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Enteric viruses like norovirus, rotavirus and astrovirus have long been accepted as
spreading in the population through fecal-oral transmission: viruses are shed into
feces fromone host and enter the oral cavity of another, bypassing salivary glands
(SGs) andreaching the intestines to replicate, be shed in feces and repeat the
transmission cycle’. Yet there are viruses (for example, rabies) that infect the SGs*?,
making the oral cavity one site of replication and saliva one conduit of transmission.
Here we report that enteric viruses productively and persistently infect SGs, reaching
titres comparable to those in the intestines. We demonstrate that enteric viruses get

released into the saliva, identifying a second route of viral transmission. This is
particularly significant for infected infants, whose saliva directly transmits enteric
viruses to their mothers’ mammary glands through backflow during suckling. This
sidesteps the conventional gut-mammary axis route* and leads to a rapid surge in
maternal milk secretory IgA antibodies®®. Lastly, we show that SG-derived spheroids’
and cell lines® can replicate and propagate enteric viruses, generating a

scalable and manageable system of production. Collectively, our research uncovers a
new transmission route for enteric viruses with implications for therapeutics,
diagnostics and importantly sanitation measures to prevent spread through saliva.

Salivaformsthefirstline of defence against many pathogens entering
through the oral route and can reflect an individual’s clinical state®.
Salivatesting iscommonly used to diagnose several viruses that infect
SGs, such as Epstein—-Barr virus, rabies virus, herpes simplex virus and
bothsevere acute respiratory syndrome coronavirus1and 2 (refs. >*°™),
Norovirus, rotavirus and astrovirus genomic RNA have been frequently
detected in saliva in symptomatic and asymptomatic individuals? ™,
These observations were interpreted as gut contaminants because
these viruses are thought to mainly transmit through the fecal-oral
route by ingestion of contaminated food and water and productively
replicate in the intestines™ ',

Suckling transmits enteric viruses to mothers

Neonatal mouse pups (less than 10 days old) are excellent models for
studying enteric infections because their immature digestive tracts
and immune systems make them susceptible to viruses®?. Indeed,
intestinal enteric infections were readily detectable when pups were
orallyinoculated with murine norovirus1 (MNV-1) or rotavirus (epizo-
otic diarrhoea of infant mice (EDIM)) (Fig. 1a) and replication meas-
ured by either median tissue culture infectious dose (TCID5,) (MNV-1)

or quantitative PCR (qPCR) (EDIM). Robust intestinal replication of
MNV-1(Fig.1b) and EDIM (Fig. 1c) was observed in pup intestines with
bothviruses peaking between 3 and 5 days post-inoculation (dpi) and
clearing by 7-10 dpi. Similar findings were also obtained in adult mice
(Extended DataFig.1a,b).

Like all infant mammals, pups rely on suckling milk to obtain critical
immune components suchas secretorylgA (slgA), whichis produced by
the mammary glands of lactating mothers (called dams in mice)* . Milk
slgA protects pups, who are not capable of producing their own sigA until
close to weaning, by helping them combat infections in the gut*®. We
observed arapid spikein pup smallintestinesigA levels starting at 3 dpi of
the pup with either MNV-1or EDIM (Fig.1d), which correlated witharapid
spikeinthe dam’s milk sigA levels (Fig. 1e). To start with, alldams used in
these experiments were EDIM/MNV-1 seronegative (not shown). When
we isolated dam mammary glands, we found an approximate 10°-fold
increase in MNV-1and EDIM genomic RNA abundances over input, indi-
cating mammary enteric virus replication (Fig. 1f). This was confirmed
byimmunostainingdam mammary glands with antibodies against EDIM
and MNV-1non-structural replication proteins NSP5 and NS4 respectively,
whichidentified epithelial cells lining the milk ducts (Fig.1g,h,k,I) and B
cells (Fig.1i,j,m,n) as replication sites for EDIM and MNV-1.
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Fig.1|Sucklinginfected pups directly transmit enteric viruses to mothers’
mammary glands. a, Mouse pups orally inoculated with MNV-1or EDIM were
left tonurse with mothers (dams). b, MNV-1titresin pup intestines
post-inoculation. ¢, EDIMreplicationin pup intestines post-inoculation.

d, Intestinal sigA of MNV-1-and EDIM-infected pups. b-d, n =3 number of
biologicallyindependent experiments, seven animals per experiment; each
dotrepresentsone animal. e, Milk sigA of dams (n =3, three dams per virus;
eachdotrepresentsanexperiment).f, Viral replicationindam mammary
glands suckling MNV-1- or EDIM-inoculated pups (n = 3,23 animals per virus;
eachdotrepresents one animal). g-n, Immunostaining of mammary glands of
damssuckling uninoculated or MNV-1- or EDIM-inoculated pups. o, Ten-day
post-partum dams were orally inoculated with EDIM. p, EDIM replicationin
mammary glands and intestines of o (n =3, eight animals, three each for 6 hpi

We tested whether replication in mammary glands and the rapid
surge in milk sigA was due to dams being infected by their pups viathe
conventional fecal-oral route because of possible coprophagiainthe
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and 2 dpiand two for 4 dpi per experiment; each dot represents one animal).
q, Milk sigA from dams orally inoculated with EDIM (n =3, each dot represents
anexperiment).r, Pup/dam swap experimentscheme.s,t, EDIM levelsinthe
mammary glands of dams (s) and smallintestines of pups (t) (n=3, each
experimentincluded two cages and each cage consisted of one dam and two
pups; each dotrepresents one animal). Dataare the mean +s.e.m.b-d,e,f,p,q,
Two-tailed unpaired ¢-test. Statistical information is found in Supplementary
Table 4. The 6-hpi (b,c,f) and day-0 (d,e,p,q) values were taken as the starting
input values. Calculations of the limit of detection (LOD) for the TCIDs,and
qPCRaredescribedinthe Methods. InFigs.1-3, the LOD for TCIDs, per millilitre
was approximately 10% the LOD for the qPCR datawas 78 + 9 (s.e.m.) genome
copies per milligram tissue. Allmicrograph experiment reproducibility
informationis found inthe Methods.

shared living space. The entero-mammary pathway during pregnancy
and lactationis wellknown to lead to transfer ofimmune cells, although
not viruses, from the gut to the mammary gland on gut infection or
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Fig.2|Entericvirusesreplicateacutely and persistentlyinSGsand are
transmitted throughsaliva. a, Schematic of saliva collection.b,c, Saliva
collected from EDIM-infected (b) or MNV-1-infected (c) mice probed with
anti-VP-6 and anti-VP1, respectively (n = 3, five animals per experiment).

d, MNV-1titresinsaliva (n=3, three animals per experiment; each dot represents
anexperiment).e, WU23, MNV-4 and MNV-3 titresin saliva (n =3, four animals per
experiment; each dotrepresents anexperiment). f, Schematic of mouse SMGs.
g,h, MNV-1titresin pup (n =4) (g) and adult (h) SMGs (n = 3).i,j, EDIMreplicationin
pup (i) (n=4) and adult (j) SMGs (n=3).g-j, Each data point represents one
animal, sevenanimals per experiment. k, WU23, MNV-4 and MNV-3 titresin SMGs

vaccination*. We orally inoculated EDIM seronegative dams (pup-free)
with EDIM at 10 days post-partum (Fig. 10) and measured the levels of
EDIM genomic RNA in mammary glands and small intestine (Fig. 1p)
and milk sIgA (Fig. 1q). In contrast to dams suckling infected pups
(Fig.1d-f), there was no sIgA surge in the milk of orally inoculated
dams (Fig.1q); theirmammary glands did not show any detectable viral
RNA (Fig. 1p) whereas their small intestines had a 10°-fold increase in
viral RNA by 4 dpi (Fig. 1p).

To further interrogate this mode of viral transfer, mouse pups were
orally inoculated with EDIM (pups A) and placed back for suckling on
their mother (dam A). At 1dpi, their mother was swapped with a fos-
ter dam (dam B) from a cage of uninoculated pups (pups B). Dam A
was placed with and suckled pups B whereas pups A were suckled by
dam B (Fig. 1r). At 3 dpi, all animals from both cages were killed and

e Proximal colon
Peyer’s patches

e Proximal colon
Peyer’s patches
® Spleen

(n=3,fiveanimals per experiment; each dot represents one animal).
I-n,Replicationinthe SGs, proximal colon, Peyer’s patches and spleen of adult
miceinoculated with WU23 (I), MNV-4 (m) and MNV-3 (n) (n = 3, five animals per
experiment; each dotrepresents datafrom one animal). 0, Schematic of oral
inoculationwithinfectedsaliva. p, Viral replicationin the small intestines of pups
orallyinoculated withinfected saliva (n =3, each dot represents one animal, total
sixanimals). Pups were alsoinoculated with uninfected saliva for baseline
reference.Dataarethe mean +s.e.m.d,e,g-j,k, Two-tailed unpaired t-test.
StatisticalinformationisinSupplementary Table 4. For gel source data, see
Supplementary Figurel. Theinputford,e,g-k,I-n,is6 hpi.

virus replication in the dam mammary glands (Fig. 1s) and pup small
intestines (Fig. 1t) was measured. We found a10*-fold increase in viral
genome levels in the mammary glands of both dams A and B (Fig. 1s)
and a10°-fold increase in the genome levels in the small intestines of
both pups Aand B (Fig. 1t) over input (approximately 10> genome cop-
ies per milligram tissue). This indicated that both dams A and B had
beeninfected by suckling the directly inoculated pups A, with dam A
infected by 1dpi with pups A and dam B in the days after. Pups B were
probably infected by suckling from dam A’s infected mammary glands
or from her feces. Collectively, these findings indicated that enteric
viruses backflow from pups to their mothers’mammary glands through
suckling, leading to both anin situ mammary gland infection and rapid
triggering of milk sIgA surge that may contribute to clearing the pups’
infection®.
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Fig.3|Murine norovirus and rotavirusreplicatein the epithelialand
immune cells of SMGs. a,b, MNV-1titres in epithelial EpCAM*) and immune
(CD45%) cellssorted from the SMGs of inoculated pups (a) and adults (b)
(n=3,eachdotrepresents datafrom two animals, six animals in total).

c—f, Immunostaining of SMGs from uninoculated and MNV-1-inoculated pups
with anti-NS4, anti-J2 (dsRNA), anti-EpCAM and anti-CD45. MNV-1replicationin
acinar (arrows and box 1) and immune cells (box 2). g, Schematic of salivary
ductstructure. h,EDIMreplicationin EpCAM*and CD45" cells sorted from the
SMGs ofinoculated pups (n =3, each dot represents two animals, six animalsin
total). i,j, Immunostaining of SMGs from uninoculated (i) and EDIM-inoculated
(j) pups withanti-NSP5, anti-CD45 and anti-EpCAM. EDIM replicationin

Enteric viruses are transmitted through saliva

We tested whether saliva could be the conduit for enteric viral trans-
mission to mammary glands during suckling. We extracted saliva from
adultmice (asitwas easier than doing so from pups)* orally inoculated
with EDIM or MNV-1 (Fig. 2a). Immunoblotting with anti-EDIM rotavi-
rus VP6 (Fig. 2b) and anti-MNV-1VP1 (Fig. 2c) showed each virus to be
shed in saliva starting at 2 dpi; MNV-1 TCIDs, measurements showed
titres at 3 dpi to be approximately 10*-fold higher than input (6 h
post-inoculation (hpi)) (Fig. 2d). Whereas MNV-1and EDIM infections
are acute and cleared in 7-10 days (ref. ?°) (Fig. 1b,c and Extended Data
Fig.1a,b), MNV-3, MNV-4 and the less-well-characterized WU23 murine
norovirus strains persistently infect the proximal colon and shed into
feces for weeks? %, Weinoculated mice with these strains and found that
allwerealso persistently shed insaliva for at least 3 weeks after inocula-
tion, with titres approximately 10*-fold higher thaninput (6 hpi) (Fig. 2e).

Enteric virus replicationin SGs

The major SG complex (Fig. 2f) consists of parotid, sublingual and sub-
mandibular glands (SMG)**%. SMGs were chosen as a representative
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immune (box1) and ductal cells (arrows and box 2). k, Cd300Ifexpressionin
SMGs (n =3, threeadults and three pups per experiment). RAW246.7 and HeLa
cellswere used as positive and negative controls, respectively.l, MNV-1titresin
the SMGs ofinoculated Cd300If 7~ and Cd300If** mice (n=3, each dotrepresents
oneanimal, five animals per experiment for each group). m, MNV-1titres in the
intestines of inoculated SG-removed or SG-intact adult mice (n =3, each dot
represents one animal, sixanimals per experiment for eachgroup).a,b,h k,
Gating strategiesare depicted in Extended DataFig.3.Dataarethe mean +s.e.m.
I,m, Two-tailed unpaired t-test between two groups for each time point.
Statisticalinformationis givenin Supplementary Table 4.m, Inputis 6 hpi. All
micrograph experiment reproducibility informationis found in the Methods.

SG because they are the largest and provide basal salivary secretion.
After oral inoculation of pups and adults with the MNV-1, MNV-3,
MNV-4 or WU23 strains, an approximate 10*-fold increase in titres
over eachvirusrespective inputlevel (6 hpi) was measured inthe SMGs
(Fig. 2g,h k). Replication was also sensitive to 2’-C-methylcytidine
(2-CMC) norovirus polymerase inhibitor?® (Extended Data Fig. 1c).
Similarly, in the SMGs of EDIM- and murine astrovirus-inoculated®
mice, approximately 10°- and 10°-fold increases in viral genome cop-
ies were measured, respectively (Fig. 2i,j and Extended Data Fig. 1d).
Notably, for MNV-3, MNV-4 and WU23, the level and duration of SMG
replication was comparable to that of the proximal colon (Fig. 21-n).
By contrast, viral RNA levels were significantly lower and ultimately
cleared from Peyer’s patches and spleen (Fig. 2l-n). We also tested the
CR6 murine norovirus, which shares with MNV-3 and MNV-4 critical
sequence motifs inits VP1 and NS1/2 proteins needed for systemic
infection and persistence, respectively>>*°. CR6 did not replicate in
SMGs (Extended DataFig. 2), pointing to differences among persistent
murine norovirus strains.

In addition to suckling, we tested whether saliva could transmit
infection to others through the conventional oral route. We orally
inoculated pups with saliva obtained from MNV-1- or EDIM-infected
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murine norovirus strains®?*, was also highly expressed in SMG EpCAM"
and CD45" cell populations (Fig. 3k). Cd300If - mouse pupsinoculated
with MNV-1did not show any productive infection of their SGs (Fig. 31)
indicating that CD300lIf receptors are essential for SMG infection by

HuNoV (GIl.4-WN)-inoculated (m)
NS-SV-TT-DC and NS-SV-TT-AC cell
cultures. Cell outlines are shownin
yellow; the arrows point to (-) HuNoV
RNA.n, Percentage of NS-SV-TT-DC and
NS-SV-TT-AC cells with (<) HuNoV strand
FISH staining (n = 6). Dataare the

mean +s.e.m.b-d,g,h,j k,n,Eachdot
representsabiologicallyindependent
experiment; two-tailed unpaired ¢-test
betweentwogroups. Statisticalinformation
isshowninSupplementary Table 4.
d,g,h j Kk, Theinputwas6 hpi.b,c,g,h,j,
TheLOD for qPCR was 10? genome copies
ml™.d, The LOD for TCIDs, per millilitre
was 2 x 102 Allmicrograph experiment
reproducibility informationis foundin
the Methods. For gel source data, see
Supplementary Figurel.
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murine noroviruses. Notably, partial extraction of the SGs from adult
mice before oral MNV-1inoculation led to faster clearing of the intes-
tinal infection (Fig. 3m). These data, together with MNV-3/MNV-4/
WU23 persistence (Fig. 2e,k-n) and slower clearance of acute viruses
from SMGs (Fig. 2g-j) relative to intestines (Fig. 1b,c), indicates that
SGs may act as enteric virus reservoirs.

Ex vivo salivary replication models

In vitro models of virus replication are important tools for studying
viral life cycles, therapeutics and vaccines. We investigated whether
spheroids assembled from murine SG cells (salispheres)’ could
be used as ex vivo culture systems for murine enteric viruses.
In EDIM-inoculated salispheres, we measured a tenfold increase in
EDIM genomic RNA copies between 12 hpi and 48 hpi (Fig. 4a,b). As
salispheres endogenously express CD300If (Extended Data Fig. 4a),
we inoculated them with MNV-1. This resulted in 2-CMC-sensitive
replication (Fig. 4c) and MNV-1 egress into culture supernatants
at 48 hpi (Fig. 4d). CR6, which had not replicated in SMGs in vivo
(Extended Data Fig. 2), robustly replicated in salispheres (Extended
Data Fig.4b-d).
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Salivary cell lines replicate human norovirus

Human enteroid and B cell culture models currently used to replicate
human noroviruses (HuNoVs) require supplements (bile acids and
microbiota) and are costly****, Therefore, we tested whether HuNoV
could replicate in human SG cell lines. We chose SV40-transformed
adherent salivary cell lines, NS-SV-TT-DC (ductal) and NS-SV-TT-AC
(acinar), that routinely grow as a monolayer® and adapted them to
serum-free media. The ductal NS-SV-TT-DC cells were inoculated witha
fixed volume of HuNoV stool filtrate (Gll.4 Sydney) (Fig. 4e), which was
washed offat 6 hpi. The PO lysate collected at intervals post-wash and
immunoblotted with antibodies against capsid VP1 and polymerase
NS7 showed time-dependent increases in both proteins over input
(6 hpi), indicating replication (Fig. 4f). Next, HuNoV was sequentially
passaged four times through NS-SV-TT-DC cells, each timeinoculating
the supernatant from the previous passage in anew culture, washing
offinoculum at 6 hpi and collecting the cell lysates or supernatants
at 96 hpi (Fig. 4e) to measure HuNoV genomic copies (Fig. 4g,h). In
PO, we measured an approximate 1,000-fold increase inintracellular
HuNoV (genome copies per millilitre) between 6 and 96 hpi. Although
by P4 replication had attenuated, with intracellular and extracellu-
lar virus levels approximately 100-fold (Fig. 4g) and tenfold higher,
respectively, thantheinputs foreach (6 hpi) (Fig.4h), the replication
measured approximated those reported in enteroid cultures®.

Rotaviruses and noroviruses egress from cells non-lytically as viral
clusters inside vesicles'. Compared to free fecal viruses (for exam-
ple, due to vesicle lysis), vesicle-cloaked viruses are protected from
fecal proteases and nucleases, enabling high multiplicities of infec-
tion (MOls) and leading to enhanced infectivity’®***. Indeed, only
vesicle-cloaked, HuNoV-enriched inoculareplicated efficiently in the
ductal and acinar salivary cell lines as evidenced by qPCR, immunob-
lots for viral non-structural proteins (NS7, NS6) and single-molecule
fluorescence in situ hybridization (FISH)** against the (-) replicative
HuNoV RNA strands (Fig.4i-n and Extended Data Fig. 4f,g). This find-
ing may have implications for enhancing infectivity in other HuNoV
culture models®*,

Annually, norovirus, rotavirus and astrovirus combined infect
approximately one billion people across developed and developing
countries, leading to significant morbidity and mortality. The diverse
sanitation practices do notsupport the fecal-oral route as the sole route
of their transmission. We have shown that SGs are significant replica-
tion sites for these viruses on par with the intestines; saliva transmits
infectionto othersincluding nursing mothers. Furthermore, SGs may
actasreservoirs, thus continuing to spread enteric viruses by salivain
the absence of diarrhoea. Our results bring focus on the enteric viral
infection of SGs and saliva as a potentially more significant transmis-
sionroute through talking, coughing, sneezing and kissing compared
to the accepted transmission mode, fecal contamination. Hence our
findingsindicate that sanitation measures in additionto ones prevent-
ing fecal spread may be needed to prevent transmission of enteric
viruses in the population.
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Methods

Experimental models

Cell culture. For murine norovirus propagation and performing TCIDy,,
RAW264.7 cells (ATCC TIB-71, research resource identifier: CVCL_0493)
were grown in 10% FCS (catalogue no. EF-0500-A; Atlas Biologicals)
supplemented with DMEM (catalogue no. 11995-065; Thermo Fisher
Scientific). HeLa cells were used for checking the baseline level of
CD300lIfexpression. HeLa cells (ATCC CCL-2) were maintainedin DMEM
supplemented with 10% FCS and 2 mM L-glutamine. All cell lines were
maintainedinincubators at 37 °C and 5% CO,. NS-SV-DC and NS-SV-AC
cells have been described previously®. Mycoplasma-free cells were
established and grown in serum-free medium of KGM-2 Keratinocyte
Growth Medium-2 BulletKit (Lonza) consisting of KBM-2 Basal Medium
and KGM-2 SingleQuots Supplements (Lonza). Identity was established
by short tandem repeat analysis and found to be distinct from other
published profiles at the D165539 locus, and the lines are referred to as
NS-SV-TT-DC and NS-SV-TT-AC. SG organoid culture or salispheres were
processed and propagated as per the established protocol®.

Mouse model. Specific-pathogen-free 6-week-old BALB/c adult female
mice and litters of 10-day-old BALB/c pups including males and females
were used for the experiments mentioned; 10-day-old C57BL/6) (stock
no.000664) and B6.129S(Cg)-Stat1™"/) (stock no. 012606) mice were
purchased from TheJackson Laboratory. C57BL/6J-CD300Ifem1Cbwi/)
breeding pairs were a gift from C. B. Wilen (Yale School of Medicine). The
Cd300If"" allele was created by H. W. Virgin (Washington University at
St Louis) using CRISPR-Cas9 endonuclease-mediated genome editing
in C57BL/6) mouse zygotes. The B6 Ifnarl”’~ mouse breeding pairs were
agift from D. Verthelyi (U.S. Food and Drug Administration (FDA)). The
animals were maintained at the National Heart, Lung, and Blood Institute
(NHLBI) animal care facility and 10-day-old mouse pups were used for the
experiments. Genotyping for allbreeding pairs and mouse pups was done
by Transnetyx using tail cuts to confirm the knockout gene. All animals
weretested to be seronegative for EDIM, MNV-1and murine astroviruses.
All BALB/c adults and pups were either purchased from The Jackson
Laboratory (strain no. 000651) or housed and bred in-house (animals
aged more than 6 weeks) in accordance with the procedure outlined in
the guide for the Care and Use of Laboratory Animals under an animal
study proposal approved by the NHLBI Animal Care and Use Committee.

Inbrief, the animal facility temperature was maintained at 22 °C with
40-50% humidity. Animals were housed in ventilated racks and the
cages were supplied with hardwood bedding and nest packs. Animals
were provided the NIH 31feed and autoclaved water. A 6:00-18:00 light
cycle wasfollowed. Animals were infected randomly without any bias as
to sex, and all animal experiments were validated double blinded. The
age of the animals selected for each experiment is given in the figure
legends. Allanimal experiments were performedinan American Associa-
tion for Accreditation of Laboratory Animal Care (AAALAC)-accredited
animal facility. Animals werekilled as per the AAALAC guidelines: adult
animals wereKkilled by CO, exposure (USP Grade A) at 3 I min™and mouse
pups werekilled by cervical dislocation. It took approximately 2-3 min
to anaesthetize the animals with a10-30% filled CO, chamber, at which
time lack of respiration and faded eye colour were observed. CO, flow
was maintained for a minimum of 1 min after respiration ceased.

Virus stock

Murine rotavirus. The EDIM strain, a gift from H. Greenberg (Stanford
University), was propagated in BALB/c mice. The DD;, (the virus dose
determined empirically to cause diarrhoea in 50% of mouse pups) of
the stock in 10-day-old mouse pups was 10° plaque-forming units.
Five-day-old mouse pups were orally inoculated with 100-fold-diluted
stock virusin PBS; at 2 dpi, when the animals started to have diarrhoea,
they were killed by cervical dislocation. Intestines were surgically ex-
tracted and tissues were homogenized inM199 mediumand centrifuged

at 5,000 r.p.m. for 10 min at 4 °C to isolate the virus from tissue. The
stock virus was aliquoted and stored at —80 °C until ready to use.

Murine norovirus. MNV-1(ref.**) was agift fromK. Green (NIAID) and CR6
was a gift from M. Baldridge (Washington University at St Louis). Strains
were propagated in RAW264.7 cells according to a previously published
protocol®.Inbrief,1x 107 cells were seeded in150-mm cell culture dishes
andincubated for 48 h. Cells were infected with MNV-1or CR6 atan MOl of
0.1andincubatedfor1hat37 °Cand 5% CO..Finally, cellswererinsed and
furtherincubated with pre-warmed serum-free mediumuntil the cytopath-
ic effect (CPE) was visible. Cell cultures were freeze-thawed three times,
mediumwas collected, and cell debris was removed by centrifugation
(1,000g for 15 min). The TCIDs, per millilitre was calculated to be 8 x 10’
Cleared stock viruswas aliquoted and stored at —80 °C untilready touse.

WU23 (8.75 x 10° TCIDs, mI™) and MNV-3 (5.79 x 10" TCIDs, mlI ™)
were gifts fromS.Karst, Department of Molecular Genetics and Micro-
biology, University of Florida College of Medicine; MNV-4 (1 x 107
TCID,, ml™) was a gift from C. Wobus, Department of Microbiology
and Immunology, University of Michigan Medical School. Both were
similarly propagated in RAW cells.

Murine astrovirus. The strain, a natural isolate denoted as murine
astrovirus-Y, was a gift from S. Compton (Yale School of Medicine).
The virus was propagated as per the published protocol®. In brief,
20 plof murine Astrovirus-strain Y was orally inoculated into 6-week-old
BALB/cmice. At5 dpi, mice were killed and the colon was extracted and
processed asal0%homogenatein DMEM. Pooled colon homogenates
were clarified by centrifugation and sterilized by passing through a
0.22-umfilter; stocks were stored at —80 °C.

HuNoV. HuNoV GIl.4-77.1(NIHIC 77.1) was a gift from K. Green (NIAID)
and GII.4-WN (Sydney Strain) was a gift from W. A. Henderson (Uni-
versity of Connecticut). The GIl.4-77.1 stool sample was first filtered
through a 70-pum sieve to eliminate fats and other debris, followed
by afiner filtration through a 20-pm sieve and lastly a 0.3-pm sieve to
eliminate bacteria. The filtrate was then concentrated and diluted in
500 plof PBS after ultracentrifugation at100,000g for 1.5 h. Thereafter
the stock wasinoculatedinto NS-SV-TT-DC cells for 6 h, which were then
washed with PBS twice and thenincubated in fresh culture medium for
96 h. Thisgeneration of cells receiving the stock virus is denoted as PO.
Virus was collected from PO after 96 h and centrifuged at 3,000g for
15minto eliminate cell debris. The supernatant obtained was used to
infectafresh cell culture (P1) that wasincubated for 96 h; the virus was
passaged for three more generations, termed P2-P4.

Vesicle isolation from human stool samples. All stools were diluted
t050% vol/vol with Dulbecco’s PBS (DPBS). Then 1-ml aliquots of diluted
stools were subjected to differential centrifugation to clear the stool
of debris at 4 °C as follows: 500g for 10 min; 1,000g for 10 min; 2,000g
for 10 min; 4,000g for 10 min; 7,000g for 10 min three times. Pellets of
stool debris were discarded and supernatant was transferred to a new
microcentrifuge tube. Vesicles were isolated from cleared stool solu-
tions using the MagCapture Exosome Isolation Kit PS (catalogue no.
293-77601; Fujifilm Wako) according to the manufacturer specifications
with the following modifications: cleared stool solutions were subjected
tothree sequential pulldowns using 120 pl of beads for each pulldown at
4 °Cinarotatorat15r.p.m. Thefirst pulldownwas performed overnight
and the rest for 2-3 h. Vesicles were eluted twice in 2 x 50 pl of elution
bufferat37 °C for 10 min. Theisolated vesicles fromall pulldowns were
combined and stored at 4 °C until needed for the infectivity assays. The
rest of the fraction was labelled as free virus and stored similarly.

Virusinfection
Cell culture. Viruses to infect the salispheres of MNV-1and CR6 were
inoculated atan MOI =1; for EDIM, 20 pl of stock was added in a 24-well
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format and incubated for 2 h before cells were washed with PBS three
times (each washinvolving centrifugationat1,000 r.p.m.for 5 minand
resuspension of pellets with PBS) and replaced with fresh medium.
Thereafter, cells wereincubated for various time points, collected for
RNAisolation and processed for qPCR analysis. Vesicles and free virus
fractions obtained from human stool samples were tested for infectivity
in the NS-SV-TT-DC and NS-SV-TT-AC cell lines. Cells were inoculated
with 10 pl of each fraction and incubated for 6 h before washing and
replacing with fresh medium. Thereafter, cells were incubated for 96 h
and further processed for RNA and protein extraction for qPCR and im-
munoblotting; for staining and the FISH assay, cells were fixed with 4%
paraformaldehyde (PFA) for 15 min at room temperature and washed
three times with PBS.

Mouse adult and pup infections. For all adult infections with EDIM,
MNV-1, CR6, WU23, MNV-3 and MNV-4, 6-week-old mice (for BALB/c,
Statl”"andIfnarI”") wereinoculated pre-orally with a tenfold dilution
of the stock virus (EDIM) or 6 x 10° TCID,, units of stock murine noro-
viruses (MNV-1, CR6, WU23, MNV-3 and MNV-4) in a volume of 100 pl.
For all experiments involving pups, pups were infected at 10 days of
age with EDIM (100-fold dilution of stock) or MNV-1 (10° TCIDs, units)
or murine astrovirus (tenfold dilution of stock) with units of each virus
strainin a volume of 100 pl delivered by oral gavage using a 22-gauge
plastic feeding tube. Mock-infected mice or pups wereinoculated with
an equal volume of DMEM or PBS. After infection, one set of animals
was always killed to collect tissue samples at 6 hpi to measure viral
input to tissue; the rest were killed at the indicated time points as per
the experiments. Tissues were stored at —20 °C for RNA isolation or
keptin 4% PFA at4 °C overnight for cryosectioning and immunostain-
ing. Similarly, 10-day-old C57BL/6) Cd300If - and wild-type C57BL/6)
mouse pups were inoculated with MNV-1(dosage as mentioned earlier)
to measure viral replication in SMGs and small intestines.

Milk extraction from dams. Milking of dams was started a day before
inoculation of the pups with MNV-1/EDIM. In brief, dams were separated
from pups 2 hbefore milking. First, dams were injected with 2 IU kg™ of
oxytocin (catalogue no. 03251; Sigma-Aldrich). After 5min, with gentle
squeezing of the nipples, milk was extracted and collected by suction
using a 200-pl pipetter as described in ref. >, Dams were placed back
inthe cages with the pups after the procedure.

Foster mother experiment. Ten-day-old pups were orally inoculated
with EDIM virus; 24 hpithe natural dam wasreplaced with afoster dam
introduced from an age-matched uninfected cage. At the same time,
the natural mother from the cage of the infected pups was introduced
to feed the uninfected pups from the foster dam cage. After swapping
damsbetween these cages, animals were monitored for 2 days; at 3 dpi,
pups and dams from both cages were killed for tissue isolation (pups:
small intestine; dams: mammary gland) to quantify viral replication
by qPCR.

2-CMC treatment. For MNV-1replication validation in SMGs, 2-CMC,
anucleoside polymerase inhibitor of MNV-1replication, was used
to monitor viral replication in 10-day-old mouse pups in vivo and in
salisphere cultureinvitro. The dosage in vivo and in vitro was adapted
from an established protocol with a few modifications®. In brief, for
invivo treatment, administration was initiated by an intraperitoneal
injection of 50 ug kg day™ dissolved in PBS, divided into two daily
treatments 1 day before oral inoculation of MNV-1 until 5 dpi (time
determined for maximumreplicationin SMGs). To compare the effects
of the dosage, amock group was only administered 2-CMC; another
group inoculated with MNV-1received a similar volume of PBS intra-
peritoneally twice a day. At 5 dpi, pups were killed and tissues (SMGs
and small intestine) were extracted for viral quantification. For the
in vitro analysis, salisphere cultures received 12.5 pug ml™ of 2-CMC

dissolved in dimethylsulfoxide (DMSO) 1 h before MNV-1inoculation.
After 2 h of inoculation, the inoculum was removed and the cultures
were washed as mentioned earlier and plated with fresh medium along
with 2-CMC and monitored for 48 h. Spheres were later collected for
RNA extraction. Amock group (without MNV-linoculation) was treated
with DMSO.

Salivectomy or SG removal from BALB/c adult mice. The surgical
area was sanitized with povidone-iodine or chlorhexidine scrub and
prepped by alternating three times with alcohol and povidone-iodine or
chlorhexidine solution. Then the 6-week-old mice were anaesthetized
withisoflurane (1-3%) delivered through a gas anaesthesiamachine va-
porizer with anappropriate anaesthetic gas scavenging system. Animals
were intubated with anose cone for gas delivery afterinductioninanin-
halation anaesthetic chamber. Ketamine and xylazine (80-120 mg kg™
ketamine and 5-25 mg kg™ xylazine) were injected intraperitoneally
to anaesthetize the animals. Once they were anaesthetized, hair was
removed fromthe ventral cervical area and ophthalmic ointment was
appliedtothe eyes. The animal was then placed on aheated water blan-
ket onthe operating table. The animal was placed in dorsal recumbency
and the surgical site was disinfected using chlorhexidine scrub followed
by 70% alcohol. This sequence was repeated three times, alternating
between the scrub solution and alcohol. The surgical site was then
aseptically draped. A ventral midline cervical incisionwas madein the
skin, which was dissected free of the underlying tissue and retracted
laterally. Using a blunt dissection instrument, submandibular and
sublingual SGs were separated from the connective and surrounding
tissue holding themin place. Once the glands were free, the ducts were
cut or cauterized to complete the removal. Both pairs of glands were
removed as a single unit. The left and right parotid glands were then
individually removed in an analogous manner. The skin incision was
closed withasimpleinterrupted or subcutaneous suture pattern. Bupi-
vacainewas infiltrated along theincisionline for pain relief. The animal
was placed in awarmed cage for recovery and returned to the regular
housing cage when mobile. Warmed fluids (2-3 ml) were given sub-
cutaneously to ensure adequate hydration. Analgesics (bupivacaine,
up to 2 mg kg™ given intradermally or topically on the incision site)
were administered to alleviate pain during the post-operative period
(3 days). MNV-1was inoculated on the fifth day after the procedure
and the animal monitored for viral replication for 10 days; animals were
killed at the intervals mentioned earlier. Age-matched control groups
without salivectomy were used to compare the effect of the surgical
removal of SGs on MNV-1infection.

Saliva collection and infection. Six-week-old female BALB/c mice
were inoculated with EDIM or MNV-1 (five mice per experiment, three
independent experiments) and the persistent strains WU23, MNV-3 and
MNV-4 (five mice per experiment, three independent experiments).
Two hours before saliva collection animals were deprived of food and
water to avoid contaminationinsalivaduring further processing. Isoflu-
rane (1-4%) or sevoflurane (2-6%) delivered through a gas anaesthesia
machine vaporizer with an appropriate anaesthetic gas scavenging
system was used to anaesthetize the animals before saliva collection;
2% pilocarpine (national drug code: 61314-206-15) was injected intra-
peritoneally to stimulate salivation, followed by a 2-min wait. A cotton
swabwasinserted into the oral cavity over a10 minperiod and thenthe
wet swabwas placedin asmall hole punctured at the bottom of a 0.6-ml
uncapped microfuge tube, which was placed further into a2-ml tube.
Thensalivawas recovered by centrifugation for 2 minat 7,500gat 4 °C.
As soon as mice recovered, they were returned to cages; saliva was
similarly collected at 3and 4 dpi. Forimmunoblotting, 40 plsalivawas
aliquoted for all the time points from each individual mouse; the rest
of the salivawas pulledinto asingle tube toinfect the pups. To test the
infectivity of saliva collected from EDIM- or MNV-1-infected adult mice,
10-day-old pups were infected with a volume of 100 pl saliva followed



by collection of the small intestines at different time points. RNA was
isolated from these tissues to quantify virus replication.

RNA isolation

The SGs and smallintestines from 6-week-old adult mice and 10-day-old
pups and mammary glands from dams extracted for the various experi-
ments used in the study were first homogenized in DNA/RNA shield
buffer provided with the Quick-RNA Miniprep Plus Kit (catalogue no.
R2001; Zymo Research) supplemented with proteinase. Homogenized
tissues were further digested in the buffer for 5 h at 55 °C and centri-
fuged at 5,000 r.p.m. for 5 min; RNA lysis buffer was added to the pellet
andthe pellet processed according to the manufacturer’s instructions.
RNA was eluted in RNase/DNase-free water provided in the kit. For
the salispheres, after the incubation time points mentioned earlier,
cells were spun down at 1,000 r.p.m. for 5 min, resuspended in PBS
for washing and spun down at 1,000 r.p.m. for 5 min. The pellet was
resuspendedin 200 pl of RNA lysis buffer provided in Quick-RNA Micro-
prep PlusKit (catalogue no.R1050; Zymo Research) and processed for
RNAisolationaccordingto the manufacturer’sinstructions. Similarly,
after incubation, NS-SV-TT-DC and NS-SV-TT-AC cells were collected
and resuspended in 200 pl of RNA lysis buffer from the Quick-RNA
Microprep Plus Kit and processed to isolate RNA.

qPCR

qPCR by SYBR Green. For all animal tissue samples (Figs.1-3 and
Extended Data Figs. 1a,b,d and 2) RNA was isolated as mentioned ear-
lier and cDNA was prepared using the Maxima First Strand cDNA Syn-
thesis Kit for qPCR (catalogue no. K1672; Thermo Fisher Scientific).
The primers used for EDIM, MNV-1, murine astrovirus, WU23, MNV-3,
MNV-4 and CR6 are listed in Supplementary Table 2. cDNA obtained
from the samples was run along with the corresponding primers and
with SYBR Green (catalogue no.1725124; Bio-Rad Laboratories) in the
Roche LightCycler 96 System (catalogue no. 05815916001). The ther-
mal cycling conditions included a pre-incubation step 95 °C for 90 s
followed by 45 cyclesat 95 °Cfor10s,54 °Cfor10sand 72 °Cfor110s.
Eachsamplewereruninduplicateforeachexperiment. For EDIM, MNV-1,
WU23, MNV-3, MNV-4 and CR6, standards were run along with each
experiment to measure virus genome copies per milligram of tissue.
Adetailed description of the standard curve preparation for each virus
isgiven in the section ‘Standard curve preparation for EDIM, MNV-1,
CR6,WU23, MNV-3, MNV-4’,

For murine astrovirus (Extended Data Fig.1d), samples were analysed
with the Gapdh housekeeping gene (Supplementary Table 2) along
withamock-infected sample. The fold change obtained was measured
over the mock-normalized by cycle threshold (Ct) values obtained for
the housekeeping gene.

Standard curve preparation for EDIM, MNV-1, CR6, WU23, MNV-3
and MNV-4. Amplicons for each primer set were synthesized by Inte-
grated DNA Technologies; on the basis of the amount and length of
amplicons, the number of copies (molecules) was calculated for each
primer set:

Number of copies (molecules)
X ng % 6.0221x10%
(%) x 660 gmol ' x10°ng g™’

where Xis the amount of amplicons in nanograms, N is the length of
the dsDNA amplicon, 660 g mol™ is the average mass of 1 bp dsDNA
and 6.0221 x 10 is Avogadro’s number.

Amplicons were resuspended in 1 ml of DNase/RNase-free water to
obtain the copy number per millilitre for each primer set. Thereafter,
each amplicon copy number per millilitre was serially diluted from
10 to 10" in tenfold increments and subjected to qPCR to obtain the

standard curves for eachindividual set of primers. The initial calculation
of genome copies per millilitre indicated the number of viral genomes
permillilitre based on standard curves that quantified viral genomes per
millilitre of 10 pl of reaction volume used to run the gPCR. This viral
genomes per millilitre unit is a standard unit of qPCR calculation used
to quantify the total number of identified RNA copy numbers per
millilitre of reaction volume in PCR. For tissues, we additionally included
the weight of the tissues used to extract the RNA to make it genome cop-
ies per milligram of tissue, which signifies the estimate of viral genome
copiesinl mgoftissue. The Ct values obtained were plotted against the
log of copy numbers per millilitre of each to derive the standard curve,
which corresponds to the linear equation and R? value. On the basis of
the standard curve Ct values obtained fromunknownsamples, the copy
number per millilitre was obtained for EDIM, MNV-1, CR6, WU23, MNV-3
and MNV-4:

EDIM copy number per ml = (-0.3278 x Ct) +13.288, R?>= 0.99
MNV1 copy number per ml = (-0.3583 x Ct) +13.975, R?>= 0.97
CR6 copy number per ml= (-0.4956 x Ct) +17.225, R*>= 0.93

WU23 copy number per ml= (-0.46586 x Ct) +15.211, R*= 0.95

MNV3 or MNV4 copy number per ml=(-0.5919 x Ct) +16.114, R?>=0.97

Please refer to Supplementary Table 3 for the amplicons and standards.

LOD for qPCR. gPCR was performed on tissues (salivary, mammary,
intestine) of both mock-inoculated (with PBS) and virus-inoculated
(EDIM, MNV-1, MNV-3, MNV-4, WU23) animals, the latter at 6 hpi
(input time point). The Ct values obtained were converted to genome
copies per milligram of tissue using the standard curves for the corre-
sponding primers. The copies per milligram of tissue for mock-infected
animals ranged from 124 (upper limit) to 22 (lower limit) (mean =78,
s.e.m.=9). This probably corresponds to false positive signals arising
fromnon-specificbinding of primers. The copies per milligram of tis-
sue obtained from virus-inoculated animals (6 hpi) also had a similar
range. Thus, themean 78 + 9 (s.e.m) was takenas the LOD, above which
qPCR-based viralRNA detection by a particular primer was deemed to
be positive for the corresponding virus.

For HuNoV, gPCR was performed following two methods: (1) with
SYBR Greenand several Gll primers probing for various regions of the
whole genome (Fig. 4g,h) and (2) by using Gll.4 primers with TagMan
probe (Supplementary Table 2). (1) RNA fromAQ15 HuNoV-infected
NS-SV-TT-DC cells was isolated as mentioned in the ‘RNA isolation’
section and cDNA was prepared using the Maxima First Strand cDNA
Synthesis Kit for gPCR. cDNA derived from the samples was runalong
with the Gll primers and SYBR Green in the PCR system. The Gll whole
genome (Supplementary Table 3) was run along with the samples asa
standard because the primers recognize several regions of the whole
genome. A standard curve was prepared in a similar way with the GII
whole genome as outlined for the murine rotavirus and norovirus.
Gll copy number per millilitre was (-3.62 x Ct) +46.206, R*= 0.89. The Ct
values obtained from running the samples were used to measure HuNoV
genome copies per millileter in cell lysate or supernatant (Fig. 4g,h)
using the standard curve obtained. (2) For the TagMan probe, RNA
isolation from cells inoculated with GIl1.4-77.1 (Fig. 4j) was performed
similarly using the Quick-RNA Microprep Plus Kit. RNA was subjected
to one-step qPCR by kit (TagMan Fast Virus 1-Step Master Mix, cata-
logue no. 4444432; Thermo Fisher Scientific) using a TagqMan probe.
The sequences of primers and probes are givenin the Supplementary
Tables2and 3. qPCR was performed by reverse transcription at 52 °C for
10 min, RTinactivation at 95 °C for 20 s and initiation of denaturation
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followed by 45 cycles of amplification at 95 °C for 15 s, 60 °C for 60 s.
(3) The standard for the GIl Quant Primer amplicon was run alongside
each experiment as stated inthe previous sectionand the HuNoV copy
number per millilitre was calculated based on the plotted standard
curve. Information about primers, probes and amplicons is found in
Supplementary Tables 2 and 3. The GlI.4 copy number per millilitre
was (-0.2673 x Ct) +13.453, R*=0.97.

Forthe Cd300Ifanalysis by qPCR (Fig. 3k and Extended Data Fig. 4a),
cDNA was prepared similarly to the RNA isolated by the Quick-RNA
Microprep PlusKit from CD45", EpCAM*RAW264.7 and HeLa cells (for
the Cd300If experiment) and processed for qPCR using the primers
listed in Supplementary Table 2. The Ct value was obtained for each
cell type and calculated over RAW264.7 as positive control by the dCt
method. HeLa cells were used as the negative control because Cd300If
was undetectable in the analysis with the Cd300If primer.

Murine norovirus and rotavirus replicationin salispheres were also
studied by qPCR (Fig.4b and Extended DataFig. 4c). RNA was isolated
asmentionedinthe ‘RNAisolation’ section fromsalispheresand cDNA
was prepared in a similar manner to that used for the tissue samples.
The cDNA obtained was run using the corresponding primers of EDIM,
MNV-1and CR6 (Supplementary Table 2) along with SYBR Green. The Ct
values obtained were analysed along the standard curves obtained for
eachvirusas mentionedin the ‘Standard curve preparation for EDIM,
MNV-1, CR6, WU23, MNV-3 and MNV-4’ section and the viral genome
copy number per millilitre was obtained for each sample.

Immunofluorescence labelling

SMGs or mammary glands were collected from euthanized adult mice
or pups. Samples were then fixed overnight at 4 °C in 4% PFA (cata-
logue no. 15710; Electron Microscopy Sciences). The fixed samples
were further processed at the NHLBI Pathology Core: samples were
incubated for 24 hin 30% sucrose solution at 4 °C and embedded in
optimal cutting temperature compound before freeze sectioning on
amicrotome (Leica Cryo-start, catalogue no. CM3050S; Leica Bio-
systems). For allimmunofluorescence staining, antigen retrieval was
performed by incubating slides in Universal HIER antigen retrieval
reagent (catalogue no. ab208572; Abcam) in a boiling water bath for
20 min. Samples were then cooled and tissue sections were permea-
bilized for 2 h at room temperature with 0.1% Triton X100 (catalogue
no.T9284; Sigma-Aldrich) in DPBS (catalogue no.14190-144; Thermo
Fisher Scientific) supplemented with 10% FCS. Then samples were
incubated overnight at 4 °C in primary antibodies diluted in DPBS
supplemented with 10% FBS. Next, samples were rinsed three times
with DPBS and incubated for 2 hatroom temperaturein fluorescently
labelled secondary antibodies diluted in DPBS supplemented with10%
FCS. Finally, samples were rinsed three times with DPBS and mounted
using Fluormount-G containing 4’,6-diamidino-2-phenylindole (DAPI)
stain (catalogue no.17984-24; Electron Microscopy Sciences). Imaging
was performed onaZeiss LSM 780 confocal laser scanning microscope
and analysed with Zen Blue software (Zeiss Zen 3.1 Blue edition). After
theincubation period, NS-SV-TT-DC cells were fixed with 4% PFA at room
temperature for 15 min. Thereafter, PFA was removed and washed with
PBSthreetimes. Cells were then blocked with BSA supplemented with
the permeabilization agent saponin for 1 h. Cells were thenincubated
withanti-VP1for1hfollowed by washes and adding appropriate second-
ary antibody for 1 h. All incubations were done at room temperature.
After the final washes, cells were mounted by mounting agent with
DAPI and imaged as mentioned earlier. Details of the antibodies are
listed in Supplementary Table 1.

Immunoblots
Alluncropped/unprocessed blots are supplied in Supplementary Fig. 1.

Saliva. Forimmunoblotting, 40 pl of saliva from uninfected and 2, 3
and 4 dpi samples were directly cooked in 4x Laemmli sample buffer

(catalogue no. 161-0747; Bio-Rad Laboratories); cultured cells were
lysed and then centrifuged, and the collected supernatants were mixed
with 4x Laemmlisample buffer. SDS-PAGE was carried out in all samples
using 10% SDS-polyacrylamide gel electrophoresis (catalogue no.
4561034; Bio-Rad Laboratories) and the sample transferred to anitro-
cellulose membrane (catalogue no.1704159; Bio-Rad Laboratories).
Thenthe membranes were blocked in 5% bovine serumalbumin (BSA)
(catalogue no.BP1600-100; Thermo Fisher Scientific) in Tris-buffered
saline buffer (catalogue no.1706435; Bio-Rad Laboratories) contain-
ing Tween-20 (TBST) (catalogue no. 9005-64-5; Affymetrix) for 1 h at
room temperature. Thereafter, membranes were incubated overnight
with primary antibodies for EDIM VP6 (gift from]. Patton, Indiana Uni-
versity) and MNV-1 VP1 (gift from K. Green, NIAID). Membranes were
washed five times with TBST and probed with specific horseradish
peroxidase-tagged secondary antibodies for 1 h. This was followed
by washing steps and development with Lumigen ECL Ultra (TMA-6)
(catalogue no. TMA-100; Lumigen). Blots were imaged using the Am-
ershamImager 600 (catalogue no.29083461; GE Healthcare). Details
of the antibodies are listed in Supplementary Table 1.

Salisphere culture. After incubating for 48 h with MNV-1or CRé, cells
were spun downat1,000 r.p.m.for 5 min; the collected pellet was resus-
pendedin 100 pl of lysis buffer (catalogue no. 559759; BD Biosciences)
supplemented with protease inhibitor (catalogue no. A32955; Invitro-
gen) and subjected to trichloroacetic acid (TCA) (catalogue no. T6399-
100G; Sigma-Aldrich) precipitation (1:4 vol/vol, 15 minat 4 °C). The TCA
precipitate was washed twice with acetone and air-dried. Samples were
dissolvedin4x Laemmlisample bufferand runina4-20%gradient gel
(catalogue no. 4561094; Bio-Rad Laboratories). Transfer and block-
ing were carried out as mentioned earlier. Blots were probed against
anti-VP1and GAPDH was used as the loading control.

NS-SV-TT-DC and NS-SV-TT-AC cell lines. After the incubation pe-
riod was over, cells were collected and subjected to TCA precipita-
tion as stated in the ‘Salisphere culture’ section. Samples were run in
4-20% gradient gels and transferred to a nitrocellulose membrane
for probing against anti-HuNoV NS7 and VP1 and to a polyvinylidene
fluoride membrane (catalogue no. 1704157; Bio-Rad Laboratories)
for anti-HuNoV NSé6 (all antibodies were a gift from K. Green, NIAID).
B-Actinwas used as the loading control. The rest of the procedure was
same as mentioned in the ‘Salisphere culture’ section. Densitometry
to analyse the expression levels of all proteins was done using Image]J
software (bundled with 64-bit Java, 1.8.0_172; National Institutes of
Health). The measure intensities for the virus-infected samples were
normalized over mock and over the corresponding loading control
and represented onagraph.

Secretory IgA measurement

Smallintestine content was extracted from mouse pups and the amount
was measured and madeintoal0%solutionin PBS; 100 plsolution was
directly transferred to an antibody-coated 96-well format of ELISA
Kit for Secretory Immunoglobulin A (sIgA) (catalogue no. SEA641Mu;
Cloud-Clone Corporation) and measurements were carried outaccord-
ing to the manufacturer’sinstructions. Similarly, milk collected in-1 ml
tubes was diluted to a10%solution in PBS and processed for sigA meas-
urement with the kit. The concentrations for the samples were meas-
ured fromthe standard curve plotted using the standards providedin
the kitin micrograms per millilitre.

Cell sorting from SMGs

SMGs were extracted from animals after euthanization and homog-
enizedinice-cold PBS (supplemented with 10% FCS). The homogenate
was centrifuged at1,000 r.p.m.for 5minat4 °Cto pellet down cells; the
homogenate was further incubated for 20 minat 37 °Cin 3 ml of Gentle
Collagenase/Hyaluronidase solution (catalogue no. 07919; Stemcell



Technologies) with shaking. Thereafter, the solution was centrifuged
again at 1,000 r.p.m. for 5min at 4 °C to collect the pellet and discard
the supernatant. The pellet was further trypsin-treated for 5minat 37 °C
and passed through a70-pum filter to eliminate undissociated tissue. The
filtrate was then treated witha4:1NH,CI:PBS solution to eliminate blood
cells and subjected to centrifugation at 1,000 r.p.m. for 5 min at 4 °C.
Afterleaving thered layer of cellsat bottom, the supernatant consisted of
single cellsisolated fromtissue. Cells were counted and incubated with
anti-EpCAM conjugated to allophycocyanin (catalogue No.17-5791-82;
Thermo Fisher Scientific) and anti-CD45 conjugated to phycoeryth-
rin (catalogue no. 12-0451-82; Thermo Fisher Scientific) for 1 hat 4 °C.
Cells were subsequently washed and stained with LIVE/DEAD Fixable
Aqua Dead cell stain (catalogue no. L34957; Thermo Fisher Scientific).
Resuspended cells were sorted ona FACS ARIA 111 (BD Biosciences) cell
sorter equipped with 355 nM, 407 nM, 488 nM, 532 nM and 640 nM
laser lines using the FACSDiva v.8.1 software at 70 psi pressure using
a70 um nozzle. Debris was removed based on scattering properties
using forward scatter and side scatter parameters. Live-gated cells were
purified for leukocytes identified as CD45* EpCAM live cells whereas
CD45 EpCAM’ cells were identified as epithelial cells (Extended Data
Fig. 3). Purified populations were collected in 10% PBS supplemented
with FCS for downstream analysis either by TCID,, or qPCR.

TCID,, calculation

Saliva, SMGs from pups, proximal colon from adults, cells obtained
from single-cell sorting from SMGs and supernatant from cultures
inoculated with various murine norovirus strains were subjected to
TCIDs, analysis for viral titre calculation. The collection and process-
ing methods for each sample were mentioned earlier. In brief, samples
were added to RAW264.7 cells microplated on 96-well plates (3 x 10*
cells per well) and serially diluted in DMEM by tenfold from 10°to 107%°.
Plates were incubated until CPE was observed (day 7). Supernatant
was removed and stained with crystal violet (catalogue no. HT901;
Sigma-Aldrich) for 10 min. After rinsing with water twice, CPE wells
were counted. TCIDs, per millilitre was calculated as per refs. *4°, The
LOD was determined as the lowest concentration of virus where at least
50% CPE was observed. The detailed calculations are supplied in the
source files for the corresponding figures.

FISH

The assay was performed using RNAscope (Advanced Cell Diagnostics)
Multiplex Fluorescent Detection Kit v2 (catalogue no. 323110) and
RNAscope probes custom-synthesized to detect negative sense human
norovirus RNA generegion 5349-6428 of norovirus Gll strain Hu/USA/
2015/GlII.P16-Gll.4 Sydney/Pasadena. Cells adhered to coverslips
were fixed 96 hpi in 4% PFA for 30 min. Pretreatment of the samples
was performed by serially dehydrating the samples with ethanol fol-
lowed by permeabilization with RNAscope protease Il (catalogue no.
322340) at 1:5 dilution in PBS for 30 min at room temperature before
hybridizing for 2 h at 40 °C with the FISH probe. The amplification
and dye labelling steps were performed according to the RNAscope
v2 assay protocol. Opal 570 dye (catalogue no. FP1488001KT; Akoya
Biosciences) at 1:1,500 dilution in RNAscope TSA buffer (catalogue
no. 322810) was used to visualize the FISH staining. Coverslips were
mounted with Fluoromount-G mounting medium with DAPI (catalogue
no. 00-4959-52; Thermo Fisher Scientific) and imaging was done using
aZeiss LSM 780 confocal microscope.

Statistics and reproducibility

Prism v.8 (GraphPad Software) was used for the statistical analysis.
Errorbarsdenotethes.e.m.inallfigures. All statistical tests were done
by two-tailed unpaired ¢-test. The number of experiments performed
including the number of animalsinvolved in each experiment are stated

in the corresponding to figure legends. Statistical information can be
found in Supplementary Table 4.

Reproducibility of micrographs. In Fig. 1g-n, representative images
were obtained from five independent experiments for each virus in-
fections (EDIM or MNV-1). Two mammary glands per animals were
extracted fromatotal of five animals per virus and subjected to tissue
sectioning and immunofluorescence analysis.

InFig.3c-f,i,jand Extended DataFig. 1e,f, representative images were
obtained from fourindependent experiments for each virusinfections
(EDIM or MNV-1). SMGs from a total of four pups per virus were sub-
jected to tissue sectioning and immunofluorescence analysis.

In Fig. 41,m, representative images were obtained from six biologi-
cally independent experiments from NS-SV-TT-DC and NS-SV-TT-AC
infection with vesicle-cloaked HuNoV. After the incubation period,
fixed cells were subjected to FISH analysis.

Thescale barsfor each micrograph panel are statedin the individual
figure panels.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The datagenerated inthis study are provided as source datafiles corre-
spondingto eachfigure. All statistics performed and the exact Pvalues
arepresented in Supplementary Table 4. Primary dataassociated with
figures areavailablein the sourcefiles. Any additional datasets gener-
ated and/or analysed are available from the corresponding author on
reasonable request.
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Extended DataFig. 4 |Ex-vivoreplication of MNV-1, CR6 and human
norovirus.a, CD300Ifexpressionin uninoculated salispheres (from 3
independent). RAW246.7 cells were used as positive control for comparison.
Bargraphis mean +SEM.b, Schematic of MNV-1/CRé6 inoculationintosalisphere
culture.c,CR6 and MNV-1replicationinsalispheres (from 4 independent
experimentsrepresented by a dot). Genome copies/mlwas calculated based on
standard curve plotted onlogscale. Dot plots are mean + SEM. d, Supernatants
collected from CR6 inoculated salispheres (3independent experiments, each

dotrepresentsanexperiment) and analyzed by TCID50 and plotted onlogscale.

Bar graphs are mean + SEM. e, Immunoblots of lysates from MNV-1(48hpi) and
CR6 (24 hpi &48 hpi) inoculated salisphere cultures probed against VP-1and
GAPDH (blot representative of 2independent experiments). f, Lysates from
NS-SV-TT-DC cultures inoculated with vesicle-cloaked human noroviruses from

two separateisolates (GIl.4-WN and GII. 4-77.1) for 6 hpiand 96 hpi (but washed
at 6 hpi) were probed with anti-NSé6 antibody (from 3independent experiments).
g, Lysates from NS-SV-TT-AC culturesinoculated with vesicle-cloaked human
noroviruses fromisolate (Gll. 4-77.1) for 6 hpiand 96 hpi (but washed at 6 hpi)
were probed withanti-NS7 and anti-B actin (from 3independent experiments
represented by each dot) and analyzed by densitometry (dashed line box) and
plotted as abar graph; mean + SEM. Samples were derived from the same
experiment and blots were processed in parallel. Statistical test was performed
using two-tailed unpaired t-testbetween 6 hpiand 96 hpiforeachinoculum
groups. Statisticalinformationisin Supplementary Table 4. For gel source data,
see Supplementary Figure 1. Input ford, gis 6 hpiand cis12 hpi.c, The LOD for
gPCRdatafromsalisphere was10>genome copies mI™. d, The LOD for

TCID50 mI™was approximately 2 x10%
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All experiments were performed minimum 3 times for statistical significance. Total number of animals included in each experiment is
mentioned in corresponding figure legends.

Data exclusions  No data was excluded
Replication All experiments were replicated at least 3 independent times.

Randomization  Animals were chosen from a certain age-group that has been established as models for infection in lab. The infection model is unbiased for
sex of animals used.

Blinding Experiments and data analysis were independently performed by authors and cross- checked for conclusive interpretation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study Involved in the study
[IIX] Antibodies ChiP-seq

|:| |Z Eukaryotic cell lines |:| |Z Flow cytometry

N/A |:| Palaeontology and archaeology N AMRI—based neuroimaging

[]IX] Animals and other organisms
N/A |:| Human research participants

N/AD Clinical data
N/ADual use research of concern

Antibodies

Antibodies used Antibody Catalogue Number Company
Syndecan-1ab34164 Abcam (MA, USA)
EDIM NSP5
EDIM VP6 Gift from John Patton’s lab
(Indiana University Bloomington, USA)
MNV-1 VP1
MNV-1 NS4, Propol
Human norovirus NS-7
Human norovirus VLP-1 Gift from Kim Green'’s lab
(NIAID, NIH, Bethesda, USA)

NKCC1 Gift from Matt Hoffman’s lab
(NIDCR, NIH, Bethesda, USA)

Epcam-APC 17-5791-82 ThermoFisher
CD45 12-0451-82 ThermoFisher Scientific
B220 557390 Pharmingen

Validation 1. Syndecan-1: Mouse monoclonal [B-A38] to Syndecan-1. Validated Applications: Flow Cyt, IHC-P. PMID: 31226359
2. EDIM-NSP5: Guinea Pig. PMID: 17182692
3. EDIM-VP6: Guinea Pig. PMID: 30092198
4. MNV-1 VP-1: Guinea Pig. PMID: 30092198

buipoda: | oljojuod aineu

S

=
=
=,
(1)
2




5. MNV-1 Propol: Rabbit. PMID: 16873239

6. Human Norovirus NS-7, NS-6, VLP-1: Rabbit. PMID: 32483028

7. NKCC1: Goat. PMID: 30159893

8. Human Norovirus VP-1: Guniea Pig. PMID: 31551337

9. Epcam-APC: Rat. The G8.8 monoclonal antibody reacts with the 40 kDa mouse EpCAM (epithelial cellular adhesion molecule).
Validated Applications: Flow, IHC-P,F, ChIP, Functional Assay. PMID: 31672973

10. CD-45: Rat. The 30-F11 monoclonal antibody reacts with all isoforms of mouse CD45, also known as Leukocyte Common Antigen
(LCA). CD45 is expressed by all hematopoietic cells excluding mature erythrocytes and platelets. The cytoplasmic portion of CD45 has
tyrosine phosphatase enzymatic activity and plays an important role in activation of lymphocytes. PMID: 30365542

11. B220: Rat. The RA3-6B2 monoclonal antibody specifically binds to an epitope on the extracellular domain of the transmembrane
CD45 glycoprotein which is dependent upon the expression of exon A and specific carbohydrate residues. It is expressed on B
lymphocytes at all stages from pro-B through mature and activated B cell, but it is decreased on plasma cells and a subset of memory
B cells. The levels of CD45R expression on the B-cell lineage appear to be developmentally regulated.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

RAW264.7 : ATCC TIB-71 RRID# CVCL_0493

Hela: ATCC, CCL-2

NS-SV-TT-DC nd NS-SV-AC: Gift from J.A. Chiorini Lab, AAV Biology Section, National Institute of Dental and Craniofacial
Research, National Institutes of Health, Bethesda, MD, USA. PMID: 7687310

NS-SV-TT-DC authentication was STR fingerprinting.
NS-SV-AC authentication not carried out by us.

Mycoplasma contamination Cell lines were negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.

(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Indicate where the specimens have been deposited to permit free access by other researchers.
If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where

they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

All animals were maintained at NHLBI Animal Care Facility, Bethesda, USA.

Mouse, BALB/c (Stock: 000651), C57BL/6J (stock 000664), B6.1295(Cg)-Stat1tm1Dlv/J (Stock No: 012606) originally procured from
Jacksons Laboratories.

Cd300lfem1Cbwi/J breeding pairs were a kind gift from Dr. Craig B. Wilen (Yale School of Medicine, New Haven, CT, USA). The
Cd300If-/- allele was created by Dr. Herbert W. Virgin (Washington University at Saint Louis) using CRISPR/cas9 endonuclease-
mediated genome editing in C57BL/6J mouse zygotes.

B6.IFNAR-/- mice breeding pair were a kind gift from Dr. Daniela Verthelyi, Food and Drug Administration, MD, USA.

N/A
N/A

All animal experiments were performed in an American Association for the Accreditation of Laboratory Animal Care (AAALAC)
accredited animal facility. Housing and breeding (animals that aged more than 6 weeks) in accordance with the procedure outlined in
the guide for the Care and Use of Laboratory Animals under an animal study proposal approved by the NHLBI Animal Care and Use
Committee.

 Buipiodal | oljojuod ainjeu

S

Aewiuin




Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
QOutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

D National security

I:I Crops and/or livestock

|:| Ecosystems
D Any other significant area

Ooddos

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.
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Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters |Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots
Confirm that:
IZI The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IXI The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|z| All plots are contour plots with outliers or pseudocolor plots.

IZI A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation SMGs were extracted from animals after euthanization and homogenized in ice-cold 1XPBS (supplemented with 10% FBS).
Homogenate was centrifuged at X1000 rpm for 5 minutes at 4BC to pellet down cells which was further incubated for 20
minutes at 37EC in 3ml of Gentle Collagenase/Hyaluronidase solution (StemCell Technologies, Cambridge, MA, USA,
Catalogue No. 07919) with shaking. Thereafter centrifuged the solution again at X1000 rpm for 5 minutes at 4BC to collect
the pellet and discard the sup. The pellet was further trypsin treated for 5 minutes at 37@C and passed through 70mm filter
to eliminate un-dissociated tissue. The filtrate was then treated with a 4:1 NH4CI: PBS solution to eliminate blood cells and
subjected to centrifugation at X1000 rpm for 5 minutes at 4GEC. Leaving the red layer of cells at bottom the entire
supernatant consists of single cell isolation from tissue. Cell number was counted and incubated with anti-EpCAM conjugated
to APC (ThermoFisher Scientific, Catalogue No. 17-5791-82) and anti-CD45 conjugated to PE (ThermoFisher Scientific,
Catalogue No. 12-0451-82) for 1 hour at 4°C. Cells were subsequently washed and stained with live/dead Aqua stain
(ThermoFisher Scientific, Catalogue No. L34957). Resuspended cells were sorted on ARIAllu (BD) cell sorter equipped with
355nM, 407nM, 488nM, 532nM and 640nM LASER lines using FACSDIVA 8.1 software at 70 psi pressure using 70-micron
nozzle. Debris were removed based on scattering properties using FSC and SSC parameters. Live gated cells were purified for
Leukocytes identified as CD45+ EpCAM- live cells where as CD45-EpCAM+ cells were identified as epithelial cells.

Instrument Resuspended cells were sorted on ARIAllu (BD) cell sorter equipped with 355nM, 407nM, 488nM, 532nM and 640nM LASER
lines using FACSDIVA 8.1 software at 70 psi pressure using 70-micron nozzle.

Software FACSDIVA 8.1 software

Cell population abundance Cell population abundance: 105 cells were obtained in each group CD45 and Epcam positive from both adult and mouse pup
submandibular glands.




Gating strategy

Debris were removed on the basis of scattering properties using FSC and SSC parameters. Live gated cells were purified for

Leukocytes identified as CD45+ EpCAM- live cells where as CD45-EpCAM+ cells were identified as epithelial cells.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI

D Used

Preprocessing

Preprocessing software

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,

segmentation, smoothing kernel size, etc.)

Normalization

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for

transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.

original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and

physiological signals (heart rate, respiration).

Volume censoring

Statistical modeling & inference

Model type and settings

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and

second levels (e.q. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether

ANOVA or factorial designs were used.

Specify type of analysis: |:| Whole brain

Statistic type for inference
(See Eklund et al. 2016)

Correction

Models & analysis

n/a | Involved in the study

[ ] ROI-based

[ ] Both

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

D D Functional and/or effective connectivity

D D Graph analysis

D D Multivariate modeling or predictive analysis
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Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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