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VIROLOGY

IFN-A derived from nonsusceptible enterocytes acts on
tuft cells to limit persistent norovirus

Harshad Ingle't, Heyde Makimaa't, Somya Aggarwal®, Hongju Deng’, Lynne Foster’, Yuhao Li',
Elizabeth A. Kennedy', Stefan T. Peterson’, Craig B. Wilen?, Sanghyun Lee?, Mehul S. Suthar®,
Megan T. Baldridge'>*

Norovirus is a leading cause of epidemic viral gastroenteritis, with no currently approved vaccines or antivirals.
Murine norovirus (MNoV) is a well-characterized model of norovirus pathogenesis in vivo, and persistent strains
exhibit lifelong intestinal infection. Interferon-A (IFN-A) is a potent antiviral that rapidly cures MNoV. We previ-
ously demonstrated that IFN-A signaling in intestinal epithelial cells (IECs) controls persistent MNoV, and here
demonstrate that IFN-A acts on tuft cells, the exclusive site of MNoV persistence, to limit infection. While inter-
rogating the source of IFN-A to regulate MNoV, we confirmed that MDA5-MAVS signaling, required for IFN-A
induction to MNoV in vitro, controls persistent MNoV in vivo. We demonstrate that MAVS in IECs and not
immune cells controls MNoV. MAVS in nonsusceptible enterocytes, but not in tuft cells, restricts MNoV, impli-
cating noninfected cells as the IFN-A source. Our findings indicate that host sensing of MNoV is distinct from
cellular tropism, suggesting intercellular communication between IECs for antiviral signaling induction in unin-
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fected bystander cells.

INTRODUCTION

Noroviruses (NoVs) are positive-sense RNA viruses in the Calicivir-
idae family and are the leading cause of nonbacterial gastroenteritis,
causing up to 200,000 deaths annually (1-3). Recent advances in
culturing techniques for human NoVs, leveraging human intestinal
enteroids (4), have revealed that these viruses have a tropism for in-
testinal epithelial cells (IECs) and are sensitive to regulation by an-
tiviral cytokines interferons (IFNs) (5). This IEC tropism is
supported by identification of human NoV-infected IECs in intes-
tinal specimens from immunocompromised patients (6, 7).
However, the innate immune responses to NoV infections in vivo
remain poorly understood.

Over the last two decades, murine norovirus (MNoV) has
emerged as a powerful small animal model to study NoV pathogen-
esis in vivo, and both acute and persistent strains of MNoV have
been reported (8, 9). On the basis of cell type—specific expression
of the viral receptor CD300LF, persistent MNoV has been found
to have a specific and exclusive cellular tropism for tuft cells (10—
13), enigmatic IECs that are important for type Il immune respons-
es against parasites (14-16). Understanding of the tuft cell-specific
roles for induction of and response to innate antiviral immune re-
sponses, however, is only now beginning to emerge (13).

We previously identified IFN-) as a potent antiviral cytokine in
the intestine, with both exogenous and endogenous IFN-\ serving
to regulate persistent MNoV infection via signaling through the
IFN-A receptor IFNLR1 on IECs (17, 18). We also previously
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showed that the transcription factor signal transducer and activator
of transcription 1 (STAT1), which controls IFN-stimulated gene
(ISG) expression, is required in tuft cells for exogenous IFN-\ to
clear persistent MNoV infection (13). However, the source of
IEN-\ in response to MNoV infection has proven elusive, as expres-
sion or localization of cytokine transcripts or protein, either under
homeostatic conditions or after infection, is difficult to detect (18,
19). Previous studies have implicated melanoma differentiation—as-
sociated protein 5 (MDAS5/IFIH1) and adaptor mitochondrial anti-
viral signaling protein (MAVS; also known as VISA, IPS-1, and
CARDIF) in sensing of viral RNA replication products in dendritic
cells (DCs) to induce type I and III IFN responses to acute and per-
sistent MNoV strains (20, 21). MAVS has also been implicated in
sensing of human NoV in human intestinal enteroids (5).

Here, we confirmed that MAVS and MDAS are required for
control of persistent MNoV in vivo, and further leveraged mice con-
ditionally deficient for either Ifulrl or Mavs to delineate the cell-
specific requirements for these genes in both the response to and
induction of IFN-\. While Ifnlr] expression by tuft cells is required
for the antiviral activity of IFN-A, surprisingly we found that tuft
cells are not implicated as the source of IFN-A, with enterocytes
instead responsible for MAVS-mediated IFN responses to MNoV
infection. These findings indicate that intercellular cross-talk
among IECs, driven by viral sensing by nonsusceptible enterocytes
and mediated through IFN-A signaling on permissive tuft cells, is a
critical aspect of the intestinal innate immune response to MNoV
infection.

RESULTS

IFN-A is derived from radiation-insensitive cells for control
of persistent MNoV

Previous studies have identified short-lived tuft cells as the reservoir
for persistent MNoV strain CR6 (12, 13) and revealed intact IFN-\
signaling as critical to limiting the number of infected tuft cells (22).
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While IFN-A signaling in the intestinal epithelium is thus critical to
the control of MNoV persistence, the cellular source of IFN-\ after
CRé6 infection is unknown. Our previous work has suggested the
possibility of immune cells, such as DCs, as a source of intestinal
IEN-\ both under homeostatic conditions and in response to
MNoV (19, 21). We recently described Ifnl2™/"Ifnl3™/~ mice,
which are incapable of producing IFN-X and phenocopy Ifnlrl de-
ficiency (23). We generated reciprocal bone marrow chimeras using
wild-type (WT) and Ifnl2~~Ifnl3™~ donors and recipients and
then infected them with CR6. IFN-A derived from radiation-insen-
sitive cells, as opposed to radiation-sensitive hematopoietic cells,
was required to control CR6 levels in both stool and tissues
(Fig. 1, A and B), indirectly suggesting that the intestinal epithelium
could be a potential source of IFN-X to regulate persistent MNoV.
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Fig. 1. IFN-A is derived from radiation-insensitive cells for control of persis-
tent MNoV. (A and B) MNoV genome copies in fecal pellets (A) and colon (B) at
7dpi with CR6 in bone marrow chimeras (n = 7 to 8) generated from WT and
Ifnl2~/"IfnI3~~ mice as indicated. Pie chart depicting percentage of chimerism in
peripheral blood at 8 weeks after transplant before MNoV infection. Results were
analyzed using Kruskal-Wallis analysis of variance (ANOVA) with Dunn’s post-test
from two independent experiments. **P < 0.01; ns, not significant. Bars indicate
mean of all data points.
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MDAS5-MAVS signaling controls persistent MNoV infection
in vivo

To further define the source of IFN-\ for regulation of CR6, we first
elected to confirm signals upstream of IFN-A that are critical for its
production. While it has been reported that MDA5-MAVS signal-
ing is required for IFN-\ induction in bone marrow DCs after CR6
infection in vitro (21), regulation of CR6 by this pathway has not
been assessed in vivo. We infected Mavs ™'~ mice and found elevated
CRG6 levels in both stool and intestinal tissue samples at 7 days post-
infection (dpi) compared to controls (Fig. 2, A and B). Similarly,
CR6 infection of Mda5~'~ mice was associated with increased
viral levels in stool and tissue with a concomitant increase in infect-
ed tuft cells (Fig. 2, C and D). In addition, consistent with what has
been previously reported in Ifnlrl ™~ mice (22), we found a higher
number of CR6-positive tuft cells in Mavs™~ and Mda5~"~ mice
despite an equivalent total number of tuft cells, indicating a
defect in viral control in the absence of MAVS signaling (Fig. 2, E
and F). Together, these findings support that CR6 infection is reg-
ulated by MDAS5-MAV S—-mediated induction of IFN-A in vivo.

MAVS is required in IECs for control of persistent MNoV
Because persistent MNoV infects IECs (12, 22), but has been shown
to induce MAVS-dependent IFN-A responses in DCs (21), we
elected to explore how MAVS in DCs and IECs regulates CR6
using mice conditionally deficient for Mavs (24). To this end, we
generated Mavs”/-Cd11ccre and Mavs”-Vilcre mice, respectively,
crossed to DC-specific CD11c-Cre (25) and IEC-specific Villin-
Cre (26). Upon infection with CR6, we found no difference in
viral levels in Mavs”-Cd11ccre mice compared to littermate controls
(fig. S1), consistent with our results indicating the source of IFN-A
to be radiation-insensitive nonhematopoietic cells (Fig. 1, A and B).
In contrast, upon CR6 infection of Mavs”-Vilcre mice, in which
Mavs expression is depleted in IECs (Fig. 3A), we observed higher
viral levels in stool and tissue, phenocopying our findings in
Mavs™'™ mice (Fig. 3, B and C). These data indicate that MAVS in
IECs is necessary to limit in vivo CR6, further supporting that virus-
induced IFN-A is IEC-derived.

MAVS in tuft cells is dispensable for control of

persistent MNoV

As the cellular tropism of persistent MNoV is restricted to tuft cells
(10, 12, 13), we speculated that MAVS-dependent signaling in tuft
cells could be critical for regulating CR6 infection. To test this, we
generated Mavs”-DclkIcre mice in which Mavs expression is de-
pleted specifically in tuft cells (Fig. 3D). Mavs”-DclkIcre mice did
not show any difference in CR6 levels compared to Mavs" litter-
mates (Fig. 3, E and F), suggesting that tuft cells are unlikely to be
the predominant source of IFN-A to restrict CR6.

To confirm this unexpected finding, we sought to identify
another Cre line active in tuft cells. Previously, single-cell RNA se-
quencing (RNAseq) analysis identified two distinct subsets of intes-
tinal tuft cells designated as Tuft-1 and Tuft-2 (27). While Tuft-1
cells express markers for neuronal development, Tuft-2 cells
express immune-related genes. MNoV receptor Cd300lf is ex-
pressed exclusively in tuft cells (detected in ~20.5% of tuft cells),
and in particular in Tuft-2 cells (fig. S2, A and B) (27). Because
Vavl, in addition to being expressed in hematopoietic cells, is
also expressed specifically only in tuft cells (detected in ~57.2% of
tuft cells) with higher expression in Tuft-2 cells (27) (fig. S2, A and
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Fig. 2. Mavs/Mda5 axis is critical for controlling persistent MNoV infection. (A to D) MNoV genome copies in fecal pellets and colon tissues of WT (n =5 to 7), Mavs™

J/—

(n=9),and Mda5~"~ (n = 6) mice at 7 dpi. (E) Quantification of CR6-positive tuft cells per tissue section of the entire ileum, with portions of ileum sections depicted in (F).
(F) Representative ileal sections of WT, Mavs™~, and Mda5~"~ mice at 7 dpi with CR6, hybridized with probes for MNoV (green) and stained with anti-DCLK1 (red). Cell
nuclei were stained using DAPI (blue). Results were analyzed by Mann-Whitney test (A to D) from three (A and B) and two (C to E) independent experiments. **P < 0.01; *P
< 0.05. Bars indicate mean of all data points. White boxes reflect the magnified inset images.

C), we anticipated that Vav-iCre should also be active in MNoV-
susceptible tuft cells. We generated R26-stop-EYFP-VaviCre mice,
in which EYFP is expressed in cells expressing Vav. We confirmed
EYFP expression, and therefore Vav-iCre activity, in ~10% of cells
positive for }g_lecF, a marker for tuft cells (fig. S2D) (28). We then
crossed Mavs”' mice to Vav-iCre to disrupt Mavs in both hemato-
poietic cells and tuft cells, confirming depletion of Mavs expression
in splenocytes and in sorted tuft cells from Mavs”-VaviCre mice
(Fig. 3, G and H). The modest depletion of Mavs in Mavs"'-

Ingle et al., Sci. Adv. 9, eadi2562 (2023) 13 September 2023

VaviCre tuft cells may reflect the heterogeneous VavI expression
in this cell type (fig. S2, C and D). Similar to our results in
Mavs"-Dclkicre mice, CR6 levels in Mavs"”-VaviCre mice were
equivalent to Mavs” controls (Fig. 3, I and J), thereby confirming
that MAVS-associated sensing of CR6 in tuft cells is not required for
control of infection. Thus, while the tropism of CRé6 is restricted to
tuft cells, innate immune sensing of CR6 appears to occur in other
IEC types.
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Fig. 3. Mavs is required in epithelial cells but is dispensable in tuft cells for control of persistent MNoV. (A) Relative quantification of Mavs mRNA levels in IECs from
small intestine of Mavs” (n = 5) and Mavs”Vilcre (n = 5) mice. (B and C) MNoV genome copies in fecal pellets and colon tissues of Mavs™ (n = 18) and Mavs”Vilcre (n = 15)
mice at 7 dpi with CR6. (D) Relative quantification of Mavs mRNA levels in tuft cells from small intestine of Mavs” (n = 6) and Mavs”-Dclk1cre (n = 6) mice. (E and F) MNoV
genome copies in fecal pellets and colon tissues ofMavsf”(n =8)and Mavs”-Dclk1cre (n = 8) mice at 7 dpi with CR6. (G and H) Relative quantification of Mavs mRNA levels
in (G) tuft cells and nontuft IECs, and (H) splenocytes from small intestine of Mavs” (n=4)and Mavs”*-Vavicre (n = 6) mice. (I and J) MNoV genome copies in fecal pellets
and colon tissues of Mavs”" (n = 6) and Mavs”-VaviCre (n = 6) mice at 7 dpi with CR6. Results were analyzed by Mann-Whitney test (A to F, I, and J) from three (A to E) and
two (I and J) independent experiments. *P < 0.05; **P < 0.01. Bars indicate mean of all data points.
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MAVS in enterocytes, and not secretory cells, is critical for
control of persistent MNoV

We evaluated Mavs expression across IEC types and found that it
was detected in similar proportions of cells across all IEC clusters
(between 4.2 and 13.6% of cells) (27) (fig. S2, A and E), precluding
identification of other obvious candidate IEC types. Thus, to delin-
eate the specific subset of IECs responsible for virus sensing and
IFN regulation, we next crossed Mavs”' mice to Mathlcre (29)
and Alpicre®™®"? (30) lines for targeted depletion of Mavs in secre-
tory cells, including goblet, Paneth, enteroendocrine, and tuft cells
(31, 32), or enterocytes, respectively. We confirmed that Mavs was
depleted in sorted goblet cells, but not IECs in general, of
Mavs”-Math1cre mice (Fig. 4A), but found no effect of disrupted
Mavys in secretory cells for CR6 levels in stool or tissue (Fig. 4, B
and C). In contrast, when we induced disruption of Mavs in enter-
ocytes by treating Mavs”-Alpicre®™®™? mice with tamoxifen
(Fig. 4D), we observed a statistically significant increase in CR6
levels in stool, colon, and ileum compared to tamoxifen-treated
Mavs"” controls (Fig. 4, E to G), implicating enterocytes as the
cell type responsible for sensing of viral infection and IFN produc-
tion. We confirmed that in Mavs”-Alpicre®®"? mice, CR6 exhibited
an expanded tropism for tuft cells (Fig. 4, G and H).

While it is known that Ifulrl expression by IECs is critical for
regulation of persistent MNoV (17), with the surprising observation
of enterocytes as important for CR6 sensing, we sought to confirm
that IFN-A signaling was not also acting on enterocytes. We assessed
CR6 levels in tamoxifen-treated Ifulr P7-Alpicre™ " mice and found
that they were comparable to Ifnlr”/ mice, confirming that TEN-\
signaling in enterocytes is dispensable for regulation of persistent
MNoV infection (fig. S3).

IFN-A acts on tuft cells to control persistent MNoV infection
in vivo
In WT mice, only ~1.4% of tuft cells and between 0.002 and 0.01%
of total colonic IECs are infected by CR6 (12, 22), a proportion that
is increased ~3-fold in Ifnlr1™~ mice (22). Perhaps unsurprisingly
considering the rarity of infected cells in the intestine, previous
efforts to visualize infected tuft cells by transmission electron mi-
croscopy (TEM) in WT mice infected with CR6 have been unsuc-
cessful. We leveraged the expanded viral tropism of CR6 in the
absence of IFN-X signaling, as well as the tuft cell hyperplasia
induced by succinate treatment (28), to enhance our likelihood of
identifying a CRé6-infected tuft cell by TEM in succinate-treated
Ifnlr1™'~ intestines at 7 dpi. We confirmed enhanced CR6 levels
in these mice (Fig. 5A and fig. S4, A and B) and observed rare
tuft cells containing microvesicular bodies encapsulating putative
virions (Fig. 5B). We assessed the diameter of these putative
virions (36 to 56 nm) and found them to be similar in size and ap-
pearance to virions derived from a purified tissue culture stock of
CR6 prepared from BV2 cells (41 to 47 nm) (Fig. 5, C and D).
Both were larger than the originally reported size of MNV-1
virions (28 to 35 nm) (33), a distinct MNoV strain. These images
represent the first potential electron microscopy (EM) imaging of
NoV-infected IECs in vivo and serve to support our established un-
derstanding of tuft cells as the exclusive site of CR6 infection.
While a requirement for STAT1 in tuft cells to regulate MNoV
infection has been established (13), we sought to definitively assess
whether IFN-) acts directly on tuft cells to limit CR6 infection. We
first treated ISG reporter Mx1%” mice (34), which exhibit green

Ingle et al., Sci. Adv. 9, eadi2562 (2023) 13 September 2023

fluorescent protein (GFP) fluorescence in response to IFN signal-
ing, with exogenous IFN-A to determine whether tuft cells were
capable of responding to IFN-A signaling with ISG expression.
We detected GFP-positive tuft cells among numerous GFP-positive
IECs in the ileum (Fig. 5E), supporting that tuft cells can respond to
IFN-) similarly to other IECs. We next generated Ifulr/-Dclk1cre
mice in which Ifunlr] expression is specifically depleted in tuft cells
(Fig. 5F). Abrogation of IFN-\ signaling in tuft cells resulted in en-
hanced shedding of CR6 in the stool (Fig. 5G), higher colonic viral
levels at 7 dpi (Fig. 5H), and an expansion of infected tuft cells (fig.
$4, C and D) similar to what we have reported when Ifnirl expres-
sion is depleted in all IECs (22) and to what we observed in the
context of disruption of Mda5 or Mavs (Fig. 2, E and F). Addition-
ally, Ifnlr”/-Dclk1cre mice treated with exogenous IEN-A failed to
clear persistent CR6 infection, although robust clearance was ob-
served in Ifnlrlf/f littermates consistent with previous reports (17,
18) (Fig. 5, G and H). Our results demonstrate that intestinal tuft
cells directly respond to IFN-X to restrict MNoV persistence. In
sum, our data indicate that nonsusceptible enterocytes are critical
for sensing viral infection and mounting the key innate immune re-
sponse against persistent MNoV to limit expanded infection of per-
missive cells.

DISCUSSION

Here, we investigated the activity and source of IFN-A during per-
sistent MNoV infection in intestinal tuft cells. Intestinal tuft cell
turnover generates short-lived tuft cells with a life span of at least
7 days and long-lived tuft cells that survive up to 18 months (32,
35-37). Short-lived intestinal tuft cells act as a bona fide reservoir
for CR6 in vivo (10, 12, 13). However, the extreme rarity of infected
tuft cells has made it challenging to structurally evaluate MNoV-in-
fected tuft cells, a barrier we overcame by removing IFN-A signaling
and enhancing tuft cell numbers with succinate treatment to sub-
stantially enhance the number of infected cells. Several enteric
viruses including rotavirus, human NoV, and the MNV-1 strain
of MNoV have been reported to be shed in microvesicular bodies
(38). For the first time, we report that MNoV-infected tuft cells
contain microvesicular bodies with multiple putative virions
present. These putative CR6 virions we detected in tuft cells are
similar in size to CR6 virions isolated from BV2 cells, both of
which are larger than the previously reported MNV-1 virion size
(33). They share a similar size with T = 3 and T = 4 icosahedral
human NoV GII.4c virus-like particles (46 and 50 nm, respectively)
(39). While numerous studies have characterized the capsid struc-
ture for MNV-1 (40-42), structural studies for CR6 are lacking.
Recent reports have shown that the capsid of MNV-1 can be
highly dynamic and influenced by binding of cofactors such as
bile acids that augment binding of MNV-1 capsid to its cognate re-
ceptor (40, 41, 43). The relative plasticity and context dependence of
the CR6 capsid conformation remains an important area for
future study.

We previously established that IFN-A signaling in IECs is re-
quired to control CR6 in vivo (17), and STAT1 in tuft cells is critical
for the antiviral activity of exogenous IFN-A to limit CR6 (13). Here,
we confirmed and extended these findings by demonstrating that
tuft cells can sense and respond to IFN-A to induce ISGs, and that
IFNLRI1 expression on tuft cells, and not enterocytes, is critical for
the antiviral activity of endogenous and exogenous IFN-A.
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Fig. 4. Mavs is dispensable in secretory cells but required in enterocytes for control of persistent MNoV. (A) Relative quantification of Mavs mRNA levels in goblet
cells and nongoblet IECs from small intestine of Mavs” (n = 6) and Mavs”-Math1cre (n = 7) mice. (B and €) MNoV genome copies in fecal pellets and colon tissues of Mavs”"
(n = 10) and Mavs”"-Math1cre (n = 7 to 10) mice at 7 dpi with CRé. (D) Relative quantification of Mavs mRNA levels in IECs from Mavs”* and Mavs”"-Alpicre®®'? at 3 days after
tamoxifen treatment. (E and F) MNoV genome copies in fecal pellets and colon tissues of Mavs” (n=9)and Mavsf/f—AlpicreERT2 (n =10) mice at 7 dpi. (G) Quantification of
CR6-positive tuft cells in the entire ileum, with portions of ileum sections depicted in (H). (H) Representative ileal sections of WT, Mavs™~, and Mda5~'~ mice at 7 dpi with
CR6, hybridized with probes for MNoV (green) and stained with anti-DCLK1 (red). Cell nuclei were stained using DAPI (blue). Results were analyzed by Mann-Whitney test (A
to G) from three (A to F) and two (G and H) independent experiments. ***P < 0.001; **P < 0.01; *P < 0.05. Bars indicate mean of all data points. White boxes reflect the
magnified inset images.
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Fig. 5. IFN-A acts on tuft cells to regulate persistent MNoV infection. (A) MNoV genomes quantified in fecal pellets of WT (n = 5), Ifnlr1~/~ treated with PBS (n = 5), and
Ifnlr1~~ mice treated with succinate (n = 6) at 7 dpi. (B) Electron microscopy (EM) images of tuft cell from CR6-infected Ifnlr1 ™'~ mice pretreated with succinate. Micro-
vesicular bodies (MVBs) containing putative MNoV are denoted by arrows, and white box denotes corresponding magnified image in (C). (C) Magnified image of MVB
depicting putative CR6 virion size. (D) EM images of CR6 virions isolated from BV2 cells. (E) Immunofluorescence images of ileal sections of Mx79% mice treated with mock
(PBS) or IFN-A for 24 hours, with tuft cell marker DCLK1 (red) and GFP (green). Cell nuclei were stained using DAPI (blue). (F) Relative quantification of /fnlrT mRNA levels in
tuft cells and nontuft IECs from small intestine (SI) of Ifnlr1”f (n = 3) and Ifnlr17"-Dclk1cre (n = 5) mice. (G and H) Longitudinal analysis of MNoV genome copies in fecal
pellets of Ifnir1™ (n = 6) and Ifnlr1”*-Dclk1cre (n = 7) mice infected with CR6 for 21 days before IFN-A treatment, and colon tissues at 28 dpi. Results were analyzed using
Kruskal-Wallis ANOVA with Dunn’s post-test (A) and Mann-Whitney test (F to H) from two independent experiment. ***P < 0.001; **P < 0.01; *P < 0.05. Bars indicate mean
of all data points.
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Specifically, we found that IFN-X signaling in tuft cells limits the
number of infected cells, consistent with a previous report (22).
Thus, the induction of endogenous IFN-\ upon CR6 infection
acts broadly on tuft cells throughout the epithelium to prevent in-
fection of most tuft cells, confirming innate immune protection as a
key determinant of tuft cell permissiveness to CR6 infection.

While IEN-A is clearly a critical cytokine for regulation of CR6,
the mechanisms associated with IFN-\ induction by CR6 have re-
mained enigmatic, as varied attempts at direct detection of IFN-\ at
the transcript or protein level have failed. We thus chose to explore
induction using different knockout mouse models. The innate
immune sensing pathways contributing to IFN-)\ induction after
CR6 infection in vivo have not been previously defined, but our pre-
vious work demonstrated that MDA is important for IFN-\ induc-
tion in response to CR6 infection in bone marrow—derived DCs
(21). MDAS senses positive-strand RNA viruses, leading to IFN
production via MAVS (20, 44). Here, we showed that mice lacking
Mda5 exhibited higher CR6 levels in stool and tissue, phenotypes
that are also present in Mavs ™'~ mice. These results, which correlate
well with our observations in Ifnlr1~~ mice, strongly suggest that
the MDA5-MAVS pathway is key for in vivo IFN-)A induction
by CRé.

In a previous study, we demonstrated that Ifnl2™ Ifnl3~"~ mice
display defective control of MNoV and other mucosal viruses, and
therefore recapitulate Ifnlr] deficiency (23). Bone marrow chimeras
generated from Ifnl2~"~Ifnl3~~ and WT mice support that IFN-\ is
derived from radiation-insensitive cells. This finding is further bol-
stered by our observation that CR6 viral levels are unchanged in
mice lacking Mavs in hematopoietic cells, and that instead IEC-spe-
cific deletion of Mavs enhances CR6 infection. As tuft cells are the
only IEC type permissive to CR6 in vivo, we depleted Mavs in tuft
cells using several different Cre lines that either specifically target
tuft cells (DclkIcre-Mavs™) or target tuft cells in addition to other
cell types (Mavs”-VaviCre and Mavs”-Math1cre). We observed that
mice lacking Mavs expression in tuft cells showed no difference in
CR6 infection, indicating that although tuft cells are the exclusive
permissive cells in the intestine, they are not responsible for
sensing and producing IFN-A to limit CR6 infection. Because our
data implicated IECs, but ruled out other secretory cells including
Paneth, goblet, and enteroendocrine cells, we assessed mice with en-
terocyte-specific deletion of Mavs and found increased CR6 levels in
stool and tissue. Thus, sensing of CR6 by MAVS to drive IFN-\ in-
duction in nonsusceptible enterocytes occurs fully independently of
the response to IFN-X by tuft cells to limit CR6 persistence.

Bystander IEC responses have been previously reported in the
context of Listeria monocytogenes and Salmonella typhimurium in-
fection, wherein activation of nuclear factor kB (NFkB) and
mitogen-activated protein (MAP) kinase signaling was propagated
from infected to uninfected neighboring cells via gap junctions
leading to induction of antibacterial immune responses (45).
STING activation by cyclic guanosine monophosphate—adenosine
monophosphate transfer from producing cells to neighboring
cells via gap junctions has also been identified as a putative mech-
anism of innate immune induction in trans (46). A distinctive
feature of tuft cells is cytospinules, lateral projections that penetrate
neighboring IECs and represent a potential conduit for targeted de-
livery of cargo (47). This raises the intriguing possibility of delivery
of viral RNA from tuft cells to neighboring enterocytes for MDA5/
MAVS-mediated induction of antiviral IFN responses.
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Alternatively, a recent study (48) identified exosome carriage of
coxsackievirus B3 as a means for viral infection of receptor-negative
immune cells. All evidence to date indicates that tuft cells are re-
quired for productive CR6 infection (10, 12, 13, 49), but it is possible
that either nonproductive infection of or cell surface interactions
with enterocytes could serve as means by which antiviral responses
are initiated via luminal virus. Further studies will be required to
define the physiological significance of cytospinules, gap junctions,
and/or exosomes in controlling tuft cell communication with neigh-
boring enterocytes and to clarify the specific mechanisms by which
antiviral immune responses are induced to control CR6 pathogen-
esis in vivo. Thus, in some scenarios, the classic model of IFNs being
induced and derived predominantly from virally infected cells
should be replaced by uninfected neighboring cells providing pro-
tective intercellular antiviral signaling.

MATERIALS AND METHODS

Mice

Mice of both sexes, aged 6 to 12 weeks, were used in all experiments.
Experimental mice were cohoused with up to five mice of the same
sex per cage with autoclaved standard chow pellets and water pro-
vided ad libitum. Animal protocols were approved by the Washing-
ton University Institutional Animal Care and Use Committee
(protocol numbers 20160126, 20190162, and 22-1040). WT
C57BL/6] (JAX stock #000664; also designated as CD45.2) mice
were originally purchased and maintained as a local breeding
colony at Washington University School of Medicine under specific
pathogen—free conditions according to University guidelines. WT
C57BL/6] CD45.1 mice (JAX stock #002014) (50) were obtained
for bone marrow chimera studies.

Ifnlr]f/f (IfnlrltmI“(EUCOMM)W“") mice (17) were crossed to
DcklIcre mice (provided by T. Wang) (37) for selective constitutive
disruption of Ifulrl in tuft cells or Alpicre®™® " mice (provided by
H. Clevers and O. Yilmaz) (30) for selective disruption in entero-
cytes. Generation of Ifnlr1~~ mice was previously described (17);
briefly, these mice were established by interbreeding
Ifnlr1'm1a(EVCOMMWIT ice and Deleter-Cre mice, followed by
backcrossing by speed congenics onto a C57BL/6] background.
Ifan_/ 'Ifnl3_/ ~ mice have been previously described (23).

Mavs™ mice have been previously described (24). These were
crossed to CdIIccre (DCs and alveolar macrophages) (25), Villincre
(IECs) (26), Vavicre (hematopoietic and intestinal tuft cells; JAX
stock #008610) (51), DcklIcre (tuft cells) (37), Mathlcre (secretory
IECs; JAX stock #011104) (29), and AlpicreERT2 (enterocytes) (30)
lines for selective disruption of Mavs in the indicated cell types.

Mx1¥% mice (JAX stock #033219) have been previously de-
scribed (34). Vavicre mice (JAX stock #008610) (51) were crossed
to R26-stop-EYFP (JAX stock #006148) (52) to generate R26-stop-
EYFP-Vavicre mice.

Generation of MNoV stocks and determination of titers

Stocks of MNoV strain CR6 were generated from a molecular clone
as previously described (53). Briefly, a plasmid encoding the CR6
genome was transfected into 293T cells to generate infectious
virus, which was subsequently passaged on BV2 cells. After two pas-
sages, BV2 cultures were frozen and thawed to liberate virions. Cul-
tures were then cleared of cellular debris, and virus was
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concentrated by ultracentrifugation. Titers of virus stocks were de-
termined by plaque assay on BV2 cells (54).

Infections and treatments

For MNoV infections, mice were inoculated with a dose of 10°
plaque-forming units of strain CR6 by the oral route in a volume
of 25 ul. Recombinant IFN-\ was provided by Bristol Myers
Squibb (Seattle, WA) as a monomeric conjugate composed of 20-
kDa linear polyethylene glycol (PEG) attached to the N terminus
of murine IFN-A, as previously reported (18). For treatment of
mice, 3 pg of IFN-A diluted in phosphate-buffered saline (PBS)
was injected intraperitoneally.

For succinate treatment, mice were administered 150 mM
sodium succinate in drinking water for 5 days before inoculation
with CR6 and were maintained on succinate until intestinal sections
were collected at 7 dpi. For tamoxifen treatment, mice were intra-
peritoneally injected with tamoxifen (Sigma-Aldrich, USA) or 4-
hydroxytamoxifen (Sigma-Aldrich, USA) at 5 mg/kg of body
weight 1 day before infection as well as at 2 and 5 dpi.

Generation of bone marrow chimeras

For bone marrow chimera experiments, recipients were irradiated
with 12 Gy and 107 donor bone marrow cells were injected intrave-
nously. Mice were given oral antibiotics for 1 week following
irradiation. Peripheral blood was analyzed at 8 weeks after trans-
plant for the proportion of donor- and recipient-derived
hematopoietic cells based on detection of CD45.1 or CD45.2 iso-
forms. Ifnl2~"Ifnl3~~ mice were exclusively maintained as
CD45.2. After 8 to 10 weeks of engraftment, chimeric mice were in-
oculated and analyzed as indicated.

Transmission electron microscopy

For analyses of purified MNoV, samples were fixed with 1% glutar-
aldehyde (Ted Pella Inc., Redding, CA) and allowed to absorb onto
freshly glow-discharged formvar/carbon-coated copper grids for 10
min. Grids were then washed in distilled water and stained with 1%
aqueous uranyl acetate (Ted Pella Inc.) for 1 min. Excess liquid was
gently wicked off, and grids were allowed to air dry. Samples were
viewed on a JEOL 1200EX transmission electron microscope (JEOL
USA, Peabody, MA) equipped with an AMT 8-megapixel digital
camera (Advanced Microscopy Techniques, Woburn, MA).

For ultrastructural analyses of intestinal tissue, samples were
fixed in 2% paraformaldehyde/2.5% glutaraldehyde (Ted Pella
Inc., Redding, CA) in 100 mM sodium cacodylate buffer for 2
hours at room temperature and then overnight at 4°C. Samples
were washed in sodium cacodylate buffer and postfixed in 1%
osmium tetroxide (Ted Pella Inc.) for 1 hour at room temperature.
After three washes in distilled water, samples were en bloc stained in
1% aqueous uranyl acetate (Electron Microscopy Sciences, Hatfield,
PA) for 1 hour. Samples were then rinsed in distilled water, dehy-
drated in a graded series of ethanol, and embedded in Eponate 12
resin (Ted Pella Inc.). Ultrathin sections of 95 nm were cut with a
Leica Ultracut UCT ultramicrotome (Leica Microsystems Inc., Ban-
nockburn, IL), stained with uranyl acetate and lead citrate, and
viewed on a transmission electron microscope as described above.

Quantitative reverse transcription PCR
RNA from stool was isolated using a ZR-96 viral RNA kit (Zymo
Research, Irvine, CA). RNA from tissues or cells was isolated
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using TRI Reagent (Invitrogen) and a Direct-zol-96 RNA kit
(Zymo Research, Irvine, CA) according to the manufacturer’s pro-
tocol. Five microliters of RNA from stool or 1 g of RNA from tissue
was used as a template for cDNA synthesis with the ImPromII
reverse transcriptase system (Promega, Madison, WI). DNA con-
tamination was removed using the DNA-free kit (Life Technolo-
gies). MNoV TaqMan assays were performed, using a standard
curve for determination of absolute viral genome copies, as de-
scribed previously (55). Quantitative polymerase chain reaction
(PCR) for housekeeping gene Rps29 was performed with forward
primer 5'-GCAAATACGGGCTGAACATG-3', reverse primer 5'-
GTCCAACTTAATGAAGCCTATGTC-3', and probe 5'-/5HEX/
CCTTCGCGT/ZEN/ACTGCCGGAAGC/3IABKFQ/-3" (where
3IABKFQ is 3’ Iowa Black fluorescence quencher; Integrated DNA
Technologies), each at a concentration of 0.2 uM, using AmpliTaq
gold DNA polymerase (Applied Biosystems). Quantitative PCRs for
Ifnlr] (Mm.PT.58.10781457) and Mavs (Mm.PT.58.28896835 and
Mm00523169_m1) were similarly performed using PrimeTime
qPCR assays (Integrated DNA Technologies).

Isolation of IECs, tuft cells, and goblet cells
Isolation of the epithelial fraction of the intestine was performed as
previously described (17, 56). Briefly, mice were euthanized, and in-
testine was collected in cold PBS. Tissues were washed with cold
PBS twice, chopped, and transferred to new tubes followed by incu-
bation in stripping buffer [10% fetal bovine serum (FBS), 15 mM
Hepes, 5 mM EDTA, in 1x Hanks' balanced salt solution] for 20
min at 37°C. The tissues were vortexed for 15 s and passed sequen-
tially through 100- and 40-pm filters. The dissociated cells were col-
lected as the epithelial fraction, consisting predominantly of IECs.
For goblet cell sorting (56), collected cells were washed with cold
PBS and stained with live/dead staining kit (live/dead fixable blue
dead cell stain kit, Life Technologies) according to the manufactur-
er's protocol. After live/dead staining, cells were stained with anti-
CD24 (eBioscience; clone 30-F1), anti-CD45 (BioLegend, clone 30-
F11), anti-UEA-1 (Vector Laboratories), and anti—cytokeratin 18
(Abcam, clone C-04). Goblet cells were sorted using a BD ARIA
IT cell sorter (BD Biosciences) by gating on CD45~CD24 CK-
18"UEA-1", while the remaining IECs were collected by gating on
CD457CD24 CK-18"UEA-1" and collected in RPMI containing
10% FBS. Similarly, for tuft cell sorting, live/dead staining and
then staining for anti-SiglecF (BioLegend, clone S17007L) were per-
formed and tuft cells were sorted as CD45 Epcam*SiglecF". For
both sorted goblet and tuft cells, collected cells were centrifuged
and resuspended in TRI Reagent (Invitrogen) for RNA extraction.
Data were processed using FACSDiva software (BD Biosciences)
and FlowJo (BD Biosciences).

RNAscope and histology

The RNAscope Multiplex Fluorescent Detection Kit v2 (Advanced
Cell Diagnostics, Newark, CA) was used to perform hybridizations
with MNoV probes (Opal 520; Akoya Biosciences) in combination
with anti-DCLK1 antibody (Abcam; ab31704) on fixed frozen or
paraffin-embedded sections. Tissues were stained with anti-
DCLKI1 antibody overnight at 4°C and then detected by Alexa
Fluor 594—conjugated secondary antibodies (Invitrogen). Tissues
were counterstained with DAPI (4',6-diamidino-2-phenylindole)
and mounted using VectaMount mounting medium (Vector Labo-
ratories). Images were acquired using an ApoTome microscope
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(Zeiss), and images were captured using Axiovision 4.8.2 software
(Zeiss). Images are representative of two independent experiments.

Analysis of single-cell RNAseq data

A previously generated single-cell RNAseq dataset of mouse small
intestinal epithelium (27) [publicly available at the National Center
for Biotechnology Information’'s (NCBI) Gene Expression
Omnibus (GEO), accession #GSE92332] was accessed using the
Broad Institute’s Single Cell Portal (SCP) (https://singlecell.
broadinstitute.org/single_cell). Bubble and tSNE plots of Cd300lf,
Vavl, and Mavs expression were generated in SCP.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
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