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IL-15 regulates the development, survival, and proliferation of multiple innate and adaptive immune cells and plays a
dual role, inducing both tumor cell growth and antitumor immunity. However, the role of IL-15 in inflammation-induced
cancer remains unclear. To explore this, we have compared the colon carcinoma burden of Il15¡/¡ and Il15ra¡/¡ mice
with wild type (WT) mice after induction of colitis-associated colon carcinogenesis utilizing the AOM/DSS model.
Compared to WT mice, Il15¡/¡ but not Il15ra¡/¡ mice showed reduced survival, along with higher tumor incidence,
colon weight, and tumor size. This suggests that low affinity IL-15 signaling via the shared IL-2Rb/gc decreases the risk
for developing colitis-associated cancer. CD11c-Il15 mice, in which IL-15 expression is reconstituted in Il15¡/¡ mice
under the control of the CD11c-promoter, showed that selective reconstitution of IL-15 in antigen-presenting cells
restored the CD8C T and NK cell compartments, serum levels of IFNg, G-CSF, IL-10, and CXCL1 and reduced tumor
burden. After demonstrating IL-15 expression in human colorectal cancer (CRC) cells in situ, we investigated the role of
this cytokine in the modulation of key colonic oncogenic pathways in the tumor. While these pathways were found to
be unaltered in the absence of IL-15, tumor transcriptome analysis showed that the loss of IL-15 upregulates key
inflammatory mediators associated with colon cancer progression, such as IL-1b, IL-22, IL-23, Cxcl5, and Spp1. These
findings provide evidence that IL-15 suppresses colitis-associated colon carcinogenesis through regulation of antitumor
cytotoxicity, and modulation of the inflammatory tumor micromilieu.

Introduction

IL-15 has garnered attention as a potential therapeutic agent
in cancer immunotherapy, with multiple studies attributing anti-
tumor effects to IL-15, along with enhanced NK and CD8C T
cell cytotoxicity.1 IL-15 is a pleiotropic cytokine constitutively
expressed by dendritic cells (DC), macrophages, fibroblasts, and
epithelial cells,2 which following inflammatory stimuli is upregu-
lated in macrophages,3 enterocytes and CD11cCCD11bC/¡

DCs.4 IL-15 signals via a hetero-trimer composed of the IL-2
receptor b (IL-2Rb), the common gamma chain (gc) and the
unique high affinity receptor a chain (IL-15Ra),5-7 with the lat-
ter presenting IL-15 in trans to IL-2Rb/gc on neighboring
cells.8,9 IL-15- and IL-15Ra-deficient mice exhibit a common
phenotype that has demonstrated an essential role of IL-15 in

both the development and homeostasis of memory CD8C T
cells, natural killer cells (NK), invariant NKT (iNKT) cells and
intestinal intraepithelial lymphocytes (IEL).10,11

Conversely, IL-15 has been shown to be pro-tumorogenic,
through promotion of tumor growth, invasion and metastasis,
while also protecting tumor cells from apoptosis.12-16 Further-
more, in humans, overexpression of IL-15 promotes develop-
ment of large granular lymphocytic leukemia.12,17 Thus, the
clinical value of targeting IL-15 in cancer immunotherapy
remains uncertain and may be highly context-dependent. Of
interest to this study, it is ill understood whether IL-15 is
required for the development or suppression of inflammation-
induced cancer.

Cytokines produced by tumor-infiltrating immune cells mod-
ify tumor growth and survival, promote angiogenesis and inhibit
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antitumor immune responses to promote the development of
pre-malignant cells. The balance between pro- and anti-inflam-
matory activities is critical for an efficient antitumor immune
response,18 with dysregulation of IL-6, IL-17, IL-23, and IL-22
cytokine signaling pathways playing an important inflammatory
role in the development and progression of intestinal tumors.19

Furthermore, genetic variations within pro- and anti-inflamma-
tory interleukins may confer risk of developing or impact survival
rates in colon cancer.20,21 Among these, single nucleotide poly-
morphisms (SNPs) from IL-3, IL-6R, IL-8 and, interestingly, IL-
15 were found to be associated with an increased colon cancer
risk,22 while IL-1 or IL-1 receptor antagonist polymorphisms
negatively impact on CRC survival and recurrence.23,24

The role of the inflammatory milieu is of particular impor-
tance in CRC as the risk of developing dysplasia and CRC posi-
tively correlates with the duration and degree of inflammation in
patients with irritable bowel disease (IBD).25 While there is
abundant evidence indicating the causal relationship of chronic
mucosal inflammation with CRC,26 the mechanism(s) underly-
ing this correlation, namely the role of IL-15-mediated signaling,
remain largely unknown.

In light of the complex and dichotomous role of IL-15 in an
oncology setting, summarized above, this current study seeks to
clarify the contribution of IL-15 in a well-defined experimental
model of inflammation-induced CRC. For this, a single injection
of the carcinogen azoxymethane (AOM) was combined with the
dextran sulfate sodium (DSS) mouse model of chronic colon
inflammation.27,28 This generates a relatively non-invasive and
reproducible model of colitis-associated carcinoma (CAC). Utiliz-
ing this model, we have investigated the role that IL-15 plays on
tumor development and growth in vivo using IL-15- or IL-15Ra-
deficient mice as well as a newly generated strain of Il15¡/¡ mice,
in which IL-15 is selectively expressed in predominantly antigen
presenting cells under the control of the CD11c-promoter. In this
model, we demonstrate that IL-15 deficiency increases tumor bur-
den as a result of deficient NK and CD8C T cell immunity and a
tumor-supporting inflammatory milieu, indicating that intestinal
homeostasis and suppression of inflammation induced-tumori-
genesis are dependent on IL-15.

Results

IL-15 deficiency promotes inflammation-induced colorectal
tumorigenesis in mice

To determine the role of IL-15 in inflammation-induced colo-
rectal tumorigenesis we utilized the AOM/DSS model. Briefly,
mice were injected with AOM followed by three cycles of 1%
DSS in drinking water.27,28 Firstly, we compared the survival
and colon carcinoma burden between Il15¡/¡ and Il15ra¡/¡ to
WT mice after induction of colitis-associated colon
carcinogenesis.

IL-15- but not IL-15Ra-deficient mice, had significantly
reduced survival rates compared to WT mice (Fig. 1A), with 25%
of Il15¡/¡mice dying after completion of the second DSS admin-
istration cycle. Tumor incidence was 100% in Il15¡/¡ mice, and

colon weight and tumor size was significantly higher in Il15¡/¡

compared to Il15ra¡/¡ and WT mice (Fig. 1B–F). Adenomas
greater than 4mm in diameter were exclusively found in mice with
disrupted IL-15 signaling (Il15¡/¡ 34% and Il15ra¡/¡ 22%)
(Fig. 1D).

Interestingly the majority of tumors in both Il15¡/¡ and
Il15ra¡/¡ mice were localized within the mid and distal region
of the colon (Fig. 1E and F), mirroring the predominant occur-
rence of colorectal tumors in humans, raising the question
whether tumor development in some intestinal compartments is
more IL-15-dependent than others. All Il15¡/¡ and a significant
number of Il15ra¡/¡ mice developed tumors with low- and
high-grade dysplasia (Fig. 1G). Although invasive intramucosal
carcinomas were observed in all genotypes, pT1 stage adenocarci-
nomas were found exclusively in Il15¡/¡ mice (Fig. 1G). IL-15
can reduce mucosal damage through a reduction in intestinal epi-
thelial cell (IEC) apoptosis,29 and in our AOM/DSS treated
Il15¡/¡ and Il15ra¡/¡ mice we found significantly increased
apoptosis by cleaved caspase-3 immunostaining in both tumor
free epithelium (Fig. S1A) and adenomas (Fig. S1B) compared
with WT mice. Furthermore Il-15tg mice showed levels of apo-
ptosis comparable with that of WT mice (Fig. S1B and S1C).
We observed no significant differences in the proliferative index
in adenomas between the different strains (data not shown).

Na€ıve Il15¡/¡ and Il15ra¡/¡ mice exhibit consistently
reduced numbers of NK and CD8C T cells in both spleen and
mesenteric LN,10,11 and this phenotype is maintained after
AOM/DSS induction (Fig. 2A and 2B). The number of CD4C

T cells and B220C B cells are slightly but significantly increased
both in percentage (CD4C T cells 0.37% § 0.02 vs. 0.30% §
0.02, p D 0.0002, B220C B cells 0.438% § 0.04 vs. 0.385% §
0.0.046, p D 0.0188) and absolute number (CD4C T cells 4.38
§ 1.64 vs. 2.92 § 1, p D 0.0434, B220C B cells 5.49 § 2.22 vs.
3.41 § 0.96, p D 0.0314) was observed in Il15¡/¡ mLN com-
pared with WT. Furthermore, compared with WT mice, the sera
of Il15¡/¡ mice showed higher concentrations of IFNg, IL-10,
IL-17, CXCL1, and G-CSF with decreased levels of CCL5 and
IL-12p40 (Fig. 2C). Serum levels of eotaxin, IL-1a, IL-1b, IL-2,
GM-CSF, IL-3, IL-4, IL-6, IL-12p70, IL-13, MCP1, MIP1a,
and MIP1b, were not found to be significantly different between
the groups (Fig. S2).

These data demonstrate that IL-15 deficiency profoundly
affects survival and accelerates tumor growth and development.
In contrast, loss of IL-15Ra showed a less pronounced effect on
tumor burden, indicating that intact IL-15 signaling via IL-2Rb/
gc may partially compensate for absent IL-15Ra-mediated sig-
naling with respect to controlling tumor growth.

CD11c-restricted IL-15 expression shows reduced tumor
formation

IL-15 is constitutively expressed and highly inducible in DC
and trans-presented to CD8C T and NK cells which induces pro-
liferation and activation of both cell populations.8,9 We therefore
sought to determine, whether recovery of NK and CD8C T cell
populations in Il15¡/¡ mice would be sufficient to inhibit tumor
growth in the AOM/DSS model. To address this, we generated a
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novel CD11c-Il15 mouse strain,
in which IL-15 expression is
reconstituted in antigen present-
ing cells of Il15¡/¡ mice under
the control of the CD11c-pro-
moter (strain 65). (Polansky
et al., in preparation).

As expected these mice have a
recapitulated NK and CD8C T
cell compartment with percen-
tages of NK and CD8C T cells
comparable with WT mice,
along with essentially unchanged
relative percentages of total
immune cells (Fig. 2A and 2B).
Moreover, the serum levels of
IFNg, IL-10, CXCL1, and G-
CSF in these mice approached
that of WT levels (Fig. 2C). In
particular, IL-10 and CXCL1
levels are significantly different
in the sera of Il15¡/¡ and
CD11c-Il15 mice.

Interestingly, CD11c-Il15
mice showed a re-established
control of tumor growth after
AOM/DSS induction in com-
parison with the global IL-15
deficient mouse strain. Selective
IL-15 expression in CD11cC

cells resulted in a tumor burden
comparable to that of WT mice
and while tumor size was similar
the macroscopically assessed
tumor number was significantly
decreased in comparison to
Il15¡/¡ mice (Fig. 3A–C). His-
tological analysis confirmed a
decrease in the number of tumor
lesions, reduced dysplasia sever-
ity and an absence of invasive
carcinoma in CD11c-Il15 mice
compared with Il15¡/¡ mice fol-
lowing AOM/DSS (Fig. 3D and
3E).

These data demonstrate that
the restoration of IL-15-depen-
dent CD8C T and NK cell
immune responses reduce tumor
formation, congruent with simi-
lar effects of IL-15-mediated sig-
naling in other tumor
models.1,30-32 To determine if
the antitumor immunity-restor-
ing effect of IL-15 can be further
enhanced if IL-15 is ubiquitously

Figure 1. Increased tumorigenesis in Il15¡/¡ mice in a colitis-associated cancer model. Survival rates (A) of WT,
Il15¡/¡ and Il15ra¡/¡ mice subjected to AOM/DSS treatment, were monitored. Colon weight (B), numbers of
tumors per mouse (C), size (D) and location (E) of tumors were determined. Data represented as mean § SEM
of two independent experiments (WT n D 14, Il15¡/¡ n D 11, Il15ra¡/¡ n D 13). (F) Representative images of
longitudinally cut colons from WT (n D 2), Il15¡/¡ (n D 2) and Il15ra¡/¡ (n D 2). (G) Representative H&E images
of formalin-fixed tissues from proximal, mid and distal colonic regions. Dotted lines indicate adenomas with
high-grade dysplasia. Insert enlarges a cancerous gland invading muscularis mucosa, with the overlying epithe-
lium which is dysplastic. Scale bar: 600 mm, within the insert 200 mm. Mann–Whitney tests were used for statis-
tical analysis.
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Figure 2. CD11c-Il15 mice showed restored CD8C T and NK cells and serum levels of IFNg, G-CSF, IL-10 and CXCL1. Mesenteric lymph nodes (mLN) and
spleens were isolated from mice after completion of the AOM/DSS protocol. Total cell numbers and percentage of CD8C T cells and NK cells were ana-
lyzed by flow cytometry in mLNs (A) and spleens (B). Lines show mean values with each point representing an individual mouse from three independent
experiments (left panels) (WT nD 14, Il15¡/¡ nD 14, Il15ra¡/¡ nD 14, CD11c-Il15 n D 15) and two experiments (all other panels) (WT n D 9, Il15¡/¡ nD 9,
Il15ra¡/¡ nD 7, CD11c-Il15 nD 5-8). Mann–Whitney tests were used for statistical analysis. (C) Sera was collected from mice after completion of the AOM/
DSS protocol and cytokine/chemokines were quantified using the Bio-Plex array system (Bio-Rad). Lines indicate mean values with each point represent-
ing an individual mouse from two independent experiments (WT n D 22, Il15¡/¡ n D 24, Il15ra¡/¡ n D 20, CD11c-Il15 n D 18). Mann–Whitney tests were
used for statistical analysis.
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Figure 3. Restored IL-15 expression reduces tumor formation. Colons were isolated from mice following completion of the AOM/DSS protocol. Numbers
of tumors per mouse (A) and size (B) were determined. In A, each point represents an individual mouse and in B data represent mean § SEM of three
independent experiments (WT nD 31, Il15¡/¡ nD 32, CD11c-Il15 nD 28, Il15tg nD 11). Mann–Whitney test was used for statistical analysis. (C) Represen-
tative images of colons from WT (n D 2), Il15¡/¡ (n D 2) and CD11c-Il15 (n D 2). (D) Representative H&E images of formalin-fixed tissues from proximal,
mid and distal colon. Dotted line indicates the muscularis mucosa with the overlying colon adenoma showing high-grade dysplasia. Dashed lines enclose
colon adenomas with high-grade dysplasia. Scale bar: 600 mm. (E) Percentages of tumor-types (low-grade dysplasia, high-grade dysplasia, intramucosal
carcinoma, adenocarcinoma) in Il15¡/¡ vs. CD11c-Il15mice (Il15¡/¡ n D 26, CD11c-Il15 n D 12).
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overexpressed, AOM/DSS was induced in Il15tg mice.33 These
mice had a significantly reduced tumor load compared to both
CD11c-Il15, and WT mice (Fig. 3A). Thus, as expected, antitu-
mor immunity is maximal if IL-15 is expressed, secreted, and/or
trans-presented by both immune and non-immune cells. How-
ever, IL-15 overexpression restricted to antigen presenting cells,
e.g., in DC therapy strategies, in a physiological situation where
other cells are present that constitutively express IL-15, may well
suffice to induce therapeutic antitumor immunity.

IL-15 is expressed in human colorectal cancer
In addition to its antitumor effect, IL-15 has also been reported

to show tumor growth-enhancing properties16 and is also expressed
by epithelial cell populations.14,34 We therefore sought to deter-
mine if IL-15 expression was altered in a pathophysiological setting.
IL-15 expression was profiled in a large cohort of patients with
CRC, including 10 cases of CAC and tissue arrays encompassing
74 cases of spontaneous colorectal carcinoma (SCRC).

In almost all of the examined CRC patients, CAC and SCRC
cells exhibited IL-15 immunoreactivity with varying extent and
intensity (Fig. 4 and Table S1 and S2). IL-15 localization was
mainly membranous/cytoplasmic (Fig. 4B) with little IL-15 nuclear
staining (Fig. 4C and 4D) the latter having been reported previ-
ously for macrophages.35 However, no significant correlation was
found between the semi-quantitative IL-15 protein expression score
and the TNM stage (Table S1). This shows that while IL-15 pro-
tein is prominently expressed in human CRC, its relationship with
cytokine expression and tumor characteristics remains unclear.

Key colonic oncogenic pathways do not appear to be altered
by IL-15

As a first step toward dissecting the potential dual role of IL-
15 in tumor immunology, we asked whether IL-15 impacts on
the expression of key colonic oncogenic pathways. To this pur-
pose, we analyzed the protein expression of key molecules known
to associate with murine colon tumorigenesis,36 namely b-cate-
nin, p53 and p21WAF1 in colon tumors from WT, Il15¡/¡,
Il15ra¡/¡, and CD11c-Il15 mice following AOM/DSS
induction.

All colon adenomas of AOM/DSS-treated mice exhibited
cytoplasmic/nuclear b-catenin staining, irrespective of their
genotype and IL-15 expression status (Fig. S3A). In all geno-
types, p53 immunostaining was limited and faint, accompanied
by strong p21WAF1 staining within colon adenomas, again
without appreciable differences between the various mice strains
examined (Fig. S3B). Collectively, these ex vivo-results from
established colon tumors in IL-15 deletion mouse strains suggest
that IL-15 does not induce classical pathways implicated in
murine colon tumorigenesis.

Tumor transcriptional profile analysis correlate IL-15 loss
with an increase in pro-inflammatory cytokines associated with
colon cancer progression

To further determine the role of IL-15 in colon cancer, we
looked at its ability to modulate the inflammatory tumor micro-
environment. We utilized microarray analysis of tumor,

perilesional colon, and non-tumor-affected colon tissue from IL-
15 disrupted and WT AOM/DSS mice. Principal component
analysis (PCA) based on 2D scaling divided samples into three
different groups of comparable genes expression data space:
group 1 included tumor tissue from Il15¡/¡ mice, group 2
included near-tumor and tumor tissue from WT and group 3
included tumor-free tissue from WT and Il15¡/¡ mice and the
Il15¡/¡ near-tumor tissue (Fig. S4A and S4B).

Interestingly, while tumor-free and perilesional colon showed
no major gene expression differences between WT and Il15¡/¡

mice, 1856 genes were dysregulated in Il15¡/¡ compared with
WT tumors: 201 genes with fold change of �2, of which 106
were upregulated and 95 downregulated (Fig. 5A and Fig. S4C
and Table S3). These results suggest that IL-15 loss exerts a
major transcriptional impact on the tumor, on tumor-infiltrating
cells, or both.

The upregulated genes in Il15¡/¡ tumors were grouped into
functionally different clusters: hydrolases/proteases (e.g., mast
cell proteases and matrix metalloproteases), cytokines and cyto-
kine/cytokine receptor interactions (e.g., IL-1a, IL-1b, chemo-
kine CXCL14, CXCL5, and SPP1), signaling pathways
implicated in cell proliferation/growth/Wnt signaling, apoptosis,
oxidation/reduction reactions, and transcription factors and
membrane components (Fig. S4C and Table S4). Within the
top-50 upregulated genes, the majority were found in the hydro-
lases/proteases cluster, followed by the cytokine/cytokine recep-
tors interaction gene cluster. Since the upregulation of
hydrolases/proteases could be a secondary effect associated with
tissue remodeling induced by the increased tumor growth in
Il15¡/¡ mice, we focused on the upregulation of cytokine/che-
mokine expression as a potentially direct IL-15-dependent
phenomenon.

To confirm the microarray results, the expression levels of
selected cytokine and chemokine genes that were exclusively
upregulated in tumor tissue were quantified by qRT-PCR. This
confirmed that not only Spp1 but also Il1b and Cxcl5 expression
were strongly and significantly upregulated in Il15¡/¡ tumors
compared to WT tumors and non-tumor bearing, AOM/DSS-
treated colon (Fig. 5C and 5D). In addition, mRNA expression
of the TH17 cytokines, Il22 and Il23 in lesional tissue, albeit
transcribed at low levels, was significantly upregulated in Il15¡/¡

compared to WT tumors (Fig. 5C and 5D). These gene expres-
sion profiling data from IL-15-deficient mice suggest that IL-15
impacts on the expression of key inflammatory mediators associ-
ated with colon cancer progression and that IL-15 deficiency
facilitates the creation of a tumor growth-enhancing cytokine/
chemokine tumor microenvironment.

Discussion

Collectively, the current study contributes to dissecting the as
yet unclear, dual role of IL-15 as a potential regulator of both
pro- and antitumor immunity. We have shown that the deletion
of IL-15 has a dual effect in colitis-associated murine colon carci-
noma: while IL-15 deletion impairs NK/CD8C T cell-mediated
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Figure 4. IL-15 is expressed in human colorectal cancer. (A and B) IL-15 immunostaining in CAC cases. In A, faint cytoplasmic IL-15 immunostaining in
CAC4 (IL-15 Score:1). In B, arrows denote cancerous glands with intense membranous/cytoplasmic immunostaining. (CAC n D 10). (C and D) Representa-
tive images of CAC expressing intense cytoplasmic/membranous IL-15 immunostaining (C, CAC6, Score:9), SCRC carcinoma exhibiting faint IL-15 immu-
nostaining (D, SColon48, Score:2), Case SColon6 (E), exhibiting intense IL-15 immunostaining (low IL-15 score; score:9) and case SColon16 (F) displaying
faint IL-15 immunostaining (high IL-15 score; score:2). (CAC n D 10 and Scolon n D 74). Arrows indicate cancerous glands with intense membranous/
cytoplasmic and double arrows depict nuclear IL-15 immunostaining. Scale bar: 50 mm.
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Figure 5. Differentially-expressed genes profiles in WT and Il15¡/¡ colon tissues. RNA from no tumor, near tumor and tumor colon tissue from WT and
Il15¡/¡ mice were used for gene expression analysis by microarrays. (A) LIMMA analysis of differentially expressed genes showing a q value < 0.05 and a
log2 fold change (FC) �2. Pie charts show the number of significant genes (yellow) and the number significant genes that exhibit a fold change �2
(green). The green gene pool was used to determine the proportion of upregulated (red) and downregulated (blue) genes. (B) Fold change of top 50
upregulated and downregulated genes. Comparative heat map shows the fold change of the gene expression between WT and Il15¡/¡ mice from no
tumor, near tumor and tumor tissue from colon sections. Red and blue color intensity indicates the degree of upregulated and downregulated genes,
respectively (WT n D 3, Il15¡/¡ n D 3). The lists of genes are shown in Table S3. (C) qRT-PCR analysis showing the level of mRNA expression of indicated
genes in normal and tumor tissue from WT and Il15¡/¡ mice relative to Hprt. Data are shown as mean § SEM of WT n D 14-17, Il15¡/¡ n D 14-17. Results
are from three independent experiments. (D)Mean fold change increase of expression levels of genes in Il15¡/¡ vs. WT tumor tissues normalized to their
respective non-lesional tissue. Mann–Whitney tests were used for statistical analysis.
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anti-colon carcinoma immunity, this may also create a cytokine/
chemokine microenvironment that facilitates tumor growth.

IL-15 deficient mice have been used extensively to delineate
the multifaceted role that IL-15 plays in inflammatory condi-
tions. Most recently, deletion of IL-15 has been associated with
increased disease severity in the experimental autoimmune
encephalomyelitis (EAE) model of multiple sclerosis with
increased CD8C T cell influx and cytokines levels such as IL-6,37

and in the TAX-LUC model of human lymphoma characterized
instead by a reduction of CD8C infiltrating T cells and IL-6.38

Therefore, these findings highlight the duality of IL-15 function
with respect to the CD8C T cell compartment and the influence
on IL-6 levels. Furthermore, the contribution of IL-15 toward
the final disease outcome is dependent on the inflammatory con-
text, with deletion of the cytokine in a Toxoplamsa gondii infec-
tion model resulting in reduced disease severity and mortality,
with lower levels of IL-6, TNFa and IL-1b produced compared
to WT mice.4 Of interest to this present study, IL-15 deletion
has been investigated in the DSS colitis model, with IL-15 dele-
tion resulting in a protective effect with lower numbers of lamina
propria CD8C T cells, NK cells, and pro-inflammatory
cytokines.39

Our data provide novel insight into the role of IL-15 in colo-
rectal carcinogenesis, by showing that in mice, disruption of the
IL-15 signaling pathway correlates with enhanced tumorigenesis
which is marked by increased serum levels of IFNg, IL-10, IL-
17, CXCL1, and G-CSF. In a different model using metastatic
murine CT26 or MC38 colon carcinoma, IL-15 alone or in com-
bination with other molecules exert a protective role in can-
cer.32,40 Additionally, in human tissue we observed markedly
increased IL-15 expression in colon neoplastic cells suggesting a
regulatory effect of IL-15 in CRC.

Under physiologic conditions IL-15 exerts a tumor suppres-
sive function; however in transformed tumor epithelial cells
IL-15 promotes their survival ultimately exerting a tumor-pro-
moting role. This provides an explanation for the initially con-
founding findings of Kuniyasu and colleagues (2001) supporting
an oncogenic role for IL-15 by promoting the proliferation of
IECs and the production of angiogenic factors.14,16 Interestingly,
the antitumor effect of IL-15 appears to display only partial
dependence on IL-15Ra signaling. Our data show that Il15ra¡/¡

mice are significantly less susceptible to tumor development than
Il15¡/¡, suggestive of alternative and redundant IL-15 signaling
via IL-2Rb and IL-2Rg pathways.

IL-15 is expressed by epithelial and non-epithelial cells and
the increased incidence and accelerated onset of tumorigenesis
in Il15¡/¡ mice potentially results from a combination of epi-
thelial damage and non-epithelial contributions and deregulated
colon repair. IL-15 in chronic colitis, besides acting as a pro-
inflammatory cytokine reduces mucosal damage by preventing
IEC apoptosis.29 Neutralization of IL-15 in chronic DSS-
induced colitis increased the score of disease.29 Furthermore, it
has been shown that IL-15 is required for intestinal epithelial
barrier integrity by regulating tight junction formation in an IL-
2Rb-dependent manner.41 In this present study we find
increased apoptosis in IL-15 deficient mice, with no change in

proliferation, supporting the previously described role for IL-15
in colon repair.29

We show that selective recovery of IL-15 expression in
CD11cC cells of Il15¡/¡ mice significantly lowers tumor burden
and decreases the severity of dysplasia compared with Il15¡/¡

mice. CD11c is a marker of DC, which are known to trans-pres-
ent IL-15 to NK and CD8C cytotoxic lymphocytes, augmenting
the “tumor-suppressor” activity of the latter.1,42 Our data suggest
that during AOM/DSS (a model of carcinogenesis) mice defi-
cient in IL-15 are more susceptible to tumor development as a
consequence of an increased inflammatory promoting effect on
tumor growth. In our hands the restoration of CD8C T cells and
NK antitumor immunity is sufficient to overcome the protu-
morigenic effects of the inflammatory milieu seen in the IL-15
deficient mice. However, we do recognize that reconstitution of
IL-15 in antigen presenting cells could have an additional effect
on other immune cells such as macrophages. In tumor transplan-
tation model Gillgrass and colleagues recently demonstrated that
Il15¡/¡ CD4C T cells display a Th2 phenotype, which may be
capable of polarizing macrophages to a pro-metastatic M2 phe-
notype while lung macrophages of Il15tg mice produce high lev-
els of nitric oxide and IL-12, indicative of an anti-metastatic M1
polarized phenotype.43,44

The increased tumorgenesis in Il15¡/¡ mice was found to be
accompanied by increased levels of specific cytokines in serum,
among them, IL-17, IFNg and IL-10. TH17 cytokines are
expressed by TH17 cells and by innate lymphoid cells (ILCs) in
response to IL-23 in the inflamed colon,45 furthermore IL-17 has
been described to promote angiogenesis and tumor growth46

while IL-22 plays a dual protective and pro-inflammatory role in
intestinal inflammation.47,48 Interestingly, IL-22 was recently
found to play a significant role for CAC development49 and in
the absence of IL-15, we have detected an induction of IL-23 and
IL-23-induced cytokines. We observed an increase in IL-22 tran-
scripts in colonic tumor together with IL-17A and IFNg levels in
sera of Il15¡/¡ mice. In comparison with WT, we also observed
a significant decrease in IL-12(p40), a shared subunit between
IL-23 and IL-12 possibly indicating a more prominent role for
the cytokine in this setting. Our results compliment previous
studies demonstrating IL-17 correlation with worse prognosis in
patients affected by colon carcinomas,50 furthermore, increased
IL-17 levels have been described in the mouse colonic cancer
model.51 Taken together, decreased IL-15 correlates with an
increase in IL-22 as well as IL-17 and IFNg, cytokines that pro-
mote active chronic colitis and progression to colon cancer. Our
results therefore, support an inhibitory effect of IL-15 on type
17-responses.

The IL-15 signaling in the presence of its receptor, IL-15Ra
regulates CCL5 production by T cells, DC and myeloid cells.52-54

In accordance, in our model, the T and NK cell recruiting chemo-
kine, CCL5, is strongly reduced in the sera of Il15¡/¡ mice com-
pared to the WT level, therefore inhibiting antitumor
immunity.55,56

The role of IL-15 on regulatory T cells (Tregs) is complex and
controversial. The increased levels of IL-10, the main suppressive
cytokine produced by Tregs, in the sera of IL-15 deficient AOM/
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DSS mice agrees with the inhibitory role of IL-15 on intestinal
regulatory activities shown by Depaolo and colleagues.57 Our
data suggest that the loss of IL-15 leads to increased levels of the
regulatory IL-10 and the pro-tumoral chemokine, CXCL158

which in turn results in suppression of antitumor immune
responses and promotes tumor progression. Moreover, this is sig-
nificantly inhibited when CD11cC cells produce IL-15
selectively.

Microarray analysis revealed that IL-15 deficiency in tumor
tissue correlates with an increased expression of inflammatory
promoting genes, such as proteases, cytokines/chemokines/cyto-
kines receptors. Collectively the results obtained from our analy-
sis indicate that since IL-15 deficiency promotes colon-associated
carcinogenesis, classical tumor markers are amplified, but that
specific inflammatory mediators are induced in an IL-15-depen-
dent manner. To confirm the latter hypothesis, it will be interest-
ing to examine in subsequent studies whether, for example, a
signaling milieu dominated by Spp1, Il1b, Cxcl5, Il22, and/or
Il23, does indeed promote colon tumor development/growth.
On this matter, currently we can only speculate that the differen-
ces observed in cytokine expression in the tumor microenviron-
ment are the final result of multiple events and indirectly
controlled by IL-15. IL-22, IL-23, and IL-1b have been shown
to cross-regulate their expression, be pro-inflammatory and exert
both tumor inhibitory and promoting effects in colon cancer and
are most likely the product of infiltrating immune cells, while
Spp1 and CXCL5 are likely the result of increased epithelial
activity and/or colonic tumor cells. We therefore suggest that the
dysregulation of inflammatory cells accompanying tumor growth
seen in IL-15 deficient mice results in the skewing of the cytokine
milieu.

In summary, based on the data presented here we conclude
that IL-15 plays a crucial and multifaceted role in gut homeosta-
sis. This study sheds light on the role of IL-15 in colorectal carci-
nogenesis, providing supporting data for the employment of IL-
15 for immune boosting in cancer immunotherapy, although the
anti-apoptotic function of IL-15 on epithelial tumor cells should
be carefully considered.

Materials and Methods

Mice
6–10 week old aged-matched female mice were used for all

experiments. C57BL/6j (WT), Il15¡/¡10, IL15tg (strain B1)33,
Il15ra¡/¡11, and CD11c-Il15 were used for the study, with all
mice on the C57BL/6 background. CD11c-Il15mice were gener-
ated by breeding transgenic mice, which express IL-15 under the
CD11c promoter, with Il15¡/¡ mice (Polansky et al., in prepara-
tion). Mice were maintained in specific pathogen-free conditions
at the Research Center Borstel animal facilities with all in vivo
procedures performed in compliance with national animal care
and institutional guidelines. Protocols were approved by the
“Ministerium f€ur Landwirtschaft, Umwelt und l€andliche R€aume
des Landes Schleswig-Holstein” (# AZ V312-72241.123-3 (12-
2/10)).

Human tissue samples
Formalin-fixed paraffin-embedded specimens from 10

patients with CAC along with tissue arrays encompassing 74
cases with SCRC were examined. Patients had not received any
immuno-, chemo- or, radiotherapy interventions prior to surgical
resection of the lesions. All samples were obtained from the Labo-
ratory of Histology and Embryology, Athens Medical School
according to local ethical committee approvals.

AOM/DSS protocol
Colitis-induced tumorigenesis was induced by a single intra-

peritoneal injection of AOM (Sigma–Aldrich) (10 mg/kg) 7 d
prior to three 5-d cycles of 1% (w/v) DSS (MP Biomedicals,
molecular weight of 36,000–50,000) in the drinking water. DSS
was alternated with 14-d cycles of drinking water. At the end-
point (day 100–120) colons were harvested, incised longitudi-
nally, and washed with PBS. Colon weight was measured,
photographs were taken (Sony Cyber-shot DSC-W55S Compact
7.2 Mpix), tumors were counted and their diameter was
measured.

FACS analysis
Cells were isolated from spleen and mesenteric lymph nodes,

resuspended in FACS-buffer (2% newborn calf serum, 0.1%
NaN3, 2 mM EDTA in PBS), stained with mAb against CD8a
(clone: 53-6.7, 100701), NKp46 (clone: 29A1.4, 137601) (all
Biolegend), for 20 min at 4�C and subsequently washed with
FACS buffer containing 1 mg/mL propidium iodide (Sigma–
Aldrich). Cells were analyzed using a FACSCalibur flow cytome-
ter (BD Biosciences) and Flowjo software (Treestar Inc.).

Cytokines and chemokines measurement
Cytokines (IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9,

IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17A, Eotaxin, G-
CSF, GM-CSF, IFNg, KC, MCP-1 (MCAF), MIP-1a, MIP-
1b, CCL5, and TNF-a) were quantified from mouse sera using
the Bio-Plex Mouse Cytokine Group I 23-plex Assay (Bio-Rad)
according to manufacturer’s instructions.

Histopathological analysis of mouse tissue
Colon tissue was fixed in 3.7% buffered formalin and embed-

ded in paraffin and sections examined following H&E staining.
Colitis severity was evaluated (designated as histological activity
index) according to Ullman and Itzkowitz grading: grade 1: inac-
tive colitis; grade 2: mild colitis; grade 3: moderate colitis; grade
4: severe colitis. Assessment of dysplasia was based on the two-
tiered (low- and high-grade) system.59 Histopathological changes
were evaluated by three molecular pathologists blinded to the
identity of the treatment group.

Immunohistochemical analysis
Immunohistochemical staining was performed on paraffin-

embedded tissues as previously described,60 using the following
antibodies against: IL-15 (500-p15, Peprotech; 1:500), b-catenin
(E-5, sc7963, Santa Cruz; 1:100), p53 (NCL-p53-CM5p, Novo-
castra; 1:400), p21 (F-5, sc-6246, Santa Cruz; 1:200), cleaved
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caspase-3 (9661L, Cell Signaling; 1:100). Heat-mediated antigen
retrieval was performed in a microwave using 10 mM citric acid
(pH 6.0) for 25 min. For the immunohistochemical analysis the
UltraVision LP Detection System (#TL-060-HD, Thermo Sci-
entific) was employed according to the manufacturer’s instruc-
tions. A mixed score (MS) combining a staining index (SI) and a
labeling index (LI) was used for the evaluation of the IL-15
expression. The SI is subdivided into four ordinal values: 0: nega-
tive, 1: weak, 2: moderate, 3: strong. LI is defined as follows: 0:
negative, 1: 1–20%, 2: 21–50%, 3: 51–100% positive cells. We
classified IL-15 score as follows: 0–2: low, 3–4: medium, 6–9:
high. The MS is obtained by multiplying SI with LI (MS D SI £
LI). Evaluation of p53, p21, b-catenin, and cleaved caspase-3
was performed as previously described.60-64 Previously character-
ized cases served as positive controls for p53 and p21.60-62 Three
independent observers carried out slide examination, with mini-
mal inter-observer variability.

RNA extraction and microarray analysis
Colon tissue (30 mg) from WT and Il15¡/¡ mice was

homogenized in 600 mL of RLT buffer using the Omni TH2
homogenizer (Omni International). RNA extraction was per-
formed using the RNeasy mini Kit (Qiagen) as per man-
ufacturer’s instructions. First strand cDNA was synthesized using
2 mg of RNA, oligo-dT primer (50-TTTTGTACAAGC(TTT)
10-30) and the Superscript III reverse transcriptase (Life Technol-
ogies) according to manufacturer’s instructions.

Gene expression from non-tumor, near tumor and tumor sec-
tions from 3 WT and 3 Il15¡/¡ mice were examined by microar-
ray analysis using the Affymetrix Genechip� Mouse Gene 1.0 ST
array (28,853 gene transcripts). RNA quality control, gene chip
hybridization and data acquisition were performed at the Expres-
sion Core Facility, TU Munich. Arrays data were normalized
using the Exon Robust Multichip Average (RMA) algorithm
from the software Partek Genomic Suite (Partek Inc.) and ana-
lyzed with the Linear Model for Microarray Data (LIMMA) to
identify differentially expressed genes with a q value (FDR) <
0.05 using the open-source R software, v.3.0.1. and the LIMMA
and QVALUE Bioconductor Packages. Genes with a log2 fold
change �2 were taken as input to perform gene functional clus-
tering analysis using the Database for Annotation, Visualization
and Integrated Discovery (DAVID).

qRT-PCR
Gene expression from Tumor tissues was measured by qRT-

PCR using the LightCycler 480 (Roche Diagnostics), the ready-

to-use hot start reaction mix (LightCycler� 480 probe master),
the specific hydrolysis probes (Universal Probe Library, UPL)
and primers, designed through the Universal Probe Library Assay
Designed Center (www.universalprobelibrary.com) (Table S5).
Gene expression values were normalized to the housekeeping
gene Hprt.

Statistical analysis
Statistically significant differences were calculated by using the

nonparametric Mann–Whitney test (Prism software; GraphPad
Software Inc.) with *p < 0.05, **p < 0.01, ***p < 0.001 consid-
ered significant.
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