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The major symptoms of norovirus gastroenteritis include
a sudden onset of watery diarrhea, vomiting, abdominal
pain, nausea, and/or fever, which last for two to three
days.'” Noroviruses were also called Norwalk-like viruses
from the prototype Norwalk virus that was discovered in
an outbreak of acute gastroenteritis in an elementary
school in Norwalk, OH, in 1968."** Due to a lack of
proper diagnosis, many of the early discovered Norwalk-
like viruses were named by their locations of discovery
and generally were referred to as small round structured
viruses by their common appearance under electron
microscopy. The cloning of Norwalk virus in 19907 and
subsequently of many other Norwalk-like viruses greatly
facilitated the research of noroviruses, including the
development of molecular diagnostic methods and
application of the methods in epidemiology and
molecular virology of noroviruses, which significantly
emphasized the importance of noroviruses as a pathogen
causing epidemics of acute gastroenteritis. Noroviruses
now are classified as one of the four genera in the family
Caliciviridae ~ (http://www.ncbi.nlm.nih.gov/ICTVdb/-
ICTVdB). Although noroviruses remain non-cultivatable
in laboratories, the recent finding of the host range and
receptors of noroviruses provides new approaches in
studying and development of strategies in control and
prevention of norovirus gastroenteritis.

Virology

Noroviruses are small (®=~38nm), non-enveloped
viruses containing a positive sense RINA genome of
~7.5 kilobases (kb). The genome is encapsulated by an
icosahedral protein capsid that is composed of 180
copies of a single major structural protein.*” The
norovirus genome is organized into three open reading
frames (ORFs).”"” ORF1 encodes several non-structural
an  RNA-dependent RNA
polymerase, a 3C-like proteinase, a helicase, and a

proteins, including
genome-linked viral protein, that are important for viral
replication." ORF2 encodes the capsid protein, while
OREF3 encodes a minor structural protein with an as-yet
unknown function.””" In wvitro expression of ORF2
produces virus-like particles (VLPs),"' while expression
of the protruding (P) domain of the capsid protein leads
to formation of a subviral P particle.”" Both VLPs and

US SPECIAL POPULATIONS PEDIATRICS REVIEW 2006

subviral P particles are valuable reagents in development
of diagnostic assays and studying host—pathogen
interaction between norovirus and human host."”>

Classification

Noroviruses are genetically and antigenically diverse
and have been classified into five genogroups (GI to
GV) based on the genomic sequence similarity,” but
only GI, GII, and GIV viruses infect humans and these
viruses are also called human caliciviruses. Phylogenetic
analysis of the capsid protein or the RNA polymerase
sequences further divided the noroviruses into at least
25 genetic clusters.” The GII-4 cluster, also called the
Lordsdale-like viruses, has been found dominant
worldwide,”* possibly due to its broad spectrum of
hosts."”*" The serological classification of noroviruses
remains impossible due to a lack of cell culture or an
animal infection model for noroviruses.

Diagnosis

Reverse transcription polymerase chain reaction (RT-
PCR) is the most commonly used approach to detect
noroviruses.”>” Several degenerate primers based on the
conserved regions in both RNA polymerase and capsid
protein encoding genes have been designed to amplify
the corresponding regions of the norovirus genomes.”
Further validation of the RT-PCR detection includes
sequencing of the PCR products and a comparison of the
sequence with the known norovirus sequences in public
databases. This sequence information has been found to
be a useful tool for molecular epidemiology of noro-
viruses. Although the currently available primer pairs are
able to detect the majority of norovirus strains,* continual
improvement of the assays by updating primer pairs based
on genomic sequences of new strains is necessary.

Other diagnostic methods include electron microscopy,
enzyme immune assay (EIA), and serologic assays.
Electron microscopy allows direct detection of virus
particle in stool samples but is less sensitive.”” The
sensitivity may be enhanced by using specific antibody
to aggregate the virus. Antigen-detection EIAs based
on antibodies against recombinant norovirus VLPs is a
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choice of method but still faces problems of broad

323336 Cross-reactive

detection of wide antigenic types.
monoclonal antibodies recognizing conserved epitopes
among strains within GI and GII, respectively, have
been found,” which may help to increase the broad
reactivity of the EIA assay. Alternately, pooled
hyperimmune antibodies against strains representing
different antigenic types of noroviruses also have been
developed for broad detection of wild types. Several
diagnostic kits based on these different antibodies have
been and will be developed.”* Diagnosis based on
seroconversion against norovirus using VLP-based EIAs
also has been described but these assays are mainly used
for epidemiology studies in research laboratories.

Epidemiology

Noroviruses have been recognized as the most
important cause of non-bacterial epidemic acute
gastroenteritis, affecting individuals of all ages, with
particularly severe illness occurring in infants, the
with
immunocompromised individuals.

elderly, patients chronic diseases,” and

“+ Noroviruses are
highly contagious and can be spread quickly by
person-to-person transmission, through contact with
contaminated environmental surfaces, or by
contaminated food and water, which are common
sources of large outbreaks in a variety of settings
including childcare centers, schools, restaurants,
summer camps, hospitals, nursing homes, cruise ships,
battle ships, and military troops.*™* In the US it has
been estimated that there are over 23 million

% and norovirus causes

norovirus infections annually
US$350-750 millions in losses each year due to care

for illness and lost revenue from recalled foods.
Host Susceptibility
Increasing data indicate that noroviruses recognize human

histo-blood group antigens (HBGASs) as receptors,
although controversy remains.”* HBGAs are complex
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carbohydrates linked to glycoproteins or glycolipids
presenting on mucosal epithelium as the first line of host
defense against microbial pathogens. HBGAs also appear
as free antigens in biological fluids, such as saliva, milk, and
intestinal contents.””” Human HBGAs are highly
polymorphic and three major blood group systems,
controlled by the ABO, Lewis, and secretor gene families,
are involved in norovirus host range.>' The recognition of
HBGASs by noroviruses is strain specific, and so far eight
distinct receptor-binding patterns of noroviruses have
been identified.”**"** The linkage of norovirus binding to
HBGASs with clinical infection has been demonstrated by
human volunteer studies on the prototype Norwalk

53-55

virus® ™ and by outbreak investigations of norovirus-

associated gastroenteritis on a Lordsdale-like virus.®

However, direct evidence for other receptor binding
patterns is still lacking. Soluble HBGAs in human milk
also have been found to be able to block noroviruses
binding to HBGA receptors, suggesting these soluble
antigens may serve as decoy receptors in protection of’

breast-fed infants from norovirus infection.**®

Immunology

In addition to natural resistance related to the host
HBGA:s, the acquired immunity also plays a role in
protection of host against norovirus infection.
Volunteer challenge studies showed that the immune
protection following a norovirus infection is short-
lived (several weeks to months) and highly strain
which
gastroenteritis is so widely spread even among adults.
The understanding of host range related with HBGAs
the
immunology observed in the 1970s to 1980s, in

specific, 08 explains  wh norovirus
> y

also  explains controversy of norovirus
which some individuals with a higher level of
antibodies against noroviruses were found to be more
than other

individuals without or with low levels of antibodies.

susceptible to norovirus infection
The detailed explanation of this controversy has been
discussed in a recent review article.”

Disease Control and Prevention

The high disease burden of norovirus indicates a need for
effective control and prevention. Development of a
vaccine based on recombinant VLPs has been a major
effort due to the lack of cultivation methods for
The

recognizing HBGAs as receptors has provided a new

noroviruses. recent finding of noroviruses
strategy to develop antivirals against the viruses by
to block the

virus—receptor attachment in the intestinal tract.

designing or screening inhibitors

However, before the vaccines and antivirals are available,
proper public health measurements for outbreak control
and prevention are necessary. These measurements include
protection of food and water sources in the community
from contamination of noroviruses and public education
on personal hygiene, which have been outlined in the
CDC webpage (http://www.cdc.gov/foodnet/) and a

recent review article.
Vaccine Development

Several studies have demonstrated that recombinant
norovirus VLPs are capable of inducing immune
response following oral or intranasal administration in

7 However,

laboratory animals and human volunteers.
the fact that noroviruses are antigenically diverse could
be a challenge for the VLP vaccine for broad protection

against wild types. A recent report could be a solution,
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in which multivalent norovirus VLP vaccines induced
strong mucosal and systemic antibodies that blocked the
attachment of multiple norovirus stains to their HBGA
receptors.” Another challenge for norovirus vaccine is
that the viruses may not induce a long-lasting
immunity following a natural infection.®* To this end,
multiple dosages of the non-replicable sub-viral VLP
vaccine may be a choice for boosting the immune
protection. One study has demonstrated a simple and
effective way by feeding mice with raw recombinant
yeast extract containing norovirus VLPs,”* which could
be suitable for the multiple immunization strategy.
Other options include production of the recombinant
VLPs in transgenic plants, such as potatoes, as an ‘edible’
vaccine.””” Finally, compared with VLPs, whose
production is time consuming, the sub-viral P particle,
which forms from the protruding domain of the capsid
protein, may serve as a substitution for VLP because the
P particle contains all exterior portions of the virus and
retains the authentic receptor binding function."”"
Most importantly, the P particle is more stable and
easily produced in a bacterial system, which is
particularly suitable for large-scale production and
multiple dosage delivery. All these vaccine approaches
are still in the stages of investigation and none are
available to public yet.

Antivirals

The hypothesis of antivirals based on the inhibition of
norovirus/HBGA interaction is novel and studies are at
an early stage. One study used a saliva-based blocking
assay to screen a small compound library and identified a
dozen high-affinity compounds that inhibited the
capsid/HBGA interaction with a 50% effective concen-

80

tration value less than 15uM.* Significant emphasis also
has been put on understanding the structure and function
of the noroviral capsid involvement in the receptor

binding interface,***'

which may result in rational design
of antivirals based on these structures. Another study used
hydrogels pre-linked with HBGA analogs as a ‘cage’ to
trap noroviruses in gastrointestinal tract,” which could
serve as a potential therapeutic or preventive treatment for
norovirus disease. The study of HBGAs in human milk is
also highly significant in identification of high-aftinity
milk glycans against norovirus infection, because human
milk is a natural gift resulting from a long evolution with
the HBGA recognizing micro-organisms and thus is
likely to contain high-affinity molecules to prevent
norovirus infection.” Finally, since the norovirus P
particles are easily produced and contain authentic
receptor binding activities, they also have been proposed
to be developed into an antiviral against noroviruses.'”

References

Dolin R, et al., Proc Soc Exp Biol Med (1972);140(2): pp. 578-583.

Hutson AM, Atmar RL, Estes MK, Trends Microbiol (2004);12(6): pp. 279-287.
Atmar RL, Estes MK, Gastroenterol Clin North Am (2006);35(2): pp. 275-290.
Adler ], Zickl R, J Infect Dis (1969);119: pp. 668—673.

Dolin R, et al., ] Infect Dis (1971);123(3): pp. 307-312.

Kapikian AZ, et al., Proc Soc Exp Biol Med (1973);142(3): pp. 874-877.
Jiang X, et al., Science (1990);250(4987): pp. 1580—1583.

Prasad BV et al., Science (1999);286(5438): pp. 287-290.

9. Chen R, et al.,JVirol (2004);78(12): pp. 6469—6479.

10. Jiang X, et al., Virology (1993);195(1): pp. 51-61.

11. Hardy ME, FEMS Microbiol Lett (2005);253(1): pp. 1-8.

12. Bertolotti-Ciarlet A, et al., J Virol (2003);77(21): pp. 11603—-11615.

13. Glass PJ, et al., JVirol (2000);74(14): pp. 6581-6591.

14. Glass PJ, Zeng CQ, Estes MK, JVirol (2003);77(6): pp. 3569-3577.

15. Jiang X, et al., ] Clin Microbiol (1995);33(6): pp. 1452—1455.

16. Jiang X, et al., JVirol (1992);66(11): pp. 6527—6532.

17. Tan M, Jiang X, JVirol (2005);79(22): pp. 14017-10430.

18. Tan M, Meller J, Jiang X, JVirol (2006);80(15): pp. 7322-7331.

19. Huang B et al., ] Infect Dis (2003);188(1): pp. 19-31.

20. Huang D et al., JVirol (2005);79(11): pp. 6714-6722.

21. Tan M, Hegde RS, Jiang X, JVirol (2004);78(12): pp. 6233—6242.

22. Tan M, et al., JVirol (2003);77(23): pp. 12562—12571.

23. Tan M, et al., ] Med Virol (2004);74(4): pp. 641-649.

24. Jiang X, et al., Arch Virol (2002);147(1): pp. 119-130.

25. Zheng DR et al., Virology (2006);346(2): pp. 312—323.

26. Berke T Matson DO, Arch Virol (2000);145(7): pp. 1421-1436.

S N R o=

US SPECIAL POPULATIONS PEDIATRICS REVIEW 2006




_ Infectious Diseases

27. Green J, et al., Virus Genes (2000);20(3): pp. 227-236.

28. Green KY, et al., ] Infect Dis (2000);181 (Suppl 2): pp. S322-S330.

29. Fankhauser RL, et al., ] Infect Dis (2002);186(1): pp. 1-7.

30. Hale A, et al., ] Med Virol (2000);62(1): pp. 99-103.

31. Tan M Jiang X, Trends Microbiol (2005);13(6): pp. 285-293.

32. Jiang X, et al., Arch Virol Suppl (1996);12: pp. 251-262.

33. Jiang X, Wang ], Estes MK, Arch Virol (1995);140(2): pp. 363—374.

34. Blanton LH, et al., ] Infect Dis (2006);193(3): pp. 413—421.

35. Richards AF et al., ] Clin Virol (2003);26(1): pp. 109—1135.

36. Atmar RL, Estes MK, Clin Microbiol Rev (2001);14(1): pp. 15-37.

37. Parker TD, et al., JVirol (2005);79(12): pp. 7402-7409.

38. Burton-MacLeod JA,, et al., ] Clin Microbiol (2004);42(6): pp. 2587-2595.
39. Mattner E et al., Clin Microbiol Infect (2006);12(1): pp. 69-74.

40. Nilsson M, et al., JVirol (2003);77(24): pp. 13117-13124.

41. Kaufman SS, et al., Am J Transplant (2003);3(6): pp. 764-768.

42. Kaufman SS, et al., ] Pediatr Gastroenterol Nutr (2005);40(3): pp. 328-333.
43. Morotti RA, et al., Hum Pathol (2004);35(10): pp. 1236—1240.

44. Ahmad K, Lancet Infect Dis (2002);2(7): p. 391.

45. Calderon-Margalit R, et al., Epidemiol Infect (2005);133(1): pp. 35-40.
46. Gotz H, et al., Scand J Infect Dis (2002);34(2): pp. 115-121.

47. Guest C, et al., Pediatrics (1987);79(4): pp. 559-563.

48. Isakbaeva ET et al., Emerg Infect Dis (2005);11(1): pp. 154-158.

49. Navarro G, et al., Infect Control Hosp Epidemiol (2005);26(3): pp. 259-262.
50. Mead PS, et al., Emerg Infect Dis (1999);5(5): pp. 607-625.

51. Anderson L, et al., JAMA (2003);289(6): pp. 693—696.

52. Anderson L, et al., MMWR Morb Mortal Wkly. Rep (2003);52(3): pp. 41-45.
53. Lindesmith L, et al., Nat Med (2003);9: pp. 548—553.

54. Hutson AM, et al., ] Med Virol (2005);77(1): pp. 116—120.

55. Hutson AM, et al., ] Infect Dis (2002);185(9): pp. 1335-1337.

56. Hutson AM, et al., JVirol (2003);77(1): pp. 405—415.

57. Marionneau S, et al., Gastroenterol (2002);122(7): pp. 1967-1977.

58. Harrington PR, et al., JVirol (2002);76(23): pp. 12335—-12343.

59. Harrington PR, et al., JVirol (2004);78(6): pp. 3035-3045.

60. Lindesmith L, et al., JVirol (2005);79(5): pp. 2900-2909.

61. Marionneau S, et al., Biochimie (2001);83(7): pp. 565-573.

62. Ravn V] Dabelsteen E, Apmis (2000);108(1): pp. 1-28.

63. Thorven M, et al., JVirol (2005);79(24): pp. 15351-15355.

64. Jiang X, et al., J Infect Dis (2004);190(10): pp. 1850—-1859.

65. Jiang X, et al., Adv Exp Med Biol (2004);554: pp. 447-450.

66. Parrino TA, et al., N Engl ] Med (1977);297(2): pp. 86—89.

67. Farkas T, et al., ] Infect Dis (2003);187(2): pp. 187-193.

68. Wyatt RG, et al., ] Infect Dis (1974);129(6): pp. 709-714.

69. Nicollier-Jamot B, et al., Vaccine (2004);22(9-10): pp. 1079-1086.

70. Tacket CO, et al., ] Infect Dis (2000);182(1): pp. 302-305.

71. Tacket CO, et al., Clin Immunol (2003);108(3): pp. 241-247.

72. Ball JM, et al., Gastroenterology (1999);117(1): pp. 40—48.

73. Ball JM, et al., JVirol (1998);72(2): pp. 1345-1353.

74. Mason HS, et al., Proc Natl Acad Sci U S A (1996);93(11): pp. 5335—5340.
75. Ball JM, et al., Arch Virol Suppl (1996);12: pp. 243-249.

76. Harrington PR, et al., JVirol (2002);76(2): pp. 730-742.

77. LoBue AD, et al., Vaccine (2006);24(24): pp. 5220-5534.

78. Xia M, Farkas T, Jiang X, ] Med Virol (2006);79(1): pp. 74-83.

79. Tacket CO, Expert Opin Biol Ther (2004);4(5): pp. 719-728.

80. Feng X, Jiang X, Antimicrob Agents Chemother (2006).

81. Hutson AM, et al., Second International Calicivirus Conference, Dijon, France, November 6—10, 2004.
82. Zhangy, et al., ChemMedChem (2006);1(12): pp. 1361-1366.

US SPECIAL POPULATIONS PEDIATRICS REVIEW 2006




