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The capacity of IL-10 and Tregs in the inflammatory tumor microenvironment to impair anticancer Th1
immunity makes them attractive targets for cancer immunotherapy. IL-10 and Tregs also suppress Th17 activi-
ty, which is associated with poor prognosis in several cancers. However, previous studies have overlooked their
potential contribution to the regulation of pathogenic cancer-associated inflammation. In this study, we inves-
tigated the origin and function of IL-10-producing cells in the tumor microenvironment using transplantable
tumor models in mice. The majority of tumor-associated IL-10 was produced by an activated Treg population.
IL-10 production by Tregs was required to restrain Th17-type inflammation. Accumulation of activated IL-10*
Tregs in the tumor required type ITFN signaling but not inflammatory signaling pathways that depend on TLR
adapter protein MyD88 or IL-12 family cytokines. IL-10 production limited Th17 cell numbers in both spleen
and tumor. However, type I IFN was required to limit Th17 cells specifically in the tumor microenvironment,
reflecting selective control of tumor-associated Tregs by type I IFN. Thus, the interplay of type I IFN, Tregs,
and IL-10 is required to negatively regulate Th17 inflammation in the tumor microenvironment. Therapeutic
interference of this network could therefore have the undesirable consequence of promoting Th17 inflamma-

tion and cancer growth.

Introduction

Cancer establishes an inflammatory tumor microenvironment
(TME) that provides growth factors for tumor and stromal cells,
promotes angiogenesis, and limits antitumor immune responses
(1, 2). In many diverse cancers, the TME exhibits a bias toward
Th17-type inflammation, high numbers of immunosuppressive
cells including Tregs, and expression of IL-10 and other antiin-
flammatory cytokines (1-3). The goal of cancer immunotherapy
is to repolarize the TME to promote effective Th1- and cytotoxic
T cell-mediated antitumor immunity. Obstacles to this, such
as Tregs and IL-10, are therefore important therapeutic targets.
However, the consequences of their targeting on baseline TME
inflammation and hence the potential effects on tumor progres-
sion are poorly understood.

CD4"* Tregs are critical in maintaining central tolerance, prevent-
ing autoimmunity, and limiting the extent of inflammation (4, 5).
Canonical Tregs are defined by expression of the FoxP3 transcrip-
tion factor whose absence leads to a fatal T cell-mediated lym-
phoproliferative and autoimmune disorder in mice and humans
(6, 7). Through a variety of effector mechanisms, Tregs control
inflammation and immunity in multiple contexts, including the
regulation of Th1-, Th2-, and Th17-type inflammatory responses
(8-11). In preclinical models of both prophylactic and therapeutic
cancer therapy, Tregs limit the generation of Th1 responses that
drive CD8* T cells and IFN-y-dependent antitumor immunity
(12-16). Furthermore, the mechanism of action of the humanized
anti-CTLA-4 monoclonal antibody ipilimumab (Bristol Myers
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Squibb), which was given US FDA approval in 2011 (17) for treat-
ment of advanced melanoma, depends on its ability to block Tregs
and release APCs from Treg inhibition. Therefore, as Tregs inhibit
Th1-type antitumor responses in these situations, blockade of
their activity can provide effective therapy against cancer.

IL-10 is a cytokine with broad antiinflammatory properties.
It acts primarily on APCs, including dendritic cells, monocytes,
and macrophages, by inhibiting production of proinflammatory
cytokines such as TNF and IL-12 and blocking cell maturation
and upregulation of costimulatory molecules (18-22). This potent
inhibitory effect on APCs makes the blockade of IL-10 a potential
strategy for cancer therapy. Indeed, stimulation of tumor-resident
APCs with Toll-like receptor agonists leads to poor responses unless
IL-10 signaling is blocked through targeting of IL-10, IL-10R,
or STAT3. The blockade leads to increased proinflammatory
cytokine production, tumor necrosis, upregulation of costimula-
tory CD40, migration of dendritic cells to draining lymph nodes,
and induction of antitumor inflammation and immunity (23-27).
Therefore, IL-10 could be an important therapeutic target when
combined with other immunotherapy.

However, the natural role of IL-10 in the TME of progressing
tumors is complex, and it is not clear that blockade of IL-10 can
promote Th1 antitumor inflammation in the absence of other
therapeutic interventions. In addition to its antiinflammatory
function, IL-10 has been shown to activate innate and adaptive
immunity by promoting proliferation and activation of subsets of
CD8* T cells, NK cells, and B cells and inducing receptors involved
in immune-complex recognition and phagocytosis on monocytes
(20, 28, 29). Indeed, IL-10 plays a protective anticancer role in
some contexts by promoting cytotoxic T cell activity and IFN-y
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Figure 1

Tumor Tregs are a predominant source of //70. (A and C) Expression of IL-10eGFP in leukocyte populations (A) and CD4+ T cells (C) from MC38
tumor grown in VERT-X mice (black line) or B6 WT (gray) mice. Statistics show percentage of cells in each quadrant for 1 representative experi-
ment of 3 or more. (B) Definition of tumor CD4+ Tregs by intracellular staining of FoxP3 (black line) or isotype (gray) staining. Percentage of gated
cells is shown. (D) Real-time quantitative PCR for //70 on sorted cell populations from MC38 tumor, normalized to Hprt. Experiment is representa-
tive of 3. (E) /110 expression in MC38 tumor from T cell-conditional //70-knockout mice (//707 ce2/2), RNA was extracted from unprocessed MC38
tumors from indicated strains of mice and real-time quantitative PCR performed for //70. Relative expression of /70 to Hprt is shown in a box-
and-whiskers plot (ND, not detected). Data were combined from 2 independent experiments and statistical analysis performed by mixed-effects

ANOVA (Tukey-Kramer). Mean + SEM and n are also shown.

production and preventing microbiota-dependent enterocolitis
and colitis-associated cancer (30-33). Therefore, this study aims
to shed light on IL-10’s role in carcinogenesis, with the ultimate
goal of focusing on the strategy for therapeutic intervention.
Th17 cells produce IL-17A, IL-17F, and IL-22, which promote
antibacterial, antifungal and wound-healing inflammation, but
may otherwise induce a protumor environment (34, 35). IL-17A
promotes angiogenesis and lymphangiogenesis by inducing
factors such as VEGF by tumor and stromal cells (34, 36). Fur-
thermore, IL-17A stimulates proliferation and recruitment of
neutrophils (37) that are critical mediators of angiogenesis, pro-
mote tissue remodeling, and can promote DNA damage through
production of radical oxygen species (38). Contradictory experi-
mental evidence suggests that Th17 cells can perform antitumor
activity, but this activity is strictly associated with the produc-
tion of IFN-y, a Th1 cytokine, by Th17 cells (39, 40). However,
Th17 cells are found at elevated frequencies in many human
cancers and their presence or expression of IL-17A is associ-
ated with poor prognosis in hepatocellular carcinoma (HCC),
colorectal cancer, breast cancer, and pancreatic cancer (34, 35).
Therefore, factors that inhibit Th17 inflammation may protect
from cancer development in this context. As Tregs and IL-10
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suppress Th17 inflammation (8, 41, 42), their activity in pre- or
posttreatment cancer is a critical consideration when deciding
on an intervention strategy.

A solid understanding of IL-10 and Treg biology in the TME
is imperative when considering them as therapeutic cancer tar-
gets. In this study, we test the hypothesis that IL-10 regulates the
inflammatory TME of progressing tumors using subcutaneous
model tumor systems in C57BL/6 (B6) WT and gene-knockout
mice. We identify Tregs as a predominant source of IL-10 in the
TME and show that both the tumor-associated and splenic Th17
responses are restrained by IL-10 from T cells. We further show
that the type I IFN signaling pathway, including Ifnarl, Statl, and
Stat2, is required for accumulation and activation of tumor Tregs
and that, together, IL-10 and type I IFN act in a network that is
required to limit Th17-type inflammation specifically in the TME.

Results
Tregs are the predominant source of IL-10 in the TME. Though IL-10 has
been implicated in regulation of inflammation and immunity in
the TME (26, 31, 32), the source and the stimuli driving its produc-
tion have not yet been defined. To determine the cellular source
of IL-10, we used VERT-X IL-10eGFP reporter mice encoding
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Table 1
Percentages of CD4+CD25+ Tregs and IL-10eGFP+ Tregs in VERT-X mice

Organ CD25+ of CD4 (%)
MC38 tumor 456+3.3
Spleen (tumor bearing) 6.8+1.7
Lymph node (tumor draining) 10.0+£0.5
Lymph node (non-tumor draining) 10.3
Spleen (tumor free) 7105
Lymph node (tumor free) 10519

research article

IL-10eGFP+ of CD4+CD25- (%) IL-10eGFP+ of CD4+CD25* (%)

71+241 51.9+£13.0
0.7+£0.3 3.3+1.1
0.3+0.1 3.6+04
0.1 4.6
0.8+£05 3.3+04
02+0.1 46+20

Statistics show percentage + SD for 3/4 VERT-X mice (except non—tumor-draining lymph node where pool of 4 mice was analyzed). All numbers indicate

percentages (mean + SD). Data are from 1 representative experiment of 3.

enhanced GFP (EGFP) in the 3' UTR of 1110 (43). Mice were inocu-
lated with syngeneic MC38 tumor cells, and the expression of GFP
was determined in tumor-derived cells (Figure 1A). IL-10eGFP
was highly expressed in a subpopulation of CD4* T cells. Other
leukocyte populations showed no GFP signal, with the exception
of a small shift in CD11b* cells that included small numbers of
neutrophils and mast cells, but predominantly corresponded with
monocyte-derived cells and CD11b*F4/80* macrophages in MC38
tumors. CD2S5 expression identified CD4'FoxP3" Tregs in the
TME (Figure 1B), facilitating its use as a surface Treg marker in
this context. Approximately half of the CD25* tumor Tregs, but
only approximately 7% of CD25-CD4" cells, expressed IL-10eGFP
(Figure 1C and Table 1). Interestingly, in MC38 tumors, the major-
ity of Tregs also coexpressed TNFRII, a marker of activated potent
suppressor FoxP3" Tregs (44), and almost all IL-10eGFP* Tregs
were TNFRII* (Figure 1C). In the spleen, only a small propor-
tion of CD4'CD25" Tregs expressed IL-10eGFP, but similarly to
tumor Tregs, all of these coexpressed TNFRIL Most other organs
of specific pathogen-free mice had low proportions of Tregs, and
less than 15% of them expressed IL-10eGFP, with the exception of
intestine-associated tissues in which higher frequencies of IL-10"

A CD4+ CD4+ B CD4+CD25+ Treg
Tumor CD25+ Tumor  Spleen LN
B16-F10 45 9 B16-F10 53 4.2 21
LLC jbﬁ“( 95 LLC 30 4.9 25
MC3s e 9 MC38 1@1 40 -
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No tumor 4.0 22

IL-10eGFP

Figure 2

Tregs were observed (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI65180DS1),
consistent with previous reports (45-48). To confirm that native
1110 is expressed by tumor-associated Tregs from WT mice, we per-
formed real-time quantitative PCR on FACS-sorted populations
of tumor-derived cells (Figure 1D). CD4*CD25"* Tregs expressed
the highest levels of Il10 mRNA compared with other CD4" cells,
CD8" T cells, and NK cells. CD11b*F4/80* macrophages and
CD11b*F4/80% myeloid-derived cells also expressed I/10 mRNA,
consistent with the low level IL-10eGFP reporter expression in
these populations (Figure 1A). Furthermore, only minimal levels
of 1110 were detected in MC38 tumor cells ex vivo, and no expres-
sion was observed in the cultured cell line, indicating that the car-
cinoma cells themselves do not express /10 in either environment.
To clarify the relative contribution of Tregs and myeloid cells to
total tumor IL-10 and to control for an observed upregulation in
Il10 expression during the mechanical disruption of the tumor
required for isolation and sorting of single cells (data not shown),
we analyzed I/10 mRNA expression in whole tumors from T cell-
conditional IL-10-knockout mice (1/107 <#4/A mice). II10 mRNA
was not detected in tumors from Il107~ mice, confirming the lack
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Expression of IL-10eGFP by CD4+CD25+ Tregs in tumor-associated tissue. Expression of IL-10e GFP was analyzed in VERT-X mice with B16-F10
melanoma, Lewis lung carcinoma (LLC), or MC38 colon carcinoma in subcutaneous (A and B) or lung-associated (C) tissue by flow cytometry.
Numbers indicate percentages of positive cells in the associated gate. FoxP3 (A) and IL-10eGFP (B) staining are indicated for subcutaneous
tumor tissue, spleen, and tumor-draining (inguinal) lymph node. Results are representative of 2 experiments. (C) Lungs from mice with B16-F10
tumor nodules were dissected into tumor-associated and non—-tumor-associated tissue, followed by processing, staining, and flow cytometry. Data
show 1 tumor-bearing mouse of 2 analyzed (individually displaying 27% or 16% IL-10e GFP* cells in the CD4+CD25+* Treg population of B16-F10

nodule-associated tissue).
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Figure 3

Expression of //77a and frequencies of IL-17—pro-
ducing cells in MC38 tumor from T cell-conditional
1170-knockout mice. (A) Tumor mass, leukocyte fre-
quency, and FoxP3+* Treg frequencies are similar
between WT and //70-- mice. (B) Frequencies of
CD4+ and CD8* T cells, and frequencies of IL-17,
TNF, or IFN-y—producing cells following PMA and
ionomycin stimulation of MC38 tumor cells from
T cell-conditional //70-knockout mice (//107 celid/a),
littermates (//70%7), 1/70-- mice, or WT mice. Cell
frequencies as percentage of leukocytes and
mean + SEM are shown with statistics from 2-tailed
Student’s t test with Welch’s correction. (C) Repre-
sentative contour plot of tumor CD45+CD4+ T cells
from FACS analysis used to identify IL-17A* Th17
cells as quantitated in B. Percentages of gated cells
are given. (D) Real-time quantitative PCR for //17a
on whole MC38 tumor tissue from indicated strains
of mice. Box-and-whiskers plot is shown with
mean = SEM, n, and P values for mixed-effects
ANOVA on combined data from 2 independent
experiments (each showing significance).

of expression by MC38 carcinoma cells in vivo. Expression of 1110
in MC38 tumors from I/107 <A/A mice was less than half that in
tumors from littermate (I110%f) or WT controls (P < 0.0001), con-
firming that T cells are the predominant source of I/10 (Figure 1E).
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To extend this observation in other tumors, VERT-X mice were
inoculated subcutaneously with B16-F10 melanoma, Lewis lung
carcinoma, or MC38 colon carcinoma. IL-10eGFP expression
was observed in 30% to 60% of CD4*CD25" Tregs in each tumor
November 2013
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Figure 4

Expression of IL-10 by Tregs is associated with a T cell activation signature. (A) Heat map showing genes with significant differences in expression
between IL-10eGFP+ and IL-10e GFP- Tregs from MC38 tumor in VERT-X mice. Genes are ranked according to fold change between IL-10eGFP+
and IL-10eGFP- Tregs and expression level indicated by color. Expression of genes by CD4+FoxP3EGFP+ Tregs from MC38 tumor and tumor-free
spleen in FoxP3EGFP mice is shown for comparison. (B) nCounter analysis (Nanostring) of gene expression on independent flow-sorted samples
of Tregs from MC38 tumor in VERT-X and FoxP3-EGFP mice. Each point derives from a pool of tumors in an independent experiment. Graphs
show mean + SEM with P values from 2-tailed Student’s t test with Welch’s correction except for Ccré (Mann-Whitney).

type (Figure 2, A and B). Similar to MC38 carcinoma, I/I0 mRNA  nous administration displayed higher frequencies of IL-10eGFP*
expression in B16-F10 melanoma was all derived from host cells  Tregs than surrounding nodule-free tissue and higher still than
and approximately 50% was lost in II107*//A mice, suggesting that  normal lung Tregs (Figure 2C). Most of the Tregs in lung nodules,
Tregs were the major IL-10 producer cell subset in the TME (Sup-  but not in tumor-free lungs, also expressed TNFRII. Although
plemental Figure 2). In a nonsubcutaneous environment, lung  contamination of the metastasis-surrounding tissue by smaller
nodules from mice that were inoculated with B16-F10 via intrave-  B16-F10 nodules cannot be excluded, the higher frequency of
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Ifnar1 and Stat1 are required for expression of IL-10 and Stat7. (A) Strategy for identification of CD4+ T cell subsets. Plots show intracellular stain-
ing of CD4, FoxP3, and either IL-10, IL-17A, or IFN-y on single-cell suspensions of MC38 tumors following stimulation with PMA and ionomycin.
Percentages of gated cells are given. (B) Frequencies of IL-10*+FoxP3+CD4+ T cells, FoxP3*CD4+ T cells, and CD4+ T cells in MC38 tumor are
given as percentage of CD4+ T cells or percentage of leukocytes from Ifnar1-/-, Stat1--, and WT mice. Mean + SEM and P values compared with
WT are shown for 5 independent experiments combined. (C) Real-time quantitative PCR for //70 on whole MC38 tumor from /fnar1--, Stat1--,
and WT mice, normalized to Ptprc (CD45). Box-and-whiskers plots with mean + SEM, n, and P values compared with WT using combined data

from 4 (Ifnar1--) or 1 (Stat1--) independent experiments.

IL-10eGFP* Tregs in tumor nodule-free lung tissue compared
with normal lung may reflect extension of the inflammatory envi-
ronment into this space. Overall, these results indicated that, inde-
pendently of tumor type or location of growth, the TME contains
a Treg population with an activated phenotype that is the major
subset producing IL-10.

T cell IL-10 limits tumor Th17 inflammation. In order to evaluate the
biological consequence of Treg activity in the TME, we examined
the effects of IL-10 on inflammation through quantitation of
IL-17-, IFN-y-, and TNF-producing cell subsets in MC38 tumors
derived from 11107~ and WT mice along with T cell-conditional
knockout 1107 «//A mice and their respective I[10% littermate
controls (Figure 3). In vitro assay systems are poor evaluators of
IL-10-dependent Treg activity (49). However, in vivo studies have
demonstrated that Treg IL-10 production controls basal and
inducible inflammation and Th17 cell activity at environmental
interfaces such as the gut and lung (42, 50, 51). Day 14 tumors in
WT or Il1107~ mice were of similar size and had similar frequencies
of infiltrating CD45" leukocytes and similar frequencies of FoxP3*
Tregs (Figure 3A and Supplemental Figure 3). However, [/107~and
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I1107<l*/A mice had significantly altered frequencies of polarized
tumor-associated CD8* and CD4* T cells (identified using phor-
bol 12-myristate 13-acetate [PMA] and ionomycin stimulation
and intracellular cytokine staining) compared with WT mice
(Figure 3B). IL-17-producing Th17 and Tc17 cells were increased
4- to 5-fold in tumors from I/107!*/A mice compared with litter-
mate controls (Th17, P=0.004; Tc17, P =0.015; Figure 3, B and C).
Increases were also observed in complete I107~ compared with WT
mice, though this did not reach statistical significance for Tc17
cells (Figure 3B). A less than 2-fold increase in total CD4" T cells
and IFN-y-producing Th1 cells was also observed in the absence
of T cell IL-10. The frequencies of TNF-producing CD4* T cells
(but not CD8* T cells) were also significantly increased in I/107<#/A
mice compared with littermate /107 controls (P = 0.012). Inter-
estingly, CD8" T cell frequencies were significantly lower in 11107~
mice compared with controls (P = 0.014), but not in /10T «/A/A
mice, suggesting that the previously reported IL-10-dependent
activation and tumor infiltration of CD8* T cells (32) depends
on non-T cell sources of IL-10. Confirming the relevance of T
cell-produced IL-10 to T cell polarization, I/17 mRNA levels were
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Figure 6

Type | IFN signaling is required for tumor Treg activation. (A) nCounter gene expression analysis of flow-sorted tumor Tregs from Ifnar1-'- or
WT mice. Data points show tumor Tregs from pools of mice flow sorted in independent experiments. Data show mean + SEM and P value.
(B) Western analysis of STAT1 protein on whole spleen lysates of mice from indicated strains. Numbers above blot show STAT1 band intensities
after normalization to B-actin. (C) Frequencies of Treg infiltrates in MC38 tumors from bone marrow chimeric mice and nonirradiated controls.
Donor-to-host relationship (indicated with arrows) and cell frequencies are given with mean + SEM. P values are given for indicated comparisons
(by bar) of total Treg frequencies.
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Figure 7

Ifnar1 and /110 suppress Th17-associated gene expression by tumor CD4+ T cells. CD4+CD25- T cells were sorted from MC38 tumor of indicated
strain, and gene expression was analyzed by nCounter analysis. Each data point derives from an independent experiment using pools of mice.
Mean + SEM and P-values are shown for Student’s t test with Welch’s correction compared with WT cells.

4-fold higher in samples of whole MC38 tumors from /107 c#4/A
mice compared with littermate controls (P < 0.0001) and almost
14-fold higher in I/107~ mice compared with WT mice (Figure 3D).
The difference in 1117 mRNA expression between total I/107~ mice
and T cell-conditional II107<*/A mice was statistically significant,
suggesting that IL-10 from non-T cells has an independent role
in addition to Treg IL-10 (Figure 3D). A similar IL-10-dependent
control of 1117 expression was also observed in B16-F10 melano-
ma (Supplemental Figure 2). To determine whether the presence
of tumor was required for increased frequencies of Th17 cells in
the absence of IL-10, we examined the frequencies of these cells
in spleens of MC38 tumor-bearing and tumor-free mice (Supple-
mental Figure 4). Th17 cell frequencies were increased in spleen of
tumor-bearing (P = 0.007) and, likewise, in tumor-free (P < 0.0001)
11107 /A mice compared with littermate I/10%7 controls by up
to 4-fold. This suggests that abrogation of T cell-derived IL-10
allows systemic expansion of Th17-polarized cells and that this
expansion is independent of the presence of subcutaneous tumor.
Therefore Treg IL-10 production limits IL-17 production by CD4*
and CD8" cells in the TME as well as systemically.

In order to test the relevance of IL-10 to Th17 regulation in
human cancer, we analyzed publicly available gene expression
microarray data sets. Despite poor sensitivity of microarray on
solid tumor samples for cytokine gene expression, 2 head and
neck squamous cell carcinoma (HNSCC) data sets were observed
in which the low levels of IL10 and IL17 expression showed signifi-
cant inverse correlation (Supplemental Figure 5), indicating that
our observations in mouse are likely to relate to human cancer.

IL-10-expressing tumor Tregs have a highly activated phenotype. Mul-
tiple mechanisms have been identified that control IL-10 expres-
sion by different hematological cell populations, including
regulation at the gene expression and at the posttranscriptional
levels (22, 51-53). To investigate the mechanisms regulating
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IL-10 expression in tumor Tregs, we compared the gene expres-
sion profile of spleen and tumor Tregs as well as of the IL-10* and
IL-10" populations of tumor Tregs. CD4* Tregs were Flow-sorted
from VERT-X mice using surface CD25 and TNFRII markers that
we have shown to faithfully identify FoxP3* cells in the TME of
multiple mouse strains (Supplemental Figure 6), while the use of
FoxP3-EGFP mice enabled comparison of these populations with
canonical CD4'FoxP3* Tregs. FACS-sorted populations of Tregs
from spleen and tumor were analyzed by global gene expression
microarrays (Figure 4A, Supplemental Figure 7, and Supplemental
Table 1). Comparison of gene expression between IL-10eGFP* and
IL-10eGFP" tumor Tregs from VERT-X mice indicated a lim-
ited number of differentially expressed genes (29 genes were
overexpressed in IL-10eGFP* tumor Tregs and 88 underexpressed)
(Figure 4A and Supplemental Table 1). Il10 was the most highly
upregulated gene in the IL-10eGFP* subset (25.04-fold, P = 0.001).
Interestingly, many of the genes that were differentially regulated
between IL-10eGFP* and IL-10eGFP~ Tregs were similarly discor-
dant between total tumor FoxP3EGFP* Tregs and total spleen
FoxP3EGFP' Tregs (23/29 upregulated genes and 38/88 downreg-
ulated genes; Figure 4A). To obtain additional insight into gene
expression associated with IL-10 function in Tregs, we analyzed
gene expression patterns across the set of 3 spleen and 9 tumor
microarrays for correlation to expression of I/10. Using a corre-
lation requirement of 0.7, 415 genes positively, and 224 genes
negatively correlated with I/10. By filtering this set for those genes
whose expression differed significantly between IL-10eGFP* and
IL-10eGFP~ tumor Tregs, we identified 48 genes that positively
correlated and 24 genes that negatively correlated with 1/10 (Sup-
plemental Figure 8). Combining these 2 analyses, we identified a
gene expression pattern in IL-10* tumor Tregs that corresponds
to an activated phenotype, including upregulation of Lag3, Prfl
(perforin), Gzmb (granzyme B), Entpdl (CD39), Socs2, Cxcr6, and
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Figure 8

Th17-associated gene expression is limited by //10, Ifnar1, and Stat7 in the TME. (A) Real-time quantitative PCR for Ptprc (CD45) normalized
to Hprt from whole-tumor tissue from indicated strains. Data from 4 to 6 independent experiments (4, //10-/-; 4, Ifnar1--; 1, Stat1-/-; 6, WT) were
combined and analyzed by mixed-effects ANOVA on log-transformed data. (B) Day 13 tumor volume. Statistics show mean + SEM and Student’s
t test with Welch’s correction. (C) Real-time quantitative PCR on whole-tumor cDNA for indicated genes normalized to Ptprc. Data from 4 to 6
independent experiments (4, I110--; 4, Ifnar1--; 1, Stat1--; 6, WT) were combined and analyzed by mixed-effects ANOVA on log-transformed data.
Geometric mean + 95% Cl and P values for mixed-effects ANOVA (using Dunnett’s method) are given for comparison with WT.

Maf (c-Maf) and downregulation of Ccr7 and Cer6 (Figure 4A, Sup-  was significantly overexpressed by IL-10* tumor Tregs compared
plemental Table 1, and Supplemental Figure 8). Expression of Maf  with the IL-10eGFP~ subset (2-way ANOVA, P = 0.005). As c-Maf
was highly correlated with that of 1110 (r = 0.913 and = 0.815 for  is a known regulator of IL-10 that binds to the I/10 promoter and
independent probes; Supplemental Figure 8), and combined anal-  activates in multiple T cell types (54-57), it is also likely involved
ysis of data from the 2 microarray probes for Maf showed that Maf  in driving I/10 expression in the IL-10* tumor Tregs.
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In order to validate the differences in gene expression detected
by microarray, a predefined group of genes were analyzed using
nCounter Analysis (Nanostring Technologies) on independently
obtained tumor Treg samples (Figure 4B). These data confirmed
an approximately 2-fold greater Maf expression in IL-10eGFP*
tumor Tregs compared with IL-10eGFP~ cells (P = 0.020) and over-
expression of Icos. Conversely, downregulation of Cer6, Cer7, Lta,
and Smad3 in IL-10eGFP* compared with IL-10eGFP~ tumor Tregs
was also observed (Figure 4B).

In addition to IL-10, Tregs utilize LAG3, perforin, granzyme
B, and CD39 for their regulatory effector function (49), and
their expression and activity has been associated with inflam-
matory conditions (5). Together, the minor gene expression
differences, the restriction of IL-10 expression to the TNFRII*
subset, and the activated T cell signature on the IL-10* subset
suggest that IL-10* and IL-10" tumor Tregs are 2 highly related
populations of inflammatory Tregs that only differ by their
degree of activation.

4868 The Journal of Clinical Investigation

http://www.jci.org

Figure 9

Frequencies of CD4+ T cells, Th1, Th17, and Tregs in spleens from
tumor-free 1110-/-, Ifnar1--, and WT mice. Single-cell suspensions from
spleens of indicated strains of tumor-free mice were stimulated with
PMA and ionomycin, and frequencies of IFN-y*FoxP3-CD4+ Th1 cells,
IL17A+FoxP3-CD4+ Th17 cells, and IL-10*FoxP3+* Tregs were enumer-
ated. Data are combined from 2 independent experiments. Frequencies
are given as percentage of CD45* leukocytes. Statistics show mean and
P values for 2-tailed unpaired Student’s t test with Welch’s correction.

Statl and Ifnarl are required for inflammatory induction of tumor
Tregs. In order to determine the inflammatory pathways that
contribute to IL-10 induction by Tregs in the TME, we compared
frequencies of MC38 tumor-associated IL-10* Tregs in mice lack-
ing genes encoding selected proinflammatory molecules. IL-10
expression was detected in Tregs from these mouse strains by
stimulation with PMA and ionomycin and intracellular staining,
a procedure that detects frequencies of IL-10-positive Tregs simi-
lar to those observed in the VERT-X reporter strain (Figure 5A).
Various IL-12 family members have been reported to drive IL-10
expression by lymphocytes, including IL-27 in Th1 cells (58), IL-12
in T and NK cells (56, 59, 60), and IL-23 in Tregs (61). However,
we observed no decrease in frequencies of IL-10*FoxP3" Tregs or
total FoxP3* Tregs in MC38 tumors derived from Il12a7", 1l12b7",
112347, or Wsx17/~ mice (Supplemental Figure 9), suggesting that
IL-12, IL-23, IL-27, and IL-35 are not required for development
of these cells. Total and IL-10* tumor-associated Tregs were also
observed at the same levels as found in WT mice in Myd88~7/~, Tnf"",
Icos7", and 1167~ mice (Supplemental Figure 9). However, mice lack-
ing certain STAT transcription factors had reduced frequencies of
IL-10* tumor Tregs. Stat2”/~ mice displayed a significant decrease
(P=0.007) in percentage of IL-10"FoxP3* Tregs within the CD4*
T cell population (Supplemental Figure 9). T cell-specific Stat3
conditional knockout mice also showed a decrease in percentage of
IL-10*FoxP3* Tregs within the CD4" T cell population (P = 0.022),
but there was no difference in frequency of these cells when com-
pared as a percentage of tumor CD45* leukocytes (ns, P = 0.499;
Supplemental Figure 9). The most extreme phenotype was
observed in Stat1”/~ mice that displayed very low frequencies of
tumor Tregs in all but 1 experiment (P < 0.0001; Figure 5B), with
a trend toward an increase in total CD4* T cell count (P = 0.100).

STAT1 activation is driven by JAK/STAT signaling downstream
of multiple cytokine receptors including those for type I and type I
IEN, IL-27, and IL-10. Ifnarl”~ animals, which lack functional type
I IFN signaling, but not Ifag”~ animals (data not shown), showed
reduced frequencies of tumor-associated IL-10* Tregs compared
with WT animals (P < 0.0001; Figure 5B). However, unlike in
Stat1”/~ mice, the frequency of tumor-associated Tregs in Ifnarl™~
mice was inconsistently and nonsignificantly reduced, suggesting
that STAT1 plays additional roles besides type I IFN signaling in
regulation of tumor-associated Treg frequency. In order to con-
firm a role for type I IFN in induction of IL-10 by tumor Tregs
while avoiding tumor dissociation and pharmacological stimula-
tion, we compared the expression of I/10 mRNA in whole tumors
from Ifnarl”~ and Stat1”/~ with that in WT mice and observed sta-
tistically significant 2.0- and 3.0-fold decreases, respectively, com-
pared with WT (Figure 5C). Additionally, among sorted tumor
Tregs, Ifnarl”~ tumor Tregs expressed lower levels of Maf and
1110, but higher levels of Cer6 and Cer7 transcripts compared with
WT Tregs (Figure 6A). The low frequency of StatI”/~ tumor Tregs
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prevented us from performing a similar analysis on these cells.
Therefore, Tregs in the Ifnarl”~ TME mimicked the gene expres-
sion profile of the IL-10eGFP~ subset defined in VERT-X mice
(Figure 4). It is noteworthy that, Ifnarl”~ tumor Tregs expressed
approximately half the level of Statl as WT Tregs (Figure 6A).
Constitutive type I IFN signaling has previously been shown to
maintain STAT1 expression (62, 63). We similarly observed a
reduction in total STAT1 protein in Ifnarl”~ spleen (Figure 6B).
These observations suggest that type I IFN may in part control
Treg number and activation by maintaining physiological levels
of Statl expression. Together, these data indicate that Ifnarl is
required for tumor Tregs to undergo the inflammatory activation
program and upregulation of Treg effector genes including I/10.

To determine whether activation of Tregs requires type I IFN
signaling within Tregs in a cell-intrinsic manner, we analyzed
tumor-associated Tregs obtained from bone marrow chimeric
mice transplanted with bone marrow from Ifnarl”" or Stat1”/~ mice
(Figure 6C). Ifnarl”~ bone marrow was significantly less capable
of generating tumor Tregs than WT bone marrow (P = 0.043), and
few of these Tregs expressed IL-10. A similar reduction in Treg
frequency was observed in chimeras bearing Stat17~ bone mar-
row. Interestingly, total CD4* T cell frequencies were raised when
Statl”~ bone marrow was transferred (data not shown), consistent
with the observation in total StatI”~ mice (Figure 5B). Reciprocal
transfers of WT bone marrow (CD45.1 congenic marker strain)
into Ifnarl”", Stat1”/~,and WT hosts, showed nonsignificant reduc-
tions in Treg frequency when CD45.1 cells were transferred into
Ifnar1”/~ compared with WT hosts, but significantly lower total
Tregs in the Statl1”/~ host compared with the WT host (Figure 6C).
These data suggest that Ifnarl and Statl in bone marrow-derived
cells are required for generation of tumor-associated Tregs and for
their production of IL-10. Stat1 expression in radio-resistant host
cells is also important for Treg accumulation in the TME.

Ifnarl and Stat1 limit Th17-type inflammation specifically in the TME.
The observation that molecules involved in the type I IFN signal-
ing pathway are required for accumulation and activation of Tregs
in the TME (Figures 5 and 6) coupled with a requirement for Tregs
and specifically Treg IL-10 to control Th17 responses (Figure 3
and refs. 41, 42, 64, 65), prompted us to address whether the type
IFN signaling pathway is required to control Th17 inflammation.
Sorted CD4*CD25 T cells from tumors growing in Ifnarl”~ mice
showed elevated expression of Th17 genes including [l17a, 1122, and
Cer6, compared with tumor-infiltrating CD4* T cells in WT hosts
(Figure 7). Elevated expression of these genes was also observed in
tumor-infiltrating CD4* T cells from Il107~ mice. To confirm this
increase in Th17-type inflammation among all tumor-infiltrating
cells, we analyzed the expression of Th17-associated genes in whole
tumor tissue from II107, Ifnarl™~, and Stat1”~ mice (Figure 8).
Infiltration of CD45" leukocytes was significantly greater in
tumors of Ifnarl”" and Statl”/~ mice compared with WT as reflect-
ed by Ptprc (CD4S5) expression (Figure 8A), and this was associated
with faster tumor growth in these strains (Figure 8B). Therefore,
analysis of gene expression was performed using Ptprc as the nor-
malizing control (Figure 8C). Significantly elevated expression of
Il17a, 1122, and Rorc was observed in Ifnar”~ and Stat1”~ mice, simi-
lar to the observation in tumors growing in I/107~ mice (Figure 8C).
Neutrophil-attracting CxclI was significantly overexpressed in the
Ifnarl”", Stat1”/~ and Stat2”/~ TME compared with WT (Figure 8C
and data not shown). In contrast, other Th17-associated genes,
including Il6 and Gzmb, were not significantly elevated in Ifnarl~~
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mice, and /16 and Nos2 were unchanged (Figure 8C). The reduced
expression of Prfl and Gzmb observed in the TME of Stat17~ mice
reflects a lack of infiltrating NK cells in this environment (data not
shown). The increased expression of Th17-type genes and Th17
cells in Ifnar1”~ mice closely matched that in tumors from I107/~
mice, suggesting a common mechanism of regulation in the TME.
Similarly, Th17 inflammation is associated with increased angio-
genesis that has been observed in tumors in both Ifnarl”" mice
(66) and 11107 /A mice (Supplemental Figure 10).

The Ifnarl-dependent control of Th17 inflammation was specif-
ic to the TME, as a different pattern was observed in the spleens of
tumor-free mice (Figure 9), with increased frequencies of Th17 and
Th1 cells in I/107~ mice, but not in Ifnarl”~ mice. Together, these
data indicate that components of the type I IFN signaling pathway
are required to limit Th17-type inflammation in the TME, but not
in noninflamed tissues such as spleen, and that this control cor-
relates with capacity of the type I IFN signaling pathway to drive
accumulation and activation of Tregs.

Discussion
In this study, we examined the cell types and inflammatory signals
responsible for production of IL-10 in the TME and the role IL-10
plays in the control of tumor inflammation. We observed that Tregs
with an activated phenotype were the predominant IL-10-produc-
ing cells in the TME. Components of the type I IFN signaling path-
way, including Ifnarl, Statl, and Stat2, were required for accumula-
tion and activation of Tregs and production of IL-10. Expression
of these genes and I/10 itself was required for suppression of Th17-
type gene expression in tumors. Thus, type I IFN signaling forms an
inflammatory network that controls Treg accumulation in tumors
and their production of IL-10 and suppresses Th17-type inflamma-
tion in the TME (summarized in Supplemental Figure 11).
CD4*FoxP3* Tregs include natural thymus-derived Tregs that
recognize self peptide-MHC or inducible Tregs that recognize
foreign- or self peptide-MHC. Although inducible Tregs have
been observed in experimental tumors that express potent exog-
enous antigen (67), a natural origin for the tumor-associated
Tregs studied here is supported by several lines of evidence.
First, the MC38 tumor line is B6 syngeneic and considered to
be weakly immunogenic (68, 69), suggesting that self-encoded
antigens are more relevant ligands for infiltrating Tregs. Sec-
ond, though TGF-f is required for inducible Treg conversion
(70), antibody blockade of this cytokine during tumor growth
reduced the growth rate but did not affect the abundance of
Tregs or the fraction expressing IL-10 (data not shown). We
observed that the phenotype of tumor-associated Tregs and
particularly that of the IL-10-producing subset is consistent
with inflammatory activation, as these cells express genes such
as Mafand genes required for Treg effector functions, including
those encoding IL-10, Granzyme B, Perforin, CD39, and Lag3
(ref. 5 and Figure 4). IL-10 expression by Tregs is also found in
the gut, where chronic antigenic stimulation contributes to the
activated Treg phenotype and can be experimentally mimicked
by administration of the anti-CD3 antibody (46). Therefore, it is
likely that chronic TCR stimulation of tumor-associated Tregs
contributes to their activation and IL-10 production. As shown
by this study, type I IFN signaling through Ifnarl and Stat1/2 is
also required for tumor-associated Treg recruitment, activation,
and IL-10 production. Combined, this evidence suggests that
tumor-associated Tregs observed in our model originate from
Number 11 4869
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recruited natural Tregs that are selectively activated in TME by
inflammatory conditions including self- or tumor-associated
antigens and type I IFN signaling (71).

Type I IFN is well known for its antiviral effects and induction
of antigen cross-presentation, but it also plays constitutive roles in
specific pathogen-free conditions and can act in both an immuno-
suppressive and immunostimulatory manner (72-74). For example,
IEN-f treatment of multiple sclerosis patients induces expression
of IL-10 that contributes to an immunosuppressive therapeutic
effect (75, 76). IFN-B is capable of inducing IL-10 expression in
human and mouse FoxP3™ T cells in vitro and in vivo (data not
shown and refs. 77, 78). Recently, it has been shown that type I IFN
contributes to persistent viral infectious by inducing IL-10 pro-
duction in CD4" T cells and thus damping the antiviral immune
response (79, 80). However, in many experimental conditions,
IL-12 and IL-27, rather than type I IFN, have been described to be
potent inducers of IL-10 production in effector T cells (56, 59, 81).
The precise regulatory mechanisms for IL-10 production by gut-
associated Tregs remain unknown (22), whereas we show here for
what we believe is the first time that high levels of IL-10 produc-
tion also characterize tumor-associated Tregs and that type IIFN is
responsible for this in the TME. In mouse transplantable tumors,
type I IFN is induced through as as-yet-unidentified mechanism,
and type I IFN signaling is required for antitumor CD8" T cell
responses (82). We have confirmed by real-time PCR that Ifnb tran-
scripts are expressed in tumor tissue (data not shown). Type I IFN
affects antitumor immune responses at different levels, in addition
to the induction of IL-10 in tumor-associated Tregs. For example,
type I IFN enhances antigen cross-presentation and production of
immunomodulatory cytokines, particularly IL-12 (83, 84) and by
acting directly on CD8* T cells to enhance clonal expansion and
memory formation (85). Although in this study we have focused
on the role of Treg-dependent IL-10 production to control Th17
responses, IL-10 has also been shown to enhance the response of
anti-tumor CD8* T cells and their production of IFN-y (32) and,
thus, it could also contribute to the described role of endogenous
type I IFN to enhance antitumor CD8* T cell responses (82).

Chimeric mice transplanted with Ifnarl”~ or Statl”/~ bone mar-
row displayed deficiency in abundance and IL-10 production of
tumor Tregs (Figure 6), suggesting a cell-intrinsic requirement
that was confirmed using Stat1”7~ bone marrow in a mixed bone
marrow chimera experiment (data not shown). However, the
reduced frequency of tumor Tregs in Statl”/~ mice transplanted
with WT bone marrow indicates that STAT1 signaling is impor-
tant in non-T cells and also in nonhematopoietic cells. Therefore,
type I IFN signaling contributes to activation of Tregs within the
TME through a mechanism that probably involves both direct
type I IFN signaling on Tregs and indirect signaling through other
cells. Type I IFN signaling may contribute to activation of tumor
Tregs due to its ability to maintain STAT1 levels. Stat] has been
shown to be required for Treg-mediated control of Th17-mediat-
ed experimental autoimmune encephalitis (86) and we observed
reduced Statl transcript in tumor CD4* T cells and Tregs and
reduced STAT1 protein expression in spleens from Ifnarl~”~ mice
(Figure 6, A and B, and Figure 7), consistent with previous reports
showing that constitutive IFN signaling maintains STAT1 and
STAT?2 expression (62, 63).

One possible explanation for differential accumulation and
activation of tumor-associated Tregs might involve production
of chemokines that attract Tregs to the tumor site. However,
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the Treg-attracting chemokines examined (Ccl20 and Ccl28; refs.
87, 88) were overexpressed in tumors from Ifnarl”~ and Statl”/~
mice (Figure 8). The activated IL-10-producing Tregs in the TME,
however, had a characteristic expression of chemokine receptors,
with high expression of CCR5 and CXCR6 and much decreased
expression of CCR6 and CCR7 compared with non-IL-10-produc-
ing Tregs, and thus the mechanisms of recruitment of these Tregs
in the tumor remain to be characterized.

Our data show that Treg IL-10 production controls the Th17
response in the TME, as has been previously shown in the intestine
(89). The control of tumor IL-17 expression by IL-10 is also con-
sistent with gene expression data from human HNSCC (Supple-
mental Figure 5). Our observation of enhanced Th17-type gene
expression in MC38 tumor derived from IL-10-deficient and type I
IFN signaling-deficient mice, combined with a requirement for
Ifnar1, Stat1,and Stat2 for activation of tumor-associated Tregs and
their production of IL-10, indicates that type I IFN controls the
Th17 response at least in part by its effects on Tregs. However, the
phenotype of Ifnarl”~ and Stat1/~ mice with regard to alterations
in Th17 activity is different from that in IL-10-deficient strains,
revealing mechanistic differences in control of Th17 function. In
tumor-free spleens, total or T cell-specific IL-10 deficiency leads
to increases in Th17 cells (Figure 9 and Supplemental Figure 4),
indicating that T cell-derived IL-10 is important for control of the
Th17 response not only in the TME but also systemically in steady
state conditions. However, Ifnarl 7~ and WT spleens have similar
frequencies of Th17 cells. This apparent discrepancy is explained
by the observation that the frequencies of total and IL-10-pro-
ducing Tregs in the spleen are unaffected by Ifnarl deficiency
(Figure 9), and therefore maintain suppression of Th17 function
in Ifnarl”~ mice. Thus, the role of type I IFN signaling in activating
Tregs and their production of IL-10 is selective for the TME where
Ifnarl/Statl/Stat2 expression is required to suppress Th17-type
inflammation through the induction of T cell-produced IL-10.

As expected, the functions of type I IFN and IL-10 do not com-
pletely overlap in the TME. Transplanted tumors grew faster in
Ifnarl™, Stat1”/~, and Stat2”~ mice than in WT animals, but in
our experiments, the tumor growth rate in I/107~ mice was not
significantly greater than in WT (Figure 3, Figures 5-8, Supple-
mental Figure 3), though others have observed enhanced carcin-
ogen-induced and transplantable tumor growth in II107~ mice
(including the MC38 model) (32, 90). Type I IFN has many immu-
nomodulatory effects in addition to the induction of IL-10. IFN
inhibits angiogenesis by acting directly on tumor cells and on lym-
phocyte-induced vascular responses (91, 92). Interestingly, VEGF
needs to downregulate type I IFN receptor expression in order to
induce efficient angiogenesis (93). An additional explanation for
greatly increased growth of several tumors including MC38 in
Ifnb”" or Ifnar1”/~ mice has been ascribed to Gr1* neutrophils that
promote tumor angiogenesis and tumor growth in both Ifnb™~
and WT mice and are hyperactivated in the TME of Ifnb™/" mice
(66). Although these angiogenic mechanisms are not all activated
in the absence of IL-10, the enhanced Th17 response can recruit
neutrophils and is associated in our (Supplemental Figure 10) and
other studies (36) with an increase in angiogenesis. Together, these
data suggest that type I IFN may control Th17-type inflamma-
tion and angiogenesis through complementary mechanisms in the
TME: suppression of neutrophils that are activated to promote
angiogenesis in the absence of Ifnarl/Ifnb (66); and control of Treg
activation and Treg production of IL-10, which limits Th17-type
Number 11
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cytokine and chemokine expression as described by this study.
Indeed, we observed that coadministration of Ifnarl*/* Tregs,
but not Ifnarl” Tregs, with MC38 tumors substantially reduced
tumor growth in Ifnarl”~ hosts (data not shown). IL-10 and type
I IFN signaling therefore play critical overlapping roles in limit-
ing Th17 inflammation that may otherwise drive tumor growth
or autoimmunity (65, 94). The precise relationship between these
mechanisms remains to be clarified in future studies.

IL-10 is a potential therapeutic target for cancer therapy because
blocking its function increases Th1 cytokine production under
proinflammatory conditions. The evidence here shows that inter-
ference with IL-10 has the additional effect during normal tumor
growth of inhibiting Th17 inflammation that may otherwise
promote tumor growth. Combined with the recent description of
IL-10-promoting antitumor CD8* T cell responses (32) and earlier
evidence that administration or overexpression of IL-10 can drive
antitumor functions (31), this new model indicates that therapeu-
tic blockade of IL-10 signaling is likely to promote tumor inflam-
mation and tumor growth and should only be applied during a
short window when proinflammatory, Th1l-promoting responses
can be induced. Similarly, Tregs may be poor therapeutic targets in
tumors where they suppress Th17-type inflammation. Conversely,
type I IFN can slow tumor growth in patients (see refs. 66, 72) and
is required for cross-presentation of tumor antigens (82, 95), but
its capacity to promote Treg activation and expression of IL-10
described herein may counteract Th1 antitumor responses. A clear
understanding of this complex network of immunosuppressive
regulators will be critical to generating highly effective immuno-
therapeutic protocols against cancer.

Methods

Mice. All animals were maintained in a specific pathogen-free environment
(also free of helicobacter and parvovirus) on a B6 background and were sex-
and age-matched for experiments, typically between 8 and 14 weeks of age.
WT C57BL/6Ncr and B6.CD45.1 congenic mice were obtained from the
Frederick National Laboratory Animal Production Program. All knockout
strains were obtained with or crossed onto a B6 background. Information
on genetically modified mouse strains is given in Supplemental Methods.
CD4-Cre mice were obtained from Taconic Farms and were crossed with
110" 1110970, and Star3VF to generate I110T<!A/A, J11 05T IA/A and Star3Teeld/A
strains. Homozygous flox (f1/fl) and, in a few cases, hemizygous flox (fl/+)
genotype littermates that lacked the Cre gene were used as routine con-
trols for conditional knockout mice in order to minimize variation in
the microbiota and genetic background. C57BL/6], 1167/, 11247, Il112b7",
Icos”", Ragl™~, and Tnf”~ mice were obtained from the Jackson Laboratory.
Mice were crossed and housed by the Laboratory Animal Sciences Program,
Frederick National Laboratory.

Tumor studies and organ harvest. MC38 colon carcinomaline (68,96), B16-F10
melanoma (97), and Lewis lung carcinoma (98) were obtained from Robert
Wiltrout and the Developmental Therapeutics Program Tumor Repository
(Frederick National Laboratory). Cells were maintained in vitro and inocu-
lated subcutaneously in the right flank at 1 to 5 x 105 cells or intravenously
at 2.5 x 105 cells for B16-F10 study. Tumors were measured by caliper and
volume calculated as (0.5 x length x width?). Mice were harvested at day
12-16 (subcutaneous) or day 20 (intravenous), organs dissected, and sin-
gle-cell suspensions prepared from tumor tissue by digestion of approxi-
mately 1- to 2-mm pieces with 200 U/ml Collagenase IV (Invitrogen) and
100 ug/ml DNase I (Roche) in RPMI medium with 0.5% FBS for 2 hours
with pipetting (tituration) every half hour. Digestion mixes were passed
through a filter and mechanically disrupted to obtain a single-cell suspen-
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sion and DNase I/collagenase neutralized by addition of 2 mM EDTA. Fol-
lowing washing in RPMI with 10% FBS, cells were directly used for flow
cytometric staining or cell culture. For spleen and lymph node, single-cell
suspensions were obtained by mechanical disruption and ACK lysis (for
spleen). For analysis of lung, a dissection microscope was used to sepa-
rate B16-F10 tumor nodules from nonnodule tissue where applicable, and
lobes of lung were digested in collagenase/DNase I for 1 hour. Small intes-
tine and large intestine intraepithelial leukocyte and lamina propria cells
were obtained as previously described (99).

Bone marrow chimeras. Bone marrow chimeras were established in indi-
cated recipient strains by intravenous inoculation of 107 bone marrow cells
from donor strains in 950 cGy y-irradiated recipients. Chimeric mice were
given acid water containing 0.5 mg/l amoxicillin for 1 week following bone
marrow transfer and returned to normal housing for at least 2 months
prior to tumor inoculation.

Flow cytometric analysis. For surface staining, single-cell suspensions were
resuspended in FACS buffer (PBS, 2 mM EDTA, 1% FBS) and blocked with
10 ug/ml 2.4 G2, 2% normal mouse serum prior to staining in blocking
buffer. LIVE/DEAD-Aqua vital dye (Invitrogen) was used to exclude dead
cells in most experiments. Anti-CD45 was included in tumor-cell stain to
identify leukocytes. Intracellular staining for FoxP3" Tregs on fresh cells
was performed using a FoxP3 Staining Buffer Set (eBioscience). Identifica-
tion of cytokine-competent Tregs (FoxP3*IL-10*), Th1 (CD4*IFN-y*), Th17
(CD4'IL-17A%), CD4*TNEF", and CD8* Tc1 and Tc17 cells was performed
following ex vivo stimulation with PMA and ionomycin. Single-cell suspen-
sions of tumor cells were resuspended in IMDM containing 5 pg/ml PMA
(Sigma-Aldrich), S ng/ml ionomycin (Sigma-Aldrich), and 1/1000 brefeld-
in A (Golgiplug; BD) for 4 to 5 hours at 37°C. For spleen cells, 0.75 ng/ml
ionomycin was used. Following culture, cells were stained with LIVE/
DEAD-Aqua dye (Invitrogen) and fixed with 2% paraformaldehyde in PBS;
this was followed by blocking and intracellular staining in FACS buffer
containing 0.5% saponin (Sigma-Aldrich). Antibodies used for flow cytom-
etry are detailed in Supplemental Methods. Cells were acquired using an
LSRII (BD) and data analyzed using FlowJo (Tree Star).

FACS-based cell sorting. For FACS sorting, single-cell suspensions from
an MC38 tumor were obtained as described for Tumor studies above with
the modifications that mice were perfused with PBS prior to tumor har-
vest. Single-cell suspensions were further purified by centrifugation at
800 g on 40%/80% Percoll (adjusted to 0.29 osmoles/l; GE Healthcare) for
20 minutes or the Dead Cell Removal Kit (Miltenyi Biotech) according to
the manufacturers’ instructions. Cells were stained and CD4* T cells iden-
tified by gating on FSC/SSC/CD45*CD11b°CD3*CD4* cells. Treg popula-
tions from FoxP3-EGFP mice were obtained by further gating FoxP3EGFP*
cells, while Tregs from VERT-X mice were gated on CD25*CD120b"/l°
cells and subgated for IL-10eGFP* and IL-10eGFP~ subsets. Sorting was
performed on an Aria II Flow Sorter (BD) directly into RLT lysis buffer
(QIAGEN) for gene expression analysis.

Microarray analysis. Microarray analysis was performed by Genus Biosys-
tems. RNA was purified by RNeasy (QIAGEN) and quality control tested by
Bioanalyzer (Agilent). First- and second-strand cDNA were prepared from
RNA, followed by cRNA preparation and fragmentation. cRNA was hybrid-
ized to Agilent Whole Genome 4x44K Arrays, and slides were washed and
scanned on an Agilent G2565 Microarray Scanner followed by data analysis
using Agilent Feature Extraction.

Three samples of VERTX IL-10eGFP* tumor tregs were compared with
IL-10eGFP™ Tregs. All nonexpressed genes were removed by eliminating
probes for which fewer than 2 samples gave signals in both cell subsets. NIA
Array Tools software (100) was used to determine differentially expressed
genes. Gene expression was normalized (quartile) and log;o transformed.
ANOVA, using intensity-specific average (average model) error variance
Number 11 4871
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was used to obtain P values and set a threshold at P < 0.01. To remove
highly variable probes, significant probes were refiltered for estimated vari-
ance based on each probe (Actual Model) for probes with P < 0.1. Correla-
tion analysis was performed using microarray data from triplicate arrays
of all 4 Treg populations (VERT-X tumor IL-10eGFP*, VERT-X tumor
IL-10eGFP~, tumor FoxP3EGFP*, spleen FoxP3EGFP) or from tumor-
derived arrays alone. Expression patterns of each probe were correlated to
that of IL-10 using NIA Array Tools using a correlation coefficient cut-off
of 0.7 and fold-difference threshold of 1.5. Microarray data are available
from the GEO (GSE49380).

Gene expression quantitation by real-time PCR. Tissues were preserved
in RNAlater (QIAGEN) and kept at -80°C following harvest. RNeasy
(QIAGEN) was used to extract RNA from whole-tumor samples, follow-
ing mechanical disruption in RLT buffer (QIAGEN) using 1-mm diameter
glass beads and a Mini-Beadbeater (Biospec Products). RNA extraction
by RNeasy (QIAGEN) was performed according to the manufacturer’s
instructions with on-column DNase I digestion. cDNA was prepared using
the High Capacity cDNA Reverse Transcription Kit (Life Technologies)
using 1 ug of total RNA, random primers, and RNAse Inhibitor accord-
ing to the manufacturer’s instructions. Real-time PCR was performed on a
StepOnePlus Real-Time PCR device (Life Technologies) with TagMan Gene
Expression Master Mix (Life Technologies), 50 ng RNA equivalent of cDNA,
and TagMan probe/primer assays as detailed in Supplemental Methods.
Forty cycles of 15 seconds at 95°C (melting) followed by 60 seconds at 60°C
(annealing/extension) were performed. Gene expression was calculated
using the following formula: 2-(Ct(test) - Ce(normalizing)) ' where the normalizing
gene was Hprt for most experiments and Ptpre for experiments shown in
Figure 5C, Figure 8C, and Supplemental Figure 2. When gene expression
was not detected, Ct was set at the maximum cycle number of 40 to facili-
tate statistical comparison.

Gene expression quantitation by nCounter analysis. nCounter analysis
(NanoString Technologies) was used to analyze gene expression in FACS-
sorted CD4'CD25™ T cells and CD4°CD25'CD120b*/low Tregs. Between
5,000 and 50,000 cells were FACS sorted into RLT buffer, and RNA was
extracted using the RNEasy Micro Kit (QIAGEN) according to the manu-
facturer’s instructions. RNA was hybridized with customized Reporter
CodeSet and Capture ProbeSet (NanoString Technologies) designed
against sequences listed in Supplemental Table 2. The mRNA molecules
were counted with the NanoString nCounter at the Laboratory of Molecu-
lar Technology (Advance Technology Program, Frederick National Labo-
ratory). To normalize data, average background was subtracted from raw
count, and normalization was performed using the geometric mean count
from 4 housekeeping genes (Gapdh, Hprt, Rpl9, and Rpl30).

Western immunoblot analysis. Spleen lysates were prepared in RIPA buffer,
and 40 ug was loaded and separated by Tris-Glycine SDS-PAGE. Following
transfer to nitrocellulose membrane and blocking with 5% BSA, targets were
probed with anti-STAT1 (Cell Signaling Technology) and anti-mouse IgG-
HRP (GE Healthcare) or anti-actin-HRP (Calbiochem). ECL Prime Western
Blotting Detection reagents (GE Healthcare) and the ChemiDoc XRS and

Quantity One software (Bio-Rad) were used to detect and acquire images.
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Statistics. Data were plotted using Prism (GraphPad), and routine analysis
performed using unpaired 2-tailed Student’s ¢ test with Welch’s correction
for unequal variances. Box-and-whiskers plots show median, 25th, and 75th
percentiles (bounds of box), with Tukey whiskers showing the minimum (or
25th percentile minus 1.5 x interquartile range, whichever is the greatest),
maximum (or 75th percentile plus 1.5 x interquartile range, whichever the
least), and outliers, if present. Data shown in Figure 1E, Figure 3D, Figure 5,
B and C, and Figure 8A were combined from multiple experiments and ana-
lyzed in SAS (SAS version 9.1, SAS Institute) by mixed-effects ANOVAs that
assumed experiment and litter were random effects and that age was a covari-
ate. Data were transformed prior to analysis (log transformation, Figure 1E
and Figure 3D; arcsine transformation, Figure 5B; log, transformation,
Figure 5C and Figure 8A; and log, transformation or a reciprocal -1/x trans-
formation, Figure 8C) and P values calculated using multiple comparisons
procedures by Tukey-Kramer (Figure 1E and Figure 3D) and by Dunnett
(Figure 5C, Figure 8, A and C). P < 0.05 was considered significant.

Study approval. Animal studies were approved by the IACUC of the
National Cancer Institute and were conducted in accordance with the
IACUC guidelines and the NIH Guide for the Care and Use of Laboratory Ani-
mals (NIH publication no. 86-23. Revised 1985).
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