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Expression of ectonucleotidase CD39 contributes to the suppres-
sive activity of Foxp3™ regulatory T cells (Tregs) by hydrolyzing
immunogenic ATP into AMP. The molecular mechanism that drives
CD39 expression on Tregs remains elusive. We found that tumor-
infiltrating Tregs (Ti-Tregs) failed to up-regulate CD39 in mice lack-
ing EBI3 subunit of IL-27 or IL-27Ra. Mixed bone marrow chimera
and in vitro studies showed that IL-27 signaling in Tregs directly
drives CD39 expression on Ti-Tregs in a STAT1-dependent, but
STAT3- and T-bet-independent, manner. Tregs stimulated with
IL-27 showed enhanced suppressive activities against CD8" T cell
responses in vitro. Moreover, IL-27Ra-deficient Tregs and STAT1-
deficient Tregs were less efficient than WT Tregs in suppressing
antitumor immunity in vivo. CD39 inhibition significantly abol-
ished IL-27-induced suppressive activities of Tregs. Thus, IL-27 sig-
naling in Tregs critically contributes to protumorigenic properties
of Tregs via up-regulation of CD39.
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Tumors evade immune surveillance by multiple mechanisms,
and one key is suppressive immune cells (1). Among them,
regulatory T cells (Tregs) critically contribute to the generation
of a protumorigenic environment (2). Proposed mechanisms for
protumorigenic properties of Tregs include secretion of immu-
nosuppressive cytokines such as TGF-p and IL-10, depletion of
IL-2 via CD25, expression of coinhibitory molecules such as
CTLA4 and PD-1, and hydrolysis of immunogenic ATP through
CD39 (3). Compared with Tregs in the secondary lymphoid
organs, Tregs infiltrated in tumor exhibit activated phenotypes
and elevated expression of these immunosuppressive mole-
cules. Infiltration of Tregs in tumors is associated with poor
prognosis (4). Hence, Treg-associated immunosuppressive mol-
ecules serve as attractive targets in the development of cancer
immunotherapy (2).

Among Treg-associated molecules, CD39 is an ectonucleoti-
dase that hydrolyzes ATP and ADP into AMP. CD73 is another
ectonucleotidase that converts AMP into adenosine (5). Whereas
ATP exerts multiple immune-stimulatory functions, adenosine
has strong immunosuppressive activities (6). Expression of CD39
is inversely correlated with overall survival and recurrence-free
survival in patients with cancer (7, 8). Analysis of tumor-
infiltrating immune cells revealed that Tregs express the high-
est levels of CD39 in patients with malignancy (9). Notably, a
recent study with CD39-deficient mice demonstrated that CD39
on Tregs is required to suppress antitumor immunity in vivo (10).
Thus, induction of CD39 on Tregs critically contributes to the
establishment of a protumorigenic environment; however,
little is known regarding the regulation of CD39 expression on
Tregs. Elucidating the regulation of CD39 expression on
Tregs is important not only for the understanding of the tumor
microenvironment, but also for the development of novel
therapeutic strategies against tumor. Here, we found that IL-
27 signaling enhances CD39 expression on tumor-infiltrating
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Tregs (Ti-Tregs) in a STAT1-dependent manner. Moreover, IL-
27Ra—deficient Tregs and STAT1-deficient Tregs appeared to be
less protumorigenic than WT Tregs in vivo as a result of reduced
expression of CD39.

Results

Ti-Tregs Exhibit a Distinct Phenotype. To determine the impact of
tumor environment on the phenotypic changes of Tregs, we
comparatively analyzed the expression of inhibitory molecules on
Tregs obtained from lymph nodes (LNs) in naive mice with those
from the distal LNs, the tumor-draining LNs (TdLNs), and the
tumor-infiltrating lymphocytes (TILs) in mice bearing s.c.
B16F10 melanoma. The frequencies of Foxp3™* Tregs in the LNs
of naive and tumor-bearing mice were comparable (~11% of
CD4" T cells). However, it was significantly increased in the
TILs (~61% of CD4™ T cells; Fig. 14). Consistent with previous
studies (9, 11), Ti-Tregs expressed increased levels of PD-1,
CTLA4, ICOS, and, to a lesser extent, Tim-3 compared with
those in the distal LNs and TdLNs (Fig. 1B). Ti-Tregs also
expressed significantly elevated levels of CD39 compared with
those in the LNs, whereas the expression of CD73 was slightly
reduced in the former. Among those inhibitory molecules, the
expression of CD39, CD73, and PD-1 on tumor-infiltrating
Foxp3~CD4* T cells was slightly increased vs. those shown on

Significance

Regulatory T cells (Tregs) inhibit autoimmune responses and
are essential for immune homeostasis. By contrast, in settings
of cancerous inflammation, Tregs represent a strong protu-
morigenic immune cell population via the incapacitation of
various tumoricidal immune cells. By using multiple gene-
deficient mouse systems, we show that IL-27 specifically in-
duces ectonucleotidase CD39 expression on tumor-infiltrating
Tregs in a STAT1-dependent manner. Protumorigenic activity
of Tregs is significantly ameliorated by inhibiting CD39. Lack of
IL-27Ra prevents CD39 upregulation on Tregs, which rescues
cytotoxic CD8" T cells from Treg-mediated inhibition in tumor
tissue. Our findings unveil a IL-27-STAT1-CD39 axis as a crucial
mechanism for the protumorigenic function of Tregs. Targeting
this new molecular pathway may facilitate the development of
antitumor therapeutic approaches.
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Fig. 1. Tregs acquire a highly inhibitory phenotype in tumor tissue. Naive
and B16F10 s.c. tumor-bearing mice were analyzed at 15 d after inoculation
for the phenotype of Tregs. CD4*Foxp3™* T cells in tumor-distal LN, TdLN,
tumor tissue, and LN from naive mice were analyzed by FACS. (A) The fre-
quency of Foxp3™ cells in CD4™ T cells. (B) Histograms and geometric mean
fluorescence intensity (MFI) of indicated proteins’ expression on Foxp3* cells.
(C) Coexpression of PD-1, CTLA-4, and CD39 on Foxp3™ cells from TdLN and
tumor tissue. (D) Geometric MFI of Foxp3 in Tregs. The graphs show means +
SEM (*P < 0.05 and ***P < 0.001). Data are representative of two indepen-
dent experiments (n = 6-7).

CD4* T cells in the LNs, although the levels of expression were
marginal compared with that of Ti-Tregs (SI Appendix, Fig. S1).
As a result, a significant portion of Ti-Tregs coexpressed CD39,
PD-1, and CTLA4, which was not observed on Tregs in the TdLNs
(Fig. 1C). Moreover, the level of Foxp3 was also significantly
higher in the Ti-Tregs than in Tregs in the TdLNs (Fig. 1D).

Foxp3* Tregs can be subcategorized into multiple subsets
based on the expression of transcription factors and chemokine
receptors (12-15). Notably, we observed that most Ti-Tregs
expressed T-bet but not GATA3, RORyt, or BCL6 (Fig. 24).
Such elevation of T-bet expression in Tregs was tumor site-
specific, as few Tregs in the TALN expressed T-bet. T-bet*
Tregs are known to coexpress CXCR3 (16). Consistent with this
notion, Ti-Tregs predominantly expressed CXCR3 and, to a
lesser extent, CCR4, but did not express CCR6 or CXCRS5 (Fig.
2B). Selective accumulation of CXCR3" T-bet* Tregs in the
tumor was also observed in mice bearing s.c. EL4 thymoma (SI
Appendix, Fig. S2). Collectively, these results demonstrated that
Ti-Tregs were phenotypically distinct from those in the LNs with
profoundly elevated expressions of PD-1, CTLA4, and CD39 as
well as T-bet and CXCR3 in solid tumor models in mice.

Role of IL-12 Family Cytokines on the Phenotypic Changes of Ti-Tregs.
We next sought to determine the mechanism by which tumor
environment induces the observed phenotypic changes in Ti-
Tregs. To this end, we assessed the involvement of IL-12 family
cytokines in this process because IL-27 has been shown to induce
T-bett CXCR3* Tregs in animal models of infection and in-
flammation (17). We employed 1112~ (lacking p35 subunit of
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IL-12 and IL-35), Ebi3 ™'~ (lacking EBI3 subunit of IL-27 and IL-
35), and [112a~'~Ebi3~'~ mice and compared the phenotypes of
Ti-Tregs after s.c. inoculation with B16F10. Compared with that
in WT mice, the level of T-bet expression in Ti-Tregs was sig-
nificantly reduced in Ebi3~~ and I112a~'~Ebi3™~ mice whereas
such reduction was not statistically significant in I/12a~'~ mice
(Fig. 34). On the contrary, CXCR3 expression on Ti-Tregs was
significantly reduced in all gene-deficient mice compared with
WT (Fig. 34). These results prompted us to hypothesize that IL-
27 but not IL-12 induces T-bet expression in Ti-Tregs, whereas
both cytokines induce CXCR3 expression on Ti-Tregs. To fur-
ther determine the role of IL-27, we analyzed Ti-Tregs from
1127ra™~ mice and found a significantly reduced expressions of
T-bet and CXCR3 (Fig. 3B). The frequencies of Foxp3*CD4* T
as well as Foxp3~CD4* T cells among TILs were comparable
between WT and 11272~ mice, but the absolute numbers of these
cells were lower in JI27ra~'~ mice because of a diminished number
of total TILs (S Appendix, Fig. S3 A and B). Diminished infiltration
of 1127ra™~ T cells into tumor was further confirmed by using mixed
bone marrow (BM) chimeric mice reconstituted with a 1:1 mixture
of WT and 1127ra™~ BM cells (SI Appendix, Fig. S3C). Consistent
with a previous study (18), the migration and cytokine secretion of
natural killer (NK) and natural killer T (NKT) cells among TILs
were lower in 127ra™~ mice (SI Appendix, Fig. S4).

Of note, we observed a significantly reduced level of CD39 on
Ti-Tregs in Ebi3™~ mice and in Il12a~'"Ebi3~~ mice, but not in
11124~ mice, compared with WT (Fig. 3C). By contrast, the ex-
pression levels of CD73, PD-1, TIM3, and ICOS on Ti-Tregs were
largely comparable among the groups (Fig. 3C). CTLA4 expres-
sion on Ti-Tregs was slightly lower in [/12a~/"Ebi3~~ mice than in
WT. Consistently, Ti-Tregs from I/27ra~"~ mice expressed a sig-
nificantly reduced level of CD39, but they expressed comparable
levels of CD73, PD1, TIM3, CTLA4, and ICOS in comparison
with WT mice (Fig. 3D). The tumor growth was delayed in Ebi3 ™~
and, to a lesser extent, in 7/27ra~'~ mice in comparison with WT
mice (SI Appendix, Fig. S5). These results together suggest that
IL-27 was particularly required for the optimal up-regulation of
CD39 on Ti-Tregs, whereas this cytokine played little role in the
expression of the other Treg-specific cell surface molecules in vivo.

IL-27 Signal in Tregs Drives CD39 Expression via STAT1. Our findings
strongly suggest a critical contribution of IL-27 to CD39 ex-
pression on Ti-Tregs. Among tumor-infiltrating immune cells,
CDl11c™ macrophages expressed higher levels of 1127 and Ebi3
transcripts than CD11c¢* macrophages and T cells (SI Appendix,
Fig. S6 A and B). As the tumor grew, the level of IL-27 and the
frequencies of CD11c™ macrophages and Tregs in tumor were
also increased, whereas the level of CD39 expression on Ti-Tregs
was maintained (SI Appendix, Fig. S6 C-G).
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Fig. 2. Ti-Tregs preferentially express T-bet and CXCR3. CD4*Foxp3™ T cells in
TdLN and tumor tissue from B16F10 s.c. tumor-bearing mice were analyzed by
FACS at 15 d after tumor inoculation. (A) The histograms and geometric mean
fluorescence intensity (MFI) for indicated transcription factors and (B) che-
mokine receptors. The graphs show means + SEM (**P < 0.01 and ***P <
0.001). Data are representative of two independent experiments (n = 3-4).
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Fig. 3. IL-27 induces CD39 expression on Tregs. WT, 112a™~, Ebi3™",
I112a~"Ebi3™~ (A and C), or ll27ra~~ mice (B and D) were inoculated s.c. with
B16F10 tumor cells. CD4*Foxp3* T cells in tumor tissue from these mice were
analyzed by FACS at 15 d after tumor inoculation. Histograms and geometric
mean fluorescence intensity (MFI) for T-bet/CXCR3 (A and B) and indicated pro-
teins (C and D). The graphs show means + SEM (*P < 0.05, **P < 0.01, and ***P <
0.001). Data are representative of three independent experiments (n = 3-4).

To determine whether IL-27 directly induced CD39 expres-
sion on Ti-Tregs, we generated WT:/127ra~'~ mixed BM chimera
(81 Appendix, Fig. S74) and found that CD39 expression in
I127ra™"~ Tregs were slightly but significantly lower than WT
Tregs in splenic, but not thymic, Tregs in tumor-free recipient
mice (SI Appendix, Fig. STB). In recipient mice bearing s.c.
B16F10 tumor cells, /I27ra™"~ Ti-Tregs showed significantly di-
minished CD39 expression compared with WT Ti-Tregs (Fig. 44),
indicating that IL-27 signaling in Tregs is critical for the up-
regulation of CD39 in vivo. The level of PD-1 expression was
comparable between WT and 1127ra~'~ Tregs. To illustrate more
precisely the cell-intrinsic function of IL-27 on Tregs, we stim-
ulated natural Tregs (nTregs) isolated from Foxp3¥Y"*-C™ re-
porter mice with anti-CD3 in the presence or absence of IL-27
(nTregs vs. IL-27-nTregs). IL-27 stimulation significantly ele-
vated the expression of CD39 on the nTregs (Fig. 4B, Top).
Moreover, addition of IL-27 significantly increased CD39 ex-
pression on Foxp3™ Tregs generated by stimulating naive CD4*
T cells under induced Treg (iTreg)-skewing condition (iTregs vs.
IL-27-iTregs; Fig. 4B, Bottom). Unlike IL-27, addition of IL-35, a
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cytokine that shares the EBI3 subunit with IL-27, had little effect
on CD39 expression of iTregs (SI Appendix, Fig. S8).

IL-27 induces STAT1 and STAT3 activation (19). To de-
termine if these STATS are required to induce CD39 expression
on Tregs, naive CD4™ T cells from Stat1~'~ mice or CD4-Cre x
Stat3" (Stat3“P*) mice were differentiated into iTregs or IL-27-
iTregs. We found that, even though IL-27 significantly increased
CD39 expression on WT and Stat3~/~ iTregs (approximately
sevenfold), it only marginally increased CD39 expression on
Stat]1™'~ iTregs (Fig. 4C). To determine the role of the STATS for
CD39 expression on Tregs in vivo, we generated mixed BM
chimera by transferring WT (CD45.1) and StatI™~ or Stat3°°*
(CD45.2) BM cells into BM-ablated Terb ™~ mice. We found that
the level of CD39 expression on Stat1™'~ Tregs was significantly
lower than that of WT Tregs in the TILs of tumor-bearing re-
cipients as well as in the spleens of tumor-free recipients (Fig. 4D
and SI Appendix, Fig. STB). By contrast, the level of CD39 was
comparable between WT and Stat3~~ Tregs (Fig. 4E). These
in vitro and in vivo studies convincingly demonstrate a critical
contribution of STAT1, but not STAT3, to CD39 up-regulation
on Tregs. There are five putative STAT1-binding sites with a
dissimilarity of <6% in the conserved regions within the Entpdl
(encoding CD39) gene locus (S Appendix, Fig. S94, region 1-5).
Interestingly, Foxp3 and Smad3 were also predicted to bind to
region 1-4 (SI Appendix, Fig. S9B), raising a possibility that
STAT1, Foxp3, and Smad3 orchestrate the expression of Entpd]
in Tregs upon IL-27 signal. In addition to IL-27, IFN-y also
signals through STAT1 and is produced by TILs. When tumor-
bearing WT or II27ra™'~ mice were treated with anti—-IFN-y or
isotype control, WT Ti-Tregs showed comparable expression
level of CD39 irrelevant to anti-IFN-y treatment. Anti-IFN-y,
however, slightly but significantly down-regulated CD39 expression
on I127ra™~ Ti-Tregs (SI Appendix, Fig. S104). In vitro, addition of
IFN-y increased CD39 expression on Foxp3™ iTregs in a STATI-
dependent manner, but it was far less potent than IL-27 (SI Ap-
pendix, Fig. S10B). Thus, IFN-y could induce CD39 expression on
Ti-Tregs via STAT1, especially in the absence of IL-27.

IL-27 and STATI1 induce T-bet expression in Tregs (17).
1127ra™~ Ti-Tregs showed reduced levels of T-bet (Fig. 3B).
Therefore, we determined whether T-bet is also necessary for IL-
27-induced CD39 up-regulation on Tregs. We found that IL-27
up-regulated CD39 on Thx21~~ Tregs as efficiently as on WT
Tregs (Fig. 4F), indicating little role of T-bet in IL-27-induced
CD39 expression on Tregs. Together, these results indicated that
IL-27 induced CD39 expression on Ti-Tregs in a STATI-
dependent but STAT3- and T-bet-independent, manner.

IL-27-Stimulated Tregs Exhibit an Enhanced ATP-Hydrolyzing Activity
and Inhibit Cytokine Production by CD8* T Cell in Vitro. As we ob-
served that IL-27 up-regulated CD39 on Tregs, we next asked if
IL-27 impacts ATP hydrolytic capacity of Tregs. CD4" T cells
from Foxp3YF?"C'® reporter mice were stimulated with anti-CD3
in the presence or absence of IL-27. YFP* Tregs were sorted and
cocultured with ATP for 6 h, and the remaining ATP in the
supernatant was measured (Fig. 54). We observed that IL-27—
stimulated Tregs were far more efficient in hydrolyzing ATP
than IL-27-unstimulated Tregs. The number of Tregs required
to hydrolyze 50% of ATP was ~2.4 times lower in IL-27-nTregs
than in nTregs (required cell numbers for nTregs vs. IL-27-
nTregs, 9,000 vs. 3,750). Similarly, iTregs showed an enhanced
ATP-hydrolyzing activity when generated in the presence of IL-
27 (cell numbers required to hydrolyze 50% of ATP for iTregs
vs. IL-27-iTregs, 22,000 vs. 2,900; Fig. 5B).

To determine whether IL-27 signaling also regulates the im-
munosuppressive activity of Tregs, we stimulated naive CD8"
T cells with anti-CD3/CD28 in the presence of iTregs or IL-27-iTregs.
IL-27-Tregs and iTregs similarly suppressed the proliferation of
CDS8" T cells (SI Appendix, Fig. S114). By contrast, IL-27-iTregs were
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far more potent in suppressing IL-2 and, to a lesser extent, [FN-y
expression in CD8" T cells compared with iTregs (Fig. 5C). The
augmented ATP hydrolysis activity of IL-27-iTregs was significantly
attenuated by the CD39 inhibitor ARL67156, although it was still
higher than that of iTregs (Fig. 5D). Importantly, the frequency of IL-
2-producing CD8" T cells cocultured with IL-27-iTregs was signifi-
cantly reversed by ARL67156, although it was still lower than that
cocultured with iTregs (Fig. SE). Furthermore, higher amounts of
adenosine were detected in the supernatant cocultured with IL-27-
iTregs than that with iTregs, which was significantly attenuated by
ARLG67156 (SI Appendix, Fig. S11B). Similarly, treatment with an
adenosine A,5 blocker, ZM241385, significantly diminished the
suppression of IL-2 production in CD8" T cell by IL-27-iTregs (SI
Appendix, Fig. S11C). Collectively, these results indicate that IL-27
stimulation enhances the ATP hydrolyzing capacity and the sup-
pression of IL-2 production from CD8* T cells by Tregs in a CD39-
dependent manner.

IL-27 Signal Is Crucial for Protumorigenic Activity of Tregs via
Induction of CD39 in Vivo. We next addressed whether IL-27 sig-
naling in Tregs plays a role in protumorigenic activity in vivo. We
generated Tregs by stlmulatm% nalve CD4* T cells from Fox-
p3YFPCre or 1127ra™~ x Foxp3 ¢ mice under iTreg-skewing
condition. The sorted YFP* iTregs (YFP* > 95%, CD45.2%)
were mixed with naive CD4+ T and CD8" T cells (CD45.1%) and
transferred into Ragl ™~ mice before the recipients were in-
oculated s.c. with B16F10. We observed a significant delay in
tumor growth in the recipients of 1/27ra~'~ Tregs compared with
those of WT Tregs (Fig. 64). Consistent with the data from
tumor-bearing 1127ra~'~ or Ebi3™~ mice (Fig. 3), the level of
CD39 on I127ra™"~ Ti-Tregs was significantly lower than that on
WT Ti-Tregs (Fig. 6B). Moreover, the frequency of IFN-y*

granzyme B (GZB)* cells among CD8+ T cells was remarkably
higher in the recipients of [/27ra~'~ Tregs than in the recipients
of WT Tregs (Fig. 6C). To determine whether CD39 contributes
to the observed difference in tumor growth, we additionally
treated the recipients with ARL67156. ARL67156 reduced the
expression of CD39 on WT Ti- Tregs By contrast, such treatment
had little effect on the expression of CD39 on IlZ7ra’/ ~ Ti-Tregs
(Fig. 6B). Similarly, whereas ARL67156 significantly delayed
tumor growth in the WT Treg recipients, it did not affect tumor
growth in the I127ra™"~ Treg recipients (Fig. 64). As a result, the
difference in tumor growth between WT Treg recipients and
1127ra™'~ Treg recipients disappeared with ARL67156 treatment.
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experiments (n = 3-4).

Furthermore, ARL67156 treatment significantly augmented the
frequency of IFN-y* GZB™ cells among CD8* T cells in WT
Treg recipients and in II27ra~'~ Treg recipients (Fig. 6C). To
directly assess the role of IL-27 signaling in Tregs on tumor
growth and to rule out potential differences in their infiltration
into the tumor, we employed a tumor/Treg s.c. cotransfer model
(20, 21). We injected s.c. the mixture of B16F10 cells and YFP*
Tregs isolated from WT Foxp3 Yt or [127ra~'~ x Foxp3YFt-cre
mice into Ragl "~ mice. The recipients were injected i.v. with naive
CD4" T cells and CD8* T cells. Tumor growth was significantly
delayed in the recipients of II27ra™'~ Tregs, associated with a
significant increase in the frequencies of IFN-y* GZB* CD8"
T cells and IFN-y* NK cells (SI Appendix, Fig. S12 A-C). We next
determined whether lack of IL-27 signaling or CD39 inhibitor
administration impacts the survival or proliferation of Tregs in
tumor. Although the total number of TILs was decreased in
II27ra™~ Treg recipients compared with WT recipient mice, the
numbers of Tregs among TILs as well as the frequencies of
Annexin V* apoptotic and Ki67" proliferative cells among Tregs
appeared to be comparable between the two groups (SI Appendix,
Fig. S12 D-G). Similarly, ARL67156 treatment played an in-
significant role in the frequency of Annexin V* cells or Ki67" cells
among Tregs in tumor (SI Appendix, Fig. S12 D-G).

By using a similar Treg transfer model as that shown in Fig.
64, we examined the role of STAT1 in Tregs. Similar to that
shown in the [127ra~'~ Treg recipient mice, Statl '~ Treg recip-
ients showed a significant delay in tumor growth associated with
a remarkable down-regulation of CD39 on Ti-Tregs in compar-
ison with WT Treg recipients (Fig. 6 D and E). Moreover, the
frequency of IFN-y* GZB" cells among CD8"* T cells was sig-
nificantly higher in Statl™'~ Treg recipients than in WT Treg
recipients (Fig. 6F). Moreover, we observed a significantly
delayed tumor growth in Statl ™~ Treg recipients compared with
WT Treg recipients in an s.c. cotransfer of tumor and Treg
model (SI Appendix, Fig. S12H). The absolute numbers of Tregs
among TILs as well as the frequencies of Annexin V* apoptotic
and Ki67" proliferative cells among Tregs were comparable
between the two groups (SI Appendix, Fig. S12 H-K). Taken
together, these data indicate that IL-27-STAT1 signal in Tregs
was crucial for the generation of protumorigenic environment
through up-regulation of CD39 on Ti-Tregs, which significantly
incapacitated antitumor activity of tumor-infiltrating CD8*
T cells in vivo (SI Appendix, Fig. S13).
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Fig. 5. IL-27-stimulated CD39"9" Tregs mediate suppression via enhanced
enzymatic activation. Foxp3* cells from IL-27-stimulated and unstimulated
Tregs (A, nTregs; B, iTregs) were incubated with exogenous ATP. The
remaining ATP was measured in the supernatants, and percent ATP hydro-
lysis against control is shown. (C) The effect of iTregs or IL-27-iTregs on
cytokine-producing CD8* T cells. (D and E) The effect of CD39 blockade by
ARL67156 on (D) ATP hydrolysis and (E) IL-2 production in CD8" T cells. The
representative graphs and plots are shown. The graphs show means + SEM
(*P < 0.05, **P < 0.01, and ***P < 0.001). Data are representative of two
independent experiments.

Discussion

Despite the evident protumorigenic role of CD39 on Tregs, how
CD39 expression is regulated in Tregs has been unclear. By using
in vivo animal models of B16F10 tumor growth, we demonstrate
that cell-intrinsic IL-27 signaling is crucial for the up-regulation
of CD39 on Ti-Tregs based on the findings that Ti-Tregs in
Ebi3™~ mice and I127ra”'~ mice exhibited reduced CD39 ex-
pression, and that IL-27 stimulation significantly increased CD39
expression on Tregs via STATI1. IL-27-stimulated Tregs were
more efficient in hydrolyzing ATP and were more potent in
suppressing IL-2 production by CD8" T cells than IL-27-
unstimulated Tregs, which was reversed by a CD39 inhibitor
in vitro. Importantly, 1/27ra~'~ Tregs as well as Statl ™'~ Tregs
were less efficient in supporting tumor growth than WT Tregs as
a result of reduced expression of CD39 in vivo. Our findings
unveil an immunosuppressive mechanism by which IL-27 po-
tentiates protumorigenic activities of Tregs via up-regulating
CD39 in tumor environment.

IL-27 was initially reported to be a Thl-inducing cytokine
because of its ability to induce the expression of T-bet and IFN-y
in T cells (22). Subsequent studies have revealed that IL-27 is an
inhibitory cytokine, as [[27ra~'~ and Ebi3~'~ mice appeared to be
more susceptible in animal models of infection and autoimmune
diseases (23). IL-27 is known to induce a specialized subset of
Tregs coexpressing T-bet and CXCR3 in animal models of in-
fection (16, 17). Moreover, IL-27 signaling can trigger LAG3
expression on Tregs (24). The present study convincingly dem-
onstrates that IL-27 is crucial for protumorigenic function of
Tregs by inducing CD39 via STAT1. Although STAT3 has been
shown to be required for CD39 expression on dendritic cells and
Th17 and Trl cells (25-27), our in vitro and in vivo studies
showed little role for STAT3 in inducing CD39 on Tregs. IFN-y
is known to signal through STAT1 to mediate antitumor immune
responses. This cytokine also induces suppressive molecules such
as PD-L1, CTLA-4, and IDO (28, 29). Our IFN-y neutralization
study revealed a marginal role of IFN-y on CD39 expression in
WT Ti-Tregs in vivo, indicating that IL-27 is likely superior to
IFN-y in inducing CD39 on Ti-Tregs. Hence, we propose that
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IL-27 and IFN-y play nonredundant roles in promoting a pro-
tumorigenic environment by inducing distinct suppressive mol-
ecules. Whereas IL-27 stimulation induced the expression of
CXCR3 and T-bet in Tregs, the expression of CD39 by IL-27
occurred independently of T-bet. T-bett CXCR3™ Tregs are
known to be specialized for suppressing type 1 immunity in vivo
(16, 17). Hence, IL-27 may have at least two distinct roles in
Treg-mediated suppression of antitumor immunity: (i) by in-
ducing the migration of Tregs into the sites where Thl cells and
cytotoxic T lymphocytes exist via CXCR3 and (ii) by enhancing
ATP hydrolyzing activity via inducing CD39. The tumor/Treg
mixture cotransfer study, which can rule out possible differences
in Treg migration into the tumor, showed that II27ra~'~ Tregs
were far less efficient in suppressing antitumor immunity than
WT Tregs. Although a previous study proposed a potential role
of IL-27 signal on the survival of Tregs in a murine model of
colitis (30), our results demonstrate that IL-27 signal and STAT1
have minimal roles in the survival and proliferation of Tregs in
tumor. Thus, we propose that up-regulation of CD39, rather
than CXCR3, on Tregs is crucial for the IL-27-induced protu-
morigenic activity of Tregs. In this context, our observation that
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Fig. 6. IL-27 signal promotes protumorigenic activity of Tregs via CD39
in vivo. WT and /l27ra™~ Tregs (A-C) or WT and Stat1~~ Tregs (D-F) (CD45.2) were
transferred into Rag1™~ mice in combination with naive CD4* and CD8* T cells
(CD45.1) and then inoculated s.c. with B16F10 tumor cells. Some mice were
treated i.p. with ARL67156. The tumor growth (A and D), the geometric mean
fluorescence intensity (MFI) of CD39 expression on Ti-Tregs (B and E), and the
frequency of indicated cytokine-producing CD8" T cells (C and F) were examined.
The mice were analyzed at 15 d after tumor inoculation. Representative graphs
and plots are shown. The graphs show means + SEM (*P < 0.05, **P < 0.01, and
***P < 0.001). Data are representative of two independent experiments (n = 3-4).
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the CD39 inhibitor significantly diminished the suppressive ac-
tivity of IL-27-stimulated Tregs strongly suggests that CD39 on
Tregs acts as a metabolic checkpoint that controls antitumor
immunity. IL-27 appeared to minimally affect the expression of
coinhibitory molecules, including PD-1 and CTLA4, on Ti-Tregs
in the present study. Thus, the IL-27-CD39 axis likely plays a
nonredundant role with the other immune checkpoint molecules
in suppressing antitumor immunity. Hence, targeting CD39, such
as with a CD39 blocking antibody (31), or IL-27 signaling would
be synergistic with immune checkpoint blockers such as anti-
CTLA4 and anti-PD-1.

The role of IL-27 on tumor immunity has been controversial. A
previous study showed that the growth of BI6F10 tumor was ex-
acerbated in Ebi3™~ mice compared with WT mice (32). By
contrast, delayed tumor growth in Ebi3™'~ mice was also reported
in B16F10 metastatic and orthotopic pancreatic tumor models (33,
34). Similar controversy arises from studies with /127ra~~ mice.
One study showed exacerbated B16F10 tumor growth in I127ra ™'~
mice (35), whereas another recent study showed delayed B16F10
tumor growth in /I27ra”~ mice associated with less exhausted
tumor-infiltrating T cells (36). This discrepancy might result from
the quantity of IL-27 produced and the type of responsive cells.
For instance, IL-27 seemed to exert proinflammatory functions
when used as an adjuvant (37), whereas it seemed to exert im-
munosuppressive function in steady state as shown in mice lacking
IL-27 or its receptor (38). Our study provides an additional ex-
planation for such a discrepancy in regard to the role of IL-27;
IL-27 potentiates protumorigenic activities of Tregs, but also
promotes antitumor activities of CD8" T cells and NK cells.
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In summary, our findings unveil the IL-27-STAT1-CD39
axis as a mechanism by which tumor environment induces pro-
tumorigenic activity of Ti-Tregs. Blockade of IL-27 signal and
CD39 in Tregs would be an attractive strategy to overcome im-
munosuppressive environment in tumor-bearing hosts.

Materials and Methods

C57BL/6 mice were purchased from Orient Bio. //12a~'~, Ebi3™~, II27ra™'~,
Foxp3YF<e B6.SIL, Rag?™" and Tcrb™'~ mice were purchased from the
Jackson Laboratory. Double-KO mice (//12a~'"Ebi3™~) were obtained by
crossing /112a~ and Ebi3™~ mice. Foxp3"™"® mice were crossed with
1127ra™= or Stat1™~ mice to obtain Foxp3 reporter-KO mice (I27ra™"~ x
Foxp3"™<" and Stat1™'~ x Foxp3"™7<¢). STAT3Mo¥floxCD4-Cre mice were pro-
vided by Chen Dong (Tsinghua University, Beijing, China) and Shizuo Akira
(Osaka University, Osaka, Japan). Tbx217"~ and Stat1™~ mice were provided by
Eun Sook Hwang (Ewha Womans University, Seoul, Korea) and Hun Sik Kim
(Asan Medical Center, Seoul, Korea), respectively. Mice aged 6-12 wk were
used. All mice were maintained in a specific pathogen-free facility at Seoul
National University. All experiments were performed according to a protocol
approved by the institutional animal care and use committees of Seoul Na-
tional University (SNU-150316-1-3). Additional information is provided in S/
Appendix, Supplementary Materials and Methods.
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