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Preface

Foodborne diseases pose a significant threat to global public health. Viruses are now recognized as
the predominant cause of foodborne illnesses worldwide. Enteric and hepatic viruses are frequently
transmitted through contaminated food and water, and are responsible for causing widespread dis-
ease epidemics. In particular, norovirus and hepatitis A virus are highly infectious and frequently
identified as the etiological cause of foodborne gastroenteritis and hepatitis outbreaks, respectively.

Food safety awareness has grown considerably over the last decade; however, foodborne viruses
still claim hundreds of thousands of lives each year. These deaths predominantly occur within
vulnerable populations, including infants, young children, the elderly, and the immunocompromised,
particularly within developing nations. Even within higher-income nations, the seasonal importa-
tion of food from around the globe introduces new challenges for food safety. Microbiological
monitoring of food is currently focused primarily on bacterial contamination, rather than on
viruses. Foodborne viruses are resistant to environmental degradation and have adapted to survive
traversal of the digestive tract. Any attempt to destroy microbes within food matrices using various
treatments has little or no effect on the viruses present and they often remain infectious. Despite
this bleak picture, extensive research is being carried out into the major etiological viral agents of
foodborne illnesses and significant breakthroughs are being attained. By raising awareness and pro-
moting hygienic food processing, preparation, and handling practices, global food safety standards
can be improved, which will save lives.

Foodborne Viral Pathogens includes details on the molecular biology, pathogenesis, epidemiol-
ogy, clinical features, diagnosis, potential vaccines, and treatments of all the major foodborne viral
pathogens and prions. Each chapter is written by leading virologists and specialists within the field.
This book also features techniques used for viral detection and typing, as well as strategies for
control and viral risk assessment. Foodborne Viral Pathogens is intended as a guide for medical
and food microbiology applications and will be a useful resource for anyone interested in foodborne
disease.

Peter A. White
University of New South Wales

Natalie E. Netzler
University of New South Wales

Grant S. Hansman
University of Heidelberg
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Introduction

Natalie E. Netzler and Peter A. White
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Foodborne disease results in around 600 million cases globally each year, of which approximately
one-quarter is attributed to viruses [1]. Mortality resulting from foodborne diseases primarily
affects young children in developing nations, while morbidity and economic losses impact both
developed and developing countries. In the United States alone, the economic impact of foodborne
disease is estimated to cost over US$50 billion per annum [2]. Despite a growing awareness of the
importance of food safety within industrialized nations, in developing nations there are a number
of factors contributing to foodborne illness. These frequently include living on or below the poverty
line, a lack of wastewater infrastructure, the use of contaminated water for drinking and processing
food, often accompanied by a lack of education around hygienic practices. This combination of fac-
tors often leads to widespread illness and unnecessary deaths.

A predominant cause of foodborne illness is viral contamination, which can be introduced into
food during a variety of stages from “paddock to plate.” While many foodborne viruses cause self-
limiting disease in healthy individuals, populations in developing nations, infants, young children,
pregnant women, immunocompromised patients and the elderly are prone to more severe illness
and mortality. In developing countries, reasons for increased disease severity include underlying
malnourishment, a lack of sufficient health care and close living quarters enabling efficient viral
transmission.

Estimates of foodborne disease, including those caused by viruses, are notoriously difficult to
quantify accurately, as the majority of affected individuals never report the illness. However, even
the most conservative estimates show a significant global disease burden from business closures,
time off work and in some cases, death. By raising awareness of the importance of food safety, the
morbidity and mortality resulting from viral food contamination can be reduced.

Industrialization leads to increased farming, which can introduce additional challenges for
maintaining food safety. These risks include the contamination of field crops and shellfish beds
intended for human consumption by animal slurry, the sewage contamination of irrigation water,
and farm run-off. In high-income nations, consumers are faced with the additional challenge of an
increasingly complex, global food distribution system where seasonal foods are imported. This can
introduce foodborne pathogens into the food chain, despite great care taken in food preparation. In
terms of the latter, infected individuals can also contaminate food during handling and preparation
if basic handwashing practices are not followed. Hepatitis A virus and norovirus outbreaks are
well documented for causing illness in this way. Food monitoring for microbes usually only detects
bacteria and viral screening is seldom performed, for example, in the oyster industry. Enteric and
hepatic viruses are usually resistant to environmental forces, and as a result, attempts at treating
food for microbial contamination before distribution have little effect on reducing the level of infec-
tious viruses.

As the methods of its detection have improved and been widely implemented, norovirus has
come to be recognized as the most common singular cause of foodborne illness. Norovirus alone
causes an estimated 218,000 deaths each year, predominantly in children under 5 years of age from
across the developing world [3]. Other significant foodborne viruses include sapovirus, hepatitis
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A and E viruses, astrovirus, rotavirus, and adenovirus, along with a raft of novel, emerging viruses
such as kobuvirus, picobirnavirus, and torovirus. Additionally, a nonviral, nonbacterial pathogen
that can be transmitted in food is the prion, which is also covered in this book.

Foodborne Viral Pathogens is devoted to the role of clinically significant viruses transmitted
in food. The book is divided into two main sections. The first section covers key techniques and
methodologies used in foodborne viral research and detection; topics include new technologies for
viral detection, next-generation sequencing, molecular genotyping, phylogenetics, strategies for the
control of foodborne viruses, and viral risk assessment. The second section of the book describes
individual foodborne viral pathogens in relation to their classification, morphology, genome struc-
ture, transmission, epidemiology, clinical features, pathogenesis, diagnosis, treatment, and preven-
tion. This section specifically covers: norovirus and sapovirus, hepatitis A and hepatitis E viruses,
astrovirus, rotavirus, prions, and novel emerging viruses. Adenovirus is covered in Chapters 4 and
5 on viral risks and strategies to control foodborne outbreaks, respectively.

Written by field-specialist scientists, this book presents key molecular techniques and control
strategies used in foodborne viral research, providing a state-of-the-art review of the major food-
borne viruses. Foodborne Viral Pathogens is a reliable roadmap for the future development of
improved, innovative methods for analyses of these viral pathogens and a handy textbook for public
health professionals, and undergraduate, and graduate students in medical and food microbiology.

REFERENCES

1. World Health Organization (WHO). 2015. WHO estimates of the global burden of foodborne diseases:
Foodborne disease burden epidemiology reference group 2007-2015. Switzerland.

2. Scharff RL. 2012. Economic burden from health losses due to foodborne illness in the United States.
J Food Prot 75:123-131.

3. Patel MM, Widdowson MA, Glass RI, Akazawa K, Vinje J, Parashar UD. 2008. Systematic literature
review of role of noroviruses in sporadic gastroenteritis. Emerg Infect Dis 14:1224—1231.
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INTRODUCTION TO NEXT-GENERATION SEQUENCING

Sequencing techniques have rapidly progressed over the last decade so that they are no longer
limited to only DNA and a small number of kilobases generated per day, but now include direct
sequencing of DNA, RNA (and even protein), generating up to 600 gigabases (Gb) per day.

Next-generation sequencing (NGS) is the term applied to the techniques that have developed
over the last decade and are an advancement of the traditional “Sanger sequencing” method [1].
Sanger sequencing utilized a chain termination sequencing method, whereas NGS utilizes highly
parallelized processes resulting in the sequencing of millions of bases at once. A brief description
of the NGS technologies that have been applied to study foodborne viruses is outlined in the first
two sections.

The ability to rapidly generate sequence data has far-reaching implications and none so more
than those in the field of virology. In 2010, there was a 20%—-24% increase in the number of viral and
phage sequences deposited in GenBank, amounting to just over 1 billion viral and phage bases, and
since then there has been an exponential rise. Even the increase in 2010 was well above the average
growth for the database as a whole (reviewed in [2]). Interestingly, of the top 20 viruses sequenced
that year, three foodborne viruses made the list: human rotavirus A, hepatitis A virus, and hepatitis
E virus.

NGS is in part responsible for this increase in sequence generation and since the introduction of
NGS, research into virology has changed dramatically and enabled high-resolution analysis inves-
tigating drug resistance, immune escape, viral diversity, and epidemiology. In the latter sections of
this chapter, a detailed account of how NGS technology has been applied and advanced our under-
standing of foodborne viruses is provided. In particular, this chapter discusses viral metagenomics
(including pathogen discovery, viromics, and quality control assessment), within host-viral popula-
tion analysis and transmission studies.
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CURRENT NGS TECHNOLOGIES

Several NGS technologies have been developed utilizing different sequencing chemistries (Table 2.1).
These include Roche 454, Illumina, and SOLiD. In addition, it should also be mentioned that a third
wave of sequencing technology is emerging and this has been led by Pacific Biosciences. However,
great expectations are flourishing around the development of single molecule sequencing in a chip,
such as the Oxford nanopore, which is currently under development (https://www.nanoporetech.
com). Several recent reviews have outlined the strengths and weaknesses of these technologies [3].

To date, Roche 454 and Illumina have been the most commonly used methods in all viral studies
(reviewed in [4]) and are also the two most popular methods for the sequencing of viral foodborne
pathogens (Table 2.2). Roche 454 has been popular due to its longer read lengths, currently up to
1000 base pairs (bp), and is useful for looking at viral variants or the coevolution of single nucleo-
tide polymorphisms (SNPs). However, the higher error rate of Roche 454, particularly spanning
homopolymeric stretches, has complicated the detection of SNPs. Illumina, by comparison, has
been popular because of its improved error rate and its price efficiency in terms of cost per base.
Illumina is useful for SNP detection and the read lengths are rapidly expanding with the use of the
paired-end technology.

TABLE 2.1
Representative NGS Sequencing Platforms and Their Characteristics

Run Read Throughput Main Biological
Platform Time (h)  Length (bp)  per Run (Mb) Typical Errors Applications
Roche 454 FLX + 23 700, up to 700 Insertions/deletions Microbial genome
1000 (indels) at sequencing, human
homopolymer genome sequencing,
regions transcriptomics,
metagenomics
Illumina
HiSeq 1000 8 2 x 100 400,000 Indels, especially at Microbial genome
MiSeq 2000 V3 10 2 x 300 <600,000 the end of reads sequencing, human
genome sequencing,
transcriptomics,
metagenomics
SOLiD 4 12 50 x 35 71,000 End of read Microbial genome
substitution errors sequencing, human
genome sequencing,
transcriptomics,
metagenomics
Ion torrent 3 200 1000 Indels at Microbial genome
PGM 318 Chip homopolymer sequencing, human
regions genome sequencing,
transcriptomics,
metagenomics
Pacific 3 8.5 up to 375 Random indel errors  Full-length transcriptomics,
Biosciences 30 Kb discovering large

structural variants and
haplotypes

Source: Reproduced with permission from Luciani, F., et al., Trends Biotechnol., 30, 443-452, 2012 [5].
Note: Data taken from websites of the NGS companies.
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TABLE 2.2
Review of NGS Application to the Study of Foodborne Viruses
Virus Research Area NGS Platform Reference
Norovirus Within-host evolution Roche 454 [6]
Illumina MiSeq [7]
Tllumina MiSeq [8]
Picornavirus Pathogen discovery Roche 454 [9]
[10]
[11]
Orthoreoviruses Pathogen discovery ITon torrent [12]
Astrovirus VA1 Pathogen discovery Roche 454 [13]
Hepatitis E ‘Within-host evolution and Illumina [14]
transmission
Rotavirus and poliovirus Quality control assessment Roche 454 [15]
NGS ANALYSIS

Unfortunately, the rapid rate of sequence generation comes with a high error cost. Each tech-
nology has different types of errors (Table 2.1) that are dependent on the sequencing chemistry
utilized (reviewed in [3]). So while the time and cost of generating millions of sequences has
been greatly reduced, the time and skill required to analyze the sequences and differentiate
true errors from sequence errors has significantly increased. This is especially true for viral
analysis as viral genomes have some of the highest mutation rates, up to 10~* as opposed to
108 substitutions per site in the human genome [16,17]. Subsequently, large within-host popu-
lation diversity is naturally observed, particularly in RNA or single-stranded DNA viruses. A
comprehensive review outlining the challenges in analyzing viral NGS data has recently been
conducted [4].

SAMPLE PREPARATION OPTIONS FOR NGS

NGS can potentially be applied to any nucleic acid of interest. Initially, NGS was limited to samples
with high quantities of starting material (nanogram range). Consequently, until recently a poly-
merase chain reaction (PCR) amplicon-based approach was most commonly utilized, as it was
an effortless way to obtain large (microgram) quantities of the target sequence of interest. For
the majority of the foodborne viruses that have been discovered using deep sequencing technol-
ogy (Table 2.2), the most common approach was to use a random PCR approach that exponen-
tially amplified all of the nucleic acid in the sample. The disadvantage of this approach was that
it required the virus of interest to represent a significant proportion (>1%) of the total genomic
material to ensure detection; the lower the presence of the target sequence, the greater the amount
of the total sequence required to detect it. In the past, this approach came at a significant cost to
ensure that the novel pathogens that were present in low quantities could be detected. Fortunately,
the sensitivity of this approach to detect viral variants present in small quantities has been steadily
improving, with a gradual reduction in cost-per-base sequence and an ever-increasing amount of the
total data generated from a single run. In addition, the last few years have seen several sequencing
preparation kits emerge in the market that are able to prepare sequencing libraries from very small
quantities of starting material, even in the picogram range. These developments have been essential,
as improvements in sample purity and the concentration of the target enable a simpler and faster
bioinformatics workflow.
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In regard to the RNA virus field, improvements in the sequencing of RNA directly, without the
need for prior reverse transcription-polymerase chain reaction (RT-PCR) amplification, will greatly
increase the pace of molecular analysis. To date, there have been two main approaches to preparing
viral RNA samples for NGS. The first and simpler approach, which has been successfully applied
to full genome sequencing of norovirus (NoV) and hepatitis C virus (HCV), is to use standard RNA
extraction protocols to extract RNA from clinical stool specimens. This total RNA is then submitted
for NGS [7]. The advantage of this approach is that the sample preparation time upfront is mini-
mal, but the disadvantage is that a large total sequence data yield is required as the majority of the
sequence data (98.1%—99.9%) generated will be of human and microbial origin, particularly ribo-
somal RNA sequences. Generally with this approach, the Illumina NGS pipeline is preferred given
the lower cost-per-base ratio. This approach has been able to sensitively detect full-length NoV
genomes from a minimum concentration of ~300 copies per microliter when approximately 3 mil-
lion reads per sample are generated [7]. A more specific approach that has been successfully applied
to West Nile virus (WNV), respiratory syncytial virus, and human immunodeficiency virus (HIV),
is to have some additional steps upstream of the sequencing that help to remove contaminating
cellular material and an additional deoxyribonuclease (DNase) treatment step to remove contami-
nating DNA [18]. The advantage of this process is that the RNA sample submitted for sequencing
is of a higher purity and hence generally represents 2%—70% of the total sequence reads obtained.
Although wide ranging, this is a significant improvement on the ~2% when DNase is not used. This
approach is particularly useful for samples with low viral loads. The drawbacks are the extra time
and cost incurred upstream, and the small starting quantity of RNA requires specialized library
preparation kits. The advantage is better sensitivity, a higher return for your sequence expense, and
easier bioinformatic analysis due to lower amounts of nonspecific nucleic acid sequences. The pre-
ferred option is dependent on the sample and the questions that the researchers wish to ask.

VIRAL METAGENOMICS

Until recently, viral sequencing and genome discovery had been limited to PCR- and cloning-based
methods, which required a very specific assay developed on sequence knowledge to look at an indi-
vidual class of viruses. This often limited viral studies to the examination of known viruses. The
advent of NGS has revolutionized viral molecular studies, as it is capable of random amplification
and sequencing of all RNA or DNA present in a sample. Metagenomics is the term often given to
the wholesale extraction and sequencing of all nucleic acids in a given sample. Metagenomics has
been an invaluable tool and has been widely applied to the sequencing and identification of a large
variety of organisms, in both clinical and environmental settings, as no a priori knowledge of the
samples sequence(s) is required.

Viral metagenomics is often referred to as viromics, and has become an invaluable method in
virus discovery and as a sensitive quality control assessment tool [19]. This is particularly important
for viruses, as many viruses cannot be cultured. Hence, in the past, detection of new viruses was
problematic given that knowledge of the viral sequence was often needed in order to have a sensitive
detection method. The application of viral metagenomics as it relates to viral foodborne pathogens
is discussed in the following sections.

ViRus Discovery: RapiD FuLL GENOME SEQUENCING OF NEW VARIANTS

NGS technology has massive potential as a diagnostic tool in infections with undetermined etiology.
In 2003, a novel coronavirus, termed severe acute respiratory syndrome (SARS) virus, was recog-
nized using traditional methods within 1 month of an outbreak of atypical pneumonia. The rapid
identification of the novel virus enabled global measures to be promptly introduced in order to con-
tain the spread of the outbreak to around 2000 people. Since the identification of SARS, the advent
of NGS technology has become a robust substitute for the previous, more laborious, sequencing
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TABLE 2.3
Novel Viruses Identified in Patients Suffering Foodborne Illnesses
Proposed Region
Novel Virus Viral Family Specimen Disease Identified Reference
Klassevirus/Salivirus Picornaviridae Stool Diarrhea USA [9]
Nigeria
Tunisia
Nepal
Australia
Orthoreoviruses Reoviridae Acute gastroenteritis Slovenia [12]
Astrovirus AV1 Astroviridae Stool Diarrhea and USA [13]
vomiting

methods. For example, in 2008, an outbreak of hemorrhagic fever with unexplained etiology was
reported in South Africa [20]. Using NGS technology, a novel arenavirus was linked to the outbreak
within 2 weeks [20].

In regard to foodborne illness, a large proportion of the causes remain unidentified. In 2011, the
Centers for Disease Control and Prevention (CDC) estimated that 80% (~9.4 million illnesses per
year) of the cases of reported foodborne illnesses had unspecified causes and 56% (1686 deaths/
year) of the deaths associated with foodborne illness had unspecified agents [21]. In developing
countries, detection of the etiological agent in cases of gastroenteritis is often omitted, as the disease
is seen as “self-limiting” and not life-threatening. Over the last 4 years, an array of NGS techniques
have been applied predominantly to nucleic acid material collected from the stools of individuals
suffering foodborne-like illnesses with unknown etiology (Table 2.3). To date, a number of novel
viruses have been identified. Table 2.3 outlines the specimens these viruses were detected in, their
associated diseases, and the regions of detection. It should be noted that for many of these viruses a
causative link with disease has been suggested, most have not yet been proved.

It should be noted that the ultrasensitive nature of NGS technology does have drawbacks and
care needs to be taken when discovering new pathogens. In 2013, a team of researchers from the
National Institute of Health (NIH) thought that they had identified a new pathogen in the blood of
92 Chinese individuals who were suffering from hepatitis, with no known etiology [22]. Another
research group at University College San Francisco also independently identified a nearly identical
virus (98% nucleotide identity) to the NIH group in a different patient group [23].

They called this virus parvovirus-like hybrid virus (PHV). However, Chiu et al. soon realized
that this virus had been associated with many other human and viral diseases and they became
suspicious. Using NGS technology, they traced the source of PHV virus to the ocean-derived silica
that is widely used as part of a nucleic acid extraction method [23], and it became apparent that the
samples had been contaminated by the sample preparation procedure.

QuaLity CONTROL ASSESSMENT

To date, many of the effective vaccines against viral diseases utilize live attenuated viruses as the
antigen to generate protective immunity. This includes the vaccines for measles, mumps, rubella,
yellow fever, and rotavirus. Viral attenuation occurs by genetically adapting the viruses so that they
lose their pathogenic potential, but maintain their antigenic profile so as to still generate long-lasting
protective immunity. However, there is a risk during the attenuation process that these viral strains
could become contaminated by other viruses. Some examples will be described in this chapter.
Metagenomic techniques have been applied to several of the live virus vaccines—including the
rotavirus vaccines, Rotarix and RotaTeq—to screen them for viral contaminants [15]. In this study,
an NGS analysis using the Roche 454 method identified a single read with 96% identity to simian
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retrovirus (SRV) in the RotaTeq vaccine. In the Rotarix vaccine, over 6000 reads with 98% iden-
tity to porcine circovirus-1 (PCV-1) were also discovered [15]. Further molecular testing indicated
that the source of the SRV genome was from the Vero cell line used to generate the live attenuated
rotavirus vaccine. However, subsequent analysis indicated that the SRV was not generating viral
particles and carried a polymerase mutation that likely made the viral genome defective for replica-
tion [15]. It was therefore hypothesized that the SRV DNA had likely integrated into the germ line
of the African green monkey host and hence was present in the Vero cell line, from which they were
generated. Although low amounts of SRV DNA were present in the analyzed sample, it was consid-
ered to be of no risk to people receiving vaccinations, as the genome appeared to be defective [15].
Additionally, two prior infections of humans with replication-competent SRV had no clinical pre-
sentations or ongoing viremia [24].

The molecular analysis of the PCV-1 contamination in the Rotarix vaccine was less well defined.
PCV-1 is a highly common, nonpathogenic infection in pigs. It was hypothesized that the serum-
free media that supplemented the Vero cell line used to grow the vaccine strains had contaminated
the cell line [15]. Surprisingly, 41.6% of the total NGS reads generated from the Rotarix vaccine
were aligned to the PCV-1 genome. This is a highly significant number of reads. Unfortunately,
however, the random nature of the DNA amplification methods used to generate the viral sequences
did not enable a direct comparison of the viral load of each virus in the vaccine. The pathogenic
potential of PCV-1 has not been well characterized in humans, but the limited studies to date sug-
gest that it is unlikely to be of clinical concern. The highly sensitive and nonspecific nature of NGS
techniques has proven them to be a valuable tool for the quality control assessment of biologically
derived samples that may be used by and for humans.

WITHIN-HOST POPULATION ANALYSIS

The comparatively small genome size of viruses, their rapid replication rates, and short half-life,
mean that viruses can rapidly turn over and generate new viral populations. This is particularly
true of single-stranded RNA viruses that also have limited replication fidelity due to the lack of
proofreading mechanisms in their RNA-dependent RNA polymerases. In the better-studied human
pathogens, such as HIV and HCV, turnover of the viral population is rapid, with an estimated viral
half-life of 3—5 h [25]. Rapid turnover is likely essential for viral pathogens associated with chronic
disease, as they need to constantly evade the responding immune system and drug therapy to survive.

In the case of acute foodborne viral infections in immunocompetent individuals, limited research
has been conducted investigating the viral dynamics within the host (within-host). A study of three
NoV-infected immunocompetent individuals [6] suggested that limited viral diversity existed in
acutely infected cases. This is also similar to what has been observed in the few acute respiratory
viral infections that have been studied [26,27]. Examination of the antigenic domain of the NoV
capsid revealed that in these immunocompetent individuals almost 80% of the viral population
was dominated by a single viral variant and limited viral evolution was observed over the course of
infection (Figure 2.1). This was in contrast to an immunocompromised infant, chronically infected
with NoV, who showed a highly heterogeneous viral population with rapid turnover within as little
as 3 days. In this case, the dominant variant only represented about 10% of the viral population [6]
(Figure 2.1).

Limited within-host diversity was also observed in another NoV study in immunocompetent
hosts where an RNA-sequencing (RNA-seq) approach followed by de novo assembly was used to
rapidly sequence full-length NoV genomes [8]. This same study also used RNA-seq followed by
de novo assembly to generate viral consensus sequences, which were examined for recombina-
tion events within the circulating epidemic variants. However, care should be taken when utilizing
longer sequences reconstructed from short NGS reads for analysis, as sample bias or bioinformatic
bias may generate in silico recombinant sequences that are in fact just biased samplings of a mixed
within-host viral population.
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FIGURE 2.1 Comparison of intra-host variation in the NoV capsid sequence. The full-length sequence of the
NoV capsid (ORF2) from the whole within-host viral population was reconstructed from NGS data. Sequences
were translated to determine the intra-host variant frequency at the amino acid level. The proportion of each
unique variant was plotted for each sample point analyzed. In the acutely infected subject (Ac), only two vari-
ants were detected and their frequencies of ~79% and ~20%, respectively, remained stable over the 9 days of
infection. In contrast, in the chronically infected subject no dominant variant was observed, instead multiple
low frequency variants coexisted and their proportion within the population varied over time. The black dot-
ted lines represent the low frequency variants that were under the detection threshold (<2%). (Reproduced
with permission from Bull, R.A., et al., J Virol., 86, 3219-3229, 2013.)

UNDERSTANDING VIRAL TRANSMISSION

Viral foodborne pathogens are predominantly transmitted through fecal contamination of food and
water; however, infection can also occur through airborne fomites and contact with contaminated sur-
faces such as door handles. NGS technology has been recently applied to several viral foodborne and
bloodborne pathogens to try and understand the process of viral transmission and subsequent infection.

Surprisingly, NGS analysis conducted on samples isolated soon after transmission and subse-
quent infection by bloodborne pathogens, such as HIV and HCV and more recently the foodborne
pathogen NoV, has revealed that despite the likelihood of thousands of viral variants being trans-
mitted only a minor number of these successfully establish an infection [28—32]. This suggests that
transmission is an important contributor to interhost viral evolution.

The variants that successfully establish infection are commonly referred to as the transmit-
ted/founder (T/F) variant. In HIV and HCV, on average 1-3 T/F variants are identified following
blood-blood transmission [28—32]. The strong functional constraints of the transmitted variants are
believed to drive this bottleneck event (reviewed in [33]). In HIV, CCRS usage and glycosylation
profiles of the infecting variants are thought to attribute to their success in establishing infection.
However, both HIV and HCV are associated with chronic infection and often, following the estab-
lishment of infection, will undergo significant immune escape, which includes modifications of
their B-cell epitopes. This invariably alters their host cell receptor binding and modifying gly-
cosylation profiles so as to shield the virions from antibody recognition [34]. Alternatively, it has
been suggested that, in a HCV transplant recipient, circulating antibodies to the dominant variant
prevented infection of the implant. Subsequently, minor variants with resistance to circulating anti-
HCYV antibodies were able to infect the implant [35].

Interestingly, the number of T/F variants is generally higher via the mucosal transmission of
HIV, compared with parenteral transmission. This suggests that variations in the transmission
route could alter the number of T/F variants observed in the infection. This is also supported by
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in-depth viral population analyses of acute respiratory-borne viral infections caused by rhinovirus
and equine influenza virus. Here, it was revealed that transmission events were not characterized by
strong genetic bottlenecks, but rather by coinfection of a cloud of closely related variants [26,27].
Additionally, in foot-and-mouth disease virus (FMDV), different evolutionary trajectories have
been observed in isolated compartments of the same host [36]. Therefore, in the case of NoV as an
example, it is possible that the viral population excreted in the vomitus could be genetically different
from the virus excreted in the feces. Understanding the transmission event is important for vaccine
development and antiviral therapy design.

The only study to date on the human transmission of foodborne pathogens has been conducted
on NoV [6]. In this case study, a child suffering gastrointestinal symptoms including vomiting and
diarrhea, was suspected of transmitting NoV to two of his primary carers—his grandfather and
father—both of whom fell ill within 24 h of the onset of the child’s symptoms. NGS sequencing of
a stool sample collected from the donor (son) revealed a single variant representing more than 60%
of the total population (Figure 2.1). Interestingly, in both recipients (father and grandfather) a novel,
minor, distinct variant was transmitted to each recipient (Figure 2.2), rather than the dominant
virus found in the host. The T/F variant that became dominant in both of the recipients was pres-
ent at <0.01% in the donor. Surprisingly, both T/F variants carried amino acid differences in the
capsid protein when compared with the donor’s dominant variant. Since NoV is known to bind to
histo-blood group antigen (HBGA) attachment factors [37-39], it was suggested that NoV may also
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FIGURE 2.2 Phylogenetic analysis of the intra-host NoV population in a three-person transmission cluster.
Next-generation sequencing was applied to an amplicon generated from the NoV capsid region (partial ORF2
and partial ORF3) isolated from three individuals. In this high-resolution analysis, each subject’s major vari-
ant was located at the node of the branch that leads to their minor variants. Furthermore, this analysis revealed
that each recipient’s major viral variant, R and R, was found to be 100% identical to a unique minor variant
(<0.01%) isolated from the donor (D). Surprisingly, the donor’s major variant was not identified in the recipi-
ent, even at low frequency (<0.01%). The distance scale represents the number of nucleotide substitutions per
position. (Reproduced with permission from Bull, R.A., et al., J Virol., 86, 3219-3229, 2013.)
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have structural constraints that are imposed during transmission. Alternately, the transmission of a
minor variant could just be a random event as NoV has been reported to have a low infectious dose,
approximately 18 virus particles [40]. It would be interesting to see if the transmission dynamics of
foodborne viral infections are altered when infection occurs via the ingestion of contaminated food
or water, compared with fecal-oral transmission.

In another study, NGS was applied to investigate the effect of interspecies transmission on hepa-
titis E virus (HEV) diversity and host-driven selection [14]. Certain subtypes of HEV (genotype I1I)
are known to be actively circulating between swine and humans [14]. In this study, a human stool
containing 2 X 10° copies of subtype 3f HEV RNA was used to orally inoculate two 3-month-old
piglets. After inoculation, longitudinal fecal samples and one bile sample were collected 15 days
postinoculation. NGS of the HEV inoculum from the human stool sample and the recipient swine
samples revealed the transmission of multiple variants (12 of 42). However, the same dominant vari-
ant was present in all three subjects, as shown by the conservation of the consensus sequence [14].
From the lack of any observed preferential variant selection, the authors hypothesized that the
HEYV subtype 3 appears to have adapted to allow for stable transmission between human and swine
populations [14].

CONCLUSION

NGS is an invaluable tool that is continuing to improve the time and cost required to investigate
viral dynamics in depth. It has been widely applied to answer several questions relevant to food-
borne diseases of viral etiology. This includes the identification of novel viral pathogens and investi-
gations of viral genetic traits associated with the transmission and disease state that will help inform
vaccine design.
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INTRODUCTION

While viruses may be present in food, it is their ability to establish a productive infection
upon ingestion that is of public health significance. Viral replication in the gut and subsequent
shedding in the feces facilitates laboratory detection, but epidemiological evidence is required
to establish a causal association with a specific disease. Norovirus, adenovirus, aichivirus,
astrovirus, coronavirus, rotavirus, and sapovirus are all accepted as causative viral agents of
foodborne acute gastrointestinal illness [1]. On the other hand, an association between gas-
trointestinal illness and enteroviruses can be difficult to establish, even though enteroviruses
replicate in the gut, since most infections are asymptomatic [2]. Hepatitis A virus and hepatitis
E virus are also capable of replicating in the gut but the clinical presentation manifests as
hepatitis [1].

In this chapter, we provide a historical perspective of viral diagnostic testing before pre-
senting an overview of recent developments in laboratory testing. Finally, we describe the
discovery of a new enterovirus, EV-A120, which did not grow in culture, and how the capsid
structure was characterized by protein homology modeling using recent advances in computa-
tional biophysics.

17
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AN OVERVIEW OF VIRAL DIAGNOSTIC TESTING

Virus detection has undergone a paradigm shift as a consequence of the development of new tech-
nologies. Traditional techniques of virus identification, such as cell culture and negative staining
electron microscopy, have not been discarded as they can still be diagnostically useful. However,
many laboratories have now joined the molecular revolution and use nucleic acid testing as a routine
tool. This shift in technology is exemplified by the procedures used to discover some of the most
important foodborne pathogens: norovirus, hepatitis A virus, and hepatitis E virus. Norovirus was
initially known as the Norwalk agent, named after the city Norwalk, Ohio, where a large outbreak
of gastroenteritis was reported among schoolchildren. The causative agent, a 27-35 nm diameter
virus-like particle, was visualized using immunoelectron microscopy of the stool filtrates of vol-
unteers [3]. The same technique was used by Feinstone and colleagues to identify hepatitis A virus
in extracts of fecal samples taken from people who were experimentally infected with “infectious”
hepatitis [4]. In contrast, although epidemics of enterically transmitted non-A, non-B hepatitis had
been widely documented in many developing countries, it was not until the molecular cloning of a
partial sequence of the causative agent was conducted that it could be definitively defined as hepa-
titis E virus [5].

Notwithstanding the impetus for molecular assays, serological testing remains a mainstay of
viral diagnosis. There is a wide range of serological assays, with the predominant technique being
an enzyme immunoassay, where a recombinant viral antigen (or sometimes a polyclonal and/or
monoclonal antibody) is immobilized onto a surface and reacts with the test sample. An antigen—
antibody complex is detected by a subsequent antibody tagged to a marker, usually an enzyme,
which produces a color change when the appropriate substrate is added. These assays offer many
advantages: they are suitable for mass screening, compatible for automation, and allow for a rapid
turnaround of results. Many serological assays are indirect, detecting the presence of specific anti-
bodies produced by the patient’s immune system in response to his or her exposure to an infectious
agent, rather than the infectious agent itself. Indeed, serological testing of the blood for a number
of pathogens associated with infectious diseases, including hepatitis B, hepatitis C, and human
immunodeficiency virus (HIV), represents one of the great improvements in public health. These
assays do not necessarily identify whether the infection is past or current and for some infections
the window period (i.e., the time for an immune response to become detectable) can be lengthy.
Furthermore, with the growing availability of antiviral agents, serological assays are not useful for
determining responses to therapy, unlike molecular assays. A different application of serology has
been its use in subgrouping and distinguishing related virus types. Using polyclonal sera, monospe-
cific sera, and later monoclonal antibodies, viral subtypes can be distinguished by antibody neu-
tralization. Used originally to separate poliovirus into three serotypes, this technique can be used
to type enteroviruses [6], but has been widely replaced by nucleic acid sequence methodology [7,8].
This has led to the identification of more than 50 new types of enteroviruses that can infect humans
and is not dependent on the production of specific antisera raised in animals. Viruses with only one
serotype, such as hepatitis A or hepatitis E viruses, and those that are difficult to culture are not
amenable to characterization by antisera neutralization.

Many of the disadvantages of standard serological assays can be overcome by nucleic acid test-
ing, and the predominant method used is the polymerase chain reaction (PCR), a target amplifica-
tion technique. As the genetic material of the virus is detected directly, the time to diagnosis can be
substantially reduced and by quantification of viral DNA or RNA, the efficacy of antiviral therapy
can be assessed. A PCR, as it was first introduced, requires a pair of synthetic oligonucleotides or
primers specific to the agent and each hybridizes to one strand of a DNA template (usually double-
stranded DNA that has been separated into single-stranded DNA by heating to >90°C). The region
spanned by the primers is replicated by a thermostable DNA polymerase, creating a complementary
strand of DNA, and the process is repeated for a number of predetermined cycles (usually around
30), exponentially amplifying the target sequence. For RNA targets, complementary DNA (cDNA)
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is first produced by reverse transcription to allow the PCR to proceed because it requires a DNA
substrate (RT-PCR). The detection of the PCR product can be performed by several techniques but
most commonly by agarose gel electrophoresis. Rather than relying on the amplified product size as
a determinant of specificity, many laboratories employ nested PCR that improves sensitivity as well
as specificity. This procedure uses two pairs of primers, one set internal to the other, and two suc-
cessive rounds of amplification. Other techniques used to demonstrate amplified product specificity
include fluorescent dyes and hybridization with specific probes and sequence analysis.

Despite the many advantages afforded by nucleic acid testing in viral diagnosis as outlined thus
far, the traditional PCR technique, or conventional PCR, also has some limitations. The detection of
the PCR product relies on laborious post-PCR processing, increasing both the time to diagnosis and
the chances of amplicon contamination. Moreover, conventional PCR has a poor dynamic range of
quantification and for several diseases, including hepatitis B and C, and HIV infections, where viral
load monitoring is a necessary component of clinical management. For some chronic infections,
viral load has been shown to correlate with a greater risk of disease progression and for diseases
where antiviral therapy is available, viral load monitoring can indicate the efficacy of treatment.
Therefore, viral load measurements can also be used to assess prognosis. Many of the outlined
deficiencies in conventional PCR have been overcome by the development of real-time PCR, in
which the target amplification and detection occur concurrently and the accumulating PCR product
can be visualized as the reaction progresses (in “real time”). This has been made possible by the
labeling of either the amplified sequence or a probe to detect the target sequence with fluorogenic
molecules. Appropriate instrumentation can detect the fluorescent signal. When the real-time PCR
assay includes standards of a known copy number, the amount of target sequences in a sample can
be quantified. The common formats use intercalating fluorescent dyes that bind preferentially to
double-stranded DNA, or for even greater specificity, 5’ nuclease or TagMan® hydrolysis fluorescent
probes. These probes work by binding to single-stranded DNA, then as the Taq polymerase syn-
thesizes the nascent strand, the exonuclease activity of the polymerase degrades the probe that has
annealed to the template. This probe degradation releases a fluorophore, which had previously been
in close proximity to a quencher molecule that had prevented fluorescence. Real-time PCR assays
require no postamplification processing, decreasing the time to obtaining a result and substantially
minimizing the risk of amplicon carryover contamination. Quantification levels can be generated
over a wide dynamic range and accuracy is high, with data generated in the early log-linear phase
of amplification when conditions are optimal.

VIRUS DISCOVERY IN THE NEW MILLENNIUM

Most of the human viruses we know today were first identified using filtration, cytopathology, elec-
tron microscopy, gel diffusion assays, replication studies in laboratory animals, embryonated eggs
or cell culture, or combinations of these techniques [9]. The advent of the molecular biology era has
enabled detailed genetic characterization initially through the use of techniques such as restriction
fragment length polymorphism (RFLP) and nucleic acid hybridization assays. However, it was the
development of PCR in the 1980s, later used in tandem with automated “population-based” Sanger
DNA sequence analysis, that facilitated a quantum leap in viral characterization and identification.
The ability to rapidly analyze viral sequences without the need for culturing the virus also enabled
the development of highly sensitive viral diagnostic and genotyping assays. Whereas previously,
with the use of immunoassays, diagnostic assays were predominantly protein-based. The ability
to sequence individual viral genomes also enabled advanced phylogenetic analyses to infer evo-
lutionary relationships between individual viruses and virus groups. However, one weakness of
traditional population-based Sanger sequencing is its inability to distinguish sequences that are
present at a low copy number in the population, with sensitivity limited to sequences represent-
ing approximately 10%—20% of the viral pool. That is, if a given virus sequence is present at less
than 10% within the population, it will not be distinguished from the dominant virus sequence by
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Sanger sequencing. Less prevalent viral strains within a population could only be identified through
the cloning of PCR products or infectious assays that depend on the production of a cytopathic
effect, such as virus neutralization and plaque purification: a time-consuming and labor-intensive
approach. For example, to identify one clone in a population with a sensitivity of 0.5%, it would
be necessary to sequence 200 clones. However, new technologies can now overcome these limita-
tions. The advent of next-generation sequencing (NGS)—the most significant advance in the field
of viral discovery in the past 20 years—has enabled the detection of viruses with an extremely high
level of sensitivity and accuracy, with the identification of organisms representing as little as 0.5%
of the viral population routinely reported. This technology is driving viral discovery at previously
unimaginable levels. In turn, these technologies have facilitated metagenomic studies, enabling the
discovery of new genetic material recovered directly from environmental and tissue samples. In
the case of foodborne viruses, these samples may include the food source itself, such as shellfish
responsible for outbreaks of hepatitis A virus (HAV) and norovirus [10]; fecal samples; and tissue
from the host organisms themselves. This approach has been used to identify novel and previously
characterized viruses in fecal and tissue samples from a range of hosts, including bats, foxes, birds,
and humans, some examples of which are provided throughout this text. Recently, a metagenomic
approach was used to sample aquatic environments and associated sediments, leading to the identi-
fication of a completely novel amoeba virus, named pandoravirus [11]. The discovery of these and
other “megaviruses,” with previously unimaginable sequence complexity (pandoravirus genomes
range from 1.9 to 2.5 megabases in size [11]), may completely alter our understanding of viral evolu-
tion. It remains to be determined what other organisms lie hidden in the murky depths, or even in
the food we eat on a daily basis.

METAGENOMICS

The concept of metagenomics was first proposed in 1988 by Handelsmann and colleagues ([12],
who characterized the genomes of soil organisms that could not be cultured, by first isolating
their DNA and cloning it in culturable organisms (i.e., bacteria). The newly developed PCR tech-
nology was well suited to this approach, although it relied on some knowledge of the genetic
information of the target organism to enable the design of the primers required for amplification.
Circumventing the need for any sequence information, Breitbart and colleagues used a linker
amplified shotgun library (LASL) approach to isolate hundreds of viral sequences from 200 L
of seawater [13]. This involved first purifying viral DNA by ultracentrifugation, then shearing
and ligating adapters to the DNA termini for ligation into a plasmid vector [13]. The DNA could
then be sequenced using standard Sanger dideoxy sequencing. The same group subsequently
used this approach to perform the first metagenomic analyses of uncultured viruses in human
feces, identifying over 1200 viral genotypes [14]. Although ingenious, this approach is highly
labor-intensive, requiring the individual screening of thousands of clones. The advent of NGS
has enabled sequencing of organisms at previously unheralded depths without any prior knowl-
edge of the genetic information. Although there is still a place for traditional methods such as
reverse transcription-polymerase chain reaction (RT-PCR) and PCR, next-generation technology
and other technologies, such as mass spectrometry, have enabled us to explore and detect viral
populations in ways inconceivable before their introduction. It is not the purpose of this chapter
to detail all of the NGS technologies currently available. However, we provide examples of some
of these approaches, as well as more traditional methods that have been used to detect known and
novel foodborne viruses, and we discuss future trends in this ever-developing field. A summary
of the approaches that could be used for the analysis of viral proteins or nucleic acids in a fecal
sample is shown in Figure 3.1.

We now describe past and current technologies used to detect viruses, particularly those
present in human fecal samples that pose the greatest risk of viral contamination of food and
water.
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FIGURE 3.1 A flowchart of the methodologies employed for metagenomic analysis of a fecal sample.

PCR AND Reat-Time PCR

Drexler and colleagues recently demonstrated the power of PCR for virus discovery by using a
hemi-nested RT-PCR approach to identify a new strain of hepatitis E virus in bats [15]. Hepatitis
E virus is a zoonotic foodborne and waterborne virus that is a common cause of acute hepatitis,
particularly in temperate climates. The authors extracted RNA from bat fecal and blood samples,
as well as organ tissue from deceased animals, and amplified a hepevirus sequence using degener-
ate primers designed to amplify all members of the Hepeviridae. They also tested human sera for
the same viruses and were able to show that the bat viruses were highly divergent from the human
strains, suggesting that bats are not a source of hepevirus infection in humans [15].

MaAss SPECTROMETRY

Once almost exclusively the domain of protein chemists, mass spectrometry has also become part
of the virologist’s toolkit. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry has been used to identify a range of viruses, including norovirus in human stool
samples [16]. This was achieved by an analysis of the norovirus capsid protein, rather than the
nucleotide sequence itself, although MALDI-TOF has now been adapted for the analysis of nucleo-
tide sequences (reviewed in [17]).

MICROARRAYS

Oligonucleotide microarrays are another useful method for virus detection. Amplicons derived
from viral sequences are tagged, usually with a fluorescent dye, and annealed to a microarray chip,
which is then analyzed using the appropriate platform. The advantage of a microarray is that a large
number of specific primers can be used without additional effort or high costs. For this reason, a
microarray is a particularly suitable method for the detection and subtyping of a panel of viruses
based on their diversity. Microarrays have been used for the detection of a range of foodborne
viruses, including rotavirus [18], astrovirus, and norovirus [19]. The disadvantage of this technol-
ogy for viral discovery is that, like PCR, some knowledge of the viral sequence under investigation
is required prior to the microarray being performed.
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The recent development of panviral microarrays, such as the Virochip [20], which encode thou-
sands of probes specific to over 1500 different viruses on each array, is another important step
forward in the detection of new viruses. In terms of virus discovery, this approach is more suited
to identifying known viruses in new hosts, rather than completely new organisms. The Virochip
has recently been used to detect a novel cardiovirus in respiratory secretions and stool samples
from children exhibiting influenza-like symptoms and/or gastrointestinal illness [21]. The study
concluded that human Theiler’s murine encephalomyelitis virus-like cardioviruses, found primar-
ily in the gastrointestinal tract, were more diverse than previously credited. Further evidence of the
suitability of panviral microarrays for the detection of enteric viruses is shown by the recent detec-
tion of a novel astrovirus in rabbits, associated with fatal gastroenteritis [22].

NEXT-GENERATION SEQUENCING

For people with an interest in viral discovery, these are the best of times. NGS technologies are
identifying new viruses and hosts at previously unimaginable rates. One of the attractions of NGS
technology for the identification of new organisms is that, depending on the methodology chosen,
there is no requirement (or resultant bias) for a priori knowledge of the viral sequences under
investigation. In addition, NGS is highly sensitive, producing hundreds of thousands of sequence
reads that enable the detection of previously undetectable genomes. Currently, the biggest bottle-
neck preventing the wider adoption of NGS is analysis of the large amounts of data generated, with
intensive bioinformatic analysis required to sort the “wheat from the chaff.”

A number of different NGS platforms are available to use, each with inherent advantages and
disadvantages. All require the generation of a DNA library, or a PCR amplicon, prior to sequenc-
ing. For amplification and sequencing of RNA viruses, the RNA must first be reverse transcribed
to cDNA. A detailed description of these technologies is beyond the scope of this chapter and the
reader is directed to the following excellent publications to guide their decision on the most suitable
platform for their needs [23,24]. A report comparing a metagenomic analysis performed using 454
pyrosequencing and Illumina platforms on the same microbial sample is also informative [25].

Although not a foodborne virus, one of the earliest documented examples of using NGS to detect
a novel virus was published by scientists from Columbia University, New York and the Victorian
Infectious Diseases Reference Laboratory, Melbourne, who detected a novel arenavirus that had
caused febrile-related morbidity and mortality in transplant patients [26]. Using RNA extracted
from serum and tissue samples, cDNA was generated and sequenced by pyrosequencing using the
454 FLX platform (Roche). The resultant 100,000 sequences were compared with public sequence
databases using basic local alignment search tool (BLAST) algorithms (http://blast.ncbi.nlm.nih.
gov/). It is important to note that “hits” with arenavirus sequences were only obtained follow-
ing the translation of the nucleotide sequences into amino acids using the BLASTX algorithm.
The comparison of nucleotide sequences alone did not identify any similarities with known organ-
isms. This conundrum was previously encountered by one of the authors of this chapter (PR), when
sequencing an uncharacterized rhabdovirus isolated from taro in Fiji [27]. The amplification of
viral sequences using degenerate plant rhabdovirus primers only showed similarity to known rhab-
dovirus sequences following the translation of the nucleotide sequence [27]. This begs the question,
how do we identify completely novel organisms based on sequence information alone if there are no
related protein sequences in the public databases?

A 454 pyrosequencing approach was used by Nakamura and colleagues to identify and sequence
norovirus genomes in the stored fecal samples of persons who had gastrointestinal illness [28].
In a striking finding, the authors also amplified the genomes of a number of plant viruses from
the fecal samples, including pepper mild mottle virus, crucifer tobamovirus, and tobacco mosaic
virus. These viruses were likely in the food source of the host. This not only demonstrates the
sensitivity of pyrosequencing, but also shows how difficult it would be to differentiate sequences if
there was no sequence information in the database with which to compare it. More recently, Phan
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and colleagues used 454 pyrosequencing to identify a diverse range of enteric viruses and a novel
parvovirus in stool samples from West African children suffering acute diarrhea [29]. To enable
the isolation of viral nucleic acids from the greater pool of nucleic acids, viral particles were first
enriched by filtration and nuclease treatment. Nonspecific PCR amplification was then performed
using random primers followed by PCR, using distinctly tagged primers to enable later identifica-
tion of the samples following the pooling of amplicons. Libraries were generated and sequenced
using the 454 TitaniumFLX sequencer and compared with the GenBank protein databases using
BLASTX.

A range of other NGS platforms is completely amenable to metagenomic analysis. For example,
Yu and colleagues used the Illumina platform to identify a novel polyomavirus (MX-PyV) in fecal
samples collected from children with acute diarrheal disease [30] and the Roche Solexa platform
has been used to identify a range of viruses in fecal samples obtained from bats [31].

ENTEROVIRUSES AND THEIR ASSOCIATION WITH GASTROENTERITIS

As mentioned in the introduction, a causal association between gastroenteritis and enterovirus
infection can be difficult to determine for sporadic cases. Enteroviruses are known to cause diarrhea
and may be shed in the feces for weeks, but are more commonly associated with the clinical mani-
festation of infection at secondary sites rather than with outbreaks of acute gastroenteritis—these
sites include the central nervous system [32]. For example, a category of enteroviruses isolated from
human feces during an investigation of polio outbreaks in the 1950s were collectively named enteric
cytopathogenic human orphan or ECHO viruses, as an association with a specific disease could
not be made [33]. In Western Australia, in 1992, symptoms of gastrointestinal illness were reported
in 55 of 66 cases of viral meningitis due to echovirus type 6 and in 37 of 59 cases due to echovirus
type 9 [34]. Therefore enterovirus can cause gastroenteritis, but this is usually a clinical manifesta-
tion that includes other, often more serious, symptoms. Enteroviruses are not usually associated
with foodborne illness but part of an investigation into the transmission of poliomyelitis in 1944,
determined that food exposed to flies from the homes of human patients suffering the recent onset
of poliomyelitis, was capable of causing paralytic polio when fed to primates [35]. A study of polio-
virus persistence on soft fruit and salad vegetables when stored in a refrigerator determined that at
least 10% of the original inoculum was recoverable after a week, and for some items there was no
reduction after 2 weeks, indicating that there is a risk of poliovirus infection with the consumption
of contaminated food products [36].

ENTEROVIRUS CULTURE AND TYPING

Most human enteroviruses can be grown in continuous mammalian cell lines with an observable
cytopathic effect within a week of inoculation or serial passage. The few types of enterovirus that
could not be propagated by cell culture, such as coxsackievirus A19, were initially identified by
growth in suckling mice. The traditional method of identifying human enterovirus isolates was
virus neutralization using polyclonal antisera raised in animals. This method was limited by the
supply of authenticated antisera and the requirement to raise antiserum against putative new sero-
types. The identification of enteroviruses by antisera neutralization also did not provide a means of
determining evolutionary similarity between serotypes.

Enteroviruses comprise a single-stranded, positive-sense RNA genome within a nonenveloped
capsid. Viral diagnostic laboratories have mostly replaced culture-based methods for enterovirus
isolation with pathogen detection, using RT-PCR that targets highly conserved sequences within
the 5" untranslated region (5-UTR) of all serotypes [37-39]. On the other hand, the lack of variation
in the 5-UTR nucleic acid sequence excludes using this region to reliably differentiate enterovirus
types detected in clinical specimens. Instead, nucleic acid-based tests target enterovirus genomic
regions with sequence divergence, which encode loop-like protein structures onto the surface of the
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virus capsid, interspersed between the relatively conserved p-barrel structural motifs of the three
major virus capsid proteins: VP1, VP2, and VP3 [40]. The BC loop within VP1 is one of the anti-
genic determinants on the enterovirus capsid, and enterovirus identification based on the RT-PCR
amplification of the BC loop nucleic acid sequence was demonstrated to correlate with antisera neu-
tralization results. Hence, the historical term serotype is still often used [8]. The enterovirus type
can be ascertained by a comparison of the VPI nucleic acid sequence with enterovirus prototype
sequences. A VP1 nucleic acid sequence with >75% identity (85% amino acid identity) to a specific
enterovirus prototype would be considered homologous or serotypically identical, so long as the next
highest identity with other prototype strains is <70% [2]. Degenerate PCR primers, which anneal to
the relatively conserved amino acid motifs in the -strands of enterovirus VP1 and flank the variable
BC loop nucleic acid sequence, were designed using a procedure referred to as consensus degener-
ate hybrid oligonucleotide primers or the CODEHOP method (Figure 3.2) [41,42]. The partial VP1
nucleic acid sequence derived from this assay (approximately 350 nucleotides) can be used to iden-
tify enteroviruses directly from original specimens, but the full VP1 sequence (approximately 900
nucleotides) may be required to resolve ambiguous results that do not satisfy the earlier criteria.
From a public health perspective, it is important to detect enteroviruses known to cause a signifi-
cant disease, such as poliovirus [43], or enterovirus 71, which is commonly associated with hand,
foot, and mouth disease, but can also cause neurological illness and fatality [44,45]. Poliovirus is
the most well-known enterovirus and the World Health Organization (WHO) global polio eradica-
tion program is the largest public health initiative in history. Given that more than 140 WHO polio

FIGURE 3.2 A representation of a poliovirus capsid (shaded gray) reconstructed from protein data bank
x-ray crystallography files 1FPT (From Wien, M.W., et al., Nat Struct Biol., 2, 232-243, 1995) [50] and
1HXS (From Miller, S.T., et al., J Mol Biol., 307, 499-512, 2001) [51] highlighting a single protomer (colored
blue—VP1, yellow—VP2 and red—VP3) with an antibody fragment (colored purple and green) bound to the
BC-loop of VP1. The breakout figure (right) highlights the areas of interaction between the VP1 and the vari-
able region of the antibody. The solid blue—colored area of the VP1 protein indicates the region amplified by
the CODEHOP RT-PCR method.
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reference laboratories worldwide routinely test the stool specimens of children with acute flaccid
paralysis for enteroviruses, including poliovirus, it is not surprising that the majority of the entero-
virus serotypes that have been discovered since 2000 were reported by laboratories involved with
the polio eradication program [46—49].

THE DISCOVERY AND PROTEIN HOMOLOGY
MODELING OF ENTEROVIRUS A120

As an example of virus discovery and characterization, the steps that led to the classification of a
new enterovirus serotype from a case of acute flaccid paralysis, EV-A120, will be presented.

Two fecal specimens from a child presenting with acute flaccid paralysis were processed for virus
culture, according to the WHO recommended procedure [52]. No enterovirus was isolated after the
inoculation of fecal extracts onto continuous mammalian cell lines (human embryonic lung, Buffalo
green monkey kidney, human rhabdomyosarcoma, human larynx carcinoma, and murine epithelial
L20B). However, an enterovirus was detected by a seminested real-time panenterovirus RT-PCR
performed in parallel with virus culture. Subsequent testing in parallel with a prototype enterovirus
control of known cell culture titer using quantitative real-time RT-PCR methods, determined the
50% cell culture infectious dose of the unknown enterovirus to be approximately 0.9 log,,. It was
hypothesized that the low titer of the virus combined with evidence of toxicity in the cell culture
prevented the isolation of EV-A120 from the fecal extract.

Initially, a 297 base pair (bp) fragment of the VP1 genomic region was determined using the
CODEHOP method. No significant match was obtained when the fragment was compared with
sequences in the public domain. A comparative analysis against known enterovirus prototypes did
not fulfill the CODEHOP criteria with the best nucleic acid sequence identity match being <65.3%
nucleic acid identity and <69.0% amino acid identity to CA-7, indicating the virus to be a putative
novel serotype within enterovirus species A [53].

To determine the ancestry of the virus, nucleic acid sequence data of all known species A entero-
viruses were aligned with the novel sequence using the Clustal-W algorithm [54], followed by
model testing using Molecular Evolutionary Genetics Analysis (MEGA) version 5.2.1 to determine
the most appropriate phylogenetic analysis method [55]. The two most suitable models for phylo-
genetic inference were determined to be the generalized time-reversible (GTR) and the Hasegawa,
Kishino, and Yano (HKY) models with a discrete gamma variable incorporating invariant sites
(Figure 3.3). No significant differences between the outputs of both the GTR and HKY models were
observed when phylogeny was inferred using maximum likelihood methods, performed with 1000
bootstrap pseudoreplicates. The phylogenetic analysis provided strong support that the novel virus
was related to a clade incorporating coxsackievirus A7 (CV-A7), coxsackievirus Al4 (CV-Al4),
coxsackievirus A16 (CV-A16), and enterovirus 71 (EV-A71). It is of historic interest to note that
CV-A7 was referred to as poliovirus type 4 during the 1950s, when large outbreaks of poliomyelitis-
like illnesses occurred in Russia and the United States [56]. EV-A71 has also been associated with
anterior horn cell disease, part of the differential diagnosis for poliomyelitis [57].

Initially, the use of NGS methods was considered to elucidate the putative new enterovirus
genome. However, having determined the virus concentration to be only 7.9 infectious virus par-
ticles per milliliter of specimen extract, combined with evidence of toxicity, it was predicted that the
signal-to-noise ratio would be very low. If successful, a standard RT-PCR-based approach would be
less expensive to sequence the approximately 7500 bp enterovirus genome and was chosen as the
first option.

To determine whether consensus primers could be designed to elucidate the novel enterovirus
genome sequence, the full-length genomes of four enterovirus species A prototypes with the clos-
est sequence matches to the VP1 fragment were aligned using Clustal-W to determine the areas
of greatest homogeneity (Figure 3.4). A 44 bp fragment with 100% identity between serotypes
was identified within the sequence encoding the 2C proteinase. A reverse orientation PCR primer
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FIGURE 3.3 A comparison of enterovirus species A prototypes and the 297 nucleotide VP1 fragment of
EV-A120, represented as a maximum likelihood radial phylogenetic tree (HKY4+G+I) with 1000 pseudorep-
licates. The scale bar indicates the nucleotide substitutions per site.

was designed for this fragment and amplification of a 3500 bp product of the EV-A120 genome
was attempted with EV1 (Figure 3.4) as a forward PCR primer using the SuperScript III one-step
RT-PCR kit according to the manufacturer’s recommendations, but no product was obtained for
sequencing.

To increase sensitivity, a second round of PCR was employed to amplify two fragments using
internal forward and reverse primers based on the EV-A120 sequence derived from the CODEHOP
fragment (Figure 3.4). The first round product was added to two separate second round PCR reac-
tions. The first PCR used the 5’-UTR forward primer, EV2, and the EV-A120 reverse primer
designed from the CODEHOP fragment sequence. The second PCR used the EV-A120 forward
primer derived from the CODEHOP fragment with the enterovirus species A 2C proteinase consen-
sus reverse primer used in the first round. This seminested RT-PCR method produced two fragments
of 1.8 and 2.0 kb in length, respectively. Sequence data were initially obtained with the primers used
to amplify the second round PCR product and the remainder of the two fragments were sequenced
by primer walking. The final contiguous sequence was 3700 bp in length and included a fragment of
the 5-UTR, the entire P1 capsid encoding region and part of the P2 nonstructural region extending
from 2A to within 2C (GenBank accession No. KM198310).
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FIGURE 3.4 A schematic diagram of the genomic sequence alignments of four prototype species A entero-
viruses closely related to EV-A120; CV-A7, CV-A14, CV-A16, and EV-A71. The black bars indicate areas of
100% identity across all four prototypes: (A) the forward primer EV1, (B) forward primer EV2, (C) forward
and reverse primers of the EV-A120 sequence derived from the CODEHOP VP1 fragment, and (D) consensus
reverse primer from the 2C proteinase region. Color designation: red—5’NTR, orange—P1 (capsid encoding
region), green—P2 (nonstructural protein-encoding regions 2A, 2B and 2C). Arrows indicate the orientation
of the primers.

Simplot analysis incorporating bootstrapping methods [58] was performed for the entire capsid
region of all prototypic members of the species A enteroviruses, with no significant recombination
events detected, indicating that EV-A120 was not a recombinant, but most likely an evolutionary
ancestor of CV-A7 and CV-Al4.

Having the complete capsid sequence enabled a structural model of the newly discovered entero-
virus A120 to be produced using standard comparative protein modeling methods (Figure 3.5). To

FIGURE 3.5 The EV-A120 virus capsid, reconstructed using comparative protein modeling methods based
on the EV-A71 template (PDB:4AED). The secondary structure is represented in “cartoon” form. The struc-
tural proteins are designated as blue—VP1, yellow—VP2, red—VP3, green—VP4. VP4 is not readily dis-
cerned due to its location within the internal face of the capsid.
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do so, an appropriate template must be available in the form of either high-resolution cryo-electron
microscopy density maps or x-ray crystallographic data with a reasonably high degree of amino
acid sequence identity, preferably greater than 60%. The EV-A120 capsid sequence was queried
against SWISS-MODEL to determine the most suitable structural template. The results indicated
that x-ray crystallography data were available for EV-A71 with an amino acid identity of 71.9%
compared with EV-A120, and cryo-electron microscopy data were available for CV-A7 with an
amino acid identity of 79.8%. The x-ray crystallographic data for enterovirus 71 were more com-
plete for the VP1, VP2, VP3, and VP4 chains compared with that available for CV-A7, and were
chosen as the basis for comparative modeling.

The EV-A120 capsid was modeled by uploading the amino acid sequence to the SWISS-MODEL
website, which produced the four viral proteins in an enterovirus protomer structure based on the
EV-AT1 x-ray crystallographic data [59]. The EV-A120 protomer was used to construct a complete
capsid with the matrix metadata for biological assembly contained within the original EV-A71 x-ray
crystallographic data, by a previously described method [60] (Figure 3.5).

The resulting protein homology model is a valuable starting point for comparison with related
enteroviruses and subsequent analyses using cryo-electron microscopy methods that require high-
resolution three-dimensional density data. When combined with molecular dynamics methods,
including free energy perturbation, such models can be used to investigate antiviral drug interac-
tions with the target organism as those described by Vergara-Jaque et al. for influenza virus resis-
tance to the neuraminidase inhibitor, oseltamivir [61].

CONCLUSION

The advent of molecular tools such as cloning, sequencing, PCR, and more recently NGS, has seen
an exponential increase in our ability to detect pathogenic organisms. These technologies are directly
amenable to metagenomic analysis, including the detection of foodborne viruses. New viruses are
being identified and we are also obtaining additional information about the host ranges of previously
characterized viruses. The increased sensitivity of NGS is having a positive impact on diagnostic virol-
ogy, although this can be a “double-edged sword,” as the high levels of sensitivity may also result in the
detection of organisms that may be incidental to the pathology under investigation. Other technologies
such as mass spectrometry, electron microscopy, microarray, and traditional PCR all have their place,
but it is likely that further advances in NGS technologies, such as the single molecule amplification
techniques under development, will greatly advance the metagenomics field in years to come.
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One afternoon you experience that queasy, uncommonly familiar feeling in your stomach. You
wonder if you should lie down or drag yourself to the bathroom. Eventually, vomiting occurs—
along with fever and chills—and some diarrhea. Do you go to the doctor? Probably not. You won-
der why it happened. Did you “catch” something at the office? Maybe. Was it something you ate
for lunch? Probably not. Could it be that delicious dinner you had at your friend’s house the night
before? Possibly.

The aforementioned scenario is something we all have experienced. A range of nonspecific
symptoms—symptoms that make us uncomfortable at best, or debilitate us resulting in missed
work and unmet responsibilities. Often, these symptoms are related to consuming food compro-
mised with pathogens, such as enteric viruses, bacteria, or protozoa. However, we typically never
learn the causative agent of our illness, primarily because we do not typically see a physician when
such symptoms occur, or if we do, tests are not conducted that identify the responsible agent. For
example, in the United Kingdom, only 1 in 250 people suffering gastroenteritis are actually tested
for pathogens. It has been estimated that approximately 48 million foodborne illnesses occur each
year in the United States, with only 20% linked to a specific pathogen [1,2]. In the United States, the
economic costs associated with foodborne disease have reached more than $50 billion annually [3].

Quantitative microbial risk assessment (QMRA) is a mechanism to comprehensively address
the environmental, economic, and human host factors influencing foodborne infections and
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Hazard ID

Risk Characterization

FIGURE 4.1 The four components of quantitative microbial risk assessment (QMRA).

illnesses. The four-component process includes hazard identification, dose—response characteriza-
tion, exposure assessment, and risk characterization (Figure 4.1). The components are iterative and
dynamic, with each step potentially providing input for another. QMRA tells the story of how
a microorganism—such as an enteric virus—can impact human lives through an environmental
source, such as food. The process can be both qualitative (e.g., What can happen?) and quantita-
tive (e.g., How likely is it to happen?), and usually contains an array of risk management applica-
tions. Specifically, QMRA can be used to predict human health impacts associated with foodborne
pathogens and subsequently prevent infections and illnesses.

Risk is defined as the possibility, likelihood, or probability of an adverse effect due to conse-
quences from a specific hazard or set of hazards. For 30 years, the risk assessment method has been
applied to evaluate chemical hazards in the environment [4]. During the 1980s, the method was
explored for its application to microbial hazards. In particular, dose—response studies of various
pathogens were evaluated to identify best-fit models that could be used in microbial risk assess-
ments [5]. This vital paper paved the way for risk assessment as a tool to address the health con-
sequences associated with exposure to pathogens in the environment, such as water. Since then,
numerous studies have conducted risk assessments on groups of pathogens—or specific microor-
ganisms such as viruses—to explore their human health impact, not only through water, but also
food [6-19]. In addition, risk management approaches to address food safety along the food produc-
tion chain have also been explored using these same principles [20—-22].

QUANTITATIVE MICROBIAL RISK ASSESSMENT

IDENTIFYING FOODBORNE VIRAL HAZARDS

Characterizing microbial agents as environmental health hazards is the first step of the QMRA
process. As mentioned at the start of the chapter, the incidence of gastroenteritis within populations
is underestimated, since most people do not seek medical treatment from a physician when expe-
riencing diarrhea [23,24]. Therefore, associating diarrheal cases with specific sources or causative
agents is difficult. Foodborne disease is typically attributed to bacterial pathogens; however, enteric
viruses can also impact health through the foodborne route. Foodborne viruses can cause health
consequences ranging from diarrhea, vomiting, and hepatitis to encephalitis [25]. Noroviruses and
hepatitis A virus, in particular, are leading causes of foodborne disease throughout Europe and
the United States [25-29]. Other viruses that can be transmitted through food include adenovirus,
astrovirus, hepatitis E virus, sapovirus, some enteroviruses, and rotavirus.

Several approaches for attributing specific pathogens and different types of food to foodborne
disease have been employed [30-32], although most focus primarily on bacteria. The methods
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involve epidemiological study designs, disease outbreak investigation data, expert elicitation,
molecular subtyping, and exposure assessments. In 2012, Batz et al. [31] addressed 168 food—
pathogen combinations and ranked them based on their associated costs of illness and quality-
adjusted life years (QALYs). Most of the combinations studied involved bacterial pathogens;
however, norovirus was part of the analysis. When evaluating the economic and health burden
associated with exposure to norovirus in foods containing multiple ingredients (e.g., sandwiches,
salads, and dressings), the food—pathogen combination ranked fifth among the other combinations
addressed.

In the United States, noroviruses cause approximately 23 million gastroenteritis cases annu-
ally [28] and are suspected to be the cause of most adult diarrheal illness [33]. Noroviruses are
transmitted through both water and food, and can survive on environmental surfaces [28]. In addi-
tion, noroviruses have a relatively low infectious dose (10—100 viral particles) [34,35]. While some
infections are asymptomatic, clinical illness results in diarrhea and vomiting. Viral particles in
feces and vomitus, along with virion survivability in the environment, aid in the transmission of
noroviruses. Person-to-person transmission is common in closed environments; noroviruses have
been the responsible agents in numerous gastroenteritis outbreaks throughout populations on cruise
ships and in elder care facilities. A variety of foods have been implicated in outbreaks including
shellfish, deli sandwiches, and salads [2].

Hepatitis A virus is also transmitted by both water and food, as well as person-to-person trans-
mission. Food—or an infected food handler—is often found to be the source of outbreaks [36,37].
Fruits and vegetables, as well as shellfish, may be contaminated with hepatitis A, and all have
been implicated in documented outbreaks [29,38—41]. One of the largest hepatitis A virus out-
breaks occurred in 1988 in China, and impacted >300,000 people who consumed hepatitis A
virus-laden clams [42]. Like noroviruses, hepatitis A virus is an unenveloped, naked virus and
is capable of surviving in food and on environmental surfaces for lengthy time periods, which
contributes to person-to-person transmission [43]. In addition, hepatitis A virus is shed in the
feces of infected individuals before the onset of clinical symptoms, making it difficult to prevent
transmission.

Other viruses, such as rotavirus and hepatitis E virus, are more commonly associated with water-
borne transmission; however, these viruses can also cause foodborne disease [28]. Rotaviruses
cause gastroenteritis and are a major cause of hospitalization and death among children less than
5 years of age worldwide [44], although the introduction of the rotavirus vaccine has likely reduced
this number. These viruses commonly occur in wastewater as they are excreted in large numbers
by infected individuals [26]. A microbial risk assessment concluded rotavirus to be one of the most
infectious waterborne agents known [44]. Documented outbreaks have involved educational set-
tings (schools and universities) in particular [28,45,46]. When identified, implicated foods have
included chicken and tuna salad sandwiches.

Adenoviruses have been implicated in recreational waterborne outbreaks resulting in gastro-
enteritis and respiratory infections [17,47]. Therefore, it is likely that these viruses are not only
transmitted through the fecal-oral route, but also through aerosolized droplets [28]. Like rotavi-
rus, adenovirus can be found in wastewater. Surveillance studies have also detected adenovirus
in shellfish [48-50]. One study detected adenovirus in almost half (47%) of the shellfish samples
tested [49].

CHARACTERIZING DOSE RESPONSE

Dose-response characterization explores the relationship between the amount of the hazard (virus)
in an exposure and the human health consequence(s). Dose—response information based on human
volunteer studies is available for many microorganisms, including enteric viruses [35,51-54]. Dose—
response models have been evaluated for their ability to represent dose—response relationships
between human hosts and a variety of foodborne pathogens [5,10,35,55]. Goodness-of-fit criteria
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FIGURE 4.2 Sequence of probability of events following pathogen exposure.

are used to assess model applicability. Simpler models with fewer parameters are favored over more
complex models.

In a QMRA, the dose-response characterization predicts what happens after there is an
exposure(s) to a pathogen; it typically does not address the likelihood of exposure occurring in the
first place (exposure is assumed). The models predict the chance of infection, and can also address
the probabilities of subsequent illness and death by incorporating morbidity and case-fatality ratios.
Figure 4.2 shows the chain of events (based on probability) following exposure to a pathogen. Each
arrow represents a probability distribution.

Two dose-response models in particular—the exponential model and the beta-Poisson model—
have been shown to best fit microbial dose—response data in most cases [5]. The exponential model
can be used to predict the probability of infection from exposure to several food/waterborne patho-
gens [10]. It is a simple model in that it includes only one dose—response parameter that reflects the
specific pathogen of interest:

Pistection =1— exXp (_rd) (41)

where:
Pioecion  €quals the probability of infection
r is the dose—response parameter representing the fraction of surviving microorganisms
in the dose that are capable of initiating infection

d is the number of microorganisms in the exposure

The model assumes the microorganisms in the exposure are pathogenic, and are randomly
distributed.

The beta-Poisson model is a modification of the exponential model in that it has two dose—
response parameters:

d —0L
Plnfeclion = 1_|:1+(21/0t ):| (42)

50

where:
P, recion  €quals the probability of infection
d is the number of microorganisms in the exposure
N, is the dose that causes infection in half of the exposed population

o is a dose-response parameter representing the slope of the dose—response curve

As a gets bigger, the beta-Poisson model approaches the exponential model. The beta-Poisson
model assumes more heterogeneity between the pathogen and host interaction. Both the exponen-
tial and the beta-Poisson models assume that as little as one pathogen in an exposure is capable of
initiating an infection.

Annual (and lifetime) infection risks can also be predicted by using the following equation:
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Parmual = 1 - (1 - Pinfection )r1 (43)

where:
P,.ua 1 the yearly risk of infection
ifection 15 the (daily) probability of infection
n is the number of days of exposure in a year

P

Risks of illness and death can be estimated by multiplying P,
and mortality ratios for that pathogen.

by the appropriate morbidity

infection

ASSESSING EXPOSURE

Exposure assessment incorporates numerous factors that make this component the greatest source
of variability and uncertainty in the QMRA process. This step considers the amount of infectious
microorganisms (e.g., viral particles) in the exposure, the amount of the exposure source (e.g., food)
consumed, and the frequency of exposure over time. The quality and the accuracy of the input
data are critical in that these factors directly impact risk assessment output. When considering
Equations 4.1 and 4.2, the factors described in the exposure assessment help define model parameter
d (the number of microorganisms in the exposure). The following equation shows the relationship
between d and exposure-related factors associated with exposure to viruses in food:

d=CxR7'x10 PR xIx A 4.4

C is the concentration of microorganisms per serving of food (viral particles/g)
R is the recovery efficiency of the detection method used to determine C
10PR considers the decimal reduction of viruses that may result from food processing
I is the fraction of microorganisms in the exposure capable of initiating infection (i.e., per-
centage infectious)
A equals the amount of food (g) per serving consumed

The concentration (C) can be estimated from food monitoring data or information gleaned from
disease outbreak investigations. A range of infection risks can be estimated by assuming lower and
upper levels of viral particles in the food, or by estimating the average exposure concentrations. When
concentration data are laboratory generated, the recovery efficiency (R™) of the detection method used
needs to be considered. In addition, as with any environmental microbiology data generated, careful
consideration should be given to those samples with negative results—perhaps the detection method
employed was not sensitive enough to detect the low numbers of viruses present in the sample. In addi-
tion, if food quality is assessed prior to any processing (such as heating through cooking), the potential
reduction in virus concentration due to food processing needs to be addressed (10PR).

Viral inactivation through food preparation is variable, and depends on the specific virus, the
type of food matrix, and the extent of food processing [16]. Parameter / can be defined based on
the detection method used or reasonably estimated from infectivity studies. For protective infection
risk estimate outputs, / is typically assumed to be 1 (or 100%); this assumes that all viral particles
in the exposure are able to infect the host. The last parameter, A, incorporates the amount of food
(mass in g) consumed. This information can be found in the published literature on what constitutes
a serving (g) for a specific type of food, or can be obtained from disease outbreak investigations
where the amount of food consumed is known.

When considering the four components of the QMRA process (hazard identification, dose—
response characterization, exposure assessment, and risk characterization), exposure-related factors
drive risk; if there is no exposure, there is no risk. The importance of appropriately defining the
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parameters in Equation 4.4 to address exposure cannot be overestimated. These exposure-related
variables that determine d directly impact risk output that may then be used to inform risk mitiga-
tion strategies. Improving laboratory detection methods to increase the sensitivity and specificity for
viruses found in the environment is critical in QMRA. In addition, the amount of (contaminated)
food consumed also has an integral role in the QMRA process. Therefore, the ability to appropri-
ately estimate the amount of a food source consumed—based on weight and frequency—is also
important. This factor is dependent on the food type and host.

Besides virus characteristics, factors related to the host (consumers) should also be considered.
Consumers who are immunocompromised have a greater probability of severe health consequences
associated with foodborne viruses, so defining the host (pregnant women, the elderly, children, etc.)
should be considered. Some host-related factors may be directly reflected in Equation 4.4 when
determining d. For example, adults may be more likely to consume larger portions of certain foods
than children; therefore, A would be different when considering these different subpopulations.
Further, some foods may be more likely to be consumed by adults (such as shellfish perhaps) than
children.

A recent review of the literature suggests that some subpopulations within Europe and the
United States may be more susceptible to foodborne disease [56]. Specifically, studies indicate
that the minority of low-income populations have greater risks of foodborne disease than other
groups [56,57]. This may be due to limited access to high-quality foods and/or repeated exposure
to foodborne pathogens. In addition, culture may play a role in some subpopulations by influenc-
ing food consumption patterns or food handling practices [56]. For example, subpopulations who
routinely consume foods at high risk of microbial contamination may experience greater rates of
foodborne illness.

TRANSMISSION

Food may become compromised with viral pathogens through different mechanisms. The number
of pathways that enteric viruses can follow to compromise food and be transmitted to humans can
complicate a QMRA exposure assessment of foodborne viruses. Since some foodborne viruses are
also commonly associated with water, defining the true exposure route in such a risk assessment is
challenging. Some “foodborne” illnesses may actually be due to the consumption of food—such as
fresh produce—that was irrigated, washed, processed, or prepared with virus-laden water [14]. The
environmental stressors imposed on viruses as they move along those transmission pathways impact
the virus concentration in the environmental source, and thereby dose (d), reaching the consumer.

Consuming “ready-to-eat” foods or foods that are minimally processed increases the likeli-
hood of exposure to enteric viruses. Many food commodities—such as vegetables and fruits—are
susceptible to contamination in the preharvest environment, especially from viral-laden irrigation
water. When consumed raw, produce potentially pose greater health risks than other types of food.
In addition, the trend in choosing healthier food options continues to rise with more people consum-
ing fresh fruits and vegetables [58]. An analysis of reported foodborne illnesses during outbreaks
occurring from 1998 to 2008 attributed almost half of the foodborne diseases to produce [59].
Specifically, leafy vegetables were linked to foodborne illnesses more than any other type of food.
Interestingly, half of all foodborne norovirus outbreaks occurring between 2001 and 2008 was
associated with contaminated produce [60].

IRRIGATION WATER

Irrigation water can harbor pathogens, including enteric viruses, which can be transferred to food
crops [38,61,62]. Whether it is reclaimed water or surface water, water used for irrigation is subject
to contamination with a variety of pathogens. QMRA has been used to address the role of irrigation
water quality on food and subsequent foodborne transmission of pathogens [22,23,63,64]. Studies
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have evaluated the microbial transfer rate and retention of pathogens, including viruses, on food
crops [65,66]. These rates can then be used in the QMRA process when considering microbial con-
tamination of food crops, which informs the exposure assessment. Studies have shown a transfer
rate ranging from 0.055% to greater than 4% involving coliphage PRD-1 and lettuce, cantaloupe,
and bell peppers [62,66].

Survival studies evaluating irrigation water quality have shown that enteric viruses, such as
hepatitis A virus, survive longer than bacteria on produce, and may survive postharvest [62,60].
Other studies have also addressed the impact of irrigation water quality on food crops based on the
type of irrigation method employed and the type of crop [62,65,66]. Recently, pesticides have been
identified as a possible source of norovirus contamination of produce crops [64,67,68]. Pesticides
may become contaminated with the virus when mixed with virus-laden water. The data generated
from these studies regarding irrigation water quality and type of application, virus transfer rates and
survivability, and type of food crop, can be useful for the exposure assessment of viruses on food
associated with poor irrigation water quality.

FOOD HANDLERS

Food handlers are another source of enteric viruses that may compromise food. The fecal—oral
route of virus transmission, the virus shedding patterns from infected individuals (including those
who are asymptomatic), and the survival mechanisms of these viruses, enhance the possibility of
transmission from infected food handlers to consumers [69-71]. Transmission of hepatitis A virus,
norovirus, and adenovirus in particular, has been associated with infected food handlers [71]. The
fact that these viruses are particularly stable in the environment and lack an envelope increases
their chance of survival and, therefore, transmission by food handlers. In addition, their low infec-
tious dose also contributes to their success in initiating infection in exposed host(s). For norovi-
rus-infected individuals, for example, high numbers of viruses may be excreted, yet the median
infectious dose is only 18 virions [35]. In the absence of proper handwashing, the possibility of
an infected food handler contaminating his or her environment is likely, and the food service
arena provides an optimal opportunity for transmission to others. Norovirus can survive in food
and on various surfaces, such as tabletops and utensils, for several days, making routine disinfec-
tion of surfaces at food service venues an important part of a cleaning regimen to prevent disease
transmission.

The food service culture also contributes to the likelihood of food handler transmission of
viruses. Food service workers may not be allowed, encouraged, or financially able to take time
off from work if ill with gastroenteritis. Foodborne outbreaks associated with food preparers and
servers who were ill onsite have been well documented [72]. In addition, if a food handler does take
time away from work for the duration of a gastrointestinal illness, he or she may return to work
while still shedding viruses, as viral shedding may continue for a few weeks once symptoms have
dissipated. Further, up to 30% of infected individuals can be asymptomatic when infected with
norovirus, thereby excreting viruses without knowing their infection status [34]. A person infected
with norovirus could possibly shed the virus for as long as 4 weeks, be asymptomatic, and unknow-
ingly transmit the virus to others.

HOME ENVIRONMENT

Although it is not uncommon for food handlers at food service establishments to be implicated
in foodborne outbreaks, studies have shown that much of foodborne disease transmission occurs
within the home environment [73,74]. Unlike restaurants, there is no regulatory oversight in the
home and there is often a lack of awareness of food safety practices. As with disease outbreaks
associated with public food services, the transmission of foodborne illnesses within the home is
typically associated with the same factors: an infected person preparing the food, improper food
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holding temperatures (both hot and cold), and cross-contamination. However, unlike with restau-
rant personnel, those preparing and serving food in the home are often not cognizant of their poten-
tial role as transmitters of foodborne pathogens. This is likely due to the lack of oversight within
household kitchens, and the media focus on food service establishments and food manufacturers
during disease outbreak investigations and public announcements.

Although compromised food in the home does not lead to widespread disease outbreaks and
media attention, it does cause sporadic foodborne illness that contributes to the overall health and
economic burden of foodborne disease [73]. It is speculated that as much as 40% of foodborne ill-
nesses can be linked to the home [75]. Studies have shown that consumers come in contact with a
number of foodborne agents in the home environment, including viruses such as hepatitis A virus
and rotavirus [76,77]. The combination of a lack of knowledge or awareness of food safety practices,
and the habits and behaviors of consumers as they prepare food in their kitchens, emphasizes the
need to target this environment in food safety efforts [78—80].

Studies have shown that the transportation and storage of food by consumers is a major con-
tributor to foodborne disease transmission within the home environment [75,78,81,82]. While
survey studies suggest that consumers are aware of the important role that temperature plays in
maintaining food quality, shoppers’ decisions do not consistently reflect that belief [75,82]. While
many will selectively pull cold foods from the shelves as close to the time of purchase as possible,
many shoppers will still complete other errands before returning home from the grocery store. In
addition, few will use coolers to transport cold food. Moreover, surveys show that many consum-
ers are not knowledgeable of proper refrigeration temperatures or consistently use a refrigerator
thermometer [82].

Cross-contamination during food preparation is also a factor in the transmission of foodborne
disease in the home. Studies indicate that consumers do not use separate cutting boards for raw
meat and other foods, or disinfect cutting boards between use [75,78]. In addition, the lack of hand-
washing during food preparation in home kitchens is not uncommon. While studies underscore the
need for food safety education that reaches a broad audience, it has also been recognized that food
safety awareness and acceptance may not easily change consumer behavior, that is, food preparation
habits [79].

A microbial risk assessment approach has been undertaken to incorporate consumer choices and
food preparation behaviors in the home [83]. Unlike other microbial risk assessments that assume
exposure is imminent, this risk assessment addresses the issue of likelihood as it uses Rasch mod-
eling to predict the likelihood of particular food-related consumer behaviors. Since different, spe-
cific consumer behaviors will impact microorganism occurrence and survival in foods, information
gleaned will inform—and thus improve—exposure assessments of foodborne pathogens. In addi-
tion, risk assessments using this technique can also lead to effective risk management and risk
communication. The human health impact(s) concluded from such an assessment can be linked to
specific consumer behavior, which can then identify appropriate risk mitigation targets. This infor-
mation can also directly inform risk communication that will convey to the public the food safety
practices that can be implemented in the home.

OTHER TRANSMISSION SOURCES

Since enteric viruses are transmitted via the fecal-oral route, they are commonly found in sewage
and may or may not be inactivated through wastewater treatment. Bivalve mollusks may come in
contact with (un)treated sewage and become contaminated with viruses such as hepatitis A virus
and norovirus. Zoonotic foodborne transmission is also possible when considering hepatitis E virus
in wildlife, such as pigs and deer, and the fact that hepatitis E virus has been shown to infect humans
through this transmission route [84]. Hepatitis A virus and norovirus may also be transmitted by
animals on rare occasions [71]. Figure 4.3 summarizes the factors that impact exposure to food-
borne viruses.
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FIGURE 4.3 Factors impacting human exposure to foodborne viruses.

CHARACTERIZING RISK: WHAT ARE THE CHANCES?

Risk characterization integrates the information obtained from the other QMRA steps and packages
it in a way that is both qualitative and quantitative. All assumptions made when data were lacking
are explicitly stated here in order to ensure appropriate interpretations of the QMRA output. When
estimating human health risks, point estimates of risk can be determined, or ranges of health risks
can be calculated.

Simple spreadsheets using software (such as Microsoft Excel) can be used for point estimates
of risk; programs, such as @RISK (Palisade Corporation, Newfield, New York) and Crystal
Ball (Decisioneering Inc., Denver, Colorado) can be incorporated—along with a Monte Carlo
approach—to compute distributions of risk, as described in Haas et al., 1999 [10]. Since a certain
degree of uncertainty exists in all risk assessments, a Monte Carlo analysis can also be conducted
to address this issue.

CasEe Stupy |

Norovirus is a common etiological agent of both foodborne and waterborne diseases worldwide. As
discussed previously, norovirus is excreted in high numbers by infected individuals, has a relatively
low infectious dose, and can survive environmental stressors making it easily transmitted to oth-
ers [35]. Assuming exposure, the onset of infection and subsequent illness depend on a variety of
factors related to the host—virus interaction. Within sensitive (immunocompromised) populations,
severe health consequences may occur—such as dehydration—leading to death. These patients are
also susceptible to an ongoing chronic norovirus infection. Distinct epidemiological patterns have
been observed within vulnerable populations in health-care settings, reflecting the impact of host
factors on health risks [85].

Previous dose—response characterizations and QMRAs of norovirus have shown the beta-
Poisson model (Equation 4.2) to be appropriate in predicting the probability of infection following
exposure [35,86]. In a simple case study of norovirus exposure and health effects, d (dose) can be
assumed to be a certain number of virus particles in the exposure whether it is via water, food, or
air. It can be assumed that all of the noroviruses in the exposure are capable of initiating infection
in a susceptible host. Defined parameters for this case study are listed in Table 4.1.
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TABLE 4.1
Parameters for a Norovirus Case Study
Parameter Value Reference
Concentration of norovirus Five viral particles per exposure ~ Assumption
Dose-response model beta-Poisson [35,86]
a=0.0545
Ny,=5.24x10°
Infectivity 100% Assumption
Consumer General population Assumption
Morbidity ratio 0.50 [871]
Number of exposures per year Three exposures Assumption

Assuming five viral particles in each exposure, and assuming o = 0.0545 and Ny, = 5.24 x 10°
(35, 86), Equation 4.2 can be rewritten as

5 viruses (.1/00s45 00345
Pinfection =1— 1+m(2 —1) 4.5)
24 x

with a resulting probability of infection (P, ..;0,) Of 1.5 X 1072, which equals 1.5/100 or 1.5:100. This
means that for every 100 exposures (at d = 5 viruses), it can be expected that about two will result in
infection. This does not necessarily translate to individuals experiencing clinical illness, but rather
reflects individuals who are infected and may be excreting viruses.

A systematic review of over 900 norovirus outbreaks described in the published literature from
1993 to 2011 found that the highest attack rates (median = 50%, interquartile range = 31%—71%)
were observed during foodborne outbreaks of norovirus when compared with outbreaks involving
transmission by water, person-to-person, and environmental sources [87]. If we assume that the
median attack rate of 50% reported from this study represents an appropriate morbidity ratio for this
case study, a risk of illness can be estimated using the following equation:

Pillncss = Finfection X morbldlty ratio (46)
where P, ;. .., €quals 1.5 X 102 and the morbidity ratio equals 0.50. This results in an estimated
probability of norovirus illness of 7.5 x 103 (7.5/1000). (This illness risk estimate is based on the
exposure parameters assumed when calculating the risk of infection.)

Annual risks of infection can be predicted using Equation 4.3. If it is assumed that an individual

is exposed to norovirus three times per year at an exposure concentration of five viral particles,
Equation 4.3 can be rewritten as

Punnuul =1- (1 - Pinfection )3 (47)

where P, ion €quals 1.5 X 1072, This scenario results in an estimated yearly risk of infection of
4.4 x 102 (4.4/100). Yearly, microbial risks are used by the United States Environmental Protective
Agency (USEPA) to inform the development of health-based standards for drinking water quality.
The USEPA recommends that annual microbial risks of infection for drinking water should not
exceed 1.0 x 10~ (1/10,000) [6,88]. If this case study involved drinking water as the transmission
route for norovirus, the estimated yearly infection risk of 4.4/100 does not meet this guideline. In
addition, in typical QMR As of drinking water microbial hazards, a frequency of 365 days of expo-

sure is assumed. If that assumption is applied here, the estimated annual risk of infection is 9.9/10,
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which greatly exceeds the USEPA 1/10,000 yearly infection risk recommendation. This scenario,
however, assumes that an individual encounters an exposure of norovirus containing five viral parti-
cles every day for an entire year. Although it is likely that this assumption results in an overestimate
of risk, it could be argued that overestimating leads to a conservative risk estimate that is protective
of the most vulnerable subpopulations.

Case Stupy Il

Hepatitis A virus has been implicated in numerous foodborne outbreaks, as described in the sec-
tion ‘Identifying Foodborne Viral Hazards’. In this case study, assume you are investigating the
potential for hepatitis A virus to cause a foodborne outbreak associated with lettuce within a com-
munity of 100,000 residents. You are tasked with predicting the risks of infection associated with
lettuce that has become contaminated with hepatitis A virus. Equation 4.4 summarizes the data you
obtain from the published literature and the information you assume (due to lack of data) to help
you estimate daily and yearly risks of infection. You assume one viral particle per 1000 g of lettuce
(arecovery efficiency of 100%), and assume an actual serving weight of lettuce to be 5.9 g (adjusted
for loss at retail and consumer levels) [89]. To be conservative, you assume no loss of viruses due to
food processing, and that all hepatitis A viruses in the exposure are infectious.

After considering the exposure-related factors, d—the number of hepatitis A viruses in the
exposure—is estimated to be 0.0059 viruses. By applying the exponential model and defined
parameter as listed in Table 4.2, the probability of infection is estimated to be 3.23 x 1073, which
equals about 3/1000. This translates to a prediction of approximately 300 infections throughout
this community of 100,000 residents, assuming a one-time exposure to a lettuce serving (at 5.9 g)
containing one infectious hepatitis A virus per 1000 g lettuce. The risk output for this scenario may
be an overestimate due to the conservative assumptions made in the QMRA process; however, the
calculated risk may be underestimated since secondary transmission was not considered.

As with the norovirus case study, annual risks of infection can be predicted using Equation 4.3.
Assuming n equals 104 exposures over a 1 year time frame (Table 4.2), annual risks of infection are
estimated at 2.86 X 107! (almost 3/10). If annual risks are estimated assuming four lettuce servings
per month at the same virus exposure level, yearly risks equal 1.4/10, or about 1/10. When consid-
ering the USEPA recommendation that microbial risks of infection for drinking water should not
exceed 1/10,000 per year [88], the virus contamination levels presented in this case study regarding
a food commodity translate to annual microbial infection risks that do not meet this goal.

TABLE 4.2

Parameters for a Hepatitis A Virus Case Study

Parameter Value Reference

Concentration of hepatitis A virus 1 virus/1000 g lettuce Assumption

Dose-response model Exponential [10]
r=0.5486

Recovery efficiency (R™') 100% Assumption

Decimal reduction 0 Assumption

Infectivity 100% Assumption

Consumer General population Assumption

Amount consumed per serving 59¢g [89]

Number of servings per year 104 servings in a year (average Assumption

of twice per week)
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QMRA APPLICATIONS AND IMPACTS

QMRA is the first step in the risk analysis process of risk assessment, risk management, and risk
communication [90]. QMR A output may be both qualitative and quantitative, and provides the foun-
dation for mitigating risks and discussing prevention strategies with the public. Specifically, human
health risk estimates can be used to evaluate risk reduction programs by associating probabilities
of health outcomes from exposure to environmental hazards before and after an intervention, for
example. The qualitative nature of the hazard identification step can inform the public of critical
information regarding clinical symptoms associated with foodborne viral illnesses and foods that
may pose greater risks than others. In addition, health risk estimates can be linked to specific con-
sumer behaviors that can then inform a risk communication dialogue. Further, regulators can utilize
health risk estimates from QMR As to inform policy for the food industry [22].

From a risk management perspective, information generated from QMRAs can be used in
Hazard Analysis and Critical Control Point (HACCP) programs to identify those places in the
food production and processing chain that may be particularly susceptible to hazard contamination
or persistence. HACCP is a seven-step process that includes: (1) hazard analysis; (2) critical con-
trol point identification; (3) guideline development for critical control points; (4) the creation of a
monitoring regimen for critical control points; (5) a defined remediation plan; (6) a record-keeping
procedure; and (7) the development of a verification plan [91]. QMRA offers a proactive approach to
identifying “critical control points” during a food manufacturing process that can then be targeted
in the implementation and application of hazard control measures. QMRA quantitative output can
reflect how specific critical control points impact health risk(s), and how remediation mitigates
these risk(s). QMRA complements HACCP as they both provide tools to prevent foodborne dis-
ease. Figure 4.4 shows the relationship between QMR A’s identification of critical control points and
HACCEP, a risk management application.

QMRA

|

k_,]v,,

Risk

Management C ‘ HACCP

Risk
Communication

FIGURE 4.4 The interface of quantitative microbial risk assessment (QMRA) that identifies critical control
points (CCPs), and hazard analysis critical control point (HACCP) program within the risk analysis framework.
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The last component of the risk analysis framework is risk communication. Risk communication
integrates the activities of risk assessment and risk management, and involves a dialogue among risk
managers and various stakeholders. Risk perception directly impacts risk communication efforts,
and has the potential to create misunderstandings. Knowing the goal(s) of the communication, as
well as the participants (audience), is critical for effective risk communication [92]. For example,
conveying health risk information related to foodborne pathogens can provide useful information
regarding food safety and illness prevention. However, foodborne illness rates have been linked to
specific consumer food preparation behaviors that may be related to one’s culture, so connecting
health risks to potentially culture-based food handling practices may be seen as criticism, rather
than helpful information [92].

CONCLUSION

Quantitative microbial risk assessment gives science a voice in the policy arena. It ensures that critical
components of complex problems are considered during regulatory decision-making and policy devel-
opment. Minimizing foodborne disease is an international challenge. With the globalization of food
distribution, the “farm to fork™ labyrinthine continuum continues to expand, becoming more convo-
luted. The flexibility of the QMRA framework makes it possible to interactively investigate foodborne
viral disease so that associated impacts can be predicted and, ultimately, infections can be prevented.
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INTRODUCTION TO FOOD- AND WATERBORNE VIRUSES

A foodborne virus is defined as any virus that may be transmitted by food and is able to cause
illness via the fecal-oral route. Similarly, a waterborne virus is usually transmitted by contami-
nated water. These food- and waterborne viruses usually infect the human digestive system, and are
subsequently shed and dispersed by stool and/or vomit. The most common food- and waterborne
human viruses are norovirus, sapovirus, astrovirus, human rotavirus (HuRV), adenovirus, poliovi-
rus, enteroviruses, hepatitis A virus (HAV), and hepatitis E virus (HEV). Among these foodborne
viruses, human norovirus has long been considered the most prominent cause of viral-associated
foodborne illness, causing a significant proportion of all nonbacterial acute gastroenteritis world-
wide. Approximately 23 million people suffer from norovirus-associated gastroenteritis each year
in the United States [1]. Unlike bacteria, viruses are strict intracellular parasites and are only capa-
ble of replicating inside a living host. Therefore, viruses will never amplify in food or water during
transportation, processing, and storage. Importantly, all known food- and waterborne viruses are
nonenveloped viruses and are therefore extremely stable in food, water, and the environment. These
viruses can survive on hands, in dried human and animal feces, on kitchen surfaces, floors, carpets,
and even hospital lockers for long time periods. Additionally, only a few virus particles are capable
of causing illness and, following infection, a large number of virus particles can be shed in the stools
of afflicted individuals (up to 10'). Most food- and waterborne viruses are much more resistant to
heat, acidic pH, dehydration, and disinfection compared with bacteria (or even enveloped viruses),
thus the current procedures used to control bacteria in food processing, preservation, and storage
may not be fully effective against viral pathogens. Another challenge is that many important food-
and waterborne viruses (such as human norovirus and sapovirus) cannot be grown robustly in cell
culture. In fact, the replication of these noncultivable viruses is still poorly understood. Thus, the
study of human norovirus relies on cultivable surrogates from the Caliciviridae family, including
feline calicivirus (FCV), murine norovirus (MNV), and Tulane virus (TV). In recent years, many
strategies have been developed to control food- and waterborne viruses. This chapter focuses on
the most recent progress in nonthermal, thermal, and chemical processing technologies, preventive
measures, regulatory efforts, and vaccination programs to control viruses in humans, food, water,
and the environment.

NONTHERMAL PROCESSES AGAINST FOODBORNE VIRUSES

INTRODUCTION

A nonthermal process is a “cold” process, which can be used for decontamination, pasteurization,
and sterilization. One of the key attributes of the nonthermal processed product is its excellent qual-
ity, wherein the products maintain a “fresh” characteristic. The advantages include better nutritional
value (e.g., vitamins, enzymes, and protein), better sensory (e.g., texture and color) and microbiolog-
ical quality, and minimal or no use of preservatives [2,3]. Commonly known nonthermal technolo-
gies include high-pressure processing (HPP), irradiation, ultraviolet (UV) light, ultrasound, pulsed
electric field, and cold plasma. The application of a particular nonthermal processing technology
depends on the type of matrix targeted, the location of the pathogens, and the effectiveness of the
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technology. For viruses located within the food matrix, technologies targeting food surface areas,
such as UV, ultrasound, and cold plasma, are not applicable. Some technologies, such as pulsed
electric field, are only suitable for liquid matrices. Other technologies, such as gamma irradiation
or the electron beam (e-beam), have limited penetration, thus, the efficacy may be compromised. To
date, HPP is considered to be the most effective, promising, and practical nonthermal technology to
inactivate food- and waterborne viruses.

HiGH PRESSURE PROCESSING

For HPP, food samples (or other matrices) need to be prepackaged in flexible pouches/containers,
due to the possible volume decrease under pressure, and then loaded in a pressure vessel filled with
a pressure-transmitting fluid (water or oil) prior to operation. Once the vessel is filled and sealed,
pressure can be generated by pumping additional fluid into the vessel. The pressure is subsequently
applied uniformly throughout the product. HPP is an energy-efficient process, because it requires
no additional energy once the desired pressure is reached. HPP units are available in a variety of
dimensions, capacities, and throughputs, ranging from small research-scale sizes (2 L) to com-
mercial sizes (up to 687 L). Extensive research efforts have shown that HPP is capable of efficiently
inactivating many food- and waterborne viruses and their research surrogates (Table 5.1). Significant
viral inactivation (>5-log reduction) was reported for a variety of nonenveloped food- and water-
borne viruses following the application of <600 MPa of pressure, including human norovirus sur-
rogates such as FCV, MNV, HAV, and HuRV [2,4-7]. However, viruses can differ widely in their
sensitivities to HPP. For example, poliovirus is very resistant to HPP, with no significant reductions
in infectivity reported after relatively harsh treatments, such as 600 MPa at 20°C for 60 min [8].

MEcHANISM OF ViIRus INAcTIVATION BY HPP

Lou et al. [7] performed a systematic study in 2011 to determine the mechanism of inactivation of
norovirus by HPP using MNV as a model. After pressure treatment, the virion structure changed
from a discrete, small round shape to a large amount of undefined protein debris as visualized by
electron microscopy (EM) (Figure 5.1). The primary mechanism of norovirus inactivation is the dis-
ruption of the virion capsid structure. However, the capsid proteins of MNV were not degraded and
were still capable of reacting with antibodies, indicating that the primary and secondary structures
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FIGURE5.1 HPP disrupts MNV particles after treatment at 600 MPa at 4°C for 2 min. Treated and untreated
virus particles were negatively stained with 1% ammonium molybdate and visualized by EM. (a) Untreated
MNYV virions. (b) MNV virions treated at 600 MPa. (Adapted from Lou, F. et al., Appl Environ Microbiol,
77, 1862-1871, 2011.)
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of viral proteins remained intact, although the quaternary and tertiary structures of viral capsid
proteins had become completely distorted [7]. In a subsequent study in 2012, Lou et al. [9] showed
that HPP also impaired the capacity of human norovirus to bind to the histo-blood group antigens
(HBGAS), which are considered attachment factors for human norovirus infections. This was also
supported by another study showing a significant decrease in the ability of human norovirus to bind
to HBGA s after treatment at 400 MPa and 5°C for 5 min [10]. However, HPP does not degrade viral
genomic RNA, because high pressure usually does not break covalent bonds at the level applied for
food processing [7,11].

FacTtoRrs THAT AFFECT THE EFFECTIVENESS OF VIRUS INACTIVATION BY HPP

To effectively inactivate pathogens, it is critical to optimize the conditions for pressure treatment.
As shown in Table 5.1, the effectiveness of HPP is influenced by many factors such as processing
parameters (e.g., applied pressure, holding time, and initial temperature) and nonprocessing param-
eters (e.g., virus structure, food matrix, and pH) [2,6,7,12,13].

PROCESSING PARAMETERS

Generally, the extent of virus inactivation increases commensurate with the pressure level and
holding time. However, it was discovered that virus inactivation is more pressure dependent and
a first-order relationship was exhibited between pressure levels and inactivation outcome [10]. As
for treatment time, the HPP inactivation curves of FCV, MNV, and HAV showed variation in virus
titer to be a function of treatment time, exhibiting pronounced tailing; indicating that longer holding
times did not significantly enhance inactivation [5,7,12,21].

The initial temperature at which pressure is applied can also have a significant impact on the
pressure inactivation of viruses, whereby temperature can either work synergistically or antagonis-
tically with pressure. It is reported that pressure inactivation of MNV was favored at refrigerated
temperatures [7]; a 350-MPa treatment held for 5 min at 30°C inactivated only 1.2 logs of virus,
while the same treatment achieved a reduction of 5.6 logs at 5°C [21]. This is consistent with the
temperature sensitivity of another recently developed a human norovirus surrogate, TV, during HPP
treatment [22]. In contrast, other studies have shown that certain viruses were more sensitive to HPP
at room temperature than at lower temperatures. For HAV, pressure inactivation was enhanced as
temperatures increased above 30°C compared with temperatures ranging from 5°C to 30°C [5].
FCV was found to be minimally affected by pressure at room temperature and inactivation was
enhanced at either below or above 20°C [20]. These observations suggest that the optimal tempera-
ture for pressure inactivation is specific to the virus of interest.

INTRINSIC PARAMETERS

The pH of the suspending medium or food is an important consideration in the pressure inactiva-
tion of viruses. HAV is known to be pH stable at atmospheric pressure; however, its inactivation
is significantly enhanced in an acidic environment (pH 3) compared with a neutral environment
(pH 7) at 400 MPa [18]. This synergistic effect of pH and HPP could be beneficial for processing
selected acidic food products such as salsa and strawberry puree [16]. On the other hand, it was
shown that the MNV, TV, FCV, and HuRV were more easily inactivated at a neutral pH compared
with an acidic pH [6,7,12,20,22]. As surrogates of the enteric human norovirus, MNV and TV both
exhibit high stability at low pH [7,22]. For MNYV, an 8.1-log reduction of virus titer was achieved at
350 MPa for 2 min at pH 7.0, whereas only a 6.0-log virus reduction was achieved at pH 4.0 at the
same pressure level and holding time [7]. A treatment of 350 MPa for 2 min at 21°C resulted in a
3.8-log reduction of TV at a neutral pH, but the same treatment only reduced TV by 2.4 logs at pH
4 [22]. The titer of HURV was reduced by 3.4 logs, following exposure to 250 MPa of pressure at
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TABLE 5.1
Effectiveness of High Pressure Processing on the Inactivation of Food- and Waterborne
Viruses
Virus
Family Virus Name¢© Pressure Treatment pH log,, Reduction (Matrix) Reference
Reoviridae Rotavirus 300 MPa, 4°C, 2 min 7 4.1 (medium) [7]
300 MPa, 4°C, 2 min 4 1.9 (medium) [7]
Picornaviridae HAV 450 MPa, ambient temp, NA®? 7 (medium) [14]
5 min NA 3 (oyster) [15]
400 MPa, 9°C, 1 min 3.67 4.3 (mashed strawberries) [16]
375 MPa, 21°C, 5 min 5.12 4.7 (sliced green onions) [16]
375 MPa, 21°C, 5 min NA 3.23 TCID50/mL [17]
500 MPa, 4°C, 5 min NA (sausages) [18]
400 MPa, 50°C, 1 min NA 4.0 (medium) [18]
400 MPa, 50°C, 1 min, 0.4 (medium)
6% NaCl
Poliovirus 600 MPa, ambient temp, NA no reduction (medium) [14]
5 min NA no reduction (medium) [8]
600 MPa, 20°C, 60 min
Aichivirus 600 MPa, ambient temp, NA no reduction (medium) [19]
5 min
Caliciviridae FCV 275 MPa, ambient temp, NA >6 TCID50/mL (medium) [14]
5 min NA 5 (medium) [12]
200 MPa, —10°C, 4 min NA 0.3 (medium) [12]
200 MPa, 20°C, 4 min 6.0 4.1 (medium) [20]
250 MPa, 20°C, 1 min NA 0.7 (medium) [20]
250 MPa, 20°C, 5 min, NA 5 TCID50/mL (medium) [13]
12% NaCl NA 2.89 TCID50/mL (sausage) [17]
300 MPa, ambient temp,
3 min
500 MPa, 4°C, 5 min
MNV-1 400 MPa, 5°C, 5 min NA 4.05 (oyster) [21]
MNV-1 450 MPa, 20°C, 5 min NA  6.85 (medium) [21]
TV 250 MPa, 4°C, 2 min NA 2.9 (oyster) [22]
Norwalk virus 250 MPa, 4°C, 2 min NA 0.3 (oyster) [22]
Human NoV 600 MPa, 6°C, 5 min NA 4GEC® (human volunteer) [23]
GII-4 450 MPa, 45°C, 15 min NA <0.5GEC [24]
Leviviridae MS2 600 MPa, 21°C, 5 min NA 3.3 (medium) [25]
MS2 500 MPa, 4°C, 5 min NA 1.46 (sausage) [17]

2 Not applicable.
> Genomic equivalent copies.

¢ Abbreviation of virus name. HAV, hepatitis A virus; FCV, feline calicivirus; MNV-1, murine norovirus 1; TV, Tulane virus;
Human NoV, human norovirus; MS2, bacteriophage MS2.

pH 7.0, but only 1.2 logs at pH 4.0 [6]. Currently, the mechanism by which pH influences the pres-
sure inactivation of other nonenveloped viruses remains unknown. It is likely that the susceptibility
of a virus to pH is dependent on the nature of the viral capsid proteins. Furthermore, it seems that
the influence of pH on the efficiency of pressure inactivation is also dependent on the magnitude of
the pressure applied. For instance, a study carried out by Lou et al. [7] demonstrated that vesicular
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stomatitis virus (VSV; an enveloped virus) appeared to be more sensitive to HPP at an acidic pH
(5.7-log reduction) than at a neutral pH (4.0-log reduction) at 550 MPa, but not at 450 MPa.

A baroprotective effect from salt was first suggested due to the observation of an increased
resistance of HAV to pressure in diluted seawater [14]. A similar phenomenon was later reported
for FCV, where the addition of sodium chloride during HPP at 200 MPa at 4°C or 250 MPa at 20°C
diminished the pressure inactivation of FCV in medium from over 6 logs to approximately 2-3
logs [20]. The mechanism underlying this protective effect from salt is still under investigation.
One hypothesis is that NaCl, added exogenously, helps to stabilize the solvation cage surrounding
the hydrophilic virus proteins and maintains the void volumes by displacing water molecules, thus
altering the solution density and compressibility under HPP.

Finally, the composition of a medium or food matrix is another important factor that affects viral
inactivation during pressure treatment. It has been reported that carbohydrates, fats, salts, proteins,
ions, and other food constituents can protect viruses from inactivation [18,20,26-28]. For instance,
sucrose (40%) provided a baroprotective effect against HPP inactivation of FCV and resulted in
<1-log inactivation at 250 MPa and 20°C for 5 min [20]. Murchie et al. [29] pressure-treated several
viruses including FCV in shellfish, seawater, and culture medium, and the viruses were found to
be most resistant when treated in oysters and mussels. Comparisons of the effect of HAV inactiva-
tion in oyster homogenates and 0.3% NaCl solutions at a similar pH revealed an increased pres-
sure resistance in oyster homogenates compared with salt solutions, suggesting the baroprotective
characteristic of other oyster components [18]. Consistent results were observed in a study on MNV,
demonstrating that viral reduction was higher in medium (8 logs) than in strawberries (5.8 logs) and
in strawberry puree (4.7 logs) under 450 MPa for 2 min at 4°C [7]. These observations demonstrate
that the food matrix confers protection from the inactivation of viruses by HPP. Thus, it is neces-
sary to optimize the processing parameters for each product since the efficiency of viral inactivation
varies with the food matrix.

EviDENCE THAT HUMAN NoORoOVIRUS Is MORE RESISTANT TO HPP THAN ITS SURROGATES

As the leading causative agent for foodborne illnesses, the stability of human norovirus to HPP
is poorly understood, since it is still widely noncultivable. However, its surrogate viruses (FCYV,
MNYV, and TV) can be effectively inactivated by HPP. A human volunteer study conducted by Leon
et al. in 2011 [23], provided convincing evidence on the stability of human norovirus to HPP. It is
reported that HPP at 600 MPa at 6°C for 5 min completely inactivated 4-log genomic copies of the
Norwalk virus (human norovirus genogroup I genotype 1; GI.1) in seeded oysters, based on the lack
of infection and virus shedding in the challenged volunteers. However, treatment at 400 MPa (at 6°C
or 25°C) for 5 min, which completely inactivated human norovirus surrogates (FCV and MNV),
was insufficient to prevent human subjects from norovirus infection and shedding, indicating that
human norovirus may be more stable than surrogates. In another study, human norovirus GIL4
virus-like particles (VLPs) were used as a norovirus model to evaluate the stability of human noro-
virus because VLPs possess the authentic antigenicity, structure, and attachment factors binding
the activities of human norovirus [9]. Similarly, it was shown that pressures of 500-600 MPa were
not sufficient to disrupt human norovirus VLPs or impair their receptor binding functions. In fact,
treatments at 700 MPa for 30 min, 800 MPa for 15 min, and 900 MPa for 2 min were required for
the complete disruption of human norovirus VLPs [9]. Despite the fact that the Norwalk virus tested
in the volunteer study and human norovirus GII.4 VLPs differ in pressure susceptibilities, these two
studies consistently demonstrate that the authentic human norovirus could be more pressure resis-
tant than the widely used surrogate viruses. The difference between the Norwalk virus and VLPs
may result from the differences in the virus strain, particle conformation, and the susceptibility of
the human volunteers to human norovirus. Overall, although these studies provide useful insights
about the survival of human norovirus, ultimately, the effectiveness of HPP in inactivating human
norovirus depends on the successful cultivation and further study of this virus.
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APPLICATION OF HPP IN PrOCESSING HIGH-RIsk Foobps

Fresh produce is a frequent high-risk food for norovirus infections, as human norovirus can attach
tightly and be subsequently internalized and disseminated in fresh produce [30-33]. HPP can effec-
tively inactivate surface and internal viral contaminants while preserving the texture and organo-
leptic characteristics of the food after treatment, making HPP a promising technology to process
fresh fruits and vegetables. Under 350 MPa at 4°C, 2.4-, 2.2-, and 2.4-log virus reductions of MNV
were achieved in fresh lettuce, fresh-cut strawberries, and strawberry puree, respectively [7].
Kingsley et al. [16] also demonstrated that HPP was an effective means of reducing HAV in pro-
duce, including green onions and strawberry puree that had pH values of 5.12 and 3.67, respectively.
Cascarino [34] found that HAV and FCV inoculated in salsa could be completely inactivated after
1 min of treatment at a minimum pressure level of 250 MPa [34]. Adverse sensorial changes may
still occur in fresh produce after HPP treatment; therefore, HPP may be practical to process fresh
produce-related products, such as purees, sauces, and juices, as well as fruits intended for frozen
storage. In recent years, HPP has had commercial success with various fruit and vegetable prod-
uct categories. Pressure-treated fruit and vegetable-based products that have been introduced on
the market include salsa (Fresherized Foods), chopped Spanish onions (Winsoms of Walla Walla),
green peppers, apple sauce (Leahy Orchards), and various fruit blends and purees [35].

Shellfish, such as oysters, mussels, and clams, are another high-risk food for enteric virus con-
tamination. Hence, the application of HPP to eliminate foodborne viruses in shellfish has been an
active area of research. Kingsley et al. [21] showed that a 400 MPa treatment for 5 min at 5°C was
sufficient to inactivate 4.1 logs of MNV in oyster tissue. HPP was also used to treat oysters with a
pressure of 400 MPa for 1 min (9°C) and induced a 3-log reduction of HAV [15] and a 4-log reduc-
tion of MNV at a treatment temperature of 5°C [21]. In addition, Gogal et al. [36] tested the inacti-
vation efficacy of HPP on viruses in vivo. The author artificially contaminated oysters with MNV,
pressurized the oysters at 400 MPa for 5 min, and subsequently orally fed them to immunocompro-
mised mice. HPP was found to successfully prevent MNV infection of mice, suggesting that this
processing method may be an effective food processing intervention for norovirus-contaminated
shellfish. Currently, HPP is employed for the commercial processing of shellfish, particularly oys-
ters. Not only does HPP significantly reduce pathogen levels in oysters, but it also causes the oysters
to be more voluminous, more flavorful, and more pleasantly textured compared with untreated
oysters [37—40]. Moreover, HPP treatment causes the adductor muscle of oysters to detach from
the shell, thus opening (shucking) the oyster. This “self-shucking” aspect of HPP can drastically
cut down on labor requirements associated with manual shucking, thus constituting an important
economic advantage for oyster processors [29,38].

OTHER NONTHERMAL PROCESSING TECHNOLOGIES

Irradiation

Irradiation (or “ionizing radiation”) can be generated by either cobalt-60 or cesium-137 radioiso-
topes, or high-energy e-beams. Food irradiation technologies (gamma irradiation and e-beam) have
been shown to be effective nonthermal processing technologies to inactivate bacteria, fungi, insects,
and other pests in foods without posing health risks [41]. However, viruses are generally consid-
ered to be more resistant to irradiation than bacteria and fungi due to their small sizes and stable
structures. In fact, studies have shown that both e-beam and gamma irradiation methods are not
effective against foodborne viruses at the dosage approved by the Food and Drug Administration
(FDA) for inactivating bacteria in fresh iceberg lettuce and spinach (up to 4.0 kGy). For example,
Sanglay et al. [42] found that less than a 1-log MNV reduction was observed in either cabbage or
strawberries after 4 kGy of e-beam irradiation. An approximate 3-log reduction of simian rotavi-
rus SA-11 (a surrogate for HuRV) on lettuce or spinach was observed when exposed to 10 MeV, 18
kW e-beam irradiation at the dosage of 4 kGy. Whereas poliovirus exhibited greater resistance to
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e-beam irradiation compared with rotavirus in the same study [42,43]. As for gamma irradiation,
only a 1.7- to 2.4-log MNV reduction was observed on fresh produce (strawberries, romaine lettuce,
and spinach) by a gamma irradiation dose of 5.6 kGy [44]. In addition to showing that viral nucleic
acid was damaged by gamma irradiation, which is the well-described mechanism by which the
ionizing radiation inactivates microorganisms, Feng et al. [44] also discovered that gamma irra-
diation disrupted virion structures and viral capsid proteins. As a comparison, it has been shown
that a 1.25 kGy radiation dose is effective at inactivating 5 logs of Escherichia coli O157T:H7 in
refrigerated meat [45]. Viruses could also potentially survive the 12D irradiation process used for
Clostridium botulinum in meat products unless previously damaged by other methods, such as
heating. Viruses are considered a minor target for ionizing radiation and may potentially survive
the conditions of radappertization (i.e., “radiation’s commercial sterility”” or approximately 30 kGy).
Overall, irradiation may not be feasible as a technology to eliminate viruses from high-risk foods
at the current FDA approved dosages. It is believed that implementing the hurdle concept using an
additional technology (such as heating) in combination with food irradiation would ensure food
safety.

Ultraviolet Light

UV light treatment is a technology currently used to process foods to inactivate microorganisms.
The radiation can be emitted in either continuous mode or pulsed mode. Continuous shortwave
UV light, with a wavelength of 254 nm, has a broad germicidal spectrum that includes bacteria,
viruses, protozoa, fungi, yeasts, and algae in many types of materials [46,47]. Human norovirus
surrogates, MN'V and FCV, were shown to be susceptible to UV. The titers of MNV and FCV were
both reduced by approximately 3 logs at a dosage of 26 mJ/cm? UV light [48,49], while a 5-log inac-
tivation of FCV was achieved at a dose of 50 mJ/cm? [46]. It is known that UV light is absorbed by
the DNA in the cells and causes cross-linking of thymine. If the UV damage is severe then repair
mechanisms are impaired and this leads to genetic mutations that can prevent the cellular function
and reproduction of the microorganisms [50].

Pulsed UV light is a non-thermal technology that has been developed in recent years. An intense
pulse of light is generated by high-power electrical energy and therefore is more effective than
continuous UV light in terms of the pathogen inactivation [51]. The infectivity of poliovirus was
completely eliminated (>5-log reduction) in phosphate buffered saline (PBS) after 25 UV pulses,
corresponding to a dose of 28 mJ/cm? [52]. Jean et al. [53] found that 2 seconds of pulsed UV light
treatment (59 mJ/cm?) was sufficient to completely inactivate (>5-log reduction) MNV and HAYV,
both in liquid media (PBS) and when dried on surfaces (polyvinyl chloride disks).

UV light appears to be an effective alternative or complement to conventional sterilization tech-
niques (e.g., thermal treatment) to eliminate viruses. Unfortunately, the major limitation of UV
technology is its low penetration capacity. For example, UV is unable to inactivate viruses that have
been internalized in fresh produce. Additionally, UV cannot be used on contaminated shellfish due
to the protection that the shells and tissues impart to the pathogens. As a result, the applications for
UV technology in the food industry are limited to the disinfection of water or clear liquid food, and
the decontamination of surfaces in restaurants or food processing pilot plants [46,54].

Ultrasound

High intensity ultrasound, with a frequency ranging from 20 kHz to 2 MHz and power between
100 and 500 W/cm?, can be used for various processing applications including microorganisms,
enzyme inactivation, and biocomponent separation. At present, ultrasound is only used to process
liquid foods. As a recently developed food processing technology, very limited research has been
conducted to address its efficacy at reducing the infectivity of foodborne viruses. Su et al. [55]
investigated the effectiveness of high intensity ultrasound in eliminating human norovirus surro-
gates (bacteriophage MS2, FCV, and MNV). In this study, an ultrasound probe was directly placed
into virus suspensions to avoid dissipating any ultrasound energy. When MS2, FCV, and MNV
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were suspended in PBS, a 4-log reduction was found after 5, 10, and 30 min exposure to ultrasound,
respectively. However, the extent of inactivation was significantly reduced when the viruses were
suspended in orange juice, indicating that the food matrix protected the viruses from inactivation.
This result also suggests that ultrasound may not be sufficient to effectively inactivate human noro-
virus surrogates in foods by 25-log pathogen reductions to meet the FDA standard [56]. Therefore,
the combination of ultrasound with other techniques such as heat, pressure, or antimicrobials should
be used to ensure food safety [55].

THERMAL PROCESSES AGAINST FOODBORNE VIRUSES

INTRODUCTION

Thermal processing is defined as the combination of the temperature and time required to eliminate
a desired number of microorganisms. The thermal inactivation of foodborne viruses is complex and
the efficacy of thermal treatment is influenced by several factors. A summary of the inactivation of
foodborne viruses by heat treatment can be found in Table 5.2. The first, most evident factor is the
target virus itself, as different families and even strains of viruses have the potential to behave dif-
ferently under heat treatment. Treatment parameters such as temperature and holding time must be
established for each foodborne virus independently. Another component that needs to be addressed
is the sample matrix in which the target virus is suspended. Even small amounts of protein, salts,
and carbohydrates in a liquid medium can confer protection to foodborne viruses during thermal
treatment. The complex nature of most foods will undoubtedly affect the thermal inactivation of
viral contaminants.

The inactivation of foodborne viruses by thermal processing rarely occurs at a constant rate
and therefore does not follow a log-linear (monophasic reduction) thermal inactivation kinetics
model [58,74]. This complicates the establishment of appropriate D-values for food processing
operations. Recently, alternative models are being applied to predict viral thermal inactivation. The
biphasic reduction model can be used when there are two rates of inactivation observed [58,75]. The
presence of two rates of inactivation may be due to different fractions of the virus population hav-
ing increased/decreased heat resistance, an aggregation of viral particles, or differing experimental
conditions (i.e., suspension media). The Weibull model may be used to describe viral inactivation,
which varies due to increased treatment and is not constant over time [58,76]. The application of
these statistical models can be beneficial for estimating the survival of viruses during food produc-
tion; however, the application relies on the establishment of comparable data on the thermal stability
of different viruses [58].

THERMAL INACTIVATION OF VIRUSES IN LiQuip MEDIUMS

A systematic comparison of the thermal stability of several foodborne viruses, including adenovirus
type 5, poliovirus Sabin 1, parechovirus 1, MNV, and human norovirus genogroup II, genotype 4
(GII.4), was conducted at “hot bar” holding temperatures (56°C) and pasteurization temperatures
(73°C) [58]. All viruses were found to be stable at a treatment temperature of 30°C for 20 min in
both Dulbeco’s Modified Eagle Medium (DMEM) and a 1% stool suspension. The time to first log
(TFL) reduction was then determined at 56°C and 73°C for each virus in both media. At 56°C,
parcehovirus 1 was found to be the most stable with a mean TFL of 27 min in DMEM and no
reduction in 1% stool suspension. MNV had a mean TFL of 4.21 min and 3.2 min in DMEM and
1% stool suspension, respectively. Both adenovirus type 5 and poliovirus Sabin 1 had an average
TFL of <0.30 min in DMEM and the TFL was reduced to 0.1 min in 1% stool suspension. At 73°C,
all viruses in 1% stool suspension were inactivated in <0.73 min and in DMEM in <0.53 min, with
the exception of MNV, which was inactivated in 1.06 min in DMEM. The amount of viral nucleic
acid after heat treatment was determined using a real-time reverse transcriptase polymerase chain
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TABLE 5.2

The Efficacy of Thermal Treatment for the Inactivation of Water- and Foodborne Viruses

Virus

MNV-1, TV
Human NoV GII.4
MNV-1

MNV-1
Parechovirus 1
Parechovirus 1
Human NoV
Rotavirus
Rotavirus

HAV

MNV-1

MNV-1

TV

Human NoV GIL.4
MNV-1, TV
Adenovirus type 5
Human NoV GIL.4
MNV-1

HAV

Human NoV GII.4
HAV

HEV

HEV

HEV

HAV

HAV

HAV

HAV

MNV-1

HEV

HAV

HAV

HAV

HAV

HAV

HAV

HEV

Poliovirus
Poliovirus

HAV

HAV

HAV

MNV-1

HAV

HAV

HAV

HAV

HAV

MNV-1
Poliovirus

Treatment
55°C, 2 min
56°C, 30 min
56°C, 4.21 min
56°C, 3.2 min
56°C, 27.0 min
56°C, 30 min
60°C, 30 min
60°C, 10 min
60°C, 120 min
60°C, 10 min
63°C, 0.44 min
65°C, 2 min
65°C, 2 min
70°C, 2 min
70°C, 2 min
70°C, 10 min
73°C, 3 min
80°C, 2.5 min
80°C, 3 min
85°C, 2 min
60°C, 10 min
62°C, 5 min
62°C, 20 min
62°C, 120 min
63°C, 30 min
65°C, 10 min
65°C, 10 min
65°C, 10 min
65°C, 0.5 min
68°C, 5, 10, 20 min
70°C, 10 min
70°C, 10 min
70°C, 10 min
71°C, 6.55 min
71°C, 8.31 min
71°C, 12.67 min
71°C, 5, 10, 20 min
72°C, 0.25 min
72°C, 0.5 min
75°C, 10 min
75°C, 10 min
75°C, 10 min
75°C, 0.25 min
80°C, 3 min
80°C, 8.94 min
85°C, 0.96 min
85°C, 4.98 min
90°C, 3 min
90°C, 3 min
Steaming, 30 min

Matrix
Medium
Medium
Medium
1% stool suspension
Medium

1% stool suspension

Stool filtrate

Medium

HBSS with 10% sorbitol

Medium

Medium

Medium

Medium

Fecal suspension in PBS

Medium

Stabilizing buffer

1% stool suspension

Medium

Medium

Fecal suspension in PBS

4 mL shellfish homogenate

Pork liver pate

Pork liver pate

Pork liver pate

Milk

Strawberry puree (5°Brix, pH 3.35)
Raspberry puree (5°Brix, pH 3.05)
Bilberry puree (5°Brix, pH 2.87)
Raspberry puree (9.2°Brix)

Pork liver pate

Strawberry puree (5°Brix, pH 3.35)
Raspberry puree (5°Brix, pH 3.05)
Bilberry puree (5°Brix, pH 2.87)
Skim milk (0% fat)

Homogenized milk (3.5% fat)
Cream (18% fat)

Pork liver pate

Milk

Milk

Strawberry puree (5°Brix, pH 3.35)
Raspberry puree (5°Brix, pH 3.05)
Bilberry puree (5°Brix, pH 2.87)
Raspberry puree (9.2°Brix)

4 ml shellfish homogenate

1 g strawberry mash (52°Brix)

1 g strawberry mash (28°Brix)

1 g strawberry mash (52°Brix)
Clams

Clams

Oysters

Log;, Reduction

<2

0.2 log RNA
1

1

1

No reduction
Infectious to human
7
Undetectable
>4.6

1

3

3

1.62 log RNA
>6

>7.5

0.1 log RNA
6.5

>4.6

2.34 log RNA
2

1.19

1.83

2.17

3

1.5

2

3

1.86
2.26-2.31
2.5

3

35

4

4

4

2.58-2.93
0.56

>5

3.5

Undetectable
Undetectable
2

Reference

(571
(58]
(58]
[58]
[58]
(58]
(591
[60]
[61]
[62]
[63]
(571
[57]
[64]
(57]
[65]
[58]
[66]
[62]
[64]
[62]
[67]
[67]
[67]
[68]
[69]
[69]
[69]
[66]
[67]
[69]
[69]
[69]
[70]
[70]
[70]
[67]
[71]
(71]
[69]
[69]
[69]
[66]
[62]
[72]
[72]
[72]
[54]
(54
[73]
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reaction (RT-qPCR). Human norovirus GII.4 was added at this point in the study, as it cannot be
easily grown in cell culture. Unlike the cell culture-based methods, there was less than a 1-log
reduction in viral RNA due to heat treatment. This indicates that viral RNA is still intact when the
viruses are rendered noninfectious by thermal treatment. Therefore, viral nucleic acid detection
alone may not be applicable to determine viral thermal inactivation.

It was found at 56°C in both DMEM and 1% stool suspension, that the thermal inactivation of
all viruses best fit the Weibull model. At 73°C in 1% stool suspension, the thermal inactivation of
all viruses fit the monophasic reduction model. However, at 73°C in DMEM, parechovirus 1 best
fit the biphasic reduction model, MNYV best fit the Weibull model, and both adenovirus type 5 and
poliovirus Sabin 1 best fit the monophasic model. Based on these results, it is apparent that reliable
and reproducible thermal stability data are required for each foodborne virus under different experi-
mental conditions in order to properly apply statistical models [58].

ADENOVIRUS

It was found that the titer of infectious purified adenovirus type 5 in a proprietary stabilizing buffer
could be reduced by >7.5 logs when treated at 70°C for 10 min. However, using a polymerase chain
reaction (PCR)-based assay to detect the viral DNA of the same samples, only a 4.4-log reduction
was observed. When deoxyribonuclease (DNase) treatment of samples was employed before PCR, it
was found that a 6.1-log reduction in viral DNA was detected at the same treatment parameters [65].
This indicates that PCR-based assays alone do not accurately assess the level of thermal inactivation,
because inactivity is primarily due to denaturation of the capsid and DNA may not be fully degraded.

Adenovirus has been reported to lose infectivity at temperatures greater than 56°C and it has been
theorized that the initial loss of infectivity is due to the denaturation of the capsid protein [77,78].
A greater than 6-log reduction in viral DNA was reported when purified adenovirus was treated at
54°C for 3 min, using DNase treatment prior to DNA extraction followed by qPCR. Similarly, treat-
ment at 50°C for 10 min reduced the amount of adenovirus DNA below the limit of detection of the
PCR assay. Using the PCR assay, the thermal inactivation of adenovirus was fairly linear; however,
using the infectivity assay the thermal inactivation was biphasic, with a second slower inactivation
curve observed [65]. These phenomena of shouldering and tailing will require longer treatment
times at each temperature to inactivate adenovirus and to compensate for the more thermally stable
fractions of the virus population.

RoTAVIRUS

Purified, triple-layered rotavirus YK-1 strain (simian P3, G3) suspended in Hank’s Balanced Salt
Solution (HBSS) supplemented with 10% sorbitol was heat treated at 60°C for 2 h [61]. The heat-
killed rotavirus was passaged twice in cell culture, then, to ensure the loss of infectivity, the cells
were tested for rotavirus using a commercial Environmental Impact Assessment (EIA) kit. Following
treatment, the purified rotavirus was examined using EM and particles were found to maintain their
biophysical structure. Additionally, the viral proteins VP1, VP2, VP4, VP6, and VP7 remained intact
and antigenic as demonstrated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting. In the heat-treated samples, high molecular weight bands (>125 kDa)
were observed, which were absent in the untreated samples. Also, a 60 kDa band was present in the
untreated control sample, but not in the heat-treated sample. This may indicate that the heat-induced
cross-linking and aggregation of the viral proteins rendered the virus noninfectious. The viral dou-
ble-stranded ribonucleic acid (dsSRNA) was also unaffected by thermal treatment [61].

HumAN NOROVIRUS SURROGATES

Human norovirus surrogates, such as MNV, FCV, and TV, have long been employed to estimate
the thermal stability of human norovirus. In 2006, Cannon et al. conducted a comparison study of
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the thermal stability of MNV and FCV. The time required to reduce the titer of each virus by 1 log
was evaluated at temperatures of 56°C, 63°C, and 72°C, which correlate to the lower holding tem-
perature limit for food on “hot bars”; low temperature, long holding time pasteurization; and high
temperature, short time pasteurization, respectively [79]. At 56°C, MNV was reduced by 1 log in
3.5 min, and a 1-log reduction in FCV was achieved in 6.7 min. Both viruses were reduced by 1 log
at 63°C in <25 s and at 72°C in <10 s [79].

More recently, the thermal inactivation of MNV and FCV at temperatures ranging from 50°C
to 72°C was evaluated and it was found at all temperatures that inactivation could be achieved by
increasing treatment times [80]. D-values were assigned at each temperature fitting the data to a
first-order kinetics model. For MNV, the D value at 72°C (D5,.c) was 0.15 min and for FCV it was
0.11 min, which was similar to reports from previous studies [79,80]. However, when fitting the
data from lower treatment temperatures to the Weibull model, the shape factors () indicated that
both viruses had a monotonic upward concave (tailing) and downward concave (shouldering) curve
behavior, which was dependent on the temperature [80]. This study again indicates that at lower
treatment temperatures, there may be thermally resistant and thermally sensitive fractions of virus
suspensions leading to nonlinear thermal inactivation kinetics.

MNYV and TV thermal stability were compared using 2 min treatments at 5°C increments from
50°C to 75°C [57]. Both viruses were inactivated beyond the detection limit (an approximate 6-log
reduction) at temperatures of 70°C and 75°C in cell culture medium [57]. Minimal inactivation was
observed for both viruses at the other treatment temperatures (50°C-70°C), with an approximate
3-log reduction at 60°C and 65°C and <2-log reductions at 50°C and 55°C [57].

HumaN NOROVIRUS

Human norovirus GIL4 thermal stability was tested at temperatures of 70°C and 85°C, with a 2 min
treatment time [64]. A method that utilized human norovirus receptor binding and ribonuclease (RNase)
pretreatment was used prior to RT-qPCR to ensure that the virus was still able to bind to its cellular
receptors, and that the RNA detected was not from damaged/noninfectious particles after thermal treat-
ment [64,81,82]. At 70°C for 2 min, the amount of detectable human norovirus GI1.4 RNA using this
method was reduced to 3.46 log RNA copies/mL compared with the initial titer of 5.08 log RNA cop-
ies/mL. Treatment at 85°C for 2 min reduced the amount of RNA in two of three replicates below the
detection limit, and one positive sample had a titer of 2.74 log RNA copies/mL [64].

Compared with results using RT-qPCR alone, the combination of human norovirus cell binding
and RNase pretreatment significantly reduced the amount of human norovirus RNA detectable
after thermal treatment. This suggests that perhaps portions of the capsid, such as the protruding
(P) domain, which is responsible for human blood group antigen (HBGA) binding, are denatured
leading to loss of infectivity without degradation of viral nucleic acids. Therefore, human norovirus
virus-like particles (VLPs) and P domain particles were heat-treated and their binding ability was
tested using a saliva-binding, enzyme-linked immunosorbent assay (ELISA) (with samples con-
taining soluble HBGAs). The binding of human norovirus GI1.4 VLPs was significantly reduced to
nearly zero at 70°C for 10 min or 85°C for 2 min and the GII.4 P domain particles binding ability
was also impaired at these temperatures [64]. Additional P domains from other genotypes of human
norovirus were also tested. It was found that GI.1 P domain particles were the most sensitive to
thermal treatment, GII.9 P domain particles were the most resistant to higher treatment tempera-
tures, and GI.4 behaved similarly to GI1.4 [64]. These data indicate that different human norovirus
genotypes may have differing thermal stabilities.

THERMAL INACTIVATION OF VIRUSES IN THE FOOD MATRIX

HAV has been implicated in outbreaks in a wide array of foods, including shellfish, vegetables,
fruits, and dairy products [83—85]. The inactivation of HAV by thermal processing is significantly
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impacted by the type and composition of the food product that it is contaminating. In dairy prod-
ucts, it was found that increasing the amount of fat in the product imparted a protective effect to
HAV and increased its thermal stability [70]. Skimmed milk (0% fat), homogenized milk (3.5%
fat), and table cream (18% fat) were inoculated with HAV to a final concentration of 2 X 10° plaque-
forming units (pfu)/mL and treated at a range of temperatures from 65°C to 85°C. At 85°C, a 5-log
reduction in HAV titer in all dairy products was achieved in <0.5 min. At all other temperatures, it
was observed that a longer exposure time was required in the higher fat content dairy products to
achieve a 5-log reduction in HAV titer [70].

In strawberry puree, both sucrose concentration and pH impacted the thermal stability of
HAV [72]. The Dys.c for 52° Brix strawberry puree at pH 3.8 was found to be 4.98 min. When the
sucrose concentration was reduced to 28° Brix at the same pH, the Dgs.c was 0.96 min. Thus, a high
sucrose concentration in strawberry puree increased the thermal resistance of HAV. Additionally,
the Dysoc for 40° Brix solutions with pH 3.3, 3.8, and 4.3 was determined to be 1.04, 2.37, and
2.78 min, respectively. Therefore, increasing the pH was found to increase the thermal stability of
HAV. Sucrose concentration and pH were also found to have a synergistic effect, increasing the
thermal stability of HAV in strawberry puree when a high sucrose concentration was paired with
a high pH [72]. To further investigate the effect of pH on HAV thermal inactivation in red berries,
strawberries (pH 3.35), raspberries (pH 3.05), and bilberries (pH 2.87) were pureed without the
addition of sucrose (average 5° Brix), inoculated with HAV, and then treated at 65°C, 70°C, and
75°C [69]. Similarly, the time required at each temperature to inactivate HAV was decreased, in
correlation with a decrease in pH [69].

Shellfish are a high-risk food for both HAV and human norovirus contamination. These bivalves
can bioaccumulate the viruses within their tissues during filter feeding if the viruses are present
in shellfish growing waters. The digestive glands are a major site for bioaccumulation and these
tissues have been shown to express moieties that mimic viral HBGA binding factors, which may
contribute to the high bioaccumulation rates [86]. Soft-shell clams were artificially contaminated
with either HAV or MNV and the efficacy of thermal treatment on viral inactivation was evaluated.
It was found that in shucked clams, a treatment at 90°C for 180 seconds was required to completely
inactivate the viruses [54].

HEV, in addition to being a common food- and waterborne virus, is also a zoonotic virus that
is known to infect pigs. Thus, pork products can harbor HEV and, if undercooked, can transmit
the virus to humans and pigs upon ingestion. Recently, Barnaud et al. [67], used HEV-infected pig
livers to prepare a pork liver paté product that was treated at 62°C, 68°C, and 71°C for either 5, 10,
20, or 120 min. Treating the paté at 71°C or 68°C for 5, 10, or 20 min resulted in a <3-log reduc-
tion in HEV RNA. Treating at 62°C for 5 or 20 min resulted in a <2-log reduction and treating for
120 min gave an approximate 2-log reduction in viral RNA. The HEV-infected pork liver paté was
then injected intravenously into the ears of specific pathogen-free (SPF) pigs and HEV viral shed-
ding was monitored in the pigs’ stools for 35 days postinoculation (dpi). All positive control pigs
receiving paté with no thermal treatment excreted HEV in their stools from 2 dpi to the end of the
experiment. Pigs receiving paté treated at 62°C all excreted HEV starting between 7 and 9 dpi and
lasting until 22 or 35 dpi. Approximately half (6/13) of the pigs that received paté treated at 68°C
shed HEV in their stools, starting at 9—16 dpi and subsiding at 16—22 dpi. The amount of fecal HEV
shedding was reduced in pigs receiving paté treated at 71°C. There was no viral shedding in pigs
that received paté treated for 20 min at 71°C. However, two of three pigs in each group given paté
treated for 5 or 10 min at 71°C shed HEV starting at 11 dpi and lasting until 16 dpi or 18 dpi. Using
logistic regression modeling it was determined that the effect of the treatment temperature of the
paté was significantly related to the probability of infection in pigs, but was not dependent on the
treatment time at each temperature. Pigs receiving paté treated at 62°C had significantly higher odds
of HEV infection compared with pigs receiving paté treated at 71°C [67].

The incidence of HEV in pork livers is problematic because the virus is located within the tis-
sue itself and cannot be removed by surface decontamination. Products utilizing pork livers, such
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as pork liver sausage, can consist of up to 30% fat and contain other components such as spices,
nitrite salt, dextrose, and other additives [67]. The complex nature of these pork products can pro-
vide protection to HEV during thermal treatment. These results suggest that HEV in complex food
matrices is highly resistant to thermal treatment; however, the direct impact on human health due to
HEV-infected pork liver has not been elucidated. The efficiency of thermal inactivation treatments
required for various food- and waterborne viruses is shown in Table 5.2.

CHEMICAL PROCESSES AGAINST FOODBORNE VIRUSES

INTRODUCTION

Most of the methods currently utilized for controlling bacterial growth in foods, such as lowering
pH, high-temperature processing, and decreasing water activity, are not effective against foodborne
viruses [2]. The fact that foodborne viruses are nonenveloped makes them resistant to environ-
mental stress. The protein capsid remains intact after exposure to low pH, as these viruses need
to pass through the digestive tract in order to cause infection in their hosts. The use of chemical
disinfectants to inactivate viruses has been a major research focus, as they could easily be integrated
into the food processing chain. Currently in the fresh produce industry the spraying, washing, or
dipping of fruits and vegetables in water is a common practice to reduce pathogens, prevent cross-
contamination, and remove debris [87]. Chemicals including chlorine, chlorine dioxide, quaternary
amines, various acids, surfactants, ozone (both gaseous and ozonated water), and electrolyzed water
are either currently used in the food industry or have been investigated for their efficacy against
foodborne pathogens.

CHLORINE

Currently, chlorine is the most widely used and widely researched sanitizer in the food industry.
Three forms of chlorine have been approved for use: chlorine gas, calcium hypochlorite, and sodium
hypochlorite. Unfortunately, a direct comparison of research studies using chlorine is difficult due
to variations in the environmental factors that impact disinfection kinetics. In addition, several
studies have shown that different viruses vary in their resistance/sensitivity to chlorine treatment.
Therefore, chlorine inactivation data must be generated for each foodborne virus independently. In
the fresh produce industry, chlorine is used at a concentration of 50-200 parts per million (ppm) at a
neutral pH with a contact time of 1-2 min. This chlorine concentration has little effect on foodborne
viruses and increasing the contact time to greater than 10 min has not been shown to significantly
increase the antiviral and sanitization activity [88].

Several studies have investigated chlorine inactivation of human norovirus surrogates and only
a handful of studies have used human norovirus, because human norovirus cannot easily be grown
in cell culture, hampering its use. One human volunteer study was conducted in which the human
Norwalk virus (GI.1) was treated using different concentrations of chlorine and then administered
to eight human subjects. Treatment with 3.75-6.25 mg/L of chlorine, a typical water treatment
concentration, was not effective at inactivating the virus, as five of the eight subjects became ill
and developed an antibody response against the GI.I human norovirus. When the chlorine con-
centration was increased to 10 mg/L, none of the eight volunteers developed any illness or had
seroconversion [89]. These results indicate that the current routine water treatment with chlorine
is not sufficient to inactivate human norovirus [89]. Another study investigated the disinfection of
human norovirus GII.4, MNYV, and poliovirus 1 in water by chlorine. Evaluating the amount of viral
RNA reduction by RT-qPCR, it was found that treatment for 30 min with 0.5 mg/L of chlorine gave
3.64, 2.88-, and 3.21-log reductions in the RNA copies of the GII.4 human norovirus, MNV, and
poliovirus 1, respectively. When the viral reduction of MNV and poliovirus 1 was determined using
a viral plaque assay, it was shown that the same conditions gave >4.41- and >4.95-log reductions,
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respectively. While most research suggests that human norovirus is more resistant to chemical dis-
infectants than its surrogates, these results showed no significant difference in the viral RNA reduc-
tion between MNV and human norovirus [90].

A more recent study investigated the effect of chlorine treatment on two human norovirus sur-
rogates present on food contact surfaces (stainless steel coupons). It was found that treatment with
5000 ppm of chlorine and a contact time of 5 min was needed to yield a 5-log TCIDs, reduction of both
MNYV and FCV [91]. This treatment exceeds the permissible limit for the chlorine treatment of food
contact surfaces, which is 200 ppm as mandated by the FDA [92]. Another recent study integrated
chlorine into a standard warewashing protocol. The addition of 200 ppm chlorine to the control sani-
tizer did not increase the removal of MNV during mechanical and manual warewashing compared
with the use of the sanitizer alone [93]. The panel of sanitizers tested was effective for both E. coli
and Listeria, indicating that MNV was more resistant to chemical disinfectants than the bacteria.
Similar studies have also shown an extreme resistance of viruses to chlorine treatment (Table 5.3). In
summary, chlorine does have the potential to inactivate foodborne viruses, but typically the levels of
chlorine required to do so are much higher than allowed by governmental safety regulations.

CHLORINE DI1OXIDE

Chlorine dioxide (ClO,) is an oxidizing agent that is extremely soluble in water. Common uses
include the disinfection of drinking water, the sterilization of both equipment and surfaces in the
pharmaceutical and food industries, and the bleaching of flour and paper [107]. Chlorine dioxide
is as much as five times more soluble than chlorine and it does not react with ammonia or other
organic compounds to generate trihalomethanes [108,109]. However, there are several drawbacks
and limitations to using chlorine dioxide as a disinfectant. Chlorine dioxide must be generated on
site, it is highly unstable, and it has the potential to be explosive. Chlorine dioxide was originally
discovered in 1814, through a reaction between potassium chlorate and sulfuric acid. Today, many
chemical pathways can be utilized to generate chlorine dioxide. Currently, three of these methods
are used to produce ClO, for use as a disinfectant: (1) the oxidation reaction between sodium chlo-
rate and chlorine to produce chlorine dioxide and sodium chloride; (2) the reaction between sodium
chlorite, sodium hypochlorite, and hydrochloric acid to produce ClO,, sodium chloride, and water;
and (3) method (2) but without the sodium chlorite to produce a higher yield of ClO, [110].

According to Title 21 in the Code of Federal Regulations (CFR) as written by the FDA, CIO, is
considered a secondary direct food additive and its use is only permitted for certain applications
using specific methods of generation [92]. Cl1O, may be used as an antimicrobial agent in water
intended only for poultry processing or produce washing at a concentration of less than 3 ppm [92].
Because it is approved for use on food, ClO, has been extensively investigated as a means to inac-
tivate bacterial pathogens, yet its effectiveness against food- and waterborne viruses is still poorly
understood.

In a study conducted by Zoni et al. [111], it was found that 2.5 min of exposure to 0.8 mg/L of
aqueous ClO, was able to achieve a 4-log reduction in FCV and HAV titers. Another study done
by Butot et al. [97] found that 10 ppm of ClO, gave less than 2 logs of reduction in MNV viral
titer. Unfortunately, 10 ppm is more than three times the upper limit allowed by the FDA [92]. Xue
et al. [99] performed a study that investigated the amount of time it would take to achieve a 4-log
reduction in rotavirus titer by treatment with 0.1 and 0.2 mg/L ClO, in solution. It was found that
at 0.1 mg/L, it took 1.26—2.50 min and at 0.2 mg/L, it took 0.78—1.51 min to achieve a 4-log reduc-
tion. ClO, gas has been found to be more effective than its aqueous counterpart in the inactivation
of viruses [99]. For example, ClO, gas at a concentration of 0.08 ppm with a treatment time of 6 h
was able to achieve a 4-log reduction in FCV, while ClO, in solution at 0.8 mg/L for 2 min will
achieve the same inactivation [111,112]. This result is consistent with the Ct values for a 4-log reduc-
tion in FCV; the aqueous phase (Ct = 1.6 mg/L min) is far less effective than the gaseous phase
(Ct = 0.072 mg/L min) [113].
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TABLE 5.3

Effectiveness of Commonly Used Sanitizers against Food- and Waterborne Viruses

Sanitizer

Chlorine

Chlorine
dioxide

Quaternary
amines

Acid/bases

Ozone

Virus
MNV-1

FCV

Human NoV
GIlL4

MNV-1
MNV-1
MNV-1
FCV, MNV-1
Human NoV
Human NoV
MNV-1
HAV

HAV
MNV-1

Rotavirus
Rotavirus
MNV-1
MNV-1
MNV-1
MNV-1, FCV

MNV-1

MNV-1

MNV-1

FCV
MNV-1
FCV
HAV
MNV-1

MNV-1

HAV
MNV-1

FCV, MNV-1
FCV, MNV-1

Treatment

5000 ppm, 1.9 min

5000 ppm, 3.2 min

5000 ppm, 4 min

200 ppm, warewashing
200 ppm, warewashing
10%, 30 s
10%, 1 min
3%, 5 min
3%, 10 min
3%, 5-10 min
200 ppm
10 ppm
200 ppm, 2 min
0.1 mg/L,
1.26-2.50 min
0.2 mg/L,
0.78-1.51 min
2.5 mg/L, 1 min
4 mg/L, 1 min
Alpet D2
0.05 mg/mL

benzalkonium chloride

OASIS 146 Multi-Quat,
warewashing

N-alkyl benzyl
ammonium chloride,
5 min

N-alkyl benzyl
ammonium chloride,
10 min

0.4 mg/mL gallic acid

3% levulinic acid

3% levulinic acid

100 ppm, 2 min

80 mg/L peroxyacetic
acid

250 mg/L peroxyacetic
acid

>1 mg/L, 5 min

Tap water+2% SDS,
spray

6.25 ppm ozone, 5 min

6.25 ppm ozone, 5 min

Matrix

Fecally soiled stainless
steel surface

Fecally soiled stainless
steel surface

Fecally soiled stainless
steel surface

Plates

Forks and drinking glasses

Virus suspension
Virus suspension
Stainless steel coupon
Stainless steel coupon
Stainless steel coupon
Blueberries

Parsley, raspberries

Lettuce, cabbage, berries

Virus suspension

Virus suspension

Stainless steel coupon
Stainless steel coupon
Stainless steel coupon

Virus suspension

Forks, plates, drinking
glasses
Stainless steel coupon

Stainless steel coupon

Virus suspension
Stainless steel coupon
Stainless steel coupon
Lettuce

Iceberg lettuce

Iceberg lettuce

Virus suspension
Stainless steel coupon

‘Water
Green onions, lettuce

Log,
Reduction

3

1.42

32

1.4-1.5

2.52
5.14-5.16

23
Undetectable®
Undetectable
24

<2

<1.5

4

2.7

>5

2.23
2.75,3.25

1.4-2.7

0.5

0.86
No reduction
0.43
0.66
0.77

22

0.85

>6

Reference

[94]

[94]

[94]

[93]
[93]
[95]
[95]
[96]
[96]
[96]
[971
[971
[98]
[99]

[99]
[100]
[100]
[101]
[102]

[93]

[96]

[96]

[102]
[63]
[63]

[103]

[104]

[104]

[105]
[101]

[106]
[106]
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TABLE 5.3 (CONTINUED)
Effectiveness of Commonly Used Sanitizers against Food- and Waterborne Viruses
Log,,
Sanitizer Virus Treatment Matrix Reduction Reference
Surfactants MNV-1 5% levulinic acid+2% Stainless steel coupon 2.71 [101]
SDS, spray
FCV, MNV-1 2% SDS Stainless steel coupon No reduction [63]
MNV-1 5% levulinic acid+2% Stainless steel coupon 3.35 [63]
SDS, liquid, 1 min
MNV-1 5% levulinic acid+2% Stainless steel coupon 3.38 [63]
SDS, liquid, 5 min
MNV-1 50 ppm SDS, 2 min Lettuce, cabbage, berries 2.5-3.14 [98]
MNV-1 50 ppm SDS +200 ppm Lettuce, cabbage, berries 3.0-3.36 [98]

chlorine, 2 min

@ Indicates log RNA copies reduction.

QUATERNARY AMINES

Quaternary ammonium compounds (QACs) are a group of chemical compounds, which have been
shown to exhibit strong antimicrobial properties and are widely used for cleaning and disinfecting
purposes in the food industry. QACs are composed of the general structure N*R,R,R;R, X", where
the Rs represent alkyl groups, or alkyl groups with substituted functional groups, and the X rep-
resents an anion. They have been shown to be active against bacteria, fungi, yeasts, protozoa, and
some viruses, and they may provide effective treatment for foods, such as fresh produce, without
affecting the food quality [114,115]. One of the most commonly used QACs is benzalkonium chlo-
rine (BAC), but other less common QACs have also been evaluated specifically for their antiviral
efficacy [116]. BAC is currently used in formulations for cleaners and sanitizers for the dairy indus-
try, the catering industry, food storage tanks, and fisheries. It is also a very popular ingredient in
rinse-free hand sanitizers to prevent any cross-contamination in food service establishments and
health-care settings [117].

One study found that three different QACs (Microquat, Oasis 144, and UMQ) tested alone were
unable to inactivate FCV on stainless steel coupons, but the combination of each of these QACs
with sodium carbonate resulted in more than a 3-log viral reduction. However, this reduction was
achieved when the QACs were used at twice the concentration recommended by the manufac-
turer [88]. Incorporating a different QAC (Oasis 146 Micro-Quat) into a mechanical and manual
warewashing protocol did not significantly increase the reduction of MNV compared with a control
sanitizer or chlorine treatments alone [93]. However, in a more recent study, Su and D’Souza [102]
found that 0.05 mg/mL of the QAC benalkonium chloride was able to give 2.0-, 2.75-, and 3.25-log
reductions of the human norovirus surrogates bacteriophage MS2, FCV, and MNYV, respectively.
Therefore, while QACs have been shown to be effective against other pathogens, their effectiveness
against foodborne viruses has still not been consistently proved.

AcIDS

Two of the most common acids considered for the inactivation of foodborne viruses are hydrogen
peroxide (HP) and peroxyacetic acid (PAA). HP is a widely used commercial sterilizing agent that
has been approved for use by the FDA [118]. It is highly stable in pure form, and it is even natu-
rally present in such foods as milk and honey, where it helps prevent spoilage [119]. It has shown
to be active against a wide range of organisms, but only limited effectiveness against foodborne
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viruses has been established. HP can be used in both liquid and vapor form. PAA is similar to HP
in that it has sterilization capabilities and is effective against a wide range of microorganisms, but
it is much more potent and does not create toxic residues. It can also be useful in both liquid and
vapor form [119]. The reactivity of PAA is not affected by temperature or by organic matter and it
is not corrosive at permissible levels. However, PA A has not been shown to be particularly effective
against foodborne viruses at the levels it is permitted and it cannot be used for organic foods.

One study performed by Bentley et al. [120] investigated the use of 30% w/w of HP to sanitize
five different types of surfaces inoculated with FCV (stainless steel, glass, vinyl flooring, plastic,
and ceramic tile). They found that after 10 min, the HP’s effect on the different surfaces had
given 2.4-4.1 log reductions and after 20 min, all the surfaces had more than 4.9 logs of reduc-
tion [120]. While these results may seem promising, 30% hydrogen peroxide is very concentrated,
and FCV has shown to be much more sensitive to chemical treatments than human norovirus. In
a different study, a commercially available disinfectant containing both 11% HP and 15% PAA
was tested to determine its effectiveness in inactivating FCV on stainless steel coupons. The use
of a concentration of the disinfectant four times higher than the manufacturer’s recommended
level, with a contact time of 10 min, was able to completely inactivate FCV [88]. This same con-
centration was shown to yield a 3-log reduction in FCV when the virus was inoculated on lettuce
and strawberries. However, using four times the suggested concentration is not only potentially
unsafe to consumers, but it may also negatively affect the taste and quality of the food [88].
Another study found that 100 ppm of a PAA-based biocide gave 3.2- and 2.3-log reductions
in FCV and MNYV, respectively, and only a 0.7-log reduction of HAV [103]. Baert et al. found
that the treatment of shredded iceberg lettuce with 80 and 250 mg/L of PAA gave an additional
0.77- and 1.43-log reduction, respectively, in MNV titer compared with simply washing with tap
water [121]. Other acids such as tannic acid [102], gallic acid [102], and levulinic acid [63], have
also shown to be relatively ineffective against FCV. Overall, acids have shown to not only have
varied effectiveness on foodborne viruses, but their use may also impart negative flavors, odors,
or textures to the processed foods.

SURFACTANTS

Surfactants are “surface-acting” compounds that can essentially reduce the surface tension of a
liquid. They contain both a hydrophilic and a hydrophobic group, which interacts with the sub-
stance that they are mixed with, altering the surface properties (normally lowering the interfacial
free energy) of the liquid either at the water and air or the water and solid interface. Surfactants
are widely used in many products ranging from toothpastes, soaps, shampoos, and detergents, to
laxatives, cosmetics, herbicides, and insecticides, as well as detergents, wetting agents, emulsifiers,
foaming agents, and dispersants.

It has been established that surfactants interact with viral proteins and can influence protein
folding/refolding, denaturation, and aggregation, thereby inhibiting or potentially inactivating
viruses [122-125]. Surfactants may even directly disrupt the viral envelope. Historically, more
research has been successfully performed with nonfoodborne viruses, especially sexually transmit-
ted viruses such as herpes virus and human immunodeficiency virus, but more research on food-
borne viruses using surfactants is emerging.

One study done by Predmore and Li in 2011 [98] found that a combination of chlorine and
each one of four different surfactants (sodium dodecyl sulfate [SDS], NP-40, Triton X-100, and
polysorbates) were able to give 2-3 logs of MNV reduction in produce, significantly higher reduc-
tions than with tap water or chlorine alone [98]. Similarly, another study done by Cannon et al.
investigated the synergistic effects of surfactants and sanitizers. MNV and FCV were inoculated
on stainless steel coupons to mimic food contact surfaces [63]. It was found that neither SDS nor
levulinic acid separately were able to inactivate MNV or FCV (<0.51-log reduction), but treatment
with a combination of the two for 1 min was able to give 3.0 and 4.21 logs of reduction of FCV and
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MNYV, respectively. While these results are promising, the use of surfactants may have effects on
the organoleptic properties of produce and many surfactants have yet to be approved for use by the
FDA [126].

OzoNE/OzONATED WATER

Ozone, or triatomic oxygen, is a natural form of oxygen that is pale bluish in color as a gas. It is
also soluble in water and has the ability to kill a wide range of microorganisms by disrupting or
oxidizing cell membranes [127]. Ozone was first used as a means to disinfect municipal water in
France in 1906, and in 1982 it was given generally recognized as safe (GRAS) status by the FDA
for the treatment of bottled water [128]. In 1997, the Electric Power Research Institute (EPRI) also
gave ozone GRAS status for the sanitization of food [129]. In the United States, ozone continues to
be used for the disinfection of bottled water and it has the potential to be exploited in many other
food-processing applications. Ozone treatment of foods is gaining increasing interest within the
industry because ozone is one of the most potent sanitizers found to date, residual ozone naturally
decomposes into O, with no residue deposited on foods, and it is effective against a wide range of
microorganisms [130]. Ozonated water could also be employed as a sanitizer in the food industry,
replacing chlorine, because it retains the sensory quality of produce and controls browning without
diminishing the antioxidants present in the food [131].

Ozone was first shown to inactivate viruses in 1943, when Kessel et al. investigated its activity
against poliovirus type 1 [132]. More recently, research has shown that many viruses are readily
inactivated by ozone treatment [133]. Contrary to other viral inactivation methods, it has been sug-
gested that the absence of a viral envelope may actually provide more access to the core nucleic
acid and increase the efficacy of ozone disinfection [130]. Most foodborne viruses lack an envelope
and it has been theorized that they will be more sensitive to ozone treatment. The potential mecha-
nisms of viral inactivation by ozone include the degradation of the viral capsid proteins and/or viral
nucleic acids, or the disruption of the antigenic sites on the protein capsid responsible for host cell
attachment [134].

Both MNV and FCV have been shown to be susceptible to ozone treatment. Hudson et al. [135]
showed that 25 ppm of gaseous ozone treatment held for 20 min was able to give a 3-log reduction
in FCV titer on various surfaces in an office, cruise liner cabin, and a hotel room [135]. Additionally,
Lim et al. [136] found a 2-log reduction in MNV RNA copies during treatment with 1.0 mg/L ozone
for 2 min [136]. In fresh produce, Hirneisen et al. (2011) found that treatment with 6.25 ppm ozon-
ated water gave a 2-log reduction in both FCV and MNYV titers on green onions and lettuce after 5
and 1 min of treatment, respectively [106]. In water, they also found that the same conditions gave
>6 logs of viral reduction for both FCV and MNV [106]. Ozone is very effective at inactivating
norovirus surrogates, but there are still drawbacks to its use. More research needs to be done to
evaluate the effects of ozone on the properties of food and also the sensory effects after treatment.
Consumers may not approve of the use of ozone in their food products.

ELECcTROLYZED WATER

Electrolyzed water is produced by adding a dilute amount of sodium chloride to tap water and
then passing it through an electrolysis chamber that has anode and cathode electrodes. The anode
and cathode are on opposite sides of a bipolar membrane. The negatively charged ions present,
such as chloride and hydroxide, pass through the dilute salt solution, give up their electrons and
become gaseous oxygen and chlorine (O, and Cl,), and hypochlorous acid. This imparts strong
oxidation properties to the electrolyzed water, which then has the ability to disrupt cell membranes
and metabolic processes [137]. The main advantage of using electrolyzed oxidizing water (EOW)
is its safety. It is a strong acid, but it is much safer than other acids such as sulfuric or hydrochloric
because it is not corrosive to the skin or mucous membranes [137].
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Compared with other disinfecting methods, EOW disinfects quickly, is easy to work with, has
few harmful health side effects and is relatively cheap [138]. While the effectiveness of electro-
lyzed water against bacterial pathogens has been extensively studied, its efficacy against foodborne
viruses is very poorly understood. Very few studies have been carried out on the effectiveness of
electrolyzed water on foodborne pathogens, specifically. Very recently, it was shown that EOW was
not effective in removing human norovirus from produce [139]. Additionally, there was a significant
decrease in the removal of human norovirus from contaminated produce after rinsing with EOW in
comparison with other rinses (tap water, neutral electrolyzed water) [139]. Because there is so little
research in this area, more research is needed to gain a better understanding of the kinetics of the
inactivation of foodborne viruses by electrolyzed water.

PREVENTIVE MEASURES TO PROTECT AGAINST
VIRAL CONTAMINATION IN FOODS

As with all foodborne disease transmission, handwashing and personal hygiene play a key role in
reducing the introduction of viruses onto foods by food handlers. Washing hands with soap and
water after using the toilet or changing diapers/nappies as well as before food preparation, han-
dling, or eating is recommended by the Centers for Disease Control and Prevention (CDC) [140].
Experiments in which fecally suspended HAV was inoculated onto bare hands found that the infec-
tious virus remains present for more than 4 h after inoculation [141]. Additionally, laboratory inves-
tigations have shown that by simply washing HAV-contaminated hands with water, viral transfer to
handled lettuce was reduced by 1-2 logs [142]. Studies using human norovirus surrogates contami-
nated on hands have shown less than 3-log reductions in viral titers using alcohol-based sanitizers to
decontaminate hands [143]. Therefore, the CDC recommends that alcohol hand sanitizers be used
in conjunction with regular soap and water handwashing, but not as a stand-alone foodborne virus
disinfection procedure [140].

One of the most important and simplest ways to reduce viral contamination through food han-
dling is to restrict sick employees from working. The CDC recommends that personnel who have a
norovirus infection stay home for 2-3 days after symptoms have subsided [140]. In the case of HAYV,
activities involving food contact should be avoided for 1-2 weeks after the onset of jaundice [144].
Many of the foodborne viruses are shed at high levels after clinical symptoms have been resolved,
so it is imperative to restrict the work activities of food handlers who exhibited the symptoms of
vomiting or diarrhea even after they have fully recovered.

Another option for controlling HAV contamination of foods is to administer postexposure pro-
phylaxis to food handlers who have been infected with or exposed to individuals infected with HAV.
If administered within 2 weeks of HAV exposure, immunoglobulin is more than 85% effective in
preventing HAV infection [145]. However, the use of immunoglobulin prophylaxis is expensive and
many food operations may not be fiscally capable of utilizing this option. Additionally, postexpo-
sure prophylaxis requires that the infected food handler receives a diagnosis of HAV infection in
a timely fashion to ensure that the treatment will be effective [144]. An effective alternative is to
vaccinate all food handlers against HAV infection and in recent times more impetus for this route
of disease prevention has emerged, particularly in the United States.

Most of the major foodborne viruses have high stability in the environment and are resistant to
many common disinfectants. HAV has been shown to remain infectious after a 1 month incubation
period at an ambient temperature on environmental surfaces [146,147]. The environmental stabil-
ity of HAV requires the use of appropriate disinfection techniques for eliminating residual viruses
after vomiting or diarrheal episodes in food manufacturing, processing, or preparation areas. Using
a 1:100 dilution of household bleach, QACs, and/or hydrochloric acid (HCI) cleaning solutions are
all effective ways to inactivate HAV. However, several organic solvents, as well as solutions with
pH values above 3.0, do not have efficacy against HAV [148]. Similar to HAV, human norovirus is
also very resilient and remains stable in the environment for long periods of time. The CDC has
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published a fact sheet on human norovirus, specifically aimed at educating food handlers on ways to
prevent human norovirus foodborne outbreaks [140]. They recommend cleanup procedures similar
to those for HAV, using 1000-5000 ppm bleach for disinfecting any area that has become contami-
nated with vomit or diarrhea.

Properly implementing and regulating food handler hygiene has the potential to significantly
decrease the occurrence of viral foodborne diseases. As described in the previous sections, most
food processing technologies and treatments are ineffective against viruses. Therefore, preventing
the viral contamination of food is a more effective means of controlling foodborne outbreaks.

REGULATORY EFFORTS TO PREVENT FOOD-
AND WATERBORNE VIRAL DISEASES

Some of the highest risk foods for viral contamination include shellfish, fresh produce, and ready-
to-eat foods. The FDA is working to regulate the production, processing, storage, and handling
of these commodities with an aim to reduce the outbreaks associated with them. The National
Shellfish Sanitation Program (NSSP) is a guide published by the FDA, which outlines the criteria
for harvesting molluscan shellfish. The NSSP focuses on the water quality of shellfish growing
areas, as well as general harvesting, processing, and transportation standards. The water quality of
shellfish production areas is evaluated based on a sanitary survey and a bacteriological standard.
The sanitary survey is an evaluation of all the environmental factors that affect the growing waters,
including all actual and potential sources of pollution. The bacteriological standard mandates that
shellfish harvesting waters contain less than 14 per 100 mL of total or fecal coliforms [149].

Based on the sanitary survey and the bacteriological standard, growing waters can be classified
in one of five groups: approved, conditionally approved, restricted, conditionally restricted, or pro-
hibited. Shellfish can be readily harvested from approved waters because both the water quality and
the sanitary survey meet the NSSP requirements. Restricted waters have limited pollution, which
can be removed by relaying, depuration, or low-acid canning processes. Prohibited waters have
levels of pollution that are well above the water quality standards and no permits to harvest shellfish
are issued for prohibited waters [149].

In terms of biological hazards, the only fecal indicators used are total or fecal coliforms, which
have been shown to be poor indicators for viral fecal contaminates [150-153]. Additionally, the
standards set forth for the removal of pathogens postharvest through processing are also aimed at
bacterial and chemical contamination. Standard depuration processes have not been effective in the
removal of HAV or human norovirus contamination in oyster tissues [154—-156].

The Hazard Analysis and Critical Control Point (HACCP) system is designed to improve food
safety by requiring the industry to identify potential biological, chemical, and physical hazards
within the food production process. There are seven basic principles associated with the HACCP
system, which include hazard analysis, the determination of critical control points, the establishment
of critical limits, monitoring procedures, corrective actions, verification procedures, and proper
documentation procedures. The FDA implemented the HACCP system for seafood, dairy, and juice
safety. The United States Department of Agriculture (USDA) has also adopted the HACCP system
for the production of meat and poultry products. In 2008, the FDA published a manual for the volun-
tary use of HACCP principles for use in food service and retail establishments [157]. If a bacterial
contaminant issue was identified during the hazard analysis, then a 5D process (the time required
for a five decimal reduction) would be required to target the microorganism and ensure that the
food produced is free from contamination. Unfortunately, D-values have not been established for
most foodborne viruses, which makes it difficult to ensure that foods are free of viral contamination
using traditional HACCP systems.

In 2013, a proposed rule regulating fresh produce production was entered into the federal regis-
trar under the Food Safety Modernization Act [158]. As of November 2, 2015, the FDA submitted
the final proposal to the Federal Register for publication, as required by the court. The proposed rule
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will set standards for growing, harvesting, packing, and handling of produce for human consump-
tion. Five routes of microbial contamination have been identified and targeted under the proposed
rule. The first is agricultural water and the rule would require generic E. coli levels to be less than
235 colony-forming units (cfu)/mL in water used for irrigation and other purposes. Next, the rule
would set standards for the use of biological soil amendments of animal origin, including the allow-
able microbial load, requirements for application, and minimum times between application and
produce harvest. Another target area will be employee health and hygiene, mandating that employ-
ees will receive proper training for safe produce handing, be trained in handwashing procedures
and glove use, and also ill workers will be restricted from performing job duties. Requirements will
also be set for the maintenance and cleaning of facilities and equipment. Finally, issues involving
domesticated and wild animals will be addressed such as the time between grazing activities and
produce harvest and also monitoring to ensure that there are no visible signs of animal contamina-
tion on produce prior to harvesting [158]. Overall, the improvement in practices, such as personal
hygiene and facility maintenance, could potentially minimize viral contamination in fresh produce.
However, as stated previously, E. coli and other fecal coliforms are not good indicators of viral
contamination. Hence, agricultural water that is free from E. coli contamination may still harbor
viruses.

It remains a challenge to implement regulations in the food industry to specifically target viruses,
as the viruses are difficult to detect and eliminate once contamination has occurred. In general, any
process that requires enhanced sanitation and personal hygiene should increase the viral safety of
the food product.

VACCINES AGAINST FOOD- AND WATERBORNE VIRAL DISEASES

INTRODUCTION

Vaccination is the most effective strategy to protect humans from infectious diseases. The increas-
ing clinical significance of food- and waterborne virus infections suggests that there is an urgent
need for an efficacious vaccine for them, particularly for the populations at high risk such as food
handlers, pregnant women, military personnel, elderly, infants, children, blood donors, organ trans-
plantation receptors, and immunocompromised individuals. To prevent viral hepatitis, it is particu-
larly important to vaccinate individuals at high risk of infection such as travelers to countries with
high or intermediate endemicity, men who have sex with men, injecting-drug users, patients with
clotting factor disorders, and patients with chronic liver disease. An effective vaccine would not
only prevent mortality and morbidity caused by the virus, but would also block transmission routes
and thus improve foodborne illnesses, food safety, public health, and biodefense.

CoMMERCIALIZED FOOD- AND WATERBORNE VACCINES

Current commercially available vaccines against food- and waterborne viruses include poliovirus,
HAYV, and HuRY, all of which are highly successful in disease prevention [159]. There are two types
of vaccines that protect against the poliovirus: the inactivated polio vaccine and the oral attenuated
polio vaccine. In 1953, Salk and his colleagues developed an inactivated polio vaccine [160]. In the
following year, nearly two million children participated in the field trials. From 1955 to 1957, the
incidence of polio in the United States fell by 85%—-90% [161]. In the years 1957-1959, mass clinical
trials of Albert Sabin’s live, attenuated polio vaccine were performed in Russia [162]. In 1962, the
Salk vaccine was replaced by the Sabin vaccine for most purposes because it was easier to admin-
ister and less expensive. Both poliovirus vaccines are highly successful. According to CDC, the last
case of polio caused by the “wild” virus in the United States was in 1979. However, due to safety
concerns, the inactivated polio vaccine replaced the oral polio vaccine as the recommended method
of polio immunization in the United States in 1999 [163].
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The World Health Organization (WHO) has also issued recommendations for the use of the
HAV vaccine [159,164]. Two types of monovalent HAV vaccines are currently used worldwide.
Inactivated HAV vaccines are used in most countries (usually given in two intramuscular injections
at 6 and 36 month intervals); live attenuated vaccines are also manufactured and mainly used in
China and sporadically in India (one injection only). The protective efficacy of the HAV vaccines
against clinical disease in adults, children, and adolescents was determined to be 94%-100% fol-
lowing two doses of the vaccine given 1 month apart [165].

In 2009, the WHO recommended the inclusion of a rotavirus vaccine in national immunization
programs and several countries have adopted rotavirus vaccine policies [166]. Two different rotavi-
rus vaccines, RotaTeq® (RV5) and Rotarix® (RV1), are currently licensed for use for infants in the
United States. These vaccines are given in a two- or three-dose series. Both vaccines were tested
in clinical trials and have been shown to be safe and highly effective [166—168]. In these studies,
during approximately the first year of an infant’s life, the rotavirus vaccine was found to prevent
almost all (85%-98%) severe rotavirus illness episodes and prevented 74%—87% of all rotavirus
illness episodes.

VAcCINE CANDIDATES THAT ARE IN HUMAN CLINICAL TRIALS

Vaccine Clinical Trials of Two Noncultivable Foodborne
Viruses: Human Norovirus and HEV

Since human norovirus is not robustly cultivable, most vaccine studies have been focused on a
subunit vaccine using the viral capsid protein (VP1) as the antigen. Expression of the VPI gene in
insect cells can lead to the subsequent self-assembly of VLPs that are structurally and antigenically
similar to native virions [169]. These VLPs are noninfectious, since they lack viral RNA. However,
VLPs contain optimal epitopes that can trigger human norovirus—specific immune responses in
hosts including mice, gnotobiotic pigs, and nonhuman primates [169]. Currently, the VLPs-based
vaccine candidate has been tested in human clinical trials. In 1999, Ball and colleagues performed
the first clinical study to demonstrate that human norovirus VLPs were safe and immunogenic (such
as serum immunoglobulin A [IgA] response, intestinal IgA response, and T cell immune response)
in humans when administered orally [170]. A similar human volunteer study was performed by
Tacket et al. [171] using the Norwalk VLPs as antigens. Recently, a human subject study was con-
ducted in healthy adults to assess the protection efficacy of a VLP vaccine candidate (with chitosan
and monophosphoryllipid A as adjuvants) to prevent acute viral gastroenteritis after challenge with
a homologous viral strain, the Norwalk virus (GI.1) [172]. Between 98 human subjects, 50 partici-
pants received the VLP vaccine, 48 participants received the placebo, and 90 received both doses
(47 participants in the vaccine group and 43 in the placebo group). It was found that the Norwalk
virus—specific IgA antibody was detected in 70% of the vaccine recipients. After challenge with the
Norwalk virus, it was found that vaccination significantly reduced the frequency of Norwalk virus
gastroenteritis. Of the placebo participants, 67% developed gastroenteritis whereas only 37% of
vaccine recipients developed symptoms. In addition, 82% of placebo recipients were infected with
the Norwalk virus compared with 61% of vaccine recipients who developed an infection. It was
concluded that the VLP vaccine candidate provided protection against illness and infection after
challenge with a homologous virus.

It has also been technically challenging to develop a vaccine for HEV as it grows poorly in
cell culture. The poor growth and low virus yield prevent the development of a live or inac-
tivated vaccine for HEV [173]. Similar to human norovirus, the expression of a capsid gene
of HEV in E. coli and insect cells led to the formation of VLPs, which can be used as a
subunit vaccine [174—176]. This vaccine candidate was shown to be safe and immunogenic in
animal models. In China, the VLP-based HEV vaccine was approved for phase I and II trials
in 2004 [176]. Upon completion of phase III clinical trials in 2009, the vaccine was named
Hecolin® (hepatitis E vaccine made in E. coli). In December 2011, China approved the hepatitis
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E vaccine, Hecolin®, for use in subjects who are over 16 years old [176]. Currently, commercial
production of Hecolin® is ongoing. A follow-up study on the long-term efficacy of Hecolin®
within the Chinese population was published in 2015 and was found to provide immunogenicity
for up to 4.5 years in almost 90% of those vaccinated [177]; however, this vaccine is currently
only available in China.

VAccINE CLINICAL TriALS OF ENTEROVIRUS 71 (EV71)

EV71 is an important cause of hand, foot, and mouth disease (HFMD), and is associated with
more severe diseases in young children (aged under 5 years), including aseptic meningitis and
encephalitis. Both EV71 and poliovirus belong to the enterovirus genus in the Picornaviridae fam-
ily, and share many similarities in virological and clinical aspects. Poliovirus vaccine technology,
both live attenuated and inactivated virus vaccines, can potentially be adapted to control EV71
infection. Recently, Feng-Cai Zhu and colleagues reported the results of a randomized, double-
blind, placebo-controlled, phase III clinical trial of an inactivated EV71 vaccine in China [178]. A
total of 10,245 participants (aged from 6 to 35 months) were enrolled in this trial and assigned to
two groups: 5120 to vaccine versus 5125 to placebo. Excitingly, this vaccine achieved an efficacy
of 90.0% against EV71-associated HFMD and 80.4% against EV71-associated disease (includ-
ing herpangina and neurological complications). Similar to the inactivated poliovirus vaccine, the
EV71 vaccine provides high efficacy, satisfactory safety, and sustained immunogenicity in chil-
dren [179]. It is highly promising that this inactivated vaccine can be implemented in vaccination
schedules in the future.

CONCLUDING REMARKS

Despite tremendous research, extension, and education efforts, food- and waterborne viruses are
still major public health issues. To combat these important pathogens, future research efforts should
focus on eight major areas:

1. Developing an efficient cell culture system for uncultivable food- and waterborne viruses
such as norovirus and HEV is imperative. Without a tissue culture system, many biological
and virological questions such as survival and viral replication cycles cannot be answered.

2. A robust, small animal model must be developed for these viruses. Without a small animal
model, many immunological and pathological questions cannot be answered.

3. The development of a highly efficacious vaccine. To date, there is no licensed vaccine
for human norovirus, sapovirus, HEV (outside China), or EV71, although recent human
clinical trials have yielded highly promising results. New vaccine strategies (such as live-
vectored vaccines), adjuvants, and delivery strategies are needed.

4. The establishment of rapid, sensitive, and cost-effective detection methods for food- and
waterborne viruses so that viral contamination can be monitored in a real-time manner.

5. A focus on the optimization and commercialization of promising thermal and nonthermal
processing technologies is urgently needed. To enhance the effectiveness of viral inactiva-
tion, new norovirus technologies as well as the use of hurdle technologies or combined
technologies are needed.

6. The development of sanitizers to specifically target common viruses, such as noroviruses,
is required, as many studies have found that routine sanitizers that are effective for bacte-
rial pathogens are not as effective for food- and waterborne viruses.

7. The development of antiviral drugs is required, as to date, no specific, approved drug is
available to control food- and waterborne viruses.

8. Building multidisciplinary and multi-institutional teams is needed to combat food- and
waterborne viruses.
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NOROVIRUS

INTRODUCTION

Human norovirus (NoV) is the leading cause of acute gastroenteritis (AGE) globally [1,2], and car-
ries with it a large social and financial burden resulting from forced time off work, business clo-
sures, and hospitalizations [3]. Foodborne transmission is a key route for NoV infection, as the virus
is spread rapidly via contaminated food handlers and food products. In many developed nations,
NoV has been identified as the leading cause of foodborne disease, accounting for more than half of
the cases of foodborne illness each year [4-7]. As the etiological agent responsible for the majority
of foodborne illness (up to 80%) is never identified, estimates additionally attribute NoV with a large
proportion of these unresolved cases [4].

NoV remains challenging to develop vaccinations against, with the virus continually mutating to
evade herd immunity. Human NoV is also very difficult to culture in immortalized cells, severely
hampering efforts to develop treatments and vaccines against the virus [8]. Without a reliable ani-
mal model to study human NoV directly, most studies rely on murine norovirus (MNV), a geno-
group V NoV. MNV has been used to infer details of the infection cycle, including viral cell entry,
and is frequently used to study aspects of NoV replication in both cell culture and in vivo mouse
studies [9,10].

NoVs are classified within the Caliciviridae family and named after calyx (the Greek word for
cup) because of the cuplike pattern on the virion surface [1]. Of the six Caliciviridae genera, NoV
is attributed with the highest incidence of human disease [3]. Symptoms of NoV infection include
vomiting and diarrhea, often accompanied by nausea, stomach cramps, malaise, and fever [11],
which follow a relatively short incubation period of 24—48 h. Symptoms usually persist for 2—4 days
in healthy adults [12], but infections can persist for months or even years in immunosuppressed or
immunocompromised individuals [13—15]. While the main route of NoV transmission is person-to-
person [16], foodborne NoV is another significant route [3]. This section of the chapter reviews NoV
and its transmission via contaminated food and water.

HISTORY

NoV was first described as hyperemesis hiemis or winter vomiting disease by Zahorsky in
1929 [17,18]. However, the disease was not fully understood at that time [19]. In the 1970s, several
transmissibility studies in volunteer subjects who were orally administered stool filtrates obtained
from infected patients showed that they developed similar gastroenteritis symptoms [20-22].
These studies demonstrated that an unknown nonbacterial agent was the primary cause of trans-
missible AGE.

The original Norwalk virus was discovered in a fecal sample obtained from an AGE outbreak at
an elementary school in Norwalk, Ohio, in 1968. The outbreak had a high attack rate of 50% (116
of 232) among the schoolchildren [23,24]. Norwalk virus, subsequently named after the town where
it was found, is the prototype of the Norovirus genus. However, it took four more years before the
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actual physical virus particle was first visualized by Kapikian et al. in 1972 using electron micros-
copy (EM) [25].

Following the discovery of Norwalk virus, other similar viruses were subsequently detected and
collectively termed Norwalk-like viruses (NLV) or small round structured viruses (SRSV) [26].
These viruses were typically named after the location where they were identified or by their appear-
ance as visualized with EM [27,28]. Norwalk virus, the prototype NoV, is classified as NoV geno-
group I, genotype 1 (GI.1). Complete sequencing and characterization of the Norwalk virus genome
was accomplished by Jiang et al. in the early 1990s [29]. This achievement allowed further investi-
gation into viral taxonomy using molecular techniques, including reverse transcription polymerase
chain reaction (RT-PCR) and sequencing. In 2002, NLVs were collectively renamed as a single
genus, Norovirus [30]. In summary, NoV-associated AGE with vomiting was recognized for many
years before the actual virus was finally discovered. The true health burden of NoV has really only
come to light in recent years.

NOROVIRUS IS THE MOST COMMON CAUSE OF GASTROENTERITIS

Rise oF NOROVIRUS

Historically, rotavirus (RoV) was reported as the major cause of diarrhea in children globally and
was estimated to kill more than 440,000 children each year [31]. However, since 2006, the vac-
cines Rotarix (GlaxoSmithKline) and RotaTeq (Merck) have been introduced into the health-care
programs of many countries. Following their inclusion, a dramatic decrease (~70%) in the incidence
of RoV-associated AGE has been reported in these countries [32-35]. A similar trend has been seen
in New South Wales (NSW), Australia, where the incidence of RoV infections decreased substan-
tially following the introduction of the RoV vaccine in 2007, with the last major epidemic in 2005
(Figure 6.1).

E= Norovirus

250 4 I Rotavirus
W Adenovirus
B Astrovirus

Laboratory confirmed infections

JFMAMJ JASONDJFMAMJJASONDJFMAMJJASONDJFMAMIJASONDJFMAMJJASONDJIJFMAMJ JASONDJFMAMJI JASOND

2004 2005 2006 2007 2008 2009 2010
Month-Year

FIGURE 6.1 Detection of enteric viruses at the South Eastern Area Laboratory Services (SEALS) diag-
nostic facility, Prince of Wales Hospital, Sydney, Australia. The monthly total positive stool specimens for
norovirus (NoV), adenovirus (AdV), astrovirus (AsV), and rotavirus (RoV) detected in cases of acute gas-
troenteritis were evaluated between January 2004 and December 2010. Enzyme immunoassays (EIAs) were
performed to detect viral antigens in stool specimens, and viruses are color-coded as per the legend. The RoV
vaccine was introduced to the NSW health-care system in 2007 and has contributed to a dramatic decrease
of RoV associated infections in subsequent years. (Adapted and modified from Eden, J.S., The Evolutionary
Dynamics of Norovirus, UNSW Australia, 2012 [36].)
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Norovirus Is THE DOMINANT CAuse OF AGE IN NSW, AUSTRALIA

In Australia, the first NoV foodborne-associated outbreak was reported in 1978 and was linked to
oyster consumption [37]. The etiological agent, NoV, was confirmed by visualization of virus par-
ticles in 39% of fecal specimens by EM and in 75% of samples by immune-EM [37].

To determine the role of NoV as an etiological agent of AGE, a total of 68,154 viral diagnostic
tests were analyzed between January 2004 and December 2010. The tests were performed by the
South East Area Health Service (SEALS) to detect NoV, RoV, adenovirus (AdV), and astrovirus
(AsV) in stool from cases of gastroenteritis. Of these, 7% (n = 4780) of samples tested positive for
one of these enteric viruses. Overall, NoV was the predominant virus identified in all positive assays
(61.7%), followed by RoV (24.7%), AdV (9.5%), and AsV (4.1%). By comparing their monthly totals
(Figure 6.1), a shift in predominance from RoV to NoV was observed in 2007 compared with 2006,
which coincided with the introduction of a free rotavirus vaccine for all newborn infants across
NSW in May of that year. As a result, NoV, previously the second most prevalent etiological agent of
AGE, has now become the most common in NSW. For this and other reasons, NoV has also become
the leading etiological agent of AGE in developed countries [38].

NoV CLASSIFICATION AND EPIDEMIOLOGY

NoV CLAsSIFICATION AND GENETIC DIVERSITY

NoV is one of six genera within the Caliciviridae family, along with Lagovirus (host species: rab-
bit), Vesivirus (host species: feline, canine, primate, porcine, and marine species), Sapovirus (SaVi;
host species: humans, porcine, and mink), Recovirus (host species: primates), and Nebovirus (host
species: bovine). Only NoV and SaV are known to infect humans, with NoV significantly more
prevalent than SaV [39].

Norovirus is a genetically and antigenically diverse genus of the Caliciviridae family. The
virus can be classified further into seven genogroups (GI—GVII) based on the open reading frame
(ORF2) amino acid (aa) sequence (Figure 6.1) [40-42]. GI, GII, and GIV contain human viruses,
with GII being by far the most prevalent. GI viruses infect only humans, GII NoVs infect pigs as
well as humans, while GIII viruses infect ovine and bovine species. GIV NoVs have a broader
host range than other genogroups and infect humans, lions, and dogs, while GV viruses infect
mice [43—45]. It should be noted that GV NoV represents the best surrogate and model system to
date for human NoV, as it can be cultured in vivo and in vitro [42]. The last two genogroups, VI and
VII, were identified in canine species [41,42].

Analysis of full-length VP1 aa sequences reveals that the divergence between different geno-
groups is approximately 45%—-60%, while about 15% aa difference in the capsid distinguishes the
various genotypes [40]. Each genogroup can be further classified into genotypes. Over 38 genotypes
have now been reported, with the majority belonging to GII [46]. Genogroup II, genotype 4 (termed
GIL.4) is by far the most prevalent and clinically significant NoV genotype; it causes pandemics of
gastroenteritis about every 3 years and is responsible for approximately 70% of all NoV-associated
cases of gastroenteritis worldwide [47,48]. The term variant is assigned to phylogenetic clusters
within the pandemic GII.4 lineage [49].

MoLecuLAR EriDEMIOLOGY OF NoV

The understanding of NoV molecular epidemiology has progressed significantly following the
deduction of the genome sequence by Jiang et al., in 1993 [29]. This led to the development of
advanced and sensitive detection techniques including RT-PCR and EIA-based diagnostic assays.
It was not until the late 1990s that NoV was recognized as a leading cause of epidemic gastroen-
teritis [S0]. NoV is now the predominant etiological agent of gastroenteritis worldwide; it is present
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throughout the year and is most prevalent during the autumn and winter months in temperate
climates [47,51,52].

Pandemic Noroviruses of the Genogroup I, Genotype 4 Lineage

Over the past two decades, a new NoV variant has emerged every 2-3 years from within the geno-
group II, genotype 4 genetic lineage of viruses (Figure 6.1) to cause an AGE pandemic. The capsid
sequences of the new GIIL.4 variants demonstrate aa divergence of approximately 5% compared with
the outgoing variant [40], and are thought to contribute to antigenic escape from herd immunity.
Contemporary GII.4 variants such as New Orleans 2009 and Sydney 2012 also demonstrate intra-
genotypic recombination at the ORF1/ORF2 overlap [53], suggesting that antigenic shift could also
play a role in the emergence of GII.4 pandemic NoVs. Although the reasons why GIL.4 strains evolve
to cause pandemics of AGE are not fully elucidated [50], the fact that they do suggests that GIL.4
has acquired a higher epidemiological fitness compared with other genotypes [50]. Generally, the
NoV GIIL.4 variants identified are named after the location (city) and year in which they were first
identified. For example, the recent pandemic strain GII.4 Sydney 2012 was first identified in Sydney,
Australia during March 2012 [54,55].

Over the past two decades, six GIL.4 variants have been associated with global pandemics of
gastroenteritis (Figure 6.2). The NoV variant termed GII.4 US 1995/96 was identified as the cause of
a global increase of NoV outbreaks in the late 1990s in many countries including the United States,
Europe, and Australia [56—59]. This variant was the first recognized pandemic NoV and domi-
nated for several years before it was replaced by the GI1.4 Farmington Hills variant in 2002 [60].
This new variant was associated with 64% of cruise ship and 45% of land-based outbreaks in the
United States [60], and was later identified as a dominant cause of AGE in Europe and Australia
in 2002 [59,61]. In 2004, NoV GII.4 Hunter 2004 was identified in Australia [61]. This new variant
replaced the Farmington Hills 2002 strain and continued for 2 years to cause major gastroenteritis
outbreaks in Europe, Asia, and across the globe [62—66]. In 2006, two GIL.4 variants, Yerseke
2006a and Den Haag 2006b, emerged at around the same time and were implicated in widespread
global outbreaks of AGE [62,67]. The Yerseke 2006a variant is thought to have evolved from the
previous 2004 Hunter virus [47,53]. Yerseke 2006a is classified as an epidemic variant rather than a
pandemic variant as it did not cause a recognized pandemic [47]. Den Haag 2006b is thought to be
a descendent of the earlier 2002 Farmington Hills virus [47]. This pandemic variant did not domi-
nate NoV-associated gastroenteritis outbreaks of gastroenteritis until 2007, when it was associated
with a rise in global NoV activity [68—71]. The GII.4 New Orleans 2009 variant replaced Den Haag
2006b in late 2009 as the pandemic NoV and was responsible for increased global NoV activity and
around 80% of all NoV infections between 2010 and 2012 [47,72]. The most recent pandemic strain,
Sydney 2012, was identified in March 2012 and later that year emerged to replace New Orleans
2009 [53,54]. The newly emerged GII.4 Sydney 2012 variant caused NoV-related epidemics of AGE
in various countries in late 2012 and early 2013 [55], and remains the dominant NoV detected in
2016 (Figure 6.3).

Early variants (US 1995/96, Farmington Hills, Hunter 2004 and Den Haag 2006b) likely evolved
from their predecessors through mutations in their capsid, through a process termed antigenic
drift [73-76]. However, the two most recent GIL.4 variants, New Orleans 2009 and Sydney 2012,
underwent a more complex evolution process via intra-genotype recombination at the ORF1/ORF2
overlap region, as well as through mutations within the P2 domain [53].

Epidemic Noroviruses

Other than pandemic strains, there are several GI1.4 epidemic variants that have circulated in dif-
ferent continents. These variants did not cause global pandemics but rather more localized epi-
demics within particular geographical regions. These additional epidemic GII.4 variants include
Henry 2001, Japan 2001, Asia 2003, the aforementioned Yerseke 2006a, Apeldoorn 2007, and
Osaka 2007 [47]. Besides these viruses, there are also non-GIIL.4 strains circulating across the world
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FIGURE 6.2 Phylogenetic analysis of NoV full-length amino acid VP1 sequences (approximately 540 aa).
Norovirus, a genus within the Caliciviridae family, can be further classified into seven genogroups and numer-
ous genotypes (genogroup VII is not shown). Genogroups I, I, and I'V contain human viruses, with genogroup
II, genotype 4 (GIL.4, red circle) being the most predominant, causing more than 70% of NoV-associated
human cases. GII also infects pigs (specifically, GII.11 and GIIL.18) while GIV.2 has been identified in lions
and cats. GIII infects cows, GV infects mice, and the recently discovered GVI was identified from a canine
spp. The viral protein (VP1) amino acid sequences used here are from representative viruses of each genotype
retrieved from GenBank. The multiple alignment was performed with Clustal-W, and the neighbor-joining
tree was constructed with 500 bootstraps using the Poisson correction method in MEGA 5.2. The scale bar
represents the number of amino acid substitutions per site. (Adapted and modified from Glass, R.I. et al.
N Engl J Med, 361, 1776-1785, 2009 [1].)

that have caused significant epidemics, including GII.3, GII.6, GIL.7, and GII.13. For example, the
recombinant GIL.Pb/GIL.3 NoV is often identified in sporadic infections, particularly among chil-
dren [77,78]. As widespread NoV epidemics continue to occur globally, continuous epidemiological
surveillance is essential to characterize circulating NoV strains and the emergence of epidemic
strains. Knowledge of the changing genetic patterns of NoV will also be essential for effective vac-
cine design.



Norovirus and Sapovirus 89

Farmington Hills 2002 virus New Orleans 2009 virus
Widdowson et al., 2004 Yen et al., 2011
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
US 1995/96 virus Hunter 2004 virus Den Haag 2006b virus Sydney 2012 virus
Noel et al., 1999, White et al., 2002 Bull et al., 2006 Eden ef al., 2010 Eden et al., 2013, van Beek et al., 2013

FIGURE 6.3 Time line of NoV pandemic GII.4 variants in Australia. Six pandemic NoV GII.4 variants have
been identified between 1996 and 2016. The molecular epidemiology of NoV in Australia mirrors that of many
countries globally. The U.S. 1995/96 variant was the first to be identified in Australia in the late 1990s (from
Noel, I.S. et al. J Infect Dis, 179, 13341344, 1999; White, P.A. et al. J Med Virol, 68, 113-118, 2002) and was
later displaced by another GII.4 variant, Farmington Hills around 2002 (from Widdowson, M.A. et al. J Infect
Dis, 190, 27-36, 2004). The emergence of novel pandemic NoV variants has subsequently occurred every
2-3 years. The Hunter 2004 (from Bull, R.A. et al. J Clin Microbiol, 44, 327-333, 2006) and Den Haag 2006b
variants (from Tu, E.T. et al. Clin Infect Dis, 46, 413-420, 2008) were detected in Australia in 2004 and 2007,
respectively (from Eden, J.S. et al. J Clin Virol, 49, 265-271, 2010). New Orleans 2009 was detected in late
2009 (from Yen, C. et al. Clin Infect Dis, 53, 568-571, 2011) and replaced the Den Haag 2006b variant (from
Vega, E. et al. J Clin Microbiol, 52, 147-155, 2014). The current circulating pandemic GII.4, the Sydney 2012
variant that rapidly replaced New Orleans 2009, was first identified in Australia in March 2012 (from Eden,
J.S. etal. J Virol, 87, 6270-6282, 2013; van Beek, J. et al. Euro Surveill, 18, 8-9, 2013). The black arrows
depict the time that the NoV variant was initially identified.

NOROVIRUS STRUCTURE AND GENOME ORGANIZATION

NoV has a small, round, nonenveloped icosahedral virion measuring 27-35 nm in diameter, enclosing a
single-stranded, positive-sense polyadenylated RNA genome of approximately 7.5 kb [79] (Figure 6.4).
The NoV genome contains three ORFs, ORF1-ORF3. ORF1 is approximately 5.5 kb and encodes a
200 kDa polyprotein that is post-translationally cleaved by a 3C-like protease (3CLP™) into six or seven
nonstructural (NS) proteins [80]. These proteins include N-terminal protein, NTPase, 3A-like, VPg,
protease, and a viral RNA-dependent RNA polymerase (RdRp) (Table 6.1, Figure 6.4). The ORF1
proteins have an adapted nomenclature of NS1-2, NS3, NS4, NS5, NS6, and NS7 (Table 6.1). ORF2
and ORF3 encode structural proteins VP1 and VP2, respectively [29] (Figure 6.4).

Another characteristic of the calicivirus genome, including that of NoV, is the highly conserved
5" terminal sequence (approximately 17-20 nucleotides long; the black box in Figure 6.4), which has
over 95% homology across each NoV genogroup. This conserved region contains a stem loop and
is repeated internally at the overlapping 3" end of ORF1 as well as the 5" end of the ORF2. From
the internal position, the ORF2/3 region is transcribed as a subgenomic RNA to generate VP1 and
VP2 [81,82]. Therefore, it is likely that these conserved regions play an important role in recruiting
the viral RdRp for transcription of both genomic and subgenomic RNA [83].

NoV NONSTRUCTURAL PROTEINS INVOLVED IN GENOME REPLICATION

Our understanding of individual NoV NS proteins encoded by ORF1 varies. The exact functions
of NoV NSI1-NS4 are not well understood, while NS5-NS7 are relatively well studied. Hyde and
Mackenzie have characterized the subcellular localization of MNV ORF1 proteins in the host cell
and shown that NS1-2 protein was associated with the endoplasmic reticulum (Table 6.1) [84]. This
suggests that NS1-2 may recruit host membranes to the MNV replication complex (RC) during the
replication process. Another study by Baker et al. showed that NS1-2 lacks significant sequence
identity to other viral or cellular proteins [86]. The protein has an inherent disorder that has been
suggested to provide structural flexibility to bind to numerous targets [86], allowing the NS1-2 pro-
tein to have a multifunctional role.
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FIGURE 6.4 NoV genome organization and capsid structure of NoV. (a) The NoV genome is organized into
three ORFs (ORF1-ORF3). ORF1 encodes a large polyprotein which undergoes proteolytic cleavage by the
virus-encoded protease (NS6 or 3CLP®) to produce mature nonstructural viral proteins (NS1-7). ORF2 par-
tially overlaps ORF1 and encodes the major capsid protein (VP1). A minor capsid protein, VP2, is encoded
by ORF3. A novel ORF4 was identified in the MNV genome and is represented by vertical dotted lines. The
VPg protein is covalently attached to the 5" end of genomic and subgenomic RNAs, the initiation sequence of
which is represented here by a black square box. Nucleotide positions are with reference to the sequence of the
NoV GII.4 Lordsdale virus (GenBank accession number X86557). (b) The T = 3 capsid structure of Norwalk
virus is generated from 90 dimers of VP1 subunits (180 VP1 molecules). The shell (S), P1, and P2 domains
of VP1 are shown in blue, red, and yellow, respectively [85]. (c) A ribbon representation of the Norwalk virus
(pdb: 1IHM) VP1 dimer was modeled from the viral capsid with S, P1, and P2 domains colored as in (b).
The N-terminal (N) and shell domains (S) form the interior shell of the viral particle. P1 and P2 domains are
exposed by protruding out from the viral capsid structure. (Picture modified and adapted from Choi, J.M. et al.
Proc Natl Acad Sci USA, 105, 9175-9180, 2008.)
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TABLE 6.1
Description of ORF1 Encoded Nonstructural Proteins (NS1-7)

ORF1 Encoding

Region Coding Protein? Proposed Function Cellular Localization®

NS1-2 N-terminal (p48) Replication complex formation Endoplasmic reticulum

NS3 NTPase (2C-like) Nucleotide triphosphate activity; RNA Discrete foci in cytoplasm
helicase

NS4 p22 or p20 (3A-like)  Replication complex formation Golgi; endosome

NS5 VPg Recruitment of translation machinery; Unknown

protein primer for replication
NS6 Protease (3C-like) Cleavage of viral polyprotein; inhibits the Cytoplasm; mitochondria
translation of host proteins

NS7 RNA Polymerase Viral genome replication and transcription Cytoplasm; nucleus

2 Alternative names for the nonstructural proteins are stated in parentheses.
b Based on a study by Hyde, J.L. and Mackenzie, .M. Virology, 406, 138-148, 2010 [84].

The NoV NS3 protein, also known as p41 or 2C-like protein, is an NTPase protein. The study by
Hyde and Mackenzie showed that NS3 localized to discrete foci within the cytoplasm [84]. Another
study using the GI.2 Southampton virus, revealed that purified NS3 protein exhibited nucleoside
triphosphate (NTP)-binding and NTP hydrolysis activities [87].

The NS4 protein (designated p22 for NoV GI or p20 for NoV GII) is equivalent to the 3A protein
of picornaviruses [88], a protein known to interfere with host cell secretions [89]. This function has
also been proposed for the Norwalk virus NS4 protein, as it inhibits cellular protein secretion by
acting as an antagonist of endoplasmic reticulum or Golgi trafficking [90]. Hyde and Mackenzie
proposed that NS4 is also involved in the recruitment of host membranes during the replication
process [84]. However, the function of NoV NS4 remains largely unstudied.

Similar to feline calicivirus (FCV), the uncapped NoV genome does not form an internal
ribosome entry site (IRES). Instead the 15 kDa viral protein, known as VPg (NS5), is covalently
bound to genomic and subgenomic RNA (Figure 6.1), (reviewed in [91]). VPg is thought to initi-
ate the transcription and translation of the positive-sense NoV RNA [79]. The translation pro-
cess is accomplished via the interaction of VPg with host proteins elF3 and elF4, which recruit
the host cellular machinery [92,93]. Therefore, VPg plays an important role in initiating NoV
replication.

The 19 kDa NoV protease (NS6 or 3CLP©) [94,95] is similar to the well-characterized picor-
navirus 3C protease [96]. The complete nucleotide sequence of the GI.4 Chiba virus genome and
functional expression of the 3C-like protease (3CLP™) in Escherichia coli has been studied [94]. The
NS6 or viral protease plays a role in cleaving the large 200 kDa polyprotein, encoded by ORF1, into
individual NS proteins. It has also been suggested that the protease cleaves the host-encoded polyA-
binding protein to inhibit cellular translation [97], an important viral mechanism to modulate host
cell expression during replication.

The C-terminal NS7 or the NoV RdRp is involved in viral replication and transcription. Several
studies have purified recombinant RdRp using E. coli expression systems [73,80,98,99]. These stud-
ies have elucidated many of the biochemical properties of the NoV polymerase using in vitro assays.
Studies have also shown that the recombinant RARp can be used to initiate both de novo and primed
RNA synthesis [73,99]. Similar to other RNA viruses, the NoV RdRp lacks a proof-reading mecha-
nism to correct any mutations introduced during replication [100,101] and, as a result, the RdRp has
a high mutation rate [73].
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NoV STRUCTURAL PROTEINS

ORF2 encodes a 60 kDa major capsid protein, VP1, which consists of a shell (S) domain and two
protruding domains, P1 and P2 (reviewed in [102] and shown in Figure 6.4). The S domain is linked
to the P domain by a flexible hinge [103]. The capsid comprises 180 VP1 molecules that are orga-
nized into 90 dimers, with T = 3 icosahedral symmetry [103]. The S domain comprises the first 225
residues of the capsid protein and is assembled to form the shell surface of VP1 (Figure 6.4). The P
domain extends from the surface domain, with the P1 domain enhancing the stability of the viral
particle. The P2 domain is the most exposed domain on the surface, protruding out from the viral
particle (Figure 6.4) [106]. This hypervariable P2 domain is involved in the interaction with histo-
blood group antigens (HBGASs), which are viral attachment factors and are thought to help bind the
virus to permissive cells [104-108].

The third ORF, ORF3, encodes a 25 kDa minor structural protein, VP2, which has a poorly
defined function [29], although one study has proposed that VP2 enhances VP1 produc-
tion and stability [109]. The first complete genetic map of a calicivirus to be described was
the rabbit hemorrhagic disease virus (RHDV); VP2 was found to be present in one to two
copies per virion [110]. This minor structural protein was later described in NoV and other
caliciviruses [111,112].

In GV murine NoV (MNV) genomes, an additional ORF (ORF4) has been identified, which
is encoded from a different reading frame within ORF2 (Figure 6.4) [113]. This additional
ORF encodes a protein, termed virulence factor 1 (VF1) [113]. VF1 was shown to localize to
mitochondria and, the authors suggested, in that location it acts as an antagonist of the host
antiviral response by stimulating apoptosis [113]. In summary, VP2 is not essential for the
formation of the viral particle, but it may be critical for the specificity and conformation of
VPI1 [111].

REPLICATION AND LIFE CYCLE OF NoV

NoV BINDING AND CELL ENTRY

While the cellular receptor for NoV entry is unknown, many studies show that HBGAs are able
to bind the NoV capsid and therefore could be involved in viral entry [104,108,114—-116]. HBGAs
are complex carbohydrates (CHO) expressed on the cellular surface of mucosal epithelial and red
blood cells. They are also present in some secretions, such as saliva and breast milk [117]. The
role of HBGAs in NoV cell entry and host susceptibility is generally not well understood. Heparan
sulfate (HS) is also considered an attachment factor for NoV [106], although studies on this long,
polyanionic carbohydrate are significantly less extensive than those on HBGAs. HS is constitu-
tively expressed on the cell surface as well as in extracellular matrices [118,119]. Tamura and col-
leagues [120] demonstrated that HS is required for the binding of NoV, with GII viruses showing
more than 10 times the affinity for HS than GI viruses. In general, cell surface carbohydrates,
including HBGAs and HS, are considered initial cell attachment sites but are not necessarily the
cell receptor for NoV entry.

The processes following internalization of human NoV are not well understood. As human NoV
studies have shown limited success in the establishment of a permissive cell culture system, MNV
is commonly used as a cell culture model to study NoV replication [9]. The mechanism of cell entry
by the surrogate MNV is also not fully elucidated. However, studies with MNV suggest that choles-
terol and a dynamin-dependent pathway are required for the endocytosis of MNV into host cells to
establish infection [121-123]. It is likely that additional molecules, such as membrane proteins, may
also serve as receptors or co-receptors to facilitate cell penetration of the NoV (reviewed in [124]).
In view of this, cell receptor attachment or the entry process may be contributing factors that limit
the success of permissive cell culture of human NoVs.
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TRANSLATION OF VIRAL PROTEINS

Upon cell entry, the viral genome is released into the cytoplasm and viral proteins are initially
translated directly from the positive-sense RNA genome [125]. Small, single-stranded, positive-
sense RNA (+ssRNA) viruses have limited coding capacity in their genomes so they rely heavily
on host cell nucleic acid binding proteins to facilitate genome translation and replication (reviewed
in [126]). The viral RNA is translated into viral proteins by the host cellular translational apparatus
(reviewed in [127]) through the recruitment of eukaryotic translation initiation factors to the virus-
encoded VPg (NS5) protein. VPg is covalently linked to the 5" end of the viral genome, and the
interaction between VPg and the host translation factors eIF3 and/or eIF4E has been demonstrated
to initiate translation [92,93]. Meanwhile, the translation of subgenomic RNA enables the expres-
sion of the viral capsid protein. Synthesized NoV genomic RNA is packaged into the viral capsid to
generate infectious viral particles. The lifecycle of NoV is depicted in Figure 6.5.

Like other +ssRNA viruses, MNV replication is associated with intracellular host membranes.
Indeed, the N-terminal (p48) protein encoded by NS1/2 displays a vesicular localization pattern in
transfected cells [128]. Studies with MNV suggest that viral replication occurs in the perinuclear
region in association with membranes derived from the endoplasmic reticulum, trans-Golgi appa-
ratus, and endosomes [84]. During the replication process, the MNV replication complex localizes
to the virus-induced double membrane vesicle clusters that form in the cytoplasm. These clusters
originate from membranes derived from the secretory pathway [129]. MNV also utilizes microtu-
bules to position the replication complex adjacent to the microtubule organizing center, as shown
by impaired production of viral proteins and infectious virus following chemical disruption of the
microtubule network [130]. Clearly, the MNV model system has provided useful insights into host—
viral interactions and generated questions pertaining to viral replication and the role of host immu-
nity in controlling viral infection.

NOROVIRUS EVOLUTION

Antigenic drift and shift are thought to drive the evolution of NoV [50]. Antigenic drift occurs when
the virus accumulates mutations within genes encoding for antigenic properties such as epitope
or putative epitope binding sites. Capsid aa variation within the P2 domain of NoV GII.4 variants
enables the virus to evade herd immunity to cause pandemics [132]. Antigenic shift or recombina-
tion is another major mechanism of NoV evolution, and is similar to reassortment in influenza [133].
Recombination plays an important role in the genetic diversification of NoV and thus increases
selective advantages.

ANTIGENIC VARIATION NoV EvoLuTiON

Antigenic variation is one of the factors attributed to the emergence of novel NoV strains. This
process facilitates continuous NoV infections in the population. Much of the NoV GII.4 aa varia-
tion observed is localized to five evolving blockade epitopes (A-E), which are potential sites of
virus neutralization; hence antibodies directed to these sites confer protection against clinical dis-
ease [74,134,135]. There are also motifs within the hypervariable P2 domain of VP1 that are involved
in host cell binding [136,137]. Epitopes A, D, and E are the three most important antigenic motifs
of the P domain in GIL.4 variants. Amino acid variation occurring within these epitopes enables
the virus to evade the hosts’ neutralizing antibodies. This suggests that the P2 domain is under the
greatest selective pressure [76,138]. This selection can lead to the emergence of new GII.4 pandemic
variants [132,138,139]. Antigenically novel strains are capable of causing epidemics of gastroenteri-
tis across the world because they have the ability to escape from herd immunity [76,140]. Several
studies have demonstrated that the evolution of GII.4 viruses has generated novel antigenic varia-
tion in the P2 domain [69,106,135,140,141]. These changes have led to differential receptor binding
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FIGURE 6.5 The NoV replication cycle. The NoV infectious particle attaches to histo-blood group antigens
(HBGAs) and possibly to heparan sulfate (HS) expressed on the host cell surface. Attachment is followed
by internalization through an unknown receptor to release the viral genome into the cell cytoplasm. VPg is
covalently attached to the 5 end of the viral genome and is used to recruit eIF3 and elF4. This is required to
initiate protein translation and expression of open reading frame 1 (ORF1). The ORF1-encoded polyprotein
is cleaved by the viral protease, NS6 (NS6P™©) and its precursors, into mature nonstructural proteins. The viral
RNA-dependent RNA polymerase NS7 (NS77°") synthesizes viral RNA to generate negative-sense RNA, fol-
lowed by genomic replication. VPg acts as a primer that is constantly attached to genomic and subgenomic
positive-sense RNA to facilitate the replication process. Subgenomic replication involves the generation of a
shorter RNA genome that is later translated into major (VPI) and minor (VP2) capsid proteins. Newly syn-
thesized genomes are encapsidated and assembled into mature particles, then released into the extracellular
environment to infect other cells. (Image modified and adapted from Arias, A. et al. Future Microbiol, 8,
1475-1487, 2013.) [131].

patterns for different GIL4 strains. The evolution of GII.4 genotypes appears to be epochal, with a
long stasis in population fitness followed by a sudden burst of evolution [69].

Of'the six GII.4 pandemic strains identified over two decades ago, the four earliest variants, US95/96,
Farmington Hills 2002, Hunter 2004, and Den Haag 2006b, likely evolved from their GIL.4 predeces-
sors through mutations within the hypervariable P2 domain. These mutations have been observed
particularly within potential neutralizing epitope sites A, D, and E [50,76,134,135]. Interestingly, the
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more recent pandemic variants, New Orleans 2009 and Sydney 2012, have also demonstrated GII.4
intra-genotype recombination (antigenic shift) at the ORFI1/ORF2 overlap as well as antigenic varia-
tion within the P2 domain [53], and have therefore evolved through two separate processes.

RNA RECOMBINATION

Recombination is an important process that leads to the emergence of novel NoV strains. This can be seen
with the common identification of recombinant strains in molecular epidemiological studies [53,68,142—
144]. Recombination provides evolutionary advantages for viral survival. It helps to generate and select
advantageous traits and may also remove deleterious or detrimental genes from a viral population [145].
With NoV, it is proposed that homologous recombination involves parental RNAs that cross over at homol-
ogous sites [146]. This mechanism has also supported a copy-choice model of recombination, where the
NoV RdRp complex switches from one RNA template to another during replication. It then continues to
extend the new RNA strand precisely at the position where it left the previous RNA strand [145,147].

Researchers initially assumed that genotyping based on a single region (usually either the RdRp
or capsid region) was sufficient to define the genotype of the entire genome [148—152]. This assump-
tion was perceived on the basis of the nonsegmented nature of NoV genomes. However, more stud-
ies have recognized that recombination commonly occurs, particularly at the ORF1 and ORF2
overlapping region in NoV [53,143,153]. As a result of the recognition of recombinant NoVs, the
current NoV nomenclature system consists of both RdRp and capsid genotypes (see ‘Nomenclature
for NoV Recombinants’ section) [49].

NoV recombination most commonly occurs at the ORF1/ORF2 overlapping region, which is
the most prevalent recombination breakpoint (Figure 6.6). As a result, the exchange of the ORF1
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FIGURE 6.6 RNA recombination during the NoV transcription process. (1) A negative intermediate RNA
strand (blue line with minus sign) is generated during the transcription process by the RdRp (yellow oval).
(2) The RdRp binds to the nearly identical RNA sequences (putative RARp promoter, with a short stem loop) at
the 5" end of the genome and at the ORF1/2 overlap (internal initiation) (filled black boxes) to generate positive
stranded genomic RNA and shorter subgenomic RNA (straight blue lines). (3) These templates allow RNA
synthesis from the 3’ end that leads to further generation of both negative-sense genomic RNA and negative-
sense subgenomic RNA. (4) Recombination occurs when the RdRp initiates positive strand synthesis at the 3’
end of the full-length negative strand, halts at the subgenomic RNA stem loop (black box), and then switches
template to an available negative-sense subgenomic RNA species generated by a coinfecting virus (dashed red
line). The net result is a recombinant virus that has acquired new ORF2 and ORF3 sequences (solid blue/red
hybrid). (Image modified and adapted from Eden, J.S. et al., The evolutionary dynamics of norovirus, UNSW
Australia, 2012.) [36]
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fragment and the ORF2/ORF3 structural protein coding genes occurs between different NoV
lineages that coinfect the same cell [143,153]. Apart from ORF1/ORF2 recombination, a sec-
ondary recombination breakpoint has been identified within the ORF2/ORF3 junction in GIL4
strains [53]. Although uncommon, some studies also found recombination breakpoints occurring
within ORF2 [53,154,155]. The mechanism for recombination during NoV transcription is shown
in Figure 6.6.

Recombination usually occurs between different genotypes (inter-genotype), particularly in the
contemporary non-GII.4 NoVs. Some common recombinant NoVs include GII.Pb/GIL.3, GII.P16/
GII.13, GII.P6/GII.7, and GII.Pg/GII.12 [154,155]. The NoV GII.Pb/PII.3 strain has been one of the
most prevalent recombinant strains since its identification in 2002 [78,156]. Unlike the NoV GIL.4
strains, where a novel strain has emerged to displace its predecessor every 2-3 years, GII.Pb/GIL.3
viruses continue to cause childhood infections across the globe [77,78]. The GIL.b ORF1 lineage
has also recombined naturally with at least three other capsid genotypes, including GII.1, GIIL.2,
and GIL.4 [157].

NOMENCLATURE OF NOV RECOMBINANTS

Nomenclature of recombinant NoV strains has recently been updated and now indicates the geno-
type of the RdRp followed by the capsid genotype [49]. For example, GII.P4/GII.10 indicates that the
NoV strain contains GII.4-typed polymerase and GII.10-typed capsid. The Dutch National Institute
for Public Health and the Environment (RIVM) has developed an automated NoV genotyping tool
(http://www.rivim.nl/mpf/norovirus/typingtool) [46]. This web-based open-access tool is easy to use
and provides a direct NoV typing system based on sequence analysis. It employs percentage pair-
wise identity in reference to standard strains and phylogenetic analysis to determine the genotype
of NoV. The automated genotyping tool provides a platform that facilitates standardized genotyping
and nomenclature. This is useful in supporting inter-laboratory comparisons that help to minimize
any confusion or misinterpretation of NoV nomenclature in research publications.

NOROVIRUS CLINICAL DISEASE

NoV is the major cause of sporadic gastroenteritis cases and outbreaks worldwide. It is estimated
that this virus causes more than one million hospitalizations and 220,000 deaths annually, mainly
affecting young children in developing countries [2]. Ahmed et al. demonstrated that NoV is the
most prevalent enteric pathogen globally, causing mild and severe gastroenteritis across all age
groups [158].

Symptoms of NoV infection include projectile vomiting and loose or watery diarrhea, with some
patients experiencing nausea, abdominal cramps, chills, low-grade fever, and/or malaise [11]. The
viral incubation period is 24—48 h, and symptoms usually persist for 2—4 days in healthy adults [12].
Beyond the symptomatic phase, patients generally continue to shed the infectious viral particles
for several weeks [159,160]. NoV also causes persistent infections in immunosuppressed patients,
including immunodeficient and transplant patients [13—15]. Chronic infection can cause prolonged
viral shedding for months to years [13,161,162]. These chronically shedding patients are potential
reservoirs of antigenic variants as these viruses have been shown to evolve rapidly, resulting in
changing antigenic profiles over time [13,162]. Young children and older adults are also very sus-
ceptible to NoV infections, and when severe dehydration occurs, this can sometimes result in fatali-
ties [160,161,163]. Therefore, NoV infections can be severe in these vulnerable groups.

PATHOGENESIS

Human volunteer studies have played an important role in understanding NoV pathogenesis.
Human volunteers who were challenged with GI.1 Norwalk virus developed gastroenteritis and
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histopathological lesions were seen in jejunum biopsies [164,165]. Broadening and blunting of the
villi of the proximal small intestine was observed under light microscopy [164]. Also, pale and
enlarged mitochondria, increased cytoplasmic vacuolization, and intercellular edema were seen in
those acutely infected volunteers (reviewed in [166]).

Recent studies demonstrated that NoV is associated with debilitating illnesses other than gas-
troenteritis. These illnesses occur among vulnerable groups; for instance, NoV infections were
implicated in cases of infantile seizures, a convulsive disorder [167], exacerbation of inflammatory
bowel disease (IBD), including ulcerative colitis and Crohn’s disease [168], as well as necrotizing
enterocolitis outbreaks in children [169]. While reports of these clinical conditions associated with
NoV infections are uncommon, NoV may manifest with varied clinical symptoms and should be
considered as a potential etiological agent of disease other than gastroenteritis alone.

IMMUNITY

Little is known about immunity against human NoV. Volunteer challenge studies have demonstrated
short-term antibody immunity against NoV [22,170,171]. These studies reported that most individu-
als were resistant to infection from the same virus strain if re-exposed in less than 6 months, while
long-term immunity was not demonstrated. A long-term immunity study by Johnson et al. showed
that individuals who were previously challenged were susceptible to infection 6—12 months post-
NoV GI.1 exposure [172]. These studies suggested that NoV exposure confers short-term immunity
but that the establishment of persistent, long-term immunity may be difficult to maintain, and that
more studies are needed.

In contrast to these results, Parrino et al. demonstrated some protective immunity after NoV
rechallenge [171]. The authors challenged and rechallenged 12 human volunteers with GI.1 Norwalk
virus at an interval of 27—42 months [171]. Six out of the 12 subjects developed symptoms after the
initial challenge and also became ill again upon rechallenge. Four of these volunteers underwent
a third rechallenge after 4-8 weeks, and only one became ill. In contrast, the other six volun-
teers remained asymptomatic upon rechallenge. This study not only demonstrated the presence
of a short-term immunity, but also suggested that some individuals were intrinsically resistant to
Norwalk virus infection.

ViIRus—HOST INTERACTION AND INNATE IMMUNITY

Innate immunity is the first-line host immune defense against viral infections. Viral infection
triggers the cellular innate response, which involves the activation of various signaling cascade
pathways (reviewed in [173]). The innate response leads to the release of pro-inflammatory cyto-
kines, including type I interferons (IFNs), and is followed by the activation of the adaptive immune
response. Innate immunity is critical to control NoV replication. Studies using MNV in mice sug-
gest the IFN and/or STAT-dependent immune responses are responsible for the control of NoV
infection [44,174]. The critical role of the host innate immunity may be explained by the rapid onset
of disease symptoms (~0.5-1 day) as well as the short course of illness (~3-5 days) that occurs
before the induction of adaptive immunity (reviewed in [9]).

Viral infection is sensed by the host innate immune response in cells through the recognition of
pathogen-associated molecular patterns (PAMPs), which are unique to each pathogen. For recogni-
tion of RNA viruses, two receptor families are commonly activated; these include RIG (retinoic
acid—inducible gene)-I like receptors (RLRs) and Toll-like receptors (TLRs) (reviewed in [175]).
Induction of RLRs and/or TLRs leads to the activation of a cascade of signaling pathways that result
in the activation of various transcription factors, such as interferon regulatory factor 3 (IRF3), inter-
feron regulatory factor 7 (IRF7), and NF-kB [176]. These transcription factors play an important
role in mediating the expression of type I IFNs and pro-inflammatory cytokines [177,178]. IFNs
and cytokines are important due to their antiviral properties. McCartney et al. demonstrated that
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MNYV infection of MDA5—/— dendritic cells (DCs) resulted in reduced cytokine production as well
as higher titers of MNV in vitro and in vivo [179]. TLR3—/— mice also showed a slight increase in
MNYV titer upon infection. This suggests that MDAS5 recognition of the virus is critical to control
the replication of MNV.

Type I IFNs, including IFNa, IFNp, play an important role in the innate immune response to
viral invasion. They are also critical as key regulators that induce the adaptive immune response in
order to clear viral infections [180]. However, viruses have evolved to develop various mechanisms
and strategies in order to subvert the host innate immune response. Studies using MNV as a model
for human NoV provide strong support for the role of the innate immune response, including both
type I (IFN a/p) and type II (IFNy) interferons in controlling the replication of MNV [44,174,181].

Apoptosis, another cellular response to viral infection, is programmed cell death following the
activation of certain signaling pathways [182]. Apoptosis can be identified by several molecular char-
acteristics, such as chromatin condensation from DNA fragmentation [183], cell shrinkage [182],
membrane blebbing, and increased caspase activity [184,185]. A number of viruses induce apop-
tosis, such as human immunodeficiency virus (HIV), human papillomavirus, herpesvirus, adeno-
virus, and influenza virus. It is proposed that caliciviruses also induce apoptosis to facilitate the
dissemination of viral progeny without activating the host innate immune response [186]. Studies
have shown that MNV stimulates apoptosis in murine macrophages by down-regulation of survivin
and activation of caspase [186,187]. Survivin [188] is a member of an apoptosis-inhibiting protein
family, while caspase [189] is a protease that plays a role in apoptosis. Another study proposed that
apoptosis is also required for NoV replication, as caspase-3 may be essential for the NoV proteolytic
processing during polyprotein cleavage [190]. Therefore, apoptosis may be critical to facilitate the
propagation and spread of NoV within-host cells.

HOST SUSCEPTIBILITY FACTORS

Studies have demonstrated the linkage between HBGA expression, antigen secretion, and NoV
binding. Furthermore, HBGA genotype and the resulting HBGA phenotype are recognized as
genetic factors that affect susceptibility or resistance of the host cell to NoV infection [92,93,191]. It
is thought that NoV attaches to HBGAs in order to establish the first step of infection [192,193]. The
three major HBGAs are ABO, secretor (H antigen), and Lewis antigens. ABO and Lewis antigens
are complex carbohydrates that are commonly found on intestinal epithelial cells. The biosynthesis
of these carbohydrates is regulated by the addition of a fucose residue to the precursor structure
disaccharide of H type antigen by FUT2 and FUT3 enzymes [194]. The FUT2 enzyme is carried
by secretor-positive individuals and the FUT2 gene displays high levels of polymorphisms. As a
result, 20% of the human population lack an active FUT2 enzyme and are therefore devoid of H
antigen secretions [195]. These individuals are classified as nonsecretors, while the remaining 80%
of the population are termed secretors. Host susceptibility to NoV has been associated with FUT2
gene-encoded secretions of al,2-linked fucose on HBGAs [196]. The H antigen, found in secre-
tors, can be further modified by various enzymes to generate A and B antigens that form the ABO
system [197] as well as the Lewis b (Le®) and Lewis y (Le¥) antigens [198]. The FUT3 gene also
shows polymorphisms with null alleles and, as a result, 10%—30% of the population are Le# and/or
Le® antigen deficient [194]. Combinations of polymorphisms between ABO, FUT2, and FUT3 loci
generate human subgroups that express distinct epithelial glycosylation patterns [197]. While secre-
tor individuals have been shown to be significantly more susceptible to NoV infection with some
strains, it has been demonstrated that other NoV strains will infect any person, regardless of secretor
status, Lewis, or ABO phenotype [199].

Distinct NoV genogroups and genotypes have different HBGA binding affinities. Studies have
shown that blood group B individuals have a relatively lower incidence of infection with NoV GI
compared with other blood groups [200,201]. Another study has shown that individuals with blood
group O appear to be more susceptible to NoV infection than the other blood groups [114]. There
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are also reports that NoV GI.1 Norwalk VLPs have a higher affinity to bind to the gastrointesti-
nal epithelial cells of secretor individuals compared with nonsecretors [200,202-204]. Additional
studies with other NoV genogroups indicate that their host receptor susceptibility to infection
is more complicated than that of Norwalk GI.1 [104,115,205]. A study with NoV GIIL.2 (Snow
Mountain virus) found that host susceptibility to infection did not correlate with the individual’s
blood group or secretor status [206]. Studies found that nonsecretor individuals had significantly
lower antibody titers in response to NoV infection; hence it was proposed that they are likely
to be more resistant to NoV infections compared with secretor individuals, regardless of blood
group [200,207,208].

Overall, these observations suggest that NoV may recognize and infect subsets of the human
population in different ways, based on these carbohydrate variations. As the susceptibility pattern is
complex, the diverse HBGA binding profiles found within GI and GII viruses may affect nearly all
individuals, particularly secretors [209], who are more susceptible to NoV infection [106]. This also
suggests that HBGA binding affinities may be important in influencing the evolution of human NoV
(reviewed in [75]). In summary, the evidence currently suggests that nonsecretor status is protective
against NoV infection and reduces disease severity, with asymptomatic infections common in this
group of individuals.

TRANSMISSION

NoV is classified as a category B biodefense agent in the United States because it is highly com-
municable with a small infectious dose (as low as 18 infectious viral particles) [210]. A more recent
study, however, demonstrated that the 50% human infectious dose (HID5;) was approximately 1320
genomic equivalents, similar to other estimates for RNA viruses [211]. During acute infection in
the symptomatic phase, approximately 108 viruses/gram of stool are shed [159,160,212]. NoV trans-
mission mainly occurs via person-to-person, but can also occur through exposure to vomitus and
fomites, ingestion of contaminated food, and contact with contaminated surfaces [38,213]. Of these
transmission routes, person-to-person transmission has been linked to over 90% of health-care-
related outbreaks [16,51,214].

In an outbreak, the illness generally starts from an individual infection, followed by rapid person-
to-person transmission within the institution/setting. NoV is more resistant to common disinfectants
compared with other viruses and is stable in the environment, remaining viable for over 2 weeks
on environmental surfaces or for 2 months in water, thus enhancing its transmission properties
(reviewed in [213]). Hence, isolation or containment of the disease is challenging and vulnerable
groups, including older adults and the immunocompromised, are disproportionately affected with
prolonged clinical symptoms [163]. The cycle of transmission, illustrated in Figure 6.7, outlines
steps for reducing the risk of NoV infection.

NoON-FOODBORNE QUTBREAK SETTINGS

NoV has the ability to cause large-scale outbreaks of gastroenteritis. Outbreaks commonly occur in
a diverse range of enclosed or semi-enclosed settings where people congregate, including nursing
homes, hospitals, schools, restaurants, military camps, and cruise ships [215-217]. In Australia,
approximately 50% of NoV-associated outbreaks occur in long-term care facilities [218].

The prevalence of different settings for NoV outbreaks may differ between countries. In England
and Wales, between 1992 and 2000, 79% of reported outbreaks occurred in health-care institu-
tions, including hospitals and residential care facilities [51]. A similar predisposition for NoV out-
breaks in health-care facilities was documented between 1995 and 2000 in Spain (64%) and in the
Netherlands (66%) [219]. In the United States, the majority of outbreaks (60%) between 2009 and
2013 were reported in aged-care facilities, followed by restaurants (10%) [16], with hospital out-
breaks less common compared with other countries.
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FIGURE 6.7 Risk reduction pathway for human NoV infection. The cycle of NoV transmission is illustrated,
with recommended methods for reducing the risk of infection.

In summary, non-foodborne NoV outbreaks commonly occur in enclosed institutional settings,
particularly health-care facilities such as nursing homes and hospitals.

NOROVIRUS TRANSMISSION FROM FOOD AND WATER

NoV has been identified as one of the most common etiological agents attributed to foodborne out-
breaks in the United States, accounting for up to 60% of AGE outbreaks reported [4,16,220-222].
One study in the United States evaluated data collected by the Centers for Disease Control and
Prevention (CDC) from 520 suspected or confirmed NoV outbreaks between 2009 and 2012 [223].
The researchers discovered that the most common food-related outbreak settings were restaurants
(64%), followed by catering and banquets (17%). They also found that 90% of foodborne NoV-
associated outbreaks came from the food preparation setting [223]. In cases where the contamina-
tion source was identified, food workers were attributed with 70% of food contamination [223].
There are several potential steps for the transmission of NoV into the food chain before it touches
the plate, from irrigation practices, preharvesting processes and washing steps through to food prep-
aration (reviewed in [224,225]). Preharvest contamination can occur from farm effluent run-off onto
fresh produce crops, or into riverbeds and marine environments where the virus can accumulate
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in shellfish farmed for consumption [224]. Contamination during harvesting and processing can be
introduced through fruit pickers, contaminated equipment, or process water [224]. Potential post-
harvest contamination occurs from washing fresh produce with contaminated water and insufficient
hygiene practices in food handling and preparation. There are many potential stages for the intro-
duction of NoV into the food chain (reviewed in [225]). While the main route of NoV transmission is
from person-to-person [16], there are limited and often conflicting statistics available for foodborne
NoV transmission (reviewed in [3]). This is partially due to the processes required to collect and
track such data. These include the patient visiting a clinic, the collection of a stool sample, testing
and identification of the pathogen, and reporting to health authorities [3,4]. Even when reported, it
is difficult to attribute the illness to a specific event or meal, and outbreak data commonly link the
food source to the cases [3]. A U.S.-based study by Scallan and colleagues estimated that 58% of
all foodborne illness in the United States was caused by NoV [4]. Other studies have cited varying
proportions of foodborne NoV transmission worldwide, ranging between 14% [226] and 46% [227].
While the true proportion of foodborne NoV infections has proved difficult to quantify, there have
been many studies demonstrating the transmission of NoV into the food chain, in particular through
fresh produce, catered meals, and seafood (reviewed in [3,225]).

A U.S.-based study analyzed over 2900 foodborne-related outbreaks of gastroenteritis reported
to the CDC from 2001 to 2008, where NoV was either confirmed or suspected as the etiologi-
cal agent responsible [227]. Over this period, an average of 365 reported NoV-related outbreaks
occurred each year, affecting around 10,000 people [227]. In this study, 53% of outbreaks could
be attributed to infected food handlers, although this is likely an underestimation [227]. In the
United States, over 2000 foods have been implicated in foodborne illness and, in 2009, Painter et al.
proposed a system to categorize food commodities into two classes: simple (e.g. a vegetable) and
complex (e.g. a sandwich). The study evaluated cases reported in the United States between 1973
and 2006, with interesting findings that 57% of outbreaks were from simple foods and 43% from
complex foods [228].

Another study by Painter et al. analyzed 13,352 reported outbreaks of foodborne-associated ill-
nesses in the United States between 1998 and 2008 [229]. The study revealed that, out of the simple
foods (usually single commodities), the majority of NoV cases were attributed to leafy vegetables
(36%), followed by 15% to fruit and nuts, 12% to dairy products, 11% to meats (poultry, pork and
beef), 7% to eggs, 6% to vines and stalks, 5% from root vegetables, 4% to grains and beans, 2%
to mollusks, and 1% to fish, with the remaining proportion made up from oils, sugars, and crusta-
ceans [229]. Interestingly, this study demonstrated that 70% (14/20) of NoV outbreaks that impli-
cated dairy products identified cheese as the contaminated food item, highlighting the likelihood of
food handlers introducing NoV into the cheese after pasteurization [229].

TRANSMISSION FROM SEAFOOD

Studies have shown that NoV is environmentally resilient [230] with robust survival rates in
water [231]. One study highlighted how NoV can remain detectable in groundwater for 3 years and
infectious for at least 61 days [232]. Sewage contamination of water poses a significant health risk,
especially when the water comes into contact with shellfish beds through damaged sewerage sys-
tems, for example. In this case, the consumption of pathogen-contaminated bivalve mollusks such
as oysters and mussels can lead to large outbreaks, as shellfish filter-feed and concentrate microor-
ganisms within their flesh [233].

NoV is recognized as the most common etiological agent responsible for shellfish-related cases
of gastroenteritis [234]. Oysters, in particular, are a high-risk food item linked to NoV infection. It
has been suggested that NoV can selectively interact with carbohydrate ligands in oysters, further
concentrating the virus within the flesh [235].

The first report of a food-related NoV gastroenteritis outbreak in Australia was linked to oyster
consumption back in 1978 [37]. More recently, in 2013, an NoV outbreak affecting 306 people
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in Tasmania was also linked to the consumption of oysters [234]. The subsequent investigation
widened to investigate a further 219 cases from Victoria and New South Wales. Out of 10 fecal
samples collected from the patients in Tasmania, seven tested positive for NoV GII.1 [234]. These
two examples are mirrored in all countries around the world, demonstrating the increasing health
risks resulting from human waste reaching waters where shellfish are farmed.

While oysters are often eaten raw, studies have shown that cooking shellfish is not always suf-
ficient to deactivate the virus. NoV is relatively heat resistant and remains infectious even after
cooking for up to 30 min at 60°C [236]. Cooking oysters for a long enough period and at a high
enough temperature to deactivate the virus decreases the quality of the food and is therefore usu-
ally avoided [237]. As shellfish are often lightly steamed and considered cooked once the shell
is open [238], the virus can remain infectious when consumed. Somewhat counterintuitively, one
study showed that the likelihood of NoV infection was similar whether the oysters were consumed
cooked or raw [239].

One study in China detected NoV RNA in 112 of 840 (13%) shellfish samples collected from
seven coastal cities between 2009 and 2011 [240]. The shellfish species with the highest propor-
tion of NoV detected were oysters (19%), followed by mussels (17%), clams (16%), ark shells (14%),
razor clams (9%), and scallops (6%) [240]. This demonstrates how NoV can accumulate in the flesh
of many species of filter-feeding mollusks, not only oysters, and can also enter the food chain if
harvested. In another example from the Netherlands, the presence of NoV RNA in 42 local and
imported samples of shellfish was determined using RT-PCR [241]. The results revealed that, from
within the local Dutch-farmed shellfish, 5% (1/21) of oysters had detectable NoV [241]. Among the
samples imported into the Netherlands, 38% (5/13) of mussels and 13% (1/8) of oysters had detect-
able levels of NoV RNA [241].

In summary, shellfish are at risk of sewage contamination from effluent run-off into marine envi-
ronments, damaged sewerage infrastructure, and other reasons, which can result in the accumula-
tion of pathogens in their flesh. Shellfish, in particular, have been widely implicated in NoV-related
outbreaks.

NoRroVIRUS TRANSMISSION FROM Foob HANDLERS

In this section, we use a number of examples of foodborne NoV outbreaks described in the literature
to highlight the main recognized transmission modalities that facilitate viral spread. These usually
involve contamination of the food at source, during processing, or through an infected food handler.

The transmission of NoV is facilitated by a lack of hygiene when handling food and the conse-
quences can be widespread, particularly when large-scale catering is involved. There have been many
documented cases demonstrating how lapses in hygiene by kitchen/catering staff can introduce the
virus into several food types, including salads, rolls, sandwiches, and burgers [242]. One American
bakery caused several outbreaks, infecting an estimated 2700 out of 7169 individuals over a single
weekend. Initially, 332 wedding guests from 46 separate weddings reported gastroenteritis symp-
toms following the consumption of the bakery’s wedding cakes [243]. The source was finally traced
to two bakery employees who had been infected with NoV the week before the weddings [243].

In Finland, several outbreaks of gastroenteritis occurred in 2006 across 10 cafeterias that shared
a common raw vegetable processing plant [244]. A subsequent patient survey revealed that the
attack rate was 55% (150/273) of respondents. Following the outbreak, environmental, water, and
food samples were collected in addition to patient fecal samples from three of the workplace can-
teens. The samples were tested for the presence of enteric pathogens, including NoV. Although
raw vegetables were significantly associated with the outbreak, no single contaminated vegetable
commodity was identified in the study as a source. NoV GII.1 was detected in all patient samples
tested, although none of the water, food, or environmental samples had detectable NoV [244]. This
example highlights an important transmission route for enteric pathogens, namely, where contami-
nated water is used to wash food.



Norovirus and Sapovirus 103

In 2007, three unrelated groups of up to 13 people reported gastroenteritis symptoms to the
Dutch Food and Consumer Product Safety Authority around 30 hours after dining at the same
restaurant [245]. Seven of the restaurant’s staff had recently suffered from gastroenteritis. A total
of 31 diners and the aforementioned 7 restaurant staff became ill. Fecal samples from 13 patients
and 6 food handling staff were collected and environmental swabs were taken from several surfaces
and the hands of 3 food-handling employees. Real-time RT-PCR was used to detect NoV GI.6 RNA
in 17 of the 19 fecal samples. NoV was also detected in 4 of the 9 environmental swabs, including
from one employee’s hands. Sequencing linked the NoV detected in the environmental samples to
the NoV sequence in the patient samples, with a 100% nucleotide match [245]. This study highlights
the need for education of kitchen staff and stringent hygiene practices in food preparation.

TRANSMISSION FROM CONTAMINATED WATER

In addition to the risks posed by contaminated water affecting shellfish for consumption, NoV
outbreaks have been directly attributed to the contamination of municipal drinking water supplies,
even when the water was chlorinated. In 2008, there was an outbreak of 1699 reported cases in the
Montenegrin city of Podgorica, the population of which was around 136,000 at that time [246].
A matched case-control study was carried out to assess the water supply system, municipal water
samples, and patient fecal samples. The attack rate was estimated to be close to 10% of the popula-
tion, with up to 15,000 people affected. Analysis of patient samples revealed that all those affected
had most likely consumed unboiled, chlorinated municipal water [246]. Several defects in the water
distribution system were identified following the outbreak. Six NoV genotypes were detected in
55% of the fecal samples (21/38), together with other viruses [246], highlighting the risk of viral
contamination of city water supplies.

TRANSMISSION FROM FRESH PRODUCE

NoV can remain viable and infectious for extended periods in groundwater [232]. Often fresh pro-
duce has undergone little processing before being consumed raw, and fertilization of food crops
with manure and contaminated irrigation water allow opportunities for pathogens, such as NoV, to
enter the food chain (reviewed in [247]).

Campaigns to encourage the population to eat more fresh fruit and vegetables as part of a healthy
diet are popular in developed nations. These campaigns may have contributed to an increase in
cases of produce-related gastroenteritis reported to the CDC, rising from 0.7% in the 1970s to 6% in
the 1990s [248]. A study using CDC data collected between 1973 and 1997 analyzed outbreak data
from 190 produce-associated outbreaks, 16,058 illnesses, 8 deaths, and 598 hospitalizations [248].
Fifty-four percent of cases could be attributed to a known pathogen. The study identified salad, let-
tuce, and mixed fruit as the foods most frequently implicated in NoV infections [248]. An increas-
ingly complex, global supply system for fresh produce has developed in recent decades, meaning that
the control of NoV outbreaks, particularly those that transverse the globe, will remain a challenge.

Lettuce has been implicated in foodborne NoV outbreaks in several studies. From a total of 260
outbreaks of gastroenteritis in Denmark in 2010, 11 were linked to contaminated lettuce sourced
from France [249]. Patients tested positive for NoV in 7 out of the 11 gastroenteritis outbreaks,
and NoV was also directly detected in the imported lettuce, most likely caused by contact with
sewage-contaminated water [249]. Viruses are often detected in fresh produce, including lettuce
and berries, where there is limited processing before consumption (reviewed in [224]). Raspberries,
in particular, have caused a number of NoV outbreaks in Europe, with contamination introduced
during preharvest irrigation, fruit pickers, or freezing processes that lack stringent hygiene practices
(reviewed in [224]).

In Finland, a series of outbreaks affecting approximately 200 people was recorded in 2009 [250].
The outbreaks were linked to a single batch of imported, frozen raspberries supplied to catering
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businesses and subsequently served as garnishes for cakes and mixed into other foods. Samples
taken from the berries and fecal samples of two patients were analyzed, and NoV GI.4 RNA was
detected. Partial NoV capsid sequences found in the berries and patient stool samples were identi-
cal, confirming the source of the infection [250].

A widespread outbreak of up to 11,000 people in Germany in 2012 was linked to contaminated
frozen strawberries. Real-time RT-PCR was used to detect NoV in 64% (7/11) of the strawberries
analyzed [251]. Three different NoV genotypes were detected in the berries, including a recombi-
nant strain (NoV GII.P16/GIL.13). As multiple genotypes were detected in the berries, it was sug-
gested that sewage contamination of the strawberries was a more likely scenario than introduction
via one infected food handler [251].

The studies described in this section highlight infection risks associated with fresh food prepara-
tion, particularly with fresh berries [250]. While the majority of NoV infections are spread person-
to-person, another major NoV transmission route is through contaminated food, in particular from
fresh produce, seafood, and foods prepared by infected food handlers. There are many opportuni-
ties for NoV to enter the human food chain from preharvest through to food serving, and the intro-
duction of NoV into food commodities by food handlers lacking sufficient hygiene practices appears
to be one of the predominant causes.

NOV PREVENTION AND CONTROL

NoV has been increasingly recognized as a major public health burden due to the debilitating
diarrhea and chronic gastroenteritis it causes in vulnerable groups. In the absence of an effec-
tive vaccine or antiviral agent to control NoV-associated AGE, a number of strategies have
been described to help health-care professionals manage NoV infections [1,2,252]. Infection
control remains the first-line defense in the effort to mitigate the spread of NoV, which is
important to prevent vulnerable and immunocompromised populations from being infected in
health-care institutions [253]. Generally, isolation of infected patients and limiting the move-
ment of health-care workers between isolation wards are measures deployed in the effort to
control the spread of NoV [254]. Hygienic practices such as frequent handwashing with soap
and disinfection or disposal of contaminated surfaces or materials also help to reduce the
spread of NoV infection [215,255]. In the absence of specific NoV drugs to tackle the virus, oral
fluid replacement and electrolyte treatment are commonly used to prevent dehydration. Severe
cases of NoV-associated illness can be treated with nutritional supplementation to alleviate
symptoms [256,257].

VACCINE DEVELOPMENT

There is no vaccine available to prevent NoV infection at present, though current development and
trials of several vaccine candidates have shown promising results. These vaccine candidates are
described in this section.

There are two NoV vaccine contenders in the early phases of human clinical trials. The first to
undergo clinical trials was a nasal spray containing monovalent GI.1 virus-like particles (VLPs),
developed by LigoCyte Pharmaceuticals (which was later taken over by Takeda, in 2012). VLPs are
noninfectious and do not contain viral genetic material. The vaccine induced a moderate level of
protection; 69% of volunteers who received the placebo developed gastroenteritis compared with
37% of vaccine recipients [202]. Intranasal delivery has the advantage of ease of use, and induces
robust systemic and mucosal protection with significant serum IgG and fecal IgA responses, respec-
tively [258]. However, as the nasal vaccine delivery device (Bespak) experienced several malfunc-
tions [202], Takeda also pursued a second vaccine with an injectable formulation. This version is
injected intramuscularly and is currently in phase II clinical trials.
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A second vaccine candidate, developed by Bernstein et al. [259], is a bivalent vaccine injected
intramuscularly for protection against both GI.1 and GII.4 NoVs. The vaccine contains both
GI.1 and GIIL.4 VLPs and is adjuvanted with 3-O-desacyl-4’-monophosphoryl lipid A (MPL) and
alum [184,259]. This bivalent vaccine was shown to be less effective than the aforementioned nasal
vaccine, with 54% of vaccine recipients developing gastroenteritis upon live NoV challenge com-
pared with 62.5% of placebo recipients [259]. However, fewer vaccine recipients (20%) than placebo
recipients (41.7%) reported the gastroenteritis symptoms of vomiting and/or diarrhea after challenge
with a GII.4 virus.

Vaccines for NoV are still in early stage development, and more research and clinical trials are
needed before they become realized as a useful preventive measure against NoV infection.

NOROVIRUS: CONCLUSIONS

NoV is recognized as one of the leading causes of AGE worldwide, as demonstrated through
active NoV epidemiological research and surveillance. Over the last two decades, at least six
NoV-associated gastroenteritis pandemics have occurred, with GII.4 viruses implicated and
accounting for more than 70% of NoV infections overall. Given the fact that a new NoV GIL.4
variant emerges approximately every 3 years, it is important that the predominant strain of NoV
is continually monitored for replacement by another emerging GII.4 variant. As NoV continues
to cause outbreaks and AGE cases worldwide, management and control of NoV infections are
crucial.

NoV is highly infectious, often causing outbreaks in enclosed settings such as nursing homes,
hospitals, restaurants, cruise ships, childcare centers, and schools. This has highlighted the need for
advanced approaches to control NoV infections, either through vaccines or antivirals. NoV is widely
spread through contaminated food and water, and public health professionals are now faced with the
new challenge of an increasingly complex, global food distribution system from many seasonally
varying sources. Careful control and constant monitoring of food sources at different points of har-
vest and preparation are important in highlighting the risks and preventing NoV and other enteric
pathogens from entering the food chain. Education across relevant industries, including catering,
farming, processing, transportation and storage, will help to raise awareness to prevent and manage
NoV outbreaks.

SAPOVIRUS

INTRODUCTION

Sapovirus (SaV) is a significant cause of gastroenteritis in humans and animals. Initially, human
SaV was thought to predominantly infect infants, but recent molecular epidemiological studies have
shown that SaV also infects adult populations, particularly those over 60 years of age [260]. Similar
to human norovirus, SaV has been detected in potable water, river samples, and shellfish prepared
for human consumption. Taken together, it can be concluded that SaV is an important pathogen
and its implication in food chain contamination is now gaining increased recognition. Sapovirus
is a genus within the Caliciviridae family and, as such, human SaV shares many similarities with
human NoV. This section of the chapter reviews SaV and outlines its modes of transmission, includ-
ing the relevant foodborne route.

CLASSIFICATION AND HISTORY

Along with Norovirus, Sapovirus is one of the five currently accepted genera within the Caliciviridae
family. The prototype strain of human SaV, the Sapporo virus, was originally discovered from
an outbreak of gastroenteritis at an orphanage in Sapporo, Japan, in 1977. In that study, Chiba
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FIGURE 6.8 Cryo-electron microscopy map of a chimeric SaV VLP determined at 8.5 A resolution. The
graded color code represents the radius: 144 A (yellow), 160 A (green), and 190 A (marine). The graded
color code corresponds to the partial N-terminus (hidden from view), shell domain (yellow), and protruding
domains (green and marine). The 3- and 5-fold axes are labeled. Scale bar = 100 A. (Modified and adapted
from Miyazaki, N. et al. J Virol, 90, 2664-2675, 2015.)

et al. [261] identified viruses with the typical calicivirus morphology using EM. SaV virions are
41-46 nm in diameter and have cup-shaped depressions on the virion surface (also known as Star-
of-David morphology) and/or 10 protruding capsid spikes. The SaV virion is formed by 180 cop-
ies of the single capsid protein VPI and organized into 90 dimers that form an icosahedron. The
capsid protein can be divided into the shell (S) and protruding (P) domains [262] (Figure 6.8). The
S domain forms protection around the RNA genome, while the P domain is the most exposed region
and likely interacts with host receptors for cell entry. SaV capsid morphology is illustrated by a
cryo-EM map of a chimeric SaV VLP in Figure 6.8.

Currently, SaVs are divided into five accepted genogroups [264], although several new geno-
groups have recently been proposed (GVI-GXIV) based on capsid nucleotide sequences [265].
These genogroups can be further subdivided into numerous genotypes [264]. SaVs belonging to
GI, GII, GIV, and GV infect humans, GIII infects swine, while genetically distinct SaVs have been
detected in other species including mink, bats, and canines, and may represent additional genotypes
(reviewed in [264]). One study showed that the genetic and antigenic relationship between human
SaV genogroups corresponded with capsid genogrouping and genotyping [266].

GENOME ORGANIZATION

The SaV genome, like NoV, is a single-stranded, positive-sense RNA molecule of approximately
7.5 kb, flanked by VPg at the 5" end and polyadenylated at the 3" end. The SaV genome contains two
or three ORFs (Figure 6.9). While SaV GII and GIII genomes contain only two ORFs, SaVs from
GI, GIV, and GV contain a third putative ORF [267,268]. ORF1 encodes both the nonstructural
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FIGURE 6.9 Genome organization of SaV GI. SaV GI viruses have three open reading frames as depicted,
ORFs 1-3, flanked by 5’- and 3-UTRs. Encoded protein name and function is shown for each region. A
polyadenylated tail follows the 3’-UTR end and the 5-UTR is attached to VPg, encoded by the viral genome.
(Adapted and modified from Tse, H. et al. PLoS One, 7,e34987,2012; ViralZone. Sapovirus, on Swiss Institute
of Bioinformatics. http://viralzone.expasy.org/all_by_species/196.html, 2015. Accessed November 21, 2015.)

proteins and the major structural protein, while ORF2 (and ORF3 in GI, GIV and GV) encodes a
small protein(s) whose function(s) has yet to be elucidated [268]. The nonstructural protein domains
at the 5" end of ORF1 include a putative NTPase, VPg, and the protease-polymerase domains. Three
regions encode proteins of unknown function, with molecular masses of 11, 28, and 32 kDa, respec-
tively (Figure 6.9) [269,270]. The 3’ end of ORF1 encodes the major capsid protein VP1. ORF2 and
ORF3 partially and fully overlap ORF]I, respectively (Figure 6.9).

Similar to human NoVs, SaVs frequently undergo genetic recombination, often at the recom-
bination hotspot located at the RdRp capsid junction [39,271-273]. As is often the case for NoV,
recombinant strains of SaV can emerge and cause outbreaks as they are able to evade the current
host population immunity [271].

DETECTION METHODS

SaV was first detected using EM in the late 1970s. However, this technique is time consuming, as
virus particles are difficult to identify and the sensitivity of the method is generally low. Enzyme-
linked immunosorbent assays (ELISAs) have been used to screen for both SaV antibodies and anti-
gens, and are amenable to screening large numbers of samples [261,274,275]. However, generating
information on the genogroup or genotype using ELISAs is difficult, unless the ELISA is genotype
specific. The most common method of SaV detection currently in use is RT-PCR. A number of
groups have designed primers that can detect a broad range of SaV strains [276—280] and most
primers are directed against the 5" end of the capsid gene. One advantage of RT-PCR is that the
products can be used for further genetic analysis, including genotyping. Real-time or quantita-
tive RT-PCR (qRT-PCR) methods to detect human SaV have further increased the utility of this
method [281-287]. The advantage of QRT-PCR over traditional RT-PCR is that it gives rapid results
and can be used to determine RNA levels in patient stool samples.

PATHOGENESIS AND CLINICAL MANIFESTATION

Increasing evidence has emerged in recent years that human NoVs bind to HBGAs [205,288]. These
carbohydrate epitopes are present in mucosal secretions and throughout many tissues of the human
body, including the small intestine. So far, there is no evidence that SaV binds to HBGAs, suggest-
ing a different mechanism of cell attachment compared with human NoVs. A recent study investi-
gating cell-receptor binding of porcine SaV implicated the involvement of sialic acids linked to host
cell glycoproteins as the porcine SaV cellular receptors [289]. However, little is known about host
cell binding of human SaV, which to date cannot be cultured in cells; more work is therefore needed
to establish cell entry requirements for the virus.

Once inside the cell, the incubation period of human SaV infections usually ranges from 1 to
4 days (reviewed in [264]). Most commonly, symptoms include vomiting, diarrhea, nausea, and
cramps. These major symptoms are often accompanied by malaise, chills, headaches, and myal-
gia [264]. Fever is unusual and, in some rare cases, blood or mucus is detected in stool samples [201].
Infections generally last between 2 and 3 days, but there are some reports describing symptoms
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lasting more than 1 week [290]. While SaV infections are not usually associated with mortality,
outbreaks within U.S. older adult care facilities have occasionally resulted in hospitalization and
death [291]. Medical treatment usually involves orally administered fluids and electrolyte replace-
ment therapy. No vaccines or specific antivirals currently exist for human SaV [264].

ENVIRONMENTAL PERSISTENCE

Like many enteric viral pathogens, SaV is nonenveloped and therefore inherently resistant in the
environment [292]. SaVs have been detected in environmental waters such as rivers and wastewa-
ter treatment plants [293-295], and in coastal waters around Spain, Italy, the United States, South
Africa, Central America and Japan [294-302]. SaV infectivity has been tested using the culturable
porcine SaV to determine its resistance to various treatments. The effects of varying pH, ethanol,
chlorine, and temperature were tested on SaV survival [292]. SaV was found to be stable between
pH 3.0 and 8.0, and demonstrated similar resistance to heat at 56°C and chlorine treatment com-
pared with NoV. Additionally, SaV was more resistant to ethanol treatment (60%—-70% v/v) than
NoV [292]. This highlights the resistance of SaVs, allowing them to persist in the environment and
likely facilitating transmission to new hosts.

EPIDEMIOLOGY

Like NoV infections, SaV outbreaks occur all year round but are most common in the winter months
in temperate climates [260,303]. SaVs cause AGE across all age groups worldwide, but particularly
in infants, young children [304], and adults over 60 years of age [260,305]. The incidence, detec-
tion, and overall prevalence of SaV infections vary in each country and setting, as statistics are
likely affected by the diagnostic techniques used in each region [219]. Although much less prevalent
than NoV, the incidence of SaV detection in cases of AGE from a number of settings has reportedly
increased in recent years [306].

SaV spreads easily in closed settings, and outbreaks are common in long-term care facilities [291],
kindergartens [293], day care centers [307,308], schools, hospitals, restaurants [309], canteens, and
cruise ships (reviewed in [264]). Studies on the number of gastroenteritis outbreaks attributable to
SaV vary worldwide, but report between 1.3% (9 of 676) [310] and 8.0% (7 of 88) of outbreaks [311].

Genogroup I, genotype 2 (GI.2) SaV strains with a high level of sequence homology have been
detected in outbreaks across different countries including Sweden, Slovenia, Taiwan, Japan, and
Russia, which could indicate a shared origin followed by rapid spread [260], likely facilitated by
international travel.

SaV GI and GII have been reported as the predominant genogroups in circulation in Japan [312].
However, in 2006, a GI.1 intragenotype recombinant SaV rapidly became the predominant strain
detected in Japanese children [313]. This highlights how viruses use mechanisms such as recombi-
nation to evade host immunity and increase viral fitness [53].

TRANSMISSION OF INFECTION

Like NoV, transmission of human SaV is predominately via the fecal-oral route and spread by
person-to-person contact (reviewed in [264]). Transmission also occurs through ingestion of con-
taminated food or water or contact with fomites and vomitus, and is easily spread in closed settings
such as schools, prisons, and hospitals.

FOODBORNE TRANSMISSION

Studies have reported the detection of SaV in several food types destined for human consumption,
and SaV outbreaks have been linked to contaminated shellfish [293,309,314].
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As with many other enteric pathogens, the poor hygiene practices of food handlers present a
significant risk of introducing SaV into the food chain. Extensive SaV outbreaks have been docu-
mented in Japan, mainly linked to catering. A large-scale outbreak in 2010 was eventually linked
to a catering company that delivered boxed lunches throughout several Japanese prefectures [306].
SaV was detected in 13.5% (7 of 52) of food handlers at the catering company, which may itself have
had a small SaV outbreak at the time. As a result, 17.1% (655 of 3827) of individuals who ate the
contaminated lunches developed AGE symptoms. RT-PCR and sequencing were used to identify
SaV GI.2 as the strain responsible [306].

Boxed lunches were implicated in another outbreak at a wedding hall in 2007 in Ehime,
Japan [315]. One hundred and nine people developed AGE symptoms after eating the lunches.
RT-PCR and sequencing were used to detect SaV in stool samples from two asymptomatic food
handlers. Stool samples were also collected from 56 of the 109 cases, and 35.7% (20 of 56) tested
positive for SaV GIV RNA. Sequence identity from positive RT-PCT products revealed a sin-
gle source of the outbreak, further highlighting the importance of hygienic food preparation and
handling [315].

Seafood is often implicated in gastroenteritis cases, as shellfish can bioaccumulate pathogenic
microbes in their flesh during filter feeding [233]. This is compounded by the fact that many con-
sumers prefer to eat shellfish raw or lightly steamed, so any enteric pathogens present are likely
to remain infectious upon consumption. Raw or undercooked clams are a common transmission
source for SaV [314,316]. Indeed, SaV has been detected in clam flesh from markets in Japan using
RT-PCR [316]. Nested RT-PCR has been used to detect multiple SaV genotypes in frozen clams
intended for human consumption [314]. In another study, qRT-PCR was used to detect SaV in
11.7% (9 of 77) of shellfish samples collected from two coastal areas in Morocco between 2006
and 2010 [317]. This study detected SaV in 14.7% (5 of 34) of oysters, 21.4% (3 of 14) of cockles,
and 3.4% (1 of 29) of clam samples tested [317]. These examples illustrate the presence of SaV but
are limited in determining the infectious nature of the detected viruses, so caution must be taken.
However, there is a clear risk of SaV infection from eating seafood, particularly if shellfish beds
sourced for human consumption are contaminated with human sewage or waste.

In an outbreak linked to a Japanese restaurant in 2008, mixed infections with both NoV and
SaV were detected in stool samples from 17 diners and one asymptomatic, food-handling kitchen
employee [309]. RT-PCR and qRT-PCR were used to detect SaV and NoV in leftover shellfish sam-
ples and shellfish packaging. Sequence analysis revealed that they contained almost identical partial
capsid sequences (99.3%—-100%) to SaV sequences detected in the patient stool samples, indicating
that the shellfish were the likely source of the outbreak [309].

As SaVs are relatively resistant to environmental forces [292], fecal contamination of water used
to irrigate crops for human consumption presents another significant health risk [247]. Particularly
problematic are foods that are eaten raw with little processing, such as berries and leafy vegetables.
In one study that assessed the effect of pH on the attachment of SaV to lettuce, it was found that viral
particles remained infectious on lettuce leaves for a week when stored at 4°C [292].

These examples demonstrate the risk of foodborne SaV transmission. Poor hygiene in food han-
dling and preparation practices or contamination of food before harvest can increase the risk of
infection from several enteric pathogens, including SaV.

SAPOVIRUS: CONCLUSIONS

Like NoV, SaV causes AGE worldwide, mostly affecting infants, young children, and older adults.
SaV is easily spread from person-to-person in semiclosed settings such as hospitals, schools, and
cruise ships. Although fecal-oral spread is the most widespread mode of transmission, foodborne
transmission is also common. Raising awareness of the importance of stringent hygiene when pre-
paring and serving food is paramount to prevent SaV from entering the food chain and causing
outbreaks of gastroenteritis.



110 Foodborne Viral Pathogens
REFERENCES
1. Glass RI, Parashar UD, Estes MK. 2009. Norovirus gastroenteritis. N Engl J Med 361:1776-1785.

2.

3.

10.

11.

12.

13.

14.

15.
16.
17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

217.

Patel MM, Widdowson MA, Glass RI, Akazawa K, Vinje J, Parashar UD. 2008. Systematic literature
review of role of noroviruses in sporadic gastroenteritis. Emerg Infect Dis 14:1224—1231.

Moore MD, Goulter RM, Jaykus LA. 2015. Human norovirus as a foodborne pathogen: Challenges and
developments. Annu Rev Food Sci Technol 6:411-433.

. Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL, Jones JL, Griffin PM. 2011.

Foodborne illness acquired in the United States-major pathogens. Emerg Infect Dis 17:7-15.

. Hall G, Kirk MD, Becker N, Gregory JE, Unicomb L, Millard G, Stafford R, Lalor K, Group OW. 2005.

Estimating foodborne gastroenteritis, Australia. Emerg Infect Dis 11:1257-1264.

. Greening GE, Hewitt J, Rivera-Aban M, Croucher D. 2012. Molecular epidemiology of norovirus gas-

troenteritis outbreaks in New Zealand from 2002-2009. J Med Virol 84:1449-1458.

. Thomas MK, Murray R, Flockhart L, Pintar K, Pollari F, Fazil A, Nesbitt A, Marshall B. 2013. Estimates

of the burden of foodborne illness in Canada for 30 specified pathogens and unspecified agents, circa
2006. Foodborne Pathog Dis 10:639-648.

. Duizer E, Schwab KIJ, Neill FH, Atmar RL, Koopmans MP, Estes MK. 2004. Laboratory efforts to

cultivate noroviruses. J Gen Virol 85:79-87.

. Wobus CE, Thackray LB, Virgin HW IV. 2006. Murine norovirus: A model system to study norovirus

biology and pathogenesis. J Virol 8§0:5104-5112.

Taube S, Kolawole AO, Hohne M, Wilkinson JE, Handley SA, Perry JW, Thackray LB, Akkina R,
Wobus CE. 2013. A mouse model for human norovirus. MBio 4:e00450-13.

Graham DY, Jiang X, Tanaka T, Opekun AR, Madore HP, Estes MK. 1994. Norwalk virus infection of
volunteers: New insights based on improved assays. J Infect Dis 170:34—43.

Green KY, Chanock RM, Kapikian AZ. 2001. Human Calicivirus. Lippincott Williams & Wilkins,
Philadelphia, PA.

Bull RA, Eden JS, Luciani F, McElroy K, Rawlinson WD, White PA. 2012. Contribution of intra- and
interhost dynamics to norovirus evolution. J Virol 86:3219-3229.

Siebenga JJ, Beersma MF, Vennema H, van Biezen P, Hartwig NJ, Koopmans M. 2008. High prevalence
of prolonged norovirus shedding and illness among hospitalized patients: A model for in vivo molecular
evolution. J Infect Dis 198:994-1001.

Gallimore CI, Lewis D, Taylor C, Cant A, Gennery A, Gray JJ. 2004. Chronic excretion of a norovirus
in a child with cartilage hair hypoplasia (CHH). J Clin Virol 30:196-204.

Vega E, Barclay L, Gregoricus N, Shirley SH, Lee D, Vinje J. 2014. Genotypic and epidemiologic trends
of norovirus outbreaks in the United States, 2009-2013. J Clin Microbiol 52:147-155.

Lucas R. 1930. Epidemic vomiting or intestinal influenza. New Orleans M & SJ 83:213-214.

Zahorsky J. 1929. Hyperemesis hiemis or the winter vomiting disease. Arch of Paed 46:391-395.
Wildman HA. 1933. Polytropous enteronitis (acute infectious gastro-enteritis, Spencer’s disease): Is it a
form of influenza? Arch Int Med 52:959-9717.

Dolin R, Blacklow NR, DuPont H, Formal S, Buscho RF, Kasel JA, Chames RP, Hornick R, Chanock
RM. 1971. Transmission of acute infectious nonbacterial gastroenteritis to volunteers by oral adminis-
tration of stool filtrates. J Infect Dis 123:307-312.

Gordon I, Ingraham HS, Korns RF. 1947. Transmission of epidemic gastroenteritis to human volunteers
by oral administration of fecal filtrates. J Exp Med 86:409-422.

Wyatt RG, Dolin R, Blacklow NR, DuPont HL, Buscho RF, Thornhill TS, Kapikian AZ, Chanock RM.
1974. Comparison of three agents of acute infectious nonbacterial gastroenteritis by cross-challenge in
volunteers. J Infect Dis 129:709-714.

Adler JL, Zickl R. 1969. Winter vomiting disease. J Infect Dis 119:668—673.

Thornhill TS, Wyatt RG, Kalica AR, Dolin R, Chanock RM, Kapikian AZ. 1977. Detection by immune
electron microscopy of 26- to 27-nm virus like particles associated with two family outbreaks of gastro-
enteritis. J Infect Dis 135:20-27.

Kapikian AZ. 2000. The discovery of the 27-nm Norwalk virus: An historic perspective. J Infect Dis
181 Suppl 2:5295-S302.

Cubitt WD, Jiang XJ, Wang J, Estes MK. 1994. Sequence similarity of human caliciviruses and small
round structured viruses. J Med Virol 43:252-258.

Glass RI, Noel J, Ando T, Fankhauser R, Belliot G, Mounts A, Parashar UD, Bresee JS, Monroe SS.
2000. The epidemiology of enteric caliciviruses from humans: A reassessment using new diagnostics.
J Infect Dis 181 Suppl 2:S254-S261.



Norovirus and Sapovirus 111

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Monroe SS, Ando T, Glass RI. 2000. Introduction: Human enteric caliciviruses—an emerging pathogen
whose time has come. J Infect Dis 181 Suppl 2:5S249-S251.

Jiang X, Wang M, Wang K, Estes MK. 1993. Sequence and genomic organization of Norwalk virus.
Virology 195:51-61.

Mayo MA. 2002. A summary of taxonomic changes recently approved by ICTV. Arch Virol 147:1655-1656.
Parashar UD, Hummelman EG, Bresee JS, Miller MA, Glass RI. 2003. Global illness and deaths caused
by rotavirus disease in children. Emerg Infect Dis 9:565-572.

Patel M, Pedreira C, De Oliveira LH, Tate J, Orozco M, Mercado J, Gonzalez A, et al. 2009. Association
between pentavalent rotavirus vaccine and severe rotavirus diarrhea among children in Nicaragua.
JAMA 301:2243-2251.

Patel MM, Steele D, Gentsch JR, Wecker J, Glass RI, Parashar UD. 2011. Real-world impact of rotavirus
vaccination. Pediatr Infect Dis J 30:S1-S5.

Tate JE, Mutuc JD, Panozzo CA, Payne DC, Cortese MM, Cortes JE, Yen C, et al. 2011. Sustained
decline in rotavirus detections in the United States following the introduction of rotavirus vaccine in
2006. Pediatr Infect Dis J 30:S30-S34.

Tate JE, Panozzo CA, Payne DC, Patel MM, Cortese MM, Fowlkes AL, Parashar UD. 2009. Decline
and change in seasonality of US rotavirus activity after the introduction of rotavirus vaccine. Pediatrics
124:465-471.

Eden JS. 2012. The evolutionary dynamics of norovirus. PhD thesis. UNSW Australia.

Murphy AM, Grohmann GS, Christopher PJ, Lopez WA, Davey GR, Millsom RH. 1979. An Australia-
wide outbreak of gastroenteritis from oysters caused by Norwalk virus. Med J Aust 2:329-333.

Estes MK, Prasad BV, Atmar RL. 2006. Noroviruses everywhere: Has something changed? Curr Opin
Infect Dis 19:467-474.

Hansman GS, Oka T, Katayama K, Takeda N. 2007. Human sapoviruses: Genetic diversity, recombina-
tion, and classification. Rev Med Virol 17:133-141.

Zheng DP, Ando T, Fankhauser RL, Beard RS, Glass RI, Monroe SS. 2006. Norovirus classification and
proposed strain nomenclature. Virology 346:312-323.

Mesquita JR, Barclay L, Nascimento MS, Vinje J. 2010. Novel norovirus in dogs with diarrhea. Emerg
Infect Dis 16:980-982.

Tse H, Lau SK, Chan WM, Choi GK, Woo PC, Yuen KY. 2012. Complete genome sequences of novel
canine noroviruses in Hong Kong. J Virol 86:9531-9532.

Liu BL, Lambden PR, Gunther H, Otto P, Elschner M, Clarke IN. 1999. Molecular characterization of a
bovine enteric calicivirus: Relationship to the Norwalk-like viruses. J Virol 73:819-825.

Karst SM, Wobus CE, Lay M, Davidson J, Virgin HW IV. 2003. STAT1-dependent innate immunity to
a Norwalk-like virus. Science 299:1575-1578.

Wang QH, Han MG, Cheetham S, Souza M, Funk JA, Saif LJ. 2005. Porcine noroviruses related to
human noroviruses. Emerg Infect Dis 11:1874—188]1.

Kroneman A, Vennema H, Deforche K, vd Avoort H, Penaranda S, Oberste MS, Vinje J, Koopmans M.
2011. An automated genotyping tool for enteroviruses and noroviruses. J Clin Virol 51:121-125.
Siebenga JJ, Vennema H, Zheng DP, Vinje J, Lee BE, Pang XL, Ho EC, et al. 2009. Norovirus illness is a
global problem: Emergence and spread of norovirus GII1.4 variants, 2001-2007. J Infect Dis 200:802—812.
Zheng DP, Widdowson MA, Glass RI, Vinje J. 2010. Molecular epidemiology of genogroup II-genotype
4 noroviruses in the United States between 1994 and 2006. J Clin Microbiol 48:168-177.

Kroneman A, Vega E, Vennema H, Vinje J, White PA, Hansman G, Green K, Martella V, Katayama
K, Koopmans M. 2013. Proposal for a unified norovirus nomenclature and genotyping. Arch Virol
158:2059-2068.

Bull RA, White PA. 2011. Mechanisms of GII.4 norovirus evolution. Trends Microbiol 19:233-240.
Lopman BA, Adak GK, Reacher MH, Brown DW. 2003. Two epidemiologic patterns of norovirus out-
breaks: Surveillance in England and Wales, 1992-2000. Emerg Infect Dis 9:71-77.

Atmar RL, Estes MK. 2006. The epidemiologic and clinical importance of norovirus infection.
Gastroenterol Clin North Am 35:275-290.

Eden JS, Tanaka MM, Boni MF, Rawlinson WD, White PA. 2013. Recombination within the pandemic
norovirus GII.4 lineage. J Virol 87:6270-6282.

Eden JS, Hewitt J, Lim KL, Boni MF, Merif J, Greening G, et al. 2014. The emergence and evolution of
the novel epidemic norovirus GII.4 variant Sydney 2012. Virology 450—451:106-113.

van Beek J, Ambert-Balay K, Botteldoorn N, Eden JS, Fonager J, Hewitt J, Iritani N, et al. 2013.
Indications for worldwide increased norovirus activity associated with emergence of a new variant of
genotype 11.4, late 2012. Euro Surveill 18:83-9.



112

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Foodborne Viral Pathogens

Noel JS, Fankhauser RL, Ando T, Monroe SS, Glass RI. 1999. Identification of a distinct common strain
of “Norwalk-like viruses” having a global distribution. J Infect Dis 179:1334—-1344.

White PA, Hansman GS, Li A, Dable J, Isaacs M, Ferson M, Mclver CJ, Rawlinson WD. 2002.
Norwalk-like virus 95/96-US strain is a major cause of gastroenteritis outbreaks in Australia. J Med
Virol 68:113-118.

Fankhauser RL, Noel JS, Monroe SS, Ando T, Glass RI. 1998. Molecular epidemiology of “Norwalk-
like viruses” in outbreaks of gastroenteritis in the United States. J Infect Dis 178:1571-1578.

Lopman B, Vennema H, Kohli E, Pothier P, Sanchez A, Negredo A, Buesa J, et al. 2004. Increase in viral
gastroenteritis outbreaks in Europe and epidemic spread of new norovirus variant. Lancet 363:682—688.
Widdowson MA, Cramer EH, Hadley L, Bresee JS, Beard RS, Bulens SN, Charles M, et al. 2004.
Outbreaks of acute gastroenteritis on cruise ships and on land: Identification of a predominant circulat-
ing strain of norovirus—United States, 2002. J Infect Dis 190:27-36.

Bull RA, Tu ET, Mclver CJ, Rawlinson WD, White PA. 2006. Emergence of a new norovirus genotype
I1.4 variant associated with global outbreaks of gastroenteritis. J Clin Microbiol 44:327-333.
Kroneman A, Vennema H, Harris J, Reuter G, von Bonsdorff CH, Hedlund KO, Vainio K, et al. 2006.
Increase in norovirus activity reported in Europe. Euro Surveill 11:E061214 061211.

Ho EC, Cheng PK, Wong DA, Lau AW, Lim WW. 2006. Correlation of norovirus variants with epidem-
ics of acute viral gastroenteritis in Hong Kong. J Med Virol 78:1473-1479.

Johansen K, Mannerqvist K, Allard A, Andersson Y, Burman LG, Dillner L, Hedlund KO, et al. 2008.
Norovirus strains belonging to the GII.4 genotype dominate as a cause of nosocomial outbreaks of viral
gastroenteritis in Sweden 1997-2005: Arrival of new variants is associated with large nation-wide epi-
demics. J Clin Virol 42:129-134.

Ramirez S, De Grazia S, Giammanco GM, Milici M, Colomba C, Ruggeri FM, Martella V, Arista S.
2006. Detection of the norovirus variants GGIL.4 hunter and GGIIb/hilversum in Italian children with
gastroenteritis. J Med Virol 78:1656—-1662.

Wu FT, Oka T, Katayama K, Wu HS, Donald Jiang DS, Miyamura T, Takeda N, Hansman GS. 2006.
Genetic diversity of noroviruses in Taiwan between November 2004 and March 2005. Arch Virol
151:1319-1327.

Tu ET, Bull RA, Greening GE, Hewitt J, Lyon MJ, Marshall JA, Mclver CJ, Rawlinson WD, White PA.
2008. Epidemics of gastroenteritis during 2006 were associated with the spread of norovirus GII.4 vari-
ants 2006a and 2006b. Clin Infect Dis 46:413—420.

Eden JS, Bull RA, Tu E, Mclver CJ, Lyon MJ, Marshall JA, Smith DW, Musto J, Rawlinson WD, White
PA. 2010. Norovirus GII.4 variant 2006b caused epidemics of acute gastroenteritis in Australia during
2007 and 2008. J Clin Virol 49:265-271.

Siebenga JJ, Vennema H, Renckens B, de Bruin E, van der Veer B, Siezen RJ, Koopmans M. 2007.
Epochal evolution of GGII.4 norovirus capsid proteins from 1995 to 2006. J Virol 81:9932-9941.
Puustinen L, Blazevic V, Salminen M, Himéldinen M, Risdnen S, Vesikari T. 2011. Noroviruses
as a major cause of acute gastroenteritis in children in Finland, 2009-2010. Scand J Infect Dis
43:804-808.

Vega E, Barclay L, Gregoricus N, Williams K, Lee D, Vinjé J. 2011. Novel surveillance network for
norovirus gastroenteritis outbreaks, United States. Emerg Infect Dis 17:1389.

Yen C, Wikswo ME, Lopman BA, Vinje J, Parashar UD, Hall AJ. 2011. Impact of an emergent norovi-
rus variant in 2009 on norovirus outbreak activity in the United States. Clin Infect Dis 53:568-571.
Bull RA, Eden JS, Rawlinson WD, White PA. 2010. Rapid evolution of pandemic noroviruses of the
GII.4 lineage. PLoS Pathog 6:¢1000831.

Debbink K, Lindesmith LC, Donaldson EF, Baric RS. 2012. Norovirus immunity and the great escape.
PLoS Pathog 8:¢1002921.

Donaldson EF, Lindesmith LC, Lobue AD, Baric RS. 2010. Viral shape-shifting: Norovirus evasion of
the human immune system. Nat Rev Microbiol 8:231-241.

Lindesmith LC, Donaldson EF, Baric RS. 2011. Norovirus GII.4 strain antigenic variation. J Virol
85:231-242.

Boon D, Mahar JE, Abente EJ, Kirkwood CD, Purcell RH, Kapikian AZ, Green KY, Bok K. 2011.
Comparative evolution of GII.3 and GII.4 norovirus over a 31-year period. J Virol 85:8656—8666.
Mabhar JE, Kirkwood CD. 2011. Characterization of norovirus strains in Australian children from 2006
to 2008: Prevalence of recombinant strains. J Med Virol 83:2213-2219.

Xi JN, Graham DY, Wang KN, Estes MK. 1990. Norwalk virus genome cloning and characterization.
Science 250:1580-1583.



Norovirus and Sapovirus 113

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.
103.

104.

105.

106.

Belliot G, Sosnovtsev SV, Mitra T, Hammer C, Garfield M, Green KY. 2003. In vitro proteolytic pro-
cessing of the MD145 norovirus ORF1 nonstructural polyprotein yields stable precursors and products
similar to those detected in calicivirus-infected cells. J Virol 77:10957-10974.

Herbert TP, Brierley I, Brown TD. 1997. Identification of a protein linked to the genomic and subge-
nomic mRNASs of feline calicivirus and its role in translation. J Gen Virol 78 (Pt 5):1033—-1040.
Morales M, Barcena J, Ramirez MA, Boga JA, Parra F, Torres JM. 2004. Synthesis in vitro of rabbit
hemorrhagic disease virus subgenomic RNA by internal initiation on (-)sense genomic RNA: Mapping
of a subgenomic promoter. J Biol Chem 279:17013-17018.

Lin X, Thorne L, Jin Z, Hammad LA, Li S, Deval J, Goodfellow IG, Kao CC. 2015. Subgenomic pro-
moter recognition by the norovirus RNA-dependent RNA polymerases. Nucleic Acids Res 43:446-460.
Hyde JL, Mackenzie JM. 2010. Subcellular localization of the MN'V-1 ORF]1 proteins and their potential
roles in the formation of the MNV-1 replication complex. Virology 406:138-148.

Choi JM, Hutson AM, Estes MK, Prasad BV. 2008. Atomic resolution structural characterization of
recognition of histo-blood group antigens by Norwalk virus. Proc Natl Acad Sci USA 105:9175-9180.
Baker ES, Luckner SR, Krause KL, Lambden PR, Clarke IN, Ward VK. 2012. Inherent structural dis-
order and dimerisation of murine norovirus NS1-2 protein. PLoS One 7:e30534.

Pfister T, Wimmer E. 2001. Polypeptide p41 of a Norwalk-like virus is a nucleic acid-independent nucle-
oside triphosphatase. J Virol 75:1611-1619.

Rawlings ND, Barrett AJ. 1994. Families of cysteine peptidases. Methods Enzymol 244:461-486.
Choe SS, Dodd DA, Kirkegaard K. 2005. Inhibition of cellular protein secretion by picornaviral 3A
proteins. Virology 337:18-29.

Sharp TM, Guix S, Katayama K, Crawford SE, Estes MK. 2010. Inhibition of cellular protein secretion
by Norwalk virus nonstructural protein p22 requires a mimic of an endoplasmic reticulum export signal.
PLoS One 5:¢13130.

Goodfellow I. 2011. The genome-linked protein VPg of vertebrate viruses: A multifaceted protein. Curr
Opin Virol 1:355-362.

Daughenbaugh KF, Fraser CS, Hershey JW, Hardy ME. 2003. The genome-linked protein VPg of the
Norwalk virus binds elF3, suggesting its role in translation initiation complex recruitment. EMBO J
22:2852-2859.

Goodfellow I, Chaudhry Y, Gioldasi I, Gerondopoulos A, Natoni A, Labrie L, Laliberte JF, Roberts L.
2005. Calicivirus translation initiation requires an interaction between VPg and elF 4 E. EMBO Rep
6:968-972.

Someya Y, Takeda N, Miyamura T. 2000. Complete nucleotide sequence of the chiba virus genome and
functional expression of the 3C-Like protease in Escherichia coli. Virology 278:490-500.

Blakeney SJ, Cahill A, Reilly PA. 2003. Processing of Norwalk virus nonstructural proteins by a 3C-like
cysteine proteinase. Virology 308:216-224.

Porter AG. 1993. Picornavirus nonstructural proteins: Emerging roles in virus replication and inhibition
of host cell functions. J Virol 67:6917-6921.

Kuyumcu-Martinez M, Belliot G, Sosnovtsev SV, Chang K-O, Green KY, Lloyd RE. 2004. Calicivirus
3C-like proteinase inhibits cellular translation by cleavage of poly (A)-binding protein. J Virol
78:8172-8182.

Hogbom M, Jager K, Robel I, Unge T, Rohayem J. 2009. The active form of the norovirus RNA-
dependent RNA polymerase is a homodimer with cooperative activity. J Gen Virol 90:281-291.
Fukushi S, Kojima S, Takai R, Hoshino FB, Oka T, Takeda N, Katayama K, Kageyama T. 2004.
Poly(A)- and primer-independent RNA polymerase of Norovirus. J Virol 78:3889-3896.

Barr JN, Fearns R. 2010. How RNA viruses maintain their genome integrity. J Gen Virol 91:1373—-1387.
Steinhauer DA, Domingo E, Holland JJ. 1992. Lack of evidence for proofreading mechanisms associ-
ated with an RNA virus polymerase. Gene 122:281-288.

Hardy ME. 2005. Norovirus protein structure and function. FEMS Microbiol Lett 253:1-8.

Prasad BV, Hardy ME, Dokland T, Bella J, Rossmann MG, Estes MK. 1999. X-ray crystallographic
structure of the Norwalk virus capsid. Science 286:287-290.

Tan M, Jiang X. 2005. Norovirus and its histo-blood group antigen receptors: An answer to a historical
puzzle. Trends Microbiol 13:285-293.

Cao S, LouZ, Tan M, Chen Y, Liu Y, Zhang Z, Zhang XC, Jiang X, Li X, Rao Z. 2007. Structural basis
for the recognition of blood group trisaccharides by norovirus. J Virol 81:5949-5957.

Donaldson EF, Lindesmith LC, Lobue AD, Baric RS. 2008. Norovirus pathogenesis: Mechanisms of
persistence and immune evasion in human populations. Immunol Rev 225:190-211.



114

107

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Foodborne Viral Pathogens

. Tan M, Hegde RS, Jiang X. 2004. The P domain of norovirus capsid protein forms dimer and binds to
histo-blood group antigen receptors. J Virol 78:6233—-6242.

Tan M, Huang P, Meller J, Zhong W, Farkas T, Jiang X. 2003. Mutations within the P2 domain of noro-
virus capsid affect binding to human histo-blood group antigens: Evidence for a binding pocket. J Virol
77:12562-12571.

Bertolotti-Ciarlet A, Crawford SE, Hutson AM, Estes MK. 2003. The 3’ end of Norwalk virus mRNA
contains determinants that regulate the expression and stability of the viral capsid protein VP1: A novel
function for the VP2 protein. J Virol 77:11603-11615.

Wirblich C, Thiel H-J, Meyers G. 1996. Genetic map of the calicivirus rabbit hemorrhagic disease virus
as deduced from in vitro translation studies. J Virol 70:7974-7983.

Glass PJ, White LJ, Ball JM, Leparc-Goffart I, Hardy ME, Estes MK. 2000. Norwalk virus open read-
ing frame 3 encodes a minor structural protein. J Virol 74:6581-6591.

Sosnovtsev SV, Green KY. 2000. Identification and genomic mapping of the ORF3 and VPg proteins in
feline calicivirus virions. Virology 277:193-203.

McFadden N, Bailey D, Carrara G, Benson A, Chaudhry Y, Shortland A, Heeney J, et al. 2011. Norovirus
regulation of the innate immune response and apoptosis occurs via the product of the alternative open
reading frame 4. PLoS Pathog 7:¢1002413.

Hutson AM, Atmar RL, Graham DY, Estes MK. 2002. Norwalk virus infection and disease is associ-
ated with ABO histo-blood group type. J Infect Dis 185:1335-1337.

Tan M, Jiang X. 2011. Norovirus—host interaction: Multi-selections by human histo-blood group anti-
gens. Trends Microbiol 19:382-388.

Murakami K, Kurihara C, Oka T, Shimoike T, Fujii Y, Takai-Todaka R, Park Y, et al. 2013. Norovirus
binding to intestinal epithelial cells is independent of histo-blood group antigens. PLoS One 8:666534.
Pendu JL. 2004. Section IV Innate and acquired immune systems of human milk: Histo-blood group
antigen and human milk oligosaccharides—Genetic polymorphism and risk of infectious diseases. Adv
Exp Med Biol 554:135-144.

Dietrich CP, Nader HB, Straus AH. 1983. Structural differences of heparan sulfates according to the
tissue and species of origin. Biochem Biophys Res Commun 111:865-871.

Hedman K, Kurkinen M, Alitalo K, Vaheri A, Johansson S, Ho6k M. 1979. Isolation of the pericellular
matrix of human fibroblast cultures. J Cell Biol 81:83-91.

Tamura M, Natori K, Kobayashi M, Miyamura T, Takeda N. 2004. Genogroup II noroviruses efficiently
bind to heparan sulfate proteoglycan associated with the cellular membrane. J Virol 78:3817-3826.
Chang KO. 20009. Role of cholesterol pathways in norovirus replication. J Virol 83:8587-8595.
Gerondopoulos A, Jackson T, Monaghan P, Doyle N, Roberts LO. 2010. Murine norovirus-1 cell entry is
mediated through a non-clathrin-, non-caveolae-, dynamin- and cholesterol-dependent pathway. J Gen
Virol 91:1428-1438.

Perry JW, Wobus CE. 2010. Endocytosis of murine norovirus 1 into murine macrophages is dependent
on dynamin II and cholesterol. J Virol 84:6163—6176.

Tan M, Jiang X. 2010. Virus—host interaction and celluar receptors of caliciviruses. /n Hansman GS,
Jiang XJ, Green KY (eds), Caliciviruses Molecular and Cellular Virology, 1st ed., pp. 111-129. Caister
Academic Press, Norwich, United Kingdom.

Gamarnik AV, Andino R. 1998. Switch from translation to RNA replication in a positive-stranded RNA
virus. Genes Dev 12:2293-2304.

Lai MM. 1998. Cellular factors in the transcription and replication of viral RNA genomes: A parallel to
DNA-dependent RNA transcription. Virology 244:1-12.

Thorne LG, Goodfellow IG. 2014. Norovirus gene expression and replication. J Gen Virol 95:278-291.
Ettayebi K, Hardy ME. 2003. Norwalk virus nonstructural protein p48 forms a complex with the
SNARE regulator VAP-A and prevents cell surface expression of vesicular stomatitis virus G protein.
J Virol 77:11790-11797.

Hyde JL, Sosnovtsev SV, Green KY, Wobus C, Virgin HW, Mackenzie JM. 2009. Mouse norovirus
replication is associated with virus-induced vesicle clusters originating from membranes derived from
the secretory pathway. J Virol 83:9709-9719.

Hyde JL, Gillespie LK, Mackenzie JM. 2012. Mouse norovirus 1 utilizes the cytoskeleton network to
establish localization of the replication complex proximal to the microtubule organizing center. J Virol
86:4110-4122.

Arias A, Emmott E, Vashist S, Goodfellow I. 2013. Progress towards the prevention and treatment of
norovirus infections. Future Microbiol 8:1475-1487.



Norovirus and Sapovirus 115

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.
144,

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

Eden J-S, Hewitt J, Lim KL, Boni MF, Merif J, Greening G, Ratcliff RM, Holmes EC, Tanaka MM,
Rawlinson WD. 2014. The emergence and evolution of the novel epidemic norovirus GII. 4 variant
Sydney 2012. Virology 450:106—-113.

Koelle K, Cobey S, Grenfell B, Pascual M. 2006. Epochal evolution shapes the phylodynamics of inter-
pandemic influenza A (H3N2) in humans. Science 314:1898—-1903.

Debbink K, Donaldson EF, Lindesmith LC, Baric RS. 2012. Genetic mapping of a highly vari-
able norovirus GII.4 blockade epitope: Potential role in escape from human herd immunity. J Virol
86:1214-1226.

Lindesmith LC, Costantini V, Swanstrom J, Debbink K, Donaldson EF, Vinje J, Baric RS. 2013.
Emergence of a norovirus GII.4 strain correlates with changes in evolving blockade epitopes. J Virol
87:2803-2813.

Chavez-Bueno S, Bozdogan B, Katz K, Bowlware KL, Cushion N, Cavuoti D, Ahmad N, McCracken
GH, Jr., Appelbaum PC. 2005. Inducible clindamycin resistance and molecular epidemiologic trends of
pediatric community-acquired methicillin-resistant Staphylococcus aureus in Dallas, Texas. Antimicrob
Agents Chemother 49:2283-2288.

Fankhauser RL, Monroe SS, Noel JS, Humphrey CD, Bresee JS, Parashar UD, Ando T, Glass RI. 2002.
Epidemiologic and molecular trends of “Norwalk-like viruses” associated with outbreaks of gastroen-
teritis in the United States. J Infect Dis 186:1-7.

Allen DJ, Noad R, Samuel D, Gray JJ, Roy P, Iturriza-Gomara M. 2009. Characterisation of a GII-4
norovirus variant-specific surface-exposed site involved in antibody binding. Virol J 6:150.

Lindesmith LC, Beltramello M, Donaldson EF, Corti D, Swanstrom J, Debbink K, Lanzavecchia A,
Baric RS. 2012. Immunogenetic mechanisms driving norovirus GII. 4 antigenic variation. PLoS Pathog
8:¢1002705.

Lindesmith LC, Donaldson EF, Lobue AD, Cannon JL, Zheng DP, Vinje J, Baric RS. 2008. Mechanisms
of GII.4 norovirus persistence in human populations. PLoS Med 5:e31.

Allen DJ, Gray JJ, Gallimore CI, Xerry J, Iturriza-Gomara M. 2008. Analysis of amino acid variation in
the P2 domain of the GII-4 norovirus VP1 protein reveals putative variant-specific epitopes. PLoS One
3:e1485.

Arana A, Cilla G, Montes M, Gomariz M, Perez-Trallero E. 2014. Genotypes, recombinant forms, and
variants of norovirus GIL.4 in Gipuzkoa (Basque Country, Spain), 2009-2012. PLoS One 9:¢98875.
Bull RA, Tanaka MM, White PA. 2007. Norovirus recombination. J Gen Virol 88:3347-3359.

Chhabra P, Walimbe AM, Chitambar SD. 2010. Molecular characterization of three novel intergenotype
norovirus GII recombinant strains from western India. Virus Res 147:242-246.

Worobey M, Holmes EC. 1999. Evolutionary aspects of recombination in RNA viruses. J Gen Virol 80
(Pt 10):2535-2543.

Lai MM. 1992. RNA recombination in animal and plant viruses. Microbiol Rev 56:61-79.

Cooper P, Steiner-Pryor A, Scotti P, Delong D. 1974. On the nature of poliovirus genetic recombinants.
J Gen Virol 23:41-49.

Ando T, Mulders MN, Lewis DC, Estes MK, Monroe SS, Glass RI. 1994. Comparison of the poly-
merase region of small round structured virus strains previously classified in three antigenic types by
solid-phase immune electron microscopy. Arch Virol 135:217-226.

Green J, Vinje J, Gallimore CI, Koopmans M, Hale A, Brown DW, Clegg JC, Chamberlain J. 2000.
Capsid protein diversity among Norwalk-like viruses. Virus Genes 20:227-236.

Hardy ME, Kramer SF, Treanor JJ, Estes MK. 1997. Human calicivirus genogroup II capsid sequence
diversity revealed by analyses of the prototype Snow Mountain agent. Arch Virol 142:1469-1479.
Kageyama T, Shinohara M, Uchida K, Fukushi S, Hoshino FB, Kojima S, Takai R, Oka T, Takeda N,
Katayama K. 2004. Coexistence of multiple genotypes, including newly identified genotypes, in out-
breaks of gastroenteritis due to Norovirus in Japan. J Clin Microbiol 42:2988-2995.

Vinje J, Hamidjaja RA, Sobsey MD. 2004. Development and application of a capsid VP1 (region
D) based reverse transcription PCR assay for genotyping of genogroup I and II noroviruses. J Virol
Methods 116:109—-117.

Bull RA, Hansman GS, Clancy LE, Tanaka MM, Rawlinson WD, White PA. 2005. Norovirus recombi-
nation in ORF1/ORF2 overlap. Emerg Infect Dis 11:1079-1085.

Rohayem J, Munch J, Rethwilm A. 2005. Evidence of recombination in the norovirus capsid gene.
J Virol 79:4977-4990.

Waters A, Coughlan S, Hall WW. 2007. Characterisation of a novel recombination event in the norovi-
rus polymerase gene. Virology 363:11-14.



116

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.
167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Foodborne Viral Pathogens

Hoa Tran TN, Trainor E, Nakagomi T, Cunliffe NA, Nakagomi O. 2013. Molecular epidemiology of
noroviruses associated with acute sporadic gastroenteritis in children: Global distribution of geno-
groups, genotypes and GIL.4 variants. J Clin Virol 56:269-277.

Reuter G, Vennema H, Koopmans M, Szucs G. 2006. Epidemic spread of recombinant noroviruses with
four capsid types in Hungary. J Clin Virol 35:84-88.

Ahmed SM, Hall AJ, Robinson AE, Verhoef L, Premkumar P, Parashar UD, Koopmans M, Lopman
BA. 2014. Global prevalence of norovirus in cases of gastroenteritis: A systematic review and meta-
analysis. Lancet Infect Dis 14:725-730.

Atmar RL, Opekun AR, Gilger MA, Estes MK, Crawford SE, Neill FH, Graham DY. 2008. Norwalk
virus shedding after experimental human infection. Emerg Infect Dis 14:1553-1557.

Tu ET, Bull RA, Kim MJ, Mclver CJ, Heron L, Rawlinson WD, White PA. 2008. Norovirus excretion
in an aged-care setting. J Clin Microbiol 46:2119-2121.

Murata T, Katsushima N, Mizuta K, Muraki Y, Hongo S, Matsuzaki Y. 2007. Prolonged norovirus shed-
ding in infants < or = 6 months of age with gastroenteritis. Pediatr Infect Dis J 26:46—49.

Nilsson M, Hedlund KO, Thorhagen M, Larson G, Johansen K, Ekspong A, Svensson L. 2003. Evolution
of human calicivirus RNA in vivo: Accumulation of mutations in the protruding P2 domain of the cap-
sid leads to structural changes and possibly a new phenotype. J Virol 77:13117-13124.

Mattner F, Sohr D, Heim A, Gastmeier P, Vennema H, Koopmans M. 2006. Risk groups for clinical
complications of norovirus infections: An outbreak investigation. Clin Microbiol Infect 12:69-74.
Agus SG, Dolin R, Wyatt RG, Tousimis A, Northrup RS. 1973. Acute infectious nonbacterial gastro-
enteritis: Intestinal histopathology histologic and enzymatic alterations during illness produced by the
Norwalk agent in man. Ann Intern Med 79:18-25.

Schreiber DS, Blacklow NR, Trier JS. 1973. The mucosal lesion of the proximal small intestine in acute
infectious nonbacterial gastroenteritis. New Engl J Med 288:1318—1323.

Karst SM. 2010. Pathogenesis of noroviruses, emerging RNA viruses. Viruses 2:748-781.

Chen SY, Tsai CN, Lai MW, Chen CY, Lin KL, Lin TY, Chiu CH. 2009. Norovirus infection as a cause
of diarrhea-associated benign infantile seizures. Clin Infect Dis 48:849-855.

Khan RR, Lawson AD, Minnich LL, Martin K, Nasir A, Emmett MK, Welch CA, Udall JN, Jr. 2009.
Gastrointestinal norovirus infection associated with exacerbation of inflammatory bowel disease.
J Pediatr Gastroenterol Nutr 48:328-333.

Turcios-Ruiz RM, Axelrod P, St John K, Bullitt E, Donahue J, Robinson N, Friss HE. 2008.
Outbreak of necrotizing enterocolitis caused by norovirus in a neonatal intensive care unit. J Pediatr
153:339-344.

Gray JJ, Cunliffe C, Ball J, Graham DY, Desselberger U, Estes MK. 1994. Detection of immunoglobulin
M (IgM), IgA, and IgG Norwalk virus-specific antibodies by indirect enzyme-linked immunosorbent
assay with baculovirus-expressed Norwalk virus capsid antigen in adult volunteers challenged with
Norwalk virus. J Clin Microbiol 32:3059-3063.

Parrino TA, Schreiber DS, Trier JS, Kapikian AZ, Blacklow NR. 1977. Clinical immunity in acute
gastroenteritis caused by Norwalk agent. N Engl J Med 297:86—89.

Johnson PC, Mathewson JJ, DuPont HL, Greenberg HB. 1990. Multiple-challenge study of host suscep-
tibility to Norwalk gastroenteritis in US adults. J Infect Dis 161:18-21.

Medzhitov R. 2007. Recognition of microorganisms and activation of the immune response. Nature
449:819-826.

Changotra H, Jia Y, Moore TN, Liu G, Kahan SM, Sosnovtsev SV, Karst SM. 2009. Type I and type II
interferons inhibit the translation of murine norovirus proteins. J Virol 83:5683-5692.

Kim Y, Lovell S, Tiew KC, Mandadapu SR, Alliston KR, Battaile KP, Groutas WC, Chang KO. 2012.
Broad-spectrum antivirals against 3C or 3C-like proteases of picornaviruses, noroviruses, and corona-
viruses. J Virol 86:11754-11762.

Honda K, Takaoka A, Taniguchi T. 2006. Type I inteferon gene induction by the interferon regulatory
factor family of transcription factors. Immunity 25:349-360.

Collins T, Read M, Neish A, Whitley M, Thanos D, Maniatis T. 1995. Transcriptional regulation of endo-
thelial cell adhesion molecules: NF-kappa B and cytokine-inducible enhancers. FASEB J 9:899-909.
Tamura T, Yanai H, Savitsky D, Taniguchi T. 2008. The IRF family transcription factors in immunity
and oncogenesis. Annu Rev Immunol 26:535-584.

McCartney SA, Thackray LB, Gitlin L, Gilfillan S, Virgin HW, Colonna M. 2008. MDA-5 recognition
of a murine norovirus. PLoS Pathog 4:¢1000108.

Basler CF, Garcia-Sastre A. 2002. Viruses and the type I interferon antiviral system: Induction and eva-
sion. Int Rev Immunol 21:305-337.



Norovirus and Sapovirus 117

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Wobus CE, Karst SM, Thackray LB, Chang KO, Sosnovtsev SV, Belliot G, Krug A, Mackenzie JM,
Green KY, Virgin HW. 2004. Replication of Norovirus in cell culture reveals a tropism for dendritic
cells and macrophages. PLoS Biol 2:e432.

Chen Z, Sosnovtsev SV, Bok K, Parra GI, Makiya M, Agulto L, Green KY, Purcell RH. 2013.
Development of Norwalk virus-specific monoclonal antibodies with therapeutic potential for the treat-
ment of Norwalk virus gastroenteritis. J Virol 87:9547-9557.

Bartsch SM, Lopman BA, Hall AJ, Parashar UD, Lee BY. 2012. The potential economic value of a
human norovirus vaccine for the United States. Vaccine 30:7097-7104.

Bernstein DI, Atmar J, Lyon M, Treanor J, Chen WH, Frenck R, Jiang X, et al. 2013. An intramuscular (IM)
bivalent Norovirus GI.1/GII.4 virus like particle (VLP) vaccine protects against vomiting and diarrhea in an
experimental human GII.4 oral challenge study., abstr IDWeek 2013, San Francisco, CA., October 2—6.
Tamminen K, Lappalainen S, Huhti L, Vesikari T, Blazevic V. 2013. Trivalent combination vaccine
induces broad heterologous immune responses to norovirus and rotavirus in mice. PloS One 8:€704009.
Bok K, Prikhodko VG, Green KY, Sosnovtsev SV. 2009. Apoptosis in murine norovirus-infected
RAW264.7 cells is associated with downregulation of survivin. J Virol 83:3647-3656.

Furman LM, Maaty WS, Petersen LK, Ettayebi K, Hardy ME, Bothner B. 2009. Cysteine protease
activation and apoptosis in murine norovirus infection. Virol J 6:139.

Ambrosini G, Adida C, Altieri DC. 1997. A novel anti-apoptosis gene, survivin, expressed in cancer and
lymphoma. Nat Med 3:917-921.

Cohen G. 1997. Caspases: The executioners of apoptosis. Biochem J 326:1-16.

Sosnovtsev SV, Belliot G, Chang KO, Prikhodko VG, Thackray LB, Wobus CE, Karst SM, Virgin HW,
Green KY. 2006. Cleavage map and proteolytic processing of the murine norovirus nonstructural poly-
protein in infected cells. J Virol 80:7816-7831.

Harrington PR, Lindesmith L, Yount B, Moe CL, Baric RS. 2002. Binding of Norwalk virus-like par-
ticles to ABH histo-blood group antigens is blocked by antisera from infected human volunteers or
experimentally vaccinated mice. J Virol 76:12335-12343.

Hutson AM, Atmar RL, Marcus DM, Estes MK. 2003. Norwalk virus-like particle hemagglutination by
binding to h histo-blood group antigens. J Virol 77:405-415.

Bu W, Mamedova A, Tan M, Xia M, Jiang X, Hegde RS. 2008. Structural basis for the receptor binding
specificity of Norwalk virus. J Virol 82:5340-5347.

Marionneau S, Cailleau-Thomas A, Rocher J, Le Moullac-Vaidye B, Ruvoen N, Clement M, Le Pendu J.
2001. ABH and Lewis histo-blood group antigens, a model for the meaning of oligosaccharide diversity
in the face of a changing world. Biochimie 83:565-573.

Kelly RJ, Rouquier S, Giorgi D, Lennon GG, Lowe JB. 1995. Sequence and expression of a candidate
for the human secretor blood group alpha(l,2)fucosyltransferase gene (FUT2). Homozygosity for an
enzyme-inactivating nonsense mutation commonly correlates with the non-secretor phenotype. J Biol
Chem 270:4640-4649.

Thorven M, Grahn A, Hedlund KO, Johansson H, Wahlfrid C, Larson G, Svensson L. 2005. A homo-
zygous nonsense mutation (428G—>A) in the human secretor (FUT2) gene provides resistance to symp-
tomatic norovirus (GGII) infections. J Virol 79:15351-15355.

Yamamoto F-i, Clausen H, White T, Marken J, Hakomori S-i. 1990. Molecular genetic basis of the histo-
blood group ABO system. Nature 345:229-233.

Orntoft T, Holmes E, Johnson P, Hakomori S, Clausen H. 1991. Differential tissue expression of the
Lewis blood group antigens: Enzymatic, immunohistologic, and immunochemical evidence for Lewis a
and b antigen expression in Le (ab-) individuals. Blood 77:1389-1396.

Nordgren J, Kindberg E, Lindgren PE, Matussek A, Svensson L. 2010. Norovirus gastroenteritis out-
break with a secretor-independent susceptibility pattern, Sweden. Emerg Infect Dis 16:81-87.
Lindesmith L, Moe C, Marionneau S, Ruvoen N, Jiang X, Lindblad L, Stewart P, LePendu J, Baric R.
2003. Human susceptibility and resistance to Norwalk virus infection. Nat Med 9:548-553.

Rockx BH, Vennema H, Hoebe CJ, Duizer E, Koopmans MP. 2005. Association of histo-blood group
antigens and susceptibility to norovirus infections. J Infect Dis 191:749-754.

Atmar RL, Bernstein DI, Harro CD, Al-Ibrahim MS, Chen WH, Ferreira J, Estes MK, Graham DY,
Opekun AR, Richardson C, Mendelman PM. 2011. Norovirus vaccine against experimental human
Norwalk virus illness. N Engl J Med 365:2178-2187.

Tan M, Huang P, Xia M, Fang PA, Zhong W, McNeal M, Wei C, Jiang W, Jiang X. 2011. Norovirus P
particle, a novel platform for vaccine development and antibody production. J Virol 85:753-764.

Fang H, Tan M, Xia M, Wang L, Jiang X. 2013. Norovirus P particle efficiently elicits innate, humoral
and cellular immunity. PLoS One 8:¢632609.



118

205.

206.

207.

208.

209.

210.

211.

212.

231.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

Foodborne Viral Pathogens

Huang P, Farkas T, Marionneau S, Zhong W, Ruvoén-Clouet N, Morrow AL, Altaye M, et al. 2003.
Noroviruses bind to human ABO, Lewis, and secretor histo-blood group antigens: Identification of 4
distinct strain-specific patterns. J Infect Dis 188:19-31.

Lindesmith L, Moe C, Lependu J, Frelinger JA, Treanor J, Baric RS. 2005. Cellular and humoral immu-
nity following Snow Mountain virus challenge. J Virol 79:2900-2909.

Larsson MM, Rydell GE, Grahn A, Rodriguez-Diaz J, Akerlind B, Hutson AM, Estes MK, Larson G,
Svensson L. 2006. Antibody prevalence and titer to norovirus (genogroup II) correlate with secretor
(FUT?2) but not with ABO phenotype or Lewis (FUT3) genotype. J Infect Dis 194:1422—-1427.

Hutson AM, Airaud F, LePendu J, Estes MK, Atmar RL. 2005. Norwalk virus infection associates with
secretor status genotyped from sera. J Med Virol 77:116—120.

Le Pendu J, Ruvoén-Clouet N, Kindberg E, Svensson L. 2006. Mendelian resistance to human norovirus
infections. Semin Immunol 18:375-386.

Teunis PF, Moe CL, Liu P, Miller SE, Lindesmith L, Baric RS, Le Pendu J, Calderon RL. 2008. Norwalk
virus: How infectious is it? J Med Virol 80:1468-1476.

Atmar RL, Opekun AR, Gilger MA, Estes MK, Crawford SE, Neill FH, Ramani S, Hill H, Ferreira J,
Graham DY. 2014. Determination of the 50% human infectious dose for Norwalk virus. J Infect Dis
209:1016-1022.

Chan MC, Sung JJ, Lam RK, Chan PK, Lee NL, Lai RW, Leung WK. 2006. Fecal viral load and
norovirus-associated gastroenteritis. Emerg Infect Dis 12:1278-1280.

Lopman B, Gastafiaduy P, Park GW, Hall AJ, Parashar UD, Vinjé J. 2012. Environmental transmission
of norovirus gastroenteritis. Curr Opin Virol 2:96-102.

Kroneman A, Verhoef L, Harris J, Vennema H, Duizer E, van Duynhoven Y, Gray J, et al. 2008.
Analysis of integrated virological and epidemiological reports of norovirus outbreaks collected
within the Foodborne Viruses in Europe network from 1 July 2001 to 30 June 2006. J Clin Microbiol
46:2959-2965.

Hall AJ, Vinje J, Lopman B, Park GW, Yen C, Gregoricus N, Parashar U. 2011. Updated Norovirus
Outbreak Management and Disease Prevention Guidelines. National Center for Immunization and
Respiratory Diseases, Centers for Disease Control and Prevention.

Isakbaeva ET, Widdowson M-A, Beard RS, Bulens SN, Mullins J, Monroe SS, Bresee J, Sassano P,
Cramer EH, Glass RI. 2005. Norovirus transmission on cruise ship. Emerg Infect Dis 11:154.

Mayet A, Andréo V, Bédubourg G, Victorion S, Plantec J, Soullié B, Meynard J, Dedieu J, Polveche
P, Migliani R. 2011. Food-borne outbreak of norovirus infection in a French military parachuting unit,
April 2011. Euro Surveill 16:1-3.

Kirk MD, Fullerton KE, Hall GV, Gregory J, Stafford R, Veitch MG, Becker N. 2010. Surveillance
for outbreaks of gastroenteritis in long-term care facilities, Australia, 2002-2008. Clin Infect Dis
51:907-914.

Lopman BA, Reacher MH, Van Duijnhoven Y, Hanon FX, Brown D, Koopmans M. 2003. Viral gastro-
enteritis outbreaks in Europe, 1995-2000. Emerg Infect Dis 9:90-96.

Hall AJ, Wikswo ME, Manikonda K, Roberts VA, Yoder JS, Gould LH. 2013. Acute gastroenteri-
tis surveillance through the National Outbreak Reporting System, United States. Emerg Infect Dis
19:1305-1309.

Lopman B, van Duynhoven Y, Hanon FX, Reacher M, Koopmans M, Brown D, Consortium on
Foodborne Viruses in Europe. 2002. Laboratory capability in Europe for foodborne viruses. Euro
Surveill 7:61-65.

Verhoef L, Vennema H, van Pelt W, Lees D, Boshuizen H, Henshilwood K, Koopmans M, Food-Borne
Viruses in Europe Network. 2010. Use of norovirus genotype profiles to differentiate origins of food-
borne outbreaks. Emerg Infect Dis 16:617-624.

Hall AJ, Wikswo ME, Pringle K, Gould LH, Parashar UD, Division of Viral Diseases NCfI, Respiratory
Diseases CDC. 2014. Vital signs: Foodborne norovirus outbreaks—United States, 2009-2012. MM WR
Morb Mortal Wkly Rep 63:491-495.

Richards GP. 2001. Enteric virus contamination of foods through industrial practices: A primer on
intervention strategies. J Ind Microbiol Biotechnol 27:117-125.

Mathijs E, Stals A, Baert L, Botteldoorn N, Denayer S, Mauroy A, Scipioni A, et al. 2012. A review of
known and hypothetical transmission routes for noroviruses. Food Environ Virol 4:131-152.

Verhoef L, Hewitt J, Barclay L, Ahmed SM, Lake R, Hall AJ, Lopman B, et al. 2015. Norovirus geno-
type profiles associated with foodborne transmission, 1999-2012. Emerg Infect Dis 21:592-599.

Hall AJ, Eisenbart VG, Etingue AL, Gould LH, Lopman BA, Parashar UD. 2012. Epidemiology of
foodborne norovirus outbreaks, United States, 2001-2008. Emerg Infect Dis 18:1566-1573.



Norovirus and Sapovirus 119

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

Painter JA, Ayers T, Woodruff R, Blanton E, Perez N, Hoekstra RM, Griffin PM, Braden C. 20009.
Recipes for foodborne outbreaks: A scheme for categorizing and grouping implicated foods. Foodborne
Pathog Dis 6:1259-1264.

Painter JA, Hoekstra RM, Ayers T, Tauxe RV, Braden CR, Angulo FJ, Griffin PM. 2013. Attribution of
foodborne illnesses, hospitalizations, and deaths to food commodities by using outbreak data, United
States, 1998-2008. Emerg Infect Dis 19:407-415.

Cheesbrough JS, Green J, Gallimore CI, Wright PA, Brown DW. 2000. Widespread environmental con-
tamination with Norwalk-like viruses (NLV) detected in a prolonged hotel outbreak of gastroenteritis.
Epidemiol Infect 125:93-98.

Rusinol M, Fernandez-Cassi X, Timoneda N, Carratala A, Abril JF, Silvera C, Figueras MJ, et al. 2015.
Evidence of viral dissemination and seasonality in a Mediterranean river catchment: Implications for
water pollution management. J Environ Manage 159:58—67.

Seitz SR, Leon JS, Schwab KJ, Lyon GM, Dowd M, McDaniels M, Abdulhafid G, et al. 2011. Norovirus
infectivity in humans and persistence in water. Appl Environ Microbiol 77:6884—6888.

Robertson LJ. 2007. The potential for marine bivalve shellfish to act as transmission vehicles for out-
breaks of protozoan infections in humans: A review. Int J Food Microbiol 120:201-216.

Lodo KL, Veitch MG, Green ML. 2014. An outbreak of norovirus linked to oysters in Tasmania.
Commun Dis Intell Q Rep 38:E16—-E19.

Le Guyader FS, Atmar RL, Le Pendu J. 2012. Transmission of viruses through shellfish: When specific
ligands come into play. Curr Opin Virol 2:103-110.

Dolin R, Blacklow NR, DuPont H, Buscho RF, Wyatt RG, Kasel JA, Hornick R, Chanock RM. 1972.
Biological properties of Norwalk agent of acute infectious nonbacterial gastroenteritis. Proc Soc Exp
Biol Med 140:578-583.

Webby RJ, Carville KS, Kirk MD, Greening G, Ratcliff RM, Crerar SK, Dempsey K, et al. 2007.
Internationally distributed frozen oyster meat causing multiple outbreaks of norovirus infection in
Australia. Clin Infect Dis 44:1026-1031.

Koff RS, Sear HS. 1967. Internal temperature of steamed clams. N Engl J Med 276:737-739.
McDonnell S, Kirkland KB, Hlady WG, Aristeguieta C, Hopkins RS, Monroe SS, Glass RI. 1997.
Failure of cooking to prevent shellfish-associated viral gastroenteritis. Arch Intern Med 157:111-116.
Ma LP, Zhao F, Yao L, Li XG, Zhou DQ, Zhang RL. 2013. The presence of genogroup II norovirus in
retail shellfish from seven coastal cities in China. Food Environ Virol 5:81-86.

Boxman IL, Tilburg JJ, Te Loeke NA, Vennema H, Jonker K, de Boer E, Koopmans M. 2006. Detection
of noroviruses in shellfish in the Netherlands. Int J Food Microbiol 108:391-396.

Mattison K. 2011. Chapter 1—Norovirus as a foodborne disease hazard. In Taylor S (ed), Advances in
Food and Nutrition Research, vol 62, pp. 1-39. Academic Press, Burlington, MA.

Friedman DS, Heisey-Grove D, Argyros F, Berl E, Nsubuga J, Stiles T, Fontana J, et al. 2005. An out-
break of norovirus gastroenteritis associated with wedding cakes. Epidemiol Infect 133:1057-1063.
Makary P, Maunula L, Niskanen T, Kuusi M, Virtanen M, Pajunen S, Ollgren J, Tran Minh NN. 20009.
Multiple norovirus outbreaks among workplace canteen users in Finland, July 2006. Epidemiol Infect
137:402-407.

Boxman I, Dijkman R, Verhoef L, Maat A, van Dijk G, Vennema H, Koopmans M. 2009. Norovirus on
swabs taken from hands illustrate route of transmission: A case study. J Food Prot 72:1753—1755.
Werber D, Lausevic D, Mugosa B, Vratnica Z, Ivanovic-Nikolic L, Zizic L, Alexandre-Bird A, et al.
2009. Massive outbreak of viral gastroenteritis associated with consumption of municipal drinking
water in a European capital city. Epidemiol Infect 137:1713-1720.

Tyrrel SF, Quinton JN. 2003. Overland flow transport of pathogens from agricultural land receiving
faecal wastes. J Appl Microbiol 94 Suppl:875-93S.

Sivapalasingam S, Friedman CR, Cohen L, Tauxe RV. 2004. Fresh produce: A growing cause of out-
breaks of foodborne illness in the United States, 1973 through 1997. J Food Prot 67:2342-2353.
Ethelberg S, Lisby M, Bottiger B, Schultz AC, Villif A, Jensen T, Olsen KE, Scheutz F, Kjelsg C,
Miiller L. 2010. Outbreaks of gastroenteritis linked to lettuce, Denmark, January 2010. Euro Surveill
15(6):pii—19484.

Maunula L, Roivainen M, Keranen M, Makela S, Soderberg K, Summa M, von Bonsdorff CH, et al.
2009. Detection of human norovirus from frozen raspberries in a cluster of gastroenteritis outbreaks.
Euro Surveill 14(49):pii—19435.

Made D, Trubner K, Neubert E, Hohne M, Johne R. 2013. Detection and typing of norovirus from fro-
zen strawberries involved in a large-scale gastroenteritis outbreak in Germany. Food Environ Virol 5(3):
162-168.



120

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

293.

274.

275.

276.

277.

Foodborne Viral Pathogens

Patel MM, Hall AJ, Vinje J, Parashar UD. 2009. Noroviruses: A comprehensive review. J Clin Virol
44:1-8.

MacCannell T, Umscheid CA, Agarwal RK, Lee I, Kuntz G, Stevenson KB, Healthcare Infection
Control Practices Advisory Committee H. 2011. Guideline for the prevention and control of norovirus
gastroenteritis outbreaks in healthcare settings. Infect Control Hosp Epidemiol 32:939-969.

Weinstein RA, Said MA, Perl TM, Sears CL. 2008. Gastrointestinal flu: Norovirus in health care and
long-term care facilities. Clin Infect Dis 47:1202-1208.

Pittet D, Allegranzi B, Sax H, Dharan S, Pessoa-Silva CL, Donaldson L, Boyce JM. 2006. Evidence-
based model for hand transmission during patient care and the role of improved practices. Lancet Infect
Dis 6:641-652.

Dennehy PH. 2011. Viral gastroenteritis in children. Pediatr Infect Dis J 30:63—64.

Bok K, Green KY. 2012. Norovirus gastroenteritis in immunocompromised patients. N Engl J Med
367:2126-2132.

Guerrero RA, Ball JM, Krater SS, Pacheco SE, Clements JD, Estes MK. 2001. Recombinant Norwalk
virus-like particles administered intranasally to mice induce systemic and mucosal (fecal and vaginal)
immune responses. J Virol 75:9713-9722.

Bernstein DI, Atmar RL, Lyon GM, Treanor JJ, Chen WH, Jiang X, Vinjé J, et al. 2015. Norovirus vac-
cine against experimental human GIL.4 virus illness: A challenge study in healthy adults. J Infect Dis
211:870-878.

Svraka S, Vennema H, van der Veer B, Hedlund KO, Thorhagen M, Siebenga J, Duizer E, Koopmans M.
2010. Epidemiology and genotype analysis of emerging sapovirus-associated infections across Europe.
J Clin Microbiol 48:2191-2198.

Chiba S, Nakata S, Numata-Kinoshita K, Honma S. 2000. Sapporo virus: History and recent findings.
J Infect Dis 181 Suppl 2:S303-S308.

Chen R, Neill JD, Noel JS, Hutson AM, Glass RI, Estes MK, Prasad BV. 2004. Inter- and intragenus
structural variations in caliciviruses and their functional implications. J Virol 78:6469-6479.
Miyazaki N, Taylor DW, Hansman GS, Murata K. 2015. Antigenic and cryo-electron microscopy struc-
ture analysis of a chimeric sapovirus capsid. J Virol 90:2664-2675.

Oka T, Wang Q, Katayama K, Saif LJ. 2015. Comprehensive review of human sapoviruses. Clin
Microbiol Rev 28:32-53.

Scheuer KA, Oka T, Hoet AE, Gebreyes WA, Molla BZ, Saif LJ, Wang Q. 2013. Prevalence of porcine
noroviruses, molecular characterization of emerging porcine sapoviruses from finisher swine in the
United States, and unified classification scheme for sapoviruses. J Clin Microbiol 51:2344-2353.
Hansman GS, Oka T, Sakon N, Takeda N. 2007. Antigenic diversity of human sapoviruses. Emerg Infect
Dis 13:1519-1525.

Farkas T, Zhong WM, Jing Y, Huang PW, Espinosa SM, Martinez N, Morrow AL, Ruiz-Palacios GM,
Pickering LK, Jiang X. 2004. Genetic diversity among sapoviruses. Arch Virol 149:1309-1323.

Clarke IN, Lambden PR. 2000. Organization and expression of calicivirus genes. J Infect Dis 181 Suppl
2:S309-S316.

Tse H, Chan WM, Li KS, Lau SK, Woo PC, Yuen KY. 2012. Discovery and genomic characterization
of a novel bat sapovirus with unusual genomic features and phylogenetic position. PLoS One 7:¢34987.
ViralZone. 2015. Sapovirus, on Swiss Institute of Bioinformatics. http://viralzone.expasy.org/all_by_
species/196.html. Accessed November 21, 2015.

Katayama K, Miyoshi T, Uchino K, Oka T, Tanaka T, Takeda N, Hansman GS. 2004. Novel recombi-
nant sapovirus. Emerg Infect Dis 10:1874—1876.

Hansman GS, Takeda N, Oka T, Oseto M, Hedlund KO, Katayama K. 2005. Intergenogroup recombina-
tion in sapoviruses. Emerg Infect Dis 11:1916-1920.

Hansman GS, Ishida S, Yoshizumi S, Miyoshi M, Ikeda T, Oka T, Takeda N. 2007. Recombinant sapo-
virus gastroenteritis, Japan. Emerg Infect Dis 13:786-788.

Nakata S, Chiba S, Terashima H, Sakuma Y, Kogasaka R, Nakao T. 1983. Microtiter solid-phase radio-
immunoassay for detection of human calicivirus in stools. J Clin Microbiol 17:198-201.

Nakata S, Estes MK, Chiba S. 1988. Detection of human calicivirus antigen and antibody by enzyme-
linked immunosorbent assays. J Clin Microbiol 26:2001-2005.

Hansman GS, Katayama K, Maneekarn N, Peerakome S, Khamrin P, Tonusin S, Okitsu S, Nishio O,
Takeda N, Ushijima H. 2004. Genetic diversity of norovirus and sapovirus in hospitalized infants with
sporadic cases of acute gastroenteritis in Chiang Mai, Thailand. J Clin Microbiol 42:1305-1307.
Okada M, Shinozaki K, Ogawa T, Kaiho I. 2002. Molecular epidemiology and phylogenetic analysis of
Sapporo-like viruses. Arch Virol 147:1445-1451.


http://viralzone.expasy.org/all_by_species/196.html
http://viralzone.expasy.org/all_by_species/196.html

Norovirus and Sapovirus 121

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Vinje J, Deijl H, van der Heide R, Lewis D, Hedlund KO, Svensson L, Koopmans MP. 2000. Molecular
detection and epidemiology of Sapporo-like viruses. J Clin Microbiol 38:530-536.

Jiang X, Huang PW, Zhong WM, Farkas T, Cubitt DW, Matson DO. 1999. Design and evaluation of a primer
pair that detects both Norwalk- and Sapporo-like caliciviruses by RT-PCR. J Virol Methods 83:145-154.
Okada M, Yamashita Y, Oseto M, Shinozaki K. 2006. The detection of human sapoviruses with univer-
sal and genogroup-specific primers. Arch Virol 151:2503-2509.

Chan MC, Sung JJ, Lam RK, Chan PK, Lai RW, Leung WK. 2006. Sapovirus detection by quantitative
real-time RT-PCR in clinical stool specimens. J Virol Methods 134:146—153.

Gunson RN, Bennett S, Maclean A, Carman WF. 2008. Using multiplex real time PCR in order to
streamline a routine diagnostic service. J Clin Virol 43:372-375.

Gunson RN, Collins TC, Carman WF. 2006. The real-time detection of sapovirus. J Clin Virol
35:321-322.

Logan C, O’Leary JJ, O’Sullivan N. 2007. Real-time reverse transcription PCR detection of norovirus,
sapovirus and astrovirus as causative agents of acute viral gastroenteritis. J Virol Methods 146:36—44.
Mauroy A, Van der Poel WH, der Honing RH, Thys C, Thiry E. 2012. Development and application of
a SYBR green RT-PCR for first line screening and quantification of porcine sapovirus infection. BMC
Vet Res 8:193.

Oka T, Katayama K, Hansman GS, Kageyama T, Ogawa S, Wu FT, White PA, Takeda N. 2006.
Detection of human sapovirus by real-time reverse transcription-polymerase chain reaction. J Med Virol
78:1347-1353.

Yan H, Yagyu F, Okitsu S, Nishio O, Ushijima H. 2003. Detection of norovirus (GI, GII), Sapovirus and
astrovirus in fecal samples using reverse transcription single-round multiplex PCR. J Virol Methods
114:37-44.

Harrington PR, Vinje J, Moe CL, Baric RS. 2004. Norovirus capture with histo-blood group antigens
reveals novel virus—ligand interactions. J Virol 78:3035-3045.

Kim DS, Hosmillo M, Alfajaro MM, Kim JY, Park JG, Son KY, Ryu EH, et al. 2014. Both alpha2,3- and
alpha2,6-linked sialic acids on O-linked glycoproteins act as functional receptors for porcine Sapovirus.
PLoS Pathog 10:¢1004172.

Lee RM, Lessler J, Lee RA, Rudolph KE, Reich NG, Perl TM, Cummings DA. 2013. Incubation periods
of viral gastroenteritis: A systematic review. BMC Infect Dis 13:446.

Lee LE, Cebelinski EA, Fuller C, Keene WE, Smith K, Vinje J, Besser JM. 2012. Sapovirus outbreaks
in long-term care facilities, Oregon and Minnesota, USA, 2002-2009. Emerg Infect Dis 18:873—876.
Wang Q, Zhang Z, Saif LJ. 2012. Stability of and attachment to lettuce by a culturable porcine sapovirus
surrogate for human caliciviruses. Appl Environ Microbiol 78:3932-3940.

Hansman GS, Saito H, Shibata C, Ishizuka S, Oseto M, Oka T, Takeda N. 2007. Outbreak of gastroen-
teritis due to sapovirus. J Clin Microbiol 45:1347-1349.

Kitajima M, Oka T, Haramoto E, Katayama H, Takeda N, Katayama K, Ohgaki S. 2010. Detection and
genetic analysis of human sapoviruses in river water in Japan. Appl Environ Microbiol 76:2461-2467.
Murray TY, Mans J, Taylor MB. 2013. First detection of human sapoviruses in river water in South
Africa. Water Sci Technol 67:2776-2783.

Haramoto E, Katayama H, Phanuwan C, Ohgaki S. 2008. Quantitative detection of sapoviruses in
wastewater and river water in Japan. Lett Appl Microbiol 46:408—413.

Haramoto E, Kitajima M, Kishida N, Katayama H, Asami M, Akiba M. 2012. Occurrence of viruses
and protozoa in drinking water sources of Japan and their relationship to indicator microorganisms.
Food Environ Virol 4:93-101.

Hassan-Rios E, Torres P, Munoz E, Matos C, Hall AJ, Gregoricus N, Vinje J. 2013. Sapovirus gastroen-
teritis in preschool center, Puerto Rico, 2011. Emerg Infect Dis 19:174-175.

Kitajima M, Haramoto E, Phanuwan C, Katayama H. 2011. Genotype distribution of human sapoviruses
in wastewater in Japan. Appl Environ Microbiol 77:4226—4229.

Kiulia NM, Netshikweta R, Page NA, Van Zyl WB, Kiraithe MM, Nyachieo A, Mwenda JM, Taylor
MB. 2010. The detection of enteric viruses in selected urban and rural river water and sewage in Kenya,
with special reference to rotaviruses. J Appl Microbiol 109:818—828.

Mans J, van Zyl WB, Taylor MB, Page NA, Sobsey MD, Barnard TG, Potgieter N. 2014. Applicability
of bio-wipes for the collection of human faecal specimens for detection and characterisation of enteric
viruses. Trop Med Int Health 19:293-300.

Sano D, Perez-Sautu U, Guix S, Pinto RM, Miura T, Okabe S, Bosch A. 2011. Quantification and
genotyping of human sapoviruses in the Llobregat river catchment, Spain. Appl Environ Microbiol
77:1111-1114.



122

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Foodborne Viral Pathogens

Dey SK, Phan GT, Nishimura S, Mizuguchi M, Okitsu S, Ushijima H. 2010. Molecular and epidemio-
logical trend of sapovirus, and astrovirus infection in Japan. J Trop Pediatr 56:205-207.

Pang XL, Honma S, Nakata S, Vesikari T. 2000. Human caliciviruses in acute gastroenteritis of young
children in the community. J Infect Dis 181 Suppl 2:S288-5294.

Pang XL, Lee BE, Tyrrell GJ, Preiksaitis JK. 2009. Epidemiology and genotype analysis of sapovirus
associated with gastroenteritis outbreaks in Alberta, Canada: 2004-2007. J Infect Dis 199:547-551.
Kobayashi S, Fujiwara N, Yasui Y, Yamashita T, Hiramatsu R, Minagawa H. 2012. A foodborne out-
break of sapovirus linked to catered box lunches in Japan. Arch Virol 157:1995-1997.

Matson DO, Estes MK, Tanaka T, Bartlett AV, Pickering LK. 1990. Asymptomatic human calicivirus
infection in a day care center. Pediatr Infect Dis J 9:190-196.

Matson DO, Estes MK, Glass RI, Bartlett AV, Penaranda M, Calomeni E, Tanaka T, Nakata S, Chiba
S. 1989. Human calicivirus-associated diarrhea in children attending day care centers. J Infect Dis
159:71-78.

lizuka S, Oka T, Tabara K, Omura T, Katayama K, Takeda N, Noda M. 2010. Detection of sapovi-
ruses and noroviruses in an outbreak of gastroenteritis linked genetically to shellfish. J Med Virol
82:1247-1254.

Hedlund KO, Rubilar-Abreu E, Svensson L. 2000. Epidemiology of calicivirus infections in Sweden,
1994-1998. J Infect Dis 181 Suppl 2:5275-S280.

Iritani N, Kaida A, Abe N, Kubo H, Sekiguchi J, Yamamoto SP, Goto K, Tanaka T, Noda M. 2014.
Detection and genetic characterization of human enteric viruses in oyster-associated gastroenteritis out-
breaks between 2001 and 2012 in Osaka City, Japan. J Med Virol 86:2019-2025.

Phan TG, Trinh QD, Yagyu F, Okitsu S, Ushijima H. 2007. Emergence of rare sapovirus genotype
among infants and children with acute gastroenteritis in Japan. Eur J Clin Microbiol Infect Dis 26:21-27.
Phan TG, Khamrin P, Quang TD, Dey SK, Takanashi S, Okitsu S, Maneekarn N, Ushijima H. 2007.
Emergence of intragenotype recombinant sapovirus in Japan. Infect Genet Evol 7:542-546.

lizuka S, Takai-Todaka R, Ohshiro H, Kitajima M, Wang Q, Saif LJ, Wakita T, Noda M, Katayama K,
Oka T. 2013. Detection of multiple human sapoviruses from imported frozen individual clams. Food
Environ Virol 5:119-125.

Yamashita Y, Ootsuka Y, Kondo R, Oseto M, Doi M, Miyamoto T, Ueda T, et al. 2010. Molecular
characterization of Sapovirus detected in a gastroenteritis outbreak at a wedding hall. J Med Virol
82:720-726.

Hansman GS, Oka T, Okamoto R, Nishida T, Toda S, Noda M, Sano D, et al. 2007. Human sapovirus in
clams, Japan. Emerg Infect Dis 13:620-622.

Benabbes L, Ollivier J, Schaeffer J, Parnaudeau S, Rhaissi H, Nourlil J, Le Guyader FS. 2013. Norovirus
and other human enteric viruses in moroccan shellfish. Food Environ Virol 5:35-40.



7 Hepatitis A Virus

Michael J. Casteel

CONTENTS
INETOAUCTION ...ttt ettt et et sb et sae et saeenaesmaenbesanens 123
Classification and BiOlOZY .......cc.eeciiriiiiiriiniiniiieeeestceeteeet ettt et st st 124
Taxonomy and MOTPROIOZY .......cc.ceiiriiiiiniiiiiieerteeteeet ettt st 124
GENEtiC COMPOSILION. ......eruieiiriiiiieiteitetentcete sttt sttt ettt et et e st e sbeetesbeeaesbeenaesanenbesanens 124
Laboratory-Adapted SrAINS ......coeevirieriinieie ettt ettt sbee e st esee st enaesanens 125
Environmental Stabilify.......cc.cocueririiiriiniiniiieieee ettt s 125
Infectious Dose, Clinical Features, Diagnosis, and Pathogenesis...........ccccceceevireencnveencnicnennns 126
INFECTIOUS DIOSE......coueeniieiiiriieieeite ettt ettt ettt bt et s nbesaaenbesanens 126
PathOZEINESIS ..c.vveeeeiieiieieet ettt st st st 126
CINICA] FEALUTES. ......euieuiiiieiieitiieeiteieete ettt sttt ettt et sbe et s enaesanenbesanens 126
DIHAGNOSIS ...ttt st sttt ettt ettt sbe et s ae st e beeanens 127
EPIAEIMIOIOZY ..c..eonveiieiieeiietet ettt ettt ettt bttt st ae s eanen 127
TTANSIIISSION ..ttt sttt sttt et e bbbt et e bt eatesb e et e sbeeaesaeenbesaeenbesanens 127
ENteric TranSmiSSION ......cc.eeteriirteriietinieete ettt sttt ettt ettt saeestesbeenbesaeenbesanens 127
Foodborne TTranSmiSSION .......cc.ceueriieiinieiiereeienieeie sttt ettt et st et sbeenaesbeesiesanens 127
Parenteral TranSImMiSSION .......ccoueeieriieiiniriieneeie ettt ettt sie et st enaesbee s e sinens 128
G1ODAl DISHTDULION. ..c..ceutiiieiiieiteieeitee ettt ettt et et e e sbe et s enaesatenbesanens 128
Epidemiologically Significant OutbIeaks ..........ccoceveererienierienienienieeieneete et 128
AT-RISK GIOUPS ..ttt sttt ettt et sb et bt et s s enaesatenbesanens 129
Control and PreVention........c..ceteiiriiriiiiniee ettt ettt st e e s saesaee b sanens 129
Clinical Specimen and Environmental Sample Processing.........cc.ccoccevveveeneneeneneenenecnennens 130
CliNICAl SPECIMENS...c..eeutiriieniieiieieeiteitete sttt ettt et ettt et sb et sbeeaesreenaesanenbesanens 130
Environmental SAMPIES.......cc.eeieriiriiniiiiinieie ittt ettt st st 131
Extraction and Purification of HAV and Viral RNA ...........cccoiiiiiiiiiiiieeceeeeeeee e 131
Detection and CharacteriZation..........cocueveeriireenierienenteeeteieet ettt ettt sttt e e ssae e sanens 132
Immunoassays and Molecular Methods..........c.cocviriirrieniienienieeie et 132
Cell INfeCtiVity MENOMS. ....cc.vieiiiiiiieiieeie ettt eae et st e et e s beesaaessbeesseesnbeensneens 133
Other Detection MEthOds .......c..coouieiiriiiinieieieeiesteeeteeet ettt et sinens 133
Conclusions and FUtUIe Perspectives........coccveerireeniniinenienienienieeteeieetesiceee et st 133
RETEIEICES ...ttt ettt bbbt enae e e b eanens 135
INTRODUCTION

Hepatitis in humans has been described throughout history, but it was not until the twentieth century
that distinct forms of the disease were characterized and ascribed to specific infectious agents.
Studies involving humans and nonhuman primates (NHPs) and retrospective analyses of outbreaks
and cases from the 1940s to the 1960s revealed distinct forms of infectious hepatitis. One form of
the disease was transmitted by the fecal—oral route with a relatively short incubation period, and a
second form of the disease was transmitted parenterally. These diseases were later defined as hepa-
titis A and B, respectively. In the early 1970s, virus-like particles in the stools from human patients
with hepatitis A were observed by immune electron microscopy (IEM) and presumptively called
hepatitis A virus (HAV). In the late 1970s, a major development occurred with the demonstration
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that HAV could be propagated in cultured cells following serial passage in marmosets. Molecular
cloning and complete sequencing of the HAV genome in the 1980s were followed by the licensure
of hepatitis A vaccines in the United States in 1995. Due to childhood vaccinations, the number of
cases of hepatitis A in the United States has declined dramatically in recent years.

CLASSIFICATION AND BIOLOGY

TAXxONOMY AND MORPHOLOGY

HAV was first visualized by IEM in 1973 as icosahedral-shaped virions approximately 27 nm in
diameter [1]. HAV is included within the Picornaviridae family of nonenveloped, positive-sense,
single-stranded RNA viruses, although there are enough unique properties of HAV to merit place-
ment in its own genus, Hepatovirus [2]. HAV is unusually resistant to heat [3,4], and compared with
other picornaviruses displays limited nucleotide homology [5] and different growth properties in
cultured cells. In addition, the composition and assembly of the HAV capsid may be different than
that of other members of Picornaviridae [6], and some evidence suggests that the HAV capsid lacks
the so-called canyon feature (the site of cellular receptor binding on other picornaviruses) [7].

GeNeTic COMPOSITION

Molecular cloning [8] and complete sequencing [9] showed that the genome of HAV is approx-
imately 7.5 kb in length. The genome consists of a 5" untranslated region of (UTR) about 735
nucleotides containing an internal ribosomal entry site, followed by structural (VP1-VP4) and non-
structural protein—encoding regions (e.g. RNA-dependent RNA polymerase), and a 3 UTR with a
terminal poly(A) tract [3,10] (Figure 7.1). Like other members of the Picornaviridae family, the 5’
end of the HAV genome does not have a cap structure but instead has a small, covalently-bound,
virus-coded protein, designated VPg. The genome organization of HAV is shown in Figure 7.1.
Various strains of HAV share up to 90% similarity at the nucleotide sequence level and 98%
similarity at the amino acid level [11]. While only one serotype has been identified [12], genetic
analysis of 152 HAV strains from humans and NHPs has identified seven genotypes (four human—
I, II, III, VII and three simian—IV, V, and VI), based on nucleotide differences of 15%—-20% in
the VP1/2A encoding region [13-15]. These studies have shown that circulating human strains of
HAV are genetically closely related. Most human HAV strains belong to either genotype I (80% of
human strains) or I1I. Each genotype has two subgenotypes designated 1A, IB, IIIA, or IIIB. More
recent phylogenetic studies of HAV, using full-length VP1, VP2, and VP3 nucleotide and amino

Structural protein coding domains Non-structural protein coding domains
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FIGURE 7.1 Hepatitis A virus genome organization. The HAV genome is a single-stranded, positive-sense
RNA molecule, approximately 7.5 kb in size. The genome is flanked at the 5" end by VPg, an internal ribo-
somal binding site (IRES), and the 5’-UTR, and at the 3" end by the 3’-UTR and a polyA tail. HAV comprises
one open reading frame (ORF) encoding a single polyprotein made up of three functionally distinct segments
(P1-P3, segments indicated above the genome). The P1 segment functional domains include the capsid encod-
ing regions (1A—1D), which are translated into the four capsid proteins (VP1-VP4), while P2 and P3 segments
comprise the nonstructural protein—encoding regions essential for replication. These segments encode a puta-
tive protease (2A), a domain of unknown function (2B), a putative helicase (2C), a membrane anchor (3A), VPg
(3B), a protease (3C), and an RNA-dependent RNA polymerase (3D).
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acid sequences from 81 HAV isolates from Europe and Central and South America, suggest that a
minor reclassification of this system is needed [16-18].

LABORATORY-ADAPTED STRAINS

There are at least 20 well-characterized strains of HAV, distinguishable from each other in terms of
growth properties, nucleotide sequence, or geographical origin [10]. Laboratory-adapted variants of
these strains, some of which are currently used for vaccine production and laboratory studies, origi-
nate from experimentally and naturally infected humans and NHPs. Experimental infectivity stud-
ies of HAV in humans were performed in the middle of the last century, and in NHPs from about
that time to the present. The human studies include oral and parenteral studies in volunteers [19], the
mentally disabled, institutionalized children [20], and prisoners [21]. It was not until the 1970s that
HAYV was successfully transmitted to NHPs, including marmosets (Saguinus mystax), chimpanzees
(Pan troglodytes), and owl monkeys (Aotus trivirgatus).

Today, isolation of wild-type HAV is possible in primary African green monkey kidney
(AGMK) cells, but growth is slow with little or no evidence of cytopathic effects (CPE) and low
virus yields [22,23]. For several years following the identification of HAV by IEM, it was thought
incorrectly that the virus could not be propagated in cultured cells [24]. Hence, access to adequate
amounts of HAV for laboratory studies and vaccine development remained problematic compared
with the success of poliovirus culture. An important breakthrough occurred when Provost and
Hilleman [22] achieved propagation of HAV in vitro, using a marmoset-adapted strain to infect
a cloned cell line of fetal rhesus kidney-derived cells (FRhK-6). This was followed by reports of
propagation of HAV in other cell lines.

With each subsequent passage, HAV eventually adapts to cell culture, with faster accumulation
of intracellular antigen and higher virus yields. Several attenuated, cytopathic, and other variants
have been selected after numerous passages in NHPs and/or cells. The most widely used of these
variants (HM175 and CR326) originate from infected humans, and strain HM175 has the widest
range of the cell-adapted variants [25]. In contrast to wild-type HAYV, the cytopathic variants of
HM175 typically reach titers of about 107 tissue culture infectious doses (TCIDs,) per milliliter
(mL) in extracts from infected cells. A classical plaque technique was developed [26,27] and is now
widely used in laboratory studies. Attenuated variants of HM175 and CR326 are currently used as
the material for inactivated vaccines used in the United States (see the “Cell Infectivity Methods”
section).

ENVIRONMENTAL STABILITY

HAV’s stability against chemical and physical disinfection plays a role in its persistence and spread
in the environment. HAV is stable at pH 1.0 for 2 h at room temperature and retains its infectivity
for up to 5 h, which explains how HAV, as an enteric virus, can pass through the human or primate
stomach. Other picornaviruses do not fare so well, and lose infectivity after 2 h at pH 1.0. HAV is
resistant to some level and duration of heat. The virus is resistant to 60°C for 1 h, partially inacti-
vated at 60°C for 10-12 h [3,28], and inactivated within minutes at 98°C—100°C [29]. HAV retains
infectivity when dried and stored at 25°C and 42% humidity for 1 month [30], and may remain
infective indefinitely when stored at —20°C. Environments where HAV may survive for months
or longer are artificially contaminated fresh water, seawater, wastewater, soils, marine sediments
and oysters [31]. HAV is inactivated by a variety of chemicals or mechanisms including ultraviolet
radiation, autoclaving, formalin, iodine, or chlorine, with specific thresholds for duration and inten-
sity [10]. Inactivation by chlorine is of particular interest because water treatment plants often use
chlorine to reduce the pathogen load in drinking water. For water disinfection, HAV requires 10-15
parts per million (ppm) of residual chlorine over 30 min, or free residual chlorine at 2.0-2.5 ppm
for 15 min [32].
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INFECTIOUS DOSE, CLINICAL FEATURES, DIAGNOSIS, AND PATHOGENESIS

INFECTIOUS DOSE

The infectious dose is the concentration of virus required to illicit an immune response and/or
cause disease in a percentage of exposed hosts, which is important information for vaccine devel-
opment and quantitative microbial risk assessment. The concentrations of HAV in stool and serum
inoculums from the early human and NHP studies described in the “Laboratory-Adapted Strains”
section are unknown; however, some useful information was obtained. The incubation period was
found to decrease with a larger amount of inoculum [19], and Krugman et al. [20] reported that 0.1 g
of infected stool constituted the minimal human infectious dose. More recent information on the
infectivity of HAV has been generated from infectivity studies in NHPs, vaccine studies in humans,
and from epidemiological data.

In NHPs, the onset and duration of viremia and the antibody response were found to be depen-
dent on the infectious dose [33]. Routes of exposure and infectivity of HAV were investigated in
S. mystax and P. troglodytes by Purcell et al. [34], who showed that wild-type HAV (in acute phase
stool from an infected human) was 32,000 times less infectious by the oral route compared with
parenteral administration; however, S. mystax and P. troglodytes fed the equivalent of 0.0001 or
0.00001 g, respectively, seroconverted and showed elevated liver enzymes. Seronegative adult
humans were inoculated with 10+, 1052, 10%!, or 1073 TCIDs, of a variant of HAV CR326; 6 months
after immunization, antibody to HAV was detected in 20%, 40%, 60%, and 100% of the vaccine
recipients, respectively [24]. Using circumstantial outbreak information, an inverse relationship was
found between the numbers of contaminated sandwiches and clams consumed and the incubation
period for ill individuals [35]. Taken together, these data demonstrate a dose—response relationship
for HAV infection in humans and NHPs, although the minimal human oral infectious dose of wild-
type HAV remains undefined [24].

PATHOGENESIS

HAV is a hepatotropic virus; most of the virus appears to be produced in the liver, and the liver is
the site of pathology. While the exact mechanism for liver damage during HAV infection remains
poorly characterized, the disease is thought to arise as a result of immunologically mediated
responses (e.g., stimulation of nonspecific inflammatory cells to virus-infected hepatocytes) rather
than a direct CPE of the virus [7]. Following ingestion of HAV-contaminated water, food, or feces,
HAV must survive stomach acidity, and it is assumed that virions transit to the liver in the portal
blood [36]. Although some experimental studies suggest that initial replication of HAV may occur
in some extrahepatic sites such as the oral pharynx, intestinal epithelial cells [37], and crypt cells of
NHPs [38], such data are equivocal.

During the incubation period of the disease, HAV levels increase in blood, followed by secretion
of the virus from the liver into the bile. HAV is present in the feces 1-2 weeks before onset of symp-
toms or 2—7 weeks postexposure, and fecal shedding may last for months after clinical symptoms
have ended [39,40]. Peak fecal shedding of HAV occurs just before the onset of injury to hepatocytes,
and titers may reach 9 log,, infectious virions per gram of feces [41]. HAV is occasionally found in
urine, oropharyngeal (including saliva) secretions, and semen [42]. However, there is a lack of con-
vincing evidence to suggest that these substances play a major role in the transmission of HAV, and
the concentration of virus they contain is appreciably lower compared with feces and serum.

CuNicAL FEATURES

HAV causes acute hepatitis and may be categorized as having four distinct clinical phases, consist-
ing of incubation, preicteric and icteric stages, and a convalescent period [43]. HAV has a median
incubation of approximately 1 month, but it may range from 15 to 50 days. The disease typically
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lasts 2 weeks in mild cases, but severe cases may debilitate patients for months. Signs and symp-
toms of HAV infections include jaundice, dark urine, clay-colored stools, anorexia, nausea, malaise,
fever, abdominal discomfort, and headaches. Subclinical and anicteric infections are common, par-
ticularly in children. Two-thirds of clinically-defined cases occur in children and young adults in the
United States, while approximately 70% of deaths from the disease occur in individuals >50 years
of age.

DiAGNOSIS

A clinical case of hepatitis is defined as an acutely ill individual with discrete onset of symptoms
and jaundice or elevated serum aminotransferase levels [44]. Serologic testing (see “Immunoassays
and Molecular Methods” section) is required to distinguish HAV from other forms of viral hepa-
titis. The laboratory criterion for diagnosis is the detection of immunoglobulin M (IgM) antibody
to HAV. False negative IgM results can occur within the first days of the appearance of symptoms
because IgM titers may be low. However, IgM titers rise quickly and remain high for 4—6 months
after infection [45]. Immunoglobulin G (IgG) antibody appears soon after anti-HAV IgM. Testing
for IgM anti-HAV in the serum of acute or subclinical recent infection (<6 months) is used to con-
firm a clinical diagnosis. A confirmed case of hepatitis A is one that meets the clinical case defini-
tion and is laboratory confirmed, or is a case that meets the clinical case definition and occurs in
a person who has an epidemiologic link with a person who has laboratory-confirmed hepatitis A
during the 15-50 days before the onset of symptoms [44]. Testing for total antibodies to HAV (total
anti-HAV) can be performed as prevaccination screening for individuals who may have been previ-
ously exposed to HAYV, or for studying prior exposure to HAV in a population.

EPIDEMIOLOGY
TRANSMISSION

Enteric Transmission

HAV is transmitted primarily through the enteric (fecal—oral) route, either from person-to-person
contact or from environmental vehicles such as fomites, food, and water. A number of NHP spe-
cies can be infected with HAV, but humans are the only significant reservoir. The transmission of
HAV from infected to susceptible hosts within a household is the predominant way of spreading the
disease, where sequential infections occur about one incubation period apart [43]. The transmission
of HAV by fecally contaminated food or water is also well described, and there are many reports
linking HAV to such vehicles using retrospective epidemiology. While some common-source out-
breaks have been well studied, such occurrences accounted for a small percentage of all reported
HAV cases in the United States.

Foodborne Transmission

Any food or water type can serve as a vehicle for HAV; contamination of drinking water sources by
sewage is well documented [46], and fecal contamination of food can occur at any level from grow-
ing, harvesting, processing, preparation, or value added-production. However, many instances of
foodborne HAV have been traced to infected food handlers [47]. Individuals may contaminate food
during handling if basic handwashing practices are not followed. Infectious HAV survives on hands
for up to 4 h, and HAV can be transferred from fingers to inert surfaces [48], including lettuce [49].
Transmission usually occurs in the late incubation period when a food handler is asymptomatic, but
when fecal shedding of the virus is at its peak. In two separate occurrences, a single infected food
handler was thought to transmit HAV to 133 and 230 individuals who had become ill after consum-
ing salads and sandwiches, respectively [50,51]. Transmission risks of HAV may increase when
foods are consumed raw or partially cooked; shellfish, fruits, and vegetables are representative of
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such foods and have been implicated in numerous multifocal outbreaks of HAV. Likewise, trans-
mission risks of HAV increase when drinking water is consumed untreated. Most documented
waterborne outbreaks in the United States have been associated with the consumption of water that
was not filtered or chlorinated.

Parenteral Transmission

HAV has occasionally been transmitted by the parenteral route, through receipt of contaminated
blood products from pooled donor plasma (e.g., coagulation factor concentrates, interleukin-2, and
lymphokine activated killer cells) [52] or through intravenous drug use(rs) (IVDU). In the former
category, viremic blood donors were the probable source of virus, which was present in pooled
donor plasma and survived plasma processing procedures to contaminate final products. In the lat-
ter case, needle sharing has not been clearly demonstrated as the mode of transmission in outbreaks
among IVDU, a group frequently associated with poor hygienic conditions [53]. However, studies
performed using humans and NHPs have clearly demonstrated parenteral transmission of HAV [34]
and, at present, inactivated vaccines are administered by injection (see “Control and Prevention”
section).

GLoBAL DISTRIBUTION

HAV is distributed in human populations worldwide [54], but varying epidemiologic patterns
are observed. In Africa, Asia, and Latin America, where crowding and poor hygiene are preva-
lent, asymptomatic seroconversion in children is widespread and most adults are immune to
HAV. An increase in the mean age of disease onset has been observed in people living in devel-
oping regions of the world with steadily improving sanitation and public health education pro-
grams, such as some regions of southern and eastern Europe and the Middle East. In areas such
as northern and western Europe, Japan, Australia and the United States, children generally
remain unexposed to HAV and therefore do not develop anti-HAV antibodies. Hence, a large
proportion of unvaccinated adolescents and adults in these and other low-endemicity regions are
susceptible to infection with HAV, particularly if they travel to endemic regions. It is estimated
that 31% of people in the United States have been infected with HAV [55], and HAV accounts
for nearly two-thirds of all viral hepatitis cases in the United States [56]. The majority of human
infections are attributed to genotype I or III, and genotype I strains are the most widespread
globally [14,15].

EPIDEMIOLOGICALLY SIGNIFICANT OUTBREAKS

Numerous outbreaks of HAV have been epidemiologically linked to the consumption of fecally
contaminated water, food, and various blood products from pooled donor plasma. Some of these
outbreaks have been large and multifocal, affecting dozens to hundreds of thousands of individuals.
However, in most of these reported outbreaks, HAV was detected in either the implicated vehicle or
in clinical samples from case-patients, but not both. Gravelle and colleagues [57] were the first to
use IEM and serology to confirm HAV-like particles in stools of infected individuals involved in a
foodborne outbreak. Hutin and colleagues [58] used reverse transcriptase polymerase chain reaction
(RT-PCR) and genomic sequencing to identify identical HAV sequences in over 100 case-patients
in the United States who had consumed frozen strawberries, but there were no reported attempts
at recovery and detection of HAV in the implicated fruit. In contrast, several sources of HAV have
been directly linked to case-patients through the genetic relatedness of HAV isolated from clinical
specimens and environmental vehicles. These include contaminated ground (well) water [59,60],
blueberries [61], shellfish [62], sandwiches prepared by an infected food handler [63], and coagula-
tion Factor VIII [64,65].
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AT1-Risk GrOUPS

In 2005 and 2006, the most reported risk factor for HAV in the United States was international
travel (15% of cases), and about four out of five infected travelers had visited Mexico or Central/
South America [66,67]. Other risk factors that are typically reported in 10% or fewer cases are men
who have sex with men (MSM), children/employees at day care (or contact with one), common
source outbreaks, and IVDU, as shown in Table 7.1. Occupational exposure to raw sewage in a
wastewater treatment plant may be another risk factor, although given less attention [68].

Following surveillance of reported viral hepatitis across 50 American states in 2013, the Centers
for Disease Control (CDC) released data on the behaviors and risks associated with HAV infec-
tion [69]. The report found that the most common reported risk factor associated with HAV infection
was foodborne transmission 12.8%, followed by travel outside North America (6.2%) and contact
with a child or employee from day care (6.2%) [69]. Table 7.1 presents the reported behaviors and
risk exposures during the incubation period (2—6 weeks prior to symptom onset) gathered by the
CDC in 2013 [69].

CONTROL AND PREVENTION

HAV is controlled by simple hygienic measures, effective drinking water treatment, and proper
disposal of excreta. Handwashing and disinfection practices in the food preparation, health-care,
and service settings are important barriers to the transmission of HAV and other human enteric
viruses [70]. Vigorous handwashing procedures (using hospital handwashing agents) reduce levels

TABLE 7.1
Reported Behaviors and Risk Exposures Associated with HAV Infection
Reported Percentage of
Number of Cases Exposure to Missing Data Reported HAV
Including Risk Information HAV (from 1781 with Associated
Behavior/Risk Exposure from 1781 Surveyed Yes No total surveyed?) Risk
Food/waterborne 734 94 640 1047 12.8
outbreak
Travel outside the United 771 48 723 1010 6.2
States/Canada
Contact with day-care 779 48 731 1002 6.2
child or employee
Sexual/household contact 744 42 702 1037 5.6
with HAV-infected
person
Men who have sex with 73 4 69 7910 5.5
men
Intravenous drug use 628 25 603 1153 4.0
Child/employee in a 881 30 851 900 3.4
day-care center
Other contact with a 744 12 732 1037 1.6

HAV-infected person

Source: Centers for Disease Control and Prevention (CDC). Viral hepatitis surveillance—United States, 2013. 2013. http://
www.cdc.gov/hepatitis/statistics/2013surveillance/pdfs/2013hepsurveillancerpt.pdf. Accessed February 2016.

Note: More than one risk exposure/behavior may be included in each case report.

2 No risk data reported.

b A total of 864 of 1781 hepatitis A cases were reported among males in 2013.
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of HAV and other enteric viruses on hands by 1-2 log,, [71], indicating that surface disinfection
does not completely remove or inactivate HAV. Methods for control of HAV in water, food, and
other material include the application of the various chemical and physical processes discussed in
the “Environmental Stability” section. Such procedures also include chlorination of water used for
washing minimally processed fruits and vegetables [72] and specific time/temperature conditions
for some foods [28].

While there is no specific antiviral for patients with HAV, immune globulin derived from
plasma may be administered during and after suspected outbreaks [73] as a means of pas-
sive immunization. If administered within 2 weeks of exposure to HAV, immunoglobulin is
80%—-90% effective in preventing disease for postexposure prevention of HAV [74]. Prevention
of HAV is best provided by several inactivated vaccines. Vaccines have been licensed in the
United States since 1995 and include HAVRIX (GlaxoSmithKline, Philadelphia, PA) and
VAQTA (Merck & Co. Inc., West Point, PA); AVAXIM (Sanofi Pasteur, Lyon, France) and
EPAXAL (Berna Biotech Ltd, Bern, Switzerland), which are used in Europe, Canada, and else-
where [75]. These vaccines originate from some of the strains described in the “Laboratory-
Adapted Strains” section; for example, VAQTA and HAVRIX are derived from the CR326F
and HM175 strains, respectively.

In 1996, the CDC’s Advisory Committee on Immunization Practices (ACIP) recommended rou-
tine vaccination for persons at increased risk of contracting HAV. Routine vaccination for children
living in regions of the United States with a HAV prevalence from 10 to >20 cases per 100,000
population was recommended by ACIP in 1999, and in 2006 was expanded to include routine vac-
cination of children in all 50 states. Others recommended vaccination of the at-risk individuals
discussed in the “At-Risk Groups” section, in addition to blood transfusion recipients, military per-
sonnel, health-care workers, sewage workers, food handlers, day-care assistants, institutionalized
subjects, drug addicts, and liver transplantees [76].

CLINICAL SPECIMEN AND ENVIRONMENTAL SAMPLE PROCESSING

HAV and other associated analytes of interest (e.g., HAV antigens, HAV RNA, and anti-HAV) must
be recovered, concentrated, purified, and/or extracted from a clinical specimen or environmental
sample prior to detection. This is because the levels of HAV and its associated analytes may vary
widely in specimens and samples containing substances known to interfere with or inhibit various
detection procedures. For example, IgG in oral fluid is believed to be 800- to 1000-fold lower than
in serum levels [77]. Furthermore, the titer of HAV in blood is 3-5 log,, infectious units per mL,
significantly lower than HAV in feces with 9 log,, infectious units per gram [41]. Clinical specimens
typically range in amount or volume from a few grams to a few mLs, or less. In contrast, levels of
HAV in most types of environmental samples are relatively low and more variable, necessitating
large sample volumes (e.g., tens to thousands of liters of water; dozens to hundreds of grams of
food). Blood, serum, feces, and environmental materials are all known inhibitors of immunological
and molecular assays, and many background substances in these materials are cytotoxic. Regardless
of the sample or specimen type, methods for HAV recovery from clinical specimens, water, and
food are intended to reduce sample volumes and to separate HAV in a small, purified volume of
liquid compatible with a detection assay. There is extensive literature describing such procedures for
HAV and other enteric viruses, and therefore they will not be discussed here.

CLINICAL SPECIMENS

Serum is the most common type of clinical specimen used by state public health laboratories and
the CDC for laboratory confirmation of clinical cases. Specimens besides serum (e.g., feces, liver
tissue, or saliva) are not typically collected or tested by such organizations. Nevertheless, such
specimens are widely used in research and epidemiological studies, and published guidelines are
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available for their collection, transport, and storage [78]. Typically, whole blood is collected by
venipuncture in appropriate vacuum containers or is captured from finger or heel punctures on
filter paper. Saliva for anti-HAV testing or recovery of RNA may be collected using sterile swabs
or pads followed by immersion in a transport medium supplemented with antimicrobial and anti-
proteolytic substances. Further steps include the separation of serum from whole blood by cen-
trifugation or the elution of saliva and dried blood from swabs or filter paper. Dilution of serum or
eluates is usually performed prior to the detection of immunoglobulin or virus. The preparation
of feces and liver tissue for recovery of HAV generally involves suspension or homogenization of
a small amount (e.g., <1 g) in saline or another buffer, followed by centrifugation and recovery
of the virus-containing supernatant. The original stool and tissue specimens, and subsequent sus-
pensions thereof, may be processed several times using such procedures. Fluorocarbon (solvent)
extraction steps from crude stool or tissue suspensions may be used for further purification of
virions.

ENVIRONMENTAL SAMPLES

Primary recovery methods for waterborne HAV typically utilize some type of filtration procedure
including ultrafiltration or capture of viruses to positively or negatively charged filters. Water sam-
ples analyzed for HAV in this manner include drinking water, environmental water sources (fresh
or surface water and ground or well water; marine and estuarine water), and municipal wastewater
or sewage. Where levels of HAV are relatively concentrated, such as in sewage, direct concen-
tration may be achieved by ultracentrifugation or by direct adsorption to glass beads. The U.S.
Environmental Protection Agency (EPA) protocol [79], based on methods developed by Sobsey and
colleagues [80], is perhaps the most widely used method for the recovery of HAV from water; the
method specifies the use of a IMDS positively charged cartridge filter followed by elution and floc-
culation to recover and concentrate HAV from various water types.

Foods contaminated with HAV may be collected using procedures described by the U.S. Food
and Drug Administration [81] or by the International Commission on Microbiological Specifications
for Foods [82]. Recovery and purification regimes for HAV depend on the type of food; foods may
be superficially contaminated (e.g., whole fruits, vegetables and deli meats) or contaminated inter-
nally, such as shellfish, food composites, and sauces. Samples obtained during an investigation
involving an infected food handler may be of either or both types. Once the food type is determined,
various techniques may be employed, including homogenization and/or elution, followed by sec-
ondary concentration and purification techniques (“Extraction and Purification of HAV and Viral
RNA” section).

ExTRACTION AND PuURIFICATION OF HAV AND VIRAL RNA

Following the primary concentration procedures described in the “Clinical Specimens” and
“Environmental Samples” sections, additional steps are usually required to further concentrate
and purify HAV virions. A variety of techniques are available for such procedures, including
additional filtration and adsorption/elution methods, centrifugation, chemical precipitations,
and antibody-capture methods. Extraction of HAV RNA is also required before detection using
molecular methods and, in most cases, further concentration and purification of the RNA is
required in order to maximize sensitivity and reduce PCR inhibitors. The simplest method for
extracting viral RNA is the heat release procedure, whereby HAV is heated to 99°C for several
minutes to degrade the virion capsid and expose naked RNA. Commonly used chemical extrac-
tion techniques involve combinations of chemical and physical procedures for lysing virions and
binding naked RNA to silica, followed by washing steps to remove impurities and elution of RNA
from silica [83]; a variety of commercially available kits utilize these principles. Another RNA
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extraction method is the classic phenol-chloroform procedure [84], which can be performed with
common laboratory reagents; however, this procedure is more time consuming than spin glass
column-based methods. Following extraction, further steps may be employed to concentrate and
purify RNA using ethanol precipitation. Other simple methods for the reduction of inhibition in
RNA extracts include dilution in molecular-grade water, although this diminishes the amount of
RNA template available.

DETECTION AND CHARACTERIZATION

Following recovery and purification procedures for HAV and its associated analytes, some type of
detection method is performed. The choice of detection method is mainly driven by the speed of the
results and the depth of information required, and can include immunoassays, nucleic acid assays,
and cell culture infectivity assays, either alone or in combination. Immunoassays for detecting anti-
bodies (or antigens in feces) are simple, fast, and less expensive to perform than other techniques
and are the predominant method for clinical diagnosis. Molecular methods such as RT-PCR and
sequencing are becoming more widespread, and can characterize the genetic relatedness of strains
circulating in a population for molecular epidemiology or detect low levels of viral RNA in con-
taminated samples. Although molecular methods are more expensive, they are beginning to be used
for clinical diagnostic purposes. They can also provide detailed and nuanced information that can
enhance immunoassay results. Cell culture methods are useful for directed laboratory studies (e.g.,
disinfection) involving laboratory-adapted strains, or for primary isolation of wild-type HAV. Most
studies on the occurrence and levels of HAV in the environment report a percentage of samples
positive (or negative) for the presence of HAV. When reported, levels of wild-type HAV (either
infectious levels or numbers of virions) are usually only semiquantitative or are estimated from
various assay data, such as the number of genomic copies per unit volume.

IMMUNOASSAYS AND MOLECULAR METHODS

Antibody-based detection is a specific way to detect anti-HAV in clinical specimens and HAV in
environmental samples, provided there are adequate numbers of these analytes present. Several
types of anti-HAV IgM and IgG assays have been developed, and the most widely used are capture
enzyme immunoassays (EIAs) and radioimmunoassays (RIAs). HAV antigen may be detected in
serum or in the cytoplasm of infected cells, feces, or tissues using such methods. Although useful
for clinical diagnostic purposes, antigen tests are relatively insensitive, with a lower limit of detec-
tion of about 6 log,, HAV particles per mL. Another limitation of antigenic detection is that geneti-
cally distinct strains of HAV will display indistinguishable serotypes (because there is only one
serotype), and therefore appear identical.

The advent of molecular methods, notably gene-probe hybridization and PCR, led to the devel-
opment of sensitive techniques for detection of HAV. Methods for conventional RT-PCR and real-
time RT-PCR detection of HAV have been previously reported [58,85,86]. Such techniques have
been successfully applied in the detection and characterization of wild-type HAV in both clini-
cal specimens [45] and environmental samples, and for the detection of laboratory-adapted HAV
in experimentally contaminated environmental samples with various reported levels of detec-
tion [87,88]. Molecular techniques also provide the basic tools for molecular epidemiology studies.
Tools such as RT-PCR and sequencing can assist in linking seemingly unrelated cases of viral
hepatitis across time and space, because elevated viral levels in serum and feces leave a long-lasting
record of transmission that, in connection with traditional epidemiologic investigations, can over-
come patient recall bias during the long incubation period of the disease [45]. The application of
RT-PCR and sequencing has been used effectively in outbreaks to definitively link various sources,
such as green onions [89], groundwater [59,60], and contaminated blood products [64] administered
to case-patients.
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Generating nucleotide sequences of HAV outbreak strains for molecular epidemiology is
straightforward. A region (or multiple regions) of the HAV genome is amplified by RT-PCR, and
the DNA amplicons are purified and sent to a commercial or other sequencing facility. The most
common sequencing method is the Sanger chain termination method [90], although newer methods
are promising tools for large-scale DNA sequencing and metagenomics. Sanger sequence results are
returned to researchers in two forms: a file containing the nucleotide bases and the dye-terminator
read, so that researchers can manually modify the sequence results. Sequences are aligned using
commercial software (e.g., Geneious, www.geneious.com) and are easily compared with a large
database of known sequences such as GenBank, the database operated by the National Center for
Biotechnology Information. Phylogenetic trees with bootstrapped values are typically generated to
explain genetic relatedness of known and unknown strains, where related strains cluster closely.

CeLL INFECTIVITY METHODS

Routine cell infectivity determination for wild-type HAV is impractical for clinical diagnosis,
though in vitro infectivity assays for wild-type and cytopathic variants of HAV are often used
in research laboratories (see “Laboratory-Adapted Strains” section). In vitro infectivity and prop-
agation methods of cytopathic HAV are well described by Cromeans and colleagues [26,27]. In
summary, these procedures consist of inoculating HAV onto confluent FRhK-4 cell monolayers in
plates, flasks, or bottles followed by a short period (60 min) of incubation at 37°C in a humidified
chamber containing CO,. For enumerative (plaque) infectivity assays, cell monolayers are overlaid
with molten, electrophoretic-grade agarose containing cell maintenance media and other compo-
nents (e.g., nonessential amino acids, newborn calf serum, antifungal and antibacterial agents, and
buffers). For virus propagation, fresh maintenance media is added (instead of agarose) to infected
monolayers in flasks or roller bottles. Dishes, flasks, or bottles are then incubated for about 7 days.
For plaque assays, a second agarose overlay identical to the first (but containing neutral red solution)
is added and plates are returned to the incubator for another 3—4 days. Clear areas of lysis against
the neutral red background are counted and recorded as plaque forming units; alternatively, infected
monolayers may be stained using crystal violet on the eighth or ninth day postinfection. Propagated
HAYV may be recovered from the cell culture fluid and from infected cells when the CPE is >95%.
Primary isolation of wild-type HAV in AGMK cells uses procedures similar to the ones described
here [91].

OTHER DETECTION METHODS

Other approaches for the detection of HAV include combinations or modifications of the afore-
mentioned methods to improve detection sensitivity and specificity. For example, cell culture and
nucleic acid detection methods have been combined (termed cell culture RT-PCR) and used to
detect HAV and other fastidious enteric viruses in water [92].

CONCLUSIONS AND FUTURE PERSPECTIVES

An appreciable amount of knowledge on the biology and epidemiology of HAV has been obtained
during the past six decades, culminating in the availability of highly efficacious, inactivated vac-
cines. Because of vaccination campaigns, particularly for children, the rate of reported HAV cases
in the United States has decreased by 88% from 1995 to 2005 and is now less than two cases
per 100,000 [93]. The application of various detection methods has elucidated the distribution and
determinants (risk factors) of HAV in human populations and has greatly contributed to our under-
standing of the occurrence and control of HAV in the environment. These activities represent major
public health and medical achievements.
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Despite these successes, a number of challenges remain. Although HAV is a disease in decline
in the United States, approximately 50% of HAV cases remain unattributable to any known
source or risk factor [94]. Less than 50% of children aged 2435 months in the United States are
vaccinated [95], and self-reported HAV vaccination coverage among adults aged 18-49 years
was only 12.1% in 2007 [96]. The disease is still highly endemic in many regions of the world.
Improvements in the economic and living conditions of communities with moderate endemicity
shifts the age of acquiring HAV infection from early childhood to adolescence and young adult-
hood. Hence, a leading risk factor for citizens residing in areas with low endemicity is travel to
endemic regions, and areas of moderate endemicity are actually at greater risk for experiencing
large outbreaks of HAV.

Even if people do not travel abroad, the foods they eat do; food is increasingly grown abroad
and shipped to the United States all year-round, and so continued transmission of HAV from foods
grown or produced in countries where the disease is endemic should be expected. Person-to-person
transmission of HAV also remains an important risk factor, either within households or in day-care
or foodservice settings. However, relatively little data are available that definitive link sources with
infected individuals during cases and outbreaks of HAV. Such data are critical, because inaccurate
identification of potential sources does nothing to control or prevent the disease, reduces availabil-
ity of immune serum globulin administered unnecessarily, and increases the already appreciable
economic burden [97] associated with HAV, which is now estimated to range from $443 to $773
million (USD) annually in the United States.

Resolving the issue of source-based association of viral contamination is of critical importance
for the remediation of foodborne and person-to-person outbreaks. Defining critical control points
for HAV in foods will require a better understanding of how and when contamination occurs [47], in
addition to an improved understanding and application of disinfection and sanitization procedures
used in agriculture. One reason the scientific community has difficulty addressing this question is
that published peer-reviewed articles blur the line between causal modes of pathogen contamina-
tion and transmission. To resolve this issue, viral outbreak investigations should attempt to include
common methods. To these ends, the CDC has issued a web-based Outbreak Investigation Toolkit
providing protocols for sample collection, case identification, a patient questionnaire, and a form
for state or local health departments to report foodborne outbreaks. Unfortunately, the CDC model
lacks advice on how to collect and process foods implicated in viral outbreaks, as do many state
and local health departments [98], and while considerable progress has been made in method devel-
opment, there is generally a lack of consensus or standardization of procedures among various
research laboratories.

In conclusion, future control and prevention efforts should continue to include vaccination, con-
tinued improvements in sanitation and hygiene, and access to safe drinking water. Future activities
should also include the continued study of the pathogenesis and infectivity of HAV, the develop-
ment of robust, sensitive methods to detect HAV in the environment, active disease surveillance,
and sharing of research findings. If global immunization against HAV is the goal, an inexpensive,
attenuated, and live vaccine that is administered orally and that replicates in the gastrointestinal
tract (stimulating a secretory antibody response) may be required [99]. Future efforts should con-
tinue to include the application of molecular methods for detection and characterization of HAV in
specimens and samples collected during outbreaks and cases. In a limited number of exemplary
studies, such methods were used to definitively link contaminated sources to infected individuals;
in some instances, this information was used to prevent continued cases of disease from occurring.
As various laboratories continue to develop the capacity to detect human viruses such as HAV using
molecular methods, they should incorporate viral sequencing and sequence sharing as a priority.
Lastly, prospective nucleic acid testing and laboratory assessment of inactivation procedures for the
detection and control of HAV in targeted, high-risk environmental and other vehicles may contrib-
ute to the reduction in transmission risks. Such procedures should continue to be developed and
evaluated using laboratory adapted strains.
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INTRODUCTION

Hepatitis E virus (HEV) is a major etiological agent responsible for acute liver disease, caus-
ing widespread epidemics and sporadic infections worldwide. Based on seroprevalence, it is esti-
mated that one-third of the global population has been infected with HEV at some stage in their
lifetime [1].
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HEYV imposes a significant health burden on society, with annual estimates of 20 million infec-
tions, over 3 million reported acute cases, 3,000 stillbirths, and 50,000-70,000 HEV-related deaths
globally [2,3]. However, it is plausible that these figures are an underestimation, given that the virus
is often asymptomatic and usually self-limiting, and that HEV epidemics strike in the geographical
areas least likely to have effective diagnostic testing available [4,5].

HEYV is a member of the Hepeviridae family, which is divided into two genera: Orthohepevirus,
which infects humans, mammals, and birds and Piscihepevirus, which infects fish [6]. Within
Orthohepevirus A, the subgroup of Orthohepevirus that infects humans, there are currently seven
HEV genotypes, five of which are known to infect humans [6,7], and each has a different epide-
miological profile [7]. Genotype (G)I and GII only infect humans, mostly in the developing world,
while GIII and GIV infect a range of animal hosts, as well as humans. GV and GVI infect boars,
while GVII infects camels [8] but has also been detected in a chronic hepatitis patient [9]. Viruses
from GIII, GIV, and GVII are transmitted to humans via zoonosis through animal contact and meat
ingestion [9—-11]. Due to the recent increase in fully sequenced HEV genomes, additional mamma-
lian HEV genotypes from a wide number of species have been described in the literature, resulting
in the new classification system recently adopted in the 2014 International Committee on Taxonomy
of Viruses (ICTV) report [6,11,12].

Acute HEV infections can vary in severity, with symptomatic infections most common in young
adults aged between 15 and 40 years [2]. Symptoms of HEV infection include anorexia, vomiting,
nausea, arthralgia, fever, hepatomegaly, and jaundice. This is often accompanied by dark urine, pale
stools, and upper right quadrant pain [2]. HEV does not cause chronic hepatitis unless the patient is
immunocompromised or immunosuppressed. However, HEV infections can be particularly severe
in pregnant women, especially within the third trimester, with mortality rates of 27% [13], com-
pared with between 0.07% and 0.6% in the general population [14].

Until recently, HEV was thought to be solely transmissible through the fecal-oral route via
contaminated water, mostly in developing countries where poor sanitation and a lack of wastewater
infrastructure foster the transmission of infectious diseases. However, in the last 15 years, there
have been increasing reports of patients presenting with acute HEV infections in many developed
nations, despite a lack of recent travel history. These autochthonous incidences were first directly
linked to the consumption of undercooked pork products in 2003 [15]. Since then, it has been rec-
ognized that HEV can be transmitted zoonotically to humans, particularly from swine, a major ani-
mal HEV reservoir (reviewed in [16,17]). Following the evidence of foodborne HEV transmission,
further studies identified specific cases of HEV infection linked to the consumption of game meats,
such as Japanese wild boar [18] and sika deer [19]. It is now widely accepted that HEV can be spread
by foodborne transmission, especially from undercooked meats, shellfish, and by consumption of
contaminated fresh and unprocessed produce.

This chapter reviews HEV and its transmission via consumption of contaminated food and water.

DIAGNOSIS OF HEV INFECTIONS

The specific diagnosis of HEV infection relies on the serological detection of either anti-HEV anti-
bodies and/or HEV RNA in the stool or serum [20]. Recent HEV infections can be detected by
the presence of immunoglobulin M (IgM) anti-HEV antibodies in the first few months postinfec-
tion (Figure 8.1), while IgG anti-HEV antibodies can indicate a recent or past exposure (reviewed
in [21]). The detection of HEV-RNA is a marker of a current infection (Figure 8.1), whether acute,
asymptomatic, or chronic [21,22]. Following HEV infection, RNA is shed in the stool and is detect-
able for up to 28 days after the onset of symptoms [23]. While anti-HEV diagnostic assays are
widely available, significant inter-assay discrepancies have been reported with variable results
between methods [21]. As a result, there is still a need for the development of improved HEV detec-
tion assays. Diagnosis in immunocompromised patients requires a combination of both serological
and nucleic acid detection assays (reviewed in [24]).
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FIGURE 8.1 Course of acute HEV infection in immunocompetent humans. HEV RNA is detectable in
human stool and serum within the incubation period (mean of 40 days) before IgM and then IgG anti-HEV
antibodies are detectable. Symptoms of HEV infection include malaise, nausea, and jaundice, followed by
elevated levels of serum alanine aminotransferase (ALT), an enzyme marker of liver damage. Although HEV
RNA is no longer detectable in serum after recovery, it can persist for several weeks in the patient’s stool.
(Adapted from a review by Hoofnagle, J.H. et al. N Engl J Med, 367, 1237-1244, 2012.)

Global standardization of HEV diagnostic assays would be useful, because different HEV geno-
type antigens are used in different assays, creating sensitivity discrepancies. In particular, HEV
GIII is often detected more efficiently than other genotypes. This has affected seroprevalence stud-
ies from different regions, so epidemiological data cannot always be compared directly [26,27].

CLINICAL MANIFESTATIONS OF HEV INFECTIONS

HEV infections manifest with similar symptoms to other forms of acute viral hepatitis and range in
severity. Infections can sometimes be asymptomatic or anicteric, associated with mild biochemical
abnormalities such as elevated alanine aminotransferase (ALT) and bilirubin levels [28]. However,
in some cases, infections can be very severe and can lead to fulminant hepatic failure, increased
morbidity, and even mortality [29,30].

Symptoms of acute infection usually include fever, nausea, malaise, joint aches, weight loss,
dark urine, and jaundice. HEV has a long incubation period of 3-8 weeks with a mean of 40 days
(reviewed in [2]). Following a brief prodromal period before symptoms arise, acute cases generally
last 4—6 weeks before symptoms resolve and the virus is cleared (Figure 8.1). It is understood that
different genotypes also have different levels of infection severity [31,32].

Mortality rates range between 0.07% and 0.6% within the general population (reviewed in [14]),
but are significantly higher in pregnant women, with spontaneous abortions and stillbirths common
in those that survive [29,33]. It is still not fully understood why disease severity and mortality rates
are so high in pregnant women, but several theories have been proposed, including malnourishment
or altered hormone and immunity levels.

HEV occasionally presents with extrahepatic manifestations, which although rare, can be
observed in both acute and chronic patients. These multiorgan symptoms include neurological
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disorders such as Guillain Barré syndrome [34], myasthenia gravis [35], peripheral neuropathy,
pseudotumor cerebri, meningoencephalitis, and cranial nerve palsies, among others [30]. Other
nonhepatic symptoms include acute pancreatitis [30], rashes, kidney damage, and hematological
disorders [36] such as aplastic anemia [37], thrombocytopenia, and hemolysis [30].

Shedding of HEV in the stool starts before the onset of symptoms, with up to 108 HEV genome
copies shed per milligram of feces over several days before levels decline [38]. This is also observed
in animals, with detectable HEV RNA found in swine feces even when the infection is asymptom-
atic, which has implications for environmental transmission and contamination of crops by runoff
from farms and abattoirs [39].

HEV VACCINES

Infection studies in humans and animals have shown that HEV invokes the production of anti-HEV
antibodies, which give protective immunity against subsequent infections [40]. HEV genotypes rep-
resent one serotype, with anti-HEV antibodies demonstrating cross-reactivity across different HEV
genotypes [41]. These properties indicate that the development of a successful vaccine is achiev-
able. However, the development of widely available HEV vaccines has been hindered by the lack of
knowledge on the viral replication cycle, host cell targets, and viral entry and egress. In addition,
HEV has proved challenging to cultivate, so a cell culture method has not yet been developed that
can yield sufficient HEV to produce inactivated or live-attenuated vaccines [42]. Another major
challenge has been a lack of interest in the virus from higher-income nations with the ability to fund
vaccine research. HEV usually causes epidemics in developing countries that generally do not have
the funds for this type of research [43].

Several recombinant vaccine candidates have been developed to induce neutralizing antibod-
ies that target epitopes of the open reading frame 2 (ORF2) encoded capsid protein, as reviewed
by Amini-Bavil-Olyaee et al. [44]. However, only one vaccine is currently in use in China, and
was demonstrated to be effective following clinical trials [45]. This vaccine, HEV 239 (marketed
as Hecolin®), was developed as a joint venture between Xiamen University and Xiamen Innovax,
a biotechnology company. The HEV 239 antigen is a recombinant HEV capsid protein fragment,
expressed in Escherichia coli. This fragment comprises capsid amino acids 368—606, extend-
ing across the capsid neutralizing epitope (amino acids 458—607) of a GI Chinese HEV strain
(DDBJ accession number D11092) [46,47]. The recombinant protein self-assembles into 23 nm
virus-like particles (VLPs) that promote a strong antibody response [46], and was shown to
provide protective immunity against subsequent HEV challenge in rhesus monkeys [48]. Phase
IT randomized, controlled HEV 239 trials in humans were completed to test vaccine safety
and immunogenicity [49], and were followed by phase III testing. The phase III trial was a
randomized, double-blind, placebo-controlled trial in 11,165 participants aged between 16 and
65 years [50]. Half of the study group was administered three doses of the HEV 239 vaccine
and the other half was administered three doses of a placebo. The trial results showed that the
vaccine was 100% efficacious after the third dose, with minimal side effects reported [50]. HEV
239 is currently undergoing a post-authorization phase IV clinical trial to test efficacy in adults
over 65 years [51].

A recent, extended follow-up study was published assessing the long-term efficacy of the HEV
239 vaccine within the Chinese population. In this double-blinded study of 112,604 participants
aged 16—65, half of the study group received the hepatitis B virus (HBV) vaccine as a control and
half received the HEV 239 vaccine to evaluate ongoing protection [52]. HEV 239 was found to
provide immunogenicity for up to 4.5 years in almost 90% of those vaccinated [52]. The HEV 239
vaccine was approved for use in China in 2011, but is not currently available elsewhere.

Another HEV vaccine candidate, the rtHEV vaccine, reached phase II clinical trials in Nepal
and was reported to have an efficacy of 85.7% protection with a two-dose course or 95.5% effi-
cacy after a three-dose course. This vaccine candidate was jointly developed by the U.S. Army,
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GlaxoSmithKline, and researchers in Thailand and Nepal [53]. The vaccine comprised a truncated
56 kDa ORF2 encoded capsid protein, expressed in baculovirus. The recombinant protein spanned
amino acids 112—-607 [44] and self-assembled into VLPs. This vaccine candidate has been shown
to promote a serum immune response (IgM, IgA, and IgG) and an intestinal response (IgA) in mice
2-8 weeks postimmunization [54]. Safety and efficacy were tested in 1794 soldiers in the Nepalese
army. The rHEV test vaccine cohort included 898 soldiers, with 896 soldiers in the placebo cohort.
Both groups were followed for a median period of 804 days postvaccination [53]. The trial reported
a vaccine efficacy of 95.5%, with 69 individuals developing HEV, 66 of whom were within the
placebo cohort [53]. However, these trials were considered controversial and further trials were
therefore abandoned [53,55].

An early stage candidate for a HEV vaccine is a bivalent vaccine currently under development
for both norovirus (NoV) and HEV [56]. The vaccine candidate uses a polyvalent complex platform
with fusion of the dimeric protruding capsid domains of both NoV and HEV, linked to dimeric
glutathione-S-transferase (GST). In vivo murine studies have been used to show that the fusion pro-
tein elicits a significantly higher immune response than that observed with simultaneous delivery of
the two unfused proteins [56]. While this discovery is encouraging, this vaccine candidate is still in
the early developmental stages.

Despite these examples of HEV vaccine research and the development of an efficacious HEV vac-
cine, HEV 239 is currently only approved for use within China. Without a readily available, world-
wide HEV vaccine, HEV infections will continue to place several populations at risk, including
pregnant women, throughout the developing world. The manufacturers of HEV 239 are reportedly
in discussions with the World Health Organization (WHO) to make the vaccine readily available
outside China through charitable agencies [43]. A memorandum of understanding was signed in
June 2015 between the European Vaccine Initiative, the International Vaccine Institute of Korea,
and Xiamen Innovax, with the aim of bringing Hecolin® to WHO prequalification standards so that
it can be made more widely available [57].

TREATMENT FOR HEV INFECTION

In general, only supportive care can be offered to acute HEV patients, as there are currently no
antiviral treatments developed specifically for this virus. HEV causes chronic infections in immu-
nosuppressed individuals, including HIV patients and solid organ transplant recipients on immuno-
suppressive medication (reviewed in [58]). In these cases, ribavirin or pegylated interferon can be
administered (Figure 8.2) with variable success [59—61]. Alternatively, reduced immunosuppression
in organ transplant recipient patients can sometimes allow the immune system time to clear the
virus [62,63]. The possible clinical courses of HEV infection are shown in Figure 8.2.

HISTORY OF HEV HEPATITIS OUTBREAKS

The most recent common ancestor of contemporary HEV genotypes evolved some 536—1344 years
ago, according to one phylogenetic evolutionary study, before diverging into GI and GII (anthro-
potropic) and GIII-GVII (ezoonotic) genotypes [64]. A series of successive animal host adaptation
steps are thought to have occurred in the lead-up to the infection of a human host, and increased
population growth and travel likely contributed to the spread of HEV [64].

It has been postulated that as far back as the Middle Ages, HEV would have caused some of the
documented jaundice outbreaks (reviewed in [65,66]). Most of the population in those times would
have had early childhood hepatitis A virus (HAV) infections, giving them lifelong HAV protec-
tive immunity. As such, it seems reasonable that several large-scale reported hepatitis outbreaks in
previous times could have been caused by HEV. This is supported by the notable rate of infections
in adults rather than in children, and poor levels of sanitation common in earlier times that allowed
easy transmission of HEV [1,65].
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FIGURE 8.2 The possible clinical courses of HEV infection in humans. The known clinical courses of HEV
infection in humans are shown with solid black arrows, while one possible course of infection is shown with
a hashed arrow. Acute hepatitis is self-limiting and is cleared naturally. Chronic hepatitis is often associated
with HEV genotype III. Chronicity is associated with immunocompromised patients, including HIV patients
and solid organ transplant recipients. Immunosuppressed patients may respond to a reduction in posttransplant
immunosuppression to allow viral clearance by host immunity and treatments include pegylated-interferon
and ribavirin monotherapy. Extrahepatic manifestations can include pancreatitis, neurological symptoms, and
hematological disorders. (Adapted from a review by Kamar, N. et al. Clin Microbiol Rev, 27, 116—138, 2014.)

One of the earliest large-scale reported outbreaks of HEV was retrospectively identified from a
1955 hepatitis outbreak in India. The hepatitis epidemic was reported in Delhi over the winter of
1955-1956, when monsoons caused severe flooding in the city [67]. The flooding carried raw sew-
age into the city’s potable water supply at the same time as the city’s chlorination treatment plant
broke down. At the time, the disease outbreak was thought to be a HAV epidemic; however, mor-
tality rates in pregnant women were unusually high and the large number of icteric hepatitis cases
did not fit with HAV epidemiology, given that most of the population was likely to be immune to
HAV [67]. Archived patient samples were tested several years later and the etiological agent was
identified as HEV [65,68].

Another large HEV outbreak was reported in 1978 in the Kashmir Valley. This outbreak caused
52,000 cases of icteric hepatitis and 1,700 deaths, affecting 200 villages. The outbreak was caused
by fecal contamination of open drinking water sources [69].

HEV has historically been dismissed as an issue relevant only in developing countries, with
widespread outbreaks resulting from poor sanitation. However, in recent years, HEV recognition
has increased within developed countries, with growing evidence of zoonotic transmission of the
virus from food sources and animal reservoirs as well as transmission through fecal contamina-
tion of water and crops. As research has intensified, HEV has now been recognized as a significant
health burden and a global threat [70].

DISCOVERY OF HEV

The discovery and identification of HEV occurred in 1983, following an outbreak of acute viral
hepatitis during the occupation of Afghanistan by Soviet troops in 1980 [71]. A fecal extract from
one of the infected troops was filtered and self-administered by Mikhail Balayan, a zealous pioneer
of early HEV research. Balayan then visualized the HEV virion from his own stool sample using
immune electron microscopy (EM), after developing hepatitis [72].
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Before HEV-specific diagnostic techniques were developed, the virus was diagnosed only by
eliminating HAV and HBV infection [73]. Before the discovery of HEV in 1983, the virus was
referred to as “enterically transmitted non-A, non-B hepatitis” (ET-NANBH) and after its discov-
ery, the virus was attributed to many earlier outbreaks via retrospective studies, as described in the
“History of HEV Hepatitis Outbreaks” section.

A partial genomic sequence of HEV was cloned in 1990 by Reyes et al. [74], after isolating
cDNA from an infected cynomolgus macaque liver. This study provided evidence of the presence of
a viral RNA-dependent RNA polymerase (RdRp) encoding region, by identifying a conserved poly-
merase motif within the isolated sequence. Shortly afterward, in 1991, the full length viral genome
was sequenced using contiguous, overlapping cDNA clones of a Burmese HEV strain, (HEV[B]),
isolated from the stool samples of four acutely ill Burmese patients [75]. This allowed further iden-
tification of the nonstructural and structural proteins and full characterization of the genome [76].

HEV EPIDEMIOLOGY

Throughout many parts of the developing world, HEV is hyperendemic, causing widespread epi-
demics and sporadic cases in regions of Africa, Central America, China, and Southeast Asia [69].
While it was originally thought that HEV cases in higher-income nations were solely the result of
travel to HEV endemic regions [77], it has since been recognized that HEV infection in these coun-
tries can be transmitted via HEV contaminated meats and zoonotic infections [78,79].

The five HEV genotypes known to infect humans have different epidemiological profiles for
transmission, disease severity, host species range, and geographic distribution (Table 8.1). HEV GI
and GII only infect humans via the fecal-oral route, usually from contaminated water, and cause
outbreaks in the developing world. GI and GII viruses usually infect young adults [80] and are fre-
quently subclinical. GI is found in many parts of Africa and Asia, while GII has been mostly found
in Mexico and, more recently, in Africa, where the seroprevalence of anti-HEV antibodies within
populations has been reported to be 30%—-80% (reviewed in [25]). The host range for ezoonotic gen-
otypes varies considerably more than for anthropotropic genotypes. HEV GIII infects a wide host
range, including humans, swine, rabbits, boar, and deer; GIV infects humans and swine; GV and
GVlinfect wild boar; and GVII infects humans and camels [6]. GIII and GVII have been associated
with chronic hepatitis in human patients, although GIII and GIV HEV usually cause sporadic cases
of hepatitis in humans in developed countries [9,25]. Human HEV infections with GIII, GIV, and
GVII strains are caused via zoonotic transfer from animal exposure, environmental transmission,
or from ingestion of contaminated raw food and animal products [9,25].

In developed countries, symptomatic infections generally present in older males (mean age of 60)
with a ratio of three males infected to each female [58]. Increased HEV disease in this group could
be attributed to undiagnosed but preexisting liver disease [58]. A summary of HEV epidemiology
is shown in Table 8.1.

HEV CLASSIFICATION

HEV is a single-stranded, nonenveloped RNA virus, currently classified within the Hepeviridae
family [82]. HEV was originally classified within the Caliciviridae family [76] due to its genetic
organization and morphological similarities visualized by EM, but in 2004 it was reclassified to the
Hepeviridae family (reviewed in [1]). Early in silico studies were used to identify conserved func-
tional domains within the HEV genome sequence [83]. These studies noted that the nonstructural
proteins had the closest similarity to rubella virus and to the plant virus, beet necrotic yellow vein
virus, while the genome organization of encoded structural proteins had the closest similarity to
animal enteric caliciviruses [83].

In an attempt to clarify the evolutionary history of the Hepeviridae, an investigation revealed
that the ORF1 region of the HEV genome falls within the “alpha-like” supergroup of viruses, while



TABLE 8.1
Geographical Distribution and Characteristics of Human HEV Infections
HEV Genotype
Characteristics Genotype | Genotype Il Genotype Il Genotype IV Genotype VI
Geographical Africa and Asia Mexico, Africa Developed countries China, Japan, Taiwan Middle East
distribution (autochthonous) (autochthonous)
Transmission ‘Water-borne, fecal—oral, and Water-borne and fecal—oral Foodborne and zoonotic Foodborne and zoonotic Foodborne and zoonotic
person-to-person
High risk Adolescents and young Adolescents and young Older adults (>40 years), males, Older adults (>40 years), Immunosuppressed and
demographic adults adults and immunocompromised males, and immunocompromised
immunocompromised
Mortality High risk in pregnant High risk in pregnant women  Usually low, can be higher in Usually low, can be higher Not determined
women older adults in older adults
Chronicity No No Yes No Yes
Pattern of Hyper-endemic Smaller scale outbreaks Sporadic Sporadic Sporadic

occurrence

Source: Reviewed in Hoofnagle, J.H. et al. N Engl J Med, 367, 1237-1244, 2012; Khuroo, M.S. Virus Res, 161, 3—14, 2011; Centers for Disease Control and Prevention (CDC).
Viral Hepatitis: Hepatitis E Information—Hepatitis E FAQs for Health Professionals, 2015. http://www.cdc.gov/hepatitiss HEV/HEVfaq.htm. Accessed November,
2015 [25,69,81].
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the capsid encoding region falls within the “Picorna-like” supergroup [84]. These results strongly
indicate an ancient recombination event that occurred at the junction of the nonstructural and struc-
tural-encoding regions, between a plant-feeding insect virus (Alphatetraviridae-like) and an animal
virus (Astroviridae-like), which likely led to the emergence of the Hepeviridae family [84].

In 2014, a comprehensive review of Hepeviridae taxonomy was undertaken and two new gen-
era were created, Orthohepevirus and Piscihepevirus [6]. HEV isolates within these genera are
split further into Orthohepevirus A, for isolates of human, porcine, camel, deer, and rabbit HEV;
Orthohepevirus B, for avian HEV; Orthohepevirus C, for isolates from rat, bandicoot, ferret,
and shrew HEV; Orthohepevirus D, for bat HEV; and Piscihepevirus, for cutthroat trout virus
(CTV) [6,82,85].

Of the seven Orthohepevirus A genotypes (GI-GVII), only viruses from GIII, GIV, and GVII [9]
are confirmed to be transmissible zoonotically to humans (reviewed in [16]). GIII is highly preva-
lent worldwide in swine, which are recognized as a GIII HEV reservoir (reviewed in [17]). GIV is
found in swine and humans, mainly within Asian countries [86]. The epidemiology of transmission
for HEV GIII and GIV is reminiscent of influenza, where swine strains can be transmitted zoonoti-
cally to humans. GVII is found in camelids [8] and has been detected as the cause of hepatitis in a
liver transplant patient in the Middle East [9]. A phylogenetic tree showing the common ancestry of
HEV full length genomes is shown in Figure 8.3.

Rabbit HEV (GlII)

HEV GlII

Came HEV GV

Boa
rHEV (Gv and Gvj) Piscihepevirus, Cutthroat trout virus

HEV GIV
Ferret HEV

Avian HEV

HEV GlI

5.0 HEV Gl

FIGURE 8.3 HEV common ancestry: An unrooted phylogenetic tree of 173 Hepeviridae full-leth genomes.
The Hepeviridae genomes were aligned by multiple alignment using the fast Fourier transform (MAFFT)
method, from Katoh, K. et al. Nucleic Acids Res, 30, 3059-3066, 2002 and the maximum-likelihood tree was
inferred using FastTree 2.1.5 from Price, M.N. et al. PLoS One, 5, €9490, 2010. All genomes shown are from
the Orthohepevirus genus, except for cutthroat trout virus, which is from the Piscihepevirus genus (shown in
red). The tree shows common ancestry, but does not indicate evolutionary distance. The scale bar indicates the
number of nucleotide substitutions per site.
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ANIMAL HosTs AND RESERVOIRS FOR HEV

HEV is unusual compared with other hepatitis viruses, because it has known animal reservoirs
(reviewed in [17]). For example, swine is a well-recognized HEV reservoir, and zoonotic transmis-
sion of HEV from pigs to humans is relatively common [16,89]. There is a growing list of nonhuman
HEV reservoirs as novel strains are identified within different animal species, with several species
of rats recently identified as additional HEV hosts [16].

HEV has been detected in many animal species [90] with a high degree of genetic identity
(Table 8.2) to the HEV genotypes that only infect humans (GI and GII). Table 8.2 shows the
percentage of nucleotide identity between 13 HEV genomes isolated from different host spe-
cies. HEV has been identified in domesticated swine [91], deer [19], moose [92], Japanese wild
boar [18], bats [93], camels [8], chickens [94,95], mongooses [96], rabbits [97], domesticated
pet birds [98], rats [99], and various primates, including chimpanzees, tamarins cynomolgus
macaques, and rhesus, owl, and African green monkeys [40,72,75,100]. In addition, anti-HEV
IgG antibodies have been identified in a number of other animals, although no HEV RNA has
been isolated from these animals to date. These seropositive animals include cattle, dogs, horses,
rodents, and bison [90].

AVIAN HEV (ORrTHOHEPEVIRUS B)

A more divergent HEV virus, classified as Orthohepevirus B, has been detected in birds [6]. The
“big liver and spleen” (BLS) disease found in chickens was first reported in 1980 in Australia,
although the etiological agent responsible was only recognized as avian HEV in 1999 [101] and
reclassified as Orthohepevirus B in 2014 [6]. BLS disease is associated with lower egg production
and a marginal increase in mortality in infected birds [101,102]. A similar disease was reported
throughout North America and called hepatitis-splenomegaly (HS) syndrome, and in 2001 it
was associated with an infection by a novel HEV strain [103]. The virus was shown to have 80%
nucleotide identity to the Orthohepevirus B strain isolated from HEV-infected Australian chick-
ens and 50%-60% identity to the antigenic capsid region of human HEV strains [103]. While
Orthohepevirus B is prevalent in chicken flocks, it is not currently thought to be transmissible to
humans [79].

HEV GeNOME STRUCTURE AND PROTEIN FUNCTION

HEV has a positive sense, single-stranded RNA genome, contained within a small, nonenveloped,
icosahedral virion that is 27-34 nm in size [104]. The HEV genome size is around 7.2 kb, depending
on the genotype, with the nonstructural protein coding regions at the 5’ end and the structural pro-
tein coding regions at the 3’ end of the genome [105]. The genome includes a 5’ 7-methylguanosine
(7 mG) cap and a polyadenylated (polyA) tail at the 3’ end, which is essential for replication [106].
There are short 5’ and 3’ untranslated regions (UTRs) that form stem loops and hairpin structures,
likely to be required for replication [107,108].

The viral genome (Figure 8.4) contains three partially overlapping ORFs; the first encodes a
large nonstructural polypeptide of 1693 amino acids (ORF1) and the remaining ORFs (ORF2 and
ORF3) encode two structural proteins [76]. Thus, the genome demonstrates similarities in organiza-
tion to viruses of the Caliciviridae family, as previously mentioned [76].

The nonstructural polyprotein has several functional domains in common with other RNA
viruses [83], shown in Figure 8.4. These include a viral methyltransferase (MT) domain, a “Y”
protein domain of unknown function, a putative papain-like cysteine protease (Pro) domain, a heli-
case (Hel) domain, and an RNA-dependent RNA polymerase (RdRp) domain [42,83]. The eight
conserved RdRp motifs present in many other positive-sense RNA viruses (motif I-VIII) have
been identified in the HEV RdRp domain, including the canonical “GDD” motif within the active
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FIGURE 8.4 HEV genome organization. The HEV genome is approximately 7.2 kb long with three ORFs,
flanked by a 7 mG-cap, 5’UTR, 3’'UTR, and 3’ polyadenylated tail. ORF1 encodes the nonstructural proteins,
which include methyltransferase (MT), Y protein (Y), protease (Pro), polyproline region (PPR), X domain
(X), helicase (Hel), and the RNA-dependent RNA polymerase (RdRp). ORF2 encodes the capsid protein,
while ORF3 is thought to mediate the host cell environment for virion egress. (Modified and adapted from
review by Kamar, N. et al. Clin Microbiol Rev, 27, 116-138, 2014.)

site [109]. The nonstructural ORF1 region also includes an “X” or macro domain, of unknown
function, and a hypervariable region (HVR), which has been shown to have a relationship with
replication efficiency and infectivity [110]. The HVR overlaps a putative polyproline “hinge.” The
polyproline region (PPR) is intrinsically unstructured and is thought to allow multiple ligand bind-
ing events for the regulation of transcription and translation, although this function has not yet been
fully elucidated [111].

HEV ORF1: NONSTRUCTURAL PROTEINS

HEV ORFI has been expressed as a ~186 kDa recombinant polyprotein in E. coli, insect cells,
and mammalian cells, but it is still unclear how the protein is processed posttranslationally. Mixed
experimental results give little clarity on how the larger polyprotein is processed into discrete pro-
tein products, with some evidence suggesting that there is no cleavage or processing of the polypro-
tein [112] and other studies giving evidence of proteolytic products that correlate to the proposed
functional domains when expressed in baculovirus expression systems [113].

HEV ORF2: Carsip PROTEIN

ORF2 encodes a 660 amino acid capsid protein, which assembles into an icosahedral virion. The
ORF?2 protein has three domains, the shell (S), middle (M), and protruding (P) regions [114]. The
crystal structure of the HEV capsid protruding domain demonstrates that dimerization of the cap-
sid protein is critical for host—cell interactions [115]. As the ORF2 protein includes neutralizing
epitopes [116], it has been the main target for the development of the aforementioned HEV vaccine
candidates.

HEV ORF3: MULTIFUNCTIONAL PHOSPHOPROTEIN

ORF3 encodes a multifunctional phosphoprotein of 114 amino acids, which has been shown to inter-
act with the protein kinase signaling pathways [117]. It has been proposed that this protein modu-
lates the host environment to facilitate virion egress [118]. The genome organization is detailed in
Figure 8.4.

CELL ENTRY AND THE HEV REPLICATION CYCLE

Details on HEV replication and how the virus enters and egresses host cells are scarce due to the
lack of an efficient cell culture system for HEV. However, heparin sulfate proteoglycans (HSPGs) on
the host cell surface are thought to be involved in the binding of the capsid [119]. This was demon-
strated in a study using a 56 kDa recombinant ORF2-encoded protein that could self-assemble into
VLPs. When heparinase I enzyme was used to degrade heparin on the surface of Huh-7 cells (liver
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derived), the binding ability of the recombinant capsid protein was dramatically reduced, implicat-
ing HSPGs in HEV entry into host hepatocytes [119].

It is widely accepted that the HEV primary host cell target is the hepatocyte [120], although
there is evidence of HEV replication in other nonhepatic tissues including the small intestine, lymph
nodes, and the colon, as detected by negative strand (a marker of replication) specific reverse tran-
scription polymerase chain reaction (RT-PCR) assays in swine [121].

Further details of the viral replication cycle have been mainly inferred by comparison with other
RNA viruses [105] and studies in cell culture, or by using in vivo models such as chimpanzees, owl
monkeys, and macaques [122]. Rats, chickens, rabbits, and pigs are also suggested small animal
model candidates for further studies, given that HEV has now been isolated from natural infections
in these species [123,124].

HEV CELL CULTURE SYSTEMS

HEV N Tissue CULTURE

HEV virion production has proved challenging because it has been difficult to establish robust
in vitro HEV replication in cell lines. In a recent report from Japan, HEV was obtained from a
patient with high viral RNA levels and successfully cultured in PLC/PRF/5 cells before being
established in A549 cells [125]. HEV GIII and GIV have also been cultured in this cell line [126]
and, in addition, HEV GIII has been recently cultured in human and porcine hepatoma-derived
cell lines [127].

HEV replicons have also been created to study HEV replication within nonhuman primate cells,
where ORF2 and ORF3 have been replaced with a marker gene encoding enhanced green fluores-
cent protein (EGFP) [128]. These studies showed that the 7 mG cap was required for infectivity, as
only capped viral RNA could infect cells [128].

These examples illustrate that it is possible to culture HEV, but for the most part these systems
have been slow to develop and are largely inefficient and difficult to replicate.

HEV TRANSMISSION

HEV causes hepatitis in humans through enteric transmission, which can be waterborne, foodborne,
or zoonotic via animal contact (reviewed in [10]). It can also be transmitted vertically from person-
to-person [129] and parenterally via blood transfusions [130-132] and solid organ transplants [133];
however, intrafamilial spread has been shown to be negligible [134]. Direct contact with infected
animals and handling or consumption of contaminated undercooked meat are all possible routes
of HEV transmission (reviewed in [16]). Direct evidence of HEV zoonoses has been demonstrated
in cross-species HEV infection studies in humans, nonhuman primates, and swine [135,136]. In
particular, the evidence of zoonoses between pigs, deer, wild boar, and humans is of great concern
to public health.

There is evidence of HEV transmission to humans by vocational exposure on swine
farms [137]. Additionally, abattoir effluent and swine farm runoff into water sources and onto
pastures and use of slurry fertilizers and contaminated irrigation of crops are all methods for
environmental transmission of HEV [39,138]. Studies have shown that swine farmers have a
significantly higher HEV seroprevalence than the general population. In one study, the ratio of
HEV infections was shown to be double for swine farmers compared with the general public,
and the risks were shown to increase with drinking raw milk, years of exposure to piggeries,
assisting sows at birth, and cleaning out barns [137]. In summary, HEV poses a potential health
risk through zoonotic transfer from infected animal contact as well as through environmental
transmission into potable water supplies and coastal waters that could contaminate shellfish
beds or swimming areas [39].
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FOODBORNE HEV TRANSMISSION

This section reviews the available body of evidence for direct foodborne HEV transmission to
humans. Over the last decade, it has become increasingly evident that human HEV infections are
a growing problem, as the global food network expands and diversifies. Mounting evidence has
come to light indicating that foodborne transmission of HEV poses a significant risk to humans
within developed countries, as additional transmission routes are recognized. There are four main
routes for foodborne transmission of HEV to humans: (1) HEV GIII, GIV, and GVII are transmitted
through consumption of contaminated, undercooked pork, boar, deer, and camel meats and other
food products; (2) HEV GIII and GIV can also be transmitted to humans (usually swine farmers)
via direct contact with animals farmed for human consumption [137]; (3) for GI and GII HEV infec-
tions, seafood consumption is a possible transmission route [39] and occurs when farmed shellfish
are contaminated with enteric viruses (usually via sewage) [139,140]; and (4) there is mounting evi-
dence for HEV transmission to humans from contaminated fresh produce such as berries and leafy
vegetables [141-143], which are usually consumed raw.

Despite this growing recognition, there are only a few reported cases offering direct evidence
of foodborne HEV transmission as the lengthy incubation period (mean of 40 days) often means
source links are difficult to identify, because the HEV-contaminated food is no longer available for
testing and further studies [39]. Of the available studies, RT-PCR is often used as the HEV detec-
tion method, so it should be noted that detection by RT-PCR only confirms the presence of the virus
and does not necessarily indicate if the virus is infectious. While there are limited studies available
on the environmental stability of HEV, it is known to stay viable through at least one freeze—thaw
cycle [144]. This could have implications for HEV infection if the virus is able to remain viable in
snap-frozen fresh produce.

EVIDENCE OF HEV IN FRESH PRODUCE SUPPLY CHAIN

There are usually no postharvest measures implemented in general crop production to kill patho-
gens [145]. As such, HEV is one of a number of viruses that can be detected on fresh produce for
human consumption, along with norovirus, rotavirus, HAV, adenovirus, and astrovirus. Most fruit
and many vegetables are intended to be eaten raw, and cooking to inactivate any foodborne enteric
viruses is not usually feasible.

HEV has been isolated from fresh fruits such as berries and leafy green vegetables, which are
grown in pastures and undergo little processing before they are consumed. For example, in one
study, HEV was detected on strawberries 1 h after irrigation with polluted river water [141]. The
HEV strain isolated from the berries had a sequence identity of 99% with a swine HEV strain
detected on a pig farm in the same region of Quebec [141]. HEV has also been detected on frozen
strawberries and raspberries at point-of-sale in Europe. Possible contamination routes were identi-
fied as handling, irrigation, or manure fertilization of the berries [142]. Animal-based manure fer-
tilizer is a likely route for HEV transfer onto berries, given the detection of other enteric viruses in
swine manure and irrigation water samples [142]. HEV has also been identified on fresh lettuce and
in irrigation water applied to vegetable crops in Europe [143].

Changes in processing of fresh produce are required to help prevent the introduction of enteric
viruses into the fresh food chain, specifically the avoidance of using swine manure fertilizer on
crops or irrigation with contaminated water.

HEV INFECTIONS FROM MEAT CONSUMPTION

HEV INFecTION Risks FROM PORK

Swine are a well-recognized HEV reservoir [85], so the production and consumption of pork
products carries a risk of HEV infection in humans. Indeed, thermal stability testing on HEV
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demonstrated that a small percentage of some HEV strains remained viable at 60°C, which has
implications for consumers eating rare-cooked meats and rewarmed foods [144]. One of the first
studies clearly linking transmission of HEV to humans from pork consumption was presented by
Yazaki et al. in 2003 [15]. This study reported several cases of fulminant or sporadic acute hepatitis
within 2—-8 weeks of ingestion of undercooked pork liver in Japan. Testing of pig livers from 25
Japanese grocery stores in Hokkaido demonstrated that 2% of livers sold had detectable HEV RNA
present in the meat [15]. Nucleotide sequence identity between the RNA isolated from the pig liv-
ers and the patients was between 98.5% and 100%, clearly implicating the pig livers as the source
of human HEV infection [15]. This study further supports the accumulating evidence that HEV is
transmissible to humans through consumption of undercooked meat.

Several studies across North America and Europe have also clearly linked the consumption of
pork and pork products to human HEV infections. In Southern France, figatellu (plural: figatelli)
sausage is a local delicacy of dried, cold-smoked pig liver, often eaten raw. Figatelli sausages from
local supermarkets were tested using RT-PCR to detect HEV RNA levels, which confirmed that
58% (7 of 12) of samples were HEV RNA positive with an estimated 103-10° HEV genome copies
per slice [146]. In the same case-controlled study, it was found that 54% (7 of 13) of individuals who
consumed figatelli were serologically positive for HEV or had detectable HEV-RNA, compared
with 0% (0 of 5) of individuals who did not consume figatelli [146]. Interestingly, HEV seropreva-
lence in blood donors is 52.5% in Southwest France [132] where figatelli is widely consumed, com-
pared with just 3.2% in France overall [147]. Moreover, in the United States, 11% of pig livers sold
in grocery stores tested positive for GIII HEV RNA using RT-PCR, which had the ability to detect
HEV GI-GIV RNA. Two of three liver homogenates tested on swine resulted in HEV infections,
demonstrating that the HEV was still infectious [148].

In Europe, commercially available pork livers sold in the Netherlands were tested for the pres-
ence of HEV RNA to establish routes for infection within the country. Of the livers tested, 6.5%
4 of 62) were positive for HEV using RT-PCR and Southern blot hybridization. Three of the four
livers that were positive for HEV sequences were found to contain GIII viruses [149].

Similarly, in Britain, several steps within the pork food chain were monitored for HEV using
RT-PCR, including samples and swabs from slaughterhouses, processing plants, and points-of-sale,
with HEV RNA being detected at every step. It was revealed that 10% of all sausages sampled (6
out of 63) had detectable levels of HEV, as did 25% of surface swabs at the points-of-sale (2 of
8). As sausages are so widely consumed in Great Britain (over 212,746 tons from February 2011
to February 2012), this study raised several health concerns pertaining to HEV infections in the
British public [150].

In summary, there is a risk of HEV infection, particularly GIII porcine viruses, from the con-
sumption of pork and pork products, especially undercooked pig livers.

HEV INFEcTION Risks FROM VENISON

HEYV infection has also been implicated from the consumption of venison. In 2003, a study linking
HEYV infections to the consumption of raw deer meat was published by Tei et al. [19]. Following the
diagnosis of human HEV infections, frozen leftover venison meat was tested and shown to contain
viruses with an identical nucleotide sequence to the HEV isolated from the infected individuals
that had consumed deer meat. The patients’ families that had not consumed the deer meat were not
infected, further proving the zoonosis [19].

HEV INFecTION Risks FROM OFrraL AND WiLD BoOAR

Raw or undercooked offal (kidney and liver) and wild boar meat were found to be a statistically
significant higher-risk food for HEV transmission in Germany, where HEV infection has been a
notifiable disease since 2001. In one German study, 100% of patients (15 out of 15) with acute
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autochthonous HEV infection and without a recent travel history tested positive for HEV GIII or
GIV genotypes, which are usually detected in swine. A bivariate assessment of risk factors and
exposure of infected individuals was compiled, revealing that patients who ate offal were at a 40.9%
chance of HEV infection compared with 18.5% of control individuals, demonstrating a significantly
higher risk of HEV infection from eating offal [151].

HEV INFecTION Risks FROM CAMEL MEAT AND MILK INGESTION

In the Middle East and in regions of Africa, the consumption of camel meat is popular and often
prized in celebratory dishes. In addition to the ingestion of camel meat, camel milk is also widely
consumed, particularly by some Bedouin tribes. There is evidence of camel-to-human transmission
of HEV. A HEV strain has been detected in a chronic hepatitis patient in the United Arab Emirates
who regularly ingested camel meat and milk but did not consume pork, which is normally associ-
ated with foodborne HEV infections [9]. Phylogenetic studies of the HEV genome sequence from
the patient revealed that the virus was a GVII, known to infect camels [9]. Therefore, there is a risk
of zoonotic transmission of novel HEV isolates, and novel genotypes could be present in other ani-
mal species with the potential to cause human disease.

These studies all clearly link HEV infection to the consumption of raw or undercooked meats
and animal products, highlighting the risk associated with meat consumption, in particular from
pork products and game meats. As a result, HEV is now recognized as a zoonotic disease.

HEV INFECTIONS FROM FISH AND SHELLFISH CONSUMPTION

Despite the growing evidence for human HEV infections from fish and shellfish, several studies in
shellfish from different regions where HEV is circulating in the human population did not detect any
HEV RNA [152-154]. A recent systematic review of the scientific literature and ProMED reports
of shellfish-borne viral outbreaks found that only 0.3% of infections were caused by HEV [155]. It
is not known if this is because the assays used are not sensitive enough to detect the levels or type
of HEV present, or if incidences of HEV contamination of shellfish beds are not common. Bivalve
molluscan shellfish are a known high-risk food group for exposure to many enteric pathogens as
their filter feeding can concentrate microorganisms, including protozoa, bacteria, and viruses,
within the flesh [156].

In many countries, seafood is eaten raw (e.g., as sashimi) or straight from the shell. Even lightly
steaming fish and shellfish might not be enough to inactivate HEV, given the ability of the virus to
remain infectious at 60°C [144]. It has also been noted that HEV incidence is statistically higher
in those who consume fish, relative to pork consumption, but no data regarding the cooking of
the food were obtained, so conclusions could not be drawn as to the role of cooking in this analy-
sis [157]. In summary, while there is very little documented evidence of HEV contamination in
fish and shellfish, human HEV infection from sewage-contaminated seafood is a plausible trans-
mission route.

CONCLUSIONS

While it has now been firmly established that HEV can be transmitted in food, there is still a long
way to go to understanding the full scope of foodborne HEV transmission risks. HEV is a largely
understudied virus, and several details of the viral replication cycle, host targets, and host range are
still to be elucidated.

HEV transmission has clearly been linked to the consumption of undercooked meats, especially
pork, which should be regarded as a high-risk food even in higher-income nations. Game meats,
shellfish, and fresh, unprocessed produce also carry risks of HEV transmission. The testing of meat
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and fresh produce throughout the supply chain up to point-of-sale could ensure that introduction
points of contamination are traced and controlled to prevent further human infection.

In addition to raising awareness of HEV transmission risks in consumers and producers, educa-
tion should be promoted among produce growers, animal farmers, and abattoir workers on envi-
ronmental transmission risks posed by runoff into rivers and coastlines, application of animal
slurry, and contaminated crop irrigation. Decontamination and management of farm runoff is also
required to further control the spread into drinking and swimming water sources. These measures
would go some way toward the prevention of HEV infections as well as other enteric viruses that
persist in the environment.
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INTRODUCTION

Astrovirus (AstV) is a member of the Astroviridae family. The name astrovirus derives from
the star shape (astron in Greek) of the virion, as seen by electron microscopy (EM). In humans,
AstV predominantly induces gastroenteritis and is a common cause of viral gastroenteritis in
young children worldwide. In addition, AstV occasionally causes outbreaks in adult care facili-
ties and within closed and semiclosed communities. Human AstV (HAstV) has been implicated
in water- and foodborne gastroenteritis outbreaks, and has also been linked to the consumption
of contaminated bivalve mollusks. These features indicate that the virus is an important food-
borne pathogen, and that control and prevention of HAstV infection are of interest for public
health.

163



164 Foodborne Viral Pathogens

HISTORY

HAstV was first identified using EM in 1975 in feces collected from hospitalized infants with diar-
rhea [1]. AstV virions have a starlike surface, a morphological feature that distinguishes them from
picornaviruses and caliciviruses, also commonly found in human fecal specimens. In the same year,
an outbreak of mild diarrhea and vomiting among infants in a maternity ward was also reported [2].
An investigation of the maternity ward outbreak followed. EM revealed virus particles of 29-30 nm
in diameter, but without the distinguishing surface structures. Virus-specific immunologic reagents
proved that these viruses were also AstV. The availability of commercial assays introduced during
the 1980s led to the recognition of the medical importance of AstV infections, particularly gastro-
enteritis in humans.

CLASSIFICATION

Although AstV resembles other small, rounded RNA viruses in size, morphology, and genome
organization [3], it has been classified into the distinct viral family, Astroviridae. The Astroviridae
are further classified into two genera based on genetic and biological differences. These genera
include Mamastrovirus, which encompasses human and mammalian AstV, and Avastrovirus, which
includes avian AstV strains [4].

AstV species have long been defined on the basis of the host species infected. Taking advan-
tage of improved diagnostic techniques, a number of novel AstVs have been discovered in recent
years in both humans and animal species. These discoveries have revealed large genetic hetero-
geneity between viruses in this species, much greater than previously believed. Genetic rela-
tionships among various strains have been principally assessed using sequence data, usually
from open reading frame 2 (ORF2), which encodes the viral capsid. This criterion has been
implemented in the current classification found on the website of the International Committee on
Taxonomy of Viruses (ICTV) [4], which proposes 19 species within the Mamastrovirus genus
and three species in the Avastrovirus genus. Several recently identified animal AstV strains
appear to be candidates for novel AstV species, although these have not yet been officially clas-
sified by the ICTV (Figure 9.1). In early studies of HAstV, marked antigenic differences were
noted by the lack of cross-neutralization among some AstV isolates. These studies revealed two
serotypes, type-1 and type-2, which could be defined antigenically. However, it was also noted
that sera specific for both type-1 and type-2 HAstVs did not recognize some other AstV iso-
lates [6]. Subsequent studies performed by immune EM, immunofluorescence, enzyme-linked
immunosorbent assay (ELISA), and plaque neutralization assays revealed eight distinct sero-
types [6—10]. Genetically, HAstV types 1-8 form a monophyletic group and are classified as a
single unique species.

A number of unusual HAstVs discovered recently (MLBI1, VA2 and HMO-A, VA-1, HMO-
B, and HMO-C) are genetically more closely related to animal AstVs than to “typical” human
AstVs [11-14], and all are now listed as a distinct AstV species. Epidemiological investigations
suggest that these new HAstV species are distributed worldwide [6,15] and that human infec-
tions are not likely to be sporadic. Evidence for this has been demonstrated; antibodies specific
for VA-1-like (HMO-B/HMO-C) AstV have been identified in nearly 65% of human sera in the
United States [16]. Further work is clearly needed to determine the epidemiology of these new
AstV strains.

MORPHOLOGY AND STRUCTURE

AstV is an icosahedral virus with a starlike surface structure and a diameter of 29-30 nm. However,
the starlike surface structure is often not visible by EM due to sample preparation issues [1].
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Ultrastructural analysis of type-1, type-2, and type-8 HAstVs grown in cell culture has revealed
marked structural differences between mature and immature virions. Mature virus particles have
icosahedral T = 3 symmetry and possess 30 dimeric spikes protruding from the surface, located on
the icosahedral two-fold axes [17-19].

By amino acid (aa) sequence comparison of HAstVs, the capsid protein precursor can be divided
into three domains, a highly conserved N-terminal domain (aa 1-424), a hypervariable domain
[HVR (aa 425-688)], and a highly acidic C-terminal domain [20]. The mature, infectious virion
contains three predominant protein species derived from the N-terminal domain (VP34) and the
HVR (VP25 and VP27) following intra- and extracellular processing [6,21-23]. Neutralizing mono-
clonal antibodies have been mapped to residues in the HVR, suggesting that this part of the capsid is
involved in virus binding to cellular receptors [23,24]. Structural analysis of a human type-8 AstV
revealed that the AstV capsid spike is formed by dimerization of a polypeptide spanning the HVR,
while the N-terminal-derived polypeptide forms the capsid shell [19,25]. In addition to proteins
derived from ORF2, proteins encoded by ORF1a are also present in viral particles and associated
with viral RNA [26].

GENOME STRUCTURE AND REPLICATION

AstV possesses a positive-sense, single-stranded, poly-adenylated RNA genome that varies in length
from 6.4 to 7.3 kb [3]. The viral genome contains three ORFs. Two of these, ORFla and ORF1b, are
located at the 5" end of the genome and encode the nonstructural proteins. The third ORF (ORF2)
is located at the 3" end and encodes the capsid proteins [3,27] (Figure 9.2).

During infection of susceptible host cells, a subgenomic RNA (sgRNA) of 2.4 kb is produced,
which encompasses ORF2 [22,30]. Synthesis of genomic and subgenomic RNA is thought to
be mediated by a full-length, negative-sense RNA template [3]. A motif upstream of the AstV
ORF?2 is believed to contain the promoter for the synthesis of subgenomic RNA [6]. This motif,
ATTTGGAGNGGNGGACCNAANATGNC (where the ORF2 ATG start codon is under-
lined), is highly conserved among mammalian and avian AstVs. This sequence also shows iden-
tity with the 5" end of the genomic RNA, providing further evidence for its role as an RdRp
promoter [31].

ORFla follows a short 5" end untranslated region (UTR) and is the largest AstV ORF (2.5-
3.4 kb), with the 3" end partially overlapping the 5" end of ORF1b. The overlapping region
contains signals that are essential for transcription and translation of the viral RNA poly-
merase (encoded by ORF1b) [32,33] through a frameshift mechanism [34,35]. The polypeptide
encoded by ORFla contains helical transmembrane motifs followed by a viral serine protease
motif [31]. ORFI1b is 1.5-1.6 kb in length and overlaps with the 5" end of ORF2 in mammalian
AstVs. ORF2 encodes the capsid protein precursor and varies in size from 2.0 to 2.4 kb. A UTR
of variable length (0.1-0.3 kb) lies at the 3" end of the genome and contains highly conserved
sequences [36].

EPIDEMIOLOGY

TrRANSMISSION OF ASTV AND BURDEN OF DISEASE

The incidence of HAstV in children with gastroenteritis ranges from 2% to 9% [37], a rate suf-
ficient to suggest that the control of HAstV gastroenteritis may be of interest in terms of public
health.

AstV is most frequently transmitted person to person through the fecal-oral route. Virally con-
taminated water and food are also sources for AstV transmission, and can cause large outbreaks
of disease in both children and adults [3]. AstV outbreaks also often affect parents, teachers, and
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FIGURE 9.1 (CONTINUED) Phylogenetic analysis of astrovirus ORF2 sequences among a selection of
viruses from the Mamastrovirus genus. The analysis was inferred using the complete capsid coding gene
(ORF2), eliminating all gap positions. Analysis was performed using the neighbor-joining method within the
MEGAT software package (from Kumar, S. et al. Mol Biol Evol, 9, 141, 2015). Accession numbers are indi-
cated after astrovirus strain names. Square brackets are used to indicate human astroviruses. Abbreviations:
AAstV, Avastrovirus; MAstV, Mamastrovirus; Bov, bovine; Chi, chicken; CSL, California sea lion; Dol,
dolphin; Fe, feline; Hu, human; Ov, ovine; Po, porcine; Rab, rabbit. The scale bar indicates the number of
nucleotide substitutions per site.

medical personnel in contact with infected children. AstVs are environmentally resistant and main-
tain their infectivity over time, even on inert surfaces. They remain stable at acidic pH and high tem-
perature (60°C) for 5-10 min and are resistant to a variety of disinfectants and detergents [38]. Raw
and treated sewage is considered an important source of AstV contamination because of its ability
to persist in surface waters [1,39]. Indeed, AstV has been detected in various water sources, includ-
ing drinking water, rivers, dams, wastewater, and effluents from water treatment plants [6,40—43].
The detection of identical HAstV strains from water and fecal samples collected from hospitalized
patients clearly demonstrates the role of water in the transmission of HAstV [6]. HAstV is shed in
stools for up to 2 weeks after the resolution of symptoms and for 3 months or more in immunocom-
promised patients [44].

Food is thought to play an important role in the transmission of HAstV, particularly through
contaminated bivalve mollusks such as oysters. The ability of AstV to persist in marine water for
extended periods may account for the high levels of contamination observed in shellfish. The AstV
contamination peak appears to be seasonal, usually occurring in winter and following periods of
heavy rain [45]. However, the peak in viral infections can vary from the winter months in temperate
regions to late spring/early summer in tropical areas [6,46].

AstVs are generally considered strictly species-specific, but evidence for interspecies transmis-
sion and/or recombination between distantly related strains has been documented in cows and red
deer [47], humans and marine mammals [48], and humans and ruminants or mink [14]. Direct inter-
species transmission of animal (heterologous) strains coupled with genetic recombination may gen-
erate novel, viable viruses capable of spreading throughout the human population [11,13].

MoLecuLAR EPIDEMIOLOGY OF AsTV

HAstV is genetically and antigenically heterogeneous [10]. Sequence analysis of short fragments
of ORF2 and reverse transcription polymerase chain reaction (RT-PCR) genotyping protocols with
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FIGURE 9.2 Genome organization of human astrovirus (HAstV). HAstV genomic RNA comprises three
ORFs, ORFla, ORFIb, and ORF2. The 5" end of the genome features a covalently attached VPg and a UTR,
and the 3’ end contains a UTR and a polyadenylated tail. Known functional domains are highlighted in color,
with putative helicase (Hel), protease (Pro), VPg, and hypervariable region (HVR) domains on ORFla, the
RNA-dependent RNA polymerase (RdRp) domain on ORF1b, and the capsid protein (VP90) encoded by
ORF2. The scale bar represents 1.0 kb. (Modified and adapted from Bosch, A. et al., Clin Microbiol Rev, 27,
1048-1074, 2014; SIB Swiss Institute of Bioinformatics: ViralZone. ViralZone online: Mamastrovirus on SIB
Swiss Institute of Bioinformatics. http://viralzone.expasy.org/viralzone/all_by_species/281.html. Accessed 29
February 2016).
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type-specific primers have been used for the genetic characterization of HAstV types 1-8. The
results of nucleic acid-based typing were found to correlate with antigenic characterization when
using type-specific polyclonal or monoclonal antibodies [49]. Irrespective of the methods utilized,
typing surveys have shown that HAstV-1 is the most common type infecting children, followed by
HAstV-2 to -5, whereas HAstV-6 to -8 have only been detected sporadically [20,50]. Interestingly,
upon analysis of ORF2, discrete sequence variation has been observed within each HAstV type.
At present, there is a lack of clearly defined criteria in the literature for the classification of HAstV
lineages. Guix et al. [51] proposed that viruses belonging to different lineages within the same type
should diverge by at least 7% at the nucleotide level, while Gabbay et al. [S0] used a 5% nucleotide
divergence cut-off value, coupled with a high bootstrap value for phylogenetic clusters, to define a
new lineage. On the bases of these criteria, HAstV-1 has been divided into six lineages (HAstV-
la—1f), HAstV-2 into four lineages (HAstV-2a-2d), and HAstV-3 and HAStV-4 into two lineages
(HAstV-3a-3b and HAstV-4a—4b, respectively) [50,52,53].

The incidence and distribution of HAstV sero/genotypes vary seasonally and geographically,
but large nationwide epidemiological studies spanning long time periods are lacking in the lit-
erature. The cocirculation of multiple HAstV types and/or intratypic genetic variants has been
reported in some countries. For example, surveillance studies conducted in Italy have demon-
strated the emergence and/or reemergence of strains belonging to different HAstV lineages over
time. In particular, HAstV-1d was first detected in 1999 and was replaced by HAstV-1b in 2000.
This lineage reemerged in 2003-2005 and continued to circulate in 2008 along with HAstV-1a,
which became predominant in 2010. During this survey, three additional genotypes (HAstV-2,
-4, and -5) were also detected, but at low frequency [53]. However, non-genotype 1 HAstVs, such
as HAstV-2, can become temporally predominant in some areas, as described in Chile, Spain,
Colombia, and Brazil [37,53,54].

CHANGING EPIDEMIOLOGY OF AsTV

Until 2008, eight classical AstV types were known to cause human disease. However, our under-
standing of the epidemiology of AstV-associated gastroenteritis has changed markedly due to recent
improvements in detection methods. As mentioned, several new AstV species have been discov-
ered in human fecal samples from patients with diarrhea. These novel AstVs, tentatively called
human, mink, and ovine-like AstVs (HMOAstVs), were identified and classified on the basis of
their genetic relationship to classical HAstVs and some animal AstVs [6,11,55]. Since the detection
of human AstV MLBI, a novel AstV, in a stool sample from a 3-year-old boy in Australia, evidence
has suggested that MLBI-like strains circulate globally. However, a case-controlled study from
India showed no association of MLB-1 with diarrhea [15]. Likewise AstV-VAl, discovered during
a sporadic diarrheal disease outbreak in Virginia, has also been detected in different geographical
areas [55]. The identification of multiple lineages of human AstVs (AstV-MLB and HMO-AstV),
phylogenetically distinct from but closer to animal AstVs, likely suggests independent origins for
each of these lineages [12,56].

IMMUNITY AND REPEATED INFECTIONS

The determinants of immunity to AstV are not well understood. After the first episode of infection,
which usually affects children less than 2 years of age, AstV-specific antibodies appear and contrib-
ute to protection from further illness. However, humoral immunity decreases later in life, and older
adults can again become susceptible to symptomatic infections. Protection from HAstV infection
might be partially explained by passive immunity in infants or active immunity from previously
acquired infections in children older than 2 years of age [45]. A decrease in the frequency of severe
dehydration in children has been observed with subsequent symptomatic AstV infections, compared
with children infected for the first time [57]. The circulation of different AstV types over time



Astroviruses 169

suggests a possible role of immune selection in the evolution of AstV [44]. Supporting this theory,
phylogenetic analyses consistently show a replacement of different genotypes over time, with
HAstV-1 being the most prevalent genotype. The identification of different lineages within HAstV-1
may suggest a lack of homotypic immunity to antigenic variants of the same serotype. However,
supporting data are lacking, and it remains to be determined whether the humoral immune response
is focused homotypically or heterotypically.

Immunoglobulin therapy in immunocompromised patients with persistent HAstV infection resulted in
virus clearance and the elimination of diarrhea [44]. The normal mucosal immune response and the pro-
duction of interferon gamma, tumor necrosis factor, and cytokines released by CD4+ T cells are thought to
induce protection against repeated HAstV infections. Moreover, even in immunocompromised (e.g., HIV
positive) patients, CD4+ T cells were found to have an important role in the control of viral replication.
The control of viral replication in animals (i.e., turkeys infected with turkey AstV) was attributed to innate
immune responses, although the role of adaptive immune response in viral clearance remains unclear [44].

ILLNESS AND PATHOGENESIS

HAstV infection is characterized by an incubation period of 3—4 days followed by mild, watery
diarrhea that lasts for 2—4 days. A shorter incubation period (24-36 h) is usually observed during
an outbreak of gastroenteritis. Clinical symptoms, apart from watery diarrhea and vomiting, also
include headaches, fever, abdominal pain, and anorexia [58,59]. However, HAstV infections can be
asymptomatic in both children and adults. It is virtually impossible to distinguish diarrhea caused
by HAstV from that caused by other enteric viruses on the basis of clinical signs alone. Generally,
HAstV diarrhea is milder than that caused by rotavirus, and it does not lead to significant dehy-
dration or hospitalization [60]. The typical clinical features associated with HAstV infection are
shown in Table 9.1. In children, the main clinical manifestations observed with HAstV infection
are diarrhea and, less frequently, vomiting. HAstV infection causes moderate dehydration, often in
association with elevated body temperature. Symptoms usually resolve within a few days. A range

TABLE 9.1

Clinical Features of Human Astrovirus Infection
Diarrhea (%) 72-100
Days of diarrhea (average) 2-7
Maximum number of stools/day 4-13
Abdominal pain (%) 50
Vomiting (%) 20-84
Days of vomiting (average) 1
Maximum incidents of vomiting/day 1

Fever (%) 20-25
Maximum temperature of fever (°C) 38.5
Dehydration (%) 10-30
Hospitalization (%) 6

Days of hospitalization (average) 2-6
Severity score? 5-17 points

Source: Adapted and modified from: Nguyen, T.A. et al., J Med Virol, 80,
298-305, 2008; Walter, J.E. and Mitchell, D.K., Curr Opin Infect Dis,
16, 247-253, 2003; Colomba, C. et al., Eur J Clin Microbiol Infect
Dis, 25, 570-575, 2006.
@ Twenty point scoring system (Ruuska, T. and Vesikari, T. Scand J Infect Dis,
22, 259-267, 1990).
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of mixed infections involving AstV and rotavirus, adenovirus, or norovirus may also occur. No
specific difference in clinical severity was evidenced when single and dual HAstV infections were
compared [61].

Adult volunteer studies have facilitated the assessment of HAstV pathogenicity in humans. The
administration of HAstV-positive fecal extracts to adult seronegative volunteers showed that the
majority of volunteers developed asymptomatic infection or mild symptoms, such as vomiting and
watery diarrhea, or abdominal discomfort without vomiting or diarrhea [62]. However, immuno-
compromised patients infected with HAstV often developed chronic diarrhea. In some animal
species and, recently, in some human patients, extraintestinal localization and diseases (encephali-
tis, nephritis, and hepatitis) have been described in patients infected with HAstV [6,39,47,63—67].
Disseminated diseases and additional putative complications such as intussusception were also
associated with AstV infections in studies from Hungary and Nigeria [68,69]. Mortality associated
with AstV infections is extremely rare, but has been reported in immunodeficient patients [70].

PATHOGENESIS

Histopathologic studies demonstrate active replication of AstV within the small intestine. Viral
replication mainly occurs in the mature epithelial cells near the villus tip of the jejune. Studies
performed with ovine and bovine strains (OAstV and BAstV) have shown that AstV can also infect
subepithelial macrophages (OAstV) and M cells (BAstV) of the small intestine [72].

Turkeys infected with turkey AstV (TAstV) have been largely used as the preferred animal
model to study astroviral pathogenesis [73,74]. These experiments have demonstrated that infection
induces severe diarrhea in the absence of significant changes in intestinal morphology, including a
lack of change in villus height, width, or surface area. Furthermore, there is no evidence of inflam-
mation and no increase in cell death following AstV infection [6,63,73,75]. Collectively, these obser-
vations indicate that AstV induces diarrhea through a mechanism independent of virus-mediated
destruction of the epithelium. It is therefore thought that AstV primarily affects the physiological
function of intestinal epithelial cells.

Recent in vitro studies examining the effect of AstV infection in human colonic adenocarcinoma
(Caco-2) cells suggested that the AstV capsid protein alone can increase the permeability of cells in
a monolayer, independently of viral replication. This increased permeability is one component of
pathogenesis in viral diarrhea, and its mechanism is thought to act through actin rearrangement [76].

Investigation of electrophysiological changes associated with AstV infection ex vivo suggested
that AstV may induce ultrastructural changes in the intestinal epithelium and rearrangement of
F-actin. Nighot and coworkers [77] hypothesized that these actin changes disrupt the normal
expression of transporter proteins in the apical membrane, specifically sodium/hydrogen exchanger
3 (NHE3), and lead to malabsorption of sodium ions (Na*). This results in the failure to absorb
water completely and induces fluid loss. Moreover, AstV induces apoptosis in cultured cells, sug-
gesting that programmed cell death may also contribute to pathogenesis in some host species [78].

ASTROVIRUS DETECTION METHODS

Significant improvements in the detection of AstV have been achieved over the past three decades,
and some of the methods have become commercially available as diagnostic kits to allow standard-
ized laboratory diagnosis of AstV infections (Tables 9.2 and 9.3). In general, routine laboratory
diagnosis is based on the detection of either viral antigen or genomic RNA.

MICROSCOPY AND VIRUS ISOLATION

HAstV was first identified using EM [1], and both EM and immune EM (IEM) were initially used
as conventional diagnostic techniques for the detection of AstV in stool samples. IEM enhances
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TABLE 9.2

Commercially Available Astrovirus Antigen Detection Tests

Product Name Features Producer Country of Origin
NADAL® Astrovirus Test Chromatographic Nal von Minden Ltd Germany
immunoassay
Astrovirus Rapid Test Chromatographic Creative Diagnostics USA
immunoassay
Intermedical Astrovirus Chromatographic INTERMEDICAL Italy
Device immunoassay s.r.l
CerTest Astrovirus Chromatographic CerTest Biotec Spain
immunoassay
CerTest Rotavirus- Chromatographic CerTest Biotec Spain
Adenovirus + Astrovirus immunoassay; mulitplex
Combo Card assay detects rotavirus,
adenovirus, and astrovirus
ProSpecT™ Astrovirus test ELISA Thermo Fisher United Kingdom
Scientific Oxoid Ltd
Astrovirus RIDASCREEN®  ELISA R-Biopharm AG Germany
ELISA
Astrovirus Ag (stool) ELISA Sierra Resources USA
ELISA International, Inc.
TABLE 9.3
Commercially Available Astrovirus Nucleic Acid Detection Kits
Product Name Features Producer Country of Origin
Astrovirus @ceeramTools™ Astrovirus Test Kit ~ Real-time RT-PCR CEERAM S.AS. France
Réf. KHASYV for clinical samples (CE IVD)
Astrovirus @ceeramTools™ Astrovirus Test Kit ~ Real-time RT-PCR CEERAM S.AS. France
Réf. KASV for food and environmental
samples
Astrovirus Multiplex PCR—uviral gastroenteritis ~ Two tube multiplex Fast-track The Benelux
symptom panel real-time PCR kit Diagnostics

PowerChek™ Astrovirus Real-time PCR kit

Real-time RT-PCR

Selenion Medical

BioBiZ

Korea

specificity and sensitivity when detecting HAstV in fecal samples compared with EM alone [79].
However, given that EM is relatively expensive, labor intensive, and insensitive, it is no longer
widely used in routine laboratory diagnosis [6].

HAstV can be propagated in cell cultures in the presence of trypsin. Susceptible cell types
include human embryonic kidney cells (HEK), rhesus monkey kidney cells (LLCMK,), primary
baboon kidney cells (PBK), and Caco-2 cells [6,80]. Given that not all HAstVs are readily cultur-
able, and that cell culture takes several weeks, its usefulness in clinical virology and outbreak

investigation is limited.

Immunofluorescence has been used for the diagnosis and serotyping of AstV infections. The
specificity and sensitivity of this procedure have been shown to be comparable with EM and

radioimmunoassays [81].
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ANTIGEN DETECTION TESTS

In clinical laboratory settings, commercially available antigen detection methods have been the
preferred choice for HAstV diagnosis (Table 9.2). For example, enzyme immunoassays (EIAs) and
immunochromatography (IC) tests are used for detecting AstV antigens in human fecal specimens.
These assays are based on the specific interaction between type-common antibodies and shared
epitopes of surface structures of the HAstV particle. The specificity and sensitivity of EIAs and IC
tests range from 98%—100% and 76%—-100%, respectively [6,82,83]. Tests based on latex agglutina-
tion (LA) are also available, with sensitivity and specificity comparable with other rapid detection
methods [84,85]. In addition, IC and LA tests have the added advantage that specialized equipment
is not required, they are easy to perform, and results are available within a few minutes.

NUCLEIC ACID DETECTION METHODS

An evolution of nucleic acid detection methods for AstV has been witnessed during the past
20 years or so, from traditional hybridization methods, parallel PCR assays, and more recently, deep
sequencing—based detection. During this evolution of diagnostic methods, various test principles
were merged in an attempt to increase both specificity and sensitivity.

HyYBRIDIZATION TECHNIQUES

Northern blot assays were first used to detect HAstV genomic RNA at a time when EM was the
only detection method available for HAstV [86]. Northern blotting of HAstV genomic RNA was
among the first nucleic acid—based molecular methods to be used for serotyping HAstV [87].
However, liquid hybridization, a modified DNA-DNA hybridization method, proved to be a rapid,
reliable, and less expensive method than Northern blotting, although it offered only moderate sen-
sitivity [88]. DNA oligonucleotide microarray detection assays can distinguish between all eight
HAstV serotypes. The assay utilizes RT-PCR products amplified with degenerate primers. The
amplicon is hybridized to a large set of short oligonucleotide probes, representative of each sero-
type [89]. Jaaskelainen and Maunula have also developed a microarray assay, using RNA transcripts
for detection [90].

NucLeic AciD AMPLIFICATION METHODS

The very first AstV RT-PCR assays were introduced in the early 1990s [6,56]. In these and subse-
quent studies, oligonucleotide primers were designed to detect different parts of the viral genome
and were either type-common or type-specific. Type-common primers mainly target the nonstruc-
tural proteins and UTRs of the HAstV genome [52,91]. For genotyping, fragments of the capsid
protein—encoding genomic region are amplified; these reactions are less sensitive, but provide infor-
mation about the viral type without the need to sequence the PCR products [51,87]. Nested RT-PCR
assays have shown a dramatic increase in sensitivity and specificity when compared with ELISAs,
EM, or even single round PCR assays [6,52,92].

An improvement in the specificity of RT-PCR was achieved when cell culture was combined with
RT-PCR (integrated cell culture-PCR or ICC-PCR). ICC-PCR was designed for the detection of AstV
in environmental water and fecal samples [6]. This detection method allows HAstV replication in
cell culture for a short period prior to PCR amplification. ICC-PCR has the advantage of detecting
viable viruses and reduces the time needed for detection when using traditional virus culture meth-
ods [93]. ICC-PCR, when combined with nested PCR, minimizes the number of false negative tests
and increases the specificity of the assay, as two sets of specific primers are utilized [94,95].

Quantitative real-time RT-PCR (RT-qPCR) was developed for the detection of all eight
HAstV serotypes in feces using primers that bind to highly conserved regions of ORFla in a
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TagMan-based assay [6]. Multiplex real-time PCR or RT-PCR can also be used for simultane-
ous detection of several viruses in a sample. Multiplex detection systems have similar sensitivity
compared with uniplex RT-qPCR assays for HAstV and have been designed for parallel detec-
tion of HAstV, adenovirus, enterovirus, norovirus GI and GII, parechovirus, rotavirus (group A
and C), and sapovirus. Extrinsic controls such as phocine herpesvirus and MS2 bacteriophage are
usually spiked during the RNA/DNA extraction step to monitor the efficiency of extraction and
amplification [6,96-98].

HAstV detection can also be performed using the TagMan Array Card (TAC), which bypasses
the limitations of some multiplex PCR systems. In this array, a 384-well platform is used with spa-
tial multiplexing. In 2012, Liu developed this system to detect 19 enteropathogens, including HAstV
and several other viruses, bacteria, and parasites. TAC is a sensitive, cost-effective, and quantitative
method, which easily detects mixed infections [99].

OTHER MOLECULAR METHODS

Nucleic acid sequence-based amplification (NASBA) is an isothermal amplification assay adapted for
HAstV detection by researchers from the Centers for Disease Control and Prevention (CDC) [100].
This test was compared with RT-PCR and no significant differences in detection rates were
observed, thus establishing an alternative to traditional PCR-based methods [100]. Loop-mediated
isothermal amplification (LAMP) or RT-LAMP is another isothermal amplification method. A real-
time reverse-transcription LAMP (QRT-LAMP) assay for the detection of the HAstV-1 capsid gene
has been reported [101]. In this assay, the turbidity of the mixture can be monitored with a spec-
trophotometer, providing an opportunity for quantitative measurement [101]. However, the major
advantage of this method is that the results can be visualized by eye.

Next-generation sequencing (NGS) techniques may be the future of routine molecular diag-
nostics, provided that the individual reactions are cost-effective and that bioinformatics analysis
becomes an easy, automated process. The current applications of NGS in AstV detection are mainly
for pathogen discovery through viral metagenomics, where the amount of relevant data is highly
sensitive to sample processing. Alternatively, unbiased random primed RT-PCR combined with
high throughput sequencing has been used to describe novel AstVs in patients with diarrhea and
CNS disease [64].

TREATMENT AND PREVENTION

HAstV gastroenteritis is typically a mild, self-limiting infection. More severe disease usually devel-
ops in patients with underlying diseases, malnutrition, immunodeficiency, or coinfection with other
pathogens. Electrolyte and fluid loss in young children may require oral or intravenous rehydration
therapy. Intravenous immunoglobulin can be a beneficial adjunct in patients with severe immuno-
deficiency who do not respond to supportive therapies.

AstVs are able to persist under extreme environmental conditions; they retain infectivity on inan-
imate surfaces and human hands, in dried fecal material, and in water. General hygienic procedures,
wearing gloves during food handling process, and appropriate treatment of potable water are key
factors in the prevention of HAstV outbreaks [78]. At present, vaccine development is not a priority
for HAstV.

CONCLUSIONS

HAstVs are genetically diverse members of the Mamastrovirus genus. An etiology of gastro-
enteritis has been described for classical HAstVs, but disease association, if any, awaits fur-
ther investigation for novel strains. HAstV is an important foodborne pathogen, often acquired
through the consumption of contaminated shellfish. Monitoring shellfish using advanced
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diagnostic techniques is of interest for public health, and could be routinely performed to avoid
foodborne diarrhea caused by HAstV.
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INTRODUCTION

Diarrheal disease is the second most common cause of death in children under 5 years of age world-
wide. Diarrheal disease is also responsible for an estimated 1.5 million deaths/year, accounting for
almost 20% of mortality within that age group [1-3]. There are more than 20 different bacterial,
viral, and parasitic pathogens that cause diarrheal disease and the proportion and range of patho-
gens can vary depending on the country [4]. Rotavirus, calicivirus, enteropathogenic, and entero-
toxigenic Escherichia coli cause more than half of all diarrheal deaths in children under 5 years of
age globally [5].

The Rotavirus genus within the Reoviridae family encompasses a large and diverse group of
viruses capable of causing diarrheal disease in infants, children, adults, and the young of a wide vari-
ety of animal species [6]. Human group A rotavirus strains were identified in 1973 by Ruth Bishop
and colleagues in Australia and rapidly gained recognition as the predominant cause of severe acute
gastroenteritis in young children worldwide [7,8]. This chapter will outline the importance of group
A rotavirus strains as human pathogens and provide a description of their classification, epidemi-
ology, clinical presentation, diagnosis, treatment, pathogenesis, immunity, transmission, genome,
replication, diversity, and vaccines.

CLASSIFICATION AND HOST RANGE

The Reoviridae family includes the genera Rotavirus, Aquareovirus, Coltivirus, Cypovirus,
Fijivirus, Idnoreovirus, Mycoreovirus, Orbivirus, Orthoreovirus, Oryzavirus, Phytoreovirus, and
Seadornavirus [9]. Within the Rotavirus genus, there are seven known rotavirus species (groups
A-H) that are defined by distinct antigenic and genetic differences in the viral protein 6 (VP6)
gene [10]. Group A rotaviruses are the predominant cause of disease in humans, as well as in a
wide range of mammalian and some avian species [11]. The numerous animal species include pigs,
cattle (including buffalo), goats, cats, dogs, horses, and birds (including chickens, pigeons, turkeys,
pheasants, guinea fowl, and partridges) [12,13]. There is a considerable burden of disease and eco-
nomic loss associated with group A rotaviruses in calves, weaning and postweaning piglets, and
foals. Species-specific vaccines are currently available and are administered to female animals in
the late stages of pregnancy [14—16]. Group A rotavirus strains have been sporadically detected in
numerous other species including monkeys, mice, guanacos, bats, sugar gliders, pandas, giraffes,
Japanese raccoon dogs, masked palm civets, Galapagos sea lions, raccoons, skunks, emus, common
opossums, ostriches, reindeer, camels, red squirrels, and striped bass [6,17-28]. The sporadic or
limited detection in some species may reflect limited surveillance.

Group B strains have primarily been detected in cattle, sheep, pigs, goats, and rats [29], and
have also been detected in humans during outbreaks of severe gastroenteritis in adults in China,
Bangladesh, India, Myanmar, and Nepal [11,30,31]. Group C strains have been detected in cattle,
dogs, pigs, and ferrets [29], and cause sporadic outbreaks, predominantly in children, in numerous
countries worldwide including Australia, Brazil, Argentina, and the United States [32-34]. Group D
strains (chickens, pheasants, and turkeys), group E strains (pigs), and group F and G strains (chick-
ens and turkeys) have limited host ranges [29,35]. Only seven group H strains (previously referred to
as new adult diarrhea rotavirus, or ADRV) have been isolated worldwide, three human strains from
China and Bangladesh, a porcine strain from Japan, and three porcine strains from Brazil [10,36].

Group A rotavirus strains can be classified into subgroups (SG I, I1, I + II, non-I, or non-II) based
on the antigenic specificity of the VP6 protein. Genetic analysis allows classification into genogroups
I (previously subgroup I) and II (previously subgroups II, I + II or non-I, non-II) [37]. A binary clas-
sification system for rotaviruses was established in 1989 and initially used the antigenic reactivity of
the two outer capsid proteins to denote G serotypes for VP7 (glycoprotein) and P serotypes for VP4
(protease sensitive) [38]. This antigenic classification has been replaced by classification based on
genetic sequence, resulting in the designation of G and P genotypes rather than serotypes. To date,
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TABLE 10.1

Nucleotide Percentage Identity Cut-Off Values Defining Genotypes
Gene Percentage Number of Genotype

Product Identity Genotypes Denotation Genotype Name
VP7 80 27 G Glycosylated

VP4 80 37 P Protease sensitive

VP6 85 17 I Inner capsid

VP1 83 9 R RNA-dependent RNA polymerase
VP2 84 C Core protein

VP3 81 M Methyltransferase

NSP1 79 18 A Interferon agonist

NSP2 85 10 N NTPase

NSP3 85 12 T Translation enhancer
NSP4 85 15 E Enterotoxin

NSP5 91 11 H PHosphoprotein

Source: From Guo, D. et al., Infect Genet Evol, 12, 1567-1576, 2012; Jere, K.C. et al., Infect Genet
Evol, 21C, 58-66, 2013; Matthijnssens, J. et al., Arch Virol, 156, 1397-1413, 2011; Papp, H.
et al., Acta Microbiol Immunol Hung, 59, 411-421, 2012; Trojnar, E. et al., J Gen Virol, 94,
136-142, 2013.

27 G genotypes and 37 P genotypes have been identified [6,39]. In 2008, a genotyping classification
system based on the open reading frame (ORF) of each gene was adopted. The nomenclature for the
complete genome assignment, VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5/6, is
Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, respectively [38]. To date, 27 G (VP7), 37 P (VP4), 17 1
(VP6), 9R (VP1), 9 C (VP2), 8 M (VP3), 18 A (NSPI1), 10 N (NSP2), 12 T (NSP3), 15 E (NSP4),
and 11 H (NSP5) genotypes have been described (Table 10.1) [6,26,39—41]. There are three major
genotype constellations: Wa (G1-P[8]-11-R1-C1-M1-A1-N1-T1-E1-H1), DS-1 (G2-P[4]-12-R2-C2-
M2-A2-N2-T2-E2-H2), and AU-1 (G3-P[9]-13-R3-C3-M3-A3-N3-T3-E3-H3) [6].

A nomenclature for strain names has also been proposed: RV group/species of origin/country of
identification/common name/year of identification/G- and P-type [6]. A web-based tool, RotaC, has
been developed to facilitate the fast and accurate classification of rotavirus genes [42].

The 27 G genotypes and 37 P genotypes described to date in humans and various animal species
are genetically diverse and unevenly distributed among species, suggesting host species barriers
and host range restrictions [13]. Some genotypes have wider host ranges than others; G3 has the
widest host range, and other genotypes such as G13—G27 and P16-37 appear to have a degree of
host restriction, with limited detection observed in predominantly avian species, cattle, and pigs
(Tables 10.2 and 10.3) [6,18].

Some species appear to be more permissive to infection, with a broad range of rotavirus strains
identified, and the greatest number of diverse G and P genotypes has been identified in cattle and
pigs (Tables 10.2 and 10.3). However, this may also reflect increased surveillance in some species.
In humans, 12 G and 16 P genotypes have been identified and detected as at least 70 G—P genotype
combinations. Some genotypes are endemic in the human population, circulating worldwide at high
frequencies, while other genotypes are sporadically detected and may represent zoonotic transmis-
sions [43]. A review of 100,000 strains from 100 countries between 1996 and 2005 revealed that
GI1P[8], G2P[4], G3P[8], G4P[8], and GI9P|8] strains accounted for 74.7% of all strains [43]. Strains
with these five genotype combinations cause over 90% of rotavirus disease in North America,
Europe, and Australia. However, in South America and Africa, G1P[8], G2P[4], G3P[8], G4P[8], and
GOPI[8] strains represent 83% and 55% of isolates, respectively, and unusual genotypes are more fre-
quently identified [44]. Novel genotypes have been observed in developing and developed countries,
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Distribution of Group A Rotavirus VP7 G Genotypes Detected in Humans and Various Animal Species
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Distribution of Group A Rotavirus VP4 P Genotypes Detected in Humans and Various Animal Species
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highlighting the diversity of rotavirus strains in circulation worldwide. Globally, rare genotypes can
be detected at high frequencies in some countries, such as G8P[6] and G8P[4] in Malawi, G5P[8] in
Brazil, G6P[8] in Hungary, and G10P[11] in India [44,45].

EPIDEMIOLOGY OF HUMAN ROTAVIRUS DISEASE

Rotavirus is a ubiquitous pathogen, and almost every child experienced a rotavirus infection in the
first 2 or 3 years of life before the widespread introduction of a vaccine in 2006 [47]. Rotavirus is the
most common cause of severe gastroenteritis in children worldwide [8] and has been estimated to
cause 114 million episodes of diarrhea annually, resulting in 24 million clinic visits and 2.4 million
hospitalizations in children under 5 years of age [8]. The incidence of rotavirus disease is similar in
developing and developed countries, although the mortality rates are unevenly distributed [48,49].
Of the estimated 453,000 annual deaths, the overwhelming majority occur in developing nations in
Asia and sub-Saharan Africa [49]. The higher mortality rates in developing countries may be due
to a greater prevalence of malnutrition, limited access to treatment, higher exposure to the virus,
and coinfections with other enteric pathogens [50]. Children from developed countries predomi-
nantly experience infection between 3 and 35 months of age. The overwhelming majority of disease
in developing countries affects younger children, with 60%—-80% of severe disease occurring by
12—15 months of age [51].

Prior to vaccine introduction in children under 59 months of age in the United States, an esti-
mated 3 million cases of rotavirus infection occurred each year, resulting in 2.3 million cases that
required home care, 387,351 general practitioner (GP) visits, 213,946 emergency department (ED)
visits, 67,033 hospitalizations, and 30 deaths [52]. This resulted in direct medical costs of $319 mil-
lion and nonmedical costs to society of $893 million each year [52].

SEASONALITY

Rotavirus disease exhibits a seasonal association in numerous countries with temperate climates,
whereby the majority of rotavirus disease occurs in the winter months [53,54]. However, in regions
with a tropical climate, rotavirus infection occurs year-round, with higher rates of detection observed
in cooler, drier months [55,56].

CLINICAL PRESENTATION

Rotavirus infection in infants and young children typically leads to more severe symptoms than
with other enteric pathogens [57]. The incubation period can be 1-4 days and is typically less than
48 h, compared with 4.5 days for astrovirus, 1.2 days for norovirus genotypes I and II, and 1.7 days
for sapovirus infections [58]. Infection typically results in vomiting, followed by acute, profuse,
nonbloody, watery diarrhea that can last 3-7 days, involving as many as 10-20 bowel movements
a day, which may be associated with abdominal pain and low-grade fever [4,59]. In approximately
10% of primary infections, a child will have symptoms severe enough to require medical attention
and be administered treatment with oral rehydration fluids [4,60,61]. In approximately 1%—3% of
infections, the symptoms are so severe that intravenous rehydration is required [4]. Illness is typi-
cally more severe in children residing in developing countries due to numerous factors including
malnutrition and concurrent infections that lead to severe dehydration and shock, which can prove
fatal [4]. Dehydration and electrolyte abnormalities resulting in cardiovascular failure are the most
common cause of rotavirus mortality. Death may also occur from seizures and the aspiration of
vomitus [62].

Rotavirus antigenemia and viremia are commonly detected in children hospitalized with rota-
virus gastroenteritis and may be associated with increased severity of fever and vomiting [63].
Small quantities of rotavirus antigens, RNA, and infectious virus have been detected in serum,
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cerebrospinal fluid, and in several organs (liver, heart, lungs, and kidneys) [64]. Viremia occurs
during symptomatic and asymptomatic infections and has unknown clinical significance in immu-
nocompetent children [65]. Chronic rotavirus infection is commonly observed in immunocom-
promised children with various conditions, including severe combined immunodeficiency (SCID),
X-linked agammaglobulinemia, cartilage hair hypoplasia, acquired immunodeficiency syndrome
(AIDS), and DiGeorge syndrome [66—69]. Immunocompromised children routinely shed virus in
their stool for protracted periods of time (from 6 weeks up to a year) and the strains excreted have
often undergone genomic rearrangement [67,69]. Severe and protracted rotavirus infections have
also been observed in adult patients with immunosuppression related to bone marrow or renal trans-
plantation and AIDS [70-72].

In addition to gastroenteritis, rotavirus infection has been associated with a number of other con-
ditions including respiratory infections, necrotizing enterocolitis, pneumatosis intestinalis, hepatic
abscess, myocarditis, seizures, and meningoencephalitis [73—78]. However, due to the pervasive
nature of rotavirus infection, an etiological association has not been confirmed and the association
may be coincidental rather than causative. Although some rotavirus strains have been documented
to cause biliary atresia (inflammation and blockage of the bile duct) in mouse models, and group C
rotavirus strains have been detected in liver biopsies from biliary atresia patients, a true association
is yet to be demonstrated [79-81].

DIAGNOSIS

It is difficult to differentiate rotavirus gastroenteritis from other causes of gastroenteritis, particu-
larly viral causes, based on clinical symptoms [82]. Fecal samples obtained from children with
rotavirus infection do not contain blood or leukocytes [57,82], which can be associated with bacte-
rial infections. Initially, rotavirus was diagnosed using electron microscopy (EM), although this
method was laborious, insensitive, time consuming, required a high level of expertise, and could
not differentiate between the different rotavirus genotypes. Improvements in diagnostic assays have
facilitated increased detection and characterization, resulting in the advent of epidemiological stud-
ies. Antigen-based immunoassay methods (e.g., enzyme-linked immunosorbent assay [ELISA]) are
reliable, convenient, and inexpensive [59]. RNA-RNA hybridization, G and P genotyping using
reverse transcription polymerase chain reaction (RT-PCR; approximately 1000 times more sensitive
than immunoassays), real-time RT-PCR, and Sanger sequencing are routinely used in the identifica-
tion and characterization of rotavirus strains. With the use of next-generation sequencing, a new era
in rotavirus characterization is foreseen [83,84]. DNA oligonucleotide microarrays are being devel-
oped to overcome the issue of genetic drift affecting the efficacy of genotyping primer binding, and
these techniques have an increased ability to distinguish mixed infections [85,86].

PATHOGENESIS

The pathogenesis of rotavirus gastroenteritis is poorly understood and likely due to multiple com-
plex processes [87-91]. An examination of duodenal biopsy specimens from children with rotavirus
infection revealed short and blunted villi, crypt hypertrophy, mitochondrial swelling, distension of
the endoplasmic reticulum (ER), and mononuclear cell infiltration of the lamina propria [7,92,93].
There is a strong correlation between the severity of diarrhea and the degree of mucosal damage,
suggesting that malabsorption due to the loss of absorptive cells may contribute to diarrhea [92].
However, it is likely that factors other than damage to the epithelium play a role in the onset
of disease. Animal models have revealed that rotavirus infection results in the net secretion of
fluid, sodium, and chloride from the intestine and the inhibition of glucose cotransport of electro-
lytes [88,94]. In addition, the rotavirus nonstructural protein 4 (NSP4) protein acts as an entero-
toxin to produce a secretory state in some animal models [95]. When applied extracellularly, the
enterotoxin peptide (aa 112—175) inhibits glucose-coupled sodium transport and stimulates elevated
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intracellular calcium levels, which activates an anion channel resulting in a secretory state [96—98].
The role of an intracellular enterotoxin in human rotavirus gastroenteritis is not yet established [87].
In ex vivo studies, NSP4 stimulates the secretion of serotonin by enterochromaffin cells, resulting in
the activation of vagal afferent nerves connected to brainstem structures associated with nausea and
vomiting [91]. The enteric nervous system (ENS) also plays a role in the pathogenesis of rotavirus
gastroenteritis by stimulating the intestinal secretion of fluids and electrolytes as well as intestinal
motility, resulting in deceased intestinal transit time [88,90].

TREATMENT

Rotavirus gastroenteritis is usually self-limiting, and the primary treatment is to rectify dehydra-
tion and electrolyte imbalance. Oral rehydration solutions are effective in treating dehydration and
are preferred to intravenous rehydration [99,100]. Intravenous hydration is recommended when
oral rehydration cannot be maintained due to excessive vomiting, reduced consciousness, intestinal
ileus, and when dehydration becomes severe [99]. Zinc supplementation for 10-14 days has been
shown to significantly decrease the prevalence and duration of diarrheal disease in developing coun-
try settings [101,102]. Although not routine, the oral administration of immunoglobulin has been
shown to be beneficial in treating chronic rotavirus diarrhea [103]. Probiotic administration appears
to reduce the duration of rotavirus gastroenteritis via an unknown mechanism of action [104,105].
Antiviral therapies such as nitazoxanide and racecadotril have been shown to decease the duration
of diarrhea and stool output [106].

TRANSMISSION TO CONTACTS

MoDES OF TRANSMISSION

Rotavirus is transmitted via the fecal—oral route, with as few as nine infectious particles demon-
strated to initiate an infection in adults [107]. Although rotavirus has been detected in urine and
upper respiratory samples, these bodily fluids are not typically associated with transmission [73,108],
although airborne transmission has been proposed for the epizootic diarrhea of infant mice (EDIM)
strain in mice [109]. Foodborne transmission occurs less frequently than other enteric viruses, but
is still an important transmission route. Rotavirus has been detected in shellfish, and is likely due
to fecal contamination [110—113]. Rotavirus is a minor cause of traveler’s diarrhea (predominantly
in Mexico, Jamaica, and Central America) and contamination of water supplies, particularly with
group B strains [59,114-116].

Transmission of the virus primarily occurs through close personal contact and contact with
contaminated surfaces and objects (fomites). Rotavirus virions are robust and resistant to physical
inactivation by treatment with fluorocarbons, ether, and concentrations of chlorine at levels used in
the treatment of sewage effluent and drinking water [117]. However, rotavirus virions are suscep-
tible to calcium chelators and antiseptic preparations that contain high concentrations of alcohols
(>40%), free chlorine (>20,000 parts per million [ppm]), or iodophores (>10,000 ppm iodine) [118].
Rotavirus virions can survive at ambient temperatures for long periods of time, but survival is
diminished at relatively high humidity [11,117,119].

SHEDDING OF ROTAVIRUS IN STOOL FACILITATING TRANSMISSION

Rotavirus is routinely shed in the stool for 7-10 days, and approximately one-third of infants have
been observed to continue to shed the virus for up to 21 days [120]. The amount of virus shed in the
stool can be as high as 10'° virions per gram of stool [119]. The duration of shedding can be longer
in children with symptomatic infection compared with asymptomatic infection, with higher levels
of virus shed in symptomatic infections [121,122].
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ROTAVIRUS DISEASE IN ADULTS

Rotavirus infection may be transmitted to family members. Studies have reported that up to 75%
of children and 33%-55% of adults develop rotavirus infection following contact with an infected
child within the family [123,124]. The incidence of sporadic rotavirus diarrhea in adults has been
reported to vary from 2% to 22% in numerous countries worldwide [59,125-127]. Higher rates have
been reported in some settings, including 42% in Indonesia and 63% in Mexico [128,129]. In the
United States, 81,000 ED visits and 18,000 hospitalizations annually are due to rotavirus infection,
resulting in inpatient costs of approximately $152 million per year [130—132]. Following a 2—6 day
incubation period, symptoms including malaise, headache, abdominal cramping, diarrhea, and
fever are commonly reported and persist for 1-4 days [59]. Infection is frequently asymptomatic, as
healthy adults generally have protective immunity acquired from previous exposure [133]. Disease
is more commonly detected in the elderly and the immunosuppressed, and the seasonal pattern
of disease seen in the pediatric population is also observed in adults. The prevalence of rotavirus
in adults has been reported to be similar to the prevalence of salmonella, shigella, and campylo-
bacter [134]. The same rotavirus genotypes have been reported to circulate in similar proportions
in adults and children [135,136].

PROTECTION AGAINST ROTAVIRUS DISEASE

Immunity to rotavirus infection varies over a person’s life. Neonatal infections are typically asymp-
tomatic, likely due to the transfer of maternal antibodies that confer protection during the first
months of life [137]. The emergence of symptomatic infections often correlates with the decline of
these antibodies. Breastfeeding may provide a level of passive protection in infants [137].

The first rotavirus infection is often associated with the most severe disease symptoms, and
does not protect against subsequent rotavirus reinfection but does lessen the severity of subsequent
disease [138]. A seminal study in Mexican infants showed that, by the age of 2, 96% of infants had
been infected with rotavirus at least once, 69% had experienced at least two infections, and 13% had
experienced five infections. Following primary infection, 40% of infants were protected against any
subsequent reinfection, 75% were protected against diarrhea caused by subsequent reinfections, and
88% were protected against severe rotavirus disease [47]. Subsequent rotavirus infections were usu-
ally due to a different rotavirus strain with a different G and/or P genotype [47]. Primary infection
typically generates homotypic protection (genotype specific), while subsequent infection results in
the broadening of immune responses and the production of a heterotypic immune response (geno-
type cross-reactive) [139]. Symptomatic reinfections can occur in developing country settings; a
study in India revealed that >70% of children developed several symptomatic rotavirus infections
during the first 3 years of life [140].

IMMUNE RESPONSE TO ROTAVIRUS INFECTION

Immunity to rotavirus infection involves both cellular and humoral immune responses. Rotavirus
antigens are transported to Peyer’s patches and are processed by B cells, macrophages, or dendritic
cells, a process that results in the presentation to T cells. This results in the stimulation of rotavirus-
specific B cells and cytotoxic T-lymphocyte—precursor expansion [141]. The most frequent B cell
response is directed at VP6, and these antibodies are able to bind double-layered virus particles and
inhibit viral transcription [142].

The innate immune system response to viral pathogens is often characterized by the induction
of interferon (IFN) and other pro-inflammatory cytokines [143]. However, the role of the innate
immune response to rotavirus infection is largely unknown. Several cytokines, including inter-
leukin-8 (IL-8), IL-2, and gamma IFN (IFN-y), have been detected in the plasma and stools of
children with acute rotavirus infection [144—146]. In vitro studies reveal that rotavirus particles
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induce an early IFN response, as do ssSRNA transcripts, due to the ineffective 5° capping of viral
transcripts by VP3 [143]. However, the virus is able to rapidly suppress IFN signaling via the action
of NSP1 [147-149].

ROTAVIRUS STRUCTURE

Rotavirus has a distinct wheel-like appearance when viewed under EM (Figure 10.1) and the mature,
infectious rotavirus virion (virus particle) is approximately 75 nm in diameter [93,150]. Rotavirus
virions possess a nonenveloped capsid, exhibit icosahedral symmetry, and are composed of three
concentric protein layers that encase the genome [151].

The innermost protein layer (core) encasing the genome is predominately composed of 120
copies of VP2 arranged into 60 dimers, forming an icosahedral lattice (triangulation number
(T) = 1) [152]. VP2 acts as the skeletal structure of the viral core in conjunction with VP1 and VP3,
which are anchored within the VP2 shell [153].

The middle protein layer (inner capsid) is composed of 780 copies of VP6 (arranged into 260
trimers) that form pillars in the icosahedral lattice (T = 13; levo form) [153,154]. The VP6 layer
acts to stabilize the otherwise fragile core by binding to VP2 and as an adaptor for the outer capsid
proteins VP7 and VP4 [155].

The outer capsid is similarly composed of 780 copies of the glycoprotein VP7 (arranged into 260
trimers), forming an icosahedral lattice (T = 13; levo form) into which 160 copies of the protease-
sensitive protein VP4 (arranged as 60 trimers) are embedded [155]. The outer and middle capsids
are perforated by 132 aqueous channels, 12 type I channels, 60 type II channels, and 60 type III

&

FIGURE 10.1  Electron micrograph of rotavirus particles. The rotavirus particle comprises three concentric
protein layers encasing the 11-segment dsSRNA genome. The inner core is composed of VP1, VP2, and VP3;
the middle layer is composed of VP6; and the outer capsid is composed of VP7 and VP4. Image sourced from
RF Bishop.
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channels [156]. There are three morphologic appearances of rotavirus particles visible by EM. The
mature, infectious particle is referred to as a triple-layered particle (TLP), which can lose the outer
capsid and become a noninfectious double-layered particle (DLP). The loss of the inner capsid
results in single-layered particles (SLPs) [11].

ROTAVIRUS GENOME

The rotavirus genome comprises 11 segments of double-stranded RNA (dsRNA). Ten genes are
monocistronic and encode a single protein (VP1-VP4, VP6, VP7, and NSP1-NSP4), with genome
segment 11 encoding two proteins (NSP5 and NSP6) [11]. The rotavirus genome is approximately
18,555 base pairs (bp) in length, smaller than other mammalian reoviruses including reovirus
type 3 (23,549 bp) and the ruminant bluetongue virus (19,218 bp) [157]. Like other members of
the Reoviridae virus family, each gene has short 5° and 3’ terminal noncoding sequences. These
are highly conserved sequences, with a 5> GGC sequence found in all strains and a UGUGACC
sequence 3’ found in most strains [157].

ROTAVIRUS REPLICATION CYCLE

Rotavirus replication is a complex process occurring within the mature epithelial cells positioned at
the tip of villi [158]. The replication cycle can be separated into nine stages: (1) infection of the host
cell, (2) uncoating of the viral particle, (3) mRNA production, (4) protein production, (5) viroplasm
formation, (6) genome packaging, (7) ER interaction with DLPs, (8) coating of DLPs, and finally,
(9) release of nascent viral particles.

Rotavirus cell entry is not completely understood. To facilitate membrane penetration, trypsin-
like proteases present in the host gastrointestinal tract proteolytically cleave the VP4 protein into
two subunits (VP8* and VP5*, where * denotes a cleavage product), resulting in a sevenfold increase
in viral infectivity [159]. VP8* appears to mediate host cell attachment for many strains. Although
sialic acid has been proposed as a cell receptor for attachment for some animal strains, numerous
human and animal strains demonstrate sialic acid-independent receptor mechanisms [160-163].
Alternative cellular surface molecules, including glycans with internal sialic acid, or interactions
between VP5* and specific integrins may function in receptor binding [155,164]. The VP8* pro-
tein of some P genotypes has been shown to interact with the secretor histo-blood group antigen
(HBGA). Various strains of rotavirus with genotype P[4], P[6], P[8], P[11], P[14], and P[25] have
shown specific recognition of the neutral oligosaccharide of HBGAs, and most bind either to the H
type 1, Lewis b, or a antigens [165—168]. It has been reported that “nonsecretor” individuals may be
resistant to infection by P[8] rotavirus strains [169].

Viral entry into epithelial cells is pH independent, and there are two hypotheses describing the
mechanisms of entry. The first hypothesis involves the direct fusion and subsequent penetration of
the viral particle through the plasma membrane [170]. The second and favored hypothesis involves
internalization via Ca?*-dependent receptor-mediated endocytosis, trafficking to, and subsequent
penetration of the early endosomal membrane. Once calcium equilibrium is reached between the
endosome and the cytoplasm, the outer capsid layer dissociates from the virus particle, resulting
in the formation of DLPs [171]. As a consequence, VP5* embedded in the VP7 layer undergoes a
conformational change, facilitating membrane destabilization and lysis of the vesicle membrane to
release the virus into the cytoplasm [151,172,173].

The released DLPs become transcriptionally active on reaching the cytoplasm. Structural evi-
dence suggests that the disassociation of VP7 results in dilation of the channels in the DLP, thus
facilitating the influx of ions and nucleotides and the efflux of transcripts [155]. Within the core,
the RNA-dependent RNA polymerase (RdRp) uses the negative-sense RNA strand of the dSRNA
genome as a template for the synthesis of nascent positive-sense RNA transcripts of each of the
11 rotavirus genes [174]. The nascent positive-sense RNA transcripts are directed toward VP3 to
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acquire a 3’ cap via an RNA exit tunnel, while the genomic negative-sense RNA is directed back
into the core to reassociate with the genomic positive-sense RNA [155,175].

Type I aqueous channels present in the core and inner capsids facilitate the release of positive-
sense RNA into the cytoplasm [156]. The positive-sense RNA has a dual role in the replication
cycle, acting as the mRNA template for protein synthesis as well as the template for genome repli-
cation [155]. Viroplasms form large, semiregular networks designed to sequester viral RNAs and
capsid proteins for assembly into nascent virions. The transcription products released from DLPs
that escape the viroplasm accumulate in the cytosol and are translated by free ribosomes, with the
exception of the VP7 and NSP4 proteins, which are translated by ribosomes associated with the
rough ER [176,177]. The positive-sense RNA within the viroplasms is selectively packaged into
assembling VP2 cores and replicated by the RdRp (negative-sense RNA strand synthesis) into the
dsRNA genome [155]. The DLPs are released from the viroplasm, and NSP4 may recruit DLPs
from the viroplasm and VP4 to the ER membrane, resulting in deformation of the ER membrane
and budding of the DLP/VP4/NSP4 complex into the ER. The transient membrane is lost (via an
unknown mechanism) and the VP7 and VP4 outer capsid assembles to form TLPs [155].

In vitro studies suggest that TLPs egress from infected cells via multiple mechanisms. While
direct lysis has been observed in cell culture, it may not reflect the principal mechanism [155,178].
The TLPs may be released via trafficking and secretion, possibly utilizing a novel secretion pathway
that bypasses the Golgi apparatus and lysosomes or a preexisting secretory pathway [155].

GENOMIC DIVERSITY OF ROTAVIRUSES

Rotavirus strains are able to evolve rapidly, employing a myriad of mechanisms to generate diversity
in the wild-type strain population [157].

GENETIC DRIFT

The generation of spontaneous sequential point mutations (genetic drift) occurs due to the error-
prone nature of the RdRp of RNA viruses, including rotaviruses [157]. The mutation rates of RNA
viruses have been found to vary considerably between viruses of different hosts, from as low as
1 X 107° to as high as 1 x 1073 substitutions/site/year [179]. In vitro studies suggest that a progeny
rotavirus genome differs from its parental strain by at least one mutation [180]. The overall muta-
tion rate for all genes from a porcine strain through multiple passages of cell culture was calculated
to be 5 X 107 substitutions/site/year [180]. The rate of mutation has been calculated for VP7 genes
from different G genotypes; 1.8 X 107 (global G9), 1.66 X 1073 (global G12), 0.9 X 10~ (Vietnam,
Gl, 1998-2008), 7.25 x 10~* (Japan, Gl1, 1987-2000), 1.31 x 1073 (global Gl), and 5.8 x 10~ sub-
stitutions/site/year for the VP4 gene of human rotaviruses [179,181-183]. Similar rates have been
calculated for the VP7 genes of group B rotavirus strains in China (7.9 X 10~%) and Bangladesh
(1.75 x 1073) [184,185]. Global NSP2 N1 genotype strains have a calculated mutation rate of
8.7 x 1074 [186]. Although replicated by the same RdRp, each gene may be subjected to different
immune pressures, host-selection pressures, and constraints, resulting in different rates of muta-
tion. Affected by host-neutralizing antibody responses, the VP7 and VP4 proteins are thought to
evolve more rapidly than the internal structural and nonstructural proteins. The latter are thought
to be more stable because of structural and functional constraints and diminished exposure to the
immune system [157].

REARRANGEMENT

Genomic rearrangement involves alterations within a single genome segment in the form of
deletions, duplications, or insertions in the sequence [187]. Rearrangement is most commonly
observed in rotavirus strains excreted by chronically infected immunocompromised children and
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animals [187,188]. Rearrangement has also been observed in vitro after the serial passage of strains
at high multiplicity in cell culture systems [189]. Rearrangement is frequently detected in NSP1,
NSP3, and NSP5 genes and reported sporadically in VP6, NSP2, and NSP4 genes [190,191]. Most
rearranged genes are not defective and replace nonrearranged RNA segments structurally and func-
tionally, as most instances involve head-to-tail duplication occurring downstream of the ORF [190].
Infrequently, rearrangements occur within the ORF [192]. The molecular mechanism leading to
rearrangement is unknown. One hypothesis suggests that, during either transcription or replication,
the viral RdRp could interrupt RNA synthesis, revert to its template, and reinitiate RNA synthe-
sis [187]. Another proposed mechanism, the “loop model,” proposes that during transcription the 3’
end of the negative RNA strand is inserted into the polymerase catalytic core before the complete
negative strand is transcribed, creating a loop [193].

RECOMBINATION

Recombination is the formation of new, covalently linked combinations of genetic material from
two different parental genomes or between different sites of the same genome [194]. A small number
of recombination events have been reported for group A rotavirus strains. Intragenic recombination
has been identified in G4 and G1 VP7 genes, where the parental strains belonged to different sublin-
eages of the same genotype [195,196]. Intergenotype recombinant VP7 genes have been identified,
derived from G9 and G1, Gl and G3, and G3 and G2 parental strains [197-200]. Intergenogroup
recombinant VP6, NSP2, and NSP4 genes have identified between G9P[8] or G1P[8] and G2P[4]
parental strains [201,202]. An intergenic/intersegmental recombination event between NSP2 and
NSP5 genes created a rearranged NSP5 gene, derived from the serial passage of the porcine rotavi-
rus strain SB1A [203]. Recombination is dependent on numerous intracellular and immunological
factors, including the successful coinfection of a cell by two parental strains, the efficient replica-
tion of parental genomes with template switching, and the adaptation to different environments to
facilitate transmission [204].

REASSORTMENT

Genomic reassortment (genetic shift) occurs when single cells are infected with multiple different yet
compatible rotavirus strains. The segmented nature of the rotavirus genome facilitates the exchange
of genes between strains to produce new gene combinations, often leading to the generation of
novel viral strains [205]. Reassortment occurs more frequently and provides greater diversity than
genetic drift, and is most efficient when the strains are closely related [157]. Reassortment between
strains belonging to different rotavirus species (group A—H) has not been detected; however, the
NSP1 gene of avian group A strains clusters closer to group D strains than mammalian group A
strains, suggesting that reassortment may have occurred between group A and D strains [157,206].
It has been shown that all 11 genes can undergo reassortment and, in theory, the coinfection of a
single cell by two strains could give rise to 2! (2046) distinct viruses [207]. However, some genome
constellations are more favorable than others, and more commonly isolated. The VP4, VP6, VP7,
NSP4, and NSP5 genes are often inherited together [208,209]. The VP1, VP2, VP3, and VP6 genes
also show a degree of genetic linkage, likely due to the critical interactions between these pro-
teins [210]. Intergenogroup and intragenotypic reassortment of single and multiple genes also pro-
vides a mechanism to generate significant diversity in rotavirus strain populations [202,211-229].

INTERSPECIES AND ZOONOTIC TRANSMISSION

Rotavirus strains exhibit a degree of host species restriction, with species-specific strains (homol-
ogous) more commonly identified than interspecies strains (heterologous) [13]. Numerous stud-
ies have shown that heterologous strains can infect and/or induce diarrhea under experimental
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conditions in animal models, including human group A rotavirus strains in a gnobiotic piglet model,
RVA/Simian-tc/USA/RRV/1975/G3P[3] in rabbits, RVA/Pigeon-tc/JPN/PO-13/1983/G18P[17], and
RVA/Bat-tc/CHN/MSLH14/2011/G3P[3] in mice [230-233]. The natural attenuation of some ani-
mal strains in humans (the Jennerian approach) has been utilized to generate potential vaccine
candidates [234-236].

The introduction of animal rotavirus strains into the human population (zoonotic transmission)
also increases the genetic diversity within strains causing human infection. Interspecies transmis-
sions of complete animal strains are uncommon [13]. The formation of reassortant viruses that
possess genes of human and animal origin could create viruses more capable of replication and
transmission among humans than the original animal parental strain [13]. Numerous strains have
been reported as reassortant strains derived from human and animal parental strains, and may
include the exchange of single or multiple genes [6,237,238]. Initially, RNA-RNA hybridization
studies were seminal in the characterization of reassortant human—animal strains, but the advent of
genomic sequencing has resulted in an exponential increase in the detection of zoonotic strains [239].
Reassortant rotavirus strains are not solely identified as sporadic cases. Porcine—-human G9P[19] and
G5P[8] reassortant strains have been identified as associated with high disease incidence in India
and Brazil, Paraguay, and Argentina, respectively [240-246]. Bovine—human G8P[8] and G10P[11]
strains have been identified in Africa and India, respectively [247,248]. Some globally circulating
rotavirus genotypes, including G9 and G12, originated as zoonotic transmissions [229,249-251].
Zoonotic transmission tends to occur more often in countries where contact with domestic animals
is higher, or where animals reside in close contact with humans, such as cats and dogs or domestic
farm animals such as cattle and pigs [252,253].

ROTAVIRUS OUTBREAKS IN INSTITUTIONAL SETTINGS

The burden of rotavirus disease in older adults is not fully understood, as rotavirus testing is not
routine. Rotavirus outbreaks in care homes have been attributed to G1P[8], G4P[8], and G9P|[8]
strains in Ireland; G1P[8] strains in Japan, the United Kingdom, and Hungary; and G9P[§] strains in
Spain [254-259]. Numerous outbreaks have also been reported without determining the genotype
of the strain responsible, including outbreaks in nursing homes in Slovenia, Japan, Norway, the
United States, Canada, Germany, and a long-term care facility in France [260-266].

Multiple outbreaks due to G2P[4] rotavirus strains have been reported in mental health facilities,
restaurants, school trips, schools, a rehabilitation institution in Japan, a prison in Brazil, and a tsu-
nami relief camp in India [256,266-272]. G2P[4] strains are the most common genotype identified
during outbreaks in adults, suggesting heterotypic immunity following natural infection may be
less protective against G2P[4] strains compared with other genotypes. Alternatively this may be due
to G2P[4] strains being more virulent in adults than other genotypes [267]. In addition, rotavirus
outbreaks have been reported in hospitals in numerous countries and attributed to nosocomial trans-
missions in pediatric and adult settings, particularly in cardiology, oncology, and geriatric wards
where they may result in fatalities and ward closures [273-282]. Transmission in the hospital set-
ting in winter is largely facilitated by staff, with pediatric nurses, medical students, and other staff
reporting symptoms of gastroenteritis during the winter peaks of rotavirus disease [283].

COMMUNITY SETTINGS

Community outbreaks of rotavirus gastroenteritis in children and adults have been reported, but are
less common than outbreaks in institutional settings. Outbreaks reported in schools and colleges
in the United States have been attributed to G2P[4] strains, and a G1P[8] strain was reported in an
elementary school in Japan [267,284,285]. A large outbreak was caused by a G9P[8] rotavirus in
2005 in Rio Branco City, Brazil, with 816 cases of acute gastroenteritis reported over 8 days, result-
ing in eight child deaths. The outbreak was likely caused by a contaminated water source [286].
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Waterborne and shellfish-borne outbreaks, usually due to sewage contamination, have been
reported in the United States, France, Turkey, Greece, and Finland [110,287-290]. Another large
outbreak in 1964 in an isolated area of Micronesia involved almost 3500 people [291]. An outbreak
involving 64,000 adults and children in Nicaragua in 2005 was attributed to a G4P[8] virus that pos-
sessed several unusual amino acid mutations [292]. Other outbreaks have occurred among closed
communities, including a Finnish military base, an Israeli kibbutz, and an isolated indigenous South
American community [293-295].

FOODBORNE TRANSMISSION

The foodborne and waterborne transmission of pathogenic viruses is well recognized, with out-
breaks of norovirus and hepatitis A virus extensively reported [296-300]. Rotavirus infection occurs
mainly via the fecal—oral route, and food handlers lacking sufficient hygiene can contaminate food
during production, preparation, and serving. Furthermore, fomites act as a mechanism for viral
transmission and can result in rotavirus contamination of food and water used in irrigation or food
processing. Rotavirus has been detected in several food types including strawberries, vegetables,
lettuce, leafy greens, packaged beef, and shellfish [301-306].

In several of these reports, the number of samples that tested positive for rotavirus was low
when compared with other enteric pathogens. As detection methods for rotavirus within food
matrices can prove ineffective due to low sensitivity, most studies also rely on epidemiological
parameters to explore outbreaks [113,307]. One study, published in 2001, found that the food-
borne route of rotavirus transmission accounted for just 1% of all reported cases in the United
States [115]. Another study in 2003 estimated that the population-attributed risk of rotavirus-
contaminated food entering a dwelling accounted for 4% of all rotavirus-associated gastroenteri-
tis cases [308]. Although rotavirus may not be the most important or most prevalent viral agent
in terms of foodborne viral disease, it is still capable of causing widespread outbreaks through
this transmission route.

TRANSMISSION FROM FRESH PRODUCE

Rotavirus contamination of water sources used to irrigate crops has been identified and docu-
mented [302,309]. As rotavirus is nonenveloped, it has shown resilience in the environment, surviv-
ing in water for weeks [117]. The virus poses a risk to fresh produce for human consumption when
contaminated water is used for the irrigation of fresh produce. A study in Canada sampled field
strawberries in Quebec at various time points after irrigation from a local river source. Using con-
ventional RT-PCR and nested RT-PCR assays, rotavirus was detected on 3.33% (2/60) of strawberry
samples at 1 and 6 h postirrigation with river water [301]. The river samples tested had no detectable
rotavirus, indicating low levels of contamination in the water [301].

In another study, following high incidences of rotavirus-associated diarrhea in Costa Rica, a
dot ELISA was used to detect rotavirus in lettuce samples from local markets [303]. In ten pooled
samples, of five lettuce heads per pool, 30% (3/10) of pooled samples tested positive for rotavirus. It
was concluded that the lettuce crops were likely contaminated with sewerage, highlighting the risk
of rotavirus transmission into the food chain by applying contaminated water onto food crops meant
for human consumption [303].

TRANSMISSION FROM PREPARED FOOD

Reports of rotavirus outbreaks associated with contaminated foods are also documented, with cases
associated with sandwiches, potato stew, salad, and raw cabbage [113,267,310,311]. Preparation of
food by infected handlers is a known risk for rotavirus infection and poses a potential route for
contaminants to enter the food chain [308].
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Following a rotavirus outbreak in 2007 within a long-term care facility in Germany, several
food samples were tested for human pathogens [113]. Using nested RT-PCR and sequencing, human
group A rotavirus was detected in potato stew samples [113]. A stool sample from one affected child
was confirmed positive by rotavirus ELISA. Nested RT-PCR analysis showed that the rotavirus
detected in the stool sample was 100% identical to the rotavirus detected in the stew, confirming
the cause of the outbreak [113]. As rotavirus could not have remained viable during cooking, it
was concluded that the contamination of the stew occurred afterwards, but the exact cause was not
established [113]. This case highlights the importance of food handler hygiene during food prepara-
tion and while serving food to prevent contamination with rotavirus.

In another rotavirus outbreak at a university in the United States in 1999, 1.6% (85/5453) of stu-
dents became ill with diarrhea and/or vomiting after eating sandwiches from the same dining hall.
Six stool specimens from dining hall staff and affected students were tested using a combination of
EM, RT-PCR, and enzyme immunoassays. All six specimens tested positive for group A rotavirus.
An asymptomatic university employee was implicated as the source during preparation of delicates-
sen sandwiches [267].

Frequently, in an outbreak setting, it is difficult to conclude that a particular food was the source
of infection, since other pathogens are often detected at the same time and rotavirus is not always
detected in the implicated food source [113,267,310,311].

ROTAVIRUS TRANSMISSION FROM SEAFOOD

Rotavirus has been detected in water sediment and shellfish in several studies [110-112,312]. Le
Guyader et al. [313] carried out a 3-year study aimed at detecting enteric pathogens in shellfish in
southern France between 1995 and 1998. RT-PCR and dot blot hybridization were used to detect
viral pathogens, including hepatitis A, rotavirus, and norovirus, in mussels and oysters from five
collection sites. Rotavirus was detected in 27% of oyster samples and 52% of mussels tested [313].
Interestingly, despite causing seasonal peaks of human infections in winter, rotavirus was detected
all year round at one of the sites [313].

Despite its detection in shellfish intended for human consumption, rotavirus has not always been
directly linked to outbreaks in humans. Several explanations for the lack of causal data have been
proposed [252], including the fact that rotavirus usually only causes symptomatic infections in chil-
dren, who generally are less likely to consume shellfish [117]; possible loss of infectivity upon shell-
fish uptake [314]; low viral survival rates; and poor diagnostics [315].

Together, these reports show that both contaminated food and water represent a potential source
for rotavirus infection, although they may not be the primary transmission routes for this virus.
This nevertheless emphasizes the importance of maintaining stringent hygiene while preparing and
handling food, as well as raising general public awareness about disease transmission to prevent
disease outbreaks.

ROTAVIRUS VACCINES

The ubiquitous nature of rotavirus, coupled with the low infectious dose and robustness of the
virion, means that improved sanitation and hygiene have had little impact on decreasing the inci-
dence of rotavirus infection [64]. The development of rotavirus vaccines has been a World Health
Organization (WHO) priority, with an aim to achieve the United Nations Millennium Goal 4 of
reducing childhood mortality [1,316]. Estimates suggest that vaccination would prevent 2.46 mil-
lion rotavirus deaths between 2007 and 2025 in countries eligible for vaccine introduction through
the Global Alliance for Vaccines and Immunization (GAVI) [317].

Early vaccine development was based on the classical Jennerian approach, considered advanta-
geous because animal strains are often naturally attenuated in humans or are easily attenuated
through cell culture passage [13]. This approach was applied to several candidate strains including
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RIT4237 (derived from the NCDV bovine strain), the bovine strain Wister calf-3 (WC3), and
MMU18006 (derived from the RRV monkey strain) [318]. These candidate vaccines were well
tolerated and provided a level of cross protection [319,320]. The commercial development of the
RIT4237 strain was ultimately abandoned and the RRV and WC3 strains were further developed
as vaccine candidates using a modified Jennerian approach; creating human—animal reassortant
strains using cell culture [321].

CURRENTLY LICENSED VACCINES

Two second-generation live-oral vaccines, Rotarix® (GlaxoSmithKline Biologicals, Rixensart,
Belgium) and RotaTeq® (Merck & Co. Pennsylvania), are licensed and available for use globally.
These vaccines have been introduced into the childhood immunization programs of 58 countries
worldwide.

ROTATEQ®

RotaTeq® is a live-attenuated, pentavalent oral vaccine that contains five genetically distinct human—
bovine reassortant virus strains. The exact molecular basis of attenuation is unknown, but is thought
to be due to host range restriction [158]. Each reassortant strain contains a gene encoding one of
the outer capsid proteins of the human strains VP7 (G1 [W179-9], G2 [SC2-9], G3 [WI78-8], G4
[BrB-9], or P[8] [W179-4]) within a bovine rotavirus backbone ([WC3], G6P[5]) [322]. RotaTeq® is
administered as a three-dose schedule oral vaccine, recommended at 2, 4, and 6 months of age, with
the first dose to be administered before 15 weeks of age [323]. Large phase III clinical trials have
demonstrated the efficacy of three doses of RotaTeq® to be 74% against rotavirus gastroenteritis
of any severity and 98% against severe rotavirus gastroenteritis [324]. Sustained efficacy has been
demonstrated for 3 years after the final vaccine dose, and significant protection against hospitaliza-
tions and ED visits associated with rotavirus genotypes Gl (95.5%), G2 (81.9%), G3 (89.0%), G4
(83.4%), and G9 (94.2%) has also been demonstrated [325].

ROTARIX®

Rotarix® is a monovalent oral vaccine containing a single strain (RIX4414, derived from the human
strain 89-12 isolated in Cincinnati) of the most prevalent human genotype worldwide (G1P[8]). The
strain was attenuated by serial passage in cell culture and several genetic alterations were observed
compared with the parental strain, which have been suggested to be associated with attenua-
tion [158,326,327]. Rotarix® is administered orally in a two-dose schedule at 2 and 4 months of age,
with the first dose administered before 15 weeks of age [323]. The safety and efficacy of Rotarix®
was demonstrated in phase II and III trials in Latin America and Europe [326,328-332]. Integrated
analysis of these clinical trials reported vaccine efficacy against rotavirus gastroenteritis of any
severity, and severe rotavirus gastroenteritis was 82.57% and 87.43% for G1P[8] strains, 87.66% and
90.19% for G3P[8] strains, 84.86% and 93.37% for G4[8] strains, 60.64% and 83.76% for G9P[S§]
strains, and 81.04% and 71.42% against fully heterotypic G2P[4] strains in phase II and phase III
trials, respectively [333]. The liquid formulation of Rotarix® has been shown to be immunogenic,
reactogenic, and safe at levels similar to the lyophilized formulation [334]. Rotarix® has also been
shown to be safe, reactogenic, and immunogenic in European preterm infants [335].

A trial of Rotarix® was conducted in South Africa and Malawi, countries that experience
intermediate and high mortality rates in children under 5 years, respectively. The overall efficacy
observed in South Africa was similar to that observed in developed countries. However, a lower vac-
cine efficacy and a lower rate of seroconversion measured by serum IgA was observed in Malawian
children [336]. Importantly, sustained vaccine efficacy was observed into the second year of life
in South African children [337]. The liquid formulation of Rotarix® was shown to be safe and



196 Foodborne Viral Pathogens

immunogenic when coadministered with the diphtheria—tetanus—whole-cell pertussis, hepatitis B,
and oral polio virus vaccines in infants in Vietnam and the Philippines [338]. Similar levels of vac-
cine efficacy were observed between well-nourished and malnourished infants in Brazil, Mexico,
and Venezuela [339].

Clinical trials of RotaTeq® were conducted in Bangladesh, Vietnam, Ghana, Kenya, and Mali.
The efficacy of RotaTeq® against severe rotavirus gastroenteritis in Bangladesh and Vietnam was
71.0% and 68.1%, respectively, in the first year of life. Efficacy decreased in the second year of
life to 39.3% in Bangladesh and 64.6% in Vietnam [340]. Between trials in Ghana, Kenya, and
Mali, the immunogenicity of the RotaTeq® vaccine was similar, although the efficacy against severe
rotavirus gastroenteritis in the first year of life was 65.0% in Ghana, 83.4% in Kenya, and 1.0%
in Mali. The efficacy of the vaccine decreased in the second year of life in Ghana and Kenya and
increased in Mali [341]. The efficacy against severe gastroenteritis varied for the individual geno-
types: Gl (32.3%), G2 (27.1%), G3 (62.3%), G8 (87.5%), G9 (49.7%), P[8] (36.1%), P[4] (18.2%), and
P[6] 47.7%) [341].

The primary protection afforded by RotaTeq® is based on homotypic protection specific to each
of the component strains, providing protection against the most common genotypes in circulation.
The protection afforded by Rotarix® is based on the concept that heterotypic protection can be
generated as a result of cross-reactive antigens between different genotypes [45]. The mechanism
by which heterotypic immunity develops following homotypic immunization has not been deter-
mined. Possible mechanisms include the induction of protective antibody responses to heterotypic
epitopes on VP4 or VP7, protective effects of antibodies to common antigens on VP6 or NSPI,
or cross-reactive protective T cell responses [342]. Interestingly, the efficacy of Rotarix® did not
increase with a three-dose immunization schedule compared with a two-dose schedule, for reasons
that remain unclear [336].

The observed decrease in efficacy of rotavirus vaccines in developing countries is not well under-
stood and may be attributed to numerous factors. The effectiveness of the vaccine may be influ-
enced by environmental factors, including an increased diversity of circulating strains, an increased
occurrence of mixed infections, and seasonality, as equatorial regions experience year-round rota-
virus seasons. Biological factors include differences in age at primary infection, coinfections of the
gut, and comorbidities such as malnutrition, HI'V, malaria, and tuberculosis. In addition, high levels
of humorally transferred maternal antibodies against rotavirus may also play a role. Higher doses
of the vaccines or additional doses may be required to provide an adequate level of protection in
developing countries [343]. Numerous studies have revealed that concomitant oral polio vaccine
administration has no effect on rotavirus vaccine efficacy [344-347].

OTHER CANDIDATE VACCINES

There are several third-generation vaccines in various stages of development and licensure. In
China, the Lanzhou lamb vaccine (Lanzhou Institute of Biological Products, Lanzhou, China) con-
sists of a G10P[12] strain. The vaccine was licensed in 2000 and over 30 million doses have been
administered to children under 5 years of age [348]. One dose is administered at 2-36 months, fol-
lowed by yearly boosters until the age of 3 years [349]. No clinical trial results or vaccine efficacy
data have been reported in prelicensure studies. Limited postlicensure studies have identified vary-
ing degrees of vaccine effectiveness, with one study reporting 73.3% protection against rotavirus
hospitalization, and higher effectiveness was found in older children, possibly due to the yearly
booster [348-351]. Rotavin-M1 (Institute of Vaccines and Biologicals, Vietnam) is a live-attenuated
vaccine derived from a Vietnamese GI1P[8] strain (KHO0118-2003). Phase I and II clinical trials
revealed that the vaccine was well tolerated, safe, and immunogenic in adults and infants [352]. The
Indian rotavirus vaccine 116E (Bharat Biotech, India) is a live-attenuated vaccine derived from a
single G9P[11] reassortant strain isolated from an Indian child. Clinical trials revealed that the vac-
cine is well tolerated, safe, and immunogenic in adults and infants [353,354]. Phase I1I clinical trials
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have shown that the vaccine is efficacious in infants, which has subsequently led to its licensure in
2014 [355].

An asymptomatic neonatal rotavirus strain isolated in Australia (G3P[6], RV3) is currently under-
going phase I and phase IIa/b clinical trials in Australia, New Zealand and Indonesia [353,354].
The NIH BRV-TV vaccine is a tetravalent human-bovine reassortant vaccine comprising a G6P[7]
backbone strain with Gl (strain D), G2 (DS-1), G3 (P), and G4 (ST-3) VP7 genes and expanded
to hexavalent with the inclusion of G8 (1290) and G9 (AU32) components [235,356,357]. Other
vaccine candidates such as synthetic viral proteins, inactivated DLPs, empty virus-like particles,
synthetic peptides, transgenic rice-expressed rotavirus antigens, VP6-specific llama-derived single
domain nanoantibodies, and DNA vaccines are also in the early stages of development [358—363].

IMPACT OF VACCINE INTRODUCTION

BURDEN OF DISEASE

The introduction of rotavirus vaccines into routine vaccination programs has resulted in a significant
reduction in rotavirus-associated hospitalizations, ED visits, and episodes of gastroenteritis in numerous
countries worldwide. Several studies in Belgium report a significant decrease in rotavirus hospitaliza-
tions and other indicators of disease burden following the introduction of Rotarix® and RotaTeq® [364—
367]. A 58%—T77% decrease in rotavirus hospitalizations in children under 5 years and a 33% decrease
in all-cause acute gastroenteritis hospitalizations in children under 2 years have been reported in
Belgium [367]. Significant vaccine effectiveness has been demonstrated in numerous European coun-
tries following vaccine introduction, including France, Austria, Greece, Finland, Spain, and Germany,
resulting in decreased hospitalizations and ED presentations due to rotavirus gastroenteritis [368—374].

Over 20 vaccine effectiveness studies from various regions of the United States have reported
significant decreases in the burden of rotavirus disease following vaccine introduction [375-398].
Vaccine effectiveness against rotavirus gastroenteritis hospitalization and ED visits was 88% (three
doses), 81% (two doses), and 69% (one dose) [376]. The substantial decrease in rotavirus hospital-
izations and ED visits in the United States has reduced annual rotavirus-associated medical costs
by $187 million each year [399].

In Central and South American countries, vaccine effectiveness has been lower than in European
countries and the United States. However, significant decreases in the burden of rotavirus disease have
been observed in Nicaragua, Brazil, Mexico, Panama, and El Salvador [400—418]. In some develop-
ing countries, a decrease in protection in the second year of life has been reported [340,341,418]. A
comprehensive review of studies from Mexico, Brazil, El Salvador, and Panama revealed that vac-
cine introduction has resulted in a 22%—41% reduction in diarrhea-associated mortality, a 17%—-51%
decrease in hospitalizations for diarrhea, and a 59%—-81% decrease in rotavirus-associated gastroen-
teritis hospitalizations in children less than 5 years of age [419]. Following vaccine introduction in
Bolivia, Honduras, Venezuela, and Argentina, there has been a marked decrease in rotavirus-related
deaths [420].

In Australia, there was a 71% and 38% decline, respectively, in rotavirus-coded and nonrotavi-
rus-coded acute gastroenteritis hospitalizations in children under 5 years of age following vaccine
introduction. This represented the avoidance of more than 7700 hospitalizations in 2009-2010.
Reductions were also observed in children aged 5-19 years, suggesting that the transmission of
virus was reduced at a population level. Decreases in hospitalizations of indigenous children were
smaller than those in the general population, and fluctuated by location and year [421].

AGE-SPECIFIC INCIDENCE

Epidemiological shifts in age distribution have been observed following measles, varicella, and per-
tussis vaccine introduction [422—-424]. In Philadelphia, a shift in age has been observed following
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rotavirus vaccine introduction. Compared with the previous 13 rotavirus seasons, the median age of
patients increased from 11 months to 23 months in the 2008-2009 season, and almost 50% of cases
were in infants too old to be vaccinated [385]. Similar data have been reported for other regions of
the United States, South Africa, and Belgium [365,390,425].

Herp IMMUNITY

Concurrent with the reported decrease in the burden of rotavirus disease in the vaccine-eligible pop-
ulation, there has been a marked reduction in disease burden in older, nonimmunized populations
and in infants too young to be vaccinated. Herd immunity occurs as a result of decreased transmis-
sion of wild-type rotavirus in the community, and provides indirect protection to unvaccinated indi-
viduals [426]. Herd immunity has been observed after vaccine introduction in El Salvador, Panama,
Mexico, the United States, Finland, Germany, and Austria [130,369,374,383,384,387,388,390—
392,403,414,416,417,427,428]. In the United States, the prevalence of rotavirus disease in adults has
declined by 48.8% since vaccine introduction [429]. This phenomenon is not limited to rotavirus,
as the implementation of pediatric vaccination against Bordetella pertussis, Neisseria meningiti-
dis, Haemophilus influenzae type B, and Streptococcus pneumonia has also resulted in a signifi-
cant decline in adult disease [430—433]. Herd immunity is important in developing country settings
where vaccine efficacy and coverage tend to be lower [426].

SEASONALITY

Changes in the rotavirus season have been detected in some countries following vaccine intro-
duction. In the United States, there has been a shift in the onset of the season by 1-2 months,
the season is considerably shorter and reduced in magnitude, and the geographic pattern of
spread is no longer identified [391,434,435]. Diminished and delayed peaks in disease have been
observed in Belgium, southeastern Brazil, Austria, South Africa, and Taiwan following vaccine
introduction [366,370,408,425,436].

INTUSSUSCEPTION IN THE VACCINE-ERA

Intussusception (IS) is a potentially life-threatening bowel obstruction caused by the invagination
of a section of bowel into the adjacent proximal bowel. While intussusception can occur at any age,
most cases occur in infants aged 4-9 months [437]. Cases of idiopathic IS are uncommon in infancy
and rates vary worldwide for infants during the first year of life, from 9 per 100,000 in Bangladesh
to as high as 328 per 100,000 in South Korea. Globally, the mean incidence of IS is 74 per 100,000,
with peak incidence among infants 5—7 months of age [438]. Following the administration of more
than one million doses, RotaShield® was withdrawn in late 1999 due to an association with IS,
where an estimated one excess case per 10,000—15,000 infants vaccinated was identified. The great-
est risk was in children who received the first dose when older than 3 months of age [8,439].
Clinical trial and early postlicensure studies did not report an elevated risk of IS following
vaccination with RotaTeq® or Rotarix® [440]. Postmarketing IS surveillance from Australia sug-
gested that there was no overall increase in IS following vaccine introduction, although there was
some evidence of an elevated risk following the first dose of both Rotarix® and RotaTeq® [441].
Recent data reveal that the relative incidence of IS in the 1-7-day period after the first vaccine
dose is 6.8 per 100,000 for Rotarix® and 9.9 per 100,000 for RotaTeq®. There is a smaller increased
risk 1-7 days after the second dose of each vaccine. This equates to an estimated excess of 14 IS
cases per year [442]. Data from the United States supported these findings, where the first dose of
RotaTeq® was associated with approximately 0.75—1.5 excess cases of IS per 100,000 vaccine recipi-
ents in the 21-day window following the first dose. No significant increased risk was observed after
the second or third dose [443,444]. An underpowered study indicated a potential risk associated
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with Rotarix® [444]. A study conducted in Mexico and Brazil found an excess risk of 1 in 51,000
after the first dose of Rotarix® in Mexican infants, but no increased risk in Brazilian infants [445].
Importantly, in all these studies, the benefits of rotavirus vaccination for reducing rotavirus disease
far outweighed the very minor risk of IS.
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INTRODUCTION

Foodborne and waterborne acute gastroenteritis outbreaks are increasing worldwide. The major-
ity of acute gastroenteritis in humans is caused by viral infections. Among these, caliciviruses
(norovirus and sapovirus), rotavirus, enteric adenovirus, and astrovirus have been reported as the
most important etiologic viral agents [1,2]. In recent years, several novel viruses discovered in both
humans and animals have been potentially linked with gastroenteritis. These novel viruses include
kobuvirus, saffold virus, cosavirus, torovirus, picobirnavirus, and pestivirus [3—9]. However, some
of these viruses are yet to be associated with clinical disease.

KOBUVIRUSES (AICHIVIRUS A, AICHIVIRUS B, AND AICHIVIRUS C)

Members of the Kobuvirus genus (Picornaviridae family) include three different species.
The viruses were initially named according to the basis of their host tropisms. The picornavi-
ruses isolated from humans were termed Aichi virus, viruses from cattle were termed bovine
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FIGURE 11.1 Phylogenetic relationship between kobuvirus A, B, and C and other picornaviruses, based

on nucleotide sequences of the complete protein coding region. The scale bar at the bottom left indicates the
number of amino acid substitutions per site, and bootstrap values (>80) are indicated for the corresponding

nodes.

kobuvirus, and viruses from pigs were termed porcine kobuvirus. The International Committee
on Taxonomy of Viruses (ICTV) has renamed these viruses, however, and Aichi virus, bovine
kobuvirus, and porcine kobuvirus are now termed Aichivirus A, Aichivirus B, and Aichivirus C,
respectively (Figure 11.1). In addition to these three host species, kobuviruses have also been
detected in other animal species, including mice, dogs, and sheep. Murine and canine kobuvi-
ruses are genetically related to Aichivirus A, whereas ovine kobuvirus is similar to Aichivirus
B (Figure 11.1).

The prototype strain in the Kobuvirus genus was found in Aichi prefecture, Japan, in 1989 [10].
Spherical virus-like particles of approximately 30 nm in diameter were detected using electron
microscopy (EM) in a fecal specimen from a patient with gastroenteritis and linked with the con-
sumption of contaminated oysters [11]. The word “kobu” means “bump” or “knob” in Japanese,
because the prominent morphological characteristic of the virus particle is that it appears to be
“bumpy” under EM [12]. Aichivirus B was first identified in contaminated culture medium from
HeLa cells [13]. Morphologically, Aichivirus B resembles Aichivirus A, although genetically it
is relatively distinct [13]. Therefore, Aichivirus B was classified as another species in the kobuvi-
rus genus. Aichivirus C was discovered in pigs by two different research groups in Hungary and
China [14,15]. The complete nucleotide sequences of porcine kobuvirus strains from Hungary
and China demonstrated that they were considerably distinct from Aichivirus A and Aichivirus B

and were therefore described as a new species [16,17].
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CLASSIFICATION OF KOBUVIRUSES

The Picornaviridae family is genetically highly diverse and currently comprises 17 genera, many
of which consist of several species, subspecies, and genotypes [18].

The kobuvirus genome is a single-stranded RNA molecule about 8.2-8.3 kb in length and con-
tains a large open reading frame (ORF) encoding a single polyprotein [13,16,17,19]. The kobuvirus
genome can be divided into three distinct functional protein—encoding regions termed P/ (structural
proteins), P2, and P3 (nonstructural proteins). The organization of the kobuvirus genome consists of
VPg (a viral protein that attaches to the 5UTR), the 5’UTR and a genome that encodes a leader pro-
tein, three structural viral proteins (VPO, VP3, and VPI), and seven nonstructural proteins (2A-2C
and 3A-3D), followed by a 3'UTR and poly(A) tail (Figure 11.2).

Kobuvirus strains have been isolated from various host species, and genetic variability between
strains has allowed for their classification into three different species, Aichivirus A, B, and C
(Figure 11.1). The current taxonomy of kobuvirus demonstrates that Aichivirus A comprises three
distinct members, including Aichi virus 1 (found in humans), canine kobuvirus 1, and murine kobu-
virus 1 [11,20,21]. Aichivirus B consists of two members, bovine kobuvirus 1 and ovine kobuvirus
1 [13,22], while for Aichivirus C, only a single type of porcine kobuvirus 1 has been identified.

Based on nucleotide and deduced amino acid (aa) sequences, at least three genotypes (A, B, and
C) have been described for Aichi virus 1 [23]. Several studies have reported that the 3CD junction
or 3D region of Aichi virus 1 is more conserved than the VP1 region [3,16,19,24]. In viral terms, this
is not unexpected as nonstructural proteins are not under the same immune selection pressures as
capsid proteins. The VPI region codes for the structural, antigenic viral protein and is suitable for
distinguishing subtypes or genotypes, whereas the more conserved 3CD junction or 3D sequences
may not provide sufficient sequence diversity for subtyping or genotyping of Aichi virus 1.

The prototype strain of Aichi virus 1 (A846/88) is cytopathic in African green monkey kidney
epithelial cell lines such as BS-C-1 and Vero cells. However, bovine kobuvirus and porcine kobu-
virus cannot be readily propagated in cell culture. Therefore, the target cells, specific receptors,
viral entry processes, and a clear understanding of viral replication are yet to be elucidated for these
animal viruses. One evolutionary mechanism used by Aichi virus 1 to generate genetic diversity is
thought to be recombination, as mosaic genomes of Aichi virus 1 have been found in several strains;
recombination is a common trait in picornaviruses.

P1 P2 P3
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FIGURE 11.2 Genome organization of kobuviruses A (Aichi virus), B (bovine kobuvirus), and C (porcine
kobuvirus). P1 represents the region encoding viral structural proteins; P2 and P3 represent regions encoding
nonstructural proteins. Protein names are given at the top. The upper and lower numbers in each section repre-
sent nucleotide and amino acid lengths respectively. The virally encoded VPg is shown to attach to the ’UTR
(straight line). The 3’UTR is also depicted by a line, with AAA representing the poly(A) tail. * indicates that,
within the 2B region of Aichivirus C, 2 copies of a 30 amino acid (90 nucleotides) long motif are observed.
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VIRAL TRANSMISSION AND EPIDEMIOLOGY OF KOBUVIRUSES

Aichi virus 1 was first isolated in stool samples from acute gastroenteritis patients in Japan who had
consumed raw oysters [10]. Subsequently, several outbreaks caused by Aichi virus 1 were linked
with contaminated oysters or seafood consumption [12,23,26]. In addition, Aichi virus 1 has been
found in untreated sewage water [26—28]. This presumably suggests that the kobuviruses are trans-
mitted primarily via the fecal-oral route, either person-to-person or by ingestion of contaminated
food.

Aichi virus 1 has been detected in numerous countries [23,29-34], and studies have suggested
that transmission occurs via the fecal—oral route. Aichi virus 1 has been associated with a variety of
clinical illnesses including diarrhea, vomiting, fever, purulent conjunctivitis, and respiratory symp-
toms [29]. Serological studies in Japan found that Aichi virus 1 antibody prevalence was higher
in older adults. Approximately 30% of young adults were seropositive for Aichi virus 1, and this
increased to 80% by middle age [11]. Studies in Spain, Germany, and Tunisia also confirmed that
70%, 76%, and 92% of the population across all age groups were seropositive against Aichi virus 1,
respectively [30,35,36], indicating that it is a prevalent virus worldwide. For example, a report from
China revealed that 1.8% of the stool specimens collected from hospitalized children in Shanghai
were positive for Aichi virus 1 [37]. In Europe, the prevalence of Aichi virus 1 in stool specimens
ranged from 0.5% to 1.5% [23,29-32].

In terms of animal carriage of kobuviruses, canine kobuvirus (canine kobuvirus 1) has been
reported in both healthy and diarrheal domestic dogs [20,38], while mouse kobuvirus (murine kobu-
virus 1) was found to be widely distributed in wild rodents [21].

The initial molecular epidemiology of Aichivirus B in the stool samples of healthy cattle in
Japan found that 16.7% were positive [13]. Since then, Aichivirus B has been reported in several
countries worldwide, including Thailand, Korea, Brazil, Belgium, Hungary, the Netherlands, and
Italy [39—-44], having a prevalence between 1% and 35%. Bovine-like kobuviruses have also been
detected in domestic sheep in Hungary and black goats in Korea [22,45].

Aichivirus C has been detected in symptomatic (diarrheal) pigs from numerous countries includ-
ing the United States, Hungary, the Czech Republic, the Netherlands, Brazil, China, Korea, Japan,
and Thailand [46-57]. Aichivirus C has also been detected in healthy pigs, and a study has detected
Aichivirus C genomes in pig serum samples [48].

DETECTION METHODS

The most reliable marker for the diagnosis of kobuvirus infection is the presence of kobuvirus RNA
in stool specimens. Currently, reverse transcription-polymerase chain reaction (RT-PCR) is widely
used as a tool for routine diagnosis of kobuvirus infections. RT-PCR detection of the three kobu-
virus species can be performed using consensus kobuvirus-specific primers (Table 11.1), designed
based on the conserved sequences of Aichivirus A from humans, Aichivirus B from cattle, and
Aichivirus C from pigs. Similar to other picornaviruses, typing is usually performed by comparing
the sequence of the capsid-encoding region (Table 11.2).

PICOBIRNAVIRUS

Discovery, PREVALENCE, AND GENOME

Picobirnavirus (PBV) was initially discovered through the unexpected detection of two genome seg-
ments by polyacrylamide gel electrophoresis (PAGE) of RNA extracted from fecal specimens [59].
The specimens were obtained from children that presented with gastroenteritis in Brazil [59]. At the
same time, the virus was also detected in fecal specimens from rats [60]. Since this initial discovery
in 1988, PBVs have been reported in stool samples from pediatric patients globally, including those
from Brazil, Venezuela, France, Italy, Russia, India, Australia, Argentina, the United Kingdom, the



TABLE 11.1

Oligonucleotide Primers for the Detection of Kobuviruses

Primer Name
6261

6779

C94b

246k

C94b
AiMP-R

10f

10r
UNIV-kobu-F
UNIV-kobu-R

Region
3C-3D
3C-3D
3C-3D
3C-3D
3C
3C
3D
3D
3D
3D

PCR

First PCR
First PCR
Second PCR
Second PCR

Sequence 5’-3’
ACACTCCCACCTCCCGCCAGTA
GGAAGAGCTGGGTGTCAAGA
GACTTCCCCGGAGTCGTCGTCT
GACATCCGGTTGACGTTGAC
GACTTCCCCGGAGTCGTCGTCT
GCRGAGAATCCRCTCGTRCC
GATGCTCCTCGGTGGTCTCA
GTCGGGGTCCATCACAGGGT
TGGAYTACAARTGTTTTGATGC
ATGTTGTTRATGATGGTGTTGA

Sense

PCR Product
Size (bp)

519
223
158
631

216

Species Specific
Aichivirus A
Aichivirus A
Aichivirus A
Aichivirus A
Aichivirus A
Aichivirus A
Aichivirus B
Aichivirus B

Aichivirus A, B, C
Aichivirus A, B, C

Reference
[12]
[12]
[12]
[12]
[12]
[25]
[13]
[13]
[16]
[16]
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TABLE 11.2
Oligonucleotide Primers for the VP1 Amplification of Aichivirus 1
PCR
Primer Product
Name PCR Sequence 5’-3’ Sense Size (bp) Position® Reference
Cap F - CAGGTGCCTACCAAGCAA AGAC + 1104-1125 [24]
CaplR - GGTGAACTCCTGGGACCAG - 683 1786-1768 [24]
Cap2 - CCTCGCCTACCCCACCGCC + 1666-1684 [24]
Cap2R1 - GAGACCGTGGAARGAGGAGTC - 652 2317-2297 [24]
Cap3 - CATAGAGGTCCCYTAYATCTC + 2149-2169 [24]
Cap3R - CATACKGTGTATGTTCCGCGC - 612 2760-2740 [24]
Cap4 - CAGTGGCGYGGTGRACTCG + 2618-2636 [24]
Cap4R - GCGATGTAYGTGAAGCACG - 686 3303-3285 [24]
Cap E - CTAGTCGGACCCCACACCGC + 2897-2915 [24]
CapER - GGATGGCCCAGTGGACGTAG - 958 3854-3835 [24]
F2954 - GGTGAATCCTTCAACGTACG + 2954-2973 [23]
R3636 - GCAAGAGAGCTGGAAGT - 699 3652-3636 [23]
AiV-VP3-Fl  First PCR CACACCGCCCCTGCGTCRGCCCTCGT + 2912-2937 [58]
AiV-VP1-R1 First PCR GAGAGCTGGAAGTCRAAGGG - 740 3651-3632 [58]
AiV-VP1-F2  Second CTCGATGCRCCMCAAGACACCGG + 3023-3045 [58]
PCR
AiV-VP1-R2  Second CCTGACCAGTCCTCCCAWCCGAAGTA - 530 3552-3527 [58]
PCR
AiV-VP1-F3  Second GTGCTTCACRTACATCGCYGCGG + 3289-3311 [58]
PCR
AiV-VP1-R2  Second- CCTGACCAGTCCTCCCAWCCGAAGTA - 264 3552-3527 [58]
PCR

@ Positions are based on the Japanese Aichivirus 1 reference strain (accession number AB010145).

Netherlands, Hungary, Pakistan, and Thailand [61-72]. Literature on the subject reports a varied
prevalence of PBVs in humans, depending on the detection method used. Using PAGE and silver
staining, the frequency of virus detection ranged from 0.1% to 2.0% [68,73]. With molecular meth-
ods, the detection rates of PBV in humans have reached 20% [70]. Several studies have shown that
PBV genogroup I is detected more frequently than genogroup II, for example [8].

Growing data from epidemiological studies show that PBVs have been detected in human
feces and in a wide range of animal species, indicating that it may be a virus with zoonotic poten-
tial. As with other viruses such as influenza and norovirus, a close level of genetic relatedness
between human and porcine PBV strains has been described in studies from Hungary, India, and
Venezuela [73-75]. PBV has also been detected in a variety of animal species, including pigs, cows,
horses, sheep, rabbits, rats, dogs, birds, chickens, and reptiles [8,73,76—80]. In addition, PBVs have
been found in environmental samples, including sewage (at high levels) and natural surface waters,
using molecular methods [81,82].

CLASSIFICATION

PBV has been classified as a new member of the Picobirnaviridae family by the ICTV. PBVs are
named based on their characteristically small (pico) and bisegmented (bi) double-stranded RNA
(rna) genome. The spherical, icosahedral virion is nonenveloped, 33—41 nm in diameter, and made
up of a simple core capsid. The genome consists of two segmented ds-RNA molecules of 2.3-2.6
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GI/PBV/human/THAI/Hy005102/2002

PBV Segment 1
828

| ORF2 (552 aa) ]— 2525
1 —{ ORF1 (224 aa) | 2486

157 831
PBV Segment 2
1 —[ 534 aa ]—— 1745
94 1698

FIGURE 11.3 Genome organization of human picobirnavirus genogroup I, isolated in Thailand in 2002 (GI/
PBV/human/THAI/Hy005102/2002, GenBank accession number NC_007026 for segment 1 and NC_007027
for segment 2). This two-segmented virus encodes three large viral proteins, as depicted by the open boxes.
In segment 1, ORF1 encodes a protein of unknown function, and ORF2 encodes the viral capsid. Segment
2 encodes the viral RNA-dependent RNA polymerase. Nucleotide positions within the genome are shown
outside the boxes (encoded sequence).

TABLE 11.3

Oligonucleotide Primers for Detection and Differentiation of Picobirnaviruses

Primer PCR Product Genogroup

Name Sequence 5’-3' Sense Size (bp) Position Specific Reference
PicoB25  TGGTGTGGATGTTTC + 665-679¢ [84]
PicoB43 ~ ARTGYTGGTCGAACTT - 201 865-850° Genogroup I [84]
PicoB23  CGGTATGGATGTTTC + 685-699° [84]
PicoB24 ~ AAGCGAGCCCATGTA - 369 1053-1039b  Genogroup 11 [84]

2 Positions are based on the 1-CHN-97 (China) reference strain (accession number AF246939).
b Positions are based on the 4-GA-91 (United States) reference strain (accession number AF246940).

and 1.5-1.9 kbp for segment 1 and segment 2, respectively (Figure 11.3) [61,83]. The RNA segment 1
has two ORFs, encoding 224 and 552 aa proteins, respectively. ORF1 encodes a protein of unknown
function, whereas ORF2 encodes the capsid protein. The smaller genomic segment 2 contains a
single ORF encoding the 534 aa viral RNA-dependent RNA polymerase (RdRp) (Figure 11.3).

Molecular and epidemiological studies carried out in several countries have shown that human
PBVs are highly diverse and can be classified into two genogroups. Genogroup I contains the proto-
type strain GI/PBV/human/China/1-CHN-97/1997 and genogroup II contains the prototype strain
GII/PBV/human/USA/4-GA-91/1991. A nomenclature scheme for PBV has been proposed [85], and
recommended that the genogroup specificity of PBV be classified as genogroup I, II, non-I, and non-
II. Genogroup-specific primers targeting partial fragments of the RdRp gene of segment 2 revealed
specific PCR fragments of 201 bp for genogroup I and 369 bp for genogroup II (Table 11.3) [84].
However, some stool samples that were positive for PBV by PAGE could not be amplified by these
primers. As such, they should be classified as non-I and non-II PBVs as they do not belong to either
of the genogroups. The current nomenclature system for PBV has been proposed to include the
genogroup specificity, abbreviation of the genus (i.e., PBV), host of origin, country of first isolation,
strain identifier, and year of isolation. For example, GI/PBV/human/THAI/Hy005102/2002 desig-
nates a GI PBV Hy005102 strain that was detected in a human in Thailand during 2002.
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The site of viral primary replication for PBV has not been identified, and details of the replica-
tion cycle remain unclear as no animal model of infection currently exists.

VIRAL TRANSMISSION AND BURDEN OF DISEASE

The role of PBV as an etiological agent of gastroenteritis has not been clearly established, as this
virus has been detected in the feces of subjects with and without diarrheal symptoms. Furthermore,
mixed infections with PBV and other enteric agents have been commonly detected. However, most
PBVs, particularly those of human origin, have been found in stools from acute gastroenteritis
patients. The virus is thought to be transmitted through fecal-oral contact and the major route is
likely to be waterborne infection, although data are lacking.

Although the association between PBV and diarrhea or other specific symptoms is not well
understood, a potential link between PBV infection and diarrheal symptoms has been established
in immunocompromised hosts [86—88]. Reports from the United States, Argentina, and Venezuela
demonstrated that PBVs are common in immunocompromised patients and are more frequently
detected in HIV-infected patients with diarrhea than in those without diarrhea [86—88]. Prolonged
excretion of PBV has been observed for periods between 45 days and 7 months [86—88]. Chronic
infections with enteric viruses in immunocompromised hosts are not uncommon, with chronic nor-
ovirus infections frequently reported, for example. These findings demonstrated the potential etio-
logical role of PBV in diarrheal disease in immunocompromised patients. However, several studies
have demonstrated that PBVs are often identified in mixed infections in patients with acute gastroen-
teritis along with other viral enteric agents (i.e., rotavirus, astrovirus, and norovirus) [61,67]. These
data raise doubts about the true etiologic role of PBV in causing gastroenteritis, and further work
is therefore needed. Although PBV may not act as the major causative agent of diarrhea, whether
or not this virus might be a cofactor for increased pathogenesis by enteric viral infections remains
unclear. In summary, this virus has not been well studied to date, and many questions remain in
relation to its role in disease and ability to exacerbate gastroenteritis, particularly in patients already
infected with an enteric virus.

TOROVIRUSES

History, BioLoGy, CLASSIFICATION, AND PATHOGENESIS

Toroviruses are gastrointestinal infectious agents that have been reported to infect humans and
various animal species. Under EM, toroviruses are morphologically unique and typically appear as
a collection of kidney-shaped particles with helical nucleocapsids, surrounded by an envelope con-
taining spikes of approximately 100—170 nm in diameter. The term forovirus refers to the tubular
nucleocapsid and comes from the Latin word “torus,” denoting their circular convex shape.

Toroviruses, together with coronaviruses, belong to the Coronaviridae family of the Nidovirales
order [89,90]. Toroviruses identified to date have been grouped on the basis of host tropism by the
ICTV. Currently, four species are recognized in the torovirus genus; (i) equine torovirus (EToV),
initially known as Berne virus; (ii) bovine torovirus (BToV), originally known as Breda virus; (iii)
human torovirus (HToV); and (iv) porcine torovirus (PToV).

EToV was the first torovirus identified and was isolated in 1972 from the feces of a horse in Berne,
Switzerland, hence the initial name Berne virus [91]. A morphologically related virus was later
found during an outbreak of neonatal calf diarrhea in a farm from Breda, Iowa. This particular viral
agent was initially designated as “Breda virus” and is now recognized as BToV [92]. Preliminary
evidence of the existence of a human torovirus was subsequently reported [93]. Torovirus-like parti-
cles were detected in stool samples from patients with gastroenteritis using immune EM (IEM) [93].
Since then, toroviruses have been reported many times in the feces of humans and swine with diar-
rhea worldwide [7,89,94-96].
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FIGURE 11.4 Torovirus genome organization. ORF1a and ORF1b encode the viral replication enzymes and
proteins. The abbreviations S, M, HE, and N represent regions encoding the spike protein, membrane protein,
hemagglutinin-esterase, and nucleocapsid protein, respectively. Untranslated regions are shown by lines at the
beginning and end of the genome. The genome is flanked by a 5" cap (black dot) and a 3’ poly(A) tail.

Torovirus genomes consist of a positive-sense, single-stranded RNA molecule of approximately
25-30 kb in length. The 5’ end of the genome contains two large overlapping ORFs (ORFla and
ORFI1b), which encode the viral RNA replication proteins. The genome contains four additional
ORFs (ORFs 2-5), which encode the spike (S), membrane (M), hemagglutinin-esterase (HE), and
nucleocapsid (N) structural proteins, respectively (Figure 11.4) [90].

Since the first torovirus was identified in 1972, research on torovirus remains limited and sev-
eral issues regarding torovirus pathogenesis remain unexplored. Few studies on torovirus patho-
genesis have been performed because very few torovirus strains have ever been successfully
propagated in cell culture. One isolate of EToV, which was detected in Berne, Switzerland (pre-
viously described in this section), was the first torovirus strain to be successfully propagated in
immortalized cells [91]. Another BToV strain obtained from the intestine of a calf with diarrhea in
2004 was also successfully propagated in cell culture, using a human rectal adenocarcinoma cell
line (HRT-18). In terms of in vivo models, an inoculation trial of BToV in cattle demonstrated that
oral or intranasal inoculation of BToV in calves could cause moderate to severe diarrhea. Overall,
these data support the relevance of BToV in causing diarrhea in cattle [92,97]. However, further
research is needed to clearly define the role this virus has in terms of disease, both in humans and
in livestock.

EPIDEMIOLOGY OF TOROVIRUSES

In 1984, torovirus-like particles resembling BToV were detected by EM in a stool specimen
collected from a patient with acute gastroenteritis [93]. Since then, torovirus-like particles with
BToV antisera crossreactivity have been detected in fecal samples of humans by IEM, and torovi-
rus antigens have also been detected by enzyme-linked immunosorbent assay (ELISA) [98—-100].
There are several reports describing the existence of torovirus in human stool specimens col-
lected from several countries worldwide, such as the United States, Canada, the United Kingdom,
France, the Netherlands, India, and Brazil [101]. One study found that torovirus was the most
common viral pathogen associated with nosocomial viral gastroenteritis in a single pediatric
ward in Canada [7]. Clearly, more studies are needed to define the role of this virus in human
gastroenteritis.

PATHOGENESIS

According to the accumulated data on torovirus pathogenesis, the mechanism by which torovi-
ruses induce diarrhea could involve the production of colonic lesions by inducing cytopathic effects
(CPEs) and apoptosis in mucosa epithelial cells. Consequently, this results in a reduced ability to
absorb water, producing a malabsorptive effect and, finally, inducing the classical symptoms of
diarrhea.

Studies on the pathogenesis of BToV in experimentally infected calves demonstrate that BToV
causes CPE:s in the epithelial cells of the intestinal tract, and subsequently induces villous atrophy
and crypt hyperplasia [92,97]. Furthermore, in vitro propagation of EToV has demonstrated that the
virus induces apoptosis in infected cells at a late stage in the infection cycle. In addition, mucosal
epithelial cell apoptosis was associated with gastroenteritis symptoms [102].
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TRANSMISSION

Torovirus transmission is thought to occur via the fecal-oral route as toroviruses are found in
the feces of infected hosts and in environmental sources [103]. However, it has been reported that
toroviruses may also spread by airborne transmission, since BToV has been found in the respira-
tory tract of calves. Likewise, calves have been successfully infected with BToV by the intranasal
route [97].

TOROVIRUSES IN ANIMALS

Heterologous neutralization assays against EToV demonstrated a high seroprevalence of torovirus
antibodies in pigs in the Netherlands and Switzerland [104,105], and EToV-specific seroprevalence
is high in equine populations in Germany [106]. In addition, neutralizing antibodies against EToV
have been detected in sera from other host animals, such as cattle, goats, sheep, pigs, rabbits, and
mice [104]. BToV was first detected in the United States in 1982 during an outbreak of diarrhea in
cattle [92]. Studies have shown that BToV is distributed worldwide; it has been documented in the
United States, Canada, Brazil, South Africa, Japan, South Korea, India, and in Europe, including
the United Kingdom, Austria, Germany, Belgium, France, Switzerland, and Italy [89,98,107-113].
Subsequently, molecular techniques have been used to detect PToV in swine fecal specimens from
Hungary, Italy, Spain, and South Korea [95,96,114-116].

DETECTION METHODS

For the diagnosis of torovirus infection, several methods are available. These include EM, IEM,
enzyme immunoassay (EIA), RT-PCR, real-time RT-PCR, and nucleic acid sequence analy-
sis [95,96,104,105,114—-117]. Of these methods, RT-PCR is probably the most widely used for the
detection and genotype identification of torovirus infections. This technique has replaced traditional
immunological tests and has become the standard method for molecular diagnosis of torovirus
infections. Different sets of primers specific to the four different torovirus species, EToV, BToV,
HToV, and PToV, have been designed to identify the viruses. Primers used for the detection of
genomic RNA from the four species of torovirus are summarized in Table 11.4.

In summary, toroviruses are described as enteric pathogens that cause diarrhea in several
mammalian host species including humans, although additional confirmatory data are needed.
Toroviruses can be detected in the feces several hours before the onset of clinical symptoms, during
the presence of diarrhea, and for several days after infection [92].

CONCLUSION AND FUTURE PERSPECTIVES

Acute gastroenteritis is one of the most common illnesses in humans worldwide. An estimated
25%-30% of all deaths among children younger than 5 years of age are caused by viral infections,
particularly by norovirus, rotavirus, sapovirus, and astrovirus [1]. In recent years, several novel
viruses have been discovered, mostly due to the advent of advanced molecular screening meth-
ods [9]. Kobuvirus, picobirnavirus, and torovirus have also been considered as etiological agents
of diarrhea in humans [12,59,93]. The standard laboratory methods for the diagnosis of viral infec-
tions are based mainly on viral isolation in cell culture. However, some viruses cannot be iso-
lated using current cell culture systems. For epidemiological studies, the application of RT-PCR
and sequencing techniques has become standard for the detection and characterization of these
viral pathogens [16,84,118]. While molecular techniques are replacing traditional viral culture with
the detection of viral genomes by RT-PCR and sequencing, new molecular techniques are also
evolving rapidly. Advances in metagenomic analysis and next-generation sequencing provide new
tools for viral discovery approaches. The development of these new technologies has increased the



TABLE 11.4

Oligonucleotide Primers for the Detection of Toroviruses

Primer
Name
Sense
Antisense
293

294

593

620

S5

S7

1435
1434
1344
294
ToVM 5’
ToVM 3’

Region
N-3'UTR
N-3'UTR

3'UTR
3'UTR
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PCR

First PCR
First PCR
Second PCR
Second PCR
First PCR
First PCR
Second PCR
Second PCR
First PCR
First PCR
Second PCR
Second PCR

Sequence 5’-3’
TAATGGCACTGAAGACTC
ACATAACATCTTACATGG
AGCAACCTTGAGGTTGGGTCTGT
CTTACATGGAGACACTCAACCA
GTCAGAATAGATCACGCATT

CGCCAAACTCTGCAACTCAGGTGGA

GTGTTAAGTTTGTGCAAAAAT
TGCATGAACTCTATATGGTGT
TCTTTGAAGATTGCCAAAA
CATCTTCTAAAGATAAGTGG
GAGAAAGAGCCAAGATGAATT
CTTACATGGAGACACTCAACCA
AGTATGACCTTTACTGGCTA
TAATCTGCAACACCTTG
ATGAATTCTATGCTTAATCCA
AATTCAAAGCCACTTTTATTG
CAAATGCTATGCCATTTCAGC
TGGAAACTTCAACAGTGGCAT
TGTTTGAGACCAATTATTGGC
TACTCAAACTTAACACTAGAC
CCAAACCCATTTACTGCTCAA
GTATAATCTGCAACACCTTGC
GTGTTAAGTTTGTGCAAAAAT
TGCATGAACTCTATATGGTGT
CAGAGGTGCCGTTGTTGTGTC
ACATAGAGCGGTGTCTGTTGA

PCR Product
Size (bp)

219

136

185

741

740

664

410

471

395

682

637

722

616

Species
Specific
EToV, HToV
EToV, HToV
PToV
PToV
PToV
PToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV, PToV
BToV, PToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV

Reference
[118]
[118]
[105]
[105]
[105]
[105]
[107]
[107]
[116]
[116]
[116]
[116]
[114]
[114]
[112]
[112]
[112]
[112]
[112]
[112]
[112]
[112]
[112]
[112]
[112]
[112]
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TABLE 11.4 (CONTINUED)
Oligonucleotide Primers for the Detection of Toroviruses

Primer

Name Region PCR Sequence 5’-3’

First PCR CGGCAACACCAGTAACACCAT
First PCR TAACTAAAACTAATAACACC
Second PCR  GATTGGTGTGGGTTTGGTGA
Second PCR  ATATGCAGAGGAGGTTACATC
First PCR TTCTTACTACACTTTTTGGA
First PCR ACTCAAACTTAACACTAGAC
Second PCR  TATGTACTATGTTTCCAGCT
Second PCR  CCAACACAAATCCGCAACGC
First PCR GCCTTTTCCAGACCAGGCCC
First PCR GCAAACCATTGTCCATTAACAC
Second PCR  ATCTTTGGCAATTGCTTA
Second PCR ACCACGAATAGCAATT

|
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Sense

PCR Product
Size (bp)

1172
1094
603
409
555

175

Species
Specific
BToV
BToV
BToV
BToV
BToV
BToV
BToV
BToV
PToV
PToV
PToV
PToV

Reference

[119]
[119]
[119]
[119]
[120]
[120]
[120]
[120]
[96]
[96]
[96]
[96]
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understanding of virus biology and the identification of viral contamination sources to assist in
addressing public health concerns related to kobuvirus, picobirnavirus, and torovirus infections.
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INTRODUCTION

Prions, which are proteinaceous infectious particles, are the causative agents of prion diseases [1]
or transmissible spongiform encephalopathies (TSEs) including kuru, Creutzfeldt—Jakob disease
(CID), Gerstmann—Straussler—Scheinker syndrome (GSS), and fatal familial insomnia (FFI) in
humans (Table 12.1). Kuru is a chronic or subacute degenerative neurological disease in humans
that was originally discovered in the Fore people of Papua New Guinea as a result of the ritualistic
cannibalism endemic within their culture. The elucidation of kuru etiology led to the discovery that
worldwide presenile dementias, such as CJD and its variants, are characterized by similar cellular
lesions. Furthermore, these diseases are transmissible and are caused by prion agents, which differ
fundamentally from other infectious agents such as viruses or bacteria [1]. Among human prion
diseases, approximately 85% of CJD is classified as sporadic CJD (sCJD), although the mecha-
nisms of pathogenesis remain unclear. The incidence of CJD is approximately one case per million
per year [1]. By contrast, less than 15% of cases of human prion diseases are hereditary [2]. These
inherited human prion diseases, such as familial CJD (fCJD), GSS, and FFI, are caused by mutation
of the prion protein gene (PRNP). Moreover, prions may be transmitted on the surfaces of medical
instruments used in neurosurgery [3,4], leading to iatrogenic CJD (iCJD). There are also reports
of prion infections derived from injections of human growth hormone, and pituitary gonadotropin,
dura mater grafts, corneal transplants, as well as stereotactic electrodes [3].

Animal-associated prion diseases include scrapie in sheep and goats, bovine spongiform enceph-
alopathy (BSE) in cattle, chronic wasting disease (CWD) in cervids, feline spongiform encepha-
lopathy (FSE) in cats, transmissible mink encephalopathy (TME) in mink, and exotic ungulate
spongiform encephalopathy in zoonotic animals (Table 12.2). BSE or “mad cow disease” is a strik-
ing example of a prion disease, because the prion agent is transmitted to cattle when fed rendered
offal derived from the meat and bones of scrapie-infected sheep and probably from BSE-infected
cattle to humans, causing variant CJD (vCJD).

The main component of the prion agent is an abnormal isoform of the prion protein (PrP5¢) [5].
A key event in prion disease is the conversion of the host-encoded, cellular isoform of prion pro-
tein (PrP¢) to PrPSc. Furthermore, there is increasing evidence that the major component of the
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TABLE 12.1
Prion Diseases in Humans

Diseases Pathogenesis

Iatrogenic CJD (iCJD) Transmission (human growth hormone, pituitary gonadotropin,
dura mater, and corneal transplants, or stereotactic electrodes)

Sporadic CJD (sCJD) Unknown

Familial CJD (fCJD) Mutation of the human PrP gene (PRNP)

Variant CJD (vCJID) Transmission

Gerstmann-Striaussler—Scheinker syndrome (GSS) Mutation of PRNP

Fatal familial insomnia (FFI) Mutation of PRNP

TABLE 12.2
Prion Diseases in Animals

Diseases Affected Animals

Bovine spongiform encephalopathy (BSE)
Chronic wasting disease (CWD)

Exotic ungulate spongiform encephalopathy

Cattle

Elk

Mule deer
Arabian oryx

Eland
Greater kudu
Gemsbok
Mouflon
Nyala

Feline spongiform encephalopathy (FSE) Albino tigers

Cats

Cheetah

Puma

Goats

Sheep

Mink

Scrapie

Transmissible mink encephalopathy (TME)

infectious agent is PrP5¢ or a prion protein (PrP)-folding intermediate [6]. PrP€ is a cell surface—
anchored glycoprotein of unknown function [2] that is predominantly found in the central nervous
system (CNS) of animals, including humans [7]. PrPS¢ is derived from PrP€ in a posttranslational
process that appears to involve direct molecular interactions between these two proteins [8]. The
crucial role of PrP¢ expression in prion infection and PrP5¢ formation has been demonstrated in
transgenic mice with an ablated murine Prnp [9]. The Prnp-knockout mice do not show any symp-
toms of prion diseases without prion protein (PrP) accumulation. Furthermore, studies using trans-
genic animals have shown the influence of specific amino acid residues or domains in PrP on prion
susceptibility [10—15]. In addition, this experimental system demonstrated a species barrier defined
by amino acid residues in Prap [16].

DISCOVERY OF PRIONS AND PRION HYPOTHESIS

In the 1930s, a flock of Karakul sheep was imported from Germany to Iceland, resulting in the introduc-
tion of maedi-visna disease in the naive Icelandic sheep. The striking feature of maedi-visna is the slow
progression to disease after primary infection, often taking more than 10 years [17]. Although the disease
occurs primarily in sheep, both experimental and natural transmission to goats has been observed. The
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slow, relentless, and progressive brain infections are almost always fatal. On this basis, parallels have
been drawn between maedi-visna disease and scrapie. However, maedi-visna disease is caused by a lenti-
virus, a subfamily of retroviruses, whereas the scrapie agent proved to be far more enigmatic.

As early as 1967, scientists recognized that the scrapie agent might be an unconventional patho-
gen [18,19]. Most notable were the results of radiation inactivation studies, which suggested that
the scrapie agent might not contain nucleic acid and that the infectious particles may be extremely
small. In 1967, Griffith [20] proposed a hypothesis that a protein could acquire a disease-inducing
conformation, which eventually led researchers to discover prions.

In a seminal study in 1981, scrapie-associated fibrils (SAFs) were identified in the brains of
infected sheep [21]. Furthermore, the scrapie agent could be concentrated by centrifugation [21],
which led to the development of improved bioassays as well as a fractionation procedure that
allowed the isolation of an unusual protein from scrapie-infected tissue [22]. This protein was found
to be insoluble and relatively resistant to proteases, and the corresponding gene was subsequently
cloned. The gene, called Pranp in animals and PRNP in humans, is highly conserved between dif-
ferent mammalian species [5]. Prnp/PRNP is now known to be essential for the pathogenesis of
common prion diseases.

Stanley Prusiner, who won the Nobel Prize for Physiology or Medicine in 1997, named the scrapie
infectious agent prion (an anagram of “proin,” from “proteinaceous infectious particle”). He pro-
posed that an altered form of PrP caused a fatal encephalopathy, characteristic of scrapie diseases.
Furthermore, the protein-only hypothesis put forward by Prusiner suggested that the essential patho-
genic component is an altered conformation of the host-encoded PrP, called PrPS¢ (“PrP-scrapie”;
also called PrP for “protease-resistant form™) [5]. In the simplest case, PrP5¢ is proposed to have the
property of converting cellular PrP into more copies of pathogenic PrPS¢. This hypothesis is consis-
tent with findings that mice lacking both copies of Prnp are resistant to prion infection [9].

CLASSIFICATION OF PRIONS

Various criteria can be used to distinguish prions from viruses. For example, prions are nonim-
munogenic in contrast to viruses, which almost always provoke an immune response. Additionally,
there is no evidence of nucleic acid within the infectious prion particle, whereas viruses possess a
nucleic acid genome that serves as a template for the synthesis of viral progeny. Furthermore, the
main component of the prion is PrPS¢, which is encoded by a chromosomal gene, whereas viruses
are composed of nucleic acid, proteins, and often other constituents.

Although it is broadly accepted that the main component of prions is PrPS¢, it remains unclear
whether PrPS is the sole agent responsible for infection or if another molecular species in addi-
tion to PrPS might also constitute an essential component of the infectious prion agent. Size frac-
tionation of the prion agent has shown that particles of 17-27 nm in diameter (300-600 kDa)
display maximal infectivity. These findings suggest that the infectious unit of a prion comprises
particle sizes corresponding to 14-28 PrP molecules [23]. Furthermore, recent protein misfolding
cyclic amplification (PMCA) analyses, an in vitro amplification method for PrP5¢, have shown that
metal ions [24], RNA [25], anionic phospholipids [26], polyanions [27], and phosphatidylethanol-
amine [28] are PrPS¢ propagation cofactors. However, cofactor preference depends on the chosen
PMCA system, including the precise constituents of the PMCA buffer (e.g., detergents and other
additives). Phosphatidylethanolamine is not only a cellular factor that plays a role in prion genera-
tion, but it is also an integral component of the infectious prion agent [29]. Thus, the latest evidence
suggests that prions are mainly composed of PrPS¢, but also include other biomolecules.

STRUCTURE OF PRION PROTEIN AND ITS CORRESPONDING GENE

Prnp is encoded on chromosome 2, 3, 13, and 13 of mice [30], rats [31,32], sheep [33], and cat-
tle [34], respectively, while PRNP is encoded on chromosome 20 in humans [35]. The structure
and sequence of Prnp/PRNP is highly conserved across a variety of mammalian species. Murine
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Prnp spans 38 kb and has three exons, although only the third exon contains the prion protein
coding sequence. A similar genomic structure of Prnp is found in rats (16 kb), sheep (31 kb), and
cattle (35 kb). By contrast, human PRNP spans 35 kb and comprises only two exons, with Prnp
located within the second exon and an intervening sequence between the first and second exons
that resembles the second mammalian exon. The open reading frame (ORF) of Prnp is also highly
conserved among mammalian species. Intriguingly, the entire ORF of all known mammalian Prap/
PRNP genes is always located in the last exon.

DIFFERENCES BETWEEN CELLULAR AND ABNORMAL PRION
PROTEINS AND THEIR CONVERSION COFACTORS

PrPS¢ accumulation and PrP¢ deficiency in the CNS is a hallmark of prion disease [36]. Although the
sequences of PrP¢ and PrPS¢ are identical, the corresponding secondary structures are distinct. Infrared
spectroscopy [37], nuclear magnetic resonance (NMR) spectroscopy [38], and circular dichroism (CD)
spectroscopy [39] all showed that PrP© comprises a high proportion of a-helices (~40% of the protein)
and relatively little B-sheets (3% of the protein), whereas PrPS¢ has a high p-sheets content (~40% of the
protein) and an a-helix content of 30%. Unfortunately, it is not possible to determine the high-resolution
structure of PrPS¢ using general NMR or x-ray analyses because the protein is insoluble.

The prion hypothesis states that a conformational change from PrP¢ to PrPS¢ plays a crucial role
in the disease process, suggesting that this transition is essential for prion propagation. Currently,
there are two main models describing the conversion of PrPC¢ to PrP5¢; namely, the refolding and
seeding models [3]. The refolding model proposes that a single particle of endogenous PrP€ inter-
acts with exogenously introduced PrPS¢ to generate more PrPS¢. The seeding model proposes that
PrPSe exists in equilibrium with PrPC. In healthy individuals, this equilibrium favors PrPC, thereby
resulting in an absence of prion disease. By contrast, an oligomer or short polymers of PrPS can
interact with PrP to form an infectious unit. The seeding model is supported by the recent applica-
tion of an in vitro amplification method, PMCA, where the destruction of PrP5c aggregates causes
fragmentation of infectious seed in the sonication process. Thus, the PMCA procedure mimics the
autocatalytic replication of PrPSc [40].

Some researchers have speculated that there is an additional chaperone protein (known as pro-
tein X) involved in prion propagation [41]. Furthermore, the nonlethal effect of PrP¢ deficiency in
mice raises the possibility of a hypothetical PrP¢ functional homolog termed “z” [11]. Shadoo is a
brain glycoprotein that displays similarity to the unstructured region of PrP. However, the genera-
tion of Shadoo/PrP double knockout mice suggests that Shadoo is not  [42]. Nonetheless, it is likely
that the role of & could be played by other proteins.

CLINICAL FEATURES

Prion diseases are a group of neurodegenerative disorders affecting mammals (Tables 12.1 and
12.2), which are transmissible under certain circumstances. However, unlike other transmissible
disorders, prion diseases can also be caused by mutations in the host Prnp/PRNP. The mechanism
by which prions spread among sheep and goats that develop natural scrapie is unknown. CWD,
TME, BSE, FSE, and exotic ungulate spongiform encephalopathy are all thought to occur after the
consumption of prion-infected materials such as meat and bone meal (MBM). Typical symptoms
of scrapie include hyperexcitability, pruritus, and myoclonus with rapid progression to tetraparesis,
and ultimately death [3]. The clinical symptoms of BSE are insidious, resulting in changes in tem-
perament, including aggressive behavioral changes and uncoordinated gait [43].

As is the case with animal prion diseases, kuru among the Fore people of Papua New Guinea
is thought to have resulted from the consumption of brain tissue during ritualistic cannibalism of
their dead relatives [44—47]. GSS, FFI, and fCJD are all dominant, inherited prion diseases that
have been shown to be genetically linked to mutations in PRNP. These inherited prion diseases
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feature many different mutations in the PrP gene (Figure 12.1). However, iatrogenic CJD cases can
be traced to the inoculation of prions via human pituitary—derived growth hormone, corneal trans-
plants, dura mater grafts, or cerebral electrode implants, although the number of cases recorded
to date is small [3,5]. Most cases of CJD are sCJD, probably the result of somatic mutation of the
PrP gene or the spontaneous conversion of PrP¢ into PrPS¢, while about 10%-15% of CJD cases
are caused by germline mutations in PRNP. The inherited form of CJD is fCJD. CJD is typically
a rapid progressive disease, exhibiting cerebellar ataxia, dementia, myoclonus, visual disturbance,
and periodic sharp waves on electroencephalography (EEG), but these symptoms are not associated
with fever or humoral immune response such as leukocytosis [48].

PrP has several functional domains [50] including a signal peptide (SP) region at the N-terminus
and an octapeptide repeat (OR) region in the N-terminal half, as well as hydrophobic regions (HRs)
in the central part (HR1) and C-terminal (HR2) part (Figure 12.1). In addition, disulfide links (S—S),
Asn-linked glycosylation (CHO), and a glycosylphosphatidylinositol (GPI) anchor are present.

Some of the mutations and polymorphisms are related either to inherited prion diseases or sus-
ceptibility to prion diseases. For instance, polymorphisms of the PRNP ORF have been shown to be
major determinants of susceptibility to prion diseases in humans. Polymorphisms of human PRNP
are limited to single amino acids substitutions (e.g., M129V, N1718S, and E219K)) and to the deletion
of one octapeptide repeat in the OR region. Among these mutations, one repeat deletion and N171S
are not thought to be related to the onset of, or susceptibility to, prion disease [51,52]. Most stud-
ies have focused on the M129V polymorphism, which is related to susceptibility to prion diseases
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1125R1 |131 238 gRr2 258
E-
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FIGURE 12.1 Polymorphisms and mutations of the prion protein gene (PRNP) in humans. The first 22
amino acid residues of the N-terminal region of human PrP are cleaved shortly after translation, and 24
residues from the C-terminal end are cleaved before the addition of the glycosylphosphatidylinositol (GPI)
anchor. An octapeptide repeat region (OR) is found in the N-terminal portion of the protein. Polymorphisms
(upper) and mutations (lower) of the human PrP gene are shown. GPI: glycosylphosphatidylinositol anchor
site; CHO: glycosylation site; SP: signal peptide region; HR1: hydrophobic region in central part of PrP; HR2:
hydrophobic region in C-terminal part of PrP; Red: mutations related to Creutzfeldt—Jakob disease (CJD);
Blue: mutations related to Gerstmann—Striaussler—Scheinker syndrome (GSS); Purple: mutations related to
GSS or CJD; Orange: mutations related to fatal familial insomnia (FFI) or CJD; Green: mutations related
to other diseases (Y145STOP: PrP cerebral amyloidosis; M187R: inherited prion encephalopathy with curly
PrP deposits). (Cited from figure 1 of Sakudo A. et al. 2010. Structure of the prion protein and its gene: An
analysis using bioinformatics and computer simulation. Curr Protein Pept Sci 11:166—179 with permission
from Bentham Science Publishers.)
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including sporadic, iatrogenic, and variant CJD [53-55]. In addition, M129V is closely related to
the clinical status and Western blotting patterns of PrP. Interestingly, E219K might have a protec-
tive role against the onset of sCJD [56] because E219K has never been found in patients with sCJD.

Different mutations combined with the M129V polymorphism in human PRNP generate various
phenotypes. The main phenotypes are GSS, which is characterized by PrP plaques in the brain with
slow disease progression; fCJD, which shows a CJD-like status; and FFI, which is associated with
severe insomnia and neurodegeneration of the thalamus. Interestingly, mutations in PrP related to
prion diseases cluster in the region between disulfide bonding sites. Moreover, representative muta-
tions related to GSS, FFI, and other fCJDs have been analyzed. GSS is a group of syndromes show-
ing inherited dementia with cerebellar abnormalities including amyloid plaques. The most common
mutation associated with GSS is P102L(129M), that is, P102L with M at position 129. Patients
with P102L(129M) show spongiform-related changes in the cerebrum and amyloid plaques in the
cerebrum and cerebellum [57]. The P105L(129V) mutation (i.e., PIOSL with V at position 129) is
found in patients with spastic and paralytic GSS, which has a less severe clinical onset than P102L-
related GSS and does not show any spongiform in the cerebrum [51]. Y145STOP(129M), corre-
sponding to a Y145STOP with M at position 129, also causes GSS with Alzheimer’s neurofibrillary
tangles (NFTs) in the cerebral cortex and amyloid deposits in the blood vessels [58]. D178N(129M)
is associated with FFI, in which patients display either no visible abnormalities or only slight atro-
phy in the brain [59]. The most characteristic abnormalities are neurodegeneration and gliosis in
the thalamus without spongiform and synaptic patterns of staining with anti-PrP antibody in the
subcortical gray matter and the brain stem, cerebellum, and inferior olivary nucleus. Patients with
D178N(129V) (i.e., D178N with V at position 129) show typical symptoms of CJD with spongiform-
related changes and synaptic PrP deposits, but without amyloid deposits and neurodegeneration of
the thalamus and olivary nucleus [60]. As for other mutations related to prion diseases, the deletion
and insertion of repeats in the OR (-16, +8, 16, 32, 40, 48, 56, 64, and 72), V1801, V180I-M232R,
E200K, V203I, R208H, V2101, E211Q, and M232R have been reported. All these deletions and
insertions cause GSS or CJD, with affected individuals showing spongiform, neurodegeneration,
gliosis, and amyloid deposits [61,62]. Patients with V180I(129M/V) and V180I(M232R) (i.e., V180I
with either M or V at position 129 or R at position 232, respectively) show clinical symptoms
of CJD, such as spongiform changes, without amyloid deposits in the cerebral cortex and thala-
mus [63]. There are numerous reports concerning mutation E200K, where patients display a typical
CJD pathological status as well as gliosis [64].

vCJD was first identified by the CJD Surveillance Unit in Great Britain [65], followed by a report
of a similar case in France [66]. The patients in these reports differed from typical cases of sCJD as
they were relatively young at disease onset (vCJD: 19-39 years; sCJD: 55-70 years) and the duration
of the illness was prolonged (vCJD: 7.5-22 months; sCJD: 2.5-6.6 months) [3]. These patients also
displayed atypical clinical features, including psychiatric symptoms, ataxia, pain in the extremities,
and myoclonus or chorea occurring in the late stage of illness. Dementia was not evident until the
final stages of the illness, when it was often accompanied by cortical blindness and akinetic mut-
ism. None of these patients showed changes in EEG readings that were characteristic of sCJD, and
all were methionine homozygous at codon 129 without the pathogenic mutations in PRNP typically
found in humans.

DIAGNOSIS

CONVENTIONAL TECHNIQUES

The specific diagnosis of prion diseases relies on the detection of PrPS¢ (Table 12.3). PrPS¢ can be
distinguished from PrPC by its high p-sheet content [37], its partial resistance to protease diges-
tion [67], and its tendency to form large aggregates both in vivo and in vitro [22]. The formation of
multimeric aggregates can be assumed to be closely related to the infection process [68,69].
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TABLE 12.3
Diagnostic Methods for Prion Infections
Methods Detection Principle Basic Procedure References
Aptamer PrP conformation RNA aptamers that specifically recognize the [70]
conformation of PrP¢and/or PrPse.
Bioassay PK-resistant PrP, Transmission to mice. [71]
incubation time or
infectivity titer
Capillary gel PK-resistant PrP Competition between fluorescein-labeled [72,73]
electrophoresis synthetic PrP peptide and PrP present in
(competitive assay) samples is assayed by separation of free peptide
and antibody-peptide peaks using capillary
electrophoresis.
Capillary gel ProteinA-antibody-PrP Complex with PrP is separated using fluorescein [74]
electrophoresis complex labeled proteinA® and anti-PrP antibody by
(noncompetitive assay) capillary electrophoresis.
CDI PrP conformation Specific antibody binding to denatured and [75]
native forms of PrP.
Cell blot PK-resistant PrP Culture cells on cover slip, directly transfer to [76]
membrane, then detect the PK-resistant PrP
using anti-PrP antibody.
Cell culture assay PK-resistant PrP or Transmission to cells. [77]
infectivity titer
DELFIA Insoluble PrP Quantitate the insoluble PrP extracted at two [78]
fixed concentrations of guanidine
hydrochloride.
Electrochemical Electrochemical signal Detection of PrP using a DNA aptamer-bound [79]
biosensor induced by binding carbon nanotube.
DNA aptamer and PrP
ELISA PK-resistant PrP Detect PrPr adsorbed onto microtiter plates by [80]
anti-PrP antibody.
FCS Aggregation of PrP PrP aggregates labeled using anti-PrP antibody [81,82]
tagged with fluorescent dyes, resulting in a
fluorescent signal measured by dual-color
fluorescence intensity distribution analysis.
Filtration blotting PK-resistant PrP Detection of filtered/adsorbed PrP™ on PVDF [83]
membrane by anti-PrP antibody after treatment
with PK + SDS/heating.
Flow microbead PK-resistant PrP Detect PK-resistant PrP using a flow cytometer [84]
immunoassay with anti-PrP antibody coupled to microbeads.
Fluorescent analysis Increased fluorescence Sandwich detection of PrP using anti-PrP [85]
using quantum dot signal of quantum dots antibody-bound magnetic microbeads and
induced by sandwich quantum dots.
binding of PrP
FT-IR spectroscopy Alterations of spectral Analyze FT-IR spectra using statistical analysis. [86]
feature
Histoblot PK-resistant PrP Cryosection is blotted onto a membrane prior to [72]

PK treatment and immunolabeling with
anti-PrP antibody.

(Continued)
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TABLE 12.3 (CONTINUED)

Diagnostic Methods for Prion Infections

Methods

Immuno PCR

Immunohistochemistry

Mass spectrometry

Mechanical resonance

MUEFES

PET blot

PMCA

RT-QuiC

Slot blot

SOFIA

Surface plasmon

resonance

Surrogate marker

Western blotting

Detection Principle

PK-resistant PrP

PK-resistant PrP

PrP27-30 (Residual PrP
after PK treatment)

Frequency sift induced
by PrP binding

Alterations to spectral
characteristics
PK-resistant PrP

PK-resistant PrP

Formation of amyloid
fibrils from
recombinant PrP

PK-resistant PrP

PK-resistant PrP

Reaction rate of
binding DNA aptamer
with PrP

Change of expression
level of 14-3-3
protein, erythroid-
specific marker, or
plasminogen

PK-resistant PrP

Basic Procedure

Biotinylated anti-PrP antibody is bound to
streptavidin HRP with reporter DNA. Reporter
DNA is then PCR amplified to detect PrPrs.

Immunostaining of tissue sections.

Detection of MRM signal by mass spectroscopic
analysis.

Sandwich detection of PrP using anti-PrP
antibody-bound mechanical resonator and
nanoparticles.

Analyze spectra of emission excited by
ultraviolet radiation.

Paraffin-embedded tissue section is collected on
a membrane, and PrP™s is immunolabeled with
anti-PrP antibody.

Amplification of misfolded protein by cycles of
incubation and sonication.

ThT fluorescence readout of the amyloid seeding
assay using conditions selected to minimize the
formation of spontaneous (prion-independent)
ThT-positive amyloid fibrils.

Filter the cell lysate through a nitrocellulose
membrane and then detect PrP™ using an
anti-PrP antibody.

Fluorescent detection of PrP™ using biotinylated
anti-PrP antibody and streptavidin labelled with
Rhodamine red X.

Detection of PrP using a DNA aptamer coated on
the surface of an electrically conductive
polypyrrole.

Detect expression level changes by two-
dimensional gel electrophoresis, differential
display reverse-transcriptase PCR, or Western
blotting of surrogate marker proteins for prion
diseases.

Detect PrP on the membrane.

References

[87]

(88]

[89]

[90]

[91]

[92,93]

[94]

[95]

[96]

(971

[98]

[99-101]

[102]

Source: This table is modified and updated from table 1 in Sakudo A. et al. 2007. Recent developments in prion disease
research: Diagnostic tools and in vitro cell culture models. J Vet Med Sci 69:329-337 with permission from The

Japanese Society of Veterinary Science.
Note: CDI, conformation-dependent immunoassay; DELFIA, dissociation-enhanced lanthanide fluorescent immunoassay;

ELISA, enzyme-linked immunosorbent assay; FCS, fluorescence correlation spectroscopy; FT-IR, Fourier transform

infrared; MRM, multiple reaction monitoring; MUFS, multispectral ultraviolet fluorescence spectroscopy; PCR,

polymerase chain reaction; PET, paraffin-embedded tissue; PK, proteinase K; PMCA, protein misfolding cyclic

amplification; PrP, prion protein; PrPC, cellular isoform of PrP; PrPrs, PK-resistant PrP; PrPS¢, abnormal isoform of
PrP; PVDF, polyvinylidene difluoride; RT-QuIC, real-time quaking-induced conversion; SDS, sodium dodecyl sul-

fate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SOFIA, surround optical fiber immu-

noassay; WB, Western blotting.

@ Protein A binds antibody.
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FIGURE 12.2 PrP%¢ in the brains of terminally diseased mice assessed by Western blotting. Prion was
intracerebrally inoculated into C57BL/6J mice older than 8 weeks of age. Twenty microliters of inoculum
containing 1% homogenate prepared from the brains of terminally diseased mice with mouse-adapted scrapie
(Chandler and Obihiro strain) or uninfected mice were injected into the cerebral ventricular system of mice
using a microsyringe. The brains of infected mice showing clinical symptoms (tremors and ataxia) were col-
lected and used for further analysis. The brains of uninfected mice at a similar age were also collected. The
mouse brains infected with prions (Chandler or Obihiro) or injected with normal brain homogenate (Normal)
were treated with proteinase K (PK) (+). Untreated controls (=) are also included. The samples were subjected
to Western blotting with the anti-PrP antibody SAF83 (SPI-Bio, Montigny-le-Bretonneux, France) to detect
PK-resistant PrP (PrP), which included PrP5¢. Bands corresponding to the molecular mass marker (kDa) are
shown on the right. (Cited from Supplemental figure 2 of Sakudo and Onodera. 2011. Tissue- and cell type-
specific modification of prion protein (PrP)-like protein Doppel, which affects PrP endoproteolysis. Biochem
Biophys Res Commun 404:523-527. With permission from Elsevier.)

For the Western blotting procedure (Figure 12.2), sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) is used to separate proteinase K (PK)-treated proteins, which are then
transferred to a membrane. PK-resistant PrP (PrP™*) on the membrane is detected using an anti-PrP
antibody. Importantly, Western blotting analysis establishes not only the presence or absence of
PrPres, but also provides information on the molecular weight of the various peptides based on their
electrophoretic mobility [105]. Western blotting for screening large numbers of cattle for BSE was
originally considered to be impractical. However, Oesch and coworkers developed a rapid Western
blotting procedure (named “Prionics Check” or “PWB”), which has since undergone modifications
by the Swiss and British veterinary authorities, as well as the European Commission. Using this
technique, samples of brain stem from officially confirmed BSE or scrapie cases and negative con-
trol samples from healthy New Zealand adult bovines, could be diagnosed with 100% specificity
and sensitivity [106,107]. Furthermore, autolyzed samples could still be diagnosed correctly, lead-
ing to the development of a unique surveillance program in Switzerland. This surveillance program
involved testing fallen stock for hidden cases of BSE. The routine application of the Prionics Check
Western blotting technique has also revealed unrecognized BSE cases that could have entered the
food chain. When peptides are modified with aberrant glycosylation, a different electrophoretic
mobility is observed. Therefore, the mobility is influenced by the host genotype and also by prion
strains [105,108]. Accordingly, a mobility index is used to differentiate sCJD subtypes (i.e., type 1 or
type 2A), or iCJD and sCJD from vCJD, because of the different PrPS¢ glycoform profiles [109-114].

A modified Western blotting method has also been developed for prion detection. The cell blot
procedure [76] involves growing cells on coverslips and then transferring them onto a nitrocellulose
membrane, where PrP™ is then detected by Western blotting [76]. In addition, slot blotting [115]
is a method whereby cell lysates are filtered through a nitrocellulose membrane using a slot-blot
device before the PrP™ on the membrane is detected by Western blotting [115]. The sensitivity of
the Western blotting technique can also be enhanced by centrifugation [116] or by the develop-
ment of a suitable extraction method. An example of a modified extraction method is the sodium
phosphotungstic acid (PTA) procedure [75,117], which precipitates PrPS¢ from solution. Guanidine
hydrochloride has also been used to extract PrPSc. Western blotting has disadvantages in terms of
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processing time, the limited number of samples that can be processed, and the need for experienced
personnel. These problems have been overcome, at least in part, by the enzyme-linked immunosor-
bent assay (ELISA).

Using the ELISA method, PrP™ is directly absorbed onto a microtiter plate or captured by anti-
PrP antibody coated on a microtiter plate, and detected or “sandwiched” by other anti-PrP antibodies.
Meanwhile, Grassi et al. chose to develop a conventional two-site immunometric assay (sandwich
immunoassay) based on the use of two different monoclonal antibodies recognizing two distinct
epitopes on the PrP molecule. Using this procedure, the first antibody (capture antibody) is immo-
bilized on a solid phase (e.g., a microtiter plate) while a second antibody, covalently labeled with
an enzyme (e.g., acetylcholine esterase [AchE]), is used as a tracer [118,119]. PrP within a sample is
detected by measuring enzyme activity bound to the solid phase through the intermediary of cap-
ture antibody—PrP—tracer antibody reactions. A two-site immunometric assay was chosen because
this procedure is demonstrably more sensitive and specific than other testing methods, as well as
facilitating a higher rate of sample throughput [120]. Indeed, the two-site immunometric principle
is commercially exploited in the Prionics Check EIA (Prionics/Roche, Switzerland), Roche Applied
Science PrionScreen (Roche, Switzerland), Bio-Rad Platelia BSE purification kit and Bio-Rad BSE
detection kit (Bio-Rad, France), FRELISA BSE kit (FUJIREBIO Inc., Japan), IDEXX HerdChek
BSE antigen test kit (IDEXX Laboratories, Maine), and Institut Pourquier Speed’it BSE (Institut
Pourquier, France) procedures. Modified versions of this method are also commercially available,
such as VMRD CWD dbELISA (VMRD Inc., Washington), Enfer-TSE kit (Abbott Laboratories,
[llinois), Prionics-Check LIA (Prionics, Switzerland), and CediTect BSE test (Eurofins Analytico
Food, the Netherlands). Nonetheless, although the extensively employed ELISA method is sensitive,
capable of high throughput, and does not require sophisticated techniques, the high frequency of
false positive results remains a problem.

Another common method to diagnose prion diseases involves the immunohistochemical (IHC)
analysis of brain sections [121,122]. IHC analysis employs light microscopy to analyze typical features
of prion diseases, such as the accumulation of PrP amyloid plaques, astroglyosis, and neuronal cell
loss. Despite the fact that vacuolation is sometimes used as an index of prion infection, many combina-
tions of prion strains and host species result in the accumulation of PrPS¢ without vacuolation in brain
sections after prion infection [123,124]. In addition, the region of the brain where PrPS¢ accumulates
depends on the particular prion strain under investigation [125]. Histopathological analysis of organs/
tissues other than brain have been studied for the diagnosis of prion diseases. These studies reveal that
the tonsils are suitable for the diagnosis of prion infection in humans, deer, and sheep [117,126-131],
while the appendix has been used for the preclinical diagnosis of vCJD in humans [117,132-135].
Prion strains can often be discriminated from the lesion profiles, which result from strain-specific
patterns of vacuolation and PrP5¢ accumulation in the brain. In addition, IHC analysis has been fur-
ther improved with modified histoblotting [72] or paraffin-embedded tissue (PET) blotting tech-
niques [92,93]. These modifications can also contribute to increasing the sensitivity of detection of
PrPS¢ in cryosections [72,92,93]. A sensitive PET blotting procedure that detects prion PrPS depos-
its in formalin-fixed PET after blotting on a nitrocellulose membrane has been developed [92]. The
sensitivity of this blotting procedure has been compared with that of histological and immunohisto-
chemical methods and with the Western blot method used in prionics. Using the PET blot method, four
clinically similar cases showed the same PrPS¢ deposition pattern observed in clinical BSE, whereas
the results of histological examination and Western blotting were negative [92]. Therefore, PET is
potentially a promising method that will enable the sensitive diagnosis of prion diseases.

FRONTIERS OF MOLECULAR TECHNIQUES FOR PRION DETECTION

Several methods have been developed that utilize anti-PrP antibody for the detection of PrP or
PrP isoforms. Conformation-dependent immunoassay (CDI) detects conformational differences
between PrP isoforms by evaluating the relative binding of antibodies to denatured and native
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proteins [75]. Indeed, CDI is commercially used for the CDI test of InPro Biotechnology Inc.
(California). Moreover, the flow microbead immunoassay (FMI), which uses anti-PrP antibody—
coupled microbeads and a flow cytometer, detected 7 pmol and 7 nmol recombinant PrP and PrPs¢
spiked in bovine MBM, respectively, at concentrations greater than 0.3% [84]. It should be empha-
sized that the novel PMCA technology cyclically amplifies the misfolding and aggregation process
in vitro [40]. Therefore, PMCA is conceptually analogous to DNA amplification by polymerase
chain reaction (PCR). Specifically, PMCA involves sequential cycles of incubation and sonication
in the presence of seed PrPS¢ supplied with PrPC. Importantly, the PMCA method not only amplifies
PrPS¢, but also measures prion infectivity titers [94]. Furthermore, this method is capable of detect-
ing prions in blood, from not only terminally diseased hamsters, but also from prion-infected pres-
ymptomatic hamsters [136]. Five cycles of PMCA achieved 97% conversion of PrP¢ to PrPS¢ in brain
homogenate [137], which represents the highest level of sensitivity among the detection methods for
prion proteins reported so far. Thus, PrPS¢ detection is possible at >10,000-fold dilution, although
sensitivity could be increased even further if a modified Western blotting method was to be com-
bined with PMCA. However, it should be noted that the protocol for PrPS¢ amplification depends
on prion strain, species, and sample source (e.g., brain homogenate or blood). There are reports of
the application of this method to detect vCID, CWD, and hamster and mouse scrapie [137-140].
Recently, modified versions of PMCA, such as recombinant PrP-PMCA (rPrP-PMCA) and real-time
quaking-induced conversion (RT-QuiC), have also been studied [141]. To date, PMCA has primarily
been restricted to the study of prion conversion mechanisms and the diagnosis of prion diseases.
Modified versions of this technology are anticipated to expand its use into the field of prion biology.

Capillary gel electrophoresis is an approach that takes advantage of competitive antibody bind-
ing between a fluorescein-labeled synthetic PrP peptide and PrP present in tissue samples [73,74].
The free peptide and antibody—peptide peaks are separated by capillary electrophoresis. The sen-
sitivity of this method is extremely high; only 50 amol/L (10'® mol/L) of fluorescent marker is
required [73]. However, the specificity of the capillary gel electrophoresis approach remains unclear.
For example, a recent report from Brown et al. [142] has shown the difficulty of reproducing results
presented in a previous report by Schmerr et al. [74]. A novel noncompetitive capillary gel electro-
phoresis method for detecting prion protein has subsequently been developed [143]. Fluorescence
correlation spectroscopy (FCS) is a highly sensitive method that detects single fluorescently labeled
molecules in solution [69,144]. In this procedure, PrPS¢ can be labeled either using anti-PrP antibody
or by conjugation with a labeled recombinant PrP.

Fourier transform infrared spectroscopy is a diagnostic method that incorporates the multivari-
ate analysis of infrared spectra and can discriminate between prion-infected and uninfected ani-
mals [86]. A similar spectroscopy-based assay is also used in multispectral ultraviolet fluorescence
spectroscopy (MUEFES) [91]. During MUEFS, the sample is sequentially illuminated with a mono-
chromatic light of specific wavelengths in the ultraviolent spectrum, and the resulting fluorescence
is measured over a finite bandwidth to generate a two-dimensional spectral signature. Multivariant
techniques can then be employed to determine the presence of prion agent within the sample. The
advantages of these methods are the lack of pretreatment steps to eliminate PrP€ (such as PK treat-
ment) and that it is not necessary to use an anti-PrP antibody. However, to date, MUFS has not been
adopted as a means of detecting prion infection.

In the case of ELISA, anti-PrP antibody is labeled either directly or indirectly with enzyme,
allowing the PrP signal to be visualized upon the addition of an enzyme substrate. In the case of the
more recently developed and more sensitive PrP detection method, dissociation-enhanced lantha-
nide fluorescent immunoassay, anti-PrP antibody is labeled with the rare earth element europium
(lanthanide chelate). Surround optical fiber immunoassay (SOFIA) is an ultrasensitive detection
method [97] based on sandwich ELISA, and involves the incubation of the sample with biotinyl-
ated anti-PrP antibody followed by the addition of streptavidin conjugated to Rhodamine (RedX).
Immuno-PCR combines the specificity of immunological detection methods with the exponential
amplification of PCR. In this technique, PK-resistant PrP is detected by a capture anti-PrP antibody



248 Foodborne Viral Pathogens

bound to streptavidin-horseradish peroxidase attached to biotinylated reporter DNA [87]. Sensitive
analysis is achieved by amplification of the reporter DNA using PCR.

New tools for detecting PrPS¢ have also been developed. Although some antibodies and aptam-
ers are able to distinguish PrPS¢ from PrPC, no extensive practical applications have been found
for these. Antibodies with a conformational epitope of PrPS were obtained by immunization with
a Tyr-Tyr-Arg peptide [145]. Antibodies 15B3 and V5B2 can also recognize PrPS¢-specific epit-
opes [146,147]. However, these antibodies have not yet been exploited for commercial applications
and their use in research programs is somewhat limited. Interestingly, PrP¢ and/or PrPS¢-specific
binding of RNA or DNA aptamers has also been reported [70,148,149].

Generally, the use of animal bioassays is considered the most sensitive way to assess the infectiv-
ity of a prion agent, although the previously described Western blot test in combination with PMCA
is said to match or even surpass animal bioassays in sensitivity [150]. PrP-expressing transgenic
mice inoculated with PMCA-amplified PrP5¢ exhibit a similar neuropathology to that found in prion
diseases [151]. However, it remains to be established whether PrPS¢ is identical in these cases, and
whether this is the only entity making up the prion. Therefore, the determination of infectivity with
a reliable animal bioassay remains the gold standard, although these assays require a longer time to
perform and often involve the use of numerous animals to confirm the findings. Furthermore, the
assay may occasionally demand the use of additional sophisticated techniques [7]. It should also
be noted that the volume of inoculum is critical for reducing variation in the results obtained from
animal bioassays. Consequently, some animal bioassays for prion diagnosis are considered too time
consuming and economically impractical for general use. Nonetheless, the transmission of prions to
their natural host is very informative and helpful for understanding the clinical phenotype of prion
diseases. Accordingly, cell culture systems that specifically and reliably detect prions have been
developed for specific prion strains [103]. These in vitro cell culture model systems will be invalu-
able in future prion infectivity studies.

CONCLUSIONS AND FUTURE PERSPECTIVES

Researchers from the United Kingdom have estimated that the number of BSE-infected cattle
entering the human food chain between 1985 and 1995 was approximately 446,000, prior to the
introduction of a bovine offal ban at the end of 1989, followed by a further 283,000 cattle before
the end of 1995 [152]. In total, the estimated number of BSE-infected cattle that entered the food
chain over the period from 1974 to the end of 1995 is 903,000. However, there were only 16,412
confirmed cases of BSE in the United Kingdom, as most infected cattle were slaughtered before
exhibiting signs of the disease. Consequently, there is a clear need to develop sensitive methods
that are capable of identifying BSE at an early presymptomatic stage of the disease. In addition,
the appearance of BSE epidemics in the United Kingdom and Europe, and the subsequent emer-
gence of vCJD in young adults and teenagers, have raised concerns about the spread of prion dis-
ease through the food chain. There is thus an urgent need to carry out a risk assessment of prion
transmission via this route. Moreover, as discussed previously, there is a potential risk of prion
agents in blood products being transmitted by transfusion. Indeed, several experimental reports
clearly demonstrate prion transmission via blood transfusion procedures [153,154]. A recent
report on the analysis of appendix samples highlights the importance of introducing a blood
test for prion diseases. This report concludes that among 32,441 appendix samples analyzed
in the United Kingdom, 16 were positive for vCJD, suggesting a potential reservoir of 30,000
individuals infected with vCJD and in the presymptomatic stage of the disease [155]. Therefore,
stringent procedures must be introduced to monitor the management of blood or blood products
and the handling of surgical instruments, in order to limit the potential spread of infectious prion
agents. Unfortunately, current technology aimed at prion removal by filtering blood is insufficient
to prevent infection [156]. In addition, prions are exceptionally resistant pathogens that cannot
be inactivated by conventional sterilization procedures. For example, treatment with alcohol,
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autoclaving (121°C for 20 min), and exposure to y-ray irradiation, which are used to kill viruses
and bacteria, are ineffective against prion agents. Therefore, to prevent prion-related iatrogenic
diseases, appropriate procedures to inactivate prions should be introduced. Recently, the authors
and others have written review papers addressing this issue [157,158]. Readers interested in learn-
ing about methods for prion inactivation should refer to these reviews as well as to the guidelines,
Disinfection and Sterilization in Health Care Facilities, 2008, by the Centers for Disease Control
and Prevention (CDC) [159].

As discussed previously, there is increasing evidence of human-to-human transmission via blood
products. Therefore, researchers are devising tests to reliably identify blood donors that are asymp-
tomatic carriers of prion diseases. Several highly sensitive methods for detecting prions have been
developed, such as PMCA [94]. To date, a broad spectrum of PrPS¢ species has been successfully
amplified using PMCA, including CWD, mouse-adapted scrapie, and BSE. PMCA has been used to
detect PrPS¢ in blood from an asymptomatic prion-infected mouse. Further development of PMCA
offers the prospect of a highly sensitive detection and quantification procedure. These novel meth-
ods include rPMCA, standard quaking-induced conversion (S-QulC), amyloid seeding assay (ASA),
RT-QulC, and enhanced QulC (eQulC) [95]. In particular, RT-QulC-based assays enhance the
practicality, sensitivity, and quantitative attributes of the QulC procedure, and will help to promote
the detection of prion seeding activity in body fluids, including blood plasma. In conclusion, there
have been significant advances in the routine identification of prion infection in clinical samples that
merit further evaluation. However, additional improvements in these techniques are still required.
In particular, the establishment of a more reliable and robust practical blood test for prion diseases
is urgently needed.
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