L] amemcan | Journal of
SOCIETYFOR |\ /- ®
3 MICROBIOLOGY Verlogy

VIRUS-CELL INTERACTIONS

L)

Check for
updates

CD300If Conditional Knockout Mouse Reveals Strain-Specific

Cellular Tropism of Murine Norovirus

Vincent R. Graziano,*® Mia Madel Alfajaro,** Cameron O. Schmitz,>® Renata B. Filler,>® Madison S. Strine,** Jin Wei, >
Leon L. Hsieh,< (2» Megan T. Baldridge,? (= Timothy J. Nice,® Sanghyun Lee,f Robert C. Orchard,? (2 Craig B. Wilen>®

aDepartment of Laboratory Medicine, Yale University School of Medicine, New Haven, Connecticut, USA
bDepartment of Immunobiology, Yale University School of Medicine, New Haven, Connecticut, USA

cDepartment of Molecular Microbiology and Immunology, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, Maryland, USA

dDepartment of Medicine, Division of Infectious Diseases, Edison Family Center for Genome Sciences & Systems Biology, Washington University School of Medicine,

Saint Louis, Missouri, USA

eDepartment of Molecular Microbiology and Immunology, Oregon Health and Science University, Portland, Oregon, USA

Department of Molecular Microbiology and Immunology, Brown University, Providence, Rhode Island, USA
9Department of Immunology, University of Texas Southwestern Medical School, Dallas, Texas, USA

ABSTRACT Noroviruses are a leading cause of gastrointestinal infection in humans
and mice. Understanding human norovirus (HuNoV) cell tropism has important impli-
cations for our understanding of viral pathogenesis. Murine norovirus (MNoV) is exten-
sively used as a surrogate model for HuNoV. We previously identified CD300If as the
receptor for MNoV. Here, we generated a Cd300If conditional knockout (CD300IfF)
mouse to elucidate the cell tropism of persistent and nonpersistent strains of murine
norovirus. Using this mouse model, we demonstrated that CD300If expression on in-
testinal epithelial cells (IECs), and on tuft cells in particular, is essential for transmission
of the persistent MNoV strain CR6 (MNoV<R9) in vivo. In contrast, the nonpersistent
MNoV strain CW3 (MNoV“"3) does not require CD300If expression on IECs for infec-
tion. However, deletion of CD300If in myelomonocytic cells (LysM Cre+) partially
reduces CW3 viral load in lymphoid and intestinal tissues. Disruption of CD300If
expression on B cells (CD19 Cre), neutrophils (Mrp8 Cre), and dendritic cells (CD11¢ Cre)
did not affect MNoV“"3 viral RNA levels. Finally, we show that the transcription factor
STAT1, which is critical for the innate immune response, partially restricts the cell tro-
pism of MNoVW3 to LysM+ cells. Taken together, these data demonstrate that
CD300If expression on tuft cells is essential for MNoV<Ré; that myelomonocytic cells
are a major, but not exclusive, target cell of MNoVW3; and that STAT1 signaling
restricts the cellular tropism of MNoV<W3. This study provides the first genetic system
for studying the cell type-specific role of CD300If in norovirus pathogenesis.

IMPORTANCE Human noroviruses (HuNoVs) are a leading cause of gastroenteritis result-
ing in up to 200,000 deaths each year. The receptor and cell tropism of HuNoV in immu-
nocompetent humans are unclear. We use murine norovirus (MNoV) as a model for
HuNoV. We recently identified CD300If as the sole physiologic receptor for MNoV. Here,
we leverage this finding to generate a Cd300If conditional knockout mouse to decipher
the contributions of specific cell types to MNoV infection. We demonstrate that persistent
MNoV<Re requires CD300If expression on tuft cells. In contrast, multiple CD300If+ cell
types, dominated by myelomonocytic cells, are sufficient for nonpersistent MNoVW3
infection. CD300If expression on epithelial cells, B cells, neutrophils, and dendritic cells is
not critical for MNoV? infection. Mortality associated with the MNoV<W3 strain in Stat1~/~
mice does not require CD300If expression on LysM+ cells, highlighting that both
CD300If receptor expression and innate immunity regulate MNoV cell tropism in vivo.
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uman noroviruses (HuNoVs) represent a leading cause of gastroenteritis and an

important cause of childhood mortality worldwide (1, 2). Norovirus, a genus within
the family Caliciviridae, include nonenveloped, positive-sense, single-stranded RNA
viruses that are transmitted through the fecal-oral route. Noroviruses are segregated
into seven genogroups (Gl to GVII). Genogroups |, II, and IV contain primarily HuNoVs,
while GllI, GV, GVI, and GVII contain bovine NoVs, murine NoVs (MNoV), and feline and
canine NoVs (3). A complete understanding of the mechanism underlying the pathoge-
nesis and biology of HuNoV infection is still lacking due to limited HuNoV cell culture
systems, heterogeneity among NoV isolates, and a lack of infectious molecular clones
(4-8). These knowledge gaps have hindered vaccine and antiviral drug development.

Cell tropism is an important determinant of virus transmission, pathogenesis, and
immune evasion. A detailed molecular understanding of the host and viral determi-
nants underlying norovirus cell tropism are critical for vaccine and therapeutic devel-
opment (6). The cell tropism of noroviruses remains incompletely understood (8-10).
HuNoV can replicate in stem cell-derived human intestinal enteroids and human B cell-
like cell lines in vitro (8, 11, 12). Limited HuNoV replication was also recently reported
in HEK293T cells (12). Our understanding of HuNoV tropism in vivo is largely dependent
on samples taken from immunodeficient humans infected with HuNoV or experimen-
tally infected animal models (9, 13-15). HuNoV infection was identified in dendritic
cells and B cells of intravenously infected chimpanzees (13), while intestinal epithelial
cells (IECs), macrophages, lymphocytes, and dendritic cells have been identified as
HuNoV target cells in pig models (14-17). HuNoV-infected intestinal epithelial cells
were observed in immunocompromised humans (18). More recently, HuNoV was
shown to infect enteroendocrine cells, a rare secretory epithelial cell population that
plays a critical role in the gut-brain axis (9). The determinants of cell tropism, including
the viral receptor and the specific role of bile salts and glycans, remain unclear for
HuNoV (8, 19, 20).

MNoV represents a model for HuUNoV and has enabled the identification of impor-
tant host and viral factors that can regulate NoV replication and pathogenesis in vitro
and in vivo (4, 21-23). MNoV can be efficiently propagated in vitro and productively
infects mice, thus providing a tractable in vivo system for NoV studies (4, 24). MNoV
shares many characteristics with HuNoV, including fecal-oral transmission, capsid struc-
ture, intestinal replication, and prolonged shedding after acute infection, reflecting
asymptomatic HuNoV infection (4, 24, 25). Infectious molecular clones of MNoV have
been described with distinct patterns of pathogenesis. MNoV strain CR6 (MNoV<Re)
causes persistent enteric infection which can spread systemically but fails to induce
lethality in type I interferon (IFN)-deficient mice (25, 26). In contrast, MNoV strain CW3
(MNoV"3), an infectious molecular clone derived from MNV-1, causes nonpersistent
systemic infection in immunocompetent mice and lethal infection in mice deficient in
type | interferon signaling (23, 26, 27). Also, it was recently demonstrated that MNoV
strain MNV-1 can cause dose-dependent and mouse strain-dependent diarrhea in neo-
natal mice (28).

Although genetically similar, minor genetic variants in these MNoV strains confer
distinct in vivo phenotypes (25, 26, 29, 30). Viral determinants of infection have been
mapped to the viral capsid protein VP1 and the viral nonstructural protein NS1 (25-27,
31). Specific amino acid variants have been identified in VP1 that determine enteric
and systemic infection and lethality in mice deficient in type | interferon signaling (26).
Variants in NS1 enable MNoV<R¢ to antagonize type Il interferon and establish persis-
tent enteric infection (25, 32). The host determinants of infection include both the
MNoV receptor CD300If and the innate immune system (21, 23, 27, 29, 32). CD300If is a
type | integral membrane protein that binds phospholipids on dead and dying cells
and can induce pro- or anti-inflammatory signals depending on the specific context
(33). CD300If is expressed on tuft cells and diverse hematopoietic cells, including mac-
rophages, dendritic cells, neutrophils, and B cells (30, 33). CD300If has been implicated
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in the pathogenesis of multiple sclerosis, inflammatory bowel disease, and depression
(34-38).

The cell tropisms of MNoV“"3 and MNoV<R¢ are distinct. Our recent discovery of
CD300If as the receptor for MNoV enabled us to determine that radiation-resistant cells
are required for MNoV<Ré but not MNoV<W3 infection. This finding led us to identify in-
testinal tuft cells, the only epithelial cell type that expresses CD300If as a major target
cell of MNoV<Ré (30). Tuft cells are critical regulators of epithelial response to intestinal
helminth infection, as they are the primary producers of interleukin-25 (IL-25) (39-41).
However, it remains unknown whether tuft cells are essential for MNoV<R¢ infection. In
contrast, MNoV“"3 does not require tuft cells to establish infection (30, 42). MNV-1 or
MNoVW3 infection has been reported in dendritic cells, macrophages, monocytes, and
B cells in vivo (10, 43, 44). In Stat1-deficient mice, MNoV“"3 has been observed in rare
epithelial cells consistent with tuft cells (45). While MNoV<¥3 does not require tuft cells,
we recently showed that CD300If is essential for infection of diverse MNoV strains,
including both MNoV<¥2 and MNoV<®¢ in vivo (29).

To elucidate the cellular tropism of MNoV in vivo, here, we developed a Cd300If con-
ditional knockout (CD300IfF) mouse to specifically delete CD300If from putative MNoV
target cells. We demonstrate that CD300If expression on tuft cells is essential for
MNoV<Ré but not MNoV<"? infection and that this tropism depends on the viral NS1
protein. We find that ablation of CD300If on myelomonocytic (LysM+) cells reduces
MNoVW3 infection in immunocompetent mice. We did not observe any reduction in
MNoV<W3 infection with the depletion of CD300If in epithelial cells, dendritic cells, neu-
trophils, or B cells. Interestingly, the antiviral effects of CD300If disruption on LysM+
cells were not observed in Stat1-deficient mice, demonstrating that CD300If and the
innate immune system coordinately regulate MNoV tropism. This suggests CD300If
expression on tuft cells is required for MNoV<R¢ infection, multiple cell types are suffi-
cient for MNoV“W3 infection, and innate immunity regulates MNoV<V3 tropism.

RESULTS

CD300If expression on epithelial cells is required for MNoV<k¢ but not
MNoVW3 infection. To elucidate the cellular tropism of MNoV, we generated a
Cd300If conditional knockout mouse via CRISPR/Cas9. We inserted LoxP sites flanking
exon 3 of Cd300If (CD300IfF) which encodes amino acids 129 to 158 in the ectodomain
of CD300If (Fig. 1A). We first crossed this mouse to an epithelial cell-specific Cre mouse
(Vil1Cre) to generate mice with epithelial cells deficient in CD300If. We validated the ef-
ficiency of CD300If deletion in intestinal epithelial cells by flow cytometry (Fig. 1B).
CD300If+ events were significantly enriched in CD300If”F Vil1Cre— mice compared
with CD300If”F Vil1Cre+ littermate control mice (Fig. 1B). We then challenged these
mice with 10° plaque forming units (PFUs) of MNoV<R¢ and MNoV<W3 perorally (PO);
harvested mesenteric lymph node (MLN), spleen, ileum, and colon; and assessed viral
genome copies via quantitative real-time PCR (qPCR). At 7 days postinfection (dpi),
MNoV<Ré genome copies were significantly reduced in the MLN, ileum, and colon of
CD300IfF Vil1Cre+ mice compared with Cre— controls (Fig. 1C, E, and F). MNoV<R¢ was
not detected in the spleens of either Cre— or Cre+ mice, consistent with prior studies
in wild-type (WT) mice (29-31). MNoVRé was also undetectable in the feces of
Vil1Cre+ mice, unlike Cre— controls (Fig. 1G). Interestingly, MNoV<R¢ genomes were
detected in the MLN, ileum, colon, and feces in a single CD300If** Vil1Cre+ mouse (Fig.
1C to F); whether this finding reflects the emergence of a novel viral variant is unclear.

In contrast to MNoV<R¢, the MNoV<"3 viral genome was detected at similar levels in
the MLN and spleen of CD300If*f Vil1Cre+ and Vil1Cre— mice (Fig. 1C and D). MNoV<W3
viral genomes were also detected at similar levels in the ileum and colon of CD300If"F
Vil1Cre— and Cre+ mice (Fig. 1E and F). MNoV"3 did not robustly shed in the feces of
either Cre— or Cre+ mice, which is consistent with prior findings (Fig. 1G) (25, 30).
Together, these results suggest that productive infection of IECs is not required for
MNoV“W3 infection. Furthermore, these findings suggest that CD300If expression on
epithelial cells is essential for fecal-oral transmission of MNoV<R¢ but not MNoV<"3 (30).
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FIG 1 MNoV®, but not MNoV“"3, infection requires CD300If-expressing epithelial cells. (A) Schematic depicting the Cd300If gene locus used to cross with
specific cell lineage mouse strains. (B) CD300If expression is ablated on Vil1Cre+ mice as observed via FACS. (C to F) CD300If”* Vil1Cre mice were perorally
(PO) infected with 10° PFU of MNoV<*® or MNoV“"® and sacrificed at 7 days postinfection (dpi). Tissue titers for MLN (C), spleen (D), ileum (E), or colon (F)
were analyzed via qPCR for MNoV genome copies and normalized to actin. Fecal pellets (G) collected at 7 dpi were analyzed via qPCR for MNoV genome
copies. Mouse experiments were performed using littermate controls with at least two independent repeats analyzed via Mann-Whitney test. Statistical

significance annotated as follows: ****, P < 0.0001; ***, P<0.001; NS, not significant.

CD300If expression on tuft cells is required for MNoV<?¢ and MNoV<cW3-Ns1-CRe
but not MNoV<W3, Recently, we showed that MNoV<R¢ infects rare IECs called tuft cells
(30). To test whether tuft cells were essential for MNoV infection, we crossed CD300If"*
mice to a double cortin-like kinase 1 (Dclk1) Cre—specific to tuft cells—to ablate
CD300If infection on tuft cells (46). We then infected CD300/f”f Dclk1Cre— and Cre+
mice with 106 PFU PO of MNoV<Ré, MNoV“"3, and chimeric MNoV"3 expressing the
NS1 of MNoVCRé (MNoVCEW3-Ns1-CRé) - Mice were then sacrificed at 7 dpi for tissue analysis.
Consistent with the CD300IfF Vil1Cre mice, MNoV<Ré was able to infect CD300IfF
Dclk1Cre— mice but failed to infect CD300If"F Dclk1Cre+ animals, confirming that tuft
cells are the exclusive site for MNoV<R¢ infection (Fig. 2A to D). Both CD300If"F
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FIG 2 CD300If expression on tuft cells is required for MNoVR® but not MNoV"? or MNoV“W3Ns1-CR¢ infection. CD300If”F DCLK1Cre— and Cre+ mice
were infected with 10° PFU PO of MNoV®, MNoVY3, and MNoV W3 NS1-CR6 and sacrificed at 7 dpi to assess viral titers in the MLN (A), spleen (B),
ileum (C), and colon (D) by qPCR. MNoV genome copies were then normalized to actin. At least two independent repeats were performed using
littermate controls. Statistical analysis was performed using Mann-Whitney test. Significance is annotated as follows: ***, P<0.001; **, P<0.01; *,
P < 0.05; NS, not significant.

Dclk1Cre— and Cre+ were susceptible to MNoV“W3 suggesting that CD300If expression
on tuft cells is not essential for MNoV<"3 infection (Fig. 2A to D). Interestingly, CD300If
disruption on tuft cells reduced MNoVW3-NS1-CR6 viral |oads in the intestinal tissue but
did not have a significant effect on MNoV-W3-N31-CR6 jnfection in systemic tissues (Fig.
2A to D). This result is consistent with the NST of MNoV<R¢ enabling tuft cell tropism
and the VP1 of MNoV“W3 promoting systemic infection (21, 25, 26, 32).

CD300If expression on B cells and dendritic cells is not required for MNoV<W3
infection. We next evaluated the role of CD300If-expressing hematopoietic cell types
previously implicated in MNoV<W3 infection. B cells have been suggested as a target
cell of both HuNoV and nonpersistent MNV both in vivo and in vitro (10, 43, 47). To test
whether B cells were essential for MNoV“"3 infection, we generated a CD300If”F CD19
Cre line (48). CD19 is only transcribed in cells of the B cell lineage and is expressed
throughout B cell development and differentiation. A total of 10° PFU of MNoV<"3 was
administered PO to these mice, and tissue samples were harvested at 7 dpi for qPCR
(Fig. 3). There was no significant difference in viral genomes between CD300If"F CD19
Cre+ and Cre— littermates, indicating that CD300If on B cells is not essential for pro-
ductive MNoV<"3 infection at 7 dpi (Fig. 3A to D).

As dendritic cells have also been implicated as a target cell of nonpersistent
MNoVW3 (43, 47, 49), we generated CD300If”F CD11cCre mice to test the role of dendri-
tic cell infection in MNoVW? pathogenesis. CD11¢, also known as integrin aX, is a
widely used marker for dendritic cells (50). Similar to CD19-Cre, there was no significant
difference in MNoV“"3 viral genome copies in the MLN, spleen, ileum, or colon (Fig. 3E
to H), suggesting CD300If expression on dendritic cells is not essential for productive
MNoVW3 infection in vivo.

CD300If on LysM+ cells contribute to MNoV<"3 infection. To ascertain whether
myelomonocytic cells were essential for MNoV“"3 infection, we generated mice with
myeloid lineage cells deficient in CD300If (CD300IfF LysM Cre). LysM is a lysozyme that
is widely produced by immune cells and serves as a marker for myelomonocytic cells
(51, 52). CD300If expression on WT bone marrow macrophages (BMDM:s) is below the
limit of detection by flow cytometry (27). Therefore, we validated the activity of the Cre
recombinase by harvesting BMDMs from both CD300/f”F LysM Cre— and Cre+ mice
and infecting these cells with MNoV<W¥3 at a multiplicity of infection (MOI) of 0.05.
We quantified viral replication by plaque assay at 1- and 24-h postinfection (hpi).
BMDMs from CD300If”f LysM Cre+ mice have reduced infectious virus compared to
BMDMs from LysM Cre— littermates at 24 hpi, consistent with efficient CD300If disrup-
tion in macrophages (Fig. 4A). CD300IfF LysM Cre— and Cre+ mice were then chal-
lenged with 10° PFU MNoV<¥3 PO, and tissues were harvested at 7 dpi for gPCR. There
was a significant reduction in viral genomes in spleen and ileum in CD300If"F LysM
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FIG 3 CD300If expression on B cells (CD19 Cre+) and dendritic cells (CD17c Cre+) is not essential for MNoV<"® infection in vivo. CD300If”* CD19Cre and
CD300IfF CD11cCre mice were perorally infected with 10° PFU of MNoV<"3 and sacrificed at 7 dpi. MNoV titers in the MLN (A), spleen (B), ileum (C), and
colon (D) of CD19 Cre mice were analyzed via qPCR for MNoV genome copies and normalized to actin. MNoV titers from the MLN (E), spleen (F), ileum (G),
and colon (H) of CD11c Cre mice were analyzed by qPCR for viral genome copies and normalized to actin. Mouse experiments were performed using
littermate controls with data pooled from four independent repeats. Data were analyzed via Mann-Whitney test. Statistical significance annotated as

follows: NS, not significant.

Cre+ mice (Fig. 4B to E), suggesting that MNoV“W3 infection is in part supported by
LysM+ cells in vivo. Interestingly, no significant difference in viral genomes was
detected between CD300IfF LysMCre— and Cre+ littermates in the MLN and colon.

CD300If expression on neutrophils is not essential for MNoV<W3 infection. LysM
is expressed on macrophages and neutrophils, which both express CD300If (27, 53, 54).
To determine whether neutrophils are infected by MNoV<"3, we crossed the CD300If/F
to a myeloid-related protein 8 (Mrp8) Cre mouse to generate mice with CD300If-defi-
cient neutrophils (CD300If”f Mrp8 Cre+). Blood samples were collected from these
mice, and CD300If disruption efficiency was assessed by flow cytometry (Fig. 5A).
Samples harvested from CD300If"F Mrp8 Cre+ mice showed a reduction in CD300If on
neutrophils compared with that of the CD300I/fF Mrp8 Cre— mice (Fig. 5B and C), con-
firming activity of the Cre recombinase. These mice were then infected PO with 10°
PFU of MNoV<"3, and tissues were collected at 7 dpi (Fig. 5D to G). Viral genome copies
in the MLN, spleen, ileum, and colon were equivalent between CD300If"F Mrp8 Cre—
and Cre+ mice (Fig. 5D to G). These results suggest that neutrophils are not required
for MNoV“W3 infection in vivo.

CD300If on LysM+ but not B cells contribute to MNoV<"? infection during early
infection. Next, we asked whether the cell tropism of MNoV“"3 varied across the
course of acute infection. We evaluated the role of both CD19* and LysM+ cells in
MNoVW3 infection at 24 hpi. CD300If”F CD19 Cre+ mice were challenged with 10° PFU
PO MNoV®"3, and infectious virus was quantified in the MLN, spleen, ileum, and colon
at 24 hpi by plaque assay (Fig. 6A to D). There were no significant differences in
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analyzed via qPCR for MNoV genome copies and normalized to actin. Mouse experiments were performed using littermate controls with four independent
repeats analyzed via Mann-Whitney test. Data in A were analyzed via unpaired Student’s t test. Statistical significance annotated as follows: *, P < 0.05;

NS = not significant.

infectious virus between CD19 Cre— and Cre+ mice in any of the four tissues assessed,
which is consistent with that observed at 7dpi (Fig. 3). Notably, viral loads in the
spleen are minimal at 24 hpi, which is consistent with the known kinetics of dissemina-
tion of MNoV<"3 to the spleen (25). Next, we infected CD300If”f LysM Cre— and Cre+
mice with 10 PFU PO MNoV“"3 and quantified infectious virus in the MLN, spleen,
ileum, and colon at 24 hpi by plaque assay (Fig. 6D to H). LysM Cre+ mice exhibited
reduced virus in the ileum at 24 hpi, consistent with that observed at 7 dpi (Fig. 4).
Infectious virus was detected similar levels between LysM Cre— and LysM Cre+ mice in
the MLN, spleen, and colon.

MNoV<"3 infection of LysM+ cells is not essential for lethality in innate immune-
deficient mice. Mice deficient in type | interferon signaling, including Stat7~/—, mice
are highly susceptible to MNoV"3 infection resulting in lethality (23, 45). Given that
LysM+ cells contribute to MNoVW3 infection, we asked whether disruption of
CD300If on LysM+ cells would confer protection against MNoVW3 on a Stat1~/~
background. We challenged CD300Iff LysMCre— Stat1~/~or Cre+ Stat1~/~ mice with
10* or 106 PFU MNoV"3 and assessed survival. No significant differences in lethality
were observed between these groups at either viral challenge dose (Fig. 7A and B).
Next, we harvested tissues for viral RNA quantification at 3 dpi, prior to the onset of
lethality. Interestingly, viral genomes were equivalent between the CD300IfF LysM
Cre— Stat~~ and CD300Iff LysM Cre+ Stat™’~ mice across tissues (Fig. 7C to F).
These results indicate that in the absence of STAT1 signaling, MNoV“"3 infection is
not dependent on the expression of CD300If on LysM+ cells.
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DISCUSSION

We previously identified CD300If as the primary physiologic receptor for MNoV (27,
30). CD300If is necessary and sufficient for infection of diverse MNoV strains in vivo
which we leveraged to interrogate MNoV cell tropism (27, 30). Here, we introduce a
novel conditional knockout mouse model that serves as a valuable tool for studying
tissue-specific CD300If expression. We previously demonstrated that persistent
MNoV<Ré infects a rare population of IECs called tuft cells. However, it was unknown
whether tuft cell infection is essential in vivo, as other putative target cells may support
MNoV<Fé replication. Here, we show that that MNoV<R¢ infection can be ablated by con-
ditionally deleting CD300If on IECs broadly and tuft cells more specifically. This result
demonstrates that CD300If expression on tuft cells is essential for oral infection of
MNoVRe, In contrast to MNoV<Ré, MNoV“"3 was unaffected by conditional ablation of
CD300If on both IECs and tuft cells. Using a chimeric virus (MNoVcW3-Ns1-CRe) "wye dem-
onstrated that the NS1 of CR6 permits tuft cell tropism, which requires tuft cell-specific
CD300If expression for intestinal tissue infection (21, 25, 30, 32). Interestingly,
MNoVW3-NS1-CR6 maintained the ability to infect systemic tissues, suggesting additional
determinants of cell and tissue tropism for MNoV. These data ultimately support differ-
ent tropism patterns across MNoV strains.

Previous reports identified dendritic cells, B cells, macrophages, monocytes, and
neutrophils as targets of MNoV<W310 (42, 44, 47). We therefore sought to investigate
the relative contribution of these cell types to MNoV<"3 infection by crossing CD300IfF
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MLN (E), spleen (F), ileum (G), and colon (H). Data are pooled from at least two independent experiments, each performed with littermate controls. Data
were analyzed by Mann-Whitney test. Statistical significance annotated as follows: *, P < 0.05; NS, not significant.

mice to cell-specific Cre recombinases to generate mouse lines with CD300If deleted
on specific target cells. We demonstrated that CD300If expression on LysM+ cells
(i.e., macrophages and monocytes) significantly contributes to MNoV<"3 infection,
whereas we observed no impact of CD300If disruption on dendritic cells, B cells, and
neutrophils. Our finding that LysM+ cells are important for MNoV<"3 infection is con-
sistent with a recent report demonstrating that MNoV®¥? requires susceptible mye-
loid cells and depends on cell lysis to induce chemotaxis and inflammatory responses
for myeloid cell recruitment to the site of infection (44). Our observation of only a
partial reduction in MNoV"3 viral load in mice in which CD300If is ablated from
LysM+ cells supports that a single target cell type may not be essential for MNoV<"W3
infection, as it is for MNoV<Re, Instead, multiple CD300If-expressing cell types likely
contribute to infection and pathogenesis. Alternatively, it is possible that the lack of
complete resistance to MNoV“"3 in any of the seven Cre lines tested may result from
incomplete Cre-mediated recombination of MNoVW3 target cells or infection of an as
yet unidentified cell type.

MNoV tropism is governed both by virus-receptor and virus-immune system inter-
actions. Specifically, disruption of type I IFN signaling through /fnar or Stat1 deletion
results in lethal MNoV"3 infection and systemic spread of MNoV<Ré likely due to
expanded cell tropism (23, 26). Consistent with this finding, we observed no reduction
of MNoVW3 viral load in Stat1~/~ mice with conditional ablation of CD300If on LysM+
cells, demonstrating that STAT1 partially restricts MNoV<"3 to myelomonocytic cells,
and suggests an expanded tropism in mice lacking innate immunity. The mechanisms
of this restriction represent an important area of future investigation.

In addition to its role in MNoV infection, CD300If has been implicated in diverse dis-
ease states, including multiple sclerosis, inflammatory bowel disease, and depression
(34, 36-38, 55). Elucidating the cell type-specific role of CD300If in these disease con-

texts may provide critical insight into mechanisms of pathogenesis. The mouse model
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annotated as follows: NS, not significant.

described here thus provides an important tool for studying CD300If expression in vari-
ous contexts.

HuNoV cell tropism remains incompletely understood. Diverse hematopoietic and
epithelial cell types, including enteroendocrine cells, have been implicated in HNoV
infection in vivo in humans, nonnative hosts, and in vitro (6, 8, 9, 11, 18). Elucidating
the host and viral determinants governing HNoV tropism may reveal insight into HNoV
transmission, pathogenesis, and persistence. MNoV provides a useful tool to reveal mo-
lecular interactions at the viral and host levels that may inform studies of HNoV. Here,
we demonstrate that subtle genetic variation among MNoV strains can result in sub-
stantial differences in cell tropism. This suggests a similar phenomenon may be at play
for HNoV.

MATERIALS AND METHODS

Mouse strains. Cd300If conditional knockout mice were generated by introducing LoxP sites flank-
ing exon 3 of Cd300If. The 5" and 3’ LoxP sites were introduced by CRISPR/Cas9-mediated homology-
directed repair. The following single guide RNAs (sgRNAs) were used: GTGTTGTGGCCTAACTTGCANGG
and TCAAGTTCCCTGTCTCTTGGGGG to insert donor sequences GAATTCATAACTTCGTATAATGTATGCTA
TACGAAGTTAT at Chr11 (nucleotides 115,122,845 to 115,122,846) and GTGCTCATTAATGATGTTC
TCTTTGAGAGTCCTTCTAGAG at Chr11 (nucleotides 115,125,303 to 115,125,304), respectively. Mice were
genotyped by qPCR for the 5’ LoxP site at Transnetyx, Inc.

Ethics statement. Animal use and care was approved in agreement with the Yale Animal Resource
Center and Institution Animal Care and Use Committee (number 2018-20198) according to the standards
set by the Animal Welfare Act.
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Viral stocks. Molecular clones of MNoV™"? (Gen Bank accession EF014462.1) and MNoV<¢ (Gen
Bank accession JQ237823) were used to generate a working stock of infectious virus. To create stocks,
plasmids containing infectious molecular clones were transfected into 293T cells (ATCC) to generate a
PO stock as described previously (26, 27). Then, the PO stock was used to infect susceptible BV2 cells
(gifted from H.W. Virgin) for generation of the P1 stock. Generation of the P2 stock was performed by
inoculating BV2 cells with the P1 stock for 48 hours followed by freezing/thawing the infected cultures
at -80°C. Upon thawing the infected BV2 cultures, cellular debris was pelleted at 1,200 x g for 5 minutes
and then filtered through a 0.22-um filter. Viral stocks were aliquoted and stored at —-80°C. Virus titer
was determined by plaque assay at least three independent times.

Cell culture. BV2 cells were maintained in Dulbecco’s modified Eagle media (DMEM; Gibco,
Gaithersburg, MD) was supplemented with 10% fetal bovine serum (FBS; VWR, Radnor, PA), 1% HEPES
(Gibco), and 1% penicillin/streptomycin (pen/strep; Gibco). In order to differentiate bone marrow pro-
genitors into BMDMs, 10° cells were plated into a 10-cm nontissue culture plate with BMDM media
(DMEM, 10% FBS, 10% CMG14 conditioned media, 2 mM t-glutamine, 1% pen/strep, and 1% sodium py-
ruvate), incubated at 37°C for 7 days at 5% CO, (56). Differentiation of progenitors into BMDMs was con-
firmed by assessing F4/80 expression by flow cytometry. More than 95% of cells were F4/80+.

In vitro MNoV infections. BMDMs from Cd300I/f~/~ and Cd300If”* LysMCre mice were generated as
described above. After 7 days in differentiation media, 50,000 cells were plated per well of a 96-well
plate and infected with MNoV<"? at an MOI of 0.05. Infected plates were frozen at -80°C at 1 and 24 hpi
for plaque assay.

In vivo MNoV infections. Trio breeding (one male and two females) was used to generate mice for
experiments. Littermate controls were used for all experiments. Mouse infections were performed by
inoculating mice with 25 ul of 106 PFU MNoV<"? or MNoV<®¢ diluted in DMEM supplemented with 10%
FBS. At 1 or 7 dpi, mice were sacrificed by isoflurane overdose. Freshly collected fecal pellets and approx-
imately 20 mg of MLN, spleen, small intestine, and proximal colon were collected and flash frozen for
qPCR analysis. For plaque assay, MLN, spleen, 10 cm of central small intestine (ileum), and the entire co-
lon were collected and weighed prior to flash freezing in 1 ml of DMEM supplemented with 10% FBS,
1% pen/strep, and 1% HEPES. Tissue and fecal samples as well as tissues were stored at -80°C until proc-
essing. Immediately before quantification of virus by plaque assay, tissues were thawed and homoge-
nized with 1.0-mm silica beads.

Viral quantification by plaque assay. Each well of a 6-well plate was seeded with 1.8 x 10° BV2
cells in DMEM with 10% FBS, 1% pen/strep, and 1% HEPES and then incubated overnight at 37°C and
5% CO,. After 24 h, the BV2 cells were checked for confluence, and BMDM-infected plates were thawed,
followed by 6 serial dilutions. The medium was removed from the BV2 cells, and one diluted inoculum
was added to one well of the 6-well plate and rocked gently for 1 hour. After rocking, the inoculum was
removed, and 2 ml overlay medium was applied (MEM with 10% FBS containing 1% methylcellulose, 1%
HEPES, 1% GlutaMAX [Gibco], and 1% pen/strep) followed by a 48-h incubation. Following incubation,
the overlay medium was aspirated off and each well was stained with 1 ml crystal violet (20% ethanol
and 0.2% [wt/vol] crystal violet) on a plate rocker for 30 min as previously described (27).

Quantitative PCR. Viral genome copies in tissues and fecal pellets were previously described (27,
30). Briefly, viral RNA extraction from tissues was performed using TRIzol (Life Technologies, Carlsbad,
CA) and purified with a Direct-zol RNA miniprep plus kit according to the manufacturer’s protocol (Zymo
Research, Irvine, CA). Following purification, a two-step cDNA synthesis was performed using 5 ul of
RNA and random hexamers, and ImProm-Il reverse transcriptase (Promega) was performed. qPCR analy-
sis on standard curves and samples was performed in duplicate using MNoV-specific oligonucleotides,
as follows: forward primer, 5'-CACGCCACCGATCTGTTCTG-3’; reverse primer, 5'-GCGCTGCGCCATCACTC-
3’; and probe, 5'-6-carboxyfluorescein [FAM]-CGCTTTGGAACAATG-MGBNFQ-3'. The limit of detection
for gPCR analysis was 10 MNoV genome copies/1 ul. MNoV genome copies were normalized to the
expression of housekeeping gene B-actin detected using the following: forward primer, 5'-GCTCC
TTCGTTGCCGTCCA-3’; reverse primer, 5'-TTGCACATGCCGGAGCCGTT-3’; and probe, 5’-6-JOE (6-carboxy-
4',5'-dichloro-2',7'-dimethoxyfluorescein  NHS ester)-CACCAGTTC/ZEN/GCCATGGATGACGA-IABKFQ
(lowa Black FQ quencher)-3'. The limit of detection for B-actin was 100 copies/1 ul. Undetectable
genome copies were set at 0.0001 copies relative to actin.

Tissue processing and low cytometry. Mice were euthanized and sacrificed in compliance with the
IACUC protocol. Colonic tissue was harvested, opened longitudinally, and washed three times in ice cold
1x Dulbecco’s PBS (DPBS). To dissociate cells, colonic tissue was finely chopped with a razor blade and
suspended in stripping buffer (1x DPBS, 5% FBS, 0.1% pen/strep, 5mM EDTA, and 0.5 M dithiothreitol
[DTT]). Cells were incubated at 37°C for 15 min and gently agitated at 200 rpm. Dissociated cells were fil-
tered sequentially through 100-um filters and then through 40-um filters. Cellular filtrate was pelleted
by centrifugation (1,500 rpm for 5min at 4°C) and washed once with fluorescence-activated cell sorter
(FACS) buffer (1x DPBS, 2mM EDTA, and 2.5% FBS). Cells were then stained for viability with Zombie
Aqua (BioLegend) diluted 1:500 in 1x DPBS on ice for 10 min. Samples were centrifuged at 1,200 x g for
2min, and the supernatant was removed. CD300If primary antibody 3F6 (Armenian hamster;
Genentech) was added at a 1:800 dilution for 20 min at room temperature (38). Cells were then washed
with FACS buffer. To identify epithelial cells expressing CD300If, cells were stained with the following
antibodies diluted in FACS buffer: Alexa Fluor 488 goat anti-Armenian hamster (1:500; 127545160; lot
128099; in 50% glycerol; Jackson ImmunoResearch), EpCAM (1:200; BioLegend), SiglecF (1:200;
BioLegend), CD24 (1:200; BioLegend), and CD45 (1:200; BioLegend) on ice for 20 min. Cells were washed
with FACS buffer, resuspended in 4% paraformaldehyde, and filtered. Samples were analyzed on a
CytoFLEX S instrument (Beckman Coulter).
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Statistical analysis. Statistical analysis was performed in Prism GraphPad version 8 (San Diego, CA).
Error bars show the standard error of the mean unless indicated otherwise. For all nonnormally distrib-
uted data, Mann-Whitney tests were performed, whereas normally distributed data were analyzed with
an unpaired Student’s t test. Kaplan-Meier curves were used to analyze survival data. P values of <0.05
were considered significant (*, P < 0.05; **, P<0.01; ***, P < 0.001; ****, P < 0.0001).
Data availability. All relevant data are contained within the manuscript. CD300/f”F mice are avail-
able upon request.
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