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Abstract

Although they globally cause viral gastroenteritis in children, astroviruses are understudied due to
the lack of well-defined animal models. While murine astroviruses (muAstVs) chronically infect
immunodeficient mice, a culture system and understanding of their pathogenesis is lacking. Here,
we describe a platform to cultivate muAstV using air-liquid interface (ALI) cultures derived from
mouse enteroids, which support apical infection and release. Chronic muAstV infection occurs
predominantly in the small intestine and correlates with higher interferon-lambda (IFN-A)
expression. MuAstV stimulates IFN-A production in ALLI, recapitulating our /n vivo findings. We
demonstrate that goblet cells and enterocytes are targets for chronic muAstV infection /n vivo, and
that infection is enhanced by parasite coinfection or type 2 cytokine signaling. Depletion of goblet
cells from ALI limits muAstV infection /n vitro. During chronic infection, muAstV stimulates
IFN-A production in infected cells and induces ISGs throughout the intestinal epithelium in an
IFN-A-receptor dependent manner. Collectively, our study provides insights into the cellular
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tropism and innate immune responses to muAstV and establishes an enteroid-based culture system
to propagate muAstV in vitro.

Introduction:

Results:

Human astroviruses (HAstVs) are positive-sense, single-stranded RNA viruses and major
causes of pediatric gastroenteritis worldwidel=3. In healthy individuals, HAstV infections
may be asymptomatic or result in self-limited illness. In immunocompromised individuals,
systemic spread can result in encephalitis, meningitis, and lethality*-5. Despite their clinical
importance, HAstVs have been understudied due to the lack of a well-defined small animal
model. Murine astroviruses (muAstVs) are endemic to many mouse facilities, causing acute
asymptomatic infections in immunocompetent mice and chronic infection in
immunodeficient models’8. We reported that muAstV can complement primary
immunodeficiency to protect against other enteric viral infections via stimulation of
interferon-lambda (IFN-A) signaling in the epithelium®. However, the cellular tropism for
muAstV and source of IFN-A to stimulate this antiviral environment remains unclear.

Here, we report that muAstV can both propagate and drive IFN-A production in air-liquid
interface (ALI) cultures derived from murine intestinal enteroids. We also demonstrate that
muAstV chronically infects small intestinal goblet cells in immunodeficient mice, consistent
with a recent report identifying goblet cells as a target of muAstV in immunocompetent
animals1%; however, we also demonstrate enterocytes as target cells of infection in the small
intestine. MuAstV replication in ALI is reduced when goblet cells are depleted. Finally, we
demonstrate that muAstV infection drives IFN-A production in goblet cells and enterocytes,
resulting in IFN-A receptor-dependent protective interferon-stimulated gene (1ISG)
expression in neighbouring cells in the intestinal epithelium.

Murine astrovirus preferentially replicates in the small intestine of immunodeficient and
immunocompetent mice, independent of the microbiota

Previously, we showed RagZ~~//2rg™~ mice bred at Washington University are persistently
infected with muAstV, including the novel strain STL5, which drives a state of chronic IFN-
A-mediated intestinal inflammation®. To define the preferred site(s) of muAstV replication,
we guantified total muAstV and STLS5 levels along the Gl tract and in extraintestinal tissues
from naive Rag2™~1/2rg™~ (Fig. S1A). The small intestine showed significantly higher viral
loads for total muAstV and STL5 compared to the esophagus and stomach, with
intermediate viral levels detected in the proximal colon (Fig. 1, A and B). In the small
intestine, higher viral loads correlated with increased IFN-A (/fn/2/3) expression (Fig. 1C).
Consistent with a previous report, we observed modest levels of muAstV in extraintestinal
tissues, ~10,000-fold lower than those detected in small intestinal tissues (Fig. S1B), but did
not detect STL5 genomes or /fn/2/3 expression at these sites’ (Fig. S1, C and D). MuAstV,
STLS5, and /fn/2/3 were undetectable in astrovirus-free Rag2~~1/2rg™~ mice from Taconic at
all sites tested, consistent with our prior report that muAstV potentiates intestinal IFN-A
expression in immunocompromised mice® (Fig. S1, E to G). Treatment of germ-free (GF) or
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conventionally housed wild-type (WT) mice with filtered fecal transplant (FFT) material
from RagZ”~1/2rg™~ mice demonstrated similar preferential infection of the small intestine
by muAstV, correlated with enhanced IFN-A expression at this site, supporting a microbiota-
independent tissue tropism for muAstV (Fig. 1, D to I). Based on these findings, and our
prior observation that specific muAstV strains are preferentially associated with the
intestinal epithelial fraction of the intestine®, we hypothesized that muAstV could be
cultivated in intestinal enteroids for further characterization.

Human astrovirus, but not murine astrovirus, can be cultivated in 3D enteroids

Human intestinal enteroids (HIEs) have been used to cultivate a variety of enteric viruses
including human rotavirus, human norovirus, human enterovirus, and, of greatest relevance,
HAstV 1115 Apical infection of two-dimensional (2D) HIEs by HAstV strain VA1 recently
was demonstrated to support robust viral replication and IFN responses!. In establishing
our cultivation system, we first explored the possibility of HAstV infection in three-
dimensional (3D) enteroids. We inoculated differentiated 3D enteroids derived from adult
human biopsies with HAstV1 at a multiplicity of infection (MOI) of 1. HIEs inoculated with
HAstV1 showed ~20-30-fold increase in viral genomes at 24 hours post-infection (hpi)
compared to HIEs harvested at 1 hpi or which had been inoculated with UV-inactivated
virus. They also exhibited increased expression of type | and Il IFNs and multiple ISGs
(Fig. 2, A to F). However, 3D enteroids generated from mouse small intestine inoculated
with FFT containing muAstV from Rag2~~1/2rg™~ mice failed to result in infection or
induce IFN responses (Fig. 2, G to L). These results indicate that while HAstVs can infect
basolaterally, apical access might be crucial for productive muAstV infection.

Air-liquid interface (ALI) cultures support murine astrovirus replication

As the 3D enteroids did not support muAstV replication, we utilized the 3D murine enteroid
cells to form 2D monolayers on transwells under ALI conditions (Fig. 3A). We added FFT
from Rag2~~1I2rg™~ mice to the top chamber of the transwells to permit apical infection
and collected cells at 1 hpi or 24 hpi to quantify muAstV genomes. We observed a >10-fold
increase in viral genome copies at 24 hpi (Fig. 3, B and C). Moreover, WT mice inoculated
with apical, but not basal, media from Rag2~~1/2rg™~ FFT-infected ALI transwell cultures
exhibited muAstV infection at 3 dpi (Fig. 3, D to F). These data suggest exclusively apical
viral entry and release for muAstV. Chronic muAstV infection in Rag2~~/2rg™~ mice is
associated with elevated intestinal IFN-A expression without associated type | IFN
induction® (Fig.1C). We observed robust induction of multiple 1SGs after muAstV infection
in ALI cultures (Fig. 3, G to I). ALI cultures infected with muAstV recapitulated the /n vivo
phenomenon of preferential induction of IFN-A rather than type I IFNs (Fig. 3, J and K).
While 2D cultures developed from small intestinal enteroids also supported muAstV
replication and IFN-A induction, the levels were lower than those observed in our ALI
cultures (Fig. S2, A and B).Together, these findings confirm an epithelial cell tropism for
muAstV, and demonstrate the utility of ALI cultures as a model to propagate muAstVs for
study of physiologically-relevant innate immune induction mechanisms.
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Murine astrovirus infects goblets cells and enterocytes

We next explored the specific epithelial cell tropism of muAstV in vivo. First, we performed
RNA /n situ hybridization on duodenums from naive WT and chronically muAstV-infected
RagZ™~112rg™'~ mice using muAstV-specific probes. As expected, muAstV RNA was
detected only in the Rag2”~1/12rg™’~ mice, and we observed staining exclusively in the villi,
supporting an epithelial cell tropism (Fig. S3A). We next costained the tissues with RNA-
targeting probes for muAstV and individual epithelial cell surface markers including
lysozyme (Lyz-1) for Paneth cells, chromogranin A (ChgA) for enteroendocrine cells,
doublecortin-like kinase 1 (Dclk-1) for tuft cells, and mucin 2 (Muc2) for goblet cells.
Consistent with our observation of muAstV staining villi, we did not observe colocalization
of muAstV-positive cells with Lyz-1, nor did we observe costaining with ChgA or Dclk-1
(Fig. S3, B-D). Instead, we observed muAstV infection predominantly in the ACE-2-
positive mature enterocytes (Fig. 4A and S3E). Beyond a tropism for mature enterocytes, in
Rag2™~112rg™~ mice, ~22% of muAstV-positive cells were Muc2-positive (Fig. 4A and
S3E) and ~5% of total goblet cells were targeted for muAstV infection. UEA-1- and
cytokeratin-18 (CK-18)-positive goblet cells sorted from Rag2~~//2rg~~ small intestines
were enriched in muAstV and STL5 genomes, further supporting a goblet cell tropism for
muAstV (Fig. 4B and S3F). We also costained intestinal sections with a combination of anti-
UEA-1 antibody and the RNA-targeting probe to muAstV, and detected double-positive cells
(Fig. S3G). To define the cellular tropism of muAstV in WT mice, we performed RNA /n
situhybridization on duodenum sections from WT conventionally-housed and GF mice after
FFT. In comparison to Rag2~~//2rg™~ mice (3.4 + 1.7 cells/villus), WT mice had
substantially fewer muAstV-positive cells (0.3 + 0.4 cells/villus). Despite the relative
scarcity of these cells, we could detect consistent muAstV and Muc2 costaining, suggesting
that a small number of intestinal goblet cell sustain muAstV infection in immunocompetent
mice and serve as the predominant site of infection (Fig. 4C and S3H). We did not find
robust infection of colonic goblet cells, nor of the colon in general (Fig. S31), as seen in our
gPCR analysis (Fig. 1A). Collectively, our results demonstrate a tropism for goblet cells and
enterocytes for muAstV.

We previously generated Rag2~~1/2rg™~Ifalr1™~ mice to define the role of IFN-A in
muAstV-driven resistance of immunocompromised mice to other enteric viruses.
Experiments with these mice showed that signaling through the receptor for IFN-A
(IL28Ra/II10RP) was critical for this resistance®. We hypothesized that IFN-A signaling
also might control muAstV levels in chronically infected Rag2~~1/2rg™~ mice. Indeed, we
observed significantly higher muAstV levels in stool and intestinal tissues from RagZ~~//2rg
~~Ifnlr1™~ mice compared to Rag2™~//2rg’~ (Fig. 4D). Duodenal sections costained with
probes for muAstV and MucZ2 showed higher numbers of muAstV-positive cells in
RagZ™~12rg™~Ifnlr1”~ mice (11.8 + 3.9 cells/villus) than RagZ™~1/2rg™~ mice, with ~12%
of total goblet cells infected, suggesting a role for IFN-A in regulating the number of
muAstV-infected cells (Fig. 4E and S3J). The proportion of Muc2-positive infected cells was
similar (~23%) in RagZ™~12rg™"~ Ifnlr1™" as in RagZ™~1/2rg™'~ mice. We assessed the total
number of Muc2-positive cells, and found they were similar in WT, Rag2”~1/2rg™~, and
RagZ™~112rg™~ Ifnlr1™~ mice (12.7 + 5.3, 12.6 + 2.3, and 16.5 + 11.4 cells/villus,
respectively).
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Regulation of goblet cells modulates muAstV infection

In the intestinal epithelium, the abundance of secretory cells including goblet cells is tightly
regulated. Gastrointestinal nematodes have been shown to induce severe cellular hyperplasia
characterized by rapid expansion of goblet, tuft and Paneth cells upon infection16-18,
Infection of WT mice with murine nematode parasite Heligmosomoides polygyrus (H.
polyqyrus) prior to Rag2~~1/2rg™'~ FFT significantly enhanced muAstV infection (Fig. 5A
and S4A). Similarly, treatment with 1L-4 or 1L-33, known drivers of goblet cell
hyperplasial®20 that stimulate increased expression of Muc2in the intestine, resulted in a
marked increase in muAstV infection in mice administered Rag2~~//2rg™~ FFT (Fig. 5, B
and C, and S4, B-D), suggesting that increased goblet cell numbers enhance muAstV
infection. We did not detect higher expression of Muc2with Rag2”~1/2rg™~ FFT treatment
of WT mice (Fig. S4D). To test the requirement for goblet cells in muAstV infection, we
generated small intestinal enteroids from Math1”'-Vil-Cre-ERT2 mice, which were
previously used for inducible tamoxifen-mediated depletion of goblet cells /7 vive?L. To
adapt this model /n vitro, we confirmed the capacity of enteroids from Math1”'-Vil-Cre-
ERTZto differentiate into secretory cell lineages in the absence of tamoxifen (Fig. S4E).
Upon treatment with 4-hydroxytamoxifen (4-OHT), we observed a marked reduction in the
expression of secretory cell markers Muc2, ChgA and Lyz-1, although the stem cell marker
Lgr5remained unchanged (Fig. 5D). Depletion of goblet cells at 72 hours after 4-OHT
treatment was confirmed by staining of enteroids with anti-UEA-1 and anti-ChgA (Fig. 5E),
and 4-OHT treatment of ALI cultures from Math1”'-Vil-Cre-ERT2 mice similarly reduced
Muc?2levels (Fig. 5F and S4F). MuAstV infection at 48 hpi was significantly inhibited in 4-
OHT-treated cultures compared to vehicle-treated controls (Fig. 5F). These results suggest
that goblet cells are necessary for maximal replication of muAstV, and that goblet cell
abundance regulates muAstV infection /n vivo and /n vitro. Furthermore, induction of
1fnl2/3 was significantly reduced in 4-OHT-treated ALI (Fig. 5F), suggesting goblet cells
might be a source of IFN-A during muAstV infection.

MuAstV infection stimulates IFN-A expression in small intestinal goblet cells and
enterocytes to drive widespread ISG expression

To examine further the source of IFN-A expression in the intestine, we performed RNA /n
situhybridization on intestinal sections of naive WT, WT treated with Rag2~~1/2rg™”~ FFT
and Rag2~~112rg™'~ mice using probes for /f1/2/3. This analysis revealed increased /f7/2/3
staining in WT mice treated with Rag2~~//2rg™~ FFT (0.2 + 0.1 cells/villus) and
Rag2™~112rg™~ mice (0.7 + 0.2 cells/villus) compared to naive WT mice (0 cells/villus)
(Fig. 6A and S5A). In both WT and Rag2~~//2rg™~ mice treated with FFT, /fn/2/3-positive
cells colocalized with muAstV-positive cells, indicating that muAstV-infected cells directly
produce IFN-A (Fig. 6A and S4A). The /fn/2/3-positive cells observed in the RagZ™~1l2rg
~~mice were predominantly Muc2-negative, suggesting that infected enterocytes
preferentially secrete IFN-A in these animals (Fig. 6A and S5B). Rag2”~1/2rg™" Ifnlr1 ™~
mice exhibited greater intestinal //7/2/3 expression compared to RagZ2~~1/2rg™~ mice,
perhaps secondary to elevated levels of muAstV and/or a lack of negative feedback signaling
in the absence of an IFN-A response (Fig. 6B). Consistent with this expression data, we
observed more /fn/2/3-positive cells in Rag2”~12rg™~Ifnlrl™~ mice (4.0 % 0.3 cells/villus)
(Fig. 6C). In the RagZ™~12rg™"~Ifnlr1”~ mice, we observed colocalization of /f/2/3-
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positive cells with both Muc2-positive and Muc2-negative cells, indicating that goblet cells
have the capacity for IFN-A production (Fig. 6C and S5B). Corresponding increases in
protein levels of IFN-A in the serum and small intestine of Rag2”~//2rg™~ and Rag2~~I/2rg
~~Ifnlr1~~ mice were confirmed by ELISA (Fig. 6D). We performed RNA /n situ
hybridization for the ISG /fit1 to determine which epithelial cells responded to the elevated
levels of IFN-A in our immunocompromised lines. We observed widespread 1SG expression
throughout the epithelium, indicating that IFN-A-stimulated ISGs are expressed both in
infected and neighbouring cells (Fig. 6E and S5C). This widespread 1SG expression was not
detected in naive WT duodenum, and as expected, was blunted in Rag2~~1/2rg™~Ifnlr1™~
mice, which lack the capacity to respond to IFN-A (Fig. 6E and S5C). We confirmed that
ISG expression in goblet cells was similar to other epithelial cells by analyzing sorted cells
(Fig. S5D). Collectively, our results identify goblet cells as a cellular target for muAstV in
immunodeficient mice, and demonstrate infected epithelial cells, including goblet cells and
enterocytes, are sources of IFN-A during chronic infection. We further clarify that this IFN-
A response drives ISG expression throughout the epithelium, thus explaining the resistance
of our Rag2~~112rg™~ mice to enteric infections with different epithelial cell targets®.

Discussion

In this study, we investigated the tissue and cellular tropism of muAstV during chronic and
acute infection of immunodeficient and immunocompetent mice, respectively. Consistent
with a recent report defining goblet cells as a key target for muAstV in immunocompetent
micel0, we identified small intestinal goblet cells as a site for muAstV infection. Along with
goblet cells, we also demonstrated that mature enterocytes are a major target for muAstV
infection in immunocompromised mice. Goblet cells play a key role in maintaining the
intestinal barrier through secretion of mucus, anti-microbial proteins, chemokines and
cytokines to control bacterial and viral pathogens22. To assess the consequences of
modulation of goblet cells on muAstV infection, we infected mice with nematode parasite
H. polygyrus which targets the small intestine, a key site of muAstV infection. H. polygyrus
infection induces a type 2 immune response, which increases levels of cytokines IL-4, IL-5,
IL-9 and IL-13, and stimulates goblet cell hyperplasia in wild-type mice2324. H. polygyrus
infection resulted in increased muAstV replication. Recombinant IL-4 and IL-33 treatment
also stimulate intestinal goblet cell hyperplasia2?-23, and similarly enhanced muAstV
replication /in vivo.

Math1 has been reported previously to control the development of secretory cell lineages
including Paneth cells, goblet cells and enteroendocrine cells26. Recently, inducible
depletion of goblet cells was demonstrated by specifically deleting Math1 in intestinal
epithelial cells?”. We harnessed this model to demonstrate that depletion of goblet cells in
vitroreduces muAstV infection. Thus, our findings indicate that either positive or negative
modulation of goblet cell numbers correspondingly regulates muAstV infection. Exploration
of whether the presence of goblet cells themselves or goblet cell products such as mucus
help regulate muAstV infection will be a key future avenue of study.

Our findings in immunocompetent mice are broadly concordant with a recent report of
goblet cells being the main target cell type for muAstV10, However, in immunocompromised
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mice we observed that while goblet cells were infected, mature enterocytes were the
predominant site of infection, suggesting an expanded tropism during chronic infection. Our
findings agree with the multicellular tropism reported for human AstV, including mature
enterocytes, goblet cells, and intestinal progenitor cells!4. Similarly, while IL-4 treatment
was not observed to enhance muAstV infection in a prior study?, viral strain, timing and
facility differences may govern variability in the relative proportions of intestinal epithelial
cell types, as well as the sensitivity of these cell types to cytokine-driven modulation, that
are infected by muAstV.

We demonstrated that muAstV infection preferentially stimulates IFN-A production during
infection. We also showed infected goblet cells and enterocytes are sources of IFN-A upon
muAstV infection, driving ISG expression throughout the epithelium. Rag2~~//2rg™~ mice
are resistant to murine norovirus, which has a tropism for tuft cells?8, and murine rotavirus,
which has a tropism for mature enterocytes??. The widespread response to IFN-A
throughout the epithelium explains this broad protection. Robust IFN-A induction is not a
universal feature of muAstV infection, as we previously reported that chronically infected
Rag1™~ mice in our facility with a different muAstV strain composition exhibit WT levels
of intestinal ISGs®. Further study of the effects of strain and cellular tropism on IFN-A
induction will be critical to better understand these differences. While we did not find
increased Muc2 expression with muAstV infection in vitro or in vivo, muAstV infection has
been reported to increase mucus production in the small intestine, mediating protection
against enteropathogenic £. co//0. 1t is possible that enhanced mucus production could also
contribute to protection of muAstV-infected mice against other viruses. Future work
exploring the changes in gene expression with muAstV infection in the epithelial cell
lineages may provide insights into cell-specific innate immune responses during infection.

We also report the successful propagation of muAstVs in vitro using ALI and 2D cultures
but not 3D enteroids. Our studies in this system indicate apical viral entry and egress.
Interrogation of the specific host factors that are appropriated by muAstV for these
processes, and whether these are associated with any canonical functions of the intestinal
epithelium such as mucus production or nutrient absorption, will be important future areas
of investigation. Our ALI cultures additionally reflected the /n vivo response to muAstV
infection with type 11, but not type I, IFN expression. Our study highlights the importance
of this system for further study of astrovirus infections of the intestinal epithelium and the
innate immune responses they elicit.

Materials and Methods

Mice

WT C57BL/6J (stock no. 000664) mice were purchased from Jackson Laboratories and
maintained at Washington University School of Medicine under specific-pathogen-free
conditions according to University guidelines. Rag2~~//2rg™~ mice were generated at
Washington University School of Medicine by crossing of //2rg™~ (B6.129S4- //2rg"™Wjl/;
catalogue no. 003174) mice from Jackson Laboratories with Rag2™'~ (B6.129S6- Rag2m1Fwa
N12, catalogue no. RAGN12) mice from Taconic. RagZ”~1/2rg™" Ifalr1™~ mice were
generated as previously described®. Rag2~~1/2rg™~ mice from Taconic were used directly
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for experiments on arrival at Washington University facilities. Math1”f mice were crossed to
transgenic mice bearing a tamoxifen-dependent Cre recombinase expressed under the
control of the Villin promoter (Vil-Cre-ERT2)3C to generate Math1”!-\/i|-Cre-ERT2 mice as
previously described?!. Germ-free Swiss Webster mice were purchased from Taconic
Biosciences and maintained in sterile, flexible-film plastic gnotobiotic isolators at the
Washington University School of Medicine Gnotobiotic Facility. Equal ratios of adult male
and female mice, aged 6 to 12 weeks, were used in all experiments for all strains.
Experimental mice were co-housed with up to five mice of the same sex per cage with
autoclaved standard chow pellets and water provided ad /ibitum.

Human and mouse enteroid culture

Human intestinal tissue biopsies were obtained with approval from the Washington
University in St. Louis institutional review board (no. 201804040). The HIEs were generated
as described previously3L. Briefly, tissue sample was digested in collagenase | (Invitrogen,
Waltham, MA) for 10 minutes at 37°C followed by mechanical dissociation. The resulting
crypts were filtered through a 70-um cell strainer and washed in Dulbecco’s modified Eagle
medium (Gibco) supplemented with 10% fetal bovine serum before resuspending in growth
factor-reduced Matrigel (Becton Dickinson, Franklin Lakes, NJ), and seeded into culture
plates. Organoids were grown in 50% L-WRN conditioned medium supplemented with
10pM Y-27632 and SB 202190 (R&D Systems).

Murine enteroids were generated from crypts isolated from small intestines. Briefly, adult
mice were euthanized to collect small intestinal tissue. The tissue was cut into 2-4mm
pieces and washed with ice cold PBS. The tissue fragments were treated with EDTA solution
to isolate intestinal crypts. The crypts were resuspended in Matrigel and seeded into culture
plates. The organoids were grown in basal culture media [Advanced DMEM/F12 (Gibco)
supplemented with 2 mM GlutaMax (Invitrogen), 10 mM HEPES]. For differentiation, the
organoids were cultured in differentiation media consisting of basal media Basal culture
medium with (1X) N2 supplement (Invitrogen), (1X) B27 supplement (Invitrogen), and 1
mM N-acetylcysteine (Sigma Aldrich), 50 ng/mL murine recombinant EGF (Invitrogen),
100 ng/mL murine recombinant Noggin (PeproTech), 1 m g/mL human recombinant R-
spondin 1 (R&D Systems)32. For depletion of goblet cells, organoids cultured in
differentiation media were treated with 300 nM 4-OHT (Sigma Aldrich) for 48 h as
described previously 33. Small intestinal enteroids were dissociated into single cells by
trypsin treatment and 1x10° cells were seeded in L-WRN conditioned media in 48-well
plates to form 2D monolayers. The 2D monolayers were maintained in L-WRN media and
allowed to form a confluent monolayer. For differentiation, the 2D monolayers were
cultured in differentiation media for up to 6 days.

ALl culture and infections

Small intestinal enteroids were dissociated into single cells by 0.25% trypsin digestion prior
to seeding into Transwells with 0.4um pore size (Corning) precoated with 10% Matrigel
(Corning) for 15 min. Cells were cultured in L-WRN conditioned media with 10uM Rock
inhibitor Y-27632 (R&D Systems) 3435, After 7 days of culture, medium from the upper
chamber of the transwells was removed to create an air-liquid interface (ALI). Cells were
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maintained in ALI in L-WRN conditioned media with 10uM Rock inhibitor Y-27632 in the
bottom chamber for 14 days while changing the media every two days. For goblet cell
depletion, ALI cultures were propagated in 300 nM of 4-OHT supplemented in L-WRN
conditioned media with 10uM Rock inhibitor Y-27632 for 72 h prior to infection.

For infection of ALI and 2D enteroid cultures, differentiated cultures were treated with FFT
from RagZ~~1/2rg™~ mice diluted in PBS for 1 hour. The inoculum was removed and
culture wells were washed with PBS twice before collecting the 1 hpi timepoint in Tri
Reagent. For 2D cultures, fresh differentiation media was added, and the cells were allowed
to grow for 48h. For ALI cultures, fresh 50% L-WRN conditioned media was added to the
top and bottom chambers and cells were allowed to grow for 24 or 48 hours. For propagating
muAstV, FFT from Rag2~~1/2rg™~ mice was added to the top chamber of ALI culture
transwells. After 1 hour, both top and bottom chamber were washed with PBS twice. Fresh
L-WRN conditioned media was added to the top and bottom chamber and cells were
allowed to grow for 2 days. After 2 days, media from the top and bottom chamber was
collected to orally gavage WT adult mice.

Virus infections

For muAstV infection, mice were administered filtered fecal transplants (FFT) as described
previously®. For muAstV infection in enteroids, differentiated mouse 3D enteroids were
incubated with FFT diluted in PBS for 1h followed by washing with PBS twice. For 1 hpi
timepoint, the enteroids were directly harvested in Tri Reagent (Invitrogen). For viral
replication, the enteroids were cultured in L-WRN conditioned media supplemented with
10pM Y-27632 and 10 uM SB 431542,

Human astrovirus strain HAstV1 was grown in Caco?2 cells as described previously38. For
HAstV1 infection in human 3D enteroids, differentiated enteroids were incubated with
HAstV1 in PBS for one hour. The enteroids were washed with PBS twice and 1 hpi samples
were harvested in Tri reagent. The HAstV1-infected enteroids were grown in L-WRN
conditioned media supplemented with 10uM Y-27632 and 10 pM SB431542.

H. polygyrus infection

Heligmosomoides polygyrus bakeri (H. polygyrus) third-stage larvae (L3) were generated as
described3”. H.polygyrus L3 viability was checked by microscope for motility, and their
numbers were quantified before use. Mice were gavaged with 200 H.polygyrus L3 or PBS
(control) using 20-gauge x 38 mm plastic feeding tubes (Instech; FTP-20-38) prior to
infection with muAstV.

Cytokine administration

Recombinant murine 1L-4 complexes (IL-4c) were generated as described previously38.
Briefly, 5ug of murine IL-4 (Peprotech) was mixed with 25 ug of anti-1L-4 (BioXCell) and
incubated for 15 min prior to diluting in PBS to a final volume of 200 pl. This mixture of
IL-4c was administered via intraperitoneal injection to each mouse at 48-h intervals on day
-2 and 0 prior to treatment with FFT. Recombinant IL-33 (Peprotech) was diluted to 0.4 ug
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per mouse in 200 ul of PBS and administered via intraperitoneal injection on day —2 and 0
before treatment with FFT, and day 2 after treatment with FFT as shown in Fig. S3C.

RNA extraction, Quantitative Reverse Transcription-PCR, and enzyme-linked
immunosorbent assay (ELISA)

Total RNA from stool was isolated using a ZR-96 Viral RNA kit (Zymo Research). Total
RNA from tissues or cells was isolated using Tri Reagent (Invitrogen) and a Direct-zol-96
RNA kit (Zymo Research) according to the manufacturer’s protocol. ImPromll reverse
transcriptase was used for cDNA synthesis (Promega). qPCR for muAstV, designed to detect
all muAstV strains using primers against conserved regions, was performed as described
previously 7. A SYBR green qPCR assay was performed for muAstV STLS5 as described
previously 9. HAstV1 was quantified using primers specific for HAstVs [Mon269 (5'-
CAACTCAGGAAACAGGGTGT-3") and Mon270 (5’-
TCAGATGCATTGTCATTGGT-3")] 3. Predesigned PrimeTime gPCR assays were used to
quantify expression of human and mouse genes, with assays used in this study listed in Table
1. SYBR green gPCR assays were performed with Power SYBR Green PCR master mix
(ThermoFisher) using primers listed in Table 2.

For IFN-A ELISA, serum or 30-50 mg of small intestinal homogenate were collected and
IFN-A2/IFN-A3 levels were analyzed by ELISA as described previously (R&D Systems)“0.

RNAscope in situ hybridization

For preparing tissue sections, duodenum Swiss rolls were fixed overnight in 10% formalin
then immersed in freshly prepared 30% sucrose solution until the tissue sunk to the bottom
of the tube (48 h). Tissues were then frozen in Optimal Cutting Temperature (OCT)
embedding media over dry ice. Fixed frozen tissue sections of 15 um thickness were then
dried at =20 °C for 2 h or kept at =80 °C if not processed immediately. Slides were washed
by dipping in 1X PBS for 5 min, followed by a baking step at 60 °C for 30 min, then
sections were post-fixed by immersing in prechilled 10% formalin for 15 minutes at 4°C
followed by a dehydration step by immersing slides in a series of increasing ethanol
concentrations (50, 70, and 100%) for 5 minutes each. All RNAscope ISH assays were
performed using the RNAscope 2.5 HD Assay-BROWN kit according to manufacturer’s
instructions (Advanced Cell Diagnostics, Newark, CA). In brief, tissues were hybridized
with custom-designed probes specific for murine astrovirus STL1 RNA for 2 h at 40°C. A
positive control probe specific to the PP/B housekeeping gene transcript and a negative
control probe specific to the bacterial DapB transcript were included in each experiment.
Sections were then counterstained with 50% hematoxylin to visualize cellular architecture.
Images were acquired using an AxioScan Z1 (Zeiss) slide scanner and ZEN Digital Imaging
software (Zeiss) was used to analyze the images. Images are representative of two
independent experiments.

RNAscope Fluorescence in situ hybridization and histology

The RNAscope Multiplex Fluorescent Detection Kit v2 (Advanced Cell Diagnostics,
Newark, CA) was used to perform dual hybridizations with murine astrovirus probes in
combination with either /fn/2/3, Ifit1, or cell-specific probes (Muc2for goblet cells, ChgA
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for enteroendocrine cells, Dc/k-1 for tuft cells, and Lyz-1 for Paneth cells)*L. Fixed frozen
sections were prepared as in ISH, and signal was detected using fluorescent Opal dyes
(Akoya Biosciences). Opal 520 was used for astrovirus probes and Opal 570 was used for
1fnl2/3 as well as the cell-specific markers. For histological analysis, the tissues were stained
with primary antibodies overnight at 4°C, and detected by Alexa Fluor 594 or 647-
conjugated secondary antibodies (Invitrogen). Tissues were counterstained with DAPI and
mounted using VectaMount mounting medium (Vector Laboratories). Images for FISH were
acquired using an ApoTome microscope (Zeiss) and images were captured using Axiovision
4.8.2 software (Zeiss). Single color controls, along with positive and negative control probes
(PPIBand DapB, respectively) were stained in parallel. Images are representative of two
independent experiments. Primary antibodies used: UEA-1-FITC (Sigma Aldrich), ACE-2
(R&D Systems).

Flow cytometric sorting of goblet cells

The epithelial fraction of the small intestine was isolated as described previously®. Briefly,
mice were euthanized, and small intestine was collected in cold PBS. Tissues were washed
with cold PBS twice, chopped and transferred to new tubes followed by incubation in
stripping buffer (10% FBS, 15 mM HEPES, 5 mM EDTA, in 1X HBSS) for 20 min at 37°C.
The tissues were vortexed for 15 sec and passed sequentially through 100 microns and 40
microns filters. The 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
manufacturer’s protocol. After live/dead staining, cells were stained with anti-CD24
(eBioscience; clone 30-F1), anti-CD45 (Biolegend, clone ), anti-UEA-1 (Vector labs), anti-
cytokeratin 18 (Abcam; clone C-04). Goblet cells were sorted using BD ARIA 11 cell sorter
(BD Biosciences) by gating on CD45-CD24 CK-18*UEA-1*, while the remaining IECs
were collected by gating on CD45"CD24~CK-18"UEA-1" and collected in RPMI
containing 10% FBS?2. The collected cells were centrifuged and resuspended in Tri Reagent
(Invitrogen) for RNA extraction. Data were processed using FACSDiva software (BD) and
FlowJo (FlowJo).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Murine AstV is abundant in the small intestine of immunodeficient and

immunocompetent mice.

(A-B) muAstV and STL5 genomes quantified in tissues of Rag2”~//2rg™~ mice (n=4-8).
(C) /mI2/3mRNA levels in tissues of RagZ2~~/12rg™~ mice (n=4-8). (D-E) muAstV and
STL5 genomes quantified in tissues of germ-free WT mice 5 days post-inoculation with
Rag2™~112rg™"~ filtered fecal transplant (FFT) material (n=4-8). (F) /f/2/3mRNA levels in
tissues of germ-free WT mice 5 days post-inoculation with Rag2”~//2rg™~ FFT (n=4-8).
(G-H) muAstV and STL5 genomes quantified in tissues of conventionally-housed WT mice
5 days post-inoculation with Rag2~~1/2rg™~ filtered fecal transplant (FFT) material (n=5).
(1) /fl2/3mRNA levels in tissues of WT mice 5 days post-inoculation with Rag2”~1/2rg™~
FFT (n=5). Results were analyzed using Kruskal-Wallis ANOVA with Dunn’s post-test,
combined from two independent experiments. ***P<0.0001, **P<0.001. Bars indicate mean

of all data points.
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Fig. 2. Three-dimensional intestinal enteroids can support HAstV1, but not muAstV, replication.
(A-F) Relative quantification of HAstV1 genomes, /FNBI, IFNL2/3, OAS2, MX1 or IFI44

MRNA levels in HIEs infected with HAstV1 at an MOI of 1.0 or UV-treated HAstV1 at 1
hpi (input) and 24 hpi (n=6). (G-L) Relative quantification of muAstV genomes, /fnb1,
1fnl2/3, Ifitl, Oaslaor Statlin mouse enteroids inoculated with Rag2~~/1/2rg™~ FFT at 1
hpi (input) and 24 hpi (n=6). Results were analysed using Kruskal-Wallis ANOVA with
Dunn’s post-test (A-F) or Mann-Whitney test (G-L), combined from three independent
experiments. ***P<(0.0001, **P<0.001, *P<0.01. ns=not significant. Bars indicate mean of

all data points.
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Fig. 3. MuAstV infects air-liquid interface cultures to induce type 111 interferon and ISG
expression.

(A) Schematic for ALI culture workflow. (B, C) Relative quantification of muAstV and
STL5 genomes in ALI cultures inoculated with Rag2~~//2rg™~ FFT at 1 hpi (input) and 24
hpi (n=6). (D) Schematic for administration of ALI-derived muAstV for /n vivo infection.
(E, F) muAstV and STL5 genome copies detected in fecal pellets of WT mice 3 dpi with
PBS (mock) or media from the bottom chamber (basal media) or top chamber (apical media)
of the ALI culture (n=8). (G-K) Relative quantification of /fit1, Oasla, Statl, Ifnb1 or
Ifnl2/3in ALI cultures inoculated with Rag2~~//2rg™~ FFT at 1 hpi (input) and 24 hpi
(n=6). Results were analyzed using Mann-Whitney test (B, C; G-K) or Kruskal-Wallis
ANOVA with Dunn’s post-test (E, F), combined from two independent experiments.
***pP<(0.0001, **P<0.001, *P<0.01. ns=not significant. Bars indicate mean of all data points.
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Fig. 4. MuAstV infects small intestinal goblet cells and enterocytes.
(A) Duodenal sections from WT and Rag2~~//2rg™~ mice were hybridized with probes for

muAstV (green), Muc?2 (red) and anti-ACE-2 antibody (gray). Cell nuclei were stained using
DAPI (blue). (B) Relative quantification of muAstV (left) and STL5 (right) genomes in
sorted GCs from small intestines of Rag2”~//2rg™~ mice (n=9). (C) Duodenal sections from
WT and WT GF mice were hybridized with probes for muAstV (green), MucZ2 (red) and
anti-ACE-2 antibody (gray). Cell nuclei were stained using DAPI (blue). (D) MuAstV
genomes quantified in fecal pellets and tissues of Rag2™~/12rg™~ and Rag2™~I2rg
~~Ifnlr1~~ mice (n=5-6). (E) Duodenal sections from Rag2~~12rg™~Ifnlr1”~ mice were
hybridized with probes for muAstV (green) and Muc2 (red). Cell nuclei were stained using
DAPI (blue). Results were analysed using Mann-Whitney test (B and D). ***P<0.0001,
**P<0.001. Scale bar=25um. Bars indicate mean of all data points. GC, Goblet cells.
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Fig. 5. MuAstV infection is dependent on goblet cell abundance.
(A) MuAstV genome copies in stool of WT mice 5 days post-inoculation with Rag2~~112rg

~~FFT, following prior infection with H. polygyrus or mock (n=8-10). (B-C) MuAstV
genome copies detected in stool and ileum of WT mice administered PBS, IL-4c or IL33
prior to FFT treatment (n=5-6) (D) Relative quantification of mRNA levels of intestinal cell
markers Lgr5, Muc2, ChgA, and Lyz-1in Math17"-Vil-Cre-ERTZ2 organoids treated with
ethanol (vehicle) or 300nM 4-OHT for 48h. (E) Math1”!-Vil-Cre-ERT2 organoids treated
with ethanol or 4-OHT stained for anti-UEA-1 (green) and anti-ChgA (red). Cell nuclei
were stained using DAPI (blue). (F) Relative quantification of muAstV (left) and Muc2
(right) levels at 2dpi in Math17'-Vil-Cre-ERTZ2 derived ALI cultures treated with ethanol
(vehicle) or 4-OHT for 3 days prior to Rag2”~//2rg™~ FFT inoculation. Results analysed
using Mann-Whitney test (A and D) and Kruskal-Wallis ANOVA with Dunn’s post-test (B
and F), from two independent experiments. ***P<0.0001, **P<0.001. Scale bar=25um.
Bars indicate mean of all data points.
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Figure 6. MuAstV stimulates IFN-A expression in enterocytes and goblet cells of the small

intestine to drive widespread ISG expression.

(A) Duodenal sections from WT, WT treated with Rag2”~//2rg™~ FFT and RagZ™~1/2rg™~
mice were hybridized with probes for muAstV (green), /fn/2/3 (red or green) and Muc2
(red). Cell nuclei were stained using DAPI (blue). (B) Relative quantification of /fn/2/3
mRNA levels in ileum and colon of Rag2~~1/2rg™~ and RagZ™~112rg™~Ifnlr1”~ mice. (C)
Duodenal sections from RagZ~~/12rg™~ Ifnlr1™~ mice were hybridized with probes for
Muc2 (red) and /fn/2/3 (green) Cell nuclei were stained using DAPI (blue). (D) IFN-A
protein levels in serum (left) and small intestine (right) of WT, Rag2~~//2rg™~ and
Rag2™~I12rg™~ Ifalr1™~ mice quantified by ELISA. (E) Duodenal sections from WT,
RagZ™~12rg™~ and RagZ™~112rg™~ Ifnlr1™~ mice were hybridized with probes for muAstV
(green) and /fitZ (red). Cell nuclei were stained using DAPI (blue). Results were analyzed
using Mann-Whitney test (B and D), from two independent experiments. **P<0.001,

*P<0.01. Scale bar=25pm.
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Table 1:

Mouse and human transcript qRT-PCR assays.

Gene name

Tagman assay 1D

Mouse /fit1

Mm.PT.58.32674307

Mouse Oasla

Mm.PT.58.30459792

Mouse Statl

Mm.PT.58.23792152 (6FAM)

Mouse /fnbl

Mm.PT.58.30132453.9

Mouse /fnl2/3

Mm04204156_gH

Human /FNB1

Hs.PT.58.39481063.9

Human /FNL2/3

Hs.PT.56a.38564463.9

Human OAS2

Hs.PT.58.1517654

Human MX1

Hs.PT.58.26787898

Human /F/44

Hs.PT.58.21412074
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Table 2:

SYBR green gRT-PCR primers

Gene name Primer sequence (5°-3")

Mouse L5 | CpGCCAGCTACCAAATAGRTGOTC
Mouse CH9A | AGCAGATTCTGGTGTCOCAGOATA
Mouse Lyz-1 AAGCTGGCTGACTGGGTGTGTTTA

CACTGCAATTGATCCCACAGGCAT
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