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Norovirus (NoV) is the leading global cause of viral gastroenteritis. Young
childrenbear the highest burden of disease and play akey role in viral
transmission throughout the population. However, which host factors
contribute to age-associated variability in NoV severity and shedding are
not well-defined. The murine NoV (MNoV) strain CR6 causes persistent
infection in adult mice and targets intestinal tuft cells. Here we find

that natural transmission of CR6 from infected dams occurred only in
juvenile mice. Direct oral CR6 inoculation of wild-type neonatal mice led
toaccumulation of viralRNA in the ileum and prolonged shedding in the
stool that was replication-independent. This viral exposure induced both
innate and adaptive immune responses including interferon-stimulated
gene expression and MNoV-specific antibody responses. Interestingly, viral
uptake depended on passiveileal absorption of luminal virus, a process
blocked by cortisone acetate administration, which prevented ileal viral RNA
accumulation. Neonates lacking interferon signalling in haematopoietic cells
were susceptible to productive infection, viral dissemination and lethality,
which depended on the canonical MNoV receptor CD300LF. Together, our
findings reveal developmentally associated aspects of persistent MNoV
infection, including distinct tissue and cellular tropism, mechanisms of
interferon regulation and severity of infection in the absence of interferon
signalling. These emphasize the importance of defining viral pathogenesis
phenotypes across the developmental spectrum and highlight passive viral
uptake as animportant contributor to enteric infections in early life.

% Check for updates

Norovirus (NoV) is the leading cause of acute gastroenteritis world-  currently exist, development of therapies targeting persistent NoV
wide, affecting individuals of all ages but causing particularly high  sheddingin children could reduce faecal-oral spread throughout the
morbidity and mortality in children younger than five. Young chil-  entire population.

dren bear the highest burden of disease’, with 66-90% experiencing Murine NoV (MNoV) is a natural mouse pathogen that shares
at least one NoV infection before age three”. They often exhibit more  features with human NoVs including faecal-oral transmission,
prolonged and higher levels of faecal viral shedding than older chil- mechanisms of genome replication and virion structure, serving

dren or adults®*, contributing to their central role in viral transmis-  as a powerful model for in vivo studies of pathogenesis®. Different
sion to all age groups’. Although no vaccines or treatments for NoV  MNoV strains model different aspects of human NoV infection. Acute
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strains infect gut-associated haematopoietic cells and are cleared by
7-14 d post-infection (dpi) in wild-type mice”™®. Conversely, persistent
strainsinfect rareintestinal epithelial tuft cellsand are shed in faeces of
wild-type animals through at least 70 dpi (refs. 9,10), modelling human
persistent asymptomatic shedding. All MNoV strains tested so far
use the host protein CD300LF as areceptor' . Interferons (IFNs) are
central for innate immune control of MNoV, with type Il IFNs limiting
intestinal viral replication and type I IFNs limiting viral dissemination
tosystemictissues' " and pathogenesis of acute strains'®. Importantly,
most studies characterizing MNoV pathogenesis have used adult mice,
although NoV is animportant cause of paediatric gastroenteritis.

It was recently reported that wild-type neonatal mice develop
diarrhoea after infection with an acute strain of MNoV, whereas per-
sistent strains of MNoV cause substantially less diarrhoea'”*, Whether
persistent MNoV contributes to ongoing shedding in neonates remains
unknown. To develop a model of persistent paediatric infection, we
examined the dynamics and host factors involved in neonatal infec-
tion with persistent MNoV strain CR6. We found that transmission
from infected dams to naive pups occurs after postnatal day (P)16.
However, after direct inoculation at P6, viral genomes are detected
in stool until 10 dpi. Intriguingly, in wild-type neonates, viral RNA is
uniquely detected inilea, and viral RNA presence is largely independ-
ent of tuft cells or CD300 viral receptors, both of which are required
for CR6infection of adults. Viral RNA ileal uptake and faecal shedding
are unaffected by antiviral treatment but blocked by cortisone, which
limits non-specific uptakein the neonatalileum.In contrast, when types
land IlIFN signalling are disrupted, specifically in haematopoietic cells,
CD300-dependent viral dissemination and lethality follow neonatal
CRé6inoculation. Our datademonstrate passiveileal absorptionas an
understudied mechanism for enteric viral uptake in neonates, which
is counterbalanced by host IFN signalling in haematopoietic cells to
limit dissemination.

Results

Natural transmission of CR6 occurs after postnatal day 16
Weinitially investigated transmission of MNoV strain CR6 from infected
damstotheir naive litters before weaning at P21. Most pups did not shed
viral RNA early in life, but almost all began shedding in the transition
from P16 to P21 (Fig. 1a,b). CR6 was not detectable in ilea or colons
of pups at P6 or P13, but was present at P21 (Fig. 1c,d). Transmission
between P16 and P21 is consistent with the age at which pups become
coprophagic® and could be naturally infected from the dam’s stool.

CRé6inoculationis associated with age-dependent tissue tropism
Todirectly assess early-life infection, we orally inoculated mice with CR6
at P6 (neonates), P15 (juveniles) or between 6-9 weeks of age (adults).
Allinoculated mice shed viral RNA in their faeces between 3-10 dpi, with
neonates shedding significantly more thanjuveniles or adults atearly
timepoints (Fig. 2a-c). At 7 dpi, ileal viral RNA was comparable among
miceinoculated at different ages, althoughit trended lower injuvenile
mice (P=0.1187 vs adults, P= 0.0842 vs neonates) (Fig. 2d). Viral RNA
was nearly undetectable in neonatal colons, in contrast to substantial
colonic viral RNA in juveniles and adults, suggesting age-dependent
differences in CR6 localization (Fig. 2e).

Intestinal microbiota composition varies between mice from
different vendors? or different genetic backgrounds®. Because com-
mensal bacteria promote persistent MNoV infection of adult mice*, we
compared CR6 faecal shedding from C57BL/6 neonates sourced from
Charles River (CR), Jackson Laboratories (JAX) or bred at Washington
University in St Louis (WUSTL).JAX neonates shed more viral RNA than
WUSTL or CR neonates (Extended Data Fig. 1a). Among a variety of
genetic backgrounds sourced from JAX, C57BL/6 shed at the highest
levels (Extended DataFig.1b). BALB/c are more susceptible to rotavirus
than C57BL/6 neonates®, and both are susceptible to diarrhoea after
infection with acute MNoV strains'*?°. While ileal and stool CR6 RNA
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Fig.1|Natural transmission of persistent MNoV from infected dams occurs
after P16. Pregnant C57BL/6 dams were orally inoculated with CR6 5-6 d before
giving birth. a-d, Faecal samples were collected from pups up to P21and MNoV
genome copies detected by real-time quantitative reverse transcription PCR
(RT-qPCR).bisacomparison of P16 and P21 faecal samples froma. lleum (c) and
colon (d) samples were collected and MNoV genome copies detected by
RT-qPCR. Data were analysed using two-tailed Mann-Whitney test (b) or Kruskal-
Wallis test with Dunn’s multiple comparisons (c,d). For a, n = 22 pups from 3
litters. Given the challenge of obtaining stool from young mice, faecal samples
were collected as possible; each data point indicates stool froma single mouse,
with exact nfor each timepointindicated in Source Data.Inb, n=11for P16 and
n=13for P21;**P=0.009.For candd, samples from 2 litters were collected at
P6 (n=5),P13 (n=4)and P21(n=>5); (c) *P=0.0204,*P=0.0073; (d) *P= 0.0251,
**P=0.0072. Dashed lines indicate limit of detection for assays.

were comparable between BALB/c and C57BL/6 pups at 7 dpi, BALB/c
pups exhibited higher colonic viral RNA (Extended Data Fig. 1c,d).
Interestingly, adult BALB/c mice exhibited decreased stool viral RNA
and trended towards decreased intestinal viral RNA (Extended Data
Fig.1e,f). Genetic background and microbiota may thus differentially
influence CR6 localization throughout life.

Tuft cells are dispensable for neonatal CR6 RNA shedding
Intestinal tuft cells are the target of persistent CR6 infection in adult
mice'®. We inoculated neonatal and juvenile Pou2f3” mice, whichlack
tuft cells?, and found that faecal shedding of CR6 RNAwas independent
oftuft cellsinneonates (Fig. 3a), but dependent on tuft cellsinjuveniles
(Fig. 3b). The dynamics of tuft cell development remain unclear, as
some studies suggest that tuft cells develop prenatally”’, while others
report that they do not accumulate until weaning?. In our mice, tuft
cells (quantified by staining for marker DCLK1) were rare at P6 and
P13 (Fig. 3¢,d and Extended Data Fig. 2a). By P21, tuft cells remained
rare in ileum but reached adult-like levels in colon. Co-staining for
MNoV non-structural protein NS6/7 showed no CRé6-positive tuft cells
at7 dpiinneonates, compared with detectable co-localizationin adults
(Fig. 3e). We similarly failed to observe non-tuft NS6/7-positive cells
inthe neonatal ileum. Altogether, our findings suggest that intestinal
tuft cells are rare during early life and neonatal CR6 RNA shedding is
independent of tuft cells.
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CD30O0LF islargely dispensable for neonatal CR6 RNA shedding
Inadult mice, CD300LF expressionon tuft cellsis required for CR6 infec-
tion®2">, Among intestinal epithelial cells (IECs), CD300LF is expressed
exclusively on tuft cells'>?, but cells including macrophages and den-
dritic cells express CD300LF and are permissive to other MNoV strains®.
Cd300Ifexpressioninthe colonwaslowearlyinlife, butreached adult-like
levels by P21, mirroring colonic tuft cell development (Extended Data
Fig.2b).Incontrast, ileal Cd300I[fexpression was age-independent, sug-
gesting that non-tuft cells expressing CD300LF could support CR6 RNA
shedding. Cd300If”" mice shed viral RNA after neonatal but not after
juvenileinoculation (Figs.3a,b), although Cd300If neonates shed less
viral RNA than wild-type neonates (Fig. 3a) and exhibited decreased
viral RNA in mesenteric lymph nodes (MLNs) and spleenbut notinilea
(Fig. 3f), suggesting a partial role for CD300LF in neonatal viral RNA
uptake. To confirm this, we pre-incubated CR6 with Fc-fusion pro-
teins with either the mouse CD300LF ectodomain (Fc-msCD300LF),
which neutralizes MNoV*°, or a human CD300LF ectodomain control
(Fc-huCD300LF)". Fc-msCD300LF, but not Fc-huCD300LF, blocked
CRéinfection of BV2 microgliacellsin vitro (Extended DataFig.3). Neo-
natesinoculated with CR6 pre-incubated with Fc-msCD30O0LF exhibited
reduced CR6 RNA shedding (Fig. 3g) and intestinal viral RNA (Fig. 3h),
although substantial viral RNA remained detectable in stool and ilea.
These data support the idea that CD300LF is partially involved in, but
not necessary for, neonatal CR6 RNA uptake and shedding.

We hypothesized that another CD300 family member, CD300LD,
may beinvolvedinneonatal viral RNA shedding as CD300LD expression
permits MNoV infection in vitro'"2, We found that Cd300If”Cd300ld™"
neonates shed viral RNA comparable to Cd300If” neonates (Fig. 3a),
whereas juvenile mice shed no virus (Fig. 3b). Thus, CD300LD is not
responsible for CD300LF-independent early life viral RNA release.

STAT1 controls CR6 lethality and dissemination in neonates

In adult mice, CR6 replication is controlled by innate immune
responses, particularly IFN pathways®. In contrast, neonatal Ragl”
mice lacking B and T cells have higher viral titres after infection with
acute MNoV strains, indicating adaptive immune control®. Neonatal
CRéinoculationinduced IFN-stimulated genes Ifit1 and Mx2intheileum
atland7 dpi(Fig.4a,b and Extended DataFig. 4a,b), aninduction not
observedin colon (Extended DataFig. 4c). Additionally, CR6-inoculated
neonates generated serum anti-MNoV immunoglobulin (Ig)M and
IgG responses at 14 dpi (Fig. 4c,d), demonstrating that both innate
and adaptive immune systems respond to neonatal inoculation. To
test the contribution of innate and adaptive immunity in CR6 control,
we infected Stat1” (lacking a key transcription factor in IFN signal-
ling) and RagI” neonates. Faecal shedding in both was equivalent to
wild-type neonates at 7 dpi (Fig. 4e). Unexpectedly, StatI” neonates
succumbed to infection with CR6, exhibiting -75% lethality by 14 dpi
(Fig. 4f). This contrasts with adult StatI”” mice, which rarely die after
CRé6 infection®2, No lethality was observed in Ragl” neonates, sug-
gesting that regulation of viral pathogenesis is specific to IFN responses
rather than altered priming of adaptive responses.

We next asked which type(s) of IFN limit CR6-associated neona-
tal lethality. Neonates lacking Ifnarl, Ifngrl or Ifnlrl, necessary for
typel, Iland 1 IFN signalling, respectively, did not succumb to infec-
tion (Fig. 4g). In adult mice, type I and Il IFNs combinatorially limit
lethality after acute MNoV infection®, and indeed Ifnarl™” Ifngrl™”
neonates succumbed to CR6 infection (Fig. 4g). We also sought to
definethecelltype(s) inwhich Statl expression prevents CR6 lethality.
Villin-Cre+;StatF” and Lysm-Cre+;Stat?” neonates, which lack Stat1
expressionin epithelial and myeloid cells, respectively, survived infec-
tion (Fig. 4h). In contrast, Vav-iCre+;Stat?”’ neonates, lacking StatI in
haematopoietic and tuft cells, exhibited increased lethality versus
littermate controls (Fig. 4h). Adult Stat1” mice exhibited increased
intestinal and extraintestinal virus after CR6 infection®. Similarly, intes-
tinal virus levels were higher in Stat1” versus wild-type neonates, and
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Fig.2|Inoculation of pups with persistent MNoV is associated with distinct
localization. C57BL/6 mice were orally inoculated with CR6 at P6, P15 or as adults
(6-9 weeks old). a-e, Faecal samples were collected at 3 dpi (a), 7 dpi (b) and

10 dpi (c),and MNoV genome copies detected by RT-qPCR. lleum (d) and colon (e)
samples were collected at 7 dpi and MNoV genome copies detected by RT-qPCR.
Data were analysed using one-way analysis of variance (ANOVA) with Holm-
Sidak’s multiple comparisons test (a) or Kruskal-Wallis test with Dunn’s multiple
comparisons (b-e).Ina, P6 n=8,3litters; P15n =10, 2 litters; adultn=12,2
independent experiments; *P = 0.0160, **P = 0.0033. NS, not significant (P> 0.05).
Inb, P6 n =15, 4litters; P15n =15, 3 litters; adult n =12, 3independent experiments;
*P=0.0034,***P<0.0001.Inc,P6 n=15,5litters; P15 n =14, 3 litters; adultn=6,
2independent experiments.Indand e, P6 n =12, 2 litters; sourced from Charles
River; P15 n = 8, 2 litters; adult n = 6, 2independent experiments; *P = 0.0193,
P < 0.0001. Dashed lines indicate limit of detection for assays.

virus disseminated to extraintestinal sites in StatI”” neonates (Fig. 4i).
Intestinal and systemic viral RNA were also higher in Vav-iCre+;Stat?”
neonates compared with littermates (Fig. 4j). Additionally, we detected
enhanced CR6 RNA in StatI”" ilea using RNA in situ hybridization
(RNA-ISH) (Fig. 4k). Together, these data suggest that type land I1 IFN
signalling, acting at least partly in haematopoietic cells, limit viral
replication, dissemination and lethality after neonatal CR6 inoculation.

We also assessed whether CR6 pathogenesis in StatI”” mice was
CD300-dependent. StatI”CD300If” and Stat1”-CD300If~Cd300ld™"~
neonatesinoculated with CR6 exhibited significantly reduced lethality
compared with StatI” neonates (Fig. 41), with reduced intestinal viral
RNA and no detectable dissemination to spleen or brain (Fig. 4m).
CRé6 dissemination and pathogenesis in Stat1” neonatesis thus CD300
receptor-dependent. Intriguingly, substantial viral RNA was still pre-
sentinStatl”"CD300If” and Stat1”-CD300If"Cd300Id ™" ilea (Fig.4m),
and faecal viral RNA was comparable to that in StatI” mice (Fig. 4n),
similar to observationsin Cd300If” and Cd300If " Cd300ld" neonates
(Fig. 3a,f). We therefore sought to further characterize the ileal and
stool CR6 RNA in neonatal mice.

CRé6 replicatesin Statl” but minimally in wild-type neonates

To delineate the nature of CD300-independent CR6 RNA shed-
ding in neonates, we treated mice with viral polymerase inhibi-
tor 2’-C-methylcytidine (2-CMC), which limits CR6 replication and
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Fig.3 | Tuft cellsand CD300 family viral receptors have alimited role in
neonatal viral RNA shedding. a,b, Mice were orally inoculated with CR6 at P6
(a) or P15 (b) and MNoV genome copies quantified from 7 dpi stool samples

by RT-qPCR. ¢,d, Tuft cells were quantified by immunofluorescent staining of
DCLKI1inileum (c) and colon (d) of naive wild-type mice. e, Intestinal samples
from mice orally inoculated with CR6 at P6 (neonatal) or as adults were collected
at7 dpiand stained for DCLK1and CR6 non-structural protein NS6/7. Orange
arrowhead indicates a CRé6-infected tuft cell. Scale bars, 30 um. f, Neonates were
orally inoculated with CR6 at P6 and MNoV genome copies quantified from

7 dpisamples by RT-qPCR. g,h, CR6 was pre-incubated with Fc-huCD300If or
Fc-msCD300If before oral inoculation of C57BL/6 littermates at P6. Stool (g) and
tissue (h) virus levels were quantified by RT-qPCR at 7 dpi. Data were analysed
using one-way ANOVA with Holm-Sidak multiple comparisons (a), Kruskal-Wallis
test with Dunn’s multiple comparisons (b-d), two-tailed Mann-Whitney

test corrected with the Holm-Sidak method (f,h) or two-tailed t-test (g).Ina,
wild-type n=10, 3 litters; Pou2f3” n=11, 2 litters; Cd300If~ n=13, 4 litters; and
Cd300If”-Cd300ld”" n=9, 2 litters; *P=0.0235,*P=0.0046.In b, wild-type
n=15,3litters; Pou2f3” n=10, 3 litters; Cd300lf"" n =11, 2litters; and Cd300lf
Cd300ld”" n=11, 3 litters; ***P=0.0001 (wild-type vs Pou2f3”"),***P < 0.0001
(wild-type vs Cd300If”~ and wild-type vs Cd300If~Cd300Id™"). Wild-type 7 dpi
dataoverlaps with P6/P15 littersin Fig.2b.Incandd,P6 n=5;P13n=>5;P21n=10;
adultn=7,eachfrom2independent experiments.Inc,*P=0.0173, **P=0.0042,
**P=0.0003.Ind,*P=0.0257,**P=0.0009.In e, representative of 4 samples
for neonatalileum and colon. Inf, wild-type n =12, 2 litters (sourced from Charles
River) or Cd300If”" n =14, 2litters; *P= 0.0185 (MLN, spleen). Wild-type ileum/
colon data overlaps with Fig. 2d,e. Ing,h, Fc-huCD300If n = 7 and Fc-msCD300If
n=6from2litters.Ing,**P=0.0036.Inh,*P=0.0172 (ileum), *P = 0.0173 (colon).
Dashed lines indicate limit of detection for assays.

shedding in adult mice (Extended Data Fig. 5)**. 2-CMC treatment
beginning at 3 dpi protected StatI” neonates from lethality (Fig. 5a).
While we were unable to directly compare tissue viral levels within these
experiments, as untreated mice succumbed to infection by 7 dpi, we
observed lower viral RNA in 2-CMC-treated StatI” neonates across
tissues compared with previous experiments (compared to Fig. 4i; aver-
age1x10*'in untreated versus 1 x 10** brain MNoV genome copiesin
2-CMC-treated mice), suggesting that 2-CMC limits CR6 dissemination
in Statl” neonates (Fig. 5b). However, stool viral RNA in StatI”" neo-
nates was unaffected by 2-CMC treatment (Fig. 5¢). Similarly, 2-CMC
treatment beginning at 3 dpi did not reduce ileal or stool viral RNA
in wild-type mice at 7 dpi. When antiviral treatment began at 0 dpi,
ileal and stool viral RNA decreased subtly but remained detectable
(Fig. 5d,e). Thus, while CR6 may replicate immediately after inocula-
tion in wild-type neonates, viral RNA in the ileum and stool at later
timepoints is predominantly independent of viral replication.

We questioned whether the detected virus was infectious, as
viral nucleic acids may be shed in the absence of infectious virus®.

While tissues and stool from adult mice produced plaques on BV2
cells in vitro, no plaques were detected from samples of wild-type
neonates at 3-10 dpi (Fig. 5f,g). Neonatal stool (1and 2 dpi) produced
plaques, consistent with passage of infectious inoculum (Extended
Data Fig. 6a). Samples from Statl”” neonates produced plaques
(Fig.5h,i), suggesting thatinfectious virusis producedin neonates lack-
ing IFN signalling. Additionally, double-stranded (ds) RNA and MNoV
non-structural viral protein NS6/7 co-localized with CD45 in spleen
from Statl” neonates, supporting viral replicationin haematopoietic
cells (Fig.5jand Extended Data Fig. 6b-d). Together, these datasuggest
that IFNs limit production ofinfectious CR6 in neonates, and CR6 RNA
detectedinileaand stool ofimmunocompetent neonates is not due to
replicative infection.

CR6 does not persistently infect mice inoculated as neonates

We next assessed how long viral RNA remained detectable in the stool
of mice inoculated as neonates. At 14 dpi, CR6 RNA presence in stool
depended on the infection status of the litter’'s dam (Fig. 5k). As the
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damwas notdirectly inoculated, maternal infection probably occurred
via coprophagy early after pup inoculation, and infected dams could
transfer virus to pups after P16 as in Fig. 1. Without maternal infec-
tion, neonates generally shed no faecal viral RNA at 14 dpi. Similarly,
Cd300If” neonates largely cleared faecal viral RNA by 14 dpi (Fig. 51).
These datasuggest that early-life CR6 inoculation does not lead to per-
sistentinfection without secondary transmission frominfected dams.

Finally, to identify the source of viral RNA in wild-type neonatal
stool, we assessed IEC extrusion, which is induced by rotavirus infec-
tion in neonatal mice*. We quantified expression of murine house-
keeping gene Rps29 in faecal samples of CR6-inoculated mice. CR6
inoculation increased IEC extrusion in adult but not in neonatal mice
(Fig. 5m). However, extrusion was markedly higher in P13 neonates
thanin P20 or adult mice. CR6 RNA in neonatal stool may thus originate
fromextruded IECs.

CR6 RNA accumulates in neonates by non-specific uptake
Persistent detection of CR6 RNA in neonatal ilea and stool raised the
possibility of prolonged transit time. Adult mice gavaged with Evans
blue dye clear dye by 24 h (Extended Data Fig. 7a)**. Conversely, neo-
nates had visibly blue stool at 24 h post-gavage and only cleared dye
by 72 h (Extended DataFig. 7b), suggesting delayed transit timein neo-
nates. However, since CR6 RNA was detectable up to 10 dpi (Fig. 2c),
reduced transit time did not fully explain prolonged shedding. Interest-
ingly, wild-type neonatalilea were visibly blue at 7 dpi (Extended Data
Fig.7c), suggesting that theileum retained inoculum. Enterocytes in the
neonatalileuminternalize luminal material vianon-specificendocyto-
sis, a process which ceases by weaning®%, We detected viral RNA in the
epitheliumof distalbut not proximal smallintestine of CR6-inoculated
neonates (Fig. 6a and Extended Data Fig. 8). These data suggest that
viral inoculum is taken up, potentially via non-specific endocytosis,
into neonatalileal IECs.

Neonatal uptake of luminal material is mediated by the endocytic
machinery, including adapter protein DAB2 (ref. 37).lleal Dab2 expres-
sion was high at P6 and P13 but dropped by P21 (Fig. 6b), consistent
with when neonatal ileal macromolecule uptake ceases in rodents™.
Similarly, lysosomal enzyme N-acetylgalactosaminidase (Naga,
involved in early-life macromolecule uptake®), transcriptional repres-
sor Blimp1/Prdm1 (regulates intestinal maturation®**°) and sucrase

isomaltase (Sis, involved in transition to solid food consumption®°)

exhibited a profound transition between P13 and P21 (Extended Data
Fig. 7d-f).

In neonatal rats, treatment with the steroid cortisone acetate
blocks non-specific uptake by driving premature maturation of the
intestinal epithelium®. Cortisone treatment decreased ileal Dab2
expression (Fig. 6b) and conferred adult-like expression of Naga, Prdm1
and Sis (Extended Data Fig. 7d-f), consistent with premature matura-
tion of the neonatal mouse intestine. lleal Evans blue retention was
blocked by cortisone treatment (Extended Data Fig. 7c) and indeed,
cortisone treatment of wild-type neonates decreased ileal CR6 RNA
levelsat 7 dpi (Fig. 6¢), although it did not affect stool viral RNA levels
(Fig. 6d). Intriguingly, cortisone treatment of Cd300If”" neonates
decreased bothileal and stool viral RNA at 7 dpi, suggesting thatacom-
binatorial effect of viral receptor and non-specific uptake or early infec-
tion may contribute to ongoing faecal shedding (Fig. 6e,f). Blocking
virus uptake with cortisone treatment in wild-type neonates decreased
ileal IFN-stimulated gene expressionat1and 7 dpi (Fig. 6g,h), although
whether this effect was secondary to decreased viral RNA or indirect
immunosuppressive effects of steroids remains to be determined.
Further, cortisone treatment increased serum anti-MNoV IgM and
decreased anti-MNoV IgG, suggesting that it may inhibit class switching
andIgG responses toinoculum (Fig. 6i,j). Cortisone treatment of adult
mice did not alter stool or tissue CR6 levels, suggesting that steroid
administration does not modulate viral susceptibility independent of
effects on neonatal non-specific uptake (Extended Data Fig.9). These
findings support the idea that viral RNA in wild-type neonatal ilea is
largely due to non-specific uptake of inoculum.

Discussion
Here we discovered intriguing developmental differences contributing
to dramatically changed outcomes between neonatal and juvenile or
adult mice after inoculation with persistent MNoV. In early life, intact
IFN signalling and an absence of tuft cells contribute to resistance
to persistent MNoV. However, neonates retain viral RNA input in the
absence of productive infection vianon-specific endocytosis of inocu-
lum by enterocytes.

Because faecal-oral transmission is the dominant means of
interhost transmission for persistent MNoV, natural transmission

Fig. 4| STAT1signalling protects against lethality and extraintestinal CR6
spread in neonatal mice. a-d, Wild-type neonates were orally inoculated with
CRé6 at Pé6. [fit1 was quantified by RT-qPCR fromilea collected at 1(a) or 7 dpi

(b) and compared to uninfected mice. Serum was collected at 14 dpi and anti-
MNoV IgM (¢) and IgG (d) quantified by ELISA and compared to mock-infected
mice. e-g, Neonates were orally inoculated with CR6 at P6 and MNoV genome
copies quantified from 7 dpi stool samples by RT-qPCR, with wild-type stool as
showninFig.2b (e). f,g Survival tracked through 14 dpi with wild-type survival
curvereplicated infand g. h, Littermates for each Cre line, born to Cre- dams
bred to Cre+sires, were orally inoculated with CR6 at P6 and survival tracked
through 14 dpi. i, Neonates were orally inoculated with CR6 at P6 and tissues
collected at 7 dpi unless pups appeared ill and needed to be euthanized (5-6 dpi).
Tissue MNoV genome copies were quantified by RT-qPCR.j, Littermates were
orallyinoculated with CR6 at P6 and tissue MNoV genome copies quantified at
6-7 dpi. k, Neonates were orally inoculated with CR6 at P6. llea were collected
at 6-7 dpiand stained for CR6 RNA using RNA in situ hybridization. Scale bars,
50 pm. I-n, Neonates were orally inoculated with CR6 at P6 and survival tracked
through 14 dpi, with Stat1” survival curve replicated from f (I). Tissues were
collected at 5-7 dpi (m) and stool collected at 7 dpi (n) and MNoV genome
copies quantified by RT-qPCR, with StatI”" tissues and stool asiniand e,
respectively. Data were analysed using two-tailed ¢-test (a-c), two-tailed
Mann-Whitney test (d), Welch’s ANOVA (e), Gehan-Breslow-Wilcoxon test (f-h,
1), two-tailed Mann-Whitney test corrected with the Holm-Sidak method (i j)
and Kruskal-Wallis test with Dunn’s multiple comparisons (m,n).Ina, naiven=>5,
1litter; infected n = 6, 3 litters; *P= 0.0114. In b, naive n = 5, 2 litters; infected
n=13,4litters; *P=0.0171.In cand d, mock-infected n = 8, 2 litters; infected

n=11, 4litters; *P=0.0153 (c); **P=0.0016 (d). In e, wild-type n =15, 4 litters;
Statl”" n=12,5litters;and Ragl” n=>5,1litter. Inf, wild-type n =21, 4 litters;
Statl” n=34,5litters; and Ragl” n=13, 2 litters; ***P < 0.0001.In g, wild-type
n=21,4litters; Ifnarl” n=21, 4litters; Ifngr1”" n=18, 3 litters; Ifnlr1”’ n=24,4
litters; and Ifnar1” Ifngrl” n =22, 4 litters; ***P < 0.0001. In h, Villin-Cre-;StatV"*
n=9; Villin-Cre+;Stat?’” n =10, littermates from 3 litters; Lysm-Cre-;Stat?’ n=7;
Lysm-Cre +;Statl”’ n =12, littermates from 3 litters; Vav-iCre-;Stat?’ n=14;
Vav-iCre+;Stat1” n =12, littermates from 4 litters; *P= 0.0210. In1i, wild-type
n=18,3litters (brain collected from 6 neonates from1litter); and Statl” n=12,
3litters; **P=0.0014 (ileum), ***P < 0.0001 (duodenum, colon, MLN, spleen,
liver, brain). Inj, Vav-iCre+;Stat¥” n = 7; Vav-iCre+;Stat?” n = 15 littermates from 3
litters; *P=0.0248 (ileum), **P = 0.0046 (colon), **P=0.0058 (spleen), P= 0.0521
(brain). k, Representative of n = 5wild-typeilea, n = 6 Stat1”" ilea with two panels
representative of the range of signal detected shown. Inl, Stat1”” n= 34, 5 litters;
Stat1”-Cd300If" n=17,2litters; and Stat1” Cd300If-Cd300ld” n=19, 3 litters;
“P=0.0066,**P<0.0001.Inm, Statl”” n=12, 3litters; StatI”"Cd300If " n=6,
2litters; and Stat1”"Cd300IfCd300ld™ n= 6, 2 litters; **P=0.0019 (StatI” vs
Statl”-Cd300lf -, ileum), **P = 0.0082 (Statl”~ vs Statl”-Cd300lf -Cd300ld ™",
ileum), **P=0.0069 (Statl”" vs Stat1”’-Cd300If”", colon), **P=0.0002 (Stat1”" vs
StatI”~Cd300If’"Cd300ld™", colon), **P=0.0002 (Stat1” vs Statl”’"Cd300If ",
spleen), **P=0.0007 (Statl” vs Statl”~Cd300If"Cd300ld™", spleen),
“P=0.0014 (Statl”" vs StatlI”’~Cd300If”", brain), **P=0.0002 (Statl”"vs
Statl”~Cd300If"Cd300ld™", brain).Inn, StatI”’" n=12, 5 litters; Stat1”"Cd300If
n=12,2litters; and Stat1”-Cd300If"Cd300ld™”" n =9, 2litters. Dashed lines
indicate limit of detection for assays.
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from infected dams only after P16 is consistent with the lack of
coprophagic behaviour while pups rely exclusively on breastmilk.
Indeed, cross-fostering pups of MNoV-infected dams to MNoV-naive
dams effectively eliminates litter infection®. If this natural transmis-
sionisbypassed by directinoculation, however, distinct host factorsin
neonates promote viral RNA uptake but restrict productive infection.

Endocytosis in immature small intestinal enterocytes promotes
early-life nutrient absorption, and early gut maturation delays growth
and increases neonatal mortality****°, Luminal material uptake also

facilitatesimmune development, enabling passive immunity viatrans-
portofbreastmilk antibodies, helping establish tolerance tofood and
microbial antigens®*. However, our work demonstrates that pathogenic
materials may also be taken up by endocytosis of luminal materials.
Neonatal mice are highly susceptible to rotavirus untilapproximately
P15-17, when gut closure occurs, and cortisone treatment of younger
mice before inoculation decreases infection®. Thus, if permissive
cells are available, passive uptake may facilitate neonatal infections.
Conversely, early viral exposureinduces innate and adaptive responses,
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raising the possibility that non-specific endocytosis can protect against
later infections. Juvenile mice represent an intriguing intermediate
group, as they may experience non-specific endocytosis early ininfec-
tion, but have undergoneintestinal maturation by 7 dpi. Future studies
exploring the long-term immunological impact of juvenile infection
may reveal how exposures throughout development influence adult
immunity.

The persistence of viral RNA after clearance of infectious virus
is recognized for numerous RNA viruses including measles virus and
SARS-CoV-2.RNA persistence may complicate diagnosis, as viral RNA
can be detected after infectious virions have cleared. Persistent RNA
may also contribute to chronic immune activation, although its con-
sequences have not been well-defined and may be pathogen- and
site-specific®. Heightened IEC shedding in neonates may contribute
to prolonged detection of faecal CR6 RNA.

Additional barriers limit neonatal CR6 infection despite passive
inoculum uptake. Tuft cells, the target of CR6 in adults, are undetect-
ableinour neonatal mice. Non-epithelial cells also express CD300 mol-
ecules, although expression may vary between neonates and adults*.
Our data support the idea that without viral restriction by IFNs in
haematopoietic cells, CR6 replicatesin non-tuft cellsin neonates, lead-
ingtoviral disseminationand lethality. CR6 infectionis morelethalin
Stat1”" neonates versus Statl”~ adults®*, Viral sensors such as MDA5
and RIG-1 are upregulated at weaning compared with early life*’, so
Statl-independent responses in adult mice may limit severe infection.
Early-life endocytosis may also increase viral uptake compared with
CD300LF-dependent infection alone. Alternatively, the microbiota
enables CRé infectioninadult mice** and the neonatal gut microbiome
compositionis distinct from adults*®, so unique features of the neonatal
StatI”” microbiota may increase infectivity.

Beyond increased lethality in StatI”” mice, the specific IFNs con-
trolling CR6 are distinct in neonates versus adults. Type lll IFNs control
intestinal CR6 replication', while type I IFNs limit CR6 extraintesti-
nal dissemination in adults®. In contrast, regulation of CR6-driven
neonatal lethality is dominated by type I and I IFNs, although type IlI
IFNs may also play a role. Involvement of different IFNs may reflect
age-dependent tissue-specificity of IFN responses. Inadults, IECs pri-
marily express the type lll IFN receptor*’, while neonatal IECs respond
toboth typeland 1 IFNs*®, Multiple IFN classes may thus control viral
replication and restrict systemic spread in neonates.

CD300LF plays aminor role in CR6 RNA uptake in wild-type neo-
nates, as disrupting or blocking this receptor decreased viral RNA.
Similarly, blocking virus replication with 2-CMC starting at O dpi
reduced viral RNA shedding, whereas treatment at 3 dpi did not, sug-
gesting early replication. Interestingly, CD300LF has beenimplicated

in facilitating cellular internalization of MNoV not via direct capsid
binding but instead via interactions with phosphatidylserines* while
shuttling vesicle-cloaked viral clusters into the endocytic pathway*’. We
found that cortisone reduced viral RNA shedding in Cd300If” but not
inwild-type neonates. Thus, whether CD300LF itself could contribute
to passive ileal absorption of virus in neonates remains an intriguing
open question. CD300LF dependence isrevealed in Statl” neonates,
as CD300LF is necessary for systemic spread®. Our work thus identi-
fies numerous context-dependent host factors regulating viral RNA
shedding in neonatal mice.

Despite children’s high disease burden and important rolein NoV
transmission, host factors contributing to age-specific prolonged viral
shedding are not well-defined. Hostimmunity limits NoV persistence,
as immunocompromised patients of all ages experience extremely
prolonged viral shedding®. Although anti-NoV antibodies accumulate
with age, correlated with decreasing infection prevalence®, antibody
protection is limited in duration and against heterologous strains>**,
and thus may not fully explain age-based differences. Innate immune
regulation of NoV infection has not been well-studied in humans,
although many aspects of innateimmunity areimmature in children*.
Whether differences in immune control can explain the variation in
disease progression in young children is thus currently unclear. Our
study pointsto both physiological and innate immune characteristics
regulating viral outcomes that differ between neonates and juvenile or
adultmice, highlighting the critical need to explore how developmental
changes may govern infection responses.

Methods

Mice

Unless otherwise specified, C57BL/6) wild-type mice were originally
purchased from Jackson Laboratories (JAX 000664) and bred and
housed in WUSTL animal facilities under specific-pathogen-free,
including MNoV-free, conditions. Animal protocols were approved
by the Washington University Institutional Animal Care and Use Com-
mittee (protocol numbers 20160126,20190162 and 22-1040). Animals
were housed at up to five adult mice in a cage or a single dam with a
lactating litter. The conditions in animal rooms used in this study fall
within the standards set by the ‘Guide for the Care and Use of Labora-
tory Animals’. Temperatures were maintained between 68-72 °F and
humidity between 30-70%. Theroom light cycleis12 hlight:12 hdark.
Age-and sex-matched adults were used inadult mouse infections. Lit-
ters of pupsincluding males and females were used in neonatal mouse
experiments. No statistical methods were used to predetermine sample
sizes, but our sample sizes are similar to those reported in previous
publications”.

Fig. 5| Persistent MNoV replicates in neonates in the absence of STAT1
signalling. a—c, StatI”" pups were orally inoculated with CR6 at P6. 2-CMC

(100 mg kg™) or PBS was injected subcutaneously daily to littermates beginning
at 3 dpiand survival tracked through 7 dpi (a). Tissues were collected at 7 dpi

(b) and stool collected at 1-7 dpi (c) and MNoV genome copies quantified by
RT-qPCR. d,e, Wild-type pups were orally inoculated with CR6 at P6.2-CMC

(100 mg kg™) or PBS was injected subcutaneously daily to littermates beginning
at 0 dpior3dpi.llea(d) and stool (e) were collected at 7 dpi and MNoV genome
copies quantified by RT-qPCR. f,g, Wild-type neonates (P6) and adults (6-9 weeks
old) were orally inoculated with CR6. Infectious virus from 3-10 dpi stool (f) and
7 dpitissues (g) was quantified by plaque assay on BV2 cells. h,i, StatI”" neonates
were orally inoculated with CR6 at P6. Infectious virus from stool (h) and tissues
(i) collected at 5-6 dpiwas quantified by plaque assay on BV2 cells. j, Stat1”~ pups
were orally inoculated with CR6 at P6. Spleen samples were collected at 5 dpiand
stained for CD45, dsRNA and NSé6/7. Scale bar, 30 pm. k, Wild-type neonates were
orally inoculated with CR6 at P6 and faecal pellets collected from dam and

pups at 14 dpi. MNoV genome copies were quantified by RT-qPCR and MNoV+
dams defined as those with MNoV genome copies above the limit of detection.

1, Cd300If" neonates were inoculated with CR6 at P6 and faecal pellets collected
from damand pups at 7,10 and 14 dpi and MNoV genome copies quantified by

RT-qPCR, with 7 dpi pup stool replicated from Fig. 3a. m, Rps29 expressionin
stool samples from wild-type naive and CRé6-inoculated neonates (inoculated at
P6, collected at P13, P20) or adult mice (naive vs 14 dpi) was assessed by RT-qPCR.
Data were analysed using Gehan-Breslow-Wilcoxon test (a), two-way ANOVA with
Sidak’s multiple comparisons (d,e), two-tailed Mann-Whitney test corrected with
the Holm-Sidak method (f,g), two-tailed Mann-Whitney test (k) and two-way
ANOVA with Tukey’s multiple comparisons (m).Ina-c,2-CMCn=6;PBSn=4,
from twolitters; (a) **P=0.0023.Ind and e, day 0 PBS n=6;2-CMC n=4, from
two litters; day 3 PBS n=6;2-CMC n =8, from two litters. (d) **P=0.0055.

(e) *P=0.0051.Inf,P6 n=5,3 dpi; n="7,7 dpi; n=4,10 dpi; from two litters; and
adultn=28,3dpi;n=9,7dpi; n= 6,10 dpi; from two experiments; **P = 0.0047

(3 dpi), *P=0.0113 (7 dpi, 10 dpi).Ing, P6 n = 6, from two litters; and adult n =6,
from two experiments; **P=0.0043 (ileum and colon).Inhandi,n =6, from 2
litters.j, Representative of three independent samples, remaining replicates and
controls in Extended Data Fig. 8. Ink, MNoV+ pups n =21, from 5 litters; MNoV—
pups n =20, fromSlitters; ****P < 0.0001.In1, n = 20, from 3 litters. In m, naive
pups n=12,2litters; CR6 pups n = 6, 3 litters; naive adults n =11, 2 experiments;
CRé6-inoculated adults n = 6,1 experiment; *P = 0.0285,**P=0.0073,
***P=0.0004. Dashed lines indicate limit of detection for assays.
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Knockout mice in the C57BL/6) background were maintained in
the same conditions and included the following strains: Pou2f37,
Cd300If™2, Ragl”" (JAX 002216)%, StatI”~ (JAX 012606)°, [fnarl”™,
Ifngr1”” (JAX 003288)°® and Ifnlr1**. IfnarI”~ mice were originally
provided by Michael Aguet (ISREC - School of Life Sciences Ecole
Polytechnique Fédérale de Lausanne). Pou2f3”", Cd300If”", and

Ifnlr1”" mice were previously generated at Washington University in
St. Louis. Ifnar1” IfngrI”” mice were generated by crossing Ifnar1”" and
Ifngrl” mice.

Statl conditional knockout mice were generated by crossing
Stat”” mice (MMRRC 32054)* to the following Cre lines: Villin-Cre
(JAX004586)°, Lysm-Cre (JAX 004781)* and Vav-iCre (JAX 008610)°>*,
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Fig. 6 | Non-specific uptake leads to the accumulation of persistent MNoV
RNA in neonatal smallintestines. a, Wild-type neonates were orally inoculated
with CR6 at P6 and ilea collected at 8 hpi and stained for CR6 and Epcam RNA
using RNA insitu hybridization. b, lleal samples were collected from naive mice
atP6, P13, P21 and as adults (left) or at 7 dpi (P13) from littermates inoculated with
CRé6 and treated subcutaneously with 0.5 mg g™ cortisone acetate or vehicle at P6
(right). Dab2 expression was quantified by RT-qPCR. ¢,d, Wild-type littermates
were orally inoculated with CR6 and injected subcutaneously with 0.5 mg g™
cortisone acetate or vehicle at P6. Ilea (7 dpi; ¢) and stool (d) MNoV genome
copies were quantified by RT-qPCR. e,f, Cd300If”" littermates were inoculated
with CR6 and treated subcutaneously with 0.5 mg g™ cortisone acetate or

vehicle at Pé6. llea (7 dpi; e) and stool (f) MNoV genome copies were quantified by
RT-qPCR. g-j, Wild-type neonates were orally inoculated with CR6 and treated
subcutaneously with 0.5 mg g™ cortisone acetate or vehicle at P6. Ifit1 expression
at1dpi(g) and 7 dpi (h) was quantified by RT-qPCR. Serum was collected at

14 dpiand anti-MNoV IgM (i) and IgG (j) were quantified by ELISA, with vehicle
dataoverlapping with Fig. 4a-d. Data were analysed using Welch’s ANOVA with
Dunnett’s multiple comparisons (b, time course), two-tailed ¢-test (b, vehicle

vs cortisone acetate, e-h,j), Welch’s two-tailed ¢-test (c¢,d) and two-tailed
Mann-Whitney test (i). a, Representative sample; remaining replicates shown in
Extended DataFig. 8.Inb, P6 n=4,1litter; P13 n=4, 2 litters; P21 n =3, 2 litters;
adult n=3,1experiment; 7 dpi cortisone acetate n = 5, 2 litters; 7 dpi vehiclen =5,
2litters; *P=0.0283 (P6 vs P21), *P=0.0243 (P6 vs adult), ***P=0.0001 (vehicle
vs cortisone acetate). Incandd, cortisone acetate n = 8 or vehiclen="7,from3
litters; (c) ***P < 0.0001.Ineandf, cortisone acetate n =5or vehiclen=7,from2
litters; (e) ***P=0.0003, (f) ***P< 0.0001.In g, 2independent litters (4 pups per
group); **P=0.0061.Inh, 3independent litters (7-8 pups per group), analysed
by two-tailed ¢-test; ***P=0.0004. Iniandj, 2independent litters (5 pups per
group); (i) **P=0.0079, (j) **P = 0.0022. Dashed lines indicate limit of detection
for assays.

Allinfections were performed on Cre+ and Cre- littermates born to
Cre- dams. Vav-iCre pups were screened for germline deletion of the
floxed allele.

Cd300If”"CD300Ild” mice were generated by co-injecting guide
RNAs targeting the CD300Ifand Cd300!d lociinto C57BL/6) fertilized
zygotes along with Cas9 mRNA. A founder mouse with the following
mutations was recovered:

Cd300Iflocus - WT:CGATATACCTCA-GGCTGGAAGGAT

KO:CGATATACCTCAAGGCTGGAAGGAT

Cd300ldlocus - WT:TATTCCTCATAC-TGGAAGGGTTAC

KO:TATTCCTCATACGTGGAAGGGTTAC

Additional generations were genotyped by Transnetyx from tail
biopsy specimens using real-time PCR with mutation-specific probes.

For comparison of pups by vendor source (Extended DataFig.1A),
C57BL/6 mice were bred at WUSTL, or purchased as lactating dams
withlitters from Jackson Laboratories (JAX 000664) or Charles River
(CR 027). For comparison of pups by genetic background (Extended
Data Fig. 1B), C57BL/6 (000664), BALB/c (000651), A/) (000646),
NOD (001976) and 129S1 (002448) lactating dams with litters were
purchased from JAX. PWK/PhJ (003715) adults were purchased from

JAX and bred at WUSTL due to unavailability of lactating dams for this
strain. For comparison of C57BL/6 and BALB/c pups (Extended Data
Fig.1C,D), lactating dams with litters were purchased from CR (CR 027
and 028, respectively). For comparison of C57BL/6 and BALB/c adults
(Extended DataFigs. 1E,F), 6-week-old adults were purchased from CR
(CR 027 and 028, respectively).

Generation of viral stocks

Stocks of MNoV strain CR6 were generated from molecular clones as
previously described®. Briefly, plasmids encoding the viral genomes
weretransfected into 293T cells to generate infectious virus, which was
subsequently passaged on BV2 cells. After two passages, BV2 cultures
were frozen and thawed to liberate virions. Virus was concentrated
by centrifugation in a100,000 MWCO ultrafiltration unit (Vivaspin,
Sartorius). Titres of virus stocks were determined by plaque assay on
BV2cells.

MNoV infections and sample collection
For adult MNoV infections, 6-9-week-old mice were orally inoculated
with1x 10® plaque-forming units (p.f.u.) of CR6 inavolume of 25 pl. For
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neonatal and juvenile infections, P6 and P15 mice, respectively, were
gavaged with1x 10° p.f.u. of CR6 in a volume of 50 pl using a 22 gauge
plastic feeding tube. Virus stocks contained arange of 1 x 10™4-1 x 10”7
genome copies in1x10° p.f.u. Stool samples were collected by gently
palpating the abdomen to encourage defecation. Given the challenge
of collecting stool from young mice, stool was collected as possible,
and the number of samples collected was generally representative of a
muchgreater number of mice. Tissues were collected from mice at the
time of euthanasia or shortly after natural death when tissues were still
intact. Stool and tissues were collected into 2 ml tubes (Sarstedt) with
1-mm-diameter zirconia/silica beads (Biospec). Samples were frozen
and stored at-80 °Cuntil RNA extraction or plaque assay. For controls
for treatment groups, infected groups included mice treated with PBS
or PBS containing 2% Tween-80.

RNA extraction and quantitative reverse transcription PCR
(RT-qPCR)

As previously described", RNA was isolated from stool using a ZR-96
viral RNA kit (Zymo Research) according to the manufacturer’s proto-
col. RNA fromtissues was isolated using TRI reagent with a Direct-zol-96
RNA kit (Zymo Research) according to the manufacturer’s protocol.
RNA (5 pl) from stool or tissue was used for complementary DNA syn-
thesis with the ImPromll reverse transcriptase system (Promega).
MNoV TagMan assays were performed using astandard curve for deter-
mination of absolute viralgenome copies. PrimeTime RT-qPCR assays
were used for Cd300If(Mm.PT.58.13995989), Ifit1 (Mm.PT.58.32674307)
and Mx2 (Mm.PT.58.11386814) using a standard curve. SYBR green
PCR was performed for Dab2 (Fw 5-TCATCAAACCCCTCTGTGGT, Rv
5’-AGCGAGGACAGAGGTCAACA), Naga (Fw5’- TGCCTTCCTAGCTGAC-
TATGC, Rv 5’- GTCATTTTGCCCATGTCCTC), PrdmI (Fw 5’- AGTTCC-
CAAGAATGCCAACA,Rv 5’- TTTCTCCTCATTAAAGCCATCAA), Sis (Fw
5-TGCCTGCTGTGGAAGAAGTAA, Rv5-CAGCCACGCTCTTCACATTT)
using Power SYBR Green master mix (Applied Biosystems). RT-qPCR
for housekeeping gene Rps29was performed as previously described™.
Allsamples were analysed with technical duplicates.

MNoV-specific enzyme-linked immunosorbent assay (ELISA)
CRé6 ataconcentration of 5 x 10® p.f.u. per well diluted in PBS was used
to coata96-well MaxiSorp plate overnight at 4 °C. Twofold serial dilu-
tions in PBS of mouse IgG (Sigma-Aldrich, 15381, starting at12.5 ng mI™)
ormouse IgM (Sigma-Aldrich, PP50, starting at 250 ng ml™) were used
to coat plates overnight as standard controls. Wells were washed three
times with wash buffer (0.05% Tween-20 in PBS) between incubations.
After 1 h of blocking with 1% BSA in PBS (blocking buffer), serum
diluted inblocking buffer at 1:50 was incubated for 2 h. After washing,
anti-mouse IgG-HRP (Sigma-Aldrich, A3673,1:2,000 dilutionin block-
ing buffer) or anti-mouse IgM-HRP (Sigma-Aldrich, A8786,1:2,000 dilu-
tioninblocking buffer) wasincubated for 2 h. After washing, ELISATMB
Substrate solution (eBioscience) was added and the reaction stopped
with the addition of stop solution (2 NH,SO,). Optical density was read
at 450 nm and reference wavelength 570 nm, and concentration of
samples was determined against the standard curve.

RNA-ISH

llea and colons were collected, and intestinal contents flushed with
10% neutral buffered formalin. Tissues were Swiss rolled and fixed
overnightin10% neutral buffered formalinat 4 °C, washed three times
with 70% ethanol and embedded in paraffin. RNAscope assays were
performed using RNAscope Multiplex Fluorescent v2 assays (ACD)
according to manufacturer instructions. Briefly, 5 um sections were
baked at 60 °Cfor1 h, then deparaffinized by washing with xylene and
100% ethanol. Antigen retrieval was performed by boiling sections
in Target Retrieval reagent (ACD) for 15 min, followed by 30 min of
treatment with Protease Plus (ACD) at 40 °C. Tissues were hybridized
with a custom-designed probe against MNoV strain CR6 RNA (ACD;

20 probe pairs targeted to strain CR6, within nucleotides 5359-6394 as
inGenBank accessionnumber]Q237823.1; used undiluted), and insome
experiments a probe against Epcam (418151, ACD, diluted 1:50 in MNoV
probe), for 2 h at 40 °C, followed by amplification and development
of channel-specific signals according to manufacturer protocol, and
staining with DAPI to visualize nuclei. Positive- and negative-control
probes were included to validate staining protocols. Images were
acquired using an AxioScan Z1(Zeiss) slide scanner, and ImageJ (v.2.9.0)
was used to analyse the images.

Immunofluorescent staining

llea and colon sections were Swiss rolled and paraffin embedded as
described above. Staining for DCLK1 and NS6/7 was generally per-
formed as described previously™. Briefly, 5 pm sections were deparaffi-
nized by washing three times (5 min each) in xylene and isopropanol,
followed by 5 mininrunning water and 5 minin Tris buffered saline with
0.1% Tween-20 (TBST). Antigen retrieval was performed by boiling for
10 min in antigen unmasking solution (Vector), followed by washing
for 5 minin TBST. Blocking was performedin 1% bovine serum albumin
and 10% goat serum in TBST for 30 min at room temperature. When
staining for dsRNA, an additional 1 h blocking with F(ab) fragment
anti-mouselgG (ab6668, Abcam, 0.1 mg ml™) was performed. Primary
staining was performed overnight at 4 °C using rabbit anti-DCLK1
(D2U3L, Cell Signaling, 62257S,1:300), guinea pig anti-NS6/7 (1:1,000,
gift from Kim Green) and mouse anti-dsRNA (rJ2, MilliporeSigma,
MABE113425,1:200). Samples were washed in TBST, followed by sec-
ondary staining for1hat room temperature with goat anti-rabbit Alex-
aFluor 488 (A11008, Invitrogen, 1:500), goat anti-guinea pig AlexaFluor
647 (A21450, Invitrogen, 1:500) and goat anti-mouse AlexaFluor 555
(A21425, Invitrogen, 1:500). Samples were washed in TBST, counter-
stained with DAPI (1:1,000) and mounted with Fluorshield mounting
media. Tuft cells were quantified as DCLK1-positive cells per crypt/
villus, counting at least 50 crypts/villi per mouse, beginning at the
distal end of the ileum and the proximal end of the colon.

Plaque assay

For CR6 plaque assays, BV2 cells were seeded at 2 x 10° cells per well in
a6-well plate and grown overnight. Tissues were weighed and samples
homogenized by bead beatingin 500 pl DMEM medium. Samples were
spunat2,500 gfor3 minat4 °C, then the supernatant was removed and
incubated for1 hatroomtemperature with rocking. Tenfold dilutions
were prepared and applied to each well of BV2 cells, followed by 1 h of
incubation at room temperature with gentle rocking. Inoculum was
removed and 2 ml of overlay media was added (MEM, 10% FBS, 2 mM
L-glutamine, 10 mM HEPES and 1% methylcellulose). Plates were incu-
bated for 72 h before visualization after crystal violet staining (0.2%
crystal violet and 20% ethanol).

Fc-CD300Ifblocking
CRé6neutralization was assessed in vitro by measuring cytotoxicity. BV2
cells (2 x 10* per well) were plated in a 96-well plate. CR6 was incubated
with dilutions of the Fc region of murine IgG2b fused to the human
CD300LF ectodomain® or mouse CD300LF ectodomain®’for1hat37°C
and used to infect BV2 cells at a multiplicity of infection of 0.05. Plates
were incubated at 37 °C for 48 h, then 25 pl of CellTiter Glo (Promega,
G7571) added per well and luminescence measured using a BioTek Syn-
ergy2platereader withanintegrationtime of 1second to quantify viabil-
ity viacellular ATP concentrations. Assays were performedin triplicate.
For neutralization with Fc-fusion proteins in vivo, 1x10° p.f.u.
CRé6wasincubated with1.17 pg of human or mouse Fc-CD300Ifin 50 pl
mediafor1hat 37 °C before oral infection as described above.

Mouse treatments
Cortisone acetate (Sigma, C3130) was dissolved to 25 mg ml™ in
PBS containing 2% Tween-80 at 37 °C and vortexed to make a fine
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suspension before injection. Mice were treated by subcutaneous injec-
tion at 0.5 mg g™ body weight* or the equivalent volume of vehicle
using a31ga(neonates) or 28 ga (adults) needle toinjectinto the scruff.
Cortisone acetate reduced weight gain and variably contributed to
death in pups, probably due to reduced nutrient absorption after
premature gut maturation.

2-CMC (Neta Scientific, AST-F12743) was dissolved to 20 mg ml™*
in PBS. Mice were treated by subcutaneous injection at 100 mg kg™
body weight** or the equivalent volume of vehicle using a31 ganeedle
toinjectinto the scruff daily.

For intestinal transit time assessment, mice were gavaged with
50 pl (neonates) or 400 pl (adults) of a1% Evans blue solution. Faecal
pellets were resuspended in PBS and intestines were collected from
neonatal mice for assessment of blue colour.

Statistical analysis

Datawere analysed using GraphPad Prism 9 software. Inall graphs, NS
indicates not significant (P> 0.05), *P < 0.05, *P < 0.01, **P < 0.001
and ***P < 0.0001. Data were tested for normal distribution using
Shapiro-Wilk tests and non-parametric tests were performed if data
were not normally distributed. F tests or Brown Forsythe tests were
performed to confirm equal variances between groups. No statistical
method was used to predetermine sample size. No data were excluded
fromthe analyses. When possible, littermate controls were randomized
to groups tominimize weight variability between groups. The investiga-
tors were not blinded to allocation during experiments and outcome
assessment, except for tuft cell quantification which was performed
blinded to sample source.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Materials availability
Allreagents are available from M.T.B. under a material transfer agree-
ment with Washington University.

Data availability
Data from this study are included in the main paper and in Extended
Data. Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Source and genetic background of mice influences
persistent MNoV shedding as neonates and adults. (A) C57BL/6 neonates
bred at Washington University in St. Louis (WUSTL), Charles River (CR), or
Jackson Laboratories (JAX) were orally inoculated with CR6 at P6 and MNoV
genome copies detected in 7dpi stool samples by RT-qPCR. (B) Neonates on the
indicated backgrounds, all sourced fromJAX, were orally inoculated with CR6 at
P6 and MNoV genome copies detected in 7dpi stool samples by RT-qPCR. (C, D)
Neonates on the indicated background, sourced from CR, were orally inoculated
with CR6 at P6 and MNoV genome copies detected in 7dpi samples by RT-qPCR
instool (C) and tissues (D). (E, F) Adult mice on the indicated background,
sourced from CR, were orally inoculated with CR6 and MNoV genome copies
detected in10dpi samples by RT-qPCR in stool (E) and tissues (F). Analyzed by

Kruskal-Wallis test with Dunn’s multiple comparisons test (A, B), two-tailed

t-test (C) two-tailed Mann-Whitney test (D-F) corrected with the Holm-Sidak
method (D, F). (A) WUSTL (n =15, 4 litters), CR (n =16, 3 litters),JAX (n =10, 2
litters), *p = 0.0427, **p = 0.0037. (B) C57BI/6 (n =10, 2 litters), BALB/c (n=4,2
litters), A/) (n=10, 3 litters), NOD (n =10, 3 litters), 129S1 (n =9, 2 litters), PWK/PhJ
(n=6,2litters), *p =0.0023 (C57BL/6 vs.A/)), **p = 0.0012 (C57BL/6 vs.129S1),
***p=0.0003. (C) C57BI/6 (n =16, 3 litters), BALB/c (n = 8, 2 litters). (D) C57Bl/6
(n=12,2litters), BALB/c (n =10, 2 litters). **p = 0.0001. (E) N = 10 mice per group
from 2independent experiments, **p = 0.0015. (F) N = 4 mice per group fromone
experiment, p = 0.0563 (ileum), p = 0.0571 (colon). Dashed lines indicate limit of
detection for assays. ns, not significant (p > 0.05).
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Representative images of tuft cells quantified by immunofluorescent staining adult (n=7,2 experiments), analyzed by Kruskal-Wallis test with Dunn’s multiple
of DCLK1in naive C57BL/6 mice (quantified data shownin Fig. 3C). (B) Cd300If comparisons test. *p = 0.0183, **p = 0.0087. Dashed lines indicate limit of
was quantified in intestinal samples from naive C57BL/6 mice by RT-qPCR at the detection for assay. ns, not significant (p > 0.05).
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Extended Data Fig. 7| Evans blue dye is retained in the distal small intestine
of neonatal mice. (A) Adult mice were gavaged with 400ul Evans blue dye and
stool collected at 4- and 24-hours post-gavage. (B) Neonates were gavaged at P6
with 50ul Evans blue dye and stool collected at 24- and 72-hours post-gavage.
Stool was resuspended in PBS for assessment of blue colour. Representative of
3 adults from one experiment and 8 neonates from three litters. (C) Neonates
were gavaged at P6 with 50ul Evans blue dye and treated with 0.5 mg/g cortisone
acetate or vehicle. Intestines were collected at 7dpi post-gavage and assessed
for blue colour across the length of the intestines. Representative of 3 cortisone
acetate and 3 vehicle-treated neonates from two litters. (D-F) lleal samples
were collected from naive mice at P6, P13, P21, and as adults (left) or at 7dpi
(P13) from littermates inoculated with CR6 and treated subcutaneously with

0.5 mg/g cortisone acetate or vehicle at P6 (right). Naga (D), Prdm1I (E), and Sis
(F) expression was quantified by RT-qPCR. P6 (n = 4,1. litter), P13 (n = 4, 2 litters),
P21 (n =3, 2litters), adult (n = 3,1experiment), 7dpi cortisone acetate (n =5,
2litters), 7dpi vehicle (n =5, 2 litters). Naive time course analyzed by Welch’s
ANOVA test with Dunnett’s T3 multiple comparisons test (D, E, time course),
ANOVA with Dunnett’s multiple comparisons test (F, time course), two-tailed
Mann-Whitney test (D, F, vehicle vs. cortisone acetate), or Welch’s two-tailed
t-test (E, vehicle vs cortisone acetate). (D) *p = 0.0295 (P6 vs. P21), *p = 0.0298
(P6vs. adult), **p =0.0079 (vehicle vs. cortisone acetate). (E) *p = 0.0399 (P6
vs. P21), *p = 0.0245 (P6 vs. adult), ***p = 0.0003 (vehicle vs. cortisone acetate).
(F) ***p <0.0001 (P6 vs. P21, P6 vs. adult), **p = 0.0079 (vehicle vs. cortisone
acetate). ns, not significant (p > 0.05).
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Extended Data Fig. 8 | CR6 uptake is localized to the distal smallintestine.llea  P6, collected at 4 or 8hpi. (B) Proximal small intestinal sections collected at 8hpi.
stained for Epcam and CR6 RNA. All replicates collected are shown. (A) Additional ~ (C) Distal smallintestinal sections from naive neonates. Scale bars are 100pum
replicates of distal small intestinal sections from neonates inoculated withCR6at  long.
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Extended Data Fig. 9| Cortisone acetate treatment does not affect CR6 and cortisone acetate (n =5), from two independent experiments. Analyzed by
infection in adult mice. Wild-type adult mice were orally inoculated with CR6 Welch'’s two-tailed t-test (A) and two-tailed Mann-Whitney test corrected with the
and treated subcutaneously with 0.5 mg/g cortisone acetate or vehicle. Stool Holm-Sidak method (B). Dashed lines indicate limit of detection for assays. ns,

(A) and tissue (B) virus levels were quantified by RT-qPCR at 7dpi. Vehicle (n = 5) notsignificant.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code
Data collection  No software was used to collect data.

Data analysis GraphPad Prism Version 9.0.2 was used for all statistical analyses. Imagel (Version 2.9.0) was used to analyze microscopy images.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data from this study are tabulated in the main paper and supplementary materials. Data is uploaded as source data files. All reagents are available from M.T.B.
under a material transfer agreement with Washington University.
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Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender The study did not include human research participants.

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A
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Life sciences study design

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

Sample size Sample size was chosen to identify phenotypes and reproduce results. Sample size was selected considering the Reduction principle in the 3R
to use the minimum number of animals required to scientifically and statistically support the findings.

Data exclusions | No data were excluded from the analysis.

Replication We state the number of experimental replicates in each figure legend. For visual analyses, we selected representative images and stated the
number of time the experiment was repeated.

Randomization  When possible, littermates were used and treatment and control mice were randomly selected from the same cages to minimize weight
variability between groups. For adult studies, sex- and age-matched controls were used and randomly assigned to treatment or control groups

Blinding Tuft cell quantification was performed with blinding to groups. Otherwise, blinding was not used in our study as it does not have any clinical
data or field sample collection

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.
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Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
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Antibodies

Antibodies used rabbit anti-DCLK1 (D2U3L, Cell Signaling catalog #622575S, 1:300)
Guinea pig anti-NS6/7 polyclonal antibody (provided by Kim Green, N/A, 1:1000)
mouse anti-dsRNA (rJ2, MilliporeSigma, catalog #MABE113425, 1:200)




Validation

goat anti-rabbit AlexaFluor 488 (Invitrogen, catalog #A11008, 1:500)
goat anti-guinea pig AlexaFluor 647 (Invitrogen, catalog #A21450, 1:500)
goat anti-mouse AlexaFluor 555 (Invitrogen, catalog #A21425, 1:500).
mouse IgG (Sigma-Aldrich, catalog #5381, starting at 12.5ng/ml)

mouse IgM (Sigma-Aldrich, catalog #PP50, starting at 250ng/ml)
anti-mouse 1gG-HRP (Sigma-Aldrich, catalog #A3673, 1:2000)
anti-mouse IgM-HRP (Sigma-Aldrich, catalog #A8786, 1:2000)

Both anti-DCLK1 and anti-NS6/7 have been previously demonstrated to stain for the desired antigens ( PMID: 29650672; PMID
28966054). Mouse anti-dsRNA have been used previously to detect single-stranded positive-sense virus in FFPE sections ( PMID:
20729142). Minimal background staining was observed with DCLK1 in mice lacking tuft cells (Pou2f3-/-) and for NS6/7 and rJ2 in
uninfected mice.

Mouse IgM and IgG and anti-mouse antibodies have been used widely for ELISAs (PMID: 32251490).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

BV2 microglia cells were derived from female mice. 293T and BV2 cells were provided by Herbert "Skip" Virgin (Washington
University in St. Louis).

BV2 cells have been previously karyotyped (Clinical Genomics Research Unit, Washington University) by the
GTW-banding method and determined to be hypertriploid (karyotype: 59~66,XX,-X/Y,-2,i(2)(A1),+3,-4,-
6,add(8)(A1)x2,-9,-10,add(14)(A1),+15,+16,-17,-19,+6-10mar[cp10]). Aliquots of low passage cells are kept in
liquid nitrogen storage and passage number is recorded.

293T cells were not authenticated.

Mycoplasma contamination BV2 and 293T cells have been screened for mycoplasma.

Commonly misidentified lines  These cell lines are not commonly misidentified.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BL/6J, Pou2f3-/-, Cd300If-/-, Ragl-/- (B6.12957-Ragltm1Mom/J), Stat1-/- (B6.129S(Cg)-Stat1tm1DIv/]), Ifnarl-/-, Ifngrl-/-
(B6.129S7-Ifngritm1Agt/)), Ifnlrl-/-, Ifnarl-/-Ifngr1-/-, Stat1-fl (B6;129S-Statltm1Mam/Mmijax), Villin-Cre (B6.Cg-Tg(Vil1-
cre)997Gum/J), Lysm-Cre (B6.129P2-Lyz2tm1(cre)lfo/J), Vav-iCre (B6.Cg-Commd10Tg(Vavl-icre)A2Kio/J), Cd300If-/-Cd300Id-/-, BALB/
cJ, A/J, NOD/ShilLt), 12951/SvimJ, PWK/PhJ, C57BL/6NCrl, BALB/cAnNCrl.

Mice were used as neonates (postnatal day 6), juveniles (postnatal day 15), or as adults (6-9 weeks). Animals are housed up to five
adult mice in a cage or a single dam with a lactating litter. Temperatures are maintained between 68-72°F and humidity between
30-70%. The room light cycle is 12h light, 12h dark. Age- and sex-matched adults were used in adult mouse infections. Litters of pups
including males and females were used in neonatal mouse experiments. Number of mice used in each experiment are shown in
figure legends.

Animal protocols were approved by the Washington University Animal Studies Committee IACUC (Institutional Animal Care and Use
Committee, protocol numbers 20160126, 20190162, 22-1040).

The study did not involve wild animals
Litters used included a mix of male and female neonates. For studies on adult mice, both male and female mice were used.
The study did not involve field-collected samples

All animal experiments were performed in accordance with federal and university guidelines and approved by the Institutional
Animal Care and Use Committee at Washington University of St. Louis.

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

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




	Age-associated features of norovirus infection analysed in mice

	Results

	Natural transmission of CR6 occurs after postnatal day 16

	CR6 inoculation is associated with age-dependent tissue tropism

	Tuft cells are dispensable for neonatal CR6 RNA shedding

	CD300LF is largely dispensable for neonatal CR6 RNA shedding

	STAT1 controls CR6 lethality and dissemination in neonates

	CR6 replicates in Stat1−/− but minimally in wild-type neonates

	CR6 does not persistently infect mice inoculated as neonates

	CR6 RNA accumulates in neonates by non-specific uptake


	Discussion

	Methods

	Mice

	Generation of viral stocks

	MNoV infections and sample collection

	RNA extraction and quantitative reverse transcription PCR (RT-qPCR)

	MNoV-specific enzyme-linked immunosorbent assay (ELISA)

	RNA-ISH

	Immunofluorescent staining

	Plaque assay

	Fc-CD300lf blocking

	Mouse treatments

	Statistical analysis

	Reporting summary


	Acknowledgements

	Fig. 1 Natural transmission of persistent MNoV from infected dams occurs after P16.
	Fig. 2 Inoculation of pups with persistent MNoV is associated with distinct localization.
	Fig. 3 Tuft cells and CD300 family viral receptors have a limited role in neonatal viral RNA shedding.
	Fig. 4 STAT1 signalling protects against lethality and extraintestinal CR6 spread in neonatal mice.
	Fig. 5 Persistent MNoV replicates in neonates in the absence of STAT1 signalling.
	Fig. 6 Non-specific uptake leads to the accumulation of persistent MNoV RNA in neonatal small intestines.
	Extended Data Fig. 1 Source and genetic background of mice influences persistent MNoV shedding as neonates and adults.
	Extended Data Fig. 2 Tuft cells and Cd300lf expression in early life.
	Extended Data Fig. 3 Mouse but not human Fc-CD300LF blocks CR6 infection in vitro.
	Extended Data Fig. 4 CR6 induces ISG expression in the ileum.
	Extended Data Fig. 5 2-CMC blocks CR6 shedding in wild-type adult mice.
	Extended Data Fig. 6 CR6 replicates in the spleens of Stat1-/- neonates.
	Extended Data Fig. 7 Evans blue dye is retained in the distal small intestine of neonatal mice.
	Extended Data Fig. 8 CR6 uptake is localized to the distal small intestine.
	Extended Data Fig. 9 Cortisone acetate treatment does not affect CR6 infection in adult mice.




