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Abstract 

 

Interleukin-15 (IL-15) is a cytokine critical for maintenance of intestinal intraepithelial 

lymphocytes (IELs), especially CD8
+
 IELs (CD8 IELs). In the intestine, IL-15 is 

produced by intestinal epithelial cells (IECs), blood vascular endothelial cells (BECs) and 

hematopoietic cells. However, the precise role of intestinal IL-15 on IELs is still unknown. 

To address the question, we generated two kinds of IL-15 conditional knockout (IL-15cKO) 

mice: villin-Cre (Vil-Cre) and Tie2-Cre IL-15cKO mice. IEC-derived IL-15 was specifically 

deleted in Vil-Cre IL-15cKO mice, whereas IL-15 produced by BECs and hematopoietic 

cells is deleted in Tie2-Cre IL-15cKO mice. The cell number and frequency of CD8 IELs 

and NK IELs were significantly reduced in Vil-Cre IL-15cKO mice. By contrast, CD8 

IELs were unchanged in Tie2-Cre IL-15cKO mice, indicating that IL-15 produced by BECs 

and hematopoietic cells is dispensable for CD8 IELs. Expression of an anti-apoptotic 

factor, Bcl-2, was decreased, whereas Fas expression was increased in CD8 IELs of 

Vil-Cre IL-15cKO mice. Forced expression of Bcl-2 by a Bcl-2 transgene partially restored 

CD8 IELs in Vil-Cre IL-15cKO mice, suggesting that some IL-15 signal other than Bcl-2 

is required for maintenance of CD8 IELs. Furthermore, granzyme B production was 

reduced, whereas PD-1 expression was increased in CD8 IELs of Vil-Cre IL-15cKO mice. 

These results collectively suggested that IEC-derived IL-15 is essential for homeostasis of 

IELs by promoting their survival and functional maturation. 
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Introduction 

 

IL-15 is a cytokine essential for development, homeostasis and function of memory CD8 T 

cells, NK cells, NKT cells and intestinal intraepithelial lymphocytes (IELs). IL-15 receptor 

consists of three subunits: the common cytokine receptor γ-chain (γc), the shared IL-2R 

β-chain (IL-2R) and a unique IL-15R -chain (IL-15R). Apart from other cytokines, IL-15 

functions through a unique mechanism known as trans-presentation, in which IL-15R bound 

to IL-15 (IL-15/IL-15R complex) is presented to recipient cells expressing the γc and 

IL-2Rβ. IL-15 can be produced by various cell types such as bone marrow stromal cells, 

thymic epithelial cells, blood and lymphatic endothelial cells, dendritic cells (DCs), 

macrophages and intestinal epithelial cells (IECs) (1). 

 Intestine is constantly exposed to environmental stimuli such as microbiota and food 

antigens. IELs together with IECs form the first line of defense in the intestine. IELs mainly 

consist of T cells and are divided into two major types: conventional and unconventional 

IELs. CD4
+
TCR

+
 and CD8

+
TCR

+
 cells are termed as conventional IELs and are 

progenies of conventional T cells activated by foreign antigens in the periphery. Other IELs, 

either TCR
+
 or TCR

+
, lack CD4 and express CD8 homodimers and are termed as 

unconventional IELs. They acquire their activated phenotype by recognizing self-antigens 

during development in thymus. The development and function of unconventional IELs have 

been long-standing issues. Unlike conventional IELs, unconventional IELs tend to be 

immune suppressive and exert regulatory functions (2). They highly express activating and 

inhibitory types of NK cell receptors and thus are characterized as activated yet resting 

immune cells (3). Nevertheless, these unconventional IELs are rich in cytolytic granules, 

facilitating them to respond to invasions rapidly. While no specific function of 
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CD8
+
TCR

+
IELs has been described yet, TCR

+
 IELs can restore the integrity of the 

epithelium under injuries by secreting keratinocyte growth factor (4). 

 IL-15 is essential for IELs, as CD8 IELs are severely reduced in IL-15
–/–

, 

IL-15R
–/–

 and IL-2R
–/– 

mice (5-7). So far, roles of IL-15 on IELs have been studied in vitro 

and in vivo by using IL-15
–/– 

or IL-15R
–/– 

mice. IL-15 supports the survival of CD8 IELs 

through up-regulating their Bcl-2 expression (8-11). In addition, IL-15 controls the 

development of CD8
+
TCR

+
IELs through T-bet (12) and regulates the generation of 

TCR repertoire of TCR
+
 IELs (13). As IEL precursors (IELPs) originate from thymus and 

reside in intestine as mature CD8 IELs, it is unclear from where and how they receive 

IL-15 signals. Furthermore, bone marrow transplantation experiment showed that 

unconventional IELs depend on parenchymal cell-produced IL-15R and IL-15 (14). 

Consistently, Vil-Cre IL-15R
fl/fl 

mice showed similar deficiency in CD8 IELs to IL-15
–/–

 

mice (15). Besides, NK cells are also exist in intestinal intraepithelial region, and IL-15 is 

critical for their survival, proliferation, maturation and activation (15-17). However, IL-15 is 

produced by intestinal epithelial cells, DCs, macrophages and endothelial cells in the intestine 

(1). Thus, the source of IL-15 essential for IELs is yet to be clarified.
 

 To elucidate the precise role of intestinal IL-15 on IELs, we generated IL-15-floxed 

mice and crossed them with villin- or tie2-promoter-driven Cre (Vil-Cre or Tie2-Cre) 

transgenic mice to establish conditional knockout of IL-15 (IL-15cKO) in IECs or 

BECs/hematopoietic cells, respectively. We found that the absolute numbers of CD8
+
 

IELs are significantly decreased and the functional maturation is impaired in Vil-Cre 

IL-15cKO mice, but unchanged in Tie2-Cre IL-15cKO mice. Whereas, the absolute numbers 

of NK IEL are also reduced in Vil-Cre IL-15cKO mice. Taken together, these observations 

indicate that IEC-derived IL-15 plays an essential role in the development and maintenance 

of IELs and implies that IEC provide a unique IL-15 niche for IELs. 
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Materials and Methods 

 

Mice  

IL-15-floxed mice were generated in our lab and will be reported elsewhere. Vil-Cre Tg mice 

were obtained from the Jackson Laboratory (18). H2K-Bcl-2 Tg mice were reported 

previously (19). All mice used in this study were from a C57BL/6 background and were 

maintained under specific pathogen-free conditions at the Experimental Research Center for 

Infectious Diseases in the Institute for Frontier Life and Medical Sciences, Kyoto University. 

All mouse experiments were approved by the Animal Research Committee in Kyoto 

University. Male or female littermates were analyzed at 8–12 weeks of age. 

 

Cell preparation  

IECs were isolated from mouse small intestine as previously reported (20). Briefly, 1cm long 

tissue was dissected from the small intestine and soaked in Hanks’ balanced salt solution 

containing 30 mM EDTA. After incubation on ice for 10 min, epithelial sheet was isolated 

with a fine needle. The epithelium sheet was disaggregated into single cell suspension of IEC 

by pipetting. BECs (gp38
–
CD31

+
) were isolated from mouse small intestine as previously 

reported (21).  

 IELs were isolated from small intestine and colon as described previously (22). In 

brief, small intestine was flushed and turned inside-out with the aid of polyethylene tubing. 

The inverted intestine was cut into 3 segments and fastened with strings. All sections were 

transferred into a 50 mL tube containing 40 mL Hanks’ balanced salt solution with 5% fetal 

bovine serum and 10 mM Hepes (pH7.4). The tube was shaken horizontally at 37℃ for 45 

min at 150 rpm. The tissue suspension was passed through a 40 μm strainer and centrifuged 

for 10 min at 270  g. Cell pellet was suspended in 30% Percoll and centrifuged at 620  g for 
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20 min to deplete epithelial cells. The cell pellet was then resuspended in 40% Percoll, 

underlaid with 70% Percoll, and centrifuged at 620  g for 20 min. IELs from the interface 

between 40% and 70% Percoll layers were collected, washed and resuspended in phosphate 

buffered saline with 1% bovine serum albumin and 0.05% sodium azide. 

 LPLs were prepared as previously reported with slight modification (23). In brief, 

after Peyer’s patches were excised, the intestine was opened longitudinally and incubated 30 

min in PBS with 5 mM EDTA at 37℃ to remove epithelial cells. After incubation, intestine 

was washed with PBS to fully remove epithelial cells and debris. The remaining tissue was 

cut into small pieces and transferred into a 50 mL tube containing RPMI1640 medium with 

5% FBS, 1.25 mg/ml collagenase D (Roche) and 50 g/ml DNase I (Worthington). The tube 

was shaken horizontally at 37℃ for 60 min at 150 rpm. Tissue suspension was passed through 

a 40 μm strainer, and the remaining intestine fragments were mechanically disaggregated 

using a syringe plunger. Cell suspensions were collected and purified by density gradient 

centrifugation with 30% Percoll. Intestinal DCs (F4/80
–
CD11c

+
) and macrophages (F4/80

+
) 

were obtained from LPLs by cell sorting. 

 

Flow cytometry and antibodies (Abs) 

The following Abs were used: anti-CD11c (APC, N418), anti-F4/80 (PE, BM8), anti-gp38 

(PE, 8.1.1), anti-CD31 (MEC13.3), anti-CD3ε (PE, 2C11), anti-TCR(APC, H57-597), 

anti-TCR (PE/Cy7, GL3), anti-CD4 (APC-eFluor 780, RM4-5), anti-CD8 (eFluor 450, 

53-6.7), anti-CD8 (FITC, eBioH35-17.2), anti-CD25 (PE, PC61.5), anti-CD5 (FITC, 

53-7.3), anti-CD122 (biotin, 5H4), anti-NK1.1 (APC, PK136), anti-EpCAM (FITC, G8.8),  

anti-Fas (PE, SA367H8), anti-human-Bcl2 (PE, 100), anti-granzyme B (APC, NGZB), 

anti-PD-1 (APC, 29F.1A12), anti-IFN- (FITC, XMG1.2), anti-Ki67 (PE, S01A15) and rat 

IgG2b isotype control (RTK4530). The Abs are purchased from BioLegend (San Diego, CA), 
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eBioscience (San Diego, CA), and TONBO Bioscience (San Diego, CA). Cells were 

analyzed by a FACS Verse flow cytometer (BD, Bioscience) and analyzed with FlowJo 

software (Tree Star, Ashland, OR). 

 

Intracellular staining  

For staining of Bcl-2, cells were fixed and permeabilized with the Foxp3/Transcription Factor 

Staining Buffer Set (eBioscience). PE-labeled hamster anti-mouse Bcl-2 set was used 

according to the manufacturer’s instructions (BD Biosciences, San Jose, CA). 

 

Immunofluorescence  

Isolated section of small intestine or colon was embedded in Optimal Cutting Temperature 

compound (Sakura Finetechnical, Tokyo, Japan) and sliced with cryomicrotome (Leica 

CM3050 S, Wetzlar, Germany). Fixed samples were stained with DAPI, PE-EpCAM, 

FITC-CD8or FITC-TCR Abs and then mounted using PermaFluor Aqueous Mounting 

Medium (Thermo Fisher Scientific, Waltham, MA) and examined by a confocal laser 

scanning microscope (Leica TCS SP8, Wetzlar, Germany). 

 

Real-time PCR  

Total RNA was extracted with Sepasol reagent (Nacalai Tesque, Kyoto, Japan) and reverse 

transcribed using ReverTra Ace (Toyobo, Osaka, Japan) with random primer. cDNA was 

amplified in duplicate with the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) 

with ROX reference dye (Invitrogen) by StepOnePlus Real-Time PCR System (Thermo 

Fisher Scientific, Waltham, MA). PCR was undertaken at 95°C for 15 sec, followed by 40 

cycles consisting of 95°C for 20 sec, 55°C for 30 sec, and 72°C for 60 sec. cDNA from 

splenocytes of wild type mice served as an amplification standard. Primer sequences are as 
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follows: granzyme B (F: 5’-TTTGTGCTGACTGCTGCTCA-3’, R: 

5’-TCTAGTCCTCTTGGCCTTAC-3’); IL-15 (F: 5’-AGGTCTCCCTAAAACAGAGG-3’, 

R: 5’-GTGTATAAAGTGGTGTCAAT-3’); HPRT (F: 

5’-GTTGGATACAGGCCAGACTTTGTTG-3’, R: 

5’-GATTCAACTTGCGCTCATCTTAGGC-3’). 

 

Dextran sodium sulfate (DSS)-induced colitis 

Experimental colitis was induced by treating 12-week-old male mice with 2.5% DSS (MW 

36~50 kDa, MP Biomedicals) in drinking water for 6 days, followed by a 48 hr recovery 

period with regular drinking water. Body weights were measured and the development of 

diarrhea and rectal bleeding were monitored every day. At the end of treatment, colon 

sections were embedded after measuring the colon length. The degree of colonic injury was 

assessed by a previously reported histology scoring system (24).  

 

Fecal microbiota 

Bacterial DNA was extracted from fecal samples as previously described (25). The V4 region 

of 16S rRNA gene was amplified by PCR with dual indexed primers as described previously 

(26). PCR products were purified using AMPure XP (Backman Coulter) and quantified using 

the Quant-iT PicoGreen ds DNA Assay Kit (Thermo Fisher Scientific). The pooled samples 

were sequenced on a MiSeq platform (Ilumina) with 2 × 250 bp paired-end reads. The 

demultiplexed data were processed with Mothur (v.1.36.1) (27) following the mothur MiSeq 

SOP (26). After filtering out low abundant operational taxonomic units, the data were 

rarefied to 30,000 reads per sample. Calculation of alpha and beta diversity and Adonis test 

(1,000 permutations) were performed in QIIME (v.1.8.0) (28) and the R package vegan 

(v.2.4.4).
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Results   

 

IELs of small and large intestines are reduced in Vil-Cre IL-15cKO mice 

IL-15 is produced by IECs, macrophages, DCs and BECs in the intestine by 

immunohistochemistry (1). We detected IL-15 mRNA expression in each cell type by 

quantitative RT-PCR, and found that IECs expressed significant higher level of IL-15 than 

macrophages, DCs or BECs in intestine (Fig. 1A), indicating IECs are the major source of 

IL-15 in intestine. To investigate the function of IEC-derived IL-15 in vivo, we established 

IL-15-floxed mice and crossed with Vil-Cre Tg mice to obtain mice deficient in IL-15 in 

intestinal epithelial cells. We confirmed that IL-15 is efficiently deleted from IECs in Vil-Cre 

IL-15cKO mice by comparing IL-15 mRNA levels between control and Vil-Cre IL-15cKO 

mice (Fig. 1B). As IL-15
–/–

 mice exhibited markedly reduced numbers of IELs (6), we asked 

whether IEC-derived IL-15 supports these cells. The cell numbers of IELs in small intestine 

and colon were significantly reduced in Vil-Cre IL-15cKO mice as compared with control 

mice, whereas thymocyte numbers were unchanged in Vil-Cre IL-15cKO mice (Fig. 1C). 

IELPs are reportedly defined as TCR
+
CD5

+
CD25

–
CD4

–
CD8

–
CD122

+
 (29). We detected 

IELPs in thymus by flow cytometry and found that the percentage and cell number of IELPs 

were unchanged in Vil-Cre IL-15cKO mice (Fig. 1D, 1E). These results suggest that IL-15 

deletion from IEC specifically affects the maintenance of intestinal IELs without influencing 

IELPs. 

 

Unconventional CD8 IELs were reduced in Vil-Cre IL-15cKO mice 

To further determine the function of IEC-derived IL-15 on IELs, we analyzed the 

subpopulations of IELs in Vil-Cre IL-15cKO mice. More than 90% of IELs are T cells. The 

percentage of TCR
+
 cells was lower in Vil-Cre IL-15cKO mice compared with control 
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mice (Fig. 2A). The ratio of CD8
+
TCR

+
 IELs, most of which are CD8

+
 TCR cells, 

was also reduced. TCR
+
 IELs are a heterogeneous population including CD4

+
, CD8

+ 
and 

CD4
+
CD8

+
 double positive (DP) cells. CD8

+
TCR

+
cells were severely impaired in 

Vil-Cre IL-15cKO mice. Absolute numbers of CD8
+
TCR

+
and CD8

+
TCR

+
cells, 

known as unconventional IELs in small intestine, were dramatically reduced in Vil-Cre 

IL-15cKO mice (Fig. 2B). In contrast, numbers of CD4
+
TCR

+
and CD8

+
TCR

+
 cells 

were unchanged. Similar results were observed in the colonic IELs (Fig. 2C). 

 Besides T cells, CD3
–
NK1.1

+
 NK cells in IELs were also significantly reduced in 

Vil-Cre IL-15cKO mice (Fig. 2B). CD8T cells reside in lamina propria as well. We found 

that CD8
+
TCR


 and CD8

+
TCR

+
 cells were reduced in lamina propria

 
of Vil-Cre 

IL-15cKO mice (Fig. 2D). Because NK cells in lamina propria
 
were reported to be reduced in 

IL-15
-/-

 mice (30), we analyzed NK cells in lamina propria as CD3
–
NK1.1

+
CD27

+
CD127

– 

cells. We found that instead of IEC-derived IL-15, their maintenance is dependent on 

hematopoietic cell- or BEC-derived IL-15 (Fig. 2D, Fig. S1). The decrease of CD8
+
 and 

TCR
+
IELs was also confirmed in small intestine of Vil-Cre IL-15cKO mice by 

immunohistochemistry (Fig. 2E). Taken together, these results indicate that IEC-derived 

IL-15 plays a critical and selective role for maintenance of IELs in the intestine. 

 

IEL subsets are unchanged in Tie2-Cre IL-15cKO mice 

Previously report showed that IL-15 is produced not only by IEC but also by BEC and 

hematopoietic cells such as macrophages and dendritic cells in the intestine (1). To study 

whether BEC- or hematopoietic cell-derived IL-15 maintains IELs, we analyzed Tie2-Cre 

IL-15cKO mice. IL-15 mRNA expression in BECs was significantly lower in Tie2-Cre 

IL-15cKO mice than in control mice (Fig. 3A). We found the ratio of CD8
+
TCR

+
, 

CD8
+
TCR

+
 and CD8

+
TCR


 IELs were unchanged in Tie2-Cre IL-15cKO mice 
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compared with control mice (Fig. 3B). Absolute numbers of total IELs, as well as 

CD8
+
TCR


and CD8

+
TCR

+
IELs were also unchanged (Fig. 3C). These results 

suggest that BEC- or hematopoietic cell-derived IL-15 is dispensable for the maintenance of 

CD8IELs. 

 

Cell survival is impaired in CD8 IELs in Vil-Cre IL-15cKO mice 

To elucidate the mechanisms involved in reduction of CD8 IELs, we stained freshly 

isolated IELs with the apoptotic marker Annexin V and propidium iodide (PI) to assess cell 

apoptosis. Frequency of early apoptotic (Annexin V
+
, PI

–
) and dead (Annexin V

+
, PI

+
) cells 

were higher in CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs of Vil-Cre IL-15cKO mice (Fig. 

4A, B), indicating that apoptosis of CD8 IELs was enhanced in Vil-Cre IL-15cKO mice. 

IL-15 promotes survival of CD8 IELs by inducing anti-apoptotic proteins, such as Bcl-2 

(9). To determine whether IEC-derived IL-15 alters expression of Bcl-2 in CD8 IELs, we 

analyzed expression of Bcl-2 protein by intracellular staining and flow cytometry. Bcl-2 

expression was reduced in CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs of Vil-Cre IL-15cKO 

mice. CD4
+
TCR

+
 and CD8

+
TCR

+
 IELs also showed slightly reduced Bcl-2 

expression in Vil-Cre IL-15cKO mice, nevertheless their cell numbers were unchanged (Fig. 

4C). 

 Fas-mediated apoptosis is an important pathway promoting cell death in activated T 

cells (31). Because the susceptibility of CD8 IELs to undergo apoptosis is increased in 

Vil-Cre IL-15cKO mice, as indicated by the reduced Bcl-2 expression, we then analyzed Fas 

expression of CD8 IELs. We found that Fas expression was slightly higher in 

CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs of Vil-Cre IL-15cKO mice than those of control 

mice. As a comparison, Fas expression of CD4
+
TCR

+
 and CD8

+
TCR

+
 IELs was 
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similar in control and Vil-Cre IL-15cKO mice (Fig. 4D). This result further suggested that 

CD8 IELs in Vil-Cre IL-15cKO mice are apt to go through Fas-mediated apoptosis. 

CD122
–/–

 mice exhibited a dramatic reduction in CD8 IELs as well as IL-15
–/–

 mice (7), 

suggesting a significant role of CD122 in IELs maintenance. We observed that CD122 

expression was reduced in CD8 IELs but not in conventional IELs of Vil-Cre IL-15cKO 

mice (Fig. 4E, F). These results indicate that IEC-derived IL-15 is required for survival of 

CD8 IELs. 

 

IELs were partially restored in Bcl-2Tg × Vil-Cre IL-15cKO mice. 

To test whether survival signal via Bcl-2 is involved in IL-15-mediated homeostasis of 

CD8 IELs, we introduced a Bcl-2 transgene into Vil-Cre IL-15cKO mice. Bcl-2 was 

expressed in CD8 IELs in Bcl-2Tg × Vil-Cre IL-15cKO (Bcl-2 Vil-Cre IL-15cKO) mice 

other than control and Vil-Cre IL-15cKO mice when detected with anti-human Bcl-2 Ab (Fig. 

5A). The percentage of TCR
+
 cells in Bcl-2Tg × Vil-Cre IL-15cKO (Bcl-2 Vil-Cre 

IL-15cKO) mice was comparable to that of Vil-Cre IL-15cKO mice, whereas the percentage 

of CD8
+
TCR

+
 cells was increased in Bcl-2 Vil-Cre IL-15cKO mice (Fig. 5B). Absolute 

numbers of CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs were significantly increased in 

Bcl-2 Vil-Cre IL-15cKO mice by enforced expression of Bcl-2. However, they were still 

lower than those of IL-15
f/f 

control mice (Fig. 5C), suggesting that CD8 IELs in Vil-Cre 

IL-15cKO mice were partially restored by the Bcl-2 transgene. CD4
+
TCR

+
 T cells were 

comparable in three types of mice, whereas the Bcl-2 transgene significantly increased the 

cell number of CD8
+
TCR

+
 cells (Fig. 5C). CD8

+
TCR

+
 and CD8

+
TCR

+
 

LPLs were also increased in Bcl-2 Vil-Cre IL-15cKO mice, and no significant difference of 

NK cells was found between Bcl-2 Vil-Cre IL-15cKO mice and Vil-Cre IL-15cKO mice (Fig. 
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5D). As the apoptosis of CD8 IELs was enhanced in Vil-Cre IL-15cKO mice, we asked 

whether apoptosis was reduced by the Bcl-2 transgene. We stained IELs with annexin V and 

PI, and found that annexin V
+
PI

–
CD8

+
TCR

+
 IELs in Bcl-2 Vil-Cre IL-15cKO mice 

were reduced to the similar level of that in control mice. However, cell number of annexin 

V
+
PI

–
CD8

+
TCR

+
 IELs in Bcl-2 Vil-Cre IL-15cKO mice was unchanged compared to 

that in Vil-Cre IL-15cKO mice (Fig. 5E, 5F).  

 We also analyzed the expression of Fas and CD122 on CD8 IELs in Bcl-2 Vil-Cre 

IL-15cKO and Vil-Cre IL-15cKO mice. Even though CD8
+
TCR

+
 IELs displayed 

comparable levels of Fas expression in Vil-Cre IL-15cKO and IL-15
f/f 

control mice, 

CD8
+
TCR

+
 IELs showed lower level of Fas expression in Bcl-2 Vil-Cre IL-15cKO 

mice than in Vil-Cre IL-15cKO mice (Fig. 5G). Similar with Fas expression, CD122 

expression of CD8
+
TCR

+
 IELs is comparable in Bcl-2 Vil-Cre IL-15cKO and Vil-Cre 

IL-15cKO mice, while CD122 expression of CD8
+
TCR

+
 IELs is lower in Bcl-2 Vil-Cre 

IL-15cKO mice than Vil-Cre IL-15cKO mice (Fig. 5H). These results suggested that although 

an enforced expression of Bcl-2 restores the number of CD8 IELs in IL-15cKO mice, it is 

not sufficient to generate phenotypically equivalent CD8 IELs. 

 

IEC-derived IL-15 promotes granzyme B expression in CD8 IELs. 

Although a specific function for CD8 IELs has not been described yet, they have a potent 

antigen-experienced cytotoxic effector phenotype, characterized by high levels of granzyme 

expression (3). We detected significantly lower levels of granzyme B expression in 

CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs of Vil-Cre IL-15cKO mice compared with 

control mice (Fig. 6A, 6B). Reduced levels of granzyme B transcripts were confirmed in 

CD8
+
TCR

+
 Vil-Cre IL-15cKO mice by RT-qPCR (Fig. 6C). These results suggested 
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that IEC-derived IL-15 is important for granzyme B production in CD8 IELs to promote 

their functional maturation. Furthermore, we found that PD-1 expression of CD8 IELs was 

elevated in Vil-Cre IL-15cKO mice (Fig. 6D, 6E). Most of CD8 IELs were PD-1
–
. We 

found that PD-1
+
CD8 IELs exist in a small amount and that they were negative for 

granzyme B expression. PD-1
+
GzmB

– 
CD8IELs and IELs were unchanged in 

Vil-Cre IL-15cKO mice, while PD-1
–
GzmB

– 
and PD-1

–
GzmB

+ 
were reduced (Fig. 6F, 6G), 

suggesting that the PD-1
–
 mature subpopulation in CD8 IEL is indispensably dependent 

on IEC-derived IL-15. 

 

DSS-induced colitis is unchanged in Vil-Cre IL-15cKO mice 

IL-15 is involved in the pathogenesis of colitis. It is reported that DSS-induced colitis is 

alleviated in IL-15
-/-

 mice (32). Additionally, overexpression of human IL-15 in intestinal 

epithelial cells of mice induces chronic inflammation in small intestine (33). However, the 

precise role of IEC-derived IL-15 in colitis is not understood yet. To address this question, 

we first analyzed the fecal microbiota composition and found no significant differences in 

alpha and beta diversity between control and Vil-Cre IL-15cKO mice (Fig. S2). Then, we 

induced acute colitis in mice by treating with 2.5% DSS in drinking water. Body weight loss, 

feces score, and colon length were unchanged in DSS-treated Vil-Cre IL-15cKO mice 

compared to control mice (Fig. S3A-S3C). Vil-Cre IL-15cKO mice might have showed 

slightly severer lesion judging from their higher histological scores than control mice at 

recovering phase on day 7, although there was no statistical significance (Fig. S3D-S3F). 

IL-15 production by colonic IEC was reduced after DSS treatment, and Vil-Cre IL-15 

showed a deficiency of IL-15 production in IECs (Fig. S3G). IFN-–producing Th1 cells and 

NK cells were unchanged between control and Vil-Cre IL-15cKO mice after DSS treatment 

(Fig. S3H, S3I). Collectively, these data suggested that DSS-induced colitis was not 
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alleviated in Vil-Cre IL-15cKO mice in comparison with control mice, implying that 

IEC-derived IL-15 does not play a major role in induction of and recovery from colitis. 
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Discussion  

 

In this study, we determined local functions of intestinal IL-15 in development and 

maintenance of IELs using IL-15-floxed and Vil-Cre or Tie2-Cre mice. Abnormal IEL 

profiles have been reported in IL-15
–/–

, IL-15R
–/–

, and IL-2R
–/–

 mice. Because IL-15 is 

expressed by different cell types in tissues, the cells producing IL-15 vital for IELs remain 

unclear. Recently, it is reported that Vil-Cre IL-15R
f/f

 mice show similar reduction of IELs, 

indicating that the IL-15Rof IECs is important for IEL maintenance. Vil-Cre IL-15cKO 

mice showed similar deficiency of IELs, in which CD8 IELs were selectively reduced. By 

contrast, CD8 IELs were unchanged in Tie2-Cre IL-15cKO mice, in which IL-15 

production is deleted from endothelial cells, DCs and macrophages. These results suggested 

that the maintenance of CD8 IELs totally depends on IL-15 produced by IECs.  

 We found that small intestinal and colonic IELs were reduced in Vil-Cre IL-15cKO 

mice, whereas IELPs were unchanged in thymus, suggesting that IEC-derived IL-15 play a 

local role on IELs. Furthermore, only CD8 IELs were significantly reduced, whereas 

CD4
+
TCR

+
 and CD8

+
TCR

+
 IELs were unchanged. It is consistent with the 

commonly accepted view that CD4
+
TCR

+
 and CD8

+
TCR

+
 IELs do not depend on 

IEC-derived IL-15 despite their expression of CD122 (34). They might rely on other factors 

such as IL-7 in intestines. Bcl-2 expression in CD8 IELs was reduced in Vil-Cre 

IL-15cKO mice, and overexpression of Bcl-2 only partially rescued CD8 IELs. In addition, 

we observed that granzyme B expression was reduced, whereas PD-1 expression was 

increased. These results demonstrate that IEC-derived IL-15 plays an indispensable role in 

maintenance and maturation of CD8 IELs. Thus, our study suggests that IECs provide a 

unique IL-15 niche for CD8 IELs. In addition, since both IEC-derived IL-15R and IL-15 
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play similarly critical roles in CD8 IELs, it is suggested that IEC promotes the 

maintenance of CD8 IELs through trans-presentation of IL-15 to CD8IELs. 

 IL-15 promotes the survival of CD8 IELs through up-regulating Bcl-2. It is 

reported that enforced expression of Bcl-2 partially restores TCR
+
 IELs (35). Here we 

found that overexpression of Bcl-2 partially recovered both CD8
+
TCR

+
 and 

CD8
+
TCR

+
 IELs in Vil-Cre IL-15cKO mice, but not to the normal level of control mice. 

These results indicate that besides Bcl-2, other IL-15 signal is required for maintaining 

CD8 IELs. It is suggested that IL-15 promotes survival of CD8 IELs not only by 

inducing Bcl-2 expression but also by facilitating the dissociation of Bim from Bcl-2 and that 

deletion of Bim from CD8 IELs increased their survival in IL-15R
–/–

 mice (9). There are 

two different subpopulations, CD122
high 

and CD122
low

, in CD8 IELs. We speculate that 

CD122
high

 CD8 IELs might be generated and maintained from CD122
low

 CD8 IELs via 

IL-15 signal. This hypothesis is supported by the result that CD8 IELs in Vil-Cre 

IL-15cKO mice, most of which are CD122
low

, are actively proliferating (Fig. S3A, B). 

Another support is that CD8
+
TCR

+
 IELs in Bcl-2 Vil-Cre IL-15cKO mice showed 

lower CD122 expression, suggesting that the overexpression of Bcl-2 can increase the 

CD122
low

 subset. The CD122
low

 CD8 IELs failed to adequately respond to IL-15, which 

probably promoted its deficiency. TCR
+
 IELs might also be reduced because of failed 

residency in epithelium, which is supported by IEC-derived IL-15 (36). 

 We also found increased Fas expression in CD8 IELs of Vil-Cre IL-15cKO mice. 

It is reported that IL-15 efficiently inhibits apoptosis induced by anti-Fas antibodies (37). In 

addition, IL-15 can rescue CD7
–
CD4

+ 
memory T cells, a cell type with higher apoptosis rate, 

by down-regulating Fas expression (38). Similarly, we found that Fas expression and 

Annexin V staining was increased in CD8 IELs of Vil-Cre IL-15cKO mice, suggesting 
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that IL-15 might promote the survival of CD8 IELs by down-regulating Fas expression. 

The relationship between IL-15 and Fas signaling pathways is still unclear. Because the 

cooperation between STAT3 and c-Jun reduces Fas transcription (39), IL-15 might suppress 

Fas expression by activating STAT3 pathway. 

 IL-15 is a cytokine critical for survival and function of NK cells (40,41). Our results 

showed that IEC-derived IL-15 maintains NK cells in IELs. CD8 IELs are considered as 

NK-like cells, because they express various NK receptors such as Ly49E and 2B4 (2). Thus, 

they might receive similar IL-15 signals as NK cells. We found that IL-15 promotes not only 

survival but also functional maturation of CD8 IELs by inducing granzyme B expression. 

It is recently reported that T-bet, through interacting with XBP1s, a transcription factor 

stabilized by IL-15 signaling, promotes granzyme B production in NK cells (42). Because 

T-bet regulates development and functional maturation of IELs (12,43), thus T-bet might 

regulate granzyme B production in CD8 IELs by IL-15 signals like it does in NK cells. 

 As IELPs express high levels of PD-1, while matured CD8 IELs are PD-1
low

, 

PD-1 is down-regulated during maturation of CD8 IELs. CD8 IELs in Vil-Cre 

IL-15cKO mice showed higher level of PD-1 expression, suggesting that IEC-derived IL-15 

might play some role in down-regulating PD-1 during their maturation. PD-1
+ 

CD8 IELs 

are
 
found to be granzyme B

+
, which reflected their immature character. PD-1

+
GzmB

–
CD8 

IELs
 
is unaffected by the deficiency of IEC-derived IL-15, whereas PD-1

–
GzmB

– 
is mildly 

and PD-1
–
GzmB

+
 is severely affected. Thus, we suspect that CD8 IEL precursors might 

go through a process as first down-regulating their PD-1 expression and then producing 

granzyme B with the function of IEC-produced IL-15 in intestine. Alternatively, increased 

PD-1 on lymphocyte might be a symbol of cell exhaustion, which is accompanied by reduced 

effector functions. We found the increased apoptosis and reduced granzyme B production in 
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CD8 IELs of Vil-Cre IL-15cKO mice. These results might suggest that IEC-derived IL-15 

prevents CD8 IELs from exhaustion after continuous activation by microbiota. 

 Although DSS-induced colitis is alleviated in IL-15
–/–

 mice compared to control 

mice (23), the pathology of colitis is only slightly aggravated in Vil-Cre IL-15cKO mice, 

suggesting that IL-15 produced by other cells might play a detrimental role in the progression 

of colitis. Further studies are needed to clarify the role of each cell type-derived IL-15 on 

colitis. In addition, how CD8 IELs functions in colitis is unclear. AhR
–/–

 mice, in which 

unconventional IELs were significantly reduced, exhibited increased severity of colitis than 

control mice (44). Consistently, TCR lymphocyte-deficient mice showed increased 

susceptibility to colitis (45). Both studies emphasized the importance of IELs in reducing 

DSS-induced colitis. In our study, severe reduction of CD8 IELs is not accompanied by 

severer pathology of colitis in Vil-Cre IL-15cKO mice, suggesting that besides IELs, other 

factors might function synergistically to influence the progression of colitis. 

 In summary, we defined the role of IL-15 produced by intestinal epithelial cells in 

maintenance and maturation of IELs using IEC-specific IL-15 conditional knockout mice. 

We showed that IEC-derived IL-15 maintains the survival of unconventional IELs by 

up-regulating Bcl-2 and down-regulating Fas expression. IL-15 signal maintains CD122 

expression and granzyme B production. Especially, we found that IEC-derived IL-15 might 

suppress PD-1 expression on IELs. Our results indicated a new developmental pathway from 

immature CD8 IELs with low expression of Bcl-2, CD122, and granzyme B, and high 

expression of Fas and PD-1, into mature CD8 IELs with high expression of Bcl-2, CD122, 

and granzyme B, and low expression of Fas and PD-1. The development from the immature 

to the mature stages depends on IEC-derived IL-15. Thus, our study provides new insights on 

functions of IEC-derived IL-15 on IELs. 
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Figure Legends 

 

Figure 1. Loss of IELs in Vil-Cre IL-15cKO mice. 

(A) qRT-PCR analysis of IL-15 mRNA expression by IECs, macrophages, DCs and BECs. 

Expression levels were normalized to HPRT (n = 3). (B) IL-15 mRNA expression in IECs of 

control and Vil-Cre IL-15cKO mice was analyzed by qRT-PCR and normalized to those of 

HPRT (n = 3). (C) The numbers of small intestinal (n = 9) and colonic (n = 3) IELs and 

thymocytes (n=4) of control and Vil-Cre IL-15cKO mice. (D) Flow cytometry analysis of 

IEL precursors in the thymus of Vil-Cre IL-15cKO mice. IEL precursors were analyzed as 

CD4
–
CD8

–
TCR

+
CD5

+
CD25

–
CD122

+
. (E) The numbers of IEL precursors in thymus of 

control and Vil-Cre IL-15cKO mice (n = 4). Data are means ± SEM. Student’s t-tests for 

unpaired data were used to compare values between two groups. *, p < 0.05; n.s., not 

significant. 

 

Figure 2. CD8 IELs are selectively reduced in Vil-Cre IL-15cKO mice. 

(A) IELs from the small intestine of control or Vil-Cre IL-15cKO mice were stained as 

indicated. The percentages of cells for a given phenotype relative to the gated population are 

shown. (B–C) The absolute numbers of the indicated IEL subsets in the small intestine (B) (n 

= 6) or colon (C) (n = 3) of individual mice were calculated. (D) The absolute numbers of the 

indicated LPL subsets in the small intestine (n=3). (E) Tissue samples from the small 

intestine of control or Vil-Cre IL-15cKO mice were stained with anti-CD8blue), 

anti-TCR (green) or anti-EpCAM (red) antibody. Student’s t-tests for unpaired data were 

used to compare values between two groups. *, p < 0.05; n.s., not significant. 
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Figure 3. CD8IELs are unchanged in Tie2-Cre IL-15cKO mice. 

(A) IL-15 mRNA expression in BECs of control and Tie2-Cre IL-15cKO mice was analyzed 

by qRT-PCR and normalized to those of HPRT (n = 3). (B) IELs from control or Tie2-Cre 

IL-15cKO mice were stained as indicated. The percentages of cells for a given phenotype 

relative to the gated population are shown. (C) The absolute numbers of the indicated IEL 

subsets in the small intestine of individual mice were calculated (n = 3). Student’s t-tests for 

unpaired data were used to compare values between two groups. n.s., not significant. 

 

Figure 4. IEC-derived IL-15 is required for the homeostasis of CD8 IELs. 

(A) CD8
+
TCR

+
 and CD8

+
TCR

+ 
IELs of control and Vil-Cre IL-15cKO mice were 

stained with annexin V and propidium iodide (PI) and analyzed by flow cytometry. (B) 

Percentages of Annexin V
+
 PI

–
 early apoptotic cells in CD8

+
TCR

+
 and 

CD8
+
TCR

+
 IELs were calculated (n = 3). Student’s t-tests for unpaired data were used 

to compare values between two groups. (C–E) IELs were isolated from control or Vil-Cre 

IL-15cKO mice, and stained with anti-Bcl-2, anti-Fas, and anti-CD122 Abs. Representative 

histograms show intracellular Bcl-2 (C), Fas (D) and CD122 (E) expression of the indicated 

IEL subsets. Data represent one of two independent experiments with similar results. (F) 

Mean fluorescence intensity (MFI) of CD122 expression on CD8 IELs of control and 

Vil-Cre IL-15cKO mice were calculated (n = 3). Student’s t-tests for unpaired data were used 

to compare values between two groups. *, p < 0.05; n.s., not significant. 

 

Figure 5. Enforced expression of Bcl-2 partially restores the number of IELs in Vil-Cre 

IL-15cKO mice. 

(A) IELs were isolated from IL-15
f/f

, Vil-Cre IL-15cKO, or Bcl-2 Vil-Cre IL-15cKO mice, 

and stained with anti-human Bcl-2 antibody. Representative histograms show intracellular 
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Bcl-2 expression of CD8
+
TCR

+
 and CD8

+
TCR

+ 
IELs. Data represent one of two 

independent experiments with similar results. (B) IELs from Vil-Cre IL-15cKO or Bcl-2 

Vil-Cre IL-15cKO mice were stained as indicated. The percentages of cells for a given 

phenotype relative to the gated population are shown. (C) The absolute numbers of the 

indicated IEL subsets in the small intestine of IL-15
f/f 

control, Vil-Cre IL-15cKO mice or 

Bcl-2 Vil-Cre IL-15cKO mice were calculated (n = 4). (D) The absolute numbers of the 

indicated LPL subsets in the small intestine of control, Vil-Cre IL-15cKO, and Bcl-2 Vil-Cre 

IL-15cKO mice were calculated (n = 3). (E) CD8
+
TCR

+
 and CD8

+
TCR

+ 
IELs of 

control, Vil-Cre IL-15cKO, and Bcl-2 Vil-Cre IL-15cKO mice were stained with annexin V 

and propidium iodide (PI) and analyzed by flow cytometry. (F) Percentages of annexin V
+
 

PI
–
 early apoptotic cells in CD8

+
TCR

+
 and CD8

+
TCR

+
 IELs were calculated (n = 

3). Student’s t-tests for unpaired data were used to compare values between two groups. (G) 

Expression of Fas and (H) CD122 on CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs cells of 

Vil-Cre IL-15cKO mice or Bcl-2 Vil-Cre IL-15cKO mice. Data are representative of two 

independent experiments. Student’s t-tests for unpaired data were used to compare values 

between two groups. *, p < 0.05; n.s., not significant. 

 

Figure 6. IEC-derived IL-15 is required for functional maturation of CD8 IELs. 

(A) Freshly isolated IELs from control or Vil-Cre IL-15cKO mice were surface stained with 

anti-TCR, anti-TCR, anti-CD4, anti-CD8, anti-CD8 Abs and then subjected to 

intracellular staining for granzyme B. Representative FACS plot of granzyme B expression in 

CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs are shown. (B) Percentages of granzyme B 

producing cells of CD8
+
TCR

+
 and CD8

+
TCR

+
 IELs of control or Vil-Cre 

IL-15cKO mice are shown (n = 3). (C) RT-qPCR analysis of granzyme B transcripts in sorted 
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IEL subsets. Transcript levels were normalized to HPRT (n = 3). (D) Flow cytometry 

analysis and (E) mean fluorescence intensity (MFI) of PD-1 expression on CD8 IELs of 

control and Vil-Cre IL-15cKO mice (n = 3). (F) Flow cytometry profiles for granzyme B and 

PD-1 expression on CD8
+
TCR

+ 
and CD8

+
TCR

+
 IELs of control and Vil-Cre 

IL-15cKO mice were shown. (G) Absolute numbers of the indicated CD8IEL subsets 

were calculated (n = 3). Student’s t-tests for unpaired data were used to compare values 

between two groups. *, p < 0.05; n.s., not significant. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Supplementary Figure Legends 

 

Figure S1. NK cells in lamina propria are independent on IEC-derived IL-15, 

but dependent on APC- or BEC-derived IL-15. 

NK cells in LPLs were analyzed as CD3
-
NK1.1

+
CD27

+
CD127

– 
by flow cytometry. 

Percentages and absolute numbers of lamina propria NK cells in (A) Vil-Cre 

IL-15cKO (n = 3), (B) LysM-Cre IL-15cKO (n = 4), (C) CD11c-Cre IL-15cKO (n = 3) 

and (D) Tie2-Cre IL-15cKO (n = 2) mice were shown. Student’s t-tests for unpaired 

data were used to compare values between two groups. *, p < 0.05; n.s., not 

significant. 

 

Figure S2. Gut microbiota is not altered in Vil-Cre IL-15cKO mice. 

Gut microbiota was analyzed in feces samples of control and Vil-Cre IL-15cKO mice. 

Relative bacterial abundance (A) was classified at the family level. Comparison of 

alpha diversity (B) indexes between control and Vil-Cre IL-15cKO mice were shown. 

Chao1 and Shannon indices were used to determine the richness and diversity of the 

bacterial community, respectively. Beta diversity (C) in groups categorized by control 

and Vil-Cre IL-15cKO mice was assessed by weighted and unweighted principal 

coordinate analysis (PCoA).  

 

Figure S3. DSS-induced colitis is unchanged in Vil-Cre IL-15cKO mice. 

Control and Vil-Cre IL-15cKO mice were administered with 2.5% DSS in drinking 

water. Body weight (A) and feces score (B) were monitored every day. The values for 
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body weight are expressed as percentage of the body weight on day 0 (n = 8). (C) The 

caecum and colon were obtained from DSS-treated control and Vil-Cre IL-15cKO 

mice, and colon lengths were measured (n = 6). (D) Histological sores of the colon in 

DSS-treated mice are shown (n = 5). Every sample is evaluated by two independent 

evaluators, and the results are shown as average of their scores. Student’s t-tests for 

unpaired data were used to compare values between two groups. (E) Colon samples 

from control or Vil-Cre IL-15cKO mice after DSS treatment were stained with DAPI 

(blue) and anti-EpCAM red) antibody. White arrows indicate ulcer lesions. (F) 

Hematoxylin and eosin staining of colon sections from control and Vil-Cre IL-15cKO 

mice. (G) IL-15 mRNA expression was detected in colonic IECs of DSS-untreated 

control or DSS-treated control and Vil-Cre IL-15cKO mice by qRT-PCR and 

normalized to those of HPRT (n = 3). Percentage of IFN-
+
 CD4 T cells (H) and cell 

number of NK cells (I) in colonic lamina propria of control and Vil-Cre IL-15cKO 

mice after DSS treatment were shown (n = 3). Student’s t-tests for unpaired data were 

used to compare values between two groups. *, p < 0.05; n.s., not significant. 

 

Figure S4. CD122
hi

 and CD122
lo

 subsets of CD8
+
TCR

+ 
IELs show different 

proliferation abilities. 

(A) Ki67 expression on CD8
+
TCR

+ 
IELs of control or Vil-Cre IL-15cKO mice. 

Proliferation of lymphocytes was represented with ratio of Ki67
+
 cells. (B) 
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CD8
+
TCR

+
 IELs were divided into CD122

lo
 and CD122

hi
 subsets. Proliferation 

of each subset is shown. Data are representative of two independent experiments. 
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Figure S1 
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Figure S3 
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Figure S4 
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