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SUMMARY

Metagenomic studies show that diverse resident vi-
ruses inhabit the healthy gut; however, little is known
about the role of these viruses in the maintenance of
gut homeostasis. We found that mice treated with
antiviral cocktail displayed more severe dextran sul-
fate sodium (DSS)-induced colitis compared with
untreated mice. DSS-induced colitis was associated
with altered enteric viral abundance and composi-
tion. When wild-type mice were reconstituted with
Toll-like receptor 3 (TLR3) or TLR7 agonists or inacti-
vated rotavirus, colitis symptoms were significantly
ameliorated. Mice deficient in both TLR3 and TLR7
were more susceptible to DSS-induced experimental
colitis. In humans, combined TLR3 and TLR7 genetic
variations significantly influenced the severity of ul-
cerative colitis. Plasmacytoid dendritic cells isolated
from inflamed mouse colon produced interferon-f in
a TLR3 and TLR7-dependent manner. These results
imply that recognition of resident viruses by TLR3
and TLR7 is required for protective immunity during
gut inflammation.

INTRODUCTION

Dynamic interactions between gut microbiota and the host im-
mune system are important for gut homeostasis because the
host is continuously exposed to trillions of indigenous microor-
ganisms, which are composed of bacteria, archaea, fungi, and
viruses (Hooper et al., 2012; Virgin, 2014). Metagenomic studies
show that the microbiome of healthy humans and animals in-
cludes many viral genes (e.g., DNA and RNA) and that the intes-
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tines and skin of healthy humans are associated with viruses that
replicate in eukaryotic cells (i.e., eukaryotic viruses) and prokary-
otic cells (i.e., bacteriophages) (Phan et al., 2011; Reyes et al.,
2010). Commensal bacteria are critically involved in various
physiological functions in the gut, and microbial imbalance
(i.e., dysbiosis) might cause intestinal pathology such as inflam-
matory bowel diseases (IBD) (Xavier and Podolsky, 2007); how-
ever, little is known about the role of resident viruses in control-
ling intestinal homeostasis and how these viruses interact with
the host immune system.

Metagenomic studies of resident viruses in the healthy gut
found that temperate bacteriophages are the predominant viral
group. They are assembled and propagated stably within the
bacterial host chromosome (Minot et al., 2013; Reyes et al.,
2010). A number of different types of eukaryotic viruses (e.g.,
herpesviruses, poxviruses, picovirnaviruses, and plant-infecting
viruses) have also been detected in the healthy gut virome,
although they are less abundant and largely derived from diet
(Kim et al., 2011; Zhang et al., 2006). Exogenous pathogenic
eukaryotic viruses are more predominantly detected in the ill
with various gastrointestinal diseases than in healthy individuals
(Finkbeiner et al., 2008; Victoria et al., 2009). Pathogenic viruses
such as human noroviruses directly induce acute gut inflamma-
tion (Basic et al., 2014), and increase the incidence of Crohn’s
disease (CD) (Cadwell et al., 2010). Conversely, murine norovi-
ruses (MNV) stimulate the proliferation of gut epithelial and im-
mune cell populations such as the commensal bacteria, thereby
promoting the development and function of the mucosal immune
system (Kernbauer et al., 2014); however, much less is known
about the contribution of resident viruses in healthy gut including
the possibility that they might elicit innate immune responses.

Crosstalk between resident viruses and the innate immune
system is initiated by pattern-recognition receptors (PRRs) that
detect viral components, such as genomic DNA, single- and
double-stranded RNA (ssRNA and dsRNA, respectively), and
RNA with 5'-triphosphate ends and viral proteins (Takeuchi
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and Akira, 2010). Toll-like receptors (TLRs) are important PRRs
for detecting both dsRNA and ssRNA, which are recognized by
TLR3 and TLRY7, respectively. TLRs serve as sentinels against
pathogens and initiate inflammatory and immune defense re-
sponses. It is not clear how to distinguish between pathogenic
and commensal microbes because microbial products recog-
nized by TLRs are not specific to pathogens as they are also
produced by commensal microbes. One study showed that
commensal bacteria-depleted mice recovered from aberrant in-
testinal inflammation after administration of lipoteichoic acid, a
TLR2 agonist or lipopolysaccharide (LPS), a TLR4 agonist (Rak-
off-Nahoum et al., 2004). We wondered whether a protective
effect of TLRs in intestinal inflammation is confined to recogni-
tion of commensal bacteria or whether other microbes, such
as viruses, might also be involved.

In the present study, we observed an unexpected protective
role of resident viruses recognized by TLR3 and TLR7 on a com-
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that TLR3 or TLR7 ligation with resident
viruses plays a crucial role in intestinal

DW-DW
DW-DSS homeostasis by way of protective inter-
2&32’8 feron-B (IFN-B) secreted mainly by plas-
macytoid dendritic cells (pDCs).
RESULTS
Resident Enteric Viruses Protect
RANTES

Mice from Dextran Sulfate
— Sodium-Induced Colitis

% To address the role of enteric virus in the
- - pathogenesis of intestinal inflammation,
— we first treated BALB/c wild-type (WT)
D mice with antiviral (AV) cocktail (ribavirin,
lamivudine, and acyclovir) for 10 days
before dextran sulfate sodium (DSS)
treatment (2.5% w/v). We hypothesized that decreased viral
load in the intestine would have a beneficial effect on intestinal
inflammation; however, we found that mice treated with the AV
cocktail (AV-DSS) had more severe colitis than AV-untreated
mice administered DSS in distilled water (DW-DSS). The AV-
treated mice showed more severe clinical symptoms, including
body weight loss, stool consistency, and gross bleeding as
shown by disease activity index (DAI) than AV-untreated mice
(Figure 1A). Severe colitis was also confirmed by shortened co-
lons in AV-treated mice (Figure 1B). Histologic analysis of colons
from AV-treated mice showed complete destruction of epithelial
integrity, loss of crypts, submucosal edema, and intense infiltra-
tion of inflammatory cells (Figure 1C). The histological severity of
AV-treated mice was quantified by pathologic scoring (Fig-
ure 1D). To further assess pathologic changes in protein levels,
we analyzed the secreted amounts of cytokines and chemo-
kines in colon tissue homogenates. Amounts of inflammatory
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Figure 2. AV Cocktail Influences Abundance
and Composition of Gut Viral and Bacterial
Communities

(A) Numbers of fecal virus-like particles (VLPs)
stained with SYBR Gold for DNA viruses and SYBR
Green Il for RNA viruses before and after AV
cocktail treatment (one-tail Mann-Whitney U test,
**p < 0.01). Communities of enteric viruses of
BALB/c WT mice before and after AV cocktail
treatment were compared using fecal VLP-derived
(B) DNA metagenomes (p < 0.05, PERMANOVA
on Jaccard distance) and (C) RNA metagenomes
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(D) Bacterial communities before and after AV
treatment were compared using 16S rRNA gene-
based community analysis (p < 0.05, PERMANOVA
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cytokines (i.e., IL-6) and chemokines (i.e., KC and MCP-1) were
higher in the colon tissues of AV-treated mice than in those of WT
mice with DSS-induced colitis (Figure 1E). Among the AV agents,
acyclovir was most effective for evaluation of enteric virus pro-
tection against DSS-induced colitis (Figure S1). Treatment with
AV cocktail alone resulted in no significant changes in body
weight, DAI, colon length, patho-physiological changes, and cy-
tokines or chemokines (Figure 1). These results suggest that
commensal viruses play an indispensable role for protection
against DSS-induced colitis.

AV Cocktail Alters the Abundance and Composition of
Gut Viral and Bacterial Communities

To examine the effect of an AV cocktail on the abundance of
enteric viruses, we isolated virus-like particles (VLPs) from the
feces of naive BALB/c mice before and after AV cocktail treat-
ment. Fecal VLPs were stained with SYBR Gold for DNA viruses
and Green |l for RNA viruses (Figure S2A). At steady-state, we
found a mean of 9.54 log + 0.39 VLPs g™' for DNA viruses and
8.19 log + 0.17 VLPs g™ for RNA viruses in the feces of naive
BALB/c mice (Figure 2A). After AV cocktail treatment, fecal
VLPs declined to a mean of 8.27 log + 0.18 VLPs g™ for DNA vi-

p_Bacteroidetes;

viruses (8.16 + 3.13% before treatment) in
naive BALB/c mice (Figure 2A), indicating
that AV cocktail significantly decreased
the abundance of enteric DNA and RNA
viruses.

To identify the genotypic changes of
enteric DNA and RNA viruses, we con-
ducted a metagenomic analysis of fecal
VLP-derived metagenomic DNA and
RNA using lllumina MiSeq sequencing. Af-
ter quality filtering and removal of host-
derived sequences, we obtained a mean
of 728,265 + 142,750 and 559,058 =+
158,391 paired-end sequences per sam-
ple in DNA and RNA metagenomes, respectively (Table S1).
The sequences were contig-assembled, clustered, and size-
based normalized. We generated a mean of 1,225 + 533 contigs
per sample in DNA metagenomes and 284 + 69 in RNA metage-
nomes (Table S1). Using contig-based sequence profiles, we
compared the genotypes of enteric DNA and RNA viral commu-
nities according to AV cocktail treatment. In Jaccard and Hellin-
ger distance-based principal coordinate analysis (PCoA), before
and after paired samples of the VLP-derived metagenomes were
distant from each other, and fecal VLP-derived DNA (Figure 2B)
and RNA (Figure 2C) metagenomes were clustered by AV cock-
tail treatment (p < 0.05, PERMANOVA). To identify which enteric
viruses are primarily affected by AV cocktail treatment, we
identified the contigs of fecal VLP-derived metagenomes using
BLAST searches against NCBI non-redundant protein database
and NCBI Refseq viral genomes (E-value < 107%). In both DNA
and RNA metagenomes, we could only identify fewer than
30% of total contigs, indicating that the majority of enteric
viruses were not characterized as previously described (Kim
et al.,, 2011; Reyes et al., 2010). The identified contigs were
bacteria, bacteriophages, mobile genetic elements, and viruses
(Figures S2B and S2C). The contigs assigned to bacteria were
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phage-like sequences integrated in bacterial genomes, and the
contigs assigned to bacteriophages, mobile genetic elements,
or viruses were associated with uncultured environmental sam-
ples or with single-stranded DNA viruses. Interestingly, we found
an increase in the richness and abundance of Caudovirales bac-
teriophages in the enteric DNA virome of the mice treated with an
AV cocktail (Figures S3A-S3C), which corresponds with findings
in a cohort of IBD patients (Norman et al., 2015). These results
indicate that the genotypic changes in the community composi-
tion of enteric DNA and RNA viruses are implicated in deteriora-
tion against DSS-induced colitis by AV cocktail treatment.
Because of the unexpected effect of the AV cocktail on gut
microbiota, we conducted gut bacterial community analysis
based on the V1-V2 regions of 16S rRNA gene sequences
using 454-pyrosequencing. In UniFrac-based PCoA analysis,
the samples were clustered separately dependent on AV cocktail
treatment (p < 0.05, PERMANOVA) (Figure 2D). By LEfSe anal-
ysis, we determined the bacterial groups were most changed
by AV cocktail treatment. The genus Ruminococcus was largely

TNF-a
B WT-DSS
El WT-DSS+Ta

ng/ml

*

RANTES
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o N A O o
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depleted and the unclassified Lachno-
spiraceae was highly enriched after
treatment (Figure 2E). However, bacterial
diversity and richness were not affected
by AV cocktail treatment (Figures S3D
and S3E). Although the underlying mech-
anisms are not known, the antiviral agents
also influence few specific bacterial taxa
of the gut microbiota.

Activation of TLR Signals Targeting
Viral Recognition Ameliorates
Intestinal Inflammation
Because enteric viruses might interact
with the innate immune system by
engaging with TLRs (e.g., TLR3 and
TLR7), we next investigated the involve-
ment of innate immunity on the protective
effect of resident viruses on intestinal
inflammation. To address this hypothe-
sis, we administered WT mice agonists for TLR3 (Poly I:C) and
TLR7 (Imiquimod, IMQ) and treated them with DSS (Figure 3A).
Despite identical intake of DSS water (data not shown), the
TLR3 and TLR7 agonists (Ta) were significantly protective for
weight loss and colitis symptoms, whereas mice treated with
a single agonist were not protected (Figure 3B). Attenuated
inflammation in the colons of Ta-treated mice was supported
by longer colon length and milder pathology than found in the
non-treated group (Figures 3C and 3D). To evaluate the protec-
tive function of Ta on innate immune cells, we isolated CD11b™
cells from colon tissues of DSS-treated WT mice and stimulated
with Ta in vitro for measurement of cytokine and chemokine
levels. The fact that amounts of cytokines (e.g., TNF-a) and che-
mokines (e.g., KC) in the culture supernatant were significantly
reduced by Ta stimulation (Figure 3E), indicates the protective
role of enteric viruses resulted from regulation of inflammatory
signals in innate immune cells. These findings suggest that
the protective effect of enteric viruses might be derived from
ligation of TLRs.



In order to further confirm the protective role of resident enteric
viruses, we prepared inactivated rotavirus (RV) as described pre-
viously (Figure S4A) (Burns et al., 1995; Kim et al., 2008). Groups
of BALB/c mice challenged with RV (WT-RV) for 2 weeks
were asymptomatic and did not show any colon pathology
(data not shown). Of note, more attenuated colitis symptoms
were observed in RV-treated mice (WT-DSS+RV) than in non-
treated (WT-DSS) mice (Figure S4). Unlike RV-untreated mice,
no significant weight loss or clinical symptoms were observed
in RV-treated mice after DSS administration (Figure S4B). Milder
DSS-induced colitis in RV-treated mice was confirmed by
colon length and histopathologic analysis of the colon tissues
(Figures S4C and S4D). RV treatment also significantly reduced
the numbers of infiltrated CD11b*Gr-1" neutrophils and
CD11b*F4/80" macrophages (Figure S4E). To further determine
the protective role of RV on intestinal inflammation, we assessed
the secretion of cytokines and chemokines in colon tissue ho-
mogenates. As expected, there were significantly lower amounts
of cytokines (e.g., IL-6 and IFN-y) and chemokines (e.g., KC) in
the colon tissues of RV-treated mice (Figure S4F). Overall, we
found that reconstitution of an enteric virus such as non-repli-
cable RV had a beneficial effect for DSS-induced colitis via
TLR3+7 signaling.

TLR3+7 Signaling by Recognition of Enteric Viruses
Upregulates Innate Immune Defense Molecules during
Colitis

To investigate how TLR3+7 signaling, by recognition of enteric
viruses, affects intestinal inflammation, we compared gene-
expression profiles in the colon tissues of PBS-treated (DSS),
AV cocktail-treated (DSS-AV), and TLR3+7 agonist-treated
(DSS-Ta) WT mice after exposure to DSS. Some 300 genes
were higher or lower (i.e., changed > 2-fold) in DSS-AV and
DSS-Ta mice compared with the DSS group (Figure S5). By
gene ontology analysis, we selected 55 differentially expressed
genes (DEGs) that were shared between DSS-AV and DSS-Ta
mice (Figure S5). These DEGs fell into two categories by expres-
sionin DSS-AV and DSS-Tamice: 27 were upregulated in DSS-AV
mice but downregulated in the DSS-Ta group, consistent with the
intestinal pathology of DSS-AV or DSS-Ta mice. By pathway anal-
ysis S100a8, S100a9, Saa3, Ccl4, and l/1b were the central genes
in the axis of NF-kB and inflammation, assuming that TLR3+7
signaling can regulate intestinal inflammation by affecting the
NF-kB pathway (Figure 4A and Table S2). Although 55 genes
were differentially expressed in the DSS-AV and DSS-Ta groups,
it was not easy to distinguish regulatory from phenotypically ex-
pressed genes. To exclude the pathologically expressed genes,
we tried to select the DEGs only in AV- or Ta-treated groups (Fig-
ure 4B and Table S3). Most of these genes were related to nucle-
otide-binding activity, ion transport, and ion-dependent signaling
molecules. As expected, we found upregulated molecules of
innate immune defenses (e.g., Irf7 and Dhx58) in DSS-Ta mice
(Figure 4B and Table S3). We selected eight genes from microar-
ray dataand thenranreal-time PCR to confirm the results. Allgene
expression were confirmed (Figure 4C). To search the regulatory
genes for an association with intestinal inflammation, we used
physical interaction analysis (GeneMANIA) (Montojo et al., 2010)
to focus on genes that could influence the inflammatory (e.g.,
NF-kB) pathway. Of note, Adra2a and Npy were displayed as reg-

ulatory genes and were linked to the NF-xB pathway through
cyclic AMP (cAMP)-dependent binding molecules (CREB) (Fig-
ure 4D). We next focused on NF-kB activity because CREB pro-
tein competes with NF-«kB for a required cofactor CREB-binding
protein, thereby limiting NF-xB activity (Parry and Mackman,
1997). NF-«kB activity was increased in the colon tissues of AV-
treated mice but reduced in the TLR3/7 Ta-treated mice (Fig-
ure 4E). The modulated NF-kB activity by enteric virus load in
the colon was confirmed by immunostaining with anti-NF-xB
p50 antibody (Figure 4F). Therefore, it was necessary to verify
that TLR3+7 signaling can control intestinal inflammation by regu-
lating the NF-kB-dependent pathway.

Recognition of Resident Enteric Virus through Both the
TLR3 and TLR7 Pathways Is Required for Protection
against Intestinal Inflammation

To further confirm our hypothesis that gut symbiosis might be
maintained by recognition of gut-resident viral products by
TLR3+7 signaling, we generated TLR3 and TLR7 double-defi-
cient (TIr3~/~TIr7~'") mice. Naive TIr3~/~TIr7~’~ mice appeared
healthy at birth and showed normal growth in a pathogen-free
environment but were more susceptible to DSS-induced colitis
and had more severe weight loss and clinical symptoms than
the TLR3 and TLR7 intact WT mice (Figure 5A). In addition,
TIr3~~TIr7~/~ mice started to die 7 days after DSS treatment,
whereas all WT mice survived (Figure S6A). The colons of
TIr3~/~TIr7~/~mice were significantly shorter than those of WT
mice after DSS treatment (Figure 5B). Significant pathology in
colons of TIr3~/~TIr7~’~ mice included damaged epithelial tis-
sue, crypt distortion, and infiltration of inflammatory cells; WT
mice had milder symptoms (Figure 5C). Histologic changes
associated with severe colitis in TIr3~/~TIr7~/~ mice were
confirmed by pathological scoring (Figure 5C). As expected,
we found increased infiltration of CD11b*Gr-1" neutrophils and
CD11b*F4/80* macrophages in the colon tissues of
TIr3~/~TIr7~/~ mice beginning 4 days after DSS treatment (data
not shown). These findings were sustained until day 10 after
DSS treatment (Figure 5D), consistent with the pathologic score.
Neither PBS-treated WT nor TIr3~/~TIr7~/~ mice had significant
differences in those cell subsets (data not shown). In order to
further assess pathologic changes in the TIr3~~TIr7~/~ mice,
we analyzed the secreted amounts of cytokines and chemokines
from colon tissue homogenates. Amounts of inflammatory cyto-
kines (IL-6, IFN-y, and TNF-o) and chemokines (KC, MCP-1,
MIP-1a, and RANTES) were much higher in the colon tissues
of TIr3~/~TIr7~’~ mice than in those of WT mice (Figure 5E). To
determine whether TLR3 and TLR7 have redundancy in protec-
tion against intestinal inflammation, we gave Tir3 or Tir7 single-
deficient mice DSS for 7 days and monitored them. Body weight
changes, clinical symptoms, and colon lengths in TIr3 and Tir7
single-deficient mice were similar to those of WT mice, whereas
Tir3~/~TIr7~/~ mice had severe colitis (Figure S6). These findings
suggest that TLR3 and TLR7 signaling pathways play a protec-
tive role in intestinal inflammation.

Combined Effects of TLR3 and TLR7 Genetic Variations
on Severity of Human IBD

In order to address the role of enteric virus signaling at onset
and disease severity of IBD in humans, we investigated the
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associations of human TLR3 and TLR7 variants and susceptibil-
ity to IBD using direct sequencing and subsequent genotyping
of the two gene variants. The study population consisted of
570 ethnically homogeneous Koreans including 174 with CD,
107 with UC, and 289 unrelated healthy controls. In the allelic
association analysis, SNP rs 3775291 in TLR3 was significantly
associated with susceptibility to both UC and CD (Figure 6A).
However, there was no significant difference in the allelic fre-
quency of SNP rs3853839 in TLR7 between patients with IBD
and controls.

To evaluate the effects of TLR3 and/or TLR7 genetic variations
(rs 3775291 and rs3853839) on the phenotypes of IBD, we
compared the allele and genotype frequencies between patients
with and without specific phenotypes. We found that patients
with the two combined genetic variants had a higher cumulative
rate of hospitalization than those with a single variant or without
(p = 0.005; Figure 6B). When we analyzed the effects of each sin-
gle TLR3 or TLR7 variant on the other disease outcomes including
cumulative corticosteroid use, hospitalization, and surgery rates,
we found that their effects were marginal to modest and negli-
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Figure 4. Genes for Intestinal Inflammation
Are Regulated by TLR3+7 Signaling

(A) Subsets of differentially expressed genes
(DEGs) (fold change > 2.0) shown on heat
map. Representative 12 DEGs were significantly
changed in a TLR3+7 signaling-dependent manner
(shown as log,-transformed fold-changes).

(B) Some genes were regulated only in AV- or Ta-
treated conditions (fold change > 2.0): Represen-
tatives of 16 genes were changed only in AV- or in
Ta-treated mice but were unchanged in DSS-
treated mice.

(C) DEG expression levels were confirmed by real-
time PCR. *p < 0.05, **p < 0.01 versus DSS group.
(D) Protein-protein interaction network generated
with selected genes (e.g., Adra2a, Npy, NFkB2,
Rab6b) as shown by GeneMANIA package
(version 3.3) plugged into Cytoscape (version
3.0.1). Black and gray circles represent query and
neighbor genes (i.e., genes known to interact),
respectively. Large and small circles indicate sta-
tistical significances of interaction for each node
as estimated by GeneMANIA with largest circles
indicating greatest significance. Query proteins are
always given the maximum node size; node size for
related genes is inversely proportional to the rank
of the gene in a list sorted by the gene score
assessed by GeneMANIA.

(E) Specific NF-«B binding activity was determined
by NF-kB probe. Specificity was confirmed by
competitive reaction with overdose of non-radio-
labeled NF-kB probe (S) or equivalent dose of non-
radiolabeled CRE-1 probe (NS). The activity was
quantificated using ImageJ software.

(F) Immunohistochemistry for p50-NF-«B in colon
tissues. Swiss-rolled colon tissues were fixed with
4% para-formaldehyde and embedded in paraffin.
Paraffin-embedded tissue sections were stained
with p50-NF-kB antibody and further assessed
by confocal microscopy. Relative intensity was
analyzed by ImageJ software. *p < 0.05, “*p < 0.01
versus PBS group.
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gible, respectively (Figure S7). Overall, these results strongly sug-
gest that the TLR3+7-mediated host defense mechanism plays
an indispensable role in the regulation of gut inflammation.

Colon pDCs Produce IFN-$ in a TLR3- and
TLR7-Dependent Manner during Inflammation

To clarify the TLR3+7-dependent protective immunity during gut
inflammation, we first isolated monocytes (Mo; CD11b*Ly6G ™~
Ly6C*), conventional dendritic cells (cCDs; MHCII*CD11b*
CD11C*), and plasmacytoid dendritic cells (pDCs; MHCII*
CD11b~CD11C*PDCA-1*) from colon of WT and TIr3~/~Tir7~/~
mice with DSS-induced colitis. Those isolated cells were stimu-
lated with LPS or Poly I:C and IMQ for 24 hr in vitro, and then pro-
inflammatory and anti-inflammatory cytokines were measured in
the culture supernatant. As shown in Figure 7A, LPS stimulation
elicited high levels of pro-inflammatory cytokines (IL-6 and
TNF-o) by Mo and cDCs but not by pDCs from inflamed colon
of WT mice. pDCs did not produce IL-6 and TNF-o. in the pres-
ence of LPS or Poly I:C and IMQ. Most importantly, pDCs but
not Mo and cDCs from inflamed colon of WT mice produced
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(A) Disease activity index (DAI) was scored as
described in Experimental Procedures.

(B) Colon length was measured 10 days after DSS
treatment.
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(D) Infiltration of neutrophils (CD11b*Gr-1") and
macrophages (CD11b*F4/80") were analyzed in
colon tissues of WT and TIr3~/~TIr7~/~ mice after
DSS treatment by FACS analysis.

(E) Tissue homogenates from WT and TIr3~/~

TIr7~/~ mice were prepared as described in
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Experimental Procedures. Cytokine and chemo-
kine levels in colon tissues were measured by
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significantly higher levels of IFN-B when stimulated with Poly I:C
and IMQ while LPS stimulation failed to do so (Figure 7B). No
detectable levels of IFN-B were found in cell subsets from
TIr3~/~TIr7~'~ mice (Figure 7B). In all experimental sets, IFN-o.
levels were below detectable limits (data not shown). Taken
together, these results suggest that resident intestinal viruses
through TLR3- and TLR7-mediated IFN-B secretion by pDCs
play a protective role in gut inflammation.

DISCUSSION

We show here that mice pretreated with an AV cocktail had more
severe colitis than those that were not treated. Treatment with
TLR3+7 agonists and inactivated RV ameliorated colitis symp-
toms and TIr3~/~Tir7~’~ mice were susceptible to DSS-induced
colitis. In our study of humans with IBD, those with combined
TLR3+7 genetic variants have higher cumulative hospitalization
rates. We also found that TLR3+7 agonists stimulated IFN-
secretion by pDCs during inflammation. We propose that resi-
dent intestinal viruses ameliorate inflammation through secretion

of anti-inflammatory cytokines such as
IFN-B in a TLR3+7-dependent manner.
Gut homeostasis is tightly controlled by
intricate cross-talk among genetic fac-
tors, the host immune system, and envi-
ronmental factors such as microbiota.
Breakdown of balanced interaction of
homeostatic factors results in gut inflam-
mation. Although microbial imbalance is
crucial for the pathogenesis of intestinal
inflammation, prior studies have focused
solely on commensal bacteria. However,
metagenomic analysis shows that gut
microbiota consist not only of bacteria
but also of fungi and viruses (Phan et al.,
2011; Reyes et al., 2010). A previous
epidemiologic study showed that resident viruses can be patho-
gens but some viruses can inhabit the body without pathogenic
changes (Duerkop and Hooper, 2013). Resident viruses are found
in humans in the oral cavity, nasopharynx, skin, and gastrointes-
tinal and respiratory tracts (Bogaert et al., 2011; Foulongne et al.,
2012; Lazarevic et al., 2012). The gastrointestinal tract is popu-
lated mainly with bacteriophages and eukaryotic viruses such
as adenoviruses, herpesviruses, and uncharacterized eukaryotic
viruses (Kim et al., 2011; Reyes et al., 2010). Moreover, RNA vi-
ruses are routinely detected in asymptomatic infants and individ-
uals recovering from acute gastroenteritis (Grohmann et al.,
1991; Matson et al., 1990). There have been questions as to
how resident viruses in the gut can lack pathogenicity and how
the resident virus-host immune system is altered in disease.

In this study, we found that AV treatment resulted in fewer viral
particles and community-wide alterations in resident gut viral
DNA and RNA metagenomes and led to more severe colitis.
On the other hand, activation of innate immune signals by RV
ameliorates gut inflammation. Thus, gut-resident viruses could
have either adverse or beneficial immunomodulatory effects
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A Figure 6. Combined Effects of TLR3 and
TLR7 Genetic Variations on Severity of IBD
gene rsnumber genotype CD p-value OR uc p-value OR control .
in Humans
(n=174) (n=107) (n=289) (A) The associations of human TLR3 and TLR7
1.906 2.160 ; il ; i
variants and susceptibility to IBD using direct
s3775291  TC/TT  84(48.3%) 0.0009 (1.296  55(51.4%)  0.0007 (1.375  95(32.9%) ) q bp yt Vo ?th t
TLR3 0 minant 2.803) -3.393) sequenm'ng and subsequent genotyping of the two
cc 90 (51.7%) 52 (48.6%) 194 (67.1%) gene variants.
(B) Combined effects of TLR3 and TLR7 genetic
variations on severity of ulcerative colitis in hu-
(n=172) (n=107) (n=93) . . .
0,580 0.669 mans. Cumulative hospitalization-free survival
TLRy 193853839 op a3(190%) 0068 (0323 23 (21.5%)  0.22 (0352 27 (29.0%) after remission was calculated by Kaplan-Meier
Recessive 1.044) -1.273) method, with differences determined by log-rank
GG/CG 139 (80.8%) 84 (78.5%) 66 (71.0%) test.

CD, Crohn’s diseases; UC, ulcerative colitis; OR, odds ratio.
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and account for greater susceptibility to DSS-induced gut
inflammation. Previous studies found enriched viral particles
and genotypic differences of gut bacteriophages in patients
with CD (Lepage et al., 2008; Pérez-Brocal et al., 2013; Wagner
et al., 2013). In addition, chronic viral infections by herpesviruses
or endogenous retroviruses are linked to origin of or exacerba-
tion of IBD (Antony et al., 2004; Kandiel and Lashner, 2006;
Schunter et al., 2007). A recent comparative cohort study of pa-
tients with CD and UC suggested that an increase in Caudovir-
ales bacteriophage richness was significantly correlated with
the disease pathogenesis (Norman et al., 2015). Our results are
consistent with IBD-specific viral alterations without a reduction
in bacterial diversity and richness, indicating that an expansion
of bacteriophages is involved in severe DSS-induced colitis in-
dependent of bacterial dysbiosis. On the other hand, a recent
study showed that MNV was beneficial to the host by inducing
gut epithelial and lymphoid cell differentiation and that it played
a protective role against bacterial pathogens (Kernbauer et al.,
2014). In our study, however, MNV was not detected in the feces
of naive BALB/c mice before or after AV treatment (data not
shown). As part of the extended metagenome in normal indi-
viduals, it is of note that gut-resident viruses contribute to
maintaining gut homeostasis by eliciting anti-inflammatory
innate immune responses and that suppression of resident
viruses and alteration of community-wide are deeply involved
in the pathogenesis of gut inflammation.

AV cocktail treatment influences the community composition
of gut microbiota and resident viruses, although no underlying
mechanism has been elucidated. The majority of resident viruses
are bacteria-infecting viruses (bacteriophages) and their genetic
stability and functional gene modules are characterized as being
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lysogenic (Reyes et al., 2010), indicating
that gut phage activity is largely depen-
dent on the bacterial host system. Sup-
pression of AV agents on viral activity
might be mediated by disrupting viral
transcription and replication processes
(Crotty et al., 2002), which likely affect
phage replication and transcription,
particularly by acyclovir. It is also possible
that suppression of resident gut viral ac-
tivity alters host mucosal immune reac-
tions, which subsequently change the
community composition of the gut micro-
biota. In our study, we show that the alteration of resident gut
viral activity by AV cocktail treatment is associated with changes
in particular bacterial taxa. The bacterial flagellin induces pro-in-
flammatory responses from gut epithelial cells and the recogni-
tion of those flagellated bacteria correlates with colitis severity
in murine colitis models and in patients with IBD (Vijay-Kumar
et al., 2010). Of note, many of the flagellated gut bacteria were
assigned to the Lachnospiraceae family (Berry et al., 2012; Naka-
nishi et al., 2015), as also shown in our study. This underscores
the observation that AV agents influence the community compo-
sition of the gut microbiota in part and might contribute to
increased severity of gut inflammation in AV-treated mice with
DSS-induced colitis.

The inflammatory symptoms observed in WT mice activated
by innate signals with TLR agonists was confirmed in TIr3~/~
TIr7~/~ mice with DSS-induced colitis, indicating that enteric
viruses are potentially linked to the pathogenesis of intestinal
inflammation-mediated TLR innate signaling. Viral products
from resident viruses might be recognized by either TLRs,
RIG-I-like receptors (RLRs), or nucleotide oligomerization
domain-like receptors (NLRs) (Kanneganti et al., 2006; Takeuchi
and Akira, 2010). RLRs are cytoplasmic proteins consisting of,
RIG-I, MDA5, and LGP2, which sense dsRNA or RNA with
5'-triphosphate ends (Yoneyama et al., 2004), whereas Nalp3,
an NLR, detects the presence of dsRNA (Kanneganti et al.,
2006). Interestingly, RIG-I-deficient mice spontaneously devel-
oped a colitis-like phenotype with increased susceptibility to
DSS-induced colitis (Wang et al., 2007). Similarly, mitochondrial
antiviral signaling protein (MAVS)-deficient mice developed se-
vere mortality and morbidity in the DSS-induced colitis model
(Li et al., 2011). Nalp3-deficient mice were normal at steady
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state, but exhibited severe colitis after DSS treatment (Zaki et al.,
2010). Although further studies are required to determine which
innate signal is a main pathway for enteric viruses associated im-
mune responses, our findings suggest that resident viruses play
a protective role in gut homeostasis.

In order to determine the clinical relevance of our in vitro and
in vivo data, we investigated the associations of human TLR3
and TLR7 variants and susceptibility to IBD using direct
sequencing and subsequent genotyping of the two gene vari-
ants. IBD, a chronic intestinal inflammatory condition of un-
known causes, includes patients with CD and UC. Although its
precise pathogenesis is unknown, IBD is believed to result
from interactions of genetic, microbial, and immunological fac-
tors that induce intestinal inflammation (Xavier and Podolsky,
2007). Our analysis of TLR3 and TLR7 in humans was consistent
with our findings in a murine model. The combined mutations of
the two genes significantly affected patient outcome in the UC
group. In support of our results, others reported that TLR3 was
significantly downregulated in epithelial cells of patients with
active IBD (Cario and Podolsky, 2000). Although TLR3 or TLR7
genetic variants were not identified in a genome-wide associa-
tion study (GWAS) as IBD susceptibility genes, they might affect
disease severity. Moreover, a single gene mutation among the
two genes did not affect disease development, similar to our
observation that single TIr3~'~ or TIr7~’~ mice did not develop
more severe DSS colitis than WT mice.

Type | IFN signaling, which can be activated by TLR3+7
signaling cascades, is a possible mechanism for the protective
effects of enteric viruses on intestinal inflammation. Others

(Katakura et al., 2005). Moreover, a recent

study showed that beneficial effects of mu-
rine norovirus infection are dependent on type | IFN responses
(Kernbauer et al., 2014). In our study, pDCs from inflamed colon
produced predominant levels of IFN-f3 by stimulation of TLR3+7
agonists (i.e., Poly 1:C / IMQ) while Mo and cDCs mainly pro-
duced IL-6 and TNF-o by stimulation of TLR4 agonist (i.e.,
LPS). Our results clearly indicate that resident virus elicits pro-
tective immunity through TLR3+7-mediated IFN-B by pDCs in
the inflamed gut.

In the past, intestinal viruses have been thought to be detri-
mental or neutral to the host; however, as a result of our findings
we propose that viruses have a role as resident commensals that
promote protective immunity under inflammation conditions.
Thus, in some circumstances, intestinal viruses might benefit
and be useful for the host.

EXPERIMENTAL PROCEDURES

Mice

BALB/c mice were purchased from Charles River Laboratories (OrientBio).
TIr3~'~ mice (BALB/c background) and TIr7~/~ mice (BALB/c background),
kindly provided by Professor Shizuo Akira (iFrec, Osaka University), were
crossed to generate TIr3~/~TIr7~/~ mice. All mice were maintained under spe-
cific pathogen-free conditions in the experimental facility at the Asan Biomed-
ical Research Center where they received sterilized food and water ad libitum.
All animal experiments described were approved by Asan Biomedical
Research Center Institutional Animal Care and Use Committee.

Induction of DSS Colitis

Mice received 2.5% (w/v) DSS (MP Biomedicals) ad libitum in drinking water
for 7 or 9 days and then switched to regular drinking water. The amount of
DSS intake per mouse was recorded. There were no differences in intake
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between mouse strains. Mice were weighed every day to determine percent-
age weight changes. This was calculated as percent body weight change =
(weight at day X / weight at day 0) x 100. Animals were monitored clinically
for rectal bleeding, diarrhea, and general signs of morbidity, including hunched
posture and failure to groom.

Enumeration of Fecal VLPs

Fecal VLPs were counted as previously described (Thurber et al., 2009). In
brief, a 0.5 g fecal sample was suspended with 10 ml of 0.02 pm filtered ster-
ilized saline magnesium buffer (SM buffer; 100 mM NaCl, 8 mM MgSO,, 50 mM
Tris-HCI [pH 7.4], and 0.002% gelatin). The suspension was centrifuged again
at 2,500 x g for 10 min at 4°C and the supernatant was filtered with 0.45 um
and 0.22 um pore size syringe filters (Millipore) to remove cellular cells. For
detailed methodology, see the Supplemental Experimental Procedures.

Depletion of Gut Enteric Virus

Mice were provided ribavirin (30 mg/kg; Roche Life Sciences), lamivudine
(10 mg/kg; GlaxoSmithKline), and acyclovir (20 mg/kg; GlaxoSmithKline) intra-
gastrically daily for 10 days prior to beginning DSS treatment. The treatment
strategy with AV cocktail was based on preclinical studies of the agents (Field
and De Clercq, 1981; Morrey et al., 1999; Sidwell et al., 1972).

DNA Extraction and Sequencing

The procedures used for VLP-derived nucleic acid extraction were as
described (Kim et al., 2011). Briefly, the 0.22 um filtrate was adjusted to
1.12 g mI"" CsCl density and loaded onto the top of the 1.7, 1.5, and
1.3 g mI”" CsCl densities. Samples were centrifuged at 4°C at 60,000 x g for
2 hr, and a 1.5-1.3 g ml™" fraction was collected for double-stranded and
single-stranded DNA and RNA viruses (Thurber et al., 2009). The fraction
was treated with 0.2 vol of chloroform for 10 min at room temperature, and
centrifuged at 2,000 x g for 5 min. The aqueous phase was desalted and
concentrated using centrifugal concentration filters (Amicon Ultra-15,
30 kDa, Millipore). The concentrate was treated with DNase | (2.5 U ml™;
Ambion) for 1 hr at 37°C to remove cellular DNA. For DNA viruses, we used
half of the concentrate to extract VLP-derived DNA metagenome using the
QIAmp MinElute Viral Spin Kit (QIAGEN). For RNA viruses, the other half of
the concentrate was used for VLP-derived RNA metagenome using the
RNeasy Mini Kit (QIAGEN). First strand cDNA was synthesized from the ex-
tracted RNA using SuperScriptTM Il Reverse Transcriptase with random
primers (Invitrogen), according to the manufacturer’s instruction. The VLP-
derived DNA genomes and cDNA-synthesized RNA genomes were amplified
using the lllustra Genomiphi V2 DNA Amplification Kit (GE Healthcare), accord-
ing to the manufacturer’s instruction. The amplified DNA samples were
sequenced using lllumina MiSeq sequencing (300 bp x 2) (lllumina).

Fecal VLP-Derived Metagenome Analysis

Raw paired-end reads were filtered out based on a minimum mean quality
score of 30 and no uncalled bases using Preprocessing and Information of
SEQuences (PRINSEQ, v.0.20.4). Exact duplicates and singletons were also
filtered out. The paired-end reads homologous to mouse reference genomes
(BLASTN, E-value < 10~°) were subsequently excluded. Microbial contamina-
tion was evaluated by searching for the reads homologous to 16S rRNA gene
sequence database (BLASTn, E-value < 10°) in the Ribosomal Database
Project Release 9. For more informative gene prediction and annotation (Pride
etal., 2012; Wommack et al., 2008), the paired-end reads for each DNA or RNA
dataset were hybrid-assembled to contigs using de novo assembler IDBA-UD
(v1.1.1). The contigs were clustered using CD-HIT-EST (v4.6.1) at minimal 90%
identity and minimal 90% alignment. The sequence abundance of the contigs
was calculated by counting the number of sequences falling into each contig
using Bowtie2 alignment (v2.2.3). The abundance of the non-redundant con-
tigs was determined by dividing the coverage per base pair by the length of
the contig. Based on contig abundance, the number of sequences for each
sample was rarefied (900,000 reads for DNA data; 690,000 reads for RNA
data) to normalize different sequencing depths using QIIME (v1.9.0) (Caporaso
et al., 2010). By using comparative matrices, the distance matrices were
calculated based on Jaccard (presence/absence) and Hellinger (abundance)
distances. The community comparisons were visualized by PCoA using
the QIIME package. The contigs were compared against NCBI RefSeq viral
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genomes (last updated 6 Nov 2014) and non-redundant protein database
(last updated 29 March 2015) using tBLASTx and BLASTx searches (E-value <
1079), respectively. The most significant BLAST hit was used for contig
identification.

16S rRNA Gene-Based Bacterial Community Analysis

The procedures for bacterial community analysis of fecal samples before and
after AV treatment (n = 5 each) were done as described previously (Kim et al.,
2013). Metagenomic DNA extraction was performed using DNA Stool Mini Kit
(QIAGEN) as described (Zoetendal et al., 2006). For detailed methodology, see
the Supplemental Experimental Procedures.

Reconstitution with Inactivated RV or TLR Ligands

Murine EC type RV was prepared from intestinal homogenates of 5- to 6-day-
old suckling BALB/c mice infected with RV (EC strain). The infectivity of the
murine strains was determined in vivo in suckling mice and expressed as a
diarrhea dose 50 (DDsg). Inactivated RV failed to replicate by abrogating
expression of non-structural protein 3. Mice were given inactivated RV for
6 days prior to beginning and during DSS administration. To stimulate TLR3/
7 directly, we challenged ligands for TLR3 (Poly [I:C], 10 mg/kg; Invitrogen)
and TLR7 (Imiguimod, 10 mg/kg, Invitrogen) intraperitoneally during DSS
treatment.

Microarray Analysis

Colon tissues were removed 8 days after DSS treatment (DSS) with anti-
viral cocktail (DSS+AV) or TLR 3+7 agonists (DSS+Ta) and washed with
PBS. RNA from colon tissues was isolated with TRIzol (Invitrogen) reagent.
cDNA microarray analysis was performed using a Mouse Ref-8 v2 Expression
Bead Chip Kit (lllumina).

Human TLR3 and TLR7 Variants Study

Patients with IBD were recruited at the Yonsei University Medical Center,
Severance Hospital. The diagnosis of CD or UC was determined based on
clinical, endoscopic, radiologic, and histopathologic findings according to es-
tablished guidelines (Lennard-Jones, 1989). Controls were defined as healthy
individuals without symptoms or history of IBD or other chronic diseases. This
study was approved by the Institutional Review Board of the Yonsei University
College of Medicine and all participants provided written informed consent
prior to entering the study. Demographic and clinical characteristics were
obtained from the patients’ medical records. Detailed methodology is in the
Supplemental Experimental Procedures.

Statistical Analysis

GraphPad Prism software (GraphPad) was used for statistical analysis. Signif-
icant differences between two groups were analyzed with two-tailed paired
t test or Mann-Whitney t test. Multiple groups were analyzed by two-way
ANOVA followed by Bonferroni post hoc test (*p < 0.05; *p < 0.01; **p <
0.001). All SNPs were tested for Hardy-Weinberg equilibrium in controls using
Pearson’s 2-test. When the Bonferroni correction was subsequently applied
in order to correct the statistical bias due to multiple testing across two SNPs,
the adjusted significance level was 0.05/2 = 0.025. The cumulative hospitaliza-
tion-free survival after remission was compared using the Kaplan-Meier
method, with differences determined by log-rank test. Multivariate regression
analysis was performed using Cox’s proportional hazards modeling.

ACCESSION NUMBERS

The EMBL-EBI accession number for VLPs-derived metagenomic sequences
and the 16S rRNA gene sequences is PRJEB9505. All microarray data are
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