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Human noroviruses (HuNoVs) are the leading cause of viral
gastroenteritis worldwide; yet currently, no vaccines or FDA-
approved antiviral drugs are available to counter these pathogens.
To understand HuNoV biology and the epithelial response to in-
fection, we performed transcriptomic analyses, RT-qPCR, CRISPR-
Cas9 modification of human intestinal enteroid (HIE) cultures, and
functional studies with two virus strains (a pandemic Gll.4 and a
bile acid-dependent GlI.3 strain). We identified a predominant
type lll interferon (IFN)-mediated innate response to HuNoV infec-
tion. Replication of both strains is sensitive to exogenous addition
of IFNs, suggesting the potential of IFNs as therapeutics. To obtain
insight into IFN pathway genes that play a role in the antiviral
response to HuNoVs, we developed knockout (KO) HIE lines for
IFN alpha and lambda receptors and the signaling molecules,
MAVS, STAT1, and STAT2. An unexpected differential response
of enhanced replication and virus spread was observed for GllI.3,
but not the globally dominant GIl.4 HuNoV in STAT7-knockout
HIEs compared to parental HIEs. These results indicate cellular
IFN responses restrict Gll.3 but not Gll.4 replication. The strain-
specific sensitivities of innate responses against HuNoV replication
provide one explanation for why Gll.4 infections are more wide-
spread and highlight strain specificity as an important factor in
HuNoV biology. Genetically modified HIEs for innate immune
genes are useful tools for studying immune responses to viral or
microbial pathogens.
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H uman noroviruses (HuNoVs) are the leading cause of virus-
induced gastroenteritis worldwide, causing significant mor-
bidity and mortality in all age groups (1-4). HuNoVs are
positive-sense, single-stranded RNA viruses in the Caliciviridae
family with an RNA genome of ~7.7 kb that contains three open
reading frames (ORFs): ORF1 encodes a nonstructural poly-
protein, and ORF2 and ORF3 code for the major and minor
capsid proteins, VP1 and VP2, respectively (5, 6). There are 10
norovirus genogroups, of which five (GI, GII, GIV, GVIII, and
GIX) contain viruses that infect humans. Each genogroup is
further divided into genotypes based on the sequence similarity
of the capsid VPI gene and RNA-dependent RNA polymerase
(RdRp) gene (7). The prototype Norwalk virus strain is desig-
nated GI.1, and the predominant genotype circulating worldwide
is GIL.4 HuNoV (8).

Although the first HuNoV outbreak was described in 1968,
our knowledge of the mechanisms of HuNoV infection and their
life cycle remains limited. This is largely due to the lack of a
reproducible in vitro cultivation system for almost 50 y since the
discovery of HuNoVs. Recently, several distinct ex vivo HuNoV
cultivation systems including BJAB cells (9, 10), tissue stem cell-
derived human intestinal enteroids (HIEs) (11), zebrafish (12),
and human induced pluripotent stem cell-derived intestinal
organoids (13, 14) have been reported. HuNoV replication in
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HIEs recapitulates the tropism for intestinal enterocytes seen in
patients (15), supports reproducible replication of multiple
strains of HuNoV, confirms epidemiological differences in ge-
netic susceptibility to infection, and has revealed strain-specific
requirements for replication (11, 16-21). Specifically, the ex-
pression of genetically controlled histo-blood group antigens
required for replication in HIEs mimics epidemiological patterns
of virus infection in people (11, 21). Furthermore, studies using
bile acid and ceramide, components of bile that are part of the
intestinal milieu, have provided mechanistic insight into strain-
specific requirements for HuNoV entry and replication in per-
missive cells (20). Thus, the HIE culture system allows new
studies on HuNoV biology, virus-host interactions, antibody
neutralization, and other antiviral interventions to be dissected.

One limitation of HuNoV replication in HIEs is the lack of
indefinite serial passaging of virus, suggesting a role for
uncharacterized host factors in limiting replication. Innate im-
mune responses, including the synthesis and secretion of
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interferons (IFNs) and their downstream effectors, IFN-
stimulated genes (ISGs), form a first line of defense against
many viral infections (22-25). Studies of other human enteric
viruses, including human rotavirus as well as murine norovirus,
provide strong support for the role of IFN responses in con-
trolling viral replication in mice and cultured cells; in many cases,
there are strain-specific mechanisms by which these viruses an-
tagonize host innate immune responses (26-29). To understand
whether these host mechanisms restrict HuNoV replication, we
have evaluated the epithelial response to infection in jejunal
HIEs. Limited information is available regarding the role of in-
nate epithelial responses in controlling HuNoV replication
(30-33). We previously found that stool-derived HuNoV RNA
transfected into mammalian cells, which bypasses virus entry but
allows RNA replication, does not induce an IFN response.
HuNoV RNA replication from transfected GI.1[P1] Norwalk
virus stool RNA was sensitive to exogenously added type I
(IFNA and IFNB) and type III IFN (IFNL) treatment but viral
RNA replication was not enhanced by neutralization of type I/I1I
IFNs or by blocking the IFN response (30). Antiviral effects of
exogenously added IFNs have also been shown in several cell
types expressing HuNoV replicons that, as with transfected stool
RNA, do not recapitulate the full virus infection cycle (31, 34,
35). A recent study in HIEs indicates that HuNoV infection
results in IFN-induced transcriptional responses through the
JAK-STAT pathway (33). Our current studies demonstrate
HuNoV infection of HIEs induces a robust innate response,
which is predominately a type III IFN response dependent on
active viral RNA replication. Exogenous IFN treatment abro-
gates replication of both GII.4 and GII.3 virus but unexpectedly,
there are strain-specific differences in the response to intrinsic
cellular IFN pathways wherein GII.3, but not GII.4, replication is
reduced. Finally, GII.3 replication is significantly enhanced in
STATI-knockout HIEs mediated by increased permissiveness
and virus spreading in these cultures.

Results

RNA Sequencing Reveals Gll.4 HuNoV Infection Leads to Up-Regulation
of I1SGs. To evaluate intestinal epithelial responses to HuNoV, we
infected monolayers of two susceptible, secretor-positive jejunal
(J2 and J11) cultures with GIL4 virus. Mock- and gamma-
irradiated GII.4 (gGIL.4) inoculated cultures were used as con-
trols. We performed RNA sequencing (RNA-Seq) to determine
transcriptional responses to GIL.4 at 6, 10, and 24 h postinocula-
tion (hpi) in comparison to mock-inoculated cultures (3 hpi) or
inoculation with gGIL.4 HuNoV (6, 10, and 24 hpi). We have
previously shown that the genetic background of the HIE cultures
impacts analyses of transcriptional signatures to viral infections,
with responses first clustering by HIE line (36). Based on these
findings, the genetic background of the HIEs (J2 or J11) was
treated as a blocking covariate in a linear model to determine the
differential gene expression profiles. Principal component analysis
(PCA) showed that gGII.4-inoculated and GII.4-infected samples
had a similar early response to mock infections (Fig. 14). At later
times, the transcriptome profiles are more varied with clear sep-
aration seen at the 24 hpi between GII.4-infected and gGIIL.4-in-
oculated cultures (Fig. 14 and SI Appendix, Fig. S14).

In concordance with the PCA results, no significant changes in
transcription were seen in both GII.4-infected and gGII.4-inoc-
ulated samples at 6 hpi compared to media only at 3 hpi (S
Appendix, Fig. S1B). However, a progression in gene activation
occurred with time, with transcriptional responses detectable by
10 hpi (Fig. 1B and SI Appendix, Fig. S1B). By 24 hpi, 529 genes
were significantly up-regulated in GII.4-infected HIEs when
compared to the media controls (Fig. 1B, false discovery rate
[FDR] < 0.05 and a fold change [FC] of at least 2) and 266 genes
were up-regulated when compared to gGII.4 at 24 hpi (SI Ap-
pendix, Table S1), with ISGs accounting for the majority of up-
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regulated genes. Since some changes in gene expression were
also seen in gGIll.4-inoculated cultures compared to media
controls (Fig. 1B and SI Appendix, Fig. S1B) and we were in-
terested in the kinetics of infection, we next determined the
genes that are differentially expressed between GII.4-infected
and gGll.4-inoculated samples and differentially changed with
time (6 to 10 hpi and 10 to 24 hpi). There were no differentially
detected genes between 6 and 10 hpi (Fig. 1C). Between 10 hpi
and 24 hpi, 134 genes were up-regulated (FDR < 0.05 and a FC
of at least 2) in response to GII.4 compared to gGIL4 (Fig. 1
C and D).

Next, we used gene set enrichment analysis (GSEA) to de-
termine the pathways involved in the response to GII.4 infection
for different time intervals (37). Controlling for the effect of
potential immune modulators in stool using gGII.4, our GSEA
analysis revealed that the top pathways up-regulated by GII.4
with time were IFN signaling and antiviral responses linked to
ISGs (Fig. 1E and SI Appendix, Table S1), with a clear time-
dependent increase in IFN signaling. These findings were also
substantiated when gene expression was examined pairwise at
each time point with reference to the media control infection (S
Appendix, Fig. S1). In contrast to the increases in IFN signaling, a
time-dependent reduction in ribosomal RNA (rRNA) processing
and translation was seen following GII.4 infection when com-
pared to gGII.4 inoculation (Fig. 1E and SI Appendix, Table S2).

In concordance with the GSEA results, we observed a robust,
statistically significant increase in expression of ISGs such as
IFI44L, MX1, IFIT1, IFIT3, IFITMI and STATI in GIL4-in-
fected HIEs at 24 hpi, as well as other antiviral genes including
ADAR, EIF2AK2 (PKR) and OASL (Fig. 1F and SI Appendix,
Table S1). Significant increases in the expression of type III IFN
transcripts as well as IJFNB but not IFNA were seen in both HIE
lines compared to mock-infected cultures; this increase was not
noted in gGIIL.4-inoculated HIEs. Although gGII.4 also induced
some low-level ISG responses, these responses did not increase
with time and are likely due to immune modulators present in
the stool filtrate (ST Appendix, Fig. S1). To further evaluate in-
dicators for activated IFN responses, we determined the effect of
HuNoV infection on host long noncoding RNA (IncRNA) re-
sponses. LncRNAs are transcripts exceeding 200 nucleotides that
are not translated into protein but are involved in gene regula-
tion (38). A total of 192 IncRNAs were up-regulated following
GII.4 infection at 24 hpi compared to mock-infected cultures
and 48 IncRNAs were up-regulated when GII.4-infected samples
were compared to gGII.4-inoculated samples at 24 hpi (ST Ap-
pendix, Fig. S24 and Table S3). Nine IncRNAs were differen-
tially expressed between GII.4-infected and gGII.4-inoculated
samples and differentially changed with time (10 to 24 hpi).
While seven among the nine IncRNAs are nonannotated (SI
Appendix, Fig. S2 B and C), two IncRNAs (NRIR and BISPR)
are both associated with IFN response (39, 40). In summary, the
transcriptome data show that GII.4 HuNoV induces a robust
ISG response and alters IFN-associated host IncRNAs. The up-
regulation of ISGs and increase in IFN signaling observed from
GSEA support a role for IFN in the response to viral infection.

Gll.4 HuNoV Induces a Type Il IFN Pathway in Jejunal HIEs. We hy-
pothesized the contribution in antiviral pathways through ISGs
might be primarily from the IFNL response, rather than IFNA or
type II IFN (IFNG), because HIEs induce type III IFN in re-
sponse to several viral infections (36, 41-46). Indeed, while in-
creases in the expression of IFNB were seen along with type III
IFNs in the gene expression (Fig. 1F), differential analysis
showed very low expression of type I IFNs in HIEs. To validate
the RNA-Seq results, we quantitated type I and type III IFN
transcripts during HuNoV infection in J2 HIEs, which showed a
more robust transcriptional response compared to J11 HIEs.
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Fig. 1. GIl.4 HuNoV induces robust IFN-stimulated gene responses in jejunal HIEs. Monolayer (J2 and J11) HIEs were inoculated with media, gamma-
irradiated Gll.4 (gGll.4) or infectious Gll.4 (TCH12-580) stool filtrate containing 1.8 x 10% genome equivalents (GEs) of HuNoV for RNA-Seq analysis. (A)
PCA was performed on the resulting normalized log, counts per million (cpm) expression matrix after correcting for the HIE genetic background. (B) The
number of differentially up- and down-regulated genes (linear fold change of at least 2 and a FDR < 0.05) is summarized in the bar chart. (C and D) Volcano
plots and a heatmap of the differential gene analysis illustrate the progression of response with time. Genes were considered differentially expressed if they
had a linear fold change of 2 and a FDR < 0.05, and are indicated using a red color in the volcano plot. (E) The up-regulated (top 10) and down-regulated
(bottom 10) significant (FDR < 0.25) Reactome pathways are ranked by the normalized enrichment score (NES) based on the changes in gene expression in
Gll.4-infected compared to gGll.4-inoculated cultures between 6 hpi and 10 hpi, and between 10 hpi and 24 hpi. (F) The statistically significant genes (fold
change of at least 2 and a FDR < 0.05 for any time point for the Gll.4-infected or gGll.4-inoculated cultures compared to media controls) for selected IFNs and
ISGs are visualized as heatmaps. # indicates that the change in IFNAT was not significantly different.
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Cultures inoculated with GII.4 virus treated with a neutralizing
antiserum served as a negative control, and the TLR3 agonist
poly(I:C) was a positive control to induce IFN pathways. We
chose a TLR3 agonist because HIEs express only a subset of
TLRs, and TLR3 is the only receptor up-regulated by HuNoV
infection in both J2 and J11 HIEs (S Appendix, Fig. S2D). GI1.4
replication was detected starting at 12 hpi (Fig. 24). As expected,
no viral RNA was detected in the mock-inoculated or poly(I:C)-
treated wells, and no viral replication occurred when the GII.4
inoculum was neutralized by the HuNoV antiserum (Fig. 24).
Type I IFN transcripts (IFNBI) were induced to low levels fol-
lowing poly(I:C) treatment but not induced after HuNoV inoc-
ulation (Fig. 2B). In contrast, the type III IFN transcripts
(IFNL1) were highly induced by poly(I:C) treatment and GIIL.4
infection as early as at 1 and 12 hpi, respectively (Fig. 2C). The
induction of type III IFN transcripts at 12 hpi was concurrent
with HuNoV replication (Fig. 24). IFNLI induction was abro-
gated when the virus was neutralized by the antiserum, indicating
the IFN responses were induced by HuNoV replication and not
by other components of stool filtrate. In concordance with the
RNA-Seq results, induction of ISG (IFI44L) was seen in GIL.4-
infected HIEs at 24 hpi but not when the virus infectivity was
neutralized (Fig. 2D). These results were confirmed in two in-
dependent infected duodenal HIE lines. We next performed a
Luminex assay to detect secreted IFN proteins from infected J2
and J11 HIEs at 96 hpi (Fig. 2 E and F). Moderate IFNLI1 and
high concentrations of IFNL2/3 were produced from HIEs
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infected with GIL4 or treated with poly(I:C), whereas the
gamma-irradiated viruses only induced modest or low levels of
IFNLs in each HIE line. The IFNB1 proteins were barely de-
tectable in all groups. Responses varied in HIE lines with J2
HIEs being more responsive. In summary, our RT-qPCR and
Luminex assay studies validated the RNA-Seq data and con-
firmed that HIEs respond to HuNoV replication and poly(I:C)
treatment by inducing a predominant type III IFN response.

Exogenous IFN or Poly(l:C) Treatment Reduces Gll.4 HuNoV Replication
in HIEs. Knowing that HIEs elicit an IFN response against HuNoV
infection, we next tested whether exogenously added IFNs or IFNs
activated by poly(I:C) attenuate GIL.4 HuNoV replication. Pre-
treatment with type I (IFNA1 and IFNBI1) or type III IFNs
(IFNLI1, IFNL2, and IFNL3) significantly attenuated GIL4
HuNoV replication compared with untreated control (Fig. 34).
Pretreatment with type III IFNs showed a greater effect on GII.4
replication compared to treatment at 1 hpi (SI Appendix, Fig.
S3A4). Pretreatment of HIEs with poly(I:C) at 24, 12, or 6 h before
infection marginally attenuated GII.4 HuNoV replication com-
pared with the untreated control at 24 hpi (Fig. 3B). By contrast,
poly(I:C) treatment after inoculation had a reduced effect com-
pared with pretreatment groups (Fig. 3B). ISG IFI44L expression
at 1 hpi (Fig. 3 C and D) was inversely proportional to GII.4
HuNoV replication, suggesting that the exogenously activated type
T or type III IFN pathways were able to elicit antiviral responses to
attenuate GIL.4 HuNoV replication. This basal elevation of the
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Fig. 2. Gll.4 HuNoV induces a type Il IFN pathway in jejunal HIEs. HIE (J2) monolayers were inoculated with media (mock), Gll.4 (TCH12-580) HuNoV (9 x 107
GEs/well), virus mixed with neutralizing antiserum (Gll.4 + nAb) or treated with 100 pg/mL of poly(l:C) in the presence of 500 uM glycochenodeoxycholic acid
(GCDCA). Poly(1:C) treatment of HIEs for the same time points without GlI.4 inoculation served as the positive control. RNA extracted from the cells and
medium was used to quantify (A) Gll.4 HuNoV GEs, (B) IFNB1 transcripts, (C) IFNLT transcripts, and (D) ISG IFI44L transcripts. Each data bar represents the mean
of three wells of inoculated HIEs, except for the mean of two wells of poly(l:C)-treated HIEs at 24 hpi. Error bars denote SD. * indicates P < 0.05. Each ex-
periment was performed at least two times. For the Luminex assay, J2 and J11 HIEs were inoculated with media, Gll.4 (TCH12-580, 9 x 107 GEs/well), GII.3
(TCH04-577, 1.7 x 107 GEs/well), 25 pg/mL of poly(l:C), gamma-irradiated Gll.4, or GIl.3 HuNoV in the presence of 500 uM GCDCA for 96 hpi. The concentration
of IFNB1, IFNL2, and IFNL2/3 proteins (pg/mL) (E) J2 and (F) J11 HIEs are shown. Dashed lines indicate the limit of detection (LOD) for each IFN. Supernatants
from two wells for each condition and each HIE line were tested.
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ISGs at 1 hpi by IFN pretreatment (Fig. 3 C and D) suggests the
ISGs might impede HuNoV infection during the entry step.
Overall, these data demonstrate GIL.4 HuNoV replication is re-
duced by type I or type III IFN pathways exogenously activated
prior to infection.

Inhibition of IFNs by an IFN Decoy Receptor Fails to Increase HuNoV
Replication. Since exogenously added IFNs reduce HuNoV rep-
lication, we tested whether attenuation of the IFN pathways
could enhance HuNoV replication. We used Y136, a decoy re-
ceptor for type I and type III IFNs that is produced by the Yaba-
like disease virus (47) to attenuate IFN pathways in HIEs.
Replication of GII.4 HuNoV was not enhanced by Y136 treat-
ment in J2 HIEs (Fig. 3E) even though the Y136 treatment
abrogated the induction of ISG IFI44L (Fig. 3F). The attenua-
tion of IFI44L indicates that IFN proteins are induced following
GII.4 replication and are secreted from infected HIEs; however,
although Y136 was able to attenuate IFN downstream responses
via chelating secreted IFNs, GII.4 replication was not enhanced
by chemically inhibiting the endogenous IFN responses in HIEs.

Establishment of Knockout HIEs by Sequencing and Western Blotting.
To further investigate whether endogenous type I or type III IFN
pathways play a role in GII.4 HuNoV infection, we produced and
evaluated whether the knockout (KO) of IFNARI (the type I
IFN receptor subunit), IJFNLRI (the type III IFN receptor sub-
unit), STAT (the master regulator of all three IFN pathways), or
MAVS (the master regulator downstream of the TLR signaling
pathways) alters the kinetics of GII.4 HuNoV replication in
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HIEs. First, we transduced J2 HIEs with lentiviral vectors car-
rying Streptococcus pyogenes-derived Cas9 (Sp-Cas9) and the
small guide RNA (sgRNA) targeting the IFNARI, IFNLRI,
STATI, or MAV'S gene to generate the corresponding KO HIEs.
Transduced HIEs were plated and expanded into single cell
clones, and verified individually by genome sequencing, IFN
treatment, and Western blotting. The IFNAR1-KO HIE contains
a 6-bp deletion followed by a 1-bp insertion, indicating a 5-bp
frameshift mutation in both alleles of the IFNARI gene (SI
Appendix, Fig. S44). The IFNLRI-KO HIE contains a 49-bp
deletion as a frameshift mutation in both alleles of IFNLRI gene
(SI Appendix, Fig. S4C). Functional assessment of the KO lines
showed that compared to the wild-type (WT) HIEs, treatment
with the corresponding IFNs failed to induce ISGs in either
IFNARI-KO or IFNLRI-KO HIEs (SI Appendix, Fig. S4 B and
D). Immunoblot and Western blot analyses showed that the
STATI-KO HIE does not express STAT1 protein (~91-kDa
band indicated with an asterisk and the splice variant of 84 kDa
as a lower band) (SI Appendix, Fig. S4E) while the MAVS-KO
HIE does not express MAVS protein (~75-kDa band indicated
with an asterisk) (SI Appendix, Fig. S4G). The basal level of
IFI44L expression is lower in STAT1-KO HIEs compared with
WT, and this ISG is not induced in mock-inoculated cells over
96 h (SI Appendix, Fig. S4F). Transfection of a STAT2 sgRNA-
expressing plasmid into the STATI-KO HIEs was used to pro-
duce a STAT1/STAT2-double-KO (DKO) HIE line, also verified
by genome sequencing and Western blot analysis for STAT1 and
STAT?2 (SI Appendix, Fig. S4H) These CRISPR-Cas9-generated
IFN pathway-deficient HIEs designated IFNARI-KO, IFNLRI-KO,

Gll.4 HuNoV RNA
Efficiency (%): 24 hpi/1 hpi

all n.s. to no additive

L e

No 24 42 -6 +1 24 42 -6 +1 hpitoadd
additive * + L * poly(1:C)

N
N
e

>
>

0 ®
2 2

Replication efficiency (%) w
N N

>

poly(1:C), 3 ug/mL. poly(1:C), 30 ug/mL.

D IFl44L B 1 hpi
[ 24 hpi
n.s.

104
T«
28 100
£ E
Eg
82w
e
258 10!
©
i3
T 5, 10°
)
'S

10

No 24 12 6 +1 24 12 -6 +1 hpitoadd
A - , D to a¢
additive poly(I:C), 3 ugimL o0, 0 ugmL POV
F IFI44L
102 * Il 1 hpi
3 24 hpi

. |

3 24 hpi+ Y136

=Y
o
&

Fold change
normalized by GAPDH
]
IS

105

Fig. 3. GIl.4 HuNoV replication is sensitive to exogenously activated IFN responses. HIE (J2) monolayers were preincubated with media only (no additive),
1,000 U/mL IFNA1 or IFNB1, or 100 ng/mL IFNL1, IFNL2, or IFNL3 for 24 h, or with 3 pg/mL or 30 pg/mL poly(l:C) at the indicated time points before inoculation
with (A-D) 9 x 10% GEs or (E and F) 1.8 x 10° GEs of Gll.4 (TCH12-580) stool filtrate (E and F) in the presence of 500 uM GCDCA. Cells were cultured 24 h at 37 °C
in the presence of GCDCA without (mock) or with the corresponding IFN (A and C) or with 25 pg/mL of recombinant Y136 (E and F). Transcripts for HuNoV GEs
(A, B, and E) or the ISG IFI44L (C, D, and F) were quantified by RT-qPCR. For A and B, each data bar represents the replication efficiency of treated wells
relative to untreated wells at 24 hpi. Data were calculated by the mean of three wells of inoculated HIEs. Error bars denote SD. * indicates P < 0.05 and n.s.

indicates P > 0.05. Each experiment was performed at least two times.
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STATI-KO, MAVS-KO, and STATI/STAT2-DKO HIEs in a J2
WT background were then used to test for altered susceptibility
to HuNoV infection and replication.

Gll.4 HuNoV Replication Is Not Increased in IFN Pathway-Deficient
HIEs with Attenuated ISG Induction. To assess the role of endoge-
nous IFN pathways on GII.4 replication, we inoculated the WT
and KO HIE lines with GII.4 and measured the kinetics of viral
RNA replication at different times after infection by RT-qPCR.
Infections were carried out at low multiplicity of infection (MOI)
for these studies to allow for the evaluation of viral spreading
over time. The replication kinetics of GII.4 HuNoV in all five
KO HIEs were not enhanced compared with the WT HIEs
(Fig. 4 4, C, and E). Significant induction of ISGs (as measured
by IFI44L expression) in WT HIEs (Fig. 4 B, D, and F), was not
altered by the loss of IFNARI but was decreased by the loss of
IFNLRI upon GIIL4 infection (Fig. 4B), indicating HuNoV
replication induces ISGs via type III IFN pathways. Further, the
induction of ISGs was strongly attenuated in STATI-KO and
STATI/2-DKO HIEs (Fig. 4 D and F, respectively) but only
partially reduced in MAVS-KO HIEs upon GIL4 infection
(Fig. 4D). These data indicate the induction of ISG IFI44L fol-
lowing GIIL.4 replication is STAT dependent, and partially MAVS
dependent in HIEs.

Next, we tested the effect of exogenous IFN treatment on
GIL4 replication in the KO HIEs. Pretreatment of IFNA1 or
IFNL1 significantly reduced GII.4 replication in WT and MAV'S-
KO HIEs, but not in STATI-KO HIEs (SI Appendix, Fig. S54).
The induction of ISG IFI44L by IFNs was significantly lower in
STATI-KO HIEs than in the WT HIEs (SI Appendix, Fig. S5B),
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indicating HuNoV is sensitive to the JAK/STAT pathway in-
duced by exogenous IFNs. We then evaluated whether the
treatment of Y136 in IFNARI, IFNLRI, STATI1, or MAVS-KO
HIEs (SI Appendix, Fig. S6) compared to untreated groups
would enhance GIIL.4 replication. In all KO lines tested, treat-
ment with Y136 failed to enhance GII.4 replication (SI Appendir,
Fig. S6 A and C) even though the ISG IFI44L expression was
attenuated after treatment (SI Appendix, Fig. S6 B and D).
Pretreatment with Y136 for 24 h before and after inoculation in
STATI-KO and MAVS-KO HIEs also failed to further enhance
GII.4 replication (SI Appendix, Fig. S6E) although there was no
induction of IFI44L (SI Appendix, Fig. S6F).

In summary, although the five IFN pathway-deficient HIE
lines show attenuated ISG induction upon GII.4 infection, viral
RNA replication kinetics are not altered in these KO lines,
suggesting GII.4 replication is not sensitive to endogenous IFN
responses during replication in jejunal HIEs.

Gll.3 HuNoV Replication Is Increased in IFN Pathway-Deficient HIEs.
Unlike GII.4, GII.3 HuNoV requires bile acids to infect HIEs,
indicating that different strains of HuNoVs have different entry
requirements and may show varied responses to host cellular
pathways. Therefore, we assessed the effects of IFN pathways on
GIIL.3 (TCHO04-577) replication. Similar to GII.4 HuNoVs, GII.3
also induces strong type III IFN secretion detected by the
Luminex assay (Fig. 2 E and F). Pretreatment of WT HIEs with
IFNAL, IFNBI, IFNLI1, and IFNL3 reduced GIL3 replication
(Fig. 5A4). The basal expression of ISG IFI44L is higher at 1 hpi
compared to untreated HIEs (Fig. 5B) and corresponds to the
reduced replication in these treated cultures. Replication of
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Fig. 4. GIl.4 HuNoV replication is not increased in IFN pathway-deficient HIEs with attenuated ISG induction. WT, IFNART-KO, IFNLR1-KO, STAT1-KO, MAVS-
KO, and STAT1/STAT2-DKO HIEs were inoculated with 9 x 10* GEs of GlI.4 (TCH12-580) in the presence of 500 pM GCDCA. Cells were cultured for either 24, 48,
72, or 96 h at 37 °C in the presence of GCDCA. RNA was extracted at different time points for RT-qPCR to quantify (4, C, and E) Gll.4 HuNoV GEs or (B, D, and
F) ISG IFI44L transcripts. Each data bar represents the mean of three wells of inoculated HIEs. Error bars denote SD. * indicates P < 0.05. Each experiment was

performed at least two times.
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GIL.3 HuNoV also was not enhanced by Y136 treatment
(Fig. 5C) although IFI44L expression was reduced (Fig. 5D). We
next inoculated WT and KO HIE lines with GII.3 and measured
viral replication kinetics to determine whether GII.3 replication
is similarly insensitive to endogenous IFN pathways as seen for
GII.4 HuNoV replication. In contrast to GIL.4, GII.3 HuNoV
replication was increased 10 to 100-fold in STATI-KO and
IFNARI-KO HIEs, respectively, compared with replication in
WT or other KO HIE lines (Fig. 6 A4 and C), and the enhanced
replication was accompanied by reduced ISG responses (Fig. 6 B
and D), indicating that the endogenous IFN pathway is a
restricting factor that blunts GII.3 HuNoV replication in HIEs.
Although ISG expression was reduced, GII.3 replication was not
enhanced in STAT1/2-DKO HIEs (Fig. 6 E and F).

We next performed fluorescent focus assays (FFAs) to eval-
uate whether the increased levels of GII.3 RNA replication were
associated with increased viral spreading in the HIE cultures.
Significantly higher numbers of GII.3-positive cells were de-
tected in STATI-KO monolayers compared with WT monolayers
(Fig. 7 A and B) and clusters of GII.3-positive cells increased
over time (Fig. 7C and SI Appendix, Fig. S7TB), with cells being
lost from the monolayer by 96 hpi compared with infections in
WT HIEs (SI Appendix, Fig. STB). To evaluate whether STATI-
KO HIEs are more susceptible to GIL.3 infection, we next de-
termined the tissue culture infectious dose (TCIDsg) for GII.3
infection in WT and STATI-KO HIEs by the Reed—Muench
method (48). The TCIDs, for GIL.3 infection of WT J2 HIEs was
7.94 x 10* GEs/well, and the TCIDs, for STATI-KO HIEs was
3.42 x 10° GEs/well, suggesting that the latter genetically mod-
ified HIE line is more permissive for GIL.3 infection (Fig. 7D).
These results indicate that differences in GII.3 replication seen
in the time-course experiments could be due to enhanced sus-
ceptibility of KO cells during the first round of infection as well
as increased virus spreading during the subsequent rounds of
infection in the STAT1-KO HIEs. In contrast, STATI-KO HIEs
were not more susceptible to GII.4 as determined by FFA (S
Appendix, Fig. STA). In conclusion, GII.3 HuNoV replication is
sensitive to host endogenous IFN pathways and knockout of
STATI in particular increases viral replication and spreading, a
response that is distinct from the unresponsiveness of GIIL.4
replication even in cultures with abrogated host IFN responses.
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Discussion

The host innate response is the first line of defense following
infection, and the outcome of infection is governed largely by an
interplay between the virus and host antiviral defenses. To effi-
ciently combat HuNoV disease, it is necessary to understand the
viral life cycle and whether viral replication is affected by host
restrictions. Here, we show that HuNoV infection induces a
robust innate response concomitant with viral RNA replication
and ISGs are induced by a predominant type III IFN response.
Functional and CRISPR knockout studies revealed the innate
responses differentially affect replication of two distinct HuNoV
strains relative to intrinsic cellular IFN signaling pathways, with
increased replication and virus spreading occurring in STATI-
KO cultures infected with GII.3, but not GII.4, virus. Given the
epidemiological differences in the prevalence of these strains,
the lack of restriction of GII.4 HuNoV replication by the innate
cellular response may explain why these strains predominate in
the human population (8).

Before the discovery of the HIE-based HuNoV ex vivo culture
system, innate immune responses to HuNoV RNA replication
were examined by using human hepatoma (HG23) or gastric
tumor (HGT) cell-based GI.1 replicon systems (31, 49, 50), and
human embryonic kidney (293FT) cells transfected with au-
thentic GI.1 HuNoV RNA from stools of infected persons or
RNA expressed from a reverse genetics full-length GII.3 plasmid
(30). The main limitation to these previous studies is that none
represented a complete virus infection cycle; in particular, the
viral entry step was missing, which itself can induce innate re-
sponses, and the sites of RNA replication may have been in cy-
toplasmic compartments different from those in an authentic
viral infection.

Thus, our overall understanding of the host response to
HuNoV infection remained limited, and the HIE replication
system for HuNoVs offered the opportunity to examine the in-
nate epithelial responses in multicellular, nontransformed, fully
permissive human epithelial cultures. One study reported limited
GII.4 virus replication in jejunal HIEs (1.55- to 17.23-fold in-
creases of genome equivalents) and induction of host IFN re-
sponses, with a 3-fold increase of IFNL gene expression at 72 hpi
(32). An innate response was detected based on ISG gene ex-
pression 48 hpi of ileal HIEs with live, but not heat-inactivated
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Exogenous IFN reduces GlI.3 HuNoV replication in HIEs. HIE (J2) monolayers were preincubated with media only (no additive), 1,000 U/mL IFNA1 or

IFNB1, or 100 ng/mL IFNL1 or IFNL3 for 24 h, then inoculated with (A and B) 4.3 x 10° GEs or (C and D) 8.6 x 10° GEs of GlI.3 (TCH04-577) stool filtrate in the
presence of 500 uM GCDCA. Cells were cultured 24 h at 37 °C in the presence of GCDCA without or with the corresponding IFN. RNA was extracted at different
time points for RT-gPCR to quantify (A and C) GIl.3 HuNoV GEs or (B and D) ISG IFI44L transcripts. Data were calculated by the mean of three wells of in-
oculated HIEs. Error bars denote SD. * indicates P < 0.05 and n.s. indicates P > 0.05. Each experiment was performed at least two times.
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Fig. 6. GII.3 HuNoV replication is increased in IFN pathway-deficient HIEs. WT, IFNART-KO, STAT1-KO, MAVS-KO, and STAT1/2-DKO HIEs were inoculated
with 4.3 x 10° GEs of GlI.3 (TCH04-577) in the presence of 500 M GCDCA. Cells were cultured for either 24, 48, 72, or 96 h at 37 °C in the presence of 500 uM
GCDCA. RNA was extracted at different time points for RT-qPCR to quantify (4, C, and E) GIl.3 HuNoV GEs for the replication kinetics or (B, D, and F) ISG IFI44L
transcripts. Each data bar represents the mean of three wells of inoculated HIEs. Error bars denote SD. * indicates P < 0.05. Each experiment was performed at

least three times.

GIIL.4 HuNoV (33). The strain of GII.4 or GII.3 was not reported
in either study.

Our RNA-Seq data from infections of two jejunal HIE lines
with different genetic backgrounds inoculated with live and
gGIL.4 Sydney virus report time-dependent innate responses with
type III IFN pathways (IFNL genes) being up-regulated in
conjunction with the onset of viral RNA replication followed by
robust up-regulation of IFN signaling and ISG expression in both
HIE lines. HuNoV RNA replication, which begins by 12 hpi and
reaches 10°- to 10°-fold increases in viral genome equivalents at
24 hpi, is accompanied by a 10% to 10°-fold up-regulation of type
III IFN transcripts compared to 1 hpi, while type I IFN tran-
scripts only marginally increase (less than 10-fold) even with HIE
stimulation with the potent TLR3 agonist poly(I:C). These re-
sults indicate HIEs preferentially induce type III IFN pathways
instead of type I IFN pathways after HuNoV infection, and the
onset of IFN responses begins at 10 to 12 hpi concurrent with
HuNoV RNA replication. The predominant type III IFN gene
expression mirrors data from HIE infections with human rota-
virus (36), enterovirus in fetal HIEs (46, 51), and astrovirus in
duodenal HIEs, although astrovirus infection of duodenal HIEs
also induced type I (IFNB) (45). Moreover, the replication-
dependent induction of IFN indicates HIEs detect the replicat-
ing genome as pathogen-associated molecular pattern molecules
to induce IFNs via TLR pathways, which correlates with the up-
regulation of TLRI and TLR3 expression after infection (S
Appendix, Fig. S2). Observations from our data are reduced
transcription of genes involved in rRNA processing and trans-
lation following HuNoV infection and increases in a subset of
IncRNAs. Only two (NRIR and BISPR) of the nine up-regulated
IncRNAs are annotated and both are associated with IFN

Lin et al.

responses (39, 40). NRIR is reported to share loci with host ISG
CMPK2, and BISPR shares loci with host ISG BST2. CMPK?2
and BST2 are up-regulated with HuNoV infection as well (S
Appendix, Table S1). The biological significance of these regu-
latory pathways remains to be elucidated.

Further dissection of the importance of these innate HIE re-
sponses to control HuNoV infection yielded unexpected differ-
ing results depending on whether exogenous IFN treatment of
cultures or intrinsic cellular IFN signaling was evaluated as well
as which virus strain was used in the infectivity studies. Exoge-
nous IFN treatment of cultures reduced replication of both GII.4
and GII.3 HuNoV strains, similar to effects seen in the early
replicon studies noted above and studies with rotavirus (36) and
astrovirus infection in HIEs (45). Pretreatment of cultures with
high doses of type I or type III IFN to HIEs before infection
triggered ISG expression to a high level and resulted in inter-
ference with infection, attenuating replication of GIL.4 (60 to
80%) and GII.3 (70 to 90%) HuNoVs. These significant de-
creases suggest that viral entry and replication were impaired
when ISGs were activated by IFN treatment prior to infection.
Interestingly, replication of GII.3 was more sensitive to the same
doses of recombinant IFNs than GII.4, providing an indication of
strain-specific differences in HuNoV responses to IFN signaling.
Exogenous IFN treatment studies and inhibition of HuNoV
replication suggest IFNs could be a viable therapeutic strategy to
consider for HuNoV infection especially for chronically infected
patients who can suffer with diarrhea for years (52). Type III
IFNs may be the preferred treatment to assess further because
of its reported reduced side effects compared to type I IFNs
(53, 54). Additional preclinical evaluation of type III IFN
treatment on the replication of more viral strains, including
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those from chronically infected patients, and using a wider
range of HIEs from different intestinal segments and donor back-
grounds is needed.

Independent studies evaluating whether neutralization of se-
creted IFNs using an IFN decoy receptor (Y136) would enhance
HuNoV replication indicated that HuNoV may be able to avoid
host restriction based on IFN induction. Y136 successfully re-
duced ISG induction following GII.4 and GII.3 infection, indi-
cating IFNs secreted into the medium were neutralized; yet, virus
replication remained unchanged. These results are consistent
with the less than twofold change of GII.4 replication (compared
to the dimethyl sulfoxide [DMSO] vehicle control) seen in a
recent study using the JAK inhibitor ruxolitinib that reduced ISG
induction, but contrast with the approximate sixfold enhance-
ment of GIL3 replication (33).

Genetic modification to knock out genes for IFN pathways
with CRISPR-Cas9 provided the clearest validation of the im-
pact of intrinsic cellular IFN signaling pathways on GII.4 repli-
cation. Cas9 genome editing has been used to knock out genes in
HIEs, including CFTR (55), STAG2 (56), and FUT2 (21). We
knocked out the type I and type III IFN receptors, STATI,
STAT2, and MAVS to deplete either or both the type I IFN and
type III IFN pathways or mediators for several TLR pathways.
Surprisingly, GII.4 replication remained unchanged in all KO
HIEs with deficient IFN pathways and attenuated ISG induction.
These results indicate GIL.4 replication is not affected by the
presence of cellular IFN responses in HIEs even though this
virus is sensitive to exogenous treatment of cultures with IFN. A
striking distinct phenotype was observed for GIL.3 HuNoV,
which replicated better in STATI-KO and IFNARI-KO HIEs
with ~10- to 100-fold increases, respectively, indicating replica-
tion of this virus is sensitive to endogenous IFN signaling trig-
gered by the virus. Our genetic studies extend previous findings
of ~6-fold enhancement of GIIL.3 replication in HIEs modified
by expression of NPro protein from bovine diarrhea virus
(BVDV) and V protein from parainfluenza virus type 5 (PIV5 V),
two viral innate immune antagonists known to suppress the
innate response. Modest increases in replication in cultures
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expressing BVDV NPro or PIV5 V may be due to incomplete
KO using the viral antagonists. GII.4 replication was not com-
pared in the previous studies with BVDV NPro and PIV5 V to
know whether a differential effect would have been seen com-
pared with GII.3 replication (33).

An important question was whether the improved RNA rep-
lication of GII.3 in the STATI-KO cells is caused by an increase
in the numbers of infected cells or virus spreading or both. Sig-
nificant HuNoV spreading has not been shown previously in any
cell line. GIL.3 infection of the STATI-KO cultures showed in-
fection of clusters of cells that increase in number and size with
time. This demonstration of HuNoV spread in infected cultures
is remarkable. The STATI-KO line is also more susceptible to
GIL.3 infection as demonstrated by the lower TCIDs, required
for infection, which could be due to less restriction of entry in
neighboring cells when viruses are released from the first in-
fected cells. This sharply contrasts the limited fluorescent foci
and lack of spreading over time seen in WT or STATI-KO in-
fected with GIL.4 virus. These results further indicate that GII.4
can avoid the endogenous IFN responses, although it is possible
there may be other restricting factors, including IFN-independent
antiviral pathways that still restrict GIL.4 replication. Although
down-regulation of IFN pathways play a role, the exact mecha-
nistic basis for the increased susceptibility of GII.3 HuNoV re-
mains to be defined. In addition, the increased susceptibility has
not resulted in the ability to indefinitely passage GII.3 in STATI-
KO HIEs, suggesting other unrecognized factors play a role in
limiting replication.

The differences of GII.3 replication in /JFNLRI-KO compared
to IFNARI-KO and STATI1-KO HIEs are remarkable. First, al-
though the predominant response of HIEs is activation of type
III IFN pathways against viral infection based on our RNA-Seq
and RT-qPCR results, GII.3 RNA replication was enhanced in
type I IFN pathway-deficient HIEs compared to replication in
the type III pathway-deficient HIEs. This was unexpected but
type I IFN pathways may still dominate in HuNoV restriction in
enterocytes. In addition, the mucosal-specific type III IFN
pathways may not be directly antiviral but may have alternative
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effects on bystander epithelial and/or nonepithelial cells or they
may mediate tissue repair or communicate with immune cells
and microbiota in vivo. Signaling of type III IFN with immune
cells, currently lacking in the epithelial-only HIE cultures, has
been shown to be important for innate and adaptive immune
responses in human cells, which is different from previous con-
clusions from studies in mice (57). Other roles of type III IFN
have also been postulated from studies with human rotavirus
infection in HIEs where the virus is not restricted by the pre-
dominant type III IFN response in HIEs, although this is par-
tially due to mechanisms of rotavirus antagonism of the innate
response (36, 58).

The roles of endogenous IFN pathways have been studied in
many RNA viral infections including two other enteric viruses,
rotavirus and murine norovirus (MNV). STATI-dependent in-
nate immunity is essential for control of acute MNV infection of
mice (59), and virus replication is enhanced in STAT!-deficient
immune cells in vitro (60). IFNLRI depletion enhances repli-
cation of the persistent MNV CR6 strain in mice with IFNL
treatment (61). Therefore, the enhanced replication of a HuNoV
GII.3 strain in STATI-KO HIEs is not surprising; however, the
unchanged replication of the globally predominant HuNoV
strain in these same KO cells was unexpected. Why GII.4 in-
fection is not sensitive to the depletion of endogenous IFN
pathways remains unknown. There are many mechanisms by
which other viruses evade IFN-mediated antiviral responses (27)
and understanding how GII.4 HuNoV overcomes IFN signaling,
and what host factors restrict GIL.4 HuNoV replication in
STATI-KO cells are important to dissect the pathogenesis of this
clinically relevant virus strain and to develop interventions.
Unexpectedly, infection of the STAT1/2-DKO HIEs did not en-
hance HuNoV replication. Additional characterization of this
line is required to evaluate if addition of two sgRNAs to HIEs
results in stress responses that impede culture growth or virus
replication.

The discovery of differences in sensitivity to intrinsic IFN
pathways of two HuNoV strains adds to a growing list of strain-
specific distinct biological behaviors of HuNoVs. Differences in
binding to histo-blood group antigens, glycans whose expression
is genetically encoded by host fucosyltransferases, that are re-
quired as initial binding factors for infection was one of the first
examples of strain-specific differences in HuNoV biology (11, 21,
62-64). More recently, strain-specific differences in requirement
for bile or bile acids for infection of HIEs (20) and induction of
host adaptive immune responses by GII.2 HuNoV (65) have
been described. Recognition of strain-specific differences in
sensitivities to innate responses provides insights into the spec-
trum and heterogeneity of HuNoV biology and may provide an
explanation for why specific pathogenic strains may be more
widespread than others. Finally, the KO HIE cultures will likely
be important tools to characterize the properties of other
HuNoV strains such as GII.17, which emerged quickly and
remained widespread for several years. These cultures are also
useful for studying noncultivatable HuNoVs as well as other
human viruses that replicate in the gastrointestinal tract, in-
cluding sapovirus or even the pandemic SARS-CoV-2 (66),
where the innate immune response is still considered to be the
primary restricting factor for their replication.

Materials and Methods

Detailed methods and descriptions of viruses, cells, and infections; RNA ex-
traction and RT-qPCR (67, 68); differential gene expression analysis (37, 69);
Luminex assays; cytokines, agonists and antibodies; HIE transduction and
single-cell cloning; and protein extraction, Western blotting, and immuno-
fluorescent staining are provided in S/ Appendix, S| Materials and Methods.

RNA-Seq Analysis. We performed RNA-Seq analysis on two differentiated
jejunal HIE lines (J2 and J11), inoculated with mock, gamma-irradiated Gll.4

Lin et al.

or infectious GlIl.4 at high MOI infection (1.8 x 10® genome equiva-
lents/well). Total cellular RNAs were extracted from 5-d differenti-
ated, mock-inoculated monolayers at 3 hpi, and Gll.4- or gGll.4-
inoculated monolayers at 6, 10, and 24 hpi using RNeasy Mini Kit
(Qiagen). The RNA integrity was assessed on a 2100 Bioanalyzer
(Agilent). A double-stranded cDNA library was created using 500 ng of
total RNA (measured by picogreen), preparing the fragments for hy-
bridization onto a flowcell. An ERCC RNA Spike-In Control Mix 1 was
added to each sample according to the manufacturer’s protocol. First,
cytoplasmic and mitochondrial ribosomal RNA was removed from the
total RNA samples using Illumina’s Epidemiology-Specific RiboZero
rRNA removal protocol. Then cDNA was generated using the frag-
mented and rRNA-depleted total RNA using random primers. During
second-strand synthesis, deoxythymidine triphosphate (dTTP) was
replaced with deoxyuridine triphosphate (dUTP) which quenches the
second strand during amplification, thereby achieving strand speci-
ficity. Libraries were created from the cDNA by first blunt ending the
fragments, attaching an adenosine to the 3’ end, and finally ligating
unique adapters to the ends for PCR amplification. Paired end se-
quencing (2 x 100 bp) was performed on an Illumina HiSeq 2500 for a
depth of 30 million paired end reads (a total of 60 million reads) per
RNA sample. The fastq files generated during sequencing were quality
trimmed using Trim Galore (70, 71). Trimmed reads were then aligned
to GRCh38 using Hisat2 and then a count matrix was generated from
the aligned reads using featureCounts (72). The RNA-Seq data files
and raw count matrix files were deposited in the Gene Expression
Omnibus (GSE150918).

Cas9/sgRNA-Expressing Vector Cloning. The sgRNA sequences for several
target innate genes including IFN receptors and pathway mediators are
indicated in S/ Appendix, Table S4. Each sgRNA sequence was cloned
into the LentiCRISPR v2 plasmid (Addgene, 52961) or Hygro-LentiCRISPR
v2 plasmid (purchased from the Cell-Based Assay Screening Service
[C-BASS] core at BCM) by BsmBI digestion and ligation as previously
described (73).

Lentiviruses which express Cas9 and sgRNA were packaged by cotrans-
fecting pMD2.G (Research Resource Identifiers [RRID]: Addgene_12259),
psPAX2 (RRID: Addgene_12260), and the designed lentiCRISPR v2 with
sgRNA into HEK-293FT cells (ATCC, PTA-5077, RRID: CVCL_6911) using a
polyethylenimine (PEI) transfection reagent (Sigma). The supernatant was
harvested every 24 h until 72 h posttransfection and concentrated by
polyethylene glycol (PEG)-6000 and sodium chloride precipitation, sus-
pended in complete medium with growth factors [CMGF(+)], aliquoted,
and then stored at —80 °C. HIE KO lines were generated following trans-
fection and single-cell selection as described in S/ Appendix, SI Materials
and Methods.

Quantification and Statistical Analysis. For RT-gPCR, fold changes in mRNA
expression for host genes were determined using the delta-delta-Ct
method relative to the values in control samples as indicated in the
figure legends, after normalization to the housekeeping gene GAPDH
(74). Results are presented as means + SD, unless stated otherwise.
Comparisons between groups/cells were made using the two-tailed
Student’s t test with adjusted P values using the Holm method for mul-
tiple comparison unless stated otherwise. Statistical significance was
denoted with * (P < 0.05) in the figures and figure legends with indi-
cated biological replicate numbers. Statistical analysis was performed in
GraphPad Prism 8.

Data Availability. RNA sequencing data have been deposited in Gene
Expression Omnibus (GSE150918).
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