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MINIREVIEW

Murine Norovirus: a Model System To Study Norovirus Biology
and Pathogenesis

Christiane E. Wobus,† Larissa B. Thackray,† and Herbert W. Virgin IV*
Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, Missouri 63110

Human noroviruses are the major cause of nonbacterial,
epidemic gastroenteritis worldwide (19, 23, 33, 46) and cause
significant numbers of endemic cases, as well. One study from
1999 estimated that, in the United States alone, human noro-
viruses cause 23 million cases of gastroenteritis and 50,000
hospitalizations per year (49). Norovirus outbreaks involve
people of all ages and often occur in crowded locations, such as
cruise ships, aircraft carriers, nursing homes, hospitals, schools,
and restaurants (23). Noroviruses are classified as class B bio-
logical agents due to their high infectivity and stability and to
the suddenness of outbreaks and the debilitating nature of the
disease. Despite the significant economic impact and consid-
erable morbidity caused by human noroviruses, no drug or
vaccine is currently available to treat or prevent human noro-
virus disease. In addition, many aspects of norovirus biology
are not well understood. This is due in large part to the ab-
sence of a cell culture system or small animal model for human
noroviruses (16, 23).

Although most noroviruses have been associated with gas-
trointestinal disease in humans, noroviruses of cattle, swine
and mice have also been identified (36, 44, 70). Of these po-
tential experimental models, the murine norovirus (MNV) is
the only norovirus that replicates in cell culture and in a small
animal (36, 75). Moreover, laboratory mice are a versatile and
relatively inexpensive model for the analysis of viral pathogen-
esis. A recent analysis of a large number of mouse serum
samples from research colonies in the United States and Can-
ada identified MNV-1 reactive antibodies in 22.1% of serum
samples (30). In addition, over 35 new isolates of MNV have
been found in research colonies (GenBank accession no.
DQ223041 to DQ223043 and DQ269192 to DQ269205; unpub-
lished observations). Therefore, MNV is one of the most prev-
alent pathogens in research mice today. Independent of its
value as a potential model for norovirus infection, the impact
of MNV infection on biomedical research, which is highly
dependent on mice as experimental models, may be of great
significance.

The MNV model system provides the first opportunity to
understand the relationship between basic mechanisms of no-
rovirus replication in tissue culture and pathogenesis in a nat-

ural host. The mouse model also provides an opportunity to
use defined mutations in host genes to identify molecular com-
ponents required for norovirus infection and for the host re-
sponse to norovirus infection. To date, the MNV model system
has revealed a tropism for cells of the hematopoietic lineage,
specifically, macrophages and dendritic cells. In addition, in
vivo studies using the MNV model system demonstrate a fun-
damental role for innate immune responses in the control of
norovirus infection and an important role for adaptive immune
responses in the clearance of norovirus infection from the
intestine and other tissues.

This review summarizes what is currently known about
MNV, highlights parallels that may exist between murine and
human noroviruses, and concludes by comparing the strengths
and weaknesses of several model systems for human norovirus
infection. Although the MNV model may never recapitulate all
aspects of human norovirus infection, we hope that this review
will provide the impetus for others to use the MNV system to
gain insight into many aspects of norovirus biology and patho-
genesis that cannot be explored without a cell culture system or
a genetically manipulable host. Over time, the relevance of
such studies to understanding human norovirus infection will
become apparent.

DISCOVERY OF MURINE NOROVIRUS 1

The first norovirus to infect mice, MNV-1, was described in
2003 (36). Severely immunocompromised mice lacking the re-
combination-activating gene 2 (RAG2) and signal transducer
and activator of transcription 1 (STAT-1) (RAG2/STAT1�/�

mice) sporadically succumbed to a systemic disease that could
be serially passaged by intracerebral (i.c.) inoculation. Subse-
quently, this agent was shown to experimentally infect wild-
type and immunocompromised mice after peroral (p.o.) and
intranasal (i.n.) inoculation (see below) and to naturally infect
a significant proportion of laboratory mice nationwide (30).
Therefore, the initial isolation of MNV from brain tissue is not
a reflection of its intrinsic biology. No known human or mouse
pathogen could be isolated from the brain of i.c.-inoculated
RAG2/STAT1�/� mice by standard diagnostic laboratory
practices. Significantly, the unknown pathogen had features
that are characteristic of most viruses: the pathogen could be
filtered through a 0.22-�m filter and was interferon (IFN)
sensitive. Mice lacking both the alpha/beta interferon (IFN-
�/�) and the IFN-� receptors (IFN-���R�/� mice), but not
wild-type mice, were highly susceptible to the pathogen. To
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identify the unknown pathogen, representational difference
analysis was utilized, and sequences that were similar but not
identical to those of previously sequenced noroviruses were
obtained. Since the cloned sequences obtained by representa-
tional difference analysis aligned along norovirus genomes, a
combination of rapid amplification of cDNA ends and PCR
was used to clone and sequence the entire 7,382-bp polyade-
nylated MNV-1 genome (36). The consensus sequence of the
MNV-1 brain homogenate from IFN-���R�/� mice was re-
cently confirmed and updated based on sequence analysis of
PCR amplicons (GenBank accession no. AY228235). Phyloge-
netic analysis of the viral capsid protein (Fig. 1) and viral

genome clearly demonstrates that MNV-1 is a previously un-
known norovirus (36).

CHARACTERISTICS OF MNV

The most important characteristics of MNV for the analysis
of the biology and pathogenesis of noroviruses are the biolog-
ical and molecular properties that MNV shares with other
noroviruses and with caliciviruses in general. While MNV-1
was originally isolated by serial passage from the brain of
severely immunocompromised mice after i.c. inoculation (36),
it is now clear that this virus is an effective enteric pathogen.
MNV-1 is virulent in immunocompromised mice after p.o. and
i.n. inoculation (36) and infects wild-type mice after p.o. inoc-
ulation (see below). In addition, persistently infected RAG�/�

mice (see below) shed infectious MNV-1 that can be transmit-
ted from mouse to mouse in a cage or from contaminated
bedding to uninfected mice (unpublished observations). Wild-
type mice housed with persistently infected RAG�/� mice or
on contaminated bedding from infected RAG�/� mice develop
MNV-1-reactive antibodies within 3 to 4 weeks of exposure.
Most significantly, many new MNV strains have been isolated
from the feces or diarrhea of laboratory mice (GenBank ac-
cession no. DQ269192 to DQ269205; unpublished observa-
tions). The relationship between gastrointestinal disease in
mice and infection with these new MNV isolates is unknown.
These studies indicate that MNV shares with its human coun-
terparts the capacity to spread via the fecal-oral and, possibly,
respiratory routes.

From a molecular point of view, MNV-1 shares many bio-
chemical and genetic features with human noroviruses.
MNV-1 has the size (28 to 35 nm in diameter), shape (icosahe-
dral), and buoyant density (1.36 � 0.04 g/cm3) characteristic of
human noroviruses (23, 36). In addition, analysis of the
MNV-1 genome identifies the three open reading frames
(ORF) characteristic of noroviruses and vesiviruses, two gen-
era within the Caliciviridae (Fig. 2). ORF1 of MNV-1 encodes
a predicted 187.5-kDa polyprotein containing the 2C helicase,
3C protease, and 3D polymerase motifs found in other calici-
viruses and picornaviruses. ORF2 of MNV-1 encodes a 58.9-
kDa capsid protein that can self-assemble into virus-like par-
ticles when expressed in a baculovirus expression system,
similar to other caliciviruses (36). ORF3 of MNV-1 encodes a
putative 22.1-kDa basic protein.

Proteolytic processing of the ORF1 polyprotein into some of
the MNV-1 nonstructural proteins can be visualized in MNV-
1-infected RAW 264.7 cells (75). Although proteolytic process-
ing sites have been mapped in the ORF1 polyprotein of several
human noroviruses using in vitro expression systems (3, 43, 45,
65, 67), it has not been possible to verify the utilization of these
cleavage sites during authentic virus infection. A recent study
of MNV-1 demonstrated that proteolytic processing of the
ORF1 polyprotein (Fig. 2) in a cell-free translation system
correlated closely with that observed for virus-infected cells
(S. V. Sosnovtsev, G. Belliot, K. O. Chang, V. G. Prikhodko,
L. B. Thackray, C. E. Wobus, S. M. Karst, H. W. Virgin, and
K. Y. Green, unpublished data). Additional studies using
MNV will permit further elucidation of the role of viral and
host proteins during authentic norovirus replication.

The analysis of norovirus replication is in its infancy. How-

FIG. 1. Phylogenic analysis of the Caliciviridae. Maximum parsi-
mony analysis was performed using the PAUP* program on an align-
ment of the capsid protein sequence of MNV-1 with capsid protein
sequences of representative members of the four genera of Caliciviri-
dae. The numbers below the branches indicate bootstrap values ex-
ceeding 50%. Neighbor-joining analysis uncovered a topologically
identical tree with very similar bootstrap values (data not shown).
Capsid protein sequences were derived from murine norovirus 1
(GenBank accession no. AY228235), human norovirus (HuNoV) Al-
phatron (AF195847), HuNoV Bristol (X76716), porcine norovirus
(PoNoV) SW918 (AB074893), HuNoV Hawaii (U07611), HuNoV M7
(AY130761), bovine norovirus (BoNoV) CH126 (AF320625), BoNoV
Jena (AJ011099), HuNoV Winchester (AJ277609), HuNoV Chiba
(AB042808), HuNoV Norwalk (M87661), European brown hare syn-
drome virus (EBHSV; Z69620), rabbit hemorrhagic disease virus
(RHDV; M67473), feline calicivirus (FCV; L40021), primate calicivirus
(PCV; AF091736), rabbit vesivirus (AJ866991), porcine sapovirus
(PoSaV) Cowden (AF182760), human sapovirus (HuSaV) London
(U95645), HuSaV Houston 86 (U95643), HuSaV Houston 90 (U95644),
and VP1 of poliovirus 1 Mahoney (V01149).
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ever, the conserved molecular features of murine and human
norovirus genomes suggest that the study of MNV may define
mechanisms of norovirus replication. Two aspects of norovirus
replication that have been examined thus far using MNV-1 are
the expression of a subgenomic RNA and the rearrangement
of intracellular membranes during viral replication. Until re-
cently, a subgenomic RNA expressed during viral replication
had been demonstrated only for animal caliciviruses that can
be propagated in tissue culture (6, 17, 18, 28, 50, 62). For these
viruses, synthesis of the capsid protein is initiated from the
subgenomic RNA and involves sequences conserved at the 5�
end of the genomic and subgenomic RNA. For noroviruses,
the conservation of nucleotides at the 5� end of the genome
and a region just upstream of ORF2 suggested that the capsid
(ORF2) and basic protein (ORF3) might also be expressed
from a subgenomic RNA (Fig. 2). Recently, three studies have
confirmed that a subgenomic RNA is expressed during noro-
virus replication. A Northern blot analysis of RNA isolated
from MNV-1-infected cells shows increasing amounts of a sub-
genomic RNA over time (75). The same subgenomic RNA
species are also observed with MNV-1-infected wild-type and
STAT1�/� macrophages (unpublished observations). Further-
more, a subgenomic-length RNA is detected after transfection
of cells with a cDNA clone of Norwalk virus (NV) or U201,
both human noroviruses (2, 37). The presence of a subgenomic
RNA species during murine and human norovirus replication
suggests that noroviruses, like some other RNA viruses, regu-
late synthesis of structural proteins by using an abundant sub-
genomic message.

The second aspect of norovirus replication examined using
MNV-1 implicates intracellular membranes in norovirus rep-
lication. A dramatic reorganization of intracellular membranes
has been observed during infection with feline calicivirus
(FCV), a vesivirus (47, 69). However, it was not known
whether a similar rearrangement of intracellular membranes
occurs during norovirus infection. Analysis of MNV-1-infected
cells by electron microscopy shows striking changes in mor-

phology, including an extensive reorganization of intracellular
membranes and the loss of an intact Golgi apparatus (75).
Increasing amounts of viral particles are observed near rear-
ranged individual or confronting intracellular membranes that
ultimately occupy most of the cytoplasm. These observations
are consistent with the idea that noroviruses, like other posi-
tive-strand RNA viruses, replicate in association with intracel-
lular membranes. However, additional studies using MNV are
needed to conclusively demonstrate a requirement for these
membranes during norovirus replication.

It is likely that many fundamental mechanisms of replication
will be conserved between murine and human noroviruses.
Importantly, the recent development of a replication system
for human noroviruses (2, 37) will permit comparisons of au-
thentic murine and human norovirus replication and should
allow the identification of conserved mechanisms. The physi-
ological relevance of norovirus-specific replication mecha-
nisms may then be determined in vivo using the MNV system.

MNV INFECTION OF WILD-TYPE MICE

Although MNV-1 was initially isolated from severely immu-
nocompromised mice, subsequent studies demonstrate that
this virus also infects wild-type mice. A robust seroconversion
to the capsid protein is seen in inbred 129 and outbred CD1
mice inoculated p.o. or i.n. with MNV-1 (30, 36). More impor-
tantly, adult (8-week-old) 129 mice have detectable levels of
viral RNA in the liver, spleen, and proximal intestine (but not
in the lung, brain, blood, or feces) 1 day after p.o. inoculation
with 3 	 104 PFU of MNV-1 brain homogenate (36). While
MNV-1 RNA is not detected in the liver, spleen, or proximal
intestine of adult 129 mice 3 days after inoculation, viral RNA
is detected in the feces at 7 days and in the mesenteric lymph
node, spleen, and jejunum at 5 weeks in a subset of juvenile
(4-week-old) CD1 mice after inoculation with 1 	 107 PFU of
plaque-purified MNV-1 (30, 36). Even more striking, MNV
RNA is detected in the mesenteric lymph node, spleen, jeju-

FIG. 2. Genome organization of NV and MNV-1. Cleavage sites in NV and MNV-1 are indicated by open arrows, and the amino acids
surrounding the cleavage site are also shown (4, 43, 45; Sosnovtsev et al., unpublished). The subgenomic RNA is shown below the genomic RNA.
The presence of a viral protein linked to genomic and subgenomic RNA (VPg) is predicted, but not proven, for noroviruses.
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num, and feces of juvenile CD1 mice for at least 8 weeks after
inoculation with 1 	 106 PFU of three new murine norovirus
isolates, MNV2, MNV3, and MNV4 (C. C. Hsu, L. K. Riley,
H. M. Wills, and R. S. Livingston, submitted for publication).
It is an intriguing possibility that MNV and other noroviruses
may continually replicate in a subset of apparently wild-type
hosts, potentially providing a reservoir for norovirus epidem-
ics. Although continuous replication has not been documented
for human noroviruses, long-term replication is commonly ob-
served for FCV (56, 72). The possibility that MNV persistently
infects the lymphoid system is intriguing, given the capacity of
this virus to productively infect macrophages and dendritic
cells (see below).

The characteristic clinical manifestations of human norovi-
rus infection are projectile vomiting and/or explosive, watery
diarrhea, as well as low-grade fever, malaise, nausea, and ab-
dominal cramping or pain (23). In addition, a certain propor-
tion of human norovirus infections are asymptomatic (22, 60).
A murine model cannot recapitulate norovirus-induced vom-
iting, since mice lack an emetic reflex. However, other symp-
toms of human norovirus infection can be measured. To date,
adult 129 and juvenile CD1 mice do not exhibit any clinical
symptoms when inoculated with MNV-1 (30, 36). In addition,
juvenile CD1 mice do not develop any clinical symptoms when
inoculated with three new strains of MNV, namely, MNV2,
MNV3, and MNV4 (Hsu et al., submitted). However, these
studies have examined only a few murine norovirus isolates
and have focused on a limited number of mouse strains. Given
the diversity of host responses observed for different mouse
strains and the ongoing characterization of new MNV isolates,
we have only begun to understand the pathogenic potential of
MNV in laboratory mice. Interestingly, only six amino acids
differ between wild-type porcine enteric calicivirus-Cowden
(PEC-Cowden), a sapovirus, and tissue culture-adapted PEC-
Cowden (24). However, wild-type PEC-Cowden causes diar-
rhea in gnotobiotic pigs, while tissue culture-adapted PEC-
Cowden does not (25). In light of these data, a more thorough
investigation using different mouse and virus strains, infection
routes, and virus doses is clearly needed to determine the
presence or absence of MNV-induced disease in wild-type
hosts.

INNATE IMMUNITY IS REQUIRED TO CONTROL
NOROVIRUS INFECTION

The discovery of a norovirus that infects a genetically de-
fined host provides a unique opportunity to identify molecular
components required for resistance to norovirus infection.
MNV-1 causes systemic and lethal disease in STAT1�/� mice,
unlike wild-type mice, by all routes analyzed (p.o., i.n., i.c.,
intraperitoneal, and footpad) (36; unpublished observations).
Susceptible STAT1�/� mice have high levels of MNV-1 RNA
in all organs examined (lung, liver, spleen, proximal intestine,
and brain) and in blood and feces 1, 3, and 7 days after p.o.
inoculation. Although the exact cause of death of MNV-1-
infected STAT1�/� mice is not known, these mice have his-
topathological signs of pneumonia and loss of splenic architec-
ture 3 days after p.o. inoculation and severe liver inflammation
by day 7 (36). Of note, histopathological signs of encephalitis
have only been seen in the brain of RAG/STAT�/� mice after

direct i.c. inoculation with MNV-1 (36). The importance of
STAT-1 in controlling MNV-1 infection in vivo is mirrored in
tissue culture, where MNV-1 replicates to higher levels in
STAT1�/� macrophages and dendritic cells than their wild-
type counterparts (75). These studies demonstrate that
STAT1-dependent responses limit norovirus replication in the
cell. This cell-intrinsic antiviral function of STAT-1 likely plays
a significant role in the susceptibility of STAT1�/� mice to
MNV infection and disease.

STAT-1 is one of the primary mediators of both type I and
type II IFN responses (55, 58). In vitro, MNV-1 replication in
IFN-��R�/� macrophages is comparable to the high-level rep-
lication present in STAT1�/� macrophages, while MNV-1 rep-
lication in IFN-�R�/� macrophages is similar to replication in
wild-type counterparts (75). The latter is not surprising, since
IFN-� is unlikely to be generated in cell cultures that lack T
and NK cells. These data demonstrate a role for STAT-1 and
type I IFN in limiting MNV-1 replication in vitro. Initial stud-
ies in vivo demonstrate that, like STAT1�/� mice, IFN-
���R�/� mice are highly susceptible to lethal MNV-1 infec-
tion (36). Further studies are needed to define the individual
roles of IFN-�� and IFN-� during MNV-1 infection in vivo.
This is especially true in light of the fact that the initial animal
studies analyzed only lethality (36) and, therefore, more subtle
contributions of IFN-�� and IFN-� in controlling MNV infec-
tion remain undefined.

The most interesting future direction for these studies will
be to identify the host factors responsible for the impressive
effects of STAT-1 and IFN on MNV-1 replication and patho-
genesis. Two well-known mediators of IFN-inducible antiviral
pathways are protein kinase RNA activated (PKR) and induc-
ible nitric oxide synthase (iNOS). Significant mortality is not
seen in PKR�/� or iNOS�/� mice after inoculation with
MNV-1 (36). In addition, MNV-1 replication in PKR�/� and
iNOS�/� macrophages is similar to replication in wild-type
macrophages (75). While more subtle contributions of PKR
and iNOS to MNV-1 resistance were not addressed in these
initial studies, the combination of in vitro and in vivo data
suggest that other mediators of IFN- and STAT1-dependent
antiviral activity are required to control MNV-1 replication
and disease.

The role of innate immunity during MNV infection suggests
an explanation for the short clinical course of human norovirus
disease. The characteristic rapid onset (
1 day) and resolution
(
2 days) of human norovirus disease (23) occurs before one
might plausibly invoke a role for adaptive immunity in control
of norovirus-induced disease. Studies of MNV suggest that
innate immunity, specifically IFN- or STAT1-dependent im-
mune responses, may be responsible for the rapid control of
human norovirus disease. Furthermore, the induction of a sys-
temic disease in immunocompromised mice after mucosal in-
oculation of MNV-1 suggests that humans with deficient innate
immune responses may experience a more severe and dissem-
inated form of norovirus disease with unknown clinical conse-
quences. Interestingly, the susceptibility of humans to virus
infections can differ based on allelic variations in genetic com-
position (8, 9). One striking example is how susceptibility to
human norovirus infection is determined by allelic variation in
human histo-blood group antigens (HBGA) and secretor sta-
tus (31, 32, 34, 41, 42, 61). In light of the role of innate
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immunity during murine norovirus infection, it would be inter-
esting to examine whether the penetrance, severity, and per-
sistence of human norovirus infection are influenced by allelic
variations in innate immunity.

ADAPTIVE IMMUNITY IS REQUIRED TO CLEAR
NOROVIRUS INFECTION

Studies of MNV have led to several important findings re-
garding the role of the adaptive immune response in viral
shedding and clearance. Like wild-type mice, RAG1�/� and
RAG2�/� mice are resistant to MNV-1-induced lethality (36).
These studies show that the adaptive immune response, in
striking contrast with the STAT1-dependent innate immune
response, is not required for protection against lethal MNV
infection. However, unlike wild-type mice, RAG�/� mice have
high levels of viral RNA in all organs analyzed (lung, liver,
spleen, proximal intestine, brain) and in blood and feces 90
days after p.o. inoculation (36). In unpublished studies, we
have found that the high levels of viral RNA correlate with the
presence of infectious MNV-1 in multiple tissues of RAG�/�

mice. The continuous replication of MNV-1 in RAG�/� mice,
in contrast to the rapid clearance of MNV-1 from wild-type
mice, demonstrates that components of the adaptive immune
response, specifically B and/or T cells, are required to contain
and clear MNV-1 infection. These studies also show that
MNV-1 is capable of continuously replicating in tissues for
long periods of time without inducing overt disease or lethality,
a property that might contribute to persistent norovirus infec-
tion in wild-type hosts.

The role of adaptive immunity in preventing the dissemina-
tion and continuous replication of MNV may have important
implications for human norovirus infection. Although human
norovirus disease has a rapid onset and resolution, human
noroviruses can be shed for up to 3 weeks after infection (23,
60). Studies of MNV suggest that adaptive immunity, mediated
by B and/or T cells, may be responsible for clearance of human
norovirus infection. In addition, studies using MNV suggest
that humans with compromised adaptive immune responses
may experience disseminated, long-term norovirus infection.
While human norovirus infection outside the gastrointestinal
tract has not been documented, several cases of prolonged
norovirus shedding (4 months to �2 years) have been de-
scribed in transplant patients with compromised adaptive im-
mune systems (21, 38, 39, 51, 53).

While studies of MNV-1 infection in RAG�/� mice identi-
fied a role for B and/or T cells in viral control and clearance,
future studies are needed to address the relative importance of
B and T cells and their mechanisms of action. Initial studies
indicate that one mechanism may be through the generation of
a neutralizing antibody response, which is at least partially
protective in vivo. Wild-type mice infected with MNV-1 gen-
erate antibodies that neutralize MNV-1 (75; unpublished ob-
servations). Polyclonal serum from MNV-1-inoculated wild-
type mice and monoclonal antibodies derived from the spleen
of an MNV-1-inoculated mouse inhibit MNV-1 replication and
plaque formation (75). In addition, the MNV-1-reactive poly-
clonal serum is able to delay MNV-1-induced lethality in
RAG2/STAT1�/� mice after intraperitoneal transfer (unpub-
lished observations). While a neutralizing antibody response to

human norovirus infection cannot be directly measured in the
absence of a tissue culture system, blockade of human norovi-
rus binding to their respective HBGA has been developed as a
surrogate assay to detect potential neutralizing antibodies (27,
59). These data suggest an important role for antibody in
prevention of norovirus disease, but more detailed studies are
clearly needed to determine immune mechanisms. This area of
research promises to be one for which the MNV system is
particularly well suited, given the wealth of immunologic re-
agents and mice with defined mutations in immune system
components that are currently available.

MNV HAS A TROPISM FOR MACROPHAGES AND
DENDRITIC CELLS

While the tropism of several animal caliciviruses has been
investigated in vitro and in vivo (13, 20, 40, 48, 54), studies to
define the tropism of noroviruses during natural infection are
just beginning. Immunohistochemical staining of tissue sec-
tions from STAT1�/� mice 2 days after p.o. inoculation with
MNV-1 brain homogenate shows virus-specific staining in cells
of the liver and spleen (Fig. 3A). In the liver, resident macro-
phages or Kupffer cells are stained with anti-MNV-1 poly-
clonal antiserum; in the spleen, cells with macrophage-like
morphology are stained in the red pulp and marginal zone, and
cells of dendritic cell-like morphology are stained in the white
pulp (75). These data suggest that MNV-1 infects macrophages
and dendritic cells in vivo. Additional studies using cell lin-
eage-specific markers and a more comprehensive survey of
host tissues in both wild-type and immunocompromised mice
are needed to confirm the site of MNV replication in vivo.

In vitro, MNV-1 replicates efficiently in cultured bone mar-
row-derived murine macrophages and dendritic cells (Fig. 3B)
but not in murine embryonic fibroblasts, murine hepatocyte, or
neuroblastoma cell lines, mouse embryonic stem (ES) cells, or
ES cell-derived embryoid bodies (75; unpublished observa-
tions). MNV-1 also replicates robustly in the murine macro-
phage cell line RAW 264.7, leading to the development of a
plaque assay and the first tissue culture system for a norovirus
(75). Furthermore, all murine macrophage and dendritic cell
lines tested (RAW 264.7, IC21, J774A.1, P388D1, WBC264-
9C, and JAWSII) support MNV-1 replication (75; unpublished
observations). These studies clearly demonstrate that MNV-1
has a tropism for cells of the hematopoietic lineage, including
macrophages and dendritic cells. These findings clearly war-
rant more detailed studies to examine the role of macrophages
and dendritic cells in MNV infection in vivo.

The unexpected tropism of MNV-1 for macrophages and
dendritic cells may have important implications for under-
standing norovirus infection and disease. Human noroviruses
are thought to have an enteric tropism limited to the upper
intestinal tract, since intestinal biopsies from volunteers chal-
lenged with NV or Hawaii virus show villous broadening and
blunting in the jejunum and an infiltration of mononuclear
cells (1, 14, 63, 64). Similar pathology is seen in biopsies from
pediatric transplant patients with high-volume diarrhea asso-
ciated with human norovirus infection (38, 51). However, the
site of human norovirus replication in vivo has not been dem-
onstrated. Interestingly, recent data demonstrated that a sub-
set of dendritic cells can form transepithelial dendrites capable
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of directly sampling the intestinal lumen (52). Infection of
transepithelial dendritic cells in the lumen of the intestine may
provide a potential route of infection for noroviruses. There-
fore, the tropism of human noroviruses in vivo should be re-
considered in light of the data from MNV-1.

While the capacity to culture MNV provides an important
tool, it would be valuable to have a human cell line or primary
cell that is permissive for human norovirus replication. While
recombinant NV virus-like particles are able to specifically
bind to multiple cell lines, including human intestinal cells
(Caco-2 cells), only a small proportion of particles are inter-
nalized into the cell (74). However, Caco-2 cells, as well as
many other epithelial and fibroblast cell lines, are not suscep-
tible to human norovirus infection (16). Data from the MNV
system indicate that efforts to develop a culture system for
human noroviruses should be revisited, with an emphasis on
attempting to grow the virus in macrophages and dendritic
cells and in cells lacking IFN responses or STAT-1. Although

the role of STAT-1 in human norovirus infection has not been
investigated, the down-regulation of IFN-��- and IFN-�-me-
diated STAT-1 activation correlates with the susceptibility of
cultured cells to infection with PEC (12).

CLOSING COMMENTS

Until the discovery of MNV, in 2003, understanding of no-
rovirus biology and pathogenesis was hampered by the lack of
a cell culture system and a small animal model (16, 23). De-
spite this lack, significant advances have been made in under-
standing basic mechanisms of norovirus infection and patho-
genesis, including the determination of the first sequence of a
norovirus, the crystal structure of a norovirus capsid, and the
role of HBGA and secretor status in susceptibility to human
norovirus infection (34, 35, 42, 57). In addition, many advances
in understanding mechanisms of calicivirus replication have
come from studies using related animal caliciviruses, such as

FIG. 3. Identification of MNV cellular and tissue tropism. (A) MNV has a tropism for cells of macrophage and dendritic cell-like morphology
in vivo. Immunohistochemistry was performed on sections from liver and spleen 2 days postinoculation (2dpi) with a peroral (po) dose of MNV-1
(75). Resident macrophages of the liver or Kupffer cells (K) and cells in the spleen consistent with macrophage (indicated by an arrow) and
dendritic cellmorphology and localization stain with an anti-MNV-1 antibody. RP, red pulp; WP, white pulp. (B) MNV has a tropism for
macrophages and dendritic cells in vitro. Bone marrow precursors were cultured in macrophage colony stimulating factor (�MCSF) or granulocyte
macrophage colony stimulating factor (�GM-CSF) to generate macrophages (M�) and dendritic cells (DC), respectively (75). Monolayers of
STAT1�/� macrophages or dendritic cells show cytopathic effects 2 days postinoculation (2dpi) with MNV-1.
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FCV (23). The recently developed replication system for hu-
man noroviruses (2, 37) may now be used to directly compare
norovirus and calicivirus replication at the cellular level.

Analysis of mechanisms of pathogenesis requires the inte-
grated use of multiple techniques, including molecular virol-
ogy, tissue culture, and in vivo studies. The well-established
tissue culture and reverse genetics systems for FCV has yielded
a wealth of information about calicivirus replication in vitro
(23), while the PEC model system of diarrhea has permitted
detailed histological analysis of the small intestine during calici-
virus infection in vivo (Table 1). However, neither FCV nor
PEC is a norovirus (Fig. 1). Models for human norovirus in-
fection using bovine or porcine noroviruses (Fig. 1) are cur-
rently in development; however, studies of these viruses are
limited by the absence of a tissue culture system (Table 1). In
addition, most animal models for human norovirus infection
are unable to identify molecular components required for no-
rovirus infection or the host response to norovirus infection,
due to the difficulty in genetically manipulating bovine, por-
cine, and feline hosts (Table 1).

Therefore, we believe that, while advances in many of these
model systems are expected in the future, the identification of
the first norovirus that infects a genetically manipulable host
and the development of the first tissue culture system for a
norovirus (Table 1) provide a major opportunity to uncover
new aspects of norovirus biology and pathogenesis in vitro and
in vivo. As discussed in this review, the MNV model system has
already provided new insight into how noroviruses grow and
interact with their host and has generated questions regarding

the relationship between noroviruses and cells of the hemato-
poietic lineage and the role of innate immunity in the control
of norovirus infection. It is our hope that many investigators
will begin to utilize the MNV model system, giving rise to an
interactive and fast-moving field, to provide a better under-
standing of the biology and pathogenesis of an important cause
of human disease.
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