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Previous studies have provided evidence that IL-15 expression
within human tumors is crucial for optimal antitumor responses;
however, the regulation of IL-15 within the tumor microenviron-
ment (TME) is unclear. We report herein, in analyses of mice
implanted with various tumor cell lines, soluble IL-15/IL-15Rα com-
plexes (sIL-15 complexes) are abundant in the interstitial fluid
of tumors with expression preceding the infiltration of tumor-
infiltrating lymphocytes. Moreover, IL-15 as well as type I IFN,
which regulates IL-15, was required for establishing normal num-
bers of CD8 T cells and natural killer cells in tumors. Depending on
tumor type, both the tumor and the stroma are sources of sIL-
15 complexes. In analyses of IL-15 reporter mice, most myeloid
cells in the TME express IL-15 with CD11b+Ly6Chi cells being the
most abundant, indicating there is a large source of IL-15 protein in
tumors that lies sequestered within the tumor stroma. Despite the
abundance of IL-15–expressing cells, the relative levels of sIL-15
complexes are low in advanced tumors but can be up-regulated
by local stimulator of IFN genes (STING) activation. Furthermore,
while treatment of tumors with STING agonists leads to tumor
regression, optimal STING-mediated immunity and regression of
distant secondary tumors required IL-15 expression. Overall, our
study reveals the dynamic regulation of IL-15 in the TME and its
importance in antitumor immunity. These findings provide insight
into an unappreciated attribute of the tumor landscape that con-
tributes to antitumor immunity, which can be manipulated thera-
peutically to enhance antitumor responses.
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Patients vary considerably in their responses to cancer thera-
pies. The presence of tumor-infiltrating T cells strongly cor-

relates with positive clinical outcomes in melanoma, colon,
breast, cervical, and brain cancers (1–4). Specifically, the density,
depth, and functional attributes of cytolytic CD8 T cells are as-
sociated with the greatest clinical outcomes (1). Altogether,
these features are a better prognostic indicator than the tumor–
node–metastasis classification that is currently used. IL-15 is a
cytokine that preferentially stimulates CD8 T cell and natural
killer (NK) cell activation, proliferation, and cytolytic activity.
Not surprisingly, these functional activities of IL-15 translate to
enhanced antitumor responses in multiple tumor models (5–7).
As such, systemic treatments with IL-15 or IL-15 analogs are
currently being evaluated as potential cancer therapeutics. In
addition to the ability of IL-15 to act systemically to promote
antitumor responses, there is evidence that IL-15 expression
within the tumor microenvironment (TME) is crucial for opti-
mal antitumor responses (8, 9). Galon and coworkers showed
that loss of IL-15 expression within colorectal tumors correlated
with lower T cell density, decreased T cell proliferation, higher
risk of relapse, and decreased survival (8). While these studies
suggest IL-15 produced within the TME is important for effec-

tive antitumor responses by CD8 T cells, the mechanisms regu-
lating IL-15 within tumors are unknown.
IL-15 has a unique form of expression whereby it associates

with the IL-15Rα protein intracellularly and is shuttled to the
cell surface as a complex (10, 11). This cell surface complex of
IL-15 and IL-15Rα efficiently stimulates neighboring cells via the
IL-2/15Rβ and γC complex via the mechanism of transpresentation
(10). Previous studies have provided evidence that transpresenta-
tion mediates IL-15 responses during homeostasis (12–14). Inter-
estingly, IL-15Rα/IL-15 complexes are cleaved from the cell surface,
which generates transient but significant increases in soluble IL-
15Rα/IL-15 complexes (sIL-15 complexes) in response to numerous
types of immune stimulation (15, 16). Specifically, sIL-15 complexes
are induced by total body irradiation, TLR stimulation, virus in-
fections, CD40 stimulation, type I IFNs (IFN-I), and most recently
activation of the stimulator of IFN genes (STING) pathway (15–
18). sIL-15 complexes produced upon immune activation could be
mediators of IL-15 responses as recombinant sIL-15 complexes
are 50–100 times more potent than rIL-15 in promoting CD8
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T cell and NK cell proliferation in vivo (19, 20). Nonetheless,
while definitive evidence is lacking that native sIL-15 complexes
produced in vivo are stimulatory, increases in in vivo sIL-
15 complexes coincide with increases in IL-15–dependent CD8
T cell proliferation (16, 18). Hence, unlike transpresentation, the
production of sIL-15 complexes represents a mechanism inducing
IL-15 responses that is not dependent on the formation of a cell–
cell interaction.
Identifying the cellular sources of IL-15 has been challenging

as the detection of IL-15 protein has been difficult. These dif-
ficulties are due in part to the low levels of IL-15 present on the
cell surface, the sequestering of IL-15 to the cell surface by IL-
15Rα, and possibly the inability to detect IL-15 complexed to the
IL-15Rα. Nonetheless, studies using models that restrict IL-
15 expression to specific cell types have provided evidence that
numerous cell types are important sources for IL-15, including
macrophages, dendritic cells (DCs), intestinal epithelial cells,
thymic epithelial cells, and keratinocytes (12–14, 21–26). Re-
cently, IL-15 expression among different cell types has been
better defined in studies using IL-15 reporter mice. Two differ-
ent lines of IL-15 reporter mice have been described: (i) tran-
scriptional IL-15 reporter (27, 28) and (ii) translational IL-15
reporter (29). The transcriptional reporter line was generated
with a BAC transgene that inserted EGFP downstream of the IL-
15 promoter, wherein GFP expression reflects the activity of the
IL-15 promoter. The translational reporter line utilized a BAC
transgene that inserted a GFP downstream of the IL-15 gene
that leads to expression of both the IL-15 protein in conjunc-
tion with GFP protein that remains in the cell after cleavage.
While the GFP reflects the amount of IL-15 protein produced by
the cell, the GFP does not mimic the transport of IL-15. There-
fore, a caveat of these models is the inability to identify cells trans-
presenting IL-15 on the surface or those producing sIL-15 complexes.
Regardless of the differences in how these two lines were gen-
erated, the IL-15 expression profiles are virtually the same in the
IL-15 transcriptional and translational reporter mice (27–29). In
analysis of the IL-15 transcriptional reporter mice, expression of
IL-15 displayed hierarchical expression among myeloid cells, with
basophils > eosinophils/mast cells > neutrophils/monocytes > CD8+

DCs > macrophages > CD11c+ DCs (27). This IL-15 reporter ex-
pression is present during the steady state and up-regulated in
specific cell types after virus infection or total body irradiation
(18, 27, 28).
With the clear importance of IL-15 in enhancing antitumor

responses, we set out to examine the extent to which IL-15 is
expressed within the TME, the form in which IL-15 is expressed,
the cellular source, the mechanisms regulating IL-15, and its
effects on tumor-infiltrating lymphocytes (TILs). This present
study demonstrates that IL-15 is expressed in the TME as sIL-
15 complexes and regulates TIL numbers. sIL-15 complexes are
abundant in early tumors but low in established tumors, even
though IL-15–expressing cells are abundant in established tu-
mors. Nonetheless, sIL-15 complexes can be up-regulated by
stimulating the inflammatory STING pathway. More importantly,
the induction of IL-15 expression by locally delivered inflamma-
tory signals was critical for mediating antitumor responses.

Results
IL-15 Is Expressed in the Tumor Microenvironment as sIL-15 Complexes
and Regulates Tumor-Infiltrating Lymphocyte Numbers. There is an
emerging paradigm that the TME initially produces inflammatory
mediators, which promote antitumor responses but then gradually
converts to an immunosuppressive environment (30, 31). Our
findings that sIL-15 complexes are produced in response to nu-
merous forms of immune stimulation compelled us to investigate
whether sIL-15 complexes are produced in the TME. To determine
if sIL-15 complexes are produced in B16 melanoma tumors, B16
tumors (B16-F10) were established in wild-type (WT) C57BL/

6 mice, removed along with spleens, measured in size and weight
(tumor weight between 20 and 150 mg), dissociated, and sus-
pended in PBS. Supernatants generated after pelleting cells were
analyzed for sIL-15 complexes using ELISA. We found that sIL-
15 complexes were present at relatively high levels in small tumors
and at lower levels in larger tumors (Fig. 1A). In analysis of MC-
38 and MCA-205 tumors, sIL-15 complexes are also produced
during early tumor growth, demonstrating that production of sIL-
15 complexes in tumors is not unique to B16 tumors (SI Appendix,
Fig. S1 A and B). Similar levels of sIL-15 complexes were found in
B16-ovalbumin (OVA) tumors as B16-F10 tumors (SI Appendix,
Fig. S1C). As such, the B16-OVA line was used for in vivo ex-
periments from here on as it allows the analysis of tumor-specific
CD8 T cell responses. We also examined the levels of sIL-15
complexes in B16 tumors at different times postimplantation
and found that sIL-15 complexes are higher at earlier stages of
tumor growth and their levels are reduced with tumor growth
(Fig. 1B). Additionally, in both B16 and MC-38 tumors, the higher
levels of sIL-15 complexes occur in the earliest tumors before the
infiltration of CD8 T cells and decline thereafter before the de-
cline in numbers of CD8 TILs that occurs with tumor growth (Fig.
1C and SI Appendix, Fig. S2A). These findings suggest IL-15
regulates CD8 T cell numbers in the TME.
To directly examine the role of IL-15 in regulating TIL num-

bers, established palpable B16 tumors in WT mice were treated
intratumorally with neutralizing IL-15 Ab or control Ig. Blocking
IL-15 activity in the tumor led to a significant decrease in the total
number of CD8 T cells and NK cells in the tumors (P < 0.001) but
did not significantly affect the total numbers of CD4 T cells (Fig.
1D). To determine if endogenous IL-15 regulates proliferation of
TILs, Ki-67 expression was examined in TILs in B16 tumors of
mice treated with neutralizing IL-15 Ab. Ki-67 expression in CD8
and CD4 TILs was similar with IL-15 neutralization and control Ig
treatment (SI Appendix, Fig. S2B), suggesting IL-15 regulates TIL
numbers independent of proliferation, possibly by promoting
survival and/or infiltration. TILs were also examined phenotyp-
ically and found to have similar levels of Tim-3+ and PD-1+Tim3+

among both groups (SI Appendix, Fig. S2C). Decreases in TIL
numbers were also observed with IL-15 blockade of MC-38
tumors (SI Appendix, Fig. S2D). Surprisingly, IL-15 blockade did
not affect B16 or MC-38 tumor growth (SI Appendix, Fig. S2 E
and F), suggesting the amount of IL-15 present in the TME is
sufficient to regulate TILs but is not sufficient by itself to break
tolerance against the tumor and drive tumor regression.
Since IFN-Is expressed in the TME are important for spon-

taneous antitumor responses (31) and we have previously dem-
onstrated IFN-Is are potent inducers of sIL-15 complexes in vivo
(17), we asked if IFN-I signaling is important for the production
of sIL-15 complexes in the TME. In B16 tumors transplanted
into IFNAR−/− mice, sIL-15 complexes were decreased in the
early tumors compared with those in WT mice (Fig. 1E), in-
dicating IFN-Is are important for production of sIL-15 complexes
in the TME. Since IFN-Is can be induced by the STING pathway,
we asked if the STING pathway was important for endogenous
production of sIL-15 complexes. B16 tumors implanted into
TMEM173−/− mice showed similar levels of sIL-15 complexes as
WT mice (Fig. 1F), suggesting this IFN-I response was not de-
pendent on the STING pathway. Furthermore, total numbers of
CD8 T cells, CD4 T cells, and NK cells among TILs were de-
creased in B16 tumors implanted into IFNAR−/− mice compared
with WTmice (Fig. 1G). The increase in the CD4:CD8 T cell ratio
in tumors of IFNAR−/− mice reflects the more dramatic loss in
CD8 T cells, which is consistent with the loss of IL-15 as IL-15
preferentially stimulates CD8 T cells over CD4 T cells (32).
Overall, IL-15 is expressed as IL-15 complexes in the TME in
an IFN-I–dependent manner and regulates the number of CD8
and NK TILs.
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Cellular Sources of sIL-15 Complexes. To address the extent to
which sIL-15 complexes were derived from the tumor stroma,
levels of sIL-15 complexes were measured in tumors implanted
into WT and IL-15Rα−/− mice. sIL-15 complexes were not de-
tected in B16 tumors implanted into IL-15Rα−/− mice (Fig. 2A),
indicating the sIL-15 complexes were derived from the tumor
stroma and not the tumor cells. However, when either MC-38
colon carcinoma or MCA-205 fibrosarcoma tumor cells were
implanted in IL-15Rα−/− mice, sIL-15 complexes in the interstitial
fluid of these tumors were still abundant, suggesting the tumor
cells themselves were producing sIL-15 complexes (Fig. 2B).
This was confirmed in analysis of culture supernatants obtained
from these tumor cell lines (Fig. 2C). Tumor cell lines, such as
BP-1 melanoma cells, MB49 bladder carcinoma, and 4T1 mammary
tumor cells also produced sIL-15 complexes while T3M4 pancreatic
cancer, A20 lymphoma, and CT26 colon carcinomas cell lines did
not produce detectable levels of sIL-15 complexes (SI Appendix, Fig.
S3). Thus, the ability of tumor cell lines to produce sIL-15 complexes
is variable, but is not necessarily dictated by the tissue of origin.
Therefore, we have identified different scenarios of sIL-15 complex
production: one where sIL-15 complexes are exclusively derived
from the TME (i.e., B16) and the other where sIL-15 complexes
can come from both the tumor and the tumor stroma (i.e., MCA-
205, MC-38).
Since we demonstrated that sIL-15 complexes present in the

B16 tumors are derived exclusively from the tumor stroma, we
chose to use the B16 model to further investigate the nontumor-
derived sources of sIL-15 complexes in the TME. We utilized
various IL-15Rα conditional knockout mouse models: IL-15Rα
floxed mice (IL-15Rαfl/fl) crossed to CD11c-Cre Tg mice or
LysM-Cre Tg mice to delete IL-15Rα primarily in DCs and
phagocytic cells (macrophage and neutrophils), respectively, as
previously described (14). Loss of IL-15 expression from either

DCs (Fig. 2D) or phagocytic cells (Fig. 2E) led to a significant
reduction in the levels of sIL-15 complexes in B16 tumors, sug-
gesting both cell types are contributing to baseline sIL-15 complex
levels in the TME. To examine the contribution of monocytes,
B16 cells were implanted into CCR2-DTR Tg+ and Tg− litter-
mates and treated with diphtheria toxin (DT) (200 ng, i.p. every
2 d) to deplete CCR2+ myeloid cells. Treatment with DT con-
sistently decreased the levels of sIL-15 complexes in B16 tumors
implanted into DTR-Tg+ mice compared with the tumors in DT-
treated Tg− mice (Fig. 2F); however, these differences did not
reach statistical significance (P < 0.1). To examine the specific
contribution from tumor-associated neutrophils or granulocytic
myeloid-derived suppressive cells (MDSCs), sIL-15 complexes
were analyzed in tumors from mice treated with Ly6G-depleting
Ab. This treatment had no effect on levels of sIL-15 complexes,
suggesting neutrophils/MDSCs are not a significant source of sIL-
15 complexes in the TME (Fig. 2G). In no model examined, were
sIL-15 complexes reduced by more than 50%, indicating that there
are multiple myeloid sources of sIL-15 complexes in the TME,
including CD11c+, LysM+ phagocytic cells, and monocytic cells.
We also examined the contribution of nonhematopoietic cells

as sources of sIL-15 complexes using bone marrow (BM) chi-
meras. IL-15Rα−/− BM chimeras (Rko BM→WT recipients) and
WT control BM chimeras (WT BM → WT recipients) were
generated, and reconstitution of the hematopoietic compartment
was confirmed ∼12 wk later followed by s.c. implantation of B16
tumor cells. Tumors and spleens were analyzed for sIL-15
complexes 2 wk later. B16 tumors isolated from IL-15Rα−/−
BM chimeras expressed lower levels of sIL-15 complexes than
WT BM chimeras (P < 0.1) (Fig. 2H), indicating nonhematopoietic
cells may be an additional source of sIL-15 complexes in the TME.
Overall, our analyses demonstrate that there are multiple sources
of sIL-15 complexes in the TME, including multiple myeloid cells,

Fig. 1. sIL-15 complexes are produced in the tumor
microenvironment. (A) B16-F10 tumor cells were in-
jected (0.3 × 106 cells, s.c.) into WT mice. Tumors
were dissociated and supernatants analyzed for sIL-
15 complexes using ELISA. Levels of sIL-15 complexes
in B16-F10 tumors of different masses isolated at the
same time postimplantation. (B) Levels of sIL-15
complexes in B16-F10 tumors isolated at 10, 14,
and 17 d posttumor implantation. n = 5 mice per
group. (C) Levels of sIL-15 complexes (light gray bar,
Left axis) and total CD8 T cells per tumor (dark gray
bars, Right axis) in B16-F10 tumors grouped by tu-
mor size. (D) B16-OVA tumors implanted into WT
mice were treated intratumorally with αIL-15Ab
(50 μg) or rat IgG 9 d after tumor implantation. Tu-
mor lymphocytes were analyzed 3 d later by flow
cytometry and total cell numbers were normalized
to tumor weight. (E) B16-OVA cells were injected
(0.3 × 106 cells, s.c.) into WT or IFNAR−/−mice; levels
of sIL-15 complexes in tissues were analyzed 10 d
postimplantation; n = 4–8 mice per group. Tumor
masses range from 10 to 55 mg [WT average (ave) =
34.7 ± 17.6, KO ave = 41.1 ± 16.6]. (F) Levels of sIL-15
complexes in B16-OVA tumors implanted in TMEM173−/−

mice 9 d tumor postimplantation. n = 5–8 mice per
group. Average tumor weights were WT 21 ± 7.1;
KO = 19.8 ± 3.3. (G) The numbers of CD8 T cells, CD4
T cells, and NK cells in B16-OVA tumors implanted into
WT or IFNAR−/−mice were analyzed by flow cytometry
and normalized to tumor weight. One representative
experiment of three performed is shown. Error bars
represent SEM. *P < 0.05, **P < 0.01.
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nonhematopoietic cells, and in some instances the tumor cells
themselves.

The Tumor Microenvironment Is Abundant in IL-15–Expressing Myeloid
Cells, Composed Predominately of CD11b+Ly6ChiLy6G− Cells. Our next
objective was to more specifically identify the cells expressing IL-
15 within the TME and determine how IL-15 expression in the
TME differs from that in the spleen. To address this, B16 tumor
cells were implanted into WT, IL-15 transcriptional reporter, or
IL-15 translational reporter mice, allowed to grow, and tissues
were isolated for flow cytometric analysis of GFP+ cells. Between
12 and 18 d postimplantation, GFP expression was compared in
dissociated tumors and splenocytes. Among splenocytes, the ma-
jority of TCRαβ CD19 NK1.1 (lineage)− cells are GFP+ (∼75%)
and consist of CD11chi DCs, neutrophils (CD11b+Ly6G+), mono-
cytes (CD11b+Ly6Chi), and macrophages (CD11b+Ly6C−/loLy6G−),
similar to that described in previous studies (28) (Fig. 3A). Similar
to spleen, most myeloid cells in the tumor are GFP+ (80–90%);
however, the composition of the GFP+ cells was different from
that in the spleen. In B16 tumors, a larger portion of CD45+

lineage− cells were CD11bhiCD11clo/int than in the spleen (Fig.
3A). Additionally, while GFP+ CD11chi cells and other CD11blo cells
are found in the spleen, the proportion of CD11chi cells among
GFP+ populations in the tumor are low in comparison with that

observed in the spleen (Fig. 3A). Among the GFP+CD11b+ cells
in B16 tumors, there are three main populations: Ly6ChiLy6G−

(monocytic), Ly6C+Ly6G+ (neutrophils or granulocytic MDSC),
and Ly6C−/loLy6G− cells (Fig. 3A). Unlike the spleen, the GFP+CD11b+

cells in B16 tumors were composed predominantly of Ly6Chi

Ly6G− cells while Ly6C+Ly6G+ cells were minimally repre-
sented (Fig. 3A). Similar analyses were also conducted with the
MC-38 and MCA-205 cells implanted into IL-15 reporter mice.
In general, the composition of GFP+ cells in MCA-205 and MC-
38 tumors was similar to that observed in B16 tumors, except that
MC-38 tumors harbored a higher percentage of CD11chiGFP+

cells and slightly fewer CD11b+Ly6C−/loLy6G− cells (Fig. 3B
and SI Appendix, Fig. S4A). MCA-205 tumors harbored slightly
more CD11b+Ly6C−/loLy6G− cells among GFP+ cells compared
with B16 and MC-38 tumors but this was not statistically sig-
nificant (Fig. 3B and SI Appendix, Fig. S4A). The composition
of GFP+ cells between the two IL-15 reporter mouse lines was
equivalent (SI Appendix, Fig. S4B). Overall, across multiple
implantable tumor cell lines, tumor myeloid cells expressing IL-
15, composed predominantly of CD11b+Ly6ChiLy6G− cells are
abundant in established tumors.
To further define these myeloid subsets, the expression of

CCR2, which is associated with inflammatory monocytes (33), was

Fig. 2. Cellular sources of sIL-15 complexes in the tumor microenvironment. Tumor cells were injected (0.3 × 106 cells, s.c.) into WT or IL-15Rα−/− mice. Tumors
and spleens were dissociated and supernatants were analyzed for sIL-15 complexes using ELISA. (A) Levels of sIL-15 complexes in B16-OVA tumors implanted
in WT and IL-15Rα−/− mice; n = 2–3 mice per group. Error bars represent SD. (B) Levels of sIL-15 complexes in MCA-205 tumors (day 9–11) and MC-38 tumors
(day between 9 and 14) isolated from WT and IL-15Rα−/− mice. Average tumor mass (mg) of MCA-205 tumors were WT = 21.6 ± 17, Rko = 24.8 ± 6; average
tumor mass of MC-38 tumors WT = 32.8 ± 8.3, Rko = 28.4 ± 9.7. (C) Levels of sIL-15 complexes present in tumor cell culture supernatants. Error bars represent
SEM. (D and E) Levels of sIL-15 complexes in spleens and B16-OVA tumors isolated from control IL-15Rαfl/fl (black), CD11c-Cre+/+ × IL-15Rαfl/fl (gray), and LysM-
Cre+/+ × IL-15Rαfl/fl (gray) mice 10 d tumor postimplantation (n = 3–5 mice per group), one representative experiment of three is shown. (F) B16-OVA tumors
were implanted in CCR2-DTR-Tg− and CCR2-DTR-Tg+ mice. Beginning 7 d postimplantation, mice were treated i.p. with either PBS or DT every 2 d. Tumors and
spleens were isolated 12–13 d postimplantation. Tumors ranging between 50 and 100 mg were analyzed and average tumor mass was not significantly
different between groups (n = 3 tumors per group, n = 4–6 spleens per group). (G) B16-OVA tumors were implanted in WT mice. When tumors became
palpable (day 8–9), mice were treated either with αLy6G Ab (clone 1A8, 400 μg, i.p.) or rat IgG and 3 d later with αLy6G Ab (100 μg, i.p. plus 50 μg i.t.). Levels of
sIL-15 complexes in B16 tumors and spleens were analyzed 2–3 d later. n = 5 mice per group. (H) Levels of sIL-15 complexes in B16-OVA tumors and spleens
isolated from IL-15Rα−/− BM chimeras (Rko BM → WT recipients) and WT control BM chimeras (WT BM → WT recipients) 2 wk after implantation, n = 4–5 mice
per group. Error bars represent SEM. *P < 0.05.
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examined in myeloid cells in B16 tumors implanted into trans-
lational IL-15–GFP/CCR2-RFP double reporter mice. Among the
GFP+CD11b+ cells in the tumors, the Ly6ChiLy6G− cells expressed
high levels of CCR2 reporter, the Ly6C−/loLy6G−cells were pre-
dominantly CCR2+, while the Ly6C+Ly6G+ cells were uniformly
CCR2− (Fig. 3C). In addition, we examined F4/80 expression by
the GFP+CD11b+ populations in tumors and found that the
Ly6C−/loLy6G− cells expressed higher levels of F4/80 than the other
CD11b+ subsets, implicating these cells as part of the macrophage
lineage (Fig. 3D and SI Appendix, Fig. S5). Unlike in the spleen
where macrophages are F4/80hiCD11bint cells, an analogous pop-
ulation was not observed in the TME but instead, an F4/80loCD11bhi

population was observed (SI Appendix, Fig. S5).
To address whether the IL-15 expression is different in specific

myeloid cells in tumors compared with the spleen, we gated on
specific myeloid populations and compared the GFP expression
between the spleen and the tumor within the same mice. In the
B16 tumors, GFP expression was increased in the CD11b+Ly6Chi

Ly6G− compared with the spleen (Fig. 3E). GFP expression by
CD11chi cells, CD11b+Ly6ChiLy6G−, and Ly6C−/loLy6G− cells
was also increased in MCA-205 tumors compared with spleen
but decreased in the Ly6C+Ly6G+ population (Fig. 3E). In
contrast, in MC-38 tumors, only the CD11chi cells showed in-
creased GFP expression relative to that in the spleen (Fig. 3E).
Overall, these findings indicate that IL-15 expression is altered

among myeloid cells within the TME, depending on the myeloid
cell expressing IL-15 and the tumor type.
Since IL-15Rα is required for expression of cell surface IL-

15 complexes and soluble IL-15 complexes (10, 15), cell surface
IL-15Rα expression by tumor myeloid cells was examined. All mye-
loid cell subsets expressed surface IL-15Rα with the CD11b+Ly6Chi

cells expressing the highest levels (SI Appendix, Fig. S6A). In analysis
of IL-15Rα at different stages of tumor growth, levels of IL-15Rα by
the three major myeloid subsets did not significantly change be-
tween day 9 and day 14 tumors (SI Appendix, Fig. S6B). These
data suggest that tumor myeloid cells are capable of both trans-
presenting IL-15 and producing sIL-15 complexes.

IL-15 Expression Can Be Up-Regulated in Tumors by Activating the
STING Pathway. Although IL-15 reporter+ cells are numerous in
established tumors (Fig. 3A), production of sIL-15 complexes is
significantly reduced in the latter (Fig. 1A). Therefore, we sought
to determine if administrating exogenous STING agonists was
capable of up-regulating production of sIL-15 complexes in the
TME. Despite STING signaling not being involved in regulation
of sIL-15 complexes in early tumor development, intratumoral
(i.t.) injection of the STING agonist, c-di-GMP (25 μg) in large
tumors (range 170–260 mg) led to an impressive up-regulation of
sIL-15 complexes in the tumor (Fig. 4A). Importantly, these data
demonstrate the IL-15–expressing cells present in the TME are
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Fig. 3. CD11b+CD11c−/+Ly6C+ cells are the major subset expressing IL-15 in the tumor microenvironment. (A) Flow cytometric analysis of IL-15-GFP expressing
myeloid subsets in spleens and B16-OVA tumors (200–250 mg) isolated fromWT (Left) and IL-15 translational-GFP reporter (Right) mice 14 d postimplantation.
Spleens and tumors from WT mice were used to set the gate for GFP+ cells. Expression of CD45+ and lineage (TCR-β, CD19, NK1.1) negative cells were used to
discriminate myeloid cell populations. Myeloid cells were then gated on GFP+ cells and the composition of GFP+ cells was examined by CD11c, CD11b, Ly6G,
and Ly6C expression. Representative data from one of six independent experiments are shown. (B) Composition of IL-15–GFP-expressing cells among CD45+

lineage− cells present in B16-OVA, MCA-205, and MC-38 tumors isolated from IL-15 reporter mice. Tumors analyzed ranged from 35 to 100 mm2. Bars show
mean ± SD from n = 7–10 mice per group. * represents a significant difference in frequency of CD11chi cells compared with B16-OVA and MCA-205 tumors. (C)
CCR2 reporter expression in indicated cells isolated from B16-OVA tumors implanted into either CCR2-RFP+/IL-15 transcriptional GFP+ reporter or CCR2-RFP−/IL-15–
transcriptional GFP+ reporter. (D) F4/80 expression on indicated populations after gating on GFP+CD11b+ cells in B16 tumors isolated from IL-15–transcriptional
GFP reporter mice. (E) The relative IL-15–GFP reporter expression levels among analogous cells in spleen and tumors. GFP expression by the specific CD45+ lineage−

CD11b+ cell populations was calculated by dividing the mean fluorescence intensity (MFI) of the indicated population isolated from the tumor over the MFI of the
analogous population from the spleen of the same mouse (n = 7–10 mice per group, error bars represent SEM). *P < 0.05, **P < 0.01, ***P < 0.001.
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capable of producing sIL-15 complexes in the tumor at this later
stage of development. To address which cell types respond to
STING activation by increasing IL-15 expression, B16 tumors
established in IL-15 translational reporter mice were treated i.t.
with c-di-GMP, and GFP expression by myeloid cells in the tumor
was examined 24 h later. In response to STING pathway activation
in the TME, we observed significant increases in GFP expression
on the CD11chi, CD11b+Ly6Chi, and CD11b+Ly6C−/loLy6G−

tumor-infiltrating myeloid cell subsets compared with PBS treat-
ment (Fig. 4 B and C). We also wanted to address whether
stimulation of the STING pathway is capable of up-regulating sIL-
15 complexes directly in tumor cells. Hence, B16, MCA-205, and
MC-38 tumor cells were treated with STING agonist in vitro. As
shown earlier, sIL-15 complexes were not produced by either B16-
OVA or B16-F10 tumor cells, even after treatment with STING
agonists (Fig. 4D). In contrast, STING activation did increase
production of sIL-15 complexes in the tumor cell lines with base-
line detectable sIL-15 complexes, including MCA-205 and MC-38
cells (Fig. 4D), indicating that in these tumor models, both myeloid
cells and tumor cells are capable of responding to STING agonists.
These results demonstrate that intratumoral activation of the
STING pathway up-regulates the translation of IL-15 and the
production of sIL-15 complexes in tumors, even at later stages
of tumor development.

Up-Regulation of IL-15 in the Tumor Enhances CD8 T Cell Responses
and Promotes Antitumor Responses. STING agonists have been
shown to enhance antitumor responses when given intratumorally
(34–37). As such, we asked whether tumor-specific CD8 T cell
responses were increased by the STING agonist treatment. To
examine this, naïve OVA-specific TCR transgenic T cells (OT-I)
were CFSE labeled and injected into mice bearing B16-OVA tumors,
followed by i.t. treatment with STING agonist. The frequency
of OT-I T cells in tumor-draining lymph node (dLN) and spleens
was increased in mice treated with c-di-GMP (Fig. 5A). Addi-
tionally, these OT-I T cells divided more (Fig. 5A). However,
when similar experiments were performed to analyze OT-I
T cell responses to STING agonists in WT mice treated with
αIL-15 Ab, the extent of OT-I proliferation was similar (SI
Appendix, Fig. S7 A and B), suggesting IL-15 was not critical for
STING-enhanced proliferation of OT-I T cells. This was sur-
prising considering our previous studies showed STING-
mediated bystander proliferation of memory CD8 T cells was

IL-15 dependent (18). Nonetheless, we found that i.t. treatment
with STING agonists increased the percentage of Ki-67

+ CD8
T cells in the dLN and the spleen but not in the tumor where
frequency of Ki-67

+ cells was already high (Fig. 5B). STING
agonists also increased Ki-67

+ NK cells in the spleen, while
STING agonist had only a minor effect on Ki-67

+ CD4 T cells in
spleen, but not in dLN or tumor (Fig. 5B). Furthermore, the
increase in the frequency of Ki-67 among CD8 T cells was ab-
rogated with treatment with neutralizing IL-15 Ab (Fig. 5B). Ki-67
expression by NK cells with IL-15 Ab treatment is difficult to
analyze as this antibody treatment leads to the disappearance of
NK cells (SI Appendix, Fig. S7C) (38). The effects of i.t. STING
agonist treatment on CD8 T cell effector functions were also in-
vestigated. Similar to Ki-67 expression, IFN-γ and granzyme B
expression by CD8 T cells were already high in untreated tumors
and treatment with c-di-GMP did not further increase this (Fig.
5C and SI Appendix, Fig. S7 D and E). However, i.t. c-di-GMP led
to an increase in IFN-γ expression by CD8 T cells in the spleen
that was abrogated by blocking IL-15 (Fig. 5C). A similar effect on
IFN-γ expression by CD8 T cells was observed in dLN but was not
statistically significant (Fig. 5C). Altogether, STING activation in
the TME leads to increased proliferation of CD8 T cells and NK
cells and an increased frequency of IFN-γ+ CD8 T cells in secondary
lymphoid tissues in an IL-15–dependent manner.
We next asked whether IL-15 expression induced by STING

stimulation was important for STING-mediated antitumor re-
sponses. WT and IL-15Rα−/− mice bearing palpable B16 tumors
were treated i.t. with STING agonist and tumor growth was
measured over time. In the absence of STING stimulation, tu-
mor growth progressed faster in IL-15Rα−/− mice than in WT
mice, providing evidence that IL-15 expression impacts baseline
antitumor responses (Fig. 5 D and F). While STING agonist
induced potent antitumor immunity and tumor regression in WT
mice, it failed to induce tumor regression in IL-15Rα−/− mice
(Fig. 5D). These results indicate that IL-15 is a critical mediator
driving STING-induced tumor regression. A similar dependence
on IL-15 was also observed with STING agonist treatment of
MCA-205 tumors in WT and IL-15Rα−/− mice (SI Appendix,
Fig. S8). Since IL-15Rα−/− mice have inherent deficiencies in NK
cells and CD8 T cells (39), we used an IL-15 neutralizing Ab to
block IL-15 in tumor-bearing WT mice treated with i.t. STING
agonists (Fig. 5E). In the presence of IL-15 neutralizing Ab, STING-
mediated tumor regression was impaired, therefore recapitulating the

Fig. 4. Stimulation of the STING pathway up-regulates sIL-15 complexes in tumors. (A) STING agonist, c-di-GMP (25 μg) or PBS was injected i.t. into large, well-
established B16-OVA tumors and levels of sIL-15 complexes within tumors were analyzed 1 d later. Average tumor mass was 259 mg ± 53 and 173 mg ± 59 in
untreated and c-di-GMP–treated tumors, respectively. (B) IL-15 reporter expression in B16-OVA tumors 24 h after i.t. 2′3′-cGAMP (25 μg) or PBS. Histograms
show the GFP levels on indicated cell populations in B16-OVA tumors treated with i.t. 2′3′-c-GAMP (gray histogram) or PBS (black histogram) after gating on
CD45+ lineage−CD11b+ cells. Tumors were treated 14 d after implantation into IL-15 translational reporter mice. (C) Graphs represent the averaged GFP levels
of the respective CD11b+ populations isolated from 2′3′-c-GAMP or PBS-treated tumors in IL-15 translational reporter mice. n = 3 mice per group. (D)
Subconfluent B16-OVA, B16-F10, MCA-205, and MC-38 cells were either left untreated or treated with c-di-GMP (6.6 μg/mL) and 48 h later, culture super-
natants were analyzed for levels of sIL-15 complexes and normalized to the number of cells recovered. (n = 3 wells per group, error bars represent SEM). *P <
0.05, **P < 0.01.
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results observed in IL-15Rα−/− mice. Since we observed that IL-15
reporter expression increased upon treatment with STING agonist,
we asked whether the expression of IL-15 by CD11c+ cells was im-
portant for STING-mediated tumor regression. To this end, B16
tumors were implanted into both CD11c-Cre Tg X IL-15Rαfl/fl
mice followed by intratumoral treatment with c-di-GMP or PBS.
The ability of STING agonist treatment to induce regression of
tumors was not impaired in CD11c-Cre Tg X IL-15Rαfl/fl mice
(SI Appendix, Fig. S9), suggesting the tumor regression was not
dependent on up-regulation of IL-15 by CD11c+ cells in response
to STING stimulation. Additionally, tumor growth was not in-
creased in untreated CD11c-Cre Tg X IL-15Rαfl/fl mice (SI Ap-
pendix, Fig. S9).
Since STING agonists have been shown to induce potent

systemic antitumor responses resulting in regression of distant
tumors (36, 37), we investigated whether this abscopal effect of
STING agonist against a secondary tumor required the co-
operation of IL-15 (Fig. 5F). We also examined whether tumor
regression could be induced by other STING agonists, such as

2′3′c-GAMP that represents a type of STING agonist produced
by mammalian cells. We found intratumoral 2′3′c-GAMP in-
duced tumor regression similar to c-di-GMP in an IL-15–
dependent manner (Fig. 5F). Furthermore, STING-mediated
tumor regression of a secondary tumor was also dependent on
IL-15. These results show the important role of the IL-15 produced
in the TME in endogenous and STING-agonist induced antitumor
immunity.

Discussion
There is abundant evidence that IL-15 and its agonists through
their ability to target enhanced responses of cytolytic T cells and
NK cells, are promising agents for cancer therapy when used
systemically. While therapeutic approaches use superphysiological
doses of IL-15, IL-15 is a cytokine that is constitutively expressed
in multiple tissues by many cell types to maintain the normal
homeostasis of T cells and NK cells. Nonetheless, increased IL-
15 expression is observed after innate immune cell activation
and transiently stimulates cytolytic lymphocyte responses (18, 40).
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Hence, IL-15 can also act as a proinflammatory factor. With these
antitumor and proinflammatory properties, we asked how the
expression of IL-15 is regulated in the immunosuppressive TME.
This is significant as recent studies have provided evidence that
IL-15 expression within tumors correlates to better clinical and
antitumor responses (8, 41). These studies suggest that in addition
to its systemic actions, IL-15 can promote antitumor functions
within the TME. Our study described here demonstrates that IL-
15 is not only present in the TME but is subjected to dynamic
regulation capable of enhancing antitumor responses.
By using IL-15 GFP reporter mice, we specifically identify the

cell types that express IL-15 at the transcriptional and trans-
lational level in the TME. Because IL-15 can be regulated at the
posttranscriptional level (42), the IL-15 translational reporter
line was expected to better report IL-15 expression than the IL-
15 transcriptional reporter line. However, we did not observe
notable differences in the cell types expressing IL-15 in tumors
between the two reporter lines, suggesting that the translation
and transcription of IL-15 are coordinated within the TME. We
did see differences in the composition of cells expressing IL-15 in
tumors compared with the spleen. In general, the cell types
expressing IL-15 in tumors were more limited in nature than
those in spleens, consisting mainly of three myeloid populations:
a monocytic subset, a granulocytic subset, and a macrophage
subset. The precise nature of these cells is not clear as tumor
myeloid cells are plastic and subjected to influences from the
microenvironment (43). The most abundant cells expressing IL-
15 in tumors, the CD11b+Ly6ChiLy6G− cells have a phenotype
consistent with inflammatory monocytes. These CD11b+Ly6Chi

cells could represent recently infiltrated monocytes or monocytic
MDSC-like cells, or a mixture of both. Likewise, CD11b+Ly6G+

cells could consist of either tumor-associated neutrophils and/or
granulocytic MDSCs. While the true nature of these Ly6Chi and
Ly6G+ cells in the tumor is uncertain, their mere expression of
IL-15, a factor that stimulates cytolytic cells is more consistent
with conventional, inflammatory counterparts (monocyte and
neutrophil) rather than an immune-suppressive subset (i.e.,
MDSC). Moreover, the level of GFP expression of Ly6Chi cells,
Ly6G+ cells, and Ly6C−/loLy6G− cells in the B16 and MC-38
tumors was largely similar or slightly increased compared with
the analogous cells in the spleen, which represent the conven-
tional IL-15 expressing cell types (i.e., monocyte, neutrophils,
and macrophages). Interestingly, IL-15 expression by CD11chi

cells was increased in MCA-205 and MC-38 tumors compared
with spleens, which could be indicative of an inflammatory re-
sponse by tumor DCs. Conversely, we observed decreases in IL-
15 GFP levels in CD11b+Ly6G+ cells in MCA-205 tumors
compared with the spleen, suggesting that either signals in the
TME of MCA-205 tumors are down-modulating IL-15 in tumor-
associated neutrophils or IL-15 expression decreases as cells
differentiate into granulocytic MDSCs. Overall, in these analyses
we see evidence that TME induces specific changes in IL-15
expression on particular subsets of myeloid cells, which can vary
depending on tumor type.
While these reporter systems report the expression of IL-

15 mRNA and protein, there are additional layers of IL-15 ex-
pression, such as cell surface IL-15/IL-15Rα and its cleavage into
sIL-15 complexes that these models are not able to detect. Cell
surface IL-15 in tumor myeloid cells was undetectable, similar to
our previous studies examining lymphoid tissues during the
steady state (13). Nonetheless, sIL-15 complexes in tumors are
abundant in early tumors and at decreased levels in larger tu-
mors. This high level of sIL-15 complexes is due in part to the
low tumor:stromal cell ratio and thus it is not surprising that the
relative level of sIL-15 complexes decrease as tumors grow since
the tumor:stromal cell ratio increases. However, we demonstrate
that IFN-Is contributed to early production of sIL-15 complexes,
indicating that inflammatory signals as well as tumor:stroma

ratio together dictate levels of sIL-15 complexes. The increased
levels of sIL-15 complexes in early tumors is consistent with the
emerging paradigm that TME can produce inflammatory signals
in early stages of tumor development but become more immu-
nosuppressive as tumors grow (30). In our analysis of advanced
tumors, we do not have evidence that production of sIL-15
complexes is being actively suppressed but we did demonstrate
that levels of sIL-15 complexes in established tumors could be
increased by activation of the STING pathway. These findings
demonstrate that the IL-15-expressing cells present are capable
of producing sIL-15 complexes in established tumors but may
lack the inflammatory signals needed for optimal production of
sIL-15 complexes. Altogether, our results suggest that IL-15, expressed
as sIL-15 complexes, is a component of the inflammatory milieu
in the TME.
We provide evidence that IL-15 is not only present in the

TME and regulated by inflammatory signals, but more impor-
tantly, is capable of enhancing antitumor responses upon up-
regulation. While we found that inhibiting IL-15 in the TME led
to decreases in CD8 and NK cell TILs, this treatment did not
affect tumor growth. This is somewhat surprising as multiple
studies have implicated the mere presence of cytolytic TILs as a
parameter dictating antitumor responses (1, 44). As such, we
interpret our findings as evidence that the amount of IL-15
present in the TME is sufficient to regulate TILs but is not
sufficient to break tolerance. In contrast, up-regulating IL-15 to
higher levels, through activation of the STING pathway, is ca-
pable of breaking tolerance. Stimulation of the STING pathway
using either STING agonists locally or in response to irradiation-
induced cell death has been shown to be a potent inducer of
antitumor immunity mediated by CD8 T cells leading to tumor
regression and abscopal effects against distant tumors (34–37).
Induction of IFN-Is is the major outcome of stimulating the
STING pathway and it is well established that IFN-I induction
of IL-15 is an important mechanism mediating IFN-I stimulation
of CD8 T cells (32, 45). As such, our results demonstrating that
STING-mediated tumor regression was dependent on IL-15 shows
that stimulation of IL-15 by STING agonists is a major mechanism
driving its antitumor immunity. Specifically, we observed that
STING-mediated stimulation of CD8 T cells and NK cells in the
secondary lymphoid tissue was IL-15 dependent. Since we did not
observe this with OVA-specific T cells, we suspect the IL-15–
induced response represents a broader T cell response, whereby
IL-15 stimulates memory-phenotype T cells, such as that described
as bystander proliferation (32) or serves as a supportive cytokine
or signal 3 for T cell activation. Alternatively, IL-15 may have
more dramatic effects on T cells with a lower TCR affinity, which
are more representative of tumor-specific T cells. In studies ex-
amining T cell responses to sIL-15 complexes plus cognate antigen,
Stoklasek et al. (46) showed the peptide plus sIL-15 complexes had
synergistic effects on proliferation of low-affinity T cells while the
response of high-affinity OT-I T cells to peptide plus sIL-15
complexes was increased minimally compared with the single
stimulation. Additionally, there is evidence that IL-15 can enable
T cells to eliminate tumors in an antigen-independent manner (41).
Our findings that sIL-15 complexes are also generated by tu-

mor cells in MCA-205 and MC-38 tumors is a reminder that
myeloid cells are not the only endogenous source of IL-15. Since
IL-15 is widely expressed in normal tissues and among most cells
types, we do not think the production of sIL-15 complexes by
MCA-205 and MC-38 tumors is an abnormal attribute acquired
with transformation. For example, intestinal epithelial cells are a
major source of IL-15 in the intestines (23); therefore, it is not
surprising that MC-38 colon carcinoma cells produce sIL-15
complexes. In addition, multiple studies along with our analysis
of tumors in IL-15Rα−/− BM chimeras show that nonhemato-
poietic cells are a source of IL-15 (22, 47). Conversely, we iden-
tified tumor cell lines that do not produce sIL-15 complexes. With
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these tumor cell lines, the absence of sIL-15 complexes could be a
result of transformation similar to the observation by Galon and
coworkers showing deletion of IL-15 in a subset of human colon
carcinomas (8). The correlation of IL-15 deletion in colorectal tu-
mors with decreased tumor-infiltrating T cells and worse clinical
outcome provides evidence that total IL-15 production within a
tumor dictates the antitumor response. However, in cases where IL-
15 is deleted in the tumor, our findings reveal there is still the op-
portunity to enhance IL-15 production by the tumor stromal cells.
In conclusion, this study demonstrates that IL-15 is produced

as sIL-15 complexes early after tumor establishment by cells in
the TME and in some instances also by the tumor itself. With
tumor growth, the relative levels of sIL-15 complexes decrease
because the tumor:stroma increases. Additionally, sIL-15 com
plexes may be low in established tumors because overt stimulation
is absent, since our analysis of IL-15 reporter mice show that IL-
15–expressing cells are still abundant. Despite the immunosup-
pressive milieu of the TME, these IL-15–expressing cells can
up-regulate production of sIL-15 complexes upon stimulation by
inflammatory signals. Remarkably, the IL-15 produced in re-
sponse to local inflammatory signals is critical for mediating tumor
regression and antitumor immunity. Overall, our study reveals the
dynamic regulation of IL-15 in the TME and its importance in
antitumor immunity. These findings provide insight into an un-
appreciated attribute of the tumor landscape that contributes to
antitumor immunity, which can be manipulated therapeutically to
enhance antitumor responses.

Experimental Procedures
Mice. C57BL/6 (WT) and CD45.1+ C57BL/6 mice were purchased from National
Cancer Institute/Charles River. All transgenic and gene-deficient mice used
are on the C57BL/6 background. IL-15Rαfl/fl (14), CD11cCre (48), LysM-Cre
(49), and Tmem173−/− mice (50) were purchased from The Jackson Labora-
tory. IL-15Rα−/− knockout (Rko) mice (39) were originally generated and
obtained by Averil Ma, Department of Medicine, University of California,
San Francisco, CA, through Leo Lefrancois, Department of Immunology,
University of Connecticut, Farmington, CT and backcrossed to the C57BL/
6 line. CCR2-DTR Tg mice (51) were generated and provided by Eric G.
Pamer, Memorial Sloan Kettering Cancer Center, New York, NY. IFNAR1−/−

mice were provided by Paul W. Dempsey, Department of Microbiology and
Molecular Genetics, University of California, Los Angeles, and Tadatsugu
Taniguchi, Department of Immunology, Tokyo University, Tokyo Japan, to
W. Overwijk, Department of Melanoma Medical Oncology, University of Texas
MD Anderson Cancer Center (UTMDACC), Houston, TX and crossed to the
C57BL/6 background (52). IL-15 transcriptional reporter mice were generated
by Leo Lefrancois (27). IL-15 translational reporter mice (IL-15 TE) were pro-
vided by Pippa Marrack and Ross Kedl, Integrated Department of Immunol-
ogy, University of Colorado, Denver, CO (29). CCR2-RFP reporter mice (53) were
originally obtained from The Jackson Laboratory through Tomasz Zal, De-
partment of Immunology, UTMDACC and bred to the IL-15 transcriptional
reporter mice to generate GFP+/RFP+ reporter mice. All mice described were
maintained under specific pathogen-free conditions at the institutional animal
facility. The animal facility is fully accredited by the Association of Assessment
and Accreditation of Laboratory Animal Care International. All animal proce-
dures were conducted onmice between 6 and 10 wk of age, in accordancewith
the animal care and use protocols (100409934) approved by the Institutional
Animal Care and Use Committee at the UT MD Anderson Cancer Center.

To generate BM chimeras, BM was collected from the tibia and femurs of
IL-15Rα−/− (CD45.2) and WT (CD45.2) mice and depleted of T cells as pre-
viously described (21). WT (CD45.1) recipients were irradiated with 1,000
RADs and injected i.v. with 5 × 106 BM cells. BM reconstitution was con-
firmed 8–12 wk later by analysis of BM-derived cells (CD45.2+) in the pe-
ripheral blood before tumor implantation. Myeloid cells present in tumors
isolated from BM chimeras were 95–99% CD45.2+ donor BM derived (SI
Appendix, Fig. S10 A and B).

Tumor Implantation, Treatment, and Monitoring. B16-F10 melanoma cells
(B16), B16-F10 cells expressing OVA (B16-OVA), and MC-38 murine colon ad-
enocarcinomavtumor cell lines were obtained from W. Overwijk and main-
tained inRPMI culturemediumcontaining 10%FBS, 1%Hepes, 1%L-glutamine,
and 1% penicillin/streptomycin (P/S). MCA-205 fibrosarcoma were obtained
from Tomasz Zal, and maintained in IMDM culture medium containing 5%

FBS, 1% P/S and 50 μM 2-ME. After trypsinizing and washing, 300,000 cells
were injected s.c. into the flank of the indicated mice. Tumor growth was
measured every other day using a caliper and tumor surface area (mm2) was
calculated as length × width. Mice were killed at various times post-
implantation or when tumors reached 200 mm2. For analysis of tumor-
specific T cell responses, naïve CD45.1+ OT-I TCR transgenic CD8 T cells
(RAG−/−) were isolated from LNs and spleen, labeled with 2 mM CFSE, and
adoptively transferred to CD45.2+ WT recipients (between 0.1–0.5 × 106 OT-I T
cells per mouse).

Analysis of Cytokine Expression and Lymphocytes. For analysis of sIL-15 com-
plexes, spleens and tumors were weighed before being homogenized in a
constant volume of PBS and pelleted by centrifugation. Supernatants were
collected and analyzed for levels of sIL-15/IL-15Rα complexes using an ELISA
specific for murine soluble IL-15/IL-15Rα complexes (eBioscience) according
to manufacturer’s recommendations. The amount of sIL-15 complexes pre-
sent in the respective tissue was normalized to tissue weight and expressed
as the amount of sIL-15 complexes per gram of tissue.

For analysis of immune cells and IL-15 reporter expression in tumors, tu-
mors were isolated, digested in RPMI media, 5% FCS and 100 units/mL col-
lagenase, 1 mM CaCl2 and 1 mM MgCl2 for 30 min at 37 °C with stirring and
then subjected to a 44–67% Percoll centrifuge gradient. Cells in the interphase
were harvested, washed, and then stained for flow cytometric analysis.
Spleens and LNs were homogenized in HBSS containing Hepes, L-glutamine,
gentamicin, and P/S using frosted slides. RBCs were lysed with Tris-ammonium
chloride. All cells were filtered through a 70-μm nitex before staining. For flow
cytometric analysis, cells were stained in 1× PBS containing 0.2% BSA and 0.1%
NaN3 with appropriately diluted Ab at 4 °C for at least 20 min. Ki-67 and
granzyme B staining were conducted after staining cell surface molecules and
permeabilization using the FoxP3/transcription factor staining buffer set
according to manufacturer’s instructions (eBioscience). For IFN-γ staining, iso-
lated lymphocytes were stimulated in the presence of plate-bound CD3Ab for
5 h in the presence of Golgiplug (BD Biosciences). IFN-γ staining was conducted
after staining for cell surface molecules and permeabilization using Cytofix/
Cytoperm buffer according to manufacturer’s instructions (BD Biosciences). The
following mAbs were purchased from BD Biosciences, eBioscience, or Bio-
Legend: CD45, CD45.1, CD45.2, CD19, CD3, TCRβ, CD11b, CD11c, Ly6G, Ly6C, F4/
80, CD8, NK1.1, CD44, Ki-67, IFN-γ, and granzyme B. Lineage+ cells were iden-
tified as CD19+, TCRβ+, or NK1.1+. Rat IgG2a-APC (BioLegend) was used as an
isotype control for F4/80-APC, while rat IgG1-PE (BD Biosciences) was used as an
isotype control for IFN-γ-PE and granzyme B-PE. Flow cytometric data were
acquired with a LSRII (BD Biosciences) or LSR Fortessa (BD Biosciences) and an-
alyzed with Flowjo software version 9.7.6.

Cell Depletions, STING Agonist Treatments, and IL-15 Neutralization. To deplete
mice of Ly6G+ cells, mice were treated i.p. with αLy6G mAb (clone 1A8, 400 μg,
BioXcell) or rat IgG (Jackson ImmunoResearch Laboratories) when tumors be-
came palpable (day 8–9) and 3 d later with αLy6G mAb (100 μg i.p. and 50 μg
i.t.). To deplete CCR2+ cells, CCR2-DTR Tg and WT mice were treated with
250 ng of diphtheria toxin (Sigma) every 2 d starting 4 d posttumor implan-
tation. Efficiency in depletion of Ly6G+ cells and Ly6C+ monocytes in the re-
spective models were confirmed by flow cytometry and see SI Appendix, Fig.
S11 A and B. Levels of sIL-15 complexes in B16 tumors and spleens were ana-
lyzed 2–3 d later by ELISA as described. For stimulation of the STING pathway,
mice were administered i.t. c-di-GMP or 2′3′-cGAMP (Invivogen) at the in-
dicated doses. Neutralizing IL-15 mAb (clone M96) (38) was obtained from
Amgen. For systemic neutralization of IL-15, mice received one treatment
(50 μg, i.p.) of αIL-15 mAb at the indicated time after tumor implantation.
Mouse IgG2a (Jackson ImmunoResearch Laboratories) was used as the isotype
control. For local neutralization of IL-15, IL-15 Ab (50 μg) was delivered intra-
tumorally when tumors become palpable. Efficient neutralization of IL-15 with
antibody was confirmed by the absence of NK cells (SI Appendix, Fig. S7D).

Statistical Analysis. Statistical differences were determined by a two-tailed
Student’s t test. Analyses were performed using GraphPad Prism, version 6
(GraphPad Software) or Microsoft Excel 2010.
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