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The gut microbiota contains a vast number of microorganisms, 
including bacteria, fungi and viruses. Much attention has 
been focused on studying the dynamic interactions between 

commensal bacteria and the host immune system, which are criti-
cally involved in the development, function and homeostasis of gut-
associated lymphoid tissues and various immune cell populations1. 
Metagenomic analysis shows that the intestine of healthy humans 
and animals harbors commensal viruses, such as DNA viruses 
or RNA viruses2–5, the dysbiosis of which is often associated with 
inflammatory bowel diseases6. Moreover, there is evidence to show 
that commensal viruses can shape mucosal immunity. During tissue 
damage, commensal viruses can provide protection from pathologi-
cal intestinal inflammation via induction of interferons (IFNs)7,8. In 
addition, when the commensal bacteria are absent, murine noro-
virus (MNV) can show a similar capacity to bacteria and restore 
intestinal lymphocyte number, and function in germ-free or anti-
biotic-treated mice via IFNs9. These results suggest that commensal 
viruses might compensate for alterations in commensal bacteria and 
exert a regulatory role on mucosal immunity without the presence 
of commensal bacteria; however, the physiological role and mecha-
nism of commensal viruses in the development and homeostasis of 
intestinal lymphoid tissues and immune cells are unknown.

The intestinal immune system is considered the most complex 
part of host immune system, mainly comprising IELs, lamina pro-
pria lymphocytes (LPLs) and Peyer’s patches (PPs)10,11. IELs are 
located in the intestinal epithelial layer and directly interact with 
intestinal epithelial cells (IECs), so they are close to antigens in the 
gut lumen10,11. IELs show different phenotypes with the lympho-
cytes in spleen, blood or lymph nodes and >70% of them are CD8+ 
T cells. In particular, IELs contain greater numbers of T cell receptor 

(TCR)-γδ+ T cells and CD8αα+ T cells, the frequencies of which are 
very low in the circulation12. IELs show an ‘innate’ or ‘memory-like’ 
phenotype and play an important role in the homeostasis of intes-
tinal mucosa12, and their loss results in impaired host defense and 
increased susceptibility to tissue damage13–15. Notably, commensal 
bacteria have been reported to play a critical role in the homeosta-
sis of IELs by producing pathogen-associated molecular patterns or 
metabolites, such as lipoteichoic acid, lipopolysaccharide, muramyl 
dipeptide or indole16–20. In contrast to commensal bacteria, the con-
tribution of commensal viruses to the development and homeosta-
sis of IELs is unknown.

In this study, we investigated the role of commensal viruses in 
the maintenance of IELs. Our study demonstrates that commensal 
viruses are essential for the homeostasis of CD8αα+TCR-αβ+ and 
CD8αβ+TCR-αβ+ IELs. Our data also indicate that RIG-I signal-
ing in antigen-presenting cells (APCs) can recognize commensal 
viruses to maintain homeostasis of IELs, and prevent inflammation 
and tissue damage via a MAVS-IRF1-IL-15 axis.

Results
Commensal viruses maintain IELs. To investigate the role of 
commensal viruses in the homeostasis of the intestinal immune 
system, we first conducted a metagenomic analysis of fecal virus-
like particle (VLP)-derived DNA and RNA to identify commensal 
viruses colonizing specific pathogen-free (SPF) C57BL/6J mice. 
The intestinal virome contained viruses that infect both eukary-
otic cells (eukaryotic viruses) and bacteria (bacteriophages) 
(see Supplementary Fig. 1a,b). For bacteriophages, Podoviridae, 
Siphoviridae, Myoviridae and Microviridae were the major family 
members (see Supplementary Fig. 1a,b). In addition, the intestinal 
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virome contained some eukaryotic virus family members, including 
both DNA and RNA viruses (see Supplementary Fig. 1a,b). MNV, 
a positive-strand RNA virus that is endemic in mouse facilities21, 
did not colonize the mice in our facility (see Supplementary Fig. 
1c). To evaluate the role of these viruses in the intestinal immune 
system, we then tried to deplete the commensal viruses in the gut 
by feeding C57BL/6J wild-type (WT) mice with an antiviral cocktail 
(AVC: ribavirin, lamivudine and aciclovir), starting at 2 weeks after 
birth. The numbers of fecal VLPs, including both DNA viruses and 
RNA viruses, are reduced notably after 6 weeks of treatment (see 
Supplementary Fig. 1d).

As the intestinal immune system mainly comprises IELs, LPLs, 
PPs and mesenteric lymph nodes (MLNs)10,11,22, we then examined 
the effects of AVC treatment on the lymphocytes of these intesti-
nal immune compartments. In AVC-treated mice, the numbers of 
IELs were reduced notably in both the small intestine and the colon 
(Fig. 1a). IELs are simply classified as TCR-γδ+, CD8αα+TCR-αβ+, 
CD8αβ+TCR-αβ+ and CD4+TCR-αβ+ IELs10,11; we further analyzed 
the effects of commensal viruses on the subpopulations of IELs. 
CD8αα+TCR-αβ+ IELs and CD8αβ+TCR-αβ+ IELs were dramati-
cally reduced, but the TCR-γδ+ IELs and CD4+TCR-αβ+ IELs were 
slightly decreased or normal (Fig. 1b,c and see Supplementary 
Fig. 2a). The decrease in CD8+ IELs was also confirmed by stain-
ing CD8α in sections of the small intestine or colon (Fig. 1d,e and 
see Supplementary Fig. 2b,c). Using TCR-δ–green fluorescent pro-
tein (GFP)-transgenic mice, we confirmed that AVC treatment  

slightly reduced the TCR-γδ+ IELs of the small intestine (S-IELs) 
(see Supplementary Fig. 2d,e). In addition, the number of 
CD4+CD8α+TCR-αβ+ IELs was also decreased in the small intestine 
of AVC-treated mice (Fig. 1f).

As AVC treatment reduced both eukaryotic viruses and bac-
teriophages, we then asked which type of commensal viruses was 
involved in IEL homeostasis. As commensal bacteria are important 
for the maintenance of IELs, and bacteriophages live and replicate 
in commensal bacteria16,23, we could not prove whether bacterio-
phages themselves had an impact on IEL homeostasis. However, we 
found that AVC treatment could further reduce IELs in the mice 
that have been treated with antibiotics to deplete commensal bac-
teria (see Supplementary Fig. 3a), suggesting that IEL homeostasis 
depends on eukaryotic viruses, at least in part.

Next we examined whether AVC treatment had an impact on 
the lymphocytes of other immune organs or compartments. In 
AVC-treated mice, the numbers of lymphocytes in the liver, spleen, 
lamina propria, PPs or MLNs were normal compared with vehi-
cle-treated mice (Fig. 1a). Further analysis showed that commen-
sal virus depletion had no effect on the percentages of the major 
immune cell subpopulations, including B, CD4+ T, CD8+ T, natu-
ral killer (NK) or NK T  cells in the spleen, liver and MLNs (see 
Supplementary Fig. 3b,c). The percentages of effector memory (Tem) 
and central memory (Tcm) CD8+ T cells were also normal in these 
compartments after AVC treatment (see Supplementary Fig. 3d). In 
PPs and the lamina propria, AVC treatment had no effect on the B 
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Fig. 1 | Commensal viruses maintain IELs. a, The number of S-IELs (n = 10), colonic IELs (C-IELs) (n = 7), small intestinal LPLs (S-LPLs) (n = 10), 
lymphocytes from the spleen (n = 7) and liver (n = 8), PPs (n = 8) and MLNs (n = 8) from vehicle- or AVC-treated mice. b, Flow cytometry analysis of S-IEL 
subsets from vehicle or AVC-treated mice. Numbers in the pseudocolor plots indicate the percentage of cells represented in the quadrant. c, The number 
of indicated S-IEL (n = 10) or C-IEL (n = 6) subsets from vehicle- or AVC-treated mice. d, Immunohistochemistry staining of tissue samples from the small 
intestine of AVC-treated mice with anti-CD8α antibodies (brown). Scale bars: 50 µm. e, Quantification of anti-CD8α staining in the villi of AVC-treated 
mice. Data were from 50 villi per sample. f, The number of CD4+CD8α+TCR-β+ S-IELs from vehicle- or AVC-treated mice (n = 8). Data pooled from three 
independent experiments (a,c,f) or one experiment representative of at least two independent experiments (b,d,e) are shown (mean ± s.d.). The P values 
were determined using two-tailed, Student’s t-tests (a,c,e,f). *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant.

Nature Immunology | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


ArticlesNATuRE IMMunoLoGy

and CD4+ T cells, but deceased the numbers of CD103+CD8+ T cells 
(see Supplementary Fig. 3e,f), which are tissue-resident memory 
T cells in the intestine24. Thus, these results suggest that commensal 
viruses are critical for maintenance of the homeostasis of IELs.

RIG-I recognizes commensal viruses to maintain IELs. We then 
investigated the mechanism of how commensal viruses maintain 
IELs. The major pattern recognition receptors detecting viral com-
ponents include toll-like receptors (TLRs), RIG-I-like receptors and 
cyclic GMP–AMP synthase (cGAS), which can initiate antiviral 
immune responses via the adapter proteins TRIF, mitochondrial 
antiviral-signaling (MAVS) protein and stimulator of interferon 
genes (STING), respectively25. The analysis of Mavs−/− mice showed 
that these mice exhibited a similar phenotype to AVC-treated mice 
and the number of S-IELs, especially the CD8αα+TCR-αβ+ and 
CD8αβ+TCR-αβ+ IELs, was notably decreased in Mavs−/− mice, but 
normal in Trif−/−(also known as Ticam1−/−) and STING-deficient 
(Tmem173−/−) mice (Fig. 2a,b). In contrast, the number of lym-
phocytes in the liver, spleen and LPLs was not altered in Mavs−/−  
mice (see Supplementary Fig. 4a). Both RIG-I and MDA5 can  
recognize that viral RNA derived from RNA and DNA viruses  

activates downstream signaling via MAVS26; the IELs in RIG-I defi-
cient (Ddx58−/−) and Mda5−/− mice were then analyzed. Similar 
to AVC-treated mice, the numbers of CD8αα+TCR-αβ+ and 
CD8αβ+TCR-αβ+ IELs were notably decreased in the small intestine 
of Ddx58−/− mice, whereas Mda5−/− mice were normal (Fig. 2c–e). 
The similar IEL loss was also observed in the colon of Ddx58−/− mice 
(Fig. 2f,g). In addition the decrease in CD8+ IELs was confirmed 
by staining of CD8α in sections of the small intestine or colon in 
Ddx58−/− mice (Fig. 2h,i and see Supplementary Fig. 4b,c). In addi-
tion, the numbers of CD4+CD8α+TCR-β+ IELs were decreased in 
the small intestine of Ddx58−/− mice (Fig. 2j).

To further confirm that commensal viruses maintain IELs via 
RIG-I signaling, we fed Ddx58−/− mice AVC and found that com-
mensal virus depletion had no impact on the IELs in Ddx58−/− mice 
(Fig. 2k). However, antibiotic treatment could further reduce IELs 
in Ddx58−/− mice (see Supplementary Fig. 4d). Moreover, intra-
peritoneal supplementation of poly(I:C) encapsulated with poly-
ethylenimine (PEI), a ligand for RIG-I, could rescue the IEL loss 
in AVC-treated Ddx58+/+ mice (Fig. 2l), but not in Ddx58−/− mice 
(Fig. 2m). In contrast, supplementation of poly(A:T) could not  
rescue the IEL loss in AVC-treated WT mice (see Supplementary 

4

16

50
40

4

3

2

1

0

30

20

10

0

2.5 10

8

6

4

2

0

2.0

1.5

1.0

0.5

0

12

8

4

0

S-IELsa

e

i j k l m

f g h

b c dS-IELs

NS

NS

NS

NS

NS

NS
NS NS

***

***

***

*** *** ***
***

***
***

***
***

**

***

*** ***

***
***

***

***
***NS NS

NS

NS

NS

S-IELs S-IELs S-IELs S-IELs

S-IELs S-IELs S-IELs

–
+/+

+
+/+

–
–/–

+
–/–

S-IELs C-IELs

CD4+CD8α+TCR-β+

S-IELs

C-IELs

S-IELs

***
3

2

1

To
ta

l c
el

ls
 (

10
6 )

0

4

3

2

1
To

ta
l c

el
ls

 (
10

6 )

C
D

8α
+
 p

er
 v

ill
us

(n
um

be
r)

To
ta

l c
el

ls
 (

10
5 )

To
ta

l c
el

ls
 (

10
5 )

To
ta

l c
el

ls
 (

10
4 ) 3

2

1

0
AVC

To
ta

l c
el

ls
 (

10
6 ) 3

2

1

0
To

ta
l c

el
ls

 (
10

6 ) 2.5

2.0

1.5

1.0

0.5

0

To
ta

l c
el

ls
 (

10
6 )

To
ta

l c
el

ls
 (

10
4 )

0

4

3

2

1

To
ta

l c
el

ls
 (

10
6 )

0

4

3

2

1

To
ta

l c
el

ls
 (

10
6 )

To
ta

l c
el

ls
 (

10
5 )

0

4 15

10

5

0

3

2

1

To
ta

l c
el

ls
 (

10
6 )

0

15

10

5

To
ta

l c
el

ls
 (

10
5 )

0

M
av

s
+/

+

Ddx
58

+/
+

Ddx
58

–/
–

Ddx
58

+/
+

Ddx
58

–/
–

Ddx
58

+/
+

Ddx
58

–/
–

Ddx
58

+/
+

Ddx
58

–/
–

M
da

5
+/

+

M
da

5
–/

–

Tr
if
+/

+

Tr
if
–/

–

M
av

s
–/

–

Mavs+/+

Mavs–/– Ddx58+/+

Mda5+/+

Mda5–/–

Ddx58 –/–

Ddx58+/+

Ddx58
Ddx58–

–
+ +/+ –/– –/–
–

+
+ – – +

AVC
Poly(I:C) Poly(I:C)

Ddx58 –/– Ddx58+/+ Ddx58 –/–

Tm
em

17
3
+/

+

Tm
em

17
3
–/

–

TCR-γδ
+

TCR-β
+

CD8αβ
+ TCR-β

+

CD8αα
+ TCR-β

+

CD4
+ TCR-β

+

TCR-γδ
+

TCR-β
+

CD8αβ
+ TCR-β

+

CD8αα
+ TCR-β

+

CD4
+ TCR-β

+

TCR-γδ
+

TCR-β
+

CD8αβ
+ TCR-β

+

CD8αα
+ TCR-β

+

CD4
+ TCR-β

+

TCR-γδ
+

TCR-β
+

CD8αβ
+ TCR-β

+

CD8αα
+ TCR-β

+

CD4
+ TCR-β

+

Fig. 2 | RIG-I recognizes commensal viruses to maintain IELs. a, The number of S-IELs from Mavs−/− mice (n = 10), Trif−/− mice (n = 7) and Tmem173−/− 
mice (n = 8). b, The number of indicated S-IEL subsets from Mavs+/+ or Mavs−/− mice (n = 9). c, The number of S-IELs from Ddx58−/− (n = 18) or Mda5−/− 
mice (n = 6). d, The number of indicated S-IEL subsets from Ddx58+/+ or Ddx58−/− mice (n = 12). e, The number of indicated S-IEL subsets from Mda5+/+ or 
Mda5−/− mice (n = 6). f,g, The number of C-IELs (f) or indicated subsets (g) from Ddx58+/+ or Ddx58−/− mice (n = 6). h, Staining of tissue samples from the 
small intestine of Ddx58+/+ or Ddx58−/− mice with anti-CD8α antibodies (brown). Scale bars: 50 µm. i, Quantification of anti-CD8α staining in the villi of 
Ddx58+/+ or Ddx58−/− mice. Data were from 50 villi per sample. j, The number of CD4+CD8α+TCR-β+ S-IELs from Ddx58+/+ or Ddx58−/− mice (n = 9). k, The 
number of S-IELs from Ddx58+/+ or Ddx58−/− mice with or without AVC treatment (n = 6). l, The number of S-IELs in mice treated with AVC alone or in the 
presence of PEI-encapsulated poly(I:C) (n = 5). m, The number of S-IELs in Ddx58+/+ or Ddx58−/− mice with or without the presence of PEI-encapsulated 
poly(I:C) (n = 5). Data pooled from three independent experiments (a–g,j), two independent experiments (k–m) and one experiment representative of at 
least two independent experiments (h,i) are shown (mean ± s.d.). The P values were determined using two-tailed, Student’s t-tests (a,g,i,j) or one-way 
ANOVA for multiple comparisons (k–m). *P < 0.05, **P < 0.01, ***P < 0.001.

Nature Immunology | www.nature.com/natureimmunology

http://www.nature.com/natureimmunology


Articles NATuRE IMMunoLoGy

Fig. 4e). These results suggest that RIG-I recognizes commensal 
virus-derived RNA as maintaining IELs.

We next examined whether RIG-I signaling affected the lym-
phocytes of other immune organs or compartments. The num-
ber of lymphocytes in the thymus, liver, spleen, lamina propria, 
PPs or MLNs were normal in Ddx58−/− mice (see Supplementary  
Fig. 4f). The percentages of B cells, CD4+ T  cells, CD8+ T, NK 
cells, NK T  cells, Tem CD8+ T  cells or Tcm CD8+ T  cells in the 
spleen, liver and MLNs were also not changed in Ddx58−/− mice 
(see Supplementary Fig. 4g,h). In PPs and the lamina propria, the 
B and CD4+ T  cells were normal, but the memory CD103+CD8+ 
T  cells were decreased in Ddx58−/− mice (see Supplementary  
Fig. 4i,j). Thus, commensal viruses maintain the homeostasis of 
IELs via RIG-MAVS signaling.

RIG-I signaling on APCs maintains IELs. We further investigated 
whether IEL-intrinsic or -extrinsic RIG-I signaling was responsible 
for the homeostasis of IELs, because RIG-I was widely expressed 
on IELs, macrophages, dendritic cells (DCs) and IECs (Fig. 3a). 
Adoptive transfer of bone marrow (BM) cells from RIG-I-sufficient 
(Ddx58+/+) mice and RIG-I-deficient (Ddx58−/−) mice both recon-
stituted IELs in Rag2-deficient hosts (Fig. 3b), suggesting that IEL-
intrinsic RIG-I signaling is not required for the homeostasis of IELs. 
When BM cells from Ddx58+/+ mice were transferred into lethally 
irradiated Ddx58+/+ and Ddx58−/− mice, there was no difference for 
the reconstitution of IELs after 8 weeks (Fig. 3c), suggesting that 
RIG-I signaling in parenchymal cells, including IECs, is not respon-
sible for the homeostasis of IELs. When BM cells from Ddx58+/+ and 
Ddx58−/− mice were transferred into lethally irradiated Ddx58+/+ 
mice, IELs in mice transferred with Ddx58−/− BM cells were poorly 

reconstituted compared with mice transferred with Ddx58+/+ BM 
cells (Fig. 3c), suggesting that RIG-I signaling in hematopoietic cells 
is required for the homeostasis of IELs. As IEL-intrinsic RIG-I sig-
naling was not involved (Fig. 3b), these results indicate that RIG-I 
signaling in the hematopoietic system–derived APCs, such as mac-
rophages or DCs, might be critical for the homeostasis of IELs. To 
further confirm this, we constructed a conditional Ddx58 knock-
out mice (Ddx58fl/fl) (see Supplementary Fig. 5a). As both intestinal 
macrophages and DCs express CD11c27, the mice were crossed with 
Cd11c-cre mice to delete RIG-I expression in both macrophages 
and DCs (see Supplementary Fig. 5b). Consistent with global RIG-
I-deficient mice, the numbers of IELs in Ddx58fl/flCd11c-cre mice, 
especially the CD8αα+TCR-αβ+ and CD8αβ+TCR-αβ+ IELs, were 
notably decreased (Fig. 3d,e). In contrast, when the mice were 
crossed with Villin-cre (Villin, also known as Vil1) mice to delete 
RIG-I expression in IECs, the IELs were normal in Ddx58fl/flVillin-
cre mice (see Supplementary Fig. 5c and Fig. 3f). These results 
indicate that the RIG-I signaling in APCs is responsible for the IEL 
homeostasis.

RIG-I signaling maintains IELs independently of microbiota 
dysbiosis. As commensal virus depletion and RIG-I deficiency can 
cause the dysbiosis of microbiota, which may result in the loss of 
IELs7,28, we then investigated whether the IEL loss in Ddx58−/− mice 
was caused by the dysbiosis of microbiota. As expected, UniFrac-
based principal-component analysis (PCA) showed that AVC treat-
ment notably changed the bacterial community in the fecal samples 
of WT mice (Fig. 4a). Compared with control mice, AVC treatment 
resulted in decreased species diversity (Fig. 4b,c) and altered bacte-
rial taxonomic composition (Fig. 4d,e) in fecal samples. In addition, 
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Ddx58−/− mice also showed a different composition of commensal 
bacteria and decreased species diversity, compared with WT mice 
(Fig. 4f–j). Furthermore, co-housing of Ddx58−/− mice with WT 
mice for 4 weeks synchronized their bacterial microbiome in the gut 
(Fig. 4f–j). However, the IELs were notably decreased in Ddx58−/− 
mice even in this condition (Fig. 4k,l), suggesting that the IEL loss 
in Ddx58−/− mice was not caused by the dysbiosis of microbiota.

RIG-I signaling supports IEL proliferation and survival. We next 
asked how APC-derived RIG-I signaling regulated the homeosta-
sis of IELs. Although early studies implicate that IELs can develop 
extrathymically, more recent studies indicate that they are derived 
from thymic precursors, at least in the presence of a thymus29. Next 
we investigated whether RIG-I-MAVS signaling had an impact on 
the development of IELs in the thymus. CD8αα+TCR-αβ+ IELs are 
derived from CD4−CD8−NK1.1−TCR-αβ+ thymocytes, which can 
give rise to CD8αα+TCR-αβ+ IELs when transferred into Rag2−/− 
mice30. The results showed that CD4−CD8−NK1.1−TCR-αβ+ thymo-
cytes were present in normal frequencies in Mavs−/− mice (Fig. 5a). 
Consistent with this, the numbers and frequencies of CD8+ memory 
T cells in the spleen were normal (Fig. 5b). These results suggest 

that commensal viruses and RIG-MAVS signaling are not required 
for the development of IELs in thymus.

To further explore the reason for IEL loss, we examined whether 
RIG-I deletion affected the proliferation and apoptosis of IELs. 
The apoptosis and proliferation of IELs were analyzed by annexin-
V staining and use of bromodeoxyuridine (BrdU) incorporation, 
respectively. CD8αα+TCR-αβ+ and CD8αβ+TCR-αβ+ IELs showed 
poorer proliferation and higher apoptosis in Ddx58−/− mice, 
whereas the TCR-γδ+ IELs showed slightly higher apoptosis and 
lower proliferation, and the CD4+TCR-αβ+ IELs were normal (Fig. 
5c,d). These results were consistent with the IEL loss in Ddx58−/− 
and commensal virus-depleted mice, suggesting that commensal 
viruses and RIG-I signaling regulate the homeostasis of IELs by 
regulating their proliferation and survival.

Commensal viruses and RIG-I promote IL-15 production in 
APCs to maintain IELs. To further investigate how APC-derived 
RIG-I signaling supports the proliferation and survival of IELs, we 
first tested the percentages and numbers of macrophages or DCs 
in LPLs in both WT and Ddx58−/− mice. The results showed that 
the percentages and number of macrophages or DCs in LPLs were 
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normal in Ddx58−/−mice (see Supplementary Fig. 6a–d), suggesting 
that RIG-I signaling has no impact on the development of intestinal 
macrophages or DCs, and might maintain IELs via regulation of the 
function of APCs.

Commensal viruses and RIG-I signaling have been reported to 
protect tissue damage via promotion of the production of type I and 
type III IFNs7,8,31; we speculated that IFNs might be involved in the 
homeostasis of IELs. First, we examined the expression of IFN-α, -β 
or -λ in intestinal macrophages, DCs and IECs and found that RIG-I 
deficiency reduced their expression in intestinal macrophages and 
DCs, but not in IECs (Fig. 6a). We also examined the expression 
of the genes encoding receptors for IFN-α/β or IFN-λ (Ifnar1 and 
Ifnlr, respectively) and found that APCs or IEL subsets highly 
expressed Ifnar1, whereas the expression of Ifnlr was extremely low 
(Fig. 6b), which is consistent with a previous report8, suggesting 
that IFN-α/β might be involved in IEL homeostasis. We then ana-
lyzed Ifnar1−/− mice and found that IELs were normal in these mice 
(Fig. 6c). Moreover, intraperitoneal supplementation with poly(I:C) 
could still rescue the IEL loss in AVC-treated Ifnar1−/− mice  
(Fig. 6d). Thus, these results suggest that commensal viruses and 
APC-derived RIG-I signaling maintain IELs in a type I interferon 
(IFN-I)-independent manner.

Several cytokines, including transforming growth factor (TGF)-β, 
interleukin (IL)-15 and IL-7, have been reported to play an essential 
role in the differentiation, development and survival of IELs19,32,33, 
so we examined whether commensal viruses and RIG-I signal-
ing regulated the production of these cytokines to maintain IELs. 
The results showed that the APCs from Ddx58−/− mice expressed a 
much lower level of IL-15, but comparable levels of TGF-β and IL-7 
(Fig. 6e and see Supplementary Fig. 7a,b). Indeed, IL-15 was highly 
expressed on both DCs and macrophages (Fig. 6f). IL-15 was also 
expressed on IECs, but its expression was independent of RIG-I sig-
naling (Fig. 6g). Furthermore, we found that adeno-associated virus 

(AAV)-mediated gene delivery could restore the number of IELs in 
Ddx58−/− mice (Fig. 6h and see Supplementary Fig. 7c), suggesting 
that the impaired expression of IL-15 in APCs is responsible for the 
loss of IELs in Ddx58−/− mice. Similarly with Ddx58−/− mice, the 
APCs from commensal virus-depleted mice also expressed much 
lower IL-15 levels, and restoration of IL-15 expression could recover 
the IELs in these mice (Fig. 6i,j and see Supplementary Fig. 7d). 
Thus, these results indicate that commensal viruses and RIG-I sig-
naling maintain IELs via APC-derived IL-15.

Commensal viruses and RIG-I signaling promote IL-15 pro-
duction via IRF-1. Next we investigated how commensal viruses 
and RIG-I signaling regulated IL-15 expression. IL-15 is an NF-κB 
(nuclear factor κ-light-chain-enhancer of activated B cells) target 
gene and previous results have shown that NOD2 signaling can 
promote NF-κB-dependent IL-15 production to maintain IELs16. 
Moreover, RIG-I-MAVS can activate NF-κB signaling26, so com-
mensal viruses and RIG-I signaling might promote IL-15 produc-
tion via regulation of NF-κB activation. However, we found that the 
APCs derived from Ddx58−/− mice had normal NF-κB-dependent 
cytokine production, such as tumor necrosis factor (TNF)-α and 
IL-6 (see Supplementary Fig. 7e,f), suggesting that other innate 
immune signaling pathways, such as TLR or cGAS, might compen-
sate for the deficiency of RIG-I and the impaired IL-15 expression in 
Ddx58−/− APCs are not caused by the compromised NF-κB activa-
tion. In addition to NF-κB and IFN-regulatory factor (IRF)-3, RIG-
I-MAVS can also activate IRF-1 activation34. Importantly, IRF-1 is 
an important transcription factor for the expression of IL-15 and 
can maintain IELs via promotion of its production35,36. Consistent 
with these results, we found that IL-15, but not TNF, expression 
in APCs was dramatically reduced in the LPLs of Irf1−/− mice  
(Fig. 7a,b), suggesting that commensal viruses and RIG-I signaling 
promote IL-15 production via IRF-1. To further confirm the specific 
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role of IRF-1 in RIG-I signaling, activation-induced IL-15 expres-
sion, we examined the role of IRF-1 in vesicular stomatitis virus 
(VSV) infection or intracellular delivery of poly(I:C)-induced IL-15 
expression in bone marrow DCs. The results showed that VSV- 
or cytosolic poly(I:C)-induced IFN-β expression was impaired in 
Ddx58−/− cells, but normal in Irf1−/− cells (Fig. 7c). In contrast, IL-15 
expression was impaired in both Ddx58−/− and Irf1−/− cells (Fig. 7d), 
suggesting that IRF-1 has a specific role to regulate IL-15 expres-
sion. More importantly, similar to Ddx58−/− mice and commen-
sally depleted mice, the CD8αα+TCR-αβ+ and CD8αβ+TCR-αβ+ 
IELs were decreased notably in Irf1−/− mice (Fig. 7e,f). Moreover,  
commensal virus depletion had no impact on the IELs in Irf1−/−  

mice and supplementation of poly(I:C) could rescue the IEL loss in 
AVC-treated Irf1+/+ mice, but not in Irf1−/− mice (Fig. 7g). Although 
IRF-1 has been reported to regulate RIG-I expression, the intes-
tinal APCs from Irf1−/− mice had normal Ddx58 messenger RNA 
expression (Fig. 7h), suggesting that the IEL loss in Irf1−/− mice 
was not caused by the impaired expression of RIG-I. It should be 
noted that, unlike Ddx58−/− mice and commensal virus-depleted 
mice, TCR-γδ+ IELs were also dramatically reduced in Irf1−/− mice 
(Fig. 7f), which is consistent with the phenotype observed in Il15−/− 
mice33. The possible reason for this is that IRF-1 deficiency not 
only results in the impaired expression of IL-15 in APCs, but might  
also be important in other types of cells, such as epithelial cells or 
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fibroblasts. These results indicate that commensal viruses and RIG-I 
signaling maintain IELs via IRF-1.

Recovery of IELs reverses colitis susceptibility in commensal 
virus-depleted mice. IELs are located in the epithelium and have 
been regarded as the first line of defense against environmen-
tal challenges or pathogen invasion12. IELs have been reported to 
highly express immunoregulatory cytokines, including IL-10, TGF-
β1 and TGF-β314,37,38, and loss of IELs in mice results in more severe 
colitis in several animal models and impaired host defense to bacte-
ria14,15,37–40, suggesting that IELs play an essential role in host defense 
and epithelial homeostasis. We first evaluated whether the IEL loss 
in AVC-treated mice could result in spontaneous inflammation or 
disruption of epithelial integrity. AVC treatment did not induce 
apparent upregulation of inflammatory cytokines or tissue damage 
(see Supplementary Fig. 8a,b). The intestinal permeability to fluo-
rescein isothiocyanate (FITC)–dextran in homeostatic conditions 

was also not changed in AVC-treated mice (see Supplementary 
Fig. 8c). Similar results were also observed in Ddx58−/− mice (see 
Supplementary Fig. 8d–f). Both commensal virus-depleted mice 
and Mavs−/− mice are susceptible to dextran sulfate sodium (DSS)-
induced colitis7,8,41, so we studied whether the loss of IELs contrib-
uted to the high susceptibility of these mice to colitis. As expected, 
commensal virus-depleted mice showed more severe colitis dur-
ing DSS treatment based on the analysis of weight loss, shorten-
ing of colon length and pathological scores (Fig. 8a–d). Moreover, 
when the expression of IL-15 was restored by AAV-mediated gene 
delivery to recover the IEL loss (Fig. 6j), the high susceptibility of 
commensal virus-depleted mice to DSS was reversed (Fig. 8a–d). 
Similarly, when the IEL loss in Mavs−/− mice was recovered by IL-15 
expression (Fig. 8e), these mice showed comparable susceptibility 
with Mavs+/+ mice (Fig. 8f–i). Thus, these results indicate that com-
mensal viruses and RIG-I signaling can prevent tissue damage by 
regulating the homeostasis of IELs.
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Discussion
The present study demonstrates that commensal viruses are essen-
tial for the homeostasis of IELs. After recognition by RIG-I receptors 
expressed by intestinal APCs, commensal viruses can promote the 
production of IL-15 via the MAVS-IRF-1 signaling pathway to sup-
port the survival, proliferation and function of CD8αα+TCR-αβ+ and 
CD8αβ+TCR-αβ+ IELs. Furthermore, the loss of these IEL subsets 
contributes to the high susceptibility of commensal virus-depleted 
mice to tissue damage. Thus, our data reveal an important physi-
ological function of commensal viruses in gut immune homeostasis.

IELs are located at the critical interface between the body and 
the intestinal lumen, which is exposed to microbiota, so the devel-
opment and homeostasis of IELs can be shaped by microbiota. 
Previous studies have shown that the expansion of CD8αα+TCR-αβ+ 
and CD8αβ+TCR-αβ+ IELs depends on the colonization of bac-
teria and its products16–18,20, suggesting the essential role of com-
mensal bacteria in the homeostasis of IELs. Here we found that 
commensal virus-depleted mice have far fewer CD8αα+TCR-αβ+, 
CD8αβ+TCR-αβ+ and CD4+CD8α+TCR-αβ+ IELs, consistent with 

the phenotype observed in germ-free (GF) mice42–44, suggesting that 
commensal viruses might exert a similar but independent func-
tion with commensal bacteria. However, it should be noted that 
although our results showed that depletion of commensal viruses 
resulted in a minor decrease in TCR-γδ+ IELs, GF mice have been 
reported to have normal TCR-γδ+ IELs42,44. One possible explana-
tion for this discrepancy is that there might be compensatory effects 
in GF mice to maintain TCR-γδ+ IELs in the absence of microbiota. 
Indeed, dietary compounds can maintain the homeostasis of IELs 
as well39. Another possibility is that there is actually a decrease in 
TCR-γδ+ IELs per centimeter of intestine in GF mice compared with 
SPF mice43; however, there is no overall difference because there is 
a compensatory increase in the length of the intestine in GF mice.

The commensal viruses include both eukaryotic viruses and 
bacteriophages3. Our results showed that the homeostasis of IELs 
depended on eukaryotic viruses, because AVC treatment caused 
further decrease of IELs in commensal bacteria-depleted mice. 
However, depletion of commensal bacteria will lead to the decrease 
in bacteriophages, so it is possible that the supportive role of  
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commensal bacteria for IELs relies on bacteriophages. Thus, the role 
of bacteriophages in the maintenance of IELs cannot be excluded. 
Indeed, the free bacteriophage particles can also be sensed by the 
host immune system and exert immunoregulatory roles3. In addi-
tion, the mammalian virome contains virus-derived retroelements 
in host chromosomes, which can even produce infectious particles 
in immunodeficient mice3. Moreover, it has been proposed that 
RIG-I recognizes endogenous retroelements45. However, with the 
consideration that AVC treatment affects only intestinal immune 
homeostasis and the wide distribution of retroelements, it might not 
be the major virome component involved in IEL homeostasis.

In this study, we showed that RIG-I could recognize commensal 
viruses to maintain the homeostasis of IELs. It should be noted that, 
although RIG-I is a sensor for viral RNA, the abundance of RNA 
viruses in the virome of SPF mice is very low, based on our metage-
nomic analysis. This raises the question of how such low-abundance 
RNA viruses can maintain IELs via RIG-I signaling. One possibility 
is that the abundance of RNA viruses in the gut virome is actually 
higher than we managed to identify, and many RNA viruses were 
not captured or characterized in our metagenomic analysis. Indeed, 
most of the sequencing reads could not be characterized. In addi-
tion, identifying commensal viruses, especially RNA viruses, is very 
challenging, and the RNA virome might be much more extensive 
than the currently recognized viruses because of the limitation of 
current technologies3,46. Another possibility is that DNA viruses 
might play a role in IEL homeostasis. Indeed, many DNA viruses 
can use self or host RNA polymerases to produce RNA during 
replication, and RIG-I has been reported to recognize DNA virus-
derived RNA to induce IFNs47. In addition, a recent study showed 
that a single-stranded DNA phage produced RNA to activate host 
TLR-3 signaling48, suggesting that DNA viruses might also activate 
RNA-sensing receptors, such as RIG-I.

Our results indicate that commensal viruses maintain IELs via 
an IFN-I-independent manner. Consistent with this, another report 
showed that conventional Ifnar−/− mice displayed normal intestinal 
T cells compared with WT mice9. However, they also showed that 
MNV infection restored intestinal T cells via IFN-I in commensal 
bacteria-depleted mice9, suggesting that IFN-I maintains intestinal 
T cells during MNV infection, but not in the steady state. In addi-
tion, both this earlier study9 and another study showed that conven-
tional Ifnar−/− mice had comparable susceptibility to DSS compared 
with WT mice, although MNV infection prevented DSS-induced 
colitis in commensal bacteria-depleted mice in an IFN-I-dependent 
manner8,9. These results suggest that commensal viruses can main-
tain intestinal homeostasis and exert a beneficial role on the steady 
state in an IFN-I-independent manner.

Our results suggest that commensal viruses and RIG-I signal-
ing can prevent mice from intestinal inflammation and tissue  
damage through maintenance of the homeostasis of IELs. Depletion 
of commensal viruses or MAVS deficiency rendered mice more 
susceptible to DSS-induced colitis, and restoration of IELs by 
IL-15 supplementation in these mice reduces the susceptibility to 
DSS. Although the detailed mechanisms of how IELs prevent tis-
sue damage are not clear, CD8αα+TCR-αβ+, CD8αβ+TCR-αβ+ and 
CD4+CD8α+TCR-αβ+ IELs have been reported to highly express 
immunoregulatory cytokines, including IL-10, TGF-β1 and TGF-
β314,37,38, suggesting that the reduced production of these regulatory 
cytokines caused by IEL loss might contribute to the increased sus-
ceptibility to colitis. However, other possibilities mediated by AVC 
treatment that might also contribute to the increased susceptibility 
to colitis cannot be excluded . Indeed, commensal viruses have been 
reported to elicit IFN-λ to prevent DSS-induced colitis via acting 
on neutrophils8. The other effects mediated by colonization of com-
mensal viruses need to be further investigated.

Collectively, our results demonstrate that commensal viruses 
and RIG-I signaling are important for the homeostasis of IELs. 

Considering the essential role of IELs in the epithelial homeostasis 
and host defense, commensal viruses might play important roles in 
intestinal diseases, such as inflammatory bowel disease, colon can-
cer and intestinal infectious diseases.
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Methods
Mice. Ddx58−/− (ref. 49) and Trif−/− (ref. 50) mice were provided by Dr. Shizuo Akira 
(Osaka University). Ddx58−/− mice were backcrossed 10 generations to BALB/C 
background before the experiments. Mavs−/− (ref. 51) mice were provided by  
J. Tschopp (University of Lausanne). Mda5−/−(ref. 52) mice were provided by  
M. Colonna (Washington University). Tmem173−/− mice were provided by Z. Jiang 
(Peking University). Cd11c-cre, Villin-cre, Ifnar−/− and Irf1−/− mice were purchased 
from the Jackson laboratory. TCR-δ–GFP mice were provided by Z. Yi (Jinan 
University). C57BL/6J mice and Rag2−/− mice on a BALB/C background were 
purchased from Model Animal Research Center. Ddx58fl/fl mice were generated 
by Cyagen Company. Mouse genomic fragments containing homology arms 
and conditional knockout region were amplified from the BAC clone by using 
high-fidelity Taq, and were sequentially assembled into a targeting vector together 
with recombination sites and selection markers (see Supplementary Fig. 5a). 
The linearized vector was subsequently delivered to embryonic stem (ES) cells 
(C57BL/6J) via electroporation, followed by drug selection, PCR screening and 
Southern blot confirmation. Then ES cells were microinjected into C57BL/6J 
blastocysts. Chimeric offspring were backcrossed to C57BL/6J mice, and germline 
transmission was confirmed by PCR of tail genomic DNA. Founders were confirmed 
as germline transmitted via crossbreeding with Flp-deleter. Primers for genotyping 
of the Ddx58fl/fl allele were as follows: F1: AGGCCCAAGGATAATTGAAACCC; 
R1: CTGCCTGGCATCACATCACTAGTT. The use of primers produced bands of 
289 base pair for the WT allele and 417 base pair for the Ddx58fl/fl Neo-deleted allele. 
The littermates of the mutant mice were used as the control in the present study 
except for co-housing experiments. For co-housing experiments, Ddx58−/− and 
their littermate WT mice originating from the same breeders were separated for two 
generations. After that, Ddx58−/− mice were co-housed with sex- and aged-matched 
WT mice for 4 weeks (co-housing) or still housed separately (single housing). Unless 
indicated, the mutant mice and their littermate controls used in the present study 
were housed separately. Mice were SPF, maintained under a strict 12 h light cycle 
(lights on at 07:00 and off at 19:00). All animal experiments were approved by the 
Ethics Committee of University of Science and Technology of China.

Cell preparation. IELs were isolated as previously described16. In brief, the small 
intestine or colon was opened longitudinally and cut into 1-cm-long pieces after 
removing PPs. The specimens were washed twice in phosphate-buffered saline 
(PBS) containing 100 U ml–1 of penicillin and 100 µg ml–1 of streptomycin, and 
then stirred at 37 °C in 1× Hank’s containing 100 U ml–1 of penicillin, 100 µg ml–1 
of streptomycin and 5% fetal calf serum (FCS) for 30 min. The supernatants 
were then separated by a 40–70% Percoll density gradient (GE Healthcare), 
and the cells that layered between the 40% and 70% fractions were collected as 
IELs. For LPL isolation, the tissues were shaking in 1× Hank’s buffer containing 
2 mM ethylenediaminetetraacetic acid at 37 °C for 30 min after IEL isolation. 
This step was repeated and the supernatants were discarded. The tissues were 
then digested in 1× Hank’s buffer supplemented with 0.5 mg ml–1 of collagenase 
IV (Sigma Aldrich) and 10% FCS at 37 °C for 20 min. After that, tissues were 
vortexed vigorously and the suspension was filtered using a 70-mm cell strainer. 
Released cells were then washed in PBS containing 5% FCS and subjected 
to Percoll fractionation as described above for the isolation of IELs. For IEC 
isolation, the small intestines were opened longitudinally and cut into 1-cm-
long pieces. The specimens were washed twice in PBS containing 100 U ml–1 of 
penicillin and 100 µg ml–1 of streptomycin, and then stirred at 37 °C in 1× Hank’s 
buffer containing 100 U ml–1 of penicillin, 100 µg ml–1 of streptomycin and 5% 
FCS for 30 min. The suspension was filtered with 70-mm cell strainer and the 
CD45−EpCAM+ IECs were sorted by FACSAria flow cytometer (BD). For isolation 
of liver lymphocytes, the murine liver was removed and cut into small pieces, and 
passed through 70-mm cell strainer. After a 5-min incubation at 4 °C, the cells were 
pelleted and subjected to Percoll fractionation as described above for the isolation 
of IELs. For thymocyte and splenocyte isolation, the organs were directly grinded 
and suspended in 5 ml PBS containing 5% FBS. For analysis of MLNs and PPs, the 
organs were cut into small pieces and enzymatically digested with Collagenase IV 
(0.5 mg ml–1, Sigma Aldrich) at 37 °C for 20 min and then filtered before analysis.

Flow cytometry analysis. Suspensions of lymphocytes were stained with 
mouse monoclonal antibodies and immunoglobulin Gs were used as negative 
control. All antibodies were purchased from Thermo Fisher Scientific or BD. 
The following monoclonal antibody conjugates were used: TCR-γδ–FITC and 
–PE (GL3); TCR-β–FITC and –PE-Cy5.5 (H57-597); CD4–FITC, –PE-Cy7 
and –allophycocyanin–eFluor780 (GK1.5); CD8α–allophycocyanin–eFluor780, 
–allophycocyanin and –PE-Cy7 (53-6.7); CD8β–PE, –PE–Cy7 and –FITC (H35-
17.2); CD19–FITC(1D3); CD3ε–FITC (145-2C11); B220–PE–Cy7 (RA3-6B2); 
CD11C–PE–Cy7 (HL3); CD11b–PE–CY5.5 (M1/70); CD49b–FITC (DX5); major 
histocompatibility complex (MHC)-II–allophycocyanin–eFluor780 (M5/114.15.2); 
CD64–PE (X54-5/7.1); CD45–allophycocyanin–eFluor780 and –PE (30-F11); 
CD62L–FITC (MEL-14); CD122–PE; CD44–allophycocyanin–eFluor780(IM7); 
NK1.1–PE–CY7 (PK136); CD103–allophycocyanin (2E7); and FITC–
EpCAM(G8.8). BD Verse cytometers were used for flow cytometry and FlowJo 
v.10.0.7 was used to analyze the data. A FACSAria flow cytometer (BD) was used 
for cell sorting and purification.

Cell stimulation. For inducing IL-15 or IFN-β, 1.5 × 106 bone marrow DCs were 
plated in six-well plates overnight, and the medium was changed to Opti-MEM  
the next morning. After that, the cells were stimulated with VSV (multiplicity  
of infection = 1) for 7 h. For cytosol delivery, low-molecular-weight poly(I:C) 
(4 µg ml–1) was transfected using Lipofectamine 2000 according to the 
manufacturer’s protocol (Thermo Fisher Scientific).

MNV analysis. The in vivo MNV analysis was performed as previously described53.  
In brief, mice were orally given a dose of 106 plaque-forming units of the MNV-1.  
After 24 h, the stool was collected from MNV-infected or noninfected mice and  
stored at −80 °C. RNA from stool was isolated with an Allperp Power DNA/RNA  
kit (Qiagen) and complementary DNA was synthesized with an M-MLV Reverse  
Transcriptase kit according to the manufacturer’s protocol (Thermo Fisher  
Scientific). The PCR primers used are: MNV—forward: AGGTCATGCGAGATC 
AGCTT; MNV—reverse: CCAAGCTCTCACAAGCCTTC.

Commensal virus/bacteria depletion and RIG-I ligand reconstitution. The 
commensal virus was depleted with an antiviral cocktail as previously described7,8. 
In brief, 2-week-old mice were orally given an antiviral cocktail containing 
ribavirin (30 mg kg–1; Selleck), lamivudine (10 mg kg–1; Selleck) and aciclovir 
(20 mg kg–1; Selleck) once a day for 6 weeks. For RIG-I ligand reconstitution,  
mice were intraperitoneally injected with PEI-encapsulated, low-molecular- 
weight poly(I:C) (20 μg per mouse; Invivogen) or poly(A:T) (20 μg per mouse; 
Invivogen) once a day for 2 weeks before experiments. For commensal bacteria 
depletion, 2-week-old mice were given drinking water containing vancomycin 
(0.5 g l–1; Biosharp), neomycin (1 g l–1; Biosharp), ampicillin (1 g l–1; Biosharp)  
and metronidazole (1 g l–1; Biosharp) for 6 weeks according to the methods 
previously described54.

Qualification of fecal VLPs. The virus-like particles (VLPs) of feces were 
determined as previously described55. In brief, 0.1 g fresh feces was collected and 
then suspended in 2 ml filtered, sterilized SM buffer (8 mM MgSO4, 100 mM NaCl, 
50 mM Tris-HCl, pH 7.4, and 0.002%, w/v, gelatin). The samples were subsequently 
centrifuged at 2,500g for 10 min at 4 °C and then filtered with 0.45-μm (Millex-HV)  
and 0.22–μm filters (Millipore) to remove cell debris and bacteria. The VLPs of 
AVC-treated or -untreated samples were serially diluted and compared in the 
same dilution. Filtrates were filtered on to a 0.02-μm Anodisc polycarbonate 
filter (Whatman). Filters with viral particles were stained with 10× SYBR Gold 
(Thermo Fisher Scientific) and 10× SYBR Green II (Thermo Fisher Scientific) for 
15 min, respectively. After that, the filters were washed once and imaged at a ×40 
magnification. Stained particles <0.5 μm in diameter were regarded as VLPs. SM 
buffer was used as a negative control.

Metagenomic sequencing of VLPs. Fecal VLP particles were purified according  
to previously described method55. Briefly, fresh feces (1 g) from C57BL/6J mice  
were suspended in 5 ml filtered, sterilized SM buffer, then subsequently centrifuged 
at 2,500g for 10 min at 4 °C, and filtered with 0.45-μm (Millex-HV) and 0.22-μm  
filters (Millipore) to remove cell debris and bacteria. The suspension was 
transferred into a 100-kDa Ultrafiltration centrifuge (Millipore) and centrifuged 
at 4,500g for 20 min to concentrate VLPs. Then the suspension was treated with 
DNase I (Ambion) at 37 °C for 1 h to remove capsid-free DNA before use for viral 
DNA or RNA extraction by Allperp Power DNA/RNA kit (Qiagen). The VLP-
derived DNA was amplified using a multiple displacement amplification protocol 
by REPLI-g Single Cell Kit (Qiagen), according to the manufacturer’s instructions. 
For the viral RNA amplification, the extracted DNA/RNA was initially treated 
with DNase I at 37 °C for 1 h and then amplified using a random-primer protocol 
as previously described56. The amplified DNA was used as input for the NEBNext 
Ultra II DNA Library Prep kit to construct a next-generation sequencing library, 
and then sequenced on an Illumina HiSeq sequencing 4000 system (Illumina) using 
150/150-base pair paired-end sequencing. Raw data were first cleaned by trimming 
adapters and removing low-quality sequences, and then taxonomically classified by 
Kraken57,58. Reads assigned to a viral taxon were kept for the following analysis.

16S ribosomal RNA bacterial community analysis. Metagenomic DNA 
extraction from feces was performed using QIAamp PowerFecal DNA Kit 
(Qiagen). According to the results of sample pre-amplification, appropriate DNA 
metagenomic DNA was used for PCR reaction with V4 primers and PCR master 
mix. The PCR products were purified using a QIAquick PCR Purification Kit 
(Qiagen) and were then incubated with End Repair Mix at 20 °C for 30 min. The 
end-repaired DNA was purified using a QIAquick PCR Purification Kit and 
then incubated with A-Tailing Mix at 37 °C for 30 min. The purified adenylate 
3′-end DNA was incubated with adapter and ligation mix at 16 °C for 12–16 h. 
Adapter-ligated DNA was selected by running a 2.5% agarose gel for about 2.5–3 h 
to recover the target fragments. The DNA was purified from the gel using the 
QIAquick Gel Extraction kit (Qiagen) to validate the libraries. The qualified 
libraries were amplified on cBot to generate the cluster on the flow cell (TruSeq PE 
Cluster Kit V3-cB-HS, Illumina). The amplified flow cell was sequenced pair-end 
on the HiSeq 2000 System (TruSeq SBS KIT-HS V3, Illumina). The operational 
taxonomic units were based on 97% sequences similarity to the Greengenes 
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13_5 database. The richness (number of observed species) and alpha diversities 
(Shannon index) were calculated in QIIME.

In vivo permeability assay. For in vivo permeability assay, the mice were kept 
without water overnight and then were orally administered water containing 
FITC–dextran (500 mg kg–1; Sigma Aldrich). After 4 h, the plasma was collected 
and diluted twofold in PBS, and the fluorescence was determined at 528 nm with 
excitation at 485 nm using a plate reader (BioTek).

Cell proliferation and apoptosis analysis. Apoptosis assay was performed as 
previously described16. In brief, IELs were initially labeled with the appropriate 
monoclonal antibody. After washing, cells were stained with an annexin-V staining 
kit (MultiSciences) according to the manufacturer’s protocol, and were then 
analyzed on BD Verse cytometers. For cell proliferation assay, mice were injected 
intraperitoneally with 1.8 mg BrdU (Sigma Aldrich) diluted in PBS. After that, 
mice were given drinking water containing 0.8 mg ml–1 of BrdU and 5% glucose. 
Water containing BrdU was changed every 3 d. After 10 d, mice were sacrificed and 
the IELs were stained with a BrdU staining kit (BD Pharmingen) according to the 
manufacturer’s protocol.

Adoptive transfers. For BM chimera experiments, Ddx58+/+ or Ddx58−/− BM cells 
were intravenously transferred into irradiated Rag2−/− mice (3 Gy), or Ddx58+/+ 
BM cells were intravenously transferred into lethally irradiated (10 Gy given 1 d 
before adoptive transfer) Ddx58+/+ or Ddx58−/− mice, or Ddx58−/− BM cells were 
intravenously transferred into lethally irradiated Ddx58+/+ or Ddx58–/– mice. After 
8 weeks, IELs were analyzed by flow cytometry.

Real-time PCR. For cells and tissues, total RNA was extracted with TRIzol reagent 
(Thermo Fisher Scientific) in accordance with the manufacturer’s instructions and 
complementary DNA was synthesized with an M-MLV Reverse Transcriptase kit 
according to the manufacturer’s protocol (Thermo Fisher Scientific). Real-time 
PCR was performed using SYBR Green master mix (TransGen) by a Step One Real 
Time PCR System (Applied Biosystems). The target genes were normalized to the 
housekeeping gene (Gapdh) shown as 2−ΔCt. The used primers are as follows:

Il15—forward: 5′-ATTCTCTGCGCCCAAAAGAC-3′
Il15—reverse: 5′-GTGGATTCTTTCCTGACCTCT-3′
Tnf—forward: 5′-CATCTTCTCAAAATTCGAGTGACAA-3′
Tnf—reverse: 5′-TGGGAGTAGACAAGGTACAACCC-3′
Gapdh—forward: 5′-GGTGAAGGTCGGTGTGAACG-3′
Gapdh—reverse: 5′-CTCGCTCCTGGAAGATGGTG-3′
Tgfβ1—forward: 5′-ACGTCACTGGAGTTGTACGG-3′
Tgfβ1—reverse: 5′-GGGCTGATCCCGTTGATTTC-3′
Ifnar1—forward: 5′-GGTCATTACTGTCACCGCCA-3′
Ifnar1—reverse: 5′-ACACAGTACACAGTCAGCGG-3′
Ifnlr—forward: 5′-CCCAGCAACTCCTAAGCCAA-3′
Ifnlr—reverse 5′-TGCCCTGAACCAACCAATGT-3′
Il6—forward: 5′-GAGGATACCACTCCCAACAGACC-3′
Il6—reverse: 5′-AAGTGCATCATCGTTGTTCATACA-3′
Ifnl2—forward: 5′-GCAGTTCCCACCTCATCTCC-3′
Ifnl2—reverse: 5′-CTGTGGCCTGAAGCTGTGTA-3′
Ifna1—forward: 5′-CTACTGGCCAACCTGCTCTC-3′
Ifna1—reverse: 5′-CCTTCTTGATCTGCTGGGCA-3′
Ifnb1—forward: 5′-CCAGCTCCAAGAAAG GACGA-3′
Ifnb1—reverse: 5′-GGAGCATCTCTTGGATGGCA-3′
Il10—forward: 5′-GGTTGCCAAGCCTTATCGGA-3′
Il10—reverse: 5′-AATCGATGACAGCGCCTCAG-3′
Il12p40—forward: 5′-TGGTTTGCCATCGTTTTGCTG-3′
Il12p40—reverse: 5′-ACAGGTGAGGTTCACTGTTTCT-3′
Ifng—forward: 5′-AGGAACTGGCAAAAGGATGGT-3′
Ifng—reverse: 5′-ACCTGTGGGTTGTTGACCTC-3′
Il7—forward: 5′-CCTCCACTGATCCTTGTTCTG-3′
Il7—reverse: 5′-TGCGAGCAGCACGATTTAG-3′

AAV-mediated Il15 gene delivery. The sequence encoding mouse Il15 was cloned 
into the plasmid pscAAV-GFP and then recombined with the pHelper plasmid 
to produce the recombinant plasmid AAV–IL-15. AAV–IL-15 or empty vector 
was transfected into HEK-293T cells (the cells were from American Type Culture 
Collection and were not authenticated in our lab, but were routinely tested for 
mycoplasma contamination) to generate AAV particles. After titration, 2 × 109 
virus particles were injected intravenously into mice. After 2 weeks, the mice were 
used for the experiments.

Induction of DSS colitis. To induce colitis, mice were given 2.5% (w/v) DSS (MP 
Biomedicals) in the drinking water for 7 d, and then switched to regular drinking 
water for 2 d. Mice were weighed every day to determine percentage weight 
changes and calculated as percentage body weight change. Mice were killed on day 
10 and the length of colon was determined.

Immunohistochemistry and immunofluorescence. The small intestine and colon 
tissue were fixed in 10% neutral-buffered formalin and embedded in paraffin; 
5-µm sections were affixed to slides, and then deparaffinized and stained with 
CD8α antibodies (Cell Signaling Technology). The number of positive staining 
cells were counted under a light microscope (DP72; Olympus). For TCR-γδ 
IEL analysis, TCR-δ–GFP mice were fed an AVC cocktail as previous described 
and then sacrificed. Frozen sections of the small intestine and colon tissue were 
mounted with ProLong Gold reagent DAPI (Thermo Fisher Scientific, Invitrogen). 
Images were obtained using a fluorescence microscope (DP72; Olympus).

Hematoxylin and eosin staining. For histology, colon tissue was fixed in 10% 
neutral-buffered formalin and embedded in paraffin; 5-µm sections were affixed 
to slides, deparaffinized and stained with hematoxylin and eosin. Morphological 
changes in the stained sections were examined under a light microscope (BX53, 
Olympus). The histological scores were measured as previously described59. In 
brief, the histological scores includes severity of inflammation (0—none; 1—slight; 
2—moderate; 3—severe), extent of injury (0—none; 1—mucosal; 2—mucosal and 
submucosal; 3—transmucosal) and crypt damage (0—none; 1—basal one-third 
damaged; 2—basal two-thirds damaged; 3—only surface epithelium intact;  
4—entire crypt and epithelium lost).

Statistical analysis. All values are expressed as the mean ± s.d. Statistical analysis 
was performed using unpaired, Student’s t-tests for two groups and one-way analysis 
of variance (ANOVA) or two-way ANOVA (GraphPad Software) for multiple 
groups, with all data points showing a normal distribution. The researchers were 
not blinded to the distribution of treatment groups when performing experiments 
and data assessment. Sample sizes were selected on the basis of preliminary results 
to ensure an adequate power. P < 0.05 was considered significant.

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

Data availability
The EMBL-EBL accession number for viral metagenomics sequences and the 16S 
ribosomal RNA bacterial sequences is PRJEB27933. The data that support the  
other findings of this study are available from the corresponding author upon 
reasonable request.
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