in mice, which show that deficiencies in these
signaling pathways lead to a susceptibility to viral infections
(33). NF-kappa-B essential modulator (NEMO) is a mod-
erating protein that is needed in signaling through TLR but
also in other important pathways. Rare NEMO mutations
result in severe immunodeficiency and other clinical fea-
tures. These patients are susceptible to adenovirus, cyto-
megalovirus (CMV), and herpes simplex virus (HSV)
infections, as well as to infections caused by pyogenic bac-
teria, mycobacteria, and fungi (34).

Children with TLR3 pathway dysfunction are at risk of
neonatal HSV encephalitis. It is surprising that mutations
either in TLR3, adaptor molecule UNC-93B, or in impor-
tant proteins downstream in the signaling pathway (TRIF
and tumor necrosis factor [TNF] receptor-associated factor 3
[TRAF3]), are all associated specifically with the manifes-
tation of HSV infection as neonatal encephalitis (35–38). In
addition to this disease, only coxsackie virus myocarditis has
been reported in a patient with a TLR3 mutation (39). It
needs to be noted that only a limited number of patients
with these mutations have been reported, and other disease
associations may be found in the future. Nevertheless, it
seems that although TLR3 signaling functions in defense
against several virus infections, other immune responses
protect the host from most infections in case this pathway is
impaired. A common minor TLR3 allele Leu412Phe confers
strengthened proinflammatory cytokine production after
stimulation and partial protection against HIV infection
(40). Notably, no inactivating mutations in TLR7, 8, or 9
have been reported, suggesting that these endosomal TLRs
are highly important in the protection against viruses. The
TLR9 1635A/G variant correlates with HIV disease pro-
gression and possibly, with an increased risk of mother-to-
child HIV transmission (41, 42).

TLR2 and 4 genes harbor several common SNPs. While
TLR2 and 4 are predominantly involved in the response to
bacterial infections, they also recognize viral proteins. Het-
erozygotes for a common variant in TLR4, Asp299Gly, have
an impaired response to lipopolysaccharide. This variant was
associated with severe respiratory syncytial virus (RSV) in-
fection in one study (43) but not in another study (44).
More recently, the risk of severe RSV in children with var-
iant TLR4 was proposed to be dependent on the subgroup of
the epidemic virus (45). Heterozygotic TLR2 variant
Arg753Gln has a frequency of 5% in European populations
(46). There is no data linking TLR2 polymorphisms with
virus infections. However, the TLR2 variant has been as-
sociated with rhinovirus-induced susceptibility to Haemo-
philus influenzae infection in cell cultures and in mice (47).

C-Type Lectins
Dectin-1, which is probably the best characterized C-type
lectin, is not much involved in viral infections. Instead,
surfactant proteins, which belong to the group of collectins
and are expressed in the respiratory epithelial and lung al-
veolar cells, are important in respiratory diseases and infec-
tions. While the major function of surfactant proteins is to
decrease the surface tension on the lung epithelium, certain
surfactant proteins have innate immune functions. Surfac-
tant protein A (SP-A) binds to the carbohydrates of gly-
cosylated RSV surface proteins and opsonizes and neutralizes
the virus (48). Surfactant protein D (SP-D) also has anti-
viral activity in the lungs (49). The two genes encoding SP-
A subunits and the gene for SP-D are polymorphic and have
several SNPs that have functional effects. Variant SP-A and
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TABLE 1 Examples of human genetic variants leading to susceptibility to or protection against viral infections

Affected protein or pathway Gene or protein variant Associated viruses Consequences References

Virus receptors
Erythrocyte P antigen p phenotype Parvovirus B19 Protection (7)
Human secretor a(1, 2)-

fucosyltransferase
FUT2 G428A Norovirus Protection (8)

CCR5 32 base pair deletion HIV Protection (27–29)
Toll-like receptor pathways

NEMO Various mutations leading to
impaired NF-kB activation

Adenovirus,
CMV, HSV

Severe bacterial, mycobacterial,
fungal, and viral infections

(34)

TLR3 signaling TLR3, UNC93B, TRIF, and
TRAF3 mutations

HSV Neonatal encephalitis (35–38)

TLR9 A1635G HIV Rapid disease progression (41, 42)
TLR4 Asp299Gly RSV Severe infection depending on

epidemic virus
(43–45)

C-type lectins
Surfactant protein A Certain alleles over- or

underrepresented, differences
between populations

RSV Hospitalization for RSV
bronchiolitis

(14, 50, 52)

Surfactant protein A SFTPA2 alleles rs1965708-C
and rs1059046-A and
haplotype 1A(0)

Influenza A/
H1N1/2009

Respiratory failure (103)

Surfactant protein D Met11Thr RSV Hospitalization for RSV
bronchiolitis

(51)

Mannose-binding lectin Heterozygotes, homozygotes, or
combined variants at codons
52, 54, and 57

SARS coronavirus,
HSV 2

Risk of (recurrent) infection (57, 62)

Immune cell regulation
X-linked inhibitor of

apoptosis protein (XIAP),
SLAM-associated protein
(SAP)

Mutations in SH2D1A and
XIAP genes causing X-linked
lymphoproliferative
syndrome

EBV Life-threatening EBV infection,
hemophagocytosis,
lymphoma

(63)

Immunoglobulin production Various genetic defects resulting
in hypogammaglobulinemia

Enteroviruses,
rhinovirus,
and other
respiratory viruses

Enterovirus meningitis,
prolonged respiratory tract
infections

(65, 66)

Other pathways
Innate immune factors JUN, IFN5, NOS2A, and other

genes
RSV Hospitalization for RSV

bronchiolitis
(67)

Vitamin D receptor and
vitamin D–binding protein

VDR Thr1Met, VDBP
haplotype GC1s

RSV Hospitalization for RSV
bronchiolitis

(67, 68)

IL-10 rs1800896 GG RSV Severe infection (99)
Interferon-induced

transmembrane protein-3
IFITM3 splice-site altering

mutation
Influenza A virus Severe infection in Chinese

population
(72)

CXCR4 WHIM syndrome causing
mutations

HPV Warts, bacterial infections (30)

IL28B rs 12979860 CC HCV genotype 1 Good prognosis with interferon
and ribavirin treatment

(89)

HLA
DR/DQ heterozygotes,

DRB1*04, DRB1**13
HBV Effective clearance of virus (4, 88)

DRB1*07, DRB1*03 HBV Virus persistence (88)
DR/DQ heterozygotes,

DRB1*11:01, DQB1*03:01
HCV Effective clearance of virus (4, 87)

DRB1*07 HCV Virus persistence (4)

Abbreviations: NEMO, NF-kappa-B essential modulator; TLR, Toll-like receptor; IL-10, interleukin 10; HLA, human leukocyte antigen; WHIM, warts, hypo-
gammaglobulinemia, infections, myelokathexis; CMV, cytomegalovirus; HSV, herpes simplex virus; RSV, respiratory syncytial virus; SARS, severe acute respiratory
syndrome; EBV, Epstein-Barr virus; HBV, hepatitis B virus; HCV, hepatitis C virus.
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SP-D are overrepresented in children with severe RSV in-
fection compared with the normal population, although
findings from some studies are not entirely in line with other
studies (14,50–52). Mannose-binding lectin (MBL), which
belongs to the C-type lectins, is discussed under complement
deficiencies.

Inflammasome Defects
Inflammasome activation and, as a result of caspase-1 activ-
ity, IL-1b and IL-18 release contribute markedly to the in-
flammatory response to viral infections. Genetically modified
mice with deficiencies in the nucleotide-binding domain-
like receptor family, pyrin domain-containing 3 (NLRP3)
gene, or in other genes encoding inflammasome-related fac-
tors, are susceptible to severe influenza (53). In contrast,
humans with genetic defects in the factors of inflammasome
are not susceptible to any virus, but they develop inflam-
matory diseases. A portion of patients with Crohn’s disease,
which is a chronic inflammatory bowel disease, have a mu-
tation in the nucleotide-binding oligomerization domain-
containing 2 (NOD2) gene (54). Mutations in NLRP cause
cryopyrin-associated periodic syndromes, which are charac-
terized by uncontrolled inflammation and clinical manifes-
tations such as fever episodes, arthritis, aseptic meningitis,
sensorineural hearing loss, and urticaria (55).

Complement Deficiency
The complement system recognizes PAMPs, opsonizes and
destroys pathogens, and modulates adaptive immunity. The
classical, alternative, and lectin pathways of complement
involve more than 30 proteins. Gene defects have been
identified in many components of the complement. Most of
thesemutants are rare and result in autoimmune diseases (e.g.,
systemic lupus erythematosus), susceptibility to bacterial
infections, or other clinical manifestations (e.g., hereditary
angioedema or age-related macular degeneration). The gene
MBL2 encoding MBL has three SNPs in exon 1, which
moderately reduces the serum MBL concentration in het-
erozygotic forms and strongly reduces the serum MBL con-
centration in homozygotic or in combined heterozygotic
forms (56). Variant MBLs result in various degrees of lectin
pathway dysfunction. MBL deficiency is very common, but
the frequencies of the variant forms differ between popula-
tions. For example, 2 to 5% of the Finnish population are
homozygotes, and one-third are heterozygotes (46). MBL
deficiency causes an increased risk of bacterial infections,
particularly in young children. Influenza viruses and cor-
onaviruses bind to MBL, but an increased risk of respiratory
viral infection in subjects with an MBL variant has been
convincingly reported only for the severe acute respiratory
syndrome (SARS) coronavirus (57). At the age of 2 months,
rhinoviruses were detected as often in children with variant
MBL as in those with wild type, but pneumococcal naso-
pharyngeal colonization occurred more often during rhino-
virus infection in children with an MBL variant (58). An
MBL variant was not associated with pneumococcal colo-
nization without virus infection. These findings suggest a
role for MBL in viral-bacterial coinfection. Supporting this
suggestion, a variant MBL gene was not overrepresented
among patients with fatal pandemic influenza, but a high
proportion of those who died with methicillin-resistant
Staphylococcus aureus coinfection as a complication of in-
fluenza had low-producing variants of MBL (59).

Ficolins are lectins that have similar functions in the
complement lectin pathway as MBL. H- and L-ficolins can
bind viruses, and H-ficolin inhibits the replication of influ-

enza A viruses (60). However, the significance of ficolin
deficiencies in relation to susceptibility to viral infections is
currently unclear.

The activation of classical or lectin pathways of com-
plement cleaves C2 and C4 components to form C3 con-
vertase, which is needed for activation of the terminal
pathway. There are usually two copies of both C4A and C4B
genes. Having only one functional copy of either gene causes
partial deficiency, and a lack of both copies causes total C4A
or C4B deficiency. Total C4A or C4B deficiency has been
reported in patients with recurrent oral mucosal HSV type 1
infection (61). MBL variant forms correlate with recurrent
genital HSV type 2 infections (62).

Immune Cell Deficiencies and
Hypogammaglobulinemia
Severe T-cell deficiencies predispose the patient to life-
threatening CMV and other herpesvirus infections. These
syndromes are caused by genetic defects that affect T-cell, B-
cell, and/or natural killer (NK)-cell development and
function. Respiratory viruses also cause severe infections in
patients with combined T- and B-cell immunodeficiencies.
Even the administration of live, attenuated virus vaccines
(e.g., rotavirus or varicella vaccine) can result in an un-
controlled infection, and they should be avoided if a pro-
found T-cell deficiency is present.

X-linked lymphoproliferative syndrome (XLP) is char-
acterized by the defective regulation of T cells, B cells, and
NK cells in male patients (63). XLP-1 is caused by defects in
the Src homology 2 (SH2) domain-containing 1A
(SH2D1A) gene and XLP-2 by defects in the X-linked in-
hibitor of apoptosis (XIAP) gene. SH2D1A codes for
the signaling lymphocytic activation molecule (SLAM)-
associated protein (SAP), which functions in intracellular
signaling through SLAM-family receptors and has effects on
the functions of many immune cells. The NK T-cell number
is low, the memory B-cell number is reduced, the cytotoxic
functions of NK cells and CD8+ cells are impaired, and
gamma globulin levels in serum are often low in XLP. Both
forms of the disease typically present with fulminant Epstein-
Barr virus (EBV) infection. EBV primarily infects B lym-
phocytes, which proliferate in an uncontrolled manner in
these patients, leading to cytopenias, hemophagocytosis, or
lymphoma. Lethality is high, and if the patient survives,
combined immunodeficiency may develop. EBV infection is
also known to be associated with nasopharyngeal carcinoma,
with a high incidence in East Asia. Susceptibility to the
disease is strongly associated with specific HLA class I al-
leles (64).

Hypogammaglobulinemia is a part of many clinically and
genetically characterized immunodeficiency syndromes. The
genetic basis of the common variable immunodeficiency is
heterogenic and not fully understood. Bacterial infections
and autoimmune diseases are predominant in the clinical
picture. These patients have prolonged symptoms with
respiratory virus and enterovirus infections, and the virus-
shedding times can be much longer than in immunocom-
petent individuals (65, 66). The impaired clearance of
viruses in patients with hypogammaglobulinemia is probably
caused by defective humoral immunity, although other de-
fects in immunologic functions may participate in the clin-
ical manifestations.

Other Genetic Defects and Genome-Wide Studies
In addition to the genetic deficiencies depicted above, sev-
eral other SNPs or genetic variations in humans have been
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studied in order to identify associations with susceptibility to
virus infections. Results have often been inconclusive and
inconsistent between different studies. The reasons for this
may include a lack of controlling for environmental risk
factors between case and control groups, genetic differ-
ences between study populations, reduced statistical power
in multiple testing, and a lack of functional correlations of
genetic findings.

In a microarray study investigating the effects of 384
SNPs in 220 candidate genes on the susceptibility of infants
to RSV bronchiolitis, variants in innate immunity genes
had the strongest disease associations, whereas chemotaxis,
adaptive immunity, asthma-related, and cytokine gene var-
iants had weaker associations at the allele or genotype level
(67). Variants in the genes of vitamin D receptor and vita-
min D–binding protein have an influence on the risk of RSV
infection (67, 68).

In another study, genetic susceptibility to severe influenza
infection was investigated using a microarray for 50,000
SNPs in 98 individuals with severe A/H1N1/2009 influenza
and in 91 exposed but asymptomatic controls (69). SNPs in
genes coding immunoglobulin Fc receptor (FCGR2A), a
complement-binding protein (C1QBP), and a protein called
replication protein A-interacting protein (RPAIN) were
significantly overrepresented in subjects with severe influ-
enza, but as Horby and colleagues conclude in their review,
the study was underpowered, and these may be false-positive
findings, leaving the question of genetic susceptibility to
influenza unanswered (70). Later, recessive homozygosity
for a possible splice-site altering mutation in interferon-
inducible transmembrane protein 3 (IFITM3) was reported
to correlate with mild influenza infection in outpatients
compared with controls, but the association with severe
influenza was not statistically significant (71). The C allele
at this site is much more common in individuals of Chinese
descent than in Caucasians. The CC genotype is strongly
associated with severe influenza in the Chinese popula-
tion, and it has been estimated to cause a 54% population-
attributable risk (72).

OPPORTUNITIES FOR DIAGNOSIS,
MONITORING, AND PREDICTING
DISEASE OUTCOMES
Traditional serologic methods for detecting specific anti-
bodies are in wide diagnostic use. In contrast, innate im-
mune responses are based on the recognition of common
patterns in pathogens, and the diagnosis of a specific virus
infection by a single marker is hardly possible. However,
innate responses are different in viral compared with
bacterial or fungal infections. Furthermore, if a group of
molecules is analyzed at the same time, pathogen-specific
responses may be found. On this basis, diagnostic methods
relying on the analysis of innate immune responses are under
development, although not yet in routine clinical use.

Single-Molecule Markers for Viral Infection
Virologic diagnosis is used mostly in hospitalized patients
with severe diseases. In the large majority of patients with
milder illnesses, treatment decisions are based only on
clinical examination, possibly with the aid of a few simple
laboratory tests, such as white blood cell count, serum C-
reactive protein (CRP), and urine analysis. A nonspecific
surrogate marker of a viral infection might be useful in many
settings where laboratory detection of the causative agent is
not feasible. Currently, serum CRP and procalcitonin (PCT)

levels and white blood cell or neutrophil counts are widely
used in evaluating the risk of bacterial infection, despite
their nonspecific nature. No such markers for viruses are in
clinical use, although MxA has been suggested as a surrogate
marker for virus infection.

MxA is induced by type I and type III interferons, which
are expressed only in virus infections. It functions as a cy-
toplasmic GTPase and has antiviral activity (73). In contrast
to interferons, its half-life is relatively long. Basal levels in
healthy people are low. These features make it a suitable
candidate marker for virus infections. MxA levels have been
measured in isolated lymphocytes or directly in blood. Many
respiratory and other viruses induce strong MxA responses
during symptomatic infections, whereas in asymptomatic
infections MxA levels are generally low (Fig. 1) (74). MxA
is also induced by live virus vaccinations. MxA levels dis-
criminate between viral and bacterial etiologies in febrile
children, but large-scale studies of the clinical value of MxA
measurement in identifying viral infections are lacking (75,
76). The effects of MxA measurements on the use of anti-
biotics, the need for other laboratory studies, the length of
hospitalization, or other clinical end points should be eval-
uated. Notably, similar cost-benefit-related questions can be
asked regarding the use of PCR or other routine methods for
the detection of viruses.

FIGURE 1 Myxovirus resistance protein A (MxA) blood levels
in children 1 to 24 months of age according to virus detection
and the presence of respiratory tract infection symptoms and in
asymptomatic adults (n of subjects per group in parentheses).
Respiratory viruses were diagnosed by reverse transcription real-
time PCR for rhinovirus, enteroviruses, and respiratory syncytial
virus (RSV) and by Seeplex RV12 multiplex PCR assay (Seegene,
Seoul, Korea) for rhinovirus; RSV types A and B; adenovirus; in-
fluenza A and B viruses; parainfluenza virus types 1, 2, and 3; hu-
man metapneumovirus; and coronaviruses 229E/NL63 and OC43/
HKU1. The boxes show median and interquartile range, and the
whiskers show 10th and 90th percentiles. Percentages of measure-
ments above the cut-off level of 175 micrograms per liter (dash line)
are shown above the groups. (Reproduced from the Journal of
Clinical Virology with permission of the original publisher [74].)
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Host Response Patterns in Diagnostics
Ramilo and colleagues compared peripheral blood mono-
nuclear cell gene-expression patterns in children with nat-
urally acquired infections caused by influenza A virus,
Staphylococcus aureus, Streptococcus pneumoniae, or Escher-
ichia coli (77). Based on the expression of 35 genes, they
could accurately differentiate children with influenza A vi-
rus infections from those with bacterial infections or from
healthy children. Interferon-inducible genes were over-
expressed in influenza and neutrophil-associated genes were
over-expressed in bacterial infections. A few children had
gene-expression patterns compatible with a viral-bacterial
coinfection. Since this study, transcriptional profiling has
been further developed as a diagnostic method for infectious
diseases. Figure 2 shows the mapping of gene signatures
specific for bacterial or viral infections. Zaas and colleagues
studied gene-expression patterns in subjects experimentally
infected with influenza A virus, RSV, or rhinovirus (78–80).
They demonstrated virus-specific gene-expression patterns
by using a set of 28 genes that differentiated individuals with
symptomatic virus infections from subjects with asymptom-
atic infections. Hu and colleagues analyzed gene-expression
profiles in febrile children with adenovirus, human herpes-
virus type 6, or enterovirus infections; in children with
bacterial infections; and in healthy controls (81). They
could accurately differentiate febrile virus infections from
bacterial infections. Furthermore, they showed that different
expression profiles exist between symptomatic and asymp-
tomatic infections and between specific virus infections. In
other studies, host gene transcriptional profiling has been
used in characterizing adults with influenza pneumonia,
children with influenza A/H1N1/2009 infection, and den-
gue virus infections (82–84).

The use of host response transcriptional profiling for di-
agnostic purposes has the advantage of demonstrating
pathogenic processes while at the same time identifying the
causative microbe. In contrast, the direct detection of a

microbe may leave its role as a causative pathogen unclear.
The magnitude of the immunologic response may provide
information regarding the severity of the disease. However,
the use of transcriptional profiling for diagnostic purposes is
currently technically demanding. Rapid and cheap methods
that could be utilized widely in clinical work are not avail-
able at the moment.

Other diagnostic methods utilizing systems biology are
under development. The mass spectrometry of serum pro-
teins and the profiling of microRNA (miRNA) expression
have been suggested for the detection of viruses based on
stereotypic host responses (85). An area-under-the-curve
value of 0.96 in receiver operator analysis was reported
for combinations of miRNAs, including miR-17, miR-20a,
miR-106a, and miR-376c, in the detection of avian influ-
enza A/H7N9 virus infection in humans in China (86).

Monitoring Host Factors to Predict Virus
Infections and Outcomes
Genetic defects that increase susceptibility to virus infec-
tions, as outlined above, often also increase the risk of severe
disease manifestations or poor outcomes. Most studies in this
field have deciphered the pathogenic mechanisms by iden-
tifying host genetic variants that influence the outcome,
only rarely aiming to develop markers of virus infections that
could be used in monitoring the disease process or in pre-
dicting the outcome. No host factor biomarker for moni-
toring the progress of virus infections is in clinical use. This
is in contrast with the routine use of markers such as CRP
and PCT in monitoring the treatment of bacterial infec-
tions. As a general marker of interferon response in virus
infections, MxA could also be useful in the follow-up of
the disease, but studies demonstrating such usefulness are
lacking.

In some cases antiviral treatment can be modified ac-
cording to host factor determinations that predict either the
effectiveness of treatment or the risk of adverse effects.

FIGURE 2 Transcriptional profiling of host response in the diagnosis of certain viral and bacterial infections. Patients had various types of
acute bacterial infections, respiratory viral infections, or dengue. Expression levels of functionally related sets of genes are displayed on a grid,
with the coordinates corresponding to 1 of 28 module IDs (e.g., Module M3.1 is at the intersection of the third row and first column).
Mapping transcriptional changes at the module level identifies disease-specific biosignatures in patients with infectious diseases. Expression
levels were compared between patients and appropriately matched healthy controls on a module-by-module basis. The spots represent the
percentage of significantly overexpressed (red) or underexpressed (blue) transcripts within a module (i.e., set of coordinately expressed
genes). Blank spots indicate that there are no differences in the genes included in that module between patients and healthy controls. Each
pathogen induces a disease-specific biosignature that is easily identifiable. (Reproduced from Current Opinion in Infectious Diseases with
permission of the original publisher [110].)
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Hepatitis C Virus, Hepatitis B Virus, and HIV
The effect of HLA gene polymorphisms on the course of
infections is obvious in chronic viral hepatitis and HIV. The
clearance of both hepatitis B virus (HBV) and hepatitis C
virus (HCV) infections has been shown to be more efficient
in HLA-DR/DQ heterozygous than homozygous subjects,
suggesting the importance of a broader presentation of viral
peptides and a larger repertoire of specific T cells in het-
erozygotes (4). HLA-DRB1*07 is associated with the per-
sistence of infection for both HBV and HCV, whereas
HCV clearance is more efficient in subjects positive for
DRB1*11:01 and DQB1*03:01 (87, 88). In the case of HBV,
DRB1*03 was also associated with viral persistence, but
DRB1*04 and DRB1**13 were found to favor viral clear-
ance (88).

An example of a genetic marker that is useful in the
prediction of outcome is the determination of IL28B alleles
at position rs12979860 in consideration of HCV treatment
with interferon and ribavirin. Caucasian patients with HCV
genotype 1 infection with IL28B genotypes CC, CT, or TT
at this position have 69%, 33%, and 27% probabilities for a
sustained virologic response to treatment (89). Other SNPs
near this region also influence outcomes. Interferon-induced
gene expression in liver biopsy predicts treatment response
independently of the IL28B genotype (90). The presence of
IL28B variants, or another polymorphism in the same region
activating the interferon lambda-4 (IFNL4) gene, correlates
with the spontaneous resolution of HCV (91, 92). A ge-
nome-wide study identified gene variants that correlate with
the progression of HCV infection to liver fibrosis (93).
These genes function in control of apoptosis.

The risk of chronic carriage after HBV infection and the
subsequent development of liver cirrhosis and hepatocellular
carcinoma is strongly influenced by the genetics of the host.
In addition to HLA genes, variants in genes coding MBL,
interferon gamma, TLR4, TLR5, vitamin D receptor, and
estrogen and androgen receptors have effects on the short-
term or long-term prognosis of HBV infection (94, 95).
There are inconsistencies between studies, however, and
populations differ substantially in their genetic variations
that protect from or predispose to HBV liver disease.

CD8+ cytotoxic Tcells have the main role in the defense
against the progress of HIVinfection following its acquisition.
It is thus natural that certain class I alleles, like B*57 and
B*27, seem to be associated with better outcomes and others,
like B*35, with worse outcomes of infection. A probable
explanation of B*27-associated protection is its binding and
presentation of a conserved p24 epitope to CD8+ cells. This
peptide is less often mutated because of its importance for
virus fitness. Mutated escape viruses are attenuated, which is
interestingly also seen in the slow progress of the disease in
subjects infected with the virus by B*27 positive carriers (4).

In addition to the protection from infection exerted by
CCR5-delta32 homozygosity, heterozygotes also show a
markedly slow natural progression of HIV infection. Certain
polymorphisms in TLR2, 7, 8, and 9 have been reported to
influence the risk of acquisition of HIV, mother-to-child
transmission, viral loads, or disease progression (42, 96, 97).
However, authors of a genome-wide CD4+ T-cell mRNA
expression and SNP study of HIV-infected individuals and
elite controllers concluded that while host genetic variations
modulate the immune responses, they do not have any
strong influence on HIV control (98).

Genetic determinations are needed in some cases to guide
the antiviral treatment of HIV. The risk of a serious hyper-

sensitivity reaction to abacavir is highly increased in subjects
with HLA-B*5701, and abacavir should only be used in the
treatment of patients who are negative for this HLA type.

Respiratory Virus Infections
Host genetics and innate immune factor mRNA expression,
or protein levels, have been studied in relation to respiratory
virus infections in the context of identifying individuals with
a risk of progressing to severe or complicated disease or ac-
quiring later manifestations such as recurrent wheezing or
asthma. In several studies reviewed above, genetic suscep-
tibility was examined in groups of subjects hospitalized with
a respiratory infection and compared with healthy controls.
It should be noted that rather than showing susceptibility to
acquiring infection, this setting identifies risk factors for
severe disease because respiratory virus infections are highly
frequent, and only rarely do infected subjects need hospi-
talization. For example, about 2 to 3% of infants need hos-
pitalization because of RSV bronchiolitis, although almost
all acquire RSV infection during early childhood.

Although hospitalization, as such, indicates severe dis-
ease, there are studies linking genetic variations to more
severe disease within hospitalized patients. The IL-10 gene
SNPs rs1800896 and rs1800890 are as common in children
hospitalized with RSV infection as in healthy populations,
but these polymorphisms correlate with the need for venti-
lator treatment for severe RSV (99). IL-10 is a regulatory
and anti-inflammatory cytokine, which promotes Th2 ef-
fector CD4+ T-helper cell-type responses and adaptive im-
munity and suppresses the production of pro-inflammatory
cytokines. These functions appear to be important in re-
covery from RSV infection. In another study, while children
with IL-10 genotype GG at rs1800896 are at risk for a severe
manifestation of RSV bronchiolitis, the genotype AA was
overrepresented in children hospitalized with bronchiolitis
caused by rhinovirus or other viruses except RSV (100).
After bronchiolitis, homozygotes for the major allele C at
L412F of the TLR3 gene had an increased risk of repeated
wheezing episodes (101). Children with an IL6-174 poly-
morphism had 24% more upper respiratory tract infections
than children with the normal genotype (102). An acti-
vating TNF-a polymorphism was not associated with the
number of upper respiratory tract infections, but children
with the variant gene had otitis media more often during
respiratory tract infections.

Two allelic variants in the SFTPA2-coding surfactant
protein A2 and haplotype 1A(0) were associated with re-
spiratory failure and the need for mechanical ventilation in
adults with pandemic influenza A/H1N1/2009 infection
(103). Oshansky and colleagues measured cytokine levels in
nasal lavage and the plasma of children with influenza in-
fection and found that increased levels of monocyte che-
motactic protein 3, interferon alpha 2, IL-10, and IL-6 in
nasal lavage or plasma correlate with severe disease and
hospitalization (104). They demonstrated distinct innate
immune profiles in nasal and blood samples that predict
disease progression.

Upper respiratory tract rhinovirus infections are highly
frequent in children and adults. Some children develop
wheezing illnesses during rhinovirus infections at an early
age, and some develop asthma later in life, which may again
exacerbate during virus infections. Bronchial epithelial cells
from both asthmatic and healthy individuals produce in-
terferon gamma–induced protein 10 (IP-10) and RANTES
(chemokine ligand 5 or regulated on activation, normal
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Tcell expressed and secreted) after infection with rhinovirus
16 (105). In patients with acute asthma exacerbation, serum
IP-10 levels can be differentiated between those with virus-
induced acute asthma and those with asthma from another
cause. This marker could be used to nonspecifically iden-
tify a viral trigger of acute asthma. Patients with asthma
have been suggested to have an impaired interferon response
to rhinovirus infection (106, 107). However, in a more re-
cent study, the rhinovirus-induced production of interferon
gamma and interferon beta was similar in bronchial epi-
thelial cells obtained from subjects with or without asthma
(108). More studies are needed before definite conclusions
can be drawn, but taken together, these findings suggest that
specific genotypic variants may correlate either with a re-
spiratory tract infection caused by a certain virus, with a poor
prognosis of the acute disease, or with long-term conse-
quences such as the development of asthma.

CONCLUSIONS AND FUTURE
CONSIDERATIONS
Genetic variations in innate immune factors have important
effects on susceptibility to virus infections. The determina-
tion of genetic susceptibility could be used in predicting the
risk of infections or in the selection of optimal treatment
strategies. The clinical use of genetic tests for such purposes
has thus far been limited, but clinical implementation of
such testing will most likely increase in the near future. For
example, current guidelines suggest determining the IL28B
genotype in a subgroup of patients with HCV when plan-
ning treatment (109). Differences in the frequencies of ge-
notypes between populations need to be considered when
making generalizations about the findings of genetic studies.

The analysis of host innate immune responses in the di-
agnostics of viral infections is a novel, highly promising
strategy. With or without the simultaneous detection of the
causative agent by traditional methods, measurement of
the specific host response can provide strong evidence of
the causative role of the agent in the disease process. As
new antiviral agents are developed, methods for monitor-
ing treatment responses will be needed, and the follow-up
of innate immune responses also holds promise for this
purpose. Nevertheless, gene-expression pattern determi-
nations are technically challenging, and routine methods
are not available at the moment. There is a need also for
clinically useful, simple biomarkers of viral infection.
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Reference Virology Laboratory Testing Performed
at the Centers for Disease Control

ROBERTA B. CAREY

APPENDIX 1
The virology laboratories at the Centers for Disease Control
and Prevention (CDC) are situated organizationally across
four infectious diseases centers. The laboratories are geo-
graphically located in Atlanta, Georgia; San Juan, Puerto
Rico; Fort Collins, Colorado; and Anchorage, Alaska. A
broad menu of tests are performed that are used for the di-
agnosis, confirmation, or typing of viruses that affect the
population in the United States and globally.

The CDC Infectious Disease Laboratory Test Directory
was created in 2013 and published on the CDC laboratory
internet website to provide the most current information on
laboratory services offered. The test directory lists all virol-
ogy testing that can be requested by a clinical or public
health laboratory. The directory provides the name of the

subject matter experts, their phone number and email,
whether prior approval is required before submitting the
sample, and the sample requirements (sample type, volume,
transport medium, labeling). The test description includes
the shipping instructions, the methodology used to perform
the test, expected turnaround time, and test limitations.
CDC subject matter experts are available and encourage a
consultation before laboratories submit their specimens.
Table 1 details the current virology test orders, the CDC
order number, and the method. For the latest list of test or-
ders and contact information, refer to the current CDC Test
Directory version online: http://www.cdc.gov/laboratory/
specimen-submission/list.html.

TABLE 1 List of CDC Virology Test Orders

CDC test order name CDC test code no. Methodologya

Adenovirus Molecular Detection and Typing 10170 PCR, sequencing
Alkhurma Identification 10274 PCR, molecular typing
Alkhurma Serology 10285 ELISA
Arbovirus Isolation and Identification 10281 Cell culture
Arbovirus Molecular Detection 10280 RT-PCR
Arbovirus Neutralization Antibody 10283 Plaque reduction neutralization
Arbovirus Serology 10282 ELISA, MIA
Arenavirus (New World) Serology 10484 ELISA
Arenavirus (New World) Identification 10293 PCR, molecular typing
Arenavirus (Old World) Identification 10294 PCR, molecular typing
Congo-Crimean Hemorrhagic Fever Identification 10302 PCR, molecular typing
Congo-Crimean Hemorrhagic Fever Serology 10303 ELISA
Dengue Virus Diagnosis 10307 IgM ELISA, IgG seroconversion by ELISA,

NS1 antigen, RT-PCR, viral isolation
Ebola Identification 10309 PCR, molecular typing
Ebola Serology 10310 ELISA
Enterovirus Detection and Identification 10312 Molecular methods
Epstein-Barr Virus Detection 10265 PCR
Hantavirus (North American) Identification 10319 PCR, molecular typing

(Continued)

doi:10.1128/9781555819156.app1

581

http://www.cdc.gov/laboratory/specimen-submission/list.html
http://www.cdc.gov/laboratory/specimen-submission/list.html


TABLE 1 List of CDC Virology Test Orders (Continued)

CDC test order name CDC test code no. Methodologya

Hantavirus (South American) Identification 10320 PCR, molecular typing
Hantavirus Serology 10321 ELISA
Hendra Serology 10324 ELISA
Hepatitis A Serology, NAT and Genotyping 10325 Antibody by chemiluminescence, HAV RNA,

genotyping by NAT P2B sequencing
Hepatitis B Serology, NAT and Genotyping 10326 Antibody by chemiluminescence, HBV DNA,

genotyping by NAT S gene sequencing
Hepatitis B Surface Antigen Confirmatory Test 10451 Neutralization
Hepatitis C Serology, NAT and Genotyping 10327 Antibody by chemiluminescence, HCV RNA,

genotyping by NAT NS5B sequencing
Hepatitis D Serology, NAT and Genotyping 10328 Antibody by EIA, HDV RNA by real-time

qRT-PCR, genotyping by sequencing
Hepatitis E Serology, NAT and Genotyping 10329 IgM and IgG by EIA, HEV RNA by real-time

qRT-PCR, genotyping by sequencing
Herpes Simplex Virus 1 Detection 10258 PCR
Herpes Simplex Virus 1 Serology 10259 IgG antibody by EIA
Herpes Simplex Virus 2 Detection 10260 PCR
Herpes Simplex Virus 2 Serology 10261 IgG antibody by EIA
Herpesvirus Encephalitis Panel 10262 PCR
HIV Antigen/Antibody Combo 10485 EIA
HIV Monitoring (CD4) 10277 Fluorescence activated cell sorting
HIV-1/2 Laboratory Algorithm 10272 ELISA
HIV-1 Nucleic Acid Amplification (Qualitative) 10275 NAAT
HIV-1 Nucleic Acid Amplification (Viral Load) 10276 RT-PCR
HIV-2 Nucleic Acid Amplification (Qualitative) 10429 PCR
HIV-2 Serology 10273 HIV-1/2 differentiation assay, Western blot
Human Herpes Virus Detection and Subtyping 10266 PCR
Human Herpes Virus 7 Detection 10267 PCR
Human Herpes Virus 8 Detection 10268 PCR
Human Herpes Virus 8 Serology 10269 IgG antibody by IFA
Influenza Antiviral Resistance Diagnosis 10423 Pyrosequencing
Influenza Molecular Diagnosis 10421 Real-time PCR, sequence identification
Influenza Serology 10424 Hemagglutination inhibition,

micro-neutralization
Influenza Surveillance 10422 Virus culture, hemagglutination inhibition
Junin Serology 10340 ELISA
Kyasanur Forest Disease Serology 10341 ELISA
Laguna Negra Serology 10342 ELISA
Lassa Fever Identification 10343 PCR, molecular typing
Lassa Fever Serology 10344 ELISA
Lymphocytic Choriomeningitis Identification 10345 PCR, molecular typing
Lymphocytic Choriomeningitis Serology 10346 ELISA
Machupo Identification 10347 PCR, molecular typing
Machupo Serology 10348 ELISA
Marburg Identification 10349 PCR, molecular typing
Marburg Serology 10350 ELISA
Measles and Rubella Detection and Genotyping 10243 Viral culture, real-time RT-PCR, sequencing
Measles and Rubella Serology 10247 Capture IgM, indirect IgG
Measles Avidity 10248 Avidity
Measles Detection and Genotyping 10240 Viral culture, real time RT-PCR, sequencing
Measles Neutralization Antibody (not for immune status) 10250 Neutralization-quantitative
Measles Serology 10244 CDC Capture IgM, indirect IgG

(Continued)
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TABLE 1 List of CDC Virology Test Orders (Continued)

CDC test order name CDC test code no. Methodologya

MERS-CoV PCR 10488 PCR, sequencing
MERS-CoV Serology 10489 ELISA
Mumps Detection and Genotyping 10241 Viral culture, real-time RT-PCR, sequencing
Mumps Neutralization Antibody (not for immune status) 10351 Neutralization-quantitative
Mumps Serology 10245 CDC Capture IgM, indirect IgG
Nipah Virus Identification 10354 PCR, molecular typing
Nipah Virus Serology 10355 ELISA
Norovirus Genotyping 10356 PCR, sequencing
Norovirus Molecular Detection 10357 PCR
Norovirus Molecular Detection and Genotyping 10358 PCR, sequencing
Parechovirus Detection and Identification 10362 Molecular methods
Parvovirus B19 Molecular Detection 10363 PCR
Parvovirus B19 Serology 10364 IgG and IgM EIA
Picornavirus Detection and Identification

(not hepatitis A or rhinovirus)
10374 Molecular methods

Polio Isolations, Intratypic Differentiation, Genotyping 10376 Cell culture, molecular methods
Polio Serology 10377 Neutralization
Poxvirus—Cowpox Specific Molecular Detection 10379 Real-time PCR
Poxvirus—Encephalitis Work-up

(post-vaccinia, monkeypox)
10380 ELISA, real-time PCR

Poxvirus—Molluscum Contagiosum
Specific Molecular Detection

10381 Real-time PCR

Poxvirus—Monkeypox Specific Molecular Detection 10382 Real-time PCR
Poxvirus—Orthopoxvirus Serology 10384 ELISA
Poxvirus—Pan-Poxvirus Molecular

Detection (human infections)
10385 PCR

Poxvirus—Parapoxvirus Generic Molecular Detection 10383 Real-time PCR
Poxvirus—Parapoxvirus Molecular Detection 10386 Real-time PCR
Poxvirus—Sealpox Specific Molecular Detection 10387 Real-time PCR
Poxvirus—Smallpox (Variola Virus)

Specific Molecular Detection
10388 Real-time PCR

Poxvirus—Tanapox Specific Molecular Detection 10389 Real-time PCR
Poxvirus—Vaccinia Specific Molecular Detection 10390 Real-time PCR
Puumala Serology 10391 ELISA
Rabies Antemortem Human Testing 10392 IgG and IgM by IFA, viral neutralizing

antibodies by RFFIT, DFA for skin biopsy,
RT-PCR, sequencing

Rabies Antibody—Pre/Post Exposure Prophylaxis 10393 Viral neutralizing antibodies by RFFIT
Rabies Confirmatory Testing (animal) 10394 DFA, direct rapid immunohistochemistry,

RT-PCR, viral isolation antigenic typing,
sequence analysis

Rabies Confirmatory Testing (human) 10395 IgG by IFA, DFA for skin biopsy, RT-PCR,
sequence analysis, viral neutralizing
antibodies by RFFIT, direct rapid
immunohistochemistry, antigenic typing

Rabies Postmortem Testing (human) 10396 DFA, RT-PCR, direct rapid
immunohistochemistry, viral isolation,
sequence analysis, antigenic typing

Rabies Virus Genetic Typing 10397 RT-PCR, sequence analysis, viral isolation
Rabies Virus Typing—Central

Nervous System Tissues
10398 DFA, IFA, isolation, sequencing analysis

Respiratory Virus Molecular
Detection (not influenza)

10401 PCR

Rift Valley Fever Identification 10406 PCR, molecular typing
(Continued)

Appendix 1. Reference Virology Laboratory Testing Performed at the Centers for Disease Control - 583



TABLE 1 List of CDC Virology Test Orders (Continued)

CDC test order name CDC test code no. Methodologya

Rift Valley Fever Serology 10407 ELISA
Rotavirus Antigen Detection 10408 EIA
Rotavirus Genotyping 10409 RT-PCR, sequencing
Rotavirus Molecular Detection and Genotyping 10410 Real time RT-PCR, RT-PCR, sequencing
Rubella Detection and Genotyping 10242 RT-PCR, real-time PCR, viral

culture, sequencing
Rubella Serology 10246 Capture IgM and indirect IgG
Rubella Serology and Avidity 10249 CDC IgG avidity assay
SARS Molecular Detection 10412 PCR, sequencing
SARS Serology 10413 ELISA
Seoul Virus Serology 10414 ELISA
Tick Borne Encephalitis Identification 10415 PCR, molecular typing
Tick Borne Encephalitis Serology 10416 ELISA
Varicella Zoster Virus Avidity 10256 IgG avidity
Varicella Zoster Virus Detection 10254 PCR
Varicella Zoster Virus Genotyping 10257 PCR, sequencing
Varicella Zoster Virus Serology 10255 IgG and IgM by EIA

aDFA, direct immunofluorescent antibody; EIA, enzyme immunoassay; ELISA, enzyme immunosorbent assay; HAV, hepatitis A virus; HBV, hepatitis B virus; HCV,
hepatitis C virus; HDV, hepatitis D virus; HEV, hepatitis E virus; IFA, indirect immunofluorescent antibody; MIA, microsphere immunoassay; NAAT, nucleic acid
amplification test; NAT, nucleic acid testing; PCR, polymerase chain reaction; RT-PCR, reverse transcription polymerase chain reaction; RFFIT, rapid fluorescent focus
inhibition test.
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Public Health Laboratory Virology Services
JANE GETCHELL

APPENDIX 2
ROLE OF THE PUBLIC HEALTH
LABORATORY
The public health laboratory (PHL) provides analytical data
in support of clinicians, epidemiologists, and public health
practitioners as an aid in the diagnosis and tracking of
disease and in instituting and guiding control measures.
PHLs are part of a system that includes those who order
testing and those who use the test results, whether for the
care of individual patients or for disease surveillance and
control. This system includes health care and public health
professionals at the local, state, and federal levels. Other
members of the system are veterinary, agricultural, food
safety, university, law enforcement, and military laborato-
ries. With the 2014 Ebola outbreak in West Africa, Middle
East respiratory syndrome coronavirus (MERS-CoV), ongo-
ing transmission of influenza H5N1, and expanding ranges of
Chikungunya (CHIK) and dengue (DEN) viruses, that sys-
tem now extends worldwide.

The role of the state and local PHL is to ensure that
essential state-of-the-art laboratory services are available.
States and their local PHL partners may provide these ser-
vices in house, or they may arrange for them to be provided
by another laboratory. Much of the work performed in the
PHL is done in support of various Centers for Disease Con-
trol and Prevention (CDC) programs in order to type, sub-
type, or characterize specific organisms of public health
significance. As the state PHL often serves as a reference
laboratory for clinical laboratories, CDC serves as the ref-
erence laboratory for PHLs. CDC, in collaboration with the
Association of Public Health Laboratories (APHL), provides
training, guidance on methods, and for some organisms, re-
agents and proficiency testing to states. PHLs in turn, pro-
vide training to clinical and other laboratories within their
state or region.

To fulfill their role of ensuring that essential laboratory
services are available, PHLs have worked together with
CDC and APHL to establish “Public Health Reference Cen-
ters” for testing and characterization of certain organisms.
For testing that is infrequently requested in a given state, the
state or local PHL can refer specimens to these centers.
Besides being more practical and economical, PHLs may
choose to refer specimens to a reference center because they
use the latest molecular technologies and equipment, which
may not be available in every state.

TESTING PERFORMED AND SCOPE
OF SERVICES
State and local PHLs continuously assess the organisms and
infections for which they test, the methods they use, and the
equipment they have to ensure that the services they provide
are relevant, high quality, and cost effective. As a result, any
comprehensive listing of the services provided by PHLs
would quickly be out of date. Each state or local agency
determines which tests to provide based on state and federal
regulations and guidelines and on the needs of the popula-
tion it serves. Consequently the test menus of PHLs vary
widely and change over the course of a year. A listing of state
PHLs and their addresses and websites is included at the end
of this appendix (Table 1). The state PHL web site will have
the latest information on tests performed and specimen
submission instructions. In addition to state PHLs, local
government agencies (counties and cities) may operate a
health department and offer laboratory services. General
information on PHL testing for specific viral infections is
provided in the following sections.

Arboviruses
Arbovirus surveillance has been a mainstay of PHLs for
many years, some testing human specimens only, but many
testing mosquito pools, sentinel chickens, dead birds, and
other animals. Arboviruses most commonly tested for are
West Nile virus (WNV), St Louis encephalitis virus (SLEV),
and Eastern equine encephalitis virus (EEEV), with some
states also testing for LaCrosse virus and the California en-
cephalitis virus group. Commercial assays are available for
screening for WNV IgM antibody, and CDC has developed
a WNV IgM/IgG antibody assay that is commonly used by
PHLs. A 2014 Council of State and Territorial Epidemiol-
ogists (CSTE) assessment found that state and local health
department capacity for WNV and other arbovirus surveil-
lance and control have decreased substantially, and that
some health departments had lost all mosquito monitoring
capability and laboratory capacity to test for emerging ar-
boviruses (1). All states belong to ArboNET, the national
surveillance system developed by CDC and State Health
Departments in 2000 in response to the emergence of WNV
in 1999. Through this system all human arbovirus disease
data are reported to CDC.

doi:10.1128/9781555819156.app2
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TABLE 1

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://

www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

Alaska Division of Public Health Laboratory
5455 Dr Martin Luther King Jr Avenue
Anchorage, AK 99507
907.334.2100
907.334.2161
http://dhss.alaska.gov/Pages/default.aspx

Alabama Bureau of Clinical Laboratories
8140 AUM Drive
Montgomery, AL 36117
334.260.3400
334.274.9800
http://www.adph.org/bcl

Arkansas Public Health Laboratory
201 South Monroe Street
Little Rock, AR 72205
501.661.2220
501.661.2310
http://www.healthy.arkansas.gov/programsServices/healthlab/

Pages/Services.aspx

Arizona Bureau of State Laboratory Services
250 North 17th Avenue
Phoenix, AZ 85007
602.542.1188
602.542.0760
http://www.azdhs.gov/lab/index.htm

California Department of Public Health Laboratory
850 Marina Bay Parkway
Richmond, CA 94804-6403
510.412.5846
510.412.5848
http://www.cdph.ca.gov/programs/lfs/Pages/default.aspx

Colorado Department of Public Health & Environment
8100 Lowry Boulevard
Denver, CO 80230
303.692.3090
303.344.9989
http://www.colorado.gov/cs/Satellite/CDPHE-Lab/CBON/

1251583470522

Dr. Katherine A. Kelly Public Health Laboratory, Connecticut
Department of Public Health

395 West Street
Rocky Hill, CT 06067
860.509.8500
860.920.6710
http://www.ct.gov/dph/site/default.asp

(Continued)

TABLE 1 (Continued)

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://
www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

District of Columbia Public Health Laboratory
401 E Street SW
Washington, DC 20024
202.727.8956
202.724.3927
http://dfs.dc.gov/page/public-health-laboratory-

division-phl

Delaware Public Health Laboratory
30 Sunnyside Road
Smyrna, DE 19977
302.653.2870
302.653.2877
http://www.dhss.delaware.gov/dph/lab/labs.html

Florida Bureau of Public Health Laboratories
1217 Pearl Street
Jacksonville, FL 32202
904.791.1500
904.791.1567
http://www.floridahealth.gov/programs-and-services/public-

health-laboratories/index.html

Georgia Public Health Laboratory
1749 Clairmont Road
Decatur, GA 30032
404.327.7900
404.327.7919
http://dph.georgia.gov/lab

Guam Department of Public Health & Social Services
123 Chalan Kareta
Mangilao, GU 96913-6304
671.735.7305
671.734.2103
http://dphss.guam.gov

Hawaii State Laboratories Division
2725 Waimano Home Road
Pearl City, HI 96782
808.453.6652
808.453.6662
http://health.hawaii.gov/statelab

State Hygienic Laboratory at the University of Iowa
2490 Crosspark Road
Coralville, IA 52241
319.335.4500
319.335.4555
http://www.shl.uiowa.edu

(Continued)
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TABLE 1 (Continued)

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://
www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

Idaho Bureau of Laboratories
2220 Old Penitentiary Rd
Boise, ID 83712
208.334.2235
208.334.4067
http://www.healthandwelfare.idaho.gov/Health/Labs/tabid/99/

Default.aspx

Illinois Department of Public Health Laboratory
535 West Jefferson Street
Springfield, IL 62702
217.782.6562
217.524.7924
http://www.idph.state.il.us/about/laboratories/index.htm

Indiana Public Health Laboratory
550 West 16th Street
Indianapolis, IN 46202
317.921.5500
317.927.7801
http://www.in.gov/isdh/22421.htm

Kansas Health & Environmental Laboratories
6700 SW Topeka Boulevard
Topeka, KS 66620-0001
785.296.1500
785.296.1641
http://www.kdheks.gov/labs

Kentucky Division of Laboratory Service
100 Sower Blvd, Suite 204
Frankfort, KY 40601
502.564.4446
502.564.7019
http://chfs.ky.gov

Louisiana Public Health Laboratory
3101 West Napoleon Avenue
Metairie, LA 70001
504.219.4664
504.219.4670
http://new.dhh.louisiana.gov/index.cfm/page/483

William A. Hinton State Laboratory Institute
305 South Street
Jamaica Plain, MA 2130
617.983.6200
617.983.6210
http://www.mass.gov/eohhs/gov/departments/dph/programs/

state-lab
(Continued)

TABLE 1 (Continued)

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://
www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

Maryland Laboratories Administration
Baltimore Science & Technology Park at Johns Hopkins
1770 Ashland Ave
Baltimore, MD 21205
410.767.6500
410.333.5403
http://dhmh.maryland.gov/laboratories/SitePages/Home.aspx

Maine State Health & Environmental Testing Laboratory
221 State Street
Augusta, ME 4333
207.287.2727
207.287.6832
http://www.maine.gov/dhhs/mecdc/public-health-systems/health-

and-environmental-testing

Michigan Public Health Laboratory
3350 N Martin Luther King Jr. Blvd
Lansing, MI 48909
517.335.8063
517.335.8051
http://www.michigan.gov/mdch/1,1607,7-132-2945_5103—,00.

html

Minnesota Public Health Laboratory Division
601 North Robert Street
Saint Paul, MN 55164
651.201.5200
651.201.5064
http://www.health.state.mn.us/divs/phl/index.html

Missouri State Public Health Laboratory
101 North Chestnut Street
Jefferson City, MO 65101
573.751.3334
573.526.2754
http://health.mo.gov/lab

Mississippi Public Health Laboratory Training Office
570 East Woodrow Wilson Avenue
Jackson, MS 39216
601.576.7582
601.576.7037
http://www.msdh.state.ms.us/msdhsite/_static/14,0,188.html

Montana Laboratory Services Bureau
1400 Broadway
Helena, MT 59601
406.444.3444
406.444.1802
http://www.dphhs.mt.gov/publichealth/lab/index.shtml

(Continued)
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TABLE 1 (Continued)

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://
www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

North Carolina State Laboratory of Public Health
4312 District Drive
Raleigh, NC 27601
919.733.7834
919.715.9243
http://slph.state.nc.us

North Dakota Division of Laboratory Services
2635 East Main Avenue
Bismarck, ND 58502
701.328.6280
701.328.6280
http://www.ndhealth.gov/microlab/labservices.aspx

Nebraska Public Health Laboratory
984080 Nebraska Medical Center
Omaha, NE 68198-5900
402.559.2440
402.559.7799
http://www.nphl.org

New Hampshire Public Health Laboratories
29 Hazen Drive
Concord, NH 03301
603.271.4661
603.271.4783
http://www.dhhs.nh.gov/dphs/lab/index.htm

New Jersey Division of Public Health & Environmental
Laboratories

3 Schwarzkopf Dr.
Ewing, NJ 08628
609.984.2201
609.633.9601
http://www.state.nj.us/health/phel/index.shtml

New Mexico Department of Health
1101 Camino de Salud
Albuquerque NM 87102
505.383.9000
505.383.9011
http://www.health.state.nm.us

Nevada State Public Health Laboratory–UNV
1660 North Virginia Street
Reno, NV 89503-1738
775.688.1335
775.688.1460
http://dhhs.nv.gov

(Continued)

TABLE 1 (Continued)

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://
www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

Wadsworth Center, New York State Department of Health
120 New Scotland Avenue
Albany, NY 12201-0509
518.474.7592
518.474.3439
http://www.wadsworth.org

Ohio Department of Health Laboratories
8995 East Main Street, Building 22
Reynoldsburg, OH 43068
888.634.5227
614.644.4591
http://www.odh.ohio.gov/odhprograms/phl/lab/lab1.aspx

Oklahoma Public Health Laboratory
1000 NE 10th
Oklahoma City, OK 73117-1207
405.271.5070
405.271.4850
http://www.ok.gov/health/Disease,_Prevention,_Preparedness/

Public_Health_Laboratory

Oregon State Public Health Laboratory
3150 NW 229th Ave.
Hillsboro, OR 97124-6536
503.693.4100
503.693.5602
https://public.health.oregon.gov/PHD/Directory/Pages/program.

aspx?pid=6

Pennsylvania Bureau of Laboratories
110 Pickering Way
Exton, PA 19341-1310
610.280.3464
610.594.9972
http://www.portal.state.pa.us/portal/server.pt/community/

laboratories/14158

Puerto Rico Public Health Laboratory
Department of Health Commonwealth of PR, Institute

of Health Laboratories
San Juan, PR 00936-8184
787.765.2929
787.274.5710
http://www.salud.gov.pr/Pages/default.aspx

Rhode Island State Health Laboratories
50 Orms Street
Providence, RI 02904
401.222.5600
401.222.6985
http://www.health.ri.gov/programs/laboratory/index.php

(Continued)
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Hepatitis B and C Viruses
The majority of states perform some type of testing for viral
hepatitis. In the past, that has been primarily antibody
testing. Since the publication of the recommended test al-
gorithm for HCV in 2013 (2), as well as the CDC recom-
mendation to test members of the cohort born between 1945
and 1965 (3) states are gradually adopting nucleic acid
amplification testing (NAAT) to detect active HCV infec-
tion. A limited number of states also perform HCV geno-
typing.

HIV
Several rapid HIV antibody tests have been approved by
the U.S. Food and Drug Administration (FDA) and are
waived under the Clinical Laboratory Improvements of 1988
(CLIA). These sensitive and specific tests are often per-
formed on finger stick blood at the point of care rather than
in a laboratory setting. PHLs, as well as commercial reference
laboratories, perform a second level of testing on serum or
plasma to confirm the presence of antibody, to improve
detection of HIV-2, and to detect early infection. Following
guidance developed by CDC and APHL (4), most PHLs
have implemented the recommended algorithm using a
fourth-generation FDA-approved immunoassay that detects
HIV-1 and HIV-2 antibody as well as HIV antigen. This is
followed up using an FDA-approved supplemental test with

TABLE 1 (Continued)

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://
www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

South Carolina Bureau of Laboratories
8231 Parklane Road
Columbia, SC 29223
803.896.0800
803.896.0983
http://www.scdhec.gov/health/lab

South Dakota Public Health Laboratory
615 East 4th Street
Pierre, SD 57501
605.773.3368
605.773.6129
http://doh.sd.gov/Lab

Tennessee Department of Health: Laboratory Services
630 Hart Lane
Nashville, TN 37243
615.262.6300
615.262.6393
http://health.state.tn.us/Lab/index.htm

Texas Department of State Health Services
1100 West 49th Street
Austin, TX 78756
512.776.7318
512.458.7294
http://www.dshs.state.tx.us/lab/default.shtm

Unified Utah State Laboratories: Public Health
4431 South 2700 West
Taylorsville, UT 84129-8600
801.965.2400
801.969.3704
http://health.utah.gov/els

Virginia Division of Consolidated Laboratory Services
600 North 5th Street
Richmond, VA 23219
804.648.4480
804.371.7973
http://www.dgs.state.va.us/DivisionofConsolidatedLaboratory

Services/tabid/453/Default.aspx

Vermont Department of Health Laboratory
195 Colchester Avenue
Burlington, VT 05402-1125
802.863.7335
802.863.7632
http://www.healthvermont.gov/enviro/ph_lab/

PublicHealthLaboratory.aspx
(Continued)

TABLE 1 (Continued)

State and Territorial Public Health Laboratories
(Reprinted with permission of the publisher from http://
www.aphl.org/AboutAPHL/memberlabs/Pages/default.aspx)

Washington Public Health Laboratories
1610 NE 150th Street
Shoreline, WA 98155
206.418.5400
206.418.5445
http://www.doh.wa.gov/PublicHealthandHealthcareProviders/

PublicHealthLaboratories.aspx

Wisconsin State Laboratory of Hygiene
465 Henry Mall
Madison, WI 53706
608.262.6386
608.262.3257
http://www.slh.wisc.edu

West Virginia Department of Health & Human Services
167 11th Avenue
South Charleston, WV 25303
304.558.3530
304.558.6213
http://www.wvdhhr.org/labservices/index.cfm

Wyoming Public Health Laboratory
208 S. College Drive
Cheyenne, WY 82002
307.777.7431
307.777.6422
http://health.wyo.gov/phsd/lab/index.html
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the ability (as compared to the Western blot) to differentiate
HIV-1 and HIV-2. In cases in which the antigen/antibody
test and the supplemental test give discrepant results, a
NAAT test is performed either in house or at one of the
public health reference centers for NAAT testing that have
been established for PHLs.

Human Papillomavirus (HPV)
Several FDA-approved tests are available to detect and type
HPV nucleic acid, and a few PHLs have implemented these
tests. The specific types detected vary by manufacturer.
Methods are available to perform molecular testing on the
same specimen that is submitted for chlamydia and gonor-
rhea testing, tests that are offered by the majority of PHLs.
The U.S. Preventive Services Task Force published recom-
mendations on the use of molecular tests in cervical cancer
screening and prevention in 2012 (5). One state and one
local PHL perform Pap smears.

Influenza Virus
Approximately 85 state and local PHLs perform influenza
virus subtyping as part of the surveillance system established
through the World Health Organization (WHO) in the
1940s. Each year, beginning in early fall, public health de-
partments solicit specimens from patients presenting with
influenza-like illnesses from sentinel health care providers,
hospitals, and outpatient clinics. Specimens that are sub-
mitted through this program are tested using molecular me-
thods and reagents provided by CDC to monitor the preva-
lence of circulating virus types and subtypes and provide
other critical surveillance information for the state and the
nation. Many states are also testing these specimens using
FDA-cleared molecular respiratory virus panels for detec-
tion of additional respiratory viruses. These panels can also
be used for influenza typing and subtyping as long as the
manufacturer of the assay monitors and updates assay per-
formance as circulating viruses change over time and the
assay that is being utilized within the laboratory has
been optimized to identify all currently circulating influenza
viruses (6). As influenza virus prevalence and subtypes
change throughout the year, PHLs may change their testing
algorithm to optimize efficiency and throughput.

Additional testing methods used in PHLs include influ-
enza virus culture, antiviral resistance testing by pyrose-
quencing, and influenza hemagglutination inhibition for
subtyping of influenza A and B. It is important that at least
some State PHLs as well as CDC maintain the ability to
perform virus culture to provide isolates for validation and
verification of new assays, antiviral resistance testing, anti-
genic characterization of the circulating viruses, and a back-
up method to PCR and to detect other respiratory viruses.
The PHL is also responsible for referring representative sp-
ecimens (and viruses if culture is performed) to CDC or a
CDC-designated PHL for genetic and antigenic character-
ization throughout the year. In addition, PHLs should notify
CDC immediately of specimens identified as unsubtypable
using all available targets (influenza A, B, H1, H3, H1pdm
2009, etc.) and immediately refer these specimens to CDC
(6). PHLs rarely perform rapid influenza diagnostic tests;
however, they routinely monitor the performance of these
assays and regularly report their findings.

Other Respiratory Viruses
PHLs have traditionally detected noninfluenza respiratory
viruses using viral culture. However, these culture-based
microbiological methods are increasingly being replaced by

new FDA-cleared multiplex molecular methods available
from multiple manufacturers. These newer test methodolo-
gies and platforms offer more rapid, and potentially more
sensitive, diagnosis across a spectrum of respiratory patho-
gens and specimen types. They also provide more compre-
hensive respiratory pathogen surveillance and outbreak
response. The advantages for patients and hospitals include
more rapid triage, earlier appropriate treatment, and shorter
periods of illness and hospitalization. However, molecular
technologies can bypass culture and isolation of organisms,
with no isolate available for characterization, susceptibility
testing, or molecular epidemiology. In 2014 APHL pub-
lished the results of a survey of PHLs that was conducted to
determine what noninfluenza respiratory viruses were being
detected and what methods were used for detection, in-
cluding PCR, antigen testing, and virus culture (7). The
results are shown in Figure 1.

Norovirus and Other Enteric Viruses
Molecular detection and typing of norovirus is conducted by
many states in support of epidemiological investigations.
This testing usually requires prior consultation with both
epidemiology and the laboratory. RT-qPCR assays are the
preferred laboratory method for detecting norovirus. These
assays are very sensitive and can detect as few as 10 to 100
norovirus copies per reaction. They use different primers to
differentiate genogroup I and genogroup II norovirus. RT-
qPCR assays are also quantitative and can provide estimates
of viral load. The assays may be used to detect norovirus in
stool, vomitus, foods, water, and environmental specimens.

Conventional RT-PCR followed by sequence analysis
of the RT-PCR products is used for norovirus genotyping.
Typically, a partial region of the capsid gene, such as region
D, is sequenced by laboratories participating in CaliciNet, a
national laboratory surveillance network for norovirus out-
breaks coordinated by CDC (http://www.cdc.gov/norovirus/
reporting/caliciNet/index.html). CaliciNet, a network of fed-
eral, state, and local PHLs, was launched in 2009 to collect
information on norovirus strains associated with gastroen-
teritis outbreaks in the United States. PHLs electronically
submit laboratory data, including genetic sequences of nor-
ovirus strains, and epidemiology data from norovirus out-
breaks to the CaliciNet database. The norovirus strains can
be compared with other strains in the database, helping
CDC link outbreaks to a common source, monitor norovirus
strains that are circulating, and identify newly emerging
norovirus strains. For outbreak samples that test negative for
norovirus, PHLs can refer samples to one of several undi-
agnosed viral diarrhea reference centers that test samples for
sapovirus, astrovirus, and rotavirus.

An increasing number of clinical laboratories and PHLs
are using commercially available, FDA-cleared molecular
gastrointestinal panels that test for a variety of enteric path-
ogens, including some viruses (e.g., Norovirus GI/II, ade-
novirus 40/41, and rotavirus). While these assays provide a
sensitive method for rapid identification of the causative
agent for patient management, they do not provide an
isolate for public health surveillance or characterization of
the organism for disease tracking and control. Public health
is quickly trying to develop molecular methods for organ-
ism characterization using original specimen material or
extracts, but until these methods are available and vali-
dated, clinical laboratories using molecular GI panels are
urged to work with their public health partners to assure
that vital surveillance data are not lost and that laborato-

590 - APPENDIXES: REFERENCE VIROLOGY LABORATORIES

http://www.cdc.gov/norovirus/reporting/caliciNet/index.html
http://www.cdc.gov/norovirus/reporting/caliciNet/index.html


ries are in compliance with public health organism sub-
mission requirements.

Another major effect of culture independent diagnostic
testing (CIDT) such as multiplex PCR is that such systems
likely only test for what are thought to be the most common
causes of acute gastroenteritis. CIDT could eliminate the
ability to identify recognizable enteric pathogens because
they are prevalent only in limited geographic locations. Fur-
thermore, unlike conventional culture techniques, it offers
no ability to detect new causes of diarrheal disease (8). How-
ever, next-generation CIDT methods such as deep or whole
genome sequencing have been used to detect and identify
new pathogens (9).

Poxviruses and Other Viruses Causing
Rash Illnesses
The Laboratory Response Network (LRN), the nation’s
premier system for identifying, testing, and characterizing
potential agents of biological and chemical terrorism, has
developed protocols to be used in different situations in-
volving patients with acute, generalized vesicular or pustular
rash illnesses. Through the Public Health Emergency Pre-
paredness grant, state and some large city PHLs are funded to
performmolecular testing for nonvariola orthopox and ortho-
pox viruses as well as other rash-causing viruses. However,
not all states can test for variola. In these states, specimens
from highly suspect cases of variola are sent to CDC. Speci-
mens from all high-risk cases require consultation with CDC.
Vaccinia can be readily grown in routine cell culture and
definitively identified by referral to a specialty laboratory in
the LRN and/or CDC.

Rabies Virus
All states test for rabies virus in animal brain material.
Testing is usually conducted by the state PHL, but a few

states have made alternate arrangements for testing to be
done. Rabies is diagnosed using the direct fluorescent anti-
body (DFA) test, which looks for the presence of rabies virus
antigens in brain tissue. While DFA remains the gold stan-
dard for rabies testing, molecular methods are becoming
more common in aiding in the detection of rabies in animal
brain material, either to confirm the results of the DFA or as
the initial screening test.

State health departments should be the primary contact
for physicians during consultation about possible human
rabies cases. Rapid and accurate laboratory diagnosis of ra-
bies in humans and other animals is essential for timely
administration of postexposure prophylaxis. Within a few
hours, a PHL can determine whether or not an animal is
rabid and inform the responsible medical personnel. The
laboratory results may save a patient from unnecessary
physical and psychological trauma and financial burdens if
the animal is not rabid.

Vaccine-Preventable Diseases (VPDs)
With the exception of rotavirus, testing for viral VPDs is
performed at many PHLs. Those PHLs that have not es-
tablished molecular capabilities for VPDs may use one of the
PHL reference centers established for this purpose. State and
local PHLs submit specimens from patients identified in
conjunction with epidemiologists as a suspected, probable,
or confirmed case to the designated reference laboratory.
Eligible specimens may include those submitted for primary
diagnostic purposes and/or for further case classification/
characterization. Submitting PHLs provide specific infor-
mation regarding specimen types, specimen volumes, stor-
age/handling, test requisitioning, and shipping instructions.
Other special instructions are also included (e.g., serology
tests for measles may not be requested without concurrently
requesting viral molecular testing). PHL reference centers

FIGURE 1 Noninfluenza respiratory virus testing at public health laboratories (PHLs). In 2014 the Association of Public Health
Laboratories (APHL) published the results of a survey of PHLs that was conducted to determine what noninfluenza respiratory viruses were
being detected and what methods were used for their detection, including PCR, antigen testing, and virus culture. The 10 viruses surveyed are
shown on the x axis. PCR is indicated by the black bars, antigen testing by the checkered bars, and virus culture by the gray bars. The
percentage of responding PHLs using the different test methods to detect each of the different viruses is shown on the y axis.
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test for measles, mumps, rubella, and varicella-zoster viruses
using real-time RT-PCR and genotyping. Figure 2 shows the
turnaround times associated with the various test methods.

Ebola Virus
For highly suspected Ebola virus cases, clinical laboratories
should contact their state and/or local health department
before contacting CDC. The PHL may provide guidance for
safe handling and transport of specimens and facilitate
specimen transport to CDC. The PHL may also be able to
provide testing to rule out Ebola. In addition, CDC has pro-
vided training and reagents to many LRN reference PHLs so
that states with increased numbers of travelers from West
Africa have ready access to this testing.

Ebola virus is listed as a select agent. Biological agents
that the Department of Health and Human Services
(HHS) has determined to have the potential to pose a
severe threat to public health and safety, such as Ebola
virus, are regulated under the HHS Select Agent regula-
tions (42 CFR Part 73). Ebola virus is also listed as a Tier 1
agent. (A subset of select agents and toxins have been
designated as Tier 1 because these biological agents and
toxins present the greatest risk of deliberate misuse with
significant potential for mass casualties or devastating effect
to the economy, critical infrastructure, or public confidence
and pose a severe threat to public health and safety.) En-
tities that possess, use, or transfer Tier 1 select agents and
toxins must adhere to the additional requirements detailed
within the Select Agent Regulations (http://www.selecta
gents.gov/Regulations.html).

Chikungunya, Dengue Virus, and Middle East
Respiratory Syndrome Coronavirus (MERS-CoV)
These newly emerging viruses are an increasing threat to the
United States. In response to this threat, PHLs in collabo-
ration with CDC have developed molecular methods to test
for them. Several states, particularly those where imported
cases are likely, have validated and implemented these
methods.

Antibody assays for dengue virus are available commer-
cially; however, PHLs more commonly use real time RT-
PCR assays that are not yet commercially available to detect
the dengue viral genome in serum. Because antibodies are
detected later, RT-PCR has become a primary tool to detect
virus early in the course of illness. Current tests are between
80% and 90% sensitive and more that 95% specific. A
positive PCR result is definite proof of current infection, and

it usually confirms the infecting serotype as well. However, a
negative result is interpreted as “indeterminate.” Patients
receiving negative results before 5 days of illness are usually
asked to submit a second serum sample for serological con-
firmation after the fifth day of illness.

Chikungunya virus testing is performed at CDC, a few
state health departments, and one commercial laboratory.
Laboratory diagnosis is generally accomplished by testing
serum or plasma to detect virus, viral nucleic acid, or virus-
specific immunoglobulin (Ig) M and neutralizing antibodies.
When managing patients with acute onset of fever and
polyarthralgia, especially travelers who have recently re-
turned from areas with known virus transmission, contact
your state health department for more information and to
facilitate testing.

Most state, and a limited number of local PHLs in the
United States are approved to test for MERS-CoV by using
an rRT-PCR assay developed by CDC to detect active in-
fection. This test is done under authority of an Emergency
Use Authorization (http://www.cdc.gov/coronavirus/MERS/
lab/lab/index.html) because there are no FDA-cleared/app
roved tests available for this purpose in the United States.
MERS-CoV serology tests (IFA, ELISA, microneutraliza-
tion) are for surveillance or investigational purposes and not
for diagnostic purposes—they are tools developed in re-
sponse to the MERS-CoV outbreak and performed at CDC.

SUBMITTING SPECIMENS AND RECEIVING
RESULTS
Most PHLs facilitate specimen submission by providing
specimen collection kits that contain swabs for obtaining the
specimen, containers in which to place the specimen, and
specimen requisition forms to be completed by filling in the
requested patient, provider, and specimen information and
the specific test requested. These collection kits may be
obtained by contacting the appropriate PHL. In many states
collection kits may be requested electronically, test requisi-
tions can be completed online, and only the information
needed to link the specimen to its electronic record is sub-
mitted with the specimen. Avariety of means are in place for
transport of specimens to the PHL. Some states have courier
systems that pick up specimens from locations across the
state either daily or two to three times each week. Other
states rely on commercial courier systems to deliver speci-
mens overnight to the laboratory. Rabies specimens tend to
be a special case because they are usually delivered directly to

FIGURE 2 Vaccine-preventable disease testing at PHL reference centers. PHL reference centers test for measles, mumps, rubella, and
varicella-zoster viruses using real-time RT PCR and genotyping. The turnaround times associated with the various test methods are shown in
the figure.
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the laboratory by animal control officers, veterinarians, the
general public, and others. The size of the animal that the
PHL will accept also varies from state to state.

PHL test results are reported using a variety of means as
well. Hard copy reports may be sent through the mail, reports
may be faxed, or reports may be made available electroni-
cally to print out locally. PHLs may also call the submitter to
report highly significant results. If the laboratory does not
report its turnaround time, it will usually indicate the
number of days each week that a particular test is performed.
This information, together with specimen submission in-
structions, can be found on the state laboratory website. In
addition to reporting results to the submitter, PHLs report
significant results to the state health department for public
health surveillance and disease control purposes. Some of
these results (e.g., influenza) are also reported to CDC for
purposes of disease tracking, vaccine development, and
identification of new strains and to provide other informa-
tion necessary for CDC to fulfill its public health mission.

Increasingly, PHLs are beginning to charge for the testing
they perform to recover their costs. Although testing is still
free at some states, those that do charge use a variety of
means. Payers include the submitter, Medicare, private in-
surers, other government agencies, and health department
programs.

CLINICAL LIBRARY AND PHL
COLLABORATION
Clinical laboratories are a key partner with PHLs in ensuring
that specimens are available for testing to provide critical
information for public health surveillance, identification of
new disease strains, emergence of drug resistance, trace back
of disease agents, and initiation of control measures. Clinical
laboratories also serve as the foundation of the LRN working
with PHLs and federal agencies to detect and refer suspect
select agents for definitive identification and characteriza-
tion.

The LRN was formed in 1999 by CDC, APHL, and the
Federal Bureau of Investigation. The LRN for Biological
Threats Preparedness (LRN-B) is organized as a three-tier
pyramid of laboratories. At the foundation are thousands of
sentinel clinical laboratories, which perform initial screen-
ing of potential pathogens. Sentinel clinical laboratories
quickly recognize, rule out, or refer potential biological
threat agents to their designated local or state public health
LRN reference laboratory. Clinical laboratories have been
and continue to be an integral part of the LRN, and their
engagement as active partners is the responsibility of the
appropriate state or local public health LRN reference lab-
oratory in partnership with the CDC. When sentinel clin-
ical laboratories cannot rule out the presence of a biological
threat agent, they refer specimens and isolates to an LRN
reference laboratory. More than 160 state, local, and federal
facilities compose the LRN-B reference laboratory tier,
providing testing at varying levels (reference, standard ref-
erence, and advanced reference). These laboratories produce
high-confidence test results that are the basis for threat
analysis and intervention by both public health and law
enforcement authorities. At the apex of the pyramid are

national laboratories, such as those at the CDC and the
Department of Defense with specialized testing capabilities
(e.g., Biosafety Level 4 facilities, strain characterization) that
can be leveraged when needed by the network. These lab-
oratories test and characterize samples that pose challenges
beyond the capabilities of reference laboratories and provide
support for other LRN members during a serious outbreak or
terrorist event.

PHLs provide training, education, and critical informa-
tion to sentinel laboratories in preparation for and in re-
sponse to health emergencies. To provide optimal health
care and disease control for both individuals and the public,
clinical laboratories and PHLs work together in an inter-
dependent, collaborative laboratory system.

In 2010 APHL described 11 core functions of state PHLs.
These core functions go beyond disease control and refer-
ence testing to laboratory improvement and regulation,
policy development, public health–related research, training
and education, environmental health and protection, and
partnerships and communication. Ensuring these functions
requires an alliance of laboratories and other partners that
“operate in an interconnected and interdependent way to
facilitate the exchange of information, optimize laboratory
services, and help control and prevent disease and public
health threats” (10).
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International Reference Laboratories Offering
Virology Services

ARIEL I. SUAREZ AND CRISTINAVIDELA

APPENDIX 3
SUMMARY
National Reference Laboratories provide services and sci-
entific expertise primarily to their respective nation, but also
at the international level. Most countries have their own
reference laboratory that operates inside the universities or
research centers within the scope of a government public
health agency. In the field of virology they provide services
that contribute to the identification and control of viral dis-
eases of public health importance. A comprehensive, al-
though not necessarily complete list of reference laboratories
outside of the United States on the continents of South and
North America, Europe, Asia, Africa, and Oceania is pro-
vided in this appendix.

National Reference Laboratories (NRLs) and Interna-
tional Collaborating Centers contribute to improved health
and prosperity of society by providing scientific expertise
and laboratory services. Most nations have their own refer-
ence laboratory that operates under the scope of a govern-
ment public health agency. While under national control,
the benefits of NRLs are recognized beyond regional and
national jurisdictions. Many NRLs provide services to the
international community, collaborating with a number of
organizations, universities, and institutions in the areas of
epidemiology, public health, and research. Data generated by
NRLs are reported to local and international surveillance
networks. Within each NRL are laboratories that specialize
in a particular content area or disease that is the focus of
their scientific activities and reflects a particular health
problem of the country. The scope of activity of the NRLs
has adapted to the changing environment and the needs of
society. Globalization, climate change, emerging infectious
diseases, and trade, among other factors, require NRLs to
offer services that meet the current and anticipated needs of
the surrounding community. The World Health Organiza-
tion (WHO), which plays a critical role in global health, has
among its missions set standards, articulating policy options
based on the evidence, providing technical support to
countries, and monitoring and assessing health trends. Ref-
erence laboratories play an important role in pathogen sur-
veillance and are selected by WHO as collaborating centers
in different countries around the world. The WHO provides
technology, training, and reagents to these laboratories for

fulfilling the tasks of monitoring and diagnosis of diseases
of global importance, including vaccine-preventable diseases
such as polio, measles, and congenital rubella, and other
diseases due to emerging and re-emerging pathogens, such as
arbovirus, severe acute respiratory syndrome (SARS), pan-
demic influenza H1N1, H9N7 avian influenza, the new
coronavirus Middle East respiratory syndrome (MERS), and
the recent outbreak of the Ebola virus. WHO ensures that
countries have rapid access to the most appropriate experts
and resources for outbreak response through the Global
Outbreak Alert and Response Network (GOARN). This
network was created in 2000 to improve the coordination of
international outbreak responses and to provide an opera-
tional framework to focus the delivery of support to coun-
tries. The viral diseases that are monitored by GOARN are
dengue, yellow fever, Crimean-Congo hemorrhagic fever,
Ebola hemorrhagic fever, Lassa fever, Rift Valley fever, avian
influenza, hepatitis, virus Hendra and virus Nipah infection,
SARS, and smallpox.

An example of how national reference centers collabo-
rate at the international level is their contribution to the
recent Ebola fever outbreak in Africa. The first cases were
reported from the forested region of southeastern Guinea in
Guéckédou prefecture near the border with Liberia and
Sierra Leone. The Ebola viral etiology was confirmed on 22
March 2014 by the National Reference Centre for Viral
Haemorrhagic Fevers (Institut Pasteur, INSERM BSL4 lab-
oratory, Lyon, France).

NRLs should be a source of assistance and specialized
information for local laboratories. The support must be based
on scientific criteria and standards for the prevention, de-
tection, and control of disease. In many cases, the NRLs
themselves are responsible for the development of these
standards and guidelines.

NRL functions should encourage and help sustain ac-
creditation processes in the diagnostic virology laboratory,
including organizing and conducting quality control pro-
grams. NRLs should also contribute to the development of
technical regulations and diagnostic algorithms.

The primary mission of the NRLs is the prevention,
control, and surveillance of diseases that pose a threat to
public health and to advise the government health agency
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on appropriate measures to take. For these purposes, NRL
services and responsibilities include the following:
� Implementing a system to receive samples and patient
information from local and regional laboratories for
pathogen confirmation and characterization, such as
typing and subtyping of influenza viruses.

� Ensuring the quality of procedures provided by the NRL,
and identifying the need for new and improved meth-
odologies for the detection and prevention of both
established and emerging pathogens.

� Evaluating and validating new technologies for dissemi-
nation throughout the national laboratory network.

� Providing technical and human resources training for
all laboratories within the national laboratory network.
Designing, implementing, monitoring, and ensuring
training plans, providing continuing education to expand
knowledge and skills and promoting the transfer of
technology through the management of training pro-
grams.

� Developing policies and standards for the national labo-
ratory network.

� Managing a laboratory quality assurance program for the
national laboratory network.

� Implementing and maintaining a laboratory accredita-
tion program for all levels of the national laboratory
network based on a comprehensive quality management
program.

� Supporting the national surveillance system for commu-
nicable, emerging, and re-emerging diseases.

� Providing laboratory-based surveillance data to public
health authorities for the purpose of taking appropriate
sanitary measures.

� Providing information to international health organi-
zations to strengthen surveillance for events that may
constitute a public health threat of international con-
cern.

A list of NRLs offering diagnostic virology services is
presented in this appendix ordered by continent.

AFRICA
Algeria
Viral Respiratory Unit
Institut Pasteur d’Algérie
Sidi-Fredj
Staoueli
Algiers
Algeria
Tel: (213) (0)21 37 68 50/51
Fax: (213) (0)21 39 02 57
Website: www.pasteur.dz

Specialties and services: Enterovirus, HIV, hepatitis, re-
spiratory viruses, herpes virus, human papillomavirus, arbo-
viruses

Cameroon
Laboratoire de Virologie
Centre Pasteur du Cameroun
Centre 1274
Yaoundé
Cameroon
Tel: (237) 99 65 47 67
Fax: (237) 22 23 15 64

Website: http://www.pasteur-yaounde.org
Specialties and services: Enterovirus, influenza, hepatitis,

HIV, measles, hemorrhagic fever viruses

Central African Republic
Institute Pasteur de Bangui
BP 923
Bangui
Central African Republic
Tel: (236) 21 61 08 66
Fax: (236) 21 61 01 09
Website: http://pasteur-bangui.org/

Specialties and services: Arbovirus, hemorrhagic fever
viruses, rabies, influenza

Côte d’Ivoire
Département des Virus Epidémiques
Institut Pasteur de Côte d’Ivoire
01 BP 490 Abidjan 01
Abidjan
Côte d’Ivoire
Tel: (225) 22 00 58 29
Fax: (225) 21 25 35 10
Website: http://www.pasteur.ci/

Specialties and services: Influenza, HIV, hepatitis

Ghana
Virology Department
Noguchi Memorial Institute for Medical Research

(NMIMR)
University of Ghana, Legon
Accra
Ghana
Tel: (233) 302 501 178 9
Fax: (233) 21 502182
Website: http://www.noguchimedres.org/

Specialties and services: Influenza, HIV, polio, rotavirus

Madagascar
Institut Pasteur de Madagascar
Ambatofotsikely
101 Antananarivo
Madagascar
Tel: (261) 20 22 412 72 / 74
Fax: (261) 20 22 415 34
Website: http://www.pasteur.mg

Specialties and services: Influenza, rabies, HIV

Morocco
Laboratoire de Virologie
Institut National d’Hygiène
Ministère de la Santé
27 Avenue Ibn Batouta
Rabat
Morocco
Tel: (212) 537 76 11 21
Fax: (212) 37 772 067
Website: http://www.sante.gov.ma

Specialties and services: Polio, enterovirus, measles, ru-
bella, influenza, rotavirus, HIV

Nigeria
College of Medicine
University College Hospital
Ibadan
Nigeria
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Fax: (234) 02 241 1768
Website: http://com.ui.edu.ng

Specialties and services: Lassa fever, polio, African swine
fever, measles, HIV, hepatitis B virus, hepatitis C virus, ru-
bella, influenza, dengue

Senegal
Medical Virology Unit
Institut Pasteur de Dakar
36, Avenue Pasteur
Dakar
Senegal
Tel: (221) 33 839 92 00
Fax: (221) 33 839 92 10
Website: http://www.pasteur.sn/

Specialties and services: Influenza, rabies, polio, arbo-
viruses, hemorrhagic fever viruses

South Africa
National Institute for Communicable Diseases/NHLS
1 Modderfontein Road
Sandringham, Johannesburg
South Africa
Tel: 27-11 386 6000
Fax: 27-11 882 0596
Website: http://nicd.ac.za

Specialties and services: Adenovirus, arboviruses, respi-
ratory viruses, cytomegalovirus, herpes simplex virus, en-
terovirus, HIV, measles, mumps, rabies, varicella-zoster virus,
hemorrhagic fever viruses

Tunisia
Institut Pasteur de Tunis
Laboratoire de Virologie Clinique
13, place Pasteur, B.P. 74
1002 Tunis, Belvédère
Tunisia
Tel: 216 71 843 755
Fax: 216 71 791 833
Website: http://www.pasteur.tn

Specialties and services: Polio, measles, HIV

Uganda
Uganda Virus Research Institute (UVRI)
Nakiwogo Road
Entebbe
Uganda
Tel: 256-414-320385/6
Fax: 256-414-320483
Website: http://www.uvri.go.ug/

Specialties and services: Influenza, arboviruses, HIV,
hepatitis

NORTH AND SOUTH AMERICA
Argentina
Instituto Nacional de Enfermedades Infecciosas
ANLIS C.G. Malbran
Av. Velez Sarsfield 563
1281 Buenos Aires
Argentina
Tel: 54-11-4301-1035
Fax: 54-11-4301-1035
Website: http://www.anlis.gov.ar/inei/

Specialties and services: Enterovirus, Epstein-Barr virus,
caliciviruses, rotavirus, influenza, hepatitis, HPV, hantavi-
rus, mumps, measles, CMV, and parvovirus

Brazil
Instituto Oswaldo Cruz, Fundação Oswaldo Cruz
Departmento de Virologia
Avenida Brasil 4365, Marguinhos
Río de Janeiro
Brazil
Tel: 55-21 2598-4360
Fax: 55-21 25 73 95 91
Website: https://portal.fiocruz.br/

Specialties and services: HIV, influenza, measles, rubella,
hepatitis, arboviruses

Canada
National Microbiology Laboratory, Health Canada
Canadian Science Centre for Human and Animal Health
1015 Arlington Street, R3E 3R2
Winnipeg, Manitoba
Canada
Tel: 1-204 789 6045
Fax: 1-204 789 2082
Website: https://www.nml-lnm.gc.ca/

Specialties and services: Hepatitis, respiratory viruses and
influenza, chickenpox, measles, herpes simplex virus, human
papillomavirus, and enteroviruses

Chile
Instituto de Salud Pública de Chile (ISPCH)
Vigilancia de Laboratorio de Virus Respiratorios
Subdepartamento Virología Clínica
Avenida Marathon 1000, Nunoa
Santiago de Chile
Chile
Tel: 56-2 350 7436
Fax: 56-2 350 7583
Website: http://www.ispch.cl/

Specialties and services: Arboviruses, poliovirus, noro-
virus, astrovirus, adenovirus, rabies, respiratory viruses, mea-
sles, cytomegalovirus, hepatitis, HIV

Colombia
Instituto Nacional de Salud (INS)
Avenida El Dorado, Carrera 50, Zona 6
Bogotá
Colombia
Tel: (+57-1) 220 7700
Website: http://www.ins.gov.co

Specialties and services: Dengue, HIV, hepatitis, respira-
tory viruses, rabies

Costa Rica
Centro Nacional de Referencia de Virología—INCIENSA
Apartado 4-2250
Tres Ríos, Cartago
Costa Rica
Tel: (+50-6) 2279-9911
Fax: (+50-6) 2279-5546
Website: http://www.inciensa.sa.cr

Specialties and services: Arboviruses, HIV, hepatitis, re-
spiratory viruses, enterovirus, hantavirus, measles, rubella,
rotavirus
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Cuba
Instituto de Medicina Tropical “Pedro Kourí” (IPK)
Novia de Mediodia Km. 6
La Lisa, Ciudad de la Habana
Cuba
Tel: (+53-7) 202 0633
Fax: (+53-7) 204 6051
Website: http://instituciones.sld.cu/ipk/

Specialties and services: Dengue, HIV, influenza

Ecuador
Instituto Nacional de Investigación en Salud Pública—

INSPI
Av. Julián Coronel 905, Guayaquil
Ecuador
Tel: (+59-3) 422 88097
Website: http://www.investigacionsalud.gob.ec/virologia/

Specialties and services: Arboviruses, HIV, hepatitis, in-
fluenza and respiratory viruses, polio, rubella, measles, cy-
tomegalovirus, and Epstein-Barr virus

El Salvador
Laboratorio Central “Dr. Max Bloch”
Gabriela Mistral, Avenida del Prado, No. J-234
Colonia Buenos Aires I
San Salvador
El Salvador, C.A.
Tel: (+ 50-3) 2520-3000
Fax: (+50-3) 22 21 57 51
Website: http://ins.salud.gob.sv

Specialties and services: Influenza, arboviruses, HIV,
rabies

Guatemala
Laboratorio Nacional de Salud de Guatemala
Laboratorio Central
Km. 22, Carretera al Pacífico, Barcenas, Villa Nueva
Guatemala, C.A.
Tel: (502) 6644-0569
Fax: (502) 6644-0569, ext. 241
Website: http://www.mspas.gob.gt/index.php/en/

Specialties and services: Arboviruses, HIV, hepatitis, in-
fluenza and respiratory viruses, polio, rubella, measles, rota-
virus, rabies, and hantavirus

Honduras
Laboratorio Nacional de Vigilancia de la Salud—Sección

de Virología
Secretaría de Salud
Colonia la Campaña
Tegucigalpa
Honduras
Tel: (+504) 2232 5840
Fax: (+504) 2239 7580
Website: http://www.salud.gob.hn

Specialties and services: Influenza, arboviruses

Mexico
Instituto Nacional de Diagnóstico y Referencia Epidemio-
lógicos (INDRE)
Secretari de Salud
1er piso, Carpio 470, Colonia Santo Tomás, Delegación
Miguel Hidalgo C.P. 11340
Ciudad de México
México

Tel: (+52-5) 341 1432
Fax: (+52-5) 341 0404
Website: http://www.spps.gob.mx/unidades-de-la-subsecret
aria/indre.html

Specialties and services: Rubella, measles, mumps, par-
vovirus, Epstein-Barr virus, varicella-zoster virus, respiratory
viruses

Nicaragua
Laboratorio de virología
Dirección de Microbiología
Centro Nacional de Diagnóstico y Referencia (CNDR)
Ministerio de Salud, Complejo Concepción Palacios
Managua
Nicaragua
Fax: (505) 2289-7723
Website: http://minsa.gob.ni

Specialties and services: Arboviruses, hepatitis, HIV, re-
spiratory viruses, rabies

Panama
Instituto Conmemoratico Gorgas de Estudios de la Salud
Ave. Justo Arosemena y calles 35
Panamá
Republic of Panama
Fax: (507) 527-4889
Website: http://gorgas.gob.pa/

Specialties and services: HIV, arboviruses, respiratory
viruses, rubella, measles, parvovirus, rotavirus

Paraguay
Laboratorio Central de Salud Pública,
Ministerio de Salud y Bienestar Social (MSPBS)
Avenida Venezuela y Tte. Escurra
Asunción
Paraguay
Tel: (021) 294-999 / 292-653
Fax: (+595-21) 294 999
Website: http://www.mspbs.gov.py/lcsp/

Specialties and services: Hepatitis C virus, human pap-
illomavirus, measles

Peru
Centro Nacional de Salud Pública
Instituto Nacional de Salud
Av. Defensores del Morro No. 2268
Lima
Peru
Tel: (511) 748 0000
Website: http://www.ins.gob.pe

Specialties and services: Arboviruses, HIV, respiratory
viruses, rubella, measles

Venezuela
Instituto Nacional de Higiene “Rafael Rangel” (INHRR)
Ciudad Universitaria,
Caracas
Venezuela
Tel: (58-212) 219-1654
Website: http://www.inhrr.gob.ve

Specialties and services: Respiratory viruses, herpes sim-
plex virus, enterovirus, hemorrhagic fever viruses, hepatitis,
HIV, Epstein-Barr virus, human papillomavirus, measles,
rubella
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Uruguay
Departamento de Laboratorio de Salud Publica
8 de Octubre 2720
Montevideo
Uruguay
Fax: 598 (2) 480 7014
Website: http://www.msp.gub.uy

Specialties and services: Dengue, HIV, influenza, hepatitis

ASIA
Afghanistan
Central Public Health Laboratory
Wazir Akbar Khan Rd
3rd floor of the main building of MoPH
Afghanistan
Website: http://moph.gov.af

Specialties and services: Influenza, polio, measles, rubella,
respiratory viruses

Bangladesh
Institute of Epidemiology, Disease Control and Research

(IEDCR)
Mohakhali, Dhaka 1212
Dhaka
Bangladesh
Tel: +880-2-9898796, 9898691
Fax: +880-2-9880440
Website: http://www.iedcr.org/

Specialties and services: Influenza, dengue, HIV, rotavirus,
hepatitis B virus, hepatitis C virus

Cambodia—Phnom Penh
Institut Pasteur du Cambodge
Virology Unit
5, Blvd Monivong
Phnom Penh
Cambodia
Tel: (+855)-12-812-003
Website: www.pasteur-kh.org

China
Chinese Center for Disease Control and Prevention
155 Changbai Road
Changping District
Beijing
China
Tel: (+8610)-5890-0240
Fax: (+8610)-5890 0851
Website: http://www.chinacdc.cn/en

Specialties and services: Arboviruses, enterovirus, polio,
measles, rubella, severe acute respiratory syndrome, influ-
enza, human papillomavirus, HIV, hepatitis

Hong Kong
Centre for Health Protection
147C Argyle Street, Mongkok, Kowloon
China, Hong Kong Special Administrative Region
Tel: (+852)-319-8667
Fax: (+852)-2836-0071
Website: http://www.chp.gov.hk/en/index.html

India
National Institute of Virology
20-A Dr Ambedkar Road

P.O. Box 11
Pune 411001
India
Tel: 91-020-26127301/26006290
Fax: 91-020-26122669/26126399
Website: http://www.niv.co.in/

Specialties and services: Chandipura virus, Chikungu-
nya virus, influenza, dengue, hepatitis, Japanese encephalitis
virus, polio, rotavirus

Indonesia
Center for Biomedical and Basic Technology of Health
National Institute of Health Research and Development
Jl. Percetakan Negara 23
Jakarta Pusat 10560
Indonesia
Tel: (+62)- 0214261088
Fax: (021) 4243933
Website: http://www.litbang.kemkes.go.id/

Iran (Islamic Republic of)
Tehran University of Medical Sciences
School of Public Health
St. Enghelab Sq., Ghods St., Poursina St. (Northern Tehran
University), School of Public Health Building

Tehran
Islamic Republic of Iran
Tel: (+98)-21-88989120
Fax: (+98)-21-88950595
Website: http://sph.tums.ac.ir/index.php?slc_lang=en&sid=8

Specialties and services: Influenza, polio, measles, ru-
bella, respiratory viruses, hepatitis C virus, hepatitis b virus,
HIV

Israel
Israel Center for Disease Control (ICDC)
Ministry of Health
2 Ben Tabai St
Jerusalem
Israel
Tel: 972-26551818
Fax: 972-2-6528079
Website: http://www.old.health.gov.il/english/

Specialties and services: Severe acute respiratory syn-
drome, HIV, influenza

Japan
National Institute of Infectious Diseases
Gakuen 4-7-1
Musashi-Murayama-shi
Tokyo
Japan
Fax: +81 42 565 2498
Website: http://www.nih.go.jp/niid/en/

Specialties and services: Japanese encephalitis virus, en-
terovirus, polio, measles, rubella, severe acute respiratory
syndrome, influenza, human papillomavirus, HIV, hepatitis
C virus

Malaysia
Virology Unit
Infectious Disease Research Centre
Institute of Medical Research
Jalan Pahang
Kuala Lumpur
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Malaysia
Tel: 603-2616 2666
Fax: 603-2693 9335
Website: http://www.imr.gov.my/en/idrc.html

Specialties and services: Rabies, HIV, influenza, Japanese
encephalitis virus and other arboviruses, acute flaccid pa-
ralysis, dengue, enterovirus, rubella, cytomegalovirus

Myanmar
National Health Laboratory
35, Mawkundaik Road
Dagon Township
Yangon
Myanmar
Tel: 95-1-371957
Fax: +95-1-371925

Nepal
National Public Health Laboratory
Teku Kathmandu
Nepal
Tel: 977-1-4252421
Fax: 977-42523755
Website: http://www.nphl.gov.np

Specialties and services: Hepatitis E virus, influenza,
hepatitis B virus, hepatitis C virus, HIV

Pakistan
National Institute of Health
Chak Shehzad
Park Road
Islamabad
Pakistan
Tel: 92-051-9255110
Fax: 92-051-9255099
Website: http://www.nih.org.pk

Specialties and services: Middle East respiratory syn-
drome, coronavirus, influenza, polio, measles, rabies

Qatar
Department of Laboratory Medicine and Pathology
Hamad Medical Corporation
Doha
Qatar
Tel: 974-4439-2136
Fax: 974-4431-2751
Website: http://hgh.hamad.qa

Republic of Korea
National Institute of Health
Korea Center for Disease Control and Prevention
Osong Health Technology Administration Complex 643
Yeonje-ri, Gangoe-myeon, Cheongwon-gun
Chungcheongbuk-do 363-951
Seoul
Republic of Korea
Tel: 82-43-719-7700
Fax: +82 43 719 8190
Website: http://www.nih.go.kr

Specialties and services: Hepatitis C virus, hepatitis B
virus, norovirus, enteroviruses, chickenpox, rotavirus, po-
lio, influenza, severe acute respiratory syndrome, measles,
mumps, rubella, adenovirus, parainfluenza virus, respiratory
syncytial virus, tick-borne encephalitis virus

Singapore
National Public Health Laboratory
Communicable Disease Division
Ministry of Health
16 College Road
Singapore
Tel: 65-63259220
Fax: 65-63251168
Website: http://app.sgdi.gov.sg/

Sri Lanka
Medical Research Institute
Colombo 8
Western
Sri Lanka
Tel: 94 2 693532-34
Fax: 94 2 691495
Website: http://www.mri.gov.lk/

Specialties and services: Dengue, hepatitis, influenza,
enterovirus, Japanese encephalitis virus

Syrian Arab Republic
Public Health Laboratories
Al Ghassani. Aleppo Street
Damascus
Syrian Arab Republic
Tel: 963 114451177
Fax: 963 114442153
Website: http://www.moh.gov.sy

Specialties and services: HIV, influenza, measles, mumps,
rubella, polio

Thailand
National Institute of Health (NIH)
Department of Medical Sciences
Ministry of Public Health
88/7 Tiwanon Road
Nonthaburi
Thailand
Tel: 66-2589-9850
Fax: 66(2) 5915449
Website: http://nih.dmsc.moph.go.th

Specialties and services: Hepatitis, arboviruses, onco-
genic viruses, respiratory viruses, intestinal viruses, nervous
system and circulatory viruses

Turkey
Virology Reference and Research Laboratory
Ministry of Health
Public Health Institution of Turkey (PHIT)
Refik Saydam Campus,
Saglõk mah. Adnan Saygun str. No:55 F Block
06100 Sihhiye
Ankara
Turkey
Fax: +90 (312) 4582388

Vietnam
National Institute of Hygiene and Epidemiology
1 Yersin Street, Hai Ba Trung,
Ha Noi
Vietnam
Tel: 84-4 3971-6356
Fax: 84-4 3821-0853
Website: http://www.nihe.org.vn

Specialties and services: Influenza, HIV, dengue, severe
acute respiratory syndrome, Japanese encephalitis virus
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EUROPE
Albania
Institute of Public Health (Instituti i Shendetit Publik)
Aleksander Moisiu No. 80
Tirana
Albania
Fax: +355 (437) 0058
Website: http://www.ishp.gov.al/

Specialties and services: West Nile and dengue virus,
HIV, influenza

Austria
Clinical Institute of Virology at Medical Institute of Vienna
Kinderspitalgasse 15
Building: Institutsgebäude, Zimmer 321
A-1090 Wien
Austria
Tel: 01/40490-79500, 01/40490-79551
Fax: 01/40490-9795
E-mail: Virologie@meduniwien.ac.at
Website: http://www.virologie.meduniwien.ac.at

Specialties and services: Influenza, hepatitis, measles,
mumps, rubella, HIV, hemorrhagic fever, tick-borne en-
cephalitis and other flaviviruses, hantaviruses

Belgium
Scientific Institute of Public Health
Service of Viral Diseases
Rue Juliette Wytsmanstraat 14
1180 Brussels
Belgium
Tel: +32 2 373 32 09
Fax: +32 2 373 32 86
Website: https://www.wiv-isp.be/Programs/communicable-
infectious-diseases/Pages/EN-ViralDiseases.aspx

Specialties and services: Respiratory viruses, encephalitis
viruses, emerging and re-emerging viruses, national reference
center on influenza virus, measles, rubella, hepatitis viruses
(B, C, D, and E), rabies, tick-borne encephalitis

Belarus
Republican Research & Practical Center for Epidemiology

and Microbiology
23 Filimonova St.
220114 Minsk
Belarus
Tel: (+375-17) 267-32-67
Fax: (+375-17) 267-30-93
E-mail: belriem@gmail.com
Website: http://www.belriem.by/

Specialties and services: poliomyelitis, influenza, and
other acute respiratory diseases, measles

Bosnia and Herzegovina
Clinical Center—University of Sarajevo
Institute for Clinical Microbiology
Bolni�cka 25
71000 Bosnia and Herzegovina
Fax: +387.33.22.69.60
Tel: +387.33.22.69.60 / +38.7.61.655.234
Website: http://www.kcus.ba/

Specialties and service: Measles, rubella, influenza, hanta-
virus

Bulgaria
National Centre of Infectious and Parasitic Diseases
26 Yanko Sakazov Blvd.
Sofia 1504
Bulgaria
Tel: +359 2 94 46 999
Fax: + 359 2 943 30 75
E-mail: ncipd@ncipd.org

Specialties and services: Enteroviruses and other di-
arrheal viruses, viral hepatitis, measles, mumps and rubella,
herpes virus infections, Rikettsiae and Chlamidiae, influ-
enza and acute respiratory diseases; National Confirmatory
Laboratory of HIV/AIDS, arboviruses, retroviruses

Croatia
Croatian Institute of Public Health
Rockefellerova 12
Zagreb
Croatia
Fax: +385 (1) 468 3017

University Hospital for Infectious Diseases
“Dr. Fran Mihaljevi�c”
Mirogojska 8, 10 000 Zagreb
Croatia
Tel: ++385 1 2826-222
Fax: ++385 1 4678-235
Website: http://www.bfm.hr

Specialties and services: Diagnostics and treatment of
infectious diseases, viral hepatitis, HIV-infection, urinary
tract infections, tropical and traveler diseases

Czech Republic
National Institute of Public Health
Institute of Epidemiology and Microbiology
�Srobárova 48
100 42, Praha 10
Czech Republic
Tel: 00420 26708 1111
Website: http://www.szu.cz/the-cem-national-reference-
laboratories-nrls

Specialties and services: Enteroviruses, herpetic viru-
ses, HIV/AIDS, influenza, measles, mumps, rubella, parvo-
virus B19, noninfluenza respiratory viruses, and viral
hepatitis

Denmark
The Laboratory for Infectious Diseases
Statens Serum Institut
5 Artillerivej
DK-2300 Copenhagen S
Denmark
Tel: +45 3268 3268
Fax: +45 3268 3868
Website: http://www.ssi.dk/English/HealthdataandICT/
National%20Reference%20Laboratories.aspx

Specialties and services: Influenza virus A and B and
other respiratory viruses; HIV; tick-borne encephalitis virus;
hepatitis A, B, C, D, and E viruses; herpes viruses; rubella
virus; parvovirus; morbillivirus; enterovirus; parotitis virus;
dengue virus; hantavirus; National WHO Reference La-
boratory for Morbilli and Rubella; National WHO Ref-
erence Laboratory for Poliovirus
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Estonia
Laboratory for Communicable Diseases
Health Board Kotka Str 2
Tallinn 11315
Estonia
Fax: +372 6943 651
Website: http://www.terviseamet.ee/en/laboratories.html

Specialties and services: Center for measles and rubella,
polio, influenza
West-Tallinn Central Hospital
Centre for Infectious Diseases,
Paldiski mnt. 68
10617 Tallinn
Estonia
Tel: 650 7301
Fax: 659 8686
Website: http://www.ltkh.ee/

Specialties and services: HIV

France
Institute Pasteur
25-28 Rue du Docteur Roux
75015 Paris, Cedex 15
France

Specialties and services: Arbovirus, influenza virus, pap-
illomavirus, rabies virus, enterovirus, hepacivirus, flavivirus,
retrovirus
Unité de Biologie des infections virales émergentes
(UBIVE)—IFR 128
21 Avenue Tony Garnier
69365 Lyon Cedex 07
France

Specialties and services: Hemorrhagic fever, hantavirus
Cayenne: Institut Pasteur
Institut Pasteur de la Guyane
23 Avenue Louis Pasteur—BP. 6010
97306 Cayenne Cedex
Guyane française
Website: http://www.pasteur.fr

Specialties and services: Hantavirus, arbovirus, influenza
virus

Finland
National Institute for Health and Welfare
Department of Infectious Diseases Surveillance and Control
Mannerheimintie 166
P.O. Box 30
FI-00271 Helsinki
Finland
Tel: +358 29 524 6000
Virology Unit
Mannerheimintie 166
P.O. Box 30
FI-00271 Helsinki
Finland
Website: http://www.thl.fi/en/web/thlfi-en/about-us/organ
isation/departments-and-units/infectious-diseases/viral-infec
tions

Specialties and services: Regional polio expert labora-
tory for the World Health Organization (WHO) as well as a
national center for influenza

Greece
Hellenic Pasteur Institute
127 Vasilissis Sofias Avenue

11521, Athens
Greece
Tel: (+30) 210 6478800
Fax: (+30) 210 6425 038
Website: http://www.pasteur.gr/

Specialties and services: National Reference Laboratories
for Infectious Diseases: National Influenza Reference La-
boratory for Southern Greece; enteroviruses/polioviruses,
measles, rubella

Georgia
Centre for Disease Control and Public Health
M. Asatiani str. 9
Tbilisi 0186
Georgia
Fax: +995 32 2 311485
Website: http://www.ncdc.ge

Specialties and services: HIV, polio, hepatitis, measles,
rubella

Hungary
B. Johan National Center for Epidemiology
Virology Department
Gyáli út 2-6
H-1097 Budapest
Hungary
Tel: +36 1 476 1194
Fax: +36 1 476 1126
E-mail: oekfoigazgatosag@oek.antsz.hu
Website: http://www.oek.hu

Specialties and services: WHO National Poliovirus Ref-
erence Laboratory for influenza, respiratory viruses, hepatitis
viruses, enteroviruses, exanthematous diseases (measles, ru-
bella), viral zoonoses, herpes viruses, hanta, cytomegalovirus,
dengue

Iceland
Landspitali—University Hospital
Armuli 1A
P.O. Box 8733
Reykjavik
Iceland
Fax: +354 (543) 5949
Website: http://www.landspitali.is/

Specialties and services: Influenza

Ireland
UCD National Virus Reference Laboratory
University College Dublin
Belfield, Dublin 4
Ireland
Tel: 01-716 4401
Fax: 01-269 7611
Website: http://nvrl.ucd.ie/

Specialties and services: HIV, rubella virus, parvovirus
B19, enterovirus, mumps virus, herpes simplex virus, vari-
cella zoster virus, measles, dengue virus, adenovirus, rotavi-
rus, astrovirus, calicivirus, norovirus, coxsackie A16 virus,
polyoma, hepatitis A virus, hepatitis B virus, hepatitis C
virus, cytomegalovirus, HTLV, influenza, respiratory syncy-
tial virus, parainfluenza, human metapneumovirus

Italy
Istituto Superiore di Sanità
Viale Regina Elena, n. 299
Roma 00161
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Italy
Tel: 06 4990 1
Fax: 06 49 38 71 18
Website: http://www.iss.it

Specialties and services: Unit of viral diseases and live
attenuated virus vaccines, arbovirus and hemorrhagic fevers,
influenza

Germany
Robert Koch Institute
National Reference Centers and Consultant Laboratories in

Infectious Diseases
Nordufer 20
D-13353 Berlin-Wedding
Germany
Tel: +49 (0)30 - 18754-0
Website: http://www.rki.de/EN/Home/homepage_node.html

Specialties and services: Electron microscopy, norovirus,
rotavirus, polio virus, poxvirus, tick-borne encephalitis, en-
terovirus, influenza, measles, exanthemata virus
Friedrich-Loeffler-Institut
Federal Research Institute for Animal Health
Institute for Novel and Emerging Infectious Diseases
Headquarters Insel Riems
Südufer 10
17493 Greifswald-Insel Riems
Germany
Tel: +49 38351 7-0
Fax: +49 038351 7-1219, 7-1151, 7-1226
Website: http://www.fli.bund.de/en/startseite/friedrich-

loeffler-institut.html
Specialties and services: Crimean-Congo hemorrhagic fe-

ver virus, equine encephalitis viruses (EEEV, VEEV, WEEV),
filoviruses (Marburg/Ebola virus), hantavirus, Nipah/Hendra
virus, Japanese encephalitis virus, Rift Valley fever virus,
transmissible spongiform encephalopathies, West Nile virus

Kosovo
National Institute of Public Health of Kosovo
Department of Microbiology
Hospital area NN
10000 Prishtina
Kosovo
Fax: +381.38.55.08.58/+381.38.55.05.85
Website: http://www.niph-kosova.org

Specialties and services: Hemorrhagic fevers, respiratory
diseases

Latvia
Riga Eastern Clinical University Hospital Laboratory
3 Linezera Str.
Riga LV1006
Latvia
Fax: +371 670145683
Website: https://www.aslimnica.lv

Specialties and services: WHO Influenza Center

Lithuania
National Public Health Surveillance Laboratory
�Zolyno str. 36
LT—10210 Vilnius
Lithuania
Tel: (+370) 5270 9229
Fax: (+370) 5210 4848

E-mail: nvspl@nvspl.lt
Website: http://www.nvspl.lt

Specialties and services: WHO influenza, measles center

Luxembourg
Laboratoire National de Sante, Virologie
1, Rue Louis Rech
L-3555 Dudelange
Luxembourg
Tel: (+352) 28 100-514
Fax: (+352) 28 100-512
Website: http://www.lns.public.lu

Specialties and services: Influenza, hepatitis, HIV

Malta
The Infectious Disease Prevention and Control Unit
Health Promotion and Disease Prevention Directorate
5B, The Emporium,
Triq C. De Brocktorff,
Msida MSD 1421,
Malta
Tel: +35623266112/+35621332235
Fax: +35621319243
E-mail: disease.surveillance@gov.mt
Website: https://ehealth.gov.mt

Specialties and services: AIDS/HIV, acute viral enceph-
alitis, cytomegalovirus, dengue, food-borne illness/infec-
tions, intestinal illness, hepatitis A, hepatitis B, hepatitis C,
herpes simplex, influenza, new and emerging diseases, rota-
virus; vaccine-preventable diseases: polio, measles, mumps,
rubella, chickenpox, herpes zoster, influenza

Netherlands
Eijkman-Winkler Institute, Department of Virology,
University Medical Center, Utrecht, The Netherlands
Erasmus MC
Viroscience
Virology Unit and WHO Center
Wytemaweg 80
3015 CN Rotterdam
Netherlands
Website: http://www.erasmusmc.nl/virologie/unit-research/?
lang=en

Specialties and services: National Reference Lab for HIV;
measles, mumps, influenza, exotic viral infections, HIV, re-
spiratory syncytial virus, human metapneumovirus, hepati-
tis, herpes

Norway
Norwegian Institute of Public Health
Virology Department
PO Box 4404 Nydalen
N-0403 Oslo
Tel: +47 21077000
Fax: +47 22353605
Website: http://www.fhi.no/

Specialties and services: Influenza virus; polio/enterovirus;
hepatitis A, B, C, D, and E; measles, mumps, and rubella;
norovirus;severeacuterespiratorysyndrome;adenovirus;quan-
titation, identification, and characterization of virus strains;
molecular epidemiology; quality control; basic virology

Portugal
Infectious Diseases Department
National Institute of Health Dr. Ricardo Jorge
Av. Padre Cruz
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1649-016
Portugal
Tel: (+351) 217 519 200
Fax: +351 (21) 752 6400
Website: http://www.insa.pt

Specialties and services: National Influenza Reference
Laboratory, polio virus, rubella, and measles virus

Institute of Hygiene and Tropical Medicine (IHMT)
Universidade Nova de Lisboa
Rua da Junqueira 100
Lisbon
Portugal
Tel: +351 21 3652600
Fax: 351 21 363 21 05
Website: http://www.ihmt.unl.pt

Specialties and services: Hepatitis C, rotavirus, HIV,
flavivirus

Poland
National Institute of Public Health—National Institute of
Hygiene
ul. Chocimska 24
00-791 Warsaw
Poland
Tel: +48 22 54 21 200
Fax: (48-22) 542-13-13
Website: http://www.pzh.gov.pl/

Specialties and services: National Polio Laboratory,
measles/rubella, Herpertoviridae, mumps, adenovirus, hep-
atitis, unit of immunology of viral infections, unit of entero-
and neuro-infections

Romania
Laboratory forVector-borneDiseases andMedical Entomology
National Institute for Research & Development in Micro-
biology & Immunology
“Cantacuzino”
Splaiul Independetei 103
050096 Bucharest
Romania
Tel: 021.306.92.37
Fax: (lab): +40.21.3069.307 (LAB ITV)
Fax: 021.306.93.37
E-mail: laborator@cantacuzino.ro
Website: http://www.cantacuzino.ro/ro/index.php/contact/

Specialties and services: Laboratories for molecular epi-
demiology, hepatitis, arboviruses, enteroviruses, respiratory
virus, zoonosis

Republic of Moldova
National Influenza Center
Str. Cosmescu 3, Chisinau
Republic of Moldova, MD 2029
Fax: +37 322 729725
National Center of Health Management
3, Cosmescu str., Chisinau,
Republic of Moldova, MD-2009
Tel.: +373 (22) 72–73–59
E-mail: ccm_secretariat@mednet.md
Website: http://www.ccm.md

Specialties and services: HIV and retrovirus, influenza

Russia Federation–Moscow
Laboratory of Environmental Virology
M.P. Chumakov Institute of Poliomyelitis and Viral Ence-
phalitides

Russian Academy of Medical Sciences
Institute of Poliomyelitis
Kievskoye shosse, 27 km 142782
Moscow
Russian Federation
Tel: +7 (495) 841 90 07
Fax: +7 (495) 841 93 30
Website: http://www.poliomyelit.ru/

D.I. Ivanovsky Research Institute of Virology
Ministry of Health of the Russian Federation
16, Gamaleya str.
Moscow 123098
Russia
Tel: 7+499+1902842
Fax: 7+499+1902867
E-mail: lvovdk@virology.ru
Website: http://www.istc.ru

Specialties and services: Viruses with genome variability,
national virus collection, genome structure of hemorrhagic
fever virus, address liposomes in new drugs, influenza viruses
in birds, conservation of prions and Chlamidiae, new gener-
ation of anti-HIV-1 compounds, vaccine against infections,
bovine rhinotracheitis, genetic polymorphism of HIV-1

Russian Federation–St Petersburg
Research Institute of Influenza
Ministry of Health
Prof. Popov str. 15/17
St. Petersburg
Russian Federation
Fax: +7(812) 234 59 73, (812) 346 1270
Website: http://www.influenza.spb.ru

Serbia
Institute of Virology, Vaccines and Sera “Torlak”
Vojvode Stepe 458
11153 Belgrade
Serbia
Tel: + 381 11 397 66 74
Fax: + 381 11 247 18 38
Website: http://www.torlakinstitut.com

Specialties and services: National laboratory for influenza
and other respiratory viruses, poliomyelitis and entero-
viruses, rubella,morbilli, varicella andother rashes, viral hem-
orrhagic fevers, arboviruses

Slovakia
Public Health Authority of the Slovak Republic
Trnavská cesta 52
826 45 Bratislava 29
Phone: +421 2 492 84 111
E-mail: podatelna@uvzsr.sk
Website: http://www.uvzsr.sk/en/

Specialties and Services: Hepatitis, HIV, respiratory
viruses, polio, measles.

Slovenia
Faculty of Medicine—University of Ljubljana
Institute of Microbiology & Immunology
Zaloska 4
1000 Ljubljana
Slovenia
Tel: 01 543 74 00
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Fax: 01 543 74 01
Website: http://www.mf.uni-lj.si/en/

Specialties and services: Hepatitis, HIV, human papillo-
mavirus, arboviruses and viral hemorrhagic fever, respiratory
viruses

Spain
National Center of Microbiology, Carlos III Institute of

Health
Carretera Majadahonda-Pozuelo Km 22
28220 Majadahonda, Madrid
Spain
Tel: 918 223 637, 918 223 000
Website: http://www.isciii.es/

Specialties and services: Reference center for arbovirus,
enterovirus, gastroenteritis, influenza and respiratory viruses,
hepatitis, human papillomavirus, retrovirus, viral serology

Sweden
Swedish National Institute of Public Health
Tel: 46 10-205 20 00
Fax: 46 8-32 83 30
171 82 Solna
Karolinska Institutet
SE-171 77
Stockholm
Sweden
Tel: +46-8-524 800 00
Fax: +46-8-31 11 01
Center for Infectious Disease Research
Nobels väg 18
171 82 Solna
Sweden
Tel: +46 8 457 23 00
Fax: +46 832 83 30
Website: http://www.ki.se/en

Specialties and services: Retrovirus, hepatitis, human
papillomavirus, hantavirus, polyomaviruses, influenza

Global WHO HPV Reference Laboratory
Laboratory Medicine Skåne
Malmö University Hospital, Entrance 78
SE-20502 Malmö
Sweden
E-mail: joakim.dillner@med.lu.se

Switzerland
Centre National de la Grippe
Laboratorie de Virologie
Hôpital Cantonal Universitaire de Genève
1, av. de Beau-Séjour
1206 Genève
Switzerland
Fax: +41 (22) 372 40 88
Website: http://www.influenza.ch

Specialties and services: WHO reference lab Influenza
Swiss Retrovirus Reference Laboratory Institute of Im-
munology and Virology
University of Zurich
Gloriastrasse 30
CH-8028 Zürich
Switzerland
Regional WHO HPV Reference Laboratory,
Institute of Microbiology, CHUV
Bugnon 48

1011 Lausanne
Switzerland
E-mail: dnardell@hospvd.ch

Turkey
Refik Saydam National Public Health Agency (RSNPHA)

Virology Laboratory—Department of Microbiology
Reference Laboratories

G Block 1st Floor—Saglik Mahallesi Adnan Saygun
Caddesi No:55

06100 Sihhiye
Ankara
Turkey
Fax (lab): +90.31.24.58.23.88
E-mail: gucank@gmail.com
Tel: +90.312.458.20.62
Website: http://www.toraks.org.tr/

Specialties and services: Hantavirus, arbovirus, hepatitis,
influenza, mumps, enterovirus, viral gastroenteritis

Ukraine
L.V. Gromashevsky Institute of Epidemiology & Infectious

Diseases
National Academy of Medical Science of Ukraine
5, M. Amosova Str.
Kyiv, 03680
Ukraine
Fax: +38 044 275 02 97
Website: http://www.uiph.kiev.ua/

http://duieih.kiev.ua/
Specialties and services: Influenza

United Kingdom
Public Health England
Wellington House
133-155 Waterloo Road
London
United Kingdom
Tel: 020 7759 2707/020 7759 2730

Virus Reference Department
PHE Colindale
61 Colindale Avenue
London NW9 5HT
United Kingdom
Tel: 020 8327 6017
Fax: 020 8205 8195
E-mail: vrdqueries@phe.gov.uk
Website: http://www.hpa.org.uk/

Specialties and services: WHO Collaborating Centre for
Laboratory and Diagnostic: WHO Designated International
Laboratory for SARS; WHO Global Specialized HIV Drug
Resistance Laboratory; WHOGlobal Specialized Laboratory
for Measles and Rubella; WHO National Laboratory for
Polio and Influenza; WHO National Laboratory for Influ-
enza; blood-borne viral pathogens, enteric and respiratory
viruses, spongiform encephalopathy

OCEANIA
Australia
Virus Identification Laboratory
Victorian Infectious Diseases Reference Laboratory

(VIDRL)
792 Elizabeth Street
Melbourne
Australia
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Tel: 61 3 9342 9628
Fax: 61 3 9342 9666
Website: http://www.vidrl.org.au

Specialties and services: HIV, HBV, influenza, entero-
virus, norovirus, measles

New Zealand
Institute of Environmental Science and Research
66 Ward Street
Wallaceville
Upper Hut 5018
Wellington
New Zealand
Tel: 64 4 529 0600
Fax: 64 4 529 0601
Website: http://www.esr.cri.nz

Specialties and services: Influenza, poliovirus, enterovi-
rus, measles, respiratory syncytial virus, humanmetapneumo-
virus, human coronavirus, severe acute respiratory syndrome,
coronavirus, enteric virus, cytomegalovirus, varicella-zoster
virus, herpes simplex virus, mumps, rubella, dengue virus,
Ross River virus, Barmah Forest virus, West Nile virus

Papua New Guinea
Institute of Medical Research
Eastern Highlands Province 441, Homate Street
Goroka
Papua New Guinea
Tel: 675-531 4200
Fax: 675-532 1998
Website: http://www.pngimr.org.pg/

Specialties and services: Influenza, rotavirus, HIV

OTHER USEFULWEBSITES
International Association of National Public
Health Institutes (IANPHI)
The IANPHI links and strengthens the government agen-
cies responsible for public health. IANPHI improves the
world’s health by leveraging the experience and expertise of
its member institutes to build robust public health systems.

Secretariat: Mexico
National Institute of Public Health (INSP) Cuernavaca
Campus Av. Universidad No. 655 Col. Santa María Ahua-
catitlán Cerrada los Pinos y Caminera CP. 62100 Cuerna-
vaca Morelos, Mexico Tel: +52.777.329.3030; E-mail:
secretariat@ianphi.org

Secretariat: USA
Emory University Global Health Institute 1599 Clifton
Road Atlanta, Georgia, USA 30322 Tel: 1+404.727.1416;
E-mail: cdusenb@emory.edu

Secretariat: France
Institut de veille Sanitaire (InVS) 12, Rue du Val d’Osée
94415 Saint-Maurice Cedex, France; Website: http://www.
ianphi.org/

European Centre for Disease Prevention
and Control (ECDC)
The ECDC was established in 2005. It is an EU agency with
aim to strengthen Europe’s defenses against infectious dis-
eases. It is based in Stockholm, Sweden.
Postal address: ECDC 171 83 Stockholm, Sweden
Visiting address: Tomtebodavägen 11a, Solna, Sweden
Website: http://www.ecdc.europa.eu
Epidemic Intelligence duty e-mail: support@ecdc.europa.eu

EPISOUTH
The EpiSouth Network was established among countries of
Southeast Europe, North Africa, and the Middle East to
create a framework of collaboration on epidemiological is-
sues for enhancing surveillance of communicable diseases
and control of public health risks through communication,
training, information exchange, and technical support to
countries in the Mediterranean region.
EpiSouth Network Coordination Office c/o
Epidemiology of Communicable Diseases Unit
National Centre for Epidemiology, Surveillance and Health

Promotion (CNESPS)
Istituto Superiore di Sanità
Viale Regina Elena, 299
00161 Rome
Italy
Fax: ++39 06 49904267
Website: http://www.episouthnetwork.org/

European Commission:
http://www.ec.europa.eu

World Organisation for Animal Health (OIE):
http://www.oie.int

World Health Organisation (WHO):
http://www.who.int

European Food Safety Authority (EFSA):
http://www.efsa.europa.eu

European Directorate for the Quality
of Medicines and Healthcare (EDQM):
http://www.edqm.eu

Integrated Control of Neglected Zoonoses
(ICONZ):
http://iconzafrica.com

Alliance for Rabies Control:
www.rabiesalliance.org

RABMED CONTROL:
http://www.rabmedcontrol.org

Predemics:
http://predemics.biomedtrain.eu

Discontool:
http://www.discontools.eu
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Subject Index

A
ABI SOLiD, 179
Abnova, 123
Acquired immunodeficiency syndrome

(AIDS)
cytomegalovirus infection with, 381
HHV-6 in patients with, 69

ACS. See American Cancer Society
Acute bronchitis, 9
Acute epidemic hemorrhagic

conjunctivitis, 8
Acute hemorrhagic conjunctivitis,

enteroviruses with, 283
Acute myocarditis, enteroviruses with, 283
Acute nasopharyngitis, 9, 12, 13
Acute obstructive laryngitis, 12–13
Acute poliomyelitis, 8
Acute renal failure, 11
Acute respiratory infections, 12
Adeno-associated dependoparvovirus virus, 7
Adenovirus. See also Enteric adenoviruses;

Mastadenovirus
best practices for, 272
biology of, 259
cell cultures of, 87
classification of, 259
clinical significance of, 264–265
diagnosis of, 269–270
epidemiology of, 262
human, 17
prevention of, 267
relative importance of, 259, 262
specimen information for exanthems

with, 61
specimen information for gastroenteritis

with, 65
specimen information for ocular

infections with, 70
specimen information for respiratory

disease with, 60
taxonomy determination for, 21–22
treatment of, 267

Adult T-cell leukemia/lymphoma (ATLL),
531

treatment of, 532
Aichi virus, 320–321
Aichivirus A, 9

AIDS. See Acquired immunodeficiency
syndrome

Akhmeta virus, 459
Alere I Influenza, 138, 140
Alere i Influenza A&B assay, 247
Alere Q NAT system, 248
Alphacoronavirus, 8
Alphapapillomavirus, 6
Alphatorquevirus, 7
Alphavirus, 493–495

clinical significance of, 500
epidemiology of, 497–498
taxonomy and characterization of, 10
vaccination for, 502

American Cancer Society (ACS), 413
American Society of Clinical Pathology

(ASCP), 413
American Society of Colposcopy and

Cervical Pathology (ASCCP), 60
cervical cancer screening by, 413

Amplification-based assays, HPV
identification with, 420

Ampliprep, 123, 124
AMV. See Avian myeloblastosis virus
Anal cancer, 415
Analyte specific reagents (ASRs), 133
Andes virus, 11
Animal-borne viruses

biology of, 515–516
clinical significance of, 517–519
detection and diagnosis of, 520–521
diagnostic best practices for, 521–522
epidemiology of, 516–517
prevention of, 519–520
treatment for, 519–520
viral classification of, 515–516

Anogenital warts, 416
taxonomy and characterization of, 6
treatment of, 417

Antibiotics, history of, 201
Antibodies, Ig classes of, 105
Antibody detection assays, 237

Epstein-Barr virus in, 233
hepatitis C virus in, 232–233
HIV in, 233–235

Antibody detection methods, 105–114
dengue virus with, 105

enzyme immunoassay in, 109–111
Epstein-Barr virus with, 105
hemagglutination inhibition in, 107–108
hepatitis E virus with, 105
immunofluorescence assays in, 108–109
immunoglobulin M determinations in,

111–113
neutralization in, 106–107
western blot in, 113–114

Antigen detection assays, 237
arboviruses diagnosis with, 505
gastrointestinal viruses in, 231–232
hepatitis B virus detection with, 347
HHV-6 diagnosis with, 404, 407
HPV identification with, 421
influenza virus in, 230
norovirus in, 231–232
respiratory syncytial virus in, 230–231
respiratory viruses in, 229–231
respiratory viruses with, 229–231
rotavirus in, 231

Antigenemia assay, cytomegalovirus
diagnosis with, 377, 378

Anti-HBe, hepatitis B virus detection with,
349

Anti-HBs, hepatitis B virus detection with,
348–349

Antiviral susceptibility testing
culture-based systems in, 201–202
cytomegalovirus, 203–208
hepatitis B virus, 208, 349
hepatitis C virus, 208, 212, 220–221
herpes simplex virus, 203–204, 209–219
HIV, 221–222
influenza viruses, 204, 206, 208
PCR-based methods in, 202
phenotypic and genotypic, 201–222
sequencing methods in, 202–203
varicella-zoster virus, 203–204, 220, 221

Aptima HIV-1 Quant Dx, 138, 139
Aptima HPV, 138, 139
Arboviruses

Alphavirus, 493–495, 497–498, 500, 502
antigen detection for diagnosis of, 505
best practices for, 507–508
biology of, 493–495
blood-donor screening for, 507
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Arboviruses (continued)
Bunyaviridae, 495, 497, 499–503
clinical significance of, 500–502
complement fixation in diagnosis of, 506
detection and diagnosis of
epidemiologic surveillance and research,
505–507

routine diagnostics, 503–505
epidemiology of, 495–500
Flaviviridae, 495, 496, 498–503
geographic distribution of, 504
hemagglutination inhibition in diagnosis

of, 505–506
IgM and IgG antibody detection for

diagnosis of, 503–505
microarray technology in diagnosis of,

507
microsphere immunoassays in diagnosis

of, 506
NGS in diagnosis of, 507
plaque-reduction neutralization in

diagnosis of, 506
prevention of, 502–503
public health laboratory testing for,

585–589
real-time RT-PCR in diagnosis of,

506–507
RT-PCR in diagnosis of, 506
Togaviridae, 493–495, 500
treatment for, 502–503
vaccination for, 502–503
vector control for, 502
viral classification of, 493–495
virus isolation for, 505

Arenaviral hemorrhagic fever, 19
Arenaviruses

biology of, 515
clinical significance of, 517–518
detection and diagnosis of, 520
diagnostic best practices for, 521–522
epidemiology of, 516
prevention of, 519
taxonomy and characterization of, 11
treatment for, 519
viral classification of, 515

Aries, 125
Arteriviridae, database website for, 18
Arthropod-borne viral fevers, 7
ASCCP. See American Society of

Colposcopy and Cervical Pathology
ASCP. See American Society of Clinical

Pathology
ASRs. See Analyte specific reagents
Astroviruses

biology of, 313–314
clinical significance of, 316
database website for, 17
detection and diagnosis of
cell culture, 319
electron microscopy, 313, 319
immunoassays, 319
qRT-PCR assays, 319
RT-PCR assays, 319
serology, 318–319

epidemiology of, 315
specimen information for gastroenteritis

with, 65
viral classification of, 313–314

ATLL. See Adult T-cell leukemia/
lymphoma

Atypical and low-grade squamous cell
lesion of cervix, 415

Ausdyk virus, 459

Australian bat lyssavirus, 13
Australian encephalitis, 9
Autoimmune diseases, EBV associated

with, 391
Avian myeloblastosis virus (AMV), 130

B
Bacteriophages, 563
Baltimore classification

double-stranded DNA viruses, 5–6
double-stranded RNA viruses, 7
negative sense single-stranded RNA

viruses, 11–13
positive sense single-stranded RNA

viruses, 8–10, 14
single-stranded DNA viruses, 7
six groups of, 14

Banna virus, 7
Bar coding, 174
Barmah Forest virus (BFV), 10, 494
Bat-associated viruses, database website

for, 17
Bayou virus, 11
BCA assay. See Biobarcode amplification

assay
BD MAX, 124
bDNA. See Branched DNA technology
BD ProbeTec herpes simplex viruses, 138,

139
BD Veritor System Flu A+B Immunoassay,

246–247
Betacoronavirus, 8
Betapapillomavirus, 6
BFV. See Barmah Forest virus
BGMK cells. See Buffalo green monkey

kidney cells
Biobarcode amplification (BCA) assay, 248
Bioinformatics, 181–188

data storage for, 186
management of, 186
options for, 182–184
pipelines for viral, 184–186
quality assurance for, 186–188
software options, 183
tools for, 182–184

Bioinformatics pipeline, 174
Biological agents, safe transport of, 47–48
BioMerieux, 137, 138
Biosafety

laboratory safety with, 44–46
principles of, 41
risk assessment for, 42
work practices with, 42

Biosafety cabinet (BSC), 53
Biosafety containment levels (BSL)

Crimean-Congo hemorrhagic fever virus
requirements under, 46

Ebola virus requirements under, 46
laboratory safety with, 44–46
range of, 45
recommended practices of, 46

Biosafety in Microbiological and
Biomedical Laboratories fifth
edition (BMBL5)

biosafety principles in, 41–42
BSL recommendations in, 45

BK polyomavirus (BKPyV), 427
associated hemorrhagic cystitis, 438
associated nephropathy, 437–438
clinical significance of, 431
diagnosis of, 434–435
seroprevalence of, 428–429, 430

BK virus (BKV)
Quantitative detection of, 159
specimen collection for, 66
specimen information for ocular

infections with, 70
Black Creek Canal Virus, 11
Bleach, laboratory safety with, 44
Bloodborne Pathogen Standard, 44, 47
Blood transfusion, human herpes virus 8

with, 401
BMBL5. See Biosafety in Microbiological

and Biomedical Laboratories fifth
edition

Bocaparvovirus, 7
Bolivian hemorrhagic fever, 19
Borna disease virus, 12
Bornavirus, 12
Bourbon virus, specimen information for

neurological infections with, 62
Bovine popular stomatitis virus, 459
Branched DNA technology (bDNA)

application in virology laboratory of, 170
characteristics of, 168–170
comparison of HC2 with, 170
principles of, 168–170
scheme for, 169

Breast cancer, EBV associated with,
390–391, 396

Bronchitis, 12–13
BSC. See Biosafety cabinet
BSL. See Biosafety containment levels
Bufaviruses, 320
Buffalo green monkey kidney (BGMK)

cells, 83
Bundibugyo ebolavirus, 12
Bunyaviridae, 495

clinical significance of, 501–502
epidemiology of, 499–500
family summarized, 497
vaccination for, 503

Bunyaviruses, caution in handling
specimens from, 73

Bwamba virus, 11

C
Cache Valley Virus, 83
Caliciviruses

biology of, 311
clinical significance of, 315
detection and diagnosis of
electron microscopy, 313, 317
immunoassays, 317
qRT-PCR assays, 317
RT-PCR assays, 317
serology, 317

epidemiology of, 314
viral classification of, 311

California (La Crosse) encephalitis
specimen information for neurological

infections with, 62
taxonomy and characterization of, 11

Camelpox virus, 459
CAP, 36–37
CAPA. See Corrective and preventive

action
Cardio-pulmonary syndrome, 11
Cardiovirus, 8
CASCO. See Committee on Conformity

Assessment
Casjens and Kings classification, 14
CCHFV. See Crimean-Congo hemorrhagic

fever virus
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CDC. See Centers for Disease Control and
Prevention

Cell cultures
of adenoviruses, 87
astroviruses diagnosis with, 319
of CMV, 83, 87
co-cultivated, 84–85
conventional, 80
cytomegalovirus diagnosis with, 376, 378
cytopathic effect in, 80–81
detection methods for, 81
diagnostic applications of, 89–90
enteric adenoviruses diagnosis with, 319
of enteroviruses, 87
equipment needed for, 79–80
genetically modified, 85–86
hemadsorption, 81
herpes simplex virus diagnosis with,

367–368
of HSV, 81, 86
H&V mix, 85
incubation period for, 80–81
of influenza virus, 81, 88
inoculation of, 80–81
mixed, 84–85
monoclonal antibody pools with,

84–85
obtaining specimens for, 80
of parainfluenza virus, 81–82, 88
processing specimens for, 80
quality assurance for, 31, 88–89
of rhinoviruses, 88
R-mix, 84–85
R-mix Too, 84–85
rotaviruses diagnosis with, 317
of RSV, 88
sensitivity in, 79
shell vial (centrifugation) technique in,

83–84
Super E-mix, 85–86
supplies needed for, 79–80
troubleshooting for, 88–89
types of, 79, 80
uninfected, 82
varicella-zoster virus diagnosis with, 368,

369
viral diagnosis with, 79
viruses commonly isolated in, 86–88
virus-induced effect detection in, 83–84
virus isolation in, 79–83
of VZV, 81, 87

Centers for Disease Control and
Prevention (CDC), 35

biosafety introduced by, 41
bloodborne pathogens precautions with,

44
disinfection guidelines from, 42
gastroenteritis recommendations, 65
laboratory design guidance by, 54
risk assessment, 42
virology tests by, 581–584

Centers for Medicare and Medicaid
Services (CMS), 27, 35

certificate of compliance from, 36
Central Asian hemorrhagic fever, 19
Centrifugation, in shell vial technique,

83–86
Centrifugation technique. See Shell vial

technique
Cepheid GeneXpert, 133
Cepheid GeneXpert Omni, 247
Cervical cancer, 416–417

prevention of, 417

screening, 413
treatment of, 417

Cervical high-grade squamous cell lesion,
415

Cervical squamous cell carcinoma and
adenocarcinoma, 415

Cezary disease, 14
Chandipura virus, 13
Changuinola virus, 7
Chemical Hygiene Plan (CHP), 43
Chickenpox. See Varicella
Chikungunya virus (CHIKV), 19, 494

clinical significance of, 500
epidemiology of, 498
public health laboratory testing for, 592
specimen information for infections with

joint pain with, 64
specimen information for neurological

infections with, 62
taxonomy and characterization of, 10

Chlamydiae
best practices for, 553–555
biology of, 545–546
classification of, 545
clinical significance of, 547
detection and diagnosis of, 548–553
epidemiology of, 546–547
prevention of, 547–548
sample collection for, 548–549
treatment for, 547–548

Chlamydia pneumoniae
best practices for, 555
clinical significance of, 547
detection and diagnosis of, 552–553
epidemiology of, 546–547
NAAT in diagnosis of, 553
prevention of, 548
serology in diagnosis of, 553
tissue culture in diagnosis of, 553
treatment for, 548

Chlamydia trachomatis
best practices for, 553–555
clinical significance of, 547
detection and diagnosis of, 549–552
direct immunofluorescence for,

551–552
epidemiology of, 546
nucleic acid amplification testing for,

550–551
point-of-care test for, 552
prevention of, 547–548
tissue culture for, 552
treatment for, 547

CHP. See Chemical Hygiene Plan
Chronic active EBV infection, 388, 392,

394–395
ChunLab, 179
CLIA. See Clinical Laboratory

Improvement Amendments
CLIA Act of 1967 (CLIA 67), 35
CLIA Act of 1988 (CLIA 88)

compliance requirements for, 36–37
test complexity with, 35–36

Clinical and Laboratory Standards Institute
(CLSI), 35

guideline documents from, 28
laboratory personnel for, 27–28
procedure manual of, 28–30

Clinical Laboratory Improvement
Amendments (CLIA)

accrediting agencies under, 36
proficiency testing, 32–33
regulatory compliance with, 36–37

CLSI. See Clinical and Laboratory
Standards Institute

CMS. See Centers for Medicare and
Medicaid Services

CMV. See Cytomegalovirus
COLA, 37
Colorado tick fever virus, 7
Coltivirus, 7
Commensal virus, 563
Committee on Conformity Assessment

(CASCO), 38
Common wart. See Verruca vulgaris
Competency, 27–28
Condyloma, 416
Condyloma acuminata, 415
Congenital infections, specimen

information for, 67–68
Contig, 174
Conventional PCR, 129–130, 134
Coronaviridae, database website for, 17, 18
Coronaviruses, 320. See also Human

coronaviruses
caution in handling specimens from, 73
Middle Eastern respiratory syndrome, 8
middle east respiratory syndrome with, 592
specimen information for respiratory

disease with, 60
Corrective and preventive action (CAPA),

33
Cosavirus, 8
Cowpox virus (CPXV), 457, 459

historic standards for diagnosis of, 458
taxonomy and characterization of, 5

Coxsackieviruses, history of discovery for, 277
CPE. See Cytopathic effects
CPXV. See Cowpox virus
Crimean-Congo hemorrhagic fever virus

(CCHFV), 19, 497
BSL requirements under, 46
clinical significance of, 501
epidemiology of, 499
taxonomy and characterization of, 11

C-type lectins, 568, 569–571
Cutaneous HPV, 415–416
Cytomegalovirus (CMV)

AIDS with infection from, 381
antigenemia assay for, 377, 378
antiviral susceptibility testing for
clinical Indications for, 203
definitions, antiviral resistance, 203–204
variables of, 203–204

antiviral treatment for, 203–204
assays for, 204–208
best practices for, 380–382
biology of, 373
clinical significance of, 374
congenital, 380–381
detection and diagnosis of, 375–380
cell culture in, 81, 83, 87
future of, 382

diagnosis of antiviral resistance for, 380
epidemiology of, 373–374
histopathology for, 376, 378
infectious mononucleosis with, 380
measuring host immune reactivity to,

379–380
mutations in UL54-gene of, 207–208
mutations in UL97-gene of, 205–206
nucleic acid amplification test for, 377
nucleic acid-based molecular methods

for, 377
nucleic acid test for, 378–379
perinatal, 380–381
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Cytomegalovirus (CMV) (continued)
prevention of, 374–375
quantitative detection of, 145–146,

157–158
repeat specimen collection for, 72
serologic tests for, 375, 376, 378
shell vial assay for, 376, 378
specimen information for congenital

infections with, 67
specimen information for infectious

mononucleosis with, 69
specimen information for neurological

infections with, 63
specimen information for ocular

infections with, 70
specimen information for respiratory

disease with, 60
taxonomy and characterization of, 5
transplant recipients with infection

from, 381–382
treatment for, 374–375
tube culture for, 376
viral classification of, 373
virus culture for, 376, 378

Cytopathic effects (CPE), 42
cell cultures with, 80–81
poliovirus with, 277

D
Deep sequencing, 174
Deer Tick virus, 496
Deltaretrovirus, 14
Deltavirus, 13
Dengue fever, 9
Dengue hemorrhagic fever, 9, 19
Dengue virus, 496

antibody detection for, 105
clinical significance of, 500–501
database website for, 17–19
epidemiology of, 498
public health laboratory testing for, 592
specimen collection for, 66
specimen information for hemorrhagic

fevers with, 70
specimen information for infections with

joint pain with, 64
specimen information for neurological

infections with, 62
taxonomy and characterization of, 9

De novo assembly, 174
Department of Health and Human

Services (HHS), 35
Department of Transportation (DOT), safe

transport of specimens in, 48
Dependoparvovirus, 443

clinical significance of, 447
epidemiology of, 445
taxonomy and characterization of, 7

Depth of coverage, 174
DFA. See Direct immunofluorescence
Diagnostic Hybrids (DHI), 96
Diarrhea, enteroviruses with, 284
DiaSorin, 138, 140
Digital PCR (dPCR), 134, 135, 145, 149

as future technology, 244–245
DIHS. See Drug-induced hypersensitivity

syndrome
Dimethyl sulfoxide (DMSO), 44
Direct antigen detection, quality assurance

with, 31–32
Direct immunofluorescence (DFA), 95, 96

characteristics of, 101

Chlamydia trachomatis diagnosis with,
551–552

for rabies virus diagnosis with, 481–483
Disinfection

CDC guidelines for, 42
chemical methods of, 42–43
EPA approval of, 42
laboratory safety with, 42–43
UV light, 42

DMSO. See Dimethyl sulfoxide
DNA library, 174
DNA sequencing, 173–193

antiviral resistance detection with,
189–191

application of, 188–189
bioinformatics for, 181–188
FDA clearing of, 173
HEV, 192
MERS, 192
next generation, 173–181
pyrosequencing for, 175
Sanger sequencing for, 173–175
SARS, 192
viral population analysis with, 189–192
viromics with, 189
virus detection and identification with,

188–189
virus genotyping with, 191–192

DNA virus infections
antiviral therapy for, 203
diagnosis flow chart for, 203
treatment flow chart for, 203

Documentation, 28
DOT. See Department of Transportation
dPCR. See Digital PCR
Dried blood spot testing, 248–249
Drug-induced hypersensitivity syndrome

(DIHS), HHV-6 associated with,
401

Dugbe virus, 11
Dye terminator, 179

E
Eastern equine encephalitis virus (EEEV),

10, 16, 494
clinical significance of, 500
epidemiology of, 497
specimen information for neurological

infections with, 62
EasyMag, 123
Ebola virus, 12, 19

BSL requirements under, 46
FilmArray BioThreat panel for, 249, 250
future technology for, 249–250
genotyping for, 192
ReEBOVAntigen Rapid Test for, 249,

250
specimen information for hemorrhagic

fevers with, 70
taxonomy and characterization of, 12

Ebola Virus Rapid Antigen Diagnostic
Test, 249, 250

EBV. See Epstein-Barr virus
EBV-associated, 389, 390, 395–396
Ectromelia virus, 459
EEEV. See Eastern equine encephalitis virus
EIA. See Enzyme immunoassay
Electron microscopy

astroviruses diagnosis with, 313, 319
caliciviruses diagnosis with, 313, 317
enteric adenoviruses diagnosis with, 313,

319

rotaviruses diagnosis with, 313, 318
Electropherotyping

enteric adenoviruses diagnosis with, 319
rotaviruses diagnosis with, 318

Electrospray ionization (ESI), 134–135
PCR-ESI/MALDI, 134–135
PCR-ESI-MS, 245

ELISA. See Enzyme-linked immunosorbent
assays

ELVIS (Enzyme-linked inducible system),
86

Emulsion PCR, 174
Encephalitis, 14. See also California

encephalitis; Eastern equine
encephalitis virus; St. Louis
encephalitis virus; Venezuelan
equine encephalitis virus; Western
equine encephalitis virus

Australian, 9
enteroviruses with, 283
Japanese, 9, 496, 499, 501
Murray Valley, 9, 496, 499
tick-borne, 9, 496
Venezuelan, 62

Encephalomyelitis, 14
Enigma MiniLab influenza A/B & RSV,

248
Enteric adenoviruses

biology of, 314
clinical significance of, 316
detection and diagnosis of
cell culture, 319
electron microscopy, 313, 319
electropherotyping, 319
immunoassays, 319–320
PCR assays, 320
real time PCR assays, 320
serology, 319

epidemiology of, 315
viral classification of, 314

Enteroviral encephalomyelitis, 8
Enteroviral meningitis, 8
Enteroviral vesicular pharyngitis, 8
Enteroviruses, 277–287

acute hemorrhagic conjunctivitis with,
283

acute myocarditis caused by, 283
age in risk for, 280–281
antigenicity of, 279
antivirals in treatment of, 284
asymptomatic infections with, 281–284
biology of, 277–279
classification of, 277–279
clinical syndromes with, 281–284
diagnosis of, cell culture, 87
diagnostic best practices for, 287
diarrhea with, 284
encephalitis with, 283
epidemiology of, 279–281
fever with maculopapular rash with, 283
geography factors with, 280–281
hand-foot-and-mouth disease with, 283
herpangina with, 283
history of discovery for, 277–278
incubation times for, 281
laboratory diagnosis of, 284–287
mode of transmission for, 279–280
molecular detection and characterization

for, 285–286
molecular variation with, 281
neonatal enterovirus diseases with, 284
neutralization of, 279
nucleic acid detection assays for, 235
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paralytic myelitis caused by, 282
pathogenesis with, 281–284
pericarditis caused by, 283
pleurodynia with, 283
poliomyelitis with, 282
replication in cell culture of, 279
respiratory disease with, 284
risk groups for, 280–281
seasonal factors with, 280–281
sex in risk for, 280–281
socioeconomic factors with, 280–281
specimen information for congenital

infections with, 68
specimen information for exanthems

with, 61
specimen information for neurological

infections with, 62
specimen information for ocular

infections with, 70
specimen information for respiratory

disease with, 60
structure of, 278–279
taxonomy and characterization of, 8
treatment and prevention of, 284
viral meningitis with, 282–283
virus isolation and identification for, 285

Enzyme immunoassay (EIA), 32, 98–100
application of, 110–111
characteristics of, 101
competitive, 110
immunohistochemical staining, 98–100
indirect, 109–110
membrane, 98, 99, 101
method for, 109–110
microwell-based, 99–100, 101
multiplexing, 110
quality assurance for, 102, 111
troubleshooting for, 111
tube, 99–100

Enzyme-linked immunosorbent assays
(ELISA)

HHV-8 diagnosis with, 406
HTLV testing with, 539

Enzyme-linked inducible system. See ELVIS
EPA. See U.S. Environmental Protection

Agency
EPC. See External positive controls
Epidermodysplasia verruciformis, 415
Epithelial lesions, EBV associated with,

389–391, 392, 396
EpMotion, 124
Epstein-Barr virus (EBV)

antibody detection assays for, 233
antibody detection for, 105
autoimmune diseases associated with,

391
best practices for, 396
biology of, 387–388
breast cancer associated with, 390–391,

396
chronic active EBV infection, 388, 392,

394–395
clinical significance of, 388–391
detection and diagnosis of, 392–396
epidemiology of, 388
epithelial lesions associated with, 389–

391, 392, 396
gastric cancer associated with, 390, 392,

396
hemophagocytic lymphohistiocytosis

with, 388–389, 392, 395
infectious mononucleosis with, 388, 391,

393–394

lymphomas associated with, 389, 390,
395–396

lymphoproliferative diseases associated
with, 388–389, 392, 394–396

nasopharyngeal carcinoma associated
with, 390, 392, 396

oral hairy leukoplakia associated with,
389–390, 392, 396

posttransplant lymphoproliferative
disorder with, 389, 392, 395

prevention of, 391–392
quantitative detection of, 145, 158
repeat specimen collection for, 72
smooth muscle tumors associated with,

391, 392, 396
specimen information for infections with

joint pain with, 64
specimen information for infectious

mononucleosis with, 69
specimen information for neurological

infections with, 63
specimen information for ocular

infections with, 70
taxonomy and characterization of, 5
treatment for, 391–392
viral classification of, 387–388
X-linked lymphoproliferative syndrome

with, 389, 392, 395
Erythema infectiosum, 450–451
Erythroparvovirus, 443

clinical significance of, 446
epidemiology of, 444
taxonomy and characterization of, 7

Erythroplakia, 415
ESI. See Electrospray ionization
Ethidium bromide, 43–44
Exanthema subitum (Sixth disease), 5
Exanthems, specimen information for, 61
External positive controls (EPC), 150
EZ1 Advanced, 123
EZ1 Advanced XL, 123

F
FA. See Immunofluorescence
FASTA/BFA, 174
FASTQ, 174, 181
FDA. See Food and Drug Administration
Fetal hydrops, 451
Fever. See also Hemorrhagic fevers

arthropod-borne viral, 7
Dengue hemorrhagic, 9, 19
enteroviruses with, 283
fever, 9
Jungle yellow, 19
Junin hemorrhagic, 11, 19
Lassa, 19
Rift Valley, 19, 497, 499, 501–502
Sandfly fever Naples virus, 12, 497
SFTS, 333
SFTSV, 497, 500
sylvatic yellow, 19
urban yellow, 19
yellow, 9, 19
yellow fever virus, 496, 499, 501

FilmArray, 124
FilmArray BioThreat panel, 249, 250
Filoviruses

biology of, 515
clinical significance of, 518
detection and diagnosis of, 520
diagnostic best practices for, 522
epidemiology of, 516–517

prevention of, 519
treatment for, 519
viral classification of, 515

Flat warts, 415
Flaviviridae, 495

clinical significance of, 500–501
epidemiology of, 498–499
family summarized, 496
vaccination for, 502–503

Flavivirus, 9
Fluorescence resonance energy transfer

(FRET), 132
Focal epithelial hyperplasia (Heck’s

disease), 415
Focus Simplexa Direct, 133
Focus Simplexa Flu A/B & RSV Direct

assay, 247–248
Food and Drug Administration (FDA)

approved assays for high-risk HPV
testing, 419

DNA sequencing cleared by, 173
fluorescent dyes approved by, 95
quantitative molecular methods

approved by, 145–146
test complexity approved by, 35–36
up-classifying RIDTs, 230, 231

FRET. See Fluorescence resonance energy
transfer

Future technology
Alere i Influenza A&B assay, 247
Alere Q NAT system, 248
BD Veritor System Flu A+B

Immunoassay, 246–247
biobarcode amplification assay, 248
Cepheid GeneXpert Omni, 247
diagnostic virology applications of,

243–250
digital polymerase chain reaction,

244–245
dried blood spot testing, 248–249
for Ebola Virus, 249–250
Ebola Virus Rapid Antigen Diagnostic

Test, 249, 250
Enigma MiniLab influenza A/B & RSV,

248
FilmArray BioThreat panel, 249, 250
Focus Simplexa Flu A/B & RSV Direct

assay, 247–248
for HIV, 248–249
for influenza virus, 247–248
next-generation sequencing, 243–244
PCR/ESI-MS, 245
rapid influenza diagnostic tests, 246
ReEBOVAntigen Rapid Test, 249, 250
Roche Cobas Liat System, 247
Sofia Influenza A+B Fluorescent

Immunoassay, 246
surface plasmon resonance, 245–246
viral microarray-based assays, 245

G
Gammaherpesviral mononucleosis, 5
Gammapapillomavirus, 6
Gastric cancer, EBV associated with, 390,

392, 396
Gastroenteritis, specimen information for,

65
Gastrointestinal viruses

antigen detection assays for, 231–232
best practices for, 321
biology of, 311–314
clinical significance of, 315–316
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Gastrointestinal viruses (continued)
detection and diagnosis of, 317–320
epidemiology of, 314–315
future directions in diagnosis of, 320
multiple pathogen detection assays for,

320
next generation sequencing for, 320
nucleic acid detection assays for, 236
prevention of, 316–317
treatment for, 316–317
viral classification of, 311–314

GeneXpert, 124
Genital infections, specimen information

for, 66
Genital papilloma, 416
Genital warts, 416
GenMark, 125
GenomeLab GeXP, 179
Genotyping assays

HCV detection with, 357
HPV identification with, 420–421

German measles. See Rubella
GridION, 179
Guama virus, 11
Guanarito virus, 11
Guanidinium compounds, 43
Guanidinium thiocyanate-phenol-

chloroform extraction, 117–118
Gut microbiota, 563

H
HAd. See Hemadsorption
Hairy-cell leukemia, 14
HAM/TSP. See HTLV-1-associated

myelopathy/tropical spastic
paraparesis

Hand-foot-and-mouth disease,
enteroviruses with, 283

Hantaan virus, 11
Hanta(cardio)-pulmonary syndrome, 11
Hantavirus

biology of, 516
clinical significance of, 518–519
detection and diagnosis of, 520–521
diagnostic best practices for, 522
epidemiology of, 517
prevention of, 519–520
specimen information for hemorrhagic

fevers with, 70
taxonomy and characterization of, 11
treatment for, 519–520
viral classification of, 516

HAV. See Hepatitis A virus
HBeAg, Hepatitis B virus detection with,

348
HBoV1-4. See Human bocaviruses
HBsAg, Hepatitis B virus detection with,

347–348
HBV. See Hepatitis B virus
HC2. See Hybrid capture technology
HCoV. See Human coronaviruses
HCV. See Hepatitis C virus
HDV. See Hepatitis delta virus
Heart infections, specimen information

for, 70
Heartland phleboviruses, 83
Heartland virus, 497

specimen information for neurological
infections with, 62

Heat map, 174
Heck’s disease. See Focal epithelial

hyperplasia

Helicose sequencing, 179
Hemadsorption (HAd), 81–83
Hemagglutination inhibition (HI), 299

application of, 107
arboviruses diagnosis with, 506
limitations of, 107–108
methods for, 107
quality assurance for, 107–108
troubleshooting for, 107–108

Hemophagocytic lymphohistiocytosis, EBV
associated with, 388–389, 392, 395

Hemorrhagic cystitis, BK polyomavirus
associated, 438

Hemorrhagic fevers
arenaviral, 19
Bolivian, 19
Central Asian, 19
Crimean-Congo, 19, 497
BSL requirements under, 46
clinical significance of, 501
epidemiology of, 499
taxonomy and characterization of, 11

Dengue, 9, 19
Junin, 11, 19
Machupo, 11, 19
Omsk, 9, 19, 496
with renal syndrome, 19
specimen information for, 70

Hendra virus, 12
Henipavirus, 12
Hepacivirus, 9
HEPA filter, 45
Hepatic infections, specimen information

for, 65
Hepatitis A virus (HAV), 9

antibody detection for, 334–335
antigen detection for, 335
best practices for, 336
biochemical testing for, 334
biology of, 329–330
clinical significance of, 332
detection and diagnosis of, 334–336
epidemiology of, 331
genome composition for, 330
histological characteristics of, 334
molecular detection for, 335–336
prevention of, 333
specimen information for gastroenteritis

with, 65
treatment for, 333
viral classification of, 329–330
virus isolation for, 335

Hepatitis B virus (HBV)
antigen for detection of, 347
anti-HBe for detection of, 349
anti-HBs for detection of, 348–349
antiviral agents for, 344
antiviral susceptibility testing for, 208
antiviral testing for, 349
biology of, 341–342
classification of, 341–342
clinical significance of, 343–344
database website for, 17
detection and diagnosis of, 345–349
diagnostic best practices for, 349
epidemiology of, 342
genetic marker in predicting outcome of,

574
genotyping, 191
HBeAg for detection of, 348
HBsAg for detection of, 347–348
HLA gene polymorphisms’ effect on,

574

IgM anti-HBc for detection of, 348
markers in different stages of infection

for, 342
microscopic detection of, 347
nucleic acid detection of, 348
nucleoside analogue for, 344
prevention of, 344
public health laboratory testing for, 589
quantitative detection of, 146, 157
serologic detection for, 105
serologic markers in patients with, 345
serologic tests for, 348
total anti-HBc for detection of, 348
treatment of, 344–345
worldwide distribution of, 343

Hepatitis C virus (HCV), 9
antibody detection assays for, 232–233
antiviral susceptibility testing for, 208,

212, 220–221
assays for
genotyping assays, 357
point-of-care testing, 357–358
resistance testing, 357
RNA detection and quantification as-
says, 355–357

screening assays, 355
biology of, 351–352
classification of, 351–352
clinical significance of, 352–353
detection and diagnosis of, 354–355
epidemiology of, 352
genetic marker in predicting outcome

of, 574
genome organization of, 352
genotyping, 191
HLA gene polymorphisms’ effect on,

574
monitoring of, 354–355
prevention of, 353–354
public health laboratory testing for, 589
quantitative detection of, 146, 156–157
treatment of, 353–354

Hepatitis delta virus (HDV)
biology of, 342
clinical significance of, 344
detection and diagnosis of, 349
diagnostic best practices for, 349
epidemiology of, 342–343
prevention of, 344–345
taxonomy and characterization of, 13
treatment of, 344–345

Hepatitis E virus (HEV), 9
antibody detection for, 105
best practices for, 337
biochemical events during infection

with, 333
biology of, 330–331
clinical significance of, 332–333
detection and diagnosis of, 336
DNA sequencing for, 192
epidemiology of, 332
immunological events during infection

with, 333
prevention of, 333–334
treatment for, 333–334
viral classification of, 330–331
virological events during infection with,

333
Hepatovirus, 9
Hepevirus, 9
Herpangina, enteroviruses with, 283
Herpes simplex virus (HSV)

antiviral susceptibility testing for
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clinical Indications for, 203
definitions, antiviral resistance, 203–204
variables of, 203–204

antiviral therapies for, 366
antiviral treatment for, 203–204
assays for, 204, 209–219
best practices for, 369–370
biological characteristics of, 363
clinical significance of, 364–365
detection and diagnosis of
algorithm for, 368
analytical, 367–368
antibody, 368
cell culture in, 81, 87
nucleic acid amplification tests, 368–369
postanalytical, 369
preanalytical, 367

diagnostic approach to, 60, 65
epidemiology of, 364
mechanism of action of therapies for,

366–367
mutations in UL23-gene of, 209–212
mutations in UL30-gene of, 213–219
prevention of, 366–367
specimen information for congenital

infections with, 67
specimen information for exanthems

with, 61
specimen information for genital

infections with, 66
specimen information for neurological

infections with, 62
specimen information for ocular

infections with, 70
specimen information for respiratory

disease with, 60
viral classification of, 363

Herpesviridae, database website for, 18
Herpesviruses. See also Human herpesvirus

historic standards for diagnosis of, 458
Herpes zoster. See Zoster
HEV. See Hepatitis E virus
HHS. See Department of Health and

Human Services
HHV-6. See Human herpes virus 6
HHV-6A. See Human herpes virus 6A
HHV-6B. See Human herpes virus 6B
HHV-7. See Human herpes virus 7
HHV-8. See Human herpes virus 8
HI. See Hemagglutination inhibition
Histopathology

cytomegalovirus diagnosis with, 376, 378
for parapoxviruses lesion, 463
for poxviruses lesion, 461
for yatapoxviruses lesion, 464

HIV. See Human immunodeficiency virus
HMPV. See Human metapneumovirus
Holmes classification, 14
Hologic, 138
Horsepox virus, 459
HPV. See Human papillomavirus
HSV. See Herpes simplex virus
HTLV. See Human T-lymphotropic viruses
HTLV-1-associated myelopathy/tropical

spastic paraparesis (HAM/TSP), 531
treatment of, 532

Human adenovirus, database website for, 17
Human bocaviruses (HBoV1-4), 443

clinical significance of, 446–447
diagnosis of, HBoV1, 447–448, 450
epidemiology of, 444–445

Human coronaviruses (HCoV)
best practices for, 271

biology of, 258–259
classification of, 258–259
clinical significance of, 264
diagnosis of, 269
epidemiology of, 261–262
prevention of, 266–267
relative importance of, 258–259,

261–262
taxonomy and characterization of, 8
treatment of, 266–267

Human herpesvirus
specimen information for exanthems

with, 61
specimen information for ocular

infections with, 70
Human herpesvirus 1, 5
Human herpesvirus 2, 5
Human herpesvirus 3, 5
Human herpes virus 4, 5
Human herpesvirus 5, 5
Human herpes virus 6 (HHV-6)

AIDS in patients with, 69
antigen detection for diagnosis of, 404,

407
biology of, 399
clinical aspects of, 401–402
diagnostic best practices for, 407–408
DIHS associated with, 401
discovery of, 399
DNA for diagnosis of
in CSF, 405
in plasma, 404–405
in saliva, 405

epidemiology of, 400
immunocompetent hosts with infections

from, 401
immunocompromised hosts with

infections from, 401–402
laboratory diagnosis for, 404–405, 407
multiple sclerosis associated with, 401
nucleic acid detection for diagnosis of,

404, 407
prevention of, 403
qualitative PCR for diagnosis of, 404,

407
qualitative RTPCR for diagnosis of, 404,

407
serology for diagnosis of, 404, 407
specimen selection for diagnosis of, 404
transcript detection in diagnosis of, 405,

407
transmission of, 400
treatment for, 403
viral load interpretations with diagnosis

of, 405
virus isolation for diagnosis of, 404, 407

Human herpes virus 6A (HHV-6A), 5
Human herpes virus 6B (HHV-6B), 5
Human herpes virus 7 (HHV-7), 399

antibody tests in diagnosis for, 405–406
biology of, 400
clinical aspects of, 402
diagnostic best practices for, 408
discovery of, 400
epidemiology of, 400–401
laboratory diagnosis for, 405–406
prevention of, 403
taxonomy and characterization of, 5
transmission of, 400–401
treatment for, 403

Human herpes virus 8 (HHV-8), 399
biology of, 400
blood transfusion with, 401

clinical aspects of, 402–403
diagnostic best practices for, 408
discovery of, 400
enzyme-linked immunosorbent assays in

diagnosis of, 406
epidemiology of, 401
immunofluorescence assays in diagnosis

of, 406
Immunohistochemistry in diagnosis of,

406–407
Kaposi’s sarcoma associated with,

402–403
laboratory diagnosis for, 406–407, 408
organ transplantation with, 401
PCR in diagnosis of, 407
prevention of, 403
serology for diagnosis of, 406, 408
In Situ hybridization in diagnosis of,

406–407
taxonomy and characterization of, 5
transmission of, 401
treatment for, 403

Human immunodeficiency virus (HIV), 14
Alere Q NAT system for, 248
antibody detection assays for, 233–235
antiviral susceptibility testing for,

221–222
best practices for, 540–541
biobarcode amplification assay for, 248
biology of, 527–529
clinical significance of, 530–531
coreceptor tropism determination with,

537
cytomegalovirus infection with, 381
database websites for, 17
detection and diagnosis of, 532–538
alternative specimens, 535–536
confirmation of, 536
in infants and children, 535
principal questions for, 533–538
rapid tests, 535–536
virus properties in, 536–537
when to test after exposure, 534–535

dried blood spot testing for, 248–249
epidemiology of, 529
future technology for, 248–249
genetic marker in predicting outcome of,

574
global distribution of, 529
HLA gene polymorphisms’ effect on,

574
origin of, 527
preferred procedure for testing of, 540
prevention of transmission of, 532
public health laboratory testing for,

589–590
quantitative detection of, 145–146,

155–156
repeat specimen collection for, 71–72
replication characteristics of, 528
retroviral replication for, 527–528
screening in, 534
serologic detection for, 105
specimen information for congenital

infections with, 68
specimen information for infections with

joint pain with, 64
specimen information for infectious

mononucleosis with, 69
specimen information for retroviruses

with, 66
transmission, 529
treatment for, 531–532
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Human immunodeficiency virus (HIV), 14
(continued)

viral classification of, 527–529
viral load with, 537–538
virologic and immunologic parameters

for infection of, 530
virus diversity for, 527–528
window periods in early infection

of, 534
Human mastadenovirus

renaming of, 15
taxonomy and characterization of, 5

Human metapneumovirus (HMPV)
best practices for, 271
biology of, 257–258
classification of, 257–258
clinical significance of, 263
diagnosis of, 268
epidemiology of, 260
pneumonia, 13
prevention of, 265–266
relative importance of, 257–258, 260
specimen information for respiratory

disease with, 60
taxonomy and characterization of, 13
treatment of, 265–266

Human papillomavirus (HPV)
best practices for, 421–422
biology of, 413–414
classification of, 413–414
clinical significance of, 415
cutaneous, 415–416
cytological screening for, 60
detection and diagnosis of, 418–421
diseases associated to, 415
DNA-based assays for identification of
amplification-based assays, 420
antigen detection, 421
genotyping, 420–421
serology, 421
signal amplification, 419–420

epidemiology of, 414–415
FDA-approved assays for high-risk HPV

testing, 419
mucosal, 416–417
prevention of, 417–418
public health laboratory testing for, 590
specimen collection for, 419
specimen information for genital

infections with, 66
treatment of, 417–418
vaccines comparison for, 418
viral proteins functions with, 414

Human parainfluenza virus, 12–13
Human parechovirus, 9
Human picorbirnavirus, taxonomy and

characterization of, 7
Human polyomaviruses

best practices for, 436–438
biology of, 427–428
clinical significance of, 431–433
detection and diagnosis of, 433–436
epidemiology of, 428–431
genome organization for, 427
life cycle of, 427–428
molecular epidemiology of, 429–431
prevention of, 433
seroepidemiology of, 428–429
structure of, 427
treatment for, 433
viral classification of, 427–428

Human polyomaviruses 6, 427
clinical significance of, 433

diagnosis of, 436
seroprevalence of, 430

Human polyomaviruses 7, 427
clinical significance of, 433
diagnosis of, 436
seroprevalence of, 430

Human polyomaviruses 9, 427
clinical significance of, 433
diagnosis of, 436
seroprevalence of, 430

Human polyomaviruses 12, 427
clinical significance of, 433
diagnosis of, 436
seroprevalence of, 430

Human respiratory syncytial virus, 13
Human T-lymphotropic viruses (HTLV)

best practices for, 540–541
biology of, 527–529
clinical significance of, 531
confirmation tests for, 538–540
detection and diagnosis of, 538–540
ELISA tests for, 539
epidemiology of, 529–530
global distribution of, 529–530
origin of, 527
prevention of, 532
primate, 14
proviral load with, 540
replication characteristics of, 528–529
retroviral replication for, 527–528
screening tests for, 538
specimen information for exanthems

with, 61
specimen information for neurological

infections with, 63
specimen information for retroviruses

with, 66
transmission, 530
treatment for, 532
viral classification of, 527–529
virus diversity for, 527–528
western blot tests for, 538–539

Human torovirus, 8, 20
Human virome, 561–564

bacteriophages in, 563
commensal virus in, 563
composition of, 563–564
future view of, 564
gut microbiota in, 563
next generation sequencing strategies

for, 561
technologies for studying, 562–563
whole-genome shotgun sequencing

strategies for, 562
H&V mix, 85
Hybrid capture technology (HC2)

application in virology laboratory
of, 168

characteristics of, 167–168
comparison of bDNAwith, 170
principles of, 167–168
scheme for, 168

Hypogammaglobulinemia, 571

I
Iam BKV, 138, 140
Iam CMV, 138, 140
Iam HSV1&2, 138, 140
Iam Parvo, 138, 140
Iam VZV, 138, 140
IATA. See International Air Transport

Association

ICD. See International Statistical
Classification of Diseases and
Related Health Problems

ICTV. See International Committee on
Taxonomy of Viruses

IF. See Immunofluorescence
IFA. See Immunofluorescence antibody

assay
IgM anti-HBc, hepatitis B virus detection

with, 348
IgM assay, measles virus diagnosis with, 299
IHC. See Immunohistochemistry
ILAC. See International Laboratory

Accreditation Cooperation
Illumigene� HSV 1&2, 138, 140
Illumina sequencing technology, 176
Immunoassays. See also Enzyme

immunoassay
astroviruses diagnosis with, 319
BD Veritor System Flu A+B, 246–247
caliciviruses diagnosis with, 317
enteric adenoviruses diagnosis with,

319–320
microsphere, 506
rotaviruses diagnosis with, 318
Sofia Influenza A+B Fluorescent, 246

Immunochromatography (Lateral Flow),
96–98

characteristics of, 101
quality assurance for, 102

Immunofluorescence (FA), 95–96
application of, 109
characteristics of, 101
direct methods of, 95, 96, 101, 481–483,

551–552
FDA approval of, 95
indirect methods of, 95–96, 101
limitations of, 109
method for, 108–109
quality assurance for, 102, 109
staining using, 81
troubleshooting for, 109

Immunofluorescence antibody assay (IFA)
direct, 32
HHV-8 diagnosis with, 406
indirect, 95–96
characteristics of, 101

measles virus diagnosis with, 299
Immunoglobulin M determinations

application of, 111–112
method for, 111
quality assurance for, 112–113
troubleshooting for, 112–113

Immunohistochemistry (IHC)
HHV-8 diagnosis with, 406–407
staining, 98–100

Immunostaining
blind, 83
cell culture, 83
IF staining, 81

Incubation
of cell cultures, 80–81
times for enteroviruses, 281
times for parechoviruses, 281

Indel, 174
Indiana virus, 13
Infections with joint pain, specimen

information for, 64
Infectious mononucleosis

cytomegalovirus with, 380
EBV with, 388, 391, 393–394
specimen information for, 69

Inflammasome defects, 571
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Inflammatory bowel diseases, EBV
associated with, 391

Influenza A virus, 12
Influenza B virus, 12
Influenza C virus, 12
Influenza virus

Alere i Influenza A&B assay for, 247
antigen detection assays for, 230
antiviral susceptibility testing for, 204,

206, 208
best practices for, 270–271
biology of, 257
Cepheid GeneXpert Omni for, 247
classification of, 257
clinical significance of, 262–263
database website for, 17–18
diagnosis of, 267–268
cell culture in, 81, 88

Enigma MiniLab influenza A/B & RSV
for, 248

epidemiology of, 259–260
Focus Simplexa Flu A/B & RSV Direct

assay for, 247–248
future technology for, 247–248
neuraminidase inhibitors for, 206
PCR in screening of, 208
prevention of, 265
public health laboratory testing for, 590
relative importance of, 257, 259–260
Roche Cobas Liat System for, 247
specimen information for respiratory

disease with, 60
taxonomy and characterization of

human, 12
treatment of, 265

InGenius system, 125
Inoculation, of cell cultures, 80–81
Insert, 174
In Situ hybridization (ISH), HHV-8

diagnosis with, 406–407
Insulin-dependent diabetes mellitus, EBV

associated with, 391
International Air Transport Association

(IATA), safe transport of specimens
in, 48

International Committee on Taxonomy of
Viruses (ICTV)

modern taxonomy from formation
of, 15

ninth report of, 15
nomenclature of, 15
sixth report of, 16

International Laboratory Accreditation
Cooperation (ILAC), 38

International Organization for
Standardization (ISO), 35

15189 standards, 37–39
accreditation pathway steps, 39
management review scope, 38
technical components, 38

differences between LAPs accreditation
and, 39

medical laboratories standards from,
37–39

International Statistical Classification of
Diseases and Related Health
Problems (ICD), 16

Ion Torrent PG, 178–180
Ion torrent sequencing technology, 177
Isfahan virus, 13
ISH. See In Situ hybridization
ISO. See International Organization for

Standardization

Isothermal nucleic acid amplification
methods, 137–143

future aspects of, 141–142
future perspectives on, 142–143
loop-mediated, 139–140
nicking endonuclease amplification

reaction, 140
present state of, 141–142
recombinase polymerase, 140–141
strand displacement, 139
strengths of, 141
transcription-based, 137–139
weaknesses of, 141

J
Japanese encephalitis virus, 9, 496

clinical significance of, 501
epidemiology of, 499

JC polyomavirus (JCPyV), 427
clinical significance of, 431
diagnosis of, 435
progressive multifocal

leukoencephalopathy associated
with, 438

PVAN associated with, 438
seroprevalence of, 428–429, 430

JC virus
specimen collection for, 69
specimen information for neurological

infections with, 63
specimen information for ocular

infections with, 70
The Joint Commission (TJC), 36–37
Jungle yellow fever, 19
Junin hemorrhagic fever, 11, 19
Junin virus, 11

K
Kaposi’s sarcoma associated herpes virus

(KHSV)
HHV-8 associated with, 402–403
taxonomy and characterization of, 5

KFDV. See Kyasanur forest disease virus
KHSV. See Kaposi’s sarcoma associated

herpes virus
KingFisher, 123
KingFisher Flex, 123
KingFisher ML, 123
KI polyomavirus (KIPyV), 427

clinical significance of, 432
diagnosis of, 435–436
seroprevalence of, 430

Kmer, 174
Kobuvirus, 9
Koch’s postulates, 20
kPCR, 149
Kyasanur forest disease virus (KFDV), 9,

19, 496

L
Laboratories

certificate of compliance for, 36
regulation of testing in, 35–36
staff competency and requirements for,

27–28
test selection’s importance in, 59–60

Laboratory accreditation programs (LAPs),
39

Laboratory design, 51–55
bidding for, 52

biosafety cabinet in, 53
biosafety level requirements in, 52
CDC guidance for, 54
clinical virology elements needed in,

53–54
construction phase of, 52
LEAN concepts for, 55
occupancy phase of, 52–53
phases of, 51–53
planning for, 51
requirements for, 51
schematic for, 53, 54
workflow in, 54–55

Laboratory developed procedures (LDP),
153

Laboratory safety, 41–48
biosafety in, 44–46
principles of, 41

bleach in, 44
BSL levels in, 44–46
recommended practices for, 45

chemical safety, 43–44
culture of safety in, 41–42
disinfection in, 42–43
DMSO in, 44
electrical safety, 44
ethidium bromide in, 43–44
fire safety, 44
guanidinium compounds in, 43
hazard exposure with, 42
HEPA filter in, 45
personal protective equipment in, 45
risk assessment for, 42
safe transport of specimens in, 47–48
Safety Data Sheets for, 43
sterilization in, 42–43
waste disposal in, 48
work practices with, 42, 45, 46–47

La Crosse encephalitis. See California
encephalitis

La Crosse virus, 497
clinical significance of, 501

LAMP. See Loop-mediated isothermal
amplification

Langat virus, 9
LAPs. See Laboratory accreditation

programs
Lassa fever, 19
Lassa virus

specimen information for hemorrhagic
fevers with, 70

taxonomy and characterization of, 11
Lateral Flow. See Immunochromatography
LDP. See Laboratory developed procedures
Lembobo virus, 7
Lentivirus, 14
Leukoplakia, 415
L.H.T. (Lwoff Horne Tournier) system, 14
Life Technologies SOLiD system, 175
Locked nucleic acid (LNA), 147
Loop-mediated isothermal amplification

(LAMP)
advantages of, 141
application of, 140
commercially available kits for, 138
disadvantages of, 141
strengths of, 141
technique for, 139–140
weaknesses of, 141

Louping ill virus, 9
Lujo virus, 11
Lwoff Horne Tournier. See L.H.T. system
Lymphocryptovirus, 5
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Lymphocytic choriomeningitis virus
specimen information for neurological

infections with, 63
taxonomy and characterization of, 11

Lymphomas
adult T-cell, 531, 532
EBV-associated, 389, 390, 395–396

Lymphoproliferative diseases, 388–389,
392, 394–396

Lyssavirus, 13

M
M2000 sp, 123, 124
Macacine herpesvirus 1, 5
Machupo hemorrhagic fever, 11, 19
Machupo virus, 11
Maculopapular rash, enteroviruses with,

283
Madariaga virus, 10, 16
Madrid virus, 11
Magnapure, 123
Magnapure 96, 124
Magnapure Compact, 123
Major groove binding (MGB), 147
Malawi polyomavirus (MWPyV), 427

clinical significance of, 433
diagnosis of, 436
seroprevalence of, 430

MALDI-TOF. See Matrix assisted laser/
desorption ionization time of flight

Mamastrovirus, 9
Mammalian orthoreovirus, 7
Marburg marburgvirus, 12
Marburg virus

disease, 12, 19
specimen information for hemorrhagic

fevers with, 70
taxonomy and characterization of, 12

Massively parallel pyrosequencing, 179
Mastadenovirus

renaming of, 15
taxonomy and characterization of, 5

Mate pair read, 174
Matrix assisted laser/desorption ionization

time of flight (MALDI-TOF),
134–135

Maxwell, 123
Mayaro virus (MAYV), 494

taxonomy and characterization of, 10
MCPyV. See Merkel cell polyomavirus
Measles virus, 12

best practices for, 304
biology of, 293
clinical significance of, 295–296
detection/diagnosis of, 298–301
epidemiology of, 294
IgM assay for, 299
immunofluorescence antibody assay for,

299
plaque-reduction neutralization assay for,

299
prevention of, 297
serological results for, 300
treatment for, 297
Vero/hSLAM cell line for, 300
viral classification of, 293

Membrane EIA, 98, 99
characteristics of, 101

Meridian Bioscience, 138, 140
Merkel cell polyomavirus (MCPyV),

427
clinical significance of, 432

diagnosis of, 436
seroprevalence of, 430

MERS. See Middle East respiratory syndrome
Metagenomics, 174
Metapneumovirus, 13
MGB. See Major groove binding
MIAs. See Microsphere immunoassays
Microarray technology, arboviruses

diagnosis with, 507
Microsphere immunoassays (MIAs),

arboviruses diagnosis with, 506
Microwell-based EIA, 99–100

characteristics of, 101
Middle Eastern respiratory syndrome

coronavirus, 8
Middle East respiratory syndrome (MERS),

83
caution in handling specimens from, 73
DNA sequencing for, 192
public health laboratory testing for

coronavirus, 592
specimen information for respiratory

disease with, 60
MinION, 179
MiSeq, 178, 179
MMLV. See Moloney murine leukemia

virus
Molecular beacon, 132
Molecular phylogenetics, 19–20
Molecular testing, 31
Molluscipoxvirus, 5
Molluscipoxvirus molluscum contagiosum

virus, 459
clinical signs, symptoms, and severity for,

462–463
diagnoses of, 462–463
differential diagnoses for, 463
electron micrograph of thin section of,

460
epidemiology of, 462
historic standards for diagnosis of, 458
incidence of, 462
pathogenesis of, 462
prevalence of, 462
transmission of, 462

Molluscum contagiosum virus
specimen information for exanthems

with, 61
taxonomy and characterization of, 5

Moloney murine leukemia virus (MMLV),
130

Monkeypox virus, 459
historic standards for diagnosis of, 458
taxonomy and characterization of, 5

Morbillivirus, 12
Mucosal HPV

cervical cancer, 416–417
genital warts, 416
oropharyngeal cancer, 416
respiratory papilloma, 416

Multiple sclerosis
EBV associated with, 391
HHV-6 associated with, 401

Multiplexed run, 174
Multiplex PCR, 133–134
Mumps virus

best practices for, 304–305
biology of, 293
clinical significance of, 296–297
detection/diagnosis of, 301
epidemiology of, 294–295
prevention of, 297–298
serological results for, 302

specimen information for neurological
infections with, 63

specimen information for respiratory
disease with, 60

taxonomy and characterization of, 13
treatment for, 297–298
viral classification of, 293

Mupapillomavirus, 6
Murray Valley encephalitis virus (MVEV),

496
epidemiology of, 499
taxonomy and characterization of, 9

MWPyV. See Malawi polyomavirus
Myasthenia gravis, EBV associated with,

391
Myelitis, 14

N
NAAT. See Nucleic acid amplification

testing
NAI. See Neuraminidase inhibitors
Nairovirus, 11
NASBA. See Nucleic acid sequence-based

amplification
Nasopharyngeal carcinoma, EBV associated

with, 390, 392, 396
NAT. See Nucleic acid testing
National Center for Biotechnology

Information’s (NCBI), 173
National Reference Laboratories (NRLs)

countries offering services for, 596–606
virology services of, 595–606

NEAR. See Nicking endonuclease
amplification reaction

Neonatal enterovirus diseases, 284
Nephropathy, BK polyomavirus associated,

437–438
Nested PCR, 130–131
Neuraminidase inhibitors (NAI), influenza

virus treatment with, 206
Neurological infections, specimen

information for, 62–63
Neutralization

application of, 106
methods for, 106
quality assurance for, 107
troubleshooting for, 107

New Jersey polyomavirus (NJPyV-2013),
427

clinical significance of, 433
diagnosis of, 436

New Jersey virus, 13
New York virus, 11
Next generation sequencing (NGS)

arboviruses diagnosis with, 507
bridge amplification in, 175–176
as future technology, 243–244
gastrointestinal virus diagnosis with, 320
host contamination with, 180–181
human virome with, 561
implementation options for, 178
second generation, 175–176
sequencing increase from, 173
strategies for, 179–180
technologies and platforms for, 179
terminology for, 174
third generation, 176–177
workflow for, 175–178

NextSeq, 179
NGS. See Next generation sequencing
Nicking endonuclease amplification

reaction (NEAR)
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advantages of, 142
application of, 140
commercially available kits for, 138
disadvantages of, 142
strengths of, 141
technique for, 140
weaknesses of, 141

Nipah virus
biology of, 515–516
clinical significance of, 518
detection and diagnosis of, 520
diagnostic best practices for, 522
epidemiology of, 517
prevention of, 519
taxonomy and characterization of, 12
treatment for, 519
viral classification of, 515–516

NJPyV-2013. See New Jersey polyomavirus
Norovirus

antigen detection assays for, 231–232
public health laboratory testing for,

590–591
specimen information for gastroenteritis

with, 65
taxonomy and characterization of, 9
taxonomy determination for, 22

Norwalk virus, 9
NRLs. See National Reference Laboratories
Nucleic acid amplification testing

(NAAT), 31
Chlamydia pneumoniae diagnosis with,

553
Chlamydia trachomatis diagnosis with,

550–551
cytomegalovirus diagnosis with, 377
for herpes simplex virus, 368–369
for varicella-zoster virus, 369

Nucleic acid-based molecular methods,
cytomegalovirus diagnosis with, 377

Nucleic acid detection assays
enterovirus in, 235
gastrointestinal viruses in, 236
hepatitis B virus detection with, 348
HHV-6 diagnosis with, 404, 407
respiratory viruses in, 235–236

Nucleic acid extraction
automated methods for, 119–126
in–answer out, 122–123
PCR mix setup function with, 124
performance of, 123–125
setup of master and reaction mix with,
121–122

automation of manual processes for, 121
emerging technology for, 125–126
guanidinium thiocyanate-phenol-

chloroform extraction for,
117–118

instruments that automate process for,
121

literature references comparing, 125
magnetic particle capture and robotics

for, 121, 123
manual methods for, 117–119
NucliSens miniMAG system for, 119
performance comparison for systems of,

125
phenol-chloroform method for, 117
QIAamp DNA Mini and Blood Mini

Kit for, 118–119
QIAamp Viral Mini Kit for, 118
semi-automated methods for, 117–119
TruTip technology for, 119, 120
validation of systems for, 126

Nucleic acid sequence-based amplification
(NASBA)

advantages of, 141–142
application of, 137–138
commercially available kits for, 138
disadvantages of, 141–142
quantitative molecular methods with,

147–149
strengths of, 141
weaknesses of, 141

Nucleic acid testing (NAT), 137
cytomegalovirus diagnosis with, 378–379

Nucleoside analogue (3TC), hepatitis B
virus treatment with, 344

NucliSENS easyQ, 137, 138
NucliSens miniMAG system, 119
Nupapipillomavirus, 6

O
Occupational Safety and Health

Administration (OSHA)
Bloodborne Pathogen Standard of, 44,

47
chemical safety outlined by, 43

Ocular infections, specimen information
for, 70

Omsk hemorrhagic fever virus (OHFV), 9,
19, 496

O’Nyong Nyong virus (ONNV), 494
taxonomy and characterization of, 10

Oral cavity cancer, 415
Oral hairy leukoplakia, EBV associated

with, 389–390, 392, 396
Oral lichen planus, 415
Oral squamous cell papilloma, 415
Orbivirus, 7
Orf virus, 459

taxonomy and characterization of, 6
Organ transplantation. See also

Posttransplant lymphoproliferative
disorder

cytomegalovirus infection in recipients
of, 381–382

human herpes virus 8 with, 401
Oropharyngeal cancer, 416
Oropharyngeal squamous cell carcinoma,

415
Oropouche virus, 11
Orthobunyavirus, 11
Orthopoxviruses, 5, 458–461
Orthoreovirus, 7
Orungo virus, 7
OSHA. See Occupational Safety and

Health Administration
Ovation RNA-Seq kit, 175

P
PacBio RS, 179
Paired-end read, 174
PAMPs. See Pathogen-associated molecular

patterns
Papillomaviridae, 18
Papillomaviruses, 21
Parainfluenza virus (PIV)

best practices for, 271
biology of, 258
classification of, 258
clinical significance of, 263
diagnosis of, 268
cell culture, 81–82, 88

epidemiology of, 260–261

human, 12–13
pneumonia, 12
prevention of, 266
relative importance of, 258, 260–261
specimen information for respiratory

disease with, 60
taxonomy and characterization of

human, 12–13
treatment of, 266

Paralytic myelitis, enteroviruses with, 282
Parapoxviruses

clinical signs, symptoms, and severity for,
462–463

dermis during infection from, 463
diagnoses of, 464
differential diagnoses for, 464
epidemiology of, 463–464
epidermis during infection from, 463
geographical distribution of, 463
historic standards for diagnosis of, 458
incidence of, 463–464
lesion histopathology for, 463
pathogenesis of, 463
prevalence of, 463–464
taxonomy and characterization of, 6
transmission of, 463

Parechoviruses, 277–287
age in risk for, 280–281
antigenicity of, 279
antivirals in treatment of, 284
asymptomatic infections with, 281–284
biology of, 277–279
classification of, 277–279
clinical syndromes with, 281–284
diagnostic best practices for, 287
diagnostics, 286–287
epidemiology of, 279–281
geography factors with, 280–281
history of discovery for, 277–278
incubation times for, 281
laboratory diagnosis of, 284–287
methods for detection of, 285
mode of transmission for, 279–280
molecular detection and characterization

for, 285–286
molecular variation with, 281
neutralization of, 279
pathogenesis with, 281–284
replication in cell culture of, 279
risk groups for, 280–281
seasonal factors with, 280–281
sex in risk for, 280–281
socioeconomic factors with, 280–281
structure of, 278–279
taxonomy and characterization of, 9
treatment and prevention of, 284
virus isolation and identification for, 285

Parvovirus B19, 443
associations less common with, 451
commercial molecular assays for

detection of, 449
diagnosis of, 448–450
specimen information for congenital

infections with, 68
specimen information for exanthems

with, 61
specimen information for infections with

joint pain with, 64
specimen information for ocular

infections with, 70
Parvoviruses

best practices for, 450
biology of, 443–444
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Parvoviruses (continued)
clinical significance of, 446–447
detection and diagnosis of, 447–450
epidemiology of, 444–446
fetal hydrops with, 451
infection in immunocompromised

patients with, 451
molecular characteristics of, 443–444
during pregnancy, 451
prevention of, 447
transient aplastic crisis with, 451
treatment for, 447
viral classification of, 443–444

Pathogen-associated molecular patterns
(PAMPs), 568

Pathogen recognition receptors (PRRs),
567

PCR. See Polymerase chain reaction
PCR-ESI/MALDI, 134–135
PCR/ESI-MS. See Polymerase chain

reaction/Electrospray ionization
mass spectrometry

Penile cancer, 415
Pericarditis, enteroviruses with, 283
Personal protective equipment (PPE), 45
Phenol-chloroform method, 117
PHL. See Public health laboratory
Phlebovirus, 11
Phred quality score, 174, 181
Picobirnaviruses, 320
Picornaviruses

database website for, 17
species and serotypes affecting humans

from, 278
taxonomy and characterization of, 7
taxonomy determination for, 21

PIV. See Parainfluenza virus
Plaque-reduction neutralization (PRN),

299
arboviruses diagnosis with, 506

Pleurodynia, enteroviruses with, 283
Pneumovirus, 13
Point-of-care test (POCT)

antibody detection assays, 232–235, 237
antigen detection assays, 237
gastrointestinal viruses with, 231–232
respiratory viruses with, 229–231

Chlamydia trachomatis diagnosis with,
552

classification of, 229
clinical utility for, 238
defined, 229
enterovirus in, 235
Epstein-Barr virus in, 233
essential features of, 230
as future technology, 247
gastrointestinal viruses in, 231–232, 236
HCV detection with, 357–358
hepatitis C virus in, 232–233
HIV in, 233–235
implementation cost of, 237
influenza virus in, 230
norovirus in, 231–232
nucleic acid detection assays, 235–236
quality management for, 236–237
respiratory syncytial virus in, 230–231
respiratory viruses in, 229–231, 235–236
rotavirus in, 231
training and competence for, 238
turnaround time with, 237

Polio eradication, 284
Poliomyelitis, enteroviruses with, 282
Poliovirus, cytopathic effect with, 277–278

Polymerase chain reaction (PCR), 31, 59,
137

analyte specific reagents with, 133
antiviral susceptibility testing with, 202
conventional, 129–130, 134
digital, 134, 135, 145, 149, 244–245
emerging techniques for, 134–135
enteric adenoviruses diagnosis with, 320
ESI/MALDI, 134–135
ESI-MS, 245
exanthems information with, 61
gastroenteritis information with, 65
HHV-6 diagnosis with, 404, 407
HHV-8 diagnosis with, 407
infections with joint pain information

with, 64
influenza virus screening with, 208
kPCR, 149
multiplex, 133–134
nested, 130–131
neurological infections information with,

62–63
nucleic acid amplification by, 129–135
quantitative, 145, 146–149, 404, 407
real-time detection of nucleic acids by,

131–134, 137
enteric adenoviruses diagnosis with, 320
quantitative molecular methods with,
147

reverse transcription, 137, 317–319
Taq with, 129
techniques comparison for, 134

Polymerase chain reaction/Electrospray
ionization mass spectrometry (PCR/
ESI-MS), 245

Polyomaviruses
genome organization for, 427
life cycle of, 427–428
phylogenetic tree of, 428
taxonomy and characterization of, 6

Posttransplant lymphoproliferative disorder
(PTLD), EBV associated with, 389,
392, 395

Powassan virus, 9, 496
specimen information for neurological

infections with, 62
Poxviruses

biology of, 457–458
classification of, 457
clinical significance of, 458
clinical signs, symptoms, and severity for,

461–462
composition of, 457
database website for, 18
diagnoses of
DNA analysis, 466–467
EM, 466
future of, 467
histology, 466
historic standards for, 458
methods, 466–467

differential diagnoses for, 462
epidemiology of, 461–464
genera which infect humans, 459
geographical distribution of, 461
incidence of, 461
laboratory procedures for detecting,

465–467
lesion histopathology for, 461
life cycle of, 457–458
orthopoxviruses, 458–461
pathogenic for humans, 458–464
prevalence of, 461

prevention of, 465
public health laboratory testing for, 591
replication and spread in host of,

457–458
specimen collection, handling, and

storage for, 465–466
transmission of, 461
treatment for, 465
virion morphology of, 457, 459

PPE. See Personal protective equipment
PPi. See Pyrophosphate
Pregnancy, parvoviruses during, 451
Primate bocaparvovirus, 7
Primate erythroparvovirus

renaming of, 15
taxonomy and characterization of, 7

Primate tetraparvovirus, 7
Primate T-lymphotropic virus, 14
PRN. See Plaque-reduction neutralization
Procedure manual, 28–30
Procleix HEV, 138, 139
Procleix Parvo/HAV, 138
Procleix Ultrio, 138
Procleix Ultrio Elite, 138
Procleix Ultrio Plus, 138
Procleix WNV, 138
Proficiency testing, 32–33
Progressive multifocal

leukoencephalopathy, JCPyV
associated with, 438

Protoparvovirus, 444
clinical significance of, 447
epidemiology of, 445–446

PRRs. See Pathogen recognition receptors
Pseudocowpox virus, 459

taxonomy and characterization of, 6
PTLD. See Posttransplant

lymphoproliferative disorder
Public health laboratory (PHL)

clinical library collaboration with, 593
receiving results from, 592–593
role of, 585
scope of services by, 585–592
submitting specimens to, 592–593
testing performed by
arbovirus surveillance, 585–589
chikungunya, 592
Dengue virus, 592
hepatitis B and C viruses testing, 589
HIV testing, 589–590
human papillomavirus testing, 590
influenza virus testing, 590
middle east respiratory syndrome
coronavirus, 592

norovirus testing, 590–591
poxviruses testing, 591
rabies virus testing, 591
respiratory viruses testing, 590
vaccine-preventable diseases, 591–592

virology services of, 585–593
Puumala virus, 11
PVAN, JCPyV associated with, 438
PyroMark Q24, 179
Pyrophosphate (PPi), 175
Pyrosequencing, 175

massively parallel, 179

Q
QIAamp DNA Mini and Blood Mini Kit,

118–119
QIAamp DNA Mini Kit, 118–119
QIAamp Viral Mini Kit, 118
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Qiagen Biorobot, 124
QIAsymphony, 124
QIAsymphony SP, 123
Q-LAMP. See Quantitative-mediated

isothermal amplification
qPCR. See Real-time PCR
qRT-PCR. See Real-time RT-PCR
Quality assurance, 27–34

bioinformatics, 186–188
cell cultures, 31, 88–89
corrective and preventive action in, 33
direct antigen detection, 31–32
documentation for, 28
enzyme immunoassay, 102, 111
hemagglutination inhibition, 107–108
immunochromatography, 102
immunofluorescence, 102, 109
immunoglobulin M determinations,

112–113
importance, 27
instrumentation, 32
materials, 31
molecular testing, 31
neutralization, 107
point-of-care test, 236–237
procedure manual, 28–30
proficiency testing, 32–33
quality control and standards in, 32
reagents, 31
regulatory requirements, 27
specimen collection and transport,

30–31
staff competency, 27–28
test verification and validation in, 33–34
viral antigen detection, 102–103
viral isolation, 88–89
viral serology, 31–32
virology, 27
western blot, 113

Quality control, 32
Quality trimming, 174
Quantitative-mediated isothermal

amplification (Q-LAMP)
advantages of, 142
application of, 140
commercially available kits for, 138
disadvantages of, 142
strengths of, 141
technique for, 139–140
weaknesses of, 141

Quantitative molecular methods (Viral
loads), 145–160

applications of, 155–159
assessment of, 149–155
for BK virus, 159
for CMV, 145–146, 157–158
digital PCR used in, 145, 149
for Epstein-Barr Virus, 145, 158
FDA-approved, 145–146
future implications of, 159–160
for Hepatitis B, 146, 157
for Hepatitis C, 146, 156–157
for HIV, 145–146, 155–156
kPCR used in, 149
laboratory developed procedures for, 153
limitations of, 149–155
NASBA used in, 147–149
PCR used in, 145, 146–149
performance of, 149–155
quantification of, 149–150
real-time PCR methods used in, 147
sigma metrics for precision and accuracy

in, 153–155

specimen integrity with, 151–152
standardization in, 152–153
variability of, 150–151

QuickGene 810, 123
Qx Amplified DNA Assays, 138

R
Rabies virus, 13

antemortem diagnosis of animal, 485
biology of, 473–477
caution in handling specimens from, 73
clinical significance of, 477–478
control of, 479–480
epidemiology of human, 477
epizootiology of animal, 475–477
laboratory diagnosis of, 480–487
in animals, 480
antigen detection for, 481–483
best practices for, 487
direct immunofluorescence assay for,
481–483

dissection and sample preparation for,
481

histologic examination for, 483
human rabies, 486–487
molecular methods in, 483–485
rabies antibody assay for, 485–486
specimen collection, and preparation for,
480–481

virus isolation for, 483
pathogenesis and pathology of, 474–475
prevention of human, 478
prophylaxis of human, 478–479
public health laboratory testing for, 591
specimen information for neurological

infections with, 63
treatment for, 478–480
variant typing, 485
viral classification of, 473–477

Raccoonpox virus, 459
Race (Rescue, Alarm, Contain, and

Extinguish), 44
Rapid influenza diagnostic tests (RIDTs),

230, 231
as future technology, 246

Read, 174
Read length, 174
Reagents, quality assurance for, 31
Real-time PCR (qPCR), 131–134

enteric adenoviruses diagnosis with,
320

quantitative molecular methods with,
147

reverse transcription, 137
Real-time RT-PCR (qRT-PCR)

arboviruses diagnosis with, 506–507
astroviruses diagnosis with, 319
caliciviruses diagnosis with, 317
rotaviruses diagnosis with, 318

Recombinase polymerase amplification
(RPA)

advantages of, 142
application of, 141
commercially available kits for, 138
disadvantages of, 142
strengths of, 141
technique for, 140
weaknesses of, 141

Recurrent respiratory papillomatosis, 415
Red deer poxvirus, 459
ReEBOVAntigen Rapid Test, 249, 250
Reference guided assembly, 174

Regulatory compliance, 35–39
agencies involved in, 35
CAP in, 36–37
CLIA in, 36–37
ISO standards in, 37–39
test complexity with, 35–36
TJC in, 36–37

Renal infections, specimen information for,
70

Rescue, Alarm, Contain, and Extinguish.
See Race

Resequencing, 174
Resistance testing

antiviral susceptibility in, 203–204
HCV detection with, 357

Respiratory disease. See also Respiratory
viruses

enteroviruses with, 284
specimen information for respiratory

disease with, 60
Respiratory papilloma, 416
Respiratory syncytial virus (RSV), 13

antigen detection assays for, 230–231
best practices for, 271
biology of, 257–258
classification of, 257–258
clinical significance of, 263
diagnosis of, 268
diagnosis of infections, cell culture, 88
epidemiology of, 260
pneumonia, 13
prevention of, 265–266
relative importance of, 257–258, 260
specimen information for respiratory

disease with, 60
taxonomy and characterization of

human, 13
treatment of, 265–266

Respiratory viruses
adenovirus, 21–22, 60, 61, 65, 70, 87, 259,

262, 264–265, 267, 269–270, 272
antigen detection assays for, 229–231
genetic marker in predicting outcome of,

574–575
human coronaviruses, 8, 258–259, 261–

262, 264, 266–267, 269, 271
human metapneumovirus, 13, 60, 257–

258, 260, 262, 263, 265–266, 268,
271

influenza virus, 12, 17–18, 60, 81, 88,
204, 206, 208, 230, 247–248, 257,
259–260, 262–263, 265, 267–268,
270–271, 590

nucleic acid detection assays for, 235–
236

parainfluenza virus, 12–13, 60, 81–82,
88, 258, 260–262, 263, 266, 268,
271

public health laboratory testing for, 590
respiratory syncytial virus, 13, 60, 230–

231, 257–258, 260, 262, 263, 265–
266, 268, 271

rhinovirus, 9, 60, 88, 258, 261, 262,
263–264, 266, 268–269, 271

Respirovirus, 12
Reston ebolavirus, 12
Retinoic acid-inducible gene 1 (RIG-1),

568
Retroviruses, specimen information for, 66
Reverse transcription qPCR (RT-PCR),

137
arboviruses diagnosis with, 506
astroviruses diagnosis with, 319
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Reverse transcription qPCR (RT-PCR),
137 (continued)

caliciviruses diagnosis with, 317
HHV-6 diagnosis with, 404, 407
Rotaviruses diagnosis with, 318

Rhadinovirus, 5
Rheumatoid arthritis, EBV associated with,

391
Rhinovirus (RHV)

best practices for, 271
biology of, 258
classification of, 258
clinical significance of, 263–264
diagnosis of, 268–269
diagnosis of infections, cell culture for,

88
epidemiology of, 261
prevention of, 266
relative importance of, 258, 261
specimen information for respiratory

disease with, 60
taxonomy and characterization of, 9
treatment of, 266

RIDTs. See Rapid influenza diagnostic tests
Rift Valley fever, 19, 497

clinical significance of, 501–502
epidemiology of, 499

RIG-1. See Retinoic acid-inducible gene 1
RIG-1-like receptors (RLRs), 568, 569
R-mix, 84–85
R-mix Too, 84–85
RNA detection assays, HCV detection

with, 355–357
Roche Cobas Liat System, 247
Roseolovirus, 5
Ross River virus (RRV), 494

taxonomy and characterization of, 10
Rotaviral enteritis, taxonomy and

characterization of, 7
Rotavirus B (RVB), 320
Rotavirus C (RVC), 320
Rotaviruses

antigen detection assays for, 231
biology of, 311–313
clinical significance of, 315–316
detection and diagnosis of
cell culture, 317
electron microscopy, 313, 318
electropherotyping, 318
immunoassays, 318
qRT-PCR assays, 318
RT-PCR assays, 318
serology, 317

epidemiology of, 314–315
specimen information for gastroenteritis

with, 65
taxonomy and characterization of, 7
viral classification of, 311–313

Rotavirus H (RVH), 320
RPA. See Recombinase polymerase

amplification
RRV. See Ross River virus
RSV. See Respiratory syncytial virus
RT-qPCR. See Reverse transcription qPCR
Rubella (German measles), 10

specimen information for congenital
infections with, 67

specimen information for exanthems
with, 61

specimen information for infections with
joint pain with, 64

specimen information for neurological
infections with, 63

Rubella virus
best practices for, 305
biology of, 293–294
clinical significance of, 297
detection/diagnosis of, 301–304
epidemiology of, 295
prevention of, 298
serological results for, 303
treatment for, 298
viral classification of, 293–294

Rubivirus, 10
Rubulavirus, 13
RVB. See Rotavirus B
RVC. See Rotavirus C
RVH. See Rotavirus H

S
Sabiá virus, 11
Safety Data Sheets, 43
Salivirus, 9
SAM/BAM, 174, 181
Sandfly fever Naples virus, 497

taxonomy and characterization of, 12
Sangassou virus, 16
Sanger sequencing, 173–175
Sapovirus

specimen information for gastroenteritis
with, 65

taxonomy and characterization of, 9
Sapporo virus, 9
SARS. See Severe acute respiratory

syndrome
Scalable target analysis routine (STAR),

147
Scorpion molecules, 132
SDA. See Strand displacement

amplification
Seadornavirus, 7
Sealpox virus, 459
Semliki Forest virus (SFV), 494

taxonomy and characterization of, 10
Sentosa SX101, 123, 124
Seoul virus, 11
SeqLL, 179
Serologic methods, 105–114

cytomegalovirus diagnosis with, 375,
376, 378

enzyme immunoassay in, 109–111
HBV infections with, 105
hemagglutination inhibition in, 107–108
herpes simplex virus diagnosis with,

367–368
HIV infection with, 105
immunofluorescence assays in, 108–109
immunoglobulin M determinations in,

111–113
neutralization in, 106–107
varicella-zoster virus diagnosis with, 368,

369
western blot in, 113–114

Serology
astroviruses diagnosis with, 318–319
caliciviruses diagnosis with, 317
Chlamydia pneumoniae diagnosis with,

553
enteric adenoviruses diagnosis

with, 319
hepatitis B virus detection with, 348
HHV-6 diagnosis with, 404, 407
HHV-8 diagnosis with, 406, 408
HPV identification with, 421
rotaviruses diagnosis with, 317

Severe acute respiratory syndrome (SARS),
8, 83

caution in handling specimens from, 73
DNA sequencing for, 192
specimen information for respiratory

disease with, 60
Severe fever and thrombocytopenia

syndrome (SFTS), 333
Severe fever with thrombocytopenia

syndrome virus (SFTSV), 497
epidemiology of, 500

SFTS. See Severe fever and
thrombocytopenia syndrome

SFTSV. See Severe fever with
thrombocytopenia syndrome virus

SFV. See Semliki Forest virus
Shell vial (centrifugation) technique,

83–86
cytomegalovirus diagnosis with, 376, 378
description of, 83–84
inoculation of, 84
reading procedure for, 84
sensitivity of, 83
test procedure for, 84

Sigma metrics, quantitative molecular
methods assessed with, 153–155

Signal amplification methods
advantages of, 167
branched DNA technology
application in virology laboratory of, 170
characteristics of, 168–170
principles of, 168–170
scheme for, 169

challenge from target amplification
methods, 167

comparison of technologies, 170
HPV identification with, 421
hybrid capture technology
application in virology laboratory of, 168
characteristics of, 167–168
principles of, 167–168
scheme for, 168

Simplexvirus, 5
Sindbis virus (SINV), 494

clinical significance of, 500
epidemiology of, 498
taxonomy and characterization of, 10

Single-molecule, real-time (SMRT)
technology, 176

Single nucleotide polymorphisms (SNPs),
568

Sin Nombre virus, 11
SINV. See Sindbis virus
Sixth disease. See Exanthema subitum
Sjögren’s syndrome, EBV associated with,

391
Skunkpox virus, 459
SLEV. See St. Louis encephalitis virus
Smallpox, taxonomy and characterization

of, 5
Smooth muscle tumors, EBV associated

with, 391, 392, 396
SMRT technology. See Single-molecule,

real-time technology
SNP analysis, 174
SNPs. See Single nucleotide

polymorphisms
Sofia Influenza A+B Fluorescent

Immunoassay, 246
Specimen collection, 59–74

for congenital infections, 67–68
for exanthems, 61
future considerations for, 73–74

620 - SUBJECT INDEX



for genital infections, 66
for heart infections, 70
for hemorrhagic fevers, 70
host factors that affect, 60–66
importance of, 59–60
for infections with joint pain, 64
for infectious mononucleosis, 69
for neurological infections, 62–63
for ocular infections, 70
quality assurance for, 30–31, 71
for renal infections, 70
repeat, 71–72
for respiratory disease, 60
for retroviruses, 66
safety in, 47–48
test platform importance for, 66, 69, 71
test results interpretation with proper, 59
viral factors that affect, 66

Specimen processing, 72
Specimen selection, importance for, 59–60
Specimen storage, 72–73
Specimen transport, 59–74

quality assurance for, 30–31
transportation time in, 72–73
transport medium in, 72–73

Specimen type, 71
SPR. See Surface Plasmon Resonance
Staff, competency and requirements for,

27–28
STAR. See Scalable target analysis routine
Sterilization

chemical methods of, 43
laboratory safety with, 42–43
physical methods of, 43

St. Louis encephalitis virus (SLEV), 9, 496
specimen collection for, 69
specimen information for neurological

infections with, 62
St. Louis polyomavirus (STLPyV), 427, 433

diagnosis of, 436
seroprevalence of, 430

Strand displacement amplification (SDA),
31

advantages of, 142
application of, 139
commercially available kits for, 138
disadvantages of, 142
strengths of, 141
technique for, 139
weaknesses of, 141

Sudan ebolavirus, 12
Super E-mix, 85–86
Surface Plasmon Resonance (SPR),

245–246
Sylvatic yellow fever, 19
Systematic error, 174
Systemic lupus erythematosus, EBV

associated with, 391
Systemic sclerosis, EBV associated with, 391

T
Tacaiuma virus, 11
Tai forest ebolavirus, 12
Tanapox virus, 459

taxonomy and characterization of, 6
Taq. See Thermus aquaticus
TaqMan probes., 131–132
TaqMan reporter oligonucleotides, 131
TAT. See Transfusion-associated

transmission
Taterapox virus, 459
Taxonomy databases websites, 17

Test complexity
CLIA 88 in regulation of, 35–36
determination of, 36
FDA approval of, 35–36

Test selection, 59–60
Test verification, quality assurance with,

33–34
Tetraparvovirus, 444

clinical significance of, 447
epidemiology of, 445
taxonomy and characterization of, 7

Theilovirus, 8
Thermus aquaticus (Taq), PCR from, 129
Thottapalayam virus, 11
3M Integrated Cycler, 124
3TC. See Nucleoside analogue
Tick-borne encephalitis virus, 9, 496

epidemiology of, 499
Tigris 180, 124
TJC. See The Joint Commission
TLRs. See Toll-like receptors
TMA. See Transcription mediated

amplification
Togaviridae, 493–495

clinical significance of, 500
family summarized, 494

Toll-like receptors (TLRs), 568, 569
Torovirus

human, 8, 20
taxonomy and characterization of, 8

Torque teno midi virus (TTMDV), 563
Torque teno mini virus (TTMV), 563
Torque teno virus (TTV), 7, 563–564
Toscana virus, 497
Total anti-HBc, hepatitis B virus detection

with, 348
Transcription mediated amplification

(TMA), 31, 137–139
advantages of, 141–142
application of, 138–139
commercially available kits for, 138
disadvantages of, 141–142
strengths of, 141
weaknesses of, 141

Transfusion-associated transmission (TAT),
for arboviruses, 507

Transient aplastic crisis, 451
Transplant recipients. See also

Posttransplant lymphoproliferative
disorder

cytomegalovirus infection with, 381–382
human herpes virus 8 with, 401

Trichodysplasia spinulosa-associated
polyomavirus (TSPyV), 427

clinical significance of, 432–433
diagnosis of, 436
seroprevalence of, 430

TruTip technology, 119, 120
TSPyV. See Trichodysplasia spinulosa-

associated polyomavirus
TTMDV. See Torque teno midi virus
TTMV. See Torque teno mini virus
TTV. See Torque teno virus
Tube culture, cytomegalovirus diagnosis

with, 376
Tumor virus, 459

Yaba monkey, 6

U
United States Preventive Services Task

Force (USPSTF), cervical cancer
screening by, 413

Urban yellow fever, 19
U.S. Environmental Protection Agency

(EPA), disinfectant approved
by, 42

USPSTF. See United States Preventive
Services Task Force

V
Vaccine-Preventable Diseases (VPDs),

PHL testing for, 591–592
Vaccinia virus (VACV), 457

historic standards for diagnosis of, 458
replication cycle of, 460
taxonomy and characterization of, 5

Vaginal cancer, 415
Validation

quality assurance with, 33–34
systems for nucleic acid extraction, 126

Varicella (Chickenpox), 5
Varicella-zoster virus (VZV)

antiviral susceptibility testing for
clinical Indications for, 203
definitions, antiviral resistance, 203–204
variables of, 203–204

antiviral therapies and treatment for,
203–204, 366

assays for, 204, 220, 221
best practices for, 369–370
biological characteristics of, 363–364
clinical significance of, 365
detection and diagnosis of
algorithm for, 368
analytical, 369
antibody, 369
cell culture in, 81, 87
nucleic acid amplification tests, 369
postanalytical, 369
preanalytical, 369

epidemiology of, 364
mechanism of action of therapies for,

367
mutations in POL gene of, 221
mutations in TK gene of, 220
prevention of, 367
specimen collection for, 69
specimen information for congenital

infections with, 68
specimen information for exanthems

with, 61
specimen information for neurological

infections with, 63
specimen information for ocular

infections with, 70
viral classification of, 363–364

Varicellovirus, 5
Variola virus (VARV), 457, 459

historic standards for diagnosis
of, 458

VEEV. See Venezuelan equine encephalitis
virus

Venezuelan encephalitis, specimen
information for neurological
infections with, 62

Venezuelan equine encephalitis virus
(VEEV), 494

clinical significance of, 500
taxonomy and characterization of, 10

Verigene, 124
Vero/hSLAM cell line, 300
Verruca vulgaris (Common wart), 415
Vesicular stomatitis, 13
Vesiculovirus, 13
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Viral antigen detection, 95–103
application of, 100–102
basic concepts of, 95–100
diagnostic hybrids proficiency panel

in, 96
enzyme immunoassay, 98–100, 101
immunochromatography, 96–98, 101
immunofluorescence, 95–96, 101
immunohistochemical staining,

98–100
membrane EIA, 98, 99, 101
microwell-based EIA, 99–100, 101
quality assurance for, 102–103
reporting for, 102–103
tube EIA, 99–100

Viral diseases
diagnosis of, 572–575
genetic factors in susceptibility to,

568–572
complement deficiency, 571
C-type lectins, 568, 569–571
hypogammaglobulinemia, 571
immune cell deficiencies, 571
inflammasome defects, 571
RLRs, 568, 569
TLRs, 568, 569

host response patterns in diagnostics for,
573

human susceptibility and response to,
567–575

genetic factors in, 568–572
receptor binding with, 569

immune response to, 568
monitoring of, 572–575
predicting outcomes for, 572–575
monitoring host factors in, 573

single-molecule markers for, 572
Viral intestinal infection, 8

taxonomy and characterization of, 7
Viral isolation, 79–90

cell cultures types in, 79, 80
common viruses in, 86–88
diagnostic applications of, 89–90
equipment needed for, 79–80
identification of, 83
quality assurance for, 88–89
sensitivity in, 79
supplies needed for, 79–80
troubleshooting for, 88–89

Viral loads. See Quantitative molecular
methods

Viral meningitis, enteroviruses with,
282–283

Viral microarray-based assays, 245
Viral serology, quality assurance for,

31–32
Viral transport medium (VTM), 72
Viral warts, taxonomy and characterization

of, 6
Virome, 174. See also Human virome
Viromics, 189
Viruses

biological pressures driving evolution
of, 4

classification methods for, 14–15
defined, 3
escape theory of, 3
factors separating from other forms of

life, 4
historical description of, 3
quality assurance in study of, 27
taxa infecting humans, 4
taxonomy of, 3–22
viral proteins functions with, 414

Virus genotyping, 191–192
Volepox virus, 459
VPDs. See Vaccine-Preventable Diseases
VTM. See Viral transport medium
Vulvar cancer, 415
VZV. See Varicella-zoster virus

W
WEEV. See Western equine encephalitis

virus
Wesselsbron, 9
Western blot

application of, 113–114
HTLV testing with, 538–539
limitations of, 113
method for, 113
quality assurance for, 113

Western equine encephalitis virus
(WEEV), 494

epidemiology of, 498
specimen information for neurological

infections with, 62
taxonomy and characterization of, 10

West Nile virus (WNV), 496
clinical significance of, 501
database website for, 18
epidemiology of, 498–499
specimen collection for, 66
specimen information for neurological

infections with, 62
taxonomy and characterization of, 9

WGS. See Whole-genome shotgun
Whataroa virus (WHAV), 494
Whole-genome shotgun (WGS), human

virome with, 561
WNV. See West Nile virus
WU polyomavirus (WUPyV), 427

clinical significance of, 432
diagnosis of, 435–436
seroprevalence of, 430

X
X-linked lymphoproliferative syndrome

(XLP), 571
EBV associated with, 389, 392, 395

Y
Yaba Monkey, 459
Yaba monkey tumor virus, 6
Yatapoxviruses

clinical signs, symptoms, and severity for,
464

diagnoses of, 464
differential diagnoses for, 464–465
epidemiology of, 464
geographical distribution of, 464
historic standards for diagnosis

of, 458
incidence of, 464
lesion histopathology for, 464
pathogenesis of, 464
prevalence of, 464
taxonomy and characterization of, 6
transmission of, 464

Yellow fever, 9, 19
jungle, 19
sylvatic, 19
urban, 19

Yellow fever virus (YFV), 496
clinical significance of, 501
epidemiology of, 499

Z
Zaire ebolavirus, 12
Zero-mode waveguide (ZMW), 176
Zika virus, 496

epidemiology of, 499
taxonomy and characterization of, 9

ZMW. See Zero-mode waveguide
Zoster (Herpes zoster), taxonomy and

characterization of, 5
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