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History of human Noroviruses

 Epidemic and sporadic acute infectious nonbacterial gastroenteritis is a            
common illness in both developed and developing countries77. The syndrome has been 
described as early as 1929  and was named “winter vomiting disease” 271, describing the 
distinct seasonality and high percentage of vomiting. It could not be attributed to known 
bacterial or parasitic pathogens and it would be many years later before an etiological 
agent could be identified. Reproduction of illness in human volunteers by bacteria-free 
stool filtrates derived from outbreaks of gastroenteritis demonstrated that viruses were 
the likely cause79. However, due to the inability to recover and propagate the presumed 
viral etiologic agents in vitro, the etiological agent could not be identified.
 A major breakthrough was the discovery of virus particles in human-passaged 
fecal material derived from an outbreak of acute gastrointestinal illness at an elementary 
school in Norwalk134. These particles, described as 27 nm in their shortest diameter and 
32 nm in their longest diameter, were the first viruses associated with gastroenteritis to 
be visualized and identified, and were named Norwalk virus (figure 1). Subsequently, 
additional agents with similar properties have been identified and named after their 
place of discovery (e.g. Hawaii and Toronto)28.

Figure 1. Negative-stain electron micrographs of 
Norwalk virus from the stool of an individual with 
gastroenteritis (Photo Credit: F.P. Williams, U.S. 
EPA). Bar, 50 nm.

Taxonomy

 The Noroviruses (NoV) have been classified into the family of Caliciviri-
dae along with the genera Sapovirus, Lagovirus and Vesivirus, on the basis of gene-
tic sequencing and phylogenetic analysis202. Members of the genera Norovirus and 
Sapovirus infect humans, causing gastroenteritis, while the latter two genera contain                                      
caliciviruses of veterinary importance such as Rabbit Hemorrhagic Disease  
Virus (RHDV) and Feline Calicivirus (FCV). To facilitate communication among  
researchers, it has been proposed that the NoV are denoted by a cryptogram that inclu-
des host species of origin / calicivirus genus / calicivirus species / strain designation / 
year of detection / country of origin (table 1).
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Genome organization

 NoV have a linear, 7.5kb, single-stranded, positive-sense RNA genome. The 
NoV genome is predicted to encode three open reading frames (ORFs; figure 2). The 
first and longest ORF (ORF1) is predicted to encode a polyprotein precursor to non-
structural proteins based on sequence similarities with the 2C NTPase, 3C protease, 
and 3D RNA-dependent RNA polymerase (RdRp) of picornavirus37. Proteolytic map-
ping and enzymatic studies of in vitro-translated polyprotein or recombinant protein 
expression have confirmed the presence of a p48, NTPase (p41), a 3C-like protease 
(3CLpro), an RdRp, and the location in the polyprotein of the genome-linked protein 
VPg20;61;65;158;197;225. The proposed six nonstructural proteins encoded in the NoV ORF1 
defined so far proceed N to C terminus, p48-NTPase-p22-VPg-3CLpro-RdRp. The RdRp 
region is the most conserved region in the NoV genome and is therefore often used 
as a target for detection of NoV sequences by RT-PCR254. The second ORF (ORF2) 
encodes the viral capsid protein. Expression of ORF2 from several NoV strains, by a 
recombinant (r) expression system containing the capsid gene, produces capsid proteins 
that self-assemble into VLPs13;53;128;191. These VLPs have been used for the development 
of Enzyme Immunoassays (EIAs) to detect NoV specific antibodies and the structu-
ral studies described in a following section39;111;192. In addition, ORF2 can be used for           
phylogenetic analysis and genotyping250;251. The third ORF (ORF3) is located at the 3’ 
end of the genome and codes for a small basic protein that has been characterized as a 
minor structural protein76. While the ORF3 protein is not essential for the formation of 
empty VLPs, it does increase expression from ORF2 and stabilizes the capsid16.

Phylogenetic relationships

 The NoV are a large, genetically and antigenically diverse group of viruses. 
Sequence information obtained from the capsid gene shows that NoV can be subdivi-
ded into three distinct genogroups (GGI, GGII, and GGIII)8 with approximately 50%           

Table 1. Cryptograms for Noroviruses

Virus name  Genome sequence
 accession numbers  Cryptogram

Norwalk virus M87661 Hu/NV/I/Norwalk/1968/US
Lordsdale virus X86557 Hu/NV/II/Lordsdale/1993/UK
Mexico virus U22468 Hu/NV/II/Mexico/1989/US
Hawaii virus U07611 Hu/NV/II/Hawaii/1971/US
Leeds virus AJ277608 Hu/NV/II/Leeds/1990/UK
Bovine NoV CH126 AJF320625 Bo/NV/III/CH126/1998/NL
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sequence diversity between genogroups253. Viruses from GGI and GGII have been detec-
ted in humans, while GGIII NoV have only been found in cattle185. Within genogroups, 
NoV strains can be further delineated into 15 genotypes based on grouping by genetic 
relatedness defined as more than 80% amino acid sequence similarity in the complete 
ORF2 sequence (table 2)8;250. These clusters were named by using consecutive numbers 
for each genogroup: GGI.1-GGI.5, GGII.1-GGII.9, and GGIII.1.
 

Figure 2. Norovirus genome organization. The genomic organization and open reading 
frame (ORF) usage (numbers indicate nucleotide position) are shown for the prototype 
Norovirus, Norwalk virus (Hu/NV/I/Norwalk/1968/US, GenBank accession number 
M87661). The predicted p48, 2C-like nucleosidetriphosphatase (NTPase), p22, VPg, 
3C-like protease (3CLpro) and RNA-dependent RNA polymerase (RdRp) regions are 
indicated.

Genetic cluster

GGI.1 GGI.2 GGII.1 GGII.3 GGII.4 GGII.7 GGIII Genetic 
cluster Straina

- 69 46 45 42 43 48 GGI.1 Norwalk virus (NV)
- 44 41 42 41 48 GGI.2 Southampton (SOV)

- 71 64 68 45 GGII.1 Hawaii virus (HV)
- 66 68 42 GGII.3 Mexico virus (MX)

- 63 44 GGII.4 Lordsdale virus (LV)
- 42 GGII.7 Leeds virus (LE)

- GGIII Bovine NoV CH126

Table 2. Percent amino acid identities between capsid proteins from viruses represen-
ting the three genogroups of the Noroviruses.

a GenBank accession numbers for the NoV are as follows: M87661 (Norwalk), L07418 (Southampton), 
U07611 (Hawaii), U22468 (Mexico), X86557 (Lordsdale), AJ277608 (Leeds) and AJF320625 (Bovine 
NoV CH126).
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Antigenic relationships

 Due to the lack of a virus culture system60, serotyping based on neutralization is 
not available and therefore, it is not yet clear whether each genotype within a genogroup 
represents a distinct serotype. However, several studies describe antigenic differences, 
suggesting that distinct serotypes of the NoV do exist130;155;262. Some NoV genotypes 
have been distinguished by use of hyperimmune antisera or whole convalescent sera 
and purified IgM and cross-challenge studies. These studies and data from outbreak 
investigations, however, have also shown a heterologous response after infection with a 
known genotype14;68;97;181. This cross-reactivity appears to be limited to genotypes within 
a genogroup, although some cross-reactivity has been observed between NV (GGI.1) 
and HV (GGII.1)164;242. Within genogroups, the specificity of the immune response         
varies greatly. In addition, several broadly reactive monoclonal antibodies have been 
described98;144;266;267. These data suggest that common epitopes are present among NoV. 

Morphology and structure

 The expression of rNoV capsid protein which spontaneously assembled into 
virus-like particles (VLPs) has been important for structural studies of the viral 
capsid31;201. The three-dimensional structures of the baculovirus-expressed Norwalk 
(rNV; GGI.1) and Grimsby virus (rGrV; GGII.4) capsid have been determined to a 
resolution of 22 Å using electron cryomicroscopy and computer image processing           
techniques (figure 3). The empty capsid, 38.0 nm in diameter, exhibits T = 3 icosahedral 
symmetry and is composed of 90 dimers of the 58.000 molecular weight (58 K) capsid 
protein that form a shell from which 90 archlike dimers protrude. 

Figure 3. Three-dimensional 
structure of recombinant Noro-
virus particles. Norwalk vi-
rus (A) and Grimsby virus (B) 
rVLPs viewed along the icosa-
hedral threefold axis at 22Å 31. 

 The structure of the rNV capsid has been determined further to a resolution 
of 3.2 Å by additional x-ray chrystallography200. Two major domains were identified 
in the capsid: the shell (S) and the protruding arms (P) (figure 4). The S domain forms 
the inner part of the capsid that surrounds the RNA genome, and the P domain forms 
the archlike capsomeres that protrude from the virion. The P domain can be divided 
into 2 subdomains consisting of a conserved central stem P1 subdomain and a highly 

A B 
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variable P2 subdomain which is the most exposed region. The P1 subdomains form 
the sides of the arches of the capsomeres and position the P2 subdomain at the top 
of the arch. The exposure of the capsid variable region on the surface of the virion is  
consistent with its suspected role in the formation of a major antigenic site and in  
receptor binding101;200;238;259. Recently an accumulation of mutations in the protruding 
P2 domain of the capsid was observed in a NoV from a patient with chronic diarrhea 
and viral shedding. The mutations resulted in a predicted structural change in the P2 
domain, suggesting an immunity-driven mechanism for viral evolution180. 

Figure 4. Detailed view of the Nor-
walk virus capsid protein.Three-di-
mensional ribbon representation of an 
individual subunit from the rNV capsid 
protein derived from X-ray crystallo-
graphy studies of Norwalk rVLPs at 
3.4Å 246. The protruding (P) domain, 
divided into subdomains P1 and P2, 
and the shell (S) domain are divided by 
a dashed line.

Pathogenesis

 Due to the lack of an animal model for human NoV infections, most informa-
tion on the pathogenesis of NoV infections is based on experimental infection studies 
in human volunteers with the Norwalk (GGI.1) and Hawaii (GGII.1) strains of NoV.  
Biopsies showed reversible histopathologic lesions in the jejunum with apparent sparing 
of the stomach and rectum2;56;215;216. The villi were broadened and blunted and microvilli 
were shortened. Infiltration of mononuclear cells was observed in the lamina propria. 
The histopathological changes could be detected within 24 hours after virus challenge 
and generally persisted up to 2 weeks after the onset of illness. Histologic lesions were 
also observed in asymptomatic volunteers.
 In analogy with the findings in humans, infection of gnotobiotic calves with 
a bovine NoV strain elicited diarrhea and intestinal lesions that were most severe in 
the upper small intestine (duodenum and jejunum)217. This model may be used for  
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studying the pathogenesis of NoV infection. Recently a murine NoV was discovered, 
however clinical manifestations associated with this lethal infection differ from clinical 
symptoms seen in humans and include encephalitis, hepatitis and pneumonia139. There-
fore this murine NoV strain cannot be used to study the human NoV pathogenesis.

Genetic susceptibility to NoV infections

 The observation in volunteer challenge studies, that some subjects remain  
uninfected after challenge in the absence of antibodies, gave rise to the hypothesis that a 
genetic factor could be implicated in the susceptibility to NoV infection. These subjects 
may lack a genetically specific receptor that is required for NoV entry and therefore 
would not be infected132;193. The binding of rNV to various mammalian cell lines can 
be inhibited by a monoclonal antibody that recognizes an epitope on the P2 domain 
of the capsid101. This suggests that the protruding domain, emanating from the capsid 
shell, is responsible for the attachment of NV particles200. Several molecules have been 
implicated with binding of NoV165;235;236. In analogy with Rabbit Hemorrhagic Disease 
Virus, another member of the family Caliciviridae, VLPs from rNV attach to histo-
blood group antigens (HBGA) that are present in saliva and expressed on red blood 
cells and gastroduodenal epithelial cells115;118;165;211. The HBGA are widely distributed 
in human tissues187;203. They are determined by the terminal part of four main types of 
precursor saccharide structures (type 1-4) linked to proteins or lipids. Two enzymes, 
α1,2fucosyltransferases (FUT1 and FUT2), are involved in the synthesis of H antigen 
from the precursor chain (figure 5). The H antigen in turn serves as the substrate for 
A and B glycosyltransferases which add the A or B epitopes depending on the ABO 
blood group phenotype. FUT1 preferentially acts on type 2 chains, whereas FUT2  
preferentially acts on type 1,2 and 3 precursor saccharides. Differential expression pat-
terns are observed for FUT1 and FUT2 in different tissues40;175;203.    

Figure 5. General schematic of the ABH histo-blood group antigen biosynthetic  
pathway. H antigens are made by enzymatic addition of a fucose residue (▲) on the 
precursor by an α1,2 fucosyltransferase (FUT). H antigens are the terminal moieties 
expressed in histo-blood group type O individuals, but in types A, B and AB individuals 
the H antigens are further modified by enzymes (A/B transferases) that transfer A, B or 
either carbohydrate (◊) to the terminal residue of an H antigen.
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  The expression of H type 1 on the surface epithelial cells of the gastro-
duodenal tissues is under the control of the FUT2 gene. Several inactivating mutations 
have been identified in the FUT2 gene, resulting in the absence of HBGA in secretions, 
including saliva, in 20% of Europeans, the nonsecretors40;108;141;175;186;203;231;269. The H type 
1 HBGA was identified as the main ligand for binding of rNV VLPs to the gastroduo-
denal epithelial cells165 and therefore a possible NoV receptor. 
 Several distinct NoV-ligand interactions have been described for different 
NoV genotypes103;115. However, the data described were obtained using a limited  
number of genotypes. In vivo data on the association between HBGA and susceptibility 
to NoV infection is limited. In a volunteer study infecting with NV, nonsecretors were 
not susceptible to NV infection157;203. In addition, the presence of HBGA type B was  
associated with protection against symptomatic infection with NV117 and in vitro data 
showed lower hemagglutinating properties of rNV when human type B red blood cells 
(RBC) were used118. Also, the presence of HBGA type A on the subjacent H antigen  
diminished rNV VLP binding165. These observations suggest that the presence of 
a HBGA interferes with the binding of NoV to the H antigen, possibly by partial  
blocking of the binding site. The recent observations of NoV binding to histo-blood 
group antigens, has led to the development of an assay by which the blockade of NV 
binding to its putative receptor by antisera from NV infected human volunteers can be  
investigated102. This method could provide a means for detecting type specific NoV 
neutralizing antibodies.

 
Clinical features

 NoV infection generally induces a mild and self-limiting illness. Information 
on the clinical manifestations of NoV infection has been obtained from outbreak reports 
and volunteer studies in adults and appear to be similar. The onset of illness can be 
either gradual or abrupt, usually within 24-48 hours after exposure. Illness has a median 
duration of  24-48 hours with ranges up to 77 hours80;89;121;136. Symptoms associated 
with NoV infection include projectile vomiting, diarrhea, fever, abdominal pains and 
nausea. During acute illness, a transient lymphopenia may be observed attributed to  
mononuclear cell infiltration in the jejunal mucosa57. NoV can be detected in stool  
samples as early as 15 hours after ingestion and up to 2 weeks after challenge184 and 
can also be present in vomitus88. Asymptomatic infections have been observed under  
experimental as well as natural conditions72;81. These clinical manifestations have  
resulted in the so-called “Kaplan-criteria” which are highly indicative for NoV  
outbreaks: an incubation period of 15-50h, vomiting in more than one-half of cases 
and/or diarrhea, average duration of symptoms of 12-60h, a high attack rate, and stool 
samples that test negative for bacterial pathogens. 
 If present, complications from NoV infection are usually observed in children 
and the elderly because they are generally more sensitive to dehydration, although it 
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has been reported that unusual clinical manifestations and complications from NoV 
infection can also occur in immunocompromised and physically stressed individuals. 
Recently chronic diarrhea and NoV shedding in immunocompromised individuals has 
been described73;140;180. For otherwise healthy adults, high stress situations can contribute 
to a more severe NoV infection, as has been described in military settings1;257. Finally, 
an increased mortality has been observed in the elderly136.

NoV detection

 Numerous attempts to develop a method for the cultivation of NoV were  
unsuccessful60. Experimental infection of NV has failed to induce illness in a variety 
of laboratory animal species including adult and suckling mice, guinea pigs, rabbits, 
kittens and calves55. However, asymptomatic NV infection was induced in chimpanzees, 
which developed a serological response and shed virus263. Pigtail macaques inoculated 
with Toronto virus (GGII.3) developed clinical illness, shed virus but did not develop a 
virus specific immune response228. The presence of NoV specific antibodies in sera from 
several non-human primate species suggests that these species may have been in contact 
with human NoV and could therefore be susceptible to infection122.
 As a result, laboratory diagnosis of NoV is based primarily on electron  
microscopy (EM) and molecular biological techniques. EM is an aspecific “catch all” 
method, which does allow detection of many viruses as well as elementary/basic typing 
of viruses. However diagnosis by EM can yield false negative results due to the high 
detection limit of 1 million particles per milliliter stool163. In the Netherlands, EM is no 
longer used for routine diagnosis of NoV. 
 The cloning and sequencing of the complete NV genome has resulted in  
development of molecular biological detection techniques129. The reverse transcriptase-
polymerase chain reaction (RT-PCR) assay is used to detect the viral genome in stool 
samples127 and is generally more sensitive than EM81. Most diagnostic RT-PCR assays 
target the viral RNA-dependent RNA polymerase or the major capsid protein and are 
developed for generic detection with varying sensitivity and specificity247;251;254. RT-PCR 
assays have the additional advantage that genotyping by partial sequence analysis can 
be done248;252. 
 The production of VLPs128 and the subsequent generation of hyperimmune sera 
in mice, guinea pigs and rabbits has led to the development of assays based on antigen 
and antibody detection9;123;125. However the lack of a broadly reactive and sensitive assay 
has limited their use9;181;205. 
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Epidemiology

 Seroepidemiological studies have been conducted to describe the age of  
acquisition of NoV specific antibodies in various geographic regions using a rVLP EIA 
with a limited number of NoV genotypes. The prevalence of antibodies to the GGII 
viruses (Mexico; GGII.3, Hawaii; GGII.1, or Lordsdale; GGII.4) is higher than that of 
the GGI viruses (Norwalk; GGI.1 and Southampton; GGI.2) in most published data183, 
but the patterns for the age acquisition of antibodies to NoV are similar39;196. A high  
seroprevalence is found in neonates, attributed to maternal antibodies. After a rapid 
decline during the first 6 months, the antibody prevalence steadily increases and by  
approximately 2 years of age, a high seroprevalence is observed for all genotypes 
which remains high throughout life39;220. Although the capsids used in these studies are 
from a limited number of genotypes, the young age at which NoV specific antibodies 
are acquired indicates that these or antigenically related viruses have a wide distribu-
tion. A more detailed study looking at NV specific IgG isotype patterns showed that 
IgG1 predominated in all age groups and was the sole IgG isotype present in sera from  
individuals younger than 10 years studied in Sweden. A broader isotype class pattern 
was found in sera with increasing age. IgG3 represented recent infection, whereas the 
presence of IgG4 was indicative of chronic or reïnfection. IgG2 was rare and only  
detectable in sera from individuals older than 60 years111.
 NoV are recognized as the most common cause of viral gastroenteritis in both 
developed and developing countries77. Both sporadic and epidemic NoV infections 
have been described. In the Netherlands, 11% of all gastroenteritis cases in the general  
population is attributed to NoV infection, making it the main pathogen in individual 
cases of all ages47. A similar incidence has been found in other community-based stu-
dies167;189. The highest incidence of NoV infection is in children under 5 years of age47. 
In addition, NoV infections are the most important cause of gastroenteritis outbreaks 
in institutional settings like nursing homes and hospitals66;78;87;96;147;161;252. Asymptomatic 
infections are seen commonly in both sporadic NoV infections and outbreaks and may 
contribute to transmission of these viruses47;72.
 Several genotypes co-circulate in the community and cause outbreaks. The 
incidence of infections with GGII strains is generally higher than GGI strains147;167, a 
finding which is in agreement with seroepidemiological data described above. Over 
the years, the Lordsdale virus genotype (GGII.4) has been the predominant variant  
globally, illustrating the efficient transmission of these viruses in the human popula-
tion147;182. In the Netherlands and Europe, several small epidemics have been caused by 
Mexico (GGII.3), Lordsdale (GGII.4) and Leeds (GGII.7) genotypes25;147. In addition, 
the recent emergence of a new predominant genetic variant of the GGII.4 cluster in 
Europe160, coinciding with a major increase in the total number of outbreaks, raises 
important questions about how new variants can spread so rapidly and what biological 
differences may be involved.
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 Finally, evidence for mixed infections within the same individual or within the 
same outbreak has been reported, allowing for possible recombination between RNA 
genomes83;95;124;229;250.

Transmission

 Several routes of transmission have been identified through a number of 
well-documented outbreaks of NoV and include person-to-person, foodborne and 
waterborne routes50;112;190. Overall, person-to-person spread is the primary mode of  
transmission in outbreaks as well as in endemic cases of NoV infection48;50 and is  
facilitated by the low infectious dose (10-100 virus particles)27. However, foodborne 
transmission plays an important role as well, often resulting from contamination by an 
infected foodhandler24;99;190. In addition, several waterborne outbreaks of NoV have been 
documented6;19;112.
 The characteristic projectile vomiting presents another mechanism of  
transmission. As NoV can be present in vomit88;194, aerosolized vomit can be an  
important route of transmission, either by a vomit-contaminated environment or by air-
borne transmission29;166;194.
 Outbreaks are usually the result of more than one mode of transmission. For 
example, a food handler may become infected via person-to-person transmission in his 
or her home. The food handler can than contaminate a food product, leading to a com-
mon source outbreak, which in turn may progress through person-to-person transmis-
sion, or environmental contamination.
 The recent detection of NoV in calves and swine has suggested the possibility 
of zoonotic transmission. The NoV were considered to be host specific with humans 
as the sole host. However the presence of NoV in pooled stool samples from calves 
and swine244;245 as well as the high seroprevalence of antibodies against bovine NoV in 
adult cows51 shows that NoV related to the human NoV circulate commonly. Although 
these animal NoV have not been found in humans presenting with gastroenteritis, zoo-
notic transmission can not be excluded as differences in clinical characteristics may 
occur. Interspecies transmission has been documented for other animal caliciviruses  
 (Vesiviruses), which exhibit a broad host range or are zoonotic15;221;223;224.

Norovirus immunology

 Information on the immune response after NoV infection has been obtained 
from volunteer studies and a small number of outbreaks. Studies of antibody acquisi-
tion have yielded results which sometimes contradict. Serum IgG, IgA and IgM res-
ponses are observed after infection with NoV62;63;82;242. Most adults show a rise in IgG 
antibodies to the antigen homologous to the outbreak strain, but seroconvert to other  
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genetically distinct antigens as well. It has been shown that the specificity of the immune 
response varies greatly within genogroups and several studies have observed additional 
cross reactivity between GGI and GGII viruses68. Common epitopes within genogroups 
and between genogroups have been identified by mapping cross-reactive monoclonal  
antibodies, belonging to the IgG subclass144. IgM and IgA responses are believed to 
be more type specific than IgG antibodies68;97;181;242. In one study, high-avidity NV  
specific IgG were believed to be virus type-specific and present in sera before challenge 
with NV, confirming previous infection with the homologous virus and not a related 
NoV82. In general, homologous responses are significantly higher than heterologous  
responses98;101;164;242;267. 
 Information on immunity to NoV infections remains incomplete and 
shows discrepancies. Several studies have tried to determine whether pre-existing  
antibodies correlate with protection and if infection with a NoV strain can confer protective  
immunity against a second challenge with a homologous or heterolous strain. An  
association between pre-existing antibodies and protection from NoV infection 
in young children has been suggested17;212. However this is based on the increase in  
seroprevalence coinciding with a decrease in NoV infection by age. In adults no 
clear correlation has been found between pre-existing antibodies and protection 
against NoV infection132;193. To the contrary, the geometric mean titer of NV specific  
antibodies in pre-challenge sera of susceptible volunteers was significantly higher than 
that in resistant volunteers. Early multiple-challenge studies in adult volunteers have 
suggested that short-term immunity (at least 6 months) can be induced for NoV, inclu-
ding NV and HV, but protection was no longer observed after 27 months132;193;262.
 Cross-challenge studies with NV and HV showed no cross-protection between 
genogroups262. Unfortunately no cross-challenge studies have been performed using 
NoV within a genogroup132. Recently, a rapid NV specific salivary IgA response was 
described in uninfected volunteers challenged with NV, suggesting a protective memory 
immune response157. 
  

Treatment and prevention

 Disease induced by NoV characteristically is generally mild and self-limiting, 
often resolving without complications or treatment55;132;262. In cases where dehydration 
occurs, oral fluid and electrolyte replacement therapy is usually sufficient to replace 
fluid loss. Rarely, parenteral administration of fluids may be necessary if severe vomi-
ting or diarrhea occurs. 
 Attempts to evaluate virus inactivation methods and other intervention in 
transmission pathways have been hampered by the lack of a virus culture system60.  
Animal caliciviruses have been used as surrogates for studying NoV inactivation227. These  
studies show considerable resistance to ethanol and chlorine59;75.
 The high NoV incidence leading to a high burden of illness in institutions such 
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as nursing homes and hospitals, the increased risk for diarrheal mortality in such groups, 
the ageing of the population which will further increase these risks, the high risk of 
foodborne transmission, and the epidemic potential of these viruses have led to the push 
for development of vaccines64. Although the need for universal vaccination is as yet 
unknown, clearly, target groups in sensitive situations like the elderly in nursing homes 
may benefit from a vaccine. In addition, vaccination of foodhandlers may prevent  
large-scale common-source foodborne outbreaks. 
 Currently rNoV VLPs are the most likely candidates for vaccine development. 
As mentioned previously, these VLPs are morphologically and antigenically similar 
to the native NoV particles128 and have been used successfully in protection against  
infection with several viruses41;70;256. In mice, both systemic and mucosal immune  
responses are induced after different routes of administration of VLPs in the  
presence or absence of adjuvants12;90;104. The safety of VLPs has been evaluated in human  
volunteers, and no side effects were observed11. NoV specific IgG and IgA responses 
were observed after a single dose. Similar results were obtained from volunteers who 
were fed transgenic potatoes expressing rNV capsid protein, however serum responses 
occurred only after a second dose232. In a recent study, in which seropositive volun-
teers received orally administered rNV VLPs, ninety percent developed rises in serum 
anti-NV IgG233. About 30-40% of volunteers developed mucosal anti-VLP IgA. In ad-
dition, lymphoproliferative responses and interferon-gamma production by peripheral 
blood mononuclear cells were observed. These data suggest that NoV specific immune  
responses can be induced in humans by administration of VLPs. However, anti-
body titers are lower than those from volunteers challenged with live NoV. Also, no  
information is currently available on the correlates of protection. Efficacy studies of 
these NoV vaccine candidates should be conducted in human volunteers or a suitable 
animal model. 

Outline of this thesis

 The aim of this study was to investigate the feasibility of vaccination against 
NoV. In outbreaks and experimental NoV infections, symptoms are usually acute, and 
mild with a short duration of illness. There’s conflicting data on the immunity and  
susceptibility of NoV infection in humans. The characterization of the development of 
the immune response after NoV infection has been hampered by the lack of an animal 
model, a virus culture system and NoV type specific serological assays.
 To determine the burden of human calicivius infections in The Netherlands, 
we investigated the natural history of NoV and SaV infections in community cases of 
gastroenteritis in chapter 2. Symptoms and duration of illness were described for NoV 
and SaV infection. Also the duration of virus shedding was investigated. In chapter 
3 we evaluated the susceptibility of different non-human primates to NoV infection 
for use as an animal model to study the immune response, with the ultimate goal to  
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evaluate vaccine candidates. Four primate species were experimentally infected with 
NoV and monitored for clinical signs, virus shedding and a specific immune response. In  
addition, several primate species were tested for evidence of endemic NoV infections. 
In chapter 4, we investigated whether cross-reactive antibodies arise from multiple 
infections or after a single infection by investigating the primary immune response  
after NoV infection in humans. We described the NoV specific antibody responses for  
several NoV genotypes in a cohort of 1 year old children which had undergone a  
limited amount of NoV infections. The virus type specificity of several serological  
markers was evaluated. In chapter 5 we investigate the presence of NoV strain  
specific markers in adults after multiple episodes of NoV infection, thereby distinguishing 
between homologous and heterologous antibody responses. The homologous and  
heterologous antibody responses in 13 outbreaks due to infection with 4 distinct NoV  
genotypes, were characterized. Paired sera from adults were tested for the presence of NoV  
specific IgG and IgA, as well as maturation of antibody avidity. In addition an assay was  
developed for evaluating the antibody-mediated blocking of NoV binding to its  
receptor as a measure of antibody function. In chapter 6 the contribution of zoönotic NoV  
infections to the development of the cross-reactive immune response was  
investigated. We tested sera from veterinarians and the general population for the  
presence of antibodies to a bovine NoV to investigate if these viruses may infect  
humans. Following reports on genetic susceptibility for NoV infections, a genetic  
mechanism for insusceptibility to NoV infection was evaluated in chapter 7. The  
association between histo-blood group antigens and the risk of NoV infection was  
investigated in a group of schoolchildren involved in a waterborne outbreak and a  
cohort of healthy adults. Finally, the results are discussed and the possible mechanisms 
for susceptibility to NoV infection are presented in chapter 8.
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Abstract

 We investigated the natural history of human Calicivirus infection in the com-
munity. Clinical information was obtained from 99 subjects infected with Noroviruses 
(NoV) and 40 subjects infected with Sapoviruses (SaV) in a prospective, community-
based cohort study. 
 NoV infection was common in all age groups, whereas SaV infection was  
mainly restricted to children <5 years. Symptoms lasted for a median of 5 and 6 days 
for NoV and SaV infections, respectively. Disease was characterized by diarrhea during 
the first five days (87% of patients with NoV infection and 95% of patients with SaV  
infection), and vomiting on the first day (74% for NoV and 60% for SaV). Vomiting 
was less common in children aged <1 year (59% for NoV and 44% for SaV) than it was 
among children aged ≥1 year (>75% for NoV and >67% for SaV). Overall, NoV was 
detected in 26% of patients up to three weeks after the onset of illness. This proportion 
was highest (38%) for children aged <1 year. SaV shedding subsided after 14 days. 
 These data show that the durations of disease and viral shedding of caliciviruses 
are longer than has been described elsewhere. Therefore, the impact of these infections 
may have been underestimated.
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Introduction

 Viral gastroenteritis is a common illness in humans, with high morbidity  
reported worldwide and substantial mortality reported in developing countries. In recent 
years, caliciviruses have emerged as an important cause of viral gastroenteritis in people 
of all age groups and the main cause of outbreaks of gastroenteritis in such institutions 
as nursing homes and hospitals36;50;67;248;252. Numerous outbreaks of Calicivirus infection 
have been linked to the consumption of food prepared by infected foodhandlers36.  
 The human caliciviruses have been divided into 2 genera on the basis of  
genome organization, morphology and genetic and antigenic properties. Norwalk virus 
is the prototype strain for the genus Noroviruses (NoV). These small, round-structured 
viruses are most commonly found in association with illness in humans46. Sapporo virus 
is the prototype strain for the genus Sapoviruses (SaV), which can infect humans as 
well. 
 The cloning and characterization of the Norwalk virus genome has  
allowed the development of molecular detection assays that have been applied in  
molecular epidemiological studies127;128;147;252. By now, it has become apparent that the NoV  
genus is in fact a very diverse group of viruses and that multiple variants or genotypes  
cocirculate in the community148. Similarly, SaV were found to consist of a group of 
related viruses249. 
 Some studies involving volunteer subjects and numerous outbreak investigations 
have been performed to improve understanding of the course of infection and disease in 
healthy adult volunteers or in outbreaks of gastroenteritis56;80;81;132;135;136;138;188;193;239. These 
studies have resulted in the so-called “Kaplan criteria”, which are considered highly  
indicative for caliciviral gastroenteritis outbreaks: an incubation period of                        
15–50 h, presence of acute symptoms (including vomiting) in more than one-half of 
cases and/or diarrhea, average duration of symptoms of 12–60 h, a high attack rate, and 
stool samples that test negative for bacterial pathogens.
 However, little is known about the natural course of Calicivirus infections in 
the community. In a recently completed study from The Netherlands, caliciviruses were 
identified as one of the leading causes of illness, both in children and adults44;46. In this 
article, we describe the natural history of NoV and SaV infections in humans.

Materials and Methods

 Study design. Information on the natural course of Calicivirus infection was 
obtained through a community-based cohort study47. In brief, the study was performed 
in cooperation with the general practice network of The Netherlands Institute of  
Primary Health Care (NIVEL). This network consists of ~44 practices that cover 1% 
of the Dutch population and that represent the population with regard to age, sex, re-
gional distribution, and degree of urbanization45. The study was a prospective cohort 
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study with a nested case-control design. An age-stratified random sample was drawn 
from the population registered at general practices. Two consecutive cohorts were  
observed for 6 months each (4860 subjects total). Persons who fulfilled the case  
definition of gastroenteritis during follow-up were included in the nested case-control 
study. The case definition of gastroenteritis used in the present study was ≥3 loose stools 
in 24 h, vomiting ≥3 times in 24 h, loose stool with 2 additional symptoms, or vomiting 
with 2 additional symptoms. Additional symptoms included diarrhea, vomiting, nausea,  
fever, abdominal pain, abdominal cramps, and blood or mucus in stool. All cases kept a  
medical diary during the 4 weeks after the onset of symptoms. Healthy control  
subjects were selected for the same period and matched with cases by age and geographic  
location. Stool samples were submitted by cases (on days 1, 8, 15, and 22 after onset of 
symptoms) and control subjects (on days 1 and 8). An episode was considered to be new 
if it started after a symptom-free period of 2 weeks. 
 Informed consent was obtained from patients or their parents or guardians. The 
study was approved by and conformed to the guidelines for human experimentation of 
the Medical Ethical Committee of the Institute for Applied Scientific Research (TNO), 
Zeist, The Netherlands.
 
 Detection of NoV and SaV. Both NoV and SaV were detected by reverse- 
transcriptase (RT)–PCR, as described elsewhere249;252. In brief, viral RNA was extracted  
using the guanidinium thiocyanate–silica method21 and assayed in a generic RT-PCR 
with primer pairs JV12/JV13 for NoV and JV33/SR80 for SaV. PCR products were  
analyzed by means of agarose gel electrophoresis and confirmed by Southern  
hybridization with a set of 5’-biotin–labeled probes.

 Clinical information. Clinical information was obtained from medical diaries 
kept by cases or their caretakers on a daily basis for 4 weeks, starting on the day of 
onset of gastroenteritis. The diary contained questions about symptoms, such as fever  
(temperature, ≥37.5°C), vomiting, nausea, abdominal pain, abdominal cramps, loose 
stool (more loose than usual), diarrhea (more often than usual), blood in stool, mucus 
in stool, and headache. 
 A severity score for gastroenteritis was created on the basis of these  
individual symptoms (table 1)49, adapted from the clinical severity score for rotavirus  
gastroenteritis210 by omitting treatment and dehydration. The severity scores for cases 
were compared with those for rotavirus-infected persons from the same cohort.
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Results

 In the community-based study, 152 (19.7%) of 772 cases with gastroenteritis 
had NoV detected in the first or second stool sample, and 48 cases (6.2%) of SaV 
infection were observed. Thirty-five (4.5%) and 11 (1.4%) of 765 control subjects tested 
positive for NoV and SaV, respectively. All samples were also tested for a variety of 
bacteria, parasites, and other viruses, as described elsewhere46;47. The positivity rates in 
cases were as follows: Salmonella species, in 0.4% of cases; Campylobacter species, 
in 1.3%; rotavirus, in 7.3%; adenovirus, in 3.8%; astrovirus, in 2%; Giardia lamblia, in 
5%; and Cryptosporidium species, in 2%. 
 Data from medical diaries on symptoms were complete for 111 cases with NoV 
infection and 45 cases with SaV infection. Dual infections were observed in 12 cases 
infected with NoV and 5 cases infected with SaV; these data were excluded from the 
analysis of clinical symptoms. Information on NoV and SaV shedding in follow-up 
stool samples, which were submitted at days 15 and 22 after the onset of illness, was 
available for 89 NoV-infected and 36 SaV-infected cases. 

Note. The score is adapted from the clinical 
severity score for rotavirus gastroenteritis210, 
with treatment and dehydration omitted.
a Temperature, >37.5°C.
b Maximum no. of episodes of vomiting in a 
24-h period.

Table 1. Severity score for gastroenteritis in a study of human Calicivirus infection. 
Symptom Score
Fevera 2
Vomiting during 24-hb

       once 1
       2-4 times 2
        ≥5 times 3
Duration of vomiting, days
       1 1
       2 2
       ≥3 3
Nausea 1
Abdominal pain 1
Abdominal cramps 1
No. of loose or frequent stools during 
                                    past 24-h hours
       1-3 1
       4-5 2
       ≥6 3
Duration of loose or frequent stools, days
       1-4 1
       5 2
       6 3
Blood in stool 2
Mucus in stool 1
Headache 1

       Maximum score 21
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 Ages affected. NoV were detected frequently in cases from all age groups in 
the community cohort (figure 1). The proportion of gastroenteritis cases associated 
with NoV was highest in children (age, 0.5–17 years; proportion, 14%–19%) and in 
elderly patients (age, ≥65 years; proportion, 13%). SaV were detected only in younger  
children with gastroenteritis (with 19% in children aged <6 months [P<.05 by χ2 test] 
and 5%–9% of children aged 0.5–11 years testing positive) and in the oldest age group 
(3% of cases in persons aged ≥65 years). No SaV cases occurred in the 12–64-year-old 
age group.

 Clinical symptoms. The clinical manifestations (table 2) reported by 99 cases 
with NoV infection were diarrhea (in 87% of patients) and vomiting (in 74%). These 
symptoms were accompanied by abdominal pain in 51% of patients; abdominal cramps, 
in 44%; nausea, in 49%; fever, in 32%; and the presence of mucus in stool, in 19%. No 
patients reported having bloody stools. Diarrhea was relatively more prevalent among 
NoV infected children aged <1 year (in 95% of these children) than it was among NoV 
infected children aged ≥1 year (in 80%). A greater proportion of children aged 5–11 
years (95%) and >12 years (82%) experienced vomiting, compared with 59% and 75% 
of children aged <1 and 1–4 years, respectively.
 Symptoms found in SaV-infected cases (table 3) included diarrhea (in 95% of 
patients) and vomiting (in 60%). These symptoms were accompanied by abdominal 
pain in 45% of patients; abdominal cramps, in 35%; nausea, in 38%; fever, in 43%; and 

Figure 1. Proportion of patients with gastroenteritis (GE) associated with Norovirus 
(NoV) infection and Sapovirus (SaV) infection, according to patient age.

NoV
SaV 
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Symptom

Patient age, variable Diarrhea Vomiting Fever Nauseaa Abdominal 
paina

Abdominal 
crampa

<1 year (n = 37)
     Percentage of patients 95 59 24 30 11 41
     Duration, days
          Median 6 2 1 2 1 2
          QR 6 2 1 1 0 2
          Range 28 7 9 6 2 6
1-4 years (n = 32)
     Percentage of patients 84 75 40 53 63 35
     Duration, days
          Median 3 1 1 1 1 1
          QR 5 0 0 1 2 1
          Range 27 5 6 4 11 3
5-11 years (n = 19)
     Percentage of patients 74 95 48 76 90 52
     Duration, days
          Median 1 1 1 1 4 2
          QR 3 0 0 1 7 2
          Range 7 3 2 5 18 9
≥12 years (n = 11)
     Percentage of patients 91 82 45 55 91 82
     Duration, days
          Median 2 1 1 2 2 2
          QR 2 0 1 2 2 2
          Range 21 3 2 6 10 10
All (n = 99)
     Percentage of patients 87 74 32 49 51 44
     Duration, days
          Median 4 1 1 1 2 2
          QR 6 1 1 1 4 2
          Range 28 7 9 6 18 10

Note. QR, quartile range.
a Difficult to determine in children aged <5 years.

Table 2: Symptoms of and symptom durations for Norovirus infection, according to 
age group, for patients with gastroenteritis in a community cohort in The Netherlands.

the presence of mucus in stool, in 13%. No patients reported having bloody stools. In 
children aged <1 year, the prevalences of vomiting (44%), abdominal cramps (22%), 
abdominal pain (11%), and nausea (22%) were lower than the prevalences among  
children aged 1–4 years (80%, 53%, 60%, and 47%, respectively), but these symptoms 
can be difficult to asses in infants. 
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Symptom

Patient age, variable Diarrhea Vomiting Fever Nauseaa Abdominal 
paina

Abdominal 
crampa

<1 year (n = 187)
     Percentage of patients 94 44 50 22 11 22
     Duration, days
          Median 5 2 2 4 1 2
          QR 6 5 3 1 1 1
          Range 21 7 7 4 2 3
1-4 years (n = 15)
     Percentage of patients 93 80 33 47 60 53
     Duration, days
          Median 6 2 2 2 4 3
          QR 3 1 4 1 3 3
          Range 18 21 17 3 6 5
5-11 years (n = 6)
     Percentage of patients 100 67 50 67 83 33
     Duration, days
          Median 2 1 2 1 1 2
          QR 3 0 1 0 0 1
          Range 7 2 3 2 3 3
All (n = 40)
     Percentage of patients 95 60 43 38 45 35
     Duration, days
          Median 5 2 2 2 2 3
          QR 6 1 3 2 3 2
          Range 21 21 17 4 6 5

Note. Only 1 patient was aged ≥12 years and is therefore not separately presented in table. QR, quartile 
range.
a Difficult to determine in children aged <5 years.

Table 3: Symptoms of and symptom durations for Sapovirus infection, according to 
age group, for patients with gastroenteritis in a community cohort in The Netherlands.

 Duration of symptoms. Clinical symptoms associated with NoV infection  
lasted a median of 5 days. The median duration of symptoms was different for different  
symptoms (table 2). Diarrhea lasted longest, with a median duration of 4 days  
(figure 2A); however, durations of up to 28 days (the end of the reporting period) were  
observed. Vomiting (figure 2B), nausea, and fever primarily occurred on the first day 
of illness. The median duration of the overall symptoms decreased with age: 6 days in  
children aged <1 year, compared with 4 days in children aged 1–4 years, 5 days in  
children aged 5–11 years, and 3 days in patients aged ≥12 years. 
 SaV infection was generally associated with clinical symptoms that lasted a 
median of 6 days. Diarrhea was most common during the first days of infection, with 
a median duration of 5 days (table 3). Vomiting, nausea, and fever were primarily  
observed during the first 2 days of illness (data not shown). 
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<1 year
1-4 years
5-11 years
>12 years
Overall

Figure 2. Proportion of Norovirus (NoV) cases associated with diarrhea (A) or vomit-
ing (B) in patients aged <1, 1-4, 5-11 and ≥12 years.

A

B

 The median severity score for both NoV- and SaV-infected patients was 
6 (range, 0–12 and 0–15, respectively). This was lower than the score for rotavirus- 
infected patients in the present study (median severity score, 8 [range, 0–14]; data not 
shown). A severity score of ≥7 occurred in 44% of the NoV infected cases; 31% of the 
NoV-infected cases had a severity score of 4–6, and 25% of the cases had mild illness 
(i.e., a severity score of ≤3.) 

 Viral shedding. The duration of viral shedding was determined by RT-PCR of 
follow-up stool samples obtained on days 1, 8, 15, and 22 after onset of illness. Virus 
could be detected on the first day of sampling in the stool samples of 78% of all NoV-

<1 year
1-4 years
5-11 years
>12 years
Overall
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<1 year (n=34)
1-4 years (n=33)
5-11 years (n=16)
>12 years (n=6)
Overall

Figure 3. Duration of Norovirus (NoV) shedding in stool, according to age group.

infected cases and 89% of SaV-infected cases. Shedding of NoV up to 22 days after 
the onset of illness was observed in 26% of the cases (Figure 3). In 10% of cases, NoV 
could be detected from day 8 up to day 22 (14 days), but not on day 1. In the remaining 
cases (12%), virus was detected only in the samples obtained on days 8 and/or 15. The 
percentage of cases that continued to shed NoV at day 15 and/or day 22 was highest in 
newborns aged <1 year (47% and 38%, respectively; figure 3). Duration of shedding 
decreased in all age groups. Long-term NoV shedding was not associated with increased 
severity of disease or prolonged duration of clinical symptoms (data not shown). 

 The duration of SaV shedding was shorter than the duration of NoV shedding. 
In 89% of the cases, virus could be detected on day 1, decreasing to 14% by day 15. 
After 22 days, no SaV shedding was observed (figure 4). Duration of viral shedding was 
not associated with prolonged duration of clinical symptoms.

Discussion

 In the present study, we investigated the natural history of human  
Calicivirus infections in the community. We showed that NoV infection was commonly 
associated with gastroenteritis in all age groups in the community, as has been suggested  
elsewhere46;147;153;188;240, whereas SaV infection was mainly restricted to children aged 
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Figure 4. Duration of Sapovirus (SaV) shedding in stool, according to age group.

<1 year (n=15)
1-4 years (n=19)
5-11 years (n=2)
Overall

<5 years. Symptoms due to NoV and SaV infections were observed for a median of 5 
and 6 days, respectively, which is longer than the durations described elsewhere55;89;136. 
The prevalence of vomiting in both NoV infected and SaV-infected cases was lower in  
children aged <1 year than it was in children aged ≥1 year. NoV could be detected in 
stool samples up to 3 weeks after the onset of illness in more than one-quarter of the 
cases. SaV shedding generally subsided after 14 days. 
 Several studies of volunteer subjects and epidemiological studies have been  
performed to get an insight into the course of disease associated with NoV  
infection55;81;135-138;239. These studies have focused either on healthy adults or on  
at-risk communities involved in outbreaks of acute nonbacterial gastroenteritis, and 
they have shown that manifestations of disease lasted for 24–72 h after an incubation  
period of 12–48 h. Symptoms associated with NoV infection included diarrhea, vomiting,  
abdominal cramps, and nausea. We confirm that NoV and SaV infections are  
usually mild, and the clinical severity score for these infections was lower than that for  
rotavirus infection188. The clinical manifestations associated with NoV infections  
appear to be similar in both naturally occurring and experimentally induced disease55. 
However, in contrast to studies reported elsewhere80;105;136, our data suggest that there 
is a higher prevalence of diarrhea among young children (age, <5 years), whereas a 
greater proportion of children aged ≥5 years experienced vomiting, abdominal cramps, 
and abdominal pain. A surprising finding in the present study was the relatively 
long duration of symptoms (median for NoV infection, 5 days), whereas illness was  
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generally believed to last 12–60 h81;136. Disease was characterized by diarrhea during 
the first 5 days, but durations of diarrhea of up to 28 days after onset were reported.  
Vomiting, nausea, and fever occurred on the first day of disease. The large range 
in the durations of symptoms might be explained by differences in the clinical  
manifestations of the different virus types, because multiple genotypes cocirculate in 
the community148. 
 With regard to the duration of symptoms, differences between the findings 
of our study and of studies reported elsewhere may be because our study focused on  
infection in the community, whereas other studies have mainly focused on symptoms 
associated with outbreaks or experimental infections in adults. Those studies described 
the clinical manifestations for 1 virus type and in an age group for which we found a 
shorter duration. 
 SaV is thought to be a common cause of viral gastroenteritis in infants and 
young children188;213. However, little is known about the clinical manifestations of SaV 
apart from the findings of studies of gastroenteritis outbreaks that occurred in infants’ 
homes32;33. Symptoms associated with SaV infection included diarrhea, vomiting, 
and fever; these symptoms usually lasted for a median of 6 days (for any symptoms  
reported). The progression of the disease was similar to that of NoV infection. The 
prevalence of fever was higher among SaV-infected patients than it was among NoV-
infected patients. 
 Despite the high level of NoV infection in children, a considerable  
proportion of adults still get infected. Serological studies have shown that antibodies 
against NoV are obtained early in life, reaching a prevalence close to 100% at the age 
of 9–10 years131;191;210;220, and the antibodies remain present throughout the person’s 
life131;195;220. These prevalent antibodies do not appear to correlate with protective  
immunity in adults, given that symptomatic NoV infection of adults is quite common. 
In studies of experimental infections of healthy humans, the presence of antibodies 
was not associated with protection against infection132;193. However, the duration of  
symptoms decreased with age, which suggests that adults have partial protection or a 
generally better-developed immune system. 
 SaV infection was more common among children aged <1 year than it was 
among children aged ≥1 year. Again, a high prevalence of antibodies against SaV in 
adults has been described elsewhere177;213, and SaV infections were rarely detected 
in people aged >12 years, which suggests the induction of protective immunity after  
exposure to the viruses during childhood. However, the high prevalence of SaV  
infection in children aged <6 months would suggest the absence of maternal antibodies. 
The apparent absence of protective immunity against NoV and its presence for SaV may 
be explained by the number of virus types. Because SaV comprises only 4 subtypes, 
people are more likely to be challenged by a virus type for which immunity has already 
developed. For NoV, this will be less likely because of the diversity of viruses that co-
circulate in the community148 (authors’ unpublished data) and the regular emergence of 
formerly unknown types (authors’ unpublished data). 
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 For both NoV and SaV, it may be important to test multiple stool samples  
obtained at 1-week intervals, because we demonstrated that it was possible to test too 
early: 22% and 11% of the NoV and SaV cases, respectively, were not initially detected. 
In total, 28% of the NoV-infected cases were found to shed virus up to 22 days after 
the onset of illness. The duration of NoV shedding may be even longer, but samples 
were not available from later in the course of infection. Long-term shedding correlated 
with age but not with increased severity of disease or prolonged duration of clinical  
symptoms. However, this long-term shedding, accompanied by the relatively large 
group of asymptomatic infections, illustrates the high transmission potential of these 
viruses. Most patients will resume normal activities after resolution of symptoms  
(median, 5 days), acting as human reservoirs for secondary spread. This might  
explain the relatively high incidence of NoV infection in the community. In studies 
reported elsewhere, information on NoV shedding was collected through experimental  
infections of volunteers; the experimental infections were limited to infection with  
Norwalk virus. In those studies, virus was detected directly by means of electron                                         
microscopic evaluation or by detection of virus antigen via enzyme immunoassays; virus   
was detected up to 20 days after infection in 10% of cases184. In the subjects in our study, 
the higher incidence of viral shedding found at day 22 may be attributed to the fact 
that molecular detection of virus is more sensitive or that viral shedding may differ for  
different virus types. This issue will be addressed in a follow-up study that uses  
quantitative PCR. 
 In conclusion, the present study describes the natural history of human  
Calicivirus infection in the community and may help determine the burden of illness 
due to human Calicivirus infections. Our findings suggest that the burden of illness may 
be underestimated when findings are based on historic data on the duration of illness. 
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Abstract

 Noroviruses (NoV), with Norwalk virus (NV) as the prototype strain, are the most 
common cause of viral gastroenteritis in people of all age. Limited information on the 
immunology of NoV infections has been obtained by studies both in the natural setting and 
in experimentally infected volunteers. Interpretation of these studies is difficult due to the 
lack of information on the history of NoV exposure and the cross-reactivity of antibodies. 
An animal model for NoV infections would be important to study the immune response 
e.g. for vaccine assessment. 
 In the present study we tested the susceptibility of common marmosets, cotton 
top tamarins, cynomolgus and rhesus macaques to NoV infection. 
 Following oral inoculation, low level replication may have occurred in common 
marmosets and cotton top tamarins but not in cynomolgus macaques; neither clinical 
symptoms nor antibody responses were observed in these species. In contrast, rhesus 
macaques were found susceptible to NV infection, as one animal shed virus for a longer 
period of time and developed NV specific IgM and IgG responses. 
 Further research on NoV susceptibility in rhesus macaques may yield an animal 
model to study the immune response and pathogenesis after NoV infection.
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Introduction
   
 Noroviruses (NoV), with Norwalk virus (NV) as the prototype, are the most 
common cause of viral gastroenteritis in people of all ages47;209. NoV infections are 
generally self-limiting in industrialized countries. However, their ubiquitous incidence 
leads to a high burden of illness in institutions such as nursing homes and hospitals171;248 
and to an increased risk for diarrheal mortality in such institutions171. This has brought 
vaccines and the immune response to the forefront of NoV research64.
 Limited information on the immunology of NoV infections has been obtained from 
studies both in the natural setting and in experimentally infected volunteers. These studies 
suggested that NoV specific antibodies would not confer protection against infection81;132;181. 
However, interpretation of these studies suffers from the lack of information on the history 
of NoV exposure and on the cross-reactivity of antibodies from previous infections with 
other related NoV. Thus a suitable infection model is needed to the study of the NoV 
immune response.
 At present, the only available infection models are human volunteers74;132 and 
chimpanzees, which seroconvert and shed virus in stool263. Chimpanzees are man’s closest 
relatives, but their use is discouraged, and lower monkeys or other animals would be a 
more practical and cost-effective alternative.
 We approached the development of a NoV animal model by 
1) screening of monkey sera for NoV specific antibodies and of stool samples for NoV 
RNA; different primate species were studied with the aim to detect endemic infections
2) experimental infection of common marmosets, cotton top tamarins, cynomolgus 
and rhesus macaques, with subsequent monitoring for clinical signs, virus shedding 
and immune responses; the objective was to determine whether one of these species is 
susceptible to infection and could serve as an animal model.

Materials and Methods
 
 Inoculum. The NV (GGI.1) inoculum (Hu/NV/I/Norwalk/1968/US; 8FIIb 
kindly provided by Dr. C. Moe, Emory University, Atlanta, GA) originated from an 
outbreak in Norwalk, Ohio, and was prepared and safety tested by the National Institutes 
of Public Health (NIH, Bethesda, Maryland) for administration to volunteers (1*106 RT-
PCR detectable units (pdu)/ml). The 1.0ml-inoculum had a 50% infection rate in human 
volunteers (Moe, 2000, personal communication).
 The Grimsby virus (GrV; GGII.4) inoculum (Hu/NV/II/Grimsby/1995/UK) 
originated from an outbreak (2001-35-386) in the Netherlands. A 20% w/v stool 
suspension was passed through a 0.22µm filter and tested for the absence of other viruses 
by cell culture, RT-PCR (sapo-, astro-, and enteroviruses) and antigen ELISA (rota- and 
adenoviruses)47. 
 To determine the effect of inoculation on the hematological parameters as 
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well as the passage time of non-infectious virus particles through the intestinal tract, a 
sham virus preparation was prepared from the same inoculum by UV-irradiation (dose: 
390 mJ). Canine calicivirus No. 48 was treated in parallel as a control for reduction of 
infectivity following UV treatment. The inocula were irradiated in 24 wells plates (A 
= 1 cm2) for 15 minutes; the UV source (UVItec STX-35M, Cambridge, UK) emitted 
UV-B (280-320 nm) at 0.43 mJ·cm-2·s-1, measured at sample level, using the Optronic 
OL-752-PMT spectroradiometer (Orlando, USA). Infectivity titers were determined as 
a 50% tissue culture infectious dose (TCID50) in Madin-Darby Canine Kidney cells, 
before (4*104 TCID50/ml) and after exposure59.

Animals. Infection experiments were conducted using common marmosets, 
cotton top tamarins, cynomolgus and rhesus macaques. All species were inoculated with 
the NV strain. Cynomolgus macaques were inoculated in parallel with GrV, a different 
NoV genotype, following a report that red blood cells from different primate species 
would bind NoV of different genotypes119.
 Four adult common marmosets (Callithrix jacchus; Mi067, Mi076, Mi081, 
Mi082; weight 260-385g, male), four adult cotton top tamarins (Saguinus oedipus; Ti001, 
Ti009, 98-16, 98-19; weight 360-520g, male) and four adult cynomolgus macaques 
(Macaca fascicularis; J045, J6051, J8813; weight 4500-8600g, male and J11; weight 
3800g, female) were housed individually under biocontainment level 3 conditions at the 
Biomedical Primate Research Center (BPRC), Rijswijk, The Netherlands. 
 Four adult rhesus macaques (Macaca mulatta, R04, R05, R10, male and R18, 
female; weight 4000-6000g) were housed individually at the National Institute for 
Public Health and the Environment, Bilthoven, The Netherlands. 
 Food pellets (Hope Farms, Woerden) and water were available ad libitum. All 
experiments had been approved by the animal welfare committees of the respective 
institutes.

Animal inoculation. Animals were anesthetized during the inoculum 
administration and blood and saliva sampling by intramuscular injection of 15 mg/kg 
ketamine. All animals were inoculated intragastrically with a NoV preparation (Table 1) 
followed by a small volume of saline.
 Individual EDTA-blood and stool samples for experiments A, B and C were 
collected 2 weeks before and on the day of infection for baseline values. Stool samples 
were collected daily until 1 week after the last day of virus shedding (minimum of 2 
weeks) and every other day until the end of the experiment. EDTA-blood samples were 
taken at 14-day intervals until the end of the experiment (1ml for common marmosets 
and cotton top tamarins and 10ml for cynomolgus macaques).
 For experiment D, individual EDTA-blood and saliva samples (10ml and 1ml, 
respectively) were taken weekly, from week –2 until week 8 post-infection. Individual 
stool samples were taken daily from day 0 to 31 and weekly from week 4 to week 8 post-
infection. Body temperature was determined continuously throughout the experiment 
by telemetry (IMAG, Wageningen, The Netherlands).



- 41 -

__________________________________ Norovirus Infection in Non-Human Primates

Ta
bl

e 
1.

 E
xp

er
im

en
ta

l d
es

ig
n 

of
 N

oV
 in

oc
ul

at
io

n 
in

 fo
ur

 n
on

-h
um

an
 p

ri
m

at
e 

sp
ec

ie
s.

Ex
pe

rim
en

t
Sp

ec
ie

s
N

r. 
of

 a
ni

m
al

s
Pr

et
re

at
m

en
t

In
oc

ul
um

a
D

ur
at

io
nb

A
C

om
m

on
 

m
ar

m
os

et
2

1m
l 2

%
 so

di
um

bi
ca

rb
on

at
e

0.
5m

l N
V

10
 w

ee
ks

1
no

ne
0.

5m
l N

V

B
C

ot
to

n 
to

p 
ta

m
ar

in
2

no
ne

0.
5m

l N
V

6 
w

ee
ks

2
0.

5m
l U

V-
N

V
 (3

90
m

J)

C
C

yn
om

ol
gu

s 
m

ac
aq

ue
2

no
ne

0.
5m

l N
V

6 
w

ee
ks

2
0.

5m
l G

rV

D
R

he
su

s 
m

ac
aq

ue
3

no
ne

1m
l N

V
8 

w
ee

ks
1

1m
l U

V-
N

V
 (3

90
m

J)

a  N
V

 =
 N

or
w

al
k 

vi
ru

s;
 G

rV
 =

 G
rim

sb
y 

vi
ru

s;
 U

V
 =

 U
V-

in
ac

tiv
at

ed
 v

iru
s

b  D
ur

at
io

n 
= 

du
ra

tio
n 

of
 fo

llo
w

-u
p 

m
on

ito
rin

g



- 42 -

Chapter 3______ __________________________________________________

ABO histo-blood group and secretor status phenotyping. Following reports 
that the presence of ABH histo-blood group antigens may determine susceptibility to 
NoV infection102;117;157, the secretor status of cynomolgus and rhesus macaques was 
determined by the detection of H-antigen in saliva samples by a hemagglutination 
inhibition assay (HI) in microplate format5. 50µl of anti-H lectin (CLB, Amsterdam, 
The Netherlands) was serially diluted 2-fold in saliva (diluted 1/64 in PBS); 50µl of 
a 0.5% human red blood cell (RBC) solution in saline (blood group type O-; CLB, 
Amsterdam, The Netherlands) was added and incubated at room temperature for 30 
minutes. Saliva from a known secretor and saline were tested in parallel as positive and 
negative controls, respectively. A HI was considered positive when the hemagglutination 
titer (HA) was reduced by twofold or more, as compared to the saline control HA. A HI 
indicated that soluble H antigen was present in the saliva (secretor). 
 ABO blood group phenotyping of rhesus macaques was done by adding 50µl 
of plasma to an equal volume of 0.5% RBC (blood group type A1, B and O-; CLB, 
Amsterdam, The Netherlands), incubating for 30 minutes at room temperature and 
checking for hemagglutination.

Norovirus hemagglutination assay. The ability of NV and GrV to 
hemagglutinate red blood cells from cynomolgus and rhesus macaques was determined 
in a hemagglutination assay (HA) as previously described for NV118. Red blood cells 
from cynomolgus and rhesus macaques were washed, sedimented for 15 min at 500 
x g and adjusted to 0.5% v/v in 0.85% saline pH 6.8. Recombinant (r) NV or rGrV 
virus like particles (VLPs; kindly provided by Drs. Jiang and Estes, respectively) were 
serially diluted twofold in PBS (pH 5.5) in 50µl-volumes; subsequently 50µl-volumes 
of the 0.5% RBC suspensions from individual animals in 0.85% saline were added to 
the microtiter wells, incubated for 2h at +4°C and checked for HA. 

NoV detection. All feces from animals were collected. Viral RNA was extracted 
from stool samples by the guanidinium thiocyanate/silica method21 and used in a RT-
PCR with either the NV specific primer pair NV51/NV3 for detection of NV173 or with 
a generic NoV primer pair JV12/JV13 for detection of GrV252. Also, a RT-PCR was 
performed detecting a 222 basepair region in the capsid gene using the GGI specific 
primers CapIA and CapIB (CapIA: 5’-CICAAATGTAIAATGGYTGGGT-3’; CapIB: 
5’-TGIIARAGIACATTICIWACATCYTC-3’)252. PCR products were analyzed by 
agarose gel electrophoresis and confirmed by Southern hybridization with a set of 5’-
biotin-labeled probes252. For quantitative purposes, RNA was extracted in duplo, serially 
diluted (10-fold), tested and end-point dilutions of RNA were determined.

Sequencing of PCR products and clones. RT-PCR products were extracted and 
purified from a low-melt agarose gel in TBE buffer using the QIAquick Gel Extraction 
Kit (QIAGEN, Leusden, the Netherlands) and were cloned by use of the Original TA 
Cloning® Kit (Invitrogen, Groningen, The Netherlands). All procedures were done as 
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recommended by the manufacturers. 
 Both RT-PCR products and individual clones were sequenced using primers NV3 
or NV51 with the PE-Biosystems Big Dye Terminator Sequence Reaction Protocol.
 In addition to sequencing data the polymerase gene, an RT-PCR was performed 
on the capsid gene of NV (5650-5872 bp) shed by a Rhesus macaque on day 7. The 
products were sequenced using primers CapIA or CapIB with the PE-Biosystems Big 
Dye Terminator Sequence Reaction Protocol.
 The clustal alignment method from the DNA star program (DNASTAR Inc, 
Madison, WI) was used to compare the sequences.

Analysis of blood samples. Plasma was isolated from EDTA-blood using 
Histopaque-1077 (Sigma, St. Louis, USA), heat-inactivated for 30 minutes at 56°C 
and stored at –20°C until use. Saliva samples were heat-inactivated, supplemented 
with proteinase inhibitor (Completetm Proteinase Inhibitor Cocktail Tablets, Boehringer 
Mannheim, Mannheim, Germany), and stored at –20°C until use. Plasma was tested for 
either anti-NV or anti-GrV IgM, IgA and IgG. Saliva was tested for NoV specific IgA 
using baculovirus-expressed rNV or rGrV capsid antigen (kindly provided by Dr. Jiang 
and Dr. Estes respectively). rNV and rGrV VLPs, at a concentration of 1 µg/ml in 0.01 
M phosphate buffered saline (PBS, pH 7.4), were used to coat 96-well NuncMaxisorb 
microtiter plates (Nalge Nunc International, Roskilde, Denmark) at 100 µl per well. The 
plates were incubated overnight at 4°C, washed three times with 0.05% Tween 20 in 
PBS (PBS-TW) and then blocked with 5% Blotto (Pierce, Rockford, USA) in PBS for 1 
hour at 37°C. After washing three times with PBS-TW, 100 µl of a 2-fold dilution series 
of the plasma specimens from 1:50 to 1:25,600 or a 1:4 dilution of saliva samples in 1% 
Blotto-PBS were added to the wells, and the plates were incubated for 1.5 hours at 37°C. 
After 3 washes with PBS-TW, 100 µl of alkaline phosphatase-conjugated goat anti-
human immunoglobulin (Ig) M, IgA (Sigma-Aldrich, Zwijndrecht, The Netherlands) 
and goat anti-rhesus IgG(H+L) (Southern Biotechnology Associates, Inc., Birmingham, 
USA) at 1:1,000 dilution in 1% Blotto-PBS was added for the detection of IgM, A and G 
antibodies, respectively, and incubated for 1.5 hours at 37°C. After a final 3 washes with 
PBS-TW, the bound antibody was detected by addition of 100 µl pNPP (Sigma-Aldrich, 
Zwijndrecht, The Netherlands) 1mg/ml in glycine buffer and the optical density (OD) 
was read at 405nm.
 Suitability of the use of anti-human Ig conjugates for these assays was determined 
by testing for cross-species reactivity of human and rhesus conjugates by detection of 
total IgG and IgA in plasma from the different species. Twofold dilution series of sera in 
PBS from different primate species were used to coat 96-well NuncMaxisorb microtiter 
plates at 100 µl per well. The plates were incubated overnight at 4°C, washed three 
times with 0.05% Tween 20 in PBS (PBS-TW) and then blocked with 5% Blotto in 
PBS for 1 hour at 37°C. Total IgG and IgA were detected by anti-human and rhesus 
conjugates as described above. IgG could be readily detected in both cynomolgus 
and rhesus macaques. In marmosets and tamarins, IgG could be detected, but the 
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maximum OD values were lower as compared to rhesus samples (ODmax: 1.6 and 2.2 
respectively). IgA was detected in rhesus and cynomolgus macaques, however in much 
lower concentrations compared to human serum IgA (ODmax 0.5 and 0.9 compared 
to 1.9, respectively). IgA could not be detected in sera from common marmosets and 
cotton top tamarins. IgM could not be coated in a sufficient concentration, and cross-
reactivity could therefore not be confirmed. 
  EDTA-blood was used to determine the hematocrit and hemoglobin 
levels as well as numbers of white blood cells (WBC) and differentiation into 
subpopulations (lymphocytes, eosinophils, granulocytes and monocytes) at the clinical 
hematology facility of the Faculty of Veterinary Medicine (Utrecht University, The 
Netherlands).
 

Screening for endemic Norovirus infection in non-human primate colonies. 
Sera from 95 chimpanzees, 32 rhesus macaques, 22 cotton top tamarins, 5 cynomolgus 
macaques and 4 common marmosets housed at the BPRC were collected during health 
checks and stored in a serumbank at –20°C. These sera were tested for presence of 
antibodies against NV and GrV by use of EIA to test for previous exposure to NoV. 
For confirmation, sera were assayed by Western blot immunostaining as previously 
described94. Briefly, VLPs were analyzed by SDS-PAGE, transferred onto a nitrocellulose 
membrane and incubated with the appropriate serum at 1/50 and 1/200 dilutions. 
Positive and negative human sera were included as controls. Alkaline phosphatase 
conjugated goat anti-rhesus IgG(H+L) (ITK 6200-04) was used at a dilution of 1/500, 
and developed colorimetrically using BCIP/NBT (KPL, Guilford, UK) following the 
manufacturer’s protocol.

Stool samples were collected from 100 chimpanzees, amongst which were 29 
samples from cases of diarrhea. In addition, 64 rhesus macaques recently imported 
from the Philippines, 16 common marmosets, 16 cotton top tamarins and 5 cynomolgus 
macaques from colonies at the BPRC were sampled during health checks and tested for 
the presence of NoV RNA by RT-PCR using JV12/JV13 generic primers as described 
above. In addition, stool samples were tested for Sapoviruses (SaV) and several 
Vesiviruses (VV), including primate calicivirus Pan-1, by use of RT-PCR204;249.

Results

Clinical signs. Neither common marmosets, cotton top tamarins, cynomolgus 
nor rhesus macaques developed diarrhea, lost weight, had diminished food-intake or 
changed behavior. In addition, no changes in body temperature were detected in rhesus 
macaques.

Virus shedding. In the marmosets, NV could be detected in feces for up to 
3 days after inoculation (at a maximum of 104.4 pdu/gram feces; fig. 1A). The NV 
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inoculum contained 106 pdu/ml. Neutralization of gastric acidity by adding a 2% 
sodiumbicarbonate solution did not affect virus shedding. In the tamarins, NV could be 
detected in feces for up to 4 days post-infection (at a maximum of 104.4 pdu/gram feces; 
fig.1 B), compared to a 2-days passage time for UV-inactivated NV. UV inactivation 
lowered the detection limit by approximately 10-fold. The total amount of virus that 
could be detected in feces after infection of marmosets and tamarins did not exceed the 
number of pdu of the inoculum (data not shown). 

No virus could be detected in the feces of cynomolgus macaques inoculated 
with NV or GrV. However, virus shedding was detected in all three rhesus macaques 

Figure 1. Duration of Norwalk virus (NV) shedding in feces after experimental 
infections of different primate species. The abscissa shows PCR detectable units (PDU) 
as determined by RT-PCR on 10-fold serial dilutions of RNA. A) NV infection in common 
marmosets with and without bicarbonate treatment (Bicarb and Saline respectively); 
B) NV infection of cotton top tamarins with live and UV-inactivated (UV) virus. Bars 
represent average virus shedding per day, error bars represent maximum amount of 
virus shedding.
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inoculated with live NV, but not in the control animal, which had received UV inactivated 
virus. UV inactivation lowered the detection limit by 10-fold. Two animals stopped 
shedding at days 1 and 2 (with 101.9 and 101.4 pdu/gram feces respectively). In one 
animal (R04), virus could be detected in feces up to day 19 post-inoculation, with levels 
fluctuating between 102 and 103 (fig. 2).

Figure 2. Serum IgM, IgG and IgA immune responses and duration of virus shedding 
in feces after oral administration of Norwalk virus to a rhesus macaque (R04). PCR 
detectable units as determined by RT-PCR on 10-fold serial dilutions of RNA.

Sequence analysis. PCR products from all viruses in the feces on the last day of 
shedding were analyzed for mutations in the RNA by direct sequencing of PCR products 
from two independent RT-PCR assays and by sequence analysis after molecular TA 
cloning. The sequences of 7 TA clones of a 206bp region in the polymerase region 
(4673-4878bp) of the inoculum were identical to the reference sequence at GenBank 
(GenBank code: M87661). No fixed mutations in 6 TA clones of the RNA-polymerase 
region of shed virus could be found in marmosets. Similarly, nucleic acid sequences 
from direct sequencing of the polymerase gene of virus shed by cotton top tamarins and 
the polymerase and capsid gene of virus shed by the rhesus macaque (R04) on day 7 
were identical to the inoculum sequence.
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Serology. There was no evidence for NV or GrV specific IgM, IgA or IgG 
antibodies in marmosets, tamarins or cynomolgus macaques and three of the four rhesus 
macaques. However in the one rhesus macaque (R04) which also shed virus up to day 
19, NV specific IgM and IgG could be detected from week 2 post-infection onward, with 
an IgM response subsiding at week 5. IgG titers remained high up to the latest time point 
(week 8 post-infection; fig. 2). The development of an IgM and IgG response coincided 
with a decrease in viral shedding. NV or GrV specific IgA could not be detected in the 
saliva from any of the animals, not even in R04.

Hematology. Hematocrit and haemoglobin levels remained unchanged in all 
animals after inoculation; neither was there a consistent effect on the WBC counts. 

ABO histo-blood group and secretor status phenotyping. Plasma and saliva 
samples from common marmosets, cotton top tamarins and cynomolgus macaques 
were used to phenotype retrospectively. All cotton top tamarins, cynomolgus and rhesus 
macaques were secretor positive, as indicated by the presence of H antigen in saliva; 
ABO histo-blood group phenotyping revealed the expression of different histo-blood 
group antigens (Table 2). The rhesus macaque (R04) that had been infected successfully 
had blood group A.

Norovirus VLPs hemagglutinate primate red blood cells. Red blood cells from 
the cynomolgus and rhesus macaques were hemagglutinated by rGrV, but not by rNV 
(Table 2). Both viruses were able to hemagglutinate human RBC’s (Table 2).

Endemic Norovirus infection in non-human primates. Chimpanzees, rhesus 
and cynomolgus macaques, cotton top tamarins and common marmosets were screened 
for the presence of NV and GrV specific IgG in serum and the presence of NoV in 
the feces. No virus specific IgG could be detected. Although 2 sera from chimpanzees 
had low level reactivity (maximum OD of 0.340) against NV at the highest serum 
concentration, this could not be confirmed by Western blot immunostaining (data not 
shown).

Virus shedding could not be detected in feces of the different species using the 
generic NoV primer pair JV12/JV13. In addition no calicivirus specific PCR products 
were obtained using the SaV or VV RT-PCR.     
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Table 2. Secretor status, ABO histo-blood group phenotype and ability bind NoV by 
different primate species. 

Animal Primate species

Presence of 
H antigen in 
saliva1

ABO histo-
blood group 
phenotype in 
plasma

Ability to bind 
primate RBC’sa, b

NV GrV

Mi067 Common 
marmoset x A x x

Mi076 x A x x
Mi081 x AB x x
Mi087

Cotton top 
tamarin

x AB x x
Ti001 + AB x x
Ti009 + AB x x
98-16 + AB x x
98-19

Cynomolgus 
macaque

+ AB x x
J011 + A - +
J045 + B - +
J6051 + A - +
J8813

Rhesus 
macaque

+ B - +
R04 + A - +
R05 + B - +
R10 + O - +
R018

Human

+ B - +
A + +
B - +
O + +

a (+; positive, -; negative, x; not tested)
b NV = Norwalk virus; GrV = Grimsby virus

         
Discussion
 
 An animal model for NoV infections is important to study the immune response, 
in order to assess protective immunity to NoV infection and eventually the feasibility 
for vaccination. In the present study we tested the susceptibility of small non-human 
primates to NoV infection. Although our studies have not yielded a consistent NoV 
infection model, they irrefutably show that rhesus macaques are susceptible to NoV 
infection.
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One out of four orally inoculated rhesus macaques shed virus for 19 days, and 
mounted a virus specific IgM and IgG antibody response at week 2 post-inoculation. 
There were no clinical symptoms in any of the animals, although the inoculum had 
been shown to infect and induce illness in human volunteers81;239. Asymptomatic NV 
infections have been observed in chimpanzees263 as well as in humans81.

The detection of NV in the feces of a rhesus macaque for up to day 19 post-
inoculation is evidence that replication had occurred and that the route of infection or 
transmission is similar to that observed in humans55;81. The duration of virus shedding is 
in agreement with that in humans. Previous studies have shown that 28% of human NoV 
cases shed virus for up to 3 weeks after the onset of disease209.

The IgM response subsided after week 4 post-infection while IgG titers remained 
at the same level throughout the experiment (for up to 8 weeks). The development of 
an IgM and IgG response coincided with the decrease of virus shedding, suggesting 
antibody-mediated virus clearing. No NoV specific IgA could be detected in either 
plasma or saliva. This was surprising, since NoV specific antibodies including IgA can 
be found in both symptomatic and asymptomatic humans as well as in asymptomatic 
chimpanzees experimentally infected with NV81;263. The lack of an IgA response may 
be due to several factors: i) although the conjugate directed against human IgA does 
recognize rhesus IgA, cross reactivity may be too feeble to detect low level NoV 
specific IgA production, ii) in a heterologous host, the virus may have a different tissue 
tropism168; non-mucosal primary replication might explain the lack of an IgA response 
and the absence of gastroenteritis symptoms.

Only one out of three inoculated rhesus macaques became infected. While this 
cannot be considered more than preliminary, similar infection rates had been obtained 
in experimental infections of human volunteers. Since none of the animals had any 
contact with NoV before the experiment, protective immunity is unlikely. Differences 
in susceptibility due to the absence of a specific NoV receptor is the more plausible 
explanation. Recently a genetic basis of host specificity was suggested. Human histo-
blood group antigens have been identified as putative receptors for NoV165. In vitro 
binding of NV and GrV to red blood cells is dependent on animal species as well as the 
ABO blood group phenotype118;119 and it has been suggested that the binding capacity is 
associated with susceptibility to infection. As one of the rhesus macaques was infected, 
this animal should express the virus receptor on its cells. In contrast to the situation in 
humans however, NV did not bind to rhesus RBC, whereas GrV did. These data suggest 
that in vitro binding of NoV to specific RBC does not reflect susceptibility in non-
human primates. 

In humans, susceptibility to NV infection is associated with secretor status and 
blood group A and O117;157. As histo-blood group antigens are similar in humans and 
non-human primates142, differences in susceptibility may equally occur in non-human 
primates. This hypothesis was tested in cynomolgus and rhesus macaques. All animals 
were secretor positive and expressed different histo-blood group antigens. In accordance 
with previous studies, the infected rhesus macaque had blood group A while one of the 
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non-infected animals had a histo-blood group B phenotype. Blood group A was also 
present in two of the marmosets and two of the cynomolgus macaques. Therefore the 
absence of the susceptible blood groups cannot explain the lack of infection in these 
animal species. Our data show that secretor status and blood group are not suitable 
as correlates for susceptibility in non-human primates, and other mechanisms must be 
involved.

In addition to the experimental infections in rhesus macaques we attempted to 
infect three lower non-human primate species (common marmosets, cotton top tamarins 
and cynomolgus macaques) with NV or GrV. No clinical symptoms or antibody 
responses were observed in any of the animals. Virus shedding was observed in all 
common marmosets and cotton top tamarins but not in cynomolgus macaques. 

The duration of virus shedding for up to four and three days, in cotton top 
tamarins and common marmosets, respectively, was similar to that found after 
experimental infection of chimpanzees and humans81;263. In order to discriminate 
between inoculum virus after gut passage from progeny virus produced by infection, 
we used UV inactivated virus. The slightly shorter duration of UV inactivated virus 
shedding in cotton top tamarins compared to live virus may have been due to the  
10-fold lower sensitivity of detection. Also, the total amount of virus shed by individual 
animals did not manifestly exceed the amount of virus administered. This may either 
suggest that it was detection of the inoculum or that the shedding resulted from a low 
level of replication. Surprisingly no virus could be detected in the feces of cynomolgus 
macaques after inoculation. Altered tissue tropism of viruses in a heterologous host has 
been shown and may explain the lack of NoV in feces168;172. Alternatively the number of 
virus particles may be diluted below the detection limit of the RT-PCR due to the larger 
intestinal content of cynomolgus macaques compared to the marmosets or tamarins. We 
tried to obtain additional evidence for replication from molecular characterization of the 
viruses in the stool. However, limited sequencing did not reveal substantial changes in 
the genome.

NV and GrV specific IgM, IgA or IgG could not be found in plasma of the 
marmosets for up to week 10 post-infection or tamarins and cynomolgus macaques for 
up to week 6 post-infection. Similarly, saliva of tamarins and macaques did not contain 
NV or GrV specific IgA. We think that infection did not occur in these species. 

Another way of approaching the animal model issue is to look for natural 
infections, endemic in certain species and similar to those in humans. Chimpanzees 
are susceptible to NV infection263, and since in captivity they are in close contact with 
humans (animal caretakers), they may become infected. The animals we tested had 
not been in previous contact with NoV, since no antibodies were detected; we assume 
that the conjugates were indeed capable of detecting antibodies from different primate 
species with sufficient sensitivity. This finding is in contrast with a recent study in which 
a high seroprevalence (up to 92%) to NoV was found in several non-human primate 
species in a primate research center145, a discrepancy we are challenged to explain, but 
which may be due to differences in exposure. In humans, asymptomatic virus shedding 
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does occur47, but we could not detect any virus in the feces of the primate species studied. 
Although our combined results suggest that natural infections with NoV do not occur 
in non-human primates, chimpanzees and possibly other species may be susceptible to 
experimental infection228.

In conclusion, infection and low-level replication may have occurred in common 
marmosets and cotton top tamarins, but not in cynomolgus macaques. Due to the lack 
of clinical symptoms and antibody responses none are models suitable for the study of 
the immune response to Norwalk virus infection. Rhesus macaques are susceptible to 
NV infection as one animal shed virus over a prolonged period of time and developed 
specific IgM and IgG responses.        
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Abstract

Noroviruses (NoV) are a genetically and antigenically diverse group and a 
common cause of gastroenteritis in people of all ages. Studies in adults have shown that 
infection with a NoV type will not only increase the homologous antibody titer but 
also antibodies to other types. In addition, antibodies may represent either primary or 
repeat infection and are influenced by the diversity of NoV to which the individual was 
exposed. Therefore the results from seroprevalence studies in adults may be difficult to 
interpret. 

To gain a better insight into the primary antibody response after NoV infection 
a study was designed to describe the IgA and IgG subclass antibody prevalence and 
specificity to different NoV after the first year of life, when children have experienced a 
limited number of infections. Five different recombinant capsid antigens, representing the 
2 major NoV genogroups (GGI and II) were used simultaneously in this seroprevalence 
study. Data from the routine outbreak surveillance was analyzed to study which were 
the most prevalent NoV genotypes circulating in the same time period

A high seroprevalence of GGII specific IgG and IgA was found in 1 year 
olds (48% and 19%, respectively). In addition, antibodies of all IgG subclasses could 
be detected at one year of age. Cross-reactive IgG against 2 or more genotypes was 
observed in up to 90% of the NoV positive sera, while only 35% of IgA positive sera 
were cross-reactive. 

In conclusion, cross-reactive antibodies are produced after primary infection 
with NoV. Testing for IgA may be used to unravel the NoV type specific responses in 
outbreaks for which the infection history and NoV type are unknown.  
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Introduction

 Norovirus (NoV) infections are a common cause of gastroenteritis in people of 
all ages209. NoV infections are generally self-limiting in industrialized countries. However, 
their very high incidence leads to a high burden of illness and an increased risk for diarrheal 
mortality in institutions such as nursing homes and hospitals171.

The NoV infecting humans are a genetically and antigenically diverse group with 
at least 15 genotypes or genetic clusters distributed over at least 2 genogroups (GGI and 
II) of NoV reported, which differ more than 80% in amino acid sequence of the capsid 
gene8. Significant fluctuations are seen in the distribution of prevalent genotypes from year 
to year, stressing the need to correlate results of seroprevalence studies with data on the 
strain surveillance146. 

Common epitopes exist between NoV and therefore cross-reactive antibodies 
can be produced98. Earlier studies have shown that infection with a specific NoV type 
will not only increase the antibody titer to that type but also to other types14;68;164;181;242. 
These studies have been performed in adults who are likely to have undergone multiple 
infections by different strains of NoV, which in turn may increase the level of cross-
reactive antibodies. Therefore the results from seroprevalence studies in adults may be 
difficult to interpret. 

Limited information on the immune response to NoV in early childhood has been 
obtained by serological studies using a small number of NoV types. A high prevalence of 
NoV specific maternal antibodies can be detected in children at birth, decreasing until 3 to 
5 months after which the prevalence increases again up to 90-100% at 2 to 3 years39;126;191. 
A Swedish study showed that the specific IgG response to the prototype NoV, Norwalk 
virus (NV), in children up to 10 years of age consists solely of IgG1, whereas the other 
IgG subclasses were present in older individuals111. These studies have not investigated 
the possible development of cross-reactive antibodies after a single primary NoV 
infection and therefore the virus type specific responses have not been elucidated.

The presence of antibodies against NoV in children one year of age most likely 
results from a single primary infection during the first year, since multiple infections 
within such a short time frame are less likely. This offers the opportunity to try to 
measure type-specific antibody responses, and look at primary immune responses. 

This study describes the IgA and IgG subclass antibody prevalence and 
specificity to different NoV genotypes after the first year of life, when children have 
experienced a limited number of infections. The ultimate goal was to develop an assay 
by which NoV type specific antibody responses can be investigated.

Material and methods

Study samples. A longitudinal cohort study has started in the Netherlands, to 
follow the infection history during the first 4 years of life in relation to the development 
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of allergies (full details of the cohort study will be described elsewhere). Finger prick 
blood was collected on filter paper (Schleicher and Schull; Dassel, Germany) from 654 
children at the age of 12 months from the general population born from November 2001 
until March 2003 (KOALA-cohort) and the seroprevalence of NoV specific antibodies 
was determined. Serum antibodies were extracted from the filter paper by cutting 
out circles with a diameter of 6mm using a paper punch. The filter paper fragments 
(approximately 6µl serum) were eluted stationary in 600µl 1% Blotto-PBS overnight 
at + 4°C. The next day the sample was used for serological testing and used as a 1:100 
dilution of the blood sample. 

The study protocols have been approved by the Medical Ethics Committee of 
the University Hospital Maastricht, and written informed consent was obtained from the 
parents of each infant.

 Enzyme Immunoassays. Sera were tested for reactivity of IgG and IgA 
antibodies to Norwalk virus (NV; GGI.1; Hu/NV/I/Norwalk/1968/US), Mexico virus 
(MX; GGII.3; Hu/NV/II/Mexico/1989/Mx), Lordsdale virus (LV; GGII.4; Hu/NV/
II/Lordsdale/1993/UK), Hawaii virus (HV; GGII.1;  Hu/NV/II/Girlington/1993/UK) 
and Leeds virus (LE; GGII.7; Hu/NV/II/Venlo/1996/NET) by a direct EIA using 
recombinant (r) capsid antigens as described elsewhere (chapter 5 of this thesis). The 
IgG subtypes were detected by use of horseradish-peroxidase-conjugated (HRP) mouse 
anti human IgG1, G2, G3 and G4 (CLB, Amsterdam, The Netherlands). For detection of 
the HRP conjugated antibodies, 50µL of TMB (3,3’,5,5’-Tetramethylbenzidine Liquid 
Substrate; ICN Biomedicals, Aurora, USA) was added to the wells in a concentration 
of 1.25 mmol/liter and incubated for 30 minutes at room temperature. The reaction was 
stopped by addition of 50µl 2M Sulfuric acid and absorption values were measured 
at a wavelength of 450 nm. A positive control was convalescent serum from a person 
involved in an outbreak of LV and positive for LV, MX, HV, LE and NV specific IgG 
and IgA and was included on all plates. Two sera which were negative for antibodies 
against all rNoV tested, were included on all plates. In addition, negative control wells 
without VLP coating were included for all samples.

A sample was considered positive when the net absorbance (optical density 
[OD] value) was above the set cutoff (mean + 3 SD of the OD readings of negative 
control wells). 

Molecular epidemiology of Noroviruses. Data from an ongoing outbreak 
surveillance system at the National Institute for Public Health and the Environment 
(RIVM, Bilthoven, The Netherlands), were used as background data on diversity of 
circulating strains during the study period148;252. This was done based on the observation 
that data from the outbreak surveillance reflect diversity of NoV seen in the general 
community146.
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Results

Molecular epidemiology. To determine which NoV genotypes children could 
be exposed to, the genetic diversity of NoV was examined using data from an ongoing 
outbreak surveillance system during 2001 until 2003. A clear winter seasonality was 
observed for outbreaks due to NoV (figure 1). December through February are the 
peak months for NoV infection. Several NoV genotypes cocirculated, however strains 
belonging to the LV genotype (genetic cluster: GGII.4) were the predominant strain 
throughout the years and the cause of a major epidemic during 2002-2003160. No LV 
infections were observed the year after this epidemic. NoV from GGII were more 
prevalent than GGI strains. Due to the seasonality, we assume that children born during 
a NoV season had a higher chance of becoming infected with NoV during the first 
year of life. LV (GGII.4) was the predominant strain circulating during the recruitment-
period and therefore used to determine the seroprevalence in all samples of the study 
cohort. In addition, the seroprevalence to NV (GGI.1) was determined as a measure for 
GGI infections.

Figure 1. Diversity of Norovirus (NoV) genotypes in The Netherlands causing outbreaks 
of gastroenteritis.
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Seroprevalence of LV and NV specific antibodies. Sera from the KOALA-
cohort (n=654) were assayed for the presence of LV (GGII.4) and NV (GGI.1) 
specific IgG and IgA. A higher seroprevalence was observed for LV compared to a NV  
(figure 2). A clear winter seasonality was observed for both LV and NV seropositivity 
when plotting the data by date of birth. This peak was higher in children born early 
2002 than for those born 1 year later. A higher seroprevalence was observed for NV in 
children born late 2002.

Figure 2. Prevalence of Lordsdale virus (GGII.4) and Norwalk virus (GGI.1) specific 
IgG and IgA antibodies by date of birth in sera from children at 1 year of age in the 
general population from November 2001 until March 2003.

Cross-reactive antibodies. To examine whether cross-reacting antibodies arise 
after a single primary infection with a NoV, sera were also tested for 3 other GGII 
NoV. Due to the limited amount of serum per finger prick sample, a subset of sera 
from 123 children from the general population born during November 2001 and June 
2002 were tested for IgG and IgA antibodies to 3 additional NoV belonging to GGII. 
The IgG seroprevalence was comparable for all GGII NoV genotypes ranging from  
59-79% (figure 3A). In 86.1% of sera IgG could be detected against the 5 NoV genotypes 
tested. The seroprevalence of NoV specific IgA was generally lower compared to IgG  
(figure 3A). The prevalence of LV specific IgA was highest (55%). NoV specific IgA 
against 1 or multiple genotypes was detected in 43% of the sera. The presence of  
cross-reacting antibodies was studied further. Out of all sera positive for NoV specific 
IgG, 90% contained IgG reactive against multiple NoV types (table 1). In contrast, 
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78% of all NoV specific IgA positive sera had IgA against a single genotype (table 1) 
and 99% contained IgA directed against only 1 or 2 NoV types. A low seroprevalence 
of NoV specific IgG subclass antibodies could be observed for the different NoV 
types, with no clear difference between NoV genotypes (figure 3B). The IgG1 subclass 
predominated.

Figure 3. Characterization of the NoV specific antibody prevalence in a subset of sera 
from children at 1 year of age in the general population from November 2001 until June 
2002. Distribution of IgG and IgA antibodies specific for the Lordsdale (LV), Mexico 
(MX), Hawaii (HV), Leeds (LE) and Norwalk (NV) strains (A). Prevalence of NoV 
specific IgG subclass antibodies in NoV positive sera (B).

A

B
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Discussion

The aim of the present study was to provide a description of the NoV specific 
antibody responses after a primary infection during the first year of age. Five different 
recombinant capsid antigens, representing the 2 major NoV genogroups were used 
simultaneously in this seroprevalence study. A high seroprevalence of LV (GGII.4) 
specific IgG and IgA was found in children at 1 year of age in the general population. 
In addition, all IgG subclasses could be detected at one year of age. Cross-reactive IgG 
against 2 or more genotypes was observed in up to 90% of sera positive for NoV specific 
antibodies after primary infection, while IgA seemed more type specific.

Several seroprevalence studies have shown that antibodies against different 
NoV are acquired at young age, suggesting exposure and subsequent infection with 
these viruses39;219. The high seroprevalence in the general population of this study 
is in accordance with the other studies and suggests that infections with NoV occur 
frequently during the first year of life in The Netherlands. The high seroprevalence can 
not be explained by the presence of maternal antibodies as they generally subside before 
12 months39;84. 

A major epidemic of a NoV strain belonging to GGII.4 (which includes LV) 
occurred during 2002 with a peak in December of 2002160. Children born in the first 
half of 2002 had a higher chance of getting infected, increasing the seroprevalence 
for LV specific IgG and IgA, and as a result biasing the overall seroprevalence. 
Therefore determining the seroprevalence for NoV should be compared to molecular 
epidemiological data. 

Interestingly, a winter seasonality was observed for the seroprevalence much 
like for outbreaks of NoV. Since the seroprevalence after one year reflects the infection 
history of the preceding year, the observed seasonality suggests that individuals, born 
during the winter season, have a higher chance of becoming infected. This is likely 
to be due to a higher incidence of NoV infections during that period, and the fact that 

Table 1. Distribution of sera positive (%) for one or multiple Norovirus (NoV) types in 
children at 1 year of age in the general population (KOALA). Number of sera are in 
parenthesis.

Nr. of NoV 
tested positive

KOALA-cohort
IgG IgA

1 10% (11) 65% (48)
2 14% (15) 34% (25)
3 10% (11) 1% (1)
4 50% (53) 0% (0)
5 14% (15) 0% (0)
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these individuals pass through not one but 2 seasons. In addition, the shape of the 
seroprevalence curve suggests that children born after June of 2002 were less likely to 
have GGII.4 infection. This can be explained by the low incidence of GGII.4 after the 
epidemic, resulting in an overall lower incidence of infection for children born after 
June 2002. Alternatively, the lower seroprevalence of children born after June 2002 
suggests a lower susceptibility to NoV infection in children under 6 or 7 months of age. 
Recent studies have shown that histo-blood group antigens may function as receptors 
for NoV116. NoV infections are thought to depend on the expression of these receptors on 
gastroduodenal epithelial cells157;165. The expression of such histo-blood group antigens 
may be lower in young children as has been described in rats and pigs34;143. If the 
expression level of these histo-blood group antigens is indeed lower in the very young 
compared to children at 1 year of age, these children would not have been susceptible 
during the GGII.4 epidemic. This theory is substantiated by the previous observation 
that a smaller proportion of patients with gastroenteritis associated with NoV infection 
was found for children under 6 months of age (6%), compared to children at 0.5-1 year 
of age (18%)209.

A lower seroprevalence for Norwalk virus, a GGI NoV, compared to the 
GGII NoV was observed. Although based on the observation of only 1 GGI virus, this 
suggests a lower incidence of GGI infections and is in accordance with the molecular 
epidemiologic findings. The seroprevalence of IgA was consistently lower compared 
to IgG. Virus specific IgA can only be detected after a recent infection with a live 
virus255, while virus specific IgG is long lasting and produced after both infection and 
mere exposure109;110;214. Alternatively, the fact that samples were not depleted of IgG 
before testing for NoV specific IgA, may contribute to an underestimation of the IgA 
seroprevalence.

The IgG subclass analysis showed that all subclasses could be detected after 
infection with NoV in 1 year old children in the general population, although the 
prevalence was very low. This was surprising as a previous study in Sweden showed 
that only IgG1 was present in young children111. Other subclasses could be detected 
only at older age. However, since a small number of sera were tested in that study, low 
prevalent IgG subclasses like observed in this study may easily be missed. In agreement 
with this study, IgG subclass 1 antibodies were the most dominant IgG subclass and 
found in most sera. 

Previous studies into the antibody responses after NoV infections in adults have 
shown that the antibodies are cross reactive within genogroups68;132;181, but it remained 
unclear whether those cross-reactive antibodies occurred after a single infection or 
developed due to multiple infections with different genotypes. The presence of antibodies 
against NoV in 1-year-old children most likely resulted from one infection during the 
first year. This gave us the opportunity to study the primary immune response to NoV in 
order to ascertain whether cross-reactive antibodies are produced after a single infection 
or after multiple infections. In sera from the general population cross-reactive IgG was 
abundantly detected, but IgA was more type specific. In addition, Norwalk virus specific 
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IgG but not IgA could be detected after one year, whereas viruses belonging to the 
Norwalk genotype GGI.1 were never detected in outbreak or community cases. The 
IgG reactivity to NV is therefore more likely resulting from infections with other NoV 
belonging to GGI. These combined data suggest that cross-reactive IgG are produced 
after primary infection in 1 year old children and that IgA is more type specific.

This study has shown a high seroprevalence of NoV specific antibodies at one 
year of age, suggesting a higher incidence of NoV infections in the Netherlands than 
previously assumed. Cross-reactive antibodies are produced after primary infection with 
NoV, however virus type-specific responses may be addressed by testing for IgA. This 
assay may be used to unravel the NoV type specific responses in outbreaks for which 
the infection history and NoV type are unknown.
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Abstract

Noroviruses (NoV) are a genetically and antigenically diverse group of viruses 
that are common causes of outbreaks of gastroenteritis in humans of all ages. Limited 
information has been obtained on type specificity of the NoV immune response.

In this study we characterized the homologous and heterologous antibody 
responses in adults from 13 outbreaks representing 4 different NoV genotypes. NoV 
specific IgG and IgA antibodies were determined as well as the maturation of antibody 
avidity. In addition, antibody-mediated blocking of NoV binding to its putative receptor 
was evaluated.

Both homologous and heterologous serological responses were detected after 
NoV infection. The avidity of antibodies could not be used to distinguish between 
homologous and heterologous antibody responses. However a homologous blocking 
response was detected after infection with NoV belonging to genogroup II.4 by a NoV 
ligand binding inhibition assay. In contrast with all currently known antibody detection 
assays for NoV, this can be used as a type specific assay. 

The production of antibodies that block virus ligand interactions after NoV 
infection, may represent short-lived neutralizing antibodies, which may confer the 
previously observed short-lived protection that has been noted following NoV challenge 
in human volunteers.
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Introduction

Noroviruses (NoV) are uncultivable, positive-sense RNA viruses and are a common 
cause of endemic and epidemic gastroenteritis in people of all ages209;252. Although NoV 
infections are generally self-limiting in industrialized countries, their very high incidence 
leads to a high burden of illness in institutions such as nursing homes and hospitals and an 
increased risk for diarrheal mortality in such institutions162. 

The NoV are a genetically  and antigenically diverse group with over 15 
genotypes, which differ more than 80% in aminoacid sequence of the capsid gene, 
distributed over at least three genogroups (GGI, II and III)86. Expression of the capsid 
gene produces recombinant virus like particles (VLPs), which are morphologically and 
antigenically indistinguishable from the native virus particles128;152.

Using these VLPs, serological studies have shown a high prevalence  
(80-100%) of NoV specific IgG both in children and adults191;192. Other studies have 
shown the development of cross-reactive antibodies after infection with a specific 
NoV type181. These are generally limited to cross-reactivity between genotypes within 
a genogroup97, although common epitopes between GGI and GGII viruses have been  
identified68;98;181;267. 

Previous experimental infections in volunteers have shown that homologous 
protection to infection with NoV of one genotype may develop132;193;262 but no correlation 
between pre-existing serum antibodies and protection against infection has been found. Also, 
there seems to be little cross-protection in heterologous challenge studies262. Interestingly, 
despite a high seroprevalence and homologous protection, infections with NoV occur in 
persons regularly each year46;47, and multiple episodes of NoV infection can occur during 
a lifetime. Therefore the main drawback for studying the immune response during NoV 
outbreaks in adults is the unknown NoV infection history. Pre-existing antibodies may 
have emerged from a previous infection with a virus belonging to the same genotype, or 
merely represent cross-reactive antibodies that have remained from a previous infection 
with an alternative NoV genotype. Therefore the results from seroprevalence studies in 
adults may be biased and in order to study the virus specific immune response, more 
specific assays should be developed.

One way of distinguishing primary from recurrent viral infection is using an 
avidity assay94;133. In theory, the avidity of virus specific IgG antibody is low in primary 
infection, increasing with time120. In addition, both neutralizing and high avidity 
antibodies have been associated with protection against infection for several viruses 
10;100;176;198. The recent development of an assay that measures antibody-mediated blocking 
of Norwalk virus (NV; GGI.1) binding to its putative receptor gave the opportunity to 
study antibody functionality102 and thereby the potential for measuring “neutralizing” 
antibodies in the absence of a cell-culture system for NoV60.

In this study we characterized the homologous and heterologous immune 
responses in patients naturally infected with different NoV genotypes. In addition we 
investigated the presence of homologous and heterologous antibody-mediated blocking 
responses in acute and convalescent sera. 
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Material and Methods

Serum samples. The 13 outbreaks selected for this study were caused by 
viruses belonging to 4 different NoV genotypes (Lordsdale virus: LV, GGII.4, Hu/NV/
II/Bristol/1993/UK; Mexico virus: MX, GGII.3, Hu/NV/II/Mexico/1989/Mx; Hawaii 
virus: HV, GGII.1, Hu/NV/II/Girlington/1993/UK and Leeds virus: LE, GGII.7, Hu/
NV/II/Leeds/1990/UK) that had been genetically characterized by RT-PCR, Southern 
hybridization and nucleotide sequence analysis in the RNA polymerase region of the 
genome as described previously252 (Table 1). These outbreaks were selected from a 
national collection of NoV outbreaks that occurred in The Netherlands and were reported 
to the National Institute for Public Health and the Environment (RIVM) between 
1994 and 1998. Acute- and convalescent-phase sera were obtained within 1 week and 
around 4 weeks, respectively, following onset of disease and with informed consent of 
the participants. Cases were selected on the basis of either virus shedding in feces, or 
clinical symptoms of gastroenteritis in a confirmed NoV outbreak for which the viral 
genotype was identified through sequencing. Sera were stored at -20°C.

Enzyme Immunoassays. Sera were tested for reactivity of IgG and IgA 
antibodies to Norwalk virus (NV; Hu/NV/GI/Norwalk/1968/US), LV, MX, HV and LE 
by a direct EIA using recombinant (r) capsid antigens. VLPs from rNV and rMX were 
kindly provided by dr. Jiang, rLV VLPs were kindly provided by dr. Clarke, rHV (Hu/
NV/GII/Girlington/1993/UK) and rLE capsid (Hu/NV/GII/Venlo/1996/NET) proteins 
were produced by use of the baculovirus expression system and these self-assembled 
into virus-like particles (VLPs) as previously described for rNV, rMX and rLV53;128;191. 
Presence of VLPs was confirmed by electron microscopy. Microtiterplates were coated 
overnight at 4°C with cesium chloride gradient purified VLPs in phosphate buffered 
saline (PBS: 50µL/well). After washing (three washes with 0.05% Tween 20-PBS), the 
wells were blocked with 5% Blotto in PBS (Pierce, Rockford, USA) for 1 h at 37°C. 
The wells were then washed and incubated for 90 minutes at 37°C with 1:100 dilutions 
of serum samples in 1% Blotto-PBS (50µL/well). After washing, 50µL of alkaline-
phosphatase-conjugated (AP) goat anti human IgG or IgA (Sigma-Aldrich, Zwijndrecht, 
The Netherlands) was added to the wells followed by a 60 minute incubation at 37°C.  
After washing, detection of bound AP conjugated antibodies was done by adding 50µL 
of p-nitrophenylphosphate (p-NPP; Sigma-Aldrich, Zwijndrecht, The Netherlands) to 
the wells in a concentration of 1 mg/ml in 0.1 M glycine buffer (pH 10.4) for 30 minutes 
at room temperature. The absorption values were measured at a wavelength of 405 nm 
in an ELISA reader (Organon Teknika, Boxtel, The Netherlands). Positive and negative 
sera were included on all plates. 

Previous testing of negative control wells coated with an equivalent concentration 
of wild type baculovirus (AcNPV) infected SF 9 antigen with 120 human sera showed 
no difference with PBS, therefore wells without VLP coating were included as negative 
controls. Virus specific antibody titers were extrapolated from a positive serum with 
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known titer assayed on each plate.
A sample was considered positive when the net absorbance (optical density 

[OD] value) was above the set cutoff (mean + 3 SD of the OD readings of negative 
control wells). Antibody avidity was determined, adapting the EIA described above by 
adding a 5 minute incubation with 0.05% Tween 20-PBS with or without 8M Urea after 
aspiration of the serum sample. The avidity index was calculated as follows:

(OD value [assay with urea]/OD value [assay without urea]) x 100%

 Carbohydrate binding assay. Attachment of rLV VLPs to ABH histo-blood 
group antigens was determined as previously described for other rNoV102. Purified rLV 
VLPs (50µl at 2µg/ml in PBS) were added to high-binding enzyme immunoassay plates 
(Costar, Corning, USA). Plates were incubated for 4h at ambient temperature, washed 
(5 times with every step) with PBS-Tween 0.05% (PBS-Tw) and blocked overnight at 
4°C with 5% BLOTTO in PBS. After washing, synthetic biotinylated H type 1, type 2, 
type 3 and Lewisb histo-blood group carbohydrates (Glycotech, Rockville, USA) were 
diluted to 80µg/ml in 1% BLOTTO and serially diluted twofold in the microtiter wells 
and incubated for 4h at 37°C. After washing, AP conjugated streptavidin (4µg/ml in 1% 
BLOTTO; Sigma-Aldrich, St. Louis, USA) was added and incubated at 37°C for 1h. 
After a final wash step, detection of AP conjugated streptavidin was done by adding 
75µl of p-NPP (Sigma-Aldrich, St. Louis, USA) for 30 minutes at room temperature 
and the OD values were measured at a wavelength of 405 nm. Wells incubated with 1% 
BLOTTO instead of carbohydrates were used as negative controls.
 
 H type 3 carbohydrate blocking assay. Human antisera blocking of H type 
3 attachment to rLV VLPs was determined as previously described for rNV102. The 
carbohydrate binding assay was adapted using 80µg/ml of biotinylated H type 3 
carbohydrate (Glycotech, Rockville, USA).
 Acute and convalescent sera from outbreak cases were diluted 1:100 in 1% 
BLOTTO and incubated for 1h at 37°C with rLV-coated microwells prior to addition 
of 80µg/ml of biotinylated H type 3 carbohydrate. After 4h of incubation at 37°C, 
plates were washed, AP conjugated streptavidin (4µg/ml in 1% BLOTTO; Sigma-
Aldrich, St. Louis, USA) was added incubated at 37°C for 1h and detected as described 
above. Positive control sera were serially diluted on each plate. Wells incubated with 
1% BLOTTO instead of serum were used as 100% H type 3 binding controls. Wells 
incubated with 1% BLOTTO instead of carbohydrates were used as negative controls. 
The blocking index was calculated as follows:

(OD value [assay with serum]/OD value [assay without serum]) x 100%
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IgG seroconversions %a, b

Genotype 
of outbreak 
strain

Nr. of 
sera IgG/IgA rLV rMX rHV rLE rNV 

LV 35 IgG 60 29 29 9 3
(GGII.4) IgA 31 23 17 11 9

MX 10 IgG 30 50 0 0 10
(GGII.3) IgA 0 30 0 0 0

HV 10 IgG 40 50 0 10 0
(GGII.1) IgA 10 0 10 10 30

LE 10 IgG 20 40 0 0 0
(GGII.7) IgA 50 0 10 10 0

Figure 1. Antibody avidity of Norovirus (NoV) specific IgG after natural infection with 
Hawaii (HV; 1994), Mexico (MX; 1994-95), Leeds (LE; 1996) or Lordsdale (LV; 1995-
98) in an outbreak. Average antibody avidity in % for NoV specific IgG in acute □ and 
convalescent ● sera. Error-bars represent standard deviation. 

a Percentage (%) of cases developing significant (≥4 fold) IgG responses to different NoV 
b Outlined areas highlight the serologic results obtained using the homologous antigen. Bold type and italics 
indicate rNoV for which the highest percentage of seroresponses was observed

Table 2. Immune response of Norovirus (NoV) specific IgG and IgA after natural 
infection with a NoV in an outbreak setting.
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Results

 Sixty-five paired sera from adults were tested for the presence of NoV specific 
IgG and IgA. The age of cases ranged from 19-100 years and was not evenly distributed 
over the different outbreaks (Table 1). A significantly higher mean age was observed 
in outbreaks with LV (GGII.4) and LE (GGII.7), compared to MX (GGII.3) and HV 
(GGII.1) (p<0.05; Student-t test). The seroprevalence of IgG and IgA antibodies in 
acute sera was generally higher for the GGII viruses (LV, MX, HV and LE) compared 
to the NV belonging to GGI (Table 1). Surprisingly, the seroprevalence of MX, HV, LE 
and NV specific IgA was higher than IgG in individuals from LV and MX outbreaks. 
Overall there were no significant differences between antibody titers in acute sera from 
the different outbreaks (data not shown). In addition, the difference in seroprevalence 
between IgA and IgG was not observed in convalescent sera (data not shown).
 

Antibody responses. After LV infection, significant IgG and IgA responses 
were observed for all genotypes (Table 2), but with the highest percentage positives 
for the homologous response. Antibody responses after rMX infection were also 
primarily homologous, although responses to rLV were present as well. A homologous 
response after HV infection was observed in one individual for IgA, but not for IgG. 
Heterologous IgG responses were observed and highest for rMX and rLV (50% and 
40%, respectively). Finally, no significant homologous IgG responses were observed 
after LE infection. Heterologous IgG responses were observed for rLV and rMX (20% 
and 40%, respectively). A minor homologous IgA response was observed, however the 
response to LV was higher (10% and 50, respectively). 
 

Antibody avidity. To distinguish homologous antibody responses from 
heterologous responses after infection with NoV, we used an antibody avidity assay, 
focusing on high avidity antibodies (greater than 50% avidity). A significant increase in 
avidity of the NoV specific IgG (figure 1) and IgA (data not shown) could be observed in 
all outbreaks. The avidity of antibodies only increased significantly for the GGII viruses 
rLV, rMX and rHV and not for rLE also belonging to GGII or rNV belonging to GGI. 
Avidity of IgG and IgA antibodies directed against rLV or rNV in acute sera was higher 
in sera from outbreaks with LV or LE. Interestingly, contrary to the lack of a LE specific 
IgG avidity increase after infection with a heterologous NoV, an increase in avidity 
of IgG against heterologous NoV was observed after infection with LE (figure 1). In 
addition, there was a trend of the avidity of NoV specific IgG, including NV belonging 
to GGI, increasing by year in acute sera (Figure 1). No clear differences in IgA avidity 
were observed between homologous and heterologous responses (data not shown).

Carbohydrate binding. To identify which ABH histo-blood group antigens 
are involved in LV (GGII.4) attachment, a carbohydrate binding assay was used. As 
previously noted in other studies, H type 3 carbohydrate preferentially bound to rLV 
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Figure 2. Binding of synthetic ABH histo-blood group antigens with Lordsdale virus 
(LV; GII.4) VLPs.

VLPs in a dose-dependent manner (figure 2). Neither H type 1, H type 2, nor Leb showed 
binding to rLV VLPs in this assay.

 H type 3 carbohydrate blocking. The blocking properties were investigated for 
paired sera from both homologous (LV) and heterologous (HV, MX and LE) outbreaks 
by use of a receptor blocking assay. Blocking of the H type 3 carbohydrate-rLV binding 
by acute sera was similar for both homologous and heterologous outbreaks (figure 3). 
However, after infection a highly significant increase (from 50% to 88%) in blocking 
was observed for sera collected during LV outbreaks. Blocking of H type 3 binding to 
rLV was correlated with LV specific normal and high avidity IgG (average Spearman’s 
rho of 0.451 and 0.528; p<0.03). Homologous blocking was significantly higher than 
heterologous blocking after infection (p<0.001; Student-t test), although a limited 
increase in blocking was shown for HV, MX and LE, of which only the increase in 
blocking for the sera from persons infected with MX was significant. 
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Discussion

 The aim of this study was to characterize the homologous and heterologous 
immune responses in patients after natural infections with different NoV genotypes 
(LV, MX, HV and LE) in 13 different outbreaks of gastroenteritis in The Netherlands. 
A high seroprevalence was found for all NoV strains in acute sera. Both significant 
homologous and heterologous IgG and IgA responses were found after infection with 
all NoV genotypes. In addition a significant increase in antibody mediated blocking 
of a putative receptor to NoV was observed after infection. The homologous blocking 
increase was generally higher compared to the heterologous increase in blocking.

Our data are consistent with previous findings on IgG and IgA responses after 
NoV infection68. Antibodies to NoV strains showed more crossreactivity within GGII 
than between genogroups. However there was a significant NV (GGI.1) specific IgA 
response in sera from persons infected with HV (GGII.1). Cross reactivity between 
these 2 genogroups has been described previously for antibody responses164;242. In 
accordance with previous studies a high seroprevalence was found for antibodies to 

Figure 3. Blockade of H type 3 binding to Lordsdale virus (LV; GII.4) VLPs by sera 
from humans infected with different Norovirus (NoV) genotypes. Percentage of H type 3 
blocking by acute □ and convalescent ● sera. Horizontal line represents mean % H type 
3 blocking. p-values Student-t test. 
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both GGI and GGII viruses39;111;192. In this study, cross reactive antibodies were mainly 
directed against rLV or rMX and responses were generally lower for the HV and LE 
antigens. Although differences in the quality of the rNoV VLPs can not be ruled out, 
VLP formation was confirmed for all rNoV capsid proteins. More likely, the differences 
in the amount of booster responses are the result of a difference in infection history. 
The persons involved in MX and HV outbreaks were younger, and were tested before 
the occurrence of a massive epidemic of a GGII.4 strain in 1995-1996148. The sera from 
the other outbreaks were collected during or after that “epidemic year”. Interestingly, 
the avidity of antibodies to Norwalk virus increased over those years, even though NV 
outbreaks are rarely detected248. This implies that the NV reactivity resulted from cross-
reactive responses induced by the epidemic variant or an undetected related NoV strain. 
It is remarkable that the “epidemic year” was followed by a year in which outbreaks of 
NoV were less common and if so, caused by different genotypes, suggesting induction 
of (herd) immunity. A similar observation was made after the 2002 “epidemic year”160. 
Further studies will be done to assess if the antigen properties and responses to the 
epidemic variants explain the difference. 

Surprisingly the IgA seroprevalence was higher in acute sera compared to 
IgG. IgA is generally thought to be short-lived214 resulting in a lower seroprevalence111. 
However, since acute sera had been obtained within one week after onset of disease, the 
higher IgA seroprevalence may represent a rapid memory IgA response63 as described 
for salivary IgA157. 

One of the major drawbacks of the current serological assays for NoV is that both 
strain specific and cross-reactive antibodies are detected thereby making homologous or 
primary infection and heterologous (reïnfection) reactivity indistinguishable. Therefore 
the results from seroprevalence studies in adults may be biased and in order to study the 
virus specific immune response, a more specific assay should be used.

The avidity assay has been useful for distinguishing primary from recurrent 
viral infections106;133. The avidity (functional affinity) of antibodies is generally low in a 
primary viral infection and increases over time120;208. The cited studies have focused on 
pathogens for which immunity develops or which have a low incidence, both aspects 
which are different for NoV. After NoV infection, an increase in strain specific antibody 
avidity is observed, but the avidity of cross-reactive antibodies within the genogroup 
increase as well. Besides a difference in exposure history, the avidity data may be 
influenced by the individual’s genetic background. Recent studies have shown that 
some people are more susceptible to a particular NoV genotype157. If individuals are 
more susceptible for infection with LV or LE, multiple infections with these strains may 
occur, thereby giving rise to high avidity antibodies. The avidity data could therefore 
be biased and the avidity assay may not be useful for distinguishing homologous versus 
heterologous antibody responses in sera from adults. 

Despite the high seroprevalence these cases were involved in outbreaks caused 
by several NoV genotypes, suggesting absence of protection by serum antibodies. 
Protection against re-challenge with a NoV has been described for several genotypes, 
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however this was not associated with pre-existing serum antibodies and believed to 
be short-lived132;193;262. Although an early memory secretory IgA response in saliva has 
been associated with protection from infection with NV, other factors are likely to be 
involved in protection157.

One mechanism by which protection of virus infection may be acquired is by 
antibody mediated neutralization of viral attachment to host cells26;151;230. The recent 
development of an assay to measure antibody mediated prevention of NV binding has 
allowed for testing antibody functionality in human volunteers102. By expanding on this 
finding, an assay was developed to study the antibody mediated neutralization of LV 
(GGII.4) binding to its putative receptor. Previous studies have shown that different 
NoV genotypes have distinct strain-specific binding patterns102;103;115. H type 3 was 
identified as a receptor for LV binding and, in contrast to previous reports103, no binding 
was observed for H type 1 or Leb, suggesting the possibility of intercluster ABH binding 
heterogeneity. In accordance with the NV blocking data102, a significant increase of 
serum blocking activity was found after infection with LV. The serum blocking activity 
was correlated with NoV specific IgG. A novel finding was that the LV blocking activity 
was significantly higher after homologous infection with LV and not with HV, MX 
or LE. Thus, the blocking activity assay may be used for determination of strain-type 
specific responses. Unfortunately no binding and blocking assays are currently available 
for MX, HV and LE, although recent results in binding of native NoV particles from 
different strains have been promising and may result in additional blocking assays for 
the future103. Surprisingly, despite a high seroprevalence of NoV specific antibodies, 
a low prevalence of blocking activity was observed in acute sera from all outbreaks 
which may explain the lack of protection against infection. These data suggest that 
neutralizing antibodies are produced and may confer protection151, however the low 
blocking activity in acute sera and the short-lived protection up to 6 months observed in 
volunteer studies suggest a short-lived NoV strain specific immunity132;193.

In conclusion, this study shows that both homologous and heterologous antibody 
responses are elicited after NoV infection and avidity maturation occurs for specific 
and cross-reactive antibodies, at least within GGII. We show that NoV strain specific 
blocking antibodies are produced after NoV infection and can be used to discern between 
type specific and cross reactive responses. We hypothesize that the blocking antibodies 
are protective but likely to be short-lived. Therefore the population as a whole remain 
susceptible to multiple challenges with the same or different NoV strains. To test this 
hypothesis, blocking assays should be developed for other NoV strains and used in 
volunteer studies both retro- and prospectively.
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Abstract

Noroviruses (NoV) are the most common cause of acute gastroenteritis in 
persons of all ages. Recently, bovine NoV strains closely related to human strains have 
been detected.  

To investigate if bovine noroviruses (NoV) might infect humans, we tested 
sera from 210 veterinarians and 630 matched population controls for IgG and IgA 
antibodies to recombinant capsid protein of bovine NoV (rBoV), Norwalk virus (rNV) 
and Lordsdale virus (rLV). 

Of 840 participants, IgG reactivity to rBoV was found in 185 (22%), to rNV 
in 638 (76%) and to rLV in 760 (90%).  IgG reactivity to rBoV was more common in 
veterinarians (58/210: 28%) than in controls (127/630: 20% [p=0.03]).  IgA reactivity 
to rBoV was similar in both groups.  Cross-reactivity of antibodies to rBoV and rNV 
was seen. However, 26% of all rBoV positive specimens showed high IgG reactivity 
to rBoV but low reactivity to rNV. Among veterinarians, youth spent on farm (Odds 
Ratio [OR]=1.8) and membership of the bovine practitioners’ society (OR=2.7) were 
significantly associated with IgG seroreactivity to rBoV.  

Our data indicate that animal strains of NoV may infect humans though less 
frequently than human strains. 
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Introduction

In recent years, Noroviruses (NoV) have been recognized as the most  
common cause of acute gastroenteritis (AGE) in persons of all ages209. 
In the United States these viruses are estimated to cause 23 million 
cases of AGE annually170 and 35% of all cases of community-acquired 
gastroenteritis of known etiology in the Netherlands47.    
 The failure to establish a cell culture system for NoV60 and a historic 
lack of straightforward, sensitive diagnostic assays have limited the study of 
NoV and their epidemiology. In the early 1990’s, however, the genomic RNA of 
Norwalk virus and Southampton virus was successfully cloned and sequenced129;150. 
Development of sensitive molecular assays for NoV based on detection of viral RNA 
by reverse transcriptase-polymerase chain reaction (RT-PCR) quickly followed, 
and have allowed for relatively easy detection of NoV and their subsequent 
molecular characterization7;127;173.       
 NoV belong to the genus Norovirus, one of the four genera of the family 
Caliciviridae. NoV show considerable antigenic diversity, with the genus divided 
into three genogroups (GGI, II and III) comprising strains which differ by up to 
55% in the capsid protein amino-acid sequence8. NoV traditionally have been 
considered to infect only humans, and many different strains circulate in the human 
population at any one time. In 1978, calicivirus-like particles were identified by 
electron microscopy in feces of bovines with acute enteritis261, but these could 
not be further characterized until the advent of molecular assays. With RT-
PCR, caliciviruses have been repeatedly detected in bovine feces42;43;92;159;185;245. 
 Phylogenetic analysis based on nucleotide sequence data from regions of the capsid 
protein gene (open reading frame [ORF] 2), has suggested that these animal caliciviruses 
are genetically closely related to, but distinct from, the human NoV strains comprising 
GGI42;43;159;245. These bovine strains of NoV have been further characterized and subsequently 
have been assigned to a NoV genogroup (GGIII) within the genus Norovirus8;218. Evidence 
suggests that these animal strains are common: bovine NoV RNA has been detected in 
8% to 33% of fecal specimens from bovines with and without diarrhea42;159;185;245, and 
a recent serosurvey of calves in Germany using an EIA based on recombinant capsid 
protein found that over 99% of cattle tested had antibodies to Jena virus, a bovine NoV51.  
 The close genomic relationship of human and animal strains of NoV has 
raised the possibility of transmission of NoV from animals to humans. Viruses 
from the Vesivirus genus of the Caliciviridae family have shown the ability to 
infect different species. The bovine Tillamook virus has been associated with 
swine illness222, as has San Miguel sea lion virus15, which has also infected a 
laboratory worker221. Macaques have also been experimentally infected with  NoV 
strains previously associated only with human illness (chapter 3 of this thesis)228. 
 To investigate the possibility that animal strains of NoV found in the 
Netherlands245 may infect humans, we conducted a cross-sectional serologic study of 
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veterinarians working in the Netherlands and matched general population controls. We 
tested sera for IgG and IgA reactivity to expressed recombinant capsid protein of bovine 
norovirus (rBoV), Lordsdale virus (rLV) and Norwalk virus (rNV). We then compared 
seroprevalences among veterinarians with those among the general population groups 
and attempted to determine risk factors for presence of rBoV antibodies in veterinarians.  
 
 
Materials and Methods        
 
 Enrollment of veterinarians. All veterinarians or student veterinarians who 
attended one of the annual meetings of the Dutch national bovine practitioners’ association 
(BPA) or the Dutch national porcine practitioners’ association (PPA) were invited to 
participate in the study. During the month prior to their respective conferences, registered 
members of the two veterinary associations were sent a letter that explained the study 
objectives and asked for signed informed consent. A standardized questionnaire was also 
included to gather data on demographics, recent gastrointestinal illness and professional 
and personal exposures to animals. Professional exposures included year of veterinary 
graduation, years in practice, number of years worked with various animals and current 
exposure to different species. Personal exposures included province of residence, 
contact with farms and different animals as a child (under 18 years), and travel history. 
 At the two association meetings in January 2001 (BPA) and June 2001 (PBA), 
we identified participants who had previously returned a completed questionnaire and 
had given informed consent. We also enrolled additional veterinarians and veterinary 
students who were not members of the associations or members who had not completed 
the posted documentation. A 5 ml blood sample was collected by venepuncture from all 
enrolled persons. Samples were refrigerated at +4°C and transported to the laboratory 
where serum was separated, heat inactivated for 30 minutes at 56°C, and frozen at  
-20°C within 24 hours of collection. A total of 210 sera were collected from members of 
the BPA (N=145) or the PPA (N=65).        

General population controls. Anonymous serum specimens from a random 
sample of the Dutch general population were used as controls. These sera had been 
collected between 1998 and 2001 for a previous serologic study of vaccine preventable 
diseases and had been stored at –70oC. Epidemiologic information accompanying 
these sera was limited to age, sex and province of residence of subject. For each of 
the 210 enrolled veterinarians, three controls were selected, matched by 5-year age 
group, sex and province of residence of participants, for a total of 630 matched controls. 
For 23 (11%) of veterinarians no precise match on province was possible for one or 
more of the three controls. Therefore, 60 (10%) of 630 controls were matched to 23 
veterinarians by age and sex but by a neighbouring province. An insufficient number 
of control sera collected in 2001 were available to be matched to the veterinarian sera, 
so control sera collected in previous years were also selected. Of the 630 matched 
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general population sera selected, 29% (n=123) were collected between January and 
July 2001: 54.8% (n=345) in 2000: 15% (n=92) in 1999 and 2% (n=10) in 1998. 
  
 Production of Calf-NoV VEE replicon. A consensus bovine NoV ORF2 clone245  
was inserted into Venezuelan equine encephalitis virus replicon plasmids (VEE-VRP) 
and single-shot infectious VEE VRPs were prepared as described previously13. Briefly, 
replicon transcripts were generated by coelectroporation of BHK cells with the replicon 
and helper transcripts (VEE capsid and envelope glycoproteins). BHK cells were infected 
with the bovine NoV VRP and incubated at 37°C. At 36 h postinfection, the medium was 
removed and the cell monolayer was freeze-thawed twice, centrifuged at 125,000 x g for 2 
hours through 20% sucrose cushions, and the pellet was resuspended in PBS. Expression of 
bovine recombinant (r) NoV capsid proteins was confirmed by fluorescent antibody (FA) 
staining using pooled antiserum from mice dosed with bovine NoV VRP (data not shown). 
 
 Validation of EIA. Bovine sera were used for validation of the EIA. Pooled 
serum samples were obtained from adult bovines from 10 farms. In addition, 
individual serum samples were obtained from 2 normal calves (less than 1 year 
of age). Finally, serum from a specified pathogen free (SPF) calf of 1 month of age 
and commercially available Fetal Bovine Serum (FBS; Invitrogen, The Netherlands) 
were used as negative controls. Serum was tested by EIA as described below in a 
1/100 dilution with minor adjustments. rBoV specific IgG was detected by a 1:1000 
dilution of peroxidase conjugated rabbit anti-bovine IgG (Cappel) in 1%Blotto-PBS 
followed by a 90 minute incubation at 37°C. After washing, 50µL of TMB (3,3’,5,5’-
Tetramethylbenzidine Liquid Substrate; ICN) substrate was added to the wells in a 
concentration of 1.25 mmol/liter 30 minutes at room temperature. The reaction was 
stopped by adding 50µl of 2M sulfuric acid and absorption values were measured at 
a wavelength of 450 nm in an ELISA reader (Organon Teknika, Boxtel, Netherlands). 
 
 Detection of NoV specific antibodies. Sera were tested for reactivity of IgG and 
IgA antibodies to Norwalk virus (NV, GGI.1; Hu/NV/I/Norwalk/1968/US), Lordsdale 
virus (LV, GGII.4; Hu/NV/II/Lordsdale/1993/UK) and Bovine norovirus (BoV, GGIII.1; 
Bo/NV/III/1998/NET) by a direct EIA using recombinant (r) capsid antigens. Both rNV 
and rLV capsid proteins (kindly provided by Drs Jiang and Clarke) were produced 
by use of the baculovirus expression system and these self-assembled into virus-like 
particles (VLPs) as previously described128. The rBoV capsid protein was expressed by 
use of Venezuelan equine encephalitis virus replicons as described above, but did not 
self-assemble into VLPs. Microtiterplates were coated overnight at 4°C with purified 
recombinant capsid proteins in phosphate buffered saline (PBS: 50µL/well). After washing 
(three washes with 0.05% Tween 20-PBS), the wells were blocked with 5% Blotto in PBS 
for 1 h at 37°C. The wells were then washed and incubated for 90 minutes at 37°C with 
1/100 dilution of serum samples in 1% Blotto-PBS (50µL/well). After washing, 50µL 
of a 1:1000 dilution (in 1% Blotto-PBS) of alkaline-phosphatase-conjugated goat anti 
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human IgG or IgA (Sigma) was added to the wells followed by a 90 minute incubation 
at 37°C. After washing, 50µL of pNPP (p-nitrophenylphosphate) substrate was added 
to the wells in a concentration of 1 mg/ml in 0.1 M glycine buffer (pH 10.4) for 30 
minutes at room temperature. The absorption values were measured at a wavelength 
of 405 nm in an ELISA reader (Organon Teknika, Boxtel, Netherlands). A sample was 
considered positive when the net absorbance (optical density [OD] value) was above the 
set cutoff (mean + 3 standard deviations of the OD readings of negative control wells).  
 
 Data analysis. All data were imported into STATA 5.0 (Stata Corp., College 
Station, Texas). First, to confirm that control sera collected over several years were a 
valid comparison group for sera from veterinarians collected in 2001, we compared 
seroprevalences of antibodies to the three norovirus antigens in control sera by year of 
collection. We then calculated seroprevalences of IgA and IgG antibodies against rLV, 
rNV and rBoV for veterinarians and matched controls and tested differences between 
groups for statistical significance using Chi square test for unequal odds with Yates 
correction. To assess possible cross-reactivity of IgG and IgA antibodies against rNV 
and rLV with rBoV, we plotted net absorbances (test well OD value – negative control 
well OD value) measured with rBoV against those for rNV and rLV in all 840 sera. Since 
it was apparent that these data were not normally distributed we used a non-parametric 
test of correlation, Spearman’s rank correlation (rs) with a significance level of 95%. 
To identify those sera with specific anti-rBoV sero-reactivity we calculated the ratio of 
net absorbance with rBoV to that with rNV for both IgG and IgA antibodies and then 
identified sera with more than a two-fold higher net absorbance with rBoV than with rNV.  
 In order to determine possible risk factors for transmission of BoV to humans, we 
performed a univariate analysis to measure any association of IgG and IgA seropositivity 
to anti-rBoV antigen in the 210 veterinarians with specific exposures to animals. We 
measured associations using odds ratios with 95% confidence intervals.  To see how the 
seroprevalences in the general population varied by age, we plotted the proportion of 630 
controls seropositive to the three expressed proteins by age group. We tested for statistical 
significance between groups using chi square for unequal odds and chi square for trend. 
Confidence intervals for proportions were calculated using the Wilson’s procedure with 
continuity correction179. Medians were compared with the Wilcoxon rank sum test. 
 Lastly to determine any association between IgA and IgG seropositivity we cross-
tabulated the number of IgA and IgG seropositive sera for each of the three antigens.  
 
 
Results           
           
 Validation. Validation of the rBoV EIA was done by using adult bovine sera 
likely to have been in contact with BoV, and SPF and FBS which have not been in 
contact with BoV. All pooled sera from herds of adult cows were positive for rBoV 
(Figure 1). Also both calves were positive for rBoV specific IgG. Both the SPF calf 
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and the FBS were negative for rBoV specific IgG. The mean OD value for adult sera 
(OD=0.466) was significantly higher compared to normal calf sera (OD=0.329) and 
SPF sera and FBS (OD=0.020) sera (Student t-test: p=0.02 and p<0.001 respectively). 

Figure 1. Net absorbances (optical density [OD] values at 450nm) attributable to 
serum IgG reactivity against rBoV in pooled sera collected from herds of adult cows 
(Adult; n=10), normal calf sera (NCS; n=2), a SPF calf (SPF) and Fetal Bovine Serum 
(FBS).

   

Seroprevalence. No consistent differences were seen in the seroprevalences of 
antibodies against the various recombinant antigens among controls between 1998 and 
2001, confirming that control sera collected in 1998 through 2000 were broadly 
representative of those collected in 2001.     
 Among the combined 840 sera of veterinarians and matched controls, 
seroprevalence of both IgG and IgA antibodies was highest to rLV antigen (90% and 
81% respectively) followed by rNV (76% and 58%) and lowest to rBoV (22% and 
11%)(Table 1). Several significant differences in seroprevalences to the three recombinant 
antigens were seen between veterinarians and controls. Seroprevalence of IgG antibodies 
to rBoV was significantly higher among veterinarians than among controls (28% versus 
20%: p=0.03), but seroprevalence of IgA antibodies was similar. Seroprevalence of IgA 
antibodies to rNV among veterinarians was significantly lower than among controls 
(48% versus 61%) as was IgG seroprevalence to rLV (80% vs 94%).    
 Cross-reactive antibodies. A degree of cross-reactivity of antibodies to rBoV 



- 82 -

Chapter 6______ __________________________________________________

and rNV was evidenced by the strongly significant correlation of net absorbances of 
serum IgG and IgA antibodies to expressed rBoV with those to expressed rNV (p <0.001 
[Figure 2]). However the very low value of Spearman’s rank correlation (rs=0.125 and 

0.159 respectively) indicated that cross-reaction of anti-rNV antibodies with rBoV 
antigen could not explain most of the seroreactivity seen to rBoV. Some correlation was 
seen of net absorbances of IgG antibodies to rBoV with those to rLV (p=0.049) but not 
of IgA antibodies.         
 Of 185 anti-rBoV IgG positive sera, 26% (n=48: 10 veterinarian and 38 controls) 
had high reactivity (ratio of net absorbance rBoV:rNV >2) to rBoV and low reactivity to 
rNV. Of 91 anti-rBoV IgA positive sera, 29% (n=26: 3 veterinarian and 23 controls) 
were highly reactive to rBoV (Figure 3). No statistically significant difference was seen 
between veterinarians and controls in the proportion of rBoV positive sera that were 
highly reactive to either IgG (17% versus 30% respectively) or IgA (14% versus 33% 
respectively).       
 Risk factors. Among veterinarians, spending childhood on a farm was associated 

Table 1. Seroprevalence of  IgG or IgA seropositivity to virus-like particles (VLPs) 
derived from Norwalk virus (rNV) and Lordsdale virus (rLV) and against antigen derived 
from bovine strain of norovirus (rBoV), among 210 veterinarians and 630 matched 
general population controls, the Netherlands.

a Chi-square test with Yates correction, comparing proportion of sera reactive in veterinarians and population.        
P-values < 0.05 in Bold

 
    

All sera Veterinarians Population controls p-value a

(N=840)  (N=210) (N=630)  

rNV      
IgG+ 638 (76%) 170 (81%) 468 (74%) 0.062

         
IgA+ 483 (58%) 100 (48%) 383 (61%) 0.001

rLV   
IgG+ 760 (90%) 167 (80%) 593 (94%) <0.001

    IgA+ 684 (81%) 161 (77%) 523 (83%) 0.052

rBoV    
IgG+ 185 (22%) 58 (28%) 127 (20%) 0.031

   
IgA+ 91 (11%) 21  (10%) 70 (11%) 0.128
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Figure 2. Net absorbances (optical density [OD] values at 405nm) attributable to 
serum IgG or IgA  reactivity against rBoV, rNV and rLV in 840 sera collected from 
veterinarians (N=210) and population controls (N=630), the Netherlands

c) Reactivity of IgG to rBoV and rLV  d) Reactivity of IgA to rBoV and rLV

Note. rs; Spearman Rak Corrlato

Figure 3. Ratio of net 
absorbance rBoV / rNV 
in sera positive for anti-
rBoV IgG (N=185) and 
anti-rBoV IgA (N=91) in 
veterinarians and general 
population controls in the 
Netherlands.

a) Reactivity of IgG to rBoV and rNV  b) Reactivity of IgA to rBoV and rNV 
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with IgG seropositivity (Odds ratio [OR]=1.8 95% confidence interval [95%CI] = 
1.0 - 3.4) (Table 2), but not any particular type of farm or exposure to any particular 
animal as a child. IgG seropositivity, but not IgA seropositivity, was strongly associated 
with affiliation to the cattle practitioners’ society (OR=2.7 95%CI=1.3 to 5.9). 
Unexpectedly, however, no association was found between IgG seropositivity and either 
number of years working in practice, years working with cattle or veal calves, or current 
professional exposure to these animals. Members of the bovine and porcine society 
were broadly similar in other respects: the median ages were 45 years and 44 years 
respectively (p>0.1) and though the median number of years in practice was slightly 
lower in members of the porcine society (11-15 years) than of the bovine society (16-20 
years), this was not statistically significant. Among members of both societies, some 
evidence was found of increasing IgA, but not IgG, seropositivity to rBoV with years of 
practice (chi square for trend, p=0.02) and age (chi square for trend, p=0.03). No 
association was found between either IgA or IgG seropositivity and current illness. 
 
 Seroprevalence by age. Among controls from the general population (N=630), 
IgG and IgA seroprevalence was highest across age groups for rLV, followed by rNV 
and lastly rBoV (Figure 4). Anti-rBoV IgG and IgA seroprevalences were not significantly 
associated with age but were lowest in the 35-39 year age group (16% and 4% 
respectively) and tended to rise with increasing age. Anti-rLV IgG seroprevalence was 
high (86% to 99%) in most age groups except for the age group 20-24 years (67%), 
which comprised only six sera. Overall, the evidence suggested that seroprevalence of 
antibodies to rNV and rLV increased with age. Anti-rNV, but not anti-rLV, IgG 
seroprevalence rose significantly with age, from 33% (20-24 years) to 86% (>60 years). 
This may be because circulation of Norwalk virus has reduced substantially recently so 
the younger populations have not been exposed. Seroprevalence of IgA antibodies 
against rNV and against rLV rose significantly with age: for anti-rNV IgA seroprevalence 
from 43% (25-29 years) peaking at 74% (45-49 years)(p=0.001) and for anti-LV IgA, 
from 67% (20-24 years) to 86% (55-59 years) (p<0.03).      
 Lastly, IgA and IgG seroprevalences to all three antigens were strongly 
associated for all three antigens. Of 483 sera positive for rNV IgA antibodies, only 
51(11%) were negative for IgG antibodies. Similarly, of 684 rLV IgA positive sera, 
27(4%) were negative for IgG, and of 91 rBoV IgA positive sera 22(24%) were negative 
for IgG.           
 

Note Table 2. CI, Confidence Interval; Neg, Negative; Pos, Positive; 
OR, Odds Ratio; Ref, Reference; Yrs, Years. 

a One added to allow calculation of odds ratio  

b p=0.03, Chi square for trend
c  p=0.02, Chi square for trend 
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Table 2. Selected risk factors for IgG and IgA seropositivity to recombinant bovine 
norovirus capsid protein (rBoV) among 210 veterinarians, the Netherlands.

 

 
 

 
IgG IgA 
Pos  

(n=58)
Neg 

(n=152) OR 95% CI
Pos 

(n=21)
Neg 

(n=189) OR 95%CI

Age (yrs)
20-29 5 14 Ref - 0a 19 Ref -
30-39 16 37 1.2 0.4 - 4.0 3 50 1.5 0.2 - 14.3
40-49 15 61 0.7 0.2 - 2.2 9 67 2.4 0.3 - 20.8

>50 22 40 1.5 0.5 - 4.9 9 53 3.1 b 0.4 - 26.6

Sex
Male 47 121 Ref - 17 151 Ref -

Female 11 31 1.1 0.5 - 2.4 4 38 1.1 0.3 - 3.4

Youth on farm    
No 32 105 Ref - 12 125 Ref -
Yes 26 47 1.8 1.0 - 3.4 9 64 1.5 0.6 - 3.7

Affiliation
Porcine 10 55 Ref - 6 59 Ref -
Bovine 48 97 2.7 1.3 - 5.9 15 130 1.1 0.4 - 3.1

Yrs in practice
0 7 11 Ref - 0 18 Ref -

1-10 16 46 0.6 0.2 - 1.7 4 58 1.2 0.1 - 11.4
11-20 11 53 0.3 0.1 - 1.1 6 58 1.8 0.2 - 15.9

>20 24 42 0.9 0.3 - 2.6 11 55 3.4 c 0.4 - 29.1

Yrs with milk 
cattle 

0 10 18 Ref - 3 25 Ref
1-10 15 50 0.5 0.2 - 1.4 3 62 0.4 0.1 - 2.2

11-20 11 48 0.4 0.2 - 1.2 6 53 0.9 0.2 - 4.1
>20 21 36 1.1 0.4 - 2.7 9 48 1.6 0.4 - 6.4

Yrs with veal
0 29 87 Ref - 12 104 Ref -

1-10 11 31 1.1 0.5 - 2.4 2 40 0.4 0.1  - 2.1
11-20 9 21 1.3 0.5 - 3.1 3 27 1 0.3 - 3.7

>20 8 13 1.9 0.7 - 4.9 4 17 2 0.6 - 7.1
Current work with 
milk cattle

No 14 39 Ref - 2 51 Ref -
Yes 43 113 1.1 0.5 - 2.2 18 138 3.3 0.7 - 15.1

Current work with 
veal

No 43 108 Ref - 15 136 Ref -
Yes 14 44 0.8 0.4 - 1.6 5 53 0.9 0.3 - 2.5
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Figure 4. Seroreactivity against recombinant  Lordsdale virus VLPs (rLV), Norwalk 
virus VLPs (rNV) and bovine capsid antigens, (rBoV), by 5-year age group, among 630 
population controls, The Netherlands 1998 to 2001.

A.  Serum IgG antibodies

Note. Error bars represent a 95% confidence interval for a proportion
B, L, N signify upper or lower 95% confidence interval for rBoV, rLV or rNV respectively
* p=0.025, Chi-square test for trend 

B. Serum IgA antibodies

Note. Error bars represent a 95% confidence interval for a proportion
B, L, N signify upper or lower 95% confidence interval for rBoV, rLV  or rNV respectively
$  p=0.027, Chi square test for trend 
* p=0.001, Chi square test for trend 
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Discussion          
 
 We present evidence that humans may be infected by animal strains of NoV. We 
show that 22% (185/840) of individuals of a combined group of 210 Dutch veterinarians 
and 630 matched population controls showed seroreactivity of IgG antibodies to 
recombinant bovine virus capsid antigen (rBoV), and 11% were seroreactive for IgA 
antibodies. Significant cross-reactivity of antibodies to rNV and rBoV was seen, however 
it was not sufficient to explain all the seroreactivity to rBoV. When we looked at the sera 
determined to be reactive to rBoV, we found high reactivity to rBoV, but low reactivity 
to rNV in 29% of IgG positive sera and in 26% of IgA positive sera, strongly suggesting 
specific seroreactivity to rBoV. In agreement with a recent study51, all sera from both 
adult cows and calves contained rBoV specific IgG, however, the reactivity against 
rBoV was lower in calves compared with adult animals. Both fetal serum and serum 
from a SPF calf showed very little reactivity to the rBoV antigen. These data suggest 
that the EIA test we used has specificity for antibodies against bovine NoV antigens.  
  We also show that veterinarians who worked with cattle and pigs had a 
significantly higher seroprevalence of anti-rBoV IgG antibodies than age, sex and 
residence matched general population controls (28% and 20% respectively), although 
this difference was not strongly significant. IgG seropositivity among veterinarians was 
significantly associated with being brought up on a farm (OR=1.8 95%CI 1.0-3.4) and 
with membership to the bovine practitioners’ association rather than the porcine 
association (OR=2.7 95%CI 1.3-5.9). A similar tendency was found for IgA seropositivity, 
though not statistically significant. Unexpectedly, however, no association was found 
between IgA or IgG seropositivity for rBoV among veterinarians and specific exposures 
to cattle or calves, except for a suggestion of rising IgG and IgA seroprevalences with 
increasing years working with veal and of higher IgA seropositivity in those currently 
working milk cattle. Weak evidence suggested that IgA seropositivity to rBoV among 
veterinarians was associated with increasing years in practice and age, but no association 
of age with either anti-rBoV IgA or IgG was seen among population controls.   
 We also show a high seroprevalence of anti-LV IgG antibodies (90%) in the 
Dutch population (veterinarians and controls) and a substantially lower seroprevalence 
of anti-NV IgA antibodies (76%), consistent with previous reports114;196. Interestingly, 
seroprevalence of IgG antibodies to rLV and of IgA antibodies to rNV was significantly 
lower in veterinarians than controls, a finding we are challenged to explain, but may be 
due to unmeasured exposures.        
 The differences found in seroprevalences to NV, LV and BoV are likely related 
to different incidences of infections of these viruses. Genogroup II NoV have been 
reported as the dominant NoV genogroup in several studies, particularly associated with 
outbreaks in closed settings66;161. Previously undetected GGII strains have rapidly 
become predominant nationally or globally raising the possibility of differences in 
transmissibility between strains147;182;260. The low seroprevalence of antibodies to bovine 
NoV strains in humans suggests that these strains may not infect human cells as 
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effectively as can human strains or possibly that animal strains are simply less 
transmissable within human populations, for instance because of different clinical 
characteristics of infection such as less diarrhea and vomiting. It also possible that 
specific antibodies raised in human sera to bovine NoV do not necessarily indicate 
clinical infection. Genetic studies comparing human and bovine NoV have shown than 
the latter belong to a clear third genogroup (GGIII)218. However, human NoV are 
genetically very heterogeneous8 and the low nucleotide and amino-acid sequence 
identity found between bovine and human noroviruses185 is comparable to the low 
identities found between different human NoV. The lower reactivities of positive sera to 
rBoV and rNV compared to rLV may be due to reduced immune boosting by fewer 
infections. Lower reactivity of positive sera to rBoV also may be associated with poor 
presentation of immunogenic epitopes in the expressed rBoV protein that was not self-
assembled into VLPs unlike the rNV and rLV capsid proteins. However, similarly 
expressed unassembled NoV proteins in an EIA format have recently been shown to be 
antigenically competent and retain some specificity for homologous sera68.    
 The IgA seroprevalence for all three viruses was surprisingly high, though 
consistently lower than IgG seroprevalence. This pattern has been reported previously111, 
and the gradual increase of IgA seroprevalence with age group suggests that IgA 
antibodies remain at high levels after infection rather than being continually boosted 
since there is no evidence to suggest that NoV infections are more common with age. 
 A limitation of this study is the possibility that the measured seroreactivity to 
rBoV was due to cross-reaction of antibodies to the related rNV capsid protein. The 
cross-reactivity of IgG and IgA antibodies is likely to be to a capsid epitope common to 
Norwalk virus and bovine NoV, but not shared by Lordsdale virus, since antibodies to 
rLV cross-reacted only weakly with rBoV. However, not all seroreactivity to rBoV can 
be explained by reactivity to rNV as evidenced by the low correlation coefficients. If 
cross-reactivity was a predominant effect, most of the sera reactive to rNV would also 
show more reactivity to rBoV. However, at least half the sera from veterinarians and 
controls had measured IgG reactivity to rNoV but not to rBoV. A further limitation of 
this study is that since we did not remove IgG antibodies by use of anti-IgG immunoglobin, 
reactivity attributed to IgA may be under-estimated in this assay format. We were not 
able to match completely by province, nor able to include only control sera collected in 
2001, but this is unlikely to have significantly affected the validity of the comparisons 
of veterinarians and controls for IgG seropositivity. It remains possible that other factors 
we were unable to match on, such as socioeconomic status and ethnicity may account 
for some of the differences in seroprevalences of NoV antibody between veterinarians 
and controls.           
 Transmission of NoV from animals to humans would have wide-ranging 
implications for our understanding of the epidemiology and transmission of NoV and 
for food safety. Although bovine NoV have not been detected in human infections, most 
studies have looked for NoV in stools collected from cases in outbreaks of gastroenteritis. 
Bovine NoV may have been missed if it causes predominantly endemic or sporadic 
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human infections, or if the spectrum of illness is different, possibly due to a changed 
virus tropism. Future efforts to determine the occurrence of bovine NoV infection in 
humans and the public health importance of these should include use of generic primers 
to test and sequence NoV in stools from endemic and epidemic cases of AGE in a wide 
range of settings.         
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Abstract

 Noroviruses (NoV) are the leading cause of viral gastroenteritis in humans of 
all ages. Challenge studies using the NoV prototype strain Norwalk virus (NV) have 
shown that some individuals are not susceptible to infection, suggesting the absence of a 
receptor. Recent studies have identified histo-blood group antigens (HBGA) as possible 
receptors. Secretor status and HBGA type B were associated with protection against NV 
infection. 
 We investigated the association between the presence of HBGA and the risk 
of infection with a NoV of another genotype in this retrospective study. The study was 
done as part of an outbreak investigation in a group of schoolchildren involved in a wa-
terborne outbreak and a cohort of healthy adults. The ABH phenotype was determined 
using saliva or serum from these individuals.
 The presence of HBGA type B and possibly secretor status was significantly 
correlated with the lack of susceptibility to infection with this genogroup (GG) I NoV 
and with the absence of antibodies. No correlation was found with GGII NoV.
Individuals with the HBGA type B phenotype may be protected against infection with 
GGI but not with GGII NoV.
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Introduction

 In recent years, Noroviruses (NoV) have emerged as a leading cause of  
gastroenteritis in humans of all ages. They are transmitted by the fecal-oral route, either 
indirectly by exposure to contaminated food or water, or directly by person-to-person 
contact. The NoV are genetically diverse, with >15 genotypes distributed over three 
genogroups (GGI, II and III)251.
Several NoV volunteer challenge studies using the prototype strain Norwalk virus 
(8FIIb) have shown that some individuals remain uninfected, even when challenged 
with high or multiple doses74;193;262. Evidence for protective immunity to NoV infection 
is controversial; short term immunity has been observed54;193;262, but antibodies do not 
seem to confer protection to NoV infection132. 
 Also, despite the high antibody prevalence in the population, NoV infection 
causes disease in people of all ages. The absence of antibodies to Norwalk virus (NV; 
GGI.1) in a group of infection-resistant volunteers suggested genetic susceptibility to 
NV e.g. through the absence of a receptor81;132;193, which so far has remained elusive. 
However, recent studies have shown that recombinant (r) NoV virus-like particles 
(VLPs) from different genogroups (GGI and II) display different binding patterns to 
histo-blood group antigens (HBGA) present in saliva and expressed on red blood cells 
and gastroduodenal epithelial cells102;103;115;118;165. These antigens are widely distributed 
in human tissues and represent the terminal part of an oligosaccharide chain linked to 
proteins or lipids187;203. 
 The HBG antigenic determinants are carried on four main types of  
precursor saccharide structures. Two enzymes (α1,2fucosyltransferases [FUT1 and FUT2]) 
are responsible for the synthesis of H antigen from the precursor chain by addition of a  
fucose group. The H antigen then serves as the substrate for A and B glycosyltransferas-
es which add the A or B epitopes that determine the ABO blood group phenotype. FUT1 
preferentially acts on type 2 chains, whereas FUT2 preferentially acts on type 1, 2 and 
3 precursor saccharides. Differential expression patterns have been observed for FUT1 
and FUT2 in different tissues40;175;203. For example, on the surface epithelial cells of the 
gastroduodenal tissues, the expression of H type 1 is under the control of the FUT2 
gene. Several inactivating mutations have been identified in the FUT2 gene, resulting 
in the absence of HBGA in secretions in approximately 20% of Caucasians, termed 
nonsecretors108;141;203. The H type 1 HBGA was identified as the main ligand for binding 
of rNV VLPs to the gastroduodenal epithelial cells165 and was therefore considered as 
a possible NoV receptor. Nonsecretors lack the H type 1 antigen on the gastroduodenal 
epithelial cells, which may explain their non-susceptibility to NV infection203.
 In addition to binding to H type 1 antigen, an association between ABO  
histo-blood group type and the risk of NoV infections and disease has been  
demonstrated107;117. The presence of the B antigen was associated with protection against 
symptomatic infection with the NV strain117. Similarly, the presence of HBGA type A 
on the subjacent H antigen diminished rNV VLP binding165. These observations suggest 
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that the presence of a HBGA does interfere with the binding of NoV to the H antigen, 
possibly by partial blocking of the binding site.
 The association found with HBGA-ABH has been observed in vitro for several 
genotypes of NoV. In vivo data on the association between HBGA, secretor status and 
susceptibility to infection with NoV genotypes other then NV is limited107.
 In this retrospective study we investigated whether the association between  
susceptibility to NV, secretor status and HBGA present is specific for the Norwalk  
genotype, or whether it can be generalized for other NoV genotypes within the 
same or more distantly related genogroups. We studied the association between the  
presence of HBGA-ABH and infection with another GGI virus, (Hu/NV/Birmingham/93/
UK; GGI.3), after natural infection in a common-source waterborne outbreak112. The  
Hu/NV/I/Birmingham/93/UK lineage has been described previously85 and has been 
found as a cause of sporadic outbreaks since then. It clusters within GGI and exhibits 
64.3% amino acid identity with NV in the capsid protein. Also the association between 
the presence of NoV specific antibodies, as a measure for infection history, and the ABO 
histo-blood group phenotype were studied in a cohort of healthy adults. 

 Study samples, materials and methods. Study samples from persons involved 
in an outbreak. In June 2002, an outbreak of gastroenteritis had occurred in a group 
of primary school children after a field trip to a recreation ground112, from which stool 
samples were obtained and used for virus detection and typing. Information on clinical 
symptoms and exposure was obtained through questionnaires. Infection was defined 
as the presence of virus in feces and/or clinical symptoms (diarrhea or vomiting). A  
recreational water fountain was found to be the source of infection with  
Hu/NV/I/Birmingham/1993/UK (GGI.3), which was detected in both water samples 
and patient materials. Saliva samples were obtained from children who had played in 
the fountain, and were typed for the presence of ABH antigens in relation to histo-blood 
group phenotype and secretor status.

 Study samples from a cohort of healthy adults. Detailed information about the 
cohort will be given elsewhere (chapter 6, this thesis); it included 212 veterinarians who 
attended an annual practitioners’ association meeting in the Netherlands. From these 
persons, 5-ml blood samples were collected by venapuncture, refrigerated (+4°C) and 
transported to the laboratory, where the serum was separated, heat inactivated for 30 
minutes at 56°C, and frozen at -20°C within 24 hours of collection. 

 Secretor status phenotyping. The secretor status of the exposed children 
was determined by the detection of H-antigen in saliva samples using a microplate  
hemagglutination inhibition (HI) assay  (adapted from Chapter 3, Immunohematology  
Methods and Procedures; ed. Delores Mallory. Rockwille, American National Red 
Cross, 1993). 50µl of anti-H lectin was serially diluted (2-fold) in saliva (diluted 
1/64 in PBS). 50µl of a 0.5% red blood cell (RBC) solution in saline (blood group 
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type O-; CLB, Amsterdam, The Netherlands) was added and incubated at room  
temperature for 30 minutes. The H antigen in saliva, if present (in secretors), will inhibit  
hemaglutination of O- RBC by anti-H lectin. Saliva from a known secretor and  
saline, respectively, were included as positive and negative controls. A HI was  
considered positive when the hemagglutination (HA) titer was reduced by more than 
twofold when compared to the saline control HA. A positive HI result indicated that 
soluble H antigen was present in the saliva (the secretor status).
 
 ABO histo-blood group phenotyping. The ABO histo-blood group  
phenotype of secretor positive individuals was determined in saliva samples using a HI in  
microplate format. 50µl of anti-A, anti-B monoclonal antibodies (CLB,  
Amsterdam, The Netherlands) were serially diluted (2-fold) in saliva (diluted 1/64 in 
PBS). 50µl of a 0.5% red blood cell (RBC) solution in saline (blood group type A1 and B  
respectively; CLB, Amsterdam, The Netherlands) were added and incubated at room  
temperature for 30 minutes. Saliva with known A, B or O phenotypes and saline, respective-
ly, were tested in parallel as positive and negative controls. A HI was considered positive,  
indicating the presence of A and B HBGA in the saliva, when the HA titer was reduced 
by more than twofold when compared to the saline control.
 ABO blood group phenotyping of serum from the healthy adult cohort was 
done by adding 50µl of serum to an equal volume of 0.5% RBC (blood group type 
A1, B or O-; CLB, Amsterdam, The Netherlands), incubating for 30 minutes at room  
temperature and checking for HA.

 Detection of NoV specific antibodies by EIA. Sera were tested for IgG  
antibodies to Norwalk (NV; Hu/NV/I/Norwalk/1968/US) and Lordsdale virus (LV; 
Hu/NV/II/Lordsdale/1993/UK) by a direct EIA using recombinant (r) capsid antigens 
(kindly provided by drs. Jiang and Clarke, respectively) as described elsewhere (chapter 
6 of this thesis). 

 Statistical analysis. Odds ratios (OR) and 95% confidence intervals (CI) were 
calculated for bloodgroup and secretor data. HBGA data were analyzed using Fisher’s 
exact test (two-tailed). 
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Results

 Waterborne outbreak. A group of 231 children visited an interactive  
recreational water fountain. Information on clinical symptoms, exposure and presence 
of virus in stool samples was available for 29 individuals. Exposure to virus, by playing 
in the water fountain, was confirmed for 24 individuals; saliva samples were collected 
from all of them.

 Association of secretor status and outcome of infection. No H antigen was 
detected in the saliva samples from 7 (24%) out of 29 individuals. Clinical symptoms 
combined with the presence of virus in stool confirmed infection in both secretor (n=20) 
and non-secretor (n=4) individuals (Table 1). Although not significant, there was a trend 
showing that secretor negative individuals were less likely to become infected with  
Hu/NV/I/Birmingham/93/UK (OR 0.133; 95% CI: 0.019-0.938; p=0.075, Fisher’s ex-
act test).

Table 1. Association between secretor status and outcome of exposure to Hu/NV/I/ 
Birmingham/93/UK (GGI.3)

Outcome of exposure
Secretor status

Secretor (%) Non-secretor (%)
Infected 20 (83) 4 (17)
Not infected 2 (40) 3 (60)a

aOR 0.133; 95% CI: 0.019-0.938; p=0.075, Fisher’s exact test).

 Association of blood group distribution and outcome of infection. The 
blood group phenotype could be determined in saliva for the 22 individuals secreting  
HBGA-ABH. The overall blood group distribution was comparable to the reference 
frequency in Western Europe (Table 2). The presence of HBGA type B was significantly 
correlated with protection against infection (Table 2; p=0.004 by two-tailed Fisher’s 
exact test).

Table 2. Histo-blood group antigen (HBGA) distribution (%) by outcome of exposure to 
Hu/NV/I/Birmingham/93/UK. 

HBGA type Infected Not infected Overall
A 9 (45%) 0 9 (41%)
B 0 2 (100%)a 2 (10%)

AB 0 0 0
O 11 (55%) 0 11 (50%)

 
a p=0.004 by two-tailed Fisher’s exact test



- 97 -

______________________________________ Susceptibility to Norovirus Infections

 Association of blood group distribution and presence of NoV specific  
antibodies. A total of 212 sera from a cohort of healthy adults were phenotyped for 
ABO histo-blood group. Overall, a normal frequency distribution of ABO histo-blood 
group phenotypes was observed, compared to the reference frequency distribution in 
Western Europe (Figure 1). No difference in frequency distribution could be observed 
for LV (GGII.4) positive and negative sera as well as for NV (GGI.1) positive sera. 
However, the frequency distribution of sera negative for NV was different, with an 
increased number of HBGA type B positive individuals. Individuals with HBGA type 
B were significantly less likely to acquire NV specific IgG (OR 0.256; 95% CI: 0.099-
0.662; p=0.0098, Fisher’s exact test). In addition, individuals with HBGA type A were 
significantly more likely to acquire NV specific IgG (OR 2.53; 95% CI: 1.19-5.42; 
p=0.021, Fisher’s exact test)

Figure 1. Distribution of ABO histo-blood group types among Noroviruses (NoV)a spe-
cific IgG positive (+) and negative (-) individuals.
a Distribution of ABO histo-blood group antigens (HBGA) in Caucasians as a reference 
(CLB, Amsterdam, The Netherlands).
b NV = Norwalk virus (genogroup I.1); LV = Lordsdale virus (genogroup II.4).
c Number of individuals: NV+, n=171; NV-, n=41; LV+, n=168, LV-, n=44; overall, 
n=212.
d Odds ratio (OR) for acquiring NV specific IgG with HBGA type A is 2.54; 95% confi-
dence interval (CI) 1.19-5.42; OR for NV specific IgG with HBGA type B is 0.26; 95% 
CI 0.099-0.662
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Discussion

In this retrospective study the association between infection with NoV, and the  
presence of HBGA was investigated in a group of schoolchildren involved in a  
waterborne outbreak and a cohort of healthy adults. In addition, the association between 
secretor status and susceptibility to Hu/NV/I/Birmingham/1993/UK infection was  
investigated. We show that the secretor status and the presence of HBGA type B are 
associated with the lack of susceptibility to infection with Hu/NV/I/Birmingham/1993/
UK (GGI.3). In addition, the presence of HBGA type B was associated with the absence 
of antibodies against NV (GGI.1), but not to LV (GGII.4).
 Recent studies in human volunteers have shown a correlation between  
susceptibility to infections with Norwalk virus, the prototype GGI virus, and  
antigens of the ABH histo-blood group system102. The authors speculated whether the  
associations between ABH phenotype and NV infection could be generalized to other 
NoV lineages, and concluded that additional human challenge studies with other NoV 
strains are needed. 
 A trend of association between secretor status and susceptibility to infection 
with Hu/NV/I/Birmingham/93/UK was found, although four individuals with a non-
secretor phenotype became infected. This suggests that protection from infection in 
non-secretors, reported for this genogroup previously157, may not be complete, and 
other receptors, possibly H type 3 or 4 which are expressed independent of the secretor  
status38, are likely to be involved. However, the secretor status was determined by saliva 
phenotyping, which is not as sensitive a technique as genotyping, and the concentra-
tion of H antigen in saliva may have been below the detection limit. Unfortunately no  
materials were available for confirmation of the secretor status by genotyping231.  
Interestingly, in agreement with the observations of decreased susceptibility to Norwalk 
virus infection in individuals with HBGA type B117, none of the individuals with HBGA 
type B became infected after exposure to virus of the Birmingham strain. Although 
based on only 2 observations, this suggests that the presence of the HBGA type B may  
interfere with virus attachment and be a more common property of GGI  
viruses102;117;157. 
 To investigate whether this association is true also for other NoV strains, the  
association between antibodies and HBGA was studied. Specific antibodies indi-
cate that an individual has been infected by that (or a related) virus in the past, and is 
therefore susceptible to that strain. Individuals with HBGA type B were less likely to 
have antibodies against NV (GGI.1), suggesting that they are less susceptible to NV  
infection. As antibodies within a genogroup are cross-reactive, this observation may 
be true for several genotypes within the genogroup. The absence of this observation 
for GGII is in accordance with reports that LV (GII.4) can bind to all HBGA115. This 
difference may in part explain why GGI infections are less frequent compared to GGII 
infections162.
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 Our data show that the secretor status is a correlate of protection in GGI NoV 
infection, though this is not the sole mechanism in non susceptibility. Our findings do 
support the conception of a decreased risk of infection by another GGI virus when 
HBGA type B is present, and this finding may probably be generalized for GGI (but 
not for GGII) viruses. Further research on the susceptibility and resistance to NoV  
infections should be conducted by use of both challenge studies in volunteers as well as 
in well-documented outbreaks with other NoV strains.
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 Noroviruses (NoV) are an antigenically diverse group of positive-sense RNA 
viruses and a common cause of endemic and epidemic gastroenteritis in people of all 
ages. The research described in this thesis focused on the feasibility of prevention of 
NoV associated outbreaks through vaccination. In this chapter, some aspects will be 
discussed in more detail, based on our findings.

Prevention of Norovirus transmission

  NoV infections are generally self-limiting in industrialized countries,  
however our studies show that the duration of illness is longer than previously thought  
(chapter 2). Their high morbidity leads to a high burden of illness in institutions 
such as nursing homes and hospitals162 along with an increased risk for diarrheal  
mortality in such institutions136. The prolonged shedding of NoV after resolution of  
illness (chapter 2) facilitates the person-to-person transmission of these viruses but can 
also be the source of a major outbreak when for instance food handlers return to work 
after resolution of illness, contaminating food products which are in turn consumed by 
a large group258. 
 The increasing knowledge on the incidence, transmission and clinical  
relevance (chapter 2) of NoV infection suggest that an effective vaccine would be  
beneficial to target groups which have a higher chance of complications like the elderly and  
immunocompromised individuals. However these groups generally have a weakened 
immune system and therefore the responses to vaccinations may be slower and lower22. 
A more eligible target for vaccination would be the food handlers in nursing homes 
and hospitals, focusing on prevention of infection through intervention of transmission. 
This would call for a vaccine that not only protects from symptomatic infection but also 
prevents virus shedding.

Feasibility for vaccination against Noroviruses

 Immune response after NoV infection. The induction of both type- 
specific and cross-reactive antibodies, the observation that some heterologous immune  
responses are higher compared to homologous responses and that both homologous and  
heterologous antibody maturation occur (chapter 4 and 5), suggest that a mechanism 
called “original antigenic sin” may be involved. This process is defined as the response 
to a secondary challenge which is dominated by the proliferation of cross-reacting 
memory cells induced by a primary heterologous infection with a variant epitope as  
described for Influenza and Dengue69;174. Cross-reactive epitopes have also been  
identified within the different genogroups of NoV98;144;267 and one monoclonal anti-
body (mAb) has even been identified cross-reacting between GGI and GGII NoV265. 
This mAb recognizes an epitope which has been mapped to the constant shell domain 
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of the NoV capsid267, suggesting that like described for Rotavirus270. cross-reactive  
epitopes may primarily be located on the shell domain. In contrast, the P domain and  
particularly the highly variable P2 domain contains type specific epitopes which have been  
implicated in virus binding118;237;238. The presence of type specific epitopes on the P  
domain is substantiated by our observation that antibodies capable of blocking the NoV 
binding to its receptor, most likely by binding to the P domain, are type specific (chapter 5).  
 Based on our findings in chapter 4 and 5, we hypothesize that a primary  
infection induces a broadly reactive memory pool of antibodies to cross-reactive  
epitopes, probably on the S domain, as well as antibodies to type specific epitopes on 
the P domain. A secondary NoV infection with a heterologous strain may induce a  
memory response to the cross-reactive epitopes and a primary response to the type specific  
epitopes. Within the memory pool, B cells specific for cross-reactive epitopes may 
therefore be selectively maintained after the secondary challenge while those specific 
for type specific epitopes are lost as has been described for T cells after lymphocytic 
choriomeningitis virus infection23;156. The presence of cross-reactive epitopes between 
genogroups may not be restricted to the human NoV strains. Exposure of humans to  
bovine NoV may in fact contribute to the acquisition of cross-reactive antibodies  
(chapter 6). Original antigenic sin in the B-cell responses has the advantage of inducing 
a rapid memory response, however if the activated clones are less effective at antibody 
mediated viral neutralization or elimination, protection will not occur174.

 Functional activity of anti-NoV antibodies. We found that antibodies produced 
after infection with NoV are capable of blocking NoV binding to its receptor. The low 
amounts of type specific blocking antibodies present in acute serum (chapter 5) can 
be explained by the loss of NoV type specific memory as described above. Blocking  
antibodies are produced after infection with NoV, however the subsequent infection 
with a heterologous virus selects for cross-reactive antibodies, resulting in the loss of 
the type specific blocking antibodies. The presence of blocking antibodies is therefore 
short-termed. The induction of short-term blocking antibodies would be in accordance 
with the observation of short-term immunity (at least 6 months) in multi-challenge  
studies in adult volunteers193 and would explain why individuals can undergo  
multiple episodes of NoV infection during a lifetime132. Additionally, since the blocking  
antibodies are type-specific, infections with heterologous NoV can occur in the  
presence of these blocking antibodies.
 The newly developed blocking assays should be used to test whether  
blocking antibodies indeed confer protection against NoV infection in serum samples from  
volunteer studies. In addition, blocking assays should be developed for other NoV 
genotypes, thereby investigating whether virus type specificity is restricted to the NV 
(GGI.1) and LV (GGII.4) strains.
 Although virus specific antibodies are generally thought to be associated with 
protection, several examples of antibody-dependent enhancement of illness have been 
described for Respiratory Syncytial Virus, Ebola virus and Dengue virus199;234;264. The 
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previous observations that the presence of NoV specific pre-existing antibodies would 
not confer protection but in fact could induce a more enhanced illness in volunteers, 
and the absence of such antibodies in volunteers which remained to be non-susceptible 
after multiple challenges with NoV, gave rise to the possibility that the mechanism of  
immune-enhancement could also be applied to NoV infection18.  The recent  
developments in NoV receptor research have presented an alternative mechanism for this  
paradoxical observation by the presence or absence of NoV receptors. Individuals  
expressing the H type 1 antigen as the receptor for NV (GGI.1) can be infected and will 
develop an antibody response. Since all experimental infections have been conducted in 
adults, they are likely to have been infected with NV (GGI.1) or an antigenically related 
GGI strain previously, resulting in the presence of antibodies reactive with NV (GGI.1) 
in pre-infection sera. On the contrary, individuals lacking the NV (GGI.1) receptor may 
not have pre-existing antibodies to this virus or related GGI viruses and remain non-
susceptible in the absence of seroconversion18. Although this is a likely explanation, no 
experimental data is currently available to confirm this alternative mechanism.

 Perspectives for vaccine development. Based on the current insights, the lack 
of long-term immunity after NoV infections raises questions on the feasibility for  
vaccination. If in fact, infection with a certain NoV type only induces protective  
neutralizing antibodies for that NoV type (chapter 5), individuals remain  
susceptible to heterologous NoV infections. The memory immune response developed after  
infection or vaccination of adults with an unknown history of NoV infections would  
predominantly be induced by the cross-reactive epitopes on the S domain, which would 
not be protective. 
 In order to circumvent this problem, multivalent chimeric VLP-based vaccines 
could be developed using the S domain of a calicivirus unknown to infect humans and 
the P domains of the most prevalent NoV genotypes169;178;241;243. Bovine NoV should not 
be used as they are closely related to human NoV strains244 and share cross-reactive  
epitopes with these strains (chapter 6). The most likely candidates include the shell 
domains from caliciviruses belonging to the Vesivirus genus. The shell domain 
would serve as a “carrier” exposing the P domains from the most prevalent NoV by  
mixing different VLPs with the P domain from a single NoV genotype. However, since 
the distribution of NoV genotypes fluctuates over time (chapter 4), the vaccine should 
not only be broadly protective by including a number of the currently circulating NoV 
genotypes, but also easily adaptable to include emerging NoV genotypes as described 
for the influenza virus vaccine35. Therefore continuous monitoring of circulating human 
NoV strains and potential zoönotic transmission of bovine and porcine NoV strains 
would be important. 
 Vaccination strategies should probably involve sequential administration of the 
vaccine, to select for a memory pool of long lived NoV neutralizing antibody producing 
B cells44. 



- 105 -

__________________________________ General Discussion and Concluding Remarks

The role of histo blood-group antigens in susceptibility to NoV

 Although several studies have shown distinct binding patterns of NoV to  
different HBGA103;115, limited information has been obtained on the biological  
significance of NoV binding to HBGA in humans. The presence of H type1 antigen as 
a receptor for NoV correlates with susceptibility to infection with NV157 and other NoV 
belonging to GGI (chapter 7). However our observation that individuals lacking the H 
type 1 antigen can still become infected with a GGI strain (chapter 7), suggests that two 
or more receptors are likely to be involved which are independent of the FUT2 gene, 
possibly H type 3 or 4. Additionally the presence of A or B antigens on this H antigen is 
associated with decreased risk of infection with a GGI NoV (chapter 7)117;157, possibly 
by partial blocking of the NV binding site118;165.
 It follows that NoV, which are not dependent of secretor status (FUT2) or  
expression of HBGA, have a selective advantage over other NoV. The NoV belonging 
to GGII.4 are such viruses which preferentially bind to H type 3 which is independent 
of secretor status (chapter 5), and can bind to all ABH antigens (chapter 3). It is not 
surprising that NoV belonging to GGII.4 have been so successful in spreading through 
the community182. 
 The recent emergence of a new norovirus variant of GGII.4 has raised  
questions about the biological properties of this variant and the mechanisms for its rapid 
dissemination160. Several genomic mutations in the polymerase region distinguish the 
new variant, but they are silent. Characterization of the capsid gene revealed a second 
RGD motif as well as a single aminoacid insertion in the P domain (Vennema, personal 
communication). This finding gives rise to 2 hypotheses on how the new variant spread 
so rapidly. 
 The first hypothesis is based on the principle of immune evasion. RNA virus 
mutation frequencies, due to the high error rate inherent in RNA synthesis, create a  
quasispecies population with a collection of differing, related genomes113;226. Some  
mutants will have an immunological selective advantage due to mutations which ablate 
virus neutralizing epitopes30;268. In case of the new variant, mutations were not observed 
in the RGD motif, however another mechanism may explain the rise of this new variant 
as an escape mutant. The high morbidity of GGII.4 viruses as a predominant strain96;147 
for NoV infection could increase the incidence of neutralizing antibodies against this 
group after infection (chapter 5). The subsequent herd immunity may be a driving force 
for immunological selection. As the RGD motif has been shown to be essential for 
binding of GGII.4 strains to their receptor (figure 1 A and B)238, neutralizing antibodies 
are likely to recognize type specific epitopes which may block this motif, located in a 
putative binding pocket (figure 1C)238. By the introduction of a second RGD motif in the 
protruding domain, the virus has another means of binding to its receptor (figure 1B). 
The second RGD motif may be surrounded by a new epitope for which no antibodies 
exist. Therefore individuals possessing neutralizing antibodies against GGII.4 would 
not be protected against infection with the new GGII.4 variant (figure 1D).
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 The second hypothesis is based on the principle of fitness58. A virus with an 
enhanced virulence may spread more easily. NoV can use the RGD motif in binding 
to their receptor. The RGD motif can induce apoptosis of human cells by activating 
the caspase pathway3. Several viruses, including animal caliciviruses, trigger apoptosis 
upon infection149;207, which may be necessary for efficient virus replication52;91, possibly 
through capsid protein cleavage by proteolytic activity of induced caspases4. A virus 
containing 2 RGD motifs may exhibit enhanced binding and subsequent induction of 
apoptosis, resulting in a more efficient replication and rapid dissemination.

Figure 1. Mechanisms of Norovirus binding, neutralization and immune escape. 
(A) Binding and subsequent infection of host cells by the old GGII.4 variant through 
a RGD motif present on the P domain of the viral capsid. (B) Binding and subsequent 
infection of host cells by the new GGII.4 variant through two RGD motifs both present 
on the P domain of the viral capsid. (C) Antibody mediated inhibition of the interactions 
between the viral RGD motif and cell-surface receptors, resulting in virus neutraliza-
tion. (D) Antibody mediated inhibition of the interactions between the original viral 
RGD motif and cell-surface receptors, but lack of this inhibition for the additional RGD 
motif, resulting in virus infection.
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 However, the emergence of this new variant can not be contributed to the  
presence of a second RGD motif solely, since GGII.4 strains containing this second 
RGD motif have been detected sporadically in 1995-1996 in the US and UK (Vennema, 
personal communication) but did not spread rapidly. Most likely, other differences, e.g. 
the single aminoacid insertion in the P domain, may also affect the biological properties 
of this variant making it more successful in spreading. 

New tools for Norovirus research

 During this project we have developed several assays to study the immune  
response after infection with NoV, which were successfully applied to characterize the 
NoV specific antibody responses. To study the antibody functionality we developed 
an assay that measures antibody-mediated blocking of NoV binding to its putative  
receptor (chapter 5) as an alternative for measuring “neutralizing” antibodies in the  
absence of a cell-culture system for NoV60. Antibody mediated blocking of viral attachment 
to host cells is one mechanism by which protection of virus infection may be acquired198. 
The association of blocking antibodies and protection from NoV infection should be  
evaluated and may provide a new correlate of protection. In addition, this assay may 
be used for serotyping of the different NoV strains. Previously at least 6 antigenic NoV 
types were identified by use of immune EM (IEM)154 however serotypes generally  
reflect the reactivity of antibodies with neutralizing epitopes. Currently, the NoV strains 
are classified into genotypes on the basis of their genetic relatedness8. When determining 
the most common NoV strains for incorporation into a vaccine, the correlation between 
genotype and serotype should be investigated71. Since the candidate vaccine described 
in a previous section will only induce serotype specific immunity, and genotyping is 
currently the most important tool for typing NoV, we need a better understanding of the 
relationship between genotype and serotype. In addition, single mutations in an existing 
NoV serotype may significantly alter the immunological characteristics as described for 
coronaviruses268, not affecting the genotype, as may be the case for the new NoV variant 
belonging to the GGII.4 genetic cluster. 
 Another useful development for studying the immune response and  
pathogenesis was the successful infection of a Rhesus macaque with NV (GGI.1)  
(chapter 3). We showed that Rhesus macaques can be used in NoV challenge studies and 
further studies into the range of NoV strains for which Rhesus macaques are susceptible 
should be conducted. This infection model gives us the opportunity to characterize the 
humoral and cellular immune responses after NoV infection and to investigate the sites 
of NoV replication and the subsequent pathological changes in the different tissues, as 
well as the genetic susceptibility to NoV infection. Sub-human primates may be the 
only other susceptible species due to the apparent narrow host range after the recent  
observations of genetic susceptibility to NoV infection in humans116;157. Until re-
cently the only available infection models for NoV were in chimpanzees and human  
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volunteers55;74;263. The use of both has significant ethical and practical problems.  
Although human volunteers would be the ideal infection model to study the NoV  
specific immune response, currently only the Norwalk strain is available for use as 
an inoculum. NV has only been detected sporadically as a cause of an outbreak of  
gastroenteritis252 and is therefore biologically less relevant compared to for instance the 
Grimsby (GGII.4) strain which is the predominant strain146. In addition, a human model 
can not be used to extensively study the pathogenesis by investigating virus replication 
in different tissues. 

Concluding remarks

 From our studies we are led to conclude that although the need for  
prevention of NoV infection remains high and the burden of disease has been  
underestimated in previous studies, the lack of long-term immunity after NoV infections 
raises questions on the feasibility for vaccination. Additionally, an important target group 
which would benefit from prevention of outbreaks of gastroenteritis through Norovirus 
vaccination, e.g. the elderly, has a weakened immune system, making it difficult to induce a  
protective immune response. 
 A more feasible method for the prevention of NoV outbreaks may therefore be 
the development of anti-viral drugs as prophylactics in nursing homes, hospitals and for 
treatment of immunocompromised individuals. The increased understanding on NoV 
receptor binding is a starting point for the development of anti-viral drugs, for instance 
the use of analogues of these carbohydrate receptors to block NoV binding to the host 
cells. Additionally, structural analysis of the NoV-receptor interactions may identify 
targets for anti-viral drugs206. 
 We hope that the present work will contribute to insight in the NoV specific 
antibody responses and genetic susceptibility.
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aa   amino acid
BoV   Bovine Norovirus
BPRC   Biomedical Primate Research Center
DNA   deoxyribonucleic acid
EIA   enzyme immunoassay
EM   electron microscopy
FCV   Feline Calicivirus
FUT   fucosyltransferase
GG   genogroup
GrV   Grimsby virus
HA   hemagglutination assay
HBGA   histo-blood group antigen
HI   hemagglutination inhibition
Hu   human
HV   Hawaii virus
Ig   immunoglobulin
LE   Leeds virus
LV   Lordsdale virus
MX   Mexico virus
NIVEL   The Netherlands Institute of Primary Health Care
nm   nanometer
NoV   Norovirus
nt   nucleotide
NV   Norwalk virus
ORF   open reading frame
PDU   PCR detectable unit
RBC   red blood cell
RdRp   RNA-dependent RNA polymerase
RHDV   Rabbit Hemorrhagic Disease Virus
RIVM   National Institute for Public Health and the Environment
RNA   ribonucleic acid
RT-PCR  reverse transcriptase-polymerase chain reaction
SaV   Sapovirus
TCID   tissue culture infectious dose
UV   ultraviolet
VEE   Venezuelan Equine Encephalitis
VLP   virus-like particle
VRP   virus replicon plasmid
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Norovirus infectie

 De Norovirussen (NoV) zijn de belangrijkste veroorzaker van virale gastro-en-
teritis (ook wel bekend als buikgriep: diarree, braken, buikkrampen, etc.) bij de mens. 
Ze worden verspreid via de fecaal-orale route. Het virus komt binnen via de mond en 
wordt uitgescheiden via ontlasting of braaksel. Dit kan direct plaats vinden van per-
soon-op-persoon, of indirect door verontreinigd water of besmet voedsel. De NoV zijn 
een zeer diverse groep virussen en zijn ingedeeld in 15 subtypen of genotypen verspreid 
over 3 subgroepen ofwel genogroepen (GGI, GGII en GGIII). In Nederland komen jaar-
lijks naar schatting 500.000 infecties voor, waaronder een onbekend aantal voedselin-
fecties waarbij veel mensen ziek worden. Dit leidt tot een aanzienlijk ziekteverzuim. 
Daarnaast zijn NoV de belangrijkste oorzaak van epidemieën van gastro-enteritis in 
verpleeghuizen, ziekenhuizen en andere instellingen en zorgen daar voor grote proble-
men zoals sluiting van complete afdelingen en medische complicaties (zoals uitdroging) 
bij personen met een verminderde gezondheid. Het grote aantal infecties per jaar, het 
grote risico op verspreiding via voedsel en de problemen die ontstaan door epidemieën 
van NoV in zorginstellingen, hebben geleid tot de vraag of deze epidemieën zijn te 
voorkomen door vaccinatie.
 Inmiddels zijn vaccins ontwikkelt op basis van een NoV-eiwit, maar voor dat 
dit vaccin gebuikt kan worden, moet onderzocht worden of personen afweer kunnen 
opbouwen tegen deze virussen. Door het ontbreken van een goed diermodel voor het 
bestuderen van de mechanismen van NoV-infectie en de daaropvolgende afweer, zijn 
enkele experimenten verricht met vrijwilligers die geïnfecteerd werden met NoV. Uit 
deze experimenten bleek een kortdurende bescherming tegen herinfectie op te treden 
met hetzelfde NoV-subtype, maar niet tegen infectie met een ander NoV-subtype. Het 
afweersysteem reageert dus zeer NoV-subtype specifiek, maar een specifieke compo-
nent van het afweersysteem (zoals antilichamen) die verantwoordelijk zou zijn voor 
deze specifieke bescherming, kon niet gevonden worden. Sterker nog, enkele studies 
vonden dat de aanwezigheid van antilichamen in sommige gevallen tot verergering van 
het ziektebeeld leidden bij herhaalde blootstelling aan het virus. Dit bevestigde nog-
maals de noodzaak voor een diermodel waarin de afweer tegen NoV-infecties bestu-
deerd kon worden.
 Daarnaast is recentelijk gebleken dat een genetisch component van de gastheer 
mede verantwoordelijk is voor de gevoeligheid voor NoV-infecties. Deze onderzoeken 
wijzen op een relatie tussen de aanwezigheid van bepaalde bloedgroepantigenen op 
cellen van het maag-darm kanaal en infectie met een bepaald NoV-subtype. Deze bloe-
dgroepantigenen fungeren mogelijk als receptoren voor NoV, waardoor het virus aan de 
cel kan binden en deze kan infecteren. Er is echter nog veel onduidelijkheid over het 
ziektebeeld, afweer en de achterliggende mechanismen bij gevoeligheid voor NoV-in-
fecties. 
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Dit proefschrift beschrijft het onderzoek dat is uitgevoerd voor het bepalen van de be-
schermende componenten van het afweersysteem en de genetische componenten voor 
gevoeligheid voor NoV-infecties en het bestuderen van de mogelijkheid van vaccinatie 
tegen NoV om zo epidemieën van virale gastro-enteritis te voorkomen.

Ziektebeeld

 De NoV zijn de voornaamste veroorzakers van virale gastro-enteritis bij mensen 
van alle leeftijden. Kennis over het ziektebeeld na infectie met een NoV is voornamelijk 
afkomstig van experimenten waarbij vrijwilligers zijn geïnfecteerd met NoV en van 
onderzoek bij NoV-epidemieën. Echter, voor het begin van dit onderzoek, in 2000, was 
weinig bekend over het ziektebeeld bij sporadische gevallen van NoV-infecties in de 
Nederlandse bevolking. 
 In hoofdstuk 2 van dit proefschrift beschrijven we het natuurlijke verloop van 
infecties met NoV in de bevolking. Hieruit blijkt dat de symptomen, zoals braken en di-
arree, 5 tot 6 dagen aanhouden, terwijl virussen nog aangetoond kunnen worden in ont-
lasting tot en met de derde week na aanvang van de symptomen. Aangezien de meeste 
mensen weer aan het werk gaan zodra ze zich beter voelen, is de aangetoonde lang-
durige uitscheiding een mogelijke route van verspreiding en een mogelijke verklaring 
voor het feit dat deze virussen veel voorkomen.

Antilichaamresponsen

Een van de manieren om te onderzoeken of epidemieën van NoV-gastro-enteritis effec-
tief voorkomen kunnen worden door NoV-vaccinatie is de specificiteit en beschermende 
capaciteiten van antilichamen te bestuderen.
 Diverse studies in volwassenen, zowel bij epidemieën als bij experimentele in-
fecties, laten zien dat zich antilichaamresponsen ontwikkelen na een NoV infectie. Deze 
antilichamen blijken echter niet alleen te reageren met het NoV-subtype waartegen ze 
zijn opgewekt, maar ook te reageren met verwante NoV-subtypes (kruisreactie). Dit 
betekent dat verschillende NoV-subtypes overeenkomstige eiwitten hebben waartegen 
deze kruisreagerende antilichamen opgewekt worden. Omdat deze studies uitgevoerd 
zijn met volwassen personen, die waarschijnlijk al eerder geïnfecteerd zijn geweest met 
NoV, is het niet bekend of kruisreagerende antilichamen ontstaan na het doormaken van 
meerdere infecties, of slechts na één enkele NoV-infectie.
 De ontwikkeling van de afweerrespons  en de achterliggende mechanismen van 
NoV-infectie kunnen het best in een goed gedefinieerd model bestudeerd worden. In 
hoofdstuk 3 beschrijven we de ontwikkeling van een diermodel voor het bestuderen 
van het ziekteverloop, de mechanismen van NoV-infectie en de afweerrespons. Van 4 
verschillende apensoorten die we getest hebben op de gevoeligheid voor NoV-infectie, 
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blijkt alleen de Rhesus makaak te infecteren met NoV. Na toediening van een NoV via 
de mond bij een Rhesus makaak, ontwikkelde deze een virusspecifieke antilichaam re-
spons en scheidde virus uit via de ontlasting gedurende 19 dagen, zoals ook gevonden 
werd bij mensen. De antilichaamrespons was echter niet volledig en er traden geen 
symptomen (diarree, braken, etc.) op die typerend zijn voor gastro-enteritis. De Rhesus 
makaak is een mogelijke kandidaat voor een NoV-diermodel, echter verder onderzoek 
zal nodig zijn om de bruikbaarheid van deze apensoort als diermodel te evalueren. 
Omdat de infectie studies in apen geen volledig geëvalueerd model hebben opgeleverd 
voor het bestuderen van de afweer respons na NoV-infectie, hebben we bij verschillende 
groepen mensen de afweer respons gekarakteriseerd.
 In hoofdstuk 4 is de antilichaamrespons tegen NoV bestudeerd bij een groep 
van 654 kinderen op 1-jarige leeftijd. Op deze leeftijd zijn kinderen waarschijnlijk ten 
hoogste 1 maal met NoV geïnfecteerd. Hierdoor kunnen we de antilichamen bestuderen 
die opgewekt zijn na een eerste NoV-infectie. Serum van deze kinderen is getest op 
de aanwezigheid van antilichamen tegen 5 verschillende NoV-subtypes. Bijna de helft 
(48%) van alle sera bevatte antilichamen tegen NoV. Dit betekent dat NoV-infecties 
vaak voorkomen op jonge leeftijd. Infecties door NoV-subtypes behorende tot de sub-
groep GGII kwamen hierbij vaker voor dan NoV-subtypes behorende tot subgroep GGI. 
Tenslotte blijken kruisreagerende antilichamen al na één enkele NoV-infectie opgewekt 
te worden. Dat houdt in dat de huidige testen voor de detectie van antilichaam niet ge-
bruikt kunnen worden voor het bepalen van het NoV-subtype.
 In hoofdstuk 5 hebben we de ontwikkeling van de specifieke en kruisreager-
ende antilichaam responsen na NoV-infecties bij volwassen personen onderzocht, die 
betrokken waren bij 13 epidemieën van gastro-enteritis veroorzaakt door 4 verschil-
lende NoV-subtypes. Zoals eerder gevonden werden ook hier zowel subtypenspecifieke 
als kruisreagerende antilichaam responsen opgewekt. Verder blijkt dat mensen na een 
NoV-infectie antilichamen produceren die de binding van het virus aan de virusrecep-
tor kunnen blokkeren. De binding van een virus aan de virusreceptor is een eerste stap 
in de infectie van een cel. Door deze binding te blokkeren, zal het virus de cel niet 
kunnen binnendringen en dus niet infecteren. De blokkerende antilichamen waren uit-
sluitend remmend voor de binding van het NoV-type waartegen ze waren opgewekt.  
Mogelijk kan deze test gebruikt worden voor het bepalen van het NoV-subtype waarmee 
de patiënt geïnfecteerd is. Dit is een belangrijk resultaat: blokkering van receptorbinding 
is zeer waarschijnlijk een equivalent voor detectie van neutraliserende antistoffen, die 
gezien worden als beschermend tegen veel virusinfecties. De kortdurende aanwezigheid 
van deze blokkerende antilichamen in het bloed van personen, is in overeenstemming 
met de kortdurende bescherming (van minimaal 6 maanden) die gevonden werd bij ex-
perimentele infecties in vrijwilligers. Ook kan dit verklaren waarom personen meerdere 
keren geïnfecteerd kunnen worden gedurende hun leven. Gedurende de aanwezigheid 
van beschermende antilichamen tegen één bepaald NoV-subtype zal deze persoon on-
beschermd zijn tegen infecties met andere NoV-subtypes. Nadat ook de beschermende 
antilichamen weer verdwenen zijn, is de persoon wederom onbeschermd tegen infecties 
met alle NoV-types.
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 De aanmaak van (kruisreagerende) antilichamen blijkt ook veroorzaakt te kun-
nen worden door blootstelling aan NoV die nauw verwant zijn aan humane NoV, maar 
afkomstig zijn van runderen. In hoofdstuk 6 hebben we onderzocht of de NoV die 
gevonden worden in Nederlandse runderen mogelijk ook mensen kunnen infecteren. 
Hiervoor is serum afgenomen bij een groep dierenartsen en een controle groep personen 
die werden geselecteerd uit de Nederlandse bevolking. Runder-NoV-specifiek IgG werd 
vaker gevonden bij dierenartsen dan bij de controle personen. Zowel specifieke als 
kruisreagerende antilichamen werden gedetecteerd. Het doorbrengen van de jeugd op 
een boerderij en het lidmaatschap van de vereniging voor rundvee-dierenartsen, zijn 
risicofactoren voor het hebben van runder-NoV-specifieke antilichamen. Deze resul-
taten suggereren dat mensen mogelijk met runder-NoV in aanraking kunnen komen, al 
is dat minder frequent dan met humane NoV.

Gevoeligheid

 In eerdere studies werd gevonden dat er personen waren die niet geïnfecteerd 
raakten gedurende experimentele infecties met NoV, ondanks veelvuldige blootstelling 
aan een hoge dosis NoV en het uitblijven van een afweerrespons. Dit heeft geleid tot 
de theorie dat er mogelijk een genetische component mede verantwoordelijk is voor 
de gevoeligheid voor een NoV-infectie. Recent is aangetoond dat bloedgroepantigenen 
geassocieerd zijn met NoV-gevoeligheid en mogelijk functioneren als receptoren voor 
NoV. In hoofdstuk 7 is gekeken naar de associaties tussen bloedgroepantigenen en ge-
voeligheid voor infectie met een NoV. Een groep schoolkinderen die betrokken was bij 
een watergerelateerde NoV-epidemie en een groep van gezonde volwassen personen 
werden hiervoor gebruikt. Dit onderzoek naar de genetische gevoeligheid voor NoV-
infecties, heeft aangetoond dat mensen met bloedgroep B minder gevoelig zijn voor 
NoV-subtypes van één bepaalde subgroep (GGI), maar niet voor een andere subgroep 
(GGII). Wellicht draagt deze restrictie bij aan de lagere incidentie van infecties door 
NoV behorende tot de subgroep GGI.

Conclusie

 De resultaten die beschreven zijn in dit proefschrift laten zien dat er  
antilichamen geproduceerd worden na NoV-infectie die de binding tussen NoV en zijn 
receptor blokkeren, en daarmee mogelijk kunnen zorgen voor  bescherming tegen NoV-
infectie. Een andere component in de bescherming tegen NoV-infectie is de genetische 
gevoeligheid van de gastheer.
 Omdat er slechts sprake is van kortdurende NoV-typenspecifieke bescherming, 
is het zaak om een vaccin te ontwikkelen dat een breed scala aan viruseiwitten bevat 
waartegen neutraliserende antilichamen opgewekt worden en waardoor een snelle anti-
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lichaamrespons opgewekt wordt. De werkzaamheid van het vaccin kan mogelijk getest 
worden in de Rhesus makaak als model voor het bestuderen van NoV-infecties.
 Echter, omdat de doelgroep die het meest baat zou hebben bij vaccinatie, 
namelijk de ouderen in verzorgingstehuizen, ook een verzwakt immuun systeem heb-
ben, is het de vraag of een vaccin effectief zou zijn in deze groep.
 Een alternatief is om antivirale middelen te ontwikkelen op basis van de nieuwe 
kennis over NoV-binding aan bloedgroep antigenen als mogelijke receptoren.
Wij hopen dat deze kennis bijdraagt tot inzicht in de NoV-specifieke antilichaamrespon-
sen en genetische gevoeligheid.
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 Het meest persoonlijke, maar voor mij ook misschien het meest lastige gedeelte 
van mijn proefschrift, het dankwoord. Ik zou het mezelf makkelijk kunnen maken en bij 
deze iedereen bedanken die, in welke vorm dan ook, heeft bijgedragen aan de totstand-
koming van dit proefschrift en gezorgd heeft voor de nodige ontspanning en afleiding 
die daarbij noodzakelijk zijn. Een aantal mensen wil ik echter in het bijzonder bedan-
ken. 
 Om te beginnen natuurlijk Marion Koopmans, mijn co-promotor. Zonder jouw 
begeleiding  en hulp was dit boekje nooit tot stand gekomen. Je hebt, met medewerking 
van Gerard, zelfs niet één, maar twee maal gezorgd dat ik mijn onderzoek voort kon zet-
ten bij het LIS, waarvoor ik jullie enorm dankbaar ben. Naast je vertrouwen, tijd, goede 
raad en kritische blik, heb je er ook voor gezorgd dat ik mijn AIO periode met relatief 
weinig stress heb afgerond, al  blijken onze definities van stress toch wel te verschillen. 
Bedankt voor alles en ik hoop nog lang met je samen te mogen werken.
 Prof. Horzinek, gedurende de afgelopen 4,5 jaar hebben we met enige regelmaat 
diverse discussies gehad die ik als zeer aangenaam en vooral zeer nuttig heb ervaren. 
Hartelijk dank voor alle suggesties, het nakijken van de manuscripten en uw hulp bij de 
Promotieaanvraag.
 Erwin Duizer, je hebt ervoor gezorgd dat mijn periode op het RIVM op z´n 
zachtst gezegd   fascinerend was. Je onuitputtelijke energie en enthousiasme hebben 
ook mij gemotiveerd en enthousiast gehouden. Het trappen lopen (in het WTC in Rot-
terdam dan, natuurlijk niet in de S vleugel) is slechts één van de afleidingen waarvoor je 
gezorgd hebt. In de laatste fase van mijn promotietraject heb ik je vaak lastig gevallen 
met verschillende versies van mijn manuscripten, maar ondanks je drukke agenda wist 
je toch iedere keer weer binnen een dag met goede kritieken terug te komen, hartelijk 
dank hiervoor. Ook zonder jouw hulp was dit proefschrift nooit in deze vorm versche-
nen.
 Mijn paranimf Paul, ondanks de nodige drukte van een huwelijk op 20 augus-
tus, nam je toch de tijd om mijn Nederlands begrijpelijk te maken voor de massa. Hoe-
wel onze eerste samenwerking op het lab geen groot succes was, is de samenwerking 
daarbuiten des te beter. Ik besef dat ik mijn “Witbier” schuld nog niet heb ingelost, maar 
daar wordt hard aan gewerkt. Hartelijk dank voor alle gezelligheid op het werk en daar-
buiten en voor alle hulp bij mijn promotie. 



- 138 -

_____________________________________________________________________

 Natuurlijk ook Jasper, mijn andere paranimf, hartelijk bedankt voor je hulp, 
raad en gezelligheid. De bezoeken aan het terras, het uittesten van de beertender en het 
beoordelen van verschillende restaurants voor de promotie, zijn slechts enkele voor-
beelden die ervoor gezorgd hebben dat ik het één en ander in perspectief kon plaatsen. 
Wie had gedacht dat 2 buurjongetjes nog eens zo ver zouden komen!
 Mijn kamer- en mede lotgenoot Johan. We hebben vele nuttige discussies ge-
voerd op S3.06 en diverse keren onze krachten gebundeld voor de monsterexperimenten 
die jij of ik hadden gepland. Ik wens je heel veel succes met het afronden van je proef-
schrift en ik hoop dat ik je wat nuttige tips heb kunnen geven zodat je niet in dezelfde 
valkuilen duikelt. Het zal stil zijn!
 De gastro-groep: Harry Vennema, Erwin de Bruin, Bas van der Veer en Shireen 
Jenny. Hartelijk dank voor de gezellige samenwerking tijdens uitbraken en jullie hulp 
bij de moleculaire testen. Harry ook bedankt voor het begrijpelijk maken van de mole-
culaire epidemiologie van Norovirussen, ik sta iedere keer weer met verbazing te kijken 
naar de geweldige bomen die je op je beeldscherm tovert.
 Marion Barends, toen ik naast je stond voor de commissie kreeg ik de smaak 
te pakken en wist ik wat ik wilde…… mijn proefschrift verdedigen tegenover de com-
missie. Op 28 oktober 2004 is het dan zover en ik weet zeker dat ik net zoveel plezier 
zal hebben als jij die dag. Hartelijk dank voor de leuke en gezellige tijd op S3.06 en 
daarbuiten. 
 Ook Ingrid, mijn enige stagiaire, wil ik bedanken voor alle hulp en de leerzame, 
maar vooral ook gezellige tijd. Ik hoop dat je tevreden bent met het resultaat.
 Alle collega´s van het LIO/LTR en LIS, bedankt voor de prettige werksfeer en 
de vele borrels, gourmet, film- en kart-avonden en andere uitstapjes die we de afgelopen 
jaren hebben gedaan.
 Ook mijn vrienden in Utrecht, Brabant en Parijs wil ik bedanken voor alle be-
grip en steun. Ik besef dat ik vooral het laatste jaar niet veel beschikbaar ben geweest, 
maar ik wil jullie toch laten weten dat de verschillende avonden uit en de diverse uit-
stappen een welkome afleiding waren van het werk.
 Verder wil ik Dedeke graag bedanken, niet alleen voor je hulp bij en de nodige 
afleiding van het proefschrift, maar ook voor je begrip en steun om op zoek te gaan naar 
mijn “droombaan” en het feit dat je er gewoon altijd voor me was. 
 Tenslotte wil ik graag mijn ouders bedanken voor alle geduld en steun die ze me 
gegeven hebben en dit allemaal mogelijk hebben gemaakt voor mij. Nu kunnen jullie 
eindelijk vertellen wat ik nu eigenlijk doe, of liever wat ik gedaan heb, want ik ga weer 
verder natuurlijk!
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