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Introduction 
Mary K. Estes 

Department of Molecular Virology and Microbiology, Bqlor College of Medicine, I Bqlor  
Plaza, Houston TX 77030, U S A  

Gastroenteritis is one of the most common illnesses of humans, and many different 
viruses have been causally associated with this disease. This symposium on 
‘Gastroenteritis viruses’ is timely because knowledge about these viruses has 
expanded rapidly in recent years. There have been three previous international 
meetings that covered various aspects of gastroenteritis (GI) viruses. Two 
previous symposia were held here at the Novartis Foundation (then the Ciba 
Foundation) in London, UK. The first on ‘Acute diarrhoea in childhood’, held 
in 1975, highlighted the discoveries of rotavirus and Norwalk virus as the first 
two viruses that cause diarrhoea in humans as well as new information on the 
pathophysiology of acute diarrhoea (Ciba Foundation 1976). The second 
symposium (Ciba Foundation 1987), on ‘Novel diarrhoea viruses’ focused on 
non-group A rotaviruses, the enteric adenoviruses, astroviruses, small round 
viruses, caliciviruses and the toroviruses. Since that meeting, the novelty of these 
agents has been confirmed as illustrated by classification of: (1) the astroviruses 
within a new virus family called the Astroviridae, (2) the small round viruses and 
caliciviruses in distinct genera within the Calicivzridae family, and (3) the 
toroviruses in a separate genus within the Coronaviridae family. An International 
Symposium on Viral Gastroenteritis, in Sapporo, Japan, in 1995, 
comprehensively reviewed major molecular breakthroughs that led to 
characterization of the structure and function of the genes of the GI viruses, 
changes in understanding the epidemiologic and clinical significance of these 
pathogens based on the availability of new detection assays, and progress 
towards making vaccines (Chiba et a1 1997). This millennium meeting on a 
subset of GI  viruses is organized to focus on presentation and discussion of new 
discoveries driven by advances in molecular and cell biology that have resulted in 
new information about the epidemiology and transmission of disease, virus 
structure and function, and mechanisms of pathogenesis. Consideration of v i r u s  
host interactions and host responses to viral insult are particularly relevant 
following the rare, but unexpected complication of intussusception in children 
administered the first live, attenuated rotavirus vaccine. Goals of this meeting are 
to summarize current knowledge and outline needs and future work. 
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Acute gastroenteritis continues to be a significant clinical problem throughout 
the world. In the USA, it is second only to acute viral respiratory disease as a cause 
of acute illness. Worldwide, more than 700 million cases of acute diarrhoeal disease 
are estimated to occur annually just in children under the age of 5 years (Snyder & 
Merson 1982). Gastroenteritis is most commonly manifested clinically as mild 
diarrhoea, but more severe disease, ranging from upper gastrointestinal 
symptoms (nausea and vomiting) to profuse diarrhoea leading to dehydration 
and death, may occur. The annual mortality associated with gastroenteritis has 
been estimated to be 3.5 to 5 million, with the majority of deaths occurring in 
developing countries. This is clearly an enormous problem, and while 
improvements in sanitation have decreased the prevalence of bacterial diarrhoeas, 
the impact of viral gastroenteritis remains essentially unaffected. 

Several viruses cause diarrhoea. Rotaviruses, human caliciviruses, astroviruses 
and enteric adenoviruses are the major human pathogens, and this meeting focuses 
on the first three of these pathogens. The rotaviruses, discovered by Ruth Bishop 
in 1973, are clearly the most important viruses causing life-threatening disease in 
young children (Bishop et al1973). Human caliciviruses, whlch include viruses in 
two distinct genera: the Norwalk-like viruses, first seen by Albert Kapikian in 1972 
(Kapikian et a1 1972), and the Sapporo-like viruses, discovered by Madeley & 
Cosgrove (1976), and Flewett & Davies (1976), are being increasingly 
recognized as playing an important role in gastroenteritis. The astroviruses, first 
described by Appleton & Higgins (1975) and subsequently named by Madeley & 
Cosgrove (1975), are novel agents whose clinical significance continues to be 
defined. The enteric adenoviruses will not be covered specifically during this 
meeting but they remain important particularly in causing longer-lasting 
infections; they should be addressed during the discussions of this meeting. We 
will also be hearing about coronaviruses that clearly are pathogens in animals and 
it is likely these are important in humans, but new tests need to be made and applied 
to confirm this suspicion. Finally, we will discuss a subset of herpes viruses that are 
not considered gastroenteritis viruses per .re, but human herpes simplex virus and 
cytomegalovirus frequently infect cells in the gastrointestinal tract in 
immunocompromised individuals and cause GI disease as opportunistic 
infections. A new virus, the Aichi virus, is a picornavirus that we don’t know 
much about yet, but it may be discussed as a new GI pathogen. 

Our knowledge of GI viruses has been facilitated by studies of those agents that 
replicate in cells cultured in the laboratory, but recent analyses have heightened our 
awareness that the outcome of infection with these viruses is really the consequence 
of the virus replicating in cells in the intestinal tract. The intestinal villi are 
composed of multiple cell types and interactions between and among cells within 
the villi can be quite complex. Cells in the intestinal tract other than the villus 
epithelia1 cells need to be considered relative to their roles in responding to 
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infection and in pathogenesis. In the lamina propria, there are T cells that may 
produce cytokines, neutrophils, B cells, fibroblasts (which can induce mediators 
such as prostaglandins), macrophages, mast cells and so forth. There are also 
endothelial cells that can release a range of signalling molecules including 
cytokines, nitric oxide and hormones. Although this meeting may not discuss all 
these interactions, it is clear that cross-talk among intestinal cells is quite common 
and important for proper cell differentiation and functioning. It seems clear that 
future breakthroughs in understanding the molecular regulation of pathogenesls 
will require thinking that involves the cell level but moves back to the organ and 
the organism. 

As the chair of this meeting, I think it is worthwhile to outline a few questions 
that should be discussed during this symposium. These ideas are not an inclusive 
list of current key questions and surely others will be presented in the meeting. 
First, what are the cellular receptors that gastroenteritis viruses use to infect cells? 
Why is it so difficult to cultivate these gastroenteritis viruses? Is it simply because 
we are unable to grow the highly differentiated cells at the tips of the villus in the 
laboratory or do we need co-cultures of the diverse cells in the villus to provide the 
proper cell signalling to support virus replication? The ability of a virus to initiate 
infection requires that the agent pass through the low pH of the stomach. Then, 
pathogens are exposed to proteolytic enzymes coming from the pancreas. Some of 
our gastroenteritis viruses, like many of the mucosal respiratory viruses, actually 
take advantage of exposure to the pancreatic enzymes and their infectivity is 
activated through exposure to trypsin and perhaps other enzymes. Can we now 
explain, either on a structural or molecular basis, what is the mechanism by 
which infectivity is activated? How do the coronaviruses and other enveloped 
viruses actually survive the transit through the stomach to infect the 
gastrointestinal tract? What specific cell functions are required to support GI 
virus replication? What molecular mechanisms regulate viral replication and why 
have we been unable to achieve a reverse genetic system for the rotaviruses, the 
human caliciviruses and the coronaviruses? Once an infection has been initiated, 
how does the cell and the organism respond immunologically to this virus, and can 
we use this knowledge to construct new vaccines? Why has it been difficult to 
identify clear correlates of immunity for these GI viruses? How does the cell 
response to infection affect pathogenesis? Does virus replication in the GI tract 
lead to intussusception? This past year, the unexpected, rare complication of 
intussusception was associated with the tetravalent rhesus rotavirus vaccine. We 
know that intussusception has been associated with the respiratory adenoviruses. 
Is the intussusception that is associated with adenovirus and rotavirus infections 
caused by similar mechanism(s)? Does this involve virus interaction with an 
integrin that is the receptor for the respiratory adenoviruses and is present in the 
terminal ileum? Will intussusception be a problem in gene therapy, where people 
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are thinking of using adenovirus vectors to deliver genes? Is intussusception a rare 
complication associated with many GI viral infections? Molecular epidemiology 
studies are showing that most GI viruses are not static: they are evolving, and 
virus is transmitted more frequently than we previously appreciated, often in 
food. What are the mechanisms driving this evolution and variation, and do we 
understand them sufficiently to be able to prevent transmission? Will this 
variation affect vaccination strategies? Will GI infections in immuno- 
compromised individuals change the recognized patterns of transmission and virus 
evolution? Should we be more vigilant and concerned about GI infections in 
settings such as Africa where disease is rampant and spread occurs in increasing 
numbers in people who are infected with HIV? 

My recommendation for our discussion at this meeting is that we share many 
ideas and also discuss negative data-not poor data, but experiments that we 
have tried that have not been successful, particularly related to some of the 
questions that I have addressed above. We should recognize that if we all agree 
on everything that is presented and discussed, then our knowledge will not move 
forward. We need to be critical in our thinking, but also open-minded and willing 
to consider and discuss different approaches and new ideas. I encourage everyone 
to be provocative, innovative and imaginative; this should lead to a stimulating 
and productive meeting. 
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Gastroenteritis viruses: an overview 
Roger I. Glass, Joseph Bresee, Baoming Jiang, Jon Gentsch, Tamie Ando, Rebecca 
Fankhauser, Jacqueline Noel, Umesh Parashar, Blair Rosen and Stephan S. Monroe 

V i r a l  Gastroenteritis Section, Centers for Disease Controland Prevention, 1600 Clifton Road, 
Atlanta,  C A  30333, U S A  

Abstract. Acute gastroenteritis is among the most common illnesses of humankind, and 
its associated morbidity and mortality are greatest among those at the extremes of age, 
children and the elderly. In developing countries, gastroenteritis is a common cause of 
death in children <5 years that can be linked to a wide variety of pathogens. In 
developed countries, while deaths from diarrhoea are less common, much illness leads 
to hospitalization or doctor visits. Much of the gastroenteritis in children is caused by 
viruses belonging to four distinct families-- rotaviruses, caliciviruses, astroviruses and 
adenoviruses. Other viruses, such as the toroviruses, picobimaviruses, picornavirus (the 
Aich virus), and enterovirus 22, may play a role as well. Viral gastroenteritis occurs with 
two epidemiologic patterns, diarrhoea that is endemic in children and outbreaks that affect 
people of all ages. Viral diarrhoea in children is caused by group A rotaviruses, enteric 
adenoviruses, astroviruses and the caliciviruses; the illness affects all children worldwide 
in the first few years of life regardless of their level of hygiene, quality of water, food or 
sanitation, or type of behaviour. For all but perhaps the caliciviruses, these infectlons 
provide immumty from severe disease upon reinfection. Epidemc viral diarrhoea is 
caused primarily by the Norwalk-like virus genus of the caliciviruses. These viruses 
affect people of all ages, are often transmitted by faecally contaminated food or water, 
and are therefore subject to control by public health measures. The tremendous 
antigenic diversity of caliciviruses and short-lived immunity to infection permit 
repeated episodes throughout life. In the past decade, the molecular characterization of 
many of these gastroenteritis viruses has led to advances both in our understanding of the 
pathogens themselves and in development of a new generation of diagnostics. Application 
of these more sensitive methods to detect and characterize individual agents is just 
beginning, but has already opened up new avenues to reassess their disease burden, 
examine their molecular epidemiology, and consider new directlons for their preventton 
and control through vaccination, improvements m food and water quality and sanitary 
practices. 

200 I Gastroenteritisvrruses. W&y, Chzchester (Nouartis Foundation Symposwm 238) p 5-25 

Acute gastroenteritis is among the most common illnesses of humankind and has 
its greatest impact on people at the extremes of age, children and the elderly. The 
predominant symptoms of vomiting and diarrhoea are common to infections with 
a diverse group of more than 20 different microbial agents. The spectrum of disease 
can range from asymptomatic infections, through mild vomiting or diarrhoea or 
both, to severe disease leading to dehydration that in some instances can be fatal. In 
developing countries, children may have repeated episodes of gastroenteritis in 
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their first few years of life, leading to an estimated 2.4-2.8 million deaths each year 
or nearly one-quarter of all deaths in children under 5 years (Bern et a1 1992, Murray 
& L6pez 1997). In the industrialized world, people of all ages have about one 
episode of gastroenteritis each year, resulting in many hospitalizations but fewer 
deaths (Mead et a1 1999). 

Prior to 1972, the aetiology of most of these episodes was unknown, and illness 
was attributed to diet and weaning foods, old age, drugs, malnutrition, or 
unexplained causes referred to as ‘idiopathic’. Since then, much of this 
‘diagnostic gap’ has been filled in by the discovery of more than a dozen different 
pathogens, and we now believe that most of these episodes have an infectious 
aetiology and are caused by microorganisms (Flewett et a1 1987). In many 
settings, viruses are recognized to be the predominant pathogens. In the 1970s, 
researchers who turned their electron microscopes to examine faecal specimens 
from patients with diarrhoea were rewarded with the discovery of the Norwalk 
virus in 1972 (Kapikian et a1 1972), rotaviruses in 1973 (Bishop et a1 1973), 
astroviruses in 1975 (Madeley & Cosgrove 1975, Appleton et al 1975), ‘classic 
human caliciviruses’ in 1978 (Cluba et a1 2000) and enteric adenoviruses in 1975 
(Wadell et a1 1987) (Fig. 1). These breakthroughs cleared the way for what has 
become three decades of scientific advance leading to improvements in our 
understanding of the role that these viruses play in human disease and in our 
efforts at their prevention and control. A key recurrent theme in the study of 
viral gastroenteritis is the observation that, as diagnostic tests have evolved, 
improved and become more sensitive to detect viral pathogens, our 
understanding of their epidemiology and associated disease burden has become 
more fully appreciated (Glass et al1996,2000). 

This paper reviews the disease burden of gastroenteritis and the role played by 
the principal viruses. We highlight some distinguishing features of each virus that 
help explain its particular epidemiologic profile. During the past three decades, a 
number of other viruses have been discovered whose link to human disease is less 
well understood, namely, the toroviruses, group B and C rotaviruses, 
picobirnavirus, enterovirus 22, and a novel picomavirus, the Aichi agent. These 
agents will be noted in passing with the hope that future investigators will be 
challenged to assess their importance in human disease. The goal of this effort is 
to help define public health interventions that can be successfully employed to 
reduce the morbidity and mortality associated with severe viral gastroenteritis. 

Epidemiologic considerations 
The disease bzirden of actltegastroenteritis 
Acute gastroenteritis is often considered to be exclusively a problem of children in 
developing countries. These children have $1 0 episodes of gastroenteritis each 
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FIG. 1. Viral agents of gastroenteritis as seen by direct electron microscopy. Bar= 100 nm. 
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year during their first 5 years of life and, though many of these are mild, some 
episodes can lead to malnutrition, dehydration and death (Bern et a1 1992). In the 
developing world, about one child in 40 will die of diarrhoea, making this the first 
or second most common cause of death in this age group. 

The problem of diarrhoea is not confined to children in developing countries. In 
the USA, nearly every person experiences an episode of gastroenenteritis each year, 
but severe and fatal illness is confined to those at the extremes of age, children and 
the elderly (Fig. 2). Children in the United States will experience only 1.5-2.5 
episodes per year, most of which are mild, but each year, an estimated 2 million 
will visit a doctor or clinic and 160 000 will be hospitalized (Tucker et al 1998). 
Among adults, about 400 000 are discharged from hospital with diarrhoea 
reported on their discharge certificates, and about 3000 have diarrhoea reported 
on their death certificates (Glass et al 2000). For hospitalizations, diarrhoea is 
reported on discharge diagnoses of 10-1294 of all children < 5 years hospitalized 
in the USA and in about 1.5% of hospitalizations for adults, particularly those >. 65 
years. For many of these hospitalizations and deaths, diarrhoea is the principal 
cause, and for others it remains a problem of nosocomial infection or a 
complication of another severe or chronic disease. 

Agents of diarrhoeul illness 
In 1970, the causes of diarrhoea1 illness were for the most part unknown. A few 
agents such as salmonella, shigella, Entamoeba histobtica and Giardia lhnablia were 
commonly sought, but rarely detected, thus, a ‘diagnostic void’ existed for which 
the aetiology was attributed to malnutrition, weaning foods, physiologic 
conditions, drugs or ‘idiopathic’ (i.e. unknown) causes. The past three decades 
have seen an explosion in the number of agents identified as causes of diarrhoea1 
diseases, including many viruses, bacteria, parasites and some toxins. 

The discovery of these new agents has filled in this ‘diagnostic void‘ and allowed 
us to understand the striking differences in the epidemiology of diarrhoea between 

Tote1 Chlldnm 

Deaths 

Hwrpltaltzatlons 

OPP Vtsb 

FIG. 2. The estimated burden of gastroenteritis in the USA. 
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TABLE 1 Diarrhoea1 illnesses among children in the USA and 
Bangladesh: the role of viruses 

Unrted States Bangladesh 

Episodes/child/ year 
Total episodes by age 5 
Agents 

Viruses 
Rotaviruses 
Astroviruses 
Calicivmses 

‘Norwalk-like viruses’ 
“Sapporo-like viruses’ 

Adenoviruses (enteric) 
Bacteria and parasites 

Risk of death 

1-2.5 4-7 
5-7 20-35 

1 
1 

1 
1 

1 
1 

2-5? 

1 1 
f l  > 20 

1 in 12 000 1 in 40 

children in developed and developing countries. To begin with, children in 
developing countries experience many more episodes of diarrhoea each year for 
the first 5 years of life than do US or British children-4-7 episodes and 1-2.5 
episodes per year, respectively (Table 1) (Bern & Glass 1994). The pathogens 
associated with these illnesses differ markedly, reflecting different levels of 
sanitation and hygiene. In an industrialized country like Finland, a recent study 
using the best diagnostics available could identify a virus in 60% of all diarrhoea1 
episodes in children < 2 years, and in 85% that were moderate or severe. Of these 
pathogens 240/0 were rotaviruses, 19% caliciviruses, 4% astroviruses and 4% 
adenoviruses (Pang et al 2000). In developing countries, all of these viruses are 
also present, but bacteria and parasites transmitted by faecally contaminated food 
and water play a more prominent role, and no agent can be identified for the 
remainder of cases. The observation that infection with these gastroenteritis 
viruses is universal and that all children, rich or poor, are exposed and acquire 
antibodies in the first few years of life suggests that they may be transmitted by 
means unrelated to contaminated food or water, perhaps by airborne droplets or 
person-to-person contact. 

Much less is known about the aetiology of diarrhoea that sends adults to the 
hospital (Fig. 3). Studies in the past have failed to identify an agent in most 
patients. For example, an investigation of bacterial pathogens that applied the 
best diagnostic procedures to screen more than 30000 patients admitted to 10 
hospitals in the USA could identify a cause for fewer than 6% of cases, leaving 
94y0 without an aetiology in the ‘diagnostic void‘ (Slutsker et a1 1997). Similarly, 
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A. Hospitalized Patients (N>30,QO0) 

Unknown (949 , 

B. CDC Outbreaks 1973-1 987 (N =7,458) 

Viral (1.8%) 

Bacterial (25%) 

Unknown (320, 

FIG. 3. The diagnostic void for gastroenteritis: aetiology of gastroenteritis among 
hospitalized patients (A) (Slutsker et al1997) and outbreaks investigated by CDC, 19751987 
(B) (Bean & Griffin 1990). 

investigation of nearly 7500 outbreaks in the USA by CDC between 197S1987 
identified a viral aetiology in less than 2%. Studies underway may help to clarify 
the extent to which many of these are due to enteric viruses. Some groups of adults, 
including those hospitalized or institutionalized, immunocompromised and the 
elderly, are at particular risk of viral gastroenteritis with caliciviruses, but unlike 
the situation for children, the proportion of illness caused by viruses has not yet 
been well defined. 

Endemic and epidemic patterns of disease 

Viral gastroenteritis occurs in two distinct epidemiologic patterns, endemic 
childhood diarrhoea and epidemic disease. These patterns reflect differences in 
the pathogens, the host’s response to these infections and their modes of 
transmission, and all have a direct bearing on strategies for prevention and 
control (Table 2). Childhood diarrhoea is best exemplified by the group A 
rotaviruses but the pattern is similar for enteric adenoviruses, astroviruses and 
the Sapporo-like virus genus of the caliciviruses. Infection with these agents is 
universal among children during the first few years of life. First infections are 
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TABLE 2 Epidemiologic patterns of viruses causing acute gastroenteritis 

Endempc cbiidhood disease Epidemrc disease 

Viruses Rotavirus (group A) Caliciviruses (NLVs & SLVs) 
Astrovirus Rotavirus (group B) 
Enteric adenoviruses ?astrovirus 
?rotavirus (group C) 
?caliciviruses (NLVs & SLVs) 

Mode of transmission Unknown; ?contact; fomtes, Food, water, ?contact, droplets, 
droplets & aerosols, or 
person-person 

and aerosols 

Reservoir Humans Humans 
Antibody High prevalence by 5 yrs Seroconverslon in epidemic 

Immunity Good Short-term (calidvirus) 
Virus variation Limited discrete serotypes Many antigenic variants of 

Public health control Vaccine-RV (group A) Outbreak control; improved 
measures food safety and handling 

of age 

(except caliciviruses) caliciviruses 

symptomatic and usually protect against subsequent severe disease, and therefore 
disease incidence decreases with increasing age, immunity is relatively good, and 
the strains have a limited number of specific and distinct serotypes. Since these 
viruses infect all children- rich or poor-everywhere in the world, improve- 
ments in the quality of water, food and sanitation are unlikely to decrease the 
incidence of disease, and vaccines hold promise for the prevention of severe 
illness. Epidemic disease is best exemplified by the human caliciviruses, particu- 
larly the ‘Norwalk-likeviruses’ (NLVs). These viruses are the most important cause 
of outbreaks of gastroenteritis in the USA and affect people of all ages from children 
to adults (Glass et a1 2000, Fankhauser et a1 1998). This broad age distribution 
suggests that immunity is not complete or long-lasting and may also reflect the 
huge genetic and antigenic diversity of strains that is not yet fully understood. 
Often, these outbreaks are spread by faecdy contaminated food or water or 
person-to-person contact, and therefore the success of control and prevention 
measures is directly related to the ability to detect their mode of transmission. 

A number of agents do not completely fit these paradigms. For the NLV genus 
of caliciviruses, most children in developed countries and developing countries 
acquire antibodies in their first years of life, suggesting that childhood infections 
are universal even though we do not know whether the frequency of infections or 
the diversity of the infecting strains are comparable (Black et a1 1982). Astroviruses 
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have been associated with outbreaks in schools and affect older children and adults, 
suggesting that immunity to disease may be overcome, perhaps by larger-than- 
normal inocula of infections spread by atypical vehicles of infection. Finally, two 
antigenically distinct groups of rotaviruses - group B (Chen et a1 1991) and group 
C (Saif & Jiang 1994) -are unusual. While they are structurally very similar to the 
common group A rotaviruses, they have been most notably identified in 
epidemics, and key features of their epidemiology and interactions with their 
human hosts are unknown. 

Biological features of the viruses 

The viruses that cause gastroenteritis in humans represent an extraordinary 
diversity of organisms that have probably evolved over distinct and divergent 
pathways (Table 3). First, the recognized viruses belong in four different families 
that have as their most basic building blocks different nucleic acids blueprints - 
DNA for the adenoviruses, positive sense single-stranded RNA for the 
caliciviruses and astroviruses, (and toroviruses and enteroviruses [entero 22]), and 
double-stranded RNA for the rotaviruses (and picobirnaviruses). All have family 
members that infect other animal species. Consequently, group A rotaviruses are 
found in most mammalian and avian species, although the serotypes present in 
humans show limited mixing with those from other animal strains. In no case do 
animals appear to be a common reservoir for human strains and human disease, but 
for group A rotaviruses and the NLVs, molecular evidence from sequencing strains 
suggests that the strains from humans may have evolved through contact with 
isolates from animals (Bridger 1999, Nakagomi & Nakagomi 1989). 

Comparison of these viruses indicates a feature of antigenic diversity that may 
play a crucial role in their epidemiologic pattern of disease. For those viruses that 
have been best characterized, some - the rotaviruses, astroviruses, and enteric 
adenoviruses-have a limited number of very distinct serotypes that yield a 
good protective immune response in the host. By contrast, the NLVs appear to 
have a continually growing and changing repertoire of genetic variants and 
antigenic clusters. These viruses cannot yet be cultivated or serotyped, but the 
initial genetic observations suggest that the diversity of strains is enormous 
(Ando et a1 2000). This difference may account in part for the different 
epidemiologic patterns of disease since only the caliciviruses routinely infect 
humans throughout life, whereas the others primarily cause disease in young 
children and the elderly while conferring immunity to older children and adults. 

Diagnostic advances 

In the field of viral gastroenteritis, advances in our understanding of the 
epidemiology and clinical importance of each virus have required the 



TABLE 3 Characteristics of the viruses causing acute gastroenteritis 
~ 

Virus Fanrib Sire (nm) EM Shape NucZeic acid Gnome organiration Characteriration 

Rotavirus Reoviridae 

Calicivirus Caliciviridae 

Astrovirus A strovidze 

Adenovirus A denoviridae 

Other viruses 
Torovirus Toroviriahe 

Picobimavirus ? 

Enterovirus 22 ? 

Aichi virus Picornaviridae 

70 Wheel-shaped (rota), 
triplet capsid 

2a35  Small round structured 
viruses (SRSV) with 
dices 

2&33 SRSV star-shaped 

80 Icosahedral 
morphology 

Torus-shaped 
pleiomorphic 

Small round virus 

Small round virus 

Small round virus 

dsRNA 11 segments 

ss(+)RNA 30RFs 

ss(+)RNA 2ORFs 

dsDNA 

ss(+)RNA 

dsRNA 2 segments 

ss(+)RNA 

ss(+)RNA 

Groups A,B,C; Group A 
has 2 subgroups (I, 11); 
multiple serotypes, 
classified on the basis of 
two outer capsid 
proteins (P and G) 

‘Norwalk-like viruses’ 
and ‘Sapporo-like 
viruses’, each with 
multiple distinct 
antigenic dusters 

Two genogroups: 

8 serotypes 

Enteric serotypes 40,41, 
31, and types 42-48 

Role in human disease 
unknown 

Role in human disease 
unknown 

Genetically distinct from 
other enteroviruses 

Cause of outbreaks in 
Japan 

ORF, open readiig frame. 
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development of new and sensitive diagnostic assays (Table 4). We know most 
about the epidemiology of the group A rotaviruses because many simple 
immunoassays were developed early on, and the virus is shed in such large 
numbers that detection is simple, sensitive and relatively inexpensive. Yet despite 
the many recent advances in our understanding of the basic biology of the other 
gastroenteritis viruses, our ability to establish a viral aetiology for a patient with 
acute gastroenteritis remains limited. All viruses can be detected by electron 
microscopy, but this procedure is routinely applied in relatively few laboratories, 
requires an experienced operator, and can be relatively insensitive for those viruses 
shed in low titres (106-107 particleslg) or with faecal specimens not being collected 
during the acute episode. Besides assays for the group A rotaviruses, commercial 
immunoassays are available for the enteric adenoviruses (Ad 40 and Ad41) and for 
astrovirus, but only assays for rotavirus have been routinely used on a wide scale. 

In the past decade, many of the enteric viruses have been cloned and sequenced, 
clearing the way for new molecular methods for detection and characterization of 
strains. Notable advances have been made for the detection of the caliciviruses by 
RT-PCR, and these assays are becoming available in public health laboratories in 
many countries. Problems of genetic diversity of NLVs have led to the use of a 
cocktail of different primers as well as degenerate primers to detect the wide 
variety of strains in circulation (Ando et a1 2000). Sequence analysis has 
permitted strains identified in outbreaks to be traced back to their source in 
faecally contaminated food or water (Beller et a1 1997, Dowell et a1 1995) and this 
success has tempted public health laboratories to consider screening suspected 
food or water for evidence of contamination (Schaub & Oshiro 2000). In 
addition, mere knowledge of the genetic sequence has permitted outbreaks with 
identical strains having the same sequence to be linked with a common suspected 
vehicle of infection. 

Our understanding of the epidemiology and causal role of some of the novel 
agents of viral gastroenteritis, including the group C rotaviruses, toroviruses, 
picobirnaviruses and the Aichi agent (Yamashita et al1995, 1998), has been held 
back because of a lack of adequately sensitive diagnostic assays suitable for their 
study and inadequate linkages between clinical and laboratory-based studies 
(Yamashita et a1 1991, 1993). Group C strains have been identified in small focal 
outbreaks and are a recognized pathogen of animals. However, screening assays for 
Group C rotaviruses based on immunoassays using reagents from animal strains or 
polyacrylamide gel electrophoresis have underestimated the prevalence of the virus 
among children hospitalized with diarrhoea (Jiang et al 1995). RT-PCR has 
improved these estimates but has not yet been simplified or applied on a broader 
scale. Similarly, toroviruses have been seen by electron microscopy in children 
with diarrhoea, but confirmation by enzyme immunoassay or molecular methods 
remains experimental and these latter assays have not yet been more broadly 



TABLE 4 Diagnostics available to detect and characterize the gastroenteritis viruses 

Molecular Methods 
Quantify in clinical 

Viruses specimens (pergm) EM" E l A  Defection Characterization Typing 

Rotavirus 
Group A 

Group B 

Group C 
Caliciviruses 

NLVs 

SLVS 
Astrovirus 

Adenovimses 
(enteric serotypes 40, 
41,31) 

? 

1 o"'2 ++++ ++++ Probes Probes 
RT-PCR RT-PCR 

Sequence 

G 107-8 

G 1 0 7 4  

1 0 7 4  

++ 

++ 
-c 

+ 

(specific 
strains) 

Probes Probes 
RT-PCR RT-PCR 

Sequence 

RT-PCR RT-PCR, probes 
and sequence 

RT-PCR RT-PCR sequence 

107-10 +++ ++++ RT-PCR Restriction digests, 
[hexon] immuno assays 
+++ 
[ad 4/41] 

Mab-EIA €or 
serotype and 
subgroup; 
RT-PCR for 
genotype 

NA 

IEM 

RT-PCR probes 
and sequence 

EL4 for serotype 
RT-PCR for 
genotype 

Mab-EIA for 
serotype; 
restriction 
enzymes 

"EM: +, detectable with low sensitivity by skilled microscopist; ++++, easily visible; limit of detection by EM-106' virus/gm of stool. 
( ) research method. 
EIA, enzyme immunoassay; EM, electron microscopy; IEM, immunoelectron microscopy; Mab, monodond antibody; NA, not available; NLV, Norwalk-like 
virus; SLV, Sapporo-like virus. 
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applied (Koopmans et al 1993). Finally, the picobirnaviruses were first identified 
by Pereira in faecal specimens from animals with diarrhoea and humans, but their 
causal relationship to disease in humans has not yet been firmly established (Pereira 
1991). Picobirnaviruses have been found in HIV-infected patients with diarrhoea 
more often than those without diarrhoea, but an immune response, a fine quu non of 
infection, could not be documented by immune electron microscopy (Grohmann 
et al 1993). The recent cloning and sequencing of the virus should provide the 
necessary diagnostic advances to examine the epidemiology of this virus more 
carefully and document a causal role if it exists (Rosen et a1 2000). 

Prospects for prevention and control 

Given the immense disease burden of viral agents of gastroenteritis, our research 
must be directed toward prevention and control of the resulting disease. For the 
endemic agents of children, vaccines provide the most likely approach toward 
prevention. Rotavirus represents the most important virus in this group, and 
vaccines against rotavirus have already been under development and testing for 
15 years (Bresee et a1 1999). The enteric adenoviruses and astrovirus pose another 
challenge, since the disease they cause is less common than rotavirus diarrhoea, and 
most studies indicate that gastroenteritis associated with astrovirus is less severe 
than that caused by rotavirus (Pang et a1 2000). Consequently, efforts to push for 
a vaccine would require more data documenting that there was enough severe or 
fatal disease or hospital or health care costs to justify the massive investment 
required. 

For the epidemic diseases, other challenges remain. The caliciviruses pose the 
greatest epidemic threats, and investigation often identifies a breach of sanitation 
with faecal contamination of water or food (either at its source or by a food- 
handler) that can be corrected. At the same time, the virus can be transmitted by 
person-to-person contact or perhaps by aerosols, and therefore much disease is not 
easily prevented (Becker et al 2000). Control of calicivirus disease outbreaks is 
currently directed at halting those outbreaks where problems of contamination 
of food or water can be easily corrected. This approach leaves many outbreaks to 
run their course despite the best public health interventions and intent. Efforts to 
develop vaccines against the caliciviruses are being pursued with the hope that 
even mimicking the short-term natural immunity of infection would be a useful 
preventive measure for travellers and soldiers, provided that the vaccine 
contained the proper broad mix of antigens or induced immunity to a common 
immune determinant of many strains (Estes et a1 2000). 

We know little about the prospects of control of the other novel viruses of 
epidemic gastroenteritis. Group B rotaviruses that were epidemic in China, 
affected people of all ages, and were believed to be transmitted by contaminated 



OVERVIEW 17 

water have only recently been identified outside of China in India, where they did 
not cause epidemics (Hung et a1 1984). This experience warns us to be on the alert 
for new viruses that may emerge and spread by novel means and have an impact on 
health that cannot be assessed in advance. 

What the future will hold 

The discovery of many novel viral agents of gastroenteritis has allowed us to 
consider the role that each may play in endemic disease of children and in 
outbreaks. For children, rotavirus emerges as the most common cause of severe 
gastroenteritis and has become the target for prevention and control with 
vaccines. So far, the other common pathogens of children - astroviruses, enteric 
adenoviruses and caliciviruses - appear to cause illness that is either less common 
or less severe. Consequently, w l l e  vaccines could be developed for prevention, the 
current approach to control is through improved treatment with oral rehydration 
and the withholding of antibiotics. For epidemic gastroenteritis, NLVs are the 
predominant pathogens that are most commonly caused by food faecally 
contaminated during production (e.g. irrigation with sewage) or preparation 
(e.g. by an infected food-handler). Prevention will require investigation of 
outbreaks, identification of the modes of transmission, and interruption of this 
spread through the use of public health interventions. The recent advances in 
molecular diagnostics now permit outbreak strains to be compared between 
patients and traced back to their source in contaminated food and water. 
Application of the same molecular methods has allowed outbreaks in different 
settings caused by strains with identical sequences to be linked to a common 
source and may, in the near future, provide new methods to screen food and 
water that have become contaminated. Outbreaks with NLVs and the other 
viruses pose a continuing threat to human health for which expanded surveillance 
will be required. This surveillance and our further understanding of the full extent 
of the disease burden of the gastroenteritis viruses will require further advances and 
simplifications to develop improved, more sensitive detection assays and to make 
these methods more widely available to physicians and public health laboratories. 
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DISCUSSION 
Grecnberg: I am confused by the figure you gave of total annual deaths from 

diarrhoea in children in the USA of 300. What I usually think of is the 
proportion of severe diarrhoea that is rotavirus related and the numbers you have 
given are rotavirus deaths. If I remember correctly, the number of rotavirus deaths 
in the USA is perhaps below 20, and I am having trouble getting from below 20 to 
300 for total deaths. 

Glass: The number of 300 deaths from diarrhoea is from our mortality death 
certificate data in children over one month of age. Our estimates of the number of 
deaths from rotavirus represent the excess of winter over summer deaths in children 
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from 3-24 months of age, and this is in the range of 20-40 deaths a year. This has 
been one way to assess rotavirus deaths. Since 1993 we have had a new ICD code for 
rotavirus hospitalizations and can estimate the case fatality rate for rotavirus. 
Several studies have examined their hospital discharge records for rotavirus. New 
York State, for example, reports about one death in 800 children with a discharge 
coded as rotavirus diarrhoea. If you extrapolated these data to the nation, it would 
suggest that we have 50-60 rotavirus deaths based on the case fatality rate. 

Greenberg: The 50 or GO would be more compatible with the 300 total in my 
mind. The other question I have is where are we with biliary atresia and group C 
rotavirus? Do you believe that association? 

Glass: We have been trying to reproduce it, and I don’t think we have yet done 
the proper study. Dr Baoming Jiang in our group has obtained sequences of group 
C rotavirus from liver tissue of patients with biliary atresia; he also found some 
group C sequences in controls who did not have biliary atresia. He went back to do 
another study of people who were undergoing liver transplant and these children 
did not have any virus. We have to look specifically at liver tissue from patients 
with acute active disease and controls, and test specifically for group C sequences. 

Greenberg: Several years ago we did similar studies and could find no group C 
sequences in our specimens of primary biliary atresia relatively late in the course of 
the disease. 

Matson: With regard to biliary atresia, we used an epidemiological approach, 
looking at 22 paediatric hospitals. We tried to find correlations of peaks of 
diagnosis of biliary atresia and peaks of rotavirus illness using a cohort model. We 
were unable to find any clear correlation. Of course, this was for group A rotavirus 
and we were not assessing group C, which is far less common than group A. 

Desselberger: Bernard Fields looked at this for reoviruses, and stated in his last 
publication that there was no association between biliary atresia and reoviral 
infection (Tyler & Fields 1996). 

GLass: Rotavirus may cause other severe diseases also. For instance, the Japanese 
observed seizures in patients with rotavirus diarrhoea (Ushijima et a1 1994). This 
observation was confirmed by others (Pang et a1 1996, Yoshida et a1 1995, Lynch 
et a1 2001) but we are still uncertain whether this is a causal relationship. 

Bishop: We have recently used RT-PCR to detect rotavirus in CSF of two 
children with rotavims gastroenteritis associated with neurological abnormalities 
(Goldwater et a1 2000). 

Ofit: Another mechanism for why you could detect rotavirus by specific RT- 
PCR in the CSF of a child with pleiocytosis associated with seizures is that if the 
child is infected with rotavirus, that viral antigen can be taken up in Peyer’s patch 
cells, including macrophages. These are a mobile population of cells that can traffic 
in the circulation and can enter the CSF yet still not obviously be causative for that 
disease. 
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Estes: Roger Glass, you implied that you believe that there really is evidence for 
direct transmission of rotavirus from animals to humans. It has been my 
interpretation of the data that there is no direct proof of this. There is evidence 
that there are similar sequences or similar strains in humans and animals, but I 
don’t know of any study that directly proves transmission. 

Glass: The molecular evidence is compelling. When Nakagomi & Nakagomi 
(1989) found feline rotaviruses in Japanese children, I encouraged them to do a 
case control study, to see whether those children had cats in their homes, but this 
was never done. This is the kind of study that we need to confirm this. On the other 
hand, there are lots of strains in India that are bovine and human reassortants that 
are in wide circulation, The Brazilians have found many porcinehuman 
reassortants. We don’t know whether these represent one key reassortment event 
and this strain has proliferated, or a few key events, or whether this is happening on 
a regular basis. 

Matson: If you step way back from the epidemiology and do a phylogenetic 
analysis of rotavirus genes 4, you get about 20 clades. But the key fact is that in 
almost every clade there is a strain that came from an animal and a strain that 
came from human. I don’t know how this would happen without animal-human 
transmission. 

Estes: I agree that the molecular data look compelling, but there is still no direct 
proof of virus transmission from animals to humans. 

Koopmans: We are doing parallel studies in humans and animals, aimed at a broad 
range of pathogens, one of which is rotavirus. We have been looking at the 
diversity of rotaviruses just because of this question. If there is such a thing as 
interspecies transmission, does it occur? So far we haven’t found any evidence for 
that in a three year study. 

Brown: There are many parallels here with influenza A, which infects pigs, avians 
and humans. For many years, flu virologists have been trying to be in the right pig 
sty at the right time, but it is not easy to document interspecies transmission if it is 
rare. This may well be the case for both caliciviruses and rotaviruses. 

Sag: I have a comment about the interspecies transmission of rotavirus. We may 
be looking in the wrong populations. We should be looking at immunodeficient 
individuals, as in the study from England, where Beards et al (1992) found a 
bovine-like rotavirus (serotype GlO) in an immunodeficient child. There is also 
the study from Israel where rotaviruses that resembled feline rotaviruses were 
found in outpatient clinics (Silberstein et a1 1995, Nakagomi et al 1990). When 
the investigators compared a matched rotavirus-infected group from more 
severely affected hospitalized patients, they didn’t find them, suggesting that the 
feline-like rotaviruses caused milder infections in children. We should be looking 
in these outpatient clinic and immunodeficient populations for evidence of 
zoonotic rotavirus infections. It might not be a terribly common event. The 
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interesting aspect would be what then leads to host-host transmission once the 
virus gets into the new host. 

I agree with many of the observations made by Dr Glass in his 
presentation. Two points were not clear. First, the distinction between an 
endemic versus epidemic pattern of NLV infection. It is clear that the incidence 
of NLVs is highest in young children, and I doubt that the picture of NLVs as an 
epidemic disease will hold quite as well when more comprehensive information is 
available. You mentioned the study from Timo Vesikari which showed the 
importance of human enteric caliciviruses in the general population presenting to 
their primary care physicians with diarrhoea. In developed countries the role of 
NLVs is established, but do you know anything about the importance of NLVs 
in the developing world where the severity and disease burden are much greater? 
Might there be a different diagnostic gap in these two different situations? 

Glass: We are involved in studies looking for caliciviruses in developing 
countries but do not have a complete answer yet. I think caliciviruses are the one 
virus type that bridges the endemic/epidemic gap. When I told my daughter that 
the seasonal peaks of rotavirus were not epidemics but rather seasonal endemics, 
she looked at me and said that I was no longer an epidemiologist, but an 
endemiologist! 

Desselberger: Some time ago we and others carried out age-related seroprevalence 
studies using baculovirus recombinant expressed Nonvalk virus capsid antigen 
and found some surprising results (Gray et a1 1993, Numata et a1 1994, Hinkula 
et a1 1995). There were many probably silent infections during the first two years 
of life, and there seemed to be statistically significant increases of additional 
infection at entry into school, and in young adults (aged 20-29) who may 
become infected from their recently infected young children. Many diarrhoed 
episodes which were previously not diagnosed as due to a specific cause may be 
due to calicivirus infections. 

Glass: What distinguishes the study by Pang et a1 (2000) from previous ones is 
that if you look at the surveys done by electron microscopists, they rarely found an 
NLV in a child under 5 years old. Even Gary Grohmann, who looked at 8000 
cbildren’s specimens, found the Sapporo-like caliciviruses in the younger 
children, but the NLVs in the older ones (Grohmann et a1 1993). This was 
repeated by many groups. So we never knew whether NLVs in the very young 
were a pathogen or not. The study in Finland actually found the virus in children 
with diarrhoea and demonstrated that it i s  a pathogen. 

Greenberg: Just to be slightly provocative, you also mentioned that we still 
don’t know whether long-term immunity exists to caliciviruses. We do know 
that long-term immunity does not exist in a volunteer setting with a 
homologous challenge. These experiments have been done by Dr Neil Blacklow. 
We also know that adults with the antibody can get infected in the community. 

Brown: 
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Glass: Let me take issue with both of those statements. In all those old volunteer 
studies, a huge inoculum was given. In natural infection, we know that a virus can 
be infectious in a small inoculum. We know that mothers who have children with 
rotavirus infection can get a repeat episode of rotavirus infection even though they 
have antibody. We assume that this is because they are exposed to an overwhelming 
inoculum, just as mothers of children with cholera can get cholera even when they 
are immune. It may well be that some of your long-term immunity has to do with 
dose. Now that we have begun to sequence all of these caliciviruses and tried to put 
them into antigenic clusters, we are finding such diversity that we can get one virus 
today and another tomorrow, and still get sick with a bug that looks exactly the 
same with a sequence that is not very different. We have a lot to learn about the 
tremendous variability of that virus. 

Desselberger: Roger, could you say more about the mode of transmission of 
endemic viruses? There are some aspects which are known, starting with 
neonatal infections in hospitals. There are difficulties in avoidng nosocomial 
infections despite disinfection and general hygiene measures (careful 
bandwashing, etc.). In this context, it is significant that the infectious dose of 
transmission is so low. There are studies in rabbits and human volunteers that 
have shown that only a few infectious units of rotavirus (1-10 PFUs) are required 
to initiate an infection (Ward et a1 1986, Graham et al1987). 

Glass: Nosocomial disease with rotavirus is important. Somewhere between 
one-fifth to one-third of children who are discharged from hospital with 
rotavirus had a nosocomial infection. What I don't understand is why children in 
developing countries get rotavirus year-round, and not just in winter. Winter 
seasonal disease can be explained by airborne spread or person-person contact. 
Year-round transmission might reflect different modes of transmission, such as 
from faecally contaminated water. 

Kapikian: I believe, Roger, that your pie charts of aetiologlcal agents of acute 
gastroenteritis have overestimated what we know. The pie of epidemic 
gastroenteritis has indeed been filled in substantially, but I disagree with your pie 
of aetiological agents for severe diarrhoea. In my aetiology pie of severe diarrhoea 
in developed and developing countries, the astroviruses comprise just a tiny sliver, 
as do the caliciviruses, whereas the rotaviruses comprise about 45%, leaving a void 
of about 45% in developed countries and a somewhat lesser void in the developing 
countries because of the role of bacteria in the latter areas. I believe that the pie of 
aetiological agents of severe diarrhoea still contains a large void, with rotaviruses 
clearly being the most important aetiological agents in both developed and 
developing countries. 

Vesikari: There is no question that rotavirus causes more severe disease. If we 
use the traditional 20-point score in our population of children under the age of 3 
years, the median score of rotavirus gastroenteritis in a prospectively followed 
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cohort is 11. The median score of NLV gastroenteritis in the same population is 8. 
This is clearly number two. Astroviruses and SLVs are around 5 in this scale, SO 

these are comparatively less severe diseases. The reason that NLV-associated 
enteritis in young children is less severe than rotavirus gastroenteritis is because 
it has a different clinical picture: rotavirus is both vomiting and diarrhoea, 
whereas NLV gastroenteritis tends to be more a vomiting disease. SLV is 
different from NLV in that it is a mild diarrhoeal disease. 

I also wanted to comment on the epidemiology. Both NLV and SLV have a 
winter epidemic season, but they are distinct from each other. In contrast, 
rotavirus is seen all the year round. In the non-epidemic season it seems that the 
cases tend to be milder and often the quantity of virus is less, because it is detected 
by RT-PCR but not ELISA (Ehlken 1999). But the activity remains there. The same 
was found in Germany: in a hospital-based study there was a clear winter peak and 
the disease disappeared in the summer, but in the community-based study the winter 
peak is not that high and the disease did not disappear (Petersen 1999). 

Glass: These observations are most interesting. I am thinking of the paper by 
Velazquez et a1 (1996) on the natural history of rotavirus. With the first rotavirus 
infection, most children shed virus in their stool and experienced seroconversion. 
With the second and third infections they had little shedding in the stool but much 
seroconversion. What you are saying is that there probably was shedding in the 
stool but only at a low titre, deteaable by RT-PCR. Perhaps this year-round 
disease is the reservoir of reinfection. 

Matson: I want to return to the issue of how much serious gastroenteritis may be 
calicivirus associated. I have some results from collaborative work in Santiago, 
Chile with Miguel O’Ryan (O’Ryan et a1 2000). When they first looked at a large 
set of hospital specimens, they found just one calicivims case using RT-PCR and 
primers NV35, NV36 and other pairs, out of hundreds of samples. This was a 
disappointing result. We sequenced the 35/36 product of that single case and 
aligned it with all the known 35/36 regions that we could find. It turned out that 
this strain was an SLV in a new clade. We came up with a new primer pair (p289/ 
290). When we applied those new primers, we found by RT-PCR that over a three 
year period about 8% of hospitalisations for diarrhoea were associated with 
caliciviruses. In the first year, the detection rate was 16% of hospitalizations and 
by the third year it was 2%. What this tells me is that there is something about the 
epidemiology of these strains and how they move throughout a population that is 
very important to our understanding of burden of disease, and also how important 
it is to have strain- and locality-specific primers. 
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Abstract. There are many recent advances in our understanding of the structure-funcuon 
relationships in rotavirus, a major pathogen of infantile gastroenteritis, and Norwalk 
virus, a causative agent of epidemic gastroenteritis in humans. Rotavirus is a large 
(1000 A) and complex icosahedral assembly formed by three concentric capsid layers 
that enclose the viral genome of 11 dsRNA segments. Because of its medical relevance, 
intriguing structural complexity, and several unique strategies in the morphogenesis and 
replication, this virus has been the subject of extensive biochemical, genetic and structural 
studies. Using a combination of electron cryomicroscopy and computer image processing 
together with atomic resolution X-ray structural information, we have been able to 
provide not only a better description of the rotavirus architecture, but also a better 
understanding of the structural basis of various biological functions such as trypsin- 
enhanced infectivity, virus assembly and the dynamic process of endogenous 
transcription. In contrast to rotavirus, Norwalk virus has a simple architecture with an 
icosahedral capsid made of 180 copies of a single protein. We have determined the 
structure of the Norwalk virus capsid to a resoluuon of 3.4A using X-ray 
crystallographic techniques. These studies have provided valuable information on 
domam organization in the capsid protein, and residues that may be cntical for 
dimerization, assembly, strain-speciticity and antigemcity. 
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In recent years electron cryoelectron microscopy coupled with computer image 
processing (cryo-EM), and X-ray crystallography have provided valuable 
structural information on gastroenteritis viruses such as rotavirus and Norwalk 
virus. These studies have provided further insights into the intricate molecular 
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mechanisms underlying various aspects of the viral life cycle. Here we review 
recent progress in the structural characterization of these two viruses. 

Structural studies on rotavirus 

The biochemistry and molecular biology of rotaviruses are well characterized 
(Estes 1996). Rotaviruses belong to the family of viruses called Reoviridue. The 
rotavirus particle contains multiple protein layers enclosing the genome that 
consists of 11 segments of double-stranded (ds) RNA. Each segment codes for 
one protein with the exception of segment 11 that codes for two proteins. Out of 
the 12 proteins, six are structural and six are non-structural. The outer capsid layer 
is made of VP7 and VP4. The intermediate layer is composed of VPG. Enclosed 
within these two layers is the core consisting of W2, W1 and W3. W1 and VP3 
are minor internal proteins present in small quantities. The non-structural proteins 
participate in various functions during the life cycle of the virus. 

To provide a biological perspective to our structural studies, a brief outline of 
the virus life cycle is given below. The first event in the life cycle of the virus is its 
interaction with the host cell. It remains unclear as to how rotaviruses enter the cell 
(see Arias et al2001, this volume). It is either through an endocytotic pathway or 
through direct penetration of the cell membrane. The choice of pathway seems to 
depend upon whether or not the virus is trypsinized. Non-trypsinized viruses may 
enter the host cell through the rather inefficient endocytotic pathway. On the other 
hand, the trypsinized viruses may enter by direct penetration (Kaljot et al 1988). 
During cell entry, mature virions, which are triple-layered particles (TLPs), lose 
their outer shell and the resulting double-layered particles (DLPs) become 
transcriptionally active. Endogenous transcription, a common feature of dsRNA 
viruses, is a dynamic and fascinating process. During this process, the 11 dsRNA 
segments are transcribed inside the intact DLPs and the mRNA molecules are 
released. These mRNA molecules act as templates for the progeny RNA and 
code for all the structural and non-structural proteins (see Patton 2001, this 
volume). Out of the 12 proteins, 10 are synthesized on the free ribosomes. The 
other two-W7, the major outer layer glycoprotein and a non-structural 
protein, NSP4- are synthesized on the ribosomes associated with the rough 
endoplasmic reticulum (RER) where they are co-translationally inserted into the 
ER membrane. The assembly of progeny DLPs takes place in a specialized 
compartment called the viroplasm. Newly formed DLPs bud through the ER 
membrane. NSP4, the non-structural protein localized in the ER membrane, acts 
as an intracellular receptor and facilitates the budding of the DLPs through the ER 
membrane. Recently, it has been shown that NSP4 is a viral enterotoxin and by 
itself can cause diarrhoea in mice (see Estes et a1 2001, this volume). One of the 
unique steps in the morphogenesis of rotavirus is the formation of trmsiently 
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FIG. 1. Structures of rotavirus TLP (a) and DLP shown in the context of cell entry and 
removal of the outer layer (b), and transcription (c) inside the cell. Various structural features 
in the outer layer of the TLP-three types of channels, VP4 spikes, and VP7 trimers are 
mdicated by dashed arrows in (a). In (b) a dashed arrow shows one of the 260 VP6 trimers in 
the DLP. The nascent mRNA molecules, shown as curvy cylinders in (c) exit through type I 
channels in the DLP (Lawton et a1 1997a). All the structures are shown as viewed along their 
icosahedral threefold axis. The structures of TLP, DLP and the transcribing partide were 
deterrmned using cryo-EM techniques. 

enveloped particles. Rotavirus particles exit the cells by lysing the cell, or by anon- 
classical vesicular transport from polarized cells. 

We have used the cryo-EM technique to understand the structural basis of 
trypsin-enhanced infectivity, endogenous transcription, replication, assembly 
processes, and the budding of the DLPs through the ER membrane (Prasad & 
Estes 1777, 2000). We review here recent progress on the structure-function 
relationships in rotavirus. 

Overall organixation of rotavirus 

Rotavirus is an icosahedral particle with an overall diameter of l O O O h  (Fig. la). 
The capsid architecture is built on an icosahedral T= 13 lattice (Prasad et a1 1788). 
Two distinct surface features of the structure are spikes, and channels. The 
channels are located at all the 5- and 6-coordinated positions of the T= 13 lattice. 
Three types of channels are present, depending on their locations with respect to 



STRUCTURAL STUDIES 29 

the icosahedral symmetry axes. The type I channels are at the fivefold axes, type I1 
channels surround the icosahedral5-fold axes, and type 111 channels neighbour the 
threefold axes. Each particle has a total of 132 channels- 12 type I, 60 type I1 and 
60 type I11 channels. VP7, which constitutes the outer layer, clusters into trimers 
surrounding the channels. Each particle has 260 trimers or 780 molecules of VP7. 
There are 60 spikes, located at one edge of the type I1 channels, in each particle. 

Our structural analysis using anti-VP4 monoclonal antibodies (MAb) has shown 
that the spikes are made up of VP4 (Piasad et a1 1990). Two molecules of the Fab 
bind on either side of the bi-lobed head of each spike. VP4 has been implicated in 
cell entry, neutralizatjon, virulence, and in some animal viruses it is a 
haemagglutinin (reviewed in Estes 1996). The first MAb that was used in this 
study is a neutralizing antibody that affects virus binding to cells and prevents 
internalization of the virus. This MAb binds to the side of the bilobed head of 
the spike, indicating that this region on the spike is important for neutralization. 
In addition to interacting with VP7, the outer layer protein, VP4 also interacts with 
VP6 through a distinct globular domain that is buried inside the type I1 channels 
underneath the VP7 layer (Shaw et a1 1993, Yeager et a1 1994). 

During trypsinization, which is known to cause a significant increase in the 
infectivity of rotavirus (Estes et a1 1981), VP4 is cleaved into two fragments 
VP5* and VP8* that remain associated with the virion (Arias et a1 1996). What is 
the molecular mechanism of trypsin-enhanced infectivity? One answer to this 
question could come from locating the two proteolytic fragments in the spike 
structure. Our recent biochemical and structural studies on the TLPs grown in 
the presence of trypsin and in the absence of trypsin provided some insights 
into trypsin-enhanced infectivity in rotavirus (S. E. Crawford, M. K. Estes, 
S. Mukherjee, A. Shaw, J. A. Lawton, R. F. Ramig & B. V. V. Prasad 2000, 
unpublished results). Based on these studies we have hypothesized that trypsin, 
by a mechanism that is not yet clear, imparts stability and order to the spike, and 
such an ordering may be critical not only during the cell entry but also during virus 
exit, from infected cells. 

During the process of cell entry, the mature infectious particle loses its outer layer 
and becomes a DLP (Fig. Zb). Removal of the outer layer exposes the intermediate 
layer composed of VP6. This layer also has the same T = 13 icosahedral symmetry as 
the outer layer and consists of 260 trimers of VP6. These trimers are in register 
radially with the VP7 trimers such that the channels in the VP7 layer continue into 
this layer. Recently, the atomic resolution structure of the VP6 protein of rotavirus 
has been determined by X-ray crystallography (F. Rey, personal communication). 
The VP6 protein has two domains, the distal domain that interacts with VP7 has an 
eight-stranded antiparallel /3-barrel structure, and the lower domain that interacts 
with inner VP2 layer is predominantly a-helical. The structure of VP6 bears 
significant resemblance to the homologous protein (VP7) of blue-tongue virus 
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(BTV; Grimes et a1 1995). Fitting of the X-ray structure of VP6 into the cryo-EM 
map of the DLP has allowed examination of how this protein adapts to various 
quasi-equivalent positions of the T= 13 lattice and delineation of the residues 
that are critical for interactions with VP7, VP4 and VP2. 

The outer virion layer consisting of VP7 and VP4 can be removed in vitro by 
treating the TLPs with 10mM EDTA. The DLPs thus obtained are 
transcriptionally active and the dsRNA segments are transcribed continuously in 
vitro as long as the precursors necessary for transcription are available in the 
reaction mixture (Cohen 1977, Cohen & Dobos 1979). Several interesting 
questions can be asked in connection with the endogenous transcription in 
rotaviruses. Where are the internal proteins VP1 (the RNA-dependent RNA 
polymerase; Valenzuela et a1 1991) and VP3 (the guanylyl transferase; Liu et al 
1992) located? Knowing that the DLPs are capable of repeated cycles of 
transcription, the question is how are the genome segments organized? Where do 
the mRNA molecules exit from the intact DLPs? Can blocking the RNA exit 
channels using ligands arrest transcription? 

Internal organzqation 

The strategy that we have used to study the internal organization is as follows 
(Prasad et a1 1996). First, the structures of various recombinant virus-like 
particles (VLPs) (Crawford et a1 1994) were compared between themselves and 
with the native DLPs to deduce the topographical locations of all the internal 
structural proteins. Then, higher resolution structural analysis was carried out 
using a medium high-voltage electron microscope to delineate the internal 
features, particularly of the RNA, in greater detail. Underlying the VP6 layer, 
VP2 forms the innermost icosahedral layer between the radii 230 A and 260 A 
(Fig. 2). Apart from VP2, no other rotavirus structural protein has the ability to 
form native-like icosahedral structures. Thus, VP2 performs the function of the 
size determinant in rotavirus and provides a platform for the correct assembly of 
VP6. The diameter and the morphological features of the 2/6 and 1/3/2/6-VLPs 
match very well with that of the native DLPs indicating that the recombinant 
particles are in all respects native-like. When the structure of the 1/2/3/6-VLP is 
compared with that of the 2/6-VLP, flower-shaped structural features attached to 
the inner surface of the VP2 layer are seen at the fivefold vertices. These flower- 
shaped structures represent VP1/3 complexes. We think that they represent 
complexes of VP1 and VP3, because these structures are not seen in either 1/2/6- 
VLPs or 3/2/6-VLPs. Comparison of the native DLP structure with the structure 
of 1/2/3/6-VLPs indicates that the genomic RNA forms concentric shells of density 
surrounding the flower-shaped VP1/3 complexes immediately below the VP2 layer 
(Fig. 2, bottom panel, right). 
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FIG. 2. General architectural features of rotavirus. Top panel: (Left) A cutaway representation 
of the TLP structure. The outer VP7 layer and the intermediate VP6 layer are partially removed 
to expose the inner VP2 layer. (Middle) The VP2 layer showing the organization of the 120 
molecules as 60 dimers (Lawton et a1 1997b). (Rtght) The RNA layers inside the VP2 Layer. 
The VP6 and VP2 layers are ‘opened’ to expose the RNA core (Prasad et a1 1996). Bottom 
panel: (Left) A side view of an ‘isolated’ type I channel showing the VPl/VPS flower-shaped 
complex attached to the inside tip of the W2 layer at the fivefold axis. (Right) Proposed exit 
pathway of the mRNA molecule through the type I channel (Lawton et al1997a). 

In the higher-resolution structure of the DLP, at a slightly higher threshold the 
RNA density splits into strand-like features, which are about 20 A in diameter and 
separated by 28 a (Fig. 2, top panel, right). The first layer of RNA immediately 
below the VP2 layer is icosahedrally ordered. This layer represents about 25% of 
the genome, or about 5000 base pairs. The remainder of the genome is further 
inside. The density at the lower radius is not highly reproducible between the 
independent reconstructions and may not be as well ordered as the first layer of 
RNA. However, in the near atomic resolution structure of BTV, in which similar 
features are seen, even the inner layers of RNA are interpreted as being ordered 
(Grimes et al 1998). The first layer of RNA is well ordered because of its close 
interactions with VP2, which is icosahedrally ordered and is known to have 
RNA binding properties (Labbi et a1 1994). Since our publication in 1996 
(Prasad et a1 1996), similar internal structural features including the flower- 
shaped transcriptase complex and the concentric layers of RNA have been found 
in several members of Reoviridae such as BTV (Grimes et a1 1998), aquareovirus 
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(Shaw et a1 1996, Nason et a1 2000), and orthoreovirus (Dryden et al1998, Reinisch 
et a1 2000). 

The structural organization of the VP2 layer is unique (Lawton et a1 1997a). The 
thin shell of VP2 is formed by 60 dimers of VP2 (Fig. 2, top panel, middle). Such an 
organization, which has been described as a T=2  structure, appears to be a 
common feature in the dsRNA viruses whose structures we know to date. 
Although the atomic resolution structure of VP2 is not yet available, the 
structure of homologous VP3 in BTV is known from the X-ray crystallographic 
studies of the BTV cores (Grimes et a1 1998). It is quite likely that the structure of 
the VP2 will be very similar to that of VP3 in BTV with three domains. It appears 
that this kind of unique organization in a11 the dsRNA viruses has evolved because 
of the requirement for endogenous transcription. Such an organization may be 
critical for the (1) proper positioning of the transcription enzyme complexes, (2) 
proper organization of the genomic RNA, and (3) proper organization of the outer 
VP6 layer. 

Release of m R N A  molecdes from intact DLPs 

We have used the cryo-EM technique to visualize the exit pathway of the 
transcripts in actively transcribing DLPs (Lawton et a1 1997b). The cryo-EM 
pictures of the DLPs in the act of transcription clearly show that the structural 
integrity of the particles is maintained and as many as four mRNA strands are 
associated with some of the particles. Based on the 3D structural analysis of the 
actively transcribing particles (Fig. lc), a model for the exit pathway of the 
transcript has been proposed (Fig. 2, bottom panel, right). The mRNA molecule 
that is being synthesized by the transcription complex (flower-shaped structure), 
exits through the pores in the VP2 layer that are slightly offset from the fivefold axis 
and gets into the type 1 channel. Similar cryo-EM analysis on transcribing 
orthoreovirus particles has shown that channels through the turrets at the 
icosahedral fivefold axes are used for the extrusion of nascent transcripts (M. 
Yeager, personal communication). It is quite likely that the exit pathway for the 
mRNA involves fivefold vertices in other members of the Reoviridae. 

Although the structural organization of the genome in dsRNA viruses is far 
from being clear, the existing data appear to support a model in which each 
genome segment is spooled around a transcription complex. In such a model, 
consistent with the biochemical data, the segments can be simultaneously and 
repeatedly transcribed. With such a genomic organization, each dsRNA segment 
has to move around the transcription-enzyme complex that is anchored to the VP2 
layer. What drives such a movement of the template? Are the ends of the dsRNA 
molecule somehow tethered? What are the interactions that are required in the 
genomic organization that facilitate such a coordinated movement of the 
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template around the enzyme complexes? Further studies are required to answer 
these questions. Our recent structural studies to probe further the genomic 
organization by varying pH and ionic concentrations have shown that hydrogen 
bond interactions between internal proteins and RNA, and the electrostatic 
interactions between the RNA strands, are important for proper genome 
organization (B. Pesavento, J. Lawton, M. K. Estes, B. V. V. Prasad 2000, 
unpublished results). 

Inhibition oftranscription by ligands that interact with VPG 
Is it possible to arrest transcription by blocking the mRNA exit channels, and can 
this be exploited to become an antiviral strategy? This question is particularly rele- 
vant because it has been shown that 2/6-VLPs can confer protective immunity in 
mice (O’Neal et a1 1998), and also that anti-VP6 IgA molecules can protect mce 
from rotavirus infection (Bums et a1 1996). Can anti-VP6 MAbs inhibit 
transcription? Earlier biochemical studies with anti-VP6 MAbs showed that 
some MAbs completely inhibited transcription, while others did not (Ginn et al 

1992). A natural ligand to VPG is VP7. Binding of VP7 to VPG makes the DLPs 
transcriptionally incompetent. Why are the TLPs transcriptionally inactive? 

Our structural studies have shown that certain ligands (2All Fab and VP7) 
narrow the mRNA exit channels and also cause slight conformational changes in 
V P G  constricting the exit channels in the interior regions (Lawton et a1 1999). A 
relevant question is whether the narrowing of the channel opening and/or the small 
but consistent conformational changes in the interior of the exit channels are the 
reasons for transcriptional inhibition. The process of transcription can be described 
as having three stages: initiation, elongation and translocation. To determine at 
which stage transcription is inhibited we have analysed high-resolution RNA 
gels of transcription reaction mixtures containing transcriptionally competent 
(DLPs and 8H2 Fab-bound DLPs) and transcriptionally incompetent (TLPs and 
2A11 Fab-bound DLPs) particles. These studies have shown that the initiation of 
transcription is not affected in any of these particles. A consistent feature in all the 
cases is the presence of a band that corresponds to transcripts of about 6-7 
nucleotides in length. Our recent studies have shown that this represents a pause 
site, and in the case of DLPs the transcription continues past this pause site in an 
efficient manner to yield full-length transcripts (J. A. Lawton, M. K. Estes & B. V. 
V Prasad 2000, unpublished results). In the case of 2A11-bound DLPs, only a small 
number of transcripts of about 70-80 nucleotides in length are made. In TLPs no 
other transcripts are made past this pause site. It is quite possible that the narrowing 
of the channel opening is the reason for the transcriptional inhibition in the case of 
2A11-bound DLPs. However that is certainly not the reason in the case of TLPs. It 
is possible that there is a subtle conformational switch that is on when the VP7 layer 
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is removed and o f f  when it is intact. Higher resolution structural analysis may 
provide some insight into why TLPs are transcriptionally incompetent. 

Structural studies on Norwalk virus capsids 
Norwalk virus, a member of the Caliciviridae, is a prototype human calicivirus that 
causes epidemic acute gastroenteritis (Kapikian et al 1996). Human caliciviruses 
have been very difficult to adapt to cell culture systems. The lack of a cell culture 
system or a practical animal model has to some extent limited the progress in 
understanding the molecular characteristics of the virus and its replication 
strategies. However, the successful cloning of the Norwalk virus genome and its 
expression using the baculovirus system has alleviated this problem and begun to 
provide a better insight into the epidemiological, immunological, biochemical and 
other functional properties of the virus (Jiang et a1 1990, 1993, Estes & Hardy 
1995, Clarke & Lambden 2001 this volume). 

In contrast to rotaviruses, Norwalk virus and the other members of the 
Caliciviridae are significantly smaller (diameter - 400 A) and architecturally 
simpler viruses. The icosahedral capsids of caliciviruses are made of a single 
structural protein. In these viruses, 180 molecules of the structural protein form a 
T = 3  icosahedral capsid (Prasad et a1 1994a,b) that contains the viral genome of 
positive sense single-stranded RNA of approximately 7.5 kb. 

A tornic resolution structtlre of the Norwalk virus capsid 
Recently the X-ray crystallographic structure of the recombinant Norwalk virus 
capsid (Fig. 3) has been determined to 3.4A resolution using a low-resolution 
cryo-EM structure as an initial phasing model (Prasad et a1 1999). The structure 
of the capsid protein exhibits both classical and novel features. The N-terminal 
220 residues constitute the S-domain and fold into a classical eight-stranded 
P-sandwich. The rest of the sequence constitutes the protruding (I?) domain and 
has a fold unlike any other viral protein. The P domain consists of two sub- 
domains: P2 and P1 (Fig. 3b). An interesting discovery is that the polypeptide 
fold of the distal P2 domain is similar to that seen in the domain 2 of the EF-Tu 
protein, an important factor in the biosynthesis of proteins. The functional 
significance of this structural similarity is still unclear. The distal P2 domain, 
which exhibits large sequence variation between various Nonvalk-like viruses, 
unlike the S and the P1 domains that are better conserved, may serve as a 
replaceable module to provide strain specificity. As observed in other T = 3  
viruses (Rossmann & Johnson 1989), there are two distinct conformational 
dimeric states of the capsid protein: the ‘flat’ C/C dimers at die icosahedral 
twofold axes, and the ‘bent’ A/B dimers at the quasi twofold axes. During the 
assembly process, the dimer has to switch from one type to the other. Where is 
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FIG. 3.  Structure of the Norwalk virus capsid. (a) Structure of the recombinant Norwalk v m x  
capsid at 3.4A resolution. (b) The ribbon representation of the capsid protein (C subunit) 
structure. The structure of the capsid protein is shown oriented such that the top is at the 
exterior of the capsid and the bottom faces the interior. Various domains and subdomains are 
indicated (Prasad et a1 1999). 

the switch? We have seen that the N-terminal arm of the B subunit is more ordered 
than that in the A or C subunits. Based on our structural observations, we have 
proposed that: (1) the N-terminal20 residues of the capsid protein may serve as a 
switch for the capsid assembly, and (2) the hinge region together with the C- 
terminal residues in the P1 domain that forms hydrogen bonds with the S 
domain residues are important for conferring the appropriate curvature for the 
dimers to assemble onto a T= 3 icosahedral shell. This atomic resolution model 
can now allow a systematic mutational analysis, which is in progress, in order to 
understand the assembly mechanism and other functional properties of Norwalk 
virus and other caliciviruses. 
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DISCUSSION 

Gremberg: I am not sure I understood your trypsin studies with rotavirus. Was 
the implication that trypsin must enter the cell, because it has a different effect if you 
grow the virus in the presence of trypsin? 

Prasad: There is no evidence that trypsin could enter the cell. Whenever we have 
grown the viruses in the complete absence of trypsin, we don't see well formed 
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spikes. There has to be some kind of mechanism operating in which trypsin confers 
proper stability to the spikes. 

Greenberg: But it doesn’t work as well if you treat the virus after the infection 
cycle. 

Prasad: That’s right, you can’t get the same effect. But in another experiment 
where the viruses were grown in the presence of trypsin, the trypsin was present 
throughout the infection cycle. There was no attempt to remove the trypsin. This is 
why we did experiments that involved adding the trypsin to viruses grown in its 
absence. You can see the spikes taking shape, but not to the same extent as we saw 
in the viruses grown in the continuous presence of trypsin. Trypsin i s  certainly 
conferring stability in the spike, but in addition it is probably doing something 
else as well, particularly in the viruses grown in the presence of trypsin. 

Estes: I interpret the trypsin data as showing that there is a previously 
unrecognized intracellular cleavage event. 

Koopmans: How physiological are the two trypsin modifications? You do the 
observation in the culture system, but how do you go from that to the situation in 
the gut? I can’t envision the trypsin cleavage in the gut on the way out of the cells. 

Prasad: The occurrence of trypsinization is natural. When the virus is grown in 
the absence of trypsin it is not actually physiological. By the time a virus infects the 
enterocytes, its VP4 is already cleaved. In order to understand what is really 
happening our strategy was to grow the virus in the presence of trypsin, but 
then, when we added exogenous trypsin we found that VP4 does not undergo 
any conformational change. By adding a lot of trypsin it seems that we are 
introducing conformational changes in the VP7 molecule. We don’t know the 
biological relevance of this. 

A rius: The trypsin concentration usually employed to activate the different 
strains of rotaviruses is 5-10pg/ml. Even at 50-100jig/ml, we have not found 
any evidence that VP7 is cleaved. 

Prasad: Let me make it clear: VP7 is not cleaved. It is a conformational change 
that takes place. There is a domain in VP7 that is tucked inside, and when trypsin is 
added, this domain moves around. If cleavage were to occur, then we would see 
this in the gel. Sue Crawford has run the gel adding trypsin to VP4, which seems to 
be further cleaved with the addition of more trypsin. We have also sequenced those 
bands in gels and found out exactly where the cleavage takes place. Despite the 
cleavage the structure of VP4 remains the same with added trypsin. The only 
change we see on adding 25-50 pg/ml trypsin is in VP7. 

Arias: Do you mean that the trypsin is actually modifying the structure of VP7 
without cleaving it? Or might it be that the cleavage in VP4 that is known to occur 
is inducing the change in W 7 ?  

Prasad: It is quite possible. The change that we have seen in VP7, which is very 
consistent, is some distance away from where VP4 is. It is surrounding the type 3 
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channels, whereas VP4 is at the type 2 channel. It is quite likely that changes in VP4 
might be propagated because it is a part of the lattice, and VP7 could then loosen up 
for this domain movement to occur. 

Carter: With regard to the use of trypsin, I’ve always had a slight uneasiness that 
in a sense it reflects our own lack of imagination that we put trypsin into these 
cultures. Perhaps it is not the only enzyme that these viruses actually need-it 
could even be that this is not the main one in vivo. 

Arias: The protease-induced enhancement of rotavirus infectivity seems to be 
specific for trypsin or at least for a trypsin-like protease. There seems to be a 
window in VP4 of about 20 amino acids, the trypsin cleavage region of this 
protein, that is susceptible to cleavage by proteases with different specificity. 
However, only cleavage by trypsin at arginine 247 seems to efficiently activate 
the virus infectivity (Arias et al 1776, Gilben & Greenberg 1998). Have you 
tried proteases different from trypsin, which despite cleaving the protein do not 
activate virus infectivity, to see if these will also induce changes in VP7? 

Prasad: No, we haven’t done that. We have only been working with the trypsin. 
This was one of the projects that one of my graduate students took up. Every time, 
she was coming up with a reconstruction without spikes. I thought she was doing 
something wrong in growing this virus, but then we realized that viruses grown in 
the absence of trypsin lacked spikes. We don’t know why that happens. 

Dessel‘berger: I think we should realize how novel this model is. If you look at well 
studied systems such as uptake of influenza virus and HIV, these show a 
conformational change within the cleaved haemagglutinin or glyeoprotein after 
contact with the receptor and at the stage of membrane fusion (e.g. Bullough et 
a1 1794). In contrast, we don’t really know yet what is happening here. 

Prasad: What we have seen is rather counterintuitive. When we began the study, 
I thought that trypsinization would confer conformational changes just like in the 
case of haemagglutinin where there is a massive conformational change. We don’t 
see that. It has somethmg to do with assembly in the complete absence of trypsin. 
We also wondered whether trypsin mhibitors are making the assembly of VP4 
inefficient. We therefore tried to remove these inhibitors, and grow the viruses as 
much as possible in the absence of trypsin. Even then the spikes are not as well 
formed as those of viruses grown in the presence of trypsin. We really don’t 
understand why trypsin is so necessary for the proper assembly of VP4. 

Arias: With regard to the conformational changes that occur in the influenza 
virus haemagglutinin, it is not only the cleavage that is needed, but also the low 
pH of lysosomes. It would not be surprising if the conformational change in 
rotavirus VP4 requires, in addition to the cleavage of the protein, a second event 
that will trigger the change. This event, so far unidentified, could be the interaction 
of the virus with its cellular receptor. Perhaps if the trypsin-treated virus is 
incubated with sialoglycoproteins or cell membrane extracts then you may find 
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more clear evidence of conformational changes in VP4. I would be surprised if the 
conformation of VP4 does not change at some point during the early interactions 
of the virus with the cell surface. 

Prusad: Those are difficult experiments to do, from the structure point of view. 
There could be fusion activity even in the case of rotaviruses: there is a fusion 
peptide that has been located in the VP5 region, but the necessity for the 
conformational change is completely different. 

Ramig: You showed us a conformational change of V 7  of non-trypsinized virus 
that was subsequently treated with trypsin. 

Prusad: In trypsinized and non-trypsinized virus, when exogenous trypsin is 
added there is the same conformational change in VP7. 

Rumig: This would imply that it is unrelated to the gain of infectivity. 
Prusad: We don’t know whether conformational change in VP7 is related, but 

increase in infectivity occurs when we see this change. We were surprised to see 
extra trypsin causing this change. It is certainly not a cleavage. This may not have 
anything to do with the enhancement of infectivity, but it shows something about 
the VP7 structure. 

Monroe: There is a lack of reverse genetics for many of these systems. One way 
perhaps to tackle some of these trypsin questions, where cleavage in one protein 
may affect another, would be to have a reverse genetics system that would allow us 
to take out cleavage sites in a protein and to test whether this effect is still seen. 
From the structure, are there any insights that would help in trying to overcome 
the problems of developing a reverse genetics system? 

Prusad:No. 
Greenberg: I have some negative data: early in the 1980s Kaljot and myself tried to 

look for proteases other than trypsin that would activate rotavirus. We reasoned 
that the best place to look would be the location of brush border peptidases. We did 
a whole series of studies isolating intestinal epithelia1 brush borders under the 
assumption that it might be some form of the enterocyte brush border protease 
that cleaved rotaviruses rather than pancreatic trypsin. In fact we had lots of 
cleavage of VP4 that we could detect on PAGE, but no biologically relevant 
activation of VP4 as indicated by enhanced viral titre. We never published this, 
but to us it said that it was in fact trypsin that was responsible for activation. 

Estes: David Graham and I did some old studies where we started with 
pancreatin and elastase and showed that trypsin and elastase can enhance 
rotavirus infectivity (Graham & Estes 1980). One of the interesting results from 
these studies was that we took pancreatin and elastase and treated each with acid 
pH. We lowered the pH to 2.6, which would inhibit elastase activity, and there was 
a residual acid-stable activity that could activate infectivity of rotavirus. We never 
charaaerized what this was, but there may in fact be another enzyme in pancreatin 
that does have some activity. 
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Jaif:  Our experience is that there is a wide variation according to the strain of 
rotavirus in terms of their sensitivity to trypsin. Did you use a trypsin-sensitive 
strain? 

Prasad: All the work we have done has involved the SA1 1-4F strain of rotavirus. 
We have done some preliminary studies on clone 3. 

Desselberger: You mentioned that you haven’t tried any other proteases, but it is 
worth looking at the experiences the influenza people have had with a wide variety 
of different proteases. They found that intercellular proteases such as furin are able 
to cleave certain influenza haemagglutinins (Klenk & Garten 1994). 

Prasad: These are time-consuming experiments, so we have to pick and 
choose our proteases. That is a good point, but trypsin has been the common 
protease used all over, and increase of infectivity has been well documented 
with this. 

Greenherg: I am not sure what you mean about the RNA winding around the 1,3 
vertices. Do you mean that each vertex has a separate gene, or are all 11 genes 
wrapped around all 12 vertices? 

Prasad: This model was proposed on the basis of several observations. One is 
that VPl/VP3 is attached to VP:! at all the fivefold vertices. Then there is 
biochemical evidence that all the genome segments can be transcribed 
simultaneously in this virus. Also, we have seen in transcribing particles at least 
four or five transcripts associated with each particle. The reason we only see four 
or five might be that some of the segments have come out or some of the segments 
may not have begun being transcribed. This means that at each vertex the 
tra~scription complex is acting on a segment, and each segment is near the 
fivefold axis. This is probably the easiest way to explain the observations that we 
have had. There is one VPl/VP3 complex acting upon a segment, and then all the 
segments can be transcribed simultaneously. 

Greenberg: So, if you could hybridize and do cryo-EM you would always see a 
single gene at a single vertex. 

Prasad: Yes, This model is very simplistic. In order for repeated cycles of 
transcription to occur, there has to be some kind of tethering between the 3’ and 
5’ ends of the double-stranded RNA, because it has to re-trace the path and there 
has to be some connection between the 3‘ and 5’ ends, There is no biochemical 
evidence so far as to how the 3’ and 5’ ends are coming together. It is quite clear 
that they are not covalently linked. Is VPl/VP3 acting as a tether between these 
ends, or are there some hydrogen bonds involved? 

Carter: You show very nicely that type I channels are being used for RNA exit, 
but you have to make the RNA out of something. Presumably the other channels 
are for the uptake of raw materials. Is there any difference in those other channels 
which might explain how that process is done? Do you see it as an active process, or 
is it simple diffusion through a hole? 
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Prasad: I think all the precursors enter by simple digusion, but only one channel 
is specifically used for the exit of mRNA, It is likely that the others are used for 
getting in all the precursors necessary for transcription. It makes a lot of sense for 
the mRNA to exit through the fivefold axis because this is near the VPl/VP3 
complex. This is in agreement with the studies done in the reovirus system, 
although reoviruses are slightly different because there is a turret at the fivefold 
axis. However, there is a channel in the turret. Old studies showed clearly that 
this is where the mRNA is coming out. This seems to be a common feature 
shared by the double-stranded RNA viruses. 

~ e ~ s e ~ ~ e ~ g e ~ :  We did some studies looking at the characteristics of naked RNA by 
ultracentrifu~ation (Kapahnke et a1 1986). We found that they were stig, rigid and 
stable molecules. You could not imagine how these would be packaged if they were 
not complexed with protein. You have proposed a very nice model for how this 
could take place. How many molecules of VP1 and VP3, and possibly VP2, do you 
actually need to get the RNA packaged into the pre-core structure? What is 
probably also important is how assembly is controlled, RNA is packaged single- 
stranded and then double strands are made. The RNA has to be intimately linked to 
protein in order to be kept packaged. 

Prasad: Biochemical studies suggest that there are 12 molecules of VP1 and 12 
molecules of VP3 in each particle. The reason why we think that the flower-shaped 
complex is made up of both VP1 and VP3 is that when we look at particles 
coexpressing VP1, VP2 and VP6 we don’t see that structure. It is seen only when 
VP1 and VP3 are coexpressed with VP2 and VP6. This is the only reason we think 
it is a complex of VP1 and VP3. The flower-shaped structure is also an artefact of 
reconstruction. But reconstructions are clearly indicating that VP1 and VP3 are 
attaching to the VP2 at the fivefold axis. We use this fivefold symmetrization as a 
part of an icosahedral symmetrization, and this is what is making VPl/VP3 look as 
if it has five petals. This would be true only if VPl and VP3 were to have internal 
fivefold symmetry, which is very unlikely because you don’t see that kind of repeat 
in the sequence. Also, the VP1 and VP3 we have seen only represent 25% of the 
total mass of VP1 and VP3. About ’75940 of the mass we haven’t really seen, but it is 
somewhere in the internal regions. It is difficult to visualize the entire VP1 and 
VP3, unless we purify them and crystallize the complex. 

Pattofi: Despite their natural tendency to exist as long rigid rods, the dsRNA 
segments must be organized such that they are flexible and free to move about 
the core during transcription. Indeed, the interaction of the core proteins with 
the dsRNA genome may destabilize the duplex, causing the formation of kinks 
and single-stranded regions that allow the dsRNA to be bent, folded and coiled 
within the core. The mechanism by which rotavirus genorne segments undergo 
rearrangement in fact suggests that regions of the dsRNA genome are single- 
stranded within cores. In particular, rearrangements that take place during 
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transcription require the nascent transcript and the RNA polymerase to dissociate 
from the template and then reassociate at a distant site on the same template, where 
transcription re-initiates, The reassociation site would be presumably single- 
stranded, since the RNA polymerase has affinity for single-stranded RNA and 
not dsRNA and since the nascent transcript would likely need a complementary 
sequence to which it would anneal. Is it not possible that the effect of salt and pH 
on the structure of the genome in the core may be due to the existence of extensive 
regions of single-strandedness within the dsRN A? 

Prasad: Actually, that is not true. A minor portion of it could be single-stranded. 
At pH 11.5 single-stranded RNA would be hydrolysed badly. I was expecting the 
same thing to happen. I thought it would be completely chewed up, but when the 
student brought it back to pH 7.5 it was transcriptionally active: it was as efficient as 
the DLPs. This is remarkable. 

Patton: Are you taking into account that the high pH may be impacting the 
interaction of the dsRNA genome with the core lattice protein, VP2? Given the 
affinity of VP2 for both ssRNA and dsRNA, VP2 may play a particularly important 
role in the organization of the genome within the core. 

Prasad: My thinking as to why this condensation is occurring is that there are 
two processes involved. First, disruption of hydrogen bond interactions between 
VP2 and RNA, and then further charge neutralization because of the presence of 
ammonium ions. These ions are neutralizing the charges on the RNA, so there is no 
charge repulsion and that is where the condensation is happening. We are in the 
process of doing further experiments to address the question of whether it is the 
hydrogen bond, or the charge neutralization, or both. 

Matson: It is an unusual host that has a pH of 11 in the stomach. What do you see 
at pH 2-4? 

Prasad: The reason we used pH 11.5 is that we wanted to understand the 
interactions between protein and RNA. Of course, we realize that pH 11.5 is 
quite unphysiological: we have tried using pH 2-3, but we can't do any 
reconstructions because the viruses make large aggregates. At about pH 3.8 they 
are OK. We don7t have any structural evidence as to what happens at acidic pHs. 

Nolmes: You presented a fascinating model of a whirling transcription machine. 
Have you any information about the energy requirements for this process? 

Prasad: I have never sat down and calculated this. There is ATP dependence, but 
we don't know how much energy is required. 

Glass: From your beautiful reconstructions of the NLVs can you find some 
structural reason why these viruses are so diverse, with so many cluster types? Is 
this genetic, or host-induced? What is it that makes these viruses so diverse? 

Prasad: From looking at the structure of the NLVs, all I can say is that the P2 
domain, which is an insertion in the P domain, represents the very variable regions 
in all these strains. This seems to be the only thing that changes between strains and 
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also between NLVs and caliciviruses. We have the structure of the San Miguel sea- 
lion virus and also primate calicivirus: the top portion of the arch is more elaborate 
and animal caliciviruses also have a larger diameter, 

Clarke: What is the evidence that the ORF3 product is involved in packaging? 
Why doesn’t this product show up in cryoelectron microscopy? 

Prasad: When you compare NLVs with other viruses such as tobacco bushy 
stunt virus (TBSV) or other plant viruses, which all have a very basic internal 
region that is supposed to be interacting with RNA, NLVs lack this; their 
interior is quite acidic. But ORF3 is a highly basic protein. This is what prompts 
us to think that it may be involved in the RNA encapsidation. All the studies from 
Dr Estes’ lab suggest that these are present in small amounts in the capsids (Glass et 
a1 2000). If there are 180 molecules of the capsid protein per particle, perhaps there 
will be one or two of ORF3. If we have to see the structure of ORF3, we need at 
least 60, and we don’t find that. 

Kapikian: I was intrigued by your comments about the rotavirus particles 
aggregating at acid pH. We have wrestled with the problems of rotavirus 
inactivation by stomach acid in our studies of live, orally administered rotavirus 
vaccines. Rotaviruses are acid labile, whereas reoviruses are acid stable. Is this 
the mechanism for the acid lability of rotaviruses? I thought the virus would 
disintegrate at low pH. 

Prasad: You cannot always believe the results from negative-stain studies 
because artefacts are introduced. We have also done cryoelectron microscopy, 
which I think would give a more realistic view of what is happening at acid pH. 
Between pH 2.4 and 3.8 there is no evidence for large-scale disintegration. It is 
mainly very bad aggregation. This is probably causing the inactivation. 
Reoviruses are supposed to be acid stable, but I don’t know whether they clump 
at acid pHs. 

Kapikian: In infectivity studies, the sensitivity to acid exposure was a 
distinguishing feature between rotavirus and reovirus. 

Matson: One clump would be counted as one pfu. 
Vesikari: Could the absence of trypsin that induced irreversible conformational 

changes in VP4 be correlated with attenuation of a rotavirus in tissue culture? In 
other words, if you have a tissue culture-grown rotavirus which we call a vaccine, 
could this morphologically be more like your absence of trypsin-grown 
ro tavirus? 

PrLasad: I don’t think that I can answer that question, We haven’t looked. 
Ram&: In this group of viruses, including reoviruses, there are old reports that if 

you start trypsinization there is a cascade. It is almost as if there is an 
autoproteolysis. We leaned on that problem fairly hard for a while. We took 
purified virus, treated it with trypsin, ran it over three sequential CsCl gradients 
to try to get all of the residual trypsin out, and then added minute amounts of that 
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virus to uncleaved purified 35S-labelled virus. We saw that VP4 was cleaved (D. 
Chen & R. F. Ramig, unpublished results). This is an issue that floats around 
with anecdotal observations like these and a few publications in reovirus. Is there 
some sort of autoproteolysis taking place that could be related to its infectivity or 
lack thereof? 

Prasad: I don’t know whether any of our structural studies really address this 
question, or even support the autocatalytic action of VP4. The structure of VP4 
seems quite stable even with exogenous trypsin. There may be some 
conformational changes taking place when you add exogenous trypsin in VP4. 
From what we have done so far on the autocatalytic activities of VP4, when one 
compares this with what is happening in reovirus, it is a completely different 
story. In reovirus, trypsin reduces it to a core-like structure, taking out the sigma 
3 protein and mu 1 proteins. This doesn’t happen even with prolonged 
trypsinization in rotavirus. VP6 and VP7 are completely stable. 

Greenberg: Frank Ramig, why did you never publish your data on this? What was 
wrong with them? 

Ramig: We could never inhibit trypsin activity without lnhibiting this other 
activity, so we couldn’t prove that we didn’t have residual trypsin in the system. 

Green: There are certain clinical conditions where people either have depressed 
levels of trypsin, or they are on soy-rich diets, which has lots of antitrypsin activity. 
Is there any clinical evidence that kids who either are trypsin deficient or who are 
taking soy milk diets have less viral gastroenteritis? 

Matson: There are many children on soy-rich diets and we have never found any 
large populations who have escaped rotavirus infection. The ingestion of the soy 
diet is on a bolus manner through the day so exposures to virus are not likely to 
coincide temporally. However, the kids who have trypsin deficiency are those with 
cystic fibrosis: we know that these children suffer from nosocomial rotavirus 
infections. 

Bishop: The presence and/or severity of rotavirus disease in children with cystic 
fibrosis is almost impossible to study. The disease is now often diagnosed very early 
in life and then patients receive pancreatic supplements that reverse the trypsin 
deficiency. 

Greenberg: Long ago, Rob Yolken published a mouse study where he attempted 
to use protease inhibitors to block infectivity. If I remember this study correctly, he 
had to go to great lengths to find enough protease inhibitor present to have an 
effect: amounts that would not be seen in a cystic fibrosis patient where there is 
still residual proteolytic activity in the gut. 

Farthzng: The pancreas produces at least 10 times the amount of enzyme that any 
of us need. Clinical malabsorption does not become apparent until 90% of the 
pancreas is lost. It is likely, therefore, that even in children with cystic fibrosis, 
there will still be enough trypsin to cleave the virus. 
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Ldpex: We have a variant virus that binds to the cell through VP5. We know that 
antibodies against VP5 inhibit virus binding. If we grow this variant virus without 
trypsin, its binding to MA104 cells is not inhibited any more by antibodies to VP8 
or VP5. The only way we have been able to inhibit the binding of the untrypsinated 
variant is by using anti-VP7 antibodies. 

Bisbop: Within human VP4s, P2A[6] shows a predilection for infecting the 
neonatal gut. We misinterpreted this originally as showing attenuation: clearly it 
doesn’t. But the original observation still stands: that the P type of rotaviruses 
endemic among newborn babies in a neonatal nursery is almost always P[6], 
Neonates may have less trypsin or their trypsin may be quite different from the 
more mature infant. It may be interesting to see whether there are any consistent 
differences, either in initial conformation, in sequence, or cleavage by trypsin 
between P[G] strains from endemic infections in neonatal nurseries, and P types 
of strains associated with severe cominunity disease. 

Glass: In India P[G] strains are among the most common strains in children with 
diarrhoea. I don’t think the neonatal association is going to be due to trypsin. 

12esselberger: It is known from other systems that proteolytic cleavage of viral 
proteins is necessary for them to interact with cellular receptors or co-receptors. 
In your pH shift experiments, have you done any studies of the interaction of 
these changed particles? 

Prasad: We haven’t. There are studies indicating that the cell entry involves 
multiple steps. There are several steps which cleavage could be affecting. 
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Abstract. The entry of rotaviruses into epithelia1 cells seems to be a multistep process. 
Infection competition experiments have suggested that at least three different 
interactions between the virus and cell surface molecules take place during the early 
events of infection, and glycolipids as well as glycoproteins have been suggested to be 
primary attachment receptors for rotaviruses. The infectivity of some rotavirus strains 
depends on the presence of sialic acid on the cell surface, however, it has been shown 
that t h s  interaction IS not essential, and it has been suggested that there exists a 
neuramirudase-resistant cell surface molecule with which most rotaviruses interact. The 
comparative characterization of the sialic acid-dependent rotavirus strain RRV 
(G3P5[3]), its neuraminidase-resistant variant nar3, and the human rotavirus strain Wa 
(GlPlA[8]) has allowed us to show that a2B1 integrin is used by nar3 as its primary cell 
attachment site, and by RRV in a second mteractlon, subsequent to its initial contact with 
a sialic acid-containing cell receptor. We have also shown that integrin aVB3 is used 
by all three rotavirus strams as a co-receptor, subsequent to their initial attachment 
to the cell. We propose that the functional rotavirus receptor is a complex of several 
cell molecules most likely immersed in glycosphmgolipid-enriched plasma membrane 
microdomains. 

200 1 Gastroenterztts vzruses. Wily, Chichester (Novartzs Foundatzon Symposz/m 238) 
p 47-63 

Group A rotaviruses are non-enveloped viruses that possess a genome of 11 
segments of double-stranded RNA contained in a triple-layered protein capsid. 
The outermost layer is composed of two proteins, VP4 and VP7. The smooth 
external surface of the virus is made up of 780 copies of glycoprotein VP7, while 
60 spike-like structures, formed by dimers of VP4, extend from the VP7 surface 
(Estes 1996). 

'On academic leave from the Departamento de Bioquimica, Facultad de Mediuna, Universidad 
Nauonal de Colombia 
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VP4 has essential functions in the virus life cycle, including receptor binding and 
cell penetration (Crawford et a1 1994, Lbperz et a1 1985, Ludert et a1 1996). The 
properties of this protein are therefore important determinants of host range, 
virulence and induction of protective immunity. The role of VP7 during the 
early interactions of the virus with the cell is not clear, although it has been 
shown that it can modulate some of the VP4-mediated virus phenotypes, 
including receptor binding (Beisner et a1 1998, Mirndez et a1 1996), and it has 
been suggested that it might interact with cell surface molecules after the initial 
attachment of the virus through the spike protein (Coulson et a1 1997, Estes 
1996, Mtndez et a1 1999). For rotaviruses to enter the cell, VP4 has to be cleaved 
by trypsin into two subunits, VP5 and VP8 (Arias et a1 1996, Lbpez et a1 1985). 

Rotaviruses have a very specific cell tropism, infecting only the enterocytes on 
the tip of villi of the small intestine, suggesting that specific host receptors must 
exist. Invitro, they also display a strict tropism, binding to a variety of cell lines, but 
infecting e6ciently only those of renal or intestinal epithelium origin. 

Different rotavirus strains display different requirements to bind, and thus infect, 
susceptible cells. The cell attachment of some rotavirus strains isolated from 
animals (other than humans) is greatly diminished by treatment of cells with 
neuraminidase (NA), indicating the need for sialic acid (SA) on the cell surface 
(Ciarlet & Estes 1999, Fukudome et a1 1989, Keljo & Smith 1988, Mirndez et a1 
1993). The interaction with a SA-containing receptor, however, does not seem to 
be essential, since variants which no longer need SA to infect the cells can be 
isolated from the SA-dependent strains (Ludert et all998, MCndez et a1 1993). In 
addition, many animal rotavirus strains are NA-resistant and most, if not all, strains 
isolated from humans are also NA-resistant (Ciarlet & Estes 1999, Fukudome et a1 
1989, Mirndez et a1 1999). Thus, there is a great interest in identifying the NA- 
resistant cellular receptor(s) for rotavirus, and to determine the role it (they) may 
have on the narrow tropism observed for this virus. In this contest, it is also of 
importance to define the viral proteins, and their specific domains, involved in 
contacting the cell receptor(s), 

To understand the early events of rotavirus infection we have undertaken the 
comparative characterization of three rotavirus strains: the SA-dependent simian 
rotavirus RRV, its NA-resistant variant nar3, and the human rotavirus (HRV) 
strain Wa, which is naturally resistant to NA. A summary of the advances and 
approaches we have taken to characterize the early events of infection of these 
viruses is presented. 

The interaction of rotavirus with its host cell is a multistep process 

Several lines of evidence suggest that rotaviruses need to interact with more than 
one cell surface molecule to enter the cell, using during this process different 
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FIG. 1. Distinctive structural features of tlie outer shell protein VP4. The trypsin cleavage 
region is indicated by an arrow, which defines the boundary between VP8 and VP5. In VP8, 
the haemagglutination domain (HA) (aa 93 to 208) is shadowed; the asterisks below thrs 
domain indicate aa 155 and 188-190, which are important in the SA binding activity of this 
protein. The disulfide bridges between Cys203 and Cys216, and between Cys318 and Cys380, 
are indicated by S=S. In VP5, the position of the DGE and IDA tripeptide sequence binding 
motifs which might putatively be recognized by integrins a2pl and a4p1, respectively, are 
shown. The hydrophobic region (HR), which has been proposed to be a putative fusion 
domain, and a predicted heptad repeat (coiled-coil) which might form part of a coiled-coil 
structure are also depicted. 

domains of the virus surface protein VP4 (Fig. 1). The following studies, which 
support these multiple interactions, were carried out in the rhesus monkey kidney 
epithelia1 cell line MA104, which is highly susceptible for rotavirus infection. 

(a) In an infection assay designed to detect competition for cell surface molecules 
at both attachment and post-attachment steps (Mkndez et a1 l999), it was 
found that HRV Wa efficiently competed with the infectivity of the SA- 
dependent porcine rotavirus strain YM, and that of the variant nar3 both in 
untreated, as well as in NA-treated cells. This competition was non-reciprocal 
since YM and nar3 did not compete with the infectivity of Wa, In contrast, a 
two-direction competition between the variant nar3 and a SA-dependent 
strain was found. The fact that the competition between the two NA- 
resistant strains nar3 and VVa was not reciprocal indicates that they bind to 
different molecules. In addition, the SA-dependence phenotype clearly 
differentiates strains, like RRV or YM, from nar3 and Wa. Altogether, these 
findings suggest the existence of at least three cellular structures involved in 
rotavirus cell infection, with at least one being shared by human, SA- 
dependent, and animal, NA-resistant, variant strains. 

(b) The comparison of the binding characteristics of wild-type RRV (wtRRV) 
and nar3 to MA104 cells showed that both the SA-dependent and SA- 
independent interactions of these viruses with the cell are mediated through 
two different domains of VP4 (Mkndez et a1 1993). It was shown that REV 
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TABLE 1 
VP4 and by VP8 and VP5 recombinant proteins 

Inhibition of binding and infectivity of RRV and nar3 viruses by MAbs to 

%Binding and znfectzuzt_y tn the presence of the zndicated M A  bs or 
reco~b~nant p~otezns 

no a V P 8  a V P 5  GST- GS'f' 
V i m s  M b  (7AI2) (2G4) GST V P 8  V P 5  

Binding" RRV 100 9 84 102 25 97 

Infectivityb RRV 100 8 9 87 44 102 
nar3 100 72 9 99 100 24 

nar3 100 95 16 110 104 5 0 

"Expressed as the percentage of virus binding in the absence of antibodies or recombinant proteins. 
bExpressed as percentage of the virus infectivity obtained in the absence of antibodies or recombinant 
proteins. The arithmetic means from two independent experiments performed in duplicatc are shown. 

attaches to the cell through VP8, while nar3 does so through the VP5 domain 
of VP4 (Ziirate et a1 2000a). This observation is supported by the fact that 
neutralizing antibodies to VP8 block the attachment to cells of RRV, but 
not of its variant nar3, while a monoclonal antibody (MAb) to VP5 (2G4) 
inhibits the binding of nar3, but not that of RRV. In addition, recombinant 
VP8 and VP5 proteins produced in bacteria as fusion products with 
glutathione S-transferase (GST), are capable of inhibiting the binding and 
infection of wild-type and variant viruses, respectively, when pre-incubated 
with the cell (Table 1, Zhrate et a1 2000b). While nar3 only needs to interact 
(through W5) with the NA-resistant receptor, wtRRV seems to engage in the 
two interactions described in a sequential manner, since MAb 2G4, despite 
selectively blocking the binding of nar3, efliciently neutralizes the 
infectivity of both viruses (see also below). 
The sequential interaction of RRV with two molecules on the surface of 
MA104 cells is further supported by the observation that MAb 2D9, which 
is directed to a cell surface antigen, specifically blocks the infectivity of both 
wtRRV and nar3, but competes only with the attachment of the variant, 
indicating that wtRRV is blocked at a post-binding step (L6pez et a1 2000). 
Since MAb 2D9 also blocks the infectivity of nar3 in NA-treated cells, and 
prevents the cell attachment of the recornbinant protein GST-VP5, but does 
not affect the binding of GST-VP8 (Fig. 3), it would seem to be directed to 
the NA-resistant receptor used by nar3 to attach to the cell, or to a molecule 
closely associated with it. 

(c) 
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ultiplicity of rotavirus receptors 

Despite the advances in the molecular and structural biology of these viruses, little 
is known about the rotavirus cell receptors. A number of glycoconjugates have 
been shown to bind to, and to block the infectivity of, SA-dependent animal 
rotavirus strains, and some of them have been suggested to play a role as possible 
receptors, like GM3 gangliosides in newborn piglet intestine (Rolsma et a1 1998), 
GM1 in LLC-M1<2 cells (Superti & Donelli 1991), and 30G330 kDa glycoproteins 
in murine enterocytes (Bass et a1 1991). It has also been suggested that the NA- 
resistant ganglioside GM1 may act as a receptor for some HRV strains in MA104 
cells (Guo et a1 1999). Recently, it was reported that VP4 contains the DGE and 
1DA tripeptide sequence motifs known to interact with integrins a2p1 and a4b1, 
respectively (Fig. l), while VP7 contains the aXP2 integrin ligand site GPR, and 
the a4pl binding motif LDV (Coulson et a1 1997, Hewish et a1 2000). Antibodies to 
the integrin subunits a2, p2 and a4, as well as peptides that mimic the ligand sites 
were shown to block the infectivity of the SA-dependent rotavirus SAll and the 
HRV strain RVS (Coulson et a1 1997). It was also shown that integrins a2p1 and 
a4Pl can mediate the attachment and entry of rotavirus SAll into the human 
myelogenous leukemic cell line I<S62 (Hewish et a1 2000). 

As part of the biochemical characterization of the rotavirus cell receptors, we 
have recently shown that the infectivity of rotaviruses RRV, nar3 and Wa is 

TABLE 2 
octyl-P-glucoside on the infectivity and binding of rotaviruses in MA104 cells 

Effect of metabolic inhibitors, cell membrane cholesterol depletion, and 

% Binding 

Inhibitor" R R V  nar3 Wa R R V  nar3 Wa 

N o  treatment 100 100 100 100 100 100 

Tunicarnycin (2 pg/ml) 56 48 111 101 94 
BenzylGalNAc (2 mM) 101 150 147 ND NI) ND 
Octyl-P-glucoside (0.2%) 41 41 39 32 40 33 

OG extractb (20 pg/rni) 5 3 4 60 59 57 

PDMP (25 pg/ml) 20 40 23 110 46 104 
- 

P-cyclodextrin (1 0 mM) 9 6 5 112 109 116 

aMA104 cell monolayers were mcubated with the indicated concentration of inhibitor for 1 h (/?- 
cyclodextrin), 24 h (tunicamycin), or 72 h (PDMP and BenzylGalNAc) at 37 OC, or for 90 min (octyl-/?- 
ilucoside) at room temperature, before virus infection. 
Rotaviruses were incubated with either 20 or 400 pg/inl of OG-extracted proteins, for the binding and 

infectivity inhibition assays, respectively. At 20 pg/ml the binding of all three viruses was inhibited by 
about 40%. 
The mean of at least three independent experiments carried out in duplicate is shown. 
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FIG. 2. Inhibition of rotavirus infectivity by the O G  extract. The indicated concentrations of 
OG-extracted protein were Incubated with the viruses for 90 min at 37 "C. The virus-protein. 
mlxtures were used to infect MA104 cell monolayers, after an adsorption period at 4"C, the 
inoculum was removed and the infection was left to proceed for 14 h at 37 "C. At this time the 
cells were fixed, and the infectious titre was determined by an immunoperoxidase focus assay. 
Percentage infectivity i s  referred to the infectivity of the viruses incubated in 0.2Yo OG. Error 
bars represent one standard error of the mean of three independent experiments carried out in 
duplicate. 

partially blocked by metabolic inhibitors of N-glycosylation (tunicamycin), and 
glycolipid synthesis (PDMP), while it is not affected by the inhibition of the 
cellular 0-glycosylation (Guerrero et a1 2000a). 112 addition, we also showed that 
depletion of cholesterol from the cell membrane with methyl-P-cyclodextrin 
reduced the infectivity of the three viruses by more than 90%, while not affecting 
their binding to the cell (Table 2). The involvement of N-glycosylated proteins, 
glycolipids, and cholesterol in rotavirus infection suggest that the virus receptor(s) 
might be forming part of the cell membrane glycosphingolipid-enriched lipid 
niicrodomains, termed rafts (Simons & Ikonen 1997). 

In a di~erent approach we showed that treatment of MA104 cells with the non- 
ionic detergent octyl-P-glucoslde (OG), under non-lytic conditions, renders the 
cells largely refractory to binding and infection by rotaviruses (Table 2) 
(Guerrero et a1 2000a), most probably due to the extraction of the rotavirus 
receptor(s). Accordingly, pre-incubation of the viruses with the OG extract 
inhibited infectivity by more than 950/0 (Fig. 2). Five protein bands with the 
ability to block rotavirus infectivity were purified by preparative electrophoresis 
from these extracts, and amino acid sequence analysis of the band of IlOkDa, 
revealed the presence, among other proteins, of the p3 integrin subunit. 
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012/31 integrin mediates the cell attachment 

The initial interaction of mar3 with the cell surface is likely to be with integrin a2/3l, 
through the DGE integrin binding domain present in VP5, since: (i) antibodies to 
the a2 subunit reduce by 30% the infectivity of both wtRRV and nar3, but only 
block the cell attachment of nar3; (ii) MAbs to a2 block the attachment of the GST- 
VP5 fusion protein but not that of GST-VP8 (Fig. 3); (iii) GST-VP5 specifically 
displaces up to '75940 of the cell binding of nar3, while a GST-VP5 mutant 
polypeptide in which the a2 integrin binding motif DGE was changed to AGE 
no longer displaces it (Zkrate et a1 2000b); and (iv) a synthetic VP4 peptide which 
comprises the a2/31 integrin binding motif DGE efficiently inhibits tlie attachment 
of nar3, but not that of RRV (Fig. 3) (Zkrate et a1 2000b). 

Even though the behaviour of MAb 2D9 is similar to that of a2pl integrin 
antibodies (Fig. 3), 2D9 is probably not directed to this integrin, since its pattern 
of staining of mouse small intestinal cells is quite different from that obtained with 
a2pl MAbs (R, Espinoza, C. F. Arias & S. Lopez, unpublished data). 
Nevertheless, the cell structure recognized by 2D9 must be in close proximity to 
integrin a2pl on the surface of MA104 cells, since MAb 2D9 displaces the binding 
of antibodies to a2pl by flow cytoinetry (P. Isa, C. E;. Arias & S. Lbpez, 
unpublished results). 2D9 might serve as an alternative cell receptor for the 
variant nar3, since cells that lack a2pl but are 2DS)-positive, like L or CHO, 
can be infected by this virus, albeit at much lower eaciency (P. Isa, C. F. Arias 
S. Lopez, unpublished data). 

f ~ n c t i o ~ s  as a co-rece tor for r o t a ~ i r ~ s e ~  

The relevance of /33 integrin for rotavirus infection was established by the fact that 
antibodies to this integrin subunit reduced by 50% the infectivity of RRV, nar3 and 
Wa rotaviruses. In accordance to this finding, when vitronectin, a /33 integrin 
ligand, was pre-incubated with cells, it specifically blocked rotavirus infectivity 
up to 70% (Guerrero et a1 2000b). 

Since integrins a2/3l, a4pl and aXP2 have been suggested to play a role during 
rotavirus entry (Coulson et a1 1997), we performed blocking experiments using 
mixes of antibodies directed to these integrins and to aVP3. A clear additive 
blocking effect was found when antibodies to integrins a2pl and aVP3 were 
mixed, suggesting that these two integrins might be involved in dserent stages 
of rotavirus infection (Guerrero et a1 2000b). 

The expression of /33 integrin into the poorly permissive CHO cells was 
shown to facilitate the infectivity of rotaviruses. CHO cells stably transfected 
with the /33 integrin gene (Diaz-Gonzilez et a1 1996), overexpressing either 
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FIG. 3. EAect of antibodies to the cell surface, and of a W4 peptide, on the binding of RRV 
and nar3 viruses, MA104 cells were preincubated for 1 h at 37 "C with a MAb to integrin subunit 
a2, with MAb 209 or with peptide DGE. After incubation, these cells were washed, and purified 
RRV or nar3 viral particles or affinity purified GST-VP8 and GST-VP5 fusion protein were 
adsorbed for 60min at 4°C with gentle shaking. The amount of cell bound virus, or fusion 
protein, was determined by an ELISA, as described (Zarate et a1 2000a). The VP4 synthetic 
peptide evaluated comprises amino acid residues 300 to 321 of the protein, and contains the 
DGE sequence binding motif for integrin a2j1. Data are expressed as the percentage of virus 
or recombinant protein binding, in the absence of antibodies or peptide. The arithmetic means 
and standard deviations of two independent experiments are shown. 

aIIbp3 or aVP3 integrins, were three to four times more susceptible to 
rotavirus infection than the parental CHO cell line. This increase in 
infectivity was shown to be blocked by incubation of the cells with either 
MAbs to p3 or vitronectin (Fig. 4) (Guerrero et a1 ZOOOb). Furthermore, it 
was shown that the interaction of rotaviruses with aVP3 is at a post- 
attachment step, probably penetration, since vitronectin and antibodies to p3 
do not, or only slightly, inhibit rotavirus cell attachment. Also, the interaction 
of rotaviruses with p3 integrin was found to be RGD-independent, as expected 
from the fact that neither VP4 nor VP7 have this integrin binding motif 
(Guerrero et a1 2000b). 
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FIG. 4. The expression of 83 integrin in CHO cells facilitates rotavlrus cell infection. 
Monolayers of control CHO cells or CHO cells expressing lntegrin aIIbp3 (Diaz-Gonzilez et 
a1 1996), in 96-well plates, were infected with 2x10" ffu's of RRV, nar3 or Wa viruses per well. 
After 60 min adsorption at 37 "C, the infection was left to proceed for 16 h at 37 "C, at which time 
the cells were fixed and immunostained. In the condition where the cells were prelncubated wlth 
vitronectin (CHOIaIIbB3 + Vn), the integrin ligand (1.5 /ig/ml) was added for 1 h at 37 "C before 
virus infection. Data are expressed as percentage of the virus infectivity obtained in the CHO 
cells. The arithmetic mean from two independent experiments performed in duplicate are 
shown. The standard error i s  shown. 

A model €or the early interactions of rotaviruses with MA104 cells 

As a summary of the data presented here, we propose the following working model 
(Fig. S), which takes into account the currently available information: 

Wild type RRV interacts primarily with a SA-containing cell receptor 
through the VP8 domain of VP4, The identity of the SA-containing 
molecule has not been determined, although good candidates are 
ganglioside GM3 (Guo et a1 1999, Rolsma et a1 l998), or the SA present in 
the integrin molecules (see below). The SA-binding domain of VP8 is located 
between amino acids 93 to 208, with residues 155, and 188 to 190, having an 
important role in this function (Fig. 1) (Fiore et a1 1991, Fuentes Panana et a1 
1995, Isa et a1 1997). 
Subsequent to the initial interaction with SA, RRV interacts with a second cell 
receptor, most probably a2pl integrin, through the DGE integrin-binding 
motif located in the VP5 subunit of VP4 (Z6rate et a1 2000b). The ability of 
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the N A-resistant variant nar3 to interact directly with this integrin is likely to 
be the result of a slight different conformation of its VP4 protein, compared to 
that of the wtRRV protein (Mkndez et a1 1993,1996). Although the present 
data clearly indicate the existence of two different interactions between wild- 
type RRV and the cell surface, it has not yet been established whether two cell 
molecules, or two sites in the same molecule (e.g. a2pl), interact with VP8 and 
VP5. The fact that in infection competition assays the wild-type and variant 
viruses compete with each other reciprocally, suggests that if it is not the same 
cellular entity, the two cell molecules must be in close proximity. 
Integrins a4pl and aXP2 have been implicated in rotavirus cell infection 
(Coulson et a1 1997, Guerreuo et a1 2000b, Hewish et a1 2000). The role of 
these integrins has not been determined yet, however, given that no 
additivity was observed when mixes of antibodies to these and other 
integrins were tested (Guerrero et a1 ZOOOb), they may represent alternative 
interaction sites for rotaviruses. 
The results obtained in the infection competition assays described above 
suggest that HRV Wa initially attaclies to a cell surface molecule that is used 
by RRV and nar3, in a subsequent step after their interaction with a2Pl 
integrin. It can not be ruled out, however, that the attachment receptor for 
Wa is not actually used by RRV and nar3, but that HRV Wa interferes with 
the infectivity of these viruses by binding to a molecule that might be located 
in close proximity to either a2P1, or to co-receptor aVP3. The cellular 
molecule used by HRV Wa to bind to cells has not yet been characterized, 
although ganglioside GM1 seems to be a good candidate (Guo et a1 1999). 

FIG. S. A model for the early interactions of rotaviruses with MA104 cells. Wild type RRV 
interacts primarily with a SA-containing cell receptor through the VP8 domain of W 4 .  
Subsequent to this initial interaction, which might induce a conformational change in VP4, 
the virus interacts with a second, NA-resistant cell receptor, here proposed to be a2pl integrin. 
This interaction is through the DGE binding motif of W5, present at aa 308-310. This second 
virus-cell interaction might facilitate a thrd interaction of the virus with 03 integrin. The SA- 
independent variant nar3 is proposed to interact directly, through VPS, with the a2pl integrin. 
For the sake of clarity, the SA-containing and NA-resistant cellular receptors are depicted here as 
two separate entities (the first possibly being ganglioside GM3), however, they could be two 
domains of the same receptor molecule (see text). The nature of the attachment site for the 
HRV strain Wa has not been determined, however, we propose that it binds to a molecule that 
is in close proximity to a2p1, probably GM1 (see text). The antigen recognized by MAb 2D9 
(2D9-Ag) has not been identified, but we assume that it should also be close to the ct2Pl intcgrin 
(see text). After their initial contact with the cell, all three rotavirus strains are proposed to 
interact with 83 mtegrin, this interaction might mediate the penetration of the viruses into the 
cell’s interior. In this model most, if not all, of the molecules involved in rotavirus binding and 
entry are proposed to form a complex, probably embedded in glycosphingoliprd-enriched lipid 
microdomains on the cell surface. 
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Also, the viral protein domain responsible for this interaction has not been 
determined. 
We have found that integrin aVP3 plays an important role for infection of all 
three rotavirus strains at a post-attachment step, most likely penetration; 
however, the precise function of this protein has yet to be characterized. 
The essential components of the glycosphingolipid-enriched membrane 
domains, termed rafts, are glycoproteins, glycosphingolipids and 
cholesterol. Since these three components have been found to be important 
for the initial steps of rotavirus infection (Guerrero et a1 2000a), and aVp3 
integrin has been observed to be present in rafts (C. A. Guerrero, S. Lopez 
& C. F. Arias, unpublished data, Green et a1 l999), we propose that some or 
all of the various virus-cell interactions described above might take place in 
these lipid microdomains. 

The data presented here are consistent with the existence of several 
rotavirus receptors which might be tightly organized, maybe forming a 
complex in glycos~hingolipid-enriched rafts. The requirement for several 
cell molecules to be present and organized in a precise fashion, might 
explain the exquisite cell and tissue tropism of these viruses. It remains to 
be established which, if any, of the receptor molecules described so far is 
indeed non-replaceable, and if in fact there exists a unique pathway of 
infectivity for rotaviruses, with distinct entry points for different strains. 

In conclusion, much remains to be learned about the process of binding and 
penetration of rotaviruses. The characterization of the nature of the interactions 
that occur between the cellular and viral partners, and the signal transduction 
pathways potentially triggered by the early virus-cell contacts, should give 
insight into the elaborated mechanism used by these viruses to enter cells. 
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Estes: With all the discussion we have been having about trypsinization and 
rotavirus entry through receptor-mediated endocytosis versus direct penetration 
of cells, is the P3 integrin that the virus is binding to as the second step normally 
endocytosed? Do your data give any insight into this? 

Arias:  It is known that integrin p3 is endocytosed. However, this does not tell us 
much about the way rotaviruses enter the cell, since they could enter at the level of 
the cell membrane, before the P3 integrin is endocytosed, or after it has been 
endocytosed. 

Hdmes: I have read some descriptions of rotavirus infections that indicate that 
there may also be upper respiratory symptoms. I wonder whether the expression of 
the molecules that you have identified would also occur in respiratory epithelia1 
cells. 
A rim: As far as I know, no one has shown directly that the virus can replicate in 

the respiratory mucosa, However, as you mention, some studies have found an 
association between rotavirus gastroenteritis and respiratory symptoms. 
Integrins a2Pl and aVP3 have been described in respiratory epithelia, although 
this does not mean, of course, that the sole presence of these two integrins will 
make the cells susceptible to rotavims infection. 

Grcenberg: In the export of VP4 to the cell surface, is the VP4 specifically 
associated with rafts? This would be a way of bringing VP4 together and might 
give you a marker. 

Cohen: We have some preliminary data suggesting that VP4 could be associated 
with rafts. 

Arias:  We also have preliminary data suggesting that rotavirus could be 
associated with rafts during virus entry, 

Greenberg: Integrins are signalling molecules. Have you looked at any signalling 
events that might occur in conjunction with rotavirus binding? 

Arias:  We have started to look at this, but we do not have any conclusive 
information yet. However, it is interesting that the expression of aVP3 in CHO 
cells did not increase the susceptibility of the cells by more than fourfold. These 
findings are similar to those of Barbara Coulson’s group (Hewish et a1 2000) when 
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they expressed the genes for integrins a2pl and a4pl in the haematopoietic cell line 
K562. It seems that we are still far away from reaching the degree of susceptibility 
of MA104 cells. To find out whether each of the various molecules that have been 
described might play a role during rotavirus attachment and penetration, we would 
probably need to take a cell line that is devoid of such molecules and start putting 
them back. My guess is that the combination of several of these molecules will 
allow us to increase the susceptibility of those cells to a level close to that of 
MA104 cells. 

Greenberg: Barbara Coulson actually activated her cells; with activation she was 
able to get quite a bit more infectivity. 
A rids: That is true, however, to activate the integrin-transfected K562 cells they 

used a phorbol ester, and these compounds are known to have pleiotropic effects 
on cells. In fact, it has been reported that phorbol myristate acetate (PMA), the 
particular phorbol ester they used, induces a high level expression of the integrin 
aVP3 gene in K562 cells (Bruger et a1 1992). Thus, it is digcult to ascribe the 
increase of rotavirus infectivity in PMA-treated K5G2 cells to the increased 
expression of a single molecule; it might be the result of a combined increase in 
the level of synthesis of several of the putative virus receptors. 

Desselberger: It is striking to look at the kinetics of your reactions. When you 
fully saturated with an antibody or peptide you always got only a decrease of 4(r 
50% of receptor binding. It seems that the virus then chooses alternative receptors 
or co-receptors. Do you have a cell line that would be completely devoid of 
rotavirus-specific receptors, which you then could transfect with cDNA clones 
expressing all these different factors? 
A rids: It seems that there are indeed alternative molecules for at least one of the 

virus interactions. We recently isolated monoclonal antibody 2D9, directed to the 
surface of MA104 cells, which recognises a cell surface molecule different from 
a2p1. However, 2D9 behaves very much like antibodies to a2p1 integrin in that 
it partially blocks the attachment, and thus the infectivity of the variant virus nar3. 
This suggests that this virus can bind both to the antigen recognised by 2D9 as well 
as to integrin a2pl. With respect to cells that would lack the candidate receptor 
molecules, perhaps CHO cells or the haematopoietic cell line used by Barbara 
Coulson could be a good point to start from in rebuilding the receptor complexes. 

Bishop: Now that you have identified these cell surface components involved in 
binding viruses, can you explain the difference in susceptibility between crypt cells 
and mature epithelia1 cells in terms of what is or is not present on the two cell 
surfaces? 

Arid$:  There doesn’t seem to be a simple correlation. Integrin a2pl is more 
abundant in crypt cells than in mature enterocytes in humans. The distribution of 
aVp3 is not that well characterized in the intestinal epithelium, but it is known to be 
present in mature enterocytes in humans, and in. mice it is known that the 
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concentration of 83 integrin is higher in the first three weeks of life than in adult 
animals. I think a single marker is going to be very difficult to associate with 
susceptibility to infection. Nonetheless, there seems to be a correlation between 
the susceptibility to rotavirus infection and the presence of integrin avp3 in some 
cell lines we have tested, however, analysis of a larger panel of permissive and semi- 
permissive cells is needed to confirm this observation. 

Prasad: In the case of sialic acid-dependent strains, is sialic acid binding or 
interacting with the receptor in some way, positioning the receptor in the 
appropriate place for VP4 to interact? 

Arias:  Although there is no direct proof that sialic acid binds directly to VP4, 
the available data suggest that sialic-dependent strains do bind to sialic acid 
through the VP8 domain of the protein. It cannot be ruled out, however, that 
these viruses may interact simultaneously with both sialic acid and with a protein 
receptor, whose correct conformation may need the presence of the acidic sugar. 
The protein and carbohydrate moieties could both form part or not of the same 
cellular molecule, 

Estes: You described the nar mutant. Doesn’t this virus still haemagglutinate? 
Arias:  Yes. 
Estes: So what is the mechanism by which you think hae~agglutination is 

occurring? Does that virus still bind some sialic acids? 
A rias: Yes, nar3 is able to bind sialic acid in the same manner as wild-type RRV 

does, as judged by the fact that the haemagglutination activity of both viruses is 
inhibited by neuraminidase-treatment of erythrocytes and is also blocked by 
preincubation of the viruses with glycophorin A but not by the asialo form of 
this glycoprotein. However, nar3 does not seem to bind to sialic acid in MA104 
cells, since the cell binding of this virus, but not that of RRV, is prevented by 
monoclonal antibody 2G4 directed to VP5, by antibodies to a2pl integrin, and 
by monoclonal antibody 2D9. 

Monroe: You mentioned that VP4 may be targeted to the rafts. But is it possible 
that any of these other proteins that you have identified are involved in the virus 
getting out, rather than getting in, in terms of where they are localized within the 
cells? 

Arias:  This does not seem to be the case, since the proteins we have i d e ~ t i ~ e d  as 
putative receptors have also been shown to be present in the membrane of MA104 
cells, and antibodies to them block the virus infectivity. In addition, in MA104 cells 
rotavirus particles exit cells by lysis after accumulating in the endoplasmic 
reticulum. However, it is not possible to disregard that in Caco-2 cells, where the 
virus has been shown to be released by a non-lytic vesicular transport, the virions 
may interact with the identified molecules while they get out. 

Hodmes: Is the nar3 variant equally infectious in animals? 
1.1. rias: We haven’t studied this. 
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Holmes: I raise this point because with Sindbis virus (Byrnes & Griffin 2000) and 
foot and mouth disease virus (Sa-Carvalho et a1 1997), it has been found that 
adapting the viruses to cell culture often makes them sialic acid-dependent, even 
though they use other receptors in vim. I thought this was an interesting point: 
many of these viruses may have been in culture a long time and have picked up 
this sialic acid dependence which may not be relevant in viva. 

A rias: Many of the rotavirus strains that are known to be sialic acid dependent 
are those originally isolated about 25 years ago. Perhaps they had a special 
propensity for binding to sialic acid and that is why they were more easily 
adapted to grow in culture. Mary Estes’ group have tested a large collection of 
animal rotavirus strains, and most of these do not require sialic acids, so this may 
well be a character required for growing eficiently in cell culture (Ciarlet & Estes 
1999). 

Greenherg: Long ago, Linda Saif sent us a whole bunch of bovine faecal 
specimens containing non-cultivated rotaviruses. There were many wild-type 
isolates that formed large plaques right out of the stool and had 
haemagglutinating ability prior to passage in cell culture. There are wild-type 
viruses that, from the time they are isolated, look just like traditional cell culture 
adapted viruses: they are haemagglutination positive and form big plaques rapidly. 

Estes: Are those both bovine and porcine? 
Greenbercg: I think they were mostly bovine, although Linda sent both, 
Estes: I’d like to compliment Dr Arias’ group on making significant progress in 

an area where many people have been working on for at least a decade. Perhaps we 
are beginning to see the light of day. 
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Abstract. Rotavirus mRNAs are capped but non-polyadenylated and serve as templates 
for both the synthesis of viral proteins and the segmented dsRNA genome. Viral proteins 
involved in RNA replicauon include the RNA polymerase (VPl), the core scaffold 
protein (VP2) and the non-structural RNA-binding proteins (NSP2 and NSP5). VP2 
enhances dsRNA synthesis tn vitro, possibly by forming platform structures on whch 
VF’1 functions. NSP2 octamers have NTPase and helix-destabilizing activity, and in 
conjunction with the phosphoprotein NSP5, are proposed to facilitate RNA packaging. 
The structure of the mRNA template contributes importantly to RNA replication. In 
particular, base-pairing between the 5’ and 3‘-ends of viral mRNA generates panhandle 
structures which promote minus-strand synthesis. For the group A rotavimses, the 
3’-consensus sequence, 5’-UGUGACC-J’, which extends as a 3’-tail from the panhandles, 
also contributes to efficient minus-strand synthesis. Besides contuning czs-acting 
replicatlon signals, the 3‘-end of viral -As contuns mformation that stimulates gene 
expression in infected cells. Specifically, the last four nucleotides of the 3’-consensus 
sequence, 5’-GACC-3’, operate as a virus-specific translation enhancer (3’TE) via a 
process thought to involve recognitlon of the element by NSP3. The NSPS3’TE 
complex may mimic the funcuon of complexes formed by eukaxyotic poly(A)-tails and 
poly(A)-binding protem, thereby promoting more efficlent translation of viral mRNAs. 

200 1 Gastroententis vrruses. Wiley, Chicbester (Novartis Foundation Symposwn 238) 
p M-81 

Rotavirions are icosahedral triple-layered particles (TLPs) with genomes 
consisting of eleven segments of double-stranded (ds)RNA (Prasad et al 1988). 
During entry, the VP4-VP7 outer layer of the virus is lost, which produces 
double-layered particles (DLPs). RNA-dependent RNA polymerases associated 
with DLPs transcribe the dsRNA segments into 11 mRNAs. The mRNAs of 
group A rotaviruses are capped but non-polyadenylated, and other than the 5’- 
and 3‘-terminal consensus sequences, 5’-GGC-poly(A/U)-3’ and 5’-UGUGACCS’, 
respectively, the mRNAs share no sequence homology (Desselberger & McCrae 
1994). Translation of the 11 mRNAs yields six structural and six non-structural 

64 



ROTAVIRUS REPLICATION 65 

TABLE 1 Properties of the rotavirus RNA-binding proteins 

R N A  
Protein specijcczty Envmatic or other uctivity Stractarulfeatares 

Wl 3’-end of viral 
mRNA 

VP2 ssRNAand 
dsRNA 
nonspecific 

nonspecific 
VP3 ssRNA, 

NSPl 5’-end of viral 

NSP2 ssRNA, 
mRNA 

nonspecific 

NSP3 3’-end of viral 
mRNA 

NSP5 ssRNA, 
nonspecific 

VP ** 

VP 

VP ** 

CySk 

VP 

CySk 

VP 

RNA-dependent RNA Located at the vertices of 
the core ( - 12 copies 
per virion) 

Forms T = 1 shell of core 
(120 copies per virion) 

polymerase 

Stimulates viral RNA 
replicase activity 

Capping enzyme: Located at the vertices of 
the core (- 12 copies guanyl yltransferase, 

methy ltransferase per virion) 
Non-essential function in Suspected zinc finger 

virus propagation protein 
NTPase, helix-destabilizing Forms barrel-shaped 

activity; possible octamers, interacts 
molecular motor for 
packaging 

Enhances viral mRNA 
translation, possible role for eIF4GI 
in circularization of viral 
mRNAs 

possible modulator of phospho-protein, 
NSP2 activity forms multimers, 

with VP1 and NSP5 

Forms dimers, affinity 

Serlne autophosphokinase, 0-glycosylated 

complexes with NSP2 

* CySk, cytoskeleton; VP, viroplasm. 
** Proposed site of assembly into cores; site of initial interaction with viral mRNA is not established. 

proteins, of which seven have RNA-binding activity (Table 1). The structural 
proteins, VP1, VP2 and VP3, the non-structural proteins, NSP2 and NSP5, and 
the viral mRNAs interact to form core-like replication intermediates (core RIs) 
that, through an associated replicase activity, catalyse the synthesis of dsRNA 
(Gallegos & Patton 1989) (Fig. 1). The assembly of core RIs and the synthesis of 
dsRNA is believed to occur in large cytoplasmic inclusions (viroplasms) present in 
infected cells. The interaction of VP6 with core RIs generates DLPs which acquire 
the outer layer proteins in the endoplasmic reticulum, forming TLPs (Estes 1996). 

RNA replication 

Characterization of subviral particles purified from infected cells has indicated that 
the synthesis of dsRNA occurs simultaneously with the packaging of mRNA 
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FIG. 1. Model for assembly of core pentamers with replicase activity. The RNA polymerase, 
W1, and capping enzyme, W3, interact with viral mRNA to form a pre-core complex that lacks 
replicase activity. In the viroplasm, the complex then interacts with VP2 dimers, NSP2 octamers, 
and NSP5 multimers producing a structure that represents one of the vertices (pentamers) of the 
core. In core replication intermediates, the pentamer structures have replicase activity that 
catalyses the synthesis of dsRNA. The properties of NSP2 and NSP5 suggest that they 
facilitate the packaging of viral mRNh into cores during RNA replication. 

templates into core RIs (Gallegos & Patton 1989). RNase treatment of core RIs 
with replicase activity prevents further dsRNA synthesis and reduces the size of 
the intermediates, results that indicate that the mRNAs pass from the exterior to 
the interior of the RI as dsRNA synthesis takes place (Fig. 2) (Patton & Gallegos 
1990). On the basis of rotavirus structure predictions, the mRNA templates may be 
predicted to pass into cores through channels that exist at the fivefold axes of the 
VP2 shell (Prasad et a1 1996). VP1 is situated at the interior base of these fivefold 
channels (Lawton et a1 1997), which presumably would assure that each mRNA 
template encounters the RNA polymerase and is replicated as it is packaged. 
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FIG. 2. A possible structure of a core-like replication intermediate. During the synthesis of 
dsRNA, the viral mRNA is proposed to move through channels present at the 5’-fold axes of 
the VP2. Whether packaging of the 11 rnRNAs proceeds through a common site or eleven 
separate sites of the core IS not known. It is also not resolved whether core assembly occurs 
before or after the assortment of the 11 viral mRNAs. 

Considerable insight into the process of dsRNA synthesis has been gained using 
the template-dependent cell-free replication system developed by Chen et a1 (1 994). 
The source of replicase activity in the system consists of cores which have been 
purified from virions and disrupted (‘opened’) by incubation in hypotonic buger. 
The replicase activity of open cores is specific, catalysing the de novo synthesis of 
minus-strand RNA from exogenous viral mRNA to yield dsRNA. 

Initiation complex for minzis-strand RNA 

The level of dsRNA synthesis in the open core replication system decreases as the 
concentration of monovalent salt, e.g. NaC1, in the reaction mixtures increases 
(Chen & Patton 1999). Recent studies have shown that the salt inhibition can be 
overcome if open cores, the mRNA template and GTP are pre-incubated prior to 
the addition of salt and the other 3 ribonucleotides (Chen & Patton 1999). Notably, 
pre-incubation will not overcome salt inhibition if any of these three components 
are left out or if GTP is replaced with ATP or CTP. When GTP is included in the 
pre-incubation mixture, the dinucleotides pGpG and ppGpG are made, possibly 
by a template-independent process (Chen & Patton 2000). When included in 
replication assays, pGpG can serve as a primer for minus-strand synthesis. 
Together, the data indicate that during rotavirus genome replication, an 
initiation complex is formed by the interaction of the viral RNA polymerase, the 
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mRNA template and GTP or (p)pGpG and that this event is salt sensitive. Once 
formed, the initiation complex is salt resistant, and GTP or a derivative of it, i.e. 
pGpG or ppGpG, serves as the primer for elongation of the minus-strand. 

mRNA strztctztm and dsRNA gnthesis 

The open core replication system has been used to identify features of viral mRNAs 
that contribute to the synthesis of dsRNA. By adding viral mRNAs containing 
deletions of the 3’-consensus sequence, S’-UGUGACC-3’, to the replication 
system, it was shown that this sequence contains a cis-acting signal that i s  
essential for minus-strand synthesis (Patton et a1 1996, Wentz et a1 1996). Indeed, 
placement of the 3’-consensus sequence onto the 3’-end of foreign RNAs is 
sufficient to allow them to serve as templates for the synthesis of dsRNA by open 
cores. By site-specific mutagenesis of viral mRNA templates, it has also been 
possible to assess the importance of the individual residues of the 3’-consensus 
sequence on the synthesis of dsRNA. The results have indicated that the mRNA 
template must terminate with one or two C residues for efficient RNA replication 
to occur (Patton et a1 1996, Wentz et a1 1996). 

While nearly all viral mRNAs possess the same 3’-terminal sequence, there are 
some important exceptions. For instance, instead of the consensus sequence, the 
gene S RNAs of the SA11 and SAl1-4F strains of rotavirus terminate with the 
sequence, 5’-UGUGAACC-3’, and therefore contain an insertion of an A residue 
(underlined) (Mitchell8.c Both 1990a, Patton et a1 2000). More remarkably, a triple- 
plaque purified variant of a RRVxDS1 mono-reassortant has been isolated whose 
gene 5 RNA has the 3’-terminal sequence, 5’-UGU’UJCC-3’ and therefore differs at 
both the -3 and -4 position (underlined) from the 3’-consensus sequence (K. 
Kearney, D. Cben & J. Patton, unpublished results). On the basis of sequence 
comparisons of all group A rotavirus RNAs, the only strictly conserved 
sequences at the 5’- and 3’-termini are S’-GGC-3’ and 5’-CC-3’, respectively. 
Given the sequence variations that have been detected in the 3’-consensus 
sequence, only the 3’-terminal CC residues can be considered as potentially 
required for packaging or replication of rotavirus mRNAs in vivo. 

Several studies using the open core replication system have identified [is-acting 
signals in viral mRNAs that will enhance the synthesis of dsRNA, but unlike the 
cis-acting signal of the 3’-consensus sequence, are not essential for the synthesis 
of dsRNA. Most notably, analysis of viral mRNAs containing deletions of all 
or parts of their 5’-untranslated region (UTR) revealed that this region contains 
sequences that stimulate RNA replication (Patton et a1 1996, 1999, Wentz et a1 
1996). Similarly, deletion mutagenesis showed that sequences upstream of the 
3’-consensus sequence in the 3’-UTR contribute to efficient synthesis of dsRNA by 
open cores. Based on the location of cis-acting signals and computer modelling, the 
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ends of the viral mRNAs have been proposed to interact in cis via complementary 
terminal sequences to form panhandle structures that promote the synthesis of 
dsRNA (Fig. 3) (Patton et a1 1996, Chen & Patton 1998). 

Besides the 5’- and 3’-termini, replacement of the open reading frame (ORF) of 
rotavirus mRNAs with foreign sequences of equivalent size has also been shown to 
decrease the efficiency of replication of the mRNA template in vitro (Patton et a1 
1999). However, more recently, an exhaustive analysis performed by deletion 
mutagenesis of short and overlapping sequences spanning the entire gene 11 
mRNA of porcine CN86 rotavirus has determined that not all regions of the 
ORF play a role in enhancing dsRNA synthesis (J. Patton & M. Jones, 
unpublished results), Those regions that do play a role are involved in base- 
pairing between the termini of the mRNA and, thereby, have an impact on the 
formation and stability of the panhandle structure. From these analyses, it is clear 
that sequences that contribute to replication can be located both in the UTRs and 
the ORF of viral mRNAs and that RNA folding is a critical element affecting the 
ability of the mRNAs to promote minus-strand synthesis. 

An important feature of the predicted secondary structures of the rotaviral 
mRNAs is that within the panhandle structure, the 3’-consensus sequence is 
either not base-paired or only partially base-paired to the 5‘-terminus (Chen & 
Patton 1998). Mutations introduced into the RNA which increase the extent of 
cornplementarity between the 3’-consensus sequence and the 5’-terminus inhibit 
dsRNA synthesis in the open core replication system. In particular, when the 5’- 
end of the mRNA is changed so that it is fully complementary to the 3’-consensus 
sequence, replication of the mRNA in vitro is reduced by more than 100-fold. 
Hence, the single-stranded nature of the 3’-consensus sequence of the mRNA 
panhandle is essential for efficient dsRNA synthesis. 

Reawaggements atiddeletions witbin viral RNA s 

Several rotavirus variants have been described with atypical genotypes stemming 
from sequence duplications or deletions occurring within genome segments 
encoding VP6, NSPl (gene 5 product), NSP2, NSP4 or NSP5 (Desselberger 
1996). The abnormal segments probably result from the viral RNA polymerase 
and nascent RNA detaching from the RNA template during plus-strand 
synthesis, then re-attaching at an upstream or a downstream site on the template 
where transcription re-initiates (Kojima et a1 1996). For genes other than gene 5, 
sequence duplications begin downstream of the ORF and, hence, the genes still 
encode a wild-type protein. However, rearrangements occurring within gene 5 
can alter the ORF such that the NSP1 product contains a C-terminal truncation, a 
duplication or a deletion (Fig. 4) (Tian et a1 1993, Hua & Patton 1994). Such results 
indicate that NSPl is not essential for virus replication (Okada et a1 1999). The 
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FIG. 3. Predicted secondary structure of the gene 11 mRNA of porcine rotavirus CN86 illustrating the interaction of the 5‘- and 3’-termini of the 
mRNA. The structure was generated with the ~~~~~ program (~ltp:/lzvwzv.ibc.w~sl~.edtrl- xziker). Deletion of residues 1-50, 50-1 00, 500-550, or 
650-664 reduces the efficiency of replication of the mRNA ila vitm by greater than twofold suggesting that sequences within the 5’-TJTR, 3’-UTR 
and ORF of the mRNA all may promote dsRNA synthesis. 
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largest of the sequence duplications and deletions that have been described occur in 
gene 5 and are 1112 and 500 nucleotides long, respectively (Hua & Patton 1994, 
Okada et a1 1999). Since these results indicate that the amount of viral RNA present 
in virion cores can vary by as much as 1600 nucleotides, a headful mechanism may 
not operate during RNA packaging. Analysis of bovine rotavirus variants with 
deletions in the normally 1579 nucleotide gene 5 RNA provide evidence that a 
600-t- nucleotide stretch from residues 141 to 768 is not required for RNA 
packaging and replication (Okada et a1 1999). Isolation and characterization of 
many such rearranged genes should provide further information about the 
location of cis-acting signals in rotavirus mRNAs that promote packaging and 
replication. 

Virulprutein fiknctiun in R N A  yntbesis 

RIs that have replicase activity contain the structural proteins VP1, VP2 and VP3 
and the non-structural proteins NSP2 and NSP5 (Fig. 1) (Gallegos & Patton 
1989). As reviewed in Table 1, all these proteins have affinity for single-stranded 
RNA (Labbi: et a1 1994, Patton & Chen 1999, Taraporewala et a1 1999). As core RIs 
synthesize dsRNA, they simultaneously undergo maturation into double-layered 
RIs through the acquisition of VP6 (Gallegos & Patton 1989), a protein that is not 
required for dsRNA synthesis and, based on in vitro assays, has no effect on the 
activity of the replicase. 

Several lines of evidence suggest that VP1 is the viral RNA-dependent ENA 
polymerase. These include (i) sequence analysis demonstrating that VP1 contains 
motifs shared among RNA-dependent RNA polymerase (Mitchell & Both 1990b), 
(ii) experiments showing that VP1 has affinity for nucleotides and that cross- 
linking of photo-reactable azido-ATP to VP1 inhibits transcription (Valenzuela 
et a1 1991), (iii) electrophoretic gel-shift assays indicating that VP1 has affinity for 
the 3’-end of viral mRNAs (Patton 1996), and (iv) in vitru replication assays 
showing that VPl is a common component of RIs and recombinant viral 
particles with replicase activity (Gallegos & Patton 1989, Zeng et a1 1996). By 
assaying recombinant proteins for enzyrnatic functions in vitro, we found that 
VPl only exhibited replicase activity in the presence of VP2, the protein that 
forms the T = l  shell of the core (Patton et a1 199’7). Studies with rotavirus ts 
mutants likewise indicate that VP2 plays an essential role in the formation of RIs 
with replicase activity (Mansell et a1 1994). Deletion mutagenesis has shown that 
the N-terminus of VP2 is necessary for the interaction of the protein with RNA and 
VPl, and for replicase activity, but not for the assembly of VP2 into cores (Labbi: 
et a1 1994, Lawton et a1 1997, Patton et a1 1997, Zeng et a1 1998). While the precise 
role of VP2 in dsRNA synthesis is not known, it is possible that pentamers formed 
by VP2 serve as platforms on which the mRNA template binds and W 1  catalyses 
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minus-strand synthesis (Prasad et a1 1996). Analysis of VP3 indicates that this 
protein contains at least two enzymatic activities, guanylyltransferase and 
methyltransferase, involved in the capping of rotavirus mRNAs (Pizzaro et a1 
1991, Chen et a1 1999). Because VP3 has affinity for GTP, it may be speculated 
that the protein plays some role in the formation of the initiation complex for 
minus-strand synthesis. 

The non-structural proteins, NSP2 and NSP5, both accumulate in viroplasms, 
and indeed, the co-expression of these viral proteins in uninfected cells generates 
viroplasm-like structures (Fabbretti et a1 1999). Earlier studies provided evidence 
that NSP2 forms homo-multimeric complexes in vivo and interacts with VP1 
(Kattoura et a1 1994). More recent work with purified recombinant protein has 
shown that NSP2 self-assembles into stable barrel-shaped octamers of N 12S, 
consisting of two tetrarners of -7s (Schuck et a1 2001). The NSP2 octamers 
have strong non-specific affinity for single-stranded RNA, and exhibit Mg2+- 
dependent NTPase activity (Taraporewala et a1 1999) and Mg2+-independent 
helix-destabilizing activity (Taraporewala & Patton 2001). During hydrolysis of 
NTP by NSP2, the protein undergoes phosphorylation (Taraporewala et a1 
1999). Together, these properties suggest that NSP2 octarners may serve as 
molecular motors, catalyzing the packaging of the mRNA templates into cores as 
dsRNA synthesis occurs. 

The recovery of NSP2-NSP5 complexes from infected cells raises the possibility 
that NSPS may modulate the activity of NSP2. NSP5 is an 0-glycosylated 
phosphoprotein that self-assembles into dimers and that has non-specific RNA- 
binding protein activity (Gonzilez & Burrone 1991, P. Vende, 2. Taraporewala 
& J. Patton, unpublished results). The protein has autokinase activity and exists in 
several phosphorylated isomers in infected cells (Afrikanova et a1 1996, Blackhall et 
a1 1997). When co-expressed in uninfected cells, NSP2 induces the 
hyperphosphorylation of NSP5 (Afrikanova et a1 1998). The mechanism of 
NSP5 hyperphosphorylation is not known but may involve a cascade of events 
initiated by the NTPase activity of NSP2. Indeed, the interaction of NSP2 and 
NSP5 may result in the transfer of phosphate groups generated by the NTPase 
activity of NSP2 to NSP5, causing NSPS to undergo hyperphosphorylation. In 
a recent study, NSP5 was shown to form complexes with NSPG, which like 
NSP5 is a product of gene 11 and accumulates in viroplasms (Torres-Vega 
et a1 2000). 

Gene expression 

A number of studies have provided evidence that the 5’-cap and 3’-poly(A) tail of 
eukaryotic mRNAs work synergistically to stimulate translation through a 
mechanism that involves interaction of the cap-associated eukaryotic initiation 
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FIG. 5. Stimulation of viral mRNA translation in infected cells. An analogue of the RRV gene 
7 mRNA was made that contained the ORF for green fluorescent protein (GFP) inserted in- 
frame at the N-terminus of the ORF for VP7. The mRNA was transfected in non-infected and 
rotavirus-infected MA104 cells and, at 8 h  post infection, the cells were examined for the 
expression of GFP by TJV light. 

factor, eIF-4G, and the poly(A)-binding protein, PABP (Gallie 1998). The 
interaction of these proteins with the termini of the mRNAs and with each other 
has been proposed to cause circularization of the mRNAs within polysomes. 
Circularization is believed to enhance translation by stabilizing the binding of 
initiation factors to the mRNA and by promoting the recycling of the 
ribosomes from the 3’ to the 5’ end of the mRNA (Wells et a1 1998). Because 
rotavirus mRNA lack poly(A) tails, the eficient translation of these rnRNAs 
must be accomplished via a process that differs from that of prototypic 
eukaryotic mRN As. 

The location of translation enhancement elements in rotavirus mRNA has been 
examined by transfection of chimeric reporter mRNAs into infected and 
uninfected cells (Fig. 5). In one such study, chimeric rnRNAs were prepared that 
contained 5’-caps, the ORF for luciferase and either all or portions of the 5’- and 
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3’-UTRs of a rotaviral mRNA or of a non-viral mRNA (Chizhikov & Patton 
2000). Based on the expression of luciferase from the transfected mRNAs, results 
were obtained demonstrating that the last four nucleotides of the 3’-consensus 
sequence of rotaviral mRNAs, 5’-GACC-3’, stimulate translation in infected cells. 
This translation enhancer (3’TE) does not stimulate translation in uninfected cells, 
and its activity parallels that of the expression of viral proteins in infected cells. The 
activity of the 3’-TE also operates independently of the sequence of the 5’-UTR, 
but efficient translation is cap-dependent (Chizhikov & Patton 2000). Given that 
the mRNAs of most group A rotaviruses end with the same sequence, 5’-GACC-3’, 
the 3’TE is likely to represent a common element used to promote viral gene 
expression in infected cells. In comparison to other enhancers, the 3’TE is 
remarkable in its small size. Combined with studies defining the location of cis- 
acting replication signals in viral mRNAs, it is apparent that the 3’-consensus 
sequence has dual and competing functions: to enhance translation of viral 
mRNAs via the activity of the 3’TE and to promote the use of the mRNAs as 
a template for minus-strand synthesis. 

Viralprotein fiknctzon in translation 

The mechanism by which the 3’TE promotes translation is suggested by studies 
that have been performed on rotavirus NSP3, an RNA-binding protein which 
specifically recognizes the 3’TE sequence (Poncet et a1 1994). NSP3 has been 
shown by the two hybrid system and by pull down assays to interact with eIF- 
4GI (Piron et a1 1998). Therefore, NSP3 can be considered to be a functional 
homologue of PABP in that both specifically bind to the 3’-end of mRNAs and 
both have affinity for a cap-associated initiation factor. Based on these properties, 
NSP3 has been proposed to catalyse the circularization of rotavirus mRNA within 
polysomes, thereby increasing translation efliciency . 
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DISCUSSION 

Ramig: I am fascinated by your model. We have added purified NSP3 to the invitro 
system, and it shuts down the replication reaction. To us, this implies that NSP3 
probably binds at the 3‘ end of the RNA more strongly than VP1. How do you 
envision any template ever entering into a replication pathway? Our simplistic way 
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of looking at it is that templates might all be shunted towards translation. How do 
you displace N SP3 to get templates replicated? 

Patton: The short answer is that we do not know. However, it may be that there 
are two populations of viral mRNAs in the cell, of which only one have NSP3 
bound to their 3’-ends. Possibly, this population is only translated and never 
serves as an RNA template for dsRNA synthesis, One would suspect that the 
second population of mRNA is bound by VP1, and in the viroplasm serves as a 
substrate for the assembly of cores with replicase activity. If there are two 
populations, then VP1 would not be required to displace NSP3 from an mRNA. 

Greenberg: The original publication from which it looked like this methodology 
would work (Gorziglia & Collins 1992) showed enhancement of translation and 
also showed negative strand synthesis, I thought. 

Patton: The publication showed that chloramphenicol acetyl transferase (CAT) 
expression from a viral analogue RNA was greater in infected cells than uninfected 
cells. The report indicated that this was due to replication of the analogue RNA in 
the infected cell; unfortunately, no direct evidence was provided that demonstrated 
the synthesis of dsRNA or minus-sense RNA from the analogue RNA. Instead, 
more recent studies suggest that the amplification of CAT expression in the 
infected cells was due to the presence of a viral-speci!Gc 3’-terminal translation 
enhancement element in the analogue RNA that stimulated translation of CAT in 
the presence of viral proteins. 

Desselberger: Your talk reminded me of the RNA fork model which Brownlee’s 
group and others developed for influenza virus transcription (Fodor et a1 1994, 
1995, Hagen et a1 1994). Have you looked at sequence requirements of the 
terminal sequences of the RNA for optimal polymerase function as these groups 
did? For example, have you tried changing the ends to get promoters that are 
stronger than the natural promoters (promoter-up mutations; Flick & Hobom 
1999)? 

Patton: No, we haven’t tried this, although we plan to do so. 
Bishop: Is gene 5, or a portion of it, redundant invitro? Do you think it may have a 

real function in V ~ V O ?  
Patton: Passage of rotaviruses repeatedly in cell culture will characteristically 

give rise to non-defective variants that do not encode wild-type NSPl because of 
rearrangements occurring within gene 5. In cell culture, the rearranged gene 5s 
are preferentially packaged into progeny indicating that there is selection for 
variants unable to encode the wild-type protein. The speed at which the NSPl 
ORF is lost in cell culture raises the possibility that expression of the protein is 
indeed selected against in cell culture. However, since viruses recovered from 
animals almost always contain a functional ORF for wild-type NSP1, 
presumably the protein does play a role in nature that is essential for the long- 
term viability of the virus. 
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Greenberg: If the secondary structure of the RNA is more critical than the coding 
region, why can’t you start trying to get around that by using selectable markers 
that are smaller and smaller, so you use less and less of your ORF? Why aren’t you 
going in that direction? 

Patton: It is a reasonable approach if one could identify small selectable markers 
that could be used that would not affect the overall long-range secondary structures 
of the RNAs. Most selectable markers are not small and may not work satisfactorily 
for a virus with a relatiyely short life cycle. 

Estes: With regard to the interaction of the replicase and the 3’ end, the data from 
all the mutations that were analysed suggested it was more than just the two Cs. Is 
that right? 

Putton: Yes. 
Estes: Why is that? Is it because there is no translation in that system? 
Putton: The 3‘-end of viral mRNAs plays a dual role, promoting both dsRNA 

synthesis and translation. Based on in vitro assays, the two terminal Cs play an 
essential role in the efficient synthesis of dsRNA, while residues immediately 
upstream of the two Cs play a less important role in replication. The 
identification of rotaviruses that are mutated in the 3/-consensus region 
confirms the importance of the two Cs and indicates that the upstream residues 
may not be essential for RNA replication, The NSP3 binding site includes the last 
four to five residues of the 3’-end of the mRNA, and mutation of these residues 
decreases the ability of NSP3 to bind to the mRNA. If NSP3 does not bind 
efficiently to the mRNA and thus fails to drive it into polysomes, then it may be 
that the mRNA is more likely to move to the viroplasm, where it undergoes 
packaging and then replication. In this scenario, the mutations affect the dual 
role of the mRNA by shifting it in favour of being used as a template for 
replication. Hence, despite the fact that the mutation of residues upstream from 
the two Cs decreases the replication efficiency of the mRNA in zjitro, in fact the 
replication of the RNA in vivo may not be significantly affected because the 
mutations have an even greater negative effect on the ability of the mRNA to 
undergo translation. 

Coben: From your in vitro replicase assay you conclude that the two Cs are 
essential. But you must bear in mind that the in vitro replicase assay is a poor one. 
What is the efficiency of this assay zn vitro? If you use one template, how many 
copies do you have? This could be misleading. 

Rum& When we have done careful quantitation, we calculate that we get over 
1000 negative strands for each polymerase complex if we assume that there are 12 
complexes in one of those particles (M. Wentz & R. F. Rarnig, unpublished 
results). So I think it is quite an efficient reaction, 

Putt0~1: I have not done the calculation, so I don’t know. I know that this system 
is probably one of the most powerful systems that exists for the study of RNA 
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replication: it is very specific and works with recombinant proteins, so it is fully 
definable. 

Desselberger: You mentioned in your model the very interesting interaction of 
NSP2 and NSP5. This reminded me of some of our data, when we analysed over 
500 reassortants between bovine rotaviruses and a human rotavirus strain, and 
found gene linkage between the NSP1, NSP2 and NSP5 genes (Graham et a1 
1987). Have you looked at this interaction in more detail? 

Pattun: No. Most of the studies that deal with NSP2/NSP5 interactions have 
been done outside of our lab. We are working on both of these proteins, but we 
are still trying to define their activities separately before we put them together to try 
to find out how their interaction affects each other’s activities. 

Ramig: The model you presented implied that there was an interaction between 
your NSP2 octamer and VP2, VP1 or VP3. Do you know anything about 
this? 

Patton: Protein-protein cross-linking studies have shown that NSP2 and VPl 
form complexes in vivo. Other than that, we have no information regarding the 
interaction of the structural and non-structural proteins 

Ramig: With regard to Ulrich Desselberger’s comment on apparent linkage in 
reassortants, we saw a high degree of linkage between VP3 and NSPl (Gombold & 
Ramig 1986). This would almost fit with a VP3-NSP1 interaction. 

Arias: Do you have any idea about the possible role of NSPG in the virus 
replication pathway? 

Pattua: We don’t. 
Ramig: We have also been focusing in on the terminal CC residues as perhaps 

being important. One thing that was evident from John Patton’s paper was that the 
addition of an extra nucleotide to the end has no effect. If we add a G, replication is 
about 50% down. We tried adding an A, and it totally killed replication (D. 
Younker & R. F. Ramig, unpublished results). 

Estes: A point of clarification: in your models of secondary structure, is there any 
direct evidence that this secondary structure exists? 

Pattun: No, we have yet to demonstrate the accuracy of the secondary structure 
predictions biochemically. But given the improvements over the last five to 10 
years in the algorithms used in these predictions, the structures are probably close 
to accurate. In particular, the energy value for the computed structure of the gene 
11 RNA indicates that the panhandle structure is very stable. 

~ ~ ~ ~ u e :  One of the improvements in the algorithms is that instead of returning 
just one answer, you can look at the five oi 10 most stable structures. 

Pattun: In the case of the top 20 most stable structures predicted for gene 11, they 
all indicate the presence of the same 5‘3’ panhandle. 

Ramig: We talked to Dr Zuker last week. For folding, your default and only 
option is in 1 M salt, which certainly isn’t physiological and is inhibitory to this 
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in vitro reaction. I have questions about the relevance of predicted structures to 
actual structure in replication conditions. We have recently set out to start doing 
the biochemical probing of structure under replication conditions. 
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A bstruct. The outcome of intestinal infection with rotaviruses is more complex than 
initially appreciated, and it is affected by a complex interplay of host and viral factors. 
Rotavimses infect intestinal enterocytes, and the early events in infection are mediated 
by virus-epithelia1 cell interactions. Diarrhoea may be caused by several mechanisms 
including (i) malabsorption that occurs secondary to the destruction of enterocytes, 
(ii) villus ischaemia and activation of the enteric nervous system that may be evoked by 
release of a vasoactive agent from infected epithelial cells in the absence of significant 
pathologic lesions or enterocyte damage, and (iii) intestinal secretion stimulated by the 
intracellular or extracellular action of the rotavirus non-structural protein, NSP4, a novel 
enterotoxin and secretory agonist with pleiotropic properties. New studies of rotavirus 
infection of polarized intestinal epithelial cells show that rotaviruses infect cells differently 
depending on whether or not they require sialic acid for initial binding, and infection 
alters epithelial cell functions. NSP4 also aflfects epithelial cell function and interactions. 
NSP4 (i) induces an age- and dose-dependent diarrhoea1 response in young rodents that is 
similar to virus-induced disease, (ii) stimulates a Ca2+-dependent cell permeability where 
the secretory response is age-dependent, and (iii) alters epithelial cell integrity. Antibody 
to NSP4 protects mouse pups from diarrhoea induced by homotypic and heterotypic 
viruses. These data support a new mechanism of rotavirus-induced diarrhoea whereby a 
viral enterotoxin triggers a signal transduction pathway that alters epithelial cell 
permeability and chloride secretion. This new information about how a gastrointestinal 
virus causes disease demonstrates common pathogenic mechanisms for viral and bacterial 
pathogens not previously appreciated. These results also suggest new approaches to 
prevent or treat rotavirus-induced diarrhoea. 

200 I Gastroenteritis virzlses. WiLe-y, Chichester (Novartis Falandation Sympasilam 238) 
p 82-1 00 

Acute infectious gastroenteritis is a major cause of infant morbidity in developed 
countries and of infant mortality in developing areas of the world. Rotavirus is 
recognized as the most important aetiologic agent of infantile gastroenteritis, and 
studies of rotavirus serve as models for the complex interactions between enteric 
viruses and the multifunctional cells of the gastrointestinal tract. Understanding 
such interactions is significant for microbial pathogenesis because most infections 
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( > 80%) are initiated at mucosal surfaces. Rotaviruses are pathogens that infect the 
mature enterocytes of the villi in the small intestine, and infection appears to be 
limited to these highly differentiated cells in immunologically competent hosts. 
In such hosts, infections are generally acute, yet diarrhoeal disease can be severe 
and life threatening. Disease is generally resolved within 2-5 days after infection 
if affected hosts receive adequate rehydration. In immunocompromised hosts, 
virus infections persist, the virus can be detected extraintestinally, and virus 
excretion may be detected for many months. 

Rotaviruses infect almost all mammalian and some avian species, and much of 
our understanding of rotavirus pathogenesis has come from studies in animal 
models, particularly in small animal models (mice and rabbits), but also in larger 
animals (cows and piglets), Studies in children are limited due to the diaculty and 
lack of clinical need for obtaining biopsies from infants, and our inability to 
determine the precise onset of natural infections. In all animal species where 
nai’ve animals can be infected, rotavirus disease is age-dependent. For example, in 
mice and rabbits, diarrhoeal disease is the outcome of infections that occur only 
during the first two weeks of life (Ciarlet et a1 1998a, Starkey et a1 1986), while 
these animals remain susceptible to viral infection into adulthood, as evidenced 
by virus antigen shedding and seroconversion (Ward et a1 1990, Ciarlet et a1 
1998a). Rotavirus infections have been reported to occur repeatedly in humans 
from birth to old age, but the majority of infections after the first 2 years of life 
are asymptomatic or associated with mild gastrointestinal symptoms. The age- 
related resistance to rotavirus-induced diarrhoea in humans is thought to be 
mediated primarily by acquired immunity. The age-dependent resistance to 
disease could be due to other factors such as intestinal development and 
maturation, but these cannot be directly tested in humans. Currently, our best 
understanding of the mechanisms of rotavirus pathogenesis relies on results 
obtained in animal models, 

Results and discussion 

Rotavirzzs pathogenesis is complex and invo Zves several mecbanzsms 

The outcome of an infection with rotavirus is clearly dependent on both host and 
viral factors, and these factors can affect one or more of the several stages of 
pathogenesis (Table 1). Host factors have been dissected by analysis of the 
outcome of infection in animals inoculated with well-defined viral strains. Both 
natural and experimental rotavirus infections are characterized by viral 
replication in enterocytes in the small intestine, with subsequent cell lysis and 
attendant villus blunting, depressed levels of mucosal disaccharidases, watery 
diarrhoea and dehydration. Many studies have demonstrated malabsorption in 
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TABLE 1 Stages in enteric virus pathogenesis 

Entry into the host 
Primary replication 
Local or disseminated host cellular responses (signalling) 
Spread through host 
Host immune response 
Cell injury 
Stability and survival of virus in the gastrointestinal tract 
Adsorption and penetration into enterocytes (receptors) 
Uncoating, transcription, translation replication, assembly, release 
Effect of viral proteins on cell function (NSP4) 

enterocytes and correlated this dysfunction with destruction of enterocytes and 
histopathological changes in the intestine, which are generally seen 24-36 h after 
infection (Graham et a1 1984, Davidson et a1 1977). However, malabsorption 
cannot be the entire basis of rotavirus pathogenesis because it fails to explain the 
early watery diarrhoea that occurspriorto the detection of villus blunting and other 
histological changes in the intestine (Collins et a1 1989, Theil et a1 1978, 
McAdaragh et a1 1980, Mebus 1976, Ward et a1 1996). In addition, some animals 
exhibit diarrhoea tn the absence of clear histopathological changes (neonatal mice 
infected with homologous rotavirus strains; Burns et a1 1995), and other adult 
rotavirus-infected animals (rabbits) show typical histological changes in the 
intestine but do not get diarrhoea (Ciarlet et a1 1998a). Finally, oral 
administration of epidermal growth factor to rotavirus-infected piglets can 
restore the intestinal mucosa and enzyme activities, but such treatments do not 
hasten the resolution of diarrhoea (Zijlstra et a1 1994). Thus, a clear association of 
mucosal damage and diarrhoea is lacking. One explanation for this is the fact that 
the infection is patchy, so one might observe mucosal changes in one part of the 
intestine but these would be insufficient to cause diarrhoea1 disease. In other cases, 
animals with mucosal damage may release fluid into the intestinal lumen but 
compensatory physiological mechanisms (colonic reabsorption of fluid) may 
decrease fluid loss so diarrhoea is not observed. In 1988, Osborne proposed that 
enteroctye interactions induced a localized response that triggered the production 
of endogenous, neuroactive, hormonal substances of pathophysiological 
importance (Osborne et a1 1988). Vascular damage due to villus ischaemia was 
suggested to be involved, possibly being mediated by release of a vasoactive 
agent from infected epithelia1 cells. Recent studies are beginning to provide a 
molecular basis for such new mechanisms of pathogenesis. 
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The rotavirus particle is composed of three concentric protein layers 
surrounding the eleven segments of double-stranded RNA which encode the six 
structural viral proteins VP1-VP4, VPG, and VP7, and six non-structural proteins, 
NSP1-NSPG. Each genome segment, with the exception of gene 11, which 
encodes two viral proteins (NSP5 and NSPG), codes for a single viral protein. 
The innermost core layer is formed by VP2 and encloses the genomic RNA and 
enzymatic complexes found at the fivefold vertices, which contain VPl (the RNA- 
dependent RNA polymerase) and VP3 (a guanylyltransferase and methylase). The 
intermediate layer is made up of the most abundant rotavirus protein, VP6. The 
outer layer consists of the glycoprotein VP7 and the haemagglutinin and cell 
attachment protein VP4. 

Viral factors involved in virulence have been dissected by several approaches. 
Analyses of reassortants that contain a single gene from one ‘virulent’ parental 
virus and other genes from another ‘avirulent’ parental virus have implicated 
specific viral genes in virulence. These putative virulence genes code for both 
structural (VP3, VP4, VP7) and non-structural (NSP1, NSP2, NSP4) proteins 
(reviewed in Burke & Desselberger 1996). The role of some of these proteins 
(e.g. NSP1) in virulence may vary depending on the host species; for example, 
NSPl appears to be a virulence factor for mice but not for rabbits or piglets 
(Broome et a1 1993, Ciarlet et a1 1998b, Bridger et a1 1998). The genes implicated 
in virulence that code for the surface proteins of the virus are likely to be involved 
in virus stability, virus attachment and penetration into cells. The precise roles for 
the inner capsid protein VP3, which functions as the capping enzyme for viral 
RNA, and the two non-structural proteins NSP1 and NSP2 in virulence 
remain unclear. However, these proteins may affect replication efficiency and 
two of them (VP3 and NSP1) are recognized targets for cytotoxic T 
lymphocytes. NSP4 is a virulence gene because it functions as an enterotoxin 
(see below). 

Rotaviruses enter po lariqed intestinal epitbelial cells by distinct mechanisms depending on 
whether or not virus bindigg t o  cells is sensitive or resistant t o  treatment witb neuraminidase 

A critical initiating event in pathogenesis involves the entry of virus into cells. This 
process is complex for rotavirus and likely involves two viral proteins and multiple 
proteins on cells. Recent analyses of the interactions of viruses with polarized 
intestinal cells, grown on permeable filters, have detected differences in the early 
steps of viral infection based on whether or not the virus requires interaction with 
sialic acid or other surface moieties that are sensitive to treatment with 
neuraminidase (Fig. 1; Ciarlet et a1 2000a). Most rotaviruses bind cells in a 
neuraminidase-itldependent manner (Ciarlet & Estes 1999). Rotavirus strains (all 
human strains tested to date, and bovine WC3, porcine Gottfried) that infect cells 
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FIG. 1. Experimental design to study rotavirus replication in polarized epithelia1 cells. Human 
intestinal Caco-2 cells were grown on permeable 0.4 prn transwell membrane filters until they 
became polarized. The polarized cells were infected with virus by adding rotavirus to the 
apical or basolateral surfaces and the infectious process was monitored by immunofluorescence 
and by measuring the transepithelial cell resistance (TER). 
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FIG. 2. 
(1998), Brunet et al(2000), Lundgren et a1 (2000) and Obert et a1 (2000). 

The efjFects of rotavirus infection on polarized epithelial cells. Data from Jourdan et a1 

in a neuraminidase-independent fashion infect polarized epithelial cells efficiently 
through both the apical and basolateral surfaces. Rotavirus strains whose 
infectivity is reduced by treatment of cells with neuraminidase (e.g. RRV, SA1 1, 
bovine NCDV, porcine OSU) only infect polarized epithelial cells efficiently 
through the apical surface (Ciarlet et a1 2000a). These results suggest that distinct 
rotavirus receptors are present on different cell membranes. Rotavirus infection of 
polarized cells has other effects including disruption of cell interactions and cell 
integrity, perturbation of cellular protein trafficking, induction of chemokine 
responses and induction of intestinal secretion (Fig. 2). These outcomes may be 
differentially affected depending on whether cells are infected only apically or 
both apically and basolaterally. These newly recognized differences in virus-cell 
interactions between neuraminidase-sensitive and -resistant rotaviruses may be 
important for pathogenesis as well as for selection of virus vaccine strains. 

Huw does the rutavirzls enterotoxin NSP4 cawe disease? 

In 1996, the rotavirus non-structural protein, NSP4 was reported to function as a 
viral enterotoxin (Ball et a1 1996). The discovery that NSP4 functions as an 
enterotoxin was unexpected because no other viral enterotoxins had been 
described. The remainder of this article briefly reviews the salient features about 
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TABLE 2 Properties of Rotavirus NSP4 or NSP4 peptide 114-135 

Functions in viral morphogenesis; mediating the acquisition of a 

Mobilizes [Ca2+ Ii release from internal stores (ER) 
transient membrane envelope as subviral particles bud into the ER 

Associated with virulence based on studies of reassortants 
Induces an age-dependent diarrhoea in mice and rats when 

administered by intraperitoneal or intraluminal routes but not 
when given intramuscularly 

Does not induce histological changes in the intestine when diarrhoea 
is present 

lnduces age-dependent C1- secretion in the intestinal mucosa of 
young mice 

Alters plasma membrane permeability and is cytotoxic to cells 

Mutations in NSP4 from virulent/avirulent pairs of virus are 

NSP4 induced age-dependent diarrhoea and age-dependent C1- 

Children make antibodies and cellular immune responses to NSP4 

associated with altered virus virulence 

permeability changes in mice lacking the CFTR channel 

A cleavage product is secreted into the medium of virus-infected cells 
NSP4 induces homotypic and heterotypic protection against virus- 

induced diarrhoea 
Exogenous NSP4 alters F-actin organizaton and affects 

transepithelial resistance in polarized epithelia1 cells 
Used as a ngonist to detect novcl Ca2+-binding protein in tumour cells 
Is a novel toxin? No primary sequence similarity to other known 

toxins. Is a novel secretory agonist 

Au et a1 (1989), Meyer 
et a1 (1989) 

Tian et a1 (1994, 1995), 
Dong et a1 (1997) 

Hoshmo et a1 (1995) 
Ball et a1 (1 996) 

Ball et a1 (1996) 

Ball et a1 (1996) 

Tian et a1 (1994, 1995), 
Newton et a1 (1 997) 

Kirkwood et a1 (1996), 
Zhang et a1 (1998) 

Morris et a1 (1999) 

Richardson et a1 (1993), 
Johansen et a1 (1999) 

Zhang et a1 (2000) 
Zeng et a1 (2001) 

Tafazoli et a1 (2001) 

Xu et a1 (1999) 
Morris et al(1999), 

Estes & Morris 
(1999) 

this first viral enterotoxin and other pleiotropic properties of NSP4 related to 
pathogenesis that continue to be discovered (Table 2). 

The rotavirus non-structural protein NSP4 was initially identified as a non- 
structural glycoprotein with a topology that spans the membrane of the 
endoplasmic reticulum (ER) and which has a distinct role in virus assembly. The 
functioning of this protein was examined because rotaviruses undergo a unique 
morphogenesis in which newly made subviral particles bud into the ER, and 
during this process they obtain a transient membrane envelope that is 
subsequently lost within the lumen of the ER as particles mature. This process 
also involves Ca2' to maintain the integrity and specific conformation. of the two 
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outer capsid proteins necessary for the correct association of proteins as the virus 
matures in the ER. NSP4 has multiple domains. NSP4 is a 20kDa primary 
translation product, is co-translationally glycosylated to 29 kDa, and 
oligosaccharide processing yields the mature 28 kDa protein (Ericson et a1 1983). 
The 175 amino acid backbone of NSP4 consists of an uncleaved signal sequence, 
three N-terminal hydrophobic domains, and a predicted amphipathic a-helix that 
overlaps a folded coiled-coil region (Chan et a1 1988, Taylor et a1 1996). The H2 
transmembrane domain traverses the ER bilayer and the cytoplasmic C terminus of 
NSP4 functions as an intracellular receptor in viral rnorphogenesis (Au et a1 1989, 
Meyer et a1 1989, Taylor et a1 1993, Bergmann et a1 1989). NSP4 mobilizes 
intracellular Ca2+ ([Ca2+]i) release from the ER and this may also affect viral 
morphogenesis (Tian et a1 1994, 1995). NSP4 also possesses a membrane 
destabilization activity when incubated with liposomes that simulate ER 
membranes, and it has been hypothesized that this activity may play a role in the 
removal of the transient envelope from budding particles (Tian et a1 1996). Finally, 
NSP4 may facilitate cell death and virus release from cells (Newton et a1 1997), and 
polarized cells treated with NSP4 undergo reorganization of filamentous actin and 
lose transepithelial cell resistance due to alterations in tight junctions (Tafazoli et a1 

The discovery that NSP4 is an enterotoxin was made serendipitously during 
studies aimed at dissecting the molecular mechanisms by which NSP4 functions 
in rnorphogenesis. A synthetic peptide of NSP4 that contains amino acid residues 
114-135 was conjugated to a carrier and injected into mice to produce a new 
antiserum. Although the mice received peptide (and no virus), they got 
diarrhoea. Pursuit of this observation showed that both the full-length protein 
and the 114-135 peptide share several properties that are consistent with NSP4 
being an enterotoxin, and recent studies have found novel pleiotropic properties 
of NSP4 important for pathogenesis. 

The protein induces diarrhoea in pups with a DD50 of 0.56 nmols while the DD50 
of the 114-135 peptide is more than 10-fold higher, indicating that this peptide 
contains only a part of the active domain of the protein. The exact size of the 
active toxin domain remains unclear. Properties that define bacterial enterotoxins 
include their ability to stimulate net secretion in intestinal segments in the absence 
of inducing histological changes. NSP4 possesses these properties, confirming that 
it functions as an enterotoxin. The early studies and invitro analyses of the response 
of human intestinal (HT29) cells to exogenously added NSP4 led to a working 
model for the mechanism of action of this enterotoxin (Ball et a1 1996, Estes & 
Morris 1999). We hypothesized that an extracellular form of NSP4 functions as 
an enterotoxin after it is released from virus-infected cells. We proposed that 
extracellular NSP4 binds to an unidentified receptor on secretory intestinal cells, 
and activates a signalling pathway that mobilizes [Ca2+]i and leads to C1- secretion. 

2001). 
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Our model predicted: (i) NSP4 is released from virus-infected cells either by cell 
lysis or secretion; (ii) avirulent rotaviruses may possess mutant NSP4 genes; 
(iii) intestinal cells possess a receptor for NSP4; (iv) age-dependent disease results 
from a change in the signalling pathway; and (v) antibody to NSP4 will reduce 
rotavirus-induced disease. 

Further work has provided evidence for each of these predictions. A cleavage 
product of NSP4 can be detected in the medium of virus-infected cells and this 
protein retains enterotoxin activity (Zhang et a1 2000). Sequence analyses of 
virulent/avirulent pairs of viruses detected sequence changes in the NSP4 gene in 
amino acid residues (aa) 136 and 138, and expressed NSP4 with these mutations 
shows reduced enterotoxin activity (Zhang et al1998). These results also indicate 
that the enterotoxin domain extends beyond aa 214-135 and help explain why the 
initial NSP4 114-135 peptide was not as active as the full-length protein. A 
glutathione S-tranferase (GST) fusion protein containing aa 86175 of the 
murine NSP4 also causes diarrhoea in mice (Horie et a1 1999). Binding 
experiments of NSP4 to cells has shown that cells possess a receptor for NSP4, 
but the receptor has not yet been identified (C. Q.-U. Zeng, M. Zhang & M. K. 
Estes, unpublished results 1999). Human intestinal cells exposed to exogenously 
added NSP4 initiate a signalling pathway that involves activation of phospholipase 
C (PLC), elevation in inositol 1,4,5-trisphosphate (InsPS) and mobilization of 
[Ca2']i (Dong et a1 1997). Crypt cells isolated from mice also respond in a similar 
manner and mobilization of [Ca2+Ii occurs in both young and older mice (Morris 
et a1 1999). Studies in mice lacking the cystic fibrosis transmembrane regulator 
(CFTR) channel provided evidence that age-dependent disease results from an 
event downstream of mobilization of [Ca2+Ii. Since the CFTR channel is a 
CAMP-regulated C1- channel , it was predicted that such mice should still get 
diarrhoea based on rotavirus and NSP4 stimulating a Ca2+-activated C1- channel. 
CFTR knockout mice get diarrhoea following rotavirus infection or NSP4 
treatment, indicating that a different C1- channel than CFTR mediates this effect 
(Angel et a1 1998, Morris et a1 1999). CFTR knockout mice do not respond to other 
classical secretory agonists so the activity of NSP4 in these mlce shows that NSP4 is 
a novel secretory agonist (Morris et a1 1999). C1- secretion is age-dependent in 
CFTR knockout mice, indicating that age-dependent disease may result from 
an age-dependent induction, activation or regulation of this C1- channel 
(Morris et al 1999). This pathway would be one that is activated when NSP4 is 
released from virus-infected cells, possibly by cell lysis, and the affected cells are 
hypothesized to be the secretory crypt cells. Other cell types, including villus 
enterocytes, may also be affected in a similar manner by NSP4. Finally, 
protection studies using the neonatal mouse model have shown that antibody to 
NSP4 can induce protection against disease caused by infection with either simian 
or a highly virulent murine rotavirus (Zeng et a1 2001). Protection consists of a 
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reduction in the number of pups that develop diarrhoea, the severity of disease and 
the duration of the diarrhoea. Exogenous NSP4 has also been shown to alter 
polarized cell transepithelial cell resistance (Tafazoli et a1 2001) and to inhibit the 
Na+-D-glucose symporter in brush border membranes (Halaihel et a1 2000), two 
additional properties that may contribute to pathogenesis. An updated model of 
NSP4 action summarizes these new effects (Fig. 3). 

Additional effects of NSP4 most likely occur by alternative pathway(s) that lead 
to changes in plasma membrane C1- permeability or other efFects on epithelia1 cell 
function that are activated during viral infection when NSP4 is initially expressed 
as a transmembrane ER-specific glycoprotein within infected enterocytes. 
Endogenous expression of intracellular NSP4 in cells can also mobilize [Ca2+]i 
from internal stores but this is a separate process that is not affected by PLC 
inhibitors (Tian et a1 1995). Changes in plasma membrane permeability are seen 
in virus-infected cells, but it is unclear whether these effects result from 
expression of NSP4 or another viral protein (Michelangeli et a1 1991, 1995). 
Future studies of the effects of intracellularly expressed NSP4 may unravel other 
functions and properties of this multifaceted protein. 

Can oar new knowledge of tbe mechanisms ofpatbogenesis be ased t o  improve 
methods of treatment andpreventzon of rotaviras-indaced diarrhoea1 disease? 

The discovery that rotaviruses have multiple effects on polarized epithelia1 cells and 
that these viruses produce an enterotoxin that mimics many of the same effects as 
the virus, raises the possibility that this protein could be useful in the development 
of new methods to prevent or treat rotavirus-induced disease. Other viral proteins 
may also be involved and if additional viral proteins play a role in the complex 
signalling cascades, they might also be useful targets to prevent disease. The 
discovery of the enterotoxin has stimulated new ideas and work on rotavirus 
pathogenesis but many questions remain to be answered in greater detail. It is 
clear that NSP4 is a novel multifunctional virulence factor and secretory agonist 
that can stimulate several cell signalling pathways, and that this protein has been 
used to identify novel calcium binding proteins in tumour cells (Xu et a1 1999). 
Recently, involvement of the enteric nervous system in rotavirus diarrhoea has 
been reported (Lundgren et a1 ZOOO), although the mediators that trigger this 
process remain unknown. NSP4 is one possible factor. Further work is needed to 
dissect all the targets in the NSP4-induced signalling cascades and to understand 
the consequences and targets of the different signalling pathways induced by 
intracellular and extracellular NSP4. Such studies may lead to common 
mechanisms shared with bacterial pathogens that could lead to development of 
broadly active drugs to prevent diarrhoea caused by more than one pathogen. 
Understanding the mechanism of action of NSP4 may lead to new treatments for 
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rotavirus-induced diarrhoea. For example, it is possible that antibody treatment or 
new drugs might be developed to treat children or animals with rotavirus infection 
and diarrhoea, specifically immunocompromised children with chronic ro tavirus 
diarrhoea. Such potential new therapies may require a more detailed understanding 
of the NSP4 receptor on cells, the NSP4 structure, and whether there are distinct 
signalling pathways for NSP4 action when the protein is expressed endogenously 
versus when cells are exposed exogenously to NSP4. 

A remaining question is whether this enterotoxin action is important in 
rotavirus pathogenesis in children. A direct answer is currently not available, but 
precedents with bacterial toxins indicate that results in animals generally are 
relevant for humans, so it seems likely that NSP4 plays a role in rotavirus 
pathogenesis in humans, Future studies can determine if antibody to NSP4 
correlates with protective immunity and if vaccination strategies that induce 
immunity to NSP4 improve vaccine efficacy. Children do make antibody and 
cellular immune responses to NSP4 (Richardson et a1 1993, Johansen et a1 1999). 
Although there is sequence variability in NSP4, and four genetic groups are now 
known (Ciarlet et a1 2000b), the broad immunity induced by NSP4 in mice protects 
against viruses in at least two distinct NSP4 genogroups (Zeng et al 2001). 
Whether immunity to NSP4 will provide the long sought after correlate of 
protection for rotavirus remains an important issue that needs to be investigated. 

The discovery of the rotavirus enterotoxin raises interest in knowing whether 
other viruses code for enterotoxins. This is obviously important for understanding 
the mechanisms of pathogenesis for other gastroenteritis viruses such as 
astroviruses, caliciviruses, coronaviruses and enteric adenoviruses. This question 
is also relevant for viruses such as HIV that cause a devastating enteropathy. 
Finally, these results emphasize the common mechanisms of pathogenesis shared 
among microbial pathogens. 
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DISGIJSSION 

Green: Every time there has been a new discovery on pathogenesis, the article ends 
with the conclusion that drugs are close at hand that will counteract this 
mechanism. Are there any developments based on these pathogenic mechanisms 
that would lead to a miracle drug? 

Estes: There is nothing at this point. We don’t have a structure, and I think this 
would be important here. What has been exciting about this is that if NSP4 is 
involved in activating enteric nerves, this is a common mechanism for both viral 
and bacterial-induced diarrhoeas. In this case, there might be more interest to try to 
develop some drugs to stop disease. My understanding is that some of the 
pharmaceutical companies didn’t think the market would be big enough. There 
has also been some resistance by people to accept this story. We have tried to 
build evidence to convince people, and this resistance is slowly disappearing. 

Oflt: If one is to have hope for antiviral drugs that inhibit transcription and 
translation, there is a problem to be overcome: by the time clinical symptoms are 
seen, most of the replication that is going to occur has already occurred. By the time 
that you see clinical diarrhoea, has most of the NSP4 that is going to be made 
already been made? Would an anti-NSP4 specific agent have any effect at this stage? 

Estes: I can’t answer that question. With any antiviral for an acute viral disease, 
the question is how you are going to use it. It may be used prophylactically in a 
hospital or daycare setting where there is a wave of viral infection and the agent is 
known. 

Greenberg: Neuraminidase inhibitors work for flu. 
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O@t: But they don’t work very well. 
Mary Estes, Could you speculate on what biological or clinical differences for 

rotavirus infections you could imagine being determined by sialic acid- 
independent or dependent mechanisms of replication? 

Estes: I don’t understand completely how this might affect pathogenesis. It is 
possible that a virus that has the potential to infect cells by both routes, when 
coming down the gastrointestinal tract might begin infecting apically. If 
transepithelial resistance goes down, the virus that is then being produced by 
cells might be available to pass through the altered tight junctions and perhaps 
infect other cells basolaterally. I don’t know whether this virus will cause less 
infection or replicate in a different way. 

Ofit: Do you think that the reason some viruses, specifically RRV, have the 
capacity to replicate or cause diarrhoea across species could be determined by 
sialic acid dependence? 

Estes: I can’t answer that. We were surprised when we found that WC3 was a 
sialic acid-independent virus. 

Greenherg: I was very impressed by the protection against the murine rotavirus. 
Did you have the opportunity to look at shedding as well as diarrhoea in those 
animals? I would assume in this replication-independent anti-diarrhoea effect that 
shedding would be the same in both the protected and non-protected animals. 

Estes: We did not look at this in the murine rotavirus-infected animals, but we 
did in the SA1 1-infected animals. This was because we could do plaque assays and 
we could quantitate the virus as opposed to just doing ELISAs. The surprising 
thing was that there seems to be less replicating virus in the animals that have 
antibody against NSP4. 

Greenberg: There is very little replication with SA1 1 in the mouse. 
Estes: I wouldn’t have expected uny difference in shedding; I was surprised that 

Greenberg: Would your expectation in a human vaccinated with NSP4, for 

Estes: Po ssi bl y . 
Greenberg: Have you had the opportunity to look in any homologous system for 

Estes: No. 
Farthing: Intuitively, I would have thought that the major effect of NSP4 would 

be by intracellular delivery. However, you think that it is released and that there is a 
surface membrane receptor. Is there any evidence that there is a direct intracellular 
effect? 

Estes: That is an important question, and one that has been diflticult to address. 
We know that if you express NSP4 in insect cells intracellularly, it also mobilizes 
intracellular Ca2+, but through a different pathway. This event does not involve the 

we did see an apparent reduction in shedding. 

example, be that there is not only less diarrhoea, but also less shedding? 

less shedding with NSP4 immunization? 
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activation of phospholipase C. At this point, I can’t tell you whether that activation 
of Ca2+ may then be part of changing the transepithelial resistance of a virus- 
infected cell. One of the things that we hope to do in the next several years is to 
begin to look at the intracellular eArects and what these do to the architecture of the 
cell. Again, the problem has been that without a reverse genetics system, it has been 
discult to knock the gene out, which makes it hard to do experiments to examine 
intracellular effects in the context of a viral infection. 

Green: I am intrigued by this 7 kDa cleavage product. What are the sites for the 
cleavage, which proteinase do you think is doing this, and is this a site that is 
conserved in all the strains? 

Estes: One of the things that people have been concerned about in connection 
with this story is that there is significant variation in NSP4 starting at about aa 133, 
which is part of the sequence in which we had originally identified the toxic 
peptide. The place where we are seeing the cleavage is at aa 112. This is a 
rnethionine that is conserved in every sequenced strain, and the cleavage takes 
place between this residue and the one to the left, which is variable. We don’t 
know which protease is involved: it is not something that is obvious, in that it is 
not a trypsin cleavage site. 

Green: How do you know it is cleavage and not an internal initiation? 
Estes: Because if we treat cells with protease inhibitors we don’t see the cleavage 

Greenberg: Is the cleavage occurring extracellularly or intracellularly? 
Estes: Intracellularly. The protease inhibitors will go into cells; some of them are 

small molecules. 
Ldpep: What is the advantage of having this toxin for rotavirus? Is there an 

obvious gain during the infection process for the virus? 
Estes: I think it is important for spread of the virus. If a good secretory 

mechanism exists there will be movement of the virus down the intestinal tract 
and then spread. This is probably true with bacterial diarrhoeas too. The purpose 
is to get the organism out into the environment. 

Ld’ex: It seems that this toxin is killing the neighbouring cells; thus it is likely 
that the virus is not able to replicate any more in the surrounding cells. 

Estes: This killing takes quite a while. In the meantime the virus is still 
replicating. 

Ld’ep: The increase in Ca2+ that occurs in the surrounding cells caused by the 
secreted NSP4 does not seem to be good for virus replication. 

Estes: Ultimately, it will kill those cells, but in the short-term the viruses will still 
replicate and I suspect overall that this helps in the spread of the virus. 

Carter: If you pretreat cells with NSP4, do they still support virus replication to 
the same extent as other pre-treated cells? 

Estes: That is a good question; we haven’t done that experiment, 

product. 
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Ldpe?: Is the susceptibility of MDCK cells also difFerent between sialic acid- 

Estes: We are just doing those experiments now. 
Holmes: Can you introduce this diarrhoea by intraperitoneal inoculation of 

Estes: Yes. 
Hdmes: How do you think this occurs? 
Estes: We did this in very small mice, and we actually thought we were probably 

inoculating it into the intestine. It works much more efficiently if you do surgery 
and put it into the lumen of the intestine. 

dependent and -independent viruses? 

NSP4? 

Greenberg: You can determine that by putting a dye in. 
Estes: We did, but as fast as we could open the animal up the dye was everywhere 

because it diffuses so fast. 
Sag: Have you done any experiments in which you have tried to infect with the 

sialic acid-independent strains and block the infectivity of the sialic acid-dependent 
strains? 

Estes: We haven’t done those experiments yet. 
Saif: With regard to rotavirus pathogenesis, it is my understanding 

from the literature that there is hardly any villous atrophy in the mouse model 
with rotavirus infections (Little & Shadduck 1982, Ward et a1 1990). Is the 
diarrhoea then all related to NSP4 and secretory diarrhoea? Or, if you get a 
malabsorptive diarrhoea in mice, is this caused by apoptosis of villus enterocytes 
that would be different in other animal models where there is villous 
atrophy? 

Estes: We don’t see villous atrophy in mice. We do see vacuolated cells. I 
wouldn’t claim that all the diarrhoea in the mouse is due to NSP4. I think that 
there are probably changes in the transepithelial resistance and other mechanisms 
that could result in the diarrhoea. There is clearly no correlation between 
histological changes and diarrhoea. In rabbits, we see histological changes and 
there is no diarrhoea. There are also other examples of this. 

Saq: My understanding was that in the rabbit models, diarrhoea doesn’t occur 
because of colonic compensation, 

Estes: That is not the case. Margaret Conner has done experiments where she has 
excluded the colon, and these animals still don’t get diarrhoea. 

Koopmans: Is the sialic acid-independent entry dependent on cell 
polarization? 

Estes: The only thing we have done on this is to look at polarized cells. In this 
case the sialic acid-independent viruses go in either way. 

Ldpq: NSP4 doesn’t cause diarrhoea in adult mice, so the process is therefore 
age dependent. Do you think this is because the receptor for NSP4 is not present in 
the adult mice? 
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Estes: We think the receptor is probably there in both young and old mice, but 
we haven't done that experiment directly. We know that in the adult CFTR 
knockout mice there is Ca2' mobilization, suggesting that the signalling pathway 
is activated, which suggests that the receptor is there. 

L @ e X :  Then what is missing? 
Estes: We think it is either the activation or the regulation of the C1- channel. It 

could be something else, but it is downstream of Ca2+ mobilization. 
Koopmans: Mary Estes, from the pathogenesis and neurology studies, do you 

have a hypothesis about what is going on with the intussusception story? 
Estes: I don't think we understand the pathogenesis of intussusception. I 

mentioned earlier that there could be lymphoid hyperplasia that may have to do 
with the eficiency of virus replication in cells. There could also be changes in 
intestinal motility; this could be altered by secondary mediators stimulated by 
vims infection in the intestine or some of the responses of other cells present. 
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Desselberger: It has already been mentioned that there is no reverse genetics 
system for rotaviruses. On the other hand, we have had fascinating insights from 
John Patton into the replication of rotavirus. Why do you think that a reverse 
genetics system for rotaviruses has not yet been established? 

Pattoon: Development of a reverse genetics system has been complicated by both 
the lack of fundamental information on how rotaviruses package and replicate 
their genomes and technical difficulties in introducing functional recombinant 
RNAs into the viral replication cycle. Despite several years of effort, we have as 
yet been unsuccessful in using the vaccinia virus vTF7.3 system as a tool for 
generating a reverse genetics system. We have noted two technical problems with 
this system. First, cleavage of the 3‘-end of viral mRNAs transcribed from viral 
cDNAs with an HDV ribosome leaves a 3‘ phosphate. This may interfere with 
the recognition of the 3’-end of the viral mRNAs by the viral RNA polymerase 
or by NSP3 and therefore may interfere with the entry of the mRNAs into the 
replication cycle. Second, T7 RNA polymerase does not transcribe RNA 
efficiently in the cell from vectors in which the T7 promoter is positioned 
immediately upstream from the 5’-end of a viral cDNA. Despite these problems, 
we have attempted to replace the UP7 gene of one strain of rotavirus with that of 
another, derived from a cDNA, using the vTF7.3 system and a combination of 
neutralizing antibodies for selection. We have also attempted such monogene 
replacement experiments by directly transfecting cDNA derived from VP7 
mRNA into infected cells, instead of using the vTF7.3 system. Neither of these 
approaches has yet been successful, although in both cases it is clear that the 
mRNAs were translated, and at least by that measure, could be considered to be 
biologically active. 

Desselberger: Naked RNA transfection hasn’t worked in other systems. People 
have also made RNA-protein complexes and transfected those, e.g. for reoviruses 
(Roner et a1 1990). Have you tried this? 

Patton: We have tried a few such experiments. Incubation of core proteins with 
cDNA-derived mRNAs will form complexes that can synthesize double-stranded 
(ds)RNA in vitro. But transfection of these complexes into cells does not generate 
infectious virus. Perhaps the addition of these non-structural proteins to the 
complexes and other modifications will eventually yield infectious RNA-protein 
complexes. 
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Greenberg: Have you done positive selection as well as negative selection? 
Patton: What are you going to use for positive selection? 
Greenberg: Puromycin. 
Patton: There are rather convincing data that the secondary structure of 

rotavirus mRNAs plays a critical role in its ability to serve as an efficient template 
for the synthesis of dsRNA. This has to be considered when making chimeric 
RNAs which contain the 5’- and 3’-UTRs of a viral gene and the open reading 
frame (ORF) of a reporter gene such as green fluorescent protein (GFP), 
luciferase or chloramphenicol acetyl transferase (CAT). Such chimeric RNAs 
probably lack the cis-acting signals that promote the synthesis of dsRNA in an 
eflrective way. Generally, we have tried to replace the VP7 gene of a mono- 
reassortant such as DxRRV with a cDNA-derived VP7 mRNA that could 
change the reassortant back to wild-type RRV. In this case, the positive selection 
comes from the fact that the wild-type RRV grows much better than the 
reassortant. Negative selection comes from using neutralizing antibodies to 
inactivate parental virus containing I> VP7. 

Desselberger: Did you use the plasmid cDNA transcription and plasmid 
expression approach? 

Putton: To some extent, but we haven’t been successful with that. The possible 
combinations and permutations in designing such experiments go on and on. To 
say that we have reached the end of the road on that approach is not true. 

~ ~ t s o n :  In the cryoelectron microscopy experiments, VPl , VP2 and VP3 appear 
to be foci for RNA organization. Is there anything that organizes rotavirus RNA in 
the test-tube? What organizes the RNA, and will knowing this be crucial to 
recovering viable virus? 

Prasad; If you mix all these particles you will not be able to incorporate the 
dsRNA which is outside. Somehow, the dsRNAs must be threaded through the 
virus-like particles (VLPs), which have VP1, TIP3 and VP2 and VP6. This may not 
be possible, The packaging could be concomitant with the assembly of the VPll 
VP2JVP3 complex. 

M~tson: If you start with a VLP and have to thread RNAs into it, this would be 
difficult . 

Prusud: It probably wouldn’t be possible. 
Matson: What if you start with something else? Can you organize around that? 
Desselberger: Frank Ramig, -I believe you have tried to package heterologous 

RNA into the open cores? 
Rum&: We tried t9 do that thinking that perhaps these dsRNA viruses are a 

degenerate negative-strand virus, because they have their own enzymes. We 
thought we would try to reconstitute the nucleocapsid. We were never able to do 
this with soluble proteins. Furthermore, we were not able to replicate and get the ds 
product packaged in the replicase particle. If we could get it packaged it might 
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transcribe. John Patton talked about using an antibody selection. We have done 
the same using an anti-VP7 antibody, We made, by old-fashioned means, the 
reassortant that we were trying to reconstruct and found that it existed and 
neutralized as predicted with the antibodies we wanted to use for selection. We 
still couldn’t select what we were looking for. It is a problem that is becoming 
frustrating enough that we don’t want to pursue it. 

illonroe: In a sense we are talking about reverse genetic systems that don’t work. 
We are missing some of the fundamental biology of how these viruses work. 

Green: Frank Ramig mentioned that NSP3 down-regulated replication in in vitro 
systems. Is there any way of up-regulating replication in vitro? 

Ramtq: Not that we have looked at. 
Patton: It seems that anything you add is more likely to inhibit than to enhance it. 
Ramig: What happens if you add NSP2? 
Patton: It will inhibit dsRNA synthesis through a mechanism that is not known 

Arias:  In the absence of a reverse genetics system, has anyone tried 
complementing a missing or defective protein function by expression of a 
functional transplanted gene? 

Cohen: We have a cell line constitutively expressing NSP3 and this therefore 
facilitates the translation of viral messages. These cells have been transfected with 
viral mRNA, but after three passages no infectious virus was detected. 

Ramig: Did you screen the unmapped temperature-sensitive (ts) mutants against 
that cell line to sec whether they would complement? 

Cohen: No. 
Ramig: We are currently making and characterizing cell lines expressing several 

proteins for which we do not have ts mutants mapped, We want to determine 
which ts mutants identify and group those genes by co~plementation, 

Prasad: John Patton, in the model that you proposed with a complex of NSP2, 
NSP5 and VP1-3, where is the selectivity coming from for packaging each of the 
11 dsRNAs into each particle? 

Patton: I have no idea. This is a mystery for all of us working on the Reoviridae. 
Prasad: How much do we know about the role of host cell proteins in either 

assortment or for bringing correct mRNAs to the proper place? 
Patton: The role of host proteins in assortment or trafficking has not been 

documented. But it would seem reasonable to suspect that the cytoskeletal 
components of the infected cell would play an important role in moving viral 
mRNAs and proteins to the viroplasm. 

Ldpe?: Dr Prasad, in your model, do you suppose that there might be 12 genes in 
each viral particle? 

Pramd: We have made it look like 12 because of the ieosahedral symnletry 
implicitly used in our reconstructions. We had to have 12, but this will not be 

to us. 
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true in real life. In the case of the reoviruses there would be 10 genes and 10 
transcription complexes, and in rotaviruses there will be 11. Eleven sites are 
occupied and one site is empty. As far as structural analysis is concerned we have 
95% occupancy. It is the same question with the VP4: that it is an idealized structure 
showing 60 spikes, but in reality, each particle may only have 30 or 40. In each 
particle there are 11 corners and 11 transcription complexes acting upon 11 
genes. One of the sites is empty. Some of the particles may not even have all 11 
segments. Even with the biochemistry, all the experiments suggest that on 
average every particle has 11 segments. 

Desselberger: I disagree. It has been shown by several people that when one takes 
a highly purified particle suspension and measures the infectivity, one can obtain an 
infectivitylnumber of virus particles ratio of almost one particle per plaque- 
forming unit (e.g. Hundley et a1 1985). If you then estimate the concentration of 
the genomic RNA segments on gels and measure according to size, they are present 
in equimolar amounts. This strongly suggests that particles package exactly 11 
segments per particle with a great degree of precision. 

Ranzig: I don’t think that you can exclude the virus packaging 12. You can argue 
that it doesn’t package less than 11. 

Prasad: The structural results from rotaviruses, bluetongue viruses and 
reoviruses all indicate why we have never seen more than 12 segments in any of 
these dsRNA viruses. It is probably a structural constraint. 

Patton: The analysis of rotavirus variants containing genome segments with 
rearrangements and deletions indicates that the headful mechanism of packaging 
does not apply in the case of the rotaviruses. For example, non-defective variants 
have been described in which the gene 5 segment contains an extra 1000 nucleotides 
or lacks 500 nucleotides, indicating that RNA size is not a factor in packaging of 
the core. This dif€ers from the segmented dsRNA bacteriophage phi6 for which 
data have been obtained that successful packaging occurs by a headful 
mechanism. 

A rias: In our experience with animal strains there is one infectious particle for 
about every hundred physical particles, and in human viruses this ratio can be 1 in 
10 000. Could you speculate about why there are so many defective virus particles? 

Prasad: This could be for several reasons. One is that VP4 assembly may be a 
factor. I don’t think a ratio of one to one has been reported; it is more like one 
infectious particle per hundred particles. 

Desselberger: It depends on the system. Low infectious particle to actual particle 
ratios were found for highly cell-culture adapted viruses. 

Matson: What is it for SA1 1 /4F? 
Ramig: The plaque-forming unit to particle ratio for SA1 1 /4F was 12.4 (Burns 

Matson: So Dr Prasad’s structures are of viable viruses? 
et a1 1989). 
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Prasad: Those are the two factors that I can think of: VP4 and not having the 
correct number of segments in each particle. Perhaps there are more, 
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Correlates of protection against 
rotavirus infection and disease 
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Abstract. Repeated infections with the ‘mucosal’ pathogen rotavirus are common in 
children. Subsequent rotavirus infectlons usually cause milder symptoms than first-time 
mfections. Therefore, although natural rotavirus infection attenuates the severity of 
subsequent infections, It does not prevent reinfection or mild disease. On the other 
hand, natural infection with ‘systemic’ viruses such as measles, mumps, rubella, or 
varicella often confers life-long protection against mild disease assouated with 
reinfection. The degree to which differences in the pathogenesls of systemic and 
mucosal pathogens determines differences in the capauty of natural infection to induce 
life-long protective immunity will be discussed. This paradigm will be used to explore the 
immunological effector functions associated with protection against rotav1rus challenge. 

200 I Gastroenterrtzs vzruses. Viley , Chtchester (Novartts Focrndation Symposium 238) 
p 106-124 

Rotaviruses were first discovered to be a pathogen in humans more than 25 years 
ago (Bishop et a1 1973). Since that time, they have been found to be the most 
important cause of acute gastroenteritis in infants and young children 
throughout the world (Black et a1 1981, Ho et a1 1988). Because of the worldwide 
impact of rotavirus infections, immunological correlates of protection against 
rotavirus infection and disease have been extensively studied. What has emerged 
from these studies is a clear picture of how natural rotavirus infection protects 
against disease caused by subsequent infections, and why it will be dificult to 
develop a vaccine that confers lifelong protection against mild rotavirus disease. 

Natural rotavirus infection induces protection against disease 
caused by reinfection, but protection is often incomplete 

Natural  infection of newborns causesprotection against moderate-to-severe, 
but not mil’d, disease caused by reinfection 

Evidence that natural rotavirus infection induces protection against disease caused 
by reinfection was provided first by Ruth Bishop and colleagues (Bishop et a1 
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TABLE 1 
against rotavirus disease associated with subsequent infection during childhood 

Capacity of rotavirus infection of newborns ( < 1 month of age) to protect 

Severzty of disease (%) 
~ _ _ _  

Irzf ctedas newborn (E) A.sy.’nptomatic Mild Moderate Severe 

No (20) 
Yes (24) 

15 
63 

15 30 40 
13 25 0 

1983). Newborns in Melbourne, Australia were screened in the first two weeks of 
life for the presence of rotavirus in stools by electron microscopy. Twenty infants 
who did not excrete rotavirus and 24 infants who did excrete rotavirus were 
followed prospectively for 3 years. The incidence of reinfection was 
indistinguishable in the two groups (550/0 in infants infected as newborns and 
54% in infants not infected as newborns). Therefore, rotavirus infection did not 
protect against reinfection. 

However, rotavirus infection during the first 2 weeks of life did protect against 
moderate-to-severe disease associated with reinfection (Table 1). Whereas 70% of 
children with first-time rotavirus infections had moderate-to-severe disease 
associated with reinfection, only 25% of children with subsequent rotavirus 
infections had moderate-to-severe disease. 

Natzlral znfection of infants ca~xesprotectzon agaznst moderate-to-severe 
dixeaxe independent oftbe severitJy of the prima? infection 

David Bernstein and co-workers (Bernstein et a1 1991) studied children 2-12 
months of age prospectively for two years (Table 2). Similar to studies done by 
Bishop and co-workers (Bishop et a1 1983), the percentage of infants infected 

TABLE 2 Capacity of symptomatic or asymptomatic rotavirus infection of infants 
( t l  year of age) to protect against rotavirus disease associated with subsequent 
infection during childhood 

Presence or seventy afreinfectzon (%) 

Infectedas znfant (n) Unznfected A yymp tomatzc Symptomatic 

No (82) 65 24 11 
Yes (60) 93 3 3 
Asymptomatic (20) 95 5 0 
Symptomatic (40) 93 3 5 
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with rotavirus between 2 and 12 months of age that were protected against 
symptomatic disease was lower than that found in infants who were not infected 
in the first year of life (3% vs. 11%). This study extended the findings of Bishop 
in two important ways. First, protection was aaorded by natural infection that 
occurred anytime in the first year of life. Second, protection caused by a first-time 
natural infection occurred independent of the severity of that infection. The 
percent of children with symptomatic reinfection following asymptomatic or 
symptomatic primary infection was similar (0% vs. 5%). 

Taken together, the studies described above showed that an asymptomatic 
infection of newborns or infants could protect against symptomatic disease 
associated with reinfection. Because the goal of a rotavirus vaccine would be to 
mimic an asymptomatic infection of infants, these initial findings were 
encouraging for the development of a successful rotavirus vaccine. 

Protection against moderate-to-severe disease resdtx 
f rom two natzlral rotavirm infectzons 
VelBzyuea and co-workers (Velizquez et a1 1996) studied 200 Mexican infants from 
birth to 2 years of age (Table 3). Similar to previous studies, they found that (1) 
independent of the severity of the first infection, protection was afforded against 
disease associated with reinfection and, (2) a single natural infection protected 
against moderate-to-severe disease (87% efficacy) as compared with protection 
against mild disease (73% efficacy) or asymptomatic reinfection (38% efficacy). 
Investigators extended previous studies by showing that all children (1 00%) were 
protected against moderate-to-severe rotavirus disease subsequent to two natural 
rotavirus infections. 

Natural rotavirus infection induces protection against disease 
caused by reinfection, but protection is often short-lived 
Whereas children commonly develop symptomatic rotavirus infections with the 
same rotavirus serotype one year after a primary rotavirus infection, it is 

TABLE 3 
symptomatic reinfection 

Capacity of one, two or three natural rotavirus infections to protect against 

Protection against znfectzon or disease (%) 

No. ofpreuiozis infections A gmpomatic Mild Moderate-to-severe 

38 
62 
74 

73 
75 
99 

87 
100 
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uncommon for children to be symptomatically infected with the same rotavirus 
serotype twice within the same season (a rotavirus season in temperate climates is 
about 4 months long) (reviewed in Ofit 1996). Therefore, complete protection 
against disease (i.e. protection against mild, moderate and severe rotavirus 
disease) associated with rotavirus reinfection is relatively short-lived. A number 
of investigators have determined why complete protection following natural 
rotavirus infection is short-lived. 

Protection against ymptomatic rotavirus infection is mediated by virus-specz$c 
secretory I g A  present at  the intestinal mzicosal surJrdce 

Barbara Coulson and co-workers (Coulson et a1 1992) studied 35 infants and young 
children acutely infected with rotavirus. Faecal specimens were collected every 
7-1 0 days for 1-2 years and tested for the presence of rotavirus-specific IgA. Faecal 
virus-specific IgA was presumed to correlate with the presence of virus-specific 
IgA at the small intestinal mucosal surface. Two groups of children were defined; 
one group had persistently high levels of virus-specific IgA (12 children) and the 
other did not (23 children), The investigators found that during intervals when 
virus-specific IgA was detected in the faeces months after acute rotavirus 
infection, the mean annual rate of symptomatic rotavirus reinfections was 
significantly less than that found in children who did have virus-specific IgA in 
the faeces (0.51 vs. 2.14). 

Matson et a1 (1993) extended the findings of Coulson et a1 (1992) by showing that 
the level of virus-specific IgA detected in the faeces correlated with the severity of 
disease associated with reinfection. One hundred and twenty nine children in day- 
care centres between 10 and 18 months of age were tested weekly for the presence of 
rotavirus-specific IgA in faeces and studied for approximately 1 year. Children with 
high levels of rotavirus-specific IgA (geometric mean of 1:1290) in faeces were 
significantly less likely to be infected than children with lower levels of virus- 
specific IgA (geometic mean of 1 :438). Similarly, children with even lower levels 
of virus-specific IgA in faeces (geometric mean of 1:139) were more likely to 
develop symptomatic rotavirus infection than children in either of the other two 
groups. 

Co~plete protection against rotavirus disease following natural infection is short- lived 
became prodmtion of virw-specific IgA  at the intestinal mzicosal suface is often short-lived 

In the studies of Coulson and Matson (Coulson et a1 1992, Matson et a1 1993), many 
children no longer had detectable virus-specific IgA in faeces one year after natural 
rotavirus infection. These studies are consistent with those of Grirnwood et a1 
(1 988) who found that rotavirus-specific sIgA was not detected in either the 
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faeces or duodenal fluids obtained from infants 75 days after acute rotavirus 
infection. 

Whereas complete protection against rotavirus disease following 
natural infection is mediated by high levels of virus-specific IgA 
present at the intestinal mucosal surface, modification of rotavirus 
disease is likely mediated by the digerentiation of virus-specific 
intestinal memory B cells to antibody-secreting cells 

Protection against subsequent infection following natural rotavirus infection is 
similar to that caused by infection with ‘mucosal’ viruses such as influenza virus 
and respiratory syncytial virus (RSV). Similar to rotaviruses, protection following 
infection with influenza or RSV is often short-lived (lasting less than 1 year) and 
incomplete (protection against moderate-to-severe, but not mild disease). These 
findings are in contrast to protection following infection with ‘systemic’ viruses 
such as measles, mumps, rubella or varicella. Protection following infection with 
‘systemic’ viruses is often long-lived and complete. 

Differences in the capacity of ‘mucosal’ and ‘systemic’ viruses to induce long- 
lived and complete protection against disease caused by reinfection are explained 
by differences in the pathogenesis of natural infection. ‘Mucosal’ viruses replicate 
solely at mucosal surfaces at the site of entry into the host. Because the pathogenesis 
of mucosal viral infection does not involve replication of virus at sites distant to the 
mucosal surface, incubation periods are short (usually lasting between 1-4 days). In 
contrast, viraemia is an important component of ‘systemic’ viral infections. 
‘Systemic’ viruses replicate at sites distant to the mucosal surface of entry, and 
usually undergo primary, secondary and occasionally tertiary sites of replication. 
Spread to and replication in sites distant to mucosal surfaces takes time, so that 
incubation periods following infection with ‘systemic’ viruses are usually long 
(lasting between 8 and 14 days). 

Both ‘mucosal’ and ‘systemic’ viral infections induce virus-specific memory 
B cells following natural infection. Following reinfection, these B cells 
differentiate to antibody-secreting cells - a process that takes about 3-5 days. 
However, 3-5 days is outside the incubation period of most ‘mucosal’ viral 
infections. Therefore, following reinfection with ‘mucosal’ viruses, symptolns of 
the disease will appear before B cells in the mucosal lamina propria digerentiate to 
Ig A-secreting cells. The consequence is that memory B cell responses following 
reinfection with ‘mucosal’ viruses results in a modification of disease associated 
with reinfection (protection against moderate-to-severe disease), but not 
complete protection against disease (protection against mild, moderate and 
severe disease). In contrast, differentiation of virus-specific memory B cells to 
antibody-secreting cells following reinfection with ‘systemic’ viruses occurs 
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before symptoms begin. Therefore, protection following reinfectlon with 
‘systemic’ viruses is often complete. 

Animal model studies support the hypothesis that complete 
protection against rotavirus disease following reinfection is mediated 
by virus-specific sIgA present at the intestinal mucosal surface 

Studies of the immunological correlates of protection against rotavirus disease in 
infants and children are limited to coproantibodies. The presence of rotavirus- 
specific IgA in faeces presumably reflects production of antibodies by small 
intestinal lamina propria lymphocytes. However, direct detection of virus- 
specific IgA-secreting cells in the intestinal lamina propria, or a more definitive 
comparison of the relative importance of virus-specific IgA and virus-specific 
cytotoxic T lymphocytes, requires studies of experimental animals. 

Protection against disease caused by rotavirm reinfection ispredicted by t b e f r e ~ u e n ~  
of rotat)irux-speczjic IgA  -secretzng cells in the small intestinal lamina propria 

Yuan, Saif and co-workers (Yuan et a1 1996) determined the immunological 
correlates of protection against rotavirus disease in neonatal gnotobiotic pigs. 
They found that pigs orally inoculated with a virulent human rotavirus 
(strain Wa) developed diarrhoea and were completely protected against challenge 
21 days later with virulent Wa rotavirus. In contrast, pigs orally inoculated with 
an avirulent strain of Wa were only partially protected against challenge with 
virulent Wa virus. Protection against challenge correlated with the frequency 
of virus-specific IgA-secreting but not IgG-secreting cells in the small intestinal 
lamina propria, mesenteric lymph nodes and blood as detected by EEISpot assay. 

Protection a<qainst rotavirus disease cau.red by reigfection i s  mediated by 
vir~s-speczjic antibodies, not uiras-speczjic gtotoxic T Lymphoc_ytes 

To determine the relative importance of virus-specific antibodies and virus-specific 
cytotoxic T lymphocytes in protection against disease caused by rotavirus 
reinfection, mice lacking I3 cells (JHD knockout mice) or 71 cells (p2- 
microglobulin-knockout mice) were studied. Both McNeal, Ward and co- 
workers (McNeal et a1 1995) and Franco & Greenberg (1995) found that J13D- 
knockout mice were not protected against viral shedding caused by rnurine 
rotavirus challenge following immunization with murine rotavirus. In addition, 
Franco & Greenberg (1 995) found that ~2-rnicroglobulin-knockout mice were 
fully protected against reinfection with murine rotavirus. Therefore, protection 
against shedding caused by rotavirus reinfection was mediated by virus-specific 
antibodies and not virus-specific cytotoxic T lymphocytes. 
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Animal model studies support the hypothesis that modification 
of rotavirus disease is mediated by the differentiation of 
virus-specific memory B cells to IgA-secreting cells in the intestinal 
lamina propria 
To determine the capacity of IgA generated from intestinal virus-specific memory 
B cells to protect against challenge, Moser, Offlt and co-workers (Moser et a1 1998) 
examined mice orally inoculated with simian strain RRV. They found that 16 
weeks after immunization with RRV, virus-specific IgA was not produced by 
small intestinal B cells located in the lamina propria as determined by fragment 
culture. However, approximately 4 days after EDIM challenge, virus-specific 
IgA was produced by lamina propria B cells at a level significantly greater than 
that found in unimmunized mice. Production of virus-specific IgA 4-6 days after 
EDIM challenge correlated with ablation of viral shedding observed 4-6 days after 
challenge. Therefore, following immunization with RRV, mice were partially, but 
not completely, protected against shedding following challenge; ablation of viral 
shedding occurred several days, but not immediately, after challenge. This model is 
consistent with the hypothesis that virus-specific IgA generated from memory B 
cells is associated with amelioration, but not complete protection against 
challenge. 

In contrast, several investigators found that immunization of mice with murine 
rotavirus strain EDIM induces long-lived production of virus-specific IgA at the 
intestinal mucosal surface and complete protection against challenge. McNeal & 
Ward (1975) found that mice orally immunized with a dose of EDIM continued to 
produce intestinal virus-specific IgA, and were completely protected against 
challenge, Therefore, murine rotavirus strain EDIM might induce an immune 
response in mice that is very different from that found in humans naturally 
infected with human strains. Whereas many infants naturally infected with 
rotavirus no longer produce virus-specific IgA at the intestinal mucosal surface 
one-year after infection, mice continue to produce virus-specific IgA for at least 
one-half of the total life of the animal. Long-lived production of virus-specific 
IgA following ED1M immunization is associated with long-lived complete 
protection against challenge. 

Summary 

The best rotavirus vaccines will be those that induce long-lived, complete 
protection against subsequent challenge. Complete protection can only be 
accomplished by long-lived production of virus-specific IgA at the intestinal 
mucosal surface. However, even following natural infection with rotavirus, 
production of virus-specific IgA by intestinal E) cells is often short-lived. 
Therefore, the challenge to rotavirus vaccines will be to produce a vaccine that 
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induces an immune response that is longer-lived than that which occurs after 
natural infection. It might be of value to esplore the characteristics of EDIM 
infection in mice to determine why this particular infection induces long-lived 
virus-specific IgA responses that result in long-lived complete protection against 
challenge. 
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Vesikari: A simple question: as much as you talked about IgA, you did not 
mention what the target antigens of this IgA are. What are they? 

Ofit: There are a number of studies that have looked at the relative capacity of 
the diEerent rotavirus proteins to induce virus-specific antibodies. The most 
compelling of these show that VP4 or VP7, or both, appear to invoke antibodies 
which neutralize virus infectivity zn vitro and appear to protect against challenge 
in ViZJO. 

Veszkari: 1: appreciate that answer, but my question was specifically about this 
IgA known to be protective in many systems. 

Sa$ A summary of our findings for human rotavirus (human Wa strain 
infection of gnotobiotic pigs) may shed a bit of light on this. Paul Offit has 
already presented the first part. If we give virulent human rotavirus orally to 
pigs, we can induce a high degree of protection against virus shedding and 
diarrhoea (Saif et a1 1996, Ward et a1 1996, Yuan et a1 1996). This correlates with 
the high IgA antibody-secreting cell numbers in the duodenum; we see very low 
numbers in the systemic lyrnphoid system such as the spleen (Yuan et a1 1996). 
After oral inoculation of pigs with the attenuated Wa rotavirus, one can see that 
we get similar protection rates against diarrhoea to those obtained in the oral 
rotavirus human clinical trials. Three doses (63% protection) are better than two 
doses (36% protection), and these protection data also correlate with 1:gA antibody- 
secreting numbers in the duodenum of the small intestine compared with the 
results in the spleen where we get more IgG antibody-secreting cells (Saif et a1 
1996, Yuan et a1 1996). If we give the inactivated virus to pigs parenterally with 
adjuvant or orally without adjuvant, we get low numbers of IgA antibody- 
secreting cells in the intestine and low protection against diarrhoea and virus 
shedding (Yuan et a1 1998). What we have done lately, to address your question 
about which proteins might be important, is to inoculate the 2/6 Wa rotavirus-like 
particles (VLPs) intranasally three times with mutant Escberichza coli heat-labile 
toxin (LT), because we wanted to compare these responses in pigs with the 
responses generated in mice to these same types of 2/6 VLPs (Yuan et a1 2000). 
We got low numbers of IgA antibody-secreting cells in the small intestine and 
higher numbers of IgG antibody-secreting cells. In the pig model we could not 
induce protection against rotavirus diarrhoea or shedding by the intranasal route 
with mutant LT toxin and 2/6 VLPs. We think that VP6 alone, in terms of the 
experimental model of antibody-induced protection against diarrhoea, was not 
efkctive. However, because of the intussusception reports in terms of the 
attenuated, live rotavirus vaccine, we tried a combination vaccine (L. Yuan & 
L.F. Saif, unpublished results). Our first approach was to try the 2/6 Wa VLPs 
given intranasally twice, followed by attenuated Wa virus given once orally. This 
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did induce some protection against diarrhoea. There were some IgA antibody- 
secreting cells in the intestinal tract and more IgG antibody-secreting cells in the 
spleen. This was not optimally protective, but it was a little better than giving the 
VLPs alone. Our recent studies suggest that if we give one dose of attenuated Wa 
orally followed by two doses of 2/6 VLPs plus mutant LT intranasally, we get a 
high degree of protection against virus shedding and diarrhoea and a moderate-to- 
high number of IgA antibody-secreting cells in the intestinal tract. This suggests to 
us that we probably need to prime with an intact virus that has VP4 and VP7 but for 
some reason we can come back via a different mucosal route, intranasally, and boost 
effectively only with 2/6 VLPs. The mechanisms involved are unclear, but may 
involve cross-reactive, primed CD4’ T cells. 

Koopmlans: In connection with the data that Linda Saif described, we have some 
experience with work on polio virus. In The Netherlands we use an inactivated 
polio vaccine whereas almost all other countries use the oral live poliovirus 
vaccine (OPV). We have shown in human volunteers that people who had prior 
mucosal infection either with wild-type or OPV, get a very prominent booster IgA 
response with the injectable vaccine given later. We have shown from sorting 
circulating lymphocytes, that they are on their way to mucosal surfaces 
(Herremans et a1 1997,1999). 

JaiJ Was this in children? 
Koopmlans: This was in adults. 
08.: The notion that one can boost a mucosal immune response by giving a 

parenteral vaccine only if there has already been a mucosal priming has also been 
shown for influenza. One of the reasons that the inactivated influenza works so 
poorly in children less than two years of age is that they haven’t already been 
primed. It is hard to prime the immune system by giving a parenteral vaccine, 
but the vaccine does have some efficacy in older people because it acts as a booster. 

Desselberger: With regard to the antigen against which protection might be 
directed, of course antibodies against VP4 and VP7 would be neutralizing, but 
there are data from Harry Greenberg’s lab (Burns et a1 1996), in which they 
showed that the VP6-specific IgA in the mouse ‘backpack’ model produced 
protection from shedding. There are also data from John Herrmann’s group 
who tested a VP6-specific DNA vaccine and produced partial protection 
(Herrmann et a1 1996, Chen et a1 1997). The possible mechanism is that VP6- 
specific IgA antibodies transcytose as shown in Fig. 1 (Desselberger), interact with 
bilayered particles in the viroplasm and aggregate them. There are some good data 
from the influenza field by Mazanec et a1 (1992), who showed that influenza-virus- 
infected cells that were grown on a semipermeable membrane and were 
transcytosed with a nucleoprotein-specific IgA produced a significantly decreased 
titre of virus. I also remember that Harry Greenberg’s group produced some data 
at a recent meeting trying to elucidate this model for rotaviruses. 
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FIG * 1. ( ~ e ~ ~ e ~ b e ~ g e ~ ~  Model of IgA transport and possible intracellular neutralization of 
rotavirus single-shelled particles in viroplasm by transcytosed VPG-specific IgA. IgA dimers 
are secreted from B cells located in capillaries or in the submucosa. IgA-SC dimers then bind 
to the basal plasma membrane of epithelia1 cells which express SC acting as a polymeric IgA 
receptor. IgA-SC is endocytosed and found in lysosomal compartments where it loses SC. It 
can then bind to specific proteins intracellularly ; rotavirus VPG-specific IgA is thought to bind 
to single-shelled subviral particles which are often arranged in paracrystalline arrays in the 
viroplasm. (Reproduced from Desselberger 1998.) 
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Estes: We have to be careful when we are interpreting these data as to whether we 
are talking about model systems where people are measuring protection from 
infection, or model systems where people are measuring protection from 
disease. 

Bishop: The IgA response in the intestinal tract must be at least partly due to VP6 
because it can be measured by ELISA. There is neutralizing antibody there as well 
which can be measured in a neutralizing antibody assay (Coulson & Masendycz 
1990). It is still dificult to identify the components of the intestinal tract response 
to individual viral proteins, even though it is possible to show a full range of 
responses in serum to viral proteins (Richardson et a1 1993, Johansen et a1 1994). 

Greenberg: It seems that the number of memory B cells is also relevant to 
protection. Paul Offit, you are correct that it takes time for memory cells to 
become effector cells; the more memory cells you have, the faster this appears to 
occur, because the rate at which IgA is generated increases. In effect, the more 
memory cells you have in the gut, the better off you are after infection. How 
memory cells get into the gut and stay in the gut would be another fruitful 
research direction. 

Ofit: We have data which I didn’t show that are relevant here. We did an in vitru 
analysis in which we tried to identify the frequency of memory B cells within gut- 
associated lymphoid tissue at various intervals after immunization with RRV. We 
found that 16 weeks after immunization, the principal location of virus-specific 
memory I3 cells was in the lamina propria. They were much less commonly 
present in the Peyer’s patch, in the spleen, or in the mesenteric node. In fact, both 
the number and the site of memory E3 cells determined protection against shedding 
associated with reinfection. You are right; it is not just memory B cell number, it is 
also where they are. I would say, though, that even in the best of immunization 
schemes, it still took a number of days to elicit antibody-secreting cells from 
memory B cells. Once we had infected and allowed that infection to become 
quiescent in terms of production of IgA in the lamina propria, it still took at least 
four days in order to detect virus-specific antibody secreting cells derived from 
memory B cells in the lamina propria. 

Greenberg: If the number was five times higher, it might have been three days. 
Ofit: It is possible; we could never do that. 
Greenberg: That in part happens with wild-type infection. 
O@t: Even with wild-type virus, we could never get to a point of quiescence; 

there was always production of TgA in the lamina propria. 
Greenberg: It becomes a little bit of an ‘apples and oranges’ scenario. It has to do 

with numbers. You also have a hugely increased number of memory cells with 
wild-type. 

Ofit: Absolutely. The problem is that it i s  hard to sort out memory from effector 
cells if there is an ongoing effector cell response. 
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Greenberg: Cells become enteric memory cells because they have molecules on 
their surface that allow them to go to the gut. These molecules have classically 
been the integrin a4P7, but there is a whole set of new chemokines being found 
that also mediate intestinal trafficking. The most widely studied of these to date 
is CCR9 and its counter-receptor TECIC. The ability to manipulate the way in 
which B or 'I' cells develop those molecules on thelr surface would be another 
mechanism by which you could influence mucosal immunity. At the moment 
the only way we know how to do this is to immunize at the mucosal surface, 
but this simply means that there is some form of signalling that occurs at the 
mucosal surface that doesn't happen when you immunize parenterally. 
Presumably one could figure this out and induce memory cells that think 
they want to travel to the gut after systemic immunization. Nelly ICoklin and 
I have asked the question, what is more important: the ability of €3 cells to 
secrete IgA antibody, or the ability of B cells to home to the intestine? We 
have looked at this in a combination of knockout mice in which we can 
delete either IgA or p7. We asked, if you had to have one phenotype, which 
would rather have after a natural infection? The answer was interesting: mice 
that had IgG-producing cells that could home to the intestine were better 
protected than mice that had IgA-producing memory B cells that could not 
home to the intestine. 

Ofit: One always has to insert some level of caution in work with knockout 
mice. Margaret Connor recently published a paper in which she stated that IgG 
could be protective against challenge with rotavirus, in what was essentially an 
IgA knockout mouse (Q'Neal et a1 2000). What was interesting was that in her 
normal animals that were not IgA knockout mice, she was unable to detect virus- 
specific IgG at the intestinal mucosal surface. However, in her IgA knockout mice 
she was able to detect IgG at this surface. This makes you wonder whether 01 not 
these knockout mice had developed some Compensatory mechanism to allow for 
the secretion of IgG onto the intestinal surface. 

Greenberg: That is the point of what I was saying. In the IgA knockout mouse, 
those IgG B cells become a4P7 positive because the mouse compensates and allows 
its IgG cells to express high levels of the gut homing receptor a2P7, 

Ofit: It is still a polymeric immunoglobulin receptor at the basolateral surface. 
Greenberg: I would rather have IgA and homing. 
Ofit: What gets IgG to the intestinal surface when it is a monomeric molecule? 

That is what is interesting. 
Estes: We all know that knockout mice often have compensatory components, 

so we do have to interpret data from them with caution. Since you have raised the 
issue about IgG, we shouldn't forget its importance at the mucosal surface. It is 
clear from most of the natural studies looking at live rotavirus infection in 
animals or children, that the primary response that is measured is IgA. This 
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doesn’t exclude the fact that there is some IgG there, which is also a component of 
protection. If we are thinking about future vaccines, IgG at the mucosal surface 
could also be important. 

O@t: I disagree. I am still not convinced that IgG plays an important role in 
protection against reinfection in the gut, I think it is true in the lower respiratory 
tract. 

Greenberg: The critical question was what can play an important role. In natural 
rotavirus infection there is no doubt that in all the model systems tested to date, 
IgA appears to be a more important effector mechanism than IgG. This doesn’t 
mean that IgG is not capable of being a fully powerful effector mechanism, 
depending on how one immunizes. 

O@t: It still has to get to the intestinal mucosal surface. 
Estes: It does. There is now evidence from a group at Harvard that there is a 

receptor in the intestine that will take IgG to the surface. 
Matson: We evaluated children hospitalized for diarrhoea, but who did not have 

rotavirus diarrhoea at presentation (O’Ryan et a1 1995). All were monitored and 
upon subsequent monitoring some developed nosocomial rotavirus diarrhoea and 
others did not. These children, whose mean age was 4 months, didn’t have any IgA 
antibody, but they did have IgG. This IgG antibody was transplacental and they 
were not breastfeeding. 

O@t: Did they have IgA antibodies in their blood? 
m at son: No. 
Ofit: The question is, was the blood predictive of events that occurred in the 

intestinal mucosal surface? 
Matson: They did not have serum IgA, but serum IgG titres predicted 

protection. This tells me that in natural infections transplacental IgG has some 
sort of a role in protection in the absence of IgA. 

Sag: We have seen IgG antibody-secreting cells in the intestinal lamina propria 
which, in agreement with Paul Oflit’s comment, doesn’t necessarily equate with 
IgG antibodies being secreted onto the lumina1 surface of the intestine, Just 
looking at the IgA literature on the secretory immune system, I would agree with 
the view that high levels of IgG antibodies on the surface of the mucosa is not 
highly desirable in resolving most natural infections, because IgG antibodies 
have the ability to fix complement and create inflammatory conditions there. I am 
not sure that this is the ideal situation. IgG antibodies can come in to play in 
situations where they act as a second line of defence but I think it is not desirable 
to have them in there in a long-term situation such as we see in the serum after 
infection to provide sterilizing immunity. 

Estes: That is the classical interpretation of IgG being present in the intestine, 
but my feeling from all the experiments that Dr Conner has done in rabbits, where 
IgG is present at the mucosal surface, there is no evidence of any infla~matory 
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reaction taking place there (Conner et a1 1993, Ciarlet et a1 1998, O’Neal et a1 1998). 
There may be other regulatory mechanisms that, particularly in rotavirus 
infections, may be different froin what has been seen in the past in other models. 

Bishop: We may be confusing ourselves here with species differences, and 
perhaps with age differences. Grimwood et a1 (1988) looked at children with 
rotavirus infection, and compared duodenal mucosal antibody and serum 
antibody responses. With very few exceptions there was no detectable IgG 
response in gut contents at any level. However, circumstantial evidence 
implicates anti-rotavirus IgG in protection of newborn babies (R. F. Bishop & 
G. L. Rarnes, unpublished results). 

Estes: Let me clarify: in rabbits the primary response to live infection is an IgA 
response, but if you give inactivated virus or VLP it is an IgG response. 

Greenberg: There are two critical questions. First, what happens in a natural 
infection. This is very important because as Paul Offit has said, natural infections 
do lead to protection. As you all know, however, many immunizations are not 
exactly the same as natural infection. Inactivated polio vaccination is not the 
same as wild-type polio infection, and it works just as well in terms of protection. 
It is wrong to assume that every strategy of vaccination has to recapitulate the exact 
form of immunity that occurs in natural infection. If we mix up these two concepts, 
we will be talking at cross-purposes. A virus-like particle administered systemically 
may or may not protect, but if it does protect it sure as heck is not going to protect 
by the same mechanism as a natural intestinal infection. We need to understand 
what the mechanism is. We will hear more about intussusception later in this 
meeting. It is not clear how big a problem this actually is, but to the degree that it 
is a problem, we need to think about what might be an alternative immunization 
strategy if this problem persists with all orally given replicating vaccine candidates. 

.Jd$ However, the polio vaccine story may not be the best example for enteric 
viral vaccines (Saif 1990). With polio vaccines, one can either block viral infection 
locally at the primary site of infection in the intestine by induction of local 
immunity, or one can use inactivated vaccines parenterally to induce systemic 
immunity which blocks the systemic spread the virus to the secondary site of 
infection, the nervous system, Induction of local intestinal immunity appears 
essential to prevent the infection of enterocytes by enteric viruses such as 
rotavirus which do not induce secondary systemic infections outside the intestine. 

Kapikian: Paul Offit, do we need a vaccine that protects better than natural 
infection? The elegant longitudinal studies of Velhzquez and others of rotavirus 
infections in a cohort of 200 children studied from birth to 2 years of age show 
that after two natural rotavirus infections, symptomatic or asymptomatic, no 
child developed moderate-to-severe diarrhoea (Velhzquez et a1 1996). We also 
know from the rhesus rotavirus-based vaccine studies that it is possible to 
achieve 100% protection against hospitalization and severe diarrhoea in certain 
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settings. If a controlled vaccine infection mimics the wild-type infection and 
thereby induces protection, why do we need to achieve better protection than 
occurs under natural conditions? 

08t: I agree. I would say that the goal of the rotavirus vaccine is to prevent the 
moderate-to-severe disease that is associated with hospitalization and death. The 
point I was trying to make was that in that second year after immunization, when 
children are still getting severe disease, it may be of value to give a booster dose to 
keep up that level of IgA antibody. 

Kapikim: If you vaccinate a child three times, at 2 ,4  and 6 months of age, the 
memory should be maintained. 

OBt: Memory only offers you so much. But I agree: the goal of the vaccine is to 
keep the children out of the hospital and keep them from dying, and this is a 
consequence of natural infection. 

Kupikiapz: Dr Chiba and his colleagues deserve credit for elucidating a 
mechanism of protection against rotavirus illness. They showed in an infant 
home in Japan that a serum neutralizing antibody level of 1:128 was protective 
against illness caused by a homotypic virus. I believe that this was the first study 
to demonstrate a clear-cut effect of serotype-specific protection in a naturally 
occurring rotavirus outbreak in humans (Chiba et a1 1986). 

Vesikcvi: He showed that serotype-specific neutralizing antibody protects 
against reinfection, but the great mystery of all rotavirus vaccine studies is why is 
it that these vaccines protect regardless of the serotype of the surface antigen? I 
think some light was starting to be shed on this question when Harry Greenberg 
discovered this intracellular-working IgA. Then the question is, what is the 
mechanism of the IgA that acts intracellularly against VPG? I was very impressed 
by Dr Prasad’s talk last year in Amherst when he showed the VP6 antibody effect to 
be through blocking the channels of nucleic acid release. It is an extremely 
important question as to how a non-neutralizing antibody can actually block 
rotavirus infection. 

Prasad: We have also done the structure of VLPs bound with IgA. The IgA 
binding to VPG causes a conformational change down below. It is affecting the 
transcription, and particularly the translocation of the transcripts through the 
type I channel. 

Greenberg: I want to remind all of you of the old literature, some from Ruth 
Bishop and Barbara Coulson, some by Ian Holmes, some by me, and some from 
Koki Tanaguchi, all of which showed that of the monoclonal antibodies to VP4 
and VP7, some of the molecules were serotype specific, but in all groups there were 
antibodies that were not serotype specific and had varying degrees of heterotypic 
reactivity. While VP6 is a very interesting target, the fact is that both VP4 and VP7 
also represent targets that are capable of generating both type-specific and cross- 
reactive antibodies. There are molecular mechanisms to account for heterotypic 
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immunity at the level of VP4, VP’7 and VP6 on a humoral basis. We keep forgetting 
this. 
Sa$ In regard to VP6, there may be some mechanism whereby it is moderating 

the infection, but apparently in the neonatal gnotobiotic pig model it is not enough 
to control the disease. We did see some degree of reduced virus shedding, although 
it wasn’t significantly different from controls with the 2/6 VLPs alone (Yuan et a1 
2000). In terms of the adult mouse backpack model in John Burns’ and Harry 
Greenberg’s work, the problem there is that you had a physiologically unusually 
large amount of antibody to get to those sites that you would never be able to 
reproduce under normal conditions. In addition, in subsequent studies by 
Ruggeri et a1 (1998), IgA and IgG hybridomas to rotavirus VP6 implanted as 
backpack tumours in neonatal BALB/c mice failed to protect mice against rhesus 
rotavirus-induced diarrhoea, whereas hybridomas secreting IgA monoclonal 
antibodies to rotavirus VP8* protected the neonatal mice. 

Greenberg: The most convincing part of the VP6 data is not the backpack but the 
2/6 VLPs that have also all been shown to protect. 

Sazf: This is in an adult model of virus shedding, not in the neonatal model of 
rotavirus diarrhoea. 

Greenberg: Absolutely correct; that is why I said there is a basis for heterotypic 
immmunity at the level of VP4 and VP7. 

Glass: Paul O&t, in your presentation, you didn’t distinguish that one key feature 
of the epidemiology of rotavirus is the fact that newborns get asymptomatic 
infections. I would guess this might be mediated by maternal antibody and raises 
another mechanism of immunization. I am intrigued that the vaccine developed by 
Drs Ward and Bernstein, strain 89-12, which is a serotype 1 human strain, has caused 
diarrhoea in volunteers and is only partially attenuated. By giving the vaccine to 
infants under 3 months old, it may be maternal antibody that prevents any 
diarrhoea. What does this say about the role of IgG and maternal antibodies? 

OBt: You are trying to distinguish, then, the maternal antibody that is passively 
transferred placentally from the maternal antibody which is passively transferred in 
milk. I think this is not a practical strategy for immunization in the USA, because 
disease occurs commonly in the 6-24 month old, a group not commonly breast- 
fed. 

Glass: The strategy there is to give the natural Wa infection to children who are 
protected by maternal antibody transplacentally. 

Ofit: It would surprise me if that immunization strategy could induce the kind of 
protective response that would be important up to two years of age. 
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A hstruct. There is extenslve anugenic and genomic diversity among co-circulating 
human rotaviruses. They are differentiated into groups, subgroups and types. There are 
at least 7 groups (A-G) and 4 subgroups withm group A. To distinguish types within 
group A, a dual classificatlon system has been established with the glycoprotein VP7 
defitung G types, and theprotease-sensiuve protein VP4 defining P types. At least 14 G 
types and more than 20 P types have been distmgmshed, of which at least 10 G types and at 
least 11 P types have been found in humans. Using the typing system, the complex 
molecular epidemtology of rotaviruses was investigated. Rotaviruses of different G and 
P types co-circulate. The m a n  types found are GlPlA[8], G2PlB[4], G3PlA[8], 
G4PlA[8]; their relative mcidence rates change over time in any one location and are 
different at the same time between different locations. Viruses with GIP constellations 
such as GlPlB[4] and G2PlA[8] are mostly natural reassortants of the co-circulating 
m m  virus types emerging after double infection of hosts. Viruses carrying G and or P 
types not represented in the four most common types, e.g. G8P[8], GlP[6] or G9P[6], 
could be introduced mto the population by reassortment with animal viruses, or directly 
from animals or exouc human sources. Naturally arculating rotaviruses constantly 
undergo pomt mutattons which can be used to classify lineages and sublineages withm 
types. The full significance of human infections with group B and C rotaviruses remams to 
be established. Surveillance of rotavirus types in different parts of the world is essential to 
monitor the emergence of new types or of new G/P constellations which may 
predominate over time. The efficacy and effectlveness of any future rotavirus vaccine 
may differ depending on the predominant natural stram types. Detailed epidemological 
and molecular surveillance data should be utilized to study the transmission dynamics of 
rotaviruses. 

200 1 Gastroenteritis vmises. Wily, Chicbester (Novar t t ~  Foundation Symposzum 238) 
p 125-152 

Rotaviruses are the major aetiologic agent of acute gastroenteritis in infants and 
young children and in the young of many animals (Kapikian & Chanock 1996). 
In humans, rotavirus infections are associated with high morbidity across the 
world and high mortality in developing countries accounting for over 800 000 
deaths per year, mostly in children under 5 years old (Bern et a1 1992, Glass et a1 

125 
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1996). For this reason the epidemiology has been studied intensely (Haffejee 1995, 
Kapikian & Chanock 1996, Glass et a1 1976, Gentsch et a1 1796, Barnes et a1 1778, 
Koopmans & Brown 1999, Iturriza-Gomara et a1 2000a). The high disease burden 
by rotavirus infections in infants and children in many countries has also motivated 
major efforts to develop rotavirus vaccines (e.g. Rennels et a1 1796, Pkrez-Schael 
et a1 1997, Joensuu et a1 1997). In 1998 a rhesus rotavirus tetravalent (RRV-TV) 
human reassortant vaccine was licensed in the USA, but serious side ef€ects 
discovered during the implementation of this vaccine (Anonymous 1999) have 
necessitated the withdrawal in October 1797 (see Kapikian 2001, this volume). 
Alternative rotavirus vaccine candidates are on the horizon, and therefore this 
temporary setback does not diminish the case for continuous surveillance of 
rotavirus strains in the community to prepare for future vaccine implementation. 

Here we review epidemiological and surveillance studies of rotaviruses and 
aspects of their evolution on which the epidemiology is based. 

Rotavirus classification 

Genome structure, proteins, geneprotein assignments and replication have been 
reviewed (Estes 1996) and discussed in previous chapters (see this volume: Prasad 
et a1 2001, Arias et a1 2001, Patton 2001). 

Several viral components have been used to classify and differentiate rotavirus 
isolates: 

The 11 segments of double-stranded RNA constituting the viral genome can be 
easily separated by PAGE, and the RNA migration patterns or profiles thus 
obtained have been used to differentiate strains. 
Epitopes on VP6, the middle layer (inner capsid) trimeric protein of rotavirus, 
encoded by RNA segment 6, determine group and subgroup specificity. 
The two proteins constituting the outer capsid layer, VP7 and VP4, encoded by 
RNA segments 9,? or 8 (depending on strain) and 4, respectively, carry epitopes 
which specify neutralizing antibody responses and thus determine serotypes: 
VP7-specific serotypes are also termed G types (G standing for glycoprotein), 
and VP4-specific serotypes are termed P types (P standing for protease 
sensitive protein). This dual classification system (Estes 1996) is now firmly 
established. 
The genes coding for VP4 and VP? have also been used for genotypic 
classification of strains. For G types, genotypes and serotypes have been fully 
reconciled whereas many P genotypes have not been assigned to a serotype. 
Thus, a rotavirus strain designation is as follows: AlhumanlWa (G1 PlA[$]) 
indicating a human isolate of group A designated Wa of G genotypelserotype 
1, P serotype 1A and P genotype 8, etc. 
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These classification criteria have revealed an enormous diversity of rotavirus 
strains: 

By PAGE so-called c l ~ n g 7 ,  ‘short’, ‘ultrashort’ and ‘abnormal’ RNA profiles 
have been found, designating the relative migration of RNA segments 10 and 
11. 
Rotavirus groups A-E have been firmly differentiated (Pedley et a1 1786), and 
groups F and G are likely to be additional groups (Bridger 1787). Within 
group A there are at least four subgroups (I, 11, I+II, nod-nonII; 
Greenberg et a1 1783). 
There are at least 14 different VP7-specific G types and at least 20 different 
VP4-specific P types of which at least 10 G types and at least 11 P types have 
been found among human rotavirus isolates (Estes 1776, Hoshino & 
Kapikian 1776). 

Epidemiology 

In temperate climates rotavirus infections occur in strict seasonal peaks during late 
autumn/winter/spring (Brandt et a1 1783, Haffejee 1775, Bishop 1776) whereas in 
subtropical and tropical regions rotavirus infections are more evenly spread (Cook 
et a1 1790, Ahmed et a1 1971). The winterlspring outbreaks in infants and young 
children are based on a strong endemicity of the virus. Spread from West to East 
during a season has been observed in the USA (Anonymous 1777) and in Europe 
(Koopmans & Brown 1777). Rotavirus infections of the most common types (see 
below) are most frequently seen in children under 2 years of age, are relatively rare 
in children above the age of 5 years and in adults, but can again cause outbreaks of 
diarrhoea1 disease in the elderly (Kapikian & Chanock 1776). The fact that G and P 
specificity are encoded by different RNA segments (see above) and the observation 
that viruses of the same group are able to reassort readily in doubly infected cells 
has resulted in a large variety of different G/P combinations observed in natural 
isolates (Desselberger 1978). 

Here we review the main epidemiological observations of recent years. These are 
mainly derived from RT-PCR-based typing as the most reliable differentiating 
procedure (Gouvea et a1 1770, Gentsch et a1 1972, 1976, Iturriza-Ghmara et a1 
1997, 2000a). RNA PAGE and serotyping based on ELISA techniques were 
mainly used before 1774, and cogent observations will also be reported. 

The degree of diversity of co-circulating rotavirus strains is remarkable in most 
areas where investigations have been made. Most of the human rotaviruses are of 
group A. However, group B rotaviruses have caused outbreaks of diarrhoea 
among adults (the ADRV [Adult Diarrhoea Rotavirus] being the type strain; 
Hung 1788, Krishnan et a1 1777), and group C rotaviruses have been found to 
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cause small diarrhoea outbreaks in families and to occur sporadically in children 
(Caul et a1 1990, Jiang et a1 1995). 

Among the group A rotaviruses there is co-circulation of viruses of long and 
short electropherotypes, different subgroups and of various serotypeslgenotypes. 
In the 1980s and early 1990s only four G types and no P types were distinguished 
(Table 1) leaving many rotaviruses partially typed or untyped. However, already 
large regional and temporal differences were seen (see references in Table 1). 

With the ability to distinguish more G types and the P types, the situation 
became more complex but also clearer (Table 2 and references therein). In most 
temperate climates viruses of types GlPlA[8], G2PlB[4], G3PlA[8] and 
G4PlA[8] were found to constitute over 90% of the co-circulating strains, 
isolates of GlPlA[8] usually, but not always, being of the highest incidence. 
G2P[4] viruses are usually of subgroup I and ‘short’ electropherotype whereas 
GlP[8], G3P[8] and G4P[8] viruses are subgroup I1 and ‘long’ electropherotype 
viruses. Subgroup I viruses of long electropherotype are infrequently found in 
humans but frequently in animals (see below). However, in other regions of the 
world (Asia, Africa, South America) viruses of other G types in combination with 
various P types have been found, e.g. G5P[8] (Brazil), G8P[6] (Malawi), G9P[6] 
(Bangladesh, India), G9P[8] (USA, Europe) and G9P[ 1 11 (India). Alternatively, 
viruses with common G types and less common P types were also found to 
prevail, e.g. G1 P[4] (Argentina), G1 P[6] (India), G2P[6] (Guinea-Bissau), 
G3P[6] (Malawi) and G4P[G] (South Africa) (Table 2). Various more recent 
studies worldwide on human rotavirus genotypes allow us to detect a wide 
diversity of GIP combinations involving Gl-G6 and GtP-GlO and PE11 to P[4], 
PEG], P[8]-P[12] and PE141 (Table 3) .  

Thus, in many areas of the world the type composition of co-circulating 
rotavirus strains is extremely variable; changes occur quickly over time in the 
same site, and vast differences are recorded between sites at the same time. 

Rotavirus evolution 

What are the explanations for this enormous diversity? Rotaviruses evolve, in 
principle, by three different mechanisms: point mutations, reassortment and 
intramolecular recombination (rearrangement). 

The point mutation rate of rotaviruses was measured in uitro and found to be 
approximately 5 ~ 1 0 - ~  per nucleotide site (Blackhall et a1 1996), i.e. per 
replication of one genome (of approximately 18.55 kbp size) on average one 
mutation occurs. This mutation rate is in close agreement with that of other 
RNA viruses (Smith & Inglis 1987) and approximately 1000 times higher than 
point mutation rates in DNA viruses. Point mutations in particular positions can 
be spontaneous events (i.e. only being found once or twice in isolates), but can also 



TABLE l a  Rotavirus G types detected in epidemiological surveys: EuropelMediterranean 

Rotavirw type3 detected (percentage) 

County (city) Timeperiod na GI G2 G3 G4 Mixed Non-typab’pable Reference 

Italy (rzavia) 

Italy 

‘Europe’ 

UK (Birmingham) 

UK (London, 

Finland 
Birmingham) 

Estonia 

Israel 

Hungary 

France 

Spain 
(Madrid, Barcelona) 

1981-88 

1981-88 

1981-88 

1983-88 

1984-90 

198687 

1989-92 

1987 

1984-92 

1997-98 

199697 

468 68 

450 76 

831 65 

353 54 

781 52 

106 87 

314 36 

97 54 

1215 81 

170 29 

322 68 

0 

3 

3 

20 

9 

4 

5 

10 

4 

7 

0 

0 12 

<1 10 

1 19 

16 9 

3 21 

4 3 

4 6 

0 19 

1 5 

2 60 

2 29 

1 19 

1 9 

1 12 

2 

1 14 

3 

50 

16 

8 

2 

1 

Gerna et al, Scand J Infect Dis 

Gerna et al, Scand J Infect Dis 

Gerna et al, Scand J Infect Dis 

Beards et al, J Clin Microbiol 

NoeI et af, J Clin Microbioll991; 
29: 2213-2219 

Vesikari in: Farthing (ed.), 
Viruses and the Gut 1988; 
pp121-122, London 

Ginevskaja et al, Arch Virol 
1994; 137; 199-207 

Woods et al, J Clin Microbiol 

Szucs et al, Arch Virol1995; 140: 

Gault et al, J Clin Microbiol 
1999; 37: 2373-2375 

Wilhelmi et al, Enferm Infecc 
Microbiol Clin 1999; 17: 
509-514 

1988; 22: 5-10 

1988; 22: 5-10 

1988; 22: 510 

1989; 27: 2827-2833 

1992; 30: 781-785 

169S1703 

- ~~~ ~ ~ ~ 

a Number of rotavirus-positive faeces investigated 



TABLE l b  Rotavims G types detected in epidemiological surveys: North and Central America 

Rotavims gpes detected (percentage) 

Cozhntv (ci fy)  Timeperiod n a  Gi G.2 G3 G4 Mixed ~ o n - g ~ a b ~ e  Reference 

USA (diverse cities) 1987-89 

USA 198688 

USA 197F89 
(Houston, Daycare) 

(Houston, Hospital) 
USA (Ohio) 1981-89 

USA (diverse cities) 1981-88 

Mexico 1984-87 

Mexico 198689 

232 78 2 19 0 Gouvea et al, J Infect Dis 1990; 

134 45 0 30 0 25 O’Ryan et al, J Infect Dis 1990; 

517 44 4 36 10 3 2 Matson et al, J Infect Dis 1990; 

420 82 3 8 4 2  1 Matson et al, J Infect Dis 1990; 

478 73 3 17 1 6 Woods et al, J Clin Microbiol 

132 29 11 10 17 33 Padilla-Noriega et al, J Clin 

162: 362-367 

162: 810-816 

162: 605-614 

162: 605-614 

1992; 30: 781-785 

Microbioll990; 28: 
11 14-1 119 

166 24 16 31 6 23 Woods et al, J Clin Microbiol 
1992; 30: 781-785 

a Number of rotavirus-positive faeces investigated. 



TABLE l c  Rotavirus G types detected in epidemiological surveys: South America 

Rotavirus 9pes detected i n p ~ ~ c ~ ~ t  
~~ 

Cozkntry ( c i ~ )  Timeperiod E‘ GI GZ G3 G4 Mixed ~ o n - 9 ~ ~ ~ ~ e  Reference 

Venezuela 1981-83 134 39 13 18 11 19 Flores et al, J Clin Microbiol 

Brazil (S5o Paulo) 1982-94 94 24 7 28 7 32 Timenetsky et al, J Clin 
1988; 26: 2092-2095 

Microbial 1994; 32: 
2622-2624 

“Number of rotavirus-positive faeces investigated. 

TABLE Id Rotavirus types detected in epidemiological surveys: Australia 
~~ 

Rotavirus apes detected in percent 

Australia (~elbourne)  1973-89 943 53 5 2 11 2 27 Bishop et al, J Clin Microbiol 
1991; 29: 862-868 

aNurnber of rotavirus-positive faeces investigated. 



TABLE l e  Rotavirus types detected in epidemiological surveys: Africa 

Rotavirus types detected in percent 

Comtfy (CiQ) Timeperiod na GI G2 G3 G4 Mixed ~ o ~ - ~ p a ~ ~ e  Reference 

Central African 198585 178 57 12 11 N D ~  
Republic 

20 Ceorges-Courbot et al, J Clin 
Microbiol1988; 26: 668-671 

aNumber of rotavirus-positive faeces investigated 
bNot done 

TABLE If Rotavirus types detected in epidemiological surveys: Asia 

Rotavirus types detected in percent 

Coanpztfy (ci fy)  Time Period n a  GI G2 G3 G4 Mixed ~ ~ n - ~ ~ a ~ ~ e  Reference 

Thailand 1987-88 211 27 43 0 1 

Bangladesh 1987-88 718 20 27 5 15 

China 1982-86 80 47 29 14 0 

Korea 1988 138 38 4 1 0 

India (Bangalore) 1988-94 200 19 11 33 4 

Bangladesh 1987-92 2199 12 16 4 19 

28 Sethabutr et al, J Infect Dis 

Bern et al, J Clin Microbiol 

Woods et al, J Clin Microbiol 

Woods et al, J Clin Microbiol 

Aijaz et al, Arch Viroll996; 141: 

Unicornb et al, J Clin Microbiol 

1990; 162: 368-372 

1992; 30: 3234-3238 
33 

10 
1992; 30: 781-785 

43 
1992; 30: 781-785 

35 

49 
71 5-726 

1999; 37: 1885-1891 

a Number of rotavirus-positive faeces investigated. 



TABLE 2a Rotavirus G/P constellations detected in epidemiological surveys: Europe/Mediterranean 

Rotavirw types detected in percent 

Country (city) Timeperiod iP GlP[8] G2Pj4] G3P[8] G4P[8] Others Mixed Non-typable Reference 

Israel 1991-94 3 S b  
432' 

Italy palerno) 1990-94 108 

Ireland (diverse 199&98 158 
cities) 

UK (diverse 199598 3303 
cities) 

52 6 1 28 GlP[9]1 13 
44 6 1 20 G3P[9]3 26 

38 2 1 52 G9P[8]3 1 
GlP[4] 2 
GlP[6] 1 
G4P[6] 1 

65 18 < 1  12 4 

65 10 3 5 G1P[4] 1 2 10 
G9P[6] 1 
G9P[8] 2 
G2P[8] <1 
G3P[6] <1 
G4P[4] < 1  

Silberstein et al, J Clin 
Microbioll995; 33: 

Arista et al, Arch Virol 
1997; 42: 206.52071 

1421-1422 

O'Mahoney et al, J Clin 
Microbioll999; 37: 
1699-1 703 

Iturriza-Ghara et al, 
J Clin Microbiol2000; 
38: 4394-4401 

"Number of rotavirus-positive faeces investigated. 
bFrom children admitted to hospital. 
'From children attending outpatient departments. 



TABLE 2b Rotavirus G/P co~stellati~ns etected in ~ p i ~ e m i o l o ~ i c a ~  surveys: North & Central America 

Co.mtry (cig) Ti~~peeriod 8' GIPj8] G2Pj4j G3P(8j G4P[8] Utben Mixed ~ ~ o n - ~ p a ~ ~ e  Reference 

USA 1990-92 171 71 2 20 2 GlP[6] 1 3 0 Santos et al, J Clin 
G2P[6] 1 Microbioll994; 32: 

205-208 
USA 1996-97 348 66 8 7 1 G9P[6] 6 

G9P[8] 2 
GlP[G] 1 

8 Ramachandran et al, 
J Clin Microbiol 1988; 
36: 3223-3229 

~ 

a Number of rotavirus-positive faeces investigated. 

TABLE 2c Rotavirus GIP constellations detected in epidemiological surveys: South America 

Comtry (cio) Timeperiod na  G l P j 8 j  G2P[4] G3P[S,? GirPj8] Otber-s Mixed Non-gpable Refreence 

Brazil (diverse 1982-94 130 43 12 6 6 G5P[8] 9 21 Leite et al, Arch Virol 
cities) G2P[8] 1 1996; 141: 236.52374 

G4P[6] 2 
G3P[9] 2 
GlP[4]14 10 17 Arguelles et at, J Clin 

MicrobiolZOOO; 38: 
252-259 

Argentina 1996-98 310 12 43 0 4 
(Buenos Aires) 

"Number of rotavirus-positive faeces investigated. 



TABLE 2d Rotavirus G/P constellations detected in epidemiological surveys: Africa 
- -~ 

Rotavirus types detected in percent 

Country (city) Time period na GIP,'8] G2P[4j G3P[8] G4P[8] Others Mixed Non-typable Reference 

SouthAfrica 198-9 377 57 22 <1 11 G4P[6] 10 Steele et al, J Clin 
(diverse cities) G3P[9] 1 Microbioll995; 33: 

G1P[6] <1 151 6151 9 
Kenya 1991-94 317 24b 17b 1 42b G8P[4]2 15 Nakata et al, J Med 

Viroll999; 58: 
291-303 

Malawi (Ellantyre) 1997-98 100 0 0 20 2 G8P[6]42 1 9 Cunliffe et al, J Med 
G8P[4] 9 Viroll999; 37: 
G3P[6] 10 308-312 
G9P[6] 3 
G4P[6] 2 
G3P[4] 1 
G2P[6]24 4 48" Kolsen-Fischer et al, 
GlP[6] 2 J Clin Microbiol 
G8P[2] 1 2000; 38: 264-267 
G3P[6] 1 
G3P[9] 1 
G4P[9] 1 

"Number of rotavirus-positive faeces investigated. 
bp types not determined in many cases. 
'Of those 67 percent were partially typable (G or P) 

Guinea-Bissau 199G98 167 8 11 



TABLE 2e Rotavirus G/P constellations detected in epidemiological surveys: Asia 
~~ 

Rotavirus types detected in percent 

Country (city) Timeperiod na GlP[8] G2P[4] G3P[8] G4P[8] Others Mixed Non-typable Reference 

India 198G88 75 0 1 0 0 G9P[11]70 2 
(New Delhi) 1992-93 G9P[6] 13 

G3P[11] 3 

G1P[6] 10 
G2P[6] 2 
G3P[6] 3 
G4P[G] 5 

G3P[4] 
Bangladesh 1993-97 333 11 11 0 26 GlP[4,6, other] 6 

G2P[6,8, other] 10 
G3P[4.6, other] 11 
G9P[6,8, other] 17 

India 1993 63 1 21 8 3 G9P[6]24 11 

China 1994-95 289 41 18 8 0 GlP[4] 1 7 

21 Das et d, J Clin 
Microbiol1994; 32: 
1820-1822 

J Clin Microbioll996; 
34: 43H39 

11 Ramachandran et al, 

23 

8 

Wu et al, J Med Virol 
1998; 55: 168-176 

Unicomb et al, J Clin 
Microbioll999; 37: 
188.51891 

~ 

* Number of rotavirus-positive faeces investigated. 



TABLE 3 GIP combinations of human rotaviruses 

p TYPe 

P1 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 
P10 
P11 
P12 
P13 
P14 

- - 

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13 G14 
+ 

+ 
+ 

+g + + + + + 

+e +b + +' 

+ + + + 
+ + + 

+ 
+ 

+ 

+a +d,f 

+ f 

+ 
+= t 

+ + t 

From data of Table 2 of this paper, Estes (1996; Tables 2 and 3)  and Hoshino & Kapikian (1996, Table 3). 
The generally highest incidences are in bold. 
'High incidence in Malawi. 
bHigh incidence in Guinea Bissau. 
'High incidence in India. 
dHigh incidence in India. 
'High incidence in India. 
'High incidence in Bangladesh. 
g High incidence in Argentina. 
hHigh incidence in Brazil. 
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be ‘fixed’ and be accumulated over time, then serving to differentiate lineages and 
sublineages within types (Maunula & von Bonsdorff 1998, Iturriza-Gomara et a1 
2000b; Fig. 1). 

Genome reassortment, occurring readily in vitro after double infection of cells 
with different strains of group A rotaviruses, has been widely used for gene- 
protein assignments and also gene function assignments (for review see Ramig 
1997, Desselberger 2001). The comparison of natural isolates has provided ample 
evidence that reassortment occurs invivo (Browning et al 1992, Cunliffe et a1 1999, 
Santos et al 1999, Zao et a1 1999, Unicomb et a1 1999). 

Intramolecular recombination (rearrangement) has been shown to occur both 
in viuo and in vitro and to contribute to genomic and also protein variation (for 
review see Desselberger 1996, Ramig 1997). 

In our collection of over 3000 fully genotyped rotavirus isolates obtained in the 
UK between 1995/96 and 1997/98, the four most common genotypes constituted 
94.7% (Table 4; Iturriza-Gbmara et a1 2000a). Among the uncommon genotypes 
there were 47 (1.5%) of types GlP[4] (n=33), G2P[8] (n=9), and G4P[4] (n=5); 
for some of those (the GlP[4] strains) there is now evidence that they are natural 
reassortants emerging as progeny from the most frequent co-circulating strains 
(Fig. 2; Iturriza-Gbmara et a1 2001). Similar possible intra-human strain 
reassortment events are likely to have occurred elsewhere (Table 2; Arista et a1 
1997, Wu et a1 1998, Unicomb et a1 1999, Arguelles et a1 2000). In addition, there 
were 18 isolates carrying the human VP7 protein G1, G3 or G4, but the unusual 
VP4 proteins P[6] and P[9], the origin of which is still under investigation. 

6 9  rotaviruses 

Human G9 rotavirus strains were first detected in the USA in 1983 and then a 
decade later in the USA and Bangladesh as epidemic strains (Ramachandran et al 
1998, Unicomb et a1 1999). They were first detected in the UIC in 1995196, carrying 
a P[6] VP4 (Table 4; Iturriza-Gbmara et a1 2000c, Cubitt et a1 2000). Those strains 
decreased in incidence towards 1997/98 but seemed to be replaced by G9P[8] 
strains. It is likely that the P[8] gene has been picked up by natural reassortment 
with the co-circulating GlP[8], G3P[8] and G4P[8] strains (Unicomb et al 1999, 
Iturriza-G6mara et a1 2000a,c, 2001). 

FIG. 1. Schematic representation of the VP7 gene and protem (indicating sequencmg primer 
positions and antigenic sites), and alignment of the deduced amino acid sequences from position 
40-245. Substitutions differing from the consensus are indicated, lineage and sub-lineage 
defining amino acid substitutions are hghlighted. Antigenic regions A, B, C and F are boxed. 
(From Iturriza-CT6mara et a1 2000c, with permission). 
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TABLE 4 
the UK, 1995-98 

G/P genotype combinations of rotavirus strains collected in 

Type @ R T- PCR Number Percentage" 

Common: 
GlP[8] 
G2P[4] 
G3P [ 81 
G4P[8] 

Subtotal 

Uncommon: 
GlP[4] 
G2P[8] 
G4P[4] 
Othersb 

Subtotal 

G9P[6] 
G9P[8] 

Subtotal 

2156 
326 
95 

181 

2758 

33 
9 
5 

20 

67 

26 
61 

87 

74.0 
11.2 
3.3 
6.2 

94.7 

1.1 
0.3 
0.2 
0.7 

2.3 

0.9 
2.1 

3.0 

"Of those typed. 
bG1P[6], 2; Gll'[9], 3; G3P[6], 11; G3P[9], 1; G4P[6], 1; G&P[8], 2. 
Data from Iturriza-G6mara et a1 (20004. 

Animal rotaviruses 

The diversity of co-circulating rotaviruses in any one region is mainly driven by a 
constant sequence of point mutations and reassortment events (see above), A 
further mechanism to explain the great variabihty of human isolates is the 
possible transmission to humans of animal rotavimses, either as whole viruses 
(Das et a1 1993) or by contributing individual genes in a reassortant event 

FIG. 2. Phylogenetic tree constructed from nt sequences of the VP7 gene (nt 417-784) of the 
rotavirus strains GlP[8] and possible reassortants GlP[4] using Clu.rtaland Neighbour Jormng 
methods. Laboratory number, rotavirus season, G/P combination and geographical origin of the 
strains are mdicated. Prototype strains KU and Wa were included (GenBank accession numbers 
D16343 and K02033, respectively). VP7 sequences derived from GlP[4] strains are underlined. 
Bootstrap values are indicated in the dendrogram (from Iturriza-G6mara et al 2001, with 
permission). 
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(Gentsch et al 1993). Rotaviruses are ubiquitous, with many more G and P types 
found m animals than in humans. This is reminiscent of the situation encountered 
with influenza viruses, where only three out of the 15 haemagglutinin subtypes and 
two of the nine neuraminidase subtypes known cause the vast majority of human 
infections (Murphy & Webster 1996). Table 5 lists rotavirus G and P types that are 
found in humans but also commonly in animals. In some cases the genetic 
relatedness determined through nucleotide sequencing has made the origin of 
human isolates from an animal source very likely (Browning et a1 1992, Gentsch 
et a1 1993, Santos et a1 1999). We are still very much at the beginning of exploring 
this area as the surveillance and characterization of animal rotaviruses is not of the 
same scale as that of human rotaviruses. 

Surveillance 

On the basis of the observation that co-circulating rotaviruses show a great degree 
of diversity and that apparently animal strains can contribute to the gene pool of 
strains circulating in man, a continuous surveillance of human but also animal 
rotaviruses including genotyping seems to be vital at various stages of testing of 
rotavirus candidate vaccines and of implementation of licensed vaccines (Kapikian 
2001, this volume). The vaccine candidates in the past, among them the RRV-TV 
human reassortant vaccine, were tailored to elicit immune responses of relevance 
with regard to the most frequently co-circulating human strans. Although there is 
evidence both from natural infections (Velasquez et a1 1996) and vaccine studies 
(e.g. Rennels et a1 1996) that infection/vaccination with single strains can elicit 
cross-reactive immune responses sufficient to prevent severe disease after 
infection with heterologous rotavirus strains, the true correlates of protection 
and cross-protection are far from being fully identified (see Ofit 2001, this 
volume). 

The epidemiological characteristics of the recent introduction of G9 strains in 
various populations may suggest that pre-existing rotavirus immunity was 
insufficient to prevent infection and spreading of these strains (Cubitt et al2000, 
Koopmans 2000, Iturriza-G6mara et al 2000a,c). Therefore, as in influenza 
vaccinology, rotavirus vaccines used in widely different areas of the world may 
need constant tailoring to adapt their composition to that of locally or regionally 
most prevalent and co-circulating type strains. Again, like in influenza 
surveillance, it now seems to be of paramount importance to include the 
characterization of animal rotaviruses, particularly of domestic animals and pets. 

Transmission dynamics 

Although some of the genetic mechanisms underlying rotavirus diversity are 
known, the transmission dynamics of rotaviruses effecting this diversity in 
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TABLE 5 G and P types of human rotavirus strains commonly found in animal 
rotavirus strains 

~ ~~ 

Type AnirnalSource References 

G3 Cats, dogs, monkeys 

G5 Pigs, horses 

G6 Calves 

G8 Calves 

G9 Lambs, pigs 

G10 Calves 

P[6] Pigs 

P[9] Cats 

P[11] Calves, horses 

P[14] Pigs, rabbits 

P[19] Pigs 

Nakagomi et al1989; Arch. Virol. 106: 145-150 
Mochizukt et a1 1997; J. Clin. Microbzol. 35: 1272-1275 
Gouvea & Santos 1999; Vacczne 17: 1291-1292 
Santos et al1999; J. Clin. Microbzol. 37: 2734-2736 
Snodgrass et a1 1990; J. Clin. Microbzol. 28: 504-507 
Gerna et al1992; J. Clin. Microbzol. 30: 9-16 
Palombo & Bishop 1995; J. Med. L-irol. 47: 348-354 
Gulati et a1 1999; J. Clin. Microbzoi. 37: 2074-2076 
Adah et a1 1997; Arch Virol. 142: 1881-1887 
Santos et a1 1998; J .  Clin. Microbiol. 36: 2727-2729 
Cunliffe et al1999; J. Med. Virol. 57: 308-31 8 
Steele et a1 1999; J. Gen. Virol. 80: 3029-3034 
Palombo et al2000; J. Med. Virol. 60: 56-62 
Das et a1 1993; Virology 197: 99-107 
Fitzgerald et a1 1995;Arch. Virol. 140: 1541-1548 
Ramachandran et a11996; J. Clin. Microbzol. 34: 436439 
Ramachandran et a1 1998; J. Clin. Microbiol. 36: 

Santos et a1 1999; J.  Clin. Microbzol. 37: 2734-2736 
Snodgrass et a1 1990; J. Clin. Microbzol. 28: 504-507 
Beards et d 1992; J. Clin. Microbzol. 30: 1432-1435 
Santos et al1998; J. Clin. Microbzol. 36: 2727-2729 
Gulati et a1 1999; J. Clin. Microbzol. 37: 2074-2076 
Late et al1996; Arch. Virol. 141: 2365-2374 
Ramachandran et a1 1996; J.  Clin. Microbzol. 34: 

Arista et a1 1997; Arch. Virol. 142: 2065-2071 
Ramachandran et al1998; J. Clin. Microbzol. 36: 

Cunliffe et a1 1999; J. Med. Virol. 57: 30f3312 
Cubitt et a1 2000; J.  Med. Virol. 61: 150-154 
Fisclier et al 2000; J. Clin. Microbzol. 38: 264-267 
Racz et al2000; J. Clin. Microbzol. 38: 2443-2446 
Mochzuki et a11997; J. Clin. Microbzol. 35: 

32253229 

436439 

3223-3229 

1272-1 275 

Gentsch et a1 1993; Virology 194: 424-430 
Gdati et a1 1999; J. Ch. Microbzol. 37: 2074-2076 
Huang et a1 1993; Virology 196: 319-327 
Ciarlet et a1 1997; Arch. Virol. 142: 1059-1069 
Arista et a1 1999; J.  Clin. Microhzol. 37: 2706-2708 
Okada et a12000; J. Med. Virol. 60: 63-69 
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populations are much less so. Their description will require knowledge of a 
number of parameters: annual human birthrate in area of study; duration of 
presence of maternal antibodies after birth; age-related susceptibility and 
prevalence of specific antibodies, specified by G and P type; age-related incidence 
of rotavirus infections; transmission effectiveness; reduction of susceptibility in 
non-primary infections; and significance of animal reservoirs (Desselberger & 
Estes 2000). On the other hand, modern techniques of phylogenetic analysis of 
cognate sequences of an appropriate sample will allow characterization of some 
of the factors determining the spread of rotaviruses (Page & Holmes 1998, 
E. Holmes, personal communication). Much more work will have to be done to 
be able to establish an accurate model of the epidemiology and transmission 
dynamics of rotaviruses. 

Conclusion 

The detailed analysis of rotavirus isolates obtained throughout the world has on 
the one hand revealed the enormous diversity of co-circulating rotavirus strains 
and also taught us about some of the driving forces behind their diversity (point 
mutations, reassortment and animal reservoirs). On the other hand, the strain 
characterization has demonstrated that the complexity of rotavirus epidemiology 
is far from being understood. Rotavirus surveillance comprising human and 
animal strains will be necessary to evaluate the efficacy of rotavirus candidate 
vaccines in different settings. 
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DISCUSSION 

Estes: Could you clarify what you mean by Lineages? 
DesseZberger: The term ‘lineage’ is an arbitrary one. People sequence a number of 

G types, for example, and then try to place them in phylogenetic trees. Some of the 
amino acid residues are conserved ~fl certain subsections of such a tree, and viruses 
of that tree are said to form a lineage. Only a few amino acids may determine a 
lineage. I think lineages have meaning when you look at these strains in a close- 
up epidemiological context. Certain lineages or, for that matter sublineages 
thereof, identify strains that may be taken from an outbreak, but also some 
unconnected strains. These genetic relationships may teach us how these strains 
have possibly migrated and how long this has taken. 

Bishop: Lineages can have antigenic respectability, since G1 lineages can be 
correlated with reactivities using anti-VP7 G1 neutralizmg monoclonal 
antibodies (Diwakala & Palombo 1999). 

Desselberger: Not always. In some of the lineages I showed here, most of the 
lineage-determining amino aads were outside the anugenically relevant domains. 
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GLuss: It is interesting to see how all this diversity has come into this field m the 
last couple of years, especially with the G9 strains. When we started with our 
studies in India, it was unusual to find G9 strains. In fact, in India, G9 strains 
now represent about 40% of rotavims strains. G9 has to be considered one of the 
world’s most common strains: among the top four. In the USA, we started with the 
G9P[b] strains, then as we looked further we found both lineages. When we 
compared the sequences of the US G9 strains to other strains, the US lineage by 
sequence is much closer to Malawian strains that we have examined and less closely 
related to Indian strains. When G9 strains appeared, we worried that this new 
serotype might cause disease of increased severity in older children who were not 
previously exposed or immune to this serotype. We found no such evidence, but 
we will be going back to revisit this issue. You started out showing the PAGE 
difference in the subgroups. As you have looked at this diversity, have you found 
evidence for other reassortment combinations? Unicomb et a1 (1999) found that in 
the G9 strains from Bangladesh that she had all Merent subgroups and 
electropherotypes as well as P types. These G9s are particularly promiscuous, just 
like the P[b] strains, and they mix with many other genes. 

Desselberger: P[b] genes are found frequently in animal strains. I have taken on 
board what was said yesterday: better proof that animal strains contribute to 
human infection and disease has to be obtained. There are many data, but they 
are not systematic in the epidemiological context. You mentioned the situation in 
Bangladesh. This is an ideal situation to study, because you find almost every G/P 
combination. There is a paper from Bangladesh by Ahmed et a1 (1991) in which 
they reported high numbers of mixed electropherotypes over a monsoon season. In 
the peak month of the monsoon season, 30% of their isolates were mixed 
infections. In the UK, we found mixed infections very infrequently; in 
Bangladesh they are much more common. 

Glass: In your unusual strains, do you have any that come from immigrants from 
places such as India, or people with animals who might have animal strains, or 
recent travellers? 

Desselberger: We haven’t looked at this yet in detail. 
Greenberg: You just have to walk around in London to realize that there is a 

tremendous degree of communicatlon and interaction between India and 
England. At the same time, the G types in England are pretty much what we 
have seen in the USA for the last 30 years. Except for in India, these still 
represent relatively infrequent strains. Why have G9 strains not replaced Gl-G4 
strains in England? 

Desselberger: There are also many Indian subpopulations in the USA. They tend 
to form a relatively discrete subpopulation. 

Greenherg: Could anyone clarify the biological meaning of all of this? We all 
know that in influenza, every 10-30 years a new pandemic occurs and some novel 
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haemagglutinin or neuraminidase genes get into the human population. Are you 
warning us that this is what will happen with rotavirus? Does the pool of animal 
genes represent a new group of serotypes that could move through the human 
population? 

Desselberger: In influenza, it is clear that the H2 and H3 genes of human 
strains have been introduced from animal strains via reassortment events; 
there is good molecular evidence for this. Recently, we have seen H5 and H9 
strains being introduced into humans in Hong Kong: H5 strains only caused a 
small epidemic and H9 strains were only found in two or three cases because 
the genomes of these strains are completely animal, i.e. they are not 
reassortants. From various data it seems that they don’t have the ability to 
circulate widely in the human population. In terms of our knowledge of the 
natural history of rotavirus diversity, I think we are at the stage where the flu 
people were a few decades ago. 

Clurke: I think it is wrong to draw parallels with influenza, because the mode of 
transmission changes from faecal-oral to airborne as the virus goes through 
different animal hosts. The expectation that we will see a new pandemic with G9 
is not something that one might expect because there is no history of pandemics of 
viral gastroenteritis. 

Estes: The key point here is, what is the biological significance of all this 
diversity, and is it telling us that there will be some shift in a phenotypic property 
that will be biologically relevant in terms of children suddenly getting much more 
severe disease because there is no antibody in the population? Do we have any 
evidence that directly addresses this? 

Koopmans: I don’t have direct evidence, but I do have some suggestive indirect 
observations. In a recent WHO meeting on rotavirus in Europe, it was striking 
that in three of the countries present, there seems to be a recent increase in the 
detection of non-common rotavirus serotypes. We have looked at some more 
G9s, which have translated into severe hospital outbreaks (Widdowson et al 
2000), and Dr Svensson presented data about something happening between the 
1997 and 1998 rotavirus season, where he has a sudden increase in the number of 
non-typeable rotaviruses and a concomitant shift in the ages of people infected 
(L. Svensson, personal communication). This suggests that there is also 
something going on. From my perspective, looking at RNA viruses, these are 
events waiting to happen. They may not be frequent, but I think you have to 
always think about RNA viruses as being genetically flexible enough to undergo 
sudden changes. What we describe in molecular epidemiology is the current 
situation, but what we need to think about is what happens if you introduce a 
genetic bottleneck by starting vaccinating against predominant strains, If you 
give them a disadvantage, you would probably open up the population for more 
infections with these uncommon genotypes. 
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Desselberger: There is a lot of conjecture about the vaccine issue. We have heard 
from Paul Offit that it is possible to get heterotypic protection with a monotypic 
vaccine. If there is a vaccine when G9 strains are circulating, we don’t know 
whether this situation will be covered by the vaccine or not. 

S&j: The bovine rotavirus vaccine has been out since 1973 in the USA. 
Granted it is not highly efficacious, but the predominant G type is G6, which 
is the same as the vaccine, although the predominant P type in the field (I“51) IS 

different from the P[1] type in the vaccine (Parwani et a1 1993, Chang et a1 
1996). The other major type that we see in the USA is GlOP[11]. There 
should be ways to study this with the more recent introduction of the bovine 
rotavirus vaccine in Europe, and then in Argentina where the G6P[5] vaccine is 
used in cattle. 

Koopmans: The problem is that it is not clear how high the vaccine coverage is. 
Before you can conclude that the serotypes are not changing, you need to know 
this. 

Kapikian: I think Harry Greenberg’s question is highly relevant. These new 
serotypes that are emerging are really outliers as far as the developed countries of 
the world axe concerned. Ulrich Desselberger showed that 94% of serotypes in the 
UK were Gl-G4. If someone said that we could make a magic vaccine that could 
protect against only one rotavirus type, we would select the G1 serotype and this 
would be a major achievement, because overall the G1 serotype still predominates. 
I don’t thinlr that a vaccine is going to facilitate the emergence of other strains, 
because the live rotavirus vaccines don’t induce ‘sterilizing immunity’; 
reinfections occur frequently. Even adults undergo reinfections but charac- 
teristically they are asymptomatic. From my perspective, the four serotypes (G1 , 
G2, G3 and G4) are the epidemiologically important ones and we should develop 
vaccines to cover them, Roger Glass, what have you found recently about the 
distribution of the G9 serotype in the USA? 

Glass: From the point of view of immunity and vaccination, these things could 
well be irrelevant. In the USA, 98% of the population is naturally immune to 
rotavirus by exposure in the first few years of life. We have never had a huge 
epidemic of a new strain coming in an infecting people of all ages. These are 
interesting for the epidemiology of the virus, but are much less relevant for the 
protection by vaccines. We have the same pattern in the USA. G9 has been much 
more prevalent over the last several years than serotypes three and four. The 
question we haven’t addressed is, if there is this entire population of Americans 
who are completely immune to G1, why is G1 the most common strain? We have 
all these variants, but none of them really take over. 

Desselberger: In my opinion this statement is not tenable on a global scale. If you 
look at some of the African and Asian countries, other strains are more prevalent 
than the Gl-G4 strains: there are unusual G/P constellations that are most 
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prevalent. You say that there are not many of the other strains in the USA, but 
perhaps there is a sampling problem. 

Matson: There is G1 subtype replacement in the same population. This was 
shown in Dimitrov’s study in Houston (Dimitrov et a1 1984). He did the initial 
characterization by electropherotype, but when we went back and typed those 
samples with different electopherotypes, they were different Gls that were 
replacing the previously predominant G1 subtype (Matson et al1990). 

Brow: I remain to be convinced that there is a biological significance to the 
diversity of group A rotavirus strains. Epidemiologically, we have not seen a 
shift in the age distribution of cases of group A rotavirus infections. Perhaps it 
would be worth turning our attention to some of the non-group A rotavirus 
infections, for example, group B, which showed a very distinct epidemiological 
pattern when they emerged in the early 1980s with a high proportion of adult 
cases (Hung et al 1984). We need to look for non-group A rotaviruses, which 
may be more of a pandemic threat to human population. 

Matson: In addition to these viruses having a tremendous diversity of P and G 
type combinations within communities, within a type there is extraordinary 
diversity. We have published a study from Argentina where we looked at 68 
different Gls recovered from one city with a panel of monoclonal antibodies 
(Espd et a1 2000). We saw 28 different monotype patterns for neutralizing 
epitopes of G1. This is an amazing diversity. If there is subtype replacement and 
there is this type of diversity, there can be pressure for shifting of predominating 
subtypes. 

Green: How do you explain the epidemics beginning in the southemmost parts 
of the USA and Europe and then spreading up to the North? Is this a climate issue? 

Estes: It is important that we understand that although there are patterns of 
temporal spread of disease, it is not spread of one strain but of multiple strains. It 
is very different from the influenza situation where you can follow a strain moving 
around the world. 

Bishop: This also occurs in Australia, where the peak rotavirus season in Perth on 
the west coast always precedes the peaks in the eastern states which are 2000 miles 
distant (Carlin et a1 1998). 

Matson: The same occurs in South America. We tried to look at this wave 
phenomenon in the USA, and received data from the US National Weather 
Service on mean temperature, maximum temperature, minimum temperature, 
rainfall, humidity and so on and could find no correlates. 

Bishop: Perhaps we ignore the physiological effect of weather on the host. There 
is animal research showing that if pigs are infected with transmissible 
gastroenteritis virus and exposed to alternating temperatures in 24 h, they are 
much more susceptible to disease than pigs that are kept at a sustained level 
temperature (Shimizu et al1978). 
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A rotavirus vaccine for prevention of 
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Infectzom Diseases, National Instztutes of Health, Bethesda, M D  20852, USA 

Abstract. The importance of rotaviruses (RVs) as the single most important cause of 
severe diarrhoea of infants and young children is well recognized. At NIH, we 
developed a quadrivalent (tettavalent [TV]) vaccine to protect agunst the four 
epidemiologically important RV serotypes. It is comprised of live attenuated rhesus RV 
(RRV), a VP7 serotype G3 strain (the ’Jennerian’ approach), and three reassortant RVs, 
each containmg 10 RRV genes and one human RV gene that codes for the major outer 
protein, VP7, that determines serotype G1, G2 or G4 specifmty (the ‘modified Jennerian’ 
approach). The vacune was safe and effective against severe diarrhoea in a major pre- 
licensure collaborative effort of phase III trials. In February 1998 and agam in June 
1998, the Advisory Committee on Immunization Practices (ACIP) recommended 
routine immunization with three oral doses at 2 ,4  and 6 months of age. The tetravalent 
vacune (Rotashield) was licensed m the USA by the FDA in August 1998. In July 1999, 
after about 1.5 million doses had been given, the CDC recommended suspending 
admmistration of the vacune because post-licensure surveillance of adverse events had 
suggested an association with intussusception. After further invesugauon by CDC, m 
October 1999, the ACIP withdrew its recommendation concluding that 
‘. . . intussusception occurs with significantly increased frequency in the first 1-2 weeks 
after vacunation with RRV-TV, particularly following the first dose’. The implicatlons 
of these developments from a pracucal, epidemological, analytical and ethical perspective 
are discussed. 

200 I Castroenterztrs viruses. Wile_, Chichester (Novartts Foundation Symposium 238) 
p 15s179 

It is clear from this Symposium that rotaviruses are the single most important 
etiological agents of severe diarrhoea in infants and young children in both 
developed and developing countries. These viruses are responsible for 3550% of 
severe diarrhoeal diseases in infants and young children less than two years of age. 
Rotaviruses have the unique characteristic of being quite egalitarian as they infect 
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nearly every child in the first few years of life in both developed and developing 
countries regardless of hygienic conditions. But the consequences of such 
infections are strikingly different: in the USA they are responsible for over 
500 000 visits to physicians, 50 000 hospitalizations and 20 deaths, whereas in the 
developing countries 600000-873000 children under 5 years of age die from 
rotavirus disease each year, which translates to about 2000-2400 deaths per day 
or 100 deaths each hour for this age group (Kapikian & Chanock 1996, Bresee 
et a1 1999). 

The need for a rotavirus vaccine 

Since the golden age of viral gastroenteritis commenced in the early 1970s, many 
viruses have been implicated as etiological agents of diarrhoeal illnesses. However, 
rotaviruses reign as the number one cause of severe diarrhoeal disease worldwide, 
surpassing the enteric adenoviruses, astroviruses, caliciviruses and bacterial agents. 
Thus, the need for a rotavirus vaccine is clear and compelling, with the goal being 
the prevention of severe rotavirus diarrhoea during the first two years of life when 
the consequences of such illnesses are most serious. 

Rotavirus features relevant to vaccine development 

Rotaviruses are 70 nm in diameter, non-enveloped and possess a distinctive 
double-shelled outer capsid. Within the inner shell is a third layer, the core, 
which contains the viral genome comprised of 11 segments of double-stranded 
(ds)RNA. During coinfeaion with different rotavirus strains, the segmented 
genomes readily undergo genetic reassortment. With regard to vaccine 
development, the two outer capsid proteins, VP4 and VP7, deserve special 
attention (Kapikian & Chanock 1996). 

W 7 ,  a glycoprotein, comprises one of two major neutralization antigens located 
on the outer capsid and is encoded by RNA segment 7 , s  or 9 (depending on strain). 
The other outer capsid protein, -4, is encoded by RNA segment 4; it protrudes 
from the outer capsid in the form of 60 spikes. Antibodies to both VP7 and VP4 are 
independently associated with protection against illness in various animal models. 
Serotypes are characteristically determined by VP7, but a VP4 serotyping scheme 
has also been developed recently. Although there are 14 VP7 (or G for 
glycoprotein) serotypes, 10 in humans, 13 in animals and 9 shared between 
humans and animals, the antigenic variation is not a formidable problem in 
vaccine development because only four serotypes, numbered 1,2, 3 and 4, are of 
major epidemiological importance; therefore efforts have been focused on 
developing a vaccine to protect against each of these four serotypes (Hoshino & 
Kapikian 2000). Although the mechanism of protection is still not certain, early 
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studies in animals suggested that antibodies in the lumen of the small intestine are a 
major determinant of resistance to rotavirus illness (Offit 1994, Kapikian & 
Chanock 1996, Matson 1996). In addition, we sought the development of an 
oral, live, attenuated vaccine which would mimic natural infection, thus inducing 
local intestinal immunity. 

The Jennerian approach 

Our initial approach was to adopt the strategy pioneered by Edward Jenner in 1796 
for human smallpox vaccination in which a related, live, attenuated agent from a 
non-human host is used as the immunogen. Early serological and animal studies 
were instrumental in suggesting the feasibility of the Jennerian approach to 
rotavirus vaccination (Kapikian et a1 1996). We pursued this approach with a 
rhesus rotavirus strain, designated MMUl8006, which belongs to serotype 
VP7:3 (=G3), and which grew efficiently in a semi-continuous simian diploid 
cell strain FRhL2. This vaccine was administered orally in a single 104 or 105 pfu 
dose to over 1500 infants and young children 1-20 months of age in field trials in 
the USA and overseas. Vaccine efficacy ranged from &85% against moderate-to- 
severe diarrhoea. It appeared from these studies that serotype specific immunity 
was an important factor in determining vaccine efficacy (Kapikian et a1 1996). 

The modified Jennerian approach 

The likelihood that serotype-specific immunity was important in protection 
became the impetus for our modification of the Jennerian strategy. The objective 
was to evaluate a quadrivalent rotavirus vaccine that incorporates the VP7 
specificity of each of the four epidemiologically important serotypes as well as the 
attenuation phenotype of RRV in order to achieve protection against each of these 
four human rotavirus serotypes. 

This was achieved by generating reassortants which possessed a single VP7 gene 
from human rotavirus serotypes G1, G2 or G4, and 10 genes from RRV, and 
combining these three reassortants with the RRV strain, the latter providing 
coverage for serotype G3 (Midthun et a1 1985, 1986) (Fig. 1). This quadrivalent 
(tetravalent) rotavirus vaccine (RRV-TV) was evaluated in major field trials in the 
US and overseas. When used at a dose of 4 ~ 1 0 ~  pfu, it characteristically induced 
about 50% protection against any rotavirus diarrhoea, whereas against severe 
diarrhoea its protective efficacy reached as high as 100% (Table 1). For example, 
in Finland, the quadrivalent vaccine induced 68% protection against any rotavirus 
diarrhoea, 91-100% against severe and very severe rotavirus diarrhoea, 
respectively, and 100Yo against hospital admission due to rotavirus (Joensuu et a1 
1997). 
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FIG. 1. The development of a quadrivalent (tetravalent) rotavmis vaccine (RRV-TV) in order 
to a&eve protection against each of the four human rotavirus serotypes. Reassortants were 
generated which possessed a single VP7 gene from human rotaviruses G1, G2 or G4, and 10 
genes from RRV, and these three reassortants were combined with the RRV strain, the latter 
providing coverage for serotype G3. (Reproduced from Kapikian et al1996, with perrmssion). 

Regulatory issues 

Because of the data regarding the safety and efficacy of this quadrivalent vaccine, on 
11 February 1998 and again on 25 June 1998 the Advisory Committee on 
Immunization Practices (ACIP) recornmended routine immunization with three 
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TABLE 1 Protective efficacy of quadrivalent rotavirus (RV) vaccine (4x105 PFU) on 
the occurrence of RV diarrhoea of varying severity in infants and young children 

TraaI 

~~ ~ 

No. of individuafs Protective e&ag vx. 

A IIR V Severe R V 
Vaccine PIacebo diarrboea diarrhoea Dehydratzon 

US Nauonal MulitcenteZ 398 385 49% 80% l W ?  
Finlandb 1128 1145 68% 91-1000/0 75% 
Venezuela' 112 1095 48% 88% 75% 

US Native Amemand 347 348 50% 69% -* 

*Only a few cases (aggressive use of oral rehydratlon therapy). Note: the efiicacy figures were all statistlcally 
sigdcant. "Rennels et d (1996); 'Joensuu et al(1997); Terez-Schad et al(1997); dSantosham et d(1997), 
Mack @ersand communication). 

oral doses of this vaccine at 2,4 and 6 months of age (CDC 1999a). Later on August 
31, 1998 the FDA granted a biologics license to Wyeth Laboratories for 
manufacture and distribution of the rotavirus vaccine known commercially as 
Rotashield. 

Rotavirus Vaccine and intussusception 

Postponement of administration 

After over 9 months of apparently successful use of the vaccine in the USA, on 16 
July 1999 the CDC reported that between 1 Sept 1998 and 7 July 1999, according to 
the Vaccine Adverse Event Reporting System (VAERS), a passive system operated 
by FDA and CDC, 15 cases of intussusception had occurred following vaccination 
with RRV-TV (CDC 1999b). It was estimated that 1.8 million doses of RRV-TV 
had been distributed and that 1.5 million doses had been given. Although the 
number of intussusception cases reported was within the expected value 
(considering a New York State background rate of 51 per 100 000 infants < 12 
months of age in the period 1991-1997 [prior to RRV-TV licensure]), it was of 
concern that 11 of the 15 cases had occurred within 1 week of administration of 
the first dose of vaccine. Thus, the CDC recommended suspending further 
vaccination until additional data could be obtained. 

WithdrawalofA C1.P recommendation 

In a follow-up CDC-ACIP meeting on 22 October 1999, CDC estimated that 
approximately one million infants had received RRV-TV and that a total of 102 
confirmed or presumptive cases of intussusception had been reported to VAERS 
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(ACIP 1999). Moreover, 57 of the cases had onset within 7 days of vaccination and 
46 (81%) of the 57 cases had onset within 7 days of the first dose. Case-series and 
case-control studies supported the observation of highest risk during the first 
week (3-7 days) after the first dose of vaccine. Therefore, the ACIP on 22 
October 1999 concluded that, ' . . . intussusception occurs with significantly 
increased frequency in the first one-to-two weeks following vaccination with 
RRV-TV, particularly following the first dose' (CDC 1999~). Thus, the ACIP 
withdrew its recommendation for RRV-TV and no longer recommended its use 
in the USA. 

Pre-licemure studies 

It is noteworthy that in pre-licensure studies, five of 10 054 infants who received 
rotavirus vaccine (in three dosage levels, two vaccine formulations and two 
buffering methods) and one of 4633 never-vaccinated infants developed 
intussusception, ( P  = 0.45) (Rennels et a1 1998). None of the five cases occurred 
after the first dose; one case each had onset on day 6,15 or 51 after the 2nd dose, and 
two cases on day 7 after the third dose. Further analyses of these data indicated that 
8240 of the 10 054 infants who received rotavirus vaccine had received the vaccine 
at the dosage that had been proposed for licensure: two of these 8240 children 
developed intussusception, one on day 51 after the second dose, and one on day 7 
after the third dose. It was concluded that the pre-licensure studies failed to 
demonstrate an aetiological association between the rotavirus vaccine and 
intussusception. It should be noted, however, that the rate of intussusception in 
the 10054 vaccinees and 4633 placebo recipients was described in the package 
insert of Rotashield. 

Wild-type rotavirus and intussusception 

Because of the association of the vaccine with intussusception and its withdrawal 
from use, earlier studies that had examined the relationship between naturally 
occurring rotavirus infection and intussusception have taken on special 
importance. In 1978, in Japan, rotavirus was detected in stools of 11 (370/0) of 30 
children (649  months old) with intussusception; a serologic response was 
observed in five of seven rotavirus-positive children (Konno et al, 1978). It was 
concluded that human rotavirus '. . . may be an infectious agent causing intus- 
susception in infants and young children'. In addition, in 1981, in an extension of 
this study, evidence of rotavirus infection was reported in 20 (33%) of 61 cases, 
including the 30 patients above (Katsushima 1981). In 1982 in Australia, no 
virological or serological evidence of rotavirus infection was found in 22 of 24 
children during a 6 month prospective study which included the winter peak of 
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gastroenteritis (Mulcahy et 41982). In a retrospective study, a negative correlation 
was found between the occurrence of rotavirus gastroenteritis and the occurrence 
of intussusception. It was concluded that there was ‘no evidence.. , of an 
etiological role of rotavirus in intussusception.’ In 1982 in France, in a 1 year 
prospective study of 64 infants and young children with intussusception, it was 
concluded that, ‘ . . . rotavirus does not seem to be a good candidate for having a 
role in the aetiology of intussusception . . . ’ (Nicolas et al1982). In 1998 in a 10 year 
German study of 155 cases of intussusception in children (49.6% < 1 year of age), 
rotavirus was not found to be a significant cause of this condition (Staatz et a l  
1998). 

Because of the reported rotavirus vaccineintussusception link, in 2000 in the 
USA, the distribution of infectious enteritis and intussusception was evaluated 
retrospectively over a 5 year period. It was postulated that if wild-type rotavirus 
infection was linked to more cases of intussusception than the vaccine, then it 
would not be necessary to limit use of the vaccine (Hellems et a1 2000). It was 
found that, ‘intussusception occurs in a monthly distribution similar to that of 
infectious enteritis with peak incidence during rotavirus season. Since rotavirus 
is responsible for most wintertime enteritis, rotavirus may be an important 
aetiologic factor in intussusception.’ 

Unresolved issues regarding rotavirus vaccine and intussusception 

The CDC data regarding the clustering of cases particularly during the first week 
after the first dose of vaccine are significant and important, and this needs to be 
studied further. However, the key question that has even greater public health 
importance and which has not been answered satisfactorily relates to the 
attributable risk, if any, of RRV-TV among the one million infants who were 
vaccinated. How many cases of intussusception did the RRV-TV vaccine cause in 
excess of the background baseline incidence of 51 cases per 100 000 (or 1 per 1961 
infants) during the first year of life? Surpnsingly, it is still not known whether an 
‘epidemic’ of intussusception occurred in the USA following the administration of 
RRV-TV to one quarter of the US birth cohort, or whether there was a decrease in 
the number of cases. This is a major, as yet unanswered, question for both 
developed and developing countries where in the former (for example the USA), 
over 500000 infants and young children seek medical attention for rotavirus 
diarrhoea annually, but especially in the latter where approximately 1 in 160 
infants and young children less than 5 years of age die of rotavirus disease 
annually (Glass et a1 1994). The attributable risk question will be discussed in 
further detail later in this presentation. 

Other important questions include: 
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Did the rotavirus vaccine ‘trigger’ the onset of intussusception in high-risk 
susceptible individuals who may have developed it later under natural 
conditions? 
Does naturally occurring rotavirus infection cause intussusception? If it does, 
did the rotavirus vaccine prevent intussusception later in the year in high-risk 
infants who did not experience the putative early ‘triggering’ effect, and 
prevent it in non high-risk infants as well? 
During pre-licensure studies, why were no cases of intussusception observed 
in the more than 8000 children who received RRV-TV following 
administration of the first dose (Rennels et al 1998), especially since CDC 
has reported odds ratios of 25 during the first week after vaccination (ACIP 
1999)? Did the routine administration of other childhood vaccines along with 
RRV-TV post-licensure play any role in this inconsistency, or was the 
inconsistency due to an overall very rare occurrence of intussusception 
following administration of RRV-TV? 

Ethical considerations for developing I countries 

A meeting at the WHO in Geneva, ’3-11 February 2000, considered the future 
directions for rotavirus vaccine research in developing countries (World Health 
Organization 2000). Ethical considerations were a feature of this meeting, Some 
of the issues that were addressed in this regard included whether a vaccine 
withdrawn from the US market could be used in developing countries. Should 
testing a vaccine with known adverse risks that can be fatal be supported? What 
safeguards would be necessary? Was it ethical not to use a vaccine that could 
prevent a large burden of fatal disease? How should new candidate vaccines be 
tested: simultaneously in developed and developing countries, or in sequence? 
These were noted to be difficult ethical issues for consideration for a vaccine 
aimed at a disease that is commonly fatal in developing countries but rarely fatal 
in the developed world (World Health Organization 2000). 

The WHO Ethical Issues Working Group deliberations were summarized by 
Dr Charles Weijer who noted that: (1) failure to proceed with further trials of 
RRV-TV would further any existing inequities in health between developed and 
developing countries; (2) data developed for RRV-TV far exceed the data available 
on other rotavirus vaccines; (3) inaction, waiting for comparable data on other 
vaccines is not morally neutral, since the disease burden cannot be ignored in the 
interim; and (4) it would be immoral not to proceed with RRV-TV in developing 
countries (World Health Organization 2000). 

The deliberations of this WHO meeting recommended that ‘ . . . further studies 
of the current rotavirus vaccine (RRV-TV) in developing countries were ethical, 
given the higher disease burden and potential higher benefierisk ratio in a 
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developing country. The group was careful, however, in insisting that further 
testing of RRV-TV not occur without the assurance that the vaccine would be 
available for general use should the results of the trial prove to be positive’. This 
latter comment was addressing the question of whether Wyeth Laboratories, the 
producer of the vaccine, would continue to make vaccine if it were not used in the 
USA. 

Evolution and impact of the attributable risk issue 

Despite the WHO recommendation, overall the developing country representatives 
had no desire to evaluate RRV-TV because of the reported magnified risk of RRV- 
TV that led to its withdrawal. The future of this vaccine and of other rotavirus 
vaccines under development rests on an accurate determination of its overall 
attributable risk, if any, for intussusception. The CDC has presented various 
estimates of the attributable risk with a continuing downward trend from the 
figures that were presented at the CDC-ACIP meeting on 22 October 1999, when 
the vaccine was withdrawn (Fig. 2). 

At this meeting, CDC presented data indicating that the excess risk of 
intussusception attributable to RRV-TV was 1.8, 1.7 or 1.6 as determined from 
the case-control, single managed care cohort and case-series studies, respectively 
(ACIP 1999). Thus, CDC presented data indicating that the overall risk of 
intussusception was increased 8O%, 70% or 60% (over the expected baseline value 
of 51 cases per 100 000 infants < 12 months of age) after RRV-TV vaccination, and 
thus, they projected that there would be 1600, 1400 or 1200 excess cases of 
intussusception in the entire birth cohort annually if RRV-TV was used 
universally in the USA (i.e. 40 per 100000 [or 1 per 2500 vaccinees]; 35 per 
100 000, or 30 per 100 000, respectively, in addition to the background rate of 51 
per 100 000 noted earlier) (Fig. 2). These projections were made using the New 
York State baseline rate of 51 cases of intussusception per 100 000 children (or 1 
per -2000 children) during the first year of life cited earlier (e.g. 80%x2000 
background rate = 1600 excess annual cases; 70% x 2000 = 1400 excess annual 
cases; 60%x2000=1200 excess annual cases due to RRV-TV) (Fig. 2). 

At this meeting, the CDC emphasized the increased risk during the first week 
after RRV-TV administration reporting that the risk of developing 
intussusception during days 3 7  post vaccination was increased 25-fold, 19-fold 
and 13-fold from analysis of the case-control, case-series and expanded cohort 
studies, respectively (ACIP 1999). 

The CDC also presented figures at this meeting from this expanded cohort study 
of six managed care organizations (MCOs) which included approximately 50 000 
children who received at least one dose of RRV-TV. They reported that nine 
children developed intussusception within the first 3 weeks after vaccination (and 
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53 developed intussusception in a larger never-vaccinated group of children 
observed over a longer period of time but whose absolute number was not 
available) (ACIP 1999). It was noted in this expanded cohort study that RRV-TV 
had an attributable risk of 1 case of intussusception per >12000 doses (ACIP 
1999). In another estimate at this meeting, they also noted that the RRV-TV was 
causally related with one case of intussusception per 5000 vaccinees or 800 excess 
cases. 

Three months later, in January 2000, CDC reported the attributable risk from 
the case-control study, to be 1 case of intussusception per 4500 vaccinees (or 22.2 
per 100 000 infants, or 888 excess cases) (Fig. 2) (NIH/NVPO Workshop 1/21/ 

Moreover, on 11 April 2000, at the CDC EIS Conference, the CDC reported that 
from a further expanded cohort study, which now included 10 MCOs, the risk of 
developing intussusception after vaccination was 1 case per 12 274 infants-n 
almost fivefold reduction from a figure presented to the ACIP in October 1999 
when the vaccine was withdrawn (Fig. 2). In this further expanded cohort study, 
six cases of intussusception were detected in 61 371 RRV-TV-vaccinated infants in 
the first 3 weeks after vaccination (or one case per 20 100 doses of vaccine). The 
10 MCOs cohort study provided the most reliable data available up to that time 
regarding attributable risk because it included the largest number of vaccinated 
children and, in addition, the rate of intussusception in relation to the absolute 
number of vaccinees was available rather than only person-year calculations. 

We have consistently had a problem with the odds ratios and attributable risk 
figures presented by CDC. The attributable risk of 1 case per 12 274 (or 8.1 cases/ 
100 000) vaccinated infants) (CDC-EIS Conference 4/11/00) is in sharp contrast to 
the reported relative risk of 1.8 from the case-control study (i.e. 40 excess cases per 
100 000) and the odds ratios which had ranged from 1 5 2 5  for rotavirus vaccine 
recipients during the first week after vaccination in the case-control, case-series and 
cohort studies (Fig. 2) (ACE 1999). These magnified odds ratios observed during 
the first week after the first dose received special emphasis and attention by the 
ACIP and public health community, whereas the overall attributable risk figure 
of - 1:12 000 which has not been available until recently, has not been placed in 
proper perspective. 

2000). 

Was there an ‘epidemic’ of intussusception because of vaccine use? 

Our initial doubts about the overall risk of this vaccine arose from evaluation of 
published data from CDC which failed to reveal a striking increase in the overall 
number of cases of intussusception that would have been anticipated from the 
extremely high odds ratios, noted above, that were presented for the first week 
following vaccination. For example, CDC reported the occurrence of three cases 
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of intussusception in 9802 vaccinees in a California managed care study, which 
translated to an overall incidence of 30 cases per 100000 over an unspecified 
period of time. However, because one of the three cases occurred during the 
first week after vaccination, CDC reported that the incidence of 
intussusception was 314 per 100 000 individuals during that period (CDC 
1999b). However, the overall risk of the vaccine in this large cohort of 
children was not presented. 

Similarly, in a Minnesota study, five cases were reported in recipients of 53 479 
doses, an incidence of - 9 per 100 000 doses over an unspecified period of time; 
however because three of the infants developed intussusception within 1 week of 
vaccination, the rate of intussusception was calculated to be 292 per 100 000 infant 
years (CDC 1999b). 

In addition, the CDC reported that 102 cases of intussusception were detected by 
the VAERS in the - 1 million vaccinated infants (ACIP 1999). This translates to an 
incidence of - 10 cases per 100 000 vaccinees over an unspecified period of time. 
Although VAERS is a passive reporting system, even assuming a 50% sensitivity 
of detection, the maximum incidence from these data would translate to - 20 cases 
per 100000 vaccinees, a figure well below the background rate of 51 cases per 
100000 infants during the first year of life. Because of the low number of cases 
overall, we considered that there was a ‘disconnect’ between the extremely high 
odds ratios calculated from case/control, case series, and cohort studies, and the 
relative risks of 1.8, 1.6 and 1.7, noted earlier, with the actual number of cases 
observed. 

The results of the 10 MCOs study are of particular interest (CDC-EIS 
Conference 2000). Of the 61 371 infants who received at least a single dose of 
the RRV-TV vaccine, six infants developed intussusception during the 3 week 
period after vaccination, which yields an incidence of 9.8 cases per 100000 
vaccinees (i.e. 1 per 10229 infants) over an overall unspecified period of time, a 
figure well below the predicted 1 per - 2000 infants during the first year of life as 
baseline from the NY State study. It is clear to us from the further expanded 
cohort study and from the figures cited above, that an ‘epidemic’ of 
intussusception did not occur following administration of the rotavirus vaccine 
in the USA, confirming our conclusion that there was a ‘disconnect’ or major 
inconsistency between the odds ratios during the first week after vaccination 
and the attributable risk figure of 1 case per 12274 vaccinees derived from the 
10 MCOs cohort study. 

Magnification of relative risk by comparing unequal groups 

A greatly magnified rate of intussusception for the vaccinated group was created by 
the ‘window analysis’ because CDC compared vastly unequal person-year values 
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which artificially inflate the time denominator for the non-vaccinated group. In 
this way, the initial clustering of cases during the first week after vaccination is 
assumed to persist at the same elevated rate even though such data are not 
available, and were, in fact clearly ruled out. 

For example, in data presented by CDC at the CDGACIP meeting on 22 
October 1999, an elevated risk of intussusception of 13 among rotavirus 
vaccinees vs. non-vaccinees was reported in the six MCOs cohort study, which 
included seven cases of intussusception days 5 7  post-vaccination in N 50 000 
vaccinees and 53 cases in an unspeufied but larger group of non-vaccinated 
individuals over an extended period of time. The elevated risk figure of 13 was 
derived by fragmenting the person-years of exposure into windows of varying 
periods. In comparing the 5 day period embracing days 3 7  for the vaccinees (i.e. 
1001 person-years) with a considerably longer period for the non-vaccinated group 
(i.e. 135067 person-years), the assumption is that the increased rate of 
intussusception on days 3-7 for the vaccinees will persist at the same elevated rate 
over the longer period used for the non-vaccinated group, and thus the incidence 
risk ratlo is derived using the unexposed group as the referent with a value of 1 .OO. 
However, by stating that the incidence risk ratio (IRR) was 13, the implication for 
those not familiar with the limits (i.e. days 3-7) of this IRR was that the 
acknowledged background level of intussusception of 51 cases per 100 000 
infants during the first year of life would (because of the vaccine) be 13x51 or 
663 cases of intussusception per 100000 infants, or 6630 cases per million 
vaccinees, or 26 520 excess cases if the entire newborn population of N 4 million 
infants had been vaccinated. 

Of course, we know this was not the case, but the perception was that a great 
excess occurred and it was this type of information that was widely 
disseminated. The same type of analysis was carried out when the data for the 
expanded cohort study of 10 MCOs was reported at the April 2000 CDC 
meeting in which the attributable risk figure of 1 case per 12 274 vaccinees 
was presented. Despite the rarefied attributable risk figure with six cases of 
intussusception among of 61371 vaccinees within the first 3 weeks after the 
first dose, the window analysis yielded an incidence risk ratio of 15 for days 
3-7 for the vaccinated group. The disparity between the attributable risk of 1 
case per 12 274 vaccinees and the relative risk of 15 was once again very difficult 
to place in practical perspective. 

The issue of the attributable risk of the vaccine can only be settled if the 
incidence of intussusception in the vaccinated and non-vaccinated groups is 
compared over the same periods and for the same length of time, rather than 
extrapolating a rate by person-years for the vaccinated group for a fragmented 
early segment of time, because of the disproportionate clustering of cases in days 
3 7  post vaccination. 
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An analogy for this statistical anomaly 

By way of illustration of this statistical anomaly of increased initial risk versus 
overall attributable risk, a baseball analogy regarding a pitcher’s earned run 
average (ERA) provides an excellent example. The ERA is probably the most 
critical statistic in determining a pitcher’s performance. It is calculated by 
dividing the number of earned runs allowed by the number of innings pitched 
and multiplying by nine to determine the number of earned runs yielded per 
normal nine-inning game. 

In this illustration, let’s assume that pitcher ‘A’ gives up two earned runs in the 
first inning of a game and then leaves the game. His ERA is calculated as 18.00 (i.e. 
2 runs divided by 1 inning = 2; 2 x 9 innings = 18.00). However, pitcher ‘B’ plays 
the entire game and yields 2 runs in the 9th inning. His ERA is calculated as 2.00 
(i.e. 2 runs divided by 9 innings x 9 innings = 2.00 ERA). As the season progresses, 
‘A’ and ‘By each pitch 100 total innings and each gives up a total of 20 earned runs. 
The ERA of each pitcher is now 1.80 (i.e. 20 runs divided by 100 innings=0.20; 
0.20 x 9 innings=1.80 ERA). The initial high ERA of pitcher ‘A’ is stabilized as 
the season progresses. 

CDC has presented an odds ratio of 24.8 on days >7 post vaccination in their 
case-control study (ACIP 1999), and an incidence rate ratio of 15.05 during days 3- 
7 post vaccination in the 10 MCOs cohort study (CDC-EIS conference April 2000). 
However, we still do not know the risk of developing intussusception following 
RRV-TV vaccination. The attributable risk has ranged from one case per 2500 
vaccinees to the current value of one case per 12 274 vaccinees. 

We also do not know the risk of intussusception in vaccinated and never- 
vaccinated infants when they are studied for the same length of time (e.g. 12 
months) or whether there was an ‘epidemic’ of intussusception following 
vaccination. Although the odds ratio during the first week predicts that an 
‘epidemic’ should have occurred, the population-based cohort data do not 
support this position. 

The future of RRV-TV 

It is clear that the developing countries of the world will not use the rotavirus 
vaccine as long as the ACIP recommendation for its withdrawal remains in force. 
How can this barrier be removed? There are three possible options that need 
consideration: (i) a recommendation for routine use of the vaccine would remove 
the barrier, but the prospect of this option being selected is highly unlikely and 
appears not possible at present, based on the currently available data; (ii) a 
‘permissive recommendation’ would remove the barrier but the likelihood of this 
option being selected is unlikely, but possible at this time because of the recent 



TABLE 2 Candidate oral rotavirus (RV) vaccine evaluated in efficacy trials in infants and young children 

Venue Vaccine SeroQpe [Genot~pe] Composition Status 

Jennerian approach 
Tampere, Finland Bovine RV (BRV) NCDV (RIT 4237) G6; P6[1] Monovalent Discontinued 
Philadelphia, USA BRV-WC3 G6; P[5] Monovalent Discontinued 
Bethesda, USA Rhesus RV (RRV)-MMU 18006 G3; P5B[3] Monovalent Discontinued 

Modified Jemerian approach 
Bethesda, USA Human RV (HRV) x RRV, G1,2,3,4; P5B[3] Quadrivalent Licensed by FDA, use 

Philadelphia, USA HRV x BRV (WC3), Reassortants* G1,2,3; PlA[8]; P[5] Quadrivalent Active 
Bethesda, USA HRV x BRV (UK), Reassortants G1,2,3,4; P7[5] Quadrivalent Active 

Reassortants+RRV* suspended 

Non- Jenndan approach 

Cincinnati, USA HRV-8Sl2 
Bethesda, USA HRV-M37 G1; P2A[6] Monovalent Discontinued 

G l ;  P[8] Monovalent Active 

*Selected individual components evaluated for efficacy also 
References: Midthun, & Kapikian (1996); Kapikian & Chanock (1996); Clark et al(1996); Vesikari (1996); Offit et a1 (1997); Bresee et al(1999); Clements et a1 (1999); 
Hoshino & Kapikian (2000); World Health Organization (2000). 
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revised attributable risk data; and (iii) a statement indicating that on the basis of 
new information, the risk of intussusception following vaccination is considerably 
less than originally projected, is likely to be selected but would be totally ineffective 
in removing the barrier. Thus, the only realistic way to remove the barrier to 
evaluation of this vaccine in the developing countries under the present 
circumstances would be for the ACIP to approve a ‘permissive 
recommendation’, thus validating the concept that children in the developing 
countries are on an equal footing to their counterparts in the USA. With a 
permissive recommendation the rotavirus vaccine could be evaluated in double- 
blind placebo-controlled trials in both the USA and the developing countries, 
and we could finally have an answer regarding the true risk, if any, of this vaccine. 

Other rotavirus vaccines 

A presentation on rotavims vaccines would not be complete if it did not consider 
the prospects for other rotavirus vaccines that may fill the void left by the 
withdrawal of the rhesus rotavirus-based vaccine. Table 2 summarizes the status 
of the various rotavirus vaccines that have been evaluated in efficacy trials in infants 
and young children. Evaluation of monovalent bovine or rhesus rotavirus vaccine 
has been discontinued because of the variable efficacy of these immunogens. The 
quadrivalent WC3 bovine rotavirus-based reassortant vaccine with G1, G2, G3 
and PlA[S] specificity is undergoing active field testing. A quadrivalent UK 
bovine rotavirus-based reassortant vaccine with G1, G2, G3 and G4 specificity is 
‘on hold’ pending developments with its counterpart rhesus rotavirus tetravalent 
vaccine. A monovalent attenuated human rotavirus G1 vaccine is under active 
clinical evaluation. As shown in Table 3, various other vaccine candidates have 
been evaluated in phase 1 safety and immunogenicity studies. Some of these 
vaccine candidates are no longer under development, others are in active 
development or ‘on hold’. 

Conclusion 

Although the list of vaccines under evaluation includes several promising 
candidates, there is no certainty that any of them will be immune to the 
difficulties encountered by the rhesus rotavirus-based reassortant vaccine. It is 
estimated that it will take 4-7 years before a new rotavirus vaccine could be 
licensed, even if shown to be safe and effective. Tragically and lamentably, during 
this interval about 4 million infants and young children will die from rotavirus 
diarrhoea. For this reason, it is imperative that risk/benefit decisions relating to 
the currently licensed rotavirus vaccine be made as soon as possible, so that 
public health authorities can make informed decisions regarding its use. 



TABLE 3 Candidate oral rotavirus (RV) vaccine6 in phase I-11 safety and immunogenicity trials in infants and young children 

I "ewe Vaccine Serodype [ Ge~otype]Composit~on Status 

Jennerian approach 
Lanzhou, China Lamb Rotavirus (LLR) G10, P[12] Monovalent Active 

Modified Jennerian approach 
Bethesda, USA HRV (Wa) x BRV, (UK) Reassortant P1 A; G6 Monovalent Active 
Bethesda, USA HRV (Wa x DS-1) x BRV (UK), Reassortant PIA, G2 Monovalent Active 

Philadelphia, USA P1A; G1 Monovalent Discontinued HRV (WI 79 4+9) x BRV (WC3), Reassortant 

Non- Jennerh approach 
Philadelphia, USA HRV-WI78 G3; P[8] Monovalent Discontinued 

HRV-30" cold-adapted WI78 G3; P[ 81 Monovalent Discontinued Philadelphia, USA 
Philadelphia, USA HRV-WI61 
Philadelphia, USA HRV-30" cold-adapted WIG1 

G9; PlA[8] Monovalent Discontinued 
G9; PlA[8] Monovalent Discontinued 

Bethesda, USA HRV-30" cold-adapted D G1; PlA[8] Monovalent Active 

Parkville, Australia HRV-neonatal RV3 G3; P[6] Monovalent Active 

Other approaches not in human trials include: synthetic viral proteins; viral proteins expressed by cloned rotavirus DNA; empty capsids expressed by a baculovirus 
recombinant; synthetic peptides; DNA vacunes; and an inactivated G1 P[4] strain (AU64) for parenteml administration 
References: Clark et a1 (1996); O&t et al(1997); Bresee et al(1999); Hoshino & Kapikian (2000); World Health Organization (2000). 
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DISCUSSION 

Vesikuri: I wanted to share some data on the viral aetiology of diarrhoea, which 
are relevant to the question of whether the rotavirus vaccine is needed. We have 
data from a cohort of 1200 children that we are following to the age of 2 years (Fig. 
1 [Vuikuri]). 764 episodes of gastroenteritis were detected during this follow-up 
and were searched for all gastroenteritis viruses by PCR. We scored the episodes 
using the traditional 20 point score (Pang et a1 2000). Approximately 60% of the 
episodes were mild. In this group, we have a miscellaneous collection of viruses but 
most of the episodes remain aetiologically unresolved. On the other hand, we may 
not really need to resolve them, because these are not significant illnesses; the 
children will not see a doctor. Also, because the threshold for detection of a case 
was low, we were probably also detecting other childhood diseases which are 
associated with either diarrhoea or some vomiting. The picture changes 
completely when we go to a score of 8 or higher, which is moderately severe to 
severe gastroenteritis. About 40% of the episodes fell into this category. This is 
the same score that was used in the US rotavirus vaccine studies as a definition of 
moderately severe disease. Here rotavirus is responsible for 42% of episodes, and a 
little bit more where it is associated with co-infection with other viruses. There are 
two points here. First, human caliciviruses are an important group of aetiological 
agents in the moderately severe category. These children may or may not see a 
doctor. Second, only 20% of the episodes in this category remain unresolved. 
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Finally, I would like to show the really severe episodes, which represent the top 
10% of all gastroenteritis cases we saw. These are children who are likely to end up 
in hospital; if they don’t, they should. In this category we can find a virus in 
virtually all of the cases. Rotavirus is responsible for 72%. We still have some 
caliciviruses and enteric adenoviruses. 

Is there anything that we could do to improve the detection rate still beyond this 
into the unknown category? I don’t think we have to presume totally unknown 
viruses. The causative agents are probably among those that we already looked 
for. I suspect that one of the culprits is enteric adenoviruses: we are not detecting 
them all and we have some evidence that by using a combination of primers we can 
detect more. There is a hope that we can narrow the aetiological void still further, 
and that there won’t be much room left for novel gastroenteritis viruses as 
aetiological agents in human gastroenteritis. 

Greenberg: Is the attributable risk from the managed care facilities of about 1 in 
12 000 excess cases per year after being vacqnated? 

Kupikiun: Yes, this is the most recent figure that the CDC has calculated from an 
expanded cohort study of participants enrolled in 10 managed care organizations. 

0A;t: As a member of the ACIP, I would love to be able to go back to them 
and convince them to use this vaccine. Here is what I need from this group to 
help me convince them. Let us say that we use your lowest attributable risk of 1 
in 12 274, with a birth cohort of roughly 4 million this would mean potentially at 
least 320 excess cases of intussusception per year with a universal 
recommendation. In the USA, roughly 55 000 children are hospitalized with 
severe gastroenteritis. So we are comparing 55 000 versus 320 hospitalizations, 
20-40 deaths versus say 4 deaths. There are some assumptions here that are 
probably false: we assume that all deaths would be preventable by vaccination, 
and ignore the fact that now we are aware of intussusception, deaths are less 
likely to occur from this. The best way to compel people to still give this 
vaccine-and I think that it is going to have to be given in the USA if it is 
going to be given in developing countries-is to convince people that it is 
safe, with safety being defined as the benefits clearly outweighing the risks. The 
most compelling way to do this is not going to be with these data. Any upper 
middle class parent is not going to want their child to take this vaccine because of 
intussusception. I don’t think the members of the ACIP are going to give a 
permissive recommendation if they are not going to give it to their own 
children. Rotashield was withdrawn from the market in July of 1999. We have 
a year’s worth of information. If you can show that there is a decrease in the rate 
of intussusception because the child was vaccinated, which I think is a decent 
formal way of proving that natural infection does cause intussusception, and 
therefore vaccination prevents it, this would be the most compelling set of data 
to convince people that the benefit outweighs the risk. I would argue very 
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strongly before June 20th that we should do whatever we can do to make that 
information available. The way it looks now, this is not going to happen. 

Kapzkian: The increased risk during the first week after the first dose appears to 
be significant and deserves further evaluation. Is it possible that the vaccine had a 
triggering effect in an infant who would have developed intussusception later if 
they had not been vaccinated? It should also be noted that the package insert 
notes intussusception as a possible adverse reaction. Is it possible that some of 
those early cases resulted from recall or reporting bias? For example, a mother 
calls the paediatrician and says that her child is having abdominal complaints, the 
paediatrician says that since the child had rotavirus vaccine three days ago, she 
should bring the child in for further evaluation. An X-ray suggests to the 
paediatrician that it is intussusception. Another mother calls her paediatrician 
with the same complaint. Because the paediatrician didn’t vaccinate this child, he 
suggests watchful waiting to see if the condition will improve. These are scenarios 
we can only speculate about at this time. The only way to answer this issue would 
be in a double-blind placebo-controlled study, which may no longer be possible. 

Ofit: If we can get those data before June that IS helpful, or if anyone can provide 
me with some other piece of information that convinces this group that makes 
decisions about vaccines in our country that the benefits of Rotashield clearly 
outweigh its risks, I would love to hear it. 

Matson: I think that the June meeting is too soon. That date is simply asking 
people to crush data that need to be cleaned up. The October meeting might be 
the better time. With regard to the issue about the upper- and middle-class mother 
who says that her child doesn’t die from intussusception, that child also won’t die 
from diarrhoea. The risk factors for mortality occur in a different population than 
the risk factors for intussusception in the USA. 

Glass: One thing that has come from all of these studies, whether they are biased 
or not, is that there is an excess risk in the week after immunization with the first 
dose of Rotashield. Regardless of what the attributable risk is, the relationship is 
present. 

Greenberg: There is a spectrum of ‘informedness’ about this issue. Our colleagues 
from Europe are probably as not yet fully on top of the issue. I simply want to say 
that as you try to think this through, the USA, like any country, is complicated. 
There is the FDA that has the legal power to licence and unlicence; there is the 
ACIP which is an advisory committee that consists of a group of experts in the 
area of vacdnes; and there is the CDC that is doing the epidemiological analysis. 
Paul asked a question for the ACIP group of experts, what should we do? Everyone 
listens to what they say. I am an FDA advisor, but I am not on the ACIP committee. 
My feeling is that you can only deal with the data provided, but the ACIP did not, 
in its initial discussion, present to the public a process of how to weigh the problem 
in terms of risk and benefit. They simply said that there was a risk and that the risk 
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seemed unacceptable. They didn’t discuss in detail the potential benefit also. If we 
can’t figure out the benefit, we can’t make an informed decision. The US public 
may decide that if there is a risk, they do not care about the benefit. This is a 
public decision. But they have to be presented with the data about the potential 
benefits as well as the risks, and how one goes about weighing these two factors. 
OBt: Your point is excellent, in that we lost an opportunity in the ACIP in 

discussing issues of risk-benefit. For this or any vaccine, that is the point: do the 
benefits clearly outweigh any potential risk? In defence of the ACIP, two things 
happened. One is that the vaccine was withdrawn by the company two days 
before we met, so to some extent it was a fatt accompli. Secondly, the antivaccine 
groups sit in that meeting and are very vociferous. People are scared to have the 
discussion that they should have. I agree with you, we should have this vaccine if it 
is what is best for children in our country. 

Desselberger: We saw that various calculations lead to different results in assessing 
the risks. But you pointed out clearly that the clustering of cases after the first dose 
of the vaccine is significant and has to be looked at in respect of all the other factors. 
What has been done further with these 56 intussusception cases in terms of trying 
to analyse what is going on? There is an epidemiological suspicion of association 
with the vaccine. About 20% of the cases have been operated on. What do the 
surgical resection specimens look like? Have they been investigated by ELISA, 
RT-PCR or immunofluorescence? 

Kapikian: This is in progress, and can be answered better by Roger Glass, since 
the CDC is coordinating this activity. 

Glass: The epidemiological investigation is being handled by the National 
Immunization Program at CDC. This has been one of the largest adverse event 
investigations they have ever conducted, covering 19 states with lots of analyses. 
We are in the process of trying to get the pathology tissue from some of those 
patients who had surgery. This has been very slow, because we have had to go 
back and get informed consent. 

Desselberger: Paul Offit made some interesting comments at the WHO meeting in 
February 2000 that there might be some link between this event early after the first 
infection and viral replication. It is certainly worth looking at this. 

OBf: I’d like to add to the comments that I made at the WHO meeting. Three to 
seven days is certainly when one sees replication, but it is not clear that natural 
infection causes intussusception - it may, but if it does, it doesn’t do it at a high 
and obvious rate. Yet in natural infection of clldren with human rotavirus, the 
virus replicatesverywell. When youlookatthesimianviruses - therhesus x human 
reassortants - these viruses replicate much less well, and clearly cause 
intussusception at a low but reproducible rate. There was a case of 
intussusception in the WC3 x human reassortant in Finland. This was in a 7 
month old child who got a vaccine. Stools at days 3 and 5 and biopsy material at 
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the time of surgery didn’t show any evidence for virus. Initially thts was somewhat 
surprising, but there is a very compelling animal model of transient 
intussusception in mice that are parenterally inoculated with lipopolysaccharide. 
What is compelling about this is that one can see this transient intussusception 
occurring in the absence in inflammation and a clear lead point. It is also an 
intussusception that can be modified by giving agents that decrease the effects of 
cytokines. One could argue, then, that there is something about immunization - 
whether it is with polio virus, simian x human rotavirus reassortants or with 
bovine x human rotavirus reassortants-where one gives a lot of virus at one 
time and it is taken up in a site or processed by an antigen-presenting cell (APC) 
type that is different from that which occurs after natural infection. It is associated 
with a profile of cytokines that causes thts increase in motility and the subsequent 
intussusception event. One could even argue that there would be a preventive 
strategy where one could give an anticytokine-specific agent and prevent this. If 
it is true that any oral bolus of a lot of virus causes intussusception and is prohibited 
for use as a vaccine, this doesn’t bode well for rotavirus vaccines. It is hard to prime 
the intestine by a non-mucosal route. I hope we can get around this. 

Vesikari: I want to comment on the cases of intussusception that we have seen in 
Finland. The first one was associated with the Rotashield vaccine, and the question 
in retrospect is could the subsequent events in the USA have been predicted from 
our experience? I always have an uneasy feeling when I look at the table compiled 
by Rennels and others, because it puts together cases from very different studies 
(Rennels et a1 1998). In our series we had one case in 1191 children in the vaccine 
group, and one case in 1207 children in the placebo group. Thus the two 
populations were very comparable. The one case in the vaccine group had 
intussusception six days after the third dose, given at the age of 5 months, and 
the placebo case was 44 days after the second dose. We reported that this was 
possibly associated, but because there was the other case in the placebo group, 
the external safety monitor group said it was all right. 

Intussusception can happen with other vaccines. We have had-one case of- 
intussusception in a child who received a WC3-based reassortant vaccine. It was a 
7 month old child, 8 days after the first dose, out of about 1600 who received the 
vaccine in Finland. We had another case in a UK-based bovine reassortant vaccine 
recipient, which was a five month old child six days after administration. In these 
more recent studies, we are giving the vaccine to children at this age, because the 
rhesus-based rotavirus vaccine cannot be given to such children due to a high 
febrile reaction rate. We thought that with the use of the bovine vaccine strains 
we could extend rotavirus vaccination to older children. However, it turns out 
that this approach may also run into problems, because 6-9 months is the peak 
age of naturally occurring intussusception. The children are susceptible to 
developing intussusception, whether this is due to another virus or the rotavirus 
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vaccine- the two can even coincide, and it is difficult to rule out one or the other. 
The response to this situation has been that anyone who is contemplating a new 
candidate vaccine has moved down with the age of vaccinauon. In the future 
vaccine studies, the first dose is about to be given at the age of six weeks. One 
reason might be that this age fits with the EPI schedule, but the real reason is to 
avoid intussusception. Probably the safest way would be to give rotavirus vaccine 
to neonates. The reason why such studies are not being conducted is because 
neonatal immunization is not part of the US immunization schedule. 

Arias: Are there any data about the rate of intussusception in developing 
countries? 

Kapikian: The incidence of intussusception in developing countries was 
discussed at the WHO meeting on rotavirus vaccines in Geneva in February 
2000. Although the rates seemed to be characteristically lower in developing 
countries than in developed countries, it appeared that the issue needed to be 
studied further to exclude the possibility of incomplete reporting of 
cases. 

Glass: We have tried to look at the intussusception rates in developing countries, 
and we don’t have population-based data. We have two experiences which are quite 
contrasting. One is that in Dehli, where Dr M. K. Bhan at PIIMs looked at the 
largest hospitals in the city. In the last five years, they have had very few cases of 
intussusception, so it is rare. In Ho Chi Min City in Vietnam, Dr Ngoun takes care 
of two cases per day, which is several hundred a year from a huge area. The rates 
seem to differ greatly. This could all be irrelevant: one of the great discoveries that 
AI Kapikian’s vaccine has made is that the approach of using a live oral vaccine 
really works well and can protect children from subsequent severe disease. Even 
with a low rate of intussusception, it could be a life-saver in these other 
countries. 

Kapzkian: Unfortunately, a recommendation for evaluation of the rotavirus 
vaccine in developing countries may turn out to be merely a Pyrrhic victory 
because the vaccine will not be used in developing countries as long as it is not 
recommended in the USA. It is a tragedy that every day about 2000 infants and 
young children die from rotavirus diarrhoea in the developing countries. It will 
be another 4-7 years before another rotavirus vaccine becomes available for 
licensure, and there is no guarantee that this vaccine will not have a similar 
problem. In the meantime, about 4 million children will have died. Wyeth- 
Lederle, the producers of the rotavirus vaccine have indicated that they would 
consider staying in the business of making the vaccine if three conditions were 
met: (1) WHO recommends use of the vaccine; (2) the attributable risk becomes 
rarefied; and (3) the ACIP would at a minimum grant a permissive licence for its 
use. If a permissive licence is not granted in the USA, I do not believe that 
developing countries will use the vaccine. 
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Pollok: Is there pathological evidence that rotavirus infection is associated with 
Peyer’s patch hypertrophy? This is critical: is it an association or is there a causal 
link? 

Greenberg: There are not enough data. It is anecdotal. 
Koopmuns: Laying aside the issue of the risk ofintussusception, in the USA there 

may be a consensus that it is useful to vaccinate every child for rotavirus, but this 
discussion is still being held in Europe. In The Netherlands the issue is not so much 
one of informing the public: rather, the paediatricians are not all convinced that we 
need to vaccinate against rotavirus. 

Estes: I have one other point I would like to raise about intussusception. One of 
the things that is most interesting to me about this story is the fact that a virus that is 
clearly associated with intussusception is respiratory adenovirus, and not the 
enteric adenovirus. Why does the enteric virus not seem to be associated? Barbara 
Coulson’s papers describe integrins as the rotavirus receptor, and the receptor that 
is dearly identified for the respiratory adenovirus is an integrin (Coulson et a11997, 
Hewish et a1 2000). There has been some discussion that perhaps these integrins are 
found in the intestine in the region of the ileal-caeca1 junction. I don’t know 
whether there is any connection here, but it is interesting to think about this. 

Greenberg: I think the receptor for the respiratory adenovirus is also the receptor 
for some of the enteroviruses. This receptor is more broadly used in the enteric 
environment than just for those adenoviruses. 

Prusud: It is also the receptor for foot-and-mouth disease virus. 
Glass: One of the other differences with the adenoviruses i s  that pathologists tell 

us that the adenovirus inclusions in the mesenteric lymph nodes are longer and 
more well defined. This provides a nice leading edge from which intussusception 
can occur. This is the only one that is well defined besides polyps. 

Estes: Intussusception is a very important clinical problem for children. 
Paediatric surgeons say that this is the most important problem that they deal 
with. How people resolve it is very different in different countries and even in 
different cities in the USA. In some cities it is resolved by the radiologists; in 
other cities, particularly in today’s litigious environment, the children always go 
to surgery. This is one area where we as virologists might consider interacting with 
the physicians in our institutions to see whether we can help resolve this difficulty 
in children, regardless of its association or not with the rotavirus vaccine. 
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Abstract. Within the last decade molecular analyses of the genome of Norwalk-like 
viruses (NLVs) have confirmed that this important group of mfeaious agents belongs 
to the Caliczvzridae family. NLVs have a positive-sense, smgle-stranded RNA genome of 
approximately 7700 nucleotides excluding the polyadenylated tail. The genome encodes 
three open reading frames: ORF 1 is the largest (- 1700 amino acids) and is expressed as a 
polyprotein precursor that is cleaved by the viral 3Clike protease; ORF 2 encodes the 
viral capsid (550 amino acids); and ORF 3 encodes a small basic protein of unknown 
function. Comparative sequenang studies of human caliuvimses have revealed a 
second distinct group of viruses known as Sapporo-like viruses (SLVs). SLVs also have 
a single-stranded, positive-sense RNA genome of approximately 7400 nudeotides and the 
small 3’ terminal ORF (NLV-0-3 equivalent) is retained. Phylogenetlc analyses of 
NLV and SLV genomic sequences have assigned these viruses to two different genera 
with each genus compnsed of two distinct genogroups. The fundamental difference in 
genome orgamzation between NLVs and SLVs is that the polyprotem and capsid ORFs 
are contiguous and fused in SLVs. Progress in understanding the molecular biology of 
human caliamruses IS hampered by the lack of a cell culture system for virus propagation. 
Studies on viral replication and vinon structure have therefore relied on the expression of 
recombinant virus proteins in heterologous systems. Norwalk virus capsid expressed in 
insect cells assembles to form virus-like particles (VLPs). Structural studies have shown 
that Norwalk v m s  VLPs are compnsed of 90 dimers of the capsid protein. 

2001 Gastroenterzfas uzruses. Wiley, Chzchester (Nouartzs Fomdation Symposrum 238) 
p 180-136 

Caliciviruses 

The application of electron microscopy to the examination of stool samples from 
patients with diarrhoeal disease resulted in the discovery of the viruses associated 
with gastroenteritis. Whilst rotaviruses and enteric adenoviruses have obvious and 
distinguishable morphological features there was considerable confusion about the 
role of ‘small round viruses’ found in stool samples from patients with non- 
bacterial gastroenteritis. An interim class3cation scheme described in 1982 

180 
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FIG. 1. Electron microscopic appearance d(a )  NLVs and (b) SLVs. NLVs have a ragged edge 
and amorphous structure whereas SLVs display the classic cup-shaped morphology from which 
caliuviruses derive their name. Scale bar= 100 nm. (Fig. l a  courtesy of Mr I?. Pead, Fig. 1 b 
reproduced courtesy of Mrs 3. Cosgrove and Prof R. Madeley.) 

allowed the clear differentiation of these viruses (Caul & Appleton 1982). In this 
scheme two distinctive morphdogkd groups ofhuman viruses (now known to be 
calicivimses), both approximately 30-35 nm in diameter were recognized. Tlhe 
small round structured viruses (currently known as ‘Norwalk-like viruses’ or 
NLVs) have an amorphous structure with a ragged outer edge (Fig. la) and the 
‘classic’ cdicivixuses (‘Sapporo-€ike viruses’ of: SLVs) display the true cup-shaped 
structures from which the calicivirus family derives its name (Fig. lb). SLV 
infections are rarely diagnused and are usualIy found in symptomatic young 
children whereas NLV infections arc common in all age groups. 

Caliciviruses possess a single-stranded, positive-sense RNA genome 
approximately 740&7800 nucleotides in length (excluding the plyadmylate 
tail). Calicivirus genomes have a charmeristic arrangement of their open reading 
frames (ORES) that dearly distinguishes them from the: genomes o€ picomaviruses 
(Clarke & Lambden 1997). The 5’ region of the genome encodes a large non- 
structural polypratein that precedes a single viral capsid protein ORF. At the 3’ 
terminus of the genome there is a small ORF that encodes a basic protein, 
Cdicivirus replication can be distinguished from picomavirus replication by the 
production of a subgenomic RNA species that serves as the main template for the 
synthesis of the capsid protein. 

Phylogenetic analysis of genome sequences has divided the calicivirus family 
into four distinct genera (Green et al2000). These genera map with some of the 
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biological properties of the viruses: for example, caliciviruses have long been 
associated with veterinary diseases especially involving marine mammals and 
respiratory infections of cats (Vesivirw genus) and more recently with hepatic 
diseases in lagomorphs (Lugovirtls genus). However, viruses naturally infecting 
humans are found only in two of the genera: the NLVs and the SLVs. These 
generic names are themselves only temporary until more suitable and appropriate 
terms can be derived. Very little progress was made in the study of the human 
viruses until the early 1990s because they cannot be grown in cell culture and 
there is no reliable animal model. The application of modern molecular 
techniques to study virus genome structure and organisation has led to the 
production of new reagents that have provided further insights into the 
molecular biology of these viruses. Our aim is to review the most important 
advances in the molecular biology of the human caliciviruses with particular 
emphasis on genome structure and virus gene expression. 

Norwalk-like viruses 

The prototype virus for this genus is the Norwalk virus (NV), the first human virus 
to be described with an aetiological association with non-bacterial gastroenteritis 
(Kapikian et a1 1972). The NV was the cause of an outbreak of gastroenteritis 
amongst adults and children in an elementary school in Norwalk, Ohio, USA. 
NV was visualized in human stool samples by immune electron microscopy 
using convalescent serum from a volunteer who had been experimentally 
infected with a faecal filtrate from the original outbreak. Subsequently other 
morphologically indistinguishable viruses have been described from similar 
outbreaks. The low numbers of virus particles shed during infection and the lack 
of a cell culture system has made it very dificult to characterize the Norwalk and 
related viruses. Early studies relied on the use of volunteers to produce enough 
virus for biochemical analysis. The NV has a buoyant density of 1.38-1.41 g/cm3 
and a single capsid protein of 60 kDa (Greenberg et a1 1981). Major advances came 
with the description of the NV genome (Jiang et a1 1990) and the sequence of some 
small genome fragments (Jiang et a1 1993, Matsui et a1 1991). This work showed 
that the NV genome is comprised of positive-sense, single-stranded RNA 
approximately 7.5 kb in length with a 3’ polyadenylated tail. Complete genome 
sequences of NV and another related virus, Southampton virus (SV) soon 
followed (Jiang et a1 1993, Lambden et al 1993). The genome organisation of 
these viruses (5‘ region encoding a large non-structural polyprotein, preceding a 
single viral capsid protein ORF and a small ORF encoding a basic protein at the 3’ 
terminus of the genome) confirmed that the NLVs should be classified within the 
Caliciviridae. The availability of these genome sequences made it possible to 
develop primer sets for the further investigation of the nature and extent of 
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sequence diversity amongst the NLVs. Sequence comparisons showed that the 
viruses could be divided further into two genetic groupings or genogroups (Lew 
et a1 1994) with SV and NV belonging to genogroup 1. Complete genome 
sequences are available for the following genogroup 2 viruses, Lordsdale (LV; 
Dingle et al 1995), Camberwell (CV; Seah et al 1999) and Hawaii virus 
(K. Green, personal communication). A generalized genome map for the NLVs 
is shown in Fig. 2. 

OR F Ilpolyproteinprocessing 

Alignment of the nucleotide sequences from the 5‘ region of ORFl showed 
significant divergence between viruses from the two genogroups (Dingle et a1 
1995). Whilst the initiation codon for ORFl has not been defined in the NLVs, 
comparison of the “-terminal’ 150 amino acids also showed little amino acid 
sequence identity. Beginning at the first in frame AUG, ORFl encodes a 
polyprotein of approximately 200 kDa containing motifs for 2C-like NTPase, 
3C-like protease and 3D-like RNA-dependent RNA polymerase (Lambden & 
Clarke 1995). Because NLVs cannot be grown in cell culture, studies of 
polyprotein processing have been based on transcriptionltranslation of RNA 
generated from cDNA clones, expression of the polyprotein in Escherichiu coh 
and transfection of mammalian cells with cDNA. In these systems genogroup 1 
(SV) and genogroup 2 (CV and LV) polyproteins undergo similar proteolytic 
cleavages (Liu et a1 1996, 1999a, Seah et a1 1999). Cleavage by the 3C-like 
protease occurs in cis at five specific sites liberating six defined polypeptides. The 
kinetics and order of cleavage have yet to be determined although preliminary 
work also suggests that the SV 3C-like protease has activity in tram. By analogy 
with animal caliciviruses further assignment of the biological functions of the 
cleavage products has been possible: the 3B fragment is thought to be the viral 
genome linked protein (VPg). 

c a p i d  

Immunoprecipitation of radiolabelled gradient-purified NV with acute and 
convalescent sera indicated that these viruses were comprised of a single major 
capsid protein with a molecular weight of 59 kDa (Greenberg et a1 1981). Later 
studies with the Snow Mountain agent confirmed this observation (Madore et a1 
1986). A major breakthrough in studying the NLVs came with the discovery that 
expression of NV ORF2 in insect cells using a recombinant baculovirus led to the 
export of the capsid protein to the cell culture supernatant where it self-assembles 
to form virus-like particles (VLPs) (Jiang et a1 1995). The VLPs appeared as 
‘empty’ virions when viewed by negative-stain electron microscopy but were 
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RG. 2. Diagrammatic representation of the organization of ORFs in the two genera of human enteric caliciviruses. The 5' region of the genome 
encodes the viral non-structural proteins as part of a larger polyprotein precursor. The 3' region (subgenomic region) of the genome encodes the 
viral capsid structural protein and a 3'-termind small basic protein of unknown function. 
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otherwise antigenically indistinguishable from NV particles (Green et al 1993). 
Subsequently ORF2 has been expressed in insect cells as VLPs from a number of 
different NLVs (both genogroup 1 and genogroup 2). NV VLPs also occur when 
ORF2 is expressed in transgenic potatoes and tobacco - these products could 
have the potential to form the basis of a new oral vaccine (Mason et a1 1996). By 
contrast expression of the capsid protein in mammalian cells does not result in the 
formation of VLPs (Pletneva et a1 1998). VLPs are now available as an abundant 
source of antigen which has been used to study the seroprevalence of NLV 
infections (Gray et al 1993) as well as used to generate specific antisera for use in 
antigen detection ELISAs (Graham et a1 1994). 

3’ terminal ORF 

All caliciviruses possess a short ORF located towards the 3’ terminus of their 
genome. In the NLVs this ORF is termed ORF3 and the predicted protein 
product is basic in structure but has no significant homologies to other proteins 
within the sequence databases. ORE3 is variable in size amongst the NLVs ranging 
from 21 1-268 amino acids. In genogroup 2 viruses the ORF is some 50 amino acids 
longer than its counterpart in genogroup 1 viruses. The conservation of this ORF 
in all NLVs strongly suggests that it has a functional biological role. Studies with 
the rabbit haemorrhagic disease virus (RHDV) have suggested that the 3’ terminal 
ORF may be a minor structural component of the virion (Wirblich et al 1996), 
however this protein is not seen to be associated with feline calicivirus (FCV) 
particles (Tohya et a1 1999). In addition X-ray crystallographic studies with NV 
VLPs have not identified the ORF3 product as a structural entity in NV VLPs 
(Prasad et a1 1999). The basic nature of the ORF3 product has also led to a 
suggestion that it may have a role in RNA binding (Neill et a1 1991). However, 
in our laboratory we have been unable to detect the ORF3 product from faecal 
specimens positive for SV or LV. 

Sapporo-like viruses 

It is now clearly established that human enteric caliciviruses which display the 
classic surface structure have a fundamentally different genome organization to 
the NLVs (Liu et a1 1995). They are also phylogenetically distinct from NLVs 
and have been assigned to a separate genus (Berke et al 1997, Noel et a1 1997). 
The classic caliciviruses were first described in the UK (Madeley & Cosgrove 
1976), but it was not until some years later that the prototype Sapporo virus was 
identified (Terashima et al 1983). The ‘interim’ classification system allowed 
differentiation of these viruses by their distinctive morphology but there are also 
important epidemiological differences (Caul & Appleton 1982). Infections are 
mainly found in children under 4 years of age suggesting that immunity develops 
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early and is life-long. In contrast to the NLVs, infections caused by the SLVs are 
seldom associated with large outbreaks, diagnosis is by electron microscopy and 
positive specimens usually occur as single sporadic cases of gastroenteritis. 

The first complete SLV sequence was determined for ‘Manchester virus’ (Liu 
et a1 1995) with a genome length of 7431 nucleotides. The first open reading 
frame of Manchester virus starts at nucleotide 12 and contains the characteristic 
motifs of the 2C-like NTPase, 3C-like protease and RNA polymerase seen in the 
NLVs. However, the major difference between the genome of Manchester virus 
and the NLV genomes (Fig. 2) is that the capsid structural protein gene is in the 
same frame as ORFl and is contiguous with the RNA-dependent RNA 
polymerase, giving rise to a single large polyprotein that covers most of the 
genome. This type of genomic organization is also found in the caliciviruses that 
infect lagomorphs (Clarke & Lambden 1997). Like all other caliciviruses the SLVs 
have repeated nucleotide sequence motifs located at the genome 5‘ terminus and at 
the start of the capsid open reading frame. Whilst SLVs cannot be grown in cell 
culture it is assumed that expression of the capsid protein can occur through two 
routes, either by cleavage from the polyprotein or by direct expression from a 
separate subgenomic RNA. Preliminary work using a full-length genomic clone 
of Manchester virus in an in vifro transcription/translation system has shown that 
the polyprotein undergoes proteolytic cleavage liberating the capsid protein. 

Although no volunteer studies have been performed to regenerate SLVs for 
detailed biochemical studies, it has been possible to purify virions directly from 
stool samples for further characterization. These studies have shown that the 
Sapporo virions are comprised of a single major capsid protein of 62kDa 
(Terashima et al 1983). Attempts to produce the capsid protein in heterologous 
expression systems have met with mixed fortunes, The Sapporo virus capsid 
protein is exported to the cell culture supematant when expressed in insect cells 
using recombinant baculoviruses but formation of VLPs appears to be 
dependent on the length and nature of 5‘ leader sequences (Jiang et a1 1999). In 
our hands expression of the Manchester virus capsid protein from a recombinant 
baculovirus produces abundant capsld protein in the cell culture supematant but 
we have not been able to obtain VLPs. 

Computer analysis of the Manchester virus genome sequence predicts a typical 
calicivirus short 3’ terminal ORF of 165 amino acids. This is frame shifted -1 
relative to main ORF (ORF1) and encodes a 17.8 kDa basic protein, hydrophilic 
in nature. A second short ORF (encoding 161 amino acids) is also predicted to 
overlap the capsid region of the genome but is in a different reading frame. This 
overlapping ORF is found in several SLV isolates but its significance remains 
unknown. 

The availability of the genome sequence has led to the development of 
oligonucleotide primers for further amplification of related SLV sequences and 
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FIG. 3. An unrooted phylogenetic tree companng the amino aud sequences of calicivirus 
structural capsld proteins. The tree shows the relationship of the ‘Norwalk-like’ calicivirus 
genus with the ‘Sapporo-like’ virus genus. Accession numbers (in parentheses) for 
caliciviruses are as follows: Manchester SLV (X86560), Houston DCC SLV (U95643), 
Parkville SLV (U73124), Houston 90 SLV (U95644), Stockholm (AF194182), Bristol 98 SLV 
(A J249939), London/92 SLV (U95645), Porcine enteric caliuvlrus (AFl82760), Southampton 
NLV (L07418), Norwalk virus (M87661), Desert Shield NLV (U04469), Bovine Jena virus 
(AJ011099), Lordsdale NLV (X86557), Hawaii NLV (U07611). 

there are now a number of partial sequences available. Immune electron 
microscopical studies suggested that there are a number of SLV ‘serotypes’. This 
observation has been supported by phylogenetic analysis of the accumulating SLV 
sequences (Berke et a1 1997, Noel et a1 1997). It is now clear that the human SLVs 
can also be divided into two discreet genogroups based on sequence comparison of 
both RNA polymerase and capsid regions of the genome (Fig. 3). Within these two 
genogroupings there are distinctive but clearly related ‘types’ of virus (e.g. 
Parkville, Houston/90). 
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Recent advances in virion and genome structure 

CLARKE & LAMBDEN 

A great deal of progress has been made in the molecular characterization of the 
human caliciviruses over the past decade. The aetiological role of NLVs as the 
primary cause of adult viral gastroenteritis is established, furthermore NLVs are 
now recognized as the major cause of food-borne viral gastroenteritis. One of the 
major obstacles to research is the lack of a cell culture system, which has driven 
researchers to investigate other caliciviruses to study as model systems. In 
particular feline calcivirus (FCV) has been the focus of much research because 
this virus grows well in CRFK cells. An infectious cDNA clone of FCV has been 
constructed (Sosnovtsev & Green 1995) and this has been used to investigate 
structure/function relationships in the FCV capsid (Neill et a1 2000). Whist FCV 
is a useful model for calicivirus replication this virus belongs to a different genus to 
the enteric viruses. Caliuviruses causing enteric disease in domestic animals have 
been known for a long time. However, the economic importance of enteric disease 
in animals caused by caliciviruses is not established. Recently genome sequences 
have become available for both bovine (Jena virus, JV) and porcine enteric 
caliciviruses (PEC). Interesungly these viruses are phylogenetically related to the 
human caliciviruses (Fig. 3). 

The bovine enteric calicivirus genome (7338 nucleotides) has a similar 
organization to the NLVs with 3 separate open reading frames encoding 
polyprotein, capsid and ORF 3 (Liu et a1 1999b). Sequence comparisons using 
both the RNA polymerase and capsid sequences have shown that the JV is most 
closely related to the genogroup 1 NLVs. In Japan, a study designed to survey for 
caliciviruses in swine using primers based on NLV sequences identified four 
unique amplicons (Sugieda et al 1998). Phylogenetic analysis showed these 
sequences to be most closely related to the NLV genogroup 2 viruses. These 
observations suggest that the animal and human ‘NLVs’ share a recent common 
ancestor and whilst there is currently no evidence for cross species infection by 
‘NLVs’ there exists the possibility that there might be an animal reservoir for 
human infection. 

The genome sequence of a PEC, PEC/Cowden (7320 nucleotides), associated 
with diarrhoea in pigs, has also recently been completed (Guo et a1 1999). The 
PEC virus genome has two ORFs similar to the SLVs and lagoviruses. 
Incorporation of the intestinal contents of uninfected gnotobiotic piglets into the 
culture medium was necessary to adapt this virus to grow and it remains the only 
enteric calicivirus that has been adapted to growth in cell culture. It was thus 
possible to compare the nucleotide sequence dfferences between the cell culture- 
adapted virus and the wild-type virus. Only nine point mutations were observed 
and occurred across the coding regions of the genome with six mutations resulting 
in an amino acid change. Three of the substitutions were clustered within a seven 
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amino acid region of the predicted hypervariable part of the capsid. The 
contribution of each of the mutations to adaptation of PEC to growth in cell 
culture has yet to be evaluated. Whilst phylogenetic analysis of the PEC genome 
places it with the SLVs it clearly belongs to a separate third genogroup (Vinjit et al 

The structure of NV VLPs has been determined by cryoelectron microscopy and 
3D image reconstruction. This study showed that the NV VLPs have T = 3  
icosahedral symmetry and that the virion is composed of 90 dimers of the capsid 
protein. Recently the detailed structure of NV VLPs has been determined at 3.2 A 
resolution by X-ray crystallography (Prasad et a1 1999). This elegant work 
combined with mutation analysis of the expressed capsid protein has provided 
new insights into the structure of the NV capsid. The capsid protein is comprised 
of a shell domain (S) joined by a flexible hinge to a protruding P domain. The P 
domain is further subdivided into two sub domains P1 and P2. Sub domain P2 has 
a fold like the domain 2 of the eukaryotic translation elongation factor EF-Tu and 
thus may have a role in regulating viral/cellular translation processes. Furthermore 
a monoclonal antibody to the P2 sub domain inhibits the binding of NV VLPs to 
cells suggesting this region may also have role in cell attachment. 

2000). 

Summary 

Progress in the characterization of the human caliciviruses has been severely 
hampered by the lack of a cell culture system, the very low numbers of viruses 
shed during infection and the absence of a reliable animal model. Molecular 
characterization of the NV genome has opened a new era in our understanding of 
these fastidious viruses. The burgeoning number of sequences in the databases is 
providing a clearer picture of the nature and extent of diversity of these viruses. 
Application of recombinant DNA techniques has allowed a ready supply of capsid 
protein for developing immunoassays and expanding our understanding of the 
virion structure. The adaptation of animal viruses to growth in cell culture and 
the further development of infectious cDNA clones will serve as useful models 
for the development of culture systems for the human viruses. 
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Patton: I am not clear on the structural differences between the genome of NLVs 
and SLVs. Is it true that SLVs do not produce a subgenomic RNA while NLVs do? 
How do SLVs make sufficient capsid protein if they do not produce subgenornic 
RNAs? 

Clarke: That is a good question. Our knowledge of subgenornic RNAs comes 
from studying viruses of other genera. In the case of NLVs, because none of these 
viruses grow in cell culture there is only one report of a subgenomic RNA. I think 
this was in Jason Jiang’s paper in which he blotted stool samples and saw a small 
subgenornic RNA (Jiang et a1 1993). I suspect, therefore, that there is a subgenomic 
RNA for NLVs. In the case of the SLVs, their genorne organization is much like 
that of the lagoviruses: the caliciviruses that infect rabbits and hares. In those cases, 
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there is clearly a subgenomic RNA produced in rabbit livers. Again, these viruses 
don’t grow in cell culture, but in a rabbit liver that has been infected by rabbit 
haemorrhagic disease virus (RHDV), there is clear subgenomic RNA. In fact, the 
virions have been purified and there is some evidence that the virions actually 
package (perhaps mistakenly) subgenomic RNA. 

Monroe: Another piece of evidence in support of this is the finding of the 
conserved motif at the 5’ end of the genome. 

Ofit: In what cell type does the virus principally replicate in human hosts? 
CZurke: We don’t really know. The only evidence that exists comes from taking 

biopsies from the human small intestine of volunteers that have been infected. 
From these studies viral replication appears to occur in the enterocytes. 

Kapikian: Virus was not detected in the epithelial cells of the jejunal mucosa of 
volunteers challenged with the Norwalk or Hawaii viruses. However, there was 
broadening and blunting of villi (Agus et a1 1973, Dolin et al1975). 

Clurke: So you saw stunting of the villi but no cell target was ever identified in 
these studies. This pathology was also true in the case of Newbury agent 1, a bovine 
‘NLV’. It was possible to look at infected bowel samples under the SEM that 
showed stunting of the villi in the proximal part of the small intestine. The actual 
target cell was not identified. 

Estes: In more recent volunteer studies done in Houston, Dr Tomoyuki Tanaka 
did some antigen staining (Graham et a1 1994). We saw the characteristic stunting 
of the villi in the upper small intestine. Using our new antibodies to the VLPs we 
could see an occasional enterocyte that was stained. There was actually much more 
staining in the lamina propria, but we couldn’t identify what the cell types were. 

OBt: Have people tried to grow these viruses in human intestinal epithelial cells? 
Estes: Yes, but without success. 

Sag: We have done a lot of pathogenesis studies with the NLV that we have 
from cattle (Chang et a1 1999). We have seen moderate-to-severe villous atrophy 
in the proximal small intestine, but when we tried to do immunofluorescent 
staining with specific antibodies, we weren’t able to see any evidence of 
immunofluorescent cells in the small intestine. However, with the porcine enteric 
calicivirus (PEC), it is very easy to identify the viral antigen: it is in the villus 
enterocytes in the proximal small intestine (Flynn et a1 1988). This is something 
that is different between caliciviruses and rotaviruses. In our experience the major 
replication site of rotavirus is in the mid-to-distal small intestine (Theil et a1 1978, 
Ward et a1 1996), but for the caliciviruses it is mostly the proximal small intestine 
(Flynn et al1988). We can identify the PEC, which is an SLV, in the enterocytes, 
but we can’t find the NLV virus or antigen in infected calves. Hall et a1 (1984) 
reported a similar distribution of lesions in the proximal small intestine of calves 
infected with the NLV Newbury agent and also fiiled to identify viral particles in 
enterocytes of the infected calves. 
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Vesikari: I don’t know what cells these viruses are multiplying in humans, but in 
children under two years of age, the clinical picture of NLV disease versus SLV is 
totally different. NLVs are predominantly associated with a vomiting disease; the 
SLV infection is characterized by mild diarrhoea with virtually no vomiting. SLV 
disease is clearly endemic in Finland. SLVs follow closely the rotavirus 
epidemiology: there is a winter peak, but it never goes away. NLV disease has a 
winter peak and we have not been able to detect NLVs all year round in children. I 
would presume that because the clinical picture is so different that the sites of 
multiplication of NLVs and SLVs are also different. 

illonroe: We have seen a number of outbreaks where we have been able to detect 
the virus by PCR in vomitus. What mechanism of replication exists where 
replicating virus shows up in vomitus, and how does this relate to how the virus 
grows? 

Greenberg: The most noxious experiment that I have ever done was to thaw 
several litres of vomitus that Dr Kapikian had stored from the early Norwalk 
studies. I am probably the only person who has ultracentrifuged several litres of 
vomitus! We didn’t have the advantage of PCR, but we did see a few viral particles 
by IEM. What is amazing with the caliciviruses is how rapidly people get sick, even 
within 8-12 hours. In the early days, people talked about a toxin or a phage or some 
sort of rapid onset agent, because it hits them so fast. 

Estes: My understanding was that the regulation of what controls vomiting is 
quite complex. There are some animals that never vomit; humans are quite good at 
it. The earlier volunteer studies showed that there were changes in the rate of 
stomach emptying which can affect vomiting. We have taken the idea that 
perhaps this virus is growing in the stomach. We tried to put the virus into AGS 
cells from the stomach, and it still didn’t grow. There is still something missing, 

Greederg: People looked at this histologically in the early studies. 
Estes: What is the current understanding of the pathophysiology of vomiting? 
Farthing: Obviously, there are central mechanisms. If you go in a rollercoaster 

and your vestibular mechanisms are activated, you may vomit. This is due to 
activation of the central vomiting pathways, There are also peripheral pathways. 
Stimulation of vagal afferents is thought to be important. This can probably be 
achieved in a number of ways. It may be possible to stimulate the vagus directly 
or by the presence of inflammation or infection in the gut. In particular, proximal 
infections in the gut such as acute viral infections may act in this way. Another 
important mechanism is via serotonin. Perhaps the best model of acute vomiting 
is chemotherapy-induced vomiting. If a cancer patient is given intravenous 
cisplatin, they may vomit within minutes. Ths is thought to be due to acute, 
massive release of serotonin (5-HT) from enterochromafin cells in the gut. This 
then activates 5-HT3 receptors on enteric nerves - Tiagal afferents - that 
terminate in the vomiting centre and promote vomiting. The dramatic clinical 
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intervention in chemotherapy has been to give patients a 5-HT3 receptor 
antagonist which minimizes the vomiting. An area that we are particularly 
interested in is the importance of 5-HT release during intestinal infection. One of 
the enterotoxins that releases 5-HT is cholera toxin. I suspect that the Vomiting 
seen early in cholera is related to 5-HT release. We believe that about 50% of 
the diarrhoea in cholera is due to cholera toxin-activated enterochrornaffin cell 
release of 5-HT. This mechanism may be important in other infections, and is 
interesting, because it links vomiting and diarrhoea together with the same 
chemical mediator. 

Estes: Has anyone done a study with these drugs to prevent acute vomiting with 
NLV disease? 

Farthing: I do not think it has ever been looked at in any acute viral enteritis. 
Nolmes: I think it is fascinating that for two related viruses, one is likely to cause 

vomiting and the other is not. 
Glass: There are a number of interesting issues here with relation to transmission 

and public health. First, we always think of these viruses as being spread by the 
faecal-oral route. Here we have enteric spread, but by vomitus and not faeces. 
Second, we have had a number of outbreak investigations where vomitus has 
been critical to virus spread. Third, over the last few years we have been just as 
successful in getting virus out of vomitus than out of stools in the same 
outbreak, which to me suggests that this is something we should think about in 
epidemiological investigations. We have never had a public health message about 
what to do for vomitus. In the outbreak I presented from the football team, these 
guys were vomiting. The risk as some sort of contact through vomitus is probably 
high. 

Brown: We have been doing some studies of environmental contamination. We 
have been able to show the presence of NLVs by RT-PCR in places where it 
wouldn’t get apart from being aerosolized, We have recently done some air 
sampling studies, and when people are changing sheets, virus can be found in the 
air (Cheesbrough et a1 1999). A number of routes of transmission from 
environmental contamination are possible. 

Desselberger: I have a question about the direct repeats you have described. In 
some studies we have found a co-circulation of two different genogroups in the 
same setting (Gray et al 1997). As direct repeats are known to be a signal of 
recombination, is there any evidence for inter-genogroup recombinants? 

Clarke: Yes, recombination does appear to occur. There have been reports of 
PCR of the RNA polymerase fragment of the viral genome, and also fragments 
of the capsid. Even the RNA polyrnerase will give a genogroup 1 or 2 score. 
Others have found mixtures of genogroup 1 and 2. The break point for template 
shifting, which I guess must have happened in the same cell, presumably occurs 
between those two points which would be where the repeated sequence is. 
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Matson: We amplified a single clone that straddles the polymerase and capsid 
genes from a strain recovered in Argentina (Jiang et a1 1999). It is a recombinant. 
The issue is that because there is so much sequence conservation right at the 
junction of the ORFl and the beginning of the capsid gene, defining an exact 
recombination site was impossible on the basis of sequence alone. 

Koopmans: We had exactly the same experience with the same virus, which we 
have named Rotterdam virus (Vinji. 8c Kooprnans 2000). 

Greenberg: Linda Saif, I was surprised about rotavirus. I have always thought of 
rotavirus, from the old literature, as replicating primarily in the proximal gut. I am 
thinking this mostly from Chuck Mebus’ data in cattle and the early studies in mice. 
Were you talking about pigs, or is it your general impression that all rotaviruses 
grow mostly in the distal small intestine? 

Sa$ I was talking about our experience with pigs and cattle. There is a sequence 
of rotaviral replication. Early on after an infection of pigs with human rotavirus, 
we see only a few fluorescing cells in the duodenum, and this appears to progress 
laterally, so that peak numbers of immunofluorescing cells are then present in the 
jejeunum and ileum by 24-48 hours (Ward et a1 1996). Similar findings were 
reported by Theil et a1 (1978) after infection of pigs with porcine rotaviruses. 

Greenberg: The literature says that the jejunum is the major site. But you are 
saying that in pigs and cattle most replication is in the ileum. 

Saif: It is time-related, but initially we see some immunofluorescing cells in the 
duodenum, but as the infection progresses in the peak and later stages of infection 
most of the antigen is seen in the jejunum and ileum. 

Desselberger: There are data from Janice Bridger’s group showing that in cattle 
diEerences in pathogenicity are correlated with the extent of the area of infection of 
the small intestine (Hall et a1 1993). The highly pathogenic strain infected the 
duodenum and most of the small intestine, whereas the strain with less 
pathogenicity infected the proximal small intestine poorly, and although it infected 
enterocytes in the mid and distal small gut, it did not damage intestinal structure. 

Monroe: One other comment about the junction between ORFl and ORF2: not 
only is it conserved, but it also is predicted to have a high degree of secondary 
structure. Although it is conserved and one would think that is a great target for 
PCR, it is actually a very poor target for PCR primers, presumably because of that 
high secondary structure. 

Matson: I wanted to point out that there are more than two genogroups 
(‘subgenera’) in each of the calicivirus genera. For SLVs there are at least four 
distinct clades (‘subgenera’). 
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Abstract. Caliciviruses are among the most common causes of gastroenteritis In people of 
all age groups. These antigenetically and genetically diverse viruses have been grouped 
into two genera within the family Caliczvzridae, designated Norwalk-like viruses (NLV) 
and Sapporo-like viruses (SLV). To gain more insight in their epidemiology, we have 
developed a tentative genotyping scheme, which was used to differentiate the viruses 
detected in a set of epidemiological studies. NLVs and SLVs were detected by generic 
RT-PCR in stool specimens from 5.1% and 2.4y0 of cases with acute gastroenteritis for 
which a general practitioner was consulted, and in 16.5% and 6.3% of community cases of 
gastroenteritis. In addition, NLVs were associated with more than 80% of reported 
outbreaks of gastroenteritis from 19941 999. Typically, several genotypes of NLV CO- 

circulate in the community. Occasionally, however, several consecutive outbreaks were 
caused by essentially the same virus, although an epidemiological link had not previously 
been noted. This was most pronounced in 1995/1996, when a Lordsdale-like variant was 
detected that subsequently was found worldwide. This epidemic spread suggests 
differences in virulence or mode of transmission. In addition, we found that related 
NLVs are highly prevalent in calves in The Netherlands, raising questions about their 
potential for zoonotic transmission. 
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Gastroenteritis due to viral infection of the intestinal tract is a common illness in 
humans, with a high morbidity reported worldwide. It is increasingly recognized 
that caliciviruses are a significant cause of this disease. The caliciviruses that infect 
humans are divided into two genera: the Norwalk-like viruses (NLVs), also known 
as small-round-structured viruses, and the Sapporo-like viruses (SLVs) or ‘typical’ 
caliciviruses (Iiapikian & Chanock 1990). Both NLVs and SLVs cause acute self- 
limiting gastroenteritis with diarrhoea and vomiting. NLVs are readily transmitted 
via food, and are an important cause of outbreaks in institutions such as nursing 
homes (Green 1997). 
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Although caliciviruses cannot be grown in tissue culture, their entire genome 
has been sequenced directly from stool extracts (Jiang et a1 1990, 1993, Lambden 
et al1993, Dingle et a1 1995, Liu et a1 1995). This has led to the rapid development 
of diagnostic assays based on RNA amplification by reverse-transcriptase (RT)- 
PCR, enabling epidemiological studies at a larger scale (de Leon et a1 1992, Jiang 
et a1 1992, Green et a1 1993). In our research, described in this paper, we are 
studying the importance of caliciviruses as a cause of illness in The Netherlands, 
in comparison with other enteric pathogens. We have developed methods for 
molecular typing of strains in order to study modes of transmission and to trace 
viruses through the population. 

etection ofNLV and SLV by consensus RT-PCR 

Several groups have developed RT-PCR-based detection methods following the 
cloning of prototype NLV strains. The first round RT-PCR assays, however, were 
suboptimal, as they had been optimized using one or a few prototype strains (Moe 
et a1 1994). When it became clear that NLVs were highly variable (Lew et a1 1994, 
Green et a1 1993, Wang et a1 1994, Ando et a1 1994), we developed a single-round 
generic NLV-specific primer pair by empirically selecting primers targeting a 
highly conserved region of the genome, i.e. the viral RNA polymerase (POL). In 
our hands, the best results were obtained with an antisense primer close to the 5’- 
end of the coding region for the conserved YGDD motif (Vinjk & Kooprnans 
1996, Vinje et a1 1997). In its present forniat, the assay detects strains from at least 
15 known genotypes with high specificity (1000/0). While the detection limit was 
found to be as low as 3-30 RNA-containing particles, it is likely to be different for 
viruses from different genetic clusters, given the high level of sequence 
heterogeneity even in this relatively conserved region of the viral genome, 
Although non-specific bands may occasionally be produced with RNA extracts 
from stool specimens due to the low stringency of the consensus PCR, specificity 
is determined by a high stringency probe hybridization assay using a mixture of 
probes. The assay is now used routinely in The Netherlands and some other 
European countries (Vinjt & Koopmans 1996, Vinjt et a1 1997). Similar assays 
have been developed by other groups, and studies are underway to compare the 
diagnostic performance of these assays. 

On the basis of the same principle, we have developed a generic or consensus 
RT-PCR assay for the SLVs within the family Culiciuidae. Again, primers are 
used which target the YGDD motif, with eightfold degeneracy and a low- 
stringency annealing step to allow for mismatches between the primer and its 
target sequence. So far, we were able to amplify RNA from 93% of a panel of 59 
stool samples that had been collected over a 10-year period by electron microscopy 
(EM) evaluation of patients’ stools in the UK and Sweden (Vinjt et a1 2000a). 
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Genotyping as a tool for molecular epidemiological studies 

In the absence of an in vitro culture system for these viruses, antigenic typing has 
been limited to studies with solid-phase immune EM (SPIEM), and-more 
recently- with recombinant capsid protein-based ELISA (Lewis et a1 1995, 
Jiang et a1 1996). Clearly, the human caliciviruses are antigenically quite variable, 
but little is known about the role of this variability in their epidemiology, e.g. are 
there differences in virulence or transmissibility, are certain variants associated with 
specific modes of transmission or geographic areas, and does infection with viruses 
belonging to one lineage induce cross-protection to viruses from other lineages? A 
complete study of these issues would require assays that allow us to discriminate 
strains on the basis of their antigenic properties, such as (a panel of) recombinant 
capsid-based antigenic typing ELISAs, or alternatives such as serotyping 
monoclonals, neither of which are available for NLV or SLV at present. 
Therefore, we have tried to develop an interim molecular typing scheme that 
correlates with antigenic typing in close collaboration with David Brown and 
Jon Green at Colindale. Regions across the genome of a broad range of 
antigenically and genetically distinct NLV strains have been sequenced, 
including the complete capsid gene. Our working criteria for defining genotypes 
are: (1) greater than 80% ainino acid similarity when comparing complete capsid 
gene sequences; (2) at least 85% similarity based on the nucleotide sequence of the 
polymerase fragment for genogroup I (GGI), and 90% for GGII strains; (3) 
consistent clustering by phylogenetic analysis irrespective of which method is 
used for phylogeny reconstruction, with high bootstrap values for the lineages; 
and (4) one cluster being represented by at least two strains (Vinjit & Kooprnans 
2000, Vinjit et al2000b, Green et a1 2000). 

From these studies, NLVs from the two genogroups have tentatively been 
grouped into 15 genotypes, and SLVs into four genotypes (Jiang et a1 1997, 
Noel et a1 1997b, Vinjit & Koopmans 2000, Vinjk et a1 2000b, Koopmans et a1 
2000) (Table 1). Genotypes were named after the variants that had been reported 
first. Strains are quite distinct with homologies of the total capsid protein sequence 
between genogroups ranging from 37-44%0 for NLVs. Viruses from one genotype 
(Alphatron, Table 1) cluster almost equidistantly from GGI and GGII strains. 
They were grouped with GGII based on the conserved motifs at the start of the 
capsid gene, but might in fact belong to a third genogroup (Vinjit & Koopmans 
2000). For SLV, maximum differences between capsid sequences reach up to 60% 
(between the London strain and other variants), suggesting that the SLV also can 
be divided into at least two genogroups (Jiang et a1 1997). With few exceptions, 
clustering of strains was consistent, regardless which genomic region was used for 
the analysis (Vinjit et a1 2000b, Green et a1 2000). For strains belonging to 9 
genotypes, SPIEM typing had also classified them as distinct, suggesting a 
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TABLE 1 
and examples of strains based on recent publications on strain diversity 

Provisional classification scheme for genotyping of human caliciviruses, 

CDC Not CP€i'.L/RIVM 
Genzas GG Genotype namea claster assigned' clgster Other examples 

NLV I Norwalk 1 
Desert Shield 3 
Southampton 2 
QueensArms 4 
Musgrove 5 
Winchester 
Sindlesham 

I1 Hawaii 1 
Snow Mountain 2 
Mexico 3 

Lordsdale 4 

Hillingdon 5 
6 

Leeds 7 

8"" 
9 
10"" 

Alphatron 
Tentative Amsterdam 

CDC 
Genzas GG Genotype name claster 

6 
7 

11 
12 

Norwalk 
Desert S le ld  
Southampton 
Queens Arms 
Musgrove 
Wimhester 
Sindlesbam 

Girlington 
Melksham 
Mexico 

Grimsby 

Leeds 

A Iphatron 

ItY/89/ JPN 
Birmingham291 
White Rose, Crawley 
Valetta, Thistlehall 
Butlins 
LWymontley 
Mikkeli, Lord Harm 

Wortley* 

Toronto, Auckland, 
Rotterdam 

Bristol, Cambenvell, 
Pilgrim, SymGreen 

White river, Welterhof 
Seacroft /9O/UK 
Gwynedd, Venlo, 

539 
378/Idaho Fall/96/US 
Yat/94/IJIC 

Creche 

CPR 
cluster 

SLV 111 Sapporo Houston/S6 Sapporo 
Houston Parkville Houston/90 Parkville 
Stockholm Stockholm 

IV London London London 

Recently identified novel lineages are indicated in italics (based on Vinjt et a1 2000a,b, Vinjt & Koopmans 
2000, Green et al2000). 
"Wortley virus was classified as a distinct genotype by Green et al (2000), but with the more stringent criteria 
used by Vinjk et a1 (2000b) and Vinjk & Koopmans (2000) i s  clustered with Hawaii virus (83% amino acid 
similarity in the total capsid gene). **=only based on partial capsid sequences (Ando et a1 2000). 
Vinjk et a1 (2000b). 
bAdapted to the classificationscheme as proposed by the Centers for Disease Control and Prevention (CDC), 
Atlanta, GA, USA (Ando et a1 2000). 
'No corresponding genotype number proposed by Ando et a1 (2000). 
'%entral Public Health Laboratory (CPHL), London, UK and RIVM (Green et al2000, VinjC & Koopmans 
2000, Vinjk et a1 2000b). 
'Center for Pediatric Research(CPR), Norfolk, VA, US (Jiang et al1997). 
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TABLE 2 Diversity of GGI and GGII NLVs (A), and of SLVs (B) given as percentage 
nucleotide (*) or amino acid (**) diversity between strains belonging to the same 
(divergence within) or different genotypes (divergence between) 

(A) NLVs 

ORFl  ORFZ-N ORF’Z-C ORFZ ORF3 

GGI Size 140* f278** f 130** Complete** 97* 
Divergence 87-100 87-100 3@-100 80-100 8Sr100 

withn 

between 
Divergence 64-78 64-78 62-80 61-72 

GGII Size 202 f 249 f 130 Complete 138#/97 
Divergence 91-100 81-100 26-100 80-100 89-100 

wttlun 

between 
Divergence 60-90 60-79 52-80 61-72 

#138 m the Lordsdale cluster of viruses, 97 in the other clusters. 

(B) SLVs 

ORFf ORFZ 

Size 106** complete** 
Divergence withm Nk 80-100 
Divergence between 68-80 62-80 

‘Size’ indicates slze of genome fragment on which analysis was based. OWZ-N = 5’end of capsid gene, 
ORF2-C= (hypervanable) central poruon of capsid gene. 

correlation between antigenic typing and our proposed genotyping scheme (Vinji. 
et a1 2000b). Diversity is different for different genomic regions, with the central 
region of the capsid gene being hypervariable (Table 2). The conserved regions of 
the POL gene and the N-terminal region of the capsid gene are quite conserved, 
and can be used as target regions for genotyping studies (Table 2). The lower 
degree of sequence divergence in the polymerase gene, and the relative ease of 
combining diagnosis with molecular typing has led to the widespread use of 
POL-typing in molecular epidemiological studies (Vinji. & Koopmans 1996, 
Vinji et a1 1997, Ando et a1 1995, Levett et a1 1996, Fankhauser et a1 1998, 
Maguire et a1 1999, Schreier et a1 2000). 

At the time of the meeting, the CDC published a proposal for a numerical 
scheme of genotypes (Ando et al2000). Comparative analysis was done between 
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the capsid sequences generated by CDC, and representatives of the clusters 
described above (Table 1). From this comparison, the total number of currently 
recognized NLV genotypes appears to be as high as 19, although some CDC 
clusters were based on partial capsid sequences and therefore need to be 
confirmed. In the near future, a consensus should be reached on which scheme to 
use for genotyping. 

Clearly, the cut-off points chosen for defining genotypes are arbitrary. For 
instance, Wortley virus and Venlo virus have been grouped with the Hawaii and 
Leeds genotype, respectively, by our criteria. They both are, however, quite 
distinct at 83.5 and 82% amino acid similarity with the reference strain for the 
genotype, based on the complete capsid sequence. Our classification may have to 
be revised with new insights obtained by antigenic typing, but until then may 
prove to be useful for comparison of data from different groups working on the 
molecular epidemiology of caliciviruses. To provide a standardized and easy-to- 
use genotyping method for diagnostic laboratories, we have developed a filter- 
based typing assay with specific probes for each of the currently known 
genotypes (reverse-line blot hybridization assay; RLB) (Vinjk & Koopmans 
2000). The RLB method is easy to perform: it has a high throughput of strms, 
labelled membranes can be reused, new probes can be added, and standardization 
between laboratories is straightforward. Clearly, given the cut-off for genotype (at 
3 0-1 5% nucleotide divergence) RLB can not be used to compare closely-related 
strains, for which nucleotide sequence analysis will remain the method of choice. 
However, the amount of sequencing can be reduced drastically by excluding 
dissimilar strains by use of RLB. At present, the use of the RLB in clinical 
virological laboratories is evaluated with special emphasis on detection limits for 
different genotypes and tolerance for mismatches within the probe region. 

Do genotypes constitute serotypes? 
Our attempts at tissue culture isolation of Norwalk-like caliciviruses 

In order to compare the classification of strains into genotypes with a biologically 
relevant characteristic such as serotyping, it will be essential to grow caliciviruses in 
vitro or in an accessible animal model. So far, however, all attempts to do so have 
failed (Green 1997). Presumably, virus replication is dependent on factors present 
in the intestinal content and the origin and degree of differentiation of the intestinal 
(epithelial) cells. In the past year, we have tried to establish differentiated epithelial 
cell cultures. We cultured Detroit 562 cells as a model for pharynx epithelial cells, 
HuTu-80 for duodenal epithelial cells, Caco-2 cells for colonic cells with 
enterocytic features, and HCT-8 cells for colon epithelium. Prior to inoculation, 
the stool samples and/or cells were treated with artificially prepared intestinal 
contents containing a-amylase, pepsin, pancreatin, lipase, much and bile at 
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physiological concentrations. So far, all inoculations were passaged at least five 
times without a cytopathogenic effect being observed in any of the samples, and 
viral RNA could not be detected in any of the culture conditions (Duizer et a1 
2000). 

Genetic instability 

At the first Calicivirus conference in Atlanta, USA, 1999, Dr Tamie Ando 
presented his analysis of currently used diagnostic RT-PCR primers and showed 
that the proportion of positives had gradually declined over the years, suggesting 
that the more recently detected caliciviruses were slightly different. In a similar 
analysis of our data, we have not observed such a decline, although the consensus 
sequence of Lordsdale-like strains found in 1999 differs by as much as 3% 
(nucleotides in polymerase gene fragment) from that of the 1996 strain. This drift 
suggests that indeed primers used in diagnostic RT-PCR assays will have to be re- 
evaluated critically at regular intervals. 

For the majority of strains clustering is independent of the genomic region used 
for the clustering analysis, however, several exceptions were noted from our work 
(Rotterdam virus, Seacroft virus, Wortley vims, Vinjit et a1 2000b, Vinji: & 
Koopmans 2000, Green et a1 2000) as well as work by other groups (Snow 
Mountain Agent, Hardy et a1 1997, possibly Goulburn valley virus, Seah et a1 
1999, Jiang et a1 1999). The most likely explanation for these discrepancies is that 
strains have arisen by recombination. The above examples suggest that 
recombination may even be relatively common. 

Epidemiological studies of 
infectious intestinal disease in The Netherlands 

Plysiciaa-based stac& 

The epidemiology of NLV infections in people who are sufficiently ill to visit their 
physician has been assessed in a physician-based case-control study that started in 
May of 1996, and ended May 1999 (de Wit et a1 1997,2001). Cases and controls 
were recruited through physicians that participate in the NIVEL network, 
covering approximately 1% of the population of The Netherlands. Detailed 
questionnaires were used to establish risk factors for acquisition of infection with 
a broad range of microorganisms (Salmonella spp., Sbigella spp., Campylobacter spp., 
Yersinza spp., E. coli spp., Giardia spp., Cryptosporidizm spp., Dzentamoeba, 
Entamoeba, Bbstogtstis, Cyclospora, astrovirus, group A rotavirus, adenovirus 
types 40/41, and NLV) (de Wit et a1 2001). In total, stools were tested for 857 
cases and 574 controls. The overall incidence of gastroenteritis (corrected for 
non-response) was 79.7 per 10000 person years. From May 1996 to May 1999, 
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NLVs were detected by a generic RT-PCR assay in stool specimens from 5.1% of 
cases with acute gastroenteritis for which a general practitioner was consulted, and 
in 1.1 Yo of stool specimens from control patients (de Wit et a1 2001). The presence 
of SLV was assayed in the second half of the study (431 cases and 287 controls) and 
was found to be 2.4% in cases and 1 .WO in controls. For comparison, rotavirus was 
found in 5.3% of cases and in 1.4% of controls. The incidence of NLV was 
significantly higher in young children, but remained at around 5 5 %  for all age 
groups, whereas SLV were found almost exclusively in children. The age 
distribution in children was different for different viruses: whereas NLV and 
rotavirus peaked in children < 1 year of age, followed by the 1-4 year olds, SLV 
and astrovirus were detected most commonly in 5 1 2  year old children, followed 
by 1-4 year olds (Table 3). An intriguing observation was that 20% of NLV 
positives were in people who had had symptoms for more than 2 weeks before 
consulting their physician. More than half of these had symptoms > 4  weeks, 
suggesting that prolonged shedding of NLV may occur. 

Communkfy s tub  

In December 1998, we started a population-based cohort study with a nested case- 
control component (Abbink et a1 1998). In this study, a randomized sample of 
people from the population area covered by physician practices was asked to 
enter the study cohort for a half year. All participants submitted questionnaires 
when they entered the cohort, and an additional questionnaire and stool 
specimens when having symptoms. At the onset of illness, two age- and sex- 
matched controls were recruited from the cohort. Comparative analysis of data 
from the physician-based study and this study will - among others - provide 
information on the severity of illness caused by specific microorganisms. 
Preliminary analysis of the data shows a very high incidence of NLV in people of 
all age groups (16.5% of cases, 113 positive out of 685 case episodes) (Koopmans et 
al 2000), with a slightly higher incidence in very young children (Table 4). 
Asymptomatic infections were also seen commonly, especially in the young 
children (overall 5% of controls, or 32 positives out of 641 control samples). 
Similarly, SLV were quite commonly found (6.3% of all cases, 1.6% of controls), 
with the highest incidence in youngest children (Table 4). 

Outbreak investigations 

In The Netherlands, outbreaks of gastroenteritis are reported to the municipal 
health services (MHS) or to food inspection services (FIS). Outbreaks are 
labelled NLV-associated if 50% or more stool specimens from patients are 
positive by RT-PCR, with a minimum number of five specimens analysed per 



TABLE 3 
The Netherlands from May 1996-May 1999 

Viruses in stool samples from cases and controls of different age groups in a physician-based study of gastroenteritis in 

Overall < lyr I 4 y s  5-144yrs 15-29~s 30-57yrs 60+yrx 

case cont caxe cont case cont case cont cme cont case cont case cont 

N 857 574 32 17 136 69 96 58 170 72 313 244 102 102 
Rotavirus 5.3" 1.4 21.2 0.0 15.2 4.4 1.0 0.0 4.1 1.4 1.9 1.6 2.9 0.0 
Adenovirus 2.2 0.4 9.1 0.0 9.4 1.5 1.0 0.0 0.6 1.4 0.3 0.0 0.0 0.0 
Astrovirus 1.5 0.4 0.0 0.0 1.5 0.0 4.2 0.0 0.6 0.0 0.6 0.0 3.9 2.0 
NLV 5.1 1.1 15.2 0.0 8.7 1.5 3.1 1.7 5.9 1.4 3.9 0.8 1.0 1.0 
SLVb 2.4 1.5 4.2 8.3 4.9 5.0 6.1 0.0 2.8 0.0 0.6 0.7 0.0 0.0 
Totalddvirus 7.5 2.6 19.4 8.3 13.6 6.5 9.2 1.7 8.7 1.4 4.5 1.5 1.0 1.0 

*Indicates percentage values. 
bSLV only tested in samples of 431 cases and 287 controls. 
Adapted from de Wit et al(2001). 
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TABLE 4 Viruses in stool samples from cases and controls of different age groups in a 
community cohort study of gastroenteritis in The Netherlands from December 1998- 
December 1999 

M y e a r s  5-12years > 12years 

cases controls cases control's cases controls 

Rotavirus 9.8* 0.7 1.6 0.8 4.7 1.1 
Adenovirus 5.0 0.5 1.6 0.0 0.0 2.2 
Astrovirus 2.2 0.7 3.2 0.0 1 .o 1.1 
NLV 18.5 G.7 13.7 0.8 11.3 2.2 
SLV 7.6 2.2 5.7 0.8 1 .o 0.0 
Total caliuvirus 26.1 8.9 19.4 1.6 12.3 2.2 

'Data indicate percentage values. 
Adapted from de Wit et al(2001). 

outbreak, and no otber pathogen is present. Overall, NLV could be detected in 
more than 80% of all reported outbreaks of gastroenteritis from 1994-2000 
(Vinji: et al1997, ICoopmans et al2000). Since the outbreaks for which specimens 
are sent to RIVM are a biased selection, we have tried to get a more precise estimate 
of the proportion of NLV outbreaks by collecting samples from every outbreak of 
gastroenteritis reported to the MHS for the duration of 1 year in 1996. Again, the 
majority of these outbreaks (87Y0) were associated with NLV. Most outbreaks 
occurred in nursing homes (590/,) and hospitals (25%), with high attack rates 
both in residentslpatients (45%) and nursing staff (29%). The focus of 
investigation of outbreaks reported to the FIS is slightly different and 
microbiological assays are done on leftovers from implicated food items for 
microbiological tests. Since reliable tests for the detection of NLV in various 
food items are not yet available, the incidence of NLV in these outbreaks is not 
known. In addition, there is clearly underreporting for foodborne outbreaks of 
NLV. However, of the 26 foodborne outbreaks that have been investigated 
virologically by the RIVM since 1991, 77% (20) were caused by NLV. 

Genetic diversity of strains recovered from humans 

We have used the POL-based genotyping method since 1994 for typing of 
outbreak strains and since May 1996 for typing of strains from sporadic cases 
from the epidemiological studies. In these years we have observed that 
genogroup (GG) I1 strains by far outnumber the GGI strains, although the 
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TABLE 5 Distribution of GGI and GGII strains from 1996-1999 as detected in 
outbreaks or in population-based studies, and number of different genotypes detected 
per year for the different study populations 

___ ~~ 

Year % GGI Namber ofgenotypes % GGII Number ofgenotypes 

Outbreaks 1996 0 0 100 2 
1997 26 2 (1) 73 3 

1998 0 0 100 4 (1) 

Population 1996 22 2 (2) 77 3 (1) 
1997 7 1 94 5 (2) 
1998 13 2 (2) 87 4 (1) 

1999 18 4 (1) 86* 6 

1999 22 3 80 6 

*1 mixed outbreak. Numbers in brackets indicate number of genotypes uniquely detected in thus population, 
e.g.  for the 1997 outbreaks: 2 genotypes withm GGI, 1 genotype found only in outbreaks. 

percentages may vary from year-to-year (Table 5) (Vinjk & Koopmans 1996, Vinji: 
et al1997). In most years, several lineages co-circulate in the community and cause 
outbreaks, with at least five genotypes circulating in the second half of 1996, 7 in 
1997, 7 in 1998 and 9 in 1999 (Table 5; Figs 1 ,2  and 3). However, in 1994, and 
especially in the 1995/1996 winter season a different pattern was observed, when 
sequential outbreaks were caused by strains that were indistinguishable based on 
the polymerase gene sequence. We observed a small ‘epidemic’ in 1994 caused by a 
Mexico-like virus (MxV), a large scale ‘epidemic’ from 1995-July 1996, when the 
same Lordsdale-like virus (LDV) with only few nucleotide changes was found in 
53 consecutive outbreaks, and a third small ‘epidemic’ from September through 
December 1996 caused by a strain in the genotype Leeds (P1B cluster, Ando et a1 
1995). The last of these ‘epidemic’ strains (Venlo strain) was also found in the same 
period in sporadic cases from the physician-based study, although the variation of 
genotypes was greater in the stools from the NIVEL study (Table 6). In the years 
following these ‘epidemics’, the MxV and Venlo-like viruses have been detected 
occasionally. The T,DV-like strain was found as the dominant variant in countries 
all over the world (Noel et al 1999), and is still commonly found though with a 
seemingly decreasing frequency (Fig. 4). In the past years, the majority of all 
outbreaks or cases were associated with strains from a limited number of 
genotypes. Overall genotype distributions were quite similar for outbreak data 
and for data from the population based studies, suggesting that outbreaks reflect 
most of the diversity seen in the endemic virus population. The discrepancies (e.g. 
as observed in 1996) are interesting, as they may indicate differences in mode of 
transmission or virulence characteristics. London strains were over-represented 
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Sapporo London Parlcville Stockholm 

clenotypes 
FIG. 1. Distribution of genotypes of NLV (top) and SLV (bottom) in cases of gastroenteritis 
detected during a physician-based study in The Netherlands from 19961998. For genotype 
designations sec Table 1. 

in the community study, as was noted earlier from Sweden and the UK, suggesting 
that these strains are less virulent (Vinjt et a1 2000a). In the near future we will 
analyse the epidemiological database in combination with genotyping 
information for such genotype-specific characteristics. 

The sudden emergence and spread of a single strain raises important questions 
about the mode of transmission that allowed these events to occur, especially since 
no obvious epidemiological links were found between most outbreaks. Besides the 
possibility of large scale food- or waterborne transmission, the possible existence of 
an animal reservoir, or the existence of variants with altered tissue tropism (e.g. 
favoring spread by the respiratory route) are working hypotheses that need to be 
addressed in future studies. Recently, a European consortium with participants 
from nine countries has initiated a project aimed at developing standardized 
surveillance for enteric viruses in Europe, including a database that will be used 
as an early warning tool. Our goal is to thus provide a framework for studies 
addressing the above hypotheses. 
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Genotypes 

FIG. 2. Distribution of genotypes of NLV (top) and SLV (bottom) in cases of gastroenteritls 
detected during a community cohort study in The Netherlands in 1999. For genotype 
designations see Table 1. Approxtmately two-thirds of the samples from the study have been 
analysed. 

Investigation of animal caliciviruses 
related to Norwalk-like caliciviruses 

Until recently, the NLVs were considered to be pathogens with humans as the sole 
host. However, recent publications from Japan and the UK reported the presence 
of NLVs in some pigs and in some historic stool samples from calves (Sugieda et a1 
1998, Liu et al1999, Dastjerdi et al1999). The calf viruses, named Newbury agent 
and Jena virus, had been shown to be pathogenic for young calves under 
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Genotypes 

FIG. 3. 
municipal health services in The Netherlands in 1997,1998 and 1999 (until October). 

Distribution of genotypes of NLV in outbreaks of gastroenteritis reported to 
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FIG. 4. 
percentage of all NLV outbreaks investigated in The Netherlands from 1994-1 999. 

Proportion of outbreaks assouated with the Lordsdale-like 'common' strain as 

experimental conditions and in field studies (Liu et a1 1999, Dastjerdi et al1999). 
The two bovine enteric caliciviruses were genetlcally distinct, but were most 
closely related with GGI NLVs, while the swine viruses were closely related with 
GGII NLVs. In a pilot study, we found that NLVs were widespread in cattle farms 
in The Netherlands, with 45% of the 74 calf herds testing positive for NLV by the 
generic RT-PCR designed for detection of NLV in humans. All Netherlands calf 
strains were tightly clustered and most closely related to the Newbury strains. The 
differences at the polymerase gene sequences, however, suggest that these viruses 
may be a distinct lineage of bovine NLV. This needs to be confirmed by capsid 
sequencing. All dairy herd samples were negative (n=20), and one pig herd out 
of 63 was found positive for a virus, which clustered with the published pig 
calicivirus sequences from Japan (van der Poel et a1 2000). Preliminary data from 
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TABLE 6 Average proportion of the three most prevalent genotypes NLV in 
outbreaks (1997-1999), the NIVEL study (1996-1998), and the SENSOR study (1999) 
in The Netherlands 

Stu4 populatioon Genotypes Averageproportion (%) 
~~~ ~ 

Outbreaks 1997-1999 LDV 40 
LDV+Mx 53 
LDV+Mx + R’dam 66 

NIVEL 1996-1998 LDV 32 
LDV+Mx 49 
LDV+Mx + Leeds 80 

SENSOR 1999 LDV 25 
LDV+Mx 43 
LDV+Mx + Leeds 61 

a three year surveillance of calf herds suggests that our initial observation reflects a 
common situation. 

At this stage it is unclear if the animal NLVs form genetically distinct stable 
lineages, or are in fact part of a common pool of viruses circulating between 
animals and humans, although the finding of highly related strains in animals in 
different countries suggests the former. Studies are needed to solve this issue. 

Conclusions 

From the studies so far, calicivimses are increasingly recognized as an important 
public health problem, with very high incidence rates in people of all age groups. 
By molecular epidemiological studies, we are now beginning to unravel the 
epidemiology of the different lineages of calicivirus. To advance our 
understanding of transmission routes and the mechanism behind the appearance 
of ‘epidemic’ strains a standardized international surveillance system is needed, 
which allows for rapid strain comparison from different sources in order to 
identify common strains early in the epidemic. Such an early warning system 
would allow the rapid recognition of supranational outbreaks, for which the 
sources then can be traced by a detailed outbreak investigation. Eventually, 
mapping these pathways will allow identification of risk factors (high-risk foods, 
processing methods, as well as high risk importftransport routes) which 
subsequently can be targeted by prevention programmes. 
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DISCUSSION 

Dessehergtr: You talked of genotypes, clades and lineages: could you clarify 
what you mean exactly by these terms? 

Koopmans: For genotype, I like to use an arbitrary definition of genotype, which 
is 80% amino acid diversity of the complete capsid sequence. I don’t use ‘clades’, 
but David Matson may be able to clarify the meaning of this term. 

Matson: The issue is a bit complex. ‘Clade’ is a more generic term. A ‘genotype’ is 
a specific term that we sometimes use when we can’t use ‘serotype’: it is a working 
handle until we can get a method for defining the serotype. ‘Genotype’ also is used 
when our primary focus is on the genome only. 

Koopmuns: In fact, the division between genogroups I and I1 is fading in our 
hands, in the sense that we have capsids that are almost equidistant between the 
two poles. We now have grouped these capsids with genogroup I1 strains on the 
basis of the presence of the conserved motifs that have been described. If youput 
them in phylogenetic trees they sit right in the middle, between genogroups I and 
11. They may actually constitute a new genogroup (Vinjt & Koopmans 2000). 

Brolvn: We have been involved in some similar studies, although not of quite 
such a representative population. I would like your opinion on what this 
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diversity means. We have looked at about 800 outbreaks over six years in a 
population of about 3 million in the north of the UK. We have found that the 
Lordsdale virus has caused about 60% of the outbreaks over that time. We found 
it at a similar rate in children. Given what we don’t know about immunity, and 
given the sustained preponderance of one strain, I wonder what real questions 
we are asking by showing that there is lots of diversity. 

Koopmans: The whole discussion with the Lordsdale-like variant has been 
concerned with whether this is a recent introduction or not. Why did this virus 
show up all over the world all of a sudden? Was it a variant that was normal to 
the population? So far I don’t think anyone has conclusive answers, but I do 
think this parallel surveillance may give indications for this. It is intriguing that 
in 1997-1999, there was a similar representation of strains in the community 
versus strains in outbreaks, whereas in 1996 just one variant caused all outbreaks. 
To me, this suggests that there is something different about that virus. I don’t 
know whether this is transmissibility related or due to a different mode of 
transmission, but this is the kind of information that we are getting. 

Glass: You said that most of your outbreaks depended on person-person spread. 
In our hands, person-person is the diagnosis of exclusion except for a few unusual 
cases. Only 20% of your outbreaks are food-borne as opposed to over half in 
our studies. How certain are you that only 20% are food-borne, and could it be 
more? 

Koopmans: I am not certain; it could be more. This is a passive outbreak 
surveillance with all the usual handicaps. Our health system has both municipal 
health services and food inspecuon services. They do not communicate much. 
The typical situation is that the municipal health services tend to look at people 
and collect samples, and this helps us make a diagnosis. The food inspection 
services are used to working with bacteria. They go in and are focused on 
hygienic inspection. They do not routinely take stool samples from people, 
which are the only samples from which we can make a diagnosis of NLV 
infecuon with certainty. We know that we therefore miss many of the food- 
borne outbreaks (Koopmans et a1 2000). 

Glass: When we were discussing rotavirus types earlier, the consensus was that 
tracing the unusual types can tell us a lot about epidemiology. In contrast, in the 
NLVs, where there is so much diversity, it is the identical types that are the most 
interesting, because they tell us about the common outbreaks that might be trans- 
European. You just mentioned the Lordsdale virus in the UK, but through this 
European collaboration have you found any identical strains that have spread right 
across Europe? 

Koopmans: We have recently started looking for trans-European outbreaks. 
However, one of the first tasks is to standardize the assays: there are 11 groups 
each using their own favourite PCR assay and typing assay. 
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Glass: If you send everyone a common strain, such as the Lordsdale strain, 
would you get back data saying that it was an identical strain in an outbreak? 

Koopmans: We hope this would be the case: we are trying to develop this. One of 
the other aspects of the study is that we will review what kind of surveillance data 
people have, and what the biases are. From this, we hope to develop a minimal 
surveillance system to obtain comparative estimates of the role of NLV 
infections across Europe. Retrospectively, we have seen some more examples of 
international outbreaks. 

Estes: I think this is a great study. One of the nice aspects is that you have people 
looking for viruses in food as well as in clinical samples. As you are deciding what 
primers you are going to pick, everyone has their favourite, but it also makes a 
difference on what kind of sample you are analysing. Certainly, in the 
environmental samples the virus load is always much lower. Most people have 
not looked at the sensitivity of detection using a particular primer set. This will 
be an important issue: we may need different primers for different settings. 

Clarke: In order to know when these strains such as the Lordsdale virus were 
emerging, you need to go back in time to see whether or not they were present. If 
they are not there, we need to ask where they are coming from. The obvious places 
are animal populations. Or are we just looking at a finite number of human strains? 
Have people ever found sequences that resemble animal NLV sequences in the 
human population? 

Monroe: We have found no human strains with sequences that fall into the animal 
lineages. 

Estes: Have we looked long and hard enough? 
Brown: Our experience is the same. I don’t know how long Lordsdale has been 

circulating in humans, but we can go back to 1990 and it has been the predominant 
strain since then. 

Ramig: I was interested in the comment about the relationship between human 
and animal strains. Diagnostics have been available for a relatively short time. 
Those of us in the rotavirus field at a similar stage didn’t see crossing of species 
barriers, but as we have gone more into underdeveloped areas, we have begun to 
see this. I wouldn’t be surprised if you were to see this also. 

Greenberg: Gastroenteritis takes its biggest toll on young children, and the 
second biggest toll is on the elderly. There is then a great middle ground for 
whom gastroenteritis is an inconvenience. Are people really focusing in on the 
elderly and especially the nosocomial infections of the elderly, which for me as a 
physician are frequently the most vexing? Are there data that I am not aware of that 
fit these viral causes into the elderly population? 

Glass: We have an ongoing study on elderly patients, but it is very slow. Our 
recent funding has been tied to food-borne transmission, and we are fighting with 
the bacteriologists to get support for studies to look at food-borne outbreaks. We 
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think that when these outbreaks are evaluated on an even level, the viruses will 
come out on top. Ultimately, the question will concern what we can do about 
them. If we can identify key foods or key practices that we can change, we can 
make an impact. 

Greenberg: There have been several major epidemics in the elderly, in nursing 
homes. Do you have these data? 

Glass: Not for the elderly as a group. We know that many of the outbreaks are in 
nursing homes. 

Brown: In the UK we have a passive outbreak surveillance scheme, which is 
similar to that in The Netherlands. We recognize more than 400 outbreaks in the 
elderly involving more than 20000 cases each year. This represents gross 
underascertainment and we don’t have any precise data on sporadic cases. Of 
these reported outbreaks we may recognize perhaps 10 that are food linked. 

Glass: Do you have hospitalization data? 
Brown: Yes. 
Ram&: One thing that has struck me listening to this discussion is a sense that 

people are beginning to think of this more in a population genetics sense. Ulrich 
Desselberger raised this idea earlier, and pointed out that rotavlrus is really a 
quasi-species where on average every genome is going to differ from other 
genomes by a mutation. In this situation one then has to think, as one 
develops these phylogenetic trees, about building them from consensus 
sequences rather than individual clones that are sampled out of populations. 
The other thing we have to realize is that the consensus sequence in a quasi- 
species often will not reflect the phenotypes that are expressed by that quasi- 
species. There are things to be gained by looking at the problem as a 
population problem, but it is going to be complex in the short-term. Another 
question that comes up is that of the importance of reassortment in rotaviruses 
or recombination m NLVs. If you start looking at population genetics, genetic 
recombination or reassortment always increases the fitness of a virus population. 
We need to think along these lines. If a virus crosses into a heterologous species 
and recombines or reassorts with a virus that is homologous there, this virus is 
then going to be pitted in a fitness race against the other viruses in that quasi- 
species. With these acute viruses, in which replication takes place for a short 
time before the virus is transmitted, there may not be enough time for 
competition to allow these new recombinants or reassortants to dominate the 
population. This may be one of the reasons that we tend to see different 
strains persist. 

Koopmans: It has taken a great amount of work to get to this point; however, I 
agree with you and I would like to go back to some of our human specimens and 
some of our animal specimens and look at the broadness of quasi-species and other 
such issues. 
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Monroe: We’ve looked at the diversity in the outbreaks that we analysed. In the 
USA we have a completely passive system that has much less comprehensive 
coverage than that of Marion Koopmans. Each quarter we see a different strain 
that is predominant except for the common strain in 1995/1996. We had a long- 
term absence of G1 strains to the point where the technician asked if she could stop 
doing the PCR for G1 strains because it was never positive; then of course the next 
three outbreaks were G1-type strains. Strains come and go. There is also the issue 
of stability. Now that we find G1 strains again, we find strains that are remarkably 
close to the 1968 Norwalk Ohio strain. There is tremendous diversity, but also 
stability. In any case where we have looked at person-person transmission, and 
the best we have gone is three cycles, the virus coming out of the last person is 
identical in the regions that we have sequenced to that of the first person. We 
don’t see any evidence for short-term accumulation of changes. The diversity 
that we are seeing now is ancient: the viruses that we are seeing have been around 
for decades or millennia. They are reintroduced back into the population. In the 
little bit of serum work that we have done, looking at outbreak strains and 
comparing them, we have found much higher seroprevalance to the prototype 
Norwalk than to Toronto, suggesting that historically the former was more 
prevalent than the latter. We still see viruses that are remarkably close to 
Norwalk, so it is not like there is global immunity to that strain. It still shows up. 

Holmes: I wanted to point out that the rotaviruses are predominantly enteric 
viruses in animals and people. The caliciviruses, in contrast, cause a wide variety 
of diseases in different species. Studying caliciviruses as if they only cause disease in 
humans and only cause enteric infection may be risky; we need to keep our minds 
open to the diversity of these caliciviruses. 

Matson: I have some negative data. We looked at 100 tonsils with RT-PCR and a 
couple of primer pairs, and found no caliciviruses. Tonsils are usually taken from 
children of 10-12 years of age, We also looked at joint fluids from a few children 
with monoarticular arthritis and didn’t find calicivirus. We looked in children with 
cancer who had aphthous ulcers and also had negative results. 
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Abstract. Human astrovirus, the prototype of the Astrovtrtdae family, is a non-enveloped 
positive-strand RNA virus with distinctive morphology. Initlally named for a 
characteristic 5-6 point star evident on the surface of faecally shed viral particles by 
direct electron microscopy, a recent study using cryoelectron microscopy and image 
reconstruction indicates that viral particles consist of a smoothly rippled, solid capsid 
decorated with short spikes. Mechanisms underlying the assembly of these viral 
particles have not been fully elucidated. However, studies of two full-length cDNA 
clones of human astrovirus serotype 1 suggest that capsid residue Thr227 plays a critical 
role in the assembly of infectious viral progeny. The development of a full-length clone 
(pAVIC) from which infectious RNA can be transcribed has also facilitated studies of the 
viral 3C-like serine protease, encoded in ORFla. These studies demonstrate that the full- 
length ORFla product (101 kDa) is processed znvztro to an N-terminal64 kDa fragment 
and a C-terminal 38 kDa fragment. Mutation of the predicted catalytic triad inhibits 
proteolysis. In other studies based on modifications of pAVIC, preliminary evidence 
supports the feasibility of developing a reporter cell line to facilitate astrovirus detection. 
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Human astrovirus is the prototype of the Astroviridue, a family of non-enveloped, 
positive-strand RNA viruses (reviewed in Matsui & Greenberg 2000). By direct 
electron microscopy, astroviruses recovered from stools display a distinctive 
surface star for which they were named. Since the star-like appearance is evident 
on approximately 10% of the viral particles of a given preparation, an experienced 
microscopist may be required to make a definitive identification on the basis of 
morphology alone. In addition, in a study of astroviruses propagated in cell 
culture, the surface star was not found, but could be induced by alkaline 
treatment (Risco et a1 1995). In this study, electron micrographs of intact purified 
viral preparations (not alkaline-treated) showed particles that were round with 
spike-like protrusions from the surface and an external diameter of 41 nm. 
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FIG. 1. Human astrovirus serotype 1 map from negative stain (Yeager et al2001). The result of 
image processing (Yeager et al 1990) of a negatively stained preparation of purified H-Astl 
virions is shown. Image processmg requires digitnation of micrographs, maskmg of 
individual particles, subtraction of background densities, and calculation of the Fourier 
transforms for each particle. Level of resolution IS 24 A. A particle, viewed along the fivefold 
axis of symmetry, is shown. 

Recent structural analysis using cryoelectron microscopy shows some unique 
features of the astrovirus surface that cannot be appreciated in most routine 
images obtained by direct electron microscopy (Yeager et a1 2001). Images of 
frozen-hydrated astrovirus particles, purified from a preparation of cell culture- 
adapted human astrovirus serotype 1 and stained with uranyl acetate, show 
spherical particles of uniform size with clearly visible surface spikes. 3D 
reconstruction from these cryoelectron microscopy images show a smoothly 
rippled, solid capsid shell with a diameter of 330 A and 30 dimeric spikes, centred 
at the twofold axis of symmetry, that extend about 50 A from the surface (Fig. 1). 
Inside the capsid, the genomic RNA appears to assume a partial icosahedral 
configuration. 

Genome organization 

The genome of astrovirus consists of plus-sense, single-stranded RNA, 6.8 kb in 
length, excluding the poly(A) tract at the 3’ end (Fig. 2). The messenger sense 
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FIG. 2. Genome organization of human astrovirus serotype 1 (Oxford strain). Human astroviruses isolated directly in Caco-2 cells contain an 
additional 45 nt in ORFla (Willcocks et al 1994b) at (a). Initiation and termination codons are indicated by black arrowheads and asterisks, 
respectively. The first potential initiation codon in ORFlb is shown by (A). The ribosomal frameshift signal located in the 70 nt overlap region 
between ORFla and -1b is indicated by (a). Motifs, including the protease pro), polymerase (Pol), transmembrane helices (TMH) and nuclear 
localization signal (NLS), are darkly shaded. Immunoreactive epitopes encoded in O W l a  and -2 are indicated by a thin bar. The A14 
immunoreaaive epitope (Matsui et al1993) overlaps with the N-terminus of the VP26 (Sineha-Fauquier et all994) neutralization domain (7). 
OW2, lightly shaded, codes for the capsid precursor protein. Adapted from Matsui (1997), with permission. 
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genome consists of two modules in three open reading frames (ORFs). ORFs l a  
and l b  at the 5’ end encode motifs for non-structural proteins, including a viral 
protease and nuclear localization signal in ORFla and an RNA-dependent RNA 
polymerase in ORFlb (Jiang et a1 1993, Lewis et a1 1994, Willcocks et a1 1994a). 
ORF2, encompassing the 3’ one-third of the genome, encodes an approximately 
87 kDa structural protein that is the precursor of the capsid proteins of the 
mature virus (Monroe et al1991,1993, Lewis et a1 1994, Bass & Qiu 2000). 

Astroviruses display a number of notable features. First, the protease and 
polymerase are encoded in two separate reading frames, but are believed to be 
translated as a polyprotein. The first start codon (AUG) in ORFlb is found over 
400 nucleotides (nts) into this reading frame, in a suboptimal context for initiation 
according to Kozak’s rules (Kozak 1987). The 70nt overlap region between 
ORFla and -1b is highly conserved among human serotypes and suggests 
translation of ORFl b by the mechanism of ribosomal frame-shifting. This region 
contains a frame-shifting signal that consists of a shifty heptamer (AAAAAAC) 
and nearby downstream sequences capable of forming a stem-loop structure 
(Marczinke et al 1994, Lewis & Matsui 1995, 1996), both of which are features 
that are required for frame-shifting in retroviruses, to translate the protease and 
polymerase, and coronaviruses, to translate the protease (Jacks et al 1988, 
Brierley et al 1989). Unlike retroviruses and coronaviruses, human astrovirus 
does not appear to require more complex pseudoknot formation for this event to 
occur. Turkey astrovirus (Koci et a1 2000) and avian nephritis virus (Imada et a1 
2000) also contain sequences that can be aligned with the shifty heptamer and stem- 
loop motifs of human astrovirus. 

Second, during infection in cell culture, both full length (6.8 kb) genomic and 
ORF2-specific (2.4 kb) subgenomic RNAs are produced. Translation of the 
subgenomic RNA likely is used to produce large amounts of structural proteins 
to assemble progeny viruses efficiently, a strategy that is well characterized for 
alphaviruses (Schlesinger & Schlesinger 1996). 

Third, astroviruses lack an identifiable RNA helicase domain. According to 
Kadart & Haenri (1997), it is highly unusual for positive-strand RNA viruses, 
with genomes greater than 5.8 kb, to not encode such a domain. It is not known 
how astroviruses compensate for this apparent deficiency. 

Characterizing the virally encoded 3C-like serine protease motif 

Currently available astrovirus protease motif sequences (Jiang et a1 1993, Lewis 
et al 1994, Willcocks et a1 1994a, GenBank accession AF141381 and Protein 
accessions AAF18462 and BAA92848) can be aligned with the motifs defined for 
other viruses (Fig. 3). Prominent features include a putative catalytic triad of 
His461, Asp489 and Ser551 (numbering according to serotype 1, Oxford strain) 
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HASTl 447 GTGFFSG.ND IV .. TAAKW .. GNNTFINV CY .. EGLMYE AK . . . .  V.R YM . . . . . .  P . ..E.KD I. 495 
HASTZ 447 GTGFFSG.ND IV . TAAEW .. GNNTFVNV CY .. EGLMYE AK ..... V.R YM ........ P . .E.I(D I. 495 
HAST3 447 GTGFFSG.ND IV .. TAAKW .. GNNTFVNV CY .. EGLMYE AK ..... V.R YM ....... P . .E.W I. 495 

ANV 510 GVGFRLG.NY IY .. TAG- .. GEAKIAKI TW .. KGLTSQ AK ..... VLG HI ....... ELPLF.TDTL 559 
TAST 586 GVGFRFM.NY IL .. TAEEWV .. QDSDIATL KN .. GSVSVK SK ..... VIK TI ........ PIFES.VDNV 635 
EAV 1089 ..VWTRN .NE VWLTASHW GRANMATLKI ... .G ... D AMLTLTFK.K . . . . . . . . . .  ..NGD F. 1136 
HCV 1075 ..... NG ... .VCwTvyII .. OAGTRTIASP .... KGPVIQ ........ .M ....... Y . .TNVD . 1110 

TEV 2071 GIGF .. G.PF I1 .. T N m F  RWGTLLVQ SL ..H G.VFK VKNTTTLQ.Q HL ....... I ... DGRD M. 2123 
MHV 31 ....... WLD DKVYCPRBVI CSSAD . . . . . . . . . . . . . . . . . . .  M.T DPDYPNLLCR V ... TSSDF 70 
HAV 1551 . . . . .  GVW DWLLVPSBAY KFEKDYEMME FYFNRGGTYY SISAG NV . . . .  VIQSLDVG ... .FQDV . 1609 

HRVl4 1564 .... GLGIHD RVCVIPTiiAQ PGD.DVLVNG QKERVKDKYK LVDPEN1N.L ELTVLTLDFQJ E ... KFRD I. 1627 
* 

HAST1 496 A.FVTCPGDL HP.TARLKLS KNP ... DYS . CVTVMAi" . .EDL ...... W S  ....... TAAAMVHGNT 546 
HAST2 496 A.FITCPGDL HP.TARLKLS KNP ... DY S. YvTvMAYvN . .EDL ...... W S  ....... TAAAMVHGNT 546 
HAST3 496 A.FITCPGDL HP.TARLKLS KNP ..DY S. CvTvMAYvN . .EDL ...... W S  TAAAMVHGNT 546 

ANV 560 A.RLEIPKPF QQ.LPVFRLA KSS ... END . WQMVCFDNQ LQNV ..... VTF ....... SGWANIDGDY 616 
TAST 636 A.VLKLPPEL NS.VKP1IU.A KKV ... QS D. YLTLTAYDPN FQ HA ...... ATF . . . . . .  TGWCIIDGNW 692 
FJLV 1137 AEAVTTQSEL PGNWPQLHFA Q.PTTGPAS. WCTATG . . . . .  DEE .... G LLS ...... G EVC . . . . . .  1188 
HCV 1111 QDLVGWPA .. .PQGSR ... S LTPCT .... CGSSDLYLV . .TRHA .... D VIP . . . . .  V RRRGDSRG.S 1158 
TEV 2114 I.IIRMPKDF PPFPQKLKF . REPQREERI . CLVTl'NFQT . .KSMS .... S MVS . . . . .  D TSCTFPSSDG 2180 
MHV 61 CVM .......... SGRMSLT VMSYPMQOCQ LVLTVTLQN . .  PNTPKYSPG WKWE.TFT UYNGRPQ 124 
HAV 1600 VLMKVPTIPK FRDITEHFIK KGDVPRALNR LATLVTTVN . .G.TP .... M LISEGPLKME EKATYVHKKN 1666 

HRVl4 1618 ............... RGFIS E.DL.EGVD. .ATLWHS N. .NFlT .... T ILEVGPVTM . . .  AGLINLSS 1668 

r c I *  T W  
HASTl 547 ...... L .. S YAV ... RTQ DGMSGAP .. V CDK ... YGRV LAvlrp?cE! 569 
HAST2 547 ...... L .. S YAV .. .a DGMSGAP .. V CDK . .  YGRV L A 2 Q Z  569 
HAST3 547 ...... L .. S YAV .... DGMBGAP . V CDK . .  YGRV LAEQZ 569 

ANV 617 ...... L .. N APF .... ETY AGTSGSP .. I I NF.... DGRM W F G S  639 
TAST 693 ..... L .. N NSF .... DTK FGNSGAP .. Y CDH ... DGRL VGIHLG 715 
EAV 1189 ......LA.. ..... SGDSGSA.W .. Q ... GDAV VGVETE 1201 
HCV 1159 ...... LLSP RPI .... KGSSGGP.LL CPA . . .  GHA VGICe 1183 
TEV 2181 ..... IFWK HWI .... QTK DGQCGSP.LV STR . .  DGFI VGIFS 2207 
M W  
HAV 1667 DOTTVIJLTVD QAWRGKGEGL PGMCGGA.LV SSNQSIQNAI LGIHVAG 1712 

HRV14 1669 TPTNRMIRYD Y ...... E K  TGQCGGV.LC ATGK .... .I FGI&@ 1700 

125 GAFUVTLRSS H .. TIK G Z  CGSCGSVGYV LTGDSV .. RF WMEQE 166 

* *  

FIG . 3 . Alignment of the astrovirus 3C-like serine protease motif with those of other viruses . 
The predicted 3C-like serine protease motif of human astrovirus serotypes 1-3 ([HASTl. 2 and 
31. GenBanIc accession numbers L23513. 225771. L13745; and AR141381) were aligned with the 
3C-like protease motifs of avian astroviruses (turkey astrovirus [TAST]. AF206663; avian 
nephritis virus [ANV]. protein accession number BAA92848). hepautis C virus (HCV. 
P26664). tobacco etch virus (TEV Nia. P04517). munne hepatitis virus (MHV. 453423). 
hepatitis A virus (HAV. ~26580). and human rhmovims type 14 (HRV14. P03303) using the 
Pileup program . Motifs with Ser in the catalytic triad are shown in the upper panel and those 
with Cys (instead of Ser) are shown in the lower panel . Asterisks indicate residues that are 
conserved in al l  motifs compared . A filled circle rndicates the amino acids (also shown in bold) 
predicted to form the catalytic triad. an inverted triangle represents predicted substrate binding 
amino acids (also underlined) and periods denote gaps . The single letter amino aud code is used . 

and substrate binding residues (Fig . 3) . Given that this alignment strongly 
suggests that a protease is encoded within ORFla. our studies sought to prove 
the functional significance of the protease motif . ORFla constructs (Fig . 4A) 
were expressed in an in vitro. cell.free. transcription-translation system (Kiang & 
Matsui 2001) . Derived products were immunoprecipitated with antibodies specific 
for various epitopes encoded by ORFla (Fig . 4A). separated by SDS.PAGE. and 
visualized by autoradiography . 
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FIG. 4. (A) ORFla-specific antibodies and constructs. The upper panel shows a schematlc 
representation of ORFla of human astrovirus serotype 1, wth epitopes for the 3C-like serme 
protease (SP), nuclear localizatlon signal (NLS) and immunoreactlve epitope (IRE) indicated. 
The predicted catalytic triad residues His461, Asp489 and Ser551 are shown as HDS. The regions 
to which antibodies antl-lac2 and anti-lac1 are directed are shown below the top bar. In the 
lower panel, the construct 1 (pAVla/Aprot) product contains a nine amino acid substituuon by 
an unrelated nonapeptide (HA) in the region around the predicted catalytic sefine. 
Constructs 2-6 encode progressively larger N-terrmnal deletions. The distance (in nucleotide 
length) from the 5' end at which each of these constructs begins IS indicated to the left of the 
respectlve bar. 

The full-length ORFla construct, designated pAVla, was mutated in several 
ways (Fig. 4A). In pAVla/Aprot, the region encoding amino acids (aa) 546-554 
that contained Ser551 of the predicted catalytic triad and two probable substrate- 
binding residues (Thr546 and Gln547) was substituted by a cassette encoding an 
unrelated nonapeptide. Three additional constructs were made in which each 
residue of the catalytic triad was mutated individually by site-directed 
mutagenesis (His461Leu, Asp489Val and Ser551Ala). 

Immunoprecipitation of the pAVla product by C-terminal antibodies (anti- 
lac1 and anti-laC2) yielded two major products, plOl (a 101 kDa full-length 
product) and p38 (a 38 kDa fragment) (data not shown). Products of 48 and 
41 kDa (p48 and p41, respectively) were also immunoprecipitated. Similar 
evaluation of the pAVla/Aprot product yielded the plOl product primarily and 
only a faint band at 38 kDa, suggesting that mutation of at least one residue of 
the catalytic triad and nearby substrate binding residues interferes with the 
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1 2 3 4 5 6  kDa 
220- 

97- 

FIG. 4. (B) Proteolytic processing of the ORFla product. ORFla constructs pAVla (wild- 
type) and pAVla/Aprot (with mutated protease motif) were modified to include an eight 
amino acid FLAG epitope at the N-terminus (pAVlaFLG and pAVlaFLGlAprot, 
respectively). Products from pAVlaFLG lysates (lanes 1, 3 and 5 )  and pAVlaFLG/Aprot 
(lanes 2, 4 and 6 )  were immunoprecipitated with anti-FLAG antibody (lanes 1 and 2), anti- 
lac2 (lanes 3 and 4) and anti-lac1 (lanes 5 and 6). Upper arrow points to the full-length 
ORFla product (plol), middle arrow to N-terminal cleavage fragment p64 and lower arrow 
to C-terminal deavage fragment p38. Molecular size markers in kDa are indicated on the 
left. 
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processing of p101. The intensities of p48 and p41 did not change, suggesting 
that these products were not derived by 3C-like protease-dependent processing 
of p101. Altering individual residues of the catalytic triad gave similar results, 
suggesting the importance of each of the residues in proteolytic processing of 

The marked hydrophobicity of the N-terminus of the ORFla product made it 
difficult to synthesize adequate quantities of substrates for antibody production. 
To circumvent this problem, a cassette encoding an 8 aa FLAG epitope (Sigma) 
was inserted at the 5' end of ORFla and ORFIa/Aprot (pFLGAVla and 
pFLGAVla/Aprot, respectively). Anti-FLAG monoclonal antibody (Sigma) was 
used to detect N-terminal cleavage products of plOl catalysis. Immuno- 
precipitation of pFLGAVla with anti-FLAG antibody and anti-lac2 yielded two 
major products, plOl and a 64 kDa protein @64) (Fig. 4B). Substantial reduction 
in the intensity of p64 was observed when pFLGAVlalAprot was expressed and 
immunoprecipitated with anti-FLAG antibody. The intensity of both p64 and p38 
was significantly reduced when the pFLGAVl a/Aprot product was immuno- 
precipitated with anti-lac2 antibody. 

Five N-terminal deletion constructs were designed to estimate the N-terminal 
boundary required to preserve proteolytic activity, as indicated by wild-type 
levels of p38. N-terminal truncations that did not impinge on the predicted 
protease motif (deletions of up to 420 N-terminal residues) yielded p38 levels 
comparable to wild-type (data not shown). However, p38 could no longer be 
detected with further truncations of 474 and 518 N-terminal residues, suggesting 
that an intact catalytic triad is required for processing to occur. 

In summary, these data suggest that the full length ORF-la product, p101, is 
processed in vitro to two fragments: p64 at the N-terminus that includes the 
protease m o d  and p38 at the C-terminus that includes the nuclear localization 
signal (NLS) (Jimg et a1 1993, Willcocks et a1 1999) and an immunoreactive 
epitope (Matsui et a1 1993). The precise cleavage site has not been determined, 
but is predicted to be between aa 550 and 600. The predicted catalytic triad 
appears to be an essential component of the protease motif and plays a role in the 
processing of p101. Baseline levels of processing are maintained with constructs 
containing N-terminal deletions of up to 420 aa that do not impinge on the 
predicted protease motif. However, processing is significantly diminished when 
constructs with larger N-terminal deletions or site-specific mutation of His461, 
Asp489 or Ser551 were studied. 

pl01. 

Astrovinxs infectious RNA and a determinant of infectivity 

We have demonstrated that RNA extracted from virions is infectious 
(Geigenmiiller et a1 1997a). That is, when purified viral RNA is introduced into 
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BHK cells by transfection, progeny virus particles are produced and can be used to 
infect Caco-2 cells, in the presence of trypsin, to levels comparable to wild-type. 
This two-step, two-cell-line procedure is necessary since BHK cells are easily 
transfectable and will support astrovirus infection once RNA is introduced into 
the cells, while Caco-2 cells are readily infectable, but not easily transfectable. 

Infectious RNA can also be transcribed from a full-length cDNA clone of 
human astrovirus serotype 1 (pAVIC; Geigenmuller et a1 1997a). Two silent 
point mutations in the 3’ end of ORFla were introduced into pAVIC to 
distinguish progeny of this clone from wild-type. In BHK cells transfected with 
RNA transcribed from pAVIC, replication, production of subgenomic RNA, 
translation of structural proteins and typical viral aggregates were demonstrated. 
The lysate of these cells could be used to infect Caco-2 cells and viral progeny 
bearing the signature silent mutations of pAVIC were isolated. Prior to 
construction of pAVIC, an initial full-length astrovirus cDNA clone had been 
obtained (Geigenmuller et al 1997b). When RNA transcribed from the initial 
clone was transfected into BHK cells, replication could be demonstrated, 
subgenomic RNA was produced and structural proteins were detectable by in sitg 
immunostaining. However, when these cells were examined by electron 
microscopy, no clear, well-ordered aggregates of viral particles, a hallmark of 
astrovirus-infected cells, could be visualized; occasional amorphous clusters of 
possible virus-like particles were observed instead. In addition, lysates of the 
transfected cells could not infect Caco-2 cells. These findings suggested that the 
lack of infectivity of the ‘viral progeny’ was due to aberrant capsid assembly, 

To identify the sequence(s) responsible for the phenotypic difference between 
the viral progeny derived from the initial full-length clone (non-infectious) and 
pAVIC (infectious), sequences were compared. Four point mutations were found 
in ORF2: one mutation was silent, while the other three (nt 5006,5586 and 5745) 
resulted in amino acid changes. By systematically introducing single nucleotide 
changes at the latter sites on either the non-infectious clone background, or 
infectious done (pAVIC) background, the critical nucleotide was shown to 
reside at position 5006 (Table 1). This was the only site at which a specific 
mutation could change the phenotype of the progeny viruses from noninfectious 
to infectious and vice versa. In addition, if nt 5006 was mutated to T in pAVIC, 
resulting in a conservative amino acid change from Thr to Ser at aa 227, the 
phenotype of the progeny virus was no longer infectious. Thus, it appears that 
this site is highly sensitive to amino acid substitutions. The important role of 
Thr227 in proper virion assembly through effects on capsid protein processing or 
capsid-capsid interactions remains to be elucidated. For the picornavirus 
coxsackie B4, Thrl29 of the capsid protein VP1 has been identified as the 
determinant of the virulent phenotype in an animal model (Caggana et a1 1993). 
Using the three-dimensional structure of poliovirus type 1 (Hogle et al1985) and 
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TABLE 1 Identification of a determinant of H-Ast-1 infectivity by mutational 
analysis 

Nucleotide (nt)  andamino acrd (a.) posztron 

nt aa nt aa nt aa 

Clone IOOG 227 5586 420 5745 473 PbenoOp8 

AVK A Thr C Ala A Asp Infectious 
MutantTAA A Thr C Ala G Gly Infectious 
Mutant AV A Thr T Val A Asp Infectious 
Mutant TAb G Ala C Ala A Asp Not infectious 
Mutant TSb T Ser C Ala A Asp Not infecuous 
Noninfecuous G Ala T Val G Gly Not infectious 
Mutant Asp G Ala T Val A Asp Not infectious 
Mutant VA G Ala C Ala G Gly Not infectious 
Mutant ATb A Thr T Val G Gly Infectious 

“Phenotype of viral progeny: infectious, lysate of transfected BHK cells Infects Caco-2 cells; not Infecttous, 
lysate of transfected BHK cells cannot infect Caco-2 cells. 
‘Mutauon that results in phenotype change compared to background clone. 

sequence alignments, Thr129 mapped to the large loop that connects beta strands 
D and E of VP1, adjacent to Ile143 of poliovirus which is a determinant of 
attenuation (Ren et al 1991). 

Development of a reporter cell line for astrovirus detection 

The CDC has identified as a priority the need for ‘simple detection methods that are 
more sensitive and more specific than the current EM’ (Glass et al 1996). Such 
methods would permit larger scale epidemiological studies and improve 
understanding of astrovirus infection and immunity. To enhance detection of 
astrovirus, we propose development of a reporter cell line. Such cell lines have 
been described for several other viruses (Rocancourt et al 1990, Kimpton & 
Emerman 1992, Stabell & Olivo 1992, Olivo et a1 1994), and their design 
depends on the replication strategy of the virus to be detected. 

The replication and transcription scheme postulated for astrovirus is inferred 
from the well characterized life cycle of alphaviruses such as Sindbis virus. 
Astroviruses have a similar genome organization (5’-non-structural-structural-3’) 
and structural protein translation strategy (subgenomic RNA) to alphaviruses 
(Schlesinger & Schlesinger 1996). Upon infection, the non-structural proteins 
are translated from the input positive strand viral genome. The non-structural 
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proteins then participate in transcribing a full-length negative strand RNA which 
subsequently serves as the template for the transcription of new genomic and 
subgenomic RNAs. The capsid precursor protein is finally produced by 
translation of the subgenomic RNA. Detection of newly synthesized capsid 
protein indicates viral replication has occurred. 

On the basis of this strategy, development of a reporter cell line for astrovirus 
requires, first, assembly of a reporter construct, a cDNA copy of a defective 
astroviral genome that is deficient in some transreplication function (Fig. 5). The 
construct carries the reporter gene for green fluorescent protein (GFP) inserted in- 
frame into ORF2. Subsequently, the construct is stably inseaed mto the genome of 
Caco-2 cells, under the control of a Rous sarcoma virus promoter which should 
give rise to constitutive expression of a replication- and transcription-deficient 
astroviral reporter construct in the uninfected cell. In this state, no subgenomic 
RNA is expected to be transcribed due to the defect in a critical non-structural 
protein. In addition, it is unlikely that any GFP reporter protein will be 
translated directly from the defective genomic RNA since that would require 
internal ribosomal initiation. When the reporter cells are infected with a wild- 
type astrovirus, functional non-structural proteins translated from the infecting 
virus should complement in t ram the defective replication and transcription of the 
reporter construct, leading to transcription of a subgenomic RNA and, ultimately, 
expression of GFP. The infected reporter cells should be detectable by their green 
fluorescence when observed with an optical fluorescence microscope. 

This assay has several potential applications, including the determination of 
whether a clinical or field sample contains infectious astrovirus. In the laboratory, 
this assay could be used in place of the plaque assay to quantify the infectious titre of 
a viral sample, purify astrovirus or isolate neutralization escape mutants. 

Our preliminary reporter construct is based on the ability to complement 
ORFlb function (U. Geigenmuller & S. M. Matsui, unpublished data). The 
construct, pAT3329-1 OGFP (shown in Fig. 5), displays two important features. 
First, the deletion of a single nucleotide at position 3329 introduces a premature 
stop codon in the ORFl b product that results in production of a non-functional 
RNA-dependent RNA polymerase and impairment of RNA transcription. This 
defect can be complemented in tram by intact ORFlb product supplied by wild- 
type astrovirus. Second, ORF2 is modified to encode a capsid-GFP fusion protein 
in which the first 10 N-terminal amino acids of the astrovirus capsid are preserved 
and fused in-frame with GFP. This capsid-GFP fusion construct (10GFP) was 
selected among several others which were designed with longer stretches of 
retained astrovirus capsid sequence, because of the consistently strong green 
fluorescence demonstrated by this construct. Transcription of the subgenomic 
RNA, and hence expression of the capsid-GFP fusion protein, is dependent on 
the provision of functional ORFlb product by wild-type virus. 
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FIG. 5.  Defective human astrovirus serotype 1 cDNA (pAT3329) with GFP reporter gene insert, and replication of its transcribed RNA. Black 
boxes at both ends indicate important plasmid features that surround the defective H-Astl /reporter gene construct. Astrovirus sequence is shown 
in white, with the defect in ORFl b indicated by the black arrowhead and the premature stop codon it introduces indicated by (*). The GFP reporter 
gene is indicated by the box with the speckled pattern. The astrovirus subgenomic promoter, which is functional only in the negative strand and 
preserved in this construct, is denoted under the symbol (5). 
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A line of Caco-2 cells that has been stably transformed with pAT3329-10GFP 
has been developed. No expression of GFP was detectable in these cells when 
uninfected. This cell line was then incubated with a cell culture-adapted strain of 
human astrovirus serotype 1, and successfully infected cells were detected with 
astrovirus group-specific monoclonal antibody 8E7 (Herrmann et a1 1988) and 
Texas red. Initial examination by confocal microscopy revealed only a few cells 
with green fluorescence. By adjusting the brightness over these cells to a higher 
level, GFP expression was observed in every infected cell. Green fluorescence 
colocalized in the cytoplasm with expressed astrovirus capsid antigen (red). 
Green signal was also detected in the nucleus and nucleoli of infected cells since 
the 28.2 kDa capsid-GFP fusion protein is sufficiently small to diffuse freely 
between the nuclear and cytoplasmic compartments. 

The most significant findings of our reporter cell line study were that GFP is 
expressed in every infected cell, lending support to the principle of 
complementation in tram upon which this assay is based, and that expression of 
GFP from the reporter construct is strictly dependent on tram-complemenwation. 
This pilot study is encouraging for the development of a simple, rapid and accurate 
detection assay for astrovirus infection, although many aspects of this system 
require further optimization. Of utmost importance is the need to improve 
sensitivity, if this test is to have practical applications for clinical and 
epidemiological studies. 

In conclusion, the development of the astrovirus genomic clone pAVIC has 
enabled systematic exploration of many aspects of the molecular biology of 
astrovirus, by allowing the targeted introduction of mutations into the viral 
genome. At the level of the non-structural astroviral proteins, we have been able 
to show that the protease, encoded by ORFla, is involved in the processing of the 
ORFla translation product itself. We have also demonstrated that the function of 
the RNA-dependent RNA polymerase, encoded by ORFl b, can be complemented 
in tram. With regard to the structural viral proteins, we found that most of ORF2 
can be replaced by a foreign gene, such as the GFP reporter gene, and display 
efficient expression of GFP in transfected cells. These findings suggest the use of 
astrovirus as a human expression vector and demonstrate the feasibility of 
establishing a reporter cell line for astrovirus. Finally, by introducing mutations 
into ORF2, we are studying requirements for viral assembly and formation of 
infectious viral particles. 
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DISCUSSION 

Arius: Is the 3C-like protease encoded by Owl also responsible for processing 
the ORF2 polyprotein? 

Matsari: We haven’t really looked at that, although we plan to. We also want to 
look at whether this protease is responsible for processing the polyprotein S1 
derived from the ORFla/lb fusion. This may be more likely than processing of 
the capsid. 



234 DISCUSSION 

Carter: We have coexpressed the protease and capsid protein in baculovirus- 
infected insect cells. We don’t get cleavage of the capsid protein ORF. 

Suzanne, have you looked at the synthesis of ORFla in cells? When we have 
done this we have never seen the 68 kDa protein that you referred to. We have 
always seen smaller proteins, and we suspect the N-terminus is chopped earlier, 
presumably by a cellular enzyme. 

Matsui: We have some evidence from the vaccinia virus system and it appears 
that there is an ORFla protease-independent process that cleaves off 1%19 kDa 
of protein. There may be a few more cleavages, but these need to be verified. 

Green: Might there be a W g  protein in astroviruses, or a methyl transferase 
region? 

Matsui: Steve Monroe and his collegues at CDC described a possible VPg 
protein, based on sequence analysis (Jiang et al1993). 

Munroe: The VPg motif was identified by Eugene Koonin when we were first 
looking at ORFla sequences (Jiang et a1 1993). I don’t think there is any 
experimental evidence that there is a VPg in astrovirus. 

Green: In your transfection studies, was that RNA from virus or from infected 
cells? Did you try protease K treatment, like in the classical calicivirus studies? 

Matsui: Both purified viral RNA and RNA from infected cells were tested. We 
don’t have data on the effect of protease K treatment on RNA infectivity since rhis 
intervention had an adverse effect on the cells. 

Clarke: When you transfected the cells, did you just use naked RNA without 
modifying it? 

Matsui: The transcribed RNA was capped. 
Monroe: You showed in your diagram the production of the subgenomic RNA 

and the minus-strand intermediate. Years ago we did blotting and I was convinced 
that there was a minus-strand equivalent of the subgenomic, which would denote a 
mechanism different from that of the alphaviruses. We have never really followed 
up on this. 

Estes: But your reporter cell line theoretically wouldn’t work. 
Monroe: It could work. You have to make the minus-strand somehow, either 

from the full-length plus strand or from something else. But it would suggest 
that you could put a minus strand in as your reporter, and that this would be 
replicated. 

Desselberger: Do you have any idea whether this vital amino acid 227 in the capsid 
protein determines the ability of the virus to interact with the receptor? 

Matwi: Amino acid 227 is in the part of the ORF2 product that is quite highly 
conserved among the different serotypes. The first 400 or so amino acids are highly 
conserved between serotypes. The threonine 227 residue also is conserved among 
other serotypes. We don’t know for sure, but is likely that the spikes are encoded in 
a more variable part of ORF2, beyond amino acid 415 or so. 
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Carter: Some time ago John Herrmann produced a monoclonal antibody that 
reacted broadly with all the astroviruses (Herrmann et a1 1988). We have recently 
been mapping the site of where this antibody binds. We find that it is a bipartite site: 
it binds to two areas separated by about 150 nucleotides. Both are needed to get 
good antibody binding. Amino acid 227 is just at the start of the second site. This 
suggests that 227 is part of the conserved region of the genome because of this pan- 
reactivity, but it must also be located towards the surface of the capsid. 

Greenberg: Have you tried to make an infectious clone incorporating your GFP 
construct? 

Matsai: We have not. Incorporating GFP in the capsid sequence, for example, 
may adversely distort the conformation of the capsid proteins. 

Green: How well does trypsin prime infectivity? 
Matsai: Trypsin is required for the astrovirus to infect susceptible cells, such as 

Caco-2. We therefore routinely add trypsin to the BHK lysates when we test for 
infectivity in Caco-2 cells. The system of BHK cells transfected with infectious 
RNA may be a good way to look at intracellular viral maturation, because it 
doesn’t require trypsin. 

Green: What do you think the nuclear localization signal is doing? 
Matsai: We have not studied this, but Mike Carter and Margaret Willcocks have. 
Carter: We always assumed that it was there to do something, so we did some 

two-hybrid work and pulled out a load of clones with which it seemed to react. 
Some were quite suggestive, but we weren’t able to confirm that any were real. 

Green: Have you tried mutagenizing that region in the infectious clone? 
Matsai: No. 
Carter: The capsid is found in the nucleus as well. 
Mats&: There is capsid antigen transiently in the nucleus during viral 

infection. 
Carter: You said your cryoelectron microscopy was done with cell culture- 

grown virus. Alicia Sanchez believes that the spiky form can be converted to the 
more condensed smooth form. Have you ever tried that? 

Matsai: We haven’t tried that. What she reported in 1995 was that serotype 2 
human astrovirus grown in cell culture exhibited surface spikes and that these 
spiked particles were infectious (Risco et al 1995). Treatment with high pH 
buffers (about pH 10 for 10 mins) yielded particles with a star-like morphology. 
If she exposed them to pH 10.5 there was a rapid disassembly of the viral 
particles. The ‘star-like’ morphology found in a fraction of astroviruses shed in 
faeces may reflect the effect of the faecal milieu on viral particle morphology. 

Estes: How do you intend to use your reporter cell system for diagnostics or field 
studies? 

MatJ-ai: Hopefully, we could take field samples, put a drop on the reporter cells, 
and determine whether they contain infectious astrovirus by looking for cells that 
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fluoresce green. In addition, since we have difficulty plaquing astrovirus, we 
thought that this might be a way to identify ‘plaques’ of astrovirus. 

Greenberg: How many molecules of polymerase will you need to get a green 
colour? 

Matmi: We haven’t titred this out. 
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Abstract. Human astroviruses (HAstVs) are associated with 5 9  percent of cases of 
gastroenteritis in young children. Seven serotypes (HAstV-1 to -7), which correlate 
with genotypes, have been defined by using immune typing methods. We have used 
partial nucleotide sequence informatlon from the capsld protein gene for molecular 
typing of 29 unique human astrovims strains obtained from prospective studies of 
children with gastroenteritis in Egypt and Malawi. HAstV-1 was the most commonly 
detected s t m ,  consistent with previous studies, but a surprising variety of strains were 
identified in both collections. An eighth astrovirus type, HAstV-8, has been defined on 
the basis of the complete capsid protein gene sequence and was detected in both 
collections analysed in this study. Although HAstV-8 and HAstV-4 strains segregate 
into well resolved clades by analysis of sequences from the region encoding protein P2 
(VP32), the pair-wise distances between these types are less than those between strains of 
the other serotypes. In contrast, analysis of sequences from the region encoding protein 
P3 unambiguously resolve HAstV-4 and HAstV-8 strains, consistent with their 
classification as distmct serotypes. Overall, strms representing six of the eight 
serotypes were detected m two collections of samples from prospective studies of 
gastroenteritis in young children indicating that multiple astrovirus types are frequently 
co-circulating within communities. 

2001 Gutroenteritzs uzmses. Vilg, Chichester (Novartis Foundatzon Symposzum 238) 
p 237-249 

Astroviruses were first detected in 1975 during examination of the faeces of infants 
with diarrhoea by using electron microscopy (Madeley & Cosgrove 1975, 
Appleton et a1 1977). The viruses were described as 28-30nm particles with a 
smooth outer edge and a surface star appearance and were given the name 
astrovirus. Particles with similar structural features were subsequently detected in 
the faeces of a variety of animal species (reviewed in Matsui & Greenberg 1996). 
Cultivation of human astroviruses was originally achieved in primary human 
embryonic kidney cells, with a stringent requirement for trypsin in the growth 
medium (Lee & Kurtz 1981). Direct isolation of human astroviruses from 
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clinical specimens was later reported using a continuous human colon carcinoma 
cell line, Caco-2 (Willcocks et a1 1990), allowing for routine isolation of strains 
from well characterized collections. 

Our awareness of the importance of astroviruses as a cause of infantile diarrhoea 
has changed as more sensitive detection methods have been developed in recent 
years. The concentration of astrovirus shed during infection is lower than that 
observed for many other enteric viruses (e.g. rotavirus and adenovirus) and 
initial studies, which relied on detection by relatively insensitive electron 
microscopy, reported astrovirus in less than 3% of cases of childhood diarrhoea 
(Lew et a1 1990, Monroe et a1 1991, reviewed in Glass et a1 1996). The generation 
of a group-reactive monoclonal antibody (Herrmann et a1 1988) allowed for the 
development of more sensitive enzyme immunoassays (EIAs) for detection of 
astrovirus in clinical specimens (Herrmann et a1 1990). Using these more 
sensitive methods, astrovirus was found to be associated with 5 9 %  of cases in 
several prospective studies of childhood diarrhoea (Herrmann et all991, Kotloff 
et al 1992, reviewed in Glass et a1 1996). The determination of the complete 
nucleotide sequence of two human astrovirus isolates (Jiang et al 1993, Willcocks 
et al 1994) allowed for the development of highly sensitive reverse transcriptase 
(RT)-PCR detection assays (Major et a1 1992, Jonassen et a1 1993, 1995, Mitchell 
et a1 1995). A direct comparison of the detection efficiency of EIR and RT-PCR 
using samples from an outbreak in a day care setting demonstrated the increased 
sensitivity of RT-PCR and documented asymptomatic shedding of astrovirus in 
older children (Mitchell et al1995). 

Serotypes of human astrovirus have historically been defined on the basis of 
immunoelectron microscopy, immunofluorescence, neutralization assays and 
type-specific EIA (Lee & ICurtz 1994, Noel et a1 1995, Koopmans et a1 1998). 
Type-specific rabbit antisera, generated by Dr John Kurtz and Terry Lee at the 
Public Health Laboratory in Oxford, UK, have been used as the reference 
reagents for most of the assay formats (Kurtz & Lee 1984). Seven serotypes of 
human astrovirus (HAstV1-7) have been fully characterized (Lee & ICurtz 1994), 
with an eighth serotype suggested on the basis of nucleotide sequence information 
available in GenBank (266541). The independence of HAstV-8 as a distinct 
serotype was questioned, however, by the observation of partial one-way 
reactivity with HAstV-4 by using standard immunoelectron microscopy assays 
(J. Kurtz, personal communication). Studies on the relative prevalence of 
astrovirus serotypes in various populations have demonstrated that HAstV-1 is 
the type most commonly detected, while HAstV types 6 and 7 are rarely detected 
(Lee & Kurtz 1994, Noel & Cubitt 1994, Noel et a1 1995). 

The astrovirus genome consists of a single-stranded RNA of positive polarity 
encoding three open reading frames (ORFs) (Jiang et a1 1993, Willcocks et al1994, 
Matsui & Greenberg 1996, Matsui et a1 2001, this volume). ORFs la and l b  encode 
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proteins involved in virus replication and their expression involves generation of 
an ORFla-lb fusion protein via a ribosomal frameshift (Marczinke et a1 1994, 
Lewis & Matsui 1996). ORF2 encodes the capsid protein precursor (Monroe et a1 
1993) which is processed to the mature capsid proteins by a pathway that remains to 
be rigorously established (Shnchez-Fauquier et a1 1994, Bass & Qui 2000). All 
serotypes contain at least three capsid proteins, P1, P2 and P3, with the P2 
protein encoding group-reactive epitopes, and the P3 protein encoding serotype- 
specific epitopes (Belliot et a1 1997a). 

With the development of RT-PCR assays for detecting astroviruses came the 
potential for typing strains by comparison of nucleotide sequence information. 
The usefulness of this approach was demonstrated when genetic types inferred by 
phylogenetic analysis of sequences from a region within ORF2 were shown to 
correlate precisely with antigenic types determined by type-specific EIA (Noel et 
al 1995). Surprisingly, a similar analysis of sequences from within ORFla resulted 
in a different grouping of strains (Belliot et a1 1997b). Strains from types 1-5 
clustered in one distinct group, termed genogroup A, while those from types 6 
and 7 clustered in genogroup B. While it was possible to clearly separate strains 
into these two well resolved genogroups by using either analysis of nucleotide 
sequence information or the results of probe hybridization experiments, it was 
not possible to separate strains within a genogroup into individual serotypes by 
using these techniques (Belliot et a1 1997b). 

We have recently participated in characterizing astrovirus strains from two 
studies of gastroenteritis in young children, one in Egypt (Naficy et al 1999) and 
another in Malawi (Cunliffe et a1 1998). The details of the study designs and the 
methods for astrovirus detection and characterization will be presented elsewhere 
(Holmes et a1 2001). In brief, astrovirus positive samples identified by group- 
reactive EIA were genetically typed by analysis of RT-PCR products generated 
from the P2 region of ORF2 (Noel et a1 1995). On the basis of unique sequences 
of the amplification products, 17 distinct astrovirus strains were identified in the 
samples from Egypt and 12 in the samples from Malawi (Fig. 1). Interestingly, each 
collection contained samples clustering with six of the eight serotypes, including 
the recently described HAstV-8. These results confirm our previous work, and that 
of more recent studies, which indicated that multiple astrovirus serotypes co- 
circulate in communities within a few years (Noel et al 1995, Mustafa et al 2000). 

We next examined the clustering of strains based upon analysis of sequences of 
RT-PCR products generated from ORFla (Belliot et a1 1997b). As previously 
reported, the strains segregated into two well resolved genogroups, A and B 
(Fig. 2). Consistent with the higher overall similarity in this region of the 
genome compared to ORF2, several of the strains that were distinguishable on 
the basis of sequences in ORF2 contained identical sequences in the region of 
ORFla analysed. As noted previously, it was not possible to unambiguously 
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FIG. 3. Relationshp of astrovirus strains based upon complete amno acid sequences. 
Distances were calculated based on predicted amino acid sequences for the P2 and P3 proteins 
from twelve strans for which complete ORF2 sequences were available in GenBank. The 
dendrograms arc plotted to the same scale with the bar representing 10 amino acid changes. 

assign strains to individual serotypes on the basis of sequences in ORFla. 
Furthermore, it appeared that sequences in this region of ORFla were more 
likely to cluster by geographic location than by serotype. For example, four 
samples from Egypt and three from Malawi had nearly identical sequences in 
their ORFla amplicons, despite clustering as different serotypes in ORF2 
(Fig. 2). These results suggest that although conserved regions of ORFla are 
useful targets for RT-PCR assays designed to efficiently detect all astrovirus 
types, one cannot use analysis of sequence information from this region of the 
genome to assign genetic types that correlate with antigenic types. 

The finding of multiple serotype 8 strains in these two collections prompted us 
to re-examine the issue of the genetic relationship between HAstV serotypes 4 and 
8. Analysis of partial sequences from ORF2 indicates that strains from these 
serotypes fall into distinct clusters, but the pair-wise distances between the 
serotypes are less than some of the distances between strains within other sero- 
types (e.g. HAstV2, Fig. 1). To examine this relationship in more detail, we 
compared predicted amino acid sequences for 12 astrovirus strains for which 
complete ORF2 sequences were available. The close genetic relationship between 
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serotypes 4 and 8 was observed when we compared predicted amino acid sequences 
for the P2 proteins (Fig. 3). In contrast, when we compared predicted amino acid 
sequences for the P3 proteins from the same 12 strains, the absolute distances 
between serotypes were greater, and those between serotypes 4 and 8 were 
comparable to those between the other serotypes (Fig. 3). These findings are 
consistent with a model wherein the relatively conserved P2 proteins of serotypes 
4 and 8 contain shared epitopes, which were detected in the immunoelectron 
microscopy assay, while the divergent P3 proteins contain serotype-specific 
epitopes distinguishable on the basis of predicted amino acid sequences. 

The recent application of molecular diagnostics has firmly established that 
astroviruses are a common cause of acute gastroenteritis in young children. 
Genetic analysis of amplification products can be a useful technique for 
determining astrovirus strain types and this approach has revealed a surprising 
diversity of strains co-circulating within relatively isolated populations. 
Additional studies are needed to assess the severity of astrovirus infections as the 
basis for a careful cost-benefit analysis of a potential vaccination program. 
Additionally, the role of astroviruses as a cause of outbreaks of gastroenteritis, 
both in children and adults, needs to be more fully investigated as the basis for 
formulating recommendations for public health interventions to interrupt 
transmission. 
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DISCUSSION 

Arias: We recently adapted a type 8 human astrovirus strain to grow in tissue 
culture, and sequenced its genome. Comparison of the ORF2 amino acid sequence 
of this virus with the corresponding sequences from other astrovirus serotypes 
showed that the N-terminal half of the protein is very conserved among the 
various serotypes, while the C-terminal half is much more variable. The 
phylogenetic trees that can be constructed from these two regions are not 
superimposable. Do you have an idea of why this could be? Could it be the result 
of genetic recombination or maybe the consequence of different selection pressures 
along the protein? 

Monroe: I’m not sure I can directly address this. We do see different tree 
morphology depending on which parts of the virus we are looking at. In 
working with these viruses and the caliciviruses, one thing that is strikingly 
different to me is that the ORFl sequences in astrovimses, including ORFla and 
ORFlb, are amazingly conserved between serotypes. There is a difference in the 
order of 12% maximum. In contrast, in ORF2 they are very different, particularly 
at the C-terminus. In the calicivimses the polymerase is more conserved than the 
capsid protein, but the relative difference is not nearly so great. As for the 
fundamental question of whether there are different rates of evolution in ORFl 
versus ORF2, something is definitely different there. I don’t know how this 
relates to the biology of the virus. 

Koopmans: I can picture different pressures and different rates of evolution across 
a single genome. There is a diversity of capsid types and serotypes with one 
genotype. How does the second genogroup come into play? 

Monroe: I can understand that the enzymes might be more conserved, but even if 
there was extreme pressure to conserve the polymerase amino acid sequence, I 
would expect to see more variation in the nucleotide sequence. This appears to be 
a bit out of whack to me. We speculate that the two different genogroups could 
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have arisen by recombination. In fact, the differences between strains in genogroup 
A or B are very small indeed. It doesn’t seem possible that this is a linear evolution 
from one to the other. This raises the whole issue of recombination: only when we 
get more sequences from animal astroviruses will we be able to see whether our 
genogroups A and B are both human types, or whether there is an animal type in 
here. 

Matson: I think we have a recombinant astrovirus that is between types 5 and 7. 
The recombination junction is between the non-structural proteins and the capsid. 
We found it in Mexico and Houston. 

Desselberger: Could you bring us up to date with serotype 8? When I talked to 
John Kurtz recently he said he only had a single isolate. 

Monroe: As Roger Glass mentioned, when we get involved in many of these 
collections, it is the unusual ones we tend to focus on. It was striking that we 
found serotype 8 in both of these collections. The fundamental question is 
whether this strain arose just recently, and if so, could this be why we are 
detecting it. I don’t think so. I didn’t show the overall numbers, but in all the 
studies that have looked at serotypes the predominant theme is that serotype 1 is 
40-50% of the strains; the other strains end up being about 10% each, equally 
distributed. In the trees, all the serotypes are equally divergent from each other. 
From just a pure evolutionary sense this would mean that they have all been 
around for the same period. I don’t know why serotype 8 hasn’t been seen 
before. Perhaps it has a different clinical presentation. 

Arias: A comment about the frequency of type 8 astroviruses. We recently 
characterized 25 astrovirus strains by sequence from six different cities in Mexico. 
We found that three of those strains were type 8. Interestingly, all three type 8 
viruses came from the city of MCrida, YucatPn, where they represented 40% of 
the isolates. Thus they don’t seem to be rare in this region. 

Matson: We also found type 8 in South Africa. 
Koopmans: We have done a seroprevalence study looking at age-related 

acquisition of antibodies to the different serotypes. We found striking differences 
for types 1-4, seen mainly in young children, whereas type 5 is not seen until 
adulthood. This suggests that either their epidemiology is different, or they are 
picked up when people start travelling (Koopmans et all998). Do you have any 
indication of regional differences? 

Monroe: No. In these collections the only type that didn‘t show up was type 7. In 
the earlier collecuons that Jackie Noel looked at, this is also the case. 

DesseLberger: Dr Koopmans, didn’t your data also show that there were 
subsequent infections with different astrovirus types? You said there were sera 
containing antibodies against different astrovirus types. 

Koopman~: Yes, there are neutralizing antibodies to multiple serotypes. We are 
not sure that these antibodies that are induced are completely monoreactive. The 



ASTROVIRUS MOLECULAR EPIDEMIOLOGY 247 

serotyping of the viruses, as we have done it, has been done with rabbit reference 
sera and using a 20-fold difference as an indicator for serotype specificity. By this 
approach, we concluded that the astrovirus types are indeed true serotypes. But this 
does not mean that there is no cross-reactive antibody following infection in 
humans. We addressed this issue by looking for correlations between antibody 
levels in individual sera. We found no cross-reactivity (Koopmans et al1998). 

Monroe: We use the same rabbit sera as a group-reactive sera at low dilution in 
ELISA, and as a type-specific sera at high dilution in the same ELISA. Clearly they 
are cross-reactive. 

Desselberger: Dr Koopmans, your percentage values didn’t give the titre 
distribution. 

Koopmans: We have also looked at that. The titres are highest in the youngest 
children, but there is also a distinct peak in the 25-35 year olds. 

Carter: You dtdn’t put any animal strains on your phylogenetic trees. 
Presumably this is because there aren’t many sequences available. If you look just 
at the variable region in ORF2, then several sequences are available, including 
strains from pig, lamb and turkey. If you do the tree this way, you find that 
all the human viruses cluster together with the exception of type 4, and all the 
animal viruses are down the other end with type 4 on the fringe. I know this is 
suggestive and controversial, but what about soonotic infections in 
astroviruses? 

Monroe: I think it is the same for any of these viruses, particularly when you are 
talking about young kids crawling around in the dirt and having pets or husbandry 
animals nearby, where the chance for co-infection is great. As Timo Vesikari has 
shown, there is a lot of co-infection with other human viruses. Type 4 is a little 
bit weird, and it wouldn’t surprise me if it didn’t quite come along with the 
others. 

Carter: It may have come out of animals some time ago. Certainly, we got quite 
interested in this and started looking for evidence of infection in humans by the 
feline astrovirus. We think we have some evidence of seroconversion that appears 
to be specific to the feline astrovirus. Interestingly, the feline virus will actually 
replicate in Caco-2 cells, churning out loads of particles all of which are non- 
infectious. There is antigen production, but not actually growth of infectious 
virus as such in Caco-2 cells. I did wonder whether it might be possible to get at 
least abortive replication from some animals. 

Estes: Ruth Bishop told us earlier that genetic lineages have respectability, but 
I’m still unclear as to the difference between genotype, lineage, cluster and clade. 
We have heard that clades are a more specific definition. I find reading the literature 
confusing. 

Matson: A clade is simply a branch. A sequence that differs by only one amino 
acid doesn’t tell you whether you are in a serotype or a genus or a family. 
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Estes: So is this a useful term? 
Matson: It is when you are not sure what you are talking about! We have brought 

into the literature terms like genotype, for which there is really not any consensus as 
to what it is, at least within the caliciviruses. Whether the clades that are called 
genotypes have any biological significance is uncertain. They may have 
epidemiological significance because one can track a particular strain through an 
outbreak. 

Estes: I think I understand what a genotype is; the question is what is the 
difference between a genotype and a lineage, or are they just two words for the 
same thing? 

Patton: The definition of a clade seems quite artificial. Two persons looking at 
the same phylogenetic tree can differ in their interpretation of branch points and 
numbers of clades. From reviewing the literature, it is not dear that investigators 
working with different groups of viruses would agree on the definition of a clade. 

Matson: A clade is applicable to the analysis that is being performed for that 
consensus sequence. Within that analysis, we say there are this number of clades. 
If you do another region of the genome, the clades will be different. It is dependent 
upon the analysis. It is clear from the capsid regions of the Astroviridae that 
different tree patterns are produced from sequences of different regions. Clade is a 
generic term for a branch; clusters are clades that seem to group together in a 
particular way. Genotype is an attempt to say serotype when serotype would not 
be accepted, or may be used when genomic regions are compared. The danger is 
using genotype to imply serotype when the biological meaning of genotype is 
unknown. 

Greenberg: I disagree. There used to be a definition of serotype, which was a 20- 
fold difference between homotypic and heterotypic reaction. As you are all aware in 
the rotavirus field, when things did not work properly, we changed the definition. 
As long as a serotype definition is applied consistently, it is a fair thing to do. But 
for VP4, various people have used various definitions, from 20-fold to eightfold to 
fourfold. It seems to be similar for genotype: how much diversity are we going to 
classify as distinct? I don’t think anyone in this room thinks that genotype is a 
substitute for serotype. It sometimes cosegregates with serotype, and sometimes 
doesn’t: it is a different tool. In the HIV field, clades is used as an interchangeable 
term for genotype, I think. 

Monroe: The point is that there is no scale. If you took all retroviruses or 
lentiviruses, all HIV would be one clade: this is a different scale. If you take all 
caliciviruses, all the NLVs are one clade. 

Greenberg: What about all Reoviridae? 
Monroe: The same thing applies. There is no scale implied in the word clade. In 

order for us to be able to communicate between laboratories about NLVs, we need 
to decide what the definitions are for genotype, and then apply those rules. We 
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almost need to do the same as researchers in fields like hepatitis A have done, where, 
for instance, they say that a genotype is more than 12Y0 using these nucleotides 
analysed by this method. 

Reference 
Koopmans M, Bijen M, Monroe SS, Vinje J 1998 Age-stratified setoprevalence of neutralizing 
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Matson: I have a comment about heterotypic protection to rotavirus. We did a 
study in daycare centres where kids were monitored for two rotavirus seasons, with 
at least one weekly stool specimen (O’Ryan et a1 1994). We only detected G1 and 
G3 viruses. Then we looked at the antibody levels using an epitope-specific 
antibody assay for Gl-G4, and the monoclonals we used were neutralizing 
monoclonals used for typing. We found that as the children had an increasing 
number of infections, children exposed to types 1 and 3 also had increasing levels 
of type-specific antibody for types 2 and 4. These levels would be considered to be 
protective. The simple conclusion is that two non-type G2/G4 infections are 
sufficient to induce protective levels of type 2 and 4 antibody. 

Greenberg: We have just seen structures of astroviruses that look different to the 
structures that I am used to looking at for other viruses. Dr Prasad, you are the 
walking encyclopaedia of structures; is there some weird plant virus for instance 
that looks like this? 

Prasud: No. It looks like it is 180 molecules of something. One common feature 
that I see between caliciviruses and astroviruses is a smooth shell. Then the 
protrusions are more elaborate in the case of caliciviruses and Norwalk-like 
viruses (NLVs), whereas here the protrusions are tiny. Although the length 
seems to be 50 k, similar to that in caliciviruses, the dimensions seem to be small. 
If you take the shell, this would account for only about 35 kDa, so there must be a 
lot more protein that is either cleaved, or inside. 

Matsai: It is probably cleaved, because it was grown in trypsin. 
Prusad: What is the molecular weight of the structural protein? Was there one 

structural protein making up the capsid? 
Matwi: Astroviruses are believed to have at least two structural (capsid) proteins 

that are derived from the capsid precursor protein (ORF2 product): - 35 kDa and 
N 29-35 kDa, depending on serotype. We have done some volume calculations 
based on these values. 

Prasud: Volume calculations would work only if you knew what the molecular 
weight was. You would know the volume from the 3D reconstructions. You could 
use the density, and calculate the molecular weight. Unless you know the molecular 
weight of the protein that makes up the capsid, it will be difficult to interpret in 
terms of where the RNA is. 

250 
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Gldss: One issue that Stephan Monroe addressed concerning serotype diversity 
is that in developing countries, the diversity of viruses is much greater and mixed 
infections are more common. He looked at a small collection of astrovirus strains 
from Malawi and Egypt and found six of the eight predominant serotypes. 
Similarly, in I,ucknow, India, we found seven different strains among only 25 
specimens of rotavirus examined. A further issue is the case fatality rate. One of 
the issues with astrovirus is where do we go with it? Is there enough astrovirus to 
consider it to be a public health threat? There are some data, such as the early study 
by John Herrmann in Thailand, where 8% of the children hospitalized in Bangkok 
had astroviruses (Herrmann et a1 1991). We have an interesting rate of 
hopitalization, but what we don’t know is whether this 8% of hospitalizations for 
severe disease translates to 8% of deaths. 8% of diarrhoea1 deaths equals ~00000  
deaths per year, and this would be a reasonable target for interventions. 
However, if we were to find the more severe the disease, the less frequently it is 
caused by astroviruses, we could put this aside completely. I am still 
uncomfortable with the study of Cruz et a1 (1992) in Guatemala and the studies in 
Thailand, which suggest that astrovirus is present at a significant level in 
hospitalized patients. We need more data. 

Kqjikian: As you know, a question I have asked for years concerns the 
importance of astrovirus as an aetiological agent for diarrhoea severe enough to 
require admission to hospital. I recall in 1995 at the viral gastroenteritis meeting 
in Japan, you (Roger Glass) laid down a challenge to me after my presentation in 
which I had noted a very small percentage of severe cases due to astroviruses, 
saying that with the new tools for detection available, astroviruses would be 
detected more frequently than I had shown. The studies from Guatemala and 
Thailand you mentioned certainly were of great interest. However, the answer to 
my question appears to be elusive. I think it is important with the new techniques 
that the relative importance of astroviruses in the aetiology of severe diarrhoea be 
ascertained and its role thus be established, 

Glass: One of the directions in all these studies, whether it is with caliciviruses, 
astroviruses or group C rotaviruses, is to firmly establish the disease burden. For 
each of these we have the same problem of adequacy of diagnostics that can be 
easily applied. We have an ELISA for astroviruses, which is good but not great. 
When you look at the Doug Mitchell studies, you get quite a different picture of the 
epidemiology when you use a more sensitive assay (RT-PCR) (Mitchell et a1 1995) 
than if you just use the ELISA (Mitchell et a1 1993). Anything done with ELISA 
will give an underestimate of the true disease incidence. We need to automate the 
PCR in some way so it is more user-friendly for field studies on the significance of 
astrovirus, calicivirus and group C rotavirus infections. We have been interested in 
the group C rotaviruses for a long time. We know that they exist in the US, but we 
don’t have an ELISA that can be easily applied for routine surveillance, nor do we 
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have shedding at the same level of rotavirus. One of the real challenges of this field 
is to have more sensitive diagnostics applied. For calculations of rotavirus disease 
burden we have always extrapolated from hospitalized patients with severe disease 
to deaths. Whether this is a proper extrapolation or not, or whether malnutrition, 
tuberculosis and other diseases are co-factors in those deaths, is unknown. When 
we make the extrapolation with rotavirus that there are 600 000 deaths, there are no 
autopsy studies that allow us to be sure. This is another priority. 

Ka$ikian: We don’t know the exact number, but we do know that consistently 
rotaviruses are the single most important aetiological agents of severe diarrhoea in 
infants and young children, both in developed and developing countries. 

Green: There are people who say that half of the diarrhoea1 deaths are due to 
malnutrition. 

Kapikian: For severe diarrhoea illnesses in children, consistently about 3550% 
are associated with rotavirus infection anywhere in the world. The role of 
astroviruses has been examined by various groups more recently, and their role as 
an aetiological agent of severe diarrhoea appears to be low. All I’m saying is that I 
think that the time has come with the wonderful techniques that we have available 
to try to answer a few of these questions. Otherwise we will be going around in 
circles for the next 10 years without achieving a firm conclusion. 

Clarke: There is a study in the UK looking at community acquired infections 
where astroviruses, group A and C rotaviruses and caliciviruses are being 
surveyed. David Brown may be able to comment on the prevalence of astrovirus 
infection in the community in the UI<. 

Brown: The IID study was a large study that used electron microscopy (EM) for 
all viral diagnosis, so it suffered from underdiagnosis due to the low sensitivity of 
EM. Astroviruses were found at a lower prevalence than rotaviruses and NLVs in a 
similar way to that Timo Vesikari described earlier. The severity of illness in 
different virus infections is an important question. The rotavirus vaccine studies 
are the ideal place to examine the severity of infection using that material. The 
problem with UK hospitalization data, and we have seen some quite high 
incidences of astrovirus infection, is that admission criteria vary depending on 
the community served. So although hospitalization is a broad proxy for severity, 
it is not always as precise as we would like. 

Estes: Why is there not a good diagnostic test for group C rotavirus? The antigen 
that Jean Cohen has expressed in baculovirus cross-reacts with human group C 
rotavirus. There is no reason why within a 2 month period you couldn’t make 
good antibodies. 

Clarke: We produced one (James et a1 1998), and the human group C ELISA 
exists and works well. 

Greenberg: Is group C rotavirus shed in amounts that would make it reliably 
detectable by ELISA? 
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Clarke: Yes. We have sometimes detected group C antigen in samples where 
there are no obvious virions. 

Saif: At least in animals, especially when we have found group C rotavirus in 
adult cattle we have missed it consistently by EM, antigen methods and PAGE, 
but we have detected it consistently by RT-PCR (Chang et a1 1777). Screening just 
using ELISA or PAGE could be missing quite a few. 

Holmes: What is the significance in different parts of the world of dual infection 
with different kinds of diarrhoea viruses? 

Koopmans: From our studies we have found mixed infections in 2-3% of cases, 
but this is usually a combination of a virus and a bacterium or parasite. The 
combinations are not consistent. This is just with the routine diagnostics (de Wit 
et a1 2000). 

Desselberger: From the data I surveyed in my paper the general impression is that 
there are more dual infections in collections from developing countries than in 
developed countries. The patient group in which there are dual or even multiple 
infections are immunocompromised children. 

Ja$ If we are talking about future directions, it seems that there are several 
important areas here. We might want to target rotavirus vaccines to 6 week old 
infants. What seems to be missing is more studies in neonates, including studies 
in neonatal animal models. It is recognized in the literature that the neonatal 
immune response differs from the adult immune response in terms of being lower 
in magnitude and in some cases hyporesponsive. If we are going to vaccinate six 
week old infants, in developing countries are maternal antibodies going to play a 
bigger role when oral live vaccines are used? Studies in pigs given maternal 
antibodies to human rotavirus suggest that these antibodies could pose a 
problem for the efficacy of live oral vaccines in infants (Hodgins et a1 1777, 
Parreno et a1 1777). A third issue is that of innate immune responses to rotavirus. 
These responses are interconnected with the acquired response. Perhaps this 
explains some of the responses we get with the infectious agent versus trying to 
use inactivated virus. 

Vesikari: The only good study in neonates is one we did in 1784-8’7 (Ruuska et a1 
1970). We gave a single dose of bovine rotavirus vaccine to neonates. To cut a long 
story short, it effectively cut off the severe rotavirus disease in much the same way as 
was found in Ruth Bishop’s study of natural neonatal rotavirus infection (Bishop et 
a1 1783). If the goal of rotavirus vaccination is limited to the elimination of severe 
rotavirus disease, this can be reached with a single dose of rotavirus vaccine, and I 
would say probably with any rotavirus vaccine. It does not reduce the incidence of 
symptomatic rotavirus illness, but it eliminates the really severe cases. Probably 
because the neonates don’t have a lot of lymphoid tissue or germinal centres in 
the gut, my guess is that there might not be any intussusception in this age 
group. The strongest argument against neonatal immunization is that this 
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doesn’t fit the US immunization schedule, which is a sacred cow: no pharmaceutical 
company would consider developing a rotavirus vaccine that could not be given 
according to the current US immunization schedule. 

Greenberg: I think Linda Saif was correct: as we look for rotavirus vaccine, 
something that we don’t know about is the ontogeny of the immune response in 
the newborn. I have made a living with animal models, but I think that in this area, 
above all others, that the human will be the most likely place to get meaningful 
data. The ontogeny of the immune response varies from species to species. 

Patton: The live attenuated vaccines under development for respiratory syncytial 
virus and the parainfluenza viruses are proposed to be administered to neonates. If 
these vaccines are to be effectively used, then the US immunization schedule will 
have to be modified. And if this is accomplished, it would seem possible that the 
schedule might also be altered to allow a rotavirus vaccine to be given earlier than 6 
months. 

Green: Mary Estes, would you update us on the NLV virus-like particle (VLP) 
vaccine candidate? 

Estes: The article on Norwalk virus vaccines will be out in another week (Estes 
et a1 2000). There is controversy about whether there is a need for a calicivirus 
vaccine. As the epidemiology has changed there has been increasing interest in 
having a calicivirus vaccine. The group that at the moment is the most interested 
in a vaccine is the military, because it is clear that as the Navy deploys people on 
aircraft carriers, which are in effect big floating cities, and they have a significant 
amount of diarrhoea1 disease. There have been enteritis problems in areas such as 
Kuwait which they thought were bacterial, but when they looked there was more 
calicivirus disease than had been anticipated. We have given two doses of our VLPs 
in a phase I trial to adult volunteers, 250 p g  per dose given orally in water. All the 
volunteers had an immune response and there were no side-effects. No one has been 
challenged yet to look at efficacy. 

Ofit: What were you measuring? 
Estes: Boosts of serum IgG. We have recently made a new challenge pool of 

Norwalk virus. We are doing the paperwork to try to file an IND to get approval 
to test this. Assuming that this goes through, sometime in the next year we will be 
testing this and will then be able to test eficacy. We have done one other study in 
which we expressed the NLV capsid protein in potatoes in collaboration with 
Cbarlie Arntzen, to see whether an edible vaccine might work. Potato was used as 
a model; not because we think this is what we would use in the future. The potatoes 
were fed to volunteers and antibody responses were monitored as well as circulating 
antibody-secreting cells at the University of Maryland under Carol Tacket’s 
direction (Tacket et a1 2000). One of the problems with the edible vaccines is that 
we don’t always know exactly what the dose was, but the majority of the volunteers 
had both antibody secreting cells or an antibody response of one isotype or another. 
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Ofit: What are the data, if any, that natural infection with NLV confers 
subsequent protection to reexposure? 

Estes: These are from the early volunteer studies where volunteers were given 
one dose of NLV and then at different times after were rechallenged (Parrino et a1 
1977). It was clear from those studies that there can be short term immunity of up to 
six weeks. It was less clear whether there was long-term immunity, although a few 
individuals showed this. Two doses were never given followed by challenge in the 
long-term situation. The sort of timing and testing that would be used for an 
optimal vaccine was never done. 

Greenberg: This was following natural infection. One natural rotavirus infection 
gives protection equal to three vaccinations from the data in Mexican children 
published by Dr Matson and colleagues (Velkzquez et a1 1996). 

Estes: But one natural infection with rotavirus doesn’t give long-term 
immunity. 

Matson: There is transient faecal IgA and the titre achieved in the convalescent 
period never falls to the preinfection level. But it does fall. 

Esks: There is certainly evidence for short-term immunity; whether there will be 
long term immunity is not certain. 

Jag: Following up on the Norwalk virus volunteer studies that were done some 
time ago at NIH, has anything been done subsequently on the observation that 
high antibody titres were more like a risk factor for disease, or is this not true? 
Where are we with this? 

Estes: In the studies that we did, people with higher preexisting antibody titres 
to NLV had a greater chance of getting clinical disease after infection, but we don’t 
know what those antibodies were directed to (Gray et a1 1994). I would argue that 
they are not neutralizing antibodies. 

Matson: They were both serum and faecal. 
Greenberg: They were both mucosal and serum, and published in a non-peer 

reviewed publication, Perspectives in Virolog (Greenberg et a1 1981). This was the 
only place my data ever appeared. There is also an article by Suzanne Matsui and 
myself in the Joarnal of Infectioas Diseases that summarizes all this old literature 
(Matsui & Greenberg 2000). At least for me, the best interpretation is that the 
higher the antibody level in an adult patient, the more likely that this person had 
been infected previously. Rather than antibody causing illness, the antibody is an 
indicator of susceptibility, No one has a good handle on why some adults appear to 
be more susceptible to infection and illness than others. There is something in the 
equation above and beyond immunity that varies between adults as far as 
susceptibility to infection is concerned. 

Kapikian: The paradoxical effect of antibody in protection against Norwalk 
virus was highlighted for me in an irnmunoelectron microscopy (IEM) 
experiment in which I carried out, on selected sera under code, the serological 
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portion of a study by Neil Blacklow and colleagues in which 12 volunteers were 
challenged with the Norwalk virus twice, 27-47 months apart. Six of the 
volunteers developed illness after the first challenge and again became ill after the 
second challenge, 27-42 months later. However, the other six volunteers did not 
become ill following the initial challenge and after challenge 31-34 months later. 
When I tested the selected sera by IEM for antibody to Norwalk virus, I found that 
the volunteers who did not become ill had little, if any antibody to Norwalk virus 
in prechallenge serum and also failed to develop a serological response. Volunteers 
who became ill after each challenge developed a serological response after each 
challenge. I thought that there was a mix up of the coding of the specimens and 
asked Neil to provide another aliquot of the volunteers’ sera. The results of the 
selected sera to be sent were confirmed once again (Parrino et a1 1977). Later on, 
the IEM studies were essentially- confirmed by Harry Greenberg using the RIA-BL 
assay (Greenberg et a1 1981). 

Kaopmans: There is also a study by Christine Moe, who showed that in volunteers 
with NLV as the challenge, depending on whether or not they had preesisting 
NLV-specific antibodies, the people who did have them had a much steeper 
doseresponse curve. This is with type specific, up-to-date assays (Moe et a1 1998, 
1999). 
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Abstract. Many enteric viruses are difficult or impossible to propagate in tissue culture. 
Coronaviruses and toroviruses are large, enveloped, plus-strand RNA viruses in the order 
Nidovirales that cause enteric disease in young pigs, cows, dogs, mice, cats and horses. 
Two digerent serogroups of mammalian coronaviruses cause frequent respiratory 
infections in humans, and coronaviruses and toroviruses have been implicated in 
human diarrhoea1 disease by immunoelectron microscopy. However, there is as yet no 
consensus about the importance of these enveloped viruses in human diarrhoea, and 
little is known about their genetic variability. The large spike (S) glycoprotein is an 
important determinant of species specificity, tissue tropism and virulence of 
coronavirus infection. To infect enterocytes, both S glycoproteins and the viral 
envelope must resist degradation by proteases, low and high pH, and bile salts. One 
specific site on the S glycoprotein of bovine coronavirus must be cleaved by an 
intracellular protease or trypsin to activate viral infectivity and cell fusion. S 
glycoprotein binds to specific receptors on the apical membranes of enterocytes, and can 
undergo a temperature-dependent, receptor-mediated conformational change that leads 
to fusion of the viraI envelope with host membranes to initiate infection. Analysing 
spike-receptor interactions may lead to new ways to propagate these enteric viruses as 
well as new strategies for development of novel antiviral drugs. 

200 I GnstroenterGtzs virzlses. Wily, Chichester (Novmtzs Fotlndutzon Symposzzlm 238) 
p 258-275 

Viruses that cause gastroenteritis must be resistant to inactivation in the hostile 
environment of the enteric tract where they are exposed to proteolytic enzymes, 
bile salts, mucus, bacterial products and extremes of pH. Each type of 
gastroenteritis virus is optimized for replication in one or more types of 
specialized cells in the enteric tract. The virus must be able to bind to specific 
receptors on the membranes of the target cell, and the viral genome must encode 
an apparatus that allows the virion or its nucleocapsid to penetrate through the 
plasma membrane or endosomal membranes to initiate infection. The virus must 
be optimized for efficient replication in the specialized cells of the gastroenteric 
tract. In the infected cells, sufficient progeny virus must be made to infect other 
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cells or be shed from the infected animal before the infected cell is killed either by 
virus infection or immune responses, or by apoptosis due to differentiation of the 
enterocytes. Many enteric viruses must survive in the external environment in 
water or soil long enough to initiate infection by the faecal-oral route. Some 
viruses that cause enteric diseases are transmitted by the respiratory route, and 
the enteric tract is infected subsequent to virus replication in the respiratory tract. 

Most viruses that infect the enteric tract are non-enveloped viruses with naked 
nucleocapsids designed to withstand the hostile environment in the enteric tract. In 
the Coronauiridue family of the order Nidovirales (Cavanagh et a1 1993, Cavanagh 
1997, Siddell & Snijder l998), members of the coronavirus and torovirus genera 
cause enteric diseases of many species of domestic animals and possibly of humans. 
These are plus-strand RNA viruses that have envelopes as an essential component 
of the virions. The viral envelopes consist of lipoprotein bilayers and several virus- 
encoded envelope proteins or glycoproteins (Duckmanton et a1 1998, Lai & 
Cavanagh 1997, Lai & Holmes 2000). In coronaviruses, the virion glycoprotein, 
S, which is found in the large trimeric spikes on the envelope is specialized for 
binding to specific receptors on enteric epithelial cells and for inducing receptor- 
mediated fusion of the viral envelope with host cell membranes that introduces the 
viral nucleocapsid into the cytoplasm of the target cell (Lai & Holmes 2000). The 
mechanisms by which these enveloped viruses survive in the enteric tract and bind 
to and enter their target cells are being explored. 

Results and Discussion 

Enteric diseases 

Coronaviruses and toroviruses that cause enteric diseases and their natural host 
species are listed in Table 1 (Cavanagh et a1 1993, Koopmans & Horzinek 1994). 
In general, most of these viruses cause disease only in one host species, and disease 
is more severe in infant animals than in adults. Inapparent infection is common in 
adults. Shedding of virus in the faeces may persist for weeks after inoculation. 
Animals can be infected by oral inoculation. Several of these viruses can replicate 
in the epithelial cells of the respiratory tract as well as the enteric tract, and they can 
be transmitted by the respiratory route. 

Virion strmtwe and ussenzbb 

Coronaviruses have a helical nucleocapsid that consists of a 27-32 lcb plus-strand 
RNA genome encapsidated by the nucleocapsid phosphoprotein N. The structure 
of torovirus nucleocapsids is unique. Thin sections of torovirus virions show that 
the electron-dense nucleocapsid is shaped like a doughnut or torus. No RNA- 
dependent RNA polymerase protein is found in virions of coronaviruses or 
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TABLE 1 Coronaviruses and toroviruses that cause enteric disease 

HOLMES 

Cormavirzduegenera Host species 

Coronavirus 
Bovine coronavirus (BCoV) 
Mouse hepatitis virus (MWV) 
Haemagglutinatmg encephalomyelitis virus (HEY) 
Transmissible gastroenteritis virus (TGEV) 
Feline enteric coronavirus (FCoV) 
Canine coronavirus (CCoV) 
Human enteric coronavirus (HECoV) 

Torovirus 
Berne virus (ETV) 
Breda virus (BoTV) 
Porcine torovirus (PoTV) 
Human torovirus (WTV) 

Cattle 
Mice 
Swine 
Swine 
Cats 
Dogs 
Humans (?) 

Horses 
Cattle 
Swine 
Humans 

toroviruses because immediately after uncoating in the infected cell, the plus- 
strand RNA genomes are translated to make the viral polymerase polyprotein. 

Coronaviruses do not bud from the plasma membrane. Instead, coronavirus 
envelopes are acquired by budding of the nucleocapsid at membranes of a pre- 
Golgi complex called the budding compartment where viral glycoproteins S, M, 
E and, in some coronaviruses, HE, are incorporated into the viral envelope (Bos et 
a1 1997). The intracellular localization of the viral membrane glycoprotein, M, 
appears to play a key role in determining the site of coronavirus budding. The 
small envelope glycoprotein, E, is required for virus budding (Bos et a1 1996). 
The lipid composition of the coronavirus envelope reflects that of the 
membranes of the budding compartment, which is diEerent from the lipid 
composition of the plasma membrane of the same cells (van Genderen et a1 1995). 
The unusual lipid composition of coronavirus envelopes may play a role in making 
these viral envelopes more resistant to degradation by bile salts than envelopes of 
unrelated viruses that bud from the plasma membrane. 

TGEV virions treated with non-ionic detergent release a spherical core that 
contains the viral nucleocapsid and M protein, but lacks the viral spike 
glycoprotein, S. Although virions of coronaviruses appear spherical while 
budding and soon afterwards, they mature and change to a flattened disk shape 
after being released into the lumen of the intracytoplasmic vesicles (Salanueva 
et a1 1999, Holmes et a1 1984). The vesicles filled with virions apparently fuse 
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TABLE 2 Coronavirus receptors 

MHV Murine CEACAMla and related murine glycoproteins 

BCoV 9-0-acetylated sialic acid moieties 
HCoV-OC43 9-0-acetylated sialic acid moieties 

TGEV Porcine aminopeptidase N (pAPN) 
FCoV Feline aminopeptidase N (fAPN) 
HCoV-229E Human aminopeptidase N (hAPN) 
c c o v  Canine APN (cAPN) (?) 

with the plasma membrane to release virions by an exocytosis-like process. In 
polarized epithelial cell lines grown on filters, coronaviruses can be released 
either at apical or basolateral membranes, or both, depending on the virus and 
the cell line (Rossen et a1 1997). 

Spikegbcoprotein interactions witb vir,+~~ receptors 

The spike (S) glycoproteins of coronaviruses bind to specific cell membrane 
glycoproteins that serve as virus receptors and induce fusion of the viral 
envelope with host cell membranes. At least three types of membrane molecules 
are used as receptors for various coronaviruses as shown in Table 2. The S 
glycoproteins of MHV strains utilize as receptors murine glycoproteins in the 
carcinoembryonic antigen (CEA) family of glycoproteins in the immunoglobulin 
superfamily (Holmes & Dveksler 1994). The prototype receptor CEACAMla 
(formerly called MHVR or Bgpla) is expressed on apical membranes of 
endothelial cells and many epithelial cells including respiratory, enteric, and 
thymic epithelial cells, and on hepatocytes, macrophages, B cells and activated T 
lymphocytes (Godfraind et a1 1995). Transfection of non-murine cells with cDNA 
encoding murine CEACAM1 a renders the cells susceptible to MHV infection 
(Dveksler et a1 1991). 

Carbohydrate moieties, principally 9-0-acetylneuraminic acid, are recognized by 
both the haemagglutinin-esterase glycoprotein (HE) expressed on the envelopes of 
some coronaviruses including BCoV, HEV, some strains of MHV and 
toroviruses, and by the S glycoproteins of some coronaviruses (Schultze & 
Herrler 1993, Duckmanton et a1 1999). Removal of the carbohydrate moiety 
from susceptible cells by treatment with neuraminidase or esterase markedly 
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reduces the infectivity of the virions, but does not eliminate infection altogether 
(Vlasak et a1 1988). It is not yet certain whether the binding of HE or S 
glycoprotein to 9-0-acetylneuraminic acid can directly mediate membrane 
fusion, or whether an unidentified co-receptor may be required for virus entry. 

The third type of receptor used by coronaviruses is aminopeptidase N (APN), a 
large Class I1 membrane metallo-glycoprotein expressed on the apical membranes 
of respiratory and enteric epithelia1 cells, macrophages, and at synaptic junctions 
(Yeager et a1 1992, Delmas et a1 1992, Wessels et a1 1990). The coronaviruses in 
antigenic group I, including TGEV, HCoV-229E, FCoV and probably CCoV, 
apparently all utilize APN proteins as receptors (Tresnan et a1 1996, Benbacer et 
a1 199'7). TGEV uses pAPN, but not hAPN, and HCoV-229E uses hAPN, but not 
pAPN as a receptor. Thus the specificity of receptor interactions can determine the 
species specificity of coronavirus infection. All four viruses in serogroup 1 can 
utilize feline APN as a receptor in cell culture, suggesting that this may have been 
the original receptor for group I coronaviruses (Tresnan et a1 1996). It is likely that 
conserved elements of the S glycoproteins of these viruses bind to conserved 
elements of AI-". Mapping of the sites on APN that determine the species 
specificity of virus receptor activity was done using chimeric porcine and human 
APN glycoproteins (Benbacer et a1 1997). Substitution of an eight amino acid 
region near the N-terminus of hAPN for the corresponding region of the pAPN 
glycoprotein conferred susceptibility to HCoV-229E. In contrast, a region in the 
C-terminal domain determines receptor activity for porcine, feline and canine 
coronaviruses (Eiegyi & Kolb 1998). Possibly these two regions are adjacent in 
the as yet unknown three-dimensional structure of APN. Site directed 
mutagenesis that introduced a single N-linked glycosylation site at amino acid 
291 of human APN, similar to that found in the corresponding region of porcine 
APN, was sufficient to block infection by HCoV-229E (D. Wentworth & K. 
Holmes, unpublished results). Thus, genetic drift among APN glycoproteins of 
different species that serve as coronavirus receptors can affect host susceptibility 
to coronavirus infection. 

The S glycoproteins of coronaviruses and toroviruses are hghly glycosylated. A 
coiled-coil in the stem of the spike glycoprotein mediates the formation of trimers 
of S on the viral envelope. For some coronaviruses, including MHV and BCoV, 
the coiled-coil domain of S is required for membrane fusing activity, as shown for 
fusion glycoproteins of unrelated enveloped viruses (Elernandez et a1 1996, Baker 
et a1 1999). In MHV and BCoV virions, near the middle of each molecule of S 
protein in the spikes, a single trypsin cleavage site is exposed. Cleavage at this site 
by trypsin extracellularly or by a furin-like protease inside the Golgi yields the S1 
and S2 glycoproteins (Lai & Holmes 2000, Lai & Cavanagh 1997). TheN-terminal 
domain of S1 is required for receptor binding (Suzulti & Taguchi 1996), and the S2 
domain is required for membrane fusion. This cleavage event activates 
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coronavirus-induced membrane fusion and viral infectivity for some cell lines 
(Storz et a1 l9Sl), but is not essential for viral infectivity since mutants of these 
viruses and different coronaviruses that lack the protease cleavage site are 
infectious (Bos et al 1997, Hingley et a1 1998). In the small intestine, trypsin is 
available to cleave the viral S glycoprotein if the cleavage site is available. By 
analogy with other viral fusion glycoproteins such as HA of influenza, HN of 
Sendai virus, and gp120/41 of HIV1, it is likely that the cleavage event that 
forms S1 and S2, also induces a conformational change of the coronavirus spike 
glycoprotein that poises it to undergo further conformational changes leading to 
membrane fusion in response to alkaline pH or receptor binding. 

Fusion glycoproteins of HIV, Ebola virus and influenza A undergo 
programmed conformational changes in response to receptor binding or low pH 
like that found in endosomes (Weissenhorn et a1 1999). The receptor-binding 
domain swings aside, uncovering a hydrophobic fusion peptide at the new N- 
terminus of the coiled-coil domain that was generated by protease cleavage. The 
coiled-coil domain extends and the fusion peptide inserts into the cell membrane, A 
second conformational change follows which brings the transmembrane anchor in 
the viral envelope into close proximity to the fusion peptide anchored in the cell 
membrane, and then fusion of the lipid bilayers occurs leading to virus infection. 
Our laboratory showed that for the enterotropic murine coronavirus MHV, 
binding to purified soluble CEACAMla receptor glycoprotein at 37 "C 
neutralized viral infectivity (Zelus et a1 1998). Neutralization by soluble receptor 
was accompanied by an increase in hydrophobicity of virions shown by strong 
association with liposomes in sucrose density gradients (B. P). Zelus & I<. Ilolrnes, 
unpublished results). This did not occur when virions and soluble receptor were 
incubated at 4 "C. The temperature-dependent, receptor-dependent change in viral 
hydrophobicity was associated with a conformational change in the S2 protein that 
made it susceptible to cleavage by trypsin at 4°C. Virions incubated with or 
without soluble receptor at 37 "C were then incubated with trypsin at 4 "C and 
the protease-resistant S peptides were detected by immunoblotting with 
monoclonal antibodies to S1 or S2. We found that incubation of virions with 
soluble receptor at 37 "C, but not at 4 "C, caused a conformational change in the 
S2 glycoproteins that made them susceptible to degradation to protease at 4 "C, 
while the S1 proteins were not digested by trypsin. Conformational change in the 
MHV S2 glycoprotein was also observed in virions treated at pH 8.0 and 37 "C in 
the absence of soluble receptor. This alkaline pH-dependent, temperature- 
dependent conformational change in the coronavirus spike protein may be 
facilitated by the high pH in the small intestine. MHV infection of mouse 
Intestine results in formation of multinucleate giant cells on the tips of villi. 
Thus, the murine coronavirus S glycoprotein is ideally designed to be activated 
by proteases and/or the mildly alkaline pH in the small intestine to induce 
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membrane fusion leading to virus entry and cell-to-cell spread of virus infection by 
cell fusion. MHV strains differ significantly in the amino acid sequences of the S 
glycoprotein, in epitopes expressed on S1 and S2, in susceptibility to protease 
cleavage at the S1/S2 boundary, in the stability of the interactions between S1 
and S2, in the ability of S2 to induce cell fusion, and in the stability of viral 
infectivity under different host conditions. These variations in S are important 
determinants of the tissue tropism and virulence of the MHV strains in mice 
(Phillips et a1 1999). 

Role D f coronauir~ses and torovirzlses in h.wnan enteric disease 

Coronaviruses of many animal species have been shown to cause diarrhoea in their 
natural hosts following oral inoculation. Many, but not all, of these animal 
coronaviruses can be isolated from faeces of infected animals using cell lines from 
the natural host species or HRT18 cells, a human rectal tumour cell line. 
Presumably these cells must express the appropriate receptor for the virus. 
Addition of trypsin to the culture medium sometimes facilitates virus isolation 
and cytopathic effects of some primary coronavirus isolates such as BCoV (Storz 
et a1 1981). The enzyme probably potentiates the temperature-dependent, receptor- 
induced or alkaline pH-induced conformational changes in the S protein that lead 
to membrane fusion and virus entry. Enteric infection is confirmed by isolation of 
the infectious virus from faeces, detection in faeces of viral RNA by RT-PCR, 
virus-encoded proteins by immunolabelling, or virions by immunoelectron 
microscopy using antibodies directed against viral envelope glycoproteins, or 
convalescent sera from patients or animals (Tsunemitsu et a1 1999). 

Human coronaviruses have been implicated in the aetiology of viral diarrhoea by 
several lines of evidence. Coronavirus-like particles were observed by 
immunoelectronrnicroscopy in the faeces of humans, particularly infants, with 
diarrhoea. However, in negatively stained preparations, the pleiomorphic 
coronaviruses with their large petal-shaped spikes strongly resemble other 
enveloped viruses such as toroviruses, and also fragments of intestinal brush 
border membranes studded with cellular glycoproteins that are released into the 
intestinal lumen. Coronavirus antigens in human diarrhoea1 stools in sporadic 
small outbreaks of enteric disease have most often been associated with HCoV- 
OC43 (Battaglia et a1 1987). However, viral antigens can also be detected in some 
healthy contacts of infected individuals, making it difficult to unequivocally 
implicate the virus in the aetiology of the enteric disease. Isolation of human 
enteric coronaviruses has been more difficult than isolation of many animal 
coronaviruses. Some isolates could only be propagated for one round of 
replication, suggesting that some essential elements of the cell culture were not 
appropriate for serial propagation of the virus (Clarke et a1 1979). A report of 
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isolation from an infant with necrotizing enterocolitis of a human enterotropic 
coronavirus in primary organ cultures of human fetal intestine has not yet been 
confirmed in other labs (Resta et a1 1985). Several isolates of putative human 
enteric coronaviruses in cell cultures were subsequently found to be very similar 
to BCoV, suggesting that either the patient had acquired a bovine virus infection, 
the samples were contaminated with bovine virus, or a BCoV-like virus circulates 
in the human population (Zhang et a1 1994). Serological studies have not 
unequivocally proven the existence of a human enterotropic coronavirus. 
Because people are repeatedly infected with respiratory coronaviruses, adults 
usually have antibody to coronaviruses related to HCoV-229E and HCoV-OC43. 
To prove that a viral isolate is the aetiological agent of the enteric disease from 
which the virus inoculum was obtained, it is necessary to demonstrate a rise in 
titre of specific anti-viral antibody. Quantitative data are required for a reliable 
clinical assay. Based on enteric coronavirus infections of other species, infants are 
the likeliest population to show serious coronavirus-induced enteric disease. 
However, the immune response to coronaviruses in infants is not robust, so it is 
often difficult to use serology to prove coronavirus infection. in infants. RT-PCR 
has been used to detect coronavirus RNA in faecal samples of infected animals, and 
such assays are also likely to be useful for the study of human enterotropic 
coronaviruses, particularly since the nucleotide sequences of human 
coronaviruses have been determined. New and sensitive assays to detect HCoV 
infection will soon be available to aid in studies on the incidence, epidemiology 
and pathogenesis of enterotropic HCoV infection in infants. 

Toroviruses were first discovered in rectal swabs of a horse, yielding the 
prototype Berne strain which can be propagated in cell culture (Weiss et a1 1983). 
Subsequently, similar viruses or virus-like particles have been observed in bovine, 
porcine and human diarrhoeal stools by electron microscopy although these 
viruses cannot be grown in cell culture (Duckmanton et a1 1997, Jamieson et a1 
1998). Torovirus virions or VLPs aggregated by convalescent antibody or 
antibodies directed against glycoproteins encoded by S or HE open reading 
frames on the viral genome can be detected by immunoelectron microscopy 
(Jamieson et a1 1998, Icrishnan & Naik 1997). Nucleotide sequences of genes of 
several toroviruses have been determined, virus-encoded proteins have been 
expressed and used to raise antibodies, and these are now being used to develop 
sensitive diagnostic tests for torovirus infection in the enteric tract (I.oopmans et a1 
1993, Duckmanton et a1 1998, 1999). Bovine and porcine torovirus antigens and 
RNAs have been detected in diarrhoeal stools, and at much lower Erequency in 
control stools, by immunoblotting and RT-PCR (Koopmans et a1 1993). 
Antibodies directed against bovine torovirus cross-react with antigens in virions 
of human toroviruses (Koopmans et a1 1997, Duckmanton et a1 1998). In a case- 
control study, toroviruses were identified in 35% of paediatric gastroenteritis cases 
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TABLE 3 
toroviruses in the intestinal lumen 

Possible mechanisms for survival of enveloped coronaviruses and 

Resistance t o  Possible mechanzsm 

Bile salts 
Proteases 

Lipid bilayer of viral envelope is derived from intracellular membranes 
Extensive glycosylation blocks numerous potential protease sites. This 

protects spikes from degradation, but allows one specific protease site to be 
cleaved, activating membrane fusion for some viruses 

Programmed pH-dependent conformational changes in structure and 
function of S glycoprotein is associated with membrane fusion 

Haemagglutinin-esterase activity of HE glycoprotein removes potential 
receptor moieties from glycoproteins in mucus and aids virus elution 

pH changes 

Mucus 

and 14.5% of controls. Patients shedding torovirus in their stools were more 
frequently imunocompromised than patients shedding astroviruses or 
rotaviruses (Jamieson et a1 1998). These data suggest that toroviruses may be an 
important cause of diarrhoea in children, particularly in immunocompro~ised 
patients. 

While it is clear that enveloped coronaviruses and toroviruses commonly cause 
enteric infection in a variety of species, the molecular mechanisms that allow these 
enveloped viruses to survive and replicate in the enteric system have not yet been 
elucidated. Several possible specializations of the coronavirus and torovirus 
envelopes and S and HE envelope glycoproteins that may play key roles in 
survival of virions in the intestine are suggested in Table 3. When reverse 
genetics systems become available for coronaviruses and toroviruses, these 
hypotheses can be directly tested by mutational studies on the viral envelope 
glycoproteins. 

Summary 

New techniques for isolation in cell cultures of human enterotropic 
coronaviruses and toroviruses from diarrhoea1 stools will elucidate the 
importance of these agents in human enteric diseases. Sensitive and specific 
diagnostic tests are becoming available to analyse the roles of these two types 
of viruses in human enteric diseases and to compare the viruses associated with 
digerent outbreaks of disease. Experiments that focus on the interactions 
between viral envelope glycoproteins and their cellular receptors are likely to 
elucidate the molecular mechanisms by which these enveloped viruses can cause 
enteric diseases. 
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BfCSCUSSION 

Greenberg: Is the mechanism of diarrhoea in animals with coronavirus presumed 
to be lysis of cells and loss of absorptive epithelium? Is there any other putative 
mechanism for diarrhoea for the coronaviruses? 

Holmes: Not yet. We actually stumbled on the receptor story while we were 
looking for a vixal enterotoxin years ago. What you mention is the generally 
accepted model for viral diarrhoea, but I don’t think we know all there is to 
know about the pathophysiology of viral diarrhoea. 

Greenberg: Coronaviruses have a genome that could easily encode a toxin. 
Koopmans: The difference is, though, that in infected animals you readily find 

Greenberg: Rotavirus is found in epithelia1 cells in large amounts. 
Sag: TGEV is found throughout the entire small intestine, and it wipes out the 

entire intestinal epithelium (Saif & Wesley 1999). 
Farthing: About 15-1 6 years ago, Professor Mathan in Vellore identified 

coronaviruses in the faeces of patients with tropical sprue. However, when he 
looked at control patients without diarrhoea, he found the same prevalence of 
coronaviruses. I guess from your talk that you are cautious about saying whether 
this is a pathogen in humans or not. It clearly is a pathogen in animals: there is 
tremendous homology between these viruses, particularly between pig and 
human intestine. They are virtually identical. Can you speculate on why there are 
these clear differences? 

Holmes: I’m glad that you asked that question. There is no question that the 
human coronaviruses HCoV-229E and HCoV-OC43 cause respiratory 
infections. They cause up to 30% of colds in people. The question is whether 
they can also cause enteric infection. The porcine coronavirus, TGEV, is a very 
efficient cause of diarrhoea, particularly in young animals. A naturally occurring 
variant of TGEV, called PRCoV, has deletions of more than 200 amino acids in the 
receptor binding domain of the viral spike glycoprotein (Ballasteros et a1 1995). 
PRCoV causes only respiratory infection. It may serve as a natural vaccine to 
protect animals from fatal enteric infection. HCoV-229E, the human coronavirus 
that we are working with, is one of only a handful of human coronavirus strains 
that are available for study. The sequence of the S gene of HCoV-229E resembles 

antigen in many epithelia1 cells. 
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this porcine respiratory coronavirus. Possibly the region of S that is present in 
TGEV but is absent in PRCoV may have something to do with a difference in 
the stability of these viruses in the enteric tract. The feline coronavirus doesn’t 
have that deletion in S, and grows very nicely in the cat enteric tract. 

Sag: There is more to this story. PRCoV is largely avirulent, and TGEV is 
highly virulent (Saif & Wesley 1999). There are two major mutations: one is in 
the region you showed in the spike, which seems to relate to tissue tropism, but 
there is also a change in mRNA 3. Since Dr Luis Enjuanes of Spain has an infectious 
clone for TGEV we can now clearly address these two scenarios with the corona- 
viruses. One is the tissue tropism and the other is the virulence. I think these studies 
will be extremely interesting in the future. I was wondering, Kay, whether you 
could comment on the mechanism of persistence of these coronaviruses? 

Holmes: Persistence of mouse hepatitis virus (MHV), particularly the 
enterotropic strains, usually occurs in mice that are immunosuppressed, such as 
nude mice or infants (Compton et a1 1993). The viruses that are isolated from 
mice or rnurine cells with persistent MWV infection have mutations in the gene 
that encodes the spike glycoprotein (S) such that the cleavage between S1 and S2 
is much less likely to occur, and therefore the virus particles are more stable. I think 
that a combination af viral factors and host factors are required for coronavirus 
persistence. 

BZfhup: What was the source of your human coronavirus? 
Hulmes: It is a human respiratory coronavirus. There have been a few reports of 

human enteric coronaviruses being propagated in cell culture, but several of them 
have turned out to be very closely related to or identical to bovine coronavirus 
strains (Moscovici et a1 1980, Zhang et a1 1994). 

Kapikim: I remember at the meeting here on novel diarrhoea viruses in 1986 
(Ciba Foundation 198’7), there was great excitement because Dr Sylvia Resta and 
Dr James Luby had described the growth and passage of a human coronavirus 
from stools of infants with necrotizing enterocolitis in human intestinal culture. 
The agent was serially passaged and further characterized (Resta et a1 1985). We 
were unable to obtain this virus. I believe that you are the only person I know 
who received the virus from Dr Luby’s group. What has happened to this virus? 

Hohes: We were never able to grow that virus in any cell line, Dr Resta had 
grown it in human fetal intestinal organ cultures. We tried to adapt it to many 
different cell lines without success. We could not show the cross-reactivity of the 
amount of material that we got with HCoV-OC43, HCoV-229E or animal 
coronaviruses. Dr Luby has recently made the putative human enterotropic 
coronavirus available to people through the ATCC (Luby et a1 1999). Perhaps 
unfortunately, this was done after adapting this virus to a mouse macrophage cell 
line and a mosquito cell line. I have not studied that variant strain yet. It will be 
important to obtain nucleotide sequence information from this isolate. 
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Kapikian: Coronaviruses and their association with human gastroenteritis have 
been a very difficult area of research. In 1982, a report from France described the 
detection by electron microscopy (EM) of coronavirus in stools of newborns with 
necrotizing enterocolitis (Chany et a1 1982). As noted in the proceedings of the 
Novel diarrhoea viruses symposium (Ciba Foundation 1987), it was later thought 
that this virus was a bovine coronavirus. I am not aware that a human coronavirus 
has been associated conclusively with enteric disease. 

Holmes: Dr Storz’s lab recently isolated a virus from a child with diarrhoea in 
Louisiana (Zhang et a1 1994). This also looks like a bovine coronavirus. It may 
be that some of these coronaviruses from animals can cause disease in human 
contacts, but there appears to be no serial transmission of these viruses in humans. 

Sa$ There is a report from France in which the fifth cell culture passage (in 
HRT-18 cells) of coronavirus-like particles from a child with necrotizing 
enterocolitis caused diarrhoea in a calf, typical of a bovine coronavirus infection 
(Pate1 et a1 1982). Coronavirus was re-isolated from the faeces and coronavirus- 
positive immunofluorescence was observed in the colon and rectum, suggesting 
that either the human enteric coronavirus infects cattle or that it was a bovine 
coronavirus strain that infected the child. In addition, there is a report of a lab 
worker infected with bovine coronavirus who developed diarrhoea and shed 
coronavirus particles in faeces (Storz & Rott 1981). In some recent work I have 
done with MO Saif, we gave his student a well characterized DB2 strain of bovine 
coronavirus that we had isolated, passaged in gnotobiotic calves and adapted to cell 
culture. His student put this virulent calf-passaged bovine coronavirus into some 
turkey poults and baby chickens, and it caused diarrhoea in the turkeys but not the 
chicks (Ismail et a1 2000). 

There may be a less restrictive host specificity for bovine coronaviruses that 
means they can sometimes infect other hosts, including humans and turkeys. 
Perhaps this relates to their possession of a haemagglutinin with a high sequence 
homology to the haemagglutinin of influenza C viruses, which is also present on 
the human respiratory coronavirus, OC43 (Parker et a1 1989, Zhang et a1 1992). 

Holmes: There is a coronavirus of elk that is very much like bovine coronavirus 
(BCoV; Daginakatte et a1 1999). Perhaps they share pastures. The BCoV is one of 
the coronaviruses that binds to the 9-0-acetylated sialic acid. Perhaps this common 
receptor moiety gives the virus a broader host range. 

Sag: We isolated coronaviruses antigenically indistinguishable from bovine 
coronaviruses from the faeces of wild ruminants with a dysentery-like diarrhoea 
syndrome (Tsunemitsu & Saif 1995). These species included white-tailed deer, 
sambar deer and a waterbuck. Mule and white-tailed deer also had antibodies to 
bovine coronavirus. The coronavirus isolates infected and caused diarrhoea in 
inoculated calves suggesting that wild ruminants harbour coronaviruses 
antigenically similar to bovine strains and transmissible to cattle. 
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Ghss: We have seen lots of examples of rotaviruses and caliciviruses transmitted 
between animals and humans. Do any group of animal handlers such as 
veterinarians have antibodies against coronavirus that might suggest exposure? I 
ask this because in 1991, we had an EM conference in Atlanta. A1 Kapikian was 
there with Owen Caul and Laura Aurelian who each saw coronaviruses frequently. 
We said that we wouldn’t call something seen by EM a coronavirus ever again 
unless we had an independent confirmatory assay such as the ELISA that Marion 
Koopmans has worked on. This was nine years ago, and we still don’t have 
consistent, confirmed cases that we are certain about. At some point we either 
need the confirmatory assays or we have to say we don’t think that there are 
enteric coronaviruses in humans. Antibodies in. veterinarians or livestock 
handlers would take us a step further. 

$a$: I’m not sure that anyone has ever looked at that. 
Holmes: Wallace Rowe found antibodies in humans to MHV, a murine 

coronavirus (Hartley et a1 1964), which were probably antibodies to the 
antigenically related human coronavirus HCoV-OC43. 

Xag: There is the problem of cross-reactivity in both groups. There is the 
HCoV-OC43 human coronavirus that cross-reacts with bovine coronavirus and 
there is the HCoV-229E human coronavirus that cross-reacts with the porcine 
TGEV coronavirus. 

Holmes: As people are beginning to sequence more and more coronavirus 
genomes, they have found naturally occurring recombinants between canine 
and feline coronaviruses, where there is a cross-over in the spike protein 
that allows a dog virus to adapt to cats. I think that jumping species is some- 
thing that we should be concerned about with coronaviruses. There are five 
animal species in which fatal neonatal diarrhoea can be caused by 
coronaviruses. Some of these Elvis-like sightings of coronavirus have been 
seen in human infant diarrhoea1 samples. It is possible that they could jump, 
but it is unlikely. 

Koopmans: Martin Petric has gathered data about human toroviruses. He has 
obtained sequences from some of the torovirus-like particles, and finds almost 
identical sequences in some regions to the equine toroviruses. The problem with 
these data is that they are not reproducible in other labs. He speculates about 
zoonotic transmission (Jamieson et a1 1998, Duckmanton et a1 1997). 

Holmes: He is looking by immunoelectron microscopy at fecal specimens of 
children with diarrhoea that are hospitalized. He finds torovirus-like particles in 
20-30%, The RT-PCR and sequencing of other regions of the viral genome may 
tell the tale. 

Koopmans: I have spent some time at CDC trying to figure out what was going on 
with fringed particles in stools (Koopmans et a1 1993). We did a blinded study 
where Martin collected stool samples containing viruses that he felt resembled 
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toroviruses on the basis of the pictures that we have been sending him. We ran 
gradients in parallel with the animal torovirus, and tested those gradient fractions 
by ELISA using hyperimmune sera from cattle. From this it was clear that there is 
something in human faecal samples that in gradients, co-migrates with the animal 
toroviruses and is immunoreactive with the animal sera. We also found them in 
association with clinical symptoms in a study in Brazil (Koopmans et a1 1997). 
This is as far as those studies got. We have also tried to amplify some of the 
genomes from this work. This never worked, but Martin has described that from 
similar particles they have genomic information (Duckmanton et a1 1997). The 
difficulty is that a lot of the fringed particles were not confirmed as something 
that looks like a torovirus. I think that some of the fringed particles are viral but 
a lot of them aren’t. 

Hdmes: We were interested in looking by EM at the interaction of beautiful 
coronaviruses, which have characteristic large, petal-shaped spikes, with brush 
border membrane vesicles that we have isolated from mouse small intestine. We 
first examined virus preparation and the membrane vesicles separately. We were 
surprised that we couldn’t tell the coronaviruses and membrane vesicles apart 
because the brush border membranes have some large oligomeic protein 
complexes, such as amino peptidase N, that stick out from the membrane and 
look just like viral spikes. 

Koopmam: I have looked at many toroviruses by EM but still wouldn’t dare to 
diagnose them by this technique. 

Glass: David Brown, do you still have the EM surveillance in the UK that would 
allow you to identify sightings? 

Brown: We have a network of EMS, and two to three times a year someone sends 
in a micrograph showing fringed particles that could be coronavirus or torovirus, I 
had the good fortune to spend a year working with Professor V. I. Mathan in 
Vellore. It gets very hot in Vellore, and I found that I did develop an enthusiasm 
for EM because it was the only room in the hospital that had air conditioning. I 
spent a long time trying to characterize these particles. I think that these fringed 
particles were mostly bits of brush border and cell membrane. We do see them, but 
I have not seen convincing evidence that these are human torovirus or coronavirus. 
There is no serological evidence of infection in humans, either with the toroviruses 
or with the bovine coronavirus. 

Holmes: Martin Petric has serological evidence from immunoelectron 
microscop y. 

Brown; Immune EM on fringed particles is a di%cult technique to interpret, 
because the particles do tend to stick together in any case. Perhaps A1 Kapikian 
would be able to comment on this. When I was working with Tom Flewett in 
Birmingham, we did try to do immune EM on fringed particles, and I wouldn’t 
advocate it as a way to spend your life. 
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Kapikian: You are right that they can spontaneously aggregate. However, we 
did detect a putative new human respiratory coronavirus using immune EM 
(Kapikian et a1 1973). We were able to show that the particles characteristically 
aggregated following incubation with a convalescent serum. EM studies with 
fringed particles have been particularly difficult and require careful evaluation. I 
commend Martin Petric in his studies with the toroviruses. He has been 
extremely cautious, meticulous and careful in his studies with these fringed 
viruses. I was at a meeting in Montreal and he presented his data cautiously with 
so many caveats that the chairperson said, ‘You have wonderful data, why all these 
concerns?’ Martin replied, ‘You don’t know my colleagues in the gastroenteritis 
field!’ 

Sazf: We routinely use immune EM to discriminate in bovine faecal specimens 
between Breda virus (a torovirus) and coronavirus. This is the only way we can do 
it, because of their morphogenetic similarity but antigenic distinctiveness. 

Farthing: Were all your receptor studies done with intestinal epithelium? 
Halmes: Those that I showed were done with cloned soluble receptor proteins 

purified from cultured cells. The anchored proteins are expressed on the apical 
brush border membranes of the epithelium. 

Farthing: Is there a receptor on the bronchial epithelium? 
Halms: Yes, the same receptor glycoprotein is on apical membranes of 

respiratory epithelium. 
Estes: I was interested in your concept that these viruses may be resistant to bile 

salts because of the intracellular membranes that they have picked up. Is there any 
evidence that these are associated with lipid rafts? Are they resistant to cold Triton 
XlOO? 

Halmes: No, they are not resistant to Triton XlOO as the virus envelope can be 
solubilized by it. Enteric coronaviruses are apparently resistant to bile salts, which 
would be found in the intestine. The pH 8 in the small intestine may help to activate 
the spike proteins of these viruses for entry into epithelia1 cells. 
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Abstract. Opportunistic viral enteritis is an important gastrointestinal manifestation of 
HIV related disease. Cytomegalovirus (CMV) is a well established aetiological agent of 
disease in the gastrointestinal tract in this group. CMV enteritis may affect any region of 
the bowel, most commonly the colon. Diagnosis and management of these infections may 
be difficult. The role of other viruses in so-called ‘pathogen-negauve’ diarrhoea remains 
controversial. The clinical importance of HIV-specific enteropathy is probably limited. 
Several viruses including astrovirus, picobirnavirus, small round structured virus and 
rotavirus have been implicated HIV-related diarrhoea. In addition, adenovirus has been 
linked to persistent diarrhoea in patients with a characteristic adenovirus colitis. The 
spectrum of disease morbidity and mortality amongst HIV patients has altered 
dramatically since the wide spread use of highly actme antiretroviral therapy (HAART}. 
Opportunisuc infections, including CMV infection of the gastrointestinal tract in patients 
with AIDS, have diminished greatly. AIDS patlents with CMV are able successfully to 
discontinue anti-CMV treatment without disease reactivation and wlth a parallel 
reduction in CMV viraernia following the initiation of HAART. 
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Both acute and persistent diarrhoea may occur in patients with human 
immunodeficiency virus (HIV). Most individuals will have a readily identifiable 
cause using a well established diagnostic protocol that will include stool culture 
and microscopy as well as histological examination of endoscopically obtained 
biopsies of the upper and lower gastrointestinal (GI) tract (Blanshard et a1 1996). 
Using such a protocol the majority of 155 cases of persistent diarrhoea (82Y0) can be 
related to an identifiable bacterial, parasitic or cytomegalovirus (CMV) infection 
(18%). However, with the additional use of stool electron microscopy and specific 
immunological staining, other enteric viruses were implicated in 11Y0 of cases. It is 
well established that gastrointestinal CMV infection is associated with diarrhoea 
but the role of enteric viral infections in HIV-related diarrhoea is controversial. 

Gastrointestinal CMV infection 

The pathogenic role of CMV infection is well established. Although retinitis is the 
most common manifestation of infection, GI infection of the oesophagus, stomach, 
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small bowel and colon occurs in 515% of patients during the course of HIV 
infection (Jacobson & Mills 1988). Although CMV may infect any part of the GI 
tract the most common site of infection is the colon (Mentec et a1 1994). The 
spectrum of symptomatology associated with CMV colitis is wide. Chronic or 
intermittent diarrhoea in association with abdominal pain is the most common 
manifestation of colonic infection. Colonic infection may also be associated with 
a mild or severe rectal bleeding, or abdominal pain in the absence of diarrhoea. In 
addition, fever is common at presentation. Pain may precede the development of 
toxic megacolon and intestinal perforation, in rare but clearly life threatening 
occurrences (Framm & Soave 1997). Colonic CMV infection may occur in 
association with infection elsewhere in the GI tract including the oesphagus, 
usually resulting in dysphagia and odynophagia, and manifesting as pain in the 
upper abdomen resulting from AIDS-related cholangiopathy or pancreatitis. 
Importantly, GI infection may also herald CMV retinitis and careful retina1 
assessment is therefore essential in this group. 

Diagnosis of CMVi@ection 

Definitive diagnosis of CMV enterocolitis requires intestinal biopsy. A spectrum 
of both upper and lower GI manifestations of CMV infection have been described. 
Wilcox et a1 (1 998) prospectively evaluated 55 HIV patients by sigmoidoscopy and 
colonoscopy. Chronic diarrhoea and abdominal pain occurred in 80% and 50% of 
patients, respectively. 9% presented with lower GI bleeding with a previous 
history of diarrhoea. Endoscopically, appearances were heterogeneous. Three 
main categories were identified: colitis associated with ulceration (39%0), 
ulceration alone (38%), or colitis alone (20Y0). Subepithelial haemorrhage was a 
common manifestation in all groups. Thirty-one patients underwent complete 
endoscopy to the caecum. Of these, 4 patients (9%) had disease proximal to the 
splenic flexure without distal involvement and therefore inaccessible by flexible 
sigmoidoscopy; this contrasts with early reports suggesting higher rates of right- 
sided colitis (Dieterich & Rahmin 1991). The same group have assessed the 
endoscopic appearances of CMV infection of the oesphagus (Wilcox et a1 1990). 
Multiple ulcers were usually identified (58%), located in the middle or lower 
oesphagus, commonly less than 1 cm in diameter and usually superficial. The 
heterogeneous manifestation of CMV disease in both the colon and oesphagus 
makes biopsy essential for accurate diagnosis. 

Histological diagnosis of CMV entevocolitis is largely dependent upon 
identification of characteristic cytomegalovirus inclusion bodies; the best yield is 
usually obtained from the base of CMV ulcers. In addition, specific 
immunoperoxidase staining for CMV is also useful in identifying GI disease 
(Culpepper-Morgan et a1 1987). Positive staining is more likely from the edge of 
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ulcers and some authors claim greater sensitivity compared to conventional 
histology, although it is unclear how rigorously inclusion bodies were excluded 
(Francis et a1 1989, Theise et a1 1991). The viral culture of intestinal biopsies is of 
limited value: it is time consuming and, in addition, CMV viraemia may occur in 
the absence of mucosal disease, which may lead to a false-positive diagnosis if 
biopsies are contaminated with blood. In situ hybridization has been used to 
assess GI CMV disease, and is both sensitive and specific, although in 
comparison with conventional histology it probably offers little additional 
benefit (Clayton et a1 1989). PCR for the detection of CMV may also be more 
sensitive than standard histological techniques, although evidence suggests that 
it lacks specificity with 28% of normal gastrointestinal biopsies positive by this 
technique. However, as with in sits hybridization, there is the risk of PCR giving 
a false-positive in patients with viraemia (Goodgame et a1 1993). Cotte et a1 (1996) 
have monitored CMV DNA levels during treatment; these levels broadly reflected 
clinical response although this complicated technique has not been widely adopted 
in the clinical management of CMV disease. 

Drgg treatment 

Treatment of CMV enterocolitis requires parenteral therapy with either 
ganciclovir (5 mg/kg twice daily) or foscarnet (90 rng/lcg twice daily) both of 
which may be associated with severe side effects. Ganciclovir may cause severe 
bone marrow depression with resultant anaemia and neutropaenia, and foscarnet 
may cause severe renal impairment, although a concomitant normal saline infusion 
largely seems to diminish the risk of renal damage. In an open-label randomized 
study comparing a 2 week course of foscarnet with ganciclovir, at the doses stated 
above, no significant difference in response of GI CMV disease was found between 
the two therapies (Blanshard et a1 1995). Around 75% of patients had good clinical 
and endoscopic responses with disappearance of inclusion bodies as determined 
histologically. Relapse occurs in at least 50% of patients within around 10 weeks, 
survival without highly active antiretroviral therapy (HAART) is around 20 
weeks. Surprisingly Blanshard et a1 (1995) found maintenance therapy did not 
increase time to relapse of GI disease or development of retinitis although 
numbers were small and allocation of maintenance therapy was not randomized. 
The use of oral ganciclovir in maintenance of GI remission has not been evaluated. 

Higbb active antiretroviral tbemAy (EL4 A R T)  

Encouragingly, the advent of HAART has led to a marked reduction in mortality 
and morbidity amongst HIV patients (Gazzard & Moyle 1998). HAART may 
result in remission of previously persistent opportunistic infections, including 
CMV infection. However, the development of viral resistance and dificulties 
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TABLE 1 Rates of detection of enteric virus 

Uverallpwaleme A ssocirrtzon 
znAIDS Viruses watb 

,4 m%or N Methods pattents (%) zdent@ed diarrhoea 

Kaljot et a1 (1989) 23 EM, bx, culture 34 

Thea et a1 (1 993) 197 EM, EIA 17 
Albrecht et a1 101 EIA 19 

Cunningham et a1 67 EM, bx, culture 7.4 

Grohmann et al 110 EM, EIA, PAGE 29 

(1993) 

(1988) 

(1 993) 

Schmidt et a1 (1996) 256 EM, bx 17 

Thornas et a1 (1999) 377 'EM, bx 16 

I-ISV NO 
CMV No 
Adenovirus No 
Rotavirus No 
Rotavirus Yes 

Adenovirus Yes 

Astrovirus Yes 
Picobirnavirus 
Calicivirus Yes 
Adenovirus Yes 
Adenovirus Yes 
Coronavirus Yes 
Adenovirus Yes 
Rotavirus - 
Calicivirus - 

'1713, biopsy 

with coimpliance may lead to breakthrough HIV viraeinia and the re-emergence or 
re-acquisition of opportunistic GI infections. Unfortunately, combination 
antiretroviral therapy is costly and consequently unavailable to the vast majority 
of HIV patients world wide. Patients with stable CMV retinitis and CD4 counts of 
> 150 cells/$ on HAART were successfully able to discontinue anti-CMV 
maintenance therapy without relapse of retinitis or development of extraocular 
disease over a mean follow-up period of 16 months (Whitcup et a1 1999). 
Importantly immune reactivation retinitis occurred in 90% of patients started on 
HAART prior to discontinuation of antiCMV treatment, with substantial visual 
loss in the minority of patients. Macdonald et a1 (1998) report similar findings 
although they do not comment on immune re-activation retinitis and follow-up 
was considerably shorter. Others have found that HAART results in a significant 
and progressive decline in CMV viraernia in the absence of specific anti-CMV 
treatment (O'Sullivan et a1 1999). 

Adenovirus 

Adenovirus has previously been reported to cause infection in other imrnuno- 
suppressed patient groups, including individuals with primary immunodeficiency 
and bone marrow transplant patients (Hierholzer 1992). Dionisio et a1 (1997) 
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reported increasing stool carriage of subgenus E; type 40 adenovirus with 
increasing immunosuppression amongst HIV patients. Adenovirus colitis was 
first described by Janof€ et a1 (1991) in five HIV patients with diarrhoea. 
Adenovirus was identified by electron microscopy or culture from 6’7 patients 
being investigated for diarrhoea. Colonoscopy revealed mild inflammatory 
change in two of these patients. Light microscopy revealed focal necrosis and 
amphophilic nuclear inclusions within degenerating epithelia1 cells. Electron 
microscopy revealed characteristic hexagonal adenovirus particles within the 
inclusions. Maddox et a1 (1 992) confirmed these characteristic features and found 
that specific immunostaining for adenovirus was both sensitive and specific for the 
identification of adenovirus inclusions. The pathogenic role of adenovirus remains 
unclear since this group of patients frequently have co-infection with other known 
pathogens. Thomas et a1 (1 999) reported that adenovirus colitis was significantly 
more likely to be associated with chronic diarrhoea. Schmidt et a1 (1996) detected 
adenovirus only in severely immunosupressed AIDS patients with prevalence 
greater in patients with diarrhoea than without (10% vs. 3.3%). Both positive 
and negative correlations between adenovirus and diarrhoea have been reported 

roups (see Table 1) (Albrecht et a1 1993, Cunningham et a1 1988, 
Grohmann et a1 1993, Kaljot et a1 1989, Schmidt et a1 1996, Thea et a1 1993, 
Thomas et a1 1999). Most studies indicate a strong association between 
adenovirus infection and co-infection with other pathogens, in particular CMV. 
It is therefore difficult to ascribe a pathogenic role to this virus with any certainty 
(Grohmann et a1 1993, Schmidt et a1 1996, Thomas et a1 1999). 

~ ~ m u ~ ~ ~ e f i c i ~ n ~ y  virus 

Infection of enterocytes by HIV is well documented and has been implicated as the 
cause of so-called HIV enteropathy, where both morphological and functional 
abnormalities of the gut have been described in the absence of any other 
detectable pathogen (Bartlett et a1 1992, Ullrich et a1 1989). The clinical 
importance of HIV enteropathy is probably limited; certainly, ‘pathogen- 
negative’ diarrhoea is comparatively short-lived and associated with a good 
prognosis (Blanshard & Gazzard 1995). 

tber enteric viruses 

Several other enteric viruses haw been associated with HIV-related diarrhoea. 
Grohmann et a1 (1993) carefully examined stool specimens from patients with 
diarrhoea and control patients without diarrhoea. Samples were examined by 
electron microscopy, PAGE and enzyme immunoassay (EIA) for rotavirus, 
adenovirus, calicivirus and picobirnavirus. Paired sera were also analysed for 
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antibodies to Norwalk and picobirnavirus. Overall, virus was detected in 35% of 
patients with diarrhoea and 12% without diarrhoea. Astrovirus, picobirnavirus, 
calicivirus (including small round structured virus) and adenovirus were found 
significantly more often in patients with diarrhoea. Unfortunately, co-infection 
with other known pathogens was not systematically evaluated and no 
information regarding the relative distribution of acute and chronic diarrhoea 
was provided, Schmidt et a1 (1996) detected virus in 17% of stool samples from 
256 HIV-infected patients. Adenoviruses and coronaviruses were detected more 
frequently in patients with diarrhoea (10% vs. 3.3% and 15% vs. 6.6%, respect- 
ively), and both infections were associated with severe immunosupression. Thea 
et a1 (1983), working in Zaire, found no association between enteric virus 
shedding and diarrhoea. Overall this group found enteric virus in 17% of 
samples analysed including rotavirus, SSRV, coronavirus and adenovirus. They 
noted a trend towards increased shedding with greater immunosuppresion, a 
finding in common with Cunningham et a1 (1988). 

An association of rotavirus with prolonged diarrhoea in HIV patients as 
detected by EIA has been reported, although other groups have not supported 
this finding (Albrecht et a1 1993). In summary, data regarding the association of 
non-CMV enteric virus infection and diarrhoea are conflicting. The best evidence 
relates to adenovirus infection although its patliogenic role is far from certain. The 
impact of HAART on non-CMV enteric virus infection has not been evaluated, 
and warrants study. Data from selected studies that have evaluated enteric virus 
carriage in HIV patients are summarized in Table 1. 

Conclusion 

CMV enterocolitis remains an important cause of AIDS-related diarrhoea. 
Fortunately, the introduction of HAART has dramatically reduced the 
morbidity and mortality associated with this disease. The role of non-CMV 
enteric infection in HIV-related diarrhoea remains uncertain with the possible 
exception of adenovirus infection. Conclusive evidence is unlikely to become 
available in the post-HAART era. 

A c ~ ~ o w ~ e ~ g e ~ e ~ ~  
Dr R.C.G. Pollok is a Wellcome Trust Research Fellow. 
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DISCUSSION 

Estes: Where in the intestine do you see the adenovirus growing? 
Pollok: In our studies we have been looking at colonic biopsies. We concurrently 

took biopsies from the stomach, oesophagus and duodenum, and didn’t identify 
adenovirus in the upper GI tract. Other groups have found adenovirus in the 
duodenum and the liver. In immunocompromised children adenovirus has also 
been identified in the upper gut. 

Estes: What types of adenovirus are these? 
Pollok: I don’t think anyone has looked systematically. Hierholzer found viruses 

from A, C and D subgenera. 
Glass: The study by Cunningham et al(1988) found both adenovirus and rota- 

viruses. These adenoviruses were all enteric serotypes from 40,41 and 4243. These 
are an unusual subgroup of enteric adenoviruses. Early in the AIDS epidemic when 
there were a lot of oralanal practices, it was recognized that this was a problem, 
and when the studies were repeated, the numbers of rotaviruses and adenoviruses 
came down. It is not only the setting and diagnostics, but practices in the gay 
community that have changed. In a study of gay men with diarrhoea conducted 
in Atlanta, we found picobirnaviruses which were first identified by Helio 
Pereira. These picobirnavaruses have been found in most AIDS populations with 
diarrhoea where they have been looked for. While we can’t find any more of these 
in Atlanta because HAART treatment has decreased diarrhoea in these patients, we 
have a collaboration in Argentina where HAART is not used as widely. Sylvia 
Nates has actually documented and published about picobirnaviruses in her 
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AIDS populations (Giordano et a1 1998). Wherever PAGE is used or a similar 
diagnostic, picobirnavirions have been found in HIV-infected individuals. Now 
that we have clones and sequences of this, these diagnostics should be more widely 
available for patients with HIV who have diarrhoea. The astrovirus was the 
number one pathogen that came out of these HIV patients in Atlanta. It is 
interesting that these are adults with astrovirus: we usually think of this as a 
childhood pathogen. In other immunocompromised patients, astrovirus is found 
there as well. Finally, HAART is only commonly used in western countries. In 
countries such as Africa, where AIDS is epidemic and diarrhoea1 disease is still a 
major problem, there is still the opportunity to look at these bugs and figure out 
which ones are key. 

Pollok: I believe you have published some work from Zaire (Thea et a1 1993). In 
that study there was no association between viruses and diarrhoea. 

Glass: This was an early study where we were just setting up diagnostics. With 
Gary Grohmann’s later study we looked intensively, because it was a CDC-wide 
effort (Grohmann et a1 1993). 

Pollok: The difficulty with that is that you really need to confidently exclude all 
other concurrent pathogens, which is no mean undertaking, particularly in a 
tropical setting. This is obviously crucial if you are trying to establish 
causality. 

Glass: In the African studies, Nigel Cunliffe and Joe Gondwe have been looking 
at infected children of HIV-infected parents to see at what age rotavirus became a 
problem (Cunliffe et a1 1999). Most of those children are not yet severely 
immunocompromised, so they become infected with the same viruses as other 
Malawian children. They haven’t yet finished the analysis to look and see 
whether those who have the worst CD4 counts in fact have either more 
pathogens, or pathogens that give them disease of greater severity or duration. 

Bishop: Diarrhoea in children undergoing bone marrow transplantation 
involving immunosuppression can be associated temporarily with enteric 
adenovirus (type 41) infection (Blakey et a1 1989). 

Estes: What do you know about the mechanisms of the pathophysiology of the 
diarrhoea in CMV colitis? 

Pollok: It is associated with an inflammatory response. Wilcox’s group looked at 
TNFa expression in biopsies from patients with oesophageal CMV. They found 
them elevated, not surprisingly. I think it is an inflammatory TNFa-mediated 
response, but the exact mechanism of diarrhoea is not well understood. 

Green: In your EM study of 60 patients, did those all have diarrhoea? 
Pollok: Yes. This was a descriptive study (Thomas et a1 1999). Schmidt’s group 

had an asymptomatic control group, and they established an association of 
diarrhoea with adenovirus and coronavirus. What we picked up was that 
adenovirus-associated colitis was associated with a persistent diarrhoea. I think 
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some of these other viruses may cause a self-limited diarrhoea even in 
immunosuppressed indviduals. 

Green: Did you do any electropherotyplng of the 18% of cases that were caused 
by rotavirus? Do you know which rotavirus groups are responsible? 

Pollok: No, this was purely a morphological study. 
Koopmans: Is anything known about CMV in the gut in non-HIV-infected 

people? 
Pollok: It does infect other immunosuppressed groups, and it rarely occurs in 

people without immunosuppression. Another group of patients who arguably 
are partially immunosuppressed are individuals with Crohn’s colitis, in whom 
CMV colitis can rarely occur as well. 

Koopmans: I am thinking about the association with adenoviruses. You saw a lot 
of dual infections: is there any indication that there may be reactivation of CMV by 
infection with adenovirus? 

Pollok: Schmidt’s group has suggested that adenovirus somehow makes the gut 
more permissive to CMV infection. But it could equally be the other way round. 

Greenberg: Is the target cell type in the colon for adenovirus and CMV epithelial 
cells? 

Pollok: As far as we know it is purely an epithelia1 infection. 
Desselherger: You mentioned rightly that in cases of diagnosed CMV colitis you 

should look at the retina for CMV infection. You then explained that there was less 
necessity to treat against CMV. Do you have the same experience now with 
retinitis, that when patients are treated with HAART, less CMV-specific antiviral 
treatment is needed? 

Pollok: There are no published data with regard to gastrointestinal infections 
and HAART. Obviously the priority is to diagnose CMV retinitis. This is why I 
showed the retinitis data. 

Ofit: Why do you think that some mucosal viruses, such as herpes simplex virus 
or CMV have the capacity to cause ulcerative disease, whereas others such as 
rotavirus don’t? 

Pollok: Many pathogens can invoke an inflammatory response, not just viruses. 
Some switch on production of chemokines such as interleukin (1L)-8 from the 
enerocytes and induce an inflammatory cascade, whereas other pathogens are 
more inert and don’t induce the inflammatory cascade. They are probably 
better adapted in that sense to invading the enterocyte without inducing 
inflammation. 

Ofit: So markers of the inflammatory response are more likely to be associated 
with ulcerative disease? 

Pollok: Yes, that is the basis of ulceration. 
Greederg: Both CMV and adenovirus have well developed machinery to avoid 

host immune responses, which rotaviruses and the small RNA viruses lack. They 
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also have their own forms of chemokine analogues. They have an immense strategy 
to alter host immune responses. CMV can infect endothelial cells. In fact, the whole 
hypothesis of it having something to do with restenosis after a heart transplant is 
based on this tropism. It may be that it is also affecting vascular supply in the 
intestine as well as the epithelium. 

Farthing: I would agree with that. The difference is that rotavirus is an acute 
self-limited infection and in general there is very little acute or chronic 
inflammation, whereas CMV is a persistent viral infection. When there is 
persistence of any cause, there is usually a progression from acute to chronic 
inflammation, which then involves the vasculature, causing focal ischaemia 
and ulceration. I would agree that CMV is not an exclusively epithelia1 
infection. If you look at sections of bowel or oesophagus infected with CMV, 
there are inclusion lesions deep down in the submucosa. I think there is a 
vascular component which may be very important for the perpetuation of this 
infection . 

Pol'lok: It is a systemic infection: many patients will have CMV viraemia for 
months or even years without having end organ infection. 

O@t: This is like polio, where the virus will be shed for weeks or months from 
the intestinal tract, yet this virus doesn't cause ulceration. 

Koopmans: There is no proof, even in the old literature. We have looked at this 
carefully. We had an experience with transgenic mice that have the polio virus 
receptor which we tried to use as a model (Buisman et a1 2000). We wanted to 
induce a mucosal response so we infected them intraperitoneally. They started to 
shed the virus, so we have been wondering if there is a different cell type that may 
communicate. 

Farthing: Is poliovirus found in GI tissue? 
Koopmans: This has not been documented. 
Farthing: It is important. I am on our national panel as a non-virological 

gastroenterologist with regard to the handling of body fluids and tissue 
specimens which potentially might be contaminated with poliovirus: we are all 
working towards 2005 to eradicate the disease. One of the questions that we are 
facing is what we should do with freezers full of faeces and other human samples. It 
is possible to make a risk assessment as to whether faecal samples are likely to be 
contaminated. But what about all the mucosal biopsies that are frozen away? Do 
these contain viral particles? 

Koopmans: You mentioned that with CMV there were ulcers at the ileocaecal 
valve. I was thinking about this in connection with intussusception. Would it be 
conceivable that in some cases there would be latent CMV infections in children 
that are activated by a vaccine, setting off intussusception? 

PolLok: The literature suggests that polyps function as a promoter of 
intussusception. It is not clear in other cases of intussusception what is the 
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precipitant. There is a dogma about swollen Peyer’s patches, and whether or not 
this might be promoting increased motility. 

Oflt: Do you see CMV colitis in children under two years of age with HIV 
infection? 

Pollok: I have to claim ignorance because I don’t look after children. 
Estes: This would be an interesting thing to look at. 
Greenberg: In the normal child who would get a rotavirus vaccine, if they were 

infected with CMV it wouldn’t be latent. They would be infected at a time of 
high viral excretion. Most children who get infected early in life are in daycare: 
this is the time that they are excreting large amounts of CMV and are quite 
infectious. 

Koopmans: What about asymptomatic congenitally infected children? 
Greenberg: The CMV could still be activated, but when young children are 

infected with CMV it takes a year to several years to down-regulate virus 
replication and get it into a latent state. 

Estes: If you put rotavirus in epithelia1 cells they signal and cause the cells to 
secrete IL-8. But it is surprising then that you don’t see a big infiltration of 
inflammatory cells in children. I don’t know whether or not this is because 
there is another regulatory molecule in the intestine that is dampening down 
the effect of IL-8. It was surprising when people discovered that rotavirus does 
induce IL-8 because this is normally what you would see in the stomach 
infected with Helicobacter or other situations where lots of inflammation is 
seen. 

Matson: Were those studies done on late biopsies from volunteers or others 
infected with caliciviruses? We know that there are biopsies from the time that 
people were symptomatic, but were there biopsies from day four or five? 

Estes: We did a kinetic study with biopsies at different times, looking more for 
where the virus might be replicating. The problem is that there is such a small 
amount of tissue to work with. 

Farthing: The chemokine response to a pathogen either attaching or invading is 
generic. It just depends on the magnitude and duration of that response as to 
whether you get a major inflammatory infiltrate. I suspect that in rotavirus it is a 
relatively mild and short-lived response, because the invaded cells are shed and 
then the virus is gone. 

Desselberger: You briefly mentioned enteropathy by HIV itself. Could you 
expand on this? There seems to be evidence in the literature that HIV can infect 
colonic cells. 

Pollok: It is well established that HIV can infect enterocytes. This may be 
important for transmission. With infection of the intestinal epithelium there are 
documented changes including villus atrophy and crypt cell hyperplasia. It is 
possible to demonstrate functional changes in the infected small bowel such as 
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impaired sugar absorbance, but I doubt that it is an important clinical entity. 
Christine Blanchard identified a subgroup of patients that had been investigated 
extensively that were pathogen negative but still had diarrhoea. She followed-up 
that group and found that most of those patients had a short-lived mild diarrhoea1 
disease that resolved within a few months. 

Estes: Judy Ball has been doing some work with the peptides from the SIV 
glycoprotein, and some mutant peptides derived from viruses that do or don’t 
cause diarrhoea in animal models. She thinks that this molecule can function as 
an enterotoxin. 

Farthzngzg: In the SIV model I think there is no question that well before the 
monkeys experience the effects of immunocompromise, they develop villous 
atrophy early in the infection. I suspect this is not typical of human disease. In 
our lab we tried to look at the mechanisms of HIV enteropathy, in particular to 
address whether it is related to T cell activation in the gut, which is the 
mechanism that we think explains other forms of chronic enteropathy. There are 
plenty of activated T cells present, but there is no difference in those with or 
without enteropathy. The cause of the enteropathy is still unknown. In most 
European and North American patients, the enteropathy is mild. In Africans, 
there is a much more profound effect on villous morphology. I accept what 
Richard Pollok says about western HIV infection, but in Africa with a much 
more challenged group of people it may be a factor leading to ‘slim’ disease, 
which is one of the major clinical features in that region. 
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Treatment of gastrointestinal viruses 
Michael J. G. Farthing' 
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Abstract. The most common enteric viruses responsible for diarrhoea are rotavirus, 
enteric adenoviruses, caliwviruses including the Norwalk agent and astrovirus. These 
infections are usually mild to moderate m severity, self-limiting and of short duration 
and thus, specific antiviral therapy is not recommended. The standard management of 
these infections is restoration of fluid and electrolyte balance and then maintenance of 
hydration until the infection resolves. WHO oral rehydration therapy (ORT) was 
introduced about 30 years ago and has saved the lives of many infants and young 
children. During the last 10 years it has become evident that the &cacy of ORT can be 
increased by reducing the osmolality of the WHO oral rehydrauon solution (ORS) to 
produce a relatively hypotonic solution. Hypotonic ORS appears to be safe and 
effective in all forms of acute diarrhoea in childhood. Complex substrate ORS, which is 
also usually hypotomc, has been shown to have increased efficacy m cholera but not m 
other bacterial or viral diarrhoeas. Nevertheless, the suentific rationale for using rice or 
resistant starch as substrate m ORS is of physiological interest. Other treatments such as 
hyperimmune bovine colostrum, probiotics and antiviral agents are largely experimental 
and have not been introduced into rouune clinical practice. Cytomegalovirus (CMV) 
infection of the gastrointestinal tract occurs manly in the immunocompromised 
although it has been reported in immunocompetent individuals. CMV infects both the 
oesophagus and colon to produce oesophagitis, often with discrete ulcers, and colitis, 
respectively. Both conditions can be treated with ganwdovir or foscarnet. Failure to 
respond to monotherapy is an mdication to use both agents concurrently. 

200 1 Gastroenterztzs viruses. Wdey, Chichester (Novartis Foundatton Symposium 238) 
p 289-305 

Acute infectious diarrhoea continues to be a major problem throughout the world 
although its greatest impact is in the poor, less developed countries where more 
than four million pre-school children die as a result of diarrhoea each year. The vast 
majority of these deaths are avoidable, as dehydration and associated acidosis are 
the principal determinants of the high mortality of acute diarrhoea1 disease. Many 
children suffer repeated episodes which is a major cause of protein-energy 
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malnutrition, a more important factor overall than a simple lack of food. Acute 
infectious diarrhoea continues to be a common problem in the developed world 
where it has been estimated that 99 million cases of diarrhoea occur each year in the 
USA, causing at least 500 deaths. 

Rotavirus continues to be the major cause of acute watery diarrhoea in children 
worldwide followed closely by enterotoxigenic Escherichia coli. The other 
gastroenteritis viruses, namely the enteric adenoviruses, caliciviruses (including 
the Norwalk agent) and astrovirus also contribute to the overall morbidity of 
acute diarrhoea. These infections are usually mild to moderate in severity and of 
short duration and thus antiviral therapy is not recommended. Standard 
management of these infections is directed towards restoration of fluid and 
electrolyte balance and then maintenance of hydration until the infection 
resolves. Other possible treatments have been evaluated in animal models of 
infection and in humans but these are largely experimental and have not been 
introduced into routine clinical practice. These include hyperimmune bovine 
colostrum, probiotics and antiviral agents. 

Cytomegalovirus and herpes simplex virus infect the gastrointestinal tract 
producing oesophagitis and proctocolitis, mainly in the immunocompromised. 
These infections are amenable to treatment with antiviral agents. 

Treatment of virus infections of the gastrointestinal tract can therefore be 
considered under two main categories, namely (i) supportive interventions to 
restore fluid and electrolyte losses without any expectations that this will modify 
the natural history of the infection and (ii) specific interventions aimed at 
inhibiting viral replication with a view to altering the natural history of the 
illness. 

Supportive interventions in acute diarrhoea 

Debydration 

Fluid requirements change dramatically during the early neonatal period and 
through childhood into adult life (Fig. 1). Fluid requirements (related to body 
weight) are greatest during infancy and thus it is this period when the child is 
most susceptible to fluid losses. 

Dehydration is a state in which total body water is decreased and in acute 
diarrhoeal illnesses results from both (i) increased @id losses from the 
gastrointestinal tract and when there is fever, increased insensible losses through 
the skin, and (ii) inadepate intake which may occur concurrently with diarrhoea 
when accompanied by nausea and vomiting. Whatever the mechanisms of fluid 
and electrolyte depletion it is vital that these are replaced promptly before large, 
potentially fatal deficits occur. 
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FIG. 1. Fluid requirements in the neunate, infant and throughout childhood. 

r l s s e ~ ~ ~ e n L o ~ ~ u L ~ Q $ z .  During the initial clinical assessment of an infant or child 
with acute diarrhoea, it is essential to make an estimate of the degree of 
dehydration. This assessment guides the choice of the approach to rehydration 
(oral or intravenous) and allows an estimate to be made of the rate at which Auid 
should be replaced. The World Health Organization (WHO) devised a 
comprehensive scheme for classifying dehydration as mild, moderate and severe 
based on clinical parameters (Table 1). Paediatricians at Queen Elizabeth 
Hospital for Children in the UK developed a simplified version that enabled the 
severity of dehydration to be graded into four categories (Table 2). 

If dehydration is severe with 10% or more body weight loss then Auid 
replacement should be at least 100 ml/kg, which almost inevitably must be 
delivered intravenously. When dehydration is mild and body weight loss does 
not exceed 5% fluid replacement is usually required at 50ml/kg and can almost 
always be delivered orally. In the intermediate category when dehydration 
exceeds 5%, intravenous rehydration may be required initially, although if the 
infant or young child is alert and able to take oral fluid and urine output recovers 
rapidly then it is reasonable to pursue the oral route. 

Reby  dration 

Oral fluid replacement remedies have been used by mothers and grandmothers for 
many centuries (Farthing 1988). Naturally occurring fluids such as coconut milk 
and other preparations containing rock salt and molasses have been described in 
ancient manuscripts. Formal oral rehydration therapy (ORT) began to evolve in 
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TABLE 1 WHO guidelines for assessment of dehydration and fluid deficit 

Signs and ;y~j toms Mild dehydratiofl Moderate de(ydrafio0n Severe deh_ydration 

GeneraL appearance and condition 
'Infants & young Thirsty, alert, 

children restless 

Older children Thirsty, alert, 
& adults restless 

Radial pulse' Normal rate and 

Respiration Normal 
*Anterior fontanelle' Normal 
* S ystolic blood Normal 

volume 

pressure3 

*Skin elasticity4 Pinch retracts 

*Eyes Normal 
Tears Present 
Mucous membranes5 Moist 
*Urine flow Normal' 

immediately 

Body weight 4-5 
loss (%) 

Estimated fluid 40-50 ml/kg 
deficit 

Thirsty, restless, or 
lethargic but 
irritable when 
touched 

Thirsty, alert, 
giddiness with 
postural changes 

Rapid and weak 

Deep, may be rapid 
Sunken 
No rmal-low 

Pinch retracts 

Sunken 
Absent 

slowly 

Dry 
Reduced amount 

6-9 
and dark 

60-90 d / k g  

Drowsy, limp, cold, sweaty, 
cyanotic extremities, may 
be comatose 

Usually conscious, 
apprehensive, cold, sweaty 
cyanotlc extremltles, 
wrinkled skm of fingers 
and toes, muscle cramps 

Rapid, feeble, sometimes 
impalpable 

Deep and rapid 
Very sunken 
Less than 10.7 kPa 

(80 mmHg), may be 
unrecordable 

Pinch retracts very slowly 
( > 2 seconds) 

Deeply sunken 
Absent 
Very dry 
None passed for several 

hours, empty bladder 
10% or more 

*Particularly useful in infants for assessment of dehydratlon and monitoring of rehydration 
*If radial pulse cannot be felt, listen to heart with stethoscope. 
'Useful in infants until fontanelle closes at 6-18 months or age. After closure there 1s a slight depression in 
some children. 
3Difficult to assess in infants. 
4Not useful in marasmic malnutntion or obesity. 
'Dryness of mouth can be palpated with a clean finger. Mouth may always be dry m a child who habitually 
breaths by mouth, Mouth may be wet in a dehydrated patient due to vomitlng or drinkmg. 
6A marasmic baby or one recelvmg hypotonlc fluids may pass good urine volumes m the presence of 
dehydration. 

the 1940s largely due to the initiatives of Harold Harrison at the Baltimore City 
Hospital and Daniel Darrow at Yale (Darrow 1946, Harrison 1954). Chatterjee 
(1 953) first showed that an oral rehydration solution (ORS) could rehydrate 
patients with cholera without the need to resort to intravenous fluids. Thus, the 
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TABLE 2 Simplified guidelines for assessing the severity of dehydration 

2-396 
5% 

7-8% 

1094 

Thirst, mild oliguria. 
Discernible alteration in skin tone, slightly sunken eyes, some 

loss of intraocular tension, thirst, oliguria. Sunken fontanelle 
m infants. 

loss of intraocular tension, marked thirst and oliguria. Often 
some restlessness or apathy. 

hypotension, cyanosis, and sometimes hyperpyrexla. Thirst 
may be lost at this stage. 

Very obvious loss of skin tone and tissue turgor, sunken eyes, 

All the foregoing, plus peripheral vasoconstriction, 

practice of ORT was established but the true scientific rationale remained to be 
discovered. 

S c i e ~ t ~ c  ratio~ale f o r  oral r e ~ ~ r ~ t ~ o ~  therapy. Fisher (1955) showed that glucose 
promoted intestinal ion transport and this observation was soon followed by the 
finding that sodium and glucose transport was coupled in the small intestine 
(Schedl & Clifton 1963). It also became evident that other solutes, such as amino 
acids were also absorbed by active transport, again coupled with transport of 
sodium ions (Fig. 2). 

At the same time that these basic laboratory studies were being pursued, a US 
Navy Captain, Robert Phillips, working in Egypt and subsequently in the 
Philippines, was performing clinical rehydration studies in human cholera using 
glucose-electrolyte solutions. In 1961, as the seventh cholera pandemic began in 
the Philippines, Phillips and his team clearly showed that oral administration of 
glucose-salt solutions could reduce stool output in cholera and thus, could be 
used for oral replacement of water and electrolytes. Phillips' observations were 
confirmed in Dhaka (Hirschhorn et a1 1968) and Calcutta (Pierce et a1 1968). 

C l i ~ i c c c l d e v e l o ~ ~ e ~ t ~  in OR?: ORTsoon became widely used for other dehydrating 
diarrhoea1 diseases with similar success (Farthing 1988). The WHO began a major 
campaign throughout the 1970s and 1980s which has successfully implemented 
ORT in most countries in the developing world. Subsequently, many clinical 
trials have been performed confirming the efficacy and feasibility of using ORT 
in preference to intravenous rehydration in the field setting and in particular 
during cholera epidemics. ORT was successfully used in cholera outbreaks in 
Bangladesh in 1971 (Mahalanabis et a1 1973); mortality was reduced from 300/0 to 
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FIG. 2. Mechanism of solute-coupled sodium co-transport in the enterocyte. 

1%. Use of theVVHO-ORS has been promoted widely throughout the developing 
world with a major decline in morbidity and mortality from acute diarrhoea1 
disease, ORT is safe and effective in neonates and in all escept those with most 
severe degrees of dehydration, Clinical trials clearly show that ORT can correct 
both hypernatraemia and hyponatraernia and can successfully reverse acidosis in 
neonates and young infants. 

C~rrei.ltcontrouers~~~ i~ ORI: The major controversies over the composition of ORS 
centre around the sodium and glucose concentrations and thus, osmolality, to 
which these components are the major contributors. Debate continues as to the 
necessity for including a base (bicarbonate) or base-precursor (citrate) in ORS, 
particularly as many other forms of metabolic acidosis such as diabetic 
ketoacidosis, are managed successfully by the administration of base-free fluids 
(Elliott et a1 1987). Finally, although glucose has traditionally been the main 
substrate for ORS, the possibility that efficacy might be increased by using 
complex substrates such as cereals, resistant starch or defined glucose polymers 
continues to be discussed and may play an increasingly important role in future 
ORS formulations. 
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Sudim. The sodium concentration of ORS needs to be high enough to replace 
sodium losses and correct hyponatraemia but not so high as to cause or worsen 
hypernatraemia, which can itself occasionally result in death. The sodium 
concentration of the WHO-ORS, 90 mmol/l was probably derived from the 
faecal sodium concentration in adults with cholera (Molla et a1 1981). Concern 
about widespread use of the 90mmol/l ORS relates to hypernatraemia and 
periorbital oedema which occasionally occur with WHO-ORS in infants and 
children in the developed world fed on high solute feeds. Concerns about 
hypernatraemia were particularly evident in the developed world resulting in the 
proliferation of new ORS formulations with lower sodium concentrations (30- 
60 mmol/l). Part of the rationale for these developments was the observation that 
more than 50% of cases of acute diarrhoea in infants and young children in 
industrialized countries were due to rotavirus infections in which the stool 
sodium concentration was much lower than that of cholera. All clinical trials in 
well-nourished and malnourished children of all ages, including neonates and 
young infants in developed and developing communities have shown that ORS 
with sodium concentrations in the 50-60 mmolfl range are safe and effective for 
rehydration and maintenance therapy of mild to severe dehydration from acute 
non-cholera diarrhoea (Elliott et a1 1989). Thus, in the developing world where 
bacterial gastroenteritis due to enterotoxigenic E. cuh' and cholera continues to be 
important, use of the 70 mmo1/1 WHO-ORS continues to be recommended for its 
safety and efficacy. However, with the increasing importance of rotavirus 
diarrhoea, with its associated lower sodium losses, lower sodium (50-60 mmolf 1) 
ORS are more applicable for use in industrialized countries and are probably safe 
and effective in the vast majority of geographic locations in the developing world; 
indeed recent clinical trials would support this view. 

Glzmse. Glucose was the first substrate shown to be effective for ORTand is the 
most widely used worldwide. ORS glucose concentrations vary widely between 
that present in the WHO-ORS (111mmol/l) to much higher concentrations of 
200-300mmol/l found in some of the early ORS that were produced 
commercially for used in industrialized countries. Recent studies in animal 
models of secretory diarrhoea have shown that reducing glucose concentration 
below that found in the WHO-ORS, does not significantly reduce glucose or 
sodium absorption and has in addition an important contribution by increasing 
water absorption, related at least in part to the lower osmolality of these solutions 
(Hunt et a1 1791,Thillainayagam et a1 1998). Recent clinical studies confirm that low 
glucose (70-100 mmolfl), hypotonic ORS reduce stool volume in children with 
acute gastroenteritis (Rautanen et a1 1773, International Study Group on 
Reduced-Osmolality ORS solutions 1795). 
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O ~ S u ~ m o ~ a ~ ~ ~ a ~ ~  cum~~ex~gb~trate~. Until several years ago, the WHO -0RS and the 
majority of commercially available ORS were isotonic or moderately hypertonic, 
because of the relatively high concentrations of sodium andlor glucose. There is 
now evidence that high glucose ORS may increase stool volume, because of 
monosaccharide intolerance, and high 
administered without ad libitgm water in the 
hypernatraemia. 

The discovery that rice powder and other 
improve efficacy of ORT in the early 1980s 
thinking, both regarding the physiological 
practical implementation (Gore et a1 1992, 
important aspect of these solutions is that it 

sodium ORS, particularly if 
maintenance phase, can produce 

cereals could replace glucose and 
had an important impact on our 
principles of ORT and also its 
Thillainayagam et a1 1998). One 
is possible to deliver an increased 

amount of substrate without increasing the overall osmolality, because glucose is 
present in the form of starch, a high molecular weight molecule. It has been difficult 
to demonstrate increased substrate absorption in human disease states and studies 
in animal models have failed to show that this was the explanation for their 
increased efficacy, However, it is clear that the osmolality of the cereal-based 
solutions is extremely low, usually in the range of 150-170 mOsm/kg. 

In recent years, we and others examined the hypothesis that reducing ORS 
osmolality is the major determinant for improving water absorption from both 
simple and complex carbohydrate-based ORS. We were able to show that reduc- 
ing osmolality of standard glucose-electrolyte ORS resulted in improved water 
absorption in all of the models described. The majority of ORS now used in the 
UK are hypotonic (Table 3). Thus, these studies with complex carbohydrate ORS 
and the previous work with low osmolality glucose ORS suggest that osmolality is 
an important determinant of ORS efficacy (Thillainayagam et a1 1998). 

Ricelstarch based ORS has been shown to be superior to WHO-ORS in adults 
with cholera and in infants with acute diarrhoea, the majority of whom had 
rotavirus infection. The major benefit accrued from these ORS relates to reduced 
faecal losses because of increased absorption of fluid and electrolytes. 

The concept of using complex carbohydrate in ORS has recently been developed 
further with the incorporation of amylase-resistant starch in place of glucose or rice 
starch (Ramakrishna et a1 2000). Resistant starch, such as that found in certain 
varieties of high-amylose maize starch, is poorly digested in the small intestine 
such that 50-70% of this starch passes into the colon and is fermented to short 
chain fatty acids (SCFAs). SCFAs promote sodium and fluid absorption in the 
colon and therefore might enhance the pro-absorptive capacity of ORS. This 
proposal has been evaluated in a randomized controlled trial in cholera which 
compared WHO-ORS with rice starch ORS and a resistant starch ORS. The 
resistant starch ORS significantly reduced faecal losses and the duration of the 
diarrhoea compared to the other two ORS. It remains to be established whether 
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TABLE 3 
2000 

Composition (mmol/l) of oral rehydration solutions available in the UK in 

ORS 
Osmolality 

N a  K CI HCO, Citrate Glzwse (calcdated) 

Powders 
Oral rehydration salts BP 
WHO 90 20 80 - 10 111 31 1 
Diocalm Junior 60 20 50 - 10 111 25 1 

Dioralyte Relief 60 20 50 - 10 
Dioralyte 60 25 45 - 20 90 240 

Electrolade 50 20 40 30 - 111 25 1 

Rehldrat 50 20 50 20 9 91* 336 

+ 

Effervescent tablets 
Dioralyte 60 25 45 - 20 90 240 

Data from Britzsh National Formday, March 1999. 
iContains cooked rice powder G g/sachet (30 g/l). 
*Also contains sucrose 94 mmol/l and fructose 1-2 mmol/l. 

resistant starch ORS is also more effective in other forms of acute infective 
diarrhoea. 

Specific interventions for gastrointestinal virus infections 

A variety of approaches have been used to try and reduce the duration and severity 
of gastrointestinal virus infections with the aim of changing the natural history of 
the infection. 'These interventions include the use of antiviral agents and other 
forms of antimicrobial chemotherapy, oral administration of immunoglobulins, 
probiotics and oral administration of growth factors. 

A ntiviralagents 
Viral oesophagitis due to infection with herpes simplex virus (HSV) or cyto- 
megalovirus (CMV) and CMV colitis are found most commonly in individuals 
with HIV infection. These infections in the immunocomprornised host require 
treatment with antiviral agents. In severely symptomatic patients with HSV 
oesophagitis, aciclovir 5 mg/kg should be given intravenously every 8 hours for 
7-10 days (Genereau et a1 1996). In these patients oral maintenance therapy with 
400 mg aciclovir orally twice daily should probably also be given. Milder infections 
may respond to oral aciclovir. When HSV is resistant to aciclovir an alternative 
therapy is foscarnet 40-60 mg/kg intravenously every 8 hours for 2-3 weeks. 
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CMV oesophagitis and colitis should be treated with ganciclovir 5 mg/kg 
intravenously twice daily for 3-6 weeks (Dieterich et a1 1988, Nelson et a1 1991). 
Maintenance therapy with oral ganciclovir 1000 mg orally three times daily may 
also be considered. An alternative drug is foscarnet. 

Currently no antiviral agent is recommended for the treatment of viral 
gastroenteritis. However, human interferon a (IFNa) has been evaluated in a pig 
model of rotavirus infection (Lecce et a1 1990). IFNa reduced virus excretion and 
mortality and improved weight gain compared to controls. The cysteine protease 
inhibitor E-64-c decreased diarrhoea and resulted in more rapid resolution of small 
intestinal changes in suckling mice infected with a human rotavirus strain (Ebina 
& Tsukada 1991). These findings are clearly of interest, but it is unlikely that these 
agents will find a place in the routine management of this infection. 

Immmoglobdins 

Attempts have been made to reduce the duration and severity of rotavirus infection 
by the oral administration of anti-rotavirus immunoglobulin with the aim of 
reducing intraluminal viral load. Initial experiments were performed in children 
which showed that orally administered human serum immunoglobulin could 
survive passage through the gastrointestinal tract (Losonsky et a1 1985). Cows 
were then immunized with rotavirus to produce hyperimmune bovine colostrum. 
Several clinical trials have shown that colostrum-treated children had reduced stool 
weight and frequency, required less ORS, cleared rotavirus more rapidly from the 
stool and had a shorter duration of illness (Hilpert et a1 1987, Guarino et a1 1994, 
Mitra et a1 1995, Sarker et a1 1998). Despite these promising results hyperimmune 
colostrum has as yet not found a place in the management of this infection. 

Pro biotics 

The concept of feeding innocuous bacteria to treat or prevent intestinal infection is 
not new and was considered by Louis Pasteur at the end of the last century. Several 
strains of lactobacilli have been evaluated as adjunctive therapy in children with 
rotavirus infection and preliminary studies indicate that early administration 
reduces the duration of diarrhoea compared to controls (Kaila et a1 1992, 1995, 
Isolauri et a1 1994, Majamaa et a1 1995, Shornikova et a1 1997). In addition 
treatment with lactobacilli may also enhance the specific antibody response to 
rotavirus infection. Further work is required to confirm these findings before 
implementation can be widely recommended. 

Girotvtb factors 
Growth factors such as epidermal growth factor (EGF) and transforming growth 
factor a ('I'GFa) are known to promote epithelia1 cell growth in the small intestine. 
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Both growth factors have been evaluated in a pig model of rotavirus infection. 
Orally administered EGF at supraphysiological doses increased villus height and 
lactase activity in the small intestine but did not speed recovery from diarrhoea 
(Zijlstra et a1 1994). 'I'GFa, again administered orally, promoted mucosal 
recovery and improved epithelia1 barrier function but did not affect the 
functional capacity of the small intestine (Rhoads et a1 1995). These are 
interesting mechanistic studies showing the potential of naturally occurring 
growth factors to promote tissue recovery, but as yet there is no indication that 
they have a role in the management of human infection. 
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type of ORS? 
Greenberg: Where do we stand with WHO recommendations for the appropriate 
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Farthing: There has been considerable discussion as to whether a change should 
be made. The WHO has sponsored some very important studies in this area, but 
there is a concern that by changing the recommendation we will derail the whole 
programme. There is also still concern that the lower sodium solutions may not be 
as effective as the WHO solutions in severe cholera. At the moment, the WHO 
solution is used worldwide and can be used in all forms of acute diarrhoea, and is 
used by infants and adults alike. This is its great strength. In Europe and many 
developed countries, the industry has moved us towards hypotonic solutions. In 
the UK all the solutions available are of this hypotonic variety. 

Vesikari: I don’t think much progress has really been made since the December 
1994 meeting about this subject in Bangladesh. The excuse is that there are a couple 
of cases of severe cholera in which patients may have had a hyponatraemia 
following treatment with hypotonic solutions. The real reason that the 
composition of ORS has not changed is logistical, I suspect. Resistance to 
change has been tremendous, but there is no real scientific reason for not 
changing. 

Farthing: This has to be balanced against the deaths that have occurred with the 
WHO solution. This is always conveniently forgotten. There was a most 
devastating paper published just three or four years ago, where the mothers had 
made up the solutions incorrectly and gave concentrated WHO solution with fatal 
results. The problem with the WHO solution is that once you go into the 
maintenance phase, it has to be given diluted 2:l with water. Everyone forgets 
this. I think it is simpler to have a simple solution that is taken all the way 
through and is safe. 

Ofift:  In the USA we are not very good at rehydrating children orally with 
moderate diarrhoea. We bring them into the hospital and give them intravenous 
fluids. Have you had more success with oral rehydration in the UK? If so, what 
leads to this success? 

Farthing: The best example I quote in this context is John Walker-Smith’s 
experience at the Queen Elizabeth Hospital in Hackney, which is a deprived, 
multiracial area in the east of London. In the 1970s when John first came to 
London, he had a gastroenteritis unit at the hospital. They had initiated an oral 
rehydration programme and would treat many children as in-patients, teaching 
the mothers and discharging the children often the same day. This unit closed in 
the late 1980s because there were no patients. We can no longer do studies on acute 
diarrhoea in this country because there are so few admissions. Mothers in the UIC 
are now well informed and many will keep ORS sachets at home. Even in these 
relatively deprived areas it is quite unusual to find children being rehydrated 
intravenously. 

Vesikari: Intravenous rehydration is not as good as oral. We did a study in the 
mid 1980s in which we randomized childrem to i.v. and to oral rehydration. The 
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end result was that the duration of diarrhoea in the orally rehydrated group was 
approximately 1 day shorter (Vesikari et al1987). 

Glass: One thing you didn’t mention that we put in our MMWR 
recommendations for management of diarrhoea patients in the USA was breast 
feeding. Have you got any thoughts on feeding? 

Furthing: The principles are that breast feeding continues throughout the 
illness and children should eat as soon as they want to. Disaccharidase 
deficiency is a real phenomenon in severe villous damage. We know from 
animal models of rotavirus infection that recovery does take some days. It is 
not surprising that some children do not handle disaccharides well in the first 
10 days after disease. 

Glass: We often get calls from patients with chronic diarrhoea who are 
immunocompromised. Are any of these probiotics or globulins of specific use for 
chronic diarrhoea caused by rotavirus, astrovirus or calicivirus? 

Farthing: There is no doubt that immunoglobulin has been useful in some 
settings where there is chronic infection, particularly in immunocompromised 
individuals. In this unusual situation, when there is persistent infection, it is a 
reasonable intervention to try. I do not know about probiotics in this setting. 

Glass: We have looked at infections with Norwalk-like virus (NLV) in soldiers 
in the field. We found much seroconversion in American soldiers who went to 
Thailand. None of these people had diarrhoea, and we were quite surprised. It 
turned out they had all received y-globulin beforehand for the prevention of 
hepatitis. Now the military is introducing the hepatitis A vaccine instead of the 7-  
globulin. We suspect that y-globulin might have protected against NLV diarrhoea. 
The military has experienced outbreaks on aircraft carriers, and the naval forces get 
no y-globulin. The marines that travel on these ships all get y-globulin. What we 
need to watch out for is an outbreak of NLV on an aircraft carrier where the 
marines are protected by y-globulin but the naval forces become ill because they 
haven’t received y-globulin. 

Farthzng: Have you looked at anti-NLV titres in the standard immunoglobulin 
populations? 

Glass: It is there. We also looked for rotavirus antibody titres, and these soldiers 
all had high titres of rotavims antibody. We thought this was perhaps from the y- 
globulin. 

Koopmans: I have a bit of a problem with the probiotic story because of some 
animal experiments that I am aware of. Depending on which strain of 
Lactohacillm is used, you can either get a complete Thl shift or a Th2 shift of 
cytokine responses (Maassen et al 2000). There are very different effects on the 
immune system here. I recall a paper in which there was neonatal death in 
immunodeficient mice mth Luctobacdhs strains (Wagner et a1 1997). This to me 
was pretty shocking and tells me to be cautious about using these preparations. 
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Vesikari: There are certainly differences between Lactobacillus strains: some of 
them work and others don’t. I don’t know whether they are dangerous in healthy 
children; I doubt it. We have worked with two strains: Lactobacilhs reuteri and 
Lactobacillus GG, both of which clearly have an effect on rotavirus diarrhoea and 
shorten the duration of diarrhoea by approximately 1 day (Shornikova et a1 
1997a,b). Whatever you buy in the health food store may not work. It is easy to 
get such products on the shelf because there is no requirement of proof of efficacy. 

Bishop: I just want to throw in as an argument a rather complex mechanism by 
which lactobacilli might work. This goes back to some very early work, prior to 
the description of rotavirus. By culturing the upper intestinal contents of children 
with acute gastroenteritis we observed an overgrowth of Candida albicans in the 
upper small intestine of many children (Barnes et a1 1974). This overgrowth was 
associated wrth disaccharidase diffusion, and we could reproduce lactase depression 
in the small intestine of infant rabbits by inoculation of C. aLbicans (Bishop & 
Barnes 1974). Lactobacilli are antagonistic to C. albicans. It may be that the 
mechanism by which lactobacilli shorten the duration of diarrhoea following 
acute rotavirus disease is by preventing C. albicans overgrowth and consequent 
sustained disaccharidase damage in the upper small intestine. 

Matson: One of the things about different hosts and different pathogens is the 
varying extent of basal membrane injury. What role does transudation of sodium 
and water have in diarrhoea? 

Farthing: T t  probably has quite a large role, but has not been adequately studied 
in this setting. Mary Estes’ data on tight junction function are important. We know 
that Vibrio cbolerae produces a toxin that specifically loosens tight junctions. It is an 
unexplored area. There is no doubt that the upper part of the gut is already a leaky 
organ. Any infection or injury in that area is likely to make it leakier. Passive 
transudation is likely to be important, but it is not something that we have been 
able to study easily in human disease. 

Matson: Are there any published data on prebiotics: compounds that adjust the 
gut flora that might alter susceptibility to diarrhoea? 

Farthing: The concept is there; experiments have been done in adults. The 
difficulty with them is that you have to eat large quantities of foods containing 
oligofructoses such as onions, garlic and carrots. If you are vomiting and not 
feeling too good, this is quite a challenge! I have not seen any large, well 
controlled clinical trials in this area as yet. 

Bishop: I can’t see how they’d work in preventing upper small intestinal 
infection, where there is normally no resident flora. 

Jag:  I wanted to revisit the issue of immunoglobulin (IgG) antibody protection 
against rotavirus. In our pig model, we have found that IgG antibodies can protect 
in a passive way (Hodgins et a1 1999, Parreno et a1 1999, Schaller et a1 1992). We can 
give circulating maternal antibodies that are mostly IgG that are derived from the 
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serum of sows. If we administer these intraperitoneally, they get into the neonatal 
pig’s circulation and presumably transudate back into the intestine in a passive 
manner. We can also passively protect if we orally administer colostrum and milk 
rotavirus antibodies (Hodgins et a1 1999, Parreno et a1 1999, Schaller et al 1999). 
There are also studies that Japanese investigators have initiated where they 
immunize chickens with rotavirus and get egg yolk antibodies that protect calves 
passively. In all these scenarios IgG antibodies can passively protect against 
rotavirus infections in the neonate. In the neonate IgG antibodies can also get 
back into the intestinal tract. When we immunized pigs by parenteral 
immunization with inactivated human rotavirus, we got high titres of IgG, but 
at challenge (34 weeks post-immunization) we couldn’t detect IgG antibodies in 
the intestine (transudated from serum or locally produced) and we didn’t get 
protection against rotavirus diarrhoea after challenge (Yuan et al 1998, To et a1 
1998). 

Estes: It is different in different animal models. It is clear in the rabbit model that 
IgG protects, and it can protect in the mouse model in certain circumstances. 

S a 8  It also protects passively in the neonatal pig model. 
Farthing: Have you used it as a treatment in the pig model? In the study I showed 

in humans it had been used as a treatment for active acute dection. 
Sa$ We didn’t try it that way. We have always administered it the day before we 

give rotavirus. 
Vesikuri: So far we have talked about the treatment of acute diarrhoea. The 

passive administration of IgG or even lactobacilli may work, but this treatment 
always comes too late when the worst of the episode has already happened. Such 
treatments shorten diarrhoea, but don’t take care of the acute problem that needs to 
be dealt with oral rehydration. What can be done prophylactically? Michael was 
right that you can immunize all the cows in Switzerland to produce this 
wonderful hyperimmune milk, but you will never be able to immunize enough 
cows to produce passive antibody for all the children in the world. In this sense 
this approach, as a general prophylactic measure, is out, even if it might be 
feasible when directed at certain target groups. Lactobacilli, on the other hand, 
can be grown in large quantities, and administration of such probiotics might be 
a feasible preventive therapy and even a competitor to the vaccine approach. 

Kapikian: What about the use of bismuth salicylate, which has been shown in a 
volunteer study to reduce the severity and duration of abdominal cramps after 
Norwalk virus challenge (Steinhoff et a1 1980)? 

Farthing: It is effective, but only modestly. There are concerns about giving 
bismuth compounds to the very young age group because of retention of bismuth. 

Kapikian: What do you use when you travel? 
Farthing: I take a single large dose of quinolone, and if I still have trouble four 

hours later I take another dose. 
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Glass: Earlier on you described the mechanisms of vomiting. We see a lot of 
outbreaks on cruise ships where vomiting is a key component and where the 
virus is thought to spread through vomitus. You didn’t mention a single drug or 
treatment for vomiting. 

Farthing: I agree; that was an omission, Many travellers and pharmacies on cruise 
ships will carry the classic anti-emetic drugs. They are of modest efficacy in this 
situation. I am not aware that they have been subjected to rigorous clinical trials 
during acute gastrointestinal infection. It might also be worth evaluating the role 
of a 5-I-IT3 receptor antagonist. The protocol I would choose would be to try large 
doses early on in the illness. However, it would have to be a serotonin-related form 
of vomiting for this to work. 
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Summing-up 
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We have had a stimulating meeting that has provided a comprehensive review of 
gastroenteritis viruses. Developments in electron cryomicroscopy and X-ray 
crystallography and the combined use of these techniques to probe viruses have 
enhanced the ability of structural data to provide us with a molecular 
understanding of virus function. New structural approaches are leading to the 
elucidation of the contribution of different viral proteins to different parts of 
particle structure and are also revealing details of replication functions. For 
example, comparisons of transcription inactive and active subviral particles of 
rotavirus are beginning to provide a dynamic structure-based view of the virus 
replication process. In the future, these kinds of data should lead us to new 
information about antigenic determinants and perhaps antivirals. 

There has been enormous progress in the identification of receptors for 
rotavirus, and we are beginning to understand early events in virus replication. 
Rotavirus RNA replication depends crucially on the 3’ and 5’ terminal sequences 
of the viral RNA and on the interaction of the RNA with several virus-encoded, 
non-structural proteins made in infected cells. Sequences at the 3’ terminus of non- 
polyadenylated rotavirus mRNAs are also important for the initiation and 
enhancement of translation of viral proteins and the concomitant shut-off of host 
cellular protein synthesis. But many open questions with regard to genome 
replication, genome packaging, and viral assembly remain. Despite progress, 
there is a continuing search for reverse genetic systems for many of these viruses. 
It was exciting to hear that apparently the coronaviruses have broken this barrier, 
but we still have these challenges for the rotaviruses and the human caliciviruses. 
Progress with the feline calicivirus and astrovirus systems, that are using reverse 
genetic systems that are still in their infancy, are beginning to highlight the power 
of these techniques. This is certainly known from other viruses where reverse 
genetic systems are available. The further development and exploitation of these 
systems is going to lead rapidly to a more detailed understanding of the 
mechanisms of replication and of genes important in virulence. 

There has been good progress in demonstrating a role of IgA as a correlate of 
protection for rotavirus, although there is controversy as to whether IgG is also 
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important. An important remaining question is which antibodies against which of 
the rotavirus proteins are most important in protection. There are still big gaps in 
our understanding of the immunology of other gastrointestind virus infections. In 
particular, whether a correlation exists between protection and the presence of 
antibody against caliciviruses remains unclear. 

Knowledge about the aetiology and epidemiology of acute gastroenteritis has 
been enhanced by the development of new diagnostic assays over the last several 
years. New assays have helped to fill what Tom Flewett called the ‘diagnostic gap’ 
(Flewett et a1 1987) and now almost all outbreaks of disease that are investigated 
carefully are associated with a known etiologic agent. We have seen that the 
combined use of new diagnostics with cogent clinical observations has helped to 
focus the clinical significance of many of the gastroenteritis viruses. There is still a 
need for development and a wider use of more simple assays, particularly in the 
clinical and community setting. We have learned the importance of epidemio- 
logical studies that consist of a mixture of both active and passive surveillance. It is 
clear from the diagnostic progress that rotaviruses remain the single most 
important cause of life-threatening diarrhoea1 disease in young children. 
However, the use of new assays is also changing the epidemiology of some of the 
other gastroenteritis viruses: human caliciviruses are becoming increasingly 
detected as important pathogens. The clinical significance of the other agents 
remains less well defined, and more information is needed. The Norwalk-like 
viruses are clearly the key pathogens in food- and water-transmitted disease. 

We now have good phenomenologicd information on virus diversity, although 
the biological significance of this diversity remains rather unclear. Studies of 
rotavirus circulation in many countries have shown that rotaviruses of different 
serotypes co-circulate at any one time, and these co-circulating viruses interact 
genetically by forming in uiuo reassortants. In addition, evidence is accumulating 
that some of the rotaviruses infecting man may originate from domestic animals. 
Multiple, genetically diverse strains of caliciviruses also may co-circulate, and new 
calicivirus strains may arise by recombination. It is not known whether these 
strains represent biologically relevant distinct serotypes. We have a better 
understanding of potential mechanisms of virus evolution than we do of 
transmission dynamics. Future studies will need to determine the impact of 
changing virus serotypes on vaccination strategies and disease pathogenesis. 

There has also been progress in understanding the rotavirus genes involved in 
virus virulence. Many rotavirus genes (RNAs 3, 4, 5,  7, 8 and 10) have been 
implicated in viral pathogenesis. However, recent attention has focused on the 
product of gene segment 10, a protein called NSP4 that has been shown to 
function as the first described viral enterotoxin. New data support a model 
whereby this protein is released from virus-infected cells and diarrhoea results 
from the activation of a signal-transduction cascade in secretory cells that affects 
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calcium and chloride homeostasis and leads to an efflux of ions and water. In an 
animal model, antibodies to this enterotoxin also protect against virus-induced 
disease. Rotavims infection may also be pathogenic by affecting the enteric 
autonomous nemous system. This work has stimulated new ideas about how 
gastrointestinal viruses cause disease, and future work will discover if other 
gastrointestinal viruses also produce enterotoxins. Future treatments for 
gastroenteritis could target secretory processes as well as interfere with the 
enteric nervous system and be used to counteract newly recognized common 
mechanisms of pathogenesis for both viral and bacterial-induced disease. 

The unexpected difficulties into which the first licensed rotavirus vaccine has run 
in the last year have been disappointing for researchers and physicians in both 
developed and developing countries. It is hoped that many remaining questions 
about the relative risk and pathogenesis of intussusception can be answered 
clearly and quickly. There is a clear need for a rotavirus vaccine, particularly in 
developing countries. This is undiminished by the events over the last year, and a 
safe vaccine is everybody’s goal. Several other candidate rotavirus vaccines are on 
the horizon. 

There are increasing numbers of people in the world with immune deficiencies 
due to cancer treatment, human immunodeficiency virus (HIV) infection and 
transplantation. We have heard about the different spectrum of opportunistic 
viral infections in such patients. Infected, immunocompromised people may be a 
further source for viral evolution and spread. This is an area that hasn’t been 
explored or exploited extensively. Fortunately, with the advent of highly active 
antiretroviral therapy (HAART) against HIV infection, the clinical need to treat 
HCMV colitis has decreased dramatically, presumably because of enhanced 
immune function under HAART treatment. 

We have heard compelling molecular evidence that viruses may be 
transmitted from animals to humans, but further work is required to prove 
this, Finally, I think it remains critical that we remember an idea that was first 
mentioned in my introduction and that was discussed throughout this meeting. 
While most of the viruses we have talked about infect cells in the epithelial layer 
of the intestinal villi, the outcome of infection is often not simply a consequence 
of killing these epithelial cells; rather we need to thmk more globally, and try to 
understand the epithelial cell response to infection and how that response and 
signalling may affect other cells within the intestinal villi as well as at possible 
systemic sites. 

I would like to end the meeting by thanking all the participants for their 
imaginative and provocative contributions. I think the book will be both 
interesting and stimulating to others inside and outside the fields of basic and 
clinical virology, infectious diseases, gastroenterology, and cell and molecular 
biology. 
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Human rotavims 167 (Table), 169 (Table) 
IgA, VP6 specific 115,116 (Fig), 121,122 
IG8 lnduaion 287 
Immunofluorescence 175 
Induction, chemokines 87 
Infection, consequences for cell 87 
Infectious dose 23 
Infectlon m AIDS pauents 280,281,283, 

284 
Infeavity 29 
Infectivity/number of virus partlcle ratio 

104 
Inhibitlon of receptor binding 50 
Initiauon complex for mnus strand RNA 

Integrins and intestinal trafficking 11 8 
Interaction with receptor, hnetlcs 61 
Interamon mth host cell 48-50 
Internal orgatllzation 30 
Interspecies transmssion 21 
Intestinal homng of B cells 118 
Intestinal trafficking 11 8 
Intussusception 2,100,126 
Knock-out mce, correlates of protection 

Lineage 141 pig), 147,148 
Malabsorpaon 84 
Modification of disease 110 
mRNA, 3' terminal sequence 68 
mRNA 28,32-33,42,64,68 

dualrole 79 
panhandle structure 69,81 
secondarystmcture 102 
site-directed mutagenesis 68 
structure 66,69 
structure and translation 74 

synthesis 67,68 

111 

Methylase 85 
Minus strand RNA synthesis G7,68 
Mucosaldamage 84 
NA-resistant strans 48,49,85,97 
NA-sensitive strains 48,49,85,97 
Natural demon and proteaton 106-107 

Natural history of infection 23,24 
Neurotransmitters 84 
Nomenclature 126 
Nonstructural protans (NSP) 

NSPl 65,69,71,79,80,85 
NSPZ 65,66,69,71,73,80,85,103 
NSP3 65,75,78,79,85,103 

(Tables) 
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NSP4 (see also separate heading) 27,69, 

NSP5 65,66,69,71,73,80,85,103 
NSP6 80,85 

85,87-91 

NSP autokinase activity 73 
NSP2-NSP5 complexes 66 (Fig), 67 

NSP4 properues 88 (Table) 
NSP5 autophosphorylation 73 
Nosocomial infections 23 
NTPase acuvity 73 
Open core replication system 68,69,102, 

PAGEofRNA 127 
Pathogenesis 82-93,195 

animal models 97,99 
mechanisms 83-85 

Pathogenicity 23 
Phylogeny 141 (Fig) 
Pomt mutations 140 
PoIamed cell entry 85-86 
Protection from disease 108,109 
Protecuon from infection, duration 108, 

Protein targeting in cell 87 
P types 

(Fig), 73,80 

103 

110 

seealso Rotavirus types 126ff, 133-136 
(Tables) 

Precore complex 66 
Prevenuon of infection 15-1 6 
Reassortment 127,139 
Receptor-mediated endocytosis 60 
Receptors 47-58 
Replicase 71 
Replicauon 7,6475 

intussuscepuon 175,176 
molecular motor 73 

Replicauon intermediate 65,67 
Reverse genetics 101-102 
Rhesus rotavirus vacune (see also Rotavirus 

RNA binding proteins 65 
RNA conformauon and pH 43 
RNA deletions 69,71,72 (Fig), 104 
RNA-dependent RNA polymerase 30,64, 

RNA packaging 42,102-104 
RNA rearrangements 43,69-71,72 (Fig), 

RNA replicauon 6574,306 
RNA secondary structure 69,70 

vaccme) 155 

71,85,102 

78,104,139 
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RT-PCR for typing 127,175 
SA-dependent strains 48,49 
SA-independent strains 48,49 
Seasonal mudence 127 
Serotypes 126ff, 154 
Severity of disease 109,110 
Site of replication 192,195 
Strain designation 126 
Structure 27 
Subgroups 126,128 
Sublineage 141 (Fig), 147 
Surveillance 125-144 
Target antigens for IgA 114 
Transcnption complex 31,34,41-42,102, 

Transcription inhibition 33,121 
Transcripuon and structure 28,30 
Translation 74,75 
Translauon enhancer 74,78 
Transmission from animals to humans 20, 

Transmission dynarmcs 142,144 
Treatment of infection 298 

cysteine protease 298 
with growth factors 298,299 
with immunoglobulin 298 
IFNa 298 

104 

21 

Triple layered partide (TLP) 27-29,64 
Trypsin inhibition 45 
Trypsinisation 29, 37-39 
Types 

Africa 132 (Table), 135 (Table) 
Asia 132 (Table), 136 (Tables) 
Australia 131 (Table) 
European/Mediterranean 129 (Table), 

133 (Table) 
North/Central America 130 (Table), 

134 (Table) 
South America 131 (Table), 134 

(Table) 
Typing 126127 
Vaccine 153-171 

166 
ACIP recommendauons 156,158, 

adverse event (see also VAERS) 175 
age of vaccination 177 
animal models 114,115 
antivaccine groups 175 
attributable risk 159-161,162 (Fig), 

benefit 175,178 
163-165,173-175 
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Rotavirus (cont.) 
Vaccine (cont.) 

bovine rotavirus 167 (Table), 168 
case-control studies 158,163 
candidates 167 (Table) 
cohort studies 163, 164 
cross protection 121,122, 150 
developing countries 160,161,177 
efficacy 155,156,157 (Table), 168 
ethical issues 160 
human rotavirus 167 (Table), 169 

(Table) 
inanimals 83,176,195 
incidence risk ratio (IRR) 165 
in humans 120,121,126,150 
intussusception 157-159,161,162 

(Fig), 173,175,176 
inUSA 157,158,160 
jennerian approach 155 
lamb rotavirus 169 (Table) 
managed care organizations 161 
need 154 
neonates 253,254 
pre-licensure studies 158,160 
protection 120, 121, 150 
protection agamst severe diarrhoea 155 
quadrivalent 155,156 (Fig) 
reassortants 155, 156 (Fig) 
rhesus rotavirus 155-157,159,160, 

safety 156,157,168,173 
suspension 157 
withdrawal 173 
wildtype infection and intussusception 

15,160 
Vascular damage 84 
Viral proteins (VP) 

163,166 

VP1 27,65,67,71,73,78,85,102,103 
VP2 27,30-32,43,65- 67,73,85,102, 

VP3 27,65,80,85,102,103 
VP4 29,38,45-47,54,56,85,104,114, 

VP6 27,29,30,69,71,85,102,114,114, 

VP7 27,29,38,85,114,126,154 
VP8 46,50,56 

103 

126,154 

116 (Fig), 117,121 

Viroplasm 65 
Virulence 85 
Virus-like partides (VLPs) 30, 102 
Virus-specific B cells 110,111, 114 

SUBJECT INDEX 

Virus-specific cytotoxic T 1 1 1  cells 
Virus-specific IgA and protection 109,110 
Virus-specific immune response 117 
VP4 

autoproteolysis 44 
cleavage 29 
functions 48 
integrin binding motifs 51 
structure 49 

VP6-specific IgA 11 5,116 (Fig) 
X-ray crystallography 26-33 

Rotashield 157,158 
Rotterdam virus 195,203 

See individual viruses 
RT-PCR 

S 

Sapporo-like viruses (SLVs) 
Age distribution of infection 206 (Table) 
Clinical presentatlon 192,193 
Disease incidence 205 (Table) 
Electron microscopy 181 (Fig) 
Epidemiology 185,193 
Genogroups 187,199,201 (Table) 
Genome 182,184 (Fig), 186,191 
Genotype distribution 208 (Fig), 209 

Genotypes 199,200 (Table) 
Helicase 186 
Phylogeny 187 (Fig) 
Protease 186 
RNA dependent RNA polymerase 186 
Subgenera 195 
Subgenormc RNA 184 (Fig), 191 
Types 187 
Virions 186 

Seacroft virus 203 
Sendai virus 

Serotonm 

(Fig) 

HN protein, cleavage 263 

Receptor 193 
Receptor antagonist 193 
Vomting 193 

Serotype (see individual viruses) 
Definition 248 

Short cham fatty acids (SCFAs) 
Starch product 296 

Sialic acid (SA) dependence 
Rotavirus, and cell culture passage 63 
Rotavirus receptor 48,62 
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Simian immunodeficiency virus (SIV) 
Enteropathy 288 
Glycoprotein, enterotoxin? 287 

HIV enteropathy 288 
‘Slim Disease’ 

Small round structured viruses (SRSVs) 181 
Small round viruses (SRVs) 180 
Snow Mountain Agent 183,203 
Southampton virus 

Genome 182 
Starch 

Amylase resistant, component of ORS 
296 

Subgenomic RNA 
Astroviruses 220 (Fig), 235,252 
Caliciviruses 184 (Fig), 191 
NLVs 191 

Systemic lnfection 110 
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T 

Toroviruses 
Cause of enteric disease 260 (Table), 265, 

272 
Classification 13 
Diagnosis 15 
Discovery 6 
Electron microscopy 272 
Enteric infection 258-269 
ELISA 265,272,273 
Fringe particles 273 
ImmuneEM 274 
RT-PCR 265,272 
Structure 259 
Survival in gut 266 (Table) 

Transepithelial cell resistance (TER) 
NSP4 action 91 

Transforming growth factor alpha (TGFor) 
Treatment, rotavirus infection 298,299 

Transmissible gastroenterius virus (TGEV) 
Budding 260 
Diarrhoea in pigs 260 (Table), 269 
Infectious cDNA 270 
Pathogenesis 269 
Virulence 270 

Coronavirus 269 
Tropical sprue 

Trypsin 
see also individual viruses 
Rotavirus infecuvity 29,37,41 

Tumour necrosis factor alpha (TNFcr) 
CMVcolitis 284 

Turkey astrovirus 222 

V 

Vaccines 
see also individual viruses 
Calicivirus 184,254 
‘Edible’ 254 
Intussusception 176 
NLVs 284,255 
Rotavirus 120,121 

Vaccine Adverse Event Reporung System 

Vagus stimulation 

Venlovirus 202 
Viral gastroenteritis 

(VAERS) 157,164 

Vomiting disease 193 

s8e also Gastroenteritis 
Aeuology 171,172 (Fig) 
Antivirals 297 
Extent of illness 6 
Mortality 19 
Summing up 3 0 8 0 9  

Virulence 
Rotavirus 88 

Virus-Iike particles (VLPs) 30 
Vomiting disease 

Gastroenteritis viruses 23 
Pathophysiology 193,194 
Vagus stimulation 193 
Virus transmission 194 

W 

Wortley virus 202,203 

x 
X-ray crystallography 

Norwalk virus capsid 34 
Rotavirus 2633 
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