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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,

XV

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 ]. LOEFFELHOLZ
RICHARD L. HODINKA
STEPHEN A. YOUNG
BENJAMIN A. PINSKY
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General Topics
in Clinical Virology






The Taxonomy, Classification, and Characterization

of Medically Important Viruses
STEVEN J. DREWS

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.chl
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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.)

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,



TABLE 1 Taxonomy and characterization of double-stranded DNA viruses of human medical importance (Baltimore classification I)
Genome Species (ICTV or other
composition Order Family Subfamily Genus common names) Related primary ICD-10 codes
Linear Herpesvirales ~ Herpesviridae Alphaherpesvirinae Simplexvirus Human herpesvirus 1 BOO herpesviral (simplex) infection
(herpes simplex virus 1) A60 anogenital herpes virus infection
Human herpesvirus 2 P35.2 congenital herpes virus infection
(herpes simplex virus 2)
Macacine herpesvirus | B00.4+ Herpesviral encephalitis
(B virus)
Varicellovirus Human herpesvirus 3 BO1 Varicella (chickenpox)
(varicella zoster virus) B02 Zoster (herpes zoster)
Betaherpesvirinae Cytomegalovirus Human herpesvirus 5 B25 Cytomegalovirus disease
(HHV-5; cytomegalovirus) B27.1 Cytomegaloviral mononucleosis
P35.1 Congenital cytomegalovirus infection
Roseolovirus Human herpes virus 6A (HHV-6A) B08.2 Exanthema subitum (sixth disease)
Human herpes virus 6B (HHV-6B) T86.0 Bone marrow transplant rejection
Human herpes virus 7 (HHV-7)
Gammaherpesvirinae ~ Lymphocryptovirus Human herpes virus 4 B27.0 Gammaherpesviral mononucleosis
(Epstein-Barr virus; HHV-4) C11 Nasopharyngeal carcinoma
C83.7 Burkitt lymphoma
D82.3 X-linked lymphoproliferative disease
Rhadinovirus Human herpes virus 8 (HHV-8, C46 Kaposi sarcoma
Kaposi’s sarcoma associated
herpes virus [KRHSV])
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
Vaccinia virus
Variola virus

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

(Continued on next page)



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

Genome Species (ICTV or other
composition Order Family Subfamily Genus common names) Related primary ICD-10 codes
Parapoxvirus Onf 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 B07 Viral warts
(human papillomavirus 6) A63 Anogenital (venereal) warts
Alphapapillomavirus 9 D26.0 Papilloma of cervix
(human papillomavirus 16) N87 Dysplasia of cervix uteri
DO00-09 In situ neoplasms, Bowen’s disease
Alphapapillomavirus 7 D26.0 Papilloma of cervix
(human papillomavirus 18) N87 Dysplasia of cervix uteri
DO00-09 In situ neoplasms, Bowen’s disease
Alphapapillomavirus 1 DO00-09 In situ neoplasms, Bowen’s disease
(human papillomavirus 32)
Betapapillomavirus Betapapillomavirus 1 D04 Carcinoma in situ of skin; possible association
(human papillomavirus 5)
Gammapapillomavirus ~ Gammapapillomavirus 1 B07 Viral warts
(human papillomavirus 4) D04 Carcinoma in situ of skin; possible association
Mugpapillomavirus Mupapillomavirus 1 BO7 Viral warts
(human papillomavirus 1)
Nupapipillomavirus Nupapillomavirus 1 BO7 Viral warts
(human papillomavirus 41)
Unassigned Polyomaviridae NA Polyomavirus BK polyomavirus B34.4 Papovavirus infection, unspecified site

JC polyomavirus

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 2 Taxonomy and characterization of single-stranded DNA viruses of human medical importance

(Baltimore classification 1)

Genome Species (ICTV or other Related primary
composition  Order Family Subfamily Genus common names) ICD-10 codes
Linear Unassigned Parvoviridae  Parvovirinae  Bocaparvovirus Primate bocaparvovirus -2 JO6 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.

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 I1I)

Species
Genome (ICTV or other
composition Order Family Subfamily Genus common names) Related primary ICD-10 codes
Linear, Unassigned  Reoviridae Sedoreovirinae  Orbivirus Changuinola virus ~ A93.8 Other specified arthropod-
segmented borne viral fevers
Lembobo wvirus A93.8 Other specified arthropod-
borne viral fevers
Orungo virus A93.8 Other specified arthropod-
borne viral fevers
Rotavirus Rotavirus A08.0 Rotaviral enteritis
A, B,and C
Seadornavirus  Banna virus A85.2 Arthropod-borne viral
encephalitis, unspecified;
possible association
Spinareovirinae  Coltivirus Colorado tick A93.2 Colorado tick fever
fever virus
Orthreovirus ~ Mammalian JO6 Acute upper respiratory
orthoreovirus infections of multiple and
unspecified sites; possible association
A08.3 Other viral enteritis;
possible association
A08.4 Viral intestinal infection,
unspecified; possible association
Unassigned  Picobirmaviridae NA Picobirnavirus  Human AO08.3 Other viral enteritis;
picorbirnavirus 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 4 Taxonomy and characterization of positive sense single-stranded RNA viruses of human medical importance (Baltimore classification V)

Species
Genome (ICTV or other
composition Order Family Subfamily Genus common names) Related primary ICD-10 codes
Linear Nidovirales Coronaviridae ~ Coronavirinae ~ Alphacoronavirus  Human coronavirus 229E B34.2 Coronavirus infection, unpsecified site
Human coronavirus NL63 B97.2 Coronavirus as the cause of diseases classified to other chapters
Betacoronavirus  Human coronavirus HKU 1 B34.2 Coronavirus infection, unspecified site
B97.2 Coronavirus as the cause of diseases classified to other chapter
Severe acute respiratory U04 Severe acute respiratory syndrome (SARS)
syndrome-related coronavirus
Middle Eastern respiratory B34.2 Coronavirus infection, unpsecified site
syndrome coronavirus 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

Enterovirus B

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

G05.1" Enteroviral encephalomyelitis

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)
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)



Unassigned

Unassigned

Unassigned

Unassigned

Astroviridae
Caliciviridae

Flaviviridae

Hepeviridae

NA
NA

NA

NA

Hepatovirus
Kobuwirus
Parechovirus

Salivirus
Mamastrovirus
Norovirus

Sapovirus

Flavivirus

Hepacivirus

Hepevirus

Enterovirus D

Rhinovirus A,B,C
Hepatitis A virus

Aichivirus A
Human parechovirus

Salivirus A

Mamoastovirus 1 (human astrovirus)

Norwalk virus

Sapporo virus
Dengue virus

Japanese encephalitis virus
Kyasanur Forest disease virus
Langat virus

Louping ill virus

Murray Valley encephalitis virus
Omsk hemorrhagic fever virus
Powassan virus

St. Louis encephalitis virus
Tick-borne encephalitis virus

Wesselsbron
West Nile virus
Yellow fever virus
Zika virus
Hepatitis C wvirus

Hepatitis E virus

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)
JOO Acute nasopharyngitis (common cold)

J20.6 Acute bronchitis due to rhinovirus

B15 Acute hepatitis A

A88 Other viral infections of the central nervous system,
not elsewhere classified

A41.8 Other specified sepsis

08.3 Other viral enteritis; possible association

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

AO08.1 Acute gastroenteropathy due to Norwalk virus

A08.3 Other viral enteritis

A90 Dengue fever

A91 Dengue hemorrhagic fever
A83.0 Japanese encephalitis

A98.2 Kyasanur Forest disease
A84.8 Other tick-borne encephalitis
A83.4 Australian encephalitis
A98.1 Omsk hemorrhagic fever
A84.8 Other tick-borne encephalitis
A83.3 St. Louis encephalitis

A88 Other viral infections of the central nervous system,
not elsewhere classified

A92 Other mosquito-borne viral fevers
A92.3 West Nile infection

A95 Yellow fever

A94 Unspecified arthropod-borne viral fever
B17.1 Acute hepatitis C

B18.2 Chronic hepatitis C

B17.2 Acute hepatitis E

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

Species
Genome (ICTV or other
composition Order Family Subfamily Genus 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 A92.2 Venezuelan equine fever
encephalitis virus o 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.



LL

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

Species
Genome (ICTV or other
composition Order Family Subfamily Genus common names) Related primary ICD-10 codes
Linear Unassigned Arenaviridae® NA Arenavirus Guanarito virus A96.8 Other arenaviral hemorrhagic fevers
segmented
Jumin virus A96.0 Junin hemorrhagic fever
Lujo virus A96.8 Other arenaviral hemorrhagic fevers
Lassa virus A96.2 Lassa fever
Lymphocytic A87.2 Lymphocytic choriomeningitis
choriomeningitis virus
Machupo virus A96.1 Machupo hemorrhagic fever
Sabid 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 A98.0 Other viral hemorrhagic
hemorrhagic fever 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 wvirus A92.8 Other specified mosquito-borne viral fevers
Phlebovirus Rift Vidlley fever wvirus 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 )

Species
Genome (ICTV or other
composition Order Family Subfamily Genus 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, Orthomyxoviridae NA Influenzavirus A Influenza A virus J09 Influenza due to certain identified influenza virus
segmented 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 Mononegavirales Bornaviridae NA Bornavirus Borna disease virus —
nonsegmented
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 marburguvirus 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 BO5 Measles
Respirovirus Human parainfluenza virus 1~ JOO Acute nasopharyngitis

Human parainfluenza virus 3

J05.0 Acute obstructive laryngitis (croup)

JO6 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

JOO Acute nasopharyngitis
J05.0 Acute obstructive laryngitis (croup)

JO6 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 JOO Acute nasopharyngitis
J05.0 Acute obstructive laryngitis (croup)

JO6 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~ JOO Acute nasopharyngitis

J05.0 Acute obstructive laryngitis (croup)

JO6 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
Pneumouirinae Metapneumovirus ~ Human metapneumouvirus JOO Acute nasopharyngitis

JO6 Acute respiratory infection of multiple
and unspecified sites

J12.3 Human metapneumovirus pneumonia
J21.1 Acute bronchiolitis due to human metapneumovirus
Pneumovirus Human respiratory JOO Acute nasopharyngitis
syncytial virus 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 AB82 Rabies
Vesiculovirus Chandipura virus A85.8 Other specified viral encephalitis,

possible association
Isfahan virus —

Vesicular stomatitis A93.8 Other specified arthropod-borne viral fevers
Indiana virus

Vesicular stomatitis A93.8 Other specified arthropod-borne viral fevers
New Jersey virus

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.
“Have been described as ambisense.
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Related primary ICD-10 codes
721 Asymptomatic human immunodeficiency virus (HIV) infection status
721 Asymptomatic human immunodeficiency virus (HIV) infection status

C84.5 Other mature T-cell/NK cell lymphomas

C91.5 Adult T-cell lymphoma/leukemia (HTLV-1 associated)
G04.9 Encephalitis, myelitis, encephalomyelitis, unspecified
B20-B24 Human immunodeficiency virus (HIV) disease
(098.7 Complicating pregnancy, childbirth, and puerperium
B20-B24 Human immunodeficiency virus (HIV) disease
(098.7 Complicating pregnancy, childbirth, and puerperium
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Genome

composition

TABLE 6 Taxonomy and characterization of positive sense single-stranded RNA with a DNA replication intermediate viruses of human medical importance (Baltimore

classification VI)

Linear

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses.

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 Il comprises ssDNA viruses. Group III is composed of
dsRNA viruses. Group IV is composed of positive sense
ssRNA while 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 the
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TABLE 7 Taxonomy and characterization of DNA reverse-transcribing viruses of human medical importance

(Baltimore classification VII)

Species
Genome (ICTV or other Related primary
composition Order Family Subfamily Genus common names) ICD-10 codes
Partially Unassigned  Hepadnaviridae Orthohepadnavirus ~ Hepatitis B virus B16 Acute hepatitis B
double-stranded,

circular genome

B18 Chronic viral hepatitis

ICD, International Statistical Classification of Diseases and Related Health Problems; ICTV, International Committee on Taxonomy of Viruses.

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 Adenowvirus 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 species Human enterovirus A to D were
renamed as Enterovirus A to D, and the species Human rhi-
novirus A to C were renamed Rhinovirus A to C. 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 A was re-assigned with the new species Cosavirus 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).
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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 Il 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 genus Hantavirus 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 “A virus 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/lctv/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/icd11fag/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-
rthagic 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

Bat-associated
viruses

Coronaviridae
Dengue virus
Group A rotaviruses
Hepatitis B

HIV

HIV

HIV

Human adenovirus
Influenza

Influenza

Picornaviruses

Picornaviruses

Picornaviruses

General
Bioinformatics

Pirbright Institute

Institute of Pathogen Biology,
Beijing, China

VIPR: Virus Pathogen Resource

Broad Institute

Multiple authors

Multiple groups

Los Alamos

Los Alamos

Stanford University

Comparative Virology Team

Chinese Academy of Sciences

Swiss Institute of Bioinformatics

European study group on the
molecular biology
of Picornaviruses

ICTV Picornaviridae study group
Pirbright institute

ExPASy Bioinformatics
Resource Portal

The Astrovirus Pages
dBatVir/Viral genome database

CoVDB/Viral genome database

Dengue virus portal

RotaC2.0 automated genotyping tool
The Hepatitis B Virus Database (HBVdb)
HIV resistance mutation database

HIV sequence database

HIV drug resistance database

Adenovirus Genetics and Taxonomy
IVDB/Viral genome database

Open Flu Database

Europic

Picornaviridiae Study Group Pages
The Picornavirus Pages

Viral zone

http://www.iah-virus.org/astroviridae/
http://www.mgc.ac.cn/DBatVir/

www.viprbrc.org/brc/home.spg?decorator=corona
http://www.broadinstitute.org/annotation/viral/Dengue/Home.html
http://rotac.regatools.be

https://hbvdb.ibep.fr/HBVdb/
http://www.hiv.lanl.gov/content/sequence/RESDB/
http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html
http://hivdb.stanford.edu/

www.vmri.hu/~harrach/

http://influenza.psych.ac.cn/
http://openflu.vital-it.ch/browse.php
http://www.europic.org.uk/

http://www.picornastudygroup.com/
http://www.picornaviridae.com/

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 )

Working or
Focus other group

Title/topic

Website

Bioinformatics University of Victoria
Poxviruses

Disease-focused World Health Organization
taxonomy

Genomics NCBI

Icosahedral virus The Scripps Research Institute
capsid structure
database

Taxonomy ICTV

Universal protein UniProt consortium
database

Multiple

Herpesviridae University College London
Poxviridae

Papillomaviridae

Coronaviridae

Arteriviridae

Influenza virus NCBI

Dengue virus

West nile virus

Viral bioinformatics resource centre

ICD-10 Version:2010
Viral genomes

Viperdb: Virus Particle ExploreR?

Virus taxonomy:2013 release
UniProt

VIDA 3.0

Virus variation database

http://athena.bioc.uvic.ca/

http://apps.who.int/classifications/icd10/browse/2010/en

http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgitaxid=10239
http://viperdb.scripps.edu/

http://ictvonline.org/virusTaxonomy.asp

http://www.uniprot.org/

http://www.biochem.ucl.ac.uk/bsm/virus_database/VIDA3/VIDA .html

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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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+, J17.17)
A98.8 Other specified viral hemorrhagic fevers

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
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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 Reowiridae
(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 picobimavirus
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

m 21

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
aneed 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 ]. BANKOWSKI

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

doi:10.1128/9781555819156.ch2
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TABLE 1

Guideline documents from the Clinical and Laboratory Standards Institute (CLSI)®

Document no. Date

Document title and description

General laboratory

Using Proficiency Testing to Improve the Clinical Laboratory; Approved Guideline—Second
Assessment of Laboratory Tests When Proficiency Testing Is Not Available; Approved

Laboratory Instrument Implementation, Verification, and Maintenance; Approved Guideline

Quality Management System: Development and Management of Laboratory Documents;

Training and Competence Assessment; Approved Guideline Third Edition.

Quality Management System: Qualifying, Selecting, and Evaluating a Referral Laboratory;

Development and Use of Quality Indicators for Process Improvement and Monitoring

User Protocol for Evaluation of Qualitative Test Performance; Approved Guideline—Second

User Verification of Precision and Estimation of Bias; Approved Guideline—Third Edition
Laboratory Quality Control Based on Risk Management; Approved Guideline

Evaluation of Stability of In Vitro Diagnostic Reagents; Approved Guideline

User Evaluation of Between-Reagent Lot Variation; Approved Guideline

Criteria for Laboratory Testing and Diagnosis of Human Immunodeficiency Virus Infection;

Molecular Diagnostic Methods for Infectious Diseases; Approved Guideline—Second Edition
Quantitative Molecular Methods for Infectious Diseases; Approved Guideline—Second Edition
Nucleic Acid Sequencing Methods in Diagnostic Laboratory Medicine; Approved Guideline—

Collection, Transport, Preparation, and Storage of Specimens for Molecular Methods; Approved

Design of Molecular Proficiency Testing/External Quality Assessment; Approved Guideline—

GP17A3 06/29/12 Clinical Laboratory Safety; Approved Guideline—Third Edition
GP27A2 02/22/07
Edition
GP29A2 08/29/08
Guideline—Second Edition
GP31A 08/22/12
QMS02A6 02/28/13
Approved Guideline. Sixth Edition.
QMS03A3 05/02/09
QMS04A2 02/22/07 Laboratory Design; Approved Guideline—Second Edition
QMS05A2 09/28/12
Approved Guideline—Second Edition
QMSI2A 12/29/10
of Laboratory Quality; Approved Guideline
Method evaluation
EP12A2 01/25/08
Edition.
EP15A3 09/11/14
EP23A 10/25/11
EP25A 09/23/09
EP26A 09/30/13
Microbiology
M41A 11/30/06 Viral Culture; Approved Guideline
M53A 06/30/11
Approved Guideline
Molecular methods
MMO3A2 02/17/06
MMO6A?2 11/30/10
MMO9A2 02/28/14
Second Edition
MMI13A 01/06/06
Guideline
MM14A2 05/23/13
Second Edition
MMI17A 03/21/08

Verification and Validation of Multiplex Nucleic Acid Assays; Approved Guideline

“Clinical and Laboratory Standards Institute (CLSI), Wayne, PA, http://clsi.org

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.
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TABLE 2 Cumitech—Cumulative Techniques and Procedures in Clinical Microbiology documents from the

American Society for Microbiology (ASM)*

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

“American Society for Microbiology (ASM), Washington, DC, http://www.asm.org

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
Department/Section
Test Frequency (e.g. performed daily)
Preferred Container Type
Acceptable Sources

Other Acceptable Specimen(s)
Ambient Stability
Refrigerated Stability
Frozen Stability
Local Transport Temperature
Long Distance Transport Temperature

Specimen Rejection
Equipment, Supplies, and Reagents (ESR’s)
Quality Control

Frequency of Use
Corrective Actions
QC Data Storage

Procedure
Specimen Preparation
Procedure
Troubleshooting
Test Limitations
Calculation and Interpretation
Results and Interpretation

References

Attachment(s)

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.

Microbiology, Virology Section
Performed daily

Viral transport media (VTM)
Cervical swab

Pleural fluid and cerebrospinal fluid

One hour at room temperature in VTM

Two days at 2-8°C in VTM

One month at —=70°C to —80°C

Refrigerated (2-8°C) or frozen (<—70°C)

Refrigerated (2-8°C) or frozen (<—70°C)

Specimen not received in VITM

Briefly and completely list all ESR’s

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)

Repeat the test run if QC is unacceptable.

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

Completely and clearly list all steps used in the test procedure

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

Performance is unknown for <14 yrs age
Software calculation is automated
HSV type 1 virus detected

Isenberg, et al. 2004. Clinical Microbiology Procedures Handbook. ASM Press,
Washington, DC

Include all pertinent forms, algorithms, tables, and figures as attachments
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TABLE 4 Molecular virology infectious disease testing quality control sources®

Infectious disease agent

AM

BR

EG MM SC QU WHO M

Bacteria

Chlamydia trachomatis

Viruses

BK Virus (BKV)

Cytomegalovirus (CMV), HSV (H), VZV (V)
Epstein Barr Virus (EBV)

Hepatitis B Virus (HBV)

Hepatitis C Virus (HCV)

Human Immunodeficiency Virus type 1 (HIV-1)
Human Papillomavirus (HPV)

Influenza Virus types 1 and 2

Parvovirus B-19

West Nile Virus (WNV)

Other (Adenovirus [Ad], enterovirus [E], HSV)

Multiple ID agents and resistance genes
Gastrointestinal (GI panel)

Ebola Virus (Control panel)

Respiratory pathogens (RP panel)

Negative molecular control

Blood and/or specific matrix control

X

X

X

X X

CMV HV CMV

XXX
XXX
XXX XX

>
>
XX

Ad, E Ad

>

“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

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.

TABLE 5 Molecular virology infectious disease testing

controls and calibrators

Molecular
test category

Controls and calibrators

Qualitative

Quantitative

Multiplex

Internal control (IC)

Positive (low, LP)

Positive (high, HP)

Negative control (NC)

No nucleic acid control (NNA)

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

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

SPECIMEN COLLECTION AND TRANSPORT

Specimens, such as blood or CSE 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 (VITM). VTM in the most basic formulation
contains a balanced salt, a pH indicator, and a virus stabi-
lizing protein. VIM 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
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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
CMYV 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, MMO06A2, 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 [FA 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. A written 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 by Mycoplasma 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



2. Quality Assurance and Quality Control in Clinical and Molecular Virology W 33

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

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

Investigation and Corrective
Action (CA)*

Investigation

Preventive Action (PA)“

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

Integrate successful PA plan
into workflow

Methodology, technical,
clerical, quality control

Document the PA change
in the procedure

Summary of findings

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)

“Document all personnel involved and the date of action(s) by the involved
staff.

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

Section Description
Purpose Briefly describe the purpose of the
Principle test

Responsibility
Materials, Reagents,
and Equipment

Controls and

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

Who can perform and report the test
as examples

Specimens Briefly and completely list all supplies
Precautions used in testing.
Procedure What specimens/numbers are included

with controls?

Acceptance and
ceeptance & Safety and MSDS" considerations

Rejection Criteria

Results List the precise steps used in the

L procedure.
Definitions of Terms
What results are acceptable compared

Discrepant Analysis to the standard?

Data Retention List all results in the test report,

Technical References including failed runs.

Addendum

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.

“Materials Safety Data Sheet (MSDS).

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 LDT should 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
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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

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

TABLE 1

Knowledge required to perform test

Categories for determination of test complexity

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

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.

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 (T]JC) 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
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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-
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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

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

(1) 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

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 1SO 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
[LAC 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.
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TABLE 5 Steps in the ISO 15189 accreditation pathway
Step Summary

Laboratory submits application along with
supporting documentation

Application
submission

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

Assessment and
gap analysis

Onsite Inspection by accrediting agency, which
assessment determines compliance with both the
management and technical component of
ISO 15189 standards
Corrective Laboratory submits documentation of
action corrective action to address

nonconformances identified during
accreditation inspection

Assessment of Accrediting agency reviews response to

compliance nonconformances and determines if the
laboratory is in compliance with standards
Accreditation Accreditation committee votes on whether to

grant accreditation

The key differences between ISO accreditation and lab-
oratory accreditation programs (LAPs), such as those ad-
ministered by the CADP, are as follows:

¢ [SO 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.aZla.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).
¢ [SO accreditors focus on the quality management system
under ISO, which differs from LAP requirements in that
it emphasizes a continuous improvement process that
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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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Laboratory Safety

K. SUE KEHL

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, 19832006,
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 of Mycobacterium 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.caflab-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

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

Inoculate lysis buffer with pipet
tip below surface of buffer
extraction

Aerosol from
direct specimen
testing

Work in biosafety cabinet, behind
Plexiglas shield or use face mask

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
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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 pm 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
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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 (DMSQ) 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.



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

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-
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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 I biosafety cabinets are most appropriate
for routine use in the clinical virology laboratory (1). Class
I1I 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
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TABLE 3 Biosafety level recommendations

Biosafety

level (BSL) Work practices

Primary barriers Facility design

BSL 1 Standard microbiologic methods None

® 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

BSL 1 plus:

® Limited access, no unauthorized
personnel

BSL 2

® 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

Open laboratory bench
Hand-washing sink

BSL 1

® Laboratory coats, gloves,

face shield as necessary

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

BSL4 BSL 3 plus:
® Change of clothing on entry
® Shower out

® Decontamination of all material
prior to disposal

BSL 2 plus:
® Class II Biosafety cabinet for all procedures

® Respiratory protection

BSL 3 plus:

All procedures performed in Class III
biosafety cabinet with full body,
air-supplied, positive pressure suit

BSL 2 plus:

® Physical separation from
outside corridor

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

BSL 3 plus:

® Separate building
or isolated area

® Dedicated vacuum,
supply and exhaust, and
decontamination system

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,



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
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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 CO,. 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 ]. BINNICKER

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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FIGURE 1

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%

The phases of laboratory design.

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

TABLE 1 Biosafety level requirements in the clinical virology laboratory
Biosafety level®
1 2 3 4
Airlock present No No Yes Yes
Anteroom No No Yes Yes
Autoclave
® On site No Optional Yes Yes
® [n-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 Arboviruses (WNV), Ebola virus,
viruses (CMV, EBV, MERS, Nipah, rabies, Marburg, Lassa,
HSV, VZV), enteroviruses, HIV, avian influenza smallpox

hepatitis viruses (A-E)

“CMYV, 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.

"Propagated in viral cell culture and/or worked with as a live virus in clinical samples.
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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.

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
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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.

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



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.
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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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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

doi:10.1128/9781555819156.ch6
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TABLE 1

bronchiolitis, pneumonitis|

Specimen Information for respiratory disease [e.g., pharyngitis, laryngotracheobronchitis (croup), bronchitis,

Nucleic acid

Viral pathogen testing Serology Culture Other comments
Influenza virus Nasal swab Nasal swab Coronaviruses are not cultured
Parainfluenza virus NP swab, wash, NP swab, wash, aspirate on routine laboratory cell lines.
Respiratory syncytial virus or aspirate Throat swab
Human metapneumovirus Throat swab BAL
Coronavirus BAL Lung tissue
Rhinovirus Lung tissue Sputum
Enterovirus Sputum
Adenovirus
Severe acute respiratory Tracheal aspirate Culture is not Tracheal aspirate or stool is the

syndrome virus NP aspirate recommended preferred specimen. Consult with
Throat, nasal swab public health department.
Throat wash
Stool
Middle Eastern NP and OP swabs Serum Culture is not Serology should be used for
respiratory NP wash, aspirate recommended epidemiological rather than
syndrome virus Sputum dilagnosticl purposes. Consult
BAL with public health department.
Tracheal aspirate
Pleural fluid
Serum, blood
Herpes simplex virus Respiratory washes Respiratory washes
BAL BAL
Throat swab Throat swab
Tissue Tissue
Cytomegalovirus Throat washes Respiratory washes
Blood Throat swab
Plasma BAL
Urine
Ocular
Amniotic fluid
BAL
Mumps virus Buccal swab Serum Buccal swab

Stensen’s duct exudates
Throat swab
Urine

Stensen’s duct exudates
Throat swab
Urine

NP, nasopharyngeal; BAL, bronchoalveolar lavage; OP, oropharyngeal.

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 HPV 18, 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,
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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 Vesicular fluid Serum Vesicular fluid Vesicle scrapings for Tzanck smears have low
simplex virus Dermal and genital swabs, Dermal and genital swabs, sensitivity and specificity.
scrapings, tissue from scrapings, tissue from base Compared to PCR, culture has poor sensitivity
base or unroofed lesion or unroofed lesion and turnaround time.
Varicella- Vesicular fluid Serum Vesicular fluid Vesicle scrapings for Tzanck smears have low
zoster virus Dermal and genital swabs, Dermal and genital swabs, sensitivity and specificity.
scrapings, or tissue from scrapings, or tissue from base ~ Compared to PCR, culture has poor sensitivity
base or unroofed lesion or unroofed lesion and turnaround time.
Enterovirus Throat swab Throat swab
Vesicular fluid Rectal swab/Stool
Blood, plasma, serum Vesicular fluid
Rectal swab/stool
CSF
Parvovirus B19 Bone marrow Serum Serology is the preferred method of diagnosis.

Rubella virus

Measles virus

(rubeola)

Human T lymphotropic
virus type | and 11

Human herpesvirus 6
Human herpesvirus 7

Human herpesvirus 8

Molluscum

Amniotic fluid
Blood, plasma, serum
Throat or nasal swab
Amniotic fluid

Urine

Throat, nasal, or
nasopharyngeal swabs

Urine

Blood

PBMCs

Blood, plasma, serum
CSF

PBMCs

Blood, plasma, serum

Blood, plasma, serum

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

negative during early infection.

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

Serum. Serology is generally
used as the primary screen.

Serum. Serology is only useful for

primary diagnosis of young infants.

Serum

Serum

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

Appearance of characteristic “slapped cheek”
rash can be diagnostic.

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

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.

Consider performing PCR in cases where serology

is negative but clinical suspicion of infection is high.

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

Serology may cross-react with HHV-6.

PCR is typically positive during active infection.

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.

contagiosum virus

Viral typing can be performed from lesion Lesion biopsy can be assessed by histologic methods.

biopsies, but is not typically done.

Human papillomavirus

Adenovirus Throat swab Throat swab

CSE, 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 CSF Brain biopsy Culture of CSF has poor sensitivity. PCR is the
Brain biopsy Serum preferred method of detection.
Enterovirus CSF Brain biopsy Culture of CSF has poor sensitivity. PCR is the
Brain biopsy Serum preferred method of detection.
Blood, plasma, serum Urine
Urine Stool or rectal swab
Stool or rectal swab Throat swab
Throat swab Rectal swab
West Nile virus Blood, plasma, serum Serum Viremia may be brief, so molecular assays from blood and CSF
CSF CSF should only be performed within 4 days of symptom onset.
Tissue from brainstem Serology may cross-react with other flaviviruses or may be
and spinal cord negative if tested during early disease; retesting may be indicated.
California (La Crosse) Serum Serum PCR assays are available at some local and state public
encephalitis CSF CSF health laboratories and CDC.
St. Louis encephalitis
Western equine encephalitis
Eastern equine encephalitis
Powassan virus
Bourbon virus
Heartland virus
Venezuelan encephalitis
Dengue virus Serum Serum Viremia may be brief, so molecular assays should only be
CSF 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 Serum PCR and serological assays are available at some state
CSF 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

Varicella-Zoster virus
Cytomegalovirus
Measles virus (Rubeola)

Rabies virus

Mumps virus

JC virus

Human T-lymphotropic virus type I and Il

Lymphocytic choriomeningitis virus

Blood, plasma, serum
CSF

PBMCs

CSF

Dermal

CSF

Amniotic fluid
CSF

Brain biopsy
Skin biopsy
Saliva

Buccal swab

Stensen’s duct exudates
Throat swab

Urine

CSF

Blood

Serum

Serum
CSF
Serum

CSF

Serum

Serum

Serum

CSF

Saliva

Buccal swab

Stensen’s duct exudates
Throat swab

Urine

Viral culture of CSF has poor sensitivity.

Viral culture of CSF has poor sensitivity.

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.

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.

Serology is generally used as the primary screen. Consider performing
PCR in cases where serology is negative but clinical suspicion
of infection is high.

CSE, 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)

Nucleic acid

Viral pathogen testing Serology Culture Other comments
Dengue virus Serum Serum. Serology may cross-react with Viremia may be brief, so molecular assays should only
CSF other flaviviruses or may be negative be performed within 5 days of symptom onset.

if tested during early disease;
retesting may be indicated.

Chikungunya Serum Serum. Serology may cross-react
virus with other alphaviruses
Parvovirus B19 Synovial fluid Serum

Blood, plasma,

serum
Epstein-Barr Blood Serum
virus Plasma
Human immuno- Blood, plasma, Blood, plasma, serum. Serology
deficiency virus serum with an antigen/antibody
type 1 and 2 immunoassay is recommended
as the initial screen.
Rubella virus Throat or nasal ~ Serum. The presence of I[gM may Viral culture may be performed on
swab indicate acute infection, but throat, nasal, urine and amniotic fluid
Urine can be negative during early specimens for epidemiologic purposes.

infection.

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 is the preferred method of diagnosis.

Serologic testing for EA 1gG, EBNA IgG, VCA IgG,
VCA IgM is indicated for those patients with
heterophile-negative (rapid test method) determinations.
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.
Serology is the most common method of diagnosis and

should be performed with paired and convalescent
sera. PCR is available at the CDC.

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

Culture

Other comments

Viral Nucleic
pathogen  acid testing Serology
Hepatitis A Serum Serum. The presence of IgM
virus Stool indicates acute infection.
Saliva 1gG f)nly' likely represents
vaccination or past infection.
Hepatitis B Serum Serum
virus
Hepatitis C ~ Serum Serum
virus
Hepatitis D Serum Serum
virus
Hepatitis E~ Stool Serum
virus Serum

Serology is the current gold standard method of diagnosis.

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

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

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

Serology can detect antigen or antibody.

Hepatitis D virus is dependent on hepatitis B surface antigen,
so patient must also be positive for HBV.

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

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 6 Specimen information for gastroenteritis (e.g., diarrhea, abdominal pain, vomiting)
Viral Nucleic
pathogen  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  Stool Antigen testing on stool may be useful in outbreaks
[and II (lower cost with high throughput and adequate
Astrovirus sensitivity). PCR is more sensitive and may continue
Sapovirus being positive well beyond the symptomatic period.
Adenovirus  Stool Stool PCR assays may specifically target adenovirus 40/41,
Rectal swab Rectal swab which are the serotypes most frequently associated
with gastrointestinal disease.
Hepatitis Serum Serum. The presence of IgM Serology is the current gold standard method of diagnosis.

indicates acute infection.
1gG only likely represents
vaccination or past infection.

Avirus  Sgool

Saliva

*PCR assays are more sensitive and specific and are becoming more widely available for gastrointestinal pathogens, particularly as multiplex assays.
PCR, polymerase chain reaction; [gM, immunoglobulin M; IgG, immunoglobulin G.
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TABLE 7 Specimen information for genital infections (e.g., lesions, atypical squamous cells)

Viral pathogen Nucleic acid testing Serology Culture Other comments
Herpes Genital swabs Serum Genital swabs Serology is rarely informative, unless used
simplex Scrapings of vesicles, Scrapings of vesicles, to detect primary genital infection.
virus pustules, and pustules, and Vesicle scrapings for Tzanck smears have
ulcerative lesions ulcerative lesions low sensitivity and specificity.
Human Endocervical/vaginal brush, Molecular methods are typically used
papillomavirus broom, or swab in for secondary screening and

SurePath™
or ThinPrep® solution

Biopsy tissue

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

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 X 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

TABLE 8 Specimen information for retroviruses

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

Nucleic
Viral pathogen acid testing Serology Culture Other comments
Human Blood, Blood, plasma, serum. Serology Serology results should be confirmed with

immunodeficiency plasma, serum
virus types 1 and 2

as the initial screen.

Human Blood Serum
T lymphotropic

virus types I and Il

with an antigen/antibody
immunoassay is recommended

an HIV-1/2 differentiation immunoassay.
Nucleic acid assays may be used for
diagnosis of acute HIV infection as

well as for monitoring.

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

Herpes
simplex virus

Rubella virus

Plasma

Blood

Urine

Ocular

Respiratory

washings

Amniotic fluid for
in utero detection

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

Amniotic fluid for
in utero detection

NP or throat swab
Urine

Conjunctival swab

Serum

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

Cord blood. The presence
of IgM indicates
congenital infection.

Serum
CSF
Cord blood

Urine
Throat swab

Vesicle, pustule
or lesion swab

Throat swab

Amniotic fluid for
in utero detection

Multi-site swab

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

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.

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.

A 4-fold rise in maternal I[gG may indicate infection
in asymptomatic mothers.

In babies up to 6 months old, only [gM 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

Enterovirus

Parvovirus B19

Human
immunodeficiency
virus type 1 and 2

Varicella-zoster virus

CSF

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

Amniotic fluid for
in utero detection

Amniotic fluid for
in utero detection

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

Placental tissue and amniotic
fluid for in utero detection.

Neonatal tissue, blood,
serum, plasma

Serum

Serology should not be used for
diagnosis of infants less than
18 months old because of

transfer of maternal antibodies.

Serum. The presence
of IgM can indicate
congenital infection.

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

Amniotic fluid for
in utero detection

Placental tissue and amniotic
fluid for in utero detection

Neonatal tissue

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

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

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

PCR of integrated HIV DNA can be detected in PBMCs.

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

CMY, cytomegalovirus; [gM, immunoglobulin M; CSF, cerebrospinal fluid; HSV, herpes simplex virus; NP, nasopharyngeal; IgG, immunoglobulin G; PBMC:s, peripheral blood mononuclear cells; HIV, human immunodeficiency virus.
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TABLE 10 Specimen information for infectious mononucleosis

Nucleic
Viral pathogen acid testing Serology Culture Other comments
Epstein-Barr virus Blood, plasma, Serum. Serologic testing is Serologic testing can be done using heterophile
serum recommended antibody testing. In the context of classical
for diagnosis. mononucleosis symptoms and negative
heterophile results, additional EBV
markers such as EA 1gG, VCA IgG, and
VCA IgM should be evaluated.
Cytomegalovirus Blood, plasma, Serum Throat  Detection of IgM can indicate primary infection.
serum swab
Throat swab
Human Blood, plasma, Blood, plasma, serum. Serology Serology results should be confirmed with

immunodeficiency serum

virus types 1 and 2 immunoassay is
recommended as the

initial screen.

with an antigen/antibody

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.

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 pootly 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), WNYV, 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 CSE. 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
aresult 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 11 Specimen information for hemorrhagic fevers

Viral pathogen Nucleic acid testing Serology Culture Other comments
Dengue virus ~ Serum Serum Viremia may be brief, so molecular assays should only be performed within

CSF 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 Serum Organ tissue can be tested by immunohistochemistry.
Tissue (lung, kidney, spleen, heart, brain, Blood PCR assays are available at the CDC.

Marburg virus

Ebola virus

lymph nodes, pancreas, pituitary) biopsy

Blood, serum

Tissue

Blood, plasma, serum
Semen, vaginal fluid

Blood, serum

Blood, serum

Culture is not
recommended in

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

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

0L

Vomitus, stool

Aqueous humor

Other body fluids and tissue

Lassa virus

Blood/serum

Tissue (frozen)

Blood

Serum

diagnostic laboratories
due to risk of exposure.

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.

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

CSE, 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

Herpes simplex virus
Adenovirus
Enterovirus
Varicella-zoster virus
Adenovirus
Epstein-Barr virus
Parvovirus B19
Enteroviruses
Human herpesvirus 6
BK virus

JC virus

Adenovirus

Aqueous or vitreous humor

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

Myocardial, endocardial,
or pericardial tissue biopsy

Pericardial fluid
Blood

Plasma, blood
Urine

Urine

Detection of CMV IgG from serum
in HIV+ patients may indicate the
possibility of reactivation.

Serum

Corneal scraping
or biopsy

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.

Keratitis may be assessed by histology
of corneal specimens.

Conjunctival

swab

Biopsy tissue

Urine

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

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

CMYV, 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 and WNV, 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 ~ 10 days before HIV RNA titers begin
to rise and 15 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 55°C 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-pm 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 SurePath™ 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 37°C 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 4°C. The rest of the original
sample was frozen at —20°C. 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
—70°C 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 2-8°C.

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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Primary Isolation of Viruses
MARIE L. LANDRY AND DIANE LELAND

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. A wide 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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TABLE 1 Types of cell cultures commonly used in a clinical
virology laboratory
No. of

Cell culture® Examples subpassages
Primary Kidney tissues from monkeys lor2

(RhMK), rabbits (RK), etc.

Embryos from chickens (CE),

guinea pigs (GPE), etc.
Diploid Human embryonic lung (MCR-5) 20-50

or human newborn foreskin (HFF)
Continuous Human epidermoid carcinoma Indefinite

of lung (A549), mink lung
(ML or Mvl1Lu)

“Mixtures 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.

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, x 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 2 Conventional cell cultures for viruses commonly isolated in a clinical virology laboratory®”

Virus Sensitivity in cell culture® 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 +/— ++ +4+ 2 (1-7) Foci large rounded cells; HSV-2 produces

syncytia; rapid progression

VIV + +++ 4+ 6 (3-14) Foci of pyknotic, degenerating cells

“PMK, primary monkey kidney; HDF, human diploid fibroblasts; A549, human heteroploid cell line; CPE, cytopathic effects; HAd, hemadsorption.
Viruses that are not routinely isolated in conventional cultures include HMPV, coronaviruses, rthinovirus group C, EBV, HHV-6.
“Degree of sensitivity: +++, highly sensitive; ++, moderately sensitive; +, low sensitivity; +/—, variable; —, not sensitive.



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

Process Supplies and equipment needed

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

Inoculation of cell
cultures

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

Maintenance of cell
cultures

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

Staining of shell
vials and
identification
of virus isolates

Freezer vials, ultra-low temperature freezer
(=70°C), and dimethyl sulfoxide as

stabilizer

Preservation and
storage of viruses

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-um 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 HSV only, 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 lines may 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
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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
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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. x85. (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.)



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 DHS82 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.
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FIGURE3 Centrifugation culture: detection of CMV immediate
early antigens in infected nuclei at 16 to 24 hours postinoculation
(immunofluorescence stain). (Reprinted from last edition.)

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
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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.

Replace cap and centrifuge (30 to 60 minutes at
700 % g).

Aspirate inoculum for blood, urine, and stool samples,
then rinse with 1 ml of medium to reduce toxicity.
Add 1.0 ml of maintenance medium to each shell vial
and incubate at 35°C for 1-2 days.
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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 pl (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 pl (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
%x 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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TABLE 4 Mixed cell culture methods used in clinical laboratories
Culture source/cell culture Reference
composition Targeted viruses Principle no.
R-mix“/Mink lung RSV, influenza A and B; parainfluenza  Inoculate three shell vials for each specimen. 40-46
(Mv1Lu) and A549 1, 2, and 3; adenovirus Stain with monoclonal antibody (MAb) pool
Can detect HMPV by IF at 24 hours; if positive, scrape second vial,
CPE for other viruses can be observed make multiwell slide, and identify pathogen
(HSV, CMV, enteroviruses); can by individual MAbs.
monitor third vial for CPE or stain If negative, scrape second shell vial at 48 hours,
by IF 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.
R-mix Too/MDCK and Same as R-mix, except not susceptible ~ Same as R-mix
A549 to SARS coronavirus
More sensitive than R-mix for some
respiratory viruses especially
adenovirus and influenza B
H&V mix* HSV-1 and -2, VZV Combination of cells highly sensitive to HSV 48
African green monkey Can also isolate CMV; mumps; and VZV
kidney (strain CV-1) and measles; rotavirus; polio type 1; Can observe for CPE then confirm by IF, or stain
MCR-5 cells rhino-, adeno-, and enteroviruses; by IF before CPE develops
RSV Can stain shell vials for HSV at days 1 and 2,
and for VZV at days 2 and 5
Super E-mix* Enteroviruses Same as above
BGMK-hDAF and A549
ELVIS* HSV-1 and HSV-2 Positive cells stain blue with X-Gal 51,53-57

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

Can type positive cultures by adding two
type-specific MAbs

“Available from Diagnostic Hybrids, Inc.

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
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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.)

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

B

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.)

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.



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, primary MK cells and CV-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 IE 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
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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 CMYV; 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 HDE, 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. 11I), 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 IE

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



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 CMV DNA 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,
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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
rthinoviruses, 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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Viral Antigen Detection
DIANE S. LELAND AND RYAN E RELICH

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 x 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 MADb 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 MADbs 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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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.

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.

MADb 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 MADb preparations W1th two dif-
ferent fluorescent labels in the DFA format (D? 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 (D® 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 (D’ Duet RSV/Respiratory Virus Screening Kit).

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

features three dual-labeled (R-phycoerythrin versus FITC)
MADb 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 MAD 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, D? 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 2  Diagnostic Hybrids (DHI) proficiency panel samples stained with the DHI D? 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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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.

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
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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 HIN1
(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 ElAs

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



8. Viral Antigen Detection M 99

= viral antigen
© in specimen
\\7 = enzyme-labeled
A antiviral antibody

= substrate solution

EDEDEDED
N\

C \AMAN XN,

Testing Mechanism

Gross Appearance

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.

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 T antigen), 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
CMYV 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 ITHC 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 CMYV 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 IHC:s 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 HIV or 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
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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.

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, EIA works 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.

Specimen collection/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,
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TABLE 1 Characteristics of Viral Antigen Detection Methods
. Typical Turnaround Equipment Required/
Method Viral Antigens Detected Time Steps in Assay CLIA Status
Immuno-Fluorescence
DFA adeno, HSV-1/-2, hMPV, 25-30 min Fluorescence Microscope, Mod or Highly
Flu A & B, PIV-1, incubator, multiple Complex
-2, -3, VZV steps in assay
IFA Used to confirm 2-3 hours (same as DFA) (same as DFA)
isolate ID: entero,
measles, mumps, PIV-4
Immuno- adeno, Flu A & B, 15-30 min One step assay, Waived or Mod
chromatography rotavirus, RSV no equipment Complex

EIA Membrane Flu A & B, RSV 30 min
Cassette
EIA Immuno- BK, CMV, EBY,

HSV-1/-2, others

histochemistry

EIA Microwell hep B surface Ag,
hep Be Ag, HIV-1

p 24, rotavirus

24-48 h to process
tissue, staining
performed in batches,
read by pathologist

~24 hours, usually
performed in
batches with related
Ab ElAs

(some have readout
device)

No equipment, Mod Complex
multiple steps
in assay

Facilities for tissue Highly complex

processing, imbedding,

cutting, staining, light

microscope, multiple

steps in assay

Usually automated Mod Complex
instrumentation

or spectrophotometric

plate readers, multiple

steps in assay

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.

B e - !
Common utilization, may not be all inclusive.

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
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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 [FA 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
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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



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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Serologic (Antibody Detection) Methods

DONGXIANG XIA, DEBRA A. WADFORD,
CHRISTOPHER P. PREAS, AND DAVID P. SCHNURR

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
[gM, 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, [gM 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
[gM 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
[gM 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

doi:10.1128/9781555819156.ch9

105



106 W

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
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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).



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 TCIDs 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 RBC:s 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-
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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 HINI1 (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 RBC:s. 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 RBC:s is critical for accurate HI results.
For different influenza A virus subtypes, guinea pig, turkey, or
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horse RBCs work best. Rat RBCs are best for adenoviruses,
goose RBC:s 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.” A mixture 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.
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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.

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 rtheumatoid 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



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
[gM. 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 ACIE

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 to0 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 [gM
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
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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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FIGURE 2 Sequential addition of reagents in the indirect EIA.

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 EIA with 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
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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, CSEF, 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,
Adenouviridae, 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.
[gM detection by EIA is discussed in the [gM 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
[gG 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).



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.
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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 [gM by EIA.

Methods

The 2 most common EIA methods for [gM determinations
are the indirect [gM 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 [gM conjugate is used instead of an anti-human [gG
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
[gM 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
[gM in a single serum must be interpreted with caution,
and should be evaluated with consideration of clinical
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Substrate

Anti-antigen
immunoglobulin
enzyme conjugate

Viral antigen

Patient IgM antibody

Anti-human
IgM antibody

Solid-phase

IgM Capture EIA

FIGURE 4 Sequential addition of reagents in the [gM capture
EIA.

presentation in the patient. Generally, pronounced transient
[gM 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 [gM
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 CSE 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 theumatoid 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 I[gM enzyme conju-
gate can bind RF and produce color mimicking specific [gM
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

LABORATORY PROCEDURES FOR DETECTING VIRUSES

Substrate

enzyme conjugate

Anti-human
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Patient RF
&
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Solid-phase

Rheumatoid Factor (RF) False Positive

FIGURE 5 Depiction of rheumatoid factor (RF) false positive in
indirect IgM EIA.

epitopes on the solid phase. This interference may prevent
[gM from binding and cause a false negative [gM reaction.

For IgM capture EIA, one possible interfering factor is
the presence of heterophilic antibodies in a patient sample,
serum, or CSE 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. [gM
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 [gM
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
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FIGURE 6 Depiction of heterophilic (Hp) antibody false posi-
tive in [gM capture EIA.

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 [gG 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
HIV and 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
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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
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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). A WB assay using recombinant antigens
and isotype-specific conjugates for I[gM-IgG differentiation
has also been developed, and its results are generally in
agreement with those of the [gM-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 hedlth 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, I 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
QIAczol 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 QlAamp
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).

LABORATORY PROCEDURES FOR DETECTING VIRUSES

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 X 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).

QlAamp 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 QIlAamp 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 QlAamp 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
Gene]ET 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, W1).
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



include those from MoBio (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 lig-
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
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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.



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,
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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, WIJ], Abnova [BioGX, Birmingham, AL], MagNA
Pure Compact [Roche Diagnostics, Indianapolis, IN], and
BD MAX [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
Samples Processing ~ Sample input Elution

Instrument per run time (h) volume (ul) volume (pl) Sample types” Vendor contact

Qiagen Qiacube Up to 12 1-1.5 200-600 20-200 B,S,P,CSE U, T, www.qiagen.com
UTM, SW

Qiagen Qiacube HT ~ 8-96 in sets of 8 1-1.25 200-350 30-150 B, S PCSEU,T, www.qiagen.com
UTM, SW

Qiagen Biorobot Up to 96 2.20-3 Up to 200 20-150 B,S,P,CSE U, T, www.qiagen.com
Universal UTM, SW

“B, whole blood; CSF, cerebral spinal fluid; P, plasma; S, serum; SW, swab; T, tissue; U, urine; UTM, universal or viral transport medium.
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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.

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-
Meérieux) 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 wvitro 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
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TABLE 2 Instruments that use variations of magnetic particle capture for nucleic acid extraction
Samples Processing Sample input Elution
Instrument per run time volume volume Sample types” Vendor contact
EZ1 Advanced 1-6 20-50 min  200-400 pl 50-100 pl B, S, P, CSE U, www.giagen.com
T, UTM, SW
EZ1 Advanced XL 1-14 20-50 min  200-400 pl 50-100 pl B,S, P, CSE U, www.qiagen.com
T, UTM, SW
QIAsymphony SP 1-96 in 35-6h 200-1,000 pl 50-400 pl B, P, U, UTM,  www.qiagen.com
batches SW
of 24
EasyMag 1-24, best in 45 min Up to 2 ml Variable from B, P, S, UTM, www.biomerieux.com
sets of 8 depending on 25 to 110 pl T, CSE U,
sample type” BAL/BW,
ST, FL, SP
Maxwell 1-16 28-52 min  100-300 pl 50 ul P S WWWw.promega.com
KingFisher Up to 24 35-60 min  20-200 pl 100 pl P S, SW, CSE, www.thermofisher.com
UTM, ST
KingFisher ML Up to 15 35-60 min  50-1,000 pl 100 ul P, S, SW, CSE www.thermofisher.com
UTM, ST
KingFisher Flex Upto24or  35-60 min  20-1,000 pl 100 pl P, S, SW, CSF, www.thermofisher.com
up to 96 or 200-5,000 pl UTM, ST
Abnova 16 or 32 55-90 min  50-200 pl 100 pl B, P S, UTM, www.biogx.com
T, CSE ST,
BAL/BW
Sentosa SX101 1-96 90-120 min 1-1,000 pl 80 ul B, B S, UTM, www.veladx.com
SW, CSE, SP
m2000 sp 24-96 in 90-250 min  0.4—4 ml 15-190 pul B, B S, SW, www.abbottmolecular.com
batches T, CSFE, ST,
of 24 BAL/BW
Magnapure 96 1-96 50-90 min  50-1,000 pl 50-100 pl B, P, S, ST, CSE www.molecular.roche.com
SW, BAL/BW
Ampliprep 1-48, optimal 1.5-2 h 50-850 ul 75 ul S, P www.molecular.roche.com
batches of
12
Magnapure Compact 1-8 20-45 min  100-1,000 pl 50-200 pl B,S, B T,FL, www.molecular.roche.com
CSE U, UTM
QuickGene 810 1-8 6-20 min 100-200 pl 50-200 pl B, P S, UTM, www.autogen.com
SW, ST, T
Arrow 1-12 30-40 min  200-500 ul 50-200 pl B, P, S, UTM, www.autogen.com
SW, ST, T

“B, 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.

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 [VD 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 BD MAX.
ELITech is planning to use the platform for [VD 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

e Urine

¢ Cerebrospinal fluid and other fluids, including bronch-
oalveolar lavage, bronchial washing, vitreous, amniotic,
pleural

¢ Swabs in universal transport media (UTM) or Copan

ESwabs
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TABLE 3 Automated extraction systems with PCR mix setup function

Samples Processing  Sample input  Elution Sample IVD kits
Instrument per run time volume volume types” or LDT? Vendor contact
m2000sp 1-96 50-90 min  50-1,000 pl 50-100 ul B, B, S, ST, CSE IVD kits www.abbottmolecular.com
SW, BAL/BW
Qiagen Up to 96 2.20-3 h Upto200ul  20-150pul B, S, P, CSE U, Both www.qiagen.com
Biorobot T, UTM
QIAsymphony  1-96 in batches 3.5-6 h 200-1,000 I~ 50-400 ul B, B, U, UTM Both www.qiagen.com
of 24
Ampliprep 1-48 in batches 1.5-2 h 50-850 pl 75 ul P S IVD kits  www.molecular.roche.com
of 12
Magnapure 96 1-96 50-90 min  50-1,000 pl 50-100 ul B, B, S, ST, CSE  Both www.molecular.roche.com
SW, BAL
Sentosa SX101 1-96 90-120 min  1-1,000 pl 80 ul B, B S, UTM, Both www.veladx.com
SW, CSE, SP
epMotion® Variable 60-120 min 11,000 pl Variable B, P, S, U LDT www.eppendorfna.com

depending on
exact model

“B, 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.
PIVD, in vitro diagnostics; LDT, laboratory-developed test.

We also have validated a number of sample types that
require pretreatment:

e Sputum: pretreat with Copan SL to liquefy
e 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

Samples Processing Random IVD kits
Instrument per run time access Sample types” only or LDT* 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 www.hologic.com
currently
GeneXpert Variable <1-2 h depending on  Yes CSE UTM, IVD kits only www.cepheid.com
dependent test SW, LB, ST
on format
FilmArray 1 About 1 h No; 1 BC, UTM, IVD kits only www.biomerieux.com
module per ST, BAL/BW?®
instrument
Verigene 1 (in modules) 25h Yes UTM, SW, ST IVD kits only www.nanosphere.us
3M Integrated 1-8 orup to 96  1-1.25 h No CSE SW, ST IVD kits only www.focusdx.com
Cycler depending currently
on test
BD MAX 1-24 2-3h No SW, UTM, LB,  IVD kits and LDTs www.bd.com
CSE, BAL/BW,
SP, ST

“BC, 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.

PBAL/BW validated in house on the FilmArray for their respiratory pathogen panel.

IVD, in vitro diagnostics; LDT, laboratory-developed test.
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TABLE 5 Fully automated sample-to-answer instruments in development

Samples Random IVD kits only
Instrument per run Processing time access Sample types” or LDT? Vendor contact
GenMark 1-6 in a module  To be determined Yes Projected SW, IVD kits only www.genmarkdx.com
CSE, UTM, ST
Aries 1-12 with 2 Approximately 2 h No Projected SW, ST, IVD kits www.luminex.com
independent UTM, LB and LDTs
6-sample bays
InGenius 1-12 <90 min No Projected SW, IVD kits www.elitechgroup.com
system CSE, UTM, ST and LDTs

“CSF, cerebral spinal fluid; LB, Lim broth; ST, stool; SW, swab; U, urine; UTM, universal or viral transport medium.

PIVD, in vitro diagnostics; LDT, laboratory-developed test.

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. [TP
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


http://www.genmarkdx.com
http://www.luminex.com
http://www.elitechgroup.com

126 N

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 pl 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 NAAT assay. 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 witro
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 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 10% base
pairs, whereas high fidelitg enzymes only introduce one in-
correct nucleotide per 10° 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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FIGURE 1 Conventional PCR. Start at top, the dsSDNA 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. INTPs, deoxynucleoside triphosphates.

enzyme. Commonly used reverse transcriptases come from
the Moloney murine leukemia virus (M-MuLV or MMLV),
avian myeloblastosis virus (AMV), or the commercially man-
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-
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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 Mg”* 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
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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).

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
TagMan 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 TagMan
reporter oligonucleotides. Detection by this method employs
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FIGURE 3 TagMan 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.

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

A
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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

gL
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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). Scorpion molecules 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 10
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, thinovirus, enterovirus, corona-
virus, adenovirus, and human metapneumovirus using the
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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.

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

TABLE 1 Comparison of different PCR techniques

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

Conventional PCR

Real-time PCR

Digital PCR

Overview

Quantitative
Applications

Strengths

Weaknesses

Detects PCR product at the
end of the reaction

Not routinely
Qualitative pathogen detection

Amplification of DNA for
sequencing

Anmplification of DNA for mass
spectrometry analysis

Simple design

Lower cost compared to other
molecular methods

Ability to be used in multiple
different downstream
applications

Post-amplification processing
needed

Poor precision
Low resolution

Narrow dynamic range

Detects PCR amplification
in real-time

Can be if standard curve is used
Qualitative pathogen detection
Quantification of viral load

Increased dynamic range

No post-amplification processing

Fluorescence based discrimination
of products

Ability to be used in multiple
different downstream
applications

Depends on standard curve
for analysis

Limited number of targets in
any one reaction

Measures fraction of negative droplets
to calculate absolute copies

Yes, utilizes a Poisson statistical algorithm

Absolute quantification of viral load
without standards

Does not rely on references
or standards

Increased precision
Higher tolerance to inhibitors
Detects small fold-change differences

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, TagMan 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 = —In(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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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 PEtoile, France). Currently, the NucliSENS EasyQ
HIV-1 v2.0 and HPV kits are commercially available
(Table 1). Furthermore, bioMerieux provides the Nucli-
SENS EasyQQ 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 EasyQQ 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 EasyQQ HIV-1 v2.0 kit
targets the HIV-1 p24 gag gene. Quantitation is achieved
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TABLE 1
quantitation of viral DNA or RNA (updated August 2015)
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Isothermal nucleic acid amplification methods: Manufacturers and commercially available kits for detection and/or

Method

Manufacturer

Kits commercially available

NASBA bioMerieux (Marcy
’Etoile, France)

TMA Hologic (Bedford, MA)

SDA BD (Franklin Lakes, NJ)

LAMP | Q-LAMP DiaSorin (Saluggia, Italy)

Meridian Bioscience
(Cincinnati, OH)
NEAR Alere (Waltham, MA)
RPA None

NucliSENS easyQ HIV-1 v2.0; NucliSENS easyQ HPV

Procleix Ultrio; Procleix Ultrio Plus; Procleix Ultrio Elite;
Procleix HEV; Procleix Parvo/HAV; Procleix WNYV;
Aptima HIV-1 Quant Dx; Aptima HPV

BD ProbeTec Herpes Simplex Viruses (HSV 1 & 2)

Q* Amplified DNA Assays
lam BKV; [am HSV1&2; lam VZV; lam CMYV; lam Toxo;

lam Parvo
illumigene® HSV 1&2
Alere I Influenza A & B

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.

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 x 10" to 1.0 x 107 copies/ml
when a plasma input volume of 1 ml is used. When a total
volume of 100 pL 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 easy(QQ 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 TagMan 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 easyQQ 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 TagMan 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 with men, the NucliSENS easyQ HPV 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 DNA when 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



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 HPV assay 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
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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) QF 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) QF 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 10° 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 (Tablel).

DiaSorin has brought several assays for detection of viral
DNA:s in different specimens on the market including lam
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:

The nicking endonuclease amplification reaction (NEAR)
technique, originally patented by members of Envirologix
(Portland, ME), provides exponential amplification of DNA
or RNA with a somewhat complex procedure (53). In case of
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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 A virus and between 75.0 and 100%
for influenza B virus, while specificity was found to be be-
tween 98.6 and 100% for influenza A virus 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 gPCR 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.



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
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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 gPCR 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 EasyQQ 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 Very few commercial assays available; not
that allows generation of laboratory developed assays; ideal for DNA analytes
well-documented in literature
TMA Commercially available kits fully automated; number The majority of virus kits aimed at laboratories
of kits available increases continuously 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 Regarding commercially available kits,
number of kits; laboratory developed assays can no independent literature about assay
be established relatively easily performance available; complex primer design
NEAR Robust technique tolerating crude samples; very quick Only a single test commercially available
providing results within 15 minutes; commercially currently; no medium- to high-throughput
available test well-documented in literature; instrument available
suitable for point-of-care diagnostics
RPA Robust technique tolerating crude samples; very quick No test commercially available currently

providing results within 15 minutes; suitable

for point-of-care diagnostics in the future

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 gPCR-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) QF
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
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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 RNA:s. 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


https://primerexplorer.jp/e

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 (gqRT-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 quantitative methods 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 logjo, so relevant clinical
differences are often >2 to 3 log;o. For quantitative LDPs,
interassay variability can be large, and it is often difficult to
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TABLE 1

LABORATORY PROCEDURES FOR DETECTING VIRUSES

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.)

IUMI to
Test or reagent Measurable range copies/ml
Target (manufacturer) Method (IU/ml or copies/ml) conversion*
HIV-1 Cobas Amplicor HIV-1 Real-time RT-PCR Standard, 400 x 10°-7.5
Monitor v. 1.5 (Roche) % 10° (copies/ml)
Ultrasensitive, 50 x 10°—1
x 10° (copies/ml)
Cobas AmpliPrep/ Real-time RT-PCR Standard, 500 x 10°-1 x
Amplicor HIV-1 10° (copies/ml)
Monitor v. 1.5 (Roche) Ultrasensitive, 50 x 10 —
1 x 10° (copies/ml)
NucliSens HIV-1 QT NASBA 176 x 10°-3.47 x 10°
(bioMeriéux, Inc) (copies/ml)
Cobas Amplipre/Cobas Real-time RT-PCR 48 x 10°—1 x 107 (copies/
TagMan HIV-1 (Roche) ml)
RealTime TagMan HIV-1 ~ Real-time RT- PCR 40 x 10°=1 x 107 (copies/
(Abbott) ml)
HCV Cobas AmpliPrep/Cobas Real-time RT-PCR 43 x 10"-6.9 x 107
TagMan (Roche) (IU/ml)
Realtime HCV Assay Real-time RT-PCR 12 x10% (IU/ml)
(Abbott)
HBV RealTime HBV PCR Real-time PCR 9 x 10°=4 x 10° (IU/ml)
(Abbott)
Cobas TagMan HBV Real-time PCR 20x 108 =2.3 x 108 (1U/
(Roche) ml)
CMV artus CMV RGQ (Qiagen)  Real-time PCR 159 x 107=17.94 x 107 1.259
(IU/ml)
Cobas TagMan CMV Real-time PCR 137 x 10°=9.10 x 10° 1.1
(Roche) (IU/ml)

#1 IU/ml= X copies/ml.

# Expanded clinical reportable range with maximum dilution of 1:100 (43 x 10°-6.9 x 10° IU/ml).

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 Tag 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


http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/InVitroDiagnostics/ucm330711.htm
http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/InVitroDiagnostics/ucm330711.htm

product accumulation within each cycle is: Y, = Y,_; *
(1+E,) with 0 < E, < 1.

In this equation, E, represents the efficiency of the am-
plification, Y,, the number of molecules of the PCR product
after cycle n, and Y,,_; 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
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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 TagMan 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 (LN A) hydrolysis probes (64, 65), and
scalable target analysis routine (STAR) technology, mea-
suring amplicon accumulation through incorporation of
labeled primers (66).

TagMan 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



148 W LABORATORY PROCEDURES FOR DETECTING VIRUSES
A 3.6
3.4
3.2
@ 3.0 —— 1045
2 2.8 -
< 2 —=— 1074
% 28 —— 103
D 2.4 - .
S 2.2 —u— 1072
o 201 =10
Z 18- —e— Neg
© 3
w VB threshold — Neg
SR —— Neg
1.2
1.0 1
0.8 v T T T : '
0 10 20 30 40 50 60
cycle number
B 6
~
\"\
5 ~e
~
~
S =
c SN, efficiency = 10°5°P° - 4
o4 < = d
3 g efficiency = 10°%7"" - 1
o ~
~ = 87%
g} 3 _.,\.-.‘._\
= N
o y = -0.2711x + 12.247 S~
7] ~
il 2 — ;\\
2 N
~
~
\\h
1 <
Y
~
~
Y
~
0 Y
25 30 35 40 45
G
FIGURE 1 (A) Fluorescence output from real-time PCR showing eight samples with corresponding copy numbers and corresponding

standard curves derived from the Ct 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 C1. Samples of unknown concentration
can be assessed in comparison to the standard curve. Efficiency can be calculated from the slope of the regression line.

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



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 bDNA VERSANT 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 CMYV, 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
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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 In(1-p), where p is the fraction of
positive droplets. ddPCR technology uses reagents and
workflows similar to those used for most standard TagMan
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.



150 W

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-

TABLE 2 Factors contributing to quantitative assay variability
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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

Host factors Preanalytical factors

Analytical factors

Postanalytical factors

Vaccination Improper transport device

Quality of water, reagents, or

Report interpretation

consumables

Other infections Improper collection

Owulation Improper storage

(i.e., temperature)
Anticoagulants or other
interfering substances or
inhibitors in samples

Extraction or detection method

Pipette calibration error or
pipetting variability

Diagnostic algorithms
Noncompliance to clinical standards

Biologic or genetic variability of
organisms

Human technical error

Temperature




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
HCYV 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

13. Quantitative Molecular Methods B 151

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 ul 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 log;o (3-
fold) for plasma at 4°C for up to 3 days and for long term at
—170°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-
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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 (WHOQO) 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
(HCMYV) with the HCMYV 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
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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.

Target Value
- TEa = + TEa
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FIGURE 2
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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
logio 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



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
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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 log;g 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 log;o 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
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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 [U/ml, the au-
thors applied Sigma analysis, where total error was the
change in viral load from 25 [U/ml (the assay LLOQ) to 50
[U/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)
SMI+SOF Olysio (Janssen Therapeutics)
OBV/PTV/r Viekira Pak (AbbVie Inc.)
+DSV#*

8-24 95-100% 10 October 2014
12-24 95-100% 6 November 2014
12-24 93-100% 19 December 2014

*Dependent on patient population; see reference for details.

**Qther indications include HCV/HIV-1 coinfection or liver transplant recipients with mild fibrosis.



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 log;o IU/ml
to 5 logip 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-
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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
CMYV 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
CMYV 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-
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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 log;o) 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 log;o)
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



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 > 10’ targets per 10° 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
BKV occurs 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 > 10copies/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 >10* 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

13. Quantitative Molecular Methods B 159

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 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

Urtilizing 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

doi:10.1128/9781555819156.ch14
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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

Scheme for Hybrid Capture 2 (HC2) technology.

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 HC2ZHPV 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



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-

0) )

Add lysis buffer to
release target RNA (1)
and hybridize to capture
probe (2) on microwell

Hybridize target probes (3),
preamplifiers (4) and
amplifiers (5) to microwell
and virus RNA (1)
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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

signal

T

MICROWELL

MICROWELL

microwell

Hybridize AP-labeled probe (6)
to amplifiers (5), add
dioxetane substrate (7), and
measure chemiluminescence

FIGURE 2 Scheme for branched DNA (bDNA) technology.
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TABLE 1 Comparison of bDNA and HC2 technologies

LABORATORY PROCEDURES FOR DETECTING VIRUSES

Test feature

Hybrid Capture II (HC2)

Branched DNA (bDNA)

Signal amplification Anti-RNA:DNA hybrid antibody

Detection AP-conjugated anti-RNA:DNA hybrid antibody
Chemiluminescent Dioxetane (for HPV)
Substrate Lumi Phos 530

Common features No enzymes involved for target

Many probes including capture target,
preamplifier, amplifier probes

AP-conjugated label probe

Dioxetane

Lumin-Phos Plus, Lumi Phos 530

No DNA or RNA extraction is needed

amplification, less contamination concern

Semiautomation

application (4 microwell plates) in 8 hr.

Rapid Capture System: up to 352 samples

System 340/440: up to 168 samples in 1-2 days

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/Tagman 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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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 A bioinformatics pipeline is a series of data processing scripts that are linked together to perform a desired analysis, essentially a computational workflow
pipeline
Contig Short for contiguous sequence, i.e., a long stretch of DNA sequence composed of overlapping sequence fragments

De novo assembly

Deep sequencing
Depth of coverage
DNA library

Emulsion PCR

FASTA/BFA
FASTQ
Heat map
Indel

Insert

kmer
Mate pair read

Metagenomics
Multiplexed run
Paired-end read

Phred quality score

Quality trimming

Read
Read length

Reference guided
assembly

Resequencing

SAM/BAM
SNP analysis
Systematic error

Virome

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

Sequencing with high depth of coverage in order to detect variants present at low concentrations
Number of reads spanning a defined region of DNA sequence, e.g., 5x, 10x, etc.

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.

Anmplification 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.

A sequence read file format that does not include quality score information. BFA is binary FASTA.

A sequence read file format that includes phred quality score information for each base-call (225)

A heat map is a graphical way of displaying a table of numbers by using colors to represent the numerical values
Insertions and deletions

The DNA fragment to be sequenced is sometimes referred to as an insert because it is flanked by adapter sequences

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.

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

Refers to study of microbial communities, but often applied to sequencing of a biological specimen for pathogen detection
Sequencing multiple samples simultaneously in the same reaction; requires barcoding of sample for data analysis
Read obtained from both ends of a defined region of DNA, but not necessarily from the same strand

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)

The process of trimming low-quality bases from the ends of sequence reads

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

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.

Assembly of unknown sequence reads based on comparison, or mapping, to a reference sequence

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.

Sequence alignment file formats: SAM format stores text data in readable tab delimited ASCII columns while BAM stores data in binary form
Computational steps to identify single nucleotide polymorphisms, i.e., differences in DNA sequence between the experimental
Error that tends to repeat and is reproduced in replicate studies

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 witro 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 II-
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 lon
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
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A Fragment DNA and ligate
adapters

DNA fragments Adapters

Denaturation to yield
single strand
templates

B Amplification yields dense clusters of
double-stranded DNA for sequencing

DNA fragments attached to
linkers covalently attached to
flow cell

—

by addition of
polymerase and

l Bridge amplification
unlabeled nuclectides

Cleavage results in strands
that are all in the same
orientation

dNTPs Primers

Labeled primers and DNA
polymerase are added to
initiate sequencing by
synthesis. Fluorescence is
detected after laser excitation
and a sequence is generated.

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 [llumina 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.

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
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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 lon Torrent chip for sequencing. Sequencing is
accomplished by addition of a sequencing primer, DNA polymerase, and the sequential addition of ANTPs. 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 lon Torrent software.

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
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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 MinlON,; 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 MinlON, 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 MinlON 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 lon 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;
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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 lon 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 HIN1 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 resistance mutations 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 [llumina HiSeq 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 [llumina 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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TABLE 2 Overview of next generation sequencing technologies and platforms

Sequencing
Platform technology Advantages Disadvantages
GenomeLab GeXP Dye terminator High accuracy rate Cost prohibitive for high-throughput applications
(Beckman) Long reads

ABI 310, 3130,
3730, 3500 (Life

Data analysis
easily performed

Technologies)

PyroMark Q24, Pyrosequencing Rapid
Q96 (Qiagen)

454, 454 GS Massively parallel Long reads

Short reads

Errors in homopolymeric regions

High reagent cost

Errors in homopolymeric repeats

Roche to discontinue 454 sequencers and will
no longer support product starting in 2016

Requires heterogeneity of sequence template,
which is problematic for amplicon sequencing

Errors in homopolymeric and AT regions
High reagent cost, depending on application

Very short reads
Long run times
Instrument no longer commercially available

Junior (Roche) Pyrosequencing Fast run time

MiSeq, NextSeq Reversible Low cost per base
500, HiSeq (Illumina) Terminator Moderate read lengths

Very high throughput,
for HiSeq models

Ion Torrent PGM, Semiconductor Low-cost instrumentation
lon Proton (Life Simple machine
Technologies)

ABI SOLiD Ligation Very high throughput
(Life Technologies) High accuracy

PacBio RS Single Molecule Extremely long reads

(Pacific Biosciences) Real-time

MinION, GridION
(Oxford Nanopore)

Nanopore (27)

SeqgLL http://seqll.com/

Helicose sequencing
performed as a service

ChunLab

Numerous other

Sequencing
as a service

Fast run times

Small footprint
Simple design

Does not require purchase
of instrumentation

Ideal for sporadic
sequencing needs

High error rate
Expensive
Relatively low throughput

Available through an access program

Performance characteristics for virology
application not yet evaluated

May be cost prohibitive

Turnaround time may not be sufficient for diagnostic
or public health investigation purposes

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
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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

LABORATORY PROCEDURES FOR DETECTING VIRUSES

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 vyields 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
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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 BLAST search
(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-Déring 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 nowvo 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
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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

Platform/
Application Availability Examples” Advantages Disadvantages
Single-purpose Downloadable Numerous, see reviews (227, 228) Free of charge Does only one specific job
tools PUth' Configurable, create Requires bioinformatics
Domain your own pipeline expertise for scripting
and maintenance
on Linux
Time consuming
Bioinformatics Downloadable GATK (81) Free of charge Require extensive
workflows Public CG-Pipeline Available for a variety validation
Domain S ineli f 1 ifi Pipelines for th
ee Table 4 for pipelines developed ot general or specific ipelines for the same purpose
for virology applications purposes using different component
tools may yield
different answers
Requires Linux and
bioinformatics expertise
Bioinformatics Cloud-based Galaxy (74, 79) http://galaxyproject.org/ ~ Does not require Require extensive
workflows Public Rainbow (97) http://s3.amazonaws. Linux expertise validation
Domain com/jnj_rainbow/index.html Transfer of large data packages
Crossbow (76) can be problematic
CloVR (83) Privacy and security
concerns
Bioinformatics Downloadable CloVR(83) No need for Requires informatics/
infrastructure or cloud-based computational core bioinformatics expertise
Public Domain
Sequence Desktop software ~ GENtle http://gentle.magnusmanske.de/ Free of charge May not be suitable for

viewing and
data analysis

Sequence
viewing and
data analysis

Instrument-
based data

analysis

Bioinformatics
as a service

Public Domain

Desktop
software

Commercial

Instrument
software

Commercial

Commercial

MEGAG http://www.megasoftware.net/

BioEdit http://www.mbio.ncsu.edu/
bioedit/bioedit.html

NCBI Genome Workbench http://www.
ncbi.nlm.nih.gov/tools/gbench/

CLC Genomics Workbench (CLCbio)

Lasergene (DNASTAR)

Sequencher (Gene Codes)

Bionumerics 7.0° (Applied Maths)

Vector NTI (Life Technologies)

Geneious 8.0 (Biomatters)

NextGENe (SoftGenetics)

CodonCode (CodonCode Corporation)

Geospiza (Perkin Elmer)

Varies, see text

Integrated Analysis Inc. http://www.i-a-
inc.com/proteomics-saas

ChunLab
http://www.chunlab.com/

Accura Science http://
www.accurascience.com/

Runs on local machine

User friendly

Less bioinformatics
expertise needed

User support provided
Automated

Integrated tools

User friendly

Some software provided
with instrument
platform

Enables basic analysis

Ability for end users
to develop and
share applications

Does not require
informatics equipment
of expertise

analysis of NGS data

Limited analytical
capability

Analysis options may be
limited

May be cost prohibitive

May not support NGS

applications

May not include tools
for all applications
Cloud storage may
be cost prohibitive

May be cost prohibitive
(prices range from $75
to $260 per hour)

“Examples are not all inclusive, nor do they represent an endorsement of any particular, program, product, or service.
"Bionumerics 7.5 will include NGS capability.


http://galaxyproject.org/
http://s3.amazonaws.com/jnj_rainbow/index.html
http://s3.amazonaws.com/jnj_rainbow/index.html
http://gentle.magnusmanske.de/
http://www.megasoftware.net/
http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://www.mbio.ncsu.edu/bioedit/bioedit.html
http://www.ncbi.nlm.nih.gov/tools/gbench/
http://www.ncbi.nlm.nih.gov/tools/gbench/
http://www.i-a-inc.com/proteomics-saas
http://www.i-a-inc.com/proteomics-saas
http://www.chunlab.com/
http://www.accurascience.com/
http://www.accurascience.com/

184 N1

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 RNA viruses’ 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 Clustal W 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 than many 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
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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 BLAST or
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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Computer
Application Program platform Data input Additional information®

Assembly of VGA (Viral Linux Sequence reads http://genetics.cs.ucla.edu/vga/
heterogeneous Genome aligned to a consensus
virus populations Assembler) sequence generated

(165) using VICUNA

Metagenomic SURPI (85) Linux, cloud- FASTQ http://chiulab.ucsf.edu/surpi
detection compatible
of pathogens

Pathogen PathSeq (229) Linux or FASTA/BFA http://www.broadinstitute.
detection Cloud-based org/software/pathseq/

Pathogen RINS (230) Linux Mate-paired or http://khavarilab.stanford.
detection unpaired edu/resources.html

sequencing reads

Pathogen READSCAN Linux FASTA/FASTQ http://cbrc kaust.edu.sa/readscan
detection (231)

Variant-calling snp-assess (34) Linux [llumina sequencing Center for Health Informatics,
in deeply reads Harvard School of Public
sequenced Health, https://github.com/hbc/
viral populations, projects/tree/master/snp-assess
illumina pipeline

Viral integration ViralFusionSeq(232)  Linux FASTQ http://sourceforge.net/

site discovery

Virome analysis

Virome analysis
and metagenome
comparison

Virus bioinformatics,
general purpose

Virus detection
(known viruses)
and identification
of integration sites

Virus detection,
virus integration
sites, and sequence
variants

Virus genotyping,
influenza A

Virus identification

Virus identification
in clinical
specimens

Virus identification
in clinical
specimens

Virus identification
in clinical
specimens

Virus population
analysis

VIROME (233)
Metavir (234),

Metavir2 (235)
Cloud

BioLinux (84)

VirusSeq (236)

VirusFinder 2 (237)

FluGenome

ViPR (91)

MePIC (94)

ezVIR (95)

VirusHunter(90)

VICUNA (167)

Web interface

Web interface

Cloud-based virtual

machine or run on local

machine (Linux,

Windows, Mac OSX)

Linux

Linux

Web tool

Web interface

Cloud-based

Linux

Linux

Linux

FASTA + Qual,
FASTQ, or 454

sequencing .sff format

FASTQ

Sequencing reads

FASTQ

FASTQ or BAM

FASTA

FASTA

FASTQ

FASTQ

Roche 454 or longer
sequences (Sanger

or assembled contigs)

Paired-end
read FASTQ

projects/viralfusionseq/

http://virome.dbi.udel.edu/

Only accepts assembled sequence,
http://metavir-meb.univ-bpclermont.fr.

http://www.cloudbiolinux.org

http://odin.mdacc.tmc.edu/~xsul/
VirusSeq.html

http://bioinfo.mc.vanderbilt.edu/
VirusFinder/

http://www.flugenome.org/

http://www.viprbrc.org/brc/
home.spg’decorator=vipr

https://mepic.nih.go.jp/

http://cegg.unige.ch/ezvir/

http://pathology.wustl.edu/
VirusHunter/

http://www.broadinstitute.org/
scientific-community/science/
projects/viral-genomics-
analysis-software

“Websites 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 I[llumina 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
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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
[llumina 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,
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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 the Minnesota 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
(164-1606). 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).
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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/]Sierra). 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-
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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,
[llumina 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 witro 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 witro. 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 witro
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 (TCIDsg) 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 TCIDsq 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 TCIDs is grown in the
presence of a dilution series of an antiviral agent, the re-
duction of the TCIDs is a measure for the antiviral activity
of the compound. In the same way, the antiviral resistance
can be measured by an increase of TCIDs 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 TCIDsq 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 RAM:s 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 TCIDsq or pfu assays
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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 (ANTPs),
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