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Summary

Cellular tropism during persistent viral infection is commonly conferred by the interaction of a
viral surface protein with a host receptor complex. Norovirus, the leading global cause of
gastroenteritis, can be persistently shed during infection, but its /n vivo cellular tropism and
tropism determinants remain unidentified. Using murine norovirus (MNoV), we determine that a
small number of intestinal epithelial cells (IECs) serve as the reservoir for fecal shedding and
persistence. The viral non-structural protein NS1, rather than a viral surface protein, determines
IEC tropism. Expression of NS1 from a persistent MNoV strain is sufficient for an acute MNoV
strain to target IECs and persist. Additionally, interferon-lambda (IFN-A) is a key host determinant
blocking MNoV infection in IECs. The inability of acute MNoV to shed and persist is rescued in
Ifalr1™"~ mice, suggesting that NS1 evades IFN-A-mediated antiviral immunity. Thus, NS1 and
IFN-A interactions govern IEC tropism and persistence of MNoV.
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The /n vivo tropism of norovirus, a gastrointestinal pathogen, is unknown. Lee et al. discover that a
small number of intestinal epithelial cells are a reservoir for persistent murine norovirus. This
tropism is regulated by viral protein NS1 and host IFN-lambda, findings that provide critical
insight into norovirus pathogenesis.
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Introduction

Noroviruses (NoVs) are non-enveloped, positive-sense, single-stranded RNA viruses
comprising one genus of the family Caliciviridae, which contains six genogroups (GI-GV1).
Genogroups I, 11 and IV primarily contain human noroviruses (HNoVs) and genogroup V
contains murine noroviruses (MNoV) (Karst et al., 2014). HNoVs are the leading cause of
gastroenteritis outbreaks across the globe, and are responsible for severe childhood diarrhea
and foodborne disease outbreaks (Ahmed et al., 2014). During the acute phase of infection,
HNoV causes vomiting and diarrhea, which typically resolves within one to two days
(Atmar et al., 2008; Rockx et al., 2002). Viral shedding into the stool, however, can continue
for weeks to months in asymptomatic patients (Gustavsson et al., 2017; Kaufman et al.,
2014; Saito et al., 2013; Teunis et al., 2015), and for years in immunocompromised patients
(Bok and Green, 2012). This phenomenon is referred to as persistence herein. Norovirus is
transmitted by the fecal-oral route, predominantly from contaminated food, water, and
person-to-person contact (de Graaf et al., 2016). Given that asymptomatic HNoV-infected
patients can continue to persistently shed a substantial quantity of infectious virus into stool
for prolonged periods, a more complete understanding of the mechanisms underlying viral
shedding may lead to strategies to interrupt viral transmission and/or cure chronically
infected patients (de Graaf et al., 2016; de Graaf et al., 2017).
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Since HNoV has not had an /n vitro cultivation system until recently (Ettayebi et al., 2016;
Jones et al., 2014) or a genetically manipulable physiologically relevant animal model,
murine norovirus (MNoV), first identified in 2003 (Karst et al., 2003), has been widely used
as a model system to understand HNoV biology (Karst et al., 2014). MNoV can be
efficiently cultivated /n vitro and readily infects mice to provide a tractable /n vivo model for
NoV studies (Karst et al., 2014; Wobus et al., 2016). MNoV infection recapitulates many
aspects of HNoV infection /n vivo, including fecal-oral transmission, intestinal viral
replication and prolonged viral shedding after acute infection, thus effectively modeling
chronic asymptomatic HNoV infection (Karst et al., 2014; Wobus et al., 2016). The MNoV
model has facilitated identification of many host and viral factors regulating NoV replication
and pathogenesis /n7 vivo (Baldridge et al., 2016). These findings include identifying a
proteinaceous NoV receptor that can confer permissiveness for MNoV replication upon
human cells (Haga et al., 2016; Orchard et al., 2016), uncovering NoV as a trigger for
intestinal pathology in models for inflammatory bowel disease (Basic et al., 2014; Cadwell
et al., 2010), discovering viral interactions with the commensal microbiota (Baldridge et al.,
2015; Jones et al., 2014), and identifying the molecular basis for an interaction between the
NS1/2 protein and the host protein VAPA that is shared between MNoV and HNoV proteins
(McCune et al., 2017).

The cellular tropism of NoVs is critical to understanding the pathogenesis of intestinal
infection. Multiple studies have provided experimental evidence for the cellular tropism of
HNoV and MNoV, but the cell type responsible for viral transmission and disease symptoms
has not yet been elucidated. Exploration of HNoV tropism has mostly relied on
immunodeficient human patients (Karandikar et al., 2016) and non-native animal models.
HNoV infection in immunocompromised mice showed macrophage-like cell tropism in the
liver and spleen (Taube et al., 2013). HNoV infection in gnotobiotic pigs showed viral
replication in small intestinal enterocytes (Cheetham et al., 2006). In chimpanzees, HNoVs
were primarily detected in DC-SIGN+ phagocytes and B-cells in the lamina propria (Bok et
al., 2011). Recent /n vitro studies of HNoV showed successful cultivation of HNoV in B-
cells and human intestinal enteroids (Ettayebi et al., 2016; Jones et al., 2014). However, all
previous experimental evidence from /n vivo models was from immunodeficient mice or
other animal hosts. Studies of MNoV cellular tropism have shown that dendritic cells,
macrophages and B-cells support MNoV growth /n vitro (Jones et al., 2014; Wobus et al.,
2004), while MNoV infection of immunodeficient mice suggested intestinal epithelial cell
(IEC) tropism (Mumpbhrey et al., 2007; Ward et al., 2006). M-cells in Peyer’s patches are
reported to transcytose MNoV into the lamina propria (Gonzalez-Hernandez et al., 2013;
Gonzalez-Hernandez et al., 2014), but the role of M-cells in persistent infection and viral
shedding is not clear. Importantly, there has been very limited data concerning HNoV and
MNoV cellular tropism in immunocompetent hosts. Thus, the cellular tropism contributing
to NoV disease symptoms, persistent intestinal infection, or viral transmission has not been
fully elucidated.

Innate and adaptive immune responses are both important to control MNoV infection. Type
I11 interferon (also known as IFN-lambda or IFN-A) has specialized antiviral activities at

mucosal barriers, such as the intestine (Hernandez et al., 2015; Mahlakoiv et al., 2015; Nice
et al., 2015; Pott et al., 2011), lung (Crotta et al., 2013; Mordstein et al., 2008; Mordstein et
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al., 2010) and genital tract (Ank et al., 2006), and is thought to be a primary innate barrier
against mucosally-transmitted viruses (Lazear et al., 2015). Intestinal growth and shedding
of persistent MNoV strain CR6 is controlled by IFN-A-mediated innate immunity but not
type | or Il interferons (Nice et al., 2015), and indeed exogenous IFN-A can prevent and cure
persistent MNoV infection in the absence of adaptive immunity (Nice et al., 2015).
Persistent MNoV induces functionally suboptimal virus-specific CD8+ T cell responses
(Tomov et al., 2013), but even with highly functional CD8+ T cell responses, persistent
MNoV is generally unaffected and persists in the intestine (Tomov et al., In press). These
findings suggest a critical role for innate immunity and a less important role for adaptive
immunity in control of persistent MNoV infection. In contrast, an acute strain of MNoV,
CWS3, which infects mice systemically and is cleared within 2 weeks in immunocompetent
mice, is known to be controlled by type I and Il interferons (Hwang et al., 2012; Maloney et
al., 2012; Nice et al., 2016; Thackray et al., 2012) but a role for type Il interferon in
regulation of acute MNoV infection has not been reported. Both T-cell and B-cell responses
are required to clear acute MNoV infection (Chachu et al., 2008a; Chachu et al., 2008b;
Tomov et al., 2013). These phenotypic and regulatory differences between persistent and
acute MNoV strains suggest that specific viral genetic differences, influencing host
responses, may contribute to MNoV persistence.

In this study, using a highly sensitive flow cytometry assay to simultaneously detect two
non-structural proteins of MNoV, we discovered that a small number of IECs are infected by
persistent MNoV, and that IEC infection is responsible for persistence. Furthermore, we
identified the viral protein NS1 as the determinant of IEC tropism, IFN-A to be a key host
determinant of IEC tropism, and suggest an antagonistic relationship between these viral and
host components as a basis for persistence and shedding in the intestine. Our findings help
clarify the role of intestinal antiviral innate immune responses in controlling NoV infection
and also point to a potentially key immune evasion strategy utilized by persistent MNoV.

Intestinal epithelial cells are infected by persistent murine norovirus in vivo

Detecting MNoV-infected cells from the tissues of an immunocompetent host has been a
substantial challenge, due to the rarity of MNoV-infected cells and high background signals
in intestinal tissues. To overcome this limitation, we developed a sensitive flow cytometry
assay to detect two non-structural proteins, NS1/2 and NS6/7, also known respectively as N-
terminal protein and Protease/Polymerase (Thorne and Goodfellow, 2014). Since many
enteric pathogens infect IECs and recent evidence from HNoV cultivation in enteroids
suggested IEC tropism (Ettayebi et al., 2016), we hypothesized that MNoV infects IECs in
vivo. Because /flr1~/~ mice exhibit increased viral shedding and replication in the intestine
during persistent MNoV infection (Figure S1) (Baldridge et al., 2017; Nice et al., 2015),
IfnlrI™"~ mice were included in this assay. We infected wild-type and /f7/rZ~/~ mice with
CR6, a persistent strain of MNoV, and collected epithelial cell fractions from the proximal
colon 7 days post-infection (dpi). Among EpCam+/CD45- cells (pre-gated as in Figure 1A),
we detected a very small proportion of IECs from wild-type and /f7/r1/~ mice that were
NS1/2 and NS6/7 double positive (here referred to as “MNoV+ IECs”) in the flow cytometry
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assay (Figure 1A). This NS1/2 and NS6/7 double positive population was not detected in
either control sera-stained IECs (Figure 1A) or in EpCam-/CD45+ cells (Figure S1). Both
control-stained and MNoV-stained IECs displayed comparable levels of NS1/2 single
positive and NS6/7 single positive cells, indicating that double staining of different non-
structural proteins efficiently decreases background signal (Figure 1A and S1). We also
examined IECs from uninfected wild-type mice using this assay, and found that NS1/2 or
NS6/7 single staining exhibits significant background signals at ~10-1000 events/million
IECs but that NS1/2 and NS6/7 double staining shows background signal below 1 event/
million IECs (Figure S1).

To independently confirm that MNoV+ IECs are MNoV-infected, we sorted NS1/2 and
NS6/7 double positive cells and double negative cells and assessed for the presence of the
MNoV RNA genome. MNoV+ IECs were >1000 fold-enriched for MNoV genomes
compared to NS1/2 and NS6/7 double negative cells or unsorted cells (Figure 1B). We also
stained IECs with an antibody recognizing the capsid protein of MNoV, VP1, and found that
67.9% of MNoV+ IECs were positive for VP1 (Figure S1). These data indicate that the
double positive IECs are a site of MNoV gene and protein expression.

Quantification of the MNoV+ IECs from infected /fn/r1~~ mice at day 7 post-infection
indicated that they are more abundant than those observed in wild-type mice (Figure 1C),
consistent with previous reports indicating enhanced CR6 replication in the intestines of
Ifnlr1~'~ mice (Baldridge et al., 2017; Nice et al., 2015). Fourteen and 35 dpi represent
persistent timepoints for CR6 infection, as acute MNoV infection is fully cleared by 14 dpi
(Nice et al., 2013). During persistent infection, we found that wild-type mice maintain about
21-23 MNoV+ cells/million IECs (95% confidence interval [CI], 0.0017%-0.0026% at 14
dpi and 0.0021%-0.0027% at 35 dpi). In contrast, /#7/rZ/~ mice maintain 38-61 MNoV+
cells/million IECs (95% CI, 0.0034%-0.0087% at 14 dpi and 0.0029%-0.0046% at 35 dpi)
in the colon during persistent infection (Figure 1D and 1E). The ileum is also a site of viral
infection by CR6 (Nice et al., 2013); we analyzed ileal IECs by flow cytometry at 7, 14, and
35 dpi, and found a similar percentage (95% CI, 0.0010%-0.0038% at 7 dpi and 0.0012%-—
0.0044% at 14 dpi) of MNoV+ cells at 7 and 14 dpi which decreased by 35 dpi (Figure S1).
Therefore, a persistent strain of MNoV productively infects very low numbers of IECs at a
level maintained over 35 days post-infection, and the level of this infection is controlled by
endogenous IFN-A signaling.

MNoV-infected IECs can be visualized microscopically

To confirm MNoV infection in IECs in the intestine and assess for infection-associated
pathological changes in nearby tissue, we stained colonic sections for MNoV non-structural
proteins and an IEC marker. Wild-type and /f7/r1~/~ mice were infected with CR6 and
sacrificed at 14 dpi. Proximal colons were fixed and stained with antibodies recognizing
NS1/2, NS6/7, and E-Cadherin. Consistent with flow cytometric results, infrequent NS1/2
and NS6/7 double positive cells were visible in the colonic epithelium of both wild-type and
IfnlrI™~ mice as E-Cadherin-positive (Figure 2A and 2B). There was no detectable
disruption of the epithelial barrier or infiltration of inflammatory cells around infected IECs.
Staining indicated that intracellular NS1/2 and NS6/7 localize in the perinuclear region,
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consistent with previous observations in macrophage cell lines (Hyde et al., 2009). We
confirmed colocalization of NS6/7 with double-stranded RNA (dsRNA), which represents
the MNoV replication complex, in wild-type mice (Figure 2C) (Hyde et al., 2009).
Therefore, using both flow cytometry and an immunofluorescence assay, we validated that
the /in vivo tropism of persistent MNoV is for IECs.

Adaptive immunity is not sufficient to control MNoV infection in IEC

While MNoV CR6 establishes persistent infection in immunocompetent mice, MNoV CW3
infects mice but is cleared by adaptive immune responses by 14 dpi (Chachu et al., 20083;
Karst et al., 2003; Nice et al., 2013). However, CW3 can persist for prolonged periods in
both intestinal and extra-intestinal tissues in RagZ~'~ mice (Chachu et al., 2008a; Tomov et
al., 2013). Interestingly, while CR6-infected RagZ~'~ mice shed virus into stool over 35 dpi,
virus was barely detectable in the stool of CW3-infected RagZ~/~mice over the same time
course (Figure 3A). In contrast, CW3 genomes in the colon of RagZ~/~ mice were readily
detected, at a level comparable to that observed for CR6 (~10° copies per ug RNA), but at a
10-fold lower level than observed for CR6-infected RagZ~/~ mice (Figure 3B). We examined
wild-type and RagZ~'~ mice at 14 and 35 dpi with CW3, and found that CW3 did not infect
IECs in either mouse strain (Figure 3C and 3D). CR6-infected IECs are 4-5 fold enriched in
Rag1™!~ mice over wild-type mice at 14 and 35 dpi, indicating that adaptive immune
responses can suppress CR6 infection in IECs but cannot eliminate persistence in these cells
(Figure 3C and 3D). To rule out differential recognition of CW3 NS1/2 and NS6/7 proteins
in our flow cytometric assay, we compared antibody staining for CW3 and CR6 in BV2 cells
and found them to be equivalent (Figure S2). Thus, in the absence of adaptive immunity,
MNoV CW3 can chronically infect the intestine of the murine host but doesn’t recapitulate
IEC tropism or viral shedding into stool.

NS1 confers IEC tropism and persistence of MNoV

Since NS1 is a viral determinant of MNoV persistent infection (Nice et al., 2013), we
hypothesized that NS1 may also confer IEC tropism. To test this hypothesis, we employed
mutant NS1-chimeric viruses (Figure 4A). CR6 efficiently infected IECs, shed virus into
stool and persisted in the colon (Figure 4B—4E). However, CR6NS1-CW3 'which carries NS1-
CWS3 in the CR6 genome, lost these CR6 phenotypes. CR6NS1-CW3 fajled to infect IECs,
was not shed into stool, and didn’t persist in the intestine (Figure 4B—4E). Conversely, the
acute strain CWa3 did not infect IECs, get shed into stool or persist in the intestine. But with
the reciprocal exchange of NS1-CR6 into the CW3 genome (CW3NS1-CR6) the virus
substantially but not completely recapitulated the phenotypes of CR6 (Figure 4B—4E). We
confirmed CW3NS1-CR6 jnfection of IECs, and maintenance of the NS1-CR6 sequence /n
vivo, by immunofluorescence and sequencing (Figure S3). Thus, NS1 of the persistent
MNoV strain CR6 was both necessary and sufficient for IEC tropism, viral shedding and
persistence.

NS1-mediated IEC tropism determines IFN-A sensitivity of MNoV

We previously showed that exogenous IFN-A prevents and cures persistent MNoV infection
in mice (Nice et al., 2015) and that IFNLR1 expression in IECs is critical for the antiviral
activity of IFN-A (Baldridge et al., 2017). Since CW3 infection in wild-type and Rag1~/~
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mice did not show IEC infection in the intestine (Figure 3C, 3D, and 4C), we hypothesized
that CR6 and CW3 may be differentially affected by IFN-A.. To test this hypothesis, we
injected recombinant IFN-A 1 day before CR6 or CW3 infection in wild-type mice, and
assessed tissue and stool infection 7 dpi (Figure 5A-5C). IFN-A completely blocked CR6
viral shedding and replication in the colon (Figure 5B and 5C), consistent with previous
reports (Baldridge et al., 2017; Nice et al., 2015). Interestingly, IFN-A had no effect on CW3
infection in the spleen or colon (Figure 5A and 5C). The NS1-chimeric MNoVs (i.e.,
CRBNS1-CW3 and CW3NS1-CR6) \yere examined in the same way. IFN-A prevented
CW3NSI-CRE jnfection in the intestine and viral shedding into the stool (Figure 5B and 5C),
correlating with CW3NS1-CR6 |EC infection (Figure 4C). However, the action of IFN-A was
restricted to the intestine with no effect on replication of CW3NS1-CR8 jn the spleen (Figure
5A). CRENSI-CWS3 fajled to grow in the intestine or other tissues with or without IFN-A. pre-
treatment (Figure 5A-5C), consistent with its lack of IEC tropism (Figure 4C). Therefore,
the NS1 of the persistent MNoV strain CR6 determined IEC tropism, which correlated with
the preventative effect of IFN-A on different viral strains. These results suggest that the
antiviral effect of IFN-A on MNoV infection is due to cell intrinsic effects in IECs.

IFN-A does not cure parenterally-transmitted MNoV

While CW3 infects the intestine and MLN and also spreads systemically to extra-intestinal
tissues such as spleen and liver, CR®6 is restricted to the intestine and MLN in
immunocompetent mice (Chachu et al., 2008a; Karst et al., 2003; Nice et al., 2013; Strong et
al., 2012). To determine whether extra-intestinal infection of CR6 was affected by
exogenous IFN-A treatment, we pretreated wild-type mice with IFN-A 1 day before
infection, and then inoculated them with CR6 perorally (PO) or intraperitoneally (IP) for
systemic infection (Figure 6A—6C). At 3 dpi, viral shedding into stool and growth in the
colon was completely prevented by IFN-A in orally-infected mice (Figure 6B and 6C). In
contrast, IP-administered CR6 was rarely shed, exhibited lower viral replication in the colon,
and was detected in the spleen (Figure 6A-6C). IFN-A had a significant but minor effect on
CR6 replication in the colon and no effect on splenic virus in mice infected by the IP route
(Figure 6A—6C). Interestingly, the IP-administered CR6 phenocopied CW3 (i.e., rare
shedding into the stool, lower replication in the intestine, systemic spread to the spleen, and
insensitivity to exogenous IFN-A). In sum, these results suggest systemically-introduced
CR6 may share a non-IEC tropism with CW3 in IFN-A-insensitive cells.

Exogenous IFN-A rapidly clears MNoV-infected IECs

We previously showed that exogenous IFN-A cures persistent CR6 infection in mice (Nice et
al., 2015) and that IFN-A signaling in IECs is critical for CR6 clearance in the intestine
(Baldridge et al., 2017). To unveil the sterilizing activity of IFN-A, we dissected the kinetics
of MNoV clearance in IECs, stool, colon and MLN after IFN-A treatment. Wild-type mice
were infected with CR6 and then treated at 7 dpi with exogenous IFN-A. MNoV+ IECs were
rapidly cleared within the first day after IFN-A treatment (Figure S4). Viral shedding into
the stool was also quickly reduced by IFN-A treatment, decreasing ~1 log after one day, and
being cleared by 3 days after IFN-A treatment (Figure S4). Viral genomes in intestinal tissue
exhibited a similar clearance pattern to stool (Figure S4). In contrast, viral genomes in the
MLN exhibited delayed clearance, with viral levels appearing unaffected at 1 or 3 days after
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IFN-A treatment, decreasing ~1 log at 7 days post-treatment, then only being cleared 14
days after IFN-A treatment (Figure S4). These data demonstrate that MNoV clearance in
intestinal and lymphoid tissues was delayed relative to clearance from IECs.

NS1 evades IFN-A-mediated antiviral immunity

From our NS1-chimera studies, we found that CR6NS1-CW3 was unable to infect IECs or
grow in the intestine in wild-type mice (Figure 4 and 5), and that sensitivity to the antiviral
activity of IFN-A was NS1-dependent (Figure 5). Therefore, we hypothesized that NS1-CR6
may be able to antagonize IFN-A immunity in IECs while NS1-CWa3 lacks this capability.
To further explore interactions of NS1 and IFN-A signaling, we tested IFN-A. induction and
responses in multiple cell lines /in vitro. BV2 cells, which are permissive for CR6 and CW3
(Orchard et al., 2016), were insensitive to IFN-A treatment (Figure S5). Since IEC cell lines
we tested were not permissive for MNoV, we generated an MNoV-permissive IEC line,
M2C-CD300If, by lentiviral transduction of the immortalized colonic epithelial cell line
M2C with the MNoV receptor (Orchard et al., 2016; Padilla-Nash et al., 2012) (Figure S5).
CR6 infection of M2C-CD300If cells induced IFN-A expression and was sensitive to
exogenous IFN-A treatment, consistent with our /n vivo findings. However, CW3 was
phenotypically indistinguishable from CR6 in these cells, indicating the existence of critical
differences between this /in vitro model and our observed /n vivo CR6-specific IEC tropism.
Further, replication of CW3, CR6, and the NS1-chimeras was not affected by knock-down of
Ifnlr1 in these cells, indicating that cell-intrinsic functions of IFN-A do not control
differences between CW3 and CR6 infection in these cells (Figure S5).

In the absence of an /n vitro system that effectively recapitulated our /7 vivo observations,
we elected to perform further studies /n7 vivo. CW3 does not persist in /f2/r~~ mice (Nice et
al., 2015), nor does it persist in /f/r17"-Villincre mice, which were previously demonstrated
to be specifically deficient for /fn/rZ only in IECs (Baldridge et al., 2017) (Figure S6).
However, we hypothesized that growth of the CR6NS1-CW3 virus could be rescued in IFN-A-
signaling-deficient mice. Indeed, we found that CR6NS1-CW3 established persistent infection
only in /fnlr1~'~ mice but not in wild-type, /frnarZ™~ or RagZ™'~ mice (Figure 7A and 7B).
Ifnlr1™'~ mice infected with CR6NS1-CW3 exhibited high levels of viral shedding in stool
(Figure 7A) and viral replication in the colon (Figure 7B). Importantly, persistence and fecal
shedding of CR6NS1-CW3 \vere also rescued in /flr1?'-Villincre mice (Figure 7C and 7D).
These results indicate that the NS1 of the persistent MNoV strain CR6 was necessary to
escape IFN-A-mediated antiviral immunity in IECs, a requirement that is relieved when
IFN-A responses are absent in the host. Future illumination of the mechanisms of NS1
activity will demand finer resolution of the differences governing /n vivotropism of the
MNoV strains.

Discussion

Here, we present the identification of IECs as a reservoir of persistent MNoV infection in an
immunocompetent murine host, and make the surprising observation that tropism for these
cells as well as viral persistence and shedding is determined by a viral nonstructural protein,
NS1, in combination with a host cytokine, IFN-A.. To detect this low frequency population,
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we developed a highly sensitive flow cytometry assay relying on simultaneous detection of
two different viral non-structural proteins. We found that only ~20 cells per million IECs are
infected by MNoV strain CR6 in wild-type mice at persistent time points. It is remarkable
that this small number of cells is responsible for shedding approximately one million copies
of MNoV into each fecal pellet, which is the major source of viral transmission of norovirus.
HNoV cellular tropism in the intestine has not yet been elucidated in an immunocompetent
host /n vivo, which has been a barrier to understanding the pathogenesis of HNoV infection.
Previous evidence for HNoV cellular tropism has come from immunodeficient human
patients (Karandikar et al., 2016), non-human primates (Bok et al., 2011), gnotobiotic pigs
(Cheetham et al., 2006), and immunodeficient animals (Taube et al., 2013). Cumulatively
these data have suggested that macrophages, dendritic cells, B-cells and IECs are all
potential target cells for HNoV (Karst and Wobus, 2015). Since persistent viral shedding of
MNoV in mice resembles the prolonged viral shedding seen in asymptomatic HNoV-
infected patients after resolution of acute infection, the IEC tropism of MNoV may also
apply to HNoV. This would be consistent with studies identifying IECs as an important cell
type for HNoV replication (Ettayebi et al., 2016; Karandikar et al., 2016). Bile acids have
been identified as an important factor for HNoV cultivation in enterocytes (Ettayebi et al.,
2016), which may correlate with a requirement for intestinal microbes for infection by
MNoV strain CR6 (Baldridge et al., 2015); the exploration of the role of host and microbial
metabolites in IEC infection will be important for future study. Although infection of other
cell types may contribute to virus production and disease, we speculate that IEC tropism is
likely to be a common feature for all noroviruses during viral shedding and fecal-oral
transmission phases of the pathogenetic process.

The persistent and acute strains of MNoV exhibited differential infectivity of IECs in both
wild-type and RagZ~'~ mice, facilitating our identification of the viral determinant of IEC
tropism to be the viral non-structural protein NS1. NS1-CR6 was both necessary and
sufficient for IEC tropism, for persistence, and for fecal-oral viral transmission. Most
interestingly, defective growth of a viral strain lacking NS1-CR6 (CR6NS1-CW3) in wild-type
mice was rescued in /f/r1~'~ mice, suggesting that persistent MNoV evades IFN-A-
mediated antiviral immunity in IECs via NS1-mediated activity. The combination of a host
IFN-A-mediated immune response in IECs, and the counteracting viral immune evasion by
NS1-CR6, confers the exclusive IEC tropism of MNoV strain CR6 for persistence and fecal-
oral viral transmission. The molecular mechanism of NS1, while not identified in this study,
will be key to understanding its role in conferring IEC tropism. Determining whether NS1
acts through direct antagonism of IFN-A immunity, and whether this activity is conserved in
HNoV, also requires additional exploration. As differences between persistent and acute
MNoV strains were not recapitulated in an MNoV-permissive colonic IEC line, either
mechanistic studies /77 vivo or new systems for analysis of NoV tropism /in vitro will be
required to perform such studies.

The acute MNoV strain CW3 elicits a different set of host immune responses from CR6.
CWa3 infection is not under the control of IFN-A,, even in the colon, but is known to be
naturally cleared by T-cell and B-cell responses within 2 weeks after infection (Chachu et
al., 2008a; Chachu et al., 2008b). Given that CW3 did not infect IECs in wild-type or
Rag1™"~ mice and was not IFN-A sensitive, CW3 may primarily infect non-1EC cells that are
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effectively IFN-A unresponsive in the intestine (i.e., dendritic cells, macrophages and B-
cells). When inoculated via a parenteral route, CR6 likely shares this tropism for IFN-A-
insensitive cells with CW3, making IEC infection after oral CR6 infection unique. A recent
study showed that persistent CR6 ignores highly functional MNoV-specific CD8+ T cell
responses in the intestine (Tomov et al., In press), suggesting that MNoV+ IECs could be an
immune-privileged site for escaping T-cell responses. Therefore, differential cell tropism
between persistent and acute strains of MNoV in the intestine may confer differential host
immune sensitivities. In this scenario, persistent infection of CR6 in IECs is controlled by
IFN-A but escapes CD8+ T-cell responses, even though the CD8+ T-cell response is highly
functional. Conversely, acute infection of CW3 in non-1EC cells is not controlled by IFN-A
but is targeted by CD8+ T-cells and other adaptive immune responses, and ultimately cleared
in an immunocompetent murine host.

One of the interesting features of IFN-A-mediated immunity is its sterilizing activity against
persistent MNoV infection in the absence of adaptive immunity (Nice et al., 2015). We
recently showed that IFN-A signaling in IECs is critical for MNoV clearance (Baldridge et
al., 2017). Since exogenous IFN-A treatment of mice persistently infected with CR6
immediately cleared MNoV+ IECs within a day, IFN-A-mediated cell intrinsic MNoV
clearance in IECs is likely the initial mechanism of sterilizing immunity by IFN-A..

Rapid MNoV clearance in IECs also correlates with rapid clearance of stool, corroborating
our supposition that IECs are responsible for viral shedding and transmission. MNoV
clearance in intestinal tissues was delayed compared to clearance in the IECs, and even more
dramatically delayed in the MLN. The differential kinetics of MNoV clearance in tissues
suggests that MNoV in the intestine and MLN depends on the presence of infected IECs and
is gradually cleared by immune mechanisms other than IFN-A when infected IECs are
absent. Thus, sterilizing immunity by IFN-A may require at least two steps. Firstly, IFN-A
triggers rapid clearance of the IEC reservoir of persistent MNoV infection. Secondly, other
components of the immune system clear MNoV virions from non-1ECs in tissues. Further
studies will be necessary to elucidate the secondary steps of IFN-A-mediated sterilizing
innate immunity.

In summary, we identified IECs as a reservoir of persistent MNoV infection by showing,
through cellular and genetic analysis, that they are responsible for viral shedding and
persistence of MNoV. This study also clarifies how the host innate and adaptive immune
systems control persistent MNoV infection, an effect mediated predominantly by the IFN-A
antiviral immune response. This IFN-A-mediated antiviral response and the counteracting
viral antagonism by NS1 determine the IEC tropism of persistent MNoV. This work
provides a unique example of control of viral tropism by a non-structural protein in
combination with a host cytokine, since both MNoV CW3 and CR6 utilize the same cellular
receptor (Orchard et al., 2016). This unveiling of a reservoir of MNoV and the host-virus
interactions that govern IEC tropism provide us with critical insight into norovirus
pathogenesis and infection. We speculate that these findings will facilitate better
understanding of HNoV pathology and transmission, and may provide us with important
therapeutic targets to prevent HNoV outbreaks and cure chronically infected
immunocompromised patients.
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STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Megan Baldridge (mbaldridge@wustl.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Wild-type C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor,
ME) (stock number 000664) and housed at the Washington University School of Medicine
under specific-pathogen-free conditions in an MNoV-free facility according to university
guidelines. Animal protocols were approved by the Washington University Animal Studies
Committee. Knock-out mice on the C57BL/6J background were maintained in the same
conditions and included the following strains: /fnarZ~'~ (B6.129.1fnar1™1) (Muller et al.,
1994), /fnlr1~!~ (B6.Cg-Ifnir1tmIPaluy (Ank et al., 2008; Baldridge et al., 2017), and Rag1~/~
(B6.129S7-Rag1tmIMom;3) (Mombaerts et al., 1992). /f/r1”f mice were generated from
1fnlr]tmIAEUCOMM) WIS ES cells as described previously (Baldridge et al., 2017). /flr1r-
Villincre were generated by crossing /#/r17f to Villin-Cre mice for selective disruption of
Ifnlrl in intestinal epithelial cells (Madison et al., 2002). Equal ratios of adult male and
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female mice, aged 6 to 12 weeks, were used in all experiments for all strains. Experimental
mice were cohoused with up to 5 mice of the same sex per cage with autoclaved standard
chow pellets and water provided ad libitum.

Cells—M2C and M2K cells, both derived from male mice, and F1K and F3K cells, both
derived from female mice, were cultured in DMEM/F-12 medium (Gibco, #11039-047) with
15% fetal bovine serum (FBS). mICCL2 cells (originally isolated from 20-day old mouse
fetuses of unreported sex) and BV2 cells (derived from female mice) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1%
HEPES. M2C-CD300If cells were generated by lentiviral transduction of the M2C cells with
a pCDH-CMV-MCS-T2A-Puro vector (System Biosciences, Inc) containing CD300If. Two
days after transduction, cells were selected with puromycin (2 pg/ml) for 2 weeks. Cell lines
were authenticated by microscopic morphologic evaluation and screening for mycoplasma,
and BV2 cells were also authenticated by karyotyping.

Viruses—Stocks of MNoV strains CR6, CW3, CRENSI-CW3 gnd CW3NSI-CR6 \yere
generated from molecular clones as previously described (Baldridge et al., 2017; Strong et
al., 2012). Briefly, a plasmid encoding the viral genome was transfected into 293T cells to
generate infectious virus, which was subsequently passaged on BV2 cells. After two
passages, cell cultures were frozen and thawed to liberate virions, then cultures were cleared
of cellular debris and virus was concentrated by ultracentrifugation through a 30% sucrose
cushion. Titers of all virus stocks were determined by plaque assay on BV2 cells.

METHOD DETAILS

MNoV infections and IFN-A treatment in mice—For MNoV infections, mice were
inoculated with a dose of 108 PFU of the indicated viral strain at 6 to 8 weeks of age by the
oral route in a volume of 25 pl or the intraperitoneal route in a volume of 200 pl.
Recombinant IFN-A was provided by Bristol-Myers Squibb (Seattle, WA) as a monomeric
conjugate comprised of 20-kDa linear polyethylene glycol (PEG) attached to the amino
terminus of murine IFN-A, as previously reported (Baldridge et al., 2017). For treatment of
mice, 3 pug of IFN-A diluted in PBS was injected intraperitoneally. Stool and tissues were
harvested into 2-ml tubes (Sarstedt, Germany) with 1-mm-diameter zirconia/silica beads
(Biospec, Bartlesville, OK). Tissues were flash frozen in a bath of ethanol and dry ice and
either processed on the same day or stored at -80°C.

MNoV infection in cell lines—For MNoV infection, IEC lines and BV2 cells were
seeded at 1 x 10° cells/well of a 24-well plate. After 24 hours, cells were infected with
MNoV in 200 pl volume for 1 hour with gentle shaking at room temperature. Viral inoculum
was removed and 500 pl of media was added to the cells. At 12, 24 or 48 hpi, the culture
supernatant was harvested for plaque assay, and the cells were washed once with PBS and
used for RNA prep. For the IFN-sensitivity assay, IFN-p (R&D systems, #12405-1) and
IFN-A (Bristol-Myers Squibb) were added to the cells at the time of seeding to the culture
plate. The cells were incubated with IFNs for 24 hours, then infected with MNoV as
described above.
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Knockdown of Ifnlrl in M2C-CD300If cells—M2C-CD300If cells were seeded at 2 x
10 cells/well of a 24-well plate 16 hours before siRNA transfection. The siRNAs targeting
Ifnir1 (Dharmacon, #L.-041660-01-0005) or a control sequence (Dharmacon,
#D-001810-01-05) were transfected using Dharmafect 2 reagent (Dharmacon) at final
concentration of 20 nM, according to the manufacturer’s instructions. The M2C-CD300If
cells were incubated with the transfection mixture for 48 hours, then cells were infected with
CR6, CW3, CR6NSI-CW3 or cW3NSI-CR6 At 12 hpi, the culture supernatant was harvested
for plaque assay. Mock-infected cells were used for /fn/r1 gRT-PCR to confirm knockdown
efficiency.

MNoV plaque assay—The culture supernatant from infected cells was harvested and
frozen at —80°C. BV2 cells were seeded at 1 x 10° cells/well of a six-well plate. 16 hours
after seeding, 10-fold serially diluted sample was applied to each well for 1 hour with gentle
rocking. The viral inoculum was aspirated and 2 ml of methylcellulose media (MEM, 10%
FBS, 2mM L-Gluatmine, 10 mM HEPES, and 1% methylcellulose) was added. Plates were
incubated for 60—72 hours prior to visualization of plaques with crystal violet solution (0.2%
crystal violet and 20% ethanol).

Quantitative reverse transcription-PCR—As previously described (Baldridge et al.,
2017), RNA was isolated from stool using a ZR-96 viral RNA kit (Zymo Research, Irvine,
CA). RNA from tissues or cells was isolated using TRI Reagent (Invitrogen) with a Direct-
zol-96 RNA kit (Zymo Research, Irvine, CA) according to the manufacturer’s protocol. 5 pl
of RNA from stool or 1 pg of RNA from tissue was used for cDNA synthesis with the
ImProml| reverse transcriptase system (Promega, Madison, WI). DNA contamination was
removed using the DNAfree kit (Life Technologies). MNoV TagMan assays were
performed, using a standard curve for determination of absolute viral genome copies, as
described previously (Baert et al., 2008). PrimeTime gPCR assays for /fna4 (Mm.PT.
58.7678281.9), /fnb (Mm.PT.58.30132453.9), /fn/r1 (Mm.PT.58.32691011), /fit (Mm.PT.
58.32674307) and /fi44 (Mm.PT.58.12162024) (IDT, Coralville, lowa), and a Tagman assay
for /fnl2/3(Mm04204156 gH) (Thermo Fisher Scientific) were performed using the same
protocol. Quantitative PCR for housekeeping gene Rps29was performed as previously
described (Baldridge et al., 2017). Standard curves for quantitative PCR assays were used to
facilitate absolute quantification of transcript copy numbers.

Flow cytometry for MNoV+ IECs—The epithelial fraction of the proximal colon was
isolated as previously described (Lefrancois and Lycke, 2001). In brief, after mice were
euthanized, proximal colons and ileums were collected. Tissues were washed with cold PBS
twice, then chopped and transferred to new tubes. The tissues were incubated with stripping
buffer (for proximal colon, 10% fetal bovine serum, 15 mM HEPES, 5 mM EDTA, 5 mM
DTT in 1x HBSS; for ileum, 10% fetal bovine serum, 15 mM HEPES, 5 mM EDTA, in 1x
HBSS) for 20 min in 37°C and vortexed for 15 seconds at maximum sett ing. The
dissociated cells were passed through 100 um and 40 pm filter mesh and washed with cold
PBS. The collected cells were stained with a live/dead staining kit (live/dead fixable blue
dead cell stain kit, Life Technology) according to the manufacturer’s protocol. After live/
dead staining, cells were stained with anti-EpCam-APC-Cy7 (clone G8.8, Biolegend) and
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anti-CD45-PacBlue (clone 30-F11, Biolegend) for 20 minutes on ice, then washed with
wash buffer (2% FBS, 1 mM EDTA in PBS). For intracellular staining, cells were fixed with
Cytofix/Cytoperm buffer (BD Bioscience) for 20 minutes in room temperature. Cells were
washed with Perm/Wash buffer (BD Bioscience) twice, and stained with anti-NS1/2 (Rabbit
polyclonal antibody, provided by Vernon Ward) and anti-NS6/7 (Guinea-pig polyclonal
antibody, provided by Kim Green) for 1 hour at room temperature. VP1 (A6.2) antibody was
used for MNoV capsid staining. Cells were stained with anti-Rabbit-PE (Jackson) and anti-
Guinea-pig-AF647 (Invitrogen) for one hour at room temperature. Cells were analyzed using
a BD LSR Il flow cytometer (BD Bioscience). Doublets were excluded by SSC-A x SSC-H
analysis, and dead cells were excluded by live/dead staining. IECs were defined as EpCAM
+CD45- cells, consistent with previous publications (Mahlakoiv et al., 2015). Data were
processed using FACSDiva software (BD) and FlowJo (FlowJo).

Sorting of MNoV+ IECs—<Cells were sorted using the BD ARIA |1 (BD Biosciences)
using FACSDiva software. 100-1000 cells from NS1/2+NS6/7+ or NS1/2-NS6/7- gates
were sorted into a microtube containing 100 ul of PKD buffer (Qiagen) with a 1:16
proteinase K solution (Qiagen). To lyse cells and purify RNA, the collected cells were heat-
inactivated at 56°C for 1 hour. Total RNA was extracted from the cells by TRIzol-LS (Life
technology) according to the manufacturer’s protocol with a few alterations. For example,
Isopropanol precipitation was carried out overnight, and 0.5 pl of glycogen was used to
facilitate RNA precipitation. Prepped total RNAs were used for reverse-transcriptase
reactions as described.

Fluorescence microscopy—Wild-type or /f/r1~'~ mice were sacrificed at 14 dpi. The
colon was harvested, flushed with PBS followed by 10% neutral buffered formalin and then
fixed overnight. Tissue was then blocked in 1% agar and embedded in paraffin for
sectioning. Slides were then washed in xylene (3 washes x 5 min), isopropanol (3 washed x
5 min) and diH20 (5 min). Antigen retrieval was performed by boiling for 20 min in Dako
antigen retrieval solution. Blocking was performed in TBST+10% goat serum+1%BSA.
Primary antibodies were then applied in TBST overnight at 4 °C (E-cadherin 1:400, NS1/2
1:1000, NS6/7 1:1000, dsRNA(J2, Scicons) 1:100) followed by washing in TBST and
incubation with secondary antibodies (1:500). Images were collected on a Zeiss LSM 880
Confocal Laser Scanning Microscope and analyzed on F1JI software. A maximum
projection Z-stack was generated for each channel prior to merging.

Sequencing of MNoV NS1 gene—Phusion High-Fidelity DNA Polymerase (Thermo
Scientific) was used to PCR-amplify the MNoV NS1 gene with primers MNoV-F1 5’-
GTGAAATGAGGATGGCAACGC-3’ and MNoV-R718 CTAGAGATCTTCGCCCTCTTC
from cDNA isolated from stool. PCR products were Sanger sequenced and aligned to
reference genomes using Geneious 9.1.2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed with Prism 7 software (GraphPad Software, San Diego, CA). In all
graphs, three asterisks indicate a P value of <0.001, two asterisks indicate a P value of
<0.01, one asterisk indicates a P value of <0.05, and ns indicates not significant (P > 0.05) as
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determined by Mann-Whitney test, one-way analysis of variance (ANOVA), or two-way
ANOVA with Tukey’s multiple-comparison test, as specified in the relevant figure legends.
The number of mice and/or replicates used in experiments is specified in the relevant figure
legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Intestinal epithelial cells (IECs) are the persistent reservoir of murine
norovirus (MNoV).
. MNoV infects a very small number of IECs in immunocompetent hosts.
. NS1, rather than a viral surface protein, is a viral determinant of IEC tropism.

. NS1 and IFN-A interactions govern IEC tropism and persistence of MNoV.
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Figure 1. Detection of intestinal epithelial cells infected by persistent MNoV in vivo
(A) Flow cytometry of NS1/2 and NS6/7 double staining. Colonic IECs from wild-type and

Ifnlr1~'= mice infected with CR6 were stained with control sera or anti-NS1/2 and anti-
NS6/7 and analyzed. EpCam+/CD45- cells were pre-gated as IECs. (B) MNoV genome
quantification by quantitative RT-PCR of RNA from sorted NS1/2 and NS6/7 double
positive cells. /=4 to 8 mice per group, combined from two independent experiments. (C-
E) Quantification of MNoV+ IECs during CR6 infection in wild-type and /f7/r1~/~ mice at
(C) 7 dpi, (D) 14 dpi, and (E) 35 dpi. /=5 to 13 mice per group, combined from two to
four independent experiments. Dashed lines represent limit of detection. Statistical
significance was determined by one-way ANOVA followed by Tukey’s multiple-
comparisons test (B) and Mann Whitney test (C-E). **P < 0.01, ***P < 0.001. See also
Figure S1.
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A Wild-type colon (14 dpi)

B  Ifnir1” colon (14 dpi)

C Wild-type colon (14 dpi)

Figure 2. Immunofluorescence microscopy to visualize MNoV-infected IECs
(A-C) Proximal colons from wild-type (A, C) and /f/r1~~(B) mice infected with CR6 were

analyzed at 14 dpi by immunofluorescence microscopy for detection of (A, B) NS1/2,
NS6/7, DAPI and E-cadherin staining or (C) dsRNA (J2 antibody) and NS6/7, and Hoechst
staining. Low frequency E-cadherin positive epithelial cells expressed the viral non-
structural proteins NS1/2 and NS6/7 which were tightly co-localized in a punctated pattern
throughout the cytoplasm. Below is a magnified inset represented by the white box. Dashed
line represents the luminal interface. Scale bars represent 10 ym.
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Figure 3. Regulation of IEC infection by adaptive immunity
(A) Time-course of MNoV genome copies shed into fecal pellets with time points at 7, 14,

21, 24, 28, and 35 days after CR6 or CW3 infection in RagZ~~ mice. V=9 to 31 mice per
group, combined from three independent experiments. (B) MNoV genome copies in colon
from wild-type or RagZ~'~ mice at 35 dpi. (C, D) Quantification of MNoV+ IECs from wild-
type and RagZ~"~ mice at 14 dpi (C) and at 35 dpi (D). Dashed lines represent limit of
detection. Statistical significance was determined by two-way ANOVA (A), one-way
ANOVA followed by Tukey’s multiple-comparisons test (B) and Mann Whitney test (C, D).
**p<0.01, ***P< 0.001. See also Figure S2.
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Figure 4. IEC tropism of persistent MNoV is NS1-dependent
(A) Schematic depicting the chimeric viruses used in this assay. (B—E) Wild-type mice were

infected with the indicated viruses and analyzed at 14 dpi. (B, C) MNoV+ IECs from the
proximal colon of infected mice were analyzed (B) and quantified (C) by flow cytometry. N/
=5 mice per group, combined from two independent experiments. (D—E) MNoV genome
copies in (D) stool and (E) colon. Dashed lines represent limit of detection. /=5 to 13 mice
per group, combined from two independent experiments. Statistical significance was
determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. **P <
0.01, ***P < 0.001, NS = not significant. See also Figure S3.
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Figure 5. Differential IFN-A sensitivity of chimeric MNoVs
(A-C) MNoV genome copies in tissues and fecal pellets. Wild-type mice were pre-treated

with PBS or 3 ug of IFN-A 1 day before infection, then infected with the indicated MNoV
strains. MNoV genomes from spleen (A), stool (B), and colon (C) were quantified by qRT-
PCR. N=7 to 10 mice per group, combined from two independent experiments. Dashed
lines represent limit of detection. Statistical significance was determined by Mann Whitney
test. *£< 0.05, **P< 0.01, ***P< 0.001, NS = not significant. See also Figure S4.
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Figure 6. IFN-A does not control parenterally-introduced MNoV infection
(A-C) Wild-type mice were pre-treated with PBS or 3 ug of IFN-A 1 day before infection,

then infected with CR6 perorally (PO) or intraperitoneally (IP), and analyzed at 3 dpi.
MNoV genomes from spleen (A), stool (B), and colon (C) were quantified by gqRT-PCR. N/
=9 to 10 mice per group, combined from two independent experiments. Dashed lines
represent limit of detection. Statistical significance was determined by Mann Whitney test.
*P<0.05, ***P<0.001, NS = not significant.
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(A-D) Wild type, /falr1™!=, Ifnar1™'=, Rag1™, Ifnlr1” and Ifalr1”f-Villincre mice were
infected with CR6NS1-CW3 and MNoV genomes from stool (A, C) and colon (B, D) were
analyzed at 14 dpi by gRT-PCR. A/=6 to 13 mice per group, combined from two or three
independent experiments. Dashed lines represent limit of detection. Statistical significance
was determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. *P <

0.05, **P<0.01, ***P< 0.001. See also Figures S5 and S6.
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