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Abstract

Noroviruses constitute a family of ubiquitous and highly efficient human pathogens. In spite of
decades of dedicated research, human noroviruses remain a major cause of gastroenteritis and
severe diarrheal disease around the world. Recent findings have begun to unravel the complex
mechanisms that regulate norovirus pathogenesis and persistent infection, including the important
interplay between the virus, the host immune system, and commensal bacteria. Herein, we will
summarize recent research developments regarding norovirus cell tropism, the use of M cells, and
commensal bacteria to facilitate norovirus infection, and virus, host, and bacterial determinants of
persistent norovirus infections.
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INTRODUCTION

Noroviruses comprised a genetically diverse group of nonenveloped plus-strand RNA
viruses that infect many host species and are enteric in nature. In particular, human
noroviruses are a major cause of gastroenteritis outbreaks and sporadic diarrhea across the
globe. They are the leading cause of foodborne disease globally [Koo et al., 2010] and the
leading cause of severe childhood diarrhea in parts of the world where a rotavirus
vaccination program is being implemented [Koo et al., 2013; Payne et al., 2013; Becker-
Dreps et al., 2014]. A recent systematic review of diarrheal epidemiology studies reveals that
noroviruses are responsible for nearly 20% of all cases of acute gastroenteritis [Ahmed et al.,
2014], and increased reporting over recent years has led to the realization that they are the
most common cause of acute gastroenteritis outbreaks in the United States [Wikswo et al.,
2015]. It is also becoming increasingly appreciated that human norovirus infections are
common in immunocompromised and transplant patients where they can lead to life-
threatening dehydration [Bok and Green, 2012; Green, 2014].

Human volunteer studies have been instrumental to studying various aspects of norovirus
pathogenesis and immunity. For example, two small-scale clinical trials have demonstrated
that norovirus virus-like particle (VLP) immunization provides modest protection from
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severe disease in challenged volunteers [Atmar et al., 2011; Bernstein et al., 2015] and has
facilitated the study of norovirus antibody responses [e.g., Swanstrom et al., 2013; Atmar et
al., 2015; Lindesmith et al., 2015]. Nevertheless, such studies are limited by the inherent
issues of utilizing human volunteers including an inability to perform infections in specific
genetic and microbial deficiencies, an inability to obtain tissue samples throughout the
course of infection, and substantial financial constraints.

Because of their genetic and environmental manipulability, animal models of infection are
also vital to advance our understanding of pathogen-host interactions. There are a variety of
small and large animal models of norovirus infection, each with unique benefits and
challenges [reviewed in Karst et al., 2014]. Gnotobiotic piglets, gnotobiotic calves,
chimpanzees, and immunocompromised mice are all variably susceptible to human
noroviruses, with piglets and calves developing mild diarrhea and chimps and mice
asymptomatically infected [Wyatt et al., 1978; Cheetham et al., 2006; Souza et al., 2008;
Bok et al., 2011; Taube et al., 2013]. The most widely studied animal model of norovirus
infection is the murine norovirus system which facilitates investigation of a norovirus in its
natural host species. Since the discovery of the first murine norovirus in 2003 [Karst et al.,
2003] and the subsequent identification of numerous genetically related viral isolates from
geographically diverse locations [e.g., Hsu et al., 2006; Thackray et al., 2007], this research
platform has become widely used in the field and has recently provided a number of
groundbreaking observations into norovirus pathogenesis and mucosal immunity. Although
murine norovirus infection of wild-type mice does not cause overt gastroenteritis, infection
of mice lacking functional interferon (IFN) signaling pathways results in severe diarrhea,
gastric bloating, weight loss, and systemic disease [Karst et al., 2003; Mumphrey et al.,
2007]. Moreover, infection of both wild-type and IFN signaling-deficient mice shares many
pathogenic and immunologic features with human norovirus infection including fecal-oral
transmission, prolonged shedding, and suboptimal induction of protective immunity.

Despite the utility of animal models, a significant obstacle for the field has been the lack of
any cell culture system for human noroviruses. Thus, research tools to study host-norovirus
interactions have historically been very limited. However, there has been a recent explosion
of research in this area that has provided fascinating surprises, and in some cases has
challenged long-held views of norovirus pathogenesis. For example, while there was a
general belief that noroviruses preferentially infect the upper small intestine, studies in the
murine norovirus model system firmly support the establishment of persistent infection in
the colons of mice. In this review, we will summarize recent findings pertaining to
norovirus-host interactions along the intestinal tract, including: (i) norovirus cell tropism; (ii)
viral strategies facilitating infection of the intestinal tract; (iii) the discovery that commensal
bacteria stimulate norovirus infection of the intestine; and (iv) mechanisms contributing to
viral persistence establishment along the intestinal tract. While there has also been
tremendous progress in other aspects of norovirus biology, including norovirus immunity
[Newman and Leon, 2015; Pringle et al., 2015; Roth and Karst, 2016], replication
mechanisms [Thorne and Goodfellow, 2013], and glycan interactions [Ruvoén-Clouet et al.,
2013; Venkataram Prasad et al., 2014], comprehensive and recent reviews on these topics are
available and thus will not be covered here.
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Noroviruses Likely Infect Both Intestinal Immune Cells and Enterocytes

The precise cell tropism of noroviruses has long confounded the research community
because of the enormous challenges in culturing human noroviruses. Recent in vitro and in
vivo advances in the field have begun to overcome this challenge and cumulatively reveal
infection of both immune cells and enterocytes (Table I). It is now well-established that
murine noroviruses efficiently infect immune cells, including cultured macrophages,
dendritic cells, and B cells [Wobus et al., 2004; Jones et al., 2014]. In agreement with this,
the GI1.4-Sydney human norovirus strain infects B cells [Jones et al., 2014, 2015; Karst,
2015] in culture although efforts to infect macrophages and dendritic cells with a human
norovirus have thus far been unsuccessful [Lay et al., 2010]. Notably, human norovirus
infection of B cells is facilitated by a co-factor derived from commensal bacteria [Jones et
al., 2014; Karst, 2015], a strategy shared by a growing list of enteric viruses (described
below). Interestingly, the nature of norovirus replication in B cells is distinct from that of
macrophage/dendritic cells in that neither human nor murine norovirus infection of B cells
results in overt cytopathic effect (CPE), whereas murine norovirus infection of macrophages
and dendritic cells results in cell lysis [Jones et al., 2014; Karst, 2015]. Consistent with this
finding, B cells (but not macrophages or dendritic cells) become persistently infected with
murine noroviruses in culture [Jones et al., 2014; Karst, 2015]. These observations are quite
surprising considering that noroviruses are nonenveloped, thus they are presumed to require
cell lysis for release of progeny virions in contrast to enveloped viruses which can egress via
budding at intracellular or plasma membranes.

Several lines of evidence confirm norovirus tropism for immune cells in vivo. Viral antigen
was detected in mononuclear lamina propria cells of an intestinal biopsy obtained from a
human norovirus-infected volunteer [Lay et al., 2010]. Likewise, human norovirus-infected
chimpanzees demonstrated virus-positive dendritic cells and B cells in the duodenum [Bok
et al., 2011], human norovirus-infected gnotobiotic calves contained antigen-positive cells
resembling macrophages in the intestinal lamina propria [Souza et al., 2008], and human
norovirus-infected immunocompromised mice contained antigen-positive cells in the spleen
and liver that morphologically resembled macrophages [Taube et al., 2013]. Similarly,
murine norovirus antigen can be detected in macrophages, dendritic cells, and Peyer’s patch
B cells of infected mice [Wobus et al., 2004; Ward et al., 2006; Mumphrey et al., 2007;
Perdue et al., 2007; Jones et al., 2014].

Further supporting the importance of immune cell tropism for efficient norovirus infection in
vivo, a recent comparison of human norovirus loads in the feces of severely
immunocompromised children revealed ~1-log lower viral loads in patients lacking B cells
compared to those with B cells [Brown et al., 2016]. In agreement with this, mice deficient
in dendritic cells or B cells display reduced murine norovirus titers along the intestinal tract
[Elftman et al., 2013; Zhu et al., 2013; Jones et al., 2014]. In addition, as is the case for
several other important pathogens, dendritic cells have been implicated as critical mediators
of murine norovirus dissemination to secondary lymphoid tissues [Elftman et al., 2013].
Finally, a recent in vivo murine norovirus study reveals a correlation between the efficiency
of B cell infection and the extent of virulence [Zhu et al., 2015]. These collective in vitro
and in vivo data prove conclusively that noroviruses can infect both innate (macrophages
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and dendritic cells) and adaptive (B cells) immune cells along the intestinal tract, and
suggest that infection of these cell types is a crucial determinant of viral pathogenesis.

Considering that noroviruses enter their hosts in the gut lumen, they must possess a
mechanism to breach the single layer of intestinal epithelial cells, or enterocytes, that line
the gut wall in order to access underlying immune cells. Although extensive efforts to infect
standard epithelial cell lines with noroviruses in culture have thus far been unsuccessful
[Duizer et al., 2004; Basic et al., 2014; Jones et al., 2014], there is in vivo support for
enterocyte infection. Murine norovirus antigen could be detected in enterocytes following
infection of IFN-deficient mice [Mumphrey et al., 2007], and virus antigen-positive
enterocytes were observed in gnotobiotic piglets and calves infected with a human norovirus
[Cheetham et al., 2006; Souza et al., 2008].

Available data from animal models suggest that norovirus cell tropism is regulated in vivo
by yet-to-be-defined factors. For example, while human norovirus antigen was detected in
enterocytes of gnotobiotic piglets and calves [Cheetham et al., 2006; Souza et al., 2008],
viral antigen was exclusively detected in immune cells in human norovirus-infected
chimpanzees, mice, and a human biopsy sample [Lay et al., 2010; Bok et al., 2011; Taube et
al., 2013]. Considering the newly appreciated interaction between noroviruses and
commensal bacteria (described below), these seemingly contradictory results could
conceivably be explained by microbial regulation of viral tropism; or alternatively, by
species-dependent cell tropism, temporal distinctions in cell tropism, virus strain differences,
or immunological regulation. Supporting the latter possibility, murine norovirus infection of
enterocytes has only been observed in IFN-deficient hosts, whereas immune cells are
infected in immunocompetent hosts [Mumphrey et al., 2007]. In conclusion, noroviruses can
infect a variety of cell types including macrophages, dendritic cells, B cells, and enterocytes.
An exciting area of future research will be to identify host, environmental, and viral factors
that regulate norovirus cell tropism along the intestinal tract during natural infections.

Noroviruses Can Exploit M Cells to Cross the Intestinal Epithelial Barrier

Enterocytes are equipped to sample material from the gut lumen and transfer it to underlying
immune cells for effective induction of tolerogenic and inflammatory responses. A
specialized subset of enterocytes called microfold cells (M cells) are particularly important
in this process. M cells in the gut lumen overlie Peyer’s patches and isolated lymphoid
follicles. While they lack microvilli on their apical membrane and do not secrete mucus, M
cells are highly efficient at sampling and transporting luminal material to the underlying
immune aggregates [Mabbott et al., 2013]. Numerous types of pathogens have evolved
strategies to take advantage of the sampling property and use M cells as portals to breach the
intestinal epithelium [Mabbott et al., 2013]. Accumulating evidence supports the notion that
noroviruses also exploit M cells. First, even in the absence of viral replication, both human
and murine noroviruses can be apically internalized by confluent monolayers of enterocytes
and then released basally [Marionneau et al., 2002; Gonzalez-Hernandez et al., 2013].
Importantly, released virus remains competent for productive infection of underlying
immune cells in the basal chamber [Gonzalez-Hernandez et al., 2013; Jones et al., 2014,
2015]. Furthermore, recent findings reveal that murine noroviruses require Peyer’s patches
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and M cells for efficient oral infection [Gonzalez-Hernandez et al., 2014; Kolawole et al.,
2015]. Thus, these data collectively support a model whereby noroviruses are transported
across M cells to access underlying target immune cells, as reviewed in [Karst and Wobus,
2015].

Noroviruses Require Commensal Bacteria for Efficient Intestinal Infection

In a series of recent studies, it has become well-established that enteric virus infections,
including poliovirus, reovirus, rotavirus, mouse mammary tumor virus, and norovirus, are
enhanced by interactions with commensal bacteria [Kane et al., 2011; Kuss et al., 2011;
Jones et al., 2014; Kernbauer et al., 2014; Robinson et al., 2014; Uchiyama et al., 2014;
Baldridge et al., 2015; Wilks et al., 2015]. In the first direct demonstration that commensal
bacterial enhance norovirus infection, it was revealed that human norovirus infection of
cultured B cells was facilitated by commensal bacteria [Jones et al., 2014; Karst, 2015].
Filtration of commensal bacteria from virus-positive stool samples substantially reduced
viral infectivity of B cells, and infectivity could be completely restored by incubating
filtered inoculum with commensal bacteria expressing the H-type histo-blood group antigen
(HBGA). Validating a role for commensal bacteria in stimulating norovirus infections in
vivo, antibiotic-mediated depletion of the intestinal microbiota of mice significantly reduces
the level of murine norovirus replication along the intestinal tract [Jones et al., 2014;
Baldridge et al., 2015]. Consistent with this, germ-free mice support reduced norovirus
replication compared to microbially colonized mice [Kernbauer et al., 2014]. The
stimulatory role played by commensal bacteria is specific to intestinal infection since viral
replication is unaffected by oral antibiotic treatment if virus is inoculated intraperitoneally
instead of orally [Baldridge et al., 2015].

The basis of bacterial stimulation of norovirus infection may be multifactorial, including
both direct and indirect mechanisms [Karst, 2016]. Supporting direct stimulation, HBGA
enhances human norovirus attachment to permissive B cells [Jones et al., 2014]. Additional
lines of evidence also support the involvement of indirect stimulation in the form of
immunoregulation. First, although murine norovirus infection is noninflammatory in
microbially colonized wild-type mice, it induces modest inflammation in mice lacking the
immunosuppressive cytokine IL-10 and this phenotype is dependent on commensal bacteria
[Basic et al., 2014]. Second, evidence indicates that commensal bacteria suppress the
antiviral activity of type 111 IFN to facilitate persistent murine norovirus infection in the
colon [Baldridge et al., 2015]. Uncovering the specific interactions of noroviruses and
commensal bacteria as well as the physiological relevance of these interactions will
undoubtedly be a rich area of investigation in years to come.

Noroviruses Establish Persistent Infections

Although symptoms resulting from human norovirus infections resolve rapidly, people
continue to shed virus in their stool for protracted periods [Patterson et al., 1993; Rockx et
al., 2002; Murata et al., 2007]. In fact, asymptomatically infected people can shed virus for
up to 60 days, an amount of time comparable to that of people exhibiting typical
symptomology [Teunis et al., 2015; Costantini et al., 2015], and immunocompromised
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patients can shed virus chronically for months and even years [Green, 2014]. These data
suggest an intra-host reservoir of prolonged norovirus replication that occurs irrespective of
symptomatic infection and could be a major contributing factor to viral maintenance in the
human population. The data also imply that noroviruses encode mechanisms to antagonize
or evade host immunity, a conclusion that is strongly supported by both in vitro and in vivo
data, as reviewed in [Roth and Karst, 2016]. Consistent with prolonged norovirus shedding
in humans, chimpanzees infected with a human norovirus display prolonged fecal shedding
[Bok et al., 2011], and mice infected with murine noroviruses demonstrate chronic fecal
shedding that is associated with persistent infection of the colon [Hsu et al., 2006; Thackray
et al., 2007; Arias et al., 2012]. The availability of the highly tractable murine model has
begun to shed light on specific host, virus, and microbiota determinants of norovirus
persistence. Recent work demonstrates that the establishment of persistent murine norovirus
infection correlates with a suboptimal antiviral CD8 T cell response [Tomov et al., 2013].
While both acute (MNV-1.CW3) and persistent (MNV-CR6) murine norovirus strains induce
short-term upregulation of crucial mucosal homing receptors on intestinal virus-specific
CD8 T cells, upregulation is not maintained following infection with persistent strain MNV-
CRG6. Similarly, while acute strain MNV-1.CW3 induced a polyfunctional CD8 T cell
effector response (IFN-y, TNF-a, MIP-1a, and granzyme B [GZM-B]), the chronic strain
MNV-CR®6 induced a more restricted response (MIP-1a or GZM-B) [Tomov et al., 2013].
Overall, these data suggest that the ability of individual norovirus strains to induce distinct
antiviral T cell responses contributes to the determination of their fate as acute or persistent
infections.

The direct comparison of acute (e.g., MNV-1) and persistent (e.g., MNV-3, MNV-CR6,
MNV-CR3) murine norovirus strains and the availability of a murine norovirus reverse
genetics system has enabled the identification of some viral determinants of persistence
establishment. For example, a single glutamic acid at position 94 in the 5° domain of the
nonstructural protein NS1/2 is sufficient to enhance MNV-1 replication and persistence in
the colon. This residue, D94, which is conserved in all persistent murine norovirus strains
identified to date [Nice et al., 2013], regulates the tertiary structure of the protein [Borin et
al., 2013]. Notably, the human norovirus NS1/2 protein colocalizes with Golgi markers and
impairs host protein secretory pathways in transfection experiments [Ettayebi and Hardy,
2003; Fernandez-Vega et al., 2004]. Thus, it is conceivable that NS1/2 inhibits cytokine
secretion or antigen presentation, and therefore impairs the development of immune
responses required for viral clearance [Sharp and Estes, 2010; Roth and Karst, 2016].
Finally, at least one report has suggested that the genome-scale ordered RNA secondary
structure (GORS) of noroviruses may also regulate persistence; although recombinant
murine noroviruses with synonymous disruptions of RNA secondary structure replicated to
wild-type levels in cultured cells and could establish persistence, these genomes were
outcompeted by wild-type virus [McFadden et al., 2013].

In addition to these potential host and viral determinants of persistence, a recent study
revealed that commensal bacteria can regulate the establishment of persistent norovirus
infections. Remarkably, antibiotic-mediated depletion of commensal bacteria prevented
MNV-CR®6 from establishing chronic infection in the colons of infected mice, but MNV-CR6
persistence could be rescued by restoring the intestinal microbiota via fecal transplantation
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[Baldridge et al., 2015]. Importantly, commensal bacteria were not required for
establishment of persistence in mice lacking type 11 IFN (IFN-A) responses. Cumulatively,
these findings support a model whereby commensal bacteria facilitate persistent norovirus
infections by suppressing antiviral IFN-A [Baldridge et al., 2015]. This intriguing example
highlights how the complex interplay between immunologic, viral, and microbial
determinants regulates the ability of noroviruses to establish persistence in the colon, and
thus to be shed in feces for protracted periods of time even in immunocompetent hosts.

CONCLUSIONS

Recent developments in norovirus research have shed new light on the multifaceted
interactions between these viruses, the host immune system, and commensal bacteria that
govern norovirus pathogenesis and persistence. Following on decades of historical norovirus
research, these current findings represent a multifactorial approach in which human
norovirus infection systems, modern viral genetics, and animal model systems have all
played an important role. This cumulative work supports the concept that noroviruses exploit
the evolutionary balance between commensal bacteria and the immune system to facilitate
infection of immune cells that underlie the gastric lumen. Transport by M cells across the
epithelial barrier, and infection of enterocytes themselves, likely also play key roles in this
process. Although the further development of in vitro culture systems that are both facile and
highly robust remain a major goal for in vitro studies, the availability of a new culture
system is very exciting for a field long-hindered by the inability to propagate the human
viruses, and should facilitate a deeper understanding of viral replication mechanisms and
virus-cell interactions. In the future it will be critical to continue to use both clinical
specimens and in vivo models to assess the likely interrelationship of enterocyte and
immune cell infection, and the impact of immunological and environmental factors on virus
replication and tropism. While these have historically been very difficult pathogens to study,
recent developments in virology, mucosal immunity, and microbiota research have led to a
deeper understanding of norovirus infections and pathogenesis. Understanding the
relationships between these key factors should open up novel strategies for reducing
population spread of these ubiquitous viruses.
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Virus

Macrophage (M) infection  Dendritic cell(DC) infection

B cell infection

Enterocyteinfection

Evidence for in vitro
infection

Murine norovirus

Human norovirus

Evidence for in vivo
infection

Murine norovirus

Human norovirus

Evidence for persistent
infection

Murine norovirus

Human norovirus

- Multiple cell lines - Primary cells
- Primary cells
ND ND

- Viral antigen in mice - Viral antigen in mice
- Reduced virus titers in DC-

depleted mice

- Viral antigen in:

(i) Human intestinal
biopsy

(ii) Intestinal lamina
propria of calves

(iii) Spleen and liver of

- Viral antigen in duodenum
of chimpanzees

mice
N/A N/A
N/A N/A

- Multiple cell lines
- Multiple cell lines

- Viral antigen in mice
- Reduced virus titers in B
cell-deficient

mice

- Viral antigen in
duodenum of
chimpanzees
- Reduced titers of shed
virus in B cell-
deficient SCID patients

Persistence in B cell lines

ND

ND

ND

- Viral antigen in IFN-
deficient mice

- Viral antigen in
gnotobiotic pigs

- Viral antigen in
gnotobiotic calves

N/A
N/A

ND, not detected, but has been examined; N/A, no examination has been reported.

References for information outlined in the table are included in the corresponding text.
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