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The Journal of Immunology

Regulatory T Cells and Myeloid-Derived Suppressor Cells in
the Tumor Microenvironment Undergo Fas-Dependent Cell
Death during IL-2/aCD40 Therapy

Jonathan M. Weiss,* Jeff J. Subleski,* Tim Back,* Xin Chen,” Stephanie K. Watkins,*
Hideo Yagita,® Thomas J. Sayers,* William J. Murphy,’ and Robert H. Wiltrout*

Fas ligand expression in certain tumors has been proposed to contribute to immunosuppression and poor prognosis. However,
immunotherapeutic approaches may elicit the Fas-mediated elimination of immunosuppressive regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs) within tumors that represent major obstacles for cancer immunotherapy. Previously,
we showed that IL-2 and agonistic CD40 Ab (a«CD40) elicited synergistic antitumor responses coincident with the efficient removal
of Tregs and MDSCs. We demonstrate in this study in two murine tumor models that Treg and MDSC loss within the tumor
microenvironment after IL-2/«CD40 occurs through a Fas-dependent cell death pathway. Among tumor-infiltrating leukocytes,
CDS8* T cells, neutrophils, and immature myeloid cells expressed Fas ligand after treatment. Fas was expressed by tumor-
associated Tregs and immature myeloid cells, including MDSCs. Tregs and MDSCs in the tumor microenvironment expressed
active caspases after IL-2/aCD40 therapy and, in contrast with effector T cells, Tregs significantly downregulated Bcl-2 expres-
sion. In contrast, Tregs and MDSCs proliferated and expanded in the spleen after treatment. Adoptive transfer of Fas-deficient
Tregs or MDSCs into wild-type, Treg-, or MDSC-depleted hosts resulted in the persistence of Tregs or MDSCs and the loss of
antitumor efficacy in response to IL-2/cCD40. These results demonstrate the importance of Fas-mediated Treg/MDSC removal
for successful antitumor immunotherapy. Our results suggest that immunotherapeutic strategies that include exploiting Treg and

MDSC susceptibility to Fas-mediated apoptosis hold promise for treatment of cancer.

5821-5829.

(Tregs) and myeloid-derived suppressor cells (MDSCs)
within the tumor microenvironment represents a major
obstacle for the development of effective antitumor immuno-
therapies. Treg removal using either cyclophosphamide (1) or
CD25 Abs (2), or MDSC removal by sunitinib (3) restored
tumor-specific T cell responses and represent clinically feasible
approaches for inducing therapeutic responses. As we gain
better understanding of the mediators responsible for the de-
velopment, recruitment, and expansion of Tregs or MDSCs
within tumors, more effective strategies aimed at controlling
them can be exploited.
Activated lymphocytes frequently express increased levels of
death receptors, rendering them susceptible to apoptosis (4, 5).
Interactions between the Fas death receptor and its ligand activate

T he accumulation of immunosuppressive regulatory T cells
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cysteine-aspartic proteases (caspases) and induce lymphocyte
apoptosis (5-8). The elimination of clonally expanded, activated
immune cells balances immune responses by controlling the ratio
between effector T cells (Teffs) and Tregs (9, 10). In contrast with
Teffs, Tregs frequently display activation markers (e.g., CD25),
have faster basal turnover rates, and possess suppressor function
independent of their proliferation status (11). In contrast with
conventional T cells, freshly isolated Tregs express high levels
of Fas and are prone to Fas ligand (FasL)-mediated apoptosis
(12, 13). Antitumor strategies that target Tregs, including the
intratumoral administration of FasL (14), are in development.
However, some naive Tregs remain resistant to Fas-mediated ap-
optosis (11, 13), and Treg sensitivity to Fas-induced cell death is
regulated by TCR ligation and Treg stimulation (12, 13). Under
certain inflammatory conditions, MDSCs also express Fas and
have similarly been shown to undergo apoptosis in response to
T cell-derived Fas ligand (15, 16). As such, there is consid-
erable potential for exploiting the sensitivities of these cells to
Fas-mediated apoptosis as part of an overall strategy to treat
cancer.

The Fas pathway is a critical mechanism by which activated
leukocytes lyse tumor cells (17). However, Fas ligand expression
by tumors, including renal cell carcinoma (RCC) (18, 19), can
contribute to tumor escape through a process referred to as “tumor
counterattack,” whereby Fas™ immune cells are killed (reviewed in
Ref. 20). We hypothesized that immunotherapy would alter leu-
kocyte sensitivity to counterattack within the tumor microenvi-
ronment and therefore tip the balance toward tumor killing. We
showed previously that treatment of mice bearing metastatic RCC
with the combination of IL-2 and agonistic CD40 Ab (aCD40)
elicits synergistic antitumor responses in association with removal
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of Tregs and MDSCs from primary tumors. In this article, we
show for the first time, to our knowledge, that the loss of these
suppressor cell populations in two different tumor models occurs
via Fas-mediated apoptosis. Our data highlight the ability of
combination immunotherapies, such as IL-2/aCD40, to thera-
peutically exploit the preferential susceptibility in the tumor
microenvironment of Tregs and MDSCs to active cell death.

Materials and Methods
Mice

BALB/cJ wild-type (WT) and IEN-y '~ mice were obtained from the
Animal Production Area of National Cancer Institute (Frederick, MD).
BALB/c CD45.1 congenic mice were purchased from The Jackson Lab-
oratory (Bar Harbor, ME). C57BL6 MRL-Fas(lpr) and mice expressing
enhanced GFP (eGFP) under control of the B-actin promoter were from
Jackson Laboratory and backcrossed onto a BALB/c background at least
10 generations. All mice were genotyped before use.

Cells and reagents

Renal adenocarcinoma of BALB/c origin (Renca) was passaged i.p. as
described previously (21). The 4T1 cell line was obtained from American
Type Culture Collection. Recombinant human IL-2 (Teceleukin) was ob-
tained from the Biological Resources Branch, Division of Cancer Treat-
ment and Diagnosis, National Cancer Institute. Agonist rat anti-mouse
CD40 (clone FGK115B3) was purified from ascites as described previ-
ously (22, 23). Fas ligand blocking Ab (clone MFL4) was generated as
described previously (24). The isotype-matched control Ab was Syrian
hamster y-globulin (Jackson Immunoresearch Laboratories, West Grove,
PA). CD8" cells were depleted in vivo by i.p. injection of rat anti-mouse
CDS8 (clone Ly2.2) on days —1, 4, 11, and 18. NK cells were depleted
in vivo by i.p. injection of rabbit anti-asialo-GM1 (10 pl in 90 pl PBS/
dose; Wako Chemicals, Richmond, VA) on days —1, 4, and 11.

Immunohistochemistry

Murine primary tumors (formalin fixed, paraffin embedded) were harvested
on day 21 and sectioned at 5 wm. Kidney tissue microarrays consisting of
TNM-staged human RCC and adjacent normal tissue were purchased from
US Biomax (Rockville, MD). Each slide consisted of duplicated cores and
matched normal adjacent tissue collected at time of patient surgery.
Patients had not received any therapy before surgery. Slides were blocked
using 10% goat serum followed by overnight incubation at 4°C with anti-
Fas and anti—Fas ligand Abs (Abcam, Cambridge, MA). Slides were then
incubated for 1 h at room temperature using biotinylated goat polyclonal
anti-rabbit IgG and ABComplex (Vector Laboratories, Burlingame, CA).

In vivo tumor models and treatments

A total of 1 X 10° Renca or 4T1 tumor cells was injected under the kidney
capsule or mammary fat pad, respectively. Mice treated with IL-2 received
300,000 IU i.p. twice a day on days 11, 15, 18, and 21 posttumor injection.
Mice treated with anti-CD40 received 65 pg i.p. once on days 11-15 and
18-21 posttumor injection. In some experiments, mice were treated with
0.5 mg Fas blocking Ab or isotype control on days 11, 13, 15, 18, and 21.

Adoptive transfer of Tregs and MDSCs

Mice transgenic for eGFP under the control of the (3-actin promoter were
used as recipient mice for adoptively transferred Tregs. The mice were
depleted of endogenous Tregs (>90% peripheral depletion) by three se-
quential injections of PC61 ascites (1:5 dilutions given over 4 d). Mice
received adoptively transferred Tregs 2 d after the final injection of PC61.
For each adoptive transfer experiment, the splenocytes from 30 WT or
MRL-Fas(Ipr) mice were pooled. RBCs were lysed in ACK buffer (Lonza,
Walkersville, MD). Splenocytes were incubated with CD4 T cell biotin Ab
mixture and anti-biotin microbeads (Miltenyi Biotec, Auburn, CA) to
enrich for CD4" T cells. T cells were incubated with fluorescently con-
jugated Abs for CD4 and CD235, and the CD4*CD25" population repre-
senting Tregs was purified on a FACSAria cell sorter (BD Biosciences,
Franklin Lakes, NJ) to >95% purity. Sorted cells were washed with cold
saline and injected (5 X 10° cells) into the tail veins of recipient mice. The
next day, mice were inoculated orthotopically with Renca tumor cells.
For the adoptive transfer of MDSCs, the earlier procedure was followed
except CD45.1 congenic mice were used as recipient mice for adoptively
transferred MDSCs and the mice were depleted of endogenous MDSCs
(>90% peripheral depletion) by three sequential injections of RB68C5
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ascites (1:5 dilutions given over 4 d). To enrich for MDSCs, we inoculated
donor mice with 1 X 10° 4T1 tumor cells s.c., which grew untreated for
12 d. Splenocytes from three WT or MRL-Fas mice were pooled and the
CD11b*Gr1"°NKp46~ population representing MDSCs was purified to
>95% purity. Sorted cells were washed and injected (1 X 10°) into re-
cipient mice. The next day, mice were inoculated s.c. with 4T1 tumor cells.

Isolation of splenic and tumor-associated leukocytes

Leukocytes were isolated from the tumors and spleens of mice as described
previously (23).

Assay of Treg suppressor function

Single-cell suspensions of splenocytes were prepared as described previ-
ously (23). CD4 cells were purified using magnetic beads and positive
selection (Miltenyi Biotec). Washed CD4" cells were incubated with flu-
orescently conjugated CD4 and CD25 Abs and sorted into CD4*CD25~
Teffs and CD4*CD25" Treg populations. CD4-depleted splenocytes from
WT mice were CFSE labeled and used as stimulator APCs. Teffs (50,000
cells/well) were stimulated with 200,000 APCs and 1 pg/ml functional
grade anti-CD3 Ab for 72 h. Tregs were added at various Teff/Treg ratios.
Cell proliferation was assessed after gating on live cells (Invitrogen).

Quantitative PCR

Total RNA was isolated from spleen and tumor tissue as described previ-
ously (23). Samples were analyzed using the AACT method (25). Gene
expression was normalized to the level of GAPDH housekeeping gene.

Flow cytometry

Cells (1 X 10% were incubated in cell staining buffer (0.1% BSA, 0.1%
sodium azide) containing 250 pg/ml 2.4G2 ascites for 15 min. Cells were
stained with diluted fluorescently conjugated Abs (BD Pharmingen, San
Jose, CA) for 20 min followed by two washes in staining buffer. For in-
tracellular staining of BrdU, Bcl-2, and Foxp3, cells were fixed and per-
meabilized according to the manufacturer’s instructions (BD Pharmingen
for BrdU and Bcl-2; eBioscience, San Diego, CA, for Foxp3). Labeled
cells were analyzed on an LSR-II flow cytometer (Becton Dickinson,
Mountain View, CA). Tregs were identified as CD4"CD25" cells; CD4
“non-Tregs” were CD4"CD25, and CD8 T cells were CD4™ CD8".
MDSCs were identified as CD11b*Gr1*°CD124" cells.

Statistical analysis

Statistical differences were analyzed using Mann—Whitney U test (GraphPad
Prism; GraphPad Software, San Diego, CA). Significance was indicated by
p values <0.05.

Results

Fas ligand is associated with tumor stage in human RCC

Although tumor-derived Fas expression associates with poorer
outcome in RCC patients (19), the contributions of tumor- versus
leukocyte-associated Fas ligand expression remains incompletely
defined, particularly in the context of immunotherapy. By immu-
nohistochemistry, we found that increased Fas ligand expression
was associated with advanced stage RCC (Fig. 1). Fas ligand was
minimally expressed by normal adjacent tissues, as well as stages
I or I RCC, but was uniformly upregulated among stage III RCC
from patients (Fig. 1A). By quantitating the sum of Fas ligand
staining intensities, we found significant upregulation of Fas
ligand immunoreactivity for stage III RCC, as compared with
all other samples evaluated (Fig. 1B). Fas ligand—positive, tumor-
associated lymphocytes in RCC have been described previously
(17), and although we do not rule out leukocyte contributions, the
staining pattern for Fas ligand was homogeneous throughout tu-
mor sections and most evidently associated with tumor cells.
Next, we analyzed Fas and Fas ligand expression in murine
Renca tumors from vehicle control (VC)— and IL-2/aCD40-treated
mice. Fas expression was expressed weakly in tumors from VC-
treated mice and upregulated within tumors from IL-2/aCD40—
treated mice (Supplemental Fig. 1). Fas ligand expression was
essentially undetectable in tumors from VC-treated mice, yet
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FIGURE 1. Fas ligand is associated with tumor stage in human RCC.
Human clear-cell RCC and adjacent normal tissue were analyzed for Fas
and Fas ligand expression by immunohistochemistry. (A) Reactivity is
denoted by brown DAB staining (original magnification X200). Scale bars,
100 wM. Results are representative of duplicate core sample from 9 normal
adjacent controls, 74 stage I RCC, 20 stage II RCC, and 7 stage III RCC
samples. (B) Immunostaining was quantitated using Cell Profiler and
represented as the sum of pixel intensities (¥*p < 0.005, ***p < 0.0005,
##k%kp < (0.0001 for the indicated comparisons).

robustly expressed by both tumor and tumor-infiltrating leuko-
cytes from IL-2/aCD40-treated mice (Supplemental Fig. 1).
These findings indicate that IL-2/aCD40 treatment resulted in the
accumulation of Fas ligand—positive leukocytes within tumors.

Loss of Tregs and MDSCs in the tumor microenvironment after
IL-2/aCD40 therapy is dependent on Fas

Although Fas ligand expression was positively associated with
increasing RCC tumor stage, we hypothesized that immunotherapy
may target immunoregulatory cells for apoptosis. Previously, we
showed synergistic antitumor responses achieved by IL-2/aCD40
therapy were accompanied by the removal of Tregs and MDSCs
within the tumor microenvironment (23). Although host Fas
signaling is necessary for the antitumor efficacy of this immu-
notherapy (22), its precise contributions remain unclear. We there-
fore evaluated IL-2/aCDA40 therapy in MRL-Fas(lpr) mice that are
deficient in functional Fas. Because these mice have well-character-
ized immune dysregulation, we also used a Fas ligand neutralizing
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Ab. IL-2/aCDA40 induced the expansion of Tregs and MDSCs in
the spleen, and anti-Fas ligand had no effect on this increase (Fig. 2A
and 2B). A similar expansion of splenic Tregs and MDSCs was
observed using MRL-Fas(lpr) mice. In contrast, IL-2/aCD40 failed
to reduce tumor-associated Tregs when Fas ligand was blocked or
in MRL-Fas(Ipr) mice (Fig. 2C). Similarly, the loss of tumor-
associated MDSCs in IL-2/aCD40-treated mice was abrogated
when Fas/Fas ligand was blocked (Fig. 2D). The frequency of
Tregs and MDSCs among all CD45" leukocytes was similarly
reduced (Fig. 2E and 2F), indicating that reduced Tregs and MDSC
numbers were not due to smaller tumor size after IL-2/aCD40
treatment. Thus, Fas is required for loss of Tregs and MDSCs within
tumors after [L-2/aCD40. The depletion of CD8" cells, but not
NK cells, during immunotherapy also abrogated the loss of
tumor-associated Tregs and MDSCs (data not shown).

To corroborate these findings in another tumor model, we an-
alyzed Treg and MDSC frequencies in the spleens and tumors of
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FIGURE 2. IL-2/aCD40 induces the Fas-dependent loss of Tregs and
MDSCs in the tumor microenvironment. Renca tumor-bearing mice were
treated with VC or IL-2/aCD40. Black bars denote mice that were treated
with either blocking Ab against Fas ligand or isotype-matched control Ab.
White bars indicate VC- or IL-2/aCD40-treated MRL-Fas(Ipr) mice. On
day 22, mice were euthanized, and the spleens and primary tumors were
harvested. The total number of (A) Tregs and (B) MDSCs in the spleen was
determined by multiplying the number of CD45"* leukocytes by the per-
centage in each sample. The number of tumor-associated (C) Tregs and (D)
MDSCs were quantitated by multiplying the number of CD45" leukocytes
by the percentage in each sample. The percentage of tumor-associated (E)
Tregs and (F) MDSCs among CD45"* tumor leukocytes is shown. *p <
0.02, **p < 0.005, compared with VC. Data are derived from five mice per
treatment group in two separate experiments.
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mice bearing 4T1 breast cancer cells. IL-2/aCD40 caused a sig-
nificant reduction in Treg and MDSC frequency in primary tumors
(Supplemental Fig. 2C-F). In this model, «CD40 as a single agent
was also capable of reducing tumor-associated Tregs (Supplemental
Fig. 2C and 2E), but not MDSCs. In 4T1-bearing mice, IL-2 and
aCD40 expanded splenic Tregs (Supplemental Fig. 2A) but had
no effect on MDSCs (Supplemental Fig. 2B).

Fas and Fas ligand are expressed by tumor-associated
leukocytes after IL-2/aCD40 treatment

By quantitative PCR (qPCR), we found that IL-2/aCDA40 signifi-
cantly increased Fas ligand mRNA expression from tumor-asso-
ciated leukocytes, as compared with control-treated mice (Fig. 3A).
Fas ligand mRNA expression was also significantly increased in
splenocytes in response to IL-2/aCD40 treatment.

We showed previously that IL-2/aCD40 induces significant
accumulation of CD8" T cells, NK cells, and myeloid cells in
primary tumors (23). We therefore sought to identify the cellular
source of Fas ligand and Fas within tumors after IL-2/aCD40
treatment. Fas ligand was expressed by a subpopulation of CD8*
T cells, as well as by a considerable number of CD11b" myeloid
cells (Fig. 3B). When we further analyzed the CD11b* cells, we
found that Fas ligand was expressed by Gr1™ granulocytic and by
Grl® monocytic MDSCs. The induction of Fas ligand expression
was dependent on IFN-v, because no upregulation was detected in
IL-2/aCD40treated IFN-y '~ mice (data not shown).

Fas-MEDIATED LOSS OF SUPPRESSOR CELLS AFTER IMMUNOTHERAPY

Fas expression in tumors and spleens was similarly examined by
gPCR. As shown in Fig. 3C, significant increases in Fas mRNA were
observed in leukocytes isolated from the tumor, as well as whole
tumor tissue after IL-2/aCD40 treatment. In contrast, splenocytes
had reduced Fas expression after IL-2/aCD40 treatment.

Next, we analyzed Fas protein expression on tumor-associated
leukocytes. Fas expression was observed on Tregs, as well as
CD11b*Gr1™® cells, which include MDSCs (Fig. 2D). Fas was
undetectable among CD11b*Gr1™ granulocytes (Fig. 3D) and
CD8" T cells (Supplemental Fig. 3). The induction of Fas receptor
expression was also dependent upon IFN-v, because no upregu-
lation was detected in IL-2/aCD40—treated IEN-y '~ mice (data
not shown). IFN-y mRNA expression was significantly higher
among tumor-associated leukocytes from IL-2/aCD40-treated
mice, as compared with control-treated mice (Fig. 4). In contrast,
no significant increase in IFN-y mRNA expression was observed
for splenocytes from IL-2/aCD40—treated mice. Thus, the selec-
tive upregulation of IFN-y expression in the tumor microenvi-
ronment after immunotherapy directly correlates with the tumor
microenvironment-specific upregulation of Fas and Fas ligand
expression.

Tregs and MDSCs preferentially undergo apoptosis within the
tumor microenvironment after IL-2/aCD40 therapy

To determine whether the reduced numbers of Tregs and MDSCs
were associated with active cell death, we analyzed active caspase
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FIGURE 4. IL-2/aCD40 induces IFN-y expression in the tumor mi-
croenvironment but not in the spleen. Tumor-bearing mice were treated
with VC or IL-2/aCD40. On day 15, (A) tumor leukocytes and (B)
splenocytes were isolated as described previously and lysed in TRIzol
reagent. The total mRNA was reverse transcribed into cDNA and analyzed
by qPCR for IFN-y gene expression. Results from VC-treated samples
were normalized to 1 (*p < 0.03; ns, not significant). Data are derived
from four mice per treatment group in two separate experiments.

levels in leukocytes isolated from tumors and spleens of VC- and
IL-2/aCD40-treated mice. Among Renca tumor-associated leu-
kocytes, Tregs and MDSCs significantly upregulated active cas-
pase levels after IL-2/aCD40 treatment (Fig. 5A). No upregulation
in activated caspases was observed in IL-2/aCD40-treated IFN-
v~ mice or in mice depleted of CD8" cells (data not shown). In
contrast, CD4"CD25 ™~ non-Tregs (effector) modestly, yet signifi-
cantly, downregulated active caspases, whereas no change was
observed for CD8" T cells, indicating the preferential activation of
this pathway in tumor-associated Tregs and MDSCs after therapy.
Similar increases in Treg- and MDSC-associated caspase activa-
tion were observed in the 4T1 tumor model (Fig. 5B).

In the spleens of Renca-bearing mice, upregulated expression of
active caspase was detected for all leukocyte populations analyzed,
although this increase did not reach significance for CD8" T cells
(Fig. 5C). In the spleens of 4T1-tumor bearing mice, Tregs had no
increased caspase activation, whereas MDSCs did upregulate ac-
tive caspases (Fig. 5D). Thus, there was no selectivity for caspase
activation among splenocytes in mice receiving immunotherapy.

Treg loss was accompanied by reduced expression of the
antiapoptotic protein, Bcl-2

Bcl-2 downregulation occurs at the early stages of apoptosis and
has been shown to be a marker of Treg apoptosis in vivo (26). By
flow cytometry, we observed a significant decrease in Bcl-2 ex-
pression among Renca tumor-associated Tregs after IL-2/aCD40
therapy (Fig. 6A), which was not observed for CD4*CD25 ™ non-
Tregs or CD8" T cells. A similar decrease in Treg-associated
Bcl-2 levels was observed among 4T1 tumor-associated Tregs
(Fig. 6B). In the spleens of IL-2/aCD40-treated mice, all three
lymphocyte populations had significantly reduced Bcl-2 expres-
sion, as compared with VC-treated mice (Fig. 6C). Thus, there did
not appear to be selectivity for Bcl-2 downmodulation among
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FIGURE 5. IL-2/aCDA40 activates caspases on Tregs and MDSCs in the
tumor and spleen. Renca or 4T1 tumor-bearing mice were treated with VC or
IL-2/aCD40. On day 15, the primary tumors and spleens were har-
vested. Activated caspases were analyzed on day 15 using the cell-per-
meable CaspGLOW active staining kit and flow cytometry. (A and C)
Results from tumor-associated leukocytes and splenocytes from Renca
tumor-bearing mice, respectively. (B and D) Results from tumor-associated
leukocytes and splenocytes from 4T1-tumor bearing mice, respectively.
Statistics were computed in comparison with the corresponding VC (*p <
0.05; ns, not significant). Data are derived from five mice per treatment
group in two separate experiments.

Tregs MDSC

splenocytes in mice receiving immunotherapy. Interestingly, splenic
Tregs in the 4T1 model exhibited significantly increased Bcl-2
levels after IL-2/aCD40 treatment (Fig. 6D).
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FIGURE 6. Tregs downregulate Bcl-2 expression in the tumor and
spleen after IL-2/aCD40 treatment. Renca or 4T1 tumor-bearing mice
were treated with VC or IL-2/aCD40. On day 15, the primary tumors and
spleens were harvested. Bcl-2 expression was determined on day 15 by
intracellular flow cytometric cell staining. (A and C) Results from tumor-
associated leukocytes and splenocytes from Renca tumor-bearing mice,
respectively. (B and D) Results from tumor-associated leukocytes and
splenocytes from 4T1-tumor bearing mice, respectively. Statistics were
computed in comparison with the corresponding VC (*p < 0.02, **p <
0.008). Data are derived from five mice per treatment group in two separate
experiments.
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Tregs and MDSCs expand in the spleens of IL-2/a CD40-treated
mice via proliferation

Our data indicated that Tregs and MDSCs expanded in the spleens
of IL-2/aCD40-treated mice, despite reduced Bcl-2 expression
and elevated Fas ligand and active caspase expression after ther-
apy. To reconcile these findings, we hypothesized that Tregs and
MDSC apoptosis in the spleen might be caused by overcompen-
sation via proliferation (27). Consistently, we found that IL-2/
aCD40 caused Treg proliferation in the spleen, as evidenced by
BrdU uptake (Fig. 7A and 7C). We also show that MDSCs pro-
liferate significantly in the spleens after IL-2/aCD40 treatment
(Fig. 7B and 7D). In contrast, IL-2/aCD40 did not induce signifi-
cant proliferation of tumor-associated Tregs or MDSCs (Fig. 7E
and 7F).

The Fas-mediated loss of Tregs in the Renca tumor
microenvironment underlies the antitumor efficacy of
IL-2/0CD40 therapy

To demonstrate that the Fas-mediated loss of Tregs is central to
the success of IL-2/aCD40 therapy of Renca, we adoptively trans-
ferred Tregs from MRL-Fas(lpr) mice into Treg-depleted WT
hosts. If the principal contribution of Fas expression to IL-2/
aCDA40 antitumor responses is the loss of Tregs, then the antitu-
mor effects of this regimen should be abrogated in mice receiving
MRL-Fas(lpr) Tregs.

As early as day 5, adoptively transferred Tregs persisted in
recipient hosts and represented the majority of CD4" and CD4*
CD25" cells in the peripheral blood (Fig. 8A). We used mice

Fas-MEDIATED LOSS OF SUPPRESSOR CELLS AFTER IMMUNOTHERAPY

transgenic for eGFP under the 3-actin promoter, to distinguish
between recipient (eéGFP*) and transferred (eGFP™) cells. By
day 21, the adoptively transferred (eGFP ) cells expanded in
the spleens, such that >99% of the CD4" T cells were eGFP~
(Fig. 8A). At day 21, both host and transferred Tregs were
detectable in primary tumors of mice that received IL-2/aCD40
(Fig. 8A). Whereas the majority of tumor-associated Tregs in mice
receiving WT Tregs were GFP* endogenous cells, the situation
was reversed in mice receiving Tregs from MRL-Fas(lpr) mice.
The inability of MRL-Fas(lpr) Tregs to undergo Fas-mediated
apoptosis after IL-2/aCD40 resulted in their accumulation such
that the majority of Tregs in these mice were GFP~ transferred
MRL-Fas(lpr) Tregs (Fig. 8A). Tregs from MRL-Fas(lpr) mice
had higher Foxp3 expression (data not shown) and greater sup-
pressor function on a per-cell basis, as compared with WT Tregs
(Fig. 8B). The absolute numbers of adoptively transferred WT
Tregs were significantly reduced after IL-2/aCD40 treatment,
whereas the numbers of MRL-Fas(lpr)Tregs remained unchanged
(Fig. 8C), consistent with the premise that transferred MRL-Fas
(Ipr) Tregs are not eliminated over the course of IL-2/aCD40
treatment. The primary tumor sizes in WT mice receiving MRL-
Fas(lpr) Tregs were indistinguishable between VC and IL-2/
aCD40 treatment groups, suggesting that the antitumor efficacy
of IL-2/aCD40 was abrogated in these mice (Fig. 8D). In contrast,
primary tumors in mice receiving WT Tregs were significantly
reduced in IL-2/aCD40-treated mice, as compared with controls.
Therefore, the antitumor efficacy of IL-2/aCD40 is lost when
Tregs are deficient in functional Fas expression, because these
cells are unable to be removed.
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The Fas-mediated loss of MDSCs in the 4T1 tumor
microenvironment is required for the antitumor efficacy of
IL-2/0CD40 therapy

Having established the importance of Fas-mediated Treg removal
toward successful treatment of Renca tumors, we also explored the
4T1 tumor model because accumulation of MDSCs in this model
is well established. IL-2/aCD40 treatment significantly reduced
4T1 tumor area (Fig. 9A). Although aCD40 controlled tumors out
to day 14, the tumors eventually grew to be indistinguishable from
controls. In MRL-Fas(Ipr) mice, the antitumor efficacy of IL-2/
aCD40 was abolished (Fig. 9B). We confirmed the requirement
for the Fas-mediated removal of MDSC toward the efficacy of IL-
2/aCD40 treatment by performing a similar adoptive transfer
experiment to that described earlier for Renca/Tregs. When MDSC-
depleted mice were reconstituted with MDSCs from MRL-Fas(lpr)
mice, the antitumor efficacy of IL-2/aCD40 was abrogated (Fig.
9C). In contrast, antitumor efficacy was retained in mice recon-
stituted with MDSCs from WT mice, demonstrating the impor-
tance of Fas-mediated MDSC removal to the successful immuno-
therapy of 4T1 tumors.

Discussion

Several studies have highlighted the susceptibility of Tregs and
MDSCs to Fas-dependent apoptosis, because of heightened acti-
vation under certain inflammatory conditions (9, 11, 12). Deng and
colleagues (28) recently showed the combination of irradiation
and anti-PD-L1 treatment synergistically activated cytotoxic
T cells and promoted MDSC apoptosis, although the mecha-
nism in their study was mediated by TNF rather than IFN-y and a
possible role for Fas was not shown. A role for Fas in the elimi-

nation of Tregs was also shown by intratumoral administration of
FasL (14). Treg removal enhances tumor-specific immune re-
sponses and represents a critical component of cancer vaccine
strategies (1, 2). In our study, we demonstrated that IL-2/aCD40
induces Fas-mediated elimination of Tregs and MDSCs from the
tumor microenvironment. We also demonstrated the importance
of suppressor cell removal for durable antitumor responses after
immunotherapy, although it needs to be recognized that the well-
established immune dysregulation in MRL Fas(lpr) mice may
complicate the interpretations of adoptive transfer studies. Al-
though Fas ligand expression in RCC is associated with tumor
stage, its coordinated upregulation in tumors after IL-2/aCD40
treatment transforms the tumor microenvironment into a setting
where Fas-mediated preferential depletion of Tregs and MDSC
occurs.

Lymphocyte sensitivity to apoptosis is regulated by the rate of
cell proliferation. Tregs have faster turnover rates and higher
sensitivity to apoptosis as compared with Teffs (11, 12). Immu-
notherapies such as IL-2/aCD40 further increase proliferation-
driven expansion of splenic Tregs (27). One of the most impor-
tant cytokines to the suppressor function of Tregs is IL-2 (29, 30).
Tregs are avid consumers of IL-2, and IL-2 decreases their sus-
ceptibility to Fas-mediated apoptosis in vitro, even though they
may express Fas (9, 11). It may appear paradoxical that IL-2—
based immunotherapy renders Tregs more susceptible to apo-
ptosis. However, the sensitivity of Tregs to Fas-induced apoptosis
under in vitro culturing conditions was primarily modulated by
direct cell—cell interactions between CD257CD4* and CD25™
CD4" T cells (9) and competition between CD25* Tregs and
CD25  Teffs for IL-2 binding. It is therefore conceivable that the
homeostatic effects of IL-2 in vivo during the course of immu-
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FIGURE 9. The antitumor efficacy of IL-2/aCD40 in the 4T1 tumor
model is dependent on Fas, and Fas-deficient MDSCs abrogate the anti-
tumor efficacy of this therapy. 4T1 tumor-bearing mice were treated with
VC or IL-2/aCD40 beginning on day 11 after tumor inoculation. (A)
Primary tumor area was measured biweekly beginning on day 7 (*p <
0.03, **p < 0.01 as compared with all other treatment groups on days 18
and 21; 10 mice/group). (B) Primary tumors in MRL Fas mice were
measured; the WT VC group is shown for comparison. (C) GR-1-depleted
mice were reconstituted with MDSCs from either WT (black bars) or MRL
Fas (white bars) mice. Gray bars denote control mice that did not receive
any depleting Ab or adoptive transfer. Primary tumors were weighed on
day 21 (n = 10; ***p < 0.005 as compared with the corresponding VC).

notherapy are complex and capable of sensitizing Tregs to apoptosis
through enhanced proliferation and the likely collaboration with
other proinflammatory cytokines.

A critical component of IL-2/aCD40 immunotherapy is the
infiltration of primary tumors by T and NK cells (23). Further-
more, the antitumor efficacy of IL-2/aCD40 depends on CD8*
T cells, IFN-vy, and Fas signaling (22). We causally link these
phenomena with the active elimination of suppressor cell pop-
ulations from within primary tumors. The infiltration of tumors by
CD8" T cells is noteworthy because they express Fas ligand and
were essential for the apoptosis of suppressor cell populations. Fas
ligand has also been described on Tregs, where it plays an im-
portant role in depleting effector Th1 cells (10, 31, 32). We also
noted Fas ligand expression on Gr1™ myeloid cells and Gr1't
granulocytes, which can also induce apoptosis (33). Tumor-
specific loss of Fas* Tregs and MDSCs might be attributed to
upregulated Fas ligand expression throughout tumor tissue after
IL-2/aCD40 immunotherapy.

Fas was expressed by Tregs and MDSCs, as well as the tumor
(34). Tregs (10, 31) and MDSCs (15, 16) express Fas in vivo, and
MDSCs were shown to apoptose in response to T cell-derived Fas
ligand expression in vitro (16). Our findings provide mechanistic
insight to these results, in that we demonstrate the in vivo potential

for immunotherapies to render these cells amenable to Fas-me-
diated death. Whereas inflammation resulting from IL-2/aCD40
treatment reduced MDSC numbers in our study, another study
using IL-1f overexpressed by 4T1 breast cancer cells showed
reduced caspase activity in MDSCs and protection from apo-
ptosis (15). Several distinctions between that study and ours are
noteworthy. First, the cellular (tumor versus hematopoietic cells)
sources of inflammatory mediators may dictate MDSC suscepti-
bility to apoptosis, particularly if levels of cytokines produced
differ (endogenous versus ectopic overexpression). Second, the
profile of which cytokines predominate may contribute to the
susceptibility of MDSCs to apoptosis. IL-13 may result in pro-
tection of MDSCs from apoptosis, whereas other Th1 cytokines
(e.g., IFN-vy, IL-12) principally associated with IL-2/aCD40
therapy and TNF after irradiation/anti-PD-L.1 combination ther-
apy (28) may favor their susceptibility to cell death.

The dramatic contrast between Treg and MDSC loss in the
primary tumor and their peripheral expansion might be attrib-
uted to tissue-specific factors, namely, the preferential expression
of IFN-y by activated CD8" cells and engagement of the Fas/Fas
ligand signaling pathway in the tumor microenvironment. Al-
though tumor-associated Fas/Fas ligand expression has been as-
sociated with killing of activated T cells (18, 20) and poor survival
in RCC (19), our results highlight the potential for immunother-
apeutic strategies capable of harnessing this pathway to elicit the
removal of Fas-sensitive immunoregulatory cells specifically
within the tumor microenvironment.
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