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Abstract
Human noroviruses (NoV) are associated with large 
proportion of non-bacterial diarrhea outbreaks together 
with > 50% of food-associated diarrheas. The function 
of histo-blood group antigens (HBGAs) in pathogen-
esis of virus infection was implicated. Until recently 
however, due to lack of a robust animal and in vitro  
models of human NoV infection, only the partial knowl-
edge concerning the virus pathogenesis (receptor, co-
receptor and target cell) and absence of viable vaccine 
candidates were the frequently referenced attributes of 
this acute diarrheal illness. Recently, a novel group of 
enteric caliciviruses (CV) of rhesus macaque host origin 
was discovered and described. The new genus within 
the family Caliciviridae was identified: Rhesus Enteric 
CV, i.e. , “Recovirus” (ReCV). ReCVs are genetically 
and biologically close relatives of human NoVs, exhibit 
similar genetic and biological features and are capable 
of being propagated in cell culture. ReCVs cause symp-
tomatic disease (diarrhea and fever) in experimentally 
inoculated macaques. Formulation and evaluation of 
efficient NoV vaccine might take several years. As sug-
gested by recent studies, inhibition of HBGAs or HBGA-
based antivirals could meanwhile be exploited as vac-
cine alternatives. The purpose of this minireview is 

to provide the guidance in respect to newly available 
primate model of enteric CV infection and its similari-
ties with human NoV in utilizing the HBGAs as potential 
virus co-receptors to indirectly address the unresolved 
questions of NoV pathogenesis and immunity.
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Core tip: To inform academic community and clinical 
practice, this short review summarizes existing hypoth-
esis and evidence regarding the relationship between 
histo-blood group antigens and propensity of enteric 
caliciviruses to cause infection in primate species.
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INTRODUCTION
Identification of  the ABO blood groups was pioneered 
in 1900’s, independently, by Landsteiner[1] and Jansky[2]. In 
the 1970’s, it was described that ABO antigens are associ-
ated with sugar moieties, specifically, with N-acetylgalac-
tosamine (type A) and galactose (type B)[3]. Glycoproteins 
expressed on human red blood cells (RBC) represent A, 
B and H antigens with H functioning as the precursor for 
the A, B and O epitopes. It was demonstrated that histo-
blood group antigens (HBGAs) including ABO and/or 
Lewis play a role in pathogenesis of  certain infectious 
diseases including human norovirus (NoV) and Helico-
bacter pylori. The ABO genes are in humans positioned on 
chromosome 9[4,5]. According to molecular comparison 
of  chromosome 9 with genomic DNA of  other primate 
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species, analogous loci are present in rhesus macaque’s 
(Macaca mulatta) chromosome 15[6]. Complex polymor-
phisms of  human HBGA relationships concerning the 
secretor, Lewis and ABO gene families including their 
phenotypic (fucosyl- and glycosyl-transferase mediated) 
characteristics were extensively reviewed elsewhere[7]. 
Briefly, these genetic polymorphisms directly determine 
susceptibility or resistance to HBGA-recognizing patho-
gens including several groups of  enteric caliciviruses 
(CVs).

Enteric CVs and human NoVs in particular are world-
wide annually responsible for significant morbidity and 
mortality in young children[8]. In the Unites States alone, 
approximately 23 million cases of  acute diarrhea are at-
tributed to NoV infections each year[9,10]. No robust ani-
mal or cell culture model existed until recently to mimic 
the complex NoV genetics and pathogenesis including 
the host HBGA interactions with the virus. With discov-
ery and characterization of  human NoV’s close relatives 
“rhesus enteric caliciviruses (ReCV)” the prototype of  
which is Tulane virus (TV), such studies became feasi-
ble[11-15]. As recent studies indicate that ReCVs can infect 
humans, likely by utilizing the primate HBGAs as co-re-
ceptors for virus entry[13,16], it is of  interest to continue to 
elucidate the role of  these molecules in enteric calicivirus 
infections.

CALICIVIRUS HOST-SPECIFIC RECEPTOR 
RECOGNITION PATTERNS 
Recent in vitro experiments with synthetic glycoconju-
gates with relevance as CV receptors have revealed at 
least three distinct patterns of  virus recognition[17]. While 
human NoV, ReCV/TV and bovine NoV all utilize HB-
GAs; other CVs such as feline CV and porcine sapovirus 
utilize sialic acid via N- and O-linked glycoproteins, re-
spectively; and murine NoV uses sialic acid in a strain-de-
pendent manner[17,18]. These distinct patterns of  receptor 
recognition in different hosts have profound implications 
in virus pathogenesis, as for example porcine sapovirus-
compatible O-linked glycoproteins are expressed along-
side enteric goblet cells as well as in organs including 
liver, heart and cerebrum[17].

RELATIONSHIP BETWEEN PRIMATE 
HBGAs AND ENTERIC CVs
The ABO and Lewis blood groups were described in 
human and non-human primates (NHP). The specific 
antigens of  these blood groups have been implicated in 
human NoV and ReCV infections as the virus attach-
ment factors[13,19-21]. First study that suggested such in-
teractions was based on results generated with anti-A/B 
antibody-mediated hemagglutination inhibition assays[22]. 
The anti-A and anti-B antibodies are also linked with 
transplantation immunity. These antibodies are trig-
gered during the early life by exposure to environmental 

antigenic stimuli including those induced by common 
viruses. Hence, immunity induced by these stimuli is re-
ferred to as “communal immunity”. The RBCs of  13 dif-
ferent species were tested for their capacity to bind with 
NoV antigens but only the human and chimpanzee cells 
showed reactivity[22]. This is consistent with notion that 
only humans and anthropoid apes but not other primate 
species express ABH antigens on their RBCs[23,24]. Non-
anthropoid primates including rhesus monkeys secrete 
HBGAs into mucosal fluids[24,25]. Such an inherent differ-
ence between the rhesus and homo species is thought to 
be due to evolutionary pressures that asserted themselves 
during last 5 millions years to alleles encoding the blood 
groups[5]. From these and other studies, evidence suggests 
that ABO gene polymorphism in primates was generated 
more through the process of  convergent evolution[26]. 
Notwithstanding, there still are shared features between 
the human and NHP blood group antigens including the 
capability of  human HBGAs to recognize ReCVs and ca-
pability of  rhesus HBGAs to recognize human NoVs[13]. 
Saliva analysis can be used to determine the specificity 
of  ABO antigens in rhesus macaques and other monkey 
species. 

CONSIDERATIONS FOR PRE-CLINICAL 
STUDIES WITH PATHOGENS THAT 
UTILIZE HBGAs
All primates including humans, apes and monkeys are 
secreting HBGAs into mucosal fluids-depending on their 
secretor phenotype. Since biomedical research with an-
thropoid apes is due to understandable ethical constraints 
severely restricted, bulk of  the pre-clinical research is 
currently conducted with other animal models, from 
which the best available human-like alternative is rhesus 
macaque (Macaca mulatta). Knowledge about the indi-
vidual animal HBGAs is therefore required. An assump-
tion that HBGA profile of  randomly selected group of  
research macaques will reflect the free-ranging population 
is inaccurate due to selective importation and breed-
ing in captivity of  animals from different parts of  the 
world. As most of  the captive research rhesus macaques 
in the United States are of  Indian origin, they predomi-
nantly belong to HBGA type B, oppose to free-ranging 
macaques from South-East Asia and China that possess 
more polymorphic distribution of  their HBGAs with sig-
nificant proportions of  type A, B, AB and O[13,24].

HBGA phenotyping of  500 rhesus monkeys of  the 
Tulane colony revealed majority of  animals being type 
B. Although this result is consistent with some historical 
studies conducted in 1970’s[27], results conducted with free-
ranging macaques in Thailand showed more polymorphic 
distribution[24]. Unpublished results conducted by our 
group at Tulane indicate differences between the Indian vs 
Chinese origin rhesus macaques: The Chinese macaques 
appear to have more human-like distribution (14% type A, 
65% B, 11% O and 10% AB) than Indian macaques (97% 
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type B) (Farkas T personal communication). 
An important distinction between the rhesus and 

human enteric caliciviruses is the capability of  rhesus 
caliciviruses to be propagated in vitro[10]. A hypothesis that 
both rhesus and human enteric caliciviruses utilize HB-
GAs as the in vivo cell entry receptors/co-receptors could 
therefore be addressed with HBGA-defined, experimen-
tally challenged macaques. Consideration would have to 
be given to a pre-screening stage of  experiment when 
animals, free of  virus-specific antibodies and defined in 
respect to their ABO and Lewis blood groups, are identi-
fied from the larger pool of  candidates.

ARE HBGAs PRIMARY OR SECONDARY 
DETERMINANTS OF ENTERIC CV 
INFECTION IN PRIMATES? 
It was proposed that human NoVs bind with carbohy-
drate moieties of  the ABH and Lewis antigens when 
these are secreted into biological fluids and that such 
binding is associated with productive infection and ill-
ness[27-29]. In fact, inhibition of  HBGA binding was 
suggested as an antiviral strategy for treatment of  NoV 
infection[30]. Secretor or non-secretor phenotype depends 
on complex polymorphisms of  ABO, FUT2 and FUT3 
loci[7,21]. Few recent studies however, demonstrated that 
not only secretors but also non-secretors might get 
infected, suggesting that no strong correlation exists 
between the NoV infections and HBGA specificities 
of  their hosts[31,32]. Another study with NoV virus-like 
particles also suggested that binding of  NoV antigens to 
intestinal epithelial cells takes place regardless of  HBGA 
expression on the surface of  these cells[33]. An explana-
tion that not all of  these studies did take into account the 
HBGA binding properties of  NoVs involved[21] seems 
unsatisfactory, not fully addressing the controversy. In 
order to corroborate the link between susceptibility to 
enteric calicivirus infection and its host ABO/Lewis phe-
notype, a challenge experiment with a well-defined NHP 
surrogate of  NoV infection might need to be considered.

As enteric calicivirus infections were demonstrated in 
ABO type B (secretor) macaques of  the Tulane colony 
regardless of  their Lewis antigen characteristics, studies 
with type A and O macaques could provide further clues 
regarding the susceptibility or resistance of  a particular 
phenotype to infection. In addition, retrospective HBGA 
analysis of  recently reported Bangladeshi patients, infect-
ed with rhesus enteric calicivirus (TV strain), should also 
be informative[16].

Latest structural analysis of  GI human NoVs re-
vealed critical extension of  the P domain loop region that 
appears to be responsible for binding of  the GI.7 NoV 
with non-secretor HBGAs[34]. The “extended P domain 
loop” is not present on other GI NoVs that are known 
to bind with secretor HBGAs. These findings are for the 
first time directly addressing the controversies in respect 
to relationship between human NoV infectivity and its 

host HBGA properties. Nevertheless, these remarkable 
structural analysis data will need to be corroborated by 
epidemiological investigations and experiments with 
illness-prone models of  human NoV infection. Because 
of  its human-like characteristics, ReCV/TV model might 
be the one suitable for such purpose.

REFERENCES
1	 Landsteiner K. Zur kenntnis der antifermentativen, lytisch-

en and agglutinieren wirkungen des blutserums und der 
lymphe. German: Zentralblatt Bakteriol, 1900; 27: 357-362

2	 Jansky J. Hematologicke studie u psychotiku. Czech: Sborn-
ik Klinická, 1907; 8: 85-139

3	 Watkins WM, Morgan WT. Immunochemical observations 
on the human blood group P system. J Immunogenet 1976; 3: 
15-27 [PMID: 932463 DOI: 10.1111/j.1744-313X.1976.tb00552.x]

4	 Yamamoto F, Clausen H, White T, Marken J, Hakomori S. Mo-
lecular genetic basis of the histo-blood group ABO system. Na-
ture 1990; 345: 229-233 [PMID: 2333095 DOI: 10.1038/345229a0]

5	 Saitou N, Yamamoto F. Evolution of primate ABO blood 
group genes and their homologous genes. Mol Biol Evol 1997; 
14: 399-411 [PMID: 9100370 DOI: 10.1093/oxfordjournals.
molbev.a025776]

6	 Rogers J, Garcia R, Shelledy W, Kaplan J, Arya A, Johnson 
Z, Bergstrom M, Novakowski L, Nair P, Vinson A, Newman 
D, Heckman G, Cameron J. An initial genetic linkage map of 
the rhesus macaque (Macaca mulatta) genome using human 
microsatellite loci. Genomics 2006; 87: 30-38 [PMID: 16321502]

7	 Tan M, Jiang X. Histo-blood group antigens: a common 
niche for norovirus and rotavirus. Expert Rev Mol Med 2014; 
16: e5 [PMID: 24606759 DOI: 10.1017/erm.2014.2]

8	 Patel MM, Widdowson MA, Glass RI, Akazawa K, Vinjé J, 
Parashar UD. Systematic literature review of role of norovi-
ruses in sporadic gastroenteritis. Emerg Infect Dis 2008; 14: 
1224-1231 [PMID: 18680645 DOI: 10.3201/eid1408.071114]

9	 Hall AJ, Curns AT, McDonald LC, Parashar UD, Lopman 
BA. The roles of Clostridium difficile and norovirus among 
gastroenteritis-associated deaths in the United States, 
1999-2007. Clin Infect Dis 2012; 55: 216-223 [PMID: 22491338 
DOI: 10.1093/cid/cis386]

10	 Lopman BA, Hall AJ, Curns AT, Parashar UD. Increasing 
rates of gastroenteritis hospital discharges in US adults and 
the contribution of norovirus, 1996-2007. Clin Infect Dis 2011; 
52: 466-474 [PMID: 21258098 DOI: 10.1093/cid/ciq163]

11	 Farkas T, Sestak K, Wei C, Jiang X. Characterization of a 
rhesus monkey calicivirus representing a new genus of Cali-
civiridae. J Virol 2008; 82: 5408-5416 [PMID: 18385231 DOI: 
10.1128/JVI.00070-08]

12	 Wei C, Farkas T, Sestak K, Jiang X. Recovery of infectious 
virus by transfection of in vitro-generated RNA from tu-
lane calicivirus cDNA. J Virol 2008; 82: 11429-11436 [PMID: 
18787011 DOI: 10.1128/JVI.00696-08]

13	 Farkas T, Cross RW, Hargitt E, Lerche NW, Morrow AL, 
Sestak K. Genetic diversity and histo-blood group antigen 
interactions of rhesus enteric caliciviruses. J Virol 2010; 84: 
8617-8625 [PMID: 20554772 DOI: 10.1128/JVI.00630-10]

14	 Sestak K, Feely S, Fey B, Dufour J, Hargitt E, Alvarez X, 
Pahar B, Gregoricus N, Vinjé J, Farkas T. Experimental in-
oculation of juvenile rhesus macaques with primate enteric 
caliciviruses. PLoS One 2012; 7: e37973 [PMID: 22666426 DOI: 
10.1371/journal.pone.0037973]

15	 Yu G, Zhang D, Guo F, Tan M, Jiang X, Jiang W. Cryo-EM 
structure of a novel calicivirus, Tulane virus. PLoS One 2013; 8: 
e59817 [PMID: 23533651 DOI: 10.1371/journal.pone.0059817]

16	 Smits SL, Rahman M, Schapendonk CM, van Leeuwen M, 
Faruque AS, Haagmans BL, Endtz HP, Osterhaus AD. Cali-
civirus from novel Recovirus genogroup in human diarrhea, 

20 August 12, 2014|Volume 3|Issue 3|WJV|www.wjgnet.com

Sestak K. Histo-blood group antigens as calicivirus receptors



ing in cynomolgus macaques using real-time quantitative 
PCR. Tissue Antigens 2012; 80: 363-367 [PMID: 22861170 DOI: 
10.1111/j.1399-0039.2012.01935.x]

26	 Kermarrec N, Roubinet F, Apoil PA, Blancher A. Compari-
son of allele O sequences of the human and non-human pri-
mate ABO system. Immunogenetics 1999; 49: 517-526 [PMID: 
10380696]

27	 Moor-Jankowski J, Socha WW. Blood groups of macaques: 
a comparative study. J Med Primatol 1978; 7: 136-145 [PMID: 
101667]

28	 Le Guyader FS, Krol J, Ambert-Balay K, Ruvoen-Clouet N, 
Desaubliaux B, Parnaudeau S, Le Saux JC, Ponge A, Pothier 
P, Atmar RL, Le Pendu J. Comprehensive analysis of a 
norovirus-associated gastroenteritis outbreak, from the en-
vironment to the consumer. J Clin Microbiol 2010; 48: 915-920 
[PMID: 20053852 DOI: 10.1128/JCM.01664-09]

29	 Van Trang N, Vu HT, Le NT, Huang P, Jiang X, Anh DD. 
Association between norovirus and rotavirus infection and 
histo-blood group antigen types in Vietnamese children. 
J Clin Microbiol 2014; 52: 1366-1374 [PMID: 24523471 DOI: 
10.1128/JCM.02927-13]

30	 Zhang XF, Tan M, Chhabra M, Dai YC, Meller J, Jiang X. 
Inhibition of histo-blood group antigen binding as a novel 
strategy to block norovirus infections. PLoS One 2013; 8: 
e69379 [PMID: 23894462 DOI: 10.1371/journal.pone.0069379]

31	 Nordgren J, Kindberg E, Lindgren PE, Matussek A, Svensson 
L. Norovirus gastroenteritis outbreak with a secretor-inde-
pendent susceptibility pattern, Sweden. Emerg Infect Dis 2010; 
16: 81-87 [PMID: 20031047 DOI: 10.3201/eid1601.090633]

32	 Bucardo F, Kindberg E, Paniagua M, Grahn A, Larson G, 
Vildevall M, Svensson L. Genetic susceptibility to symptom-
atic norovirus infection in Nicaragua. J Med Virol 2009; 81: 
728-735 [PMID: 19235844 DOI: 10.1002/jmv.21426]

33	 Murakami K, Kurihara C, Oka T, Shimoike T, Fujii Y, Takai-
Todaka R, Park Y, Wakita T, Matsuda T, Hokari R, Miura S, 
Katayama K. Norovirus binding to intestinal epithelial cells is 
independent of histo-blood group antigens. PLoS One 2013; 8: 
e66534 [PMID: 23799113 DOI: 10.1371/journal.pone.0066534]

34	 Shanker S, Czako R, Sankaran B, Atmar RL, Estes MK, 
Prasad BV. Structural analysis of determinants of histo-
blood group antigen binding specificity in genogroup I no-
roviruses. J Virol 2014; 88: 6168-6180 [PMID: 24648450 DOI: 
10.1128/JVI.00201-14]

P- Reviewer: Borgmann S, Wang QH    S- Editor: Tian YL    
L- Editor: A    E- Editor: Liu SQ

Bangladesh. Emerg Infect Dis 2012; 18: 1192-1195 [PMID: 
22709854 DOI: 10.3201/eid1807.120344]

17	 Kim DS, Hosmillo M, Alfajaro MM, Kim JY, Park JG, Son 
KY, Ryu EH, Sorgeloos F, Kwon HJ, Park SJ, Lee WS, Cho D, 
Kwon J, Choi JS, Kang MI, Goodfellow I, Cho KO. Both α2,3- 
and α2,6-linked sialic acids on o-linked glycoproteins act 
as functional receptors for porcine sapovirus. PLoS Pathog 
2014; 10: e1004172 [PMID: 24901849 DOI: 10.1371/journal.
ppat.1004172]

18	 Shirato-Horikoshi H, Ogawa S, Wakita T, Takeda N, Hans-
man GS. Binding activity of norovirus and sapovirus to his-
to-blood group antigens. Arch Virol 2007; 152: 457-461 [PMID: 
17131063]

19	 Huang P, Farkas T, Marionneau S, Zhong W, Ruvoën-Clouet 
N, Morrow AL, Altaye M, Pickering LK, Newburg DS, LeP-
endu J, Jiang X. Noroviruses bind to human ABO, Lewis, 
and secretor histo-blood group antigens: identification of 4 
distinct strain-specific patterns. J Infect Dis 2003; 188: 19-31 
[PMID: 12825167]

20	 Huang P, Morrow AL, Jiang X. The carbohydrate moiety 
and high molecular weight carrier of histo-blood group 
antigens are both required for norovirus-receptor recogni-
tion. Glycoconj J 2009; 26: 1085-1096 [PMID: 19238539 DOI: 
10.1007/s10719-009-9229-x]

21	 Ruvoën-Clouet N, Belliot G, Le Pendu J. Noroviruses and 
histo-blood groups: the impact of common host genetic poly-
morphisms on virus transmission and evolution. Rev Med Vi-
rol 2013; 23: 355-366 [PMID: 23959967 DOI: 10.1002/rmv.1757]

22	 Hutson AM, Atmar RL, Marcus DM, Estes MK. Norwalk vi-
rus-like particle hemagglutination by binding to h histo-blood 
group antigens. J Virol 2003; 77: 405-415 [PMID: 12477845]

23	 Apoil PA, Roubinet F, Despiau S, Mollicone R, Oriol R, 
Blancher A. Evolution of alpha 2-fucosyltransferase genes 
in primates: relation between an intronic Alu-Y element and 
red cell expression of ABH antigens. Mol Biol Evol 2000; 17: 
337-351 [PMID: 10723735]

24	 Malaivijitnond S, Sae-Low W, Hamada Y. The human-ABO 
blood groups of free-ranging long-tailed macaques (Macaca 
fascicularis) and parapatric rhesus macaques (M. mulatta) 
in Thailand. J Med Primatol 2008; 37: 31-37 [PMID: 18199070 
DOI: 10.1111/j.1600-0684.2007.00223.x]

25	 Premasuthan A, Ng J, Kanthaswamy S, Trask JS, Houghton 
P, Farkas T, Sestak K, Smith DG. Molecular ABO phenotyp-

21 August 12, 2014|Volume 3|Issue 3|WJV|www.wjgnet.com

Sestak K. Histo-blood group antigens as calicivirus receptors



                                      © 2014 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com


	WJV-3-18
	WJVv3i3-Back Cover

