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Summary

Regulatory T (Treg) cells pose a major barrier to effective anti-tumor immunity. Although Treg
cell depletion enhances tumor rejection, the ensuing autoimmune sequelae limits its utility in the
clinic and highlights the need for limiting Treg cell activity within the tumor microenvironment.
Interleukin-35 (IL-35) is a Treg cell-secreted cytokine that inhibits T cell proliferation and
function. Using an IL-35 reporter mouse, we observed substantial enrichment of IL-35* Treg cells
in tumors. Neutralization with an IL-35-specific antibody or Treg cell-restricted deletion of 1L-35
production limited tumor growth in multiple murine models of human cancer. Limiting
intratumoral IL-35 enhanced T cell proliferation, effector function, antigen-specific responses, and
long-term T cell memory. Treg cell-derived 1L-35 promoted the expression of multiple inhibitory
receptors (PD1, TIM3, LAG3J), thereby facilitating intratumoral T cell exhaustion. These findings
reveal previously unappreciated roles for IL-35 in limiting anti-tumor immunity and contributing
to T cell dysfunction in the tumor microenvironment.
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Introduction

Regulatory T (Treg) cells specialize in the maintenance of self-tolerance and prevention of
autoimmunity (Ohkura et al., 2013; Vignali et al., 2008); however, they also restrain critical
tumor-specific T cell responses. CD4*CD25" Tregs are frequently increased in the periphery
of cancer patients and specifically recruited to malignant sites, where they actively inhibit
infiltrating cytotoxic T lymphocytes (CTLs) (Cao, 2010). Conversely, CD8* T cell
infiltration is a positive prognostic indicator in many tumor types including breast, prostate,
cervical, melanoma, and others (Galon et al., 2013; Senovilla et al., 2012). Successful anti-
tumor responses require potent CD8* CTL induction and CD4™ T cell help, yet the immune
system is critically involved in promoting tumorigenesis by blocking anti-tumor immunity
via Tregs. The ultimate goal of cancer immunotherapy is to tip the balance away from Tregs
and towards tumor-specific T cell activity without causing significant adverse events, such
as inflammation and autoimmune complications. To enhance cancer immunotherapy, we
require a better understanding of the dominant suppressive mechanisms used by Tregs,
especially those that might be selectively utilized only within the tumor microenvironment.

Treg depletion can dramatically enhance tumor rejection whilst reconstitution leads to robust
tumor growth (Nishikawa and Sakaguchi, 2014). Likewise, inhibition of suppressive
signaling pathways or attenuation of Treg inhibitory function has shown to decrease tumor
burden and improve patient outcome (Delgoffe et al., 2013; Hodi et al., 2010; Topalian et
al., 2012). Therapeutic monoclonal antibodies that target inhibitory receptor (IR) pathways
(e.g. CTLA4 or PD1/PDL1) limit T-cell exhaustion, enhance CD8* T cell anti-tumoral
activity and increase the ratio of activated CTL to Foxp3* Tregs in the tumor (Page et al.,
2014). A role for Tregs and their secreted cytokines, IL-10 and TGF, in T cell exhaustion
in tumors and viral infections has been suggested (Brooks et al., 2008; Ejrnaes et al., 2006;
Tinoco et al., 2009). However, it remains unclear whether Tregs can directly promote
exhaustion of antigen-specific T cells. Reversal of CD8* T cell exhaustion and efficient
control of viral load was noted following dual blockade of Tregs and PDL1 (Penaloza-
MacMaster et al., 2014) or IL-10 and PDL1 (Brooks et al., 2008). Inhibition of TGFj
signaling via expression of a dominant-negative receptor improved the functionality of
exhausted CD8* T cells (Tinoco et al., 2009). Elucidation of inhibitory molecules that
contribute to the suppressive tumor microenvironment, and yet exhibit a limited role in
peripheral immune homeostasis, is highly desirable as it may lead to the development of
effective, targeted immunotherapies with reduced adverse events.

Tregs suppress effector cells by numerous mechanisms, one of which is secretion of
inhibitory cytokines (Vignali et al., 2008). IL-35, a member of the IL-12 family, is a
heterodimeric inhibitory cytokine composed of the p35 subunit of IL-12 (encoded by 1112a)
and Ebi3 (Ebi3) and is preferentially secreted by mouse and human Tregs (Collison et al.,
2007)). IL-35 also induces the conversion of conventional T cells into a suppressive, IL-35-
producing CD4*Foxp3~ induced regulatory T-cell population (iTr35 cells) (Collison et al.,
2010). Multiple IL-35* cell types have been described in tumor-bearing mice and patient
samples, and forced expression of IL-35 in the tumor microenvironment can drive enhanced
tumor growth (Collison et al., 2007; Olson et al., 2012; Wang et al., 2013). However, the
physiological impact of IL-35 on the unmanipulated tumor microenvironment has not been
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examined and the mechanism by which IL-35 functions in tumors remains obscure. In this
study, we tested the hypothesis that 1L-35 produced by Tregs contributes substantially to the
suppressive tumor milieu and that depletion will enhance tumor-specific immunity.

IL-35 blockade limits tumor growth in multiple transplantable tumor models

IL-35 is produced by Tregs (Collison et al., 2007) and ~50% of CD4* T cells infiltrating
primary B16 tumors are Foxp3™ (Kortylewski et al., 2009). Thus, we first asked if systemic
IL-35 neutralization would impact tumor growth by enhancing tumor-specific immunity. We
took advantage of a unique Ebi3 monoclonal antibody (mAb) that neutralizes IL-35 but not
IL-27, the other known Ebi3-containing cytokine (Collison et al., 2007). This antibody does
not deplete Tregs (Figure S1A) and has an in vivo half-life of approximately 5 days (data not
shown). Wild-type C57BL/6 mice were inoculated intradermally with B16 melanoma or
subcutaneously with MC38 colon adenocarcinoma and received weekly prophylactic
treatment with anti-1L-35 or 1gG,y, isotype. Tumor growth was measured and survival
monitored (Figure 1A). IL-35 neutralization significantly reduced tumor growth in both
models compared to mice receiving 1gGyy, (Figures 1B and 1C). Although survival was not
improved for MC38-bearing mice, there was a significant survival advantage for anti-1L-35-
treated B16-bearing mice (Figure S1B). Importantly, while the relative potency of IL-35
blockade on tumor regression was not as striking as Treg depletion using the Foxp3PTR
system (Figures S1C and S1D), none of the anti-1L-35 treated mice exhibited inflammatory
lesions following extensive histological analysis of lymph nodes, lungs, kidneys, liver,
spleen, small intestine, and skin (data not shown). In contrast, the DT-treated B16 and
MC38 tumor-bearing Foxp3PTR mice eventually succumbed to severe autoimmune
inflammation around days 25-30 (Figures S1C, S1D and data not shown).

We performed additional experiments to demonstrate that this was a specific effect of IL-35
rather than IL-27. First, anti-1L-27 antibody (p28-specific) did not affect B16 growth in
C57BL/6 mice compared with isotype (Figure S2A). Second, B16 growth was comparable
in 1127a~/~ (p28-deficient) mice and littermate controls, and the effect of 1L-35
neutralization was identical regardless of genotype (Figure S2B).

Concurrent expression of both IL-35 subunits has been reported in some human cancers and
EDbi3 is associated with lung cancer and multiple types of lymphoma (Gonin et al., 2011;
Long et al., 2013; Nishino et al., 2011; Wang et al., 2013), raising the possibility that tumor-
derived 1L-35 limits anti-tumor immunity. However, negligible Ebi3 and 1112a expression
was observed in whole tumors compared with tumor-infiltrating lymphocytes (TILs) (data
not shown), suggesting that 1L-35 was not tumor-derived. To ensure that the anti-1L-35
treatment was not impacting tumor growth in a lymphocyte-independent manner, we
implanted Rag1~/~ mice with B16 or MC38 tumors, administered IL-35-neutralizing or
control antibody prophylactically (Figure 1A). No difference in tumor growth was observed
between anti-1L-35 and 1gG,y,-treated Rag1 ™~ mice (Figure S2C).

To compare the impact of IL-35 neutralization with an established immunotherapeutic
modality, we next treated B16-bearing mice with anti-PD1, which has exhibited significant
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efficacy in the clinic and murine melanoma models (Page et al., 2014; Woo et al., 2012).
Importantly, comparable efficacy was observed between prophylactic anti-1L-35 and anti-
PD1 treatments in the B16 model (Figure 1D). We then assessed the efficacy of anti-1L-35
in a therapeutic setting alone or in combination with anti-PD1 in two distinct tumor types.
Therapeutic IL-35 neutralization alone demonstrated significant efficacy while no effect was
seen with anti-PD1 in B16 tumor-bearing mice (Figures 1A and 1E). In contrast, therapeutic
anti-1L-35 treatment had no effect on MC38 growth compared with anti-PD1 (Figures 1F)
suggesting a differential impact of these two inhibitory pathways in these two distinct tumor
models. Surprisingly, the combination of anti-1L-35 and anti-PD1 did not improve efficacy
in either model relative to the dominant single modalities.

We next assessed whether IL-35 neutralization could impact a metastatic tumor model by
administering B16 intravenously (1.25%10°). Mice that received prophylactic treatment with
anti-1L-35 or isotype control were either monitored for survival or euthanized to determine
the number of lung metastases. Anti-IL-35 recipients had significantly fewer lung
metastases and enhanced survival compared to their isotype control-treated counterparts
(Figures 1G and S2D). However, anti-1L-35 was unable to impact a higher dose of B16
(2.5x10°; data not shown).

To determine whether Treg-derived IL-35 is required to constrain anti-tumor immunity, we
generated mice with a Treg-restricted deletion of Ebi3 negating their ability to produce
IL-35. Ebi3Tom-L/L.ThyL.1 mice harboring a floxed Ebi3 allele and tdTomato, a bright DsRed
fluorescent protein variant were crossed to Foxp3©™e-YFP (referred as Foxp3Cre-YFP Epi3t/L),
which contain YFP and tdTomato-marked Tregs that do not express Ebi3, and thus, IL-35
(Figures S3A-3D). Mice were injected with B16 cells intradermally and tumor growth and
survival monitored. Strikingly, Foxp3©"e-YFP Ebi3L/L mice had significantly smaller tumors
and enhanced survival compared to Foxp3©"e-YFP controls, comparable with antibody-
mediated 1L-35 neutralization (Figures 1H and S2E). In addition, Foxp3Cre-YFP Ebi3L/L
mice demonstrated significantly reduced number of lung metastases even when administered
with a higher dose of B16 intravenously (2.5x10°; Figure 1I).

Taken together, these data suggest that IL-35 neutralization limits tumor growth in multiple
mouse models of human cancer and Treg-derived IL-35 limits immune-mediated control of
tumor progression.

IL-35 limits anti-tumor immune memory in a metastatic model

Given the impact of IL-35 on anti-tumor immune responses, we questioned whether this
might also impact the development of T-cell memory and responses to metastatic lesions.
Mice were injected intradermally with B16, treated with anti-I1L-35 or the 1gGoy, isotype
control and tumors resected after 16—-18 days. Four or ten weeks following surgery, mice
were re-challenged with B16 via intravenous tail vein injection and the development of
metastatic lung disease monitored 3 weeks later (Figure 2A). Anti-1L-35 treated, sham-
surgery mice that had not been previously exposed to tumors had significantly fewer
metastases compared with their 1gGoy-treated counterparts (Figures 2B). Importantly,
resistance to development of lung metastases was further evident in anti-1L-35 treated,
tumor-resected mice (Figures 2B-2D). This was also noted following a longer intervening
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period prior to re-challenge (Figure 2C). CD8* T cells infiltrating into the lungs was
enhanced, with an increased proportion of activated CD44*CD62L" cells (Figures 2E and
2F). Thus, I1L-35 neutralization limits the development of melanoma lung lesions in naive
mice and also enhances the long-term T cell memory response to primary tumor, limiting the
development of metastatic lung disease.

IL-35 limits anti-tumor immunity in a genetically-induced tumor model

We next assessed the impact of 1L-35 neutralization on a genetically-induced tumor model.
We utilized the K-ras-Sk-G12D/+: Trp53L/L (KP) mouse, which contains an activating
mutation in K-RAS and a loss of function mutation in p53 controlled by Cre-mediated
recombination. These mutations are common in human malignancy, notably non-small cell
lung cancer (NSCLC), occurring in up to 70% of cases (DuPage et al., 2009). Upon intra-
tracheal (i.t.) administration of Cre recombinase, mice develop lung lesions and eventually
succumb to disease within several months (Figure S4A). Thus, we inoculated KP mice i.t.
with adenovirus-Cre (AdV-Cre) to induce lung tumors. Starting at week 8, tumor-bearing
mice received weekly therapeutic treatment with anti-1L-35 or isotype control for ten weeks
(Figure 3A). Consistent with our findings in B16-bearing mice, we observed significantly
enhanced survival in the anti-1L-35 treated KP mice (Figure 3B). Histological and MRI
analysis indicated significantly fewer lung lesions in AdV-Cre inoculated mice receiving
IL-35 neutralizing antibody (Figures 3C-3E). However, in contrast to the transplantable
tumor models, we did not observe enhanced numbers of CD8* T cells in the lungs of anti-
IL-35 treated KP mice. Rather, we found significantly decreased Treg numbers and no
difference in CD8* T cells (Figure 3F). These Tregs from the anti-1L-35 treated KP mice
expressed significantly reduced levels of the pro-survival factor BCL2 (Figure 3G).
Importantly, despite the long-term systemic administration of 1L-35 neutralizing antibody,
there was no histological evidence of inflammation at sites where the tumor is reported to
metastasize (mediastinal lymph nodes, liver and kidney) (Figure S4B). Thus, our data
indicates that neutralization of 1L-35 is effective in multiple tumor models and also
demonstrates the safety and efficacy of utilizing the 1L-35 neutralizing antibody in both
transplantable and genetically-induced tumor models.

Increased proportion of IL-35" Tregs in the tumor microenvironment

We next investigated the source and pattern of IL-35 expression in the tumor
microenvironment. We inoculated Foxp3PTR-9 mice (used as Treg reporters; hereafter
referred to as Foxp3©FP) with B16. Quantitative RT-PCR analysis of Tregs (CD4*GFP*)
and Teff (CD4*GFP") cells revealed significantly enhanced expression of both IL-35
subunits in TIL populations compared to peripheral spleen controls (Figure 4A), consistent
with previous findings (Collison et al., 2007). We next utilized a novel Ebi3T°™ reporter
strain (Figures S5A and S5B) crossed to Foxp3¢e-YFP mice (used as Treg reporters)
(Rubtsov et al., 2008) to facilitate analysis of Ebi3 expression by Tregs. To demonstrate that
tdTomato expression faithfully marks IL-35* Tregs, we analyzed Ebi3 and 1112a gene
expression in LN T cell subsets from Foxp3Cre-YFP Epi3Tom reporter mice. Significant
upregulation of both Ebi3 and 1112a transcripts were only observed in tdTomato*
populations — Ebi3*Foxp3* Tregs and Ebi3*Foxp3~ iTr35 cells (Figure S5C). Finally, to
determine if Ebi3/tdTomato™ T cells were secreting I1L-35, peripheral lymphoid organs of
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unmanipulated Foxp3¢re-YFP Ebi3Tom mice were sorted into Ebi3-Foxp3-expressing sub-
populations and activated in vitro. Supernatants were immunoprecipitated with anti-
IL12a/p35 followed by detection with anti-Ebi3 by immunoblot. IL-35 was predominantly
produced by Ebi3*Foxp3* Tregs, and also to a lesser extent by Ebi3*Foxp3~ iTr35 cells
(Figure S5D) (Collison et al., 2010). Taken together, these data suggest that

Foxp3Ce-YFP Epi3ToM mice serve as faithful reporters for IL-35 expression by T cell
subpopulations (hereafter referred to as IL-35 reporters).

Flow cytometric analysis from B16-bearing 1L-35 reporter mice revealed that ~20% Tregs in
the periphery (NDLN and DLN) expressed IL-35 (Figures 4B—4D), increasing dramatically
in tumors, with IL-35" Tregs comprising ~40% of the total Treg infiltration (Figures 4B—
4D). A lower percentage of other lymphoid and myeloid cell lineages expressed Ebi3Tom
(Figures S5E). iTr35 cells represented a small but consistent proportion of IL-35" T cells
within the peripheral CD4*Foxp3~ T cell pool (~2-5%), with a significant increase in TILs
(~5-15%; Figures 4B-4D).

To assess the suppressive capacity of this IL-35* Treg sub-population, we sorted Tregs from
TILs and NDLNs of B16-bearing IL-35 reporter mice based on Foxp3YFF and Ebi3Tom
expression and performed in vitro micro-suppression assays. Ebi3*Foxp3* Tregs from
NDLN and TILs were strongly suppressive, more so than their Ebi3~"Foxp3* Treg
counterparts (Figure 4E). We also performed concurrent micro-suppression assays with
NDLN and intratumoral Tregs sorted from B16-tumor bearing Foxp3¢re-YFP Ebi3L/L mice
and Foxp3C©"e-YFP controls. Despite lack of a functional difference in the periphery, IL-35-
deficient Tregs isolated from TILs displayed significantly reduced suppressive activity
compared to their Foxp3¢'e-YFP counterparts (Figure 4E).

To interrogate T-cell receptor (TCR) signaling activity in CD4" T cell subpopulations, we
crossed Foxp3Cre-YFP Epi3Tom mice to the Nur77GFP BAC reporter mice. These mice
express GFP under the control of the Nr4al (Nur77) promoter, which directly correlates
with the strength of TCR stimulus (Moran et al., 2011). Nur77 expression was consistently
higher in Foxp3™* Tregs versus Foxp3~ Teff populations in both the DLN and TIL (Figure
4F). Ebi3*Foxp3* intratumoral Tregs expressed the highest level of Nur77, corresponding
with their enhanced suppressive capacity observed in vitro.

Taken together, these data suggest that Ebi3*Foxp3™* Tregs are the primary and dominant
sources of I1L-35 within the tumor microenvironment where they exhibit enhanced
suppressive capacity. Thus, recruitment, induction and/or expansion of functionally
competent IL-35% Tregs to the tumor microenvironment may serve as another mechanism of
tumor immune evasion.

IL-35 limits anti-tumor T-cell recruitment and activation

We then assessed the impact of 1L-35 neutralization on T cell populations within the tumor
microenvironment by flow cytometric analysis of DLN, NDLN, and TILs from anti-1L-35
and 1gGop-treated B16-bearing mice. There was a significant increase in the total number of
infiltrating cells, normalized for tumor volume (Figure 5A). This increase was also notable
in the number, and to a lesser extent percentage, of CD4*Foxp3~ and CD8* TILs (Figures
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5A-5C). The percentage and number of total Foxp3* Tregs and Ebi3*Foxp3™ Tregs in
NDLN, DLN, and tumors remained unchanged following anti-1L-35 treatment (Figures 5A
and S6A). Given that the increased accumulation of CD8" TILs relative to tumor-infiltrating
Tregs is associated with more favorable prognoses in human cancers including breast,
prostate, hepatocellular, and lung (Galon et al., 2013; Senovilla et al., 2012), a significant
increase in the CD8:Treg ratio is also indicative of the impact of neutralizing 1L-35 within
the tumor microenvironment (Figure 5D).

In addition to increased numbers of infiltrating lymphocytes, intratumoral CD4* and CD8™*
T cells from IL-35-neutralized mice also displayed a more activated, effector memory
phenotype, as determined by significantly increased percentages of CD44MNCD62L!° TILs
(Figure 5E). IL-35 is thought to induce cell-cycle arrest at the G1-S transition (Bettini et al.,
2012; Collison et al., 2007). Thus, we assessed T cell proliferation in anti-1L-35 and 1gGoy,-
treated, tumor-bearing mice by using Ki-67 staining and BrdU incorporation. A limited
percentage of BrdU*Ki-67" proliferative cells (<5%) was observed in DLN and NDLN
(Figures S6B and S6C). In contrast, 15-20% BrdU*Ki-67* CD8* T cells and CD4*Foxp3*
Tregs were observed in tumors, indicating a more rapid turnover in this inflammatory
microenvironment. While the percentage of BrdU*Ki-67* populations did not appear to
change following anti-1L-35 treatment, there was an increase in the number of CD8*
BrdU*Ki-67* TILs, which was significantly enhanced within the CD44MCD62L!° effector
memory sub-population (Figure 5F). Thus, while IL-35 does not appear to influence the
percentage of proliferating TILs, it does increase the number of intratumoral CD8* T cells in
cycle, especially within the effector memory sub-population.

IL-35 limits antigen-specific anti-tumor T cell responses

We next assessed tumor antigen-specific T cell responses from IL-35-neutralized and
isotype-treated B16 tumors. T cells from tumor and lymph nodes were left unstimulated,
stimulated with PMA-lonomycin (PMA-I), or stimulated with overlapping peptide pools
corresponding to mouse melanoma-associated antigens (PepMix). Ex vivo intracellular
cytokine staining of unstimulated tumor-infiltrating CD8* and CD4* T cells revealed
increased cytokine expression relative to NDLN or DLN cells, a trend that was further
enhanced following IL-35 neutralization (Figures 6A—6F). PMA-I stimulation revealed a
slightly increased percentage of TNFa* CD8* and CD4* T cells and TNFa* IL2* CD4* T
cells in the tumor DLN from anti-1L-35-treated mice (Figures 6A, 6C, 6E). Although
significant changes in the responsiveness of intratumoral CD4* T cells was not observed,
antigen-specific IFNy*/TNFa* CD8* CTL were significantly increased in tumors from anti-
IL-35-treated mice (Figures 6B, 6D, 6F).

We further investigated the melanoma-specific response in IL-35-neutralized mice by using
a TRP21g9-188 (SVYDFFVWL):MHC class | pentamer complex to detect melanoma-
associated antigen specific T cells by flow cytometry. TRP21g9.1gg-specific CD8* TILs from
anti-1L-35-treated mice were significantly enhanced compared with 1gG,y-treated mice
(Figures 6G and 6H).

To assess whether Tyeg-derived I1L-35 limited the recruitment of antigen-specific CDS8*T
cells to the tumor microenvironment, we inoculated Foxp3©"e-YFP Ebi3L/L and Foxp3Cre-YFP

Immunity. Author manuscript; available in PMC 2017 February 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Turnis et al.

Page 8

mice with B16-OVA tumors and assessed infiltration of adoptively transferred OT-1Thy1.1
TCR transgenic CD8™ T cells to the TILs. There was also increased recruitment of
transgenic Thyl.1* CD8* T cells to the TILs of a proportion of B16-OVA-bearing
Foxp3Ce-YFP Ei3L/L mice relative to Foxp3Cre-YFP controls (Figure 61), further supporting
arole for Treg-derived IL-35 in limiting tumor-specific anti-tumor immune responses.

Taken together, these data highlight a previously unappreciated role for IL-35 in blunting
anti-tumor immune responses by limiting expression of pro-inflammatory cytokines and
generation of melanoma-specific CD8* T cell responses.

IL-35 promotes T cell exhaustion in the tumor microenvironment

Cancers and chronic infections are associated with dysfunctional CD4* and CD8* T cells
with an altered differentiation program, compromised effector function and vitality
(Nishikawa and Sakaguchi, 2014). The cardinal feature of these exhausted T cells is
sustained and/or high intrinsic expression of multiple IRs (PD1, TIM3, LAG3, TIGIT,
CD244, CD160, CTLA4) in both animal models and in humans (Blackburn et al., 2009;
Kaufmann et al., 2007; Wherry et al., 2007).

Given that IL-35 blockade or Treg-restricted deletion of IL-35 mediates enhanced effector T
cell responses, highlighted by increased cytokine production and proliferation, we asked if
this might be due to modulated IR expression. Thus, we assessed the expression of multiple
IRs (PD1, TIM3 and LAG3) on CD8* and CD4* T cells from B16-tumor bearing
Foxp3Cre-YFP Epi3L/L mice and Foxp3€™-YFP control mice. Two distinct populations of
exhausted CD8* T cells have been reported in chronic LCMYV infection: cells that express
high amounts of PD1 (PD1M) that are more terminally differentiated, and cells expressing
intermediate levels of PD1 (PD1") that are capable of revival following PD1 blockade
(Nakamoto et al., 2008; Paley et al., 2012). CD8" T cells from Foxp3©"®YFP mice displayed
high levels of PD1, TIM3 and LAG3 expression at day 14—post tumor inoculation,
consistent with an exhausted profile. This CD8" T cell population was comprised primarily
of cells (~40-60%) co-expressing 2 IRs (PD1MNTIM3* and PD1MLAG3*) or 3 IRs
(PD1NTIM3*LAG3"), with a small percentage (~10-15%) constituting the PD1i" and
PD1"d fractions (1 and O IRs, respectively) (Figures 7A-7C). In contrast, CD8* T cells
from the Foxp3©"e-YFP Ebi3L/L mice did not express multiple IRs, with the majority
expressing low or no PD1 (PD1"9 and PD1int fractions represented ~70-80% of total CD8*
T cells; Figures 7A-7C). Similar observations were made with CD4*Foxp3~ T cells derived
from Foxp3©e-YFP Ebi3L/L mice (reduction from ~30% IR* cells in Foxp3©"e-YFP mice to
~10-15% IR* cells in Foxp3Ce-YFP Ebi3L/L mice; Figures 7D-7F). Consistent with these
observations, we also observed a loss of IR expression on TILs in Foxp3©e-YFP Epi3L/L
mice harboring B16 lung metastases, even though IR induction profile in the controls is less
in this model (3-10% TILs in Foxp3Cre-YFP vs. 1-50% TILs in Foxp3Cre-YFP Ebi3L/L mice
are PD1N | respectively; Figures STA-S7D). Curiously, limited and inconsistent loss of IR
expression was observed in mice treated with anti-1L-35, despite comparable tumor
reduction and enhanced T cell activation (data not shown). It is possible that antibody-
mediated IL-35 neutralization may be incomplete and that the small amount of bioactive
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IL-35 that remains may induce IR expression but not limit intratumoral T cell proliferation
and function, thereby leading to tumor reduction.

These results reveal an exciting new role for Treg-derived IL-35 in promoting multi-IR
expression and thus shaping the exhaustion profile of T cells infiltrating the tumor
microenvironment. In addition, these data offer novel insights into the mechanism of Treg-
induced T cell dysfunction in chronic settings.

Discussion

Our data suggest that the presence of 1L-35 in the tumor microenvironment leads to reduced
lymphocytic infiltration, decreased effector cell proliferation, increased tumor burden, and
decreased survival of the immunocompetent tumor-bearing host. IL-35 within the tumor
dampens host memory responses, which was most notable in a metastatic lung B16
melanoma model and a genetically-induced model of lung carcinoma. Importantly, Treg-
derived 1L-35 shapes the exhaustion profile of tumor-infiltrating T cells by promoting multi-
IR expression. Thus, IL-35 blockade provides substantial benefit in tumor clearance
associated with enhanced intratumoral CD8* proliferation and/or recruitment, particularly
the CD8*CD44MCD62L!° population, antigen-specific inflammatory cytokine secretion and
lack of exhausted T cell accumulation. Our observations demonstrate that Treg-restricted
deletion of IL-35 had a comparable effect on tumor growth, suggesting that Tregs are likely
to be the major, and perhaps, only meaningful source of IL-35 in the tumor
microenvironment. Finally, these data suggest that IL-35 blockade may limit the suppressive
environment within the tumor and thus facilitate enhanced anti-tumor immunity.

Tumors build immunosuppressive networks containing multiple negative regulatory factors,
which in part involve the recruitment of Tregs and other suppressive populations. Cancer
patients exhibit enhanced Treg proportions in peripheral, malignant, and tumor-associated
tissues (Nishikawa and Sakaguchi, 2014). IL-35" Tregs appear to be preferentially enriched
within the tumor microenvironment and exhibit the highest TCR signaling activity, as
measured by Nur77 expression, the strongest suppressive capacity, and are a dominant
source of IL-35. While it appears that Tregs are the primary source of IL-35 in the B16
tumor microenvironment, recent studies in human prostate cancer have also suggested that
CD8™* Tregs may utilize IL-35 as a dominant regulatory mechanism (Olson et al., 2012).
Furthermore, regulatory B cells have recently been shown to produce IL-35 (Shen et al.,
2014; Wang et al., 2014). Thus, the inflammatory tumor milieu may facilitate the
enrichment of an IL-35* Treg population as one of the mechanisms for immune evasion.
Whether their increased presence is due to induction of 1L-35 by intratumoral Tregs,
expansion, recruitment, or a combination thereof remains to be determined.

T cell exhaustion is a primary limiting factor affecting the efficacy of current cancer
modalities, including CAR T cell therapies (Long et al., 2015). However, the promising anti-
tumor effects noted in humans with PD1-blockade alone offers substantial potential for
reversing T cell exhaustion and improving the clinical outcome of next-generation
immunotherapies (Page et al., 2014). Additionally, reversal of CD8* T cell exhaustion and
efficient control of viral load was noted following dual blockade of Tregs and PDL1
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(Penaloza-MacMaster et al., 2014), IL-10 and PDL1 (Brooks et al., 2008) or following
inhibition of TGFp signaling (Tinoco et al., 2009). Thus, there is a clear role for Tregs and
Treg-derived inhibitory cytokines in mediating T cell exhaustion, although the precise
mechanisms remain to be defined. Our observation that Treg-restricted deletion of I1L-35 had
a dramatic effect on multi-IR expression on TILs suggests that IL-35 plays a key role in
facilitating IR expression and thus perhaps exhaustion. This also supports the notion that
Tregs directly contribute to T cell exhaustion. However, it remains to be determined if 1L-35
directly induces IR expression or facilitates an environment in which IR expression is
favored. It is also unclear whether 1L-35 directly drives these events or if they occur via an
intermediary. Nevertheless, our data clearly show that Treg-derived I1L-35 contributes
significantly to IR expression on TILs, and targeting I1L-35 may limit the expression of
multiple IRs, not just PD1. Lastly, our observation that the dual blockade of IL-35 and PD1
did not lead to enhanced tumor clearance supports the possibility that they might, in part, be
in the same pathway. However, as IL-35 and PD1 appeared to have more dominant roles in
the B16 and MC38 tumor models, respectively, they are also likely to have distinct non-
overlapping roles. Indeed, while our data clearly show that Treg-derived IL-35 is required
for PD1 (and other IR) expression on TIL, this need not imply that IL-35 is the only
molecule that can induce PD1 or that PD1 induction is the only effect of IL-35, which may
underlie the differential effects of anti-PD1 and anti-1L-35 in different tumor models.

The impact of 1L-35 neutralization may vary depending on tumor model and type, and may
correlate with the impact of Tregs. As Tregs appear to play a particularly dominant role in
certain tumor types, it is possible that IL-35 will in turn be a more prominently utilized
suppressive mechanism in cancer than other inflammatory or autoimmune diseases.
Understanding these intricacies is vital for rational treatment design for cancer and other
catastrophic diseases. Given the overwhelming focus on the development of multimodality
approaches to the treatment of cancer, the generation of effective yet safe therapies that
target intratumoral Treg function and/or stability will be paramount for the treatment of
many tumor types. While our data suggest that IL-35 neutralization may represent a viable
therapeutic approach, its expression within, and impact on, the human tumor
microenvironment remains to be determined.

Experimental Procedures

Mice

Four to six week old C57BL/6, Ragl™/~, K-ras-SL-612D Trp53L/L and C57BL/6-Tg
(TcraTerb)1100Mjb/ OT-1 mice were purchased from Jackson labs. K-rastSL-G12D angd
Trp53LL mice were crossed to obtain K-ras-SL-G12D/+: Trp53L/L mice (DuPage et al., 2009).
OT-I Tg mice were crossed to Foxp3Cre-YFP.ThYL1 mice, Ebi3TOM and Ebj3Tom-L/L.Thyl.1
mice were generated in our laboratory as described in supplementary information (Figures
S5 and S3). Foxp3©™-YFP (Rubtsov et al., 2008) and Foxp3PTR-9% (Fontenot et al., 2005)
mice were obtained from A.Y. Rudensky and crossed to Ebi3T™ mice. Nur77¢FP mice were
obtained from K.A. Hogquist (Moran et al., 2011) and crossed to Foxp3€e-YFP Epj3Tom
mice. Foxp3PTR-9fP mice were treated with diphtheria toxin (DT) (Sigma, St. Louis,
Missouri) as described (Kim et al., 2007). Mouse experiments were carried out in
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AAALAC-accredited Helicobacter—, MNV—, and specific pathogen-free facilities at St. Jude
Children’s Research Hospital and University of Pittsburgh in accordance with IACUC
guidelines.

Lymphocyte isolation and flow cytometry

Single-cell suspensions were prepared from tumors, spleens and inguinal, brachial, axillary
and mediastinal lymph nodes. For isolation of TILs, solid tumors were excised after 14-18
days, tumor tissue was minced in small pieces and digested with collagenase Type IV and
Dispase (both at final concentration 1mg/mL in cDMEM) for 30 minutes at 37°C. In some
cases, processed tumor tissue was purified by density gradient centrifugation on 80%/40%
Percoll gradient (GE Healthcare). For lung tumor experiments, lungs were perfused with
PBS, minced into small pieces and digested with 1mg/ml collagenase D (Roche) for 45
minutes at 37°C. Detailed information of the staining procedures and antibody clones used
for flow cytometry has been included in supplementary methods.

Tumor growth and antibody blocking experiments

B16.F10 melanoma, B16-OVA melanoma and MC38 colon adenocarcinoma models were
carried out as previously described (Delgoffe et al., 2013; Turk et al., 2002; Woo et al.,
2012) with some modifications detailed in supplementary methods. For antibody blocking
experiments, mice were injected weekly intraperitoneally (i.p.) with 100ug anti-Ebi3 (anti-
IL-35) (V1.4C4.22) or control mouse 1gG,, (BioXCell, West Lebanon, New Hampshire),
then 50pg/week thereafter. Therapeutic B16 and MC38 experiments were conducted by
injecting 1.25x10° B16 i.d. and 5x10° MC38 cells s.c. Mice received antibody treatments —
anti-1L-35, anti-PD1 (clone G4) and their respective IgG,, and hamster IgG isotype
(BioXCell) controls once the tumors were palpable. Details regarding antibody treatments
for the memory and NSCLC experiments have been provided in supplementary methods.

Real-time PCR, immunoprecipitation/western blot analysis, micro-suppression assays

RNA was extracted using TRIzol (Life Technologies) and reverse transcription performed
with High Capacity Reverse Transcription kits (Applied Biosystems). Real-time PCR was
performed using primers, probes, and TagMan master mix or SYBR green chemistry
(Applied Biosystems). Data were analyzed by the AACt method with housekeeping gene and
calibrator sample indicated in figure legends.

For IP blots, sorted cells were expanded with PMA/lonomycin and IL2, then activated with
anti-CD3/CD28 for 72 hours or left unstimulated. Supernatants were incubated with anti—
mouse IL12a (p35 clone #6, R&D Systems); IP and immunoblotting for Ebi3 was performed
as described (Collison et al., 2010).

For micro-suppression assays, sorted CD4*Ehi3*/~Foxp3* Tregs derived from tumors and
NDLNs were co-cultured with sorted CellTrace™ Violet, (CTV; Life Technologies) labeled
CD4*Foxp3~ effector T cells (Tresponders) (4x103/well), along with mitomycin-C-treated
TCR-B~ splenocytes (APCs) (8x103/well). Two-fold dilutions of Tregs were performed to
obtain the various Treg/Tresponder ratios as indicated. Co-cultured cells (triplicates/
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condition) were incubated for 72 hours at 37°C with soluble anti-CD3e (1pg/mL), then
analyzed by flow cytometry for CTV dilution.

Statistical analyses

To achieve reasonable power, at least 10-15 mice were used in each group, with a minimum
of 3-5 mice in each group per experiment. Group means were compared with Student’s t
tests. Tumor growth over time was analyzed using 2way ANOVA with multiple
comparisons. Event-free survival (moribund) estimates were calculated with the Kaplan—
Meier method. Groups of mice were compared by log-rank test. All p values are 2-sided,
and statistical significance was assessed at the 0.05 level. Analyses were conducted using
GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. IL-35 blockade reduces tumor burden in multiple transplantable tumor models
(A) Schematic of transplantable tumor models (Prophylactic and Therapeutic) and timeline

for antibody dosage. Mice were injected on day 0 with tumor cells (1.25x10° B16 i.d. or
5x10° MC38 s.c.). In the prophylactic model, mice received weekly administration of anti-
IL-35 or 1gG,y, antibody (Ab) where indicated (100 g first dose, 50 g additional doses)
(Figures 1B-D, 1G). For therapeutic analysis (Figures 1E and 1F), mice received antibody
treatments at the indicated time-points once the tumor became palpable. (B) Tumor growth
curves of C57BL/6 mice injected i.d. with B16 plus weekly antibody administration as in
part (A). (C) Tumor growth curves of C57BL/6 mice injected s.c. with MC38 plus weekly
antibody administration as in part (A). (D) Tumor growth curves of C57BL/6 mice injected
i.d. with B16 on day 0 plus weekly antibody administration (anti-IL-35, anti-PD1, or 1gG5p)
as in part (A). (E) Tumor growth curves of C57BL/6 mice injected i.d. with B16 on day 0
followed by anti-1L-35/anti-PD1 or matched IgG controls every four days once the tumors
were palpable (days 8, 12 and 16). (F) Tumor growth curves of C57BL/6 mice injected s.c.
with MC38 on day 0 followed by anti-1L-35/anti-PD1 or matched IgG controls every three
days once the tumors were palpable (days 6, 9 and 12). (G) C57BL/6 mice were injected i.v.
with a low dose of B16 (1.25x10°) on day 0 along with weekly antibody administration as in
part (A). Mice were euthanized on day 21 and lung metastases were counted by microscopy.
(H) Tumor growth curves of Foxp3©"-YFP Ebi3L/L and Foxp3Ce-YFP control mice injected
i.d. with B16. (1) Lung metastases counts in Foxp3¢re-YFP Ebi3L/L and Foxp3Cre-YFP control
mice injected i.v. with a higher dose of B16 (2.5x10°), assessed day 14 post-injection. Data
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represent 3—4 in