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Impressive responses have been observed in patients treated with
checkpoint inhibitory anti-programmed cell death-1 (PD-1) or anti-
cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) antibodies.
However, immunotherapy against poorly immunogenic cancers
remains a challenge. Here we report that treatment with both
anti-PD-1 and anti-CTLA-4 antibodies was unable to eradicate
large, modestly immunogenic CT26 tumors or metastatic 4T1
tumors. Cotreatment with epigenetic-modulating drugs and
checkpoint inhibitors markedly improved treatment outcomes,
curing more than 80% of the tumor-bearing mice. Functional stud-
ies revealed that the primary targets of the epigenetic modula-
tors were myeloid-derived suppressor cells (MDSCs). A PI3K
inhibitor that reduced circulating MDSCs also eradicated 4T1
tumors in 80% of the mice when combined with immune check-
point inhibitors. Thus, cancers resistant to immune checkpoint
blockade can be cured by eliminating MDSCs.
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he mammalian immune system is delicately regulated,
allowing it to mount an effective attack against foreign
invaders such as bacteria and viruses with minimal bystander
casualties. This requires functionally redundant regulatory
mechanisms to ensure safety (1-3). Cancers appear able to hi-
jack these mechanisms to avoid immune destruction. Several
of the regulatory mechanisms exploited by cancer have been
identified. These include regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSCs), tumor-associated macro-
phages and neutrophils, immune checkpoint pathways, and
immunosuppressive cytokines (4-8). Most recently, the check-
points guarded by the programmed cell death-1 (PD-1) and cy-
totoxic T-lymphocyte-associated antigen-4 (CTLA-4) receptors
have been under intense investigation because of the availability
of antibodies that can inhibit their function. Recent clinical trials
with anti-CTLA-4, anti-PD-1, and anti—-PD-L1 monoclonal anti-
bodies showed remarkable therapeutic responses (9-12), under-
scoring the idea that disruption of immune checkpoints can be
therapeutically useful. However, the objective responses were
observed in a minority of the treated patients and tumor types,
and the reasons why certain tumors respond and others do not
are mysterious. CT26 and 4T1 are among the most popular
syngeneic tumor models used for assessing novel therapeutic
approaches. CT26 was derived from an undifferentiated co-
lorectal carcinoma induced in a BALB/c mouse by repeated
intrarectal instillations of N-nitroso-N-methylurethan and shown
to be modestly immunogenic (13, 14), whereas 4T1 originated
from a spontaneous mammary tumor in a BALB/c mouse (15).
4T1 is poorly immunogenic and highly metastatic, characteristics
shared with advanced human cancers (16). Despite the extensive
use of these tumor cell lines in cancer research, little genetic
characterization is available for either of them.
In the current study, we evaluated both models with respect
to their responses to the immune checkpoint inhibitors alone
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and combined with other agents. We also determined the
sequences of their coding genes and mutant peptides that bind to
the class I major histocompatibility complex (MHC-I). We found
that the more immunogenic CT26 cells had considerably more
mutations than 4T1 cells, and that the majority of the tumors
derived from CT26 cells could be cured by anti-PD-1 and anti—
CTLA-4 antibodies. In contrast, 4T1-derived tumors could not
generally be cured by these antibodies. Mechanistic studies led to
the conclusion that MDSCs were interfering with our therapeutic
attempts; reduction of these MDSCs allowed frequent cures of
4T1 tumors by PD-1/CTLA-4 inhibition, even when they
were advanced and metastatic.

Results

Genetic Analysis. We first sequenced the exomes (24,306 genes)
of both CT26 and 4T1 cells. Eight and 3.5 Gb of generated
sequence were mapped to the genome for CT26 and 4T1, re-
spectively; 83.5% (CT26) and 72.3% (4T1) of bases in the
targeted regions were covered by at least 10 unique reads in
tumor DNA. Sequencing of the exomes revealed 683 and 47
somatic mutations in CT26 and 4T1, respectively (Dataset S1).

It has been shown that ~10% of the mutant amino acids
created by somatic mutations in human colorectal and breast
cancers give rise to epitopes that are predicted to be recog-
nized by the patient’s MHC-I alleles (17). To determine
whether this was true for the murine colorectal (CT26) and
breast (4T1) tumors, we mapped the somatically mutated
epitopes to BALB/c MHC-I using established algorithms.
Because such predictions are meaningful only if the mutant
genes are expressed, we determined the transcriptomes of the
two cell lines using RNA sequencing. Three hundred and
fourteen of the 683 mutations detected in CT26 occurred in
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Recent clinical trials have shown highly promising responses in
a subset of patients treated with immune checkpoint inhibitory
anti-programmed cell death-1, anti-programmed cell death li-
gand-1, and anti—cytotoxic T-lymphocyte-associated antigen-4
antibodies, but the majority of patients in these trials remained
unresponsive. Our results show that elevated myeloid-
derived suppressor cells(MDSCs) are responsible for the re-
sistance and that elimination of MDSCs can lead to cures of
experimental, metastatic tumors.
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Therapeutic response of tumor-bearing mice. BALB/c mice bearing different tumors were treated with various therapeutic modalities as indicated. C,

anti-CTLA-4 antibody; IgG, IgG control; P, anti-PD-1 antibody. Tumor volumes (A, C, and E) and animal survival (B, D, and F) were recorded. (A and B) BALB/c
mice with CT26 tumors of moderate sizes. (C and D) BALB/c mice with large CT26 tumors. (E and F) BALB/c mice with metastatic 4T1 tumors. (G) 4T1 tumor-
bearing mice were treated as indicated and euthanized 6 wk after tumor implantation. The primary tumor from each mouse was measured and metastatic
lesions in different organs were counted. Means and SDs are shown. The number of animals used in each experimental arm and P values are also indicated.

*P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

expressed genes, with 28 mutated epitopes predicted to bind
with at least moderate affinity to H2-(d) MHC-I alleles found in
BALB/c mice (Table S1 and Dataset S1). The 4T1 cells harbored
27 mutations in expressed genes, with only one predicted to bind
to H2-(d) MHC-I alleles. These data are consistent with the
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suggestion that CT26 is more immunogenic than 4T1 because
the former has more mutant epitopes. It is also consistent with the
observation that human tumors associated with environmental
mutagens (such as UV light and cigarette smoke) have more
mutations than other tumors (18).
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Effects of Inmune Checkpoint Blockade. We then tested the effects
of immune checkpoint-blocking antibodies on the tumors de-
rived from these cells in mice. BALB/c mice bearing s.c. CT26
tumors of moderate sizes (~400 mm>) were used for the initial
experiments. Although repeated treatment with anti-CTLA-4 or
anti-PD-1 antibodies as single agents retarded tumor growth,
tumor eradication was not observed (Fig. 1 4 and B). Combi-
nation therapy with both antibodies resulted in eradication of
tumors in the vast majorlty of the mice. Conversely, tumors
larger than 600 mm?® (large CT26) did not respond very well to
the combined anti-PD-1/anti-CTLA-4 treatment (Fig. 1C), with
only 4 out of 11 animals showing long-term survival (Fig. 1D).
Next BALB/c mice with well-established 4T1 tumors (~400
mm?®) were evaluated; these tumors spontaneously metastasize to
the lungs and other organs. The 4T1 tumor model is highly re-
calcitrant to most therapeutic agents, including immunotherapy
(16). The animals generally succumb to metastatic disease, even
when the primary tumor is surgically removed (19). Only a small
fraction of the primary tumors showed durable response to the
antibody treatment: 3 out of 10 animals showed complete regression
of their primary tumors when treated with both anti-PD-1 and
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Fig. 2. Response of immune cells following immune
checkpoint blockade and epigenetic modulation.
BALB/c mice bearing metastatic 4T1 tumors were
treated with the indicated therapeutic modalities,
followed by FACS and immunohistofluorescence
analyses to assess tumor-infiltrating and circulating
immune cells. Means and SDs are shown, with
P values indicated. (A) FACS result for tumor-
infiltrating CD8" T cells. (B) Representative immu-
nohistofluorescence staining of tumor-infiltrating
CD8* T cells. (Scale bars, 50 pm.) (C) FACS result
for tumor-infiltrating CD4*CD25*FoxP3* Tregs. (D)
Representative FACS data showing percentages of
FoxP3 and CD25 double positive cells in CD45*
CD3*CD4* gated tumor-infiltrating cells. (E) FACS
result for circulating G-MDSCs. (F) Representative
FACS data showing percentages of Ly6G*Ly6C"®
cells (G-MDSCs) in CD45*CD11b*F4/80"MHC-II~ gated
circulating cells. (G) FACS result for tumor-infiltrating
G-MDSGs. (H) Representative immunohistofluorescence
staining of tumor-infiltrating Ly6G™* cells. (Scale bars,
50 pm.) *P < 0.05, **P < 0.01, ***P < 0.001; ns, not
significant.

anti-CTLA-4 antibodies, and these were the only long-term survi-
vors (Fig. 1 E and F).

Epigenetic Modulation. We hypothesized that the tumors in the
animals that had not been cured might have down-regulated the
expression of MHC-I-related genes through epigenetic silencing
in tumor cells. Indeed, this hypothesis forms the basis for ther-
apies involving epigenetic modulation (20), using inhibitors of
either DNA methyltransferase or histone deacetylase (HDAC).
To evaluate this p0551b111ty, we treated animals bearing large
CT26 tumors (>600 mm®) as described above with anti—PD-1/
anti-CTLA-4 antibodies as well as 5-azacytidine (AZA; a DNA
methyltransferase inhibitor) and entinostat (ENT; a class I HDAC
inhibitor). The tumors responded to this regimen remarkably
well, with eradication of primary tumors in 10 out of 11 mice and
100% survival 60 d after tumor implantation (Fig. 1D). Similarly,
in response to the anti-PD-1/anti-CTLA- 4 plus AZA/ENT treat-
ment, mice with 4T1 tumors (~400 mm®) showed complete re-
gression of all primary tumors 3 wk after treatment initiation and
80% survival 100 d after tumor implantation (Fig. 1 E and F).
Temporary self-limiting toxicity, as indicated by body weight
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changes, was observed when ENT was used (Fig. S1). How-
ever, the addition of anti—PD-1/anti—-CTLA-4 antibodies did
not add to the toxicity.

In parallel experiments, we treated 4T1 tumor-bearing mice as
described above but killed them 6 wk after tumor implantation.
We then examined their primary tumors as well as lungs and
other organs for metastasis. The primary tumors were eradicated
in all five mice treated with anti-PD-1/anti-CTLA-4 antibodies
plus AZA/ENT, and none of them showed any metastases (Fig.
1G and Table S2). In contrast, all five mice with anti—-PD-1/anti—
CTLA-4 treatment alone still had large primary tumors and
an average of 11 lung metastases. We also treated the tumor-
bearing mice with anti-PD-1/anti-CTLA-4 antibodies plus either
ENT or AZA. No primary tumors or metastases were found in
any of the mice treated with anti-PD-1/anti-CTLA-4 antibodies
plus ENT, suggesting that when combined with PD-1/CTLA-4
double blockade, class I HDAC inhibitors alone (without DNA
methylation inhibitors) were sufficient to eradicate both primary
tumors and metastasis (Fig. 1G and Table S2). In the mice
treated with anti—-PD-1/anti-CTLA-4 antibodies plus AZA, the
primary tumors were not eradicated, although no metastases
were observed. Without PD-1/CTLA-4 inhibition, ENT and
AZA, alone or in combination, were unable to eradicate either
primary tumor or metastasis (Fig. 1G and Table S2). When PD-1/
CTLA-4 inhibition was not applied, metastatic lesions were ob-
served in multiple organs in addition to those in the lungs.

Mechanistic Studies. As noted above, we expected that the epi-
genetic modulators were increasing the expression of MHC-I-
related genes, thereby making the cancer cells more susceptible
to killing by T cells. To test this expectation, we analyzed the
expression of genes involved in MHC-I presentation by RT-PCR
in CT26 and 4T1 cells treated with AZA, ENT, or the combi-
nation of the two. Expression of the MHC-I, B-2 microglobulin
(B2M), and transporter associated with antigen processing 1 (TAPI)
genes was detected in both tumor cell lines in the absence of
treatment. However, exposure to epigenetic modulators did not
significantly increase the expression (Fig. S2).

We then determined whether the epigenetic modulators af-
fected T-cell accumulation within the tumors. As assessed by
flow cytometry and immunohistofluorescence, tumor-infiltrating
CD8* T cells increased by approximately fourfold after PD-1/
CTLA-4 inhibition (Fig. 2 4 and B). The addition of AZA and
ENT did not increase tumor-infiltrating CD8" T cells further.
However, inclusion of AZA and ENT in the treatment regimen
resulted in a significant decrease in tumor-infiltrating FoxP3*
Tregs compared with either untreated tumors or tumors treated
with anti-PD-1/anti-CTLA-4 antibodies (Fig. 2 C and D).

We next analyzed MDSCs by flow cytometry, because these
myeloid-derived immature cells are often elevated in tumor-
bearing hosts and have potent immunosuppressive activities (21,
22). We found that 4T1 tumor-bearing mice had a five- to sev-
enfold increase in circulating granulocytic MDSCs (G-MDSCs;
defined as CD11b*Ly6G*Ly6C'°MHC-IT") compared with non—
tumor-bearing animals (Fig. 2E and Fig. S3 A and B). Large
numbers of G-MDSCs were also observed in the spleen and
tumor (Fig. S3B). Addition of ENT or AZA/ENT to PD-1/
CTLA-4 inhibition resulted in a striking reduction in the number
of circulating G-MDSCs, bringing them down to a level similar to
that observed in non-tumor-bearing mice (Fig. 2 E and F). In-
terestingly, the epigenetic modulators alone or AZA plus anti—
PD-1/anti-CTLA-4 antibodies failed to abate the G-MDSCs.
The epigenetic modulators substantially reduced the number of
tumor-infiltrating G-MDSCs as well when combined with im-
mune checkpoint blockade (Fig. 2 G and H).

These data are consistent with the hypothesis that immune
checkpoint blockade leads to expansion of cytotoxic effector T
cells (Teffs), but Teffs are not fully functional unless immune

Kim et al.

suppressor cells are reduced by treatment with epigenetic mod-
ulators. To further test this hypothesis, we used neutralizing
antibodies against CD25 or Ly6G to deplete Tregs or G-MDSCs,
respectively, in mice bearing 4T1 tumors (23-25). We found that
anti-Ly6G, when used in combination with anti-PD-1/anti-CTLA-4
antibodies, was as effective as the epigenetic modulators (Fig.
3A). Flow cytometry showed a substantial reduction in G-MDSC
levels after anti-Ly6G treatment (Fig. 3B). In contrast, anti-CD25
treatment only showed marginal improvement in efficacy when
combined with immune checkpoint blockade (Fig. 34). However,
it should be noted that the anti-CD25 treatment may also affect
activated Teffs, which can transiently express CD25. As expected,
without immune checkpoint blockade, both anti-CD25 and anti-
Ly6G were ineffective (Fig. 34).

To directly evaluate the ability of the tumor-induced G-
MDSCs to interfere with the effects of immune checkpoint
blockade, we isolated them from 4T1 tumor-bearing mice by
affinity purification. We then injected the purified G-MDSCs
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Fig. 3. Myeloid-derived Ly6G™ cells are responsible for resistance to immune
checkpoint blockade. (A) BALB/c mice bearing 4T1 tumors were treated with
various antibodies or antibody combinations as indicated and tumor volumes
were recorded over time. aCD25, anti-CD25 antibody; alLy6G, anti-Ly6G anti-
body. (B) FACS result for circulating G-MDSCs after treatment with different
antibodies or antibody combinations. (C) 4T1 tumor-bearing mice were
treated with anti-PD-1/anti-CTLA-4 antibodies plus epigenetic modulators
with or without adoptive transfer of MDSCs isolated by affinity purification
from the 4T1 tumor-bearing animals. Tumor volumes were recorded fol-
lowing the treatments. Means and SDs are shown, with P values indicated.
*P < 0.05, **P < 0.01; ns, not significant.
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into 4T1 tumor-bearing mice treated with anti-PD-1/anti—
CTLA-4 antibodies plus AZA/ENT. The adoptive transfer of G-
MDSCs significantly attenuated the response to the combination
therapy (Fig. 3C). Based on the above results, we concluded
that the effects of epigenetic modulation were more likely the
result of depletion of G-MDSCs than of direct depletion
of Tregs.

To investigate whether epigenetic modulation directly affected
G-MDSCs, we purified these cells from 4T1 tumor-bearing mice
as described above and treated them with ENT or AZA in vitro.
G-MDSCs showed markedly reduced viability after ENT treat-
ment in a dose-dependent fashion (Fig. 44). Conversely, AZA
had no effect at comparable concentrations (Fig. 4B). We also
treated 4T1 tumor cells with the same concentrations of ENT or
AZA and found them unresponsive (Fig. 4 A and B). Impor-
tantly, ENT had only modest effects on CD8* T cells (Fig. 44),
creating a large therapeutic window in which G-MDSCs can be
depleted while sparing CD8* T cells. Finally, we cocultured
CD8* T cells with G-MDSCs and analyzed the concentration of
IFN-y in culture medium by ELISA following T-cell activation
with CD3 and CD28 antibodies. G-MDSCs inhibited IFN-y se-
cretion (Fig. 4C), whereas inclusion of ENT in the culture me-
dium reverted the inhibition in a dose-dependent manner (Fig.
4D). These data support the notion that G-MDSCs directly in-
hibit the function of CD8" T cells and that ENT alleviates the
inhibition by directly suppressing G-MDSCs.

To further confirm this conclusion, as well as to provide
additional therapeutic approaches to achieve the same goal,
we searched for other therapeutic agents that might suppress
G-MDSC function. Phosphatidylinositide 3-kinases (PI3Ks) are
known to play important roles in hematopoietic cell biology and
can activate Gr1*/CD11b* myeloid cells (26). We had previously
developed a diverse array of PI3K inhibitors and chose to test
one (J32) with high cellular potency (27-29). J32 proved to be
cytotoxic to G-MDSCs at nanomolar concentrations (ICsy of
14.3 nM) and much less toxic to CD8* T cells (ICsq of 94.6 nM)
(Fig. S44). Treatment of 4T1 tumor-bearing mice with a rela-
tively low dose of J32 (22 mg/kg) in combination with anti-PD-1/
anti-CTLA-4 antibodies resulted in a marked reduction in cir-
culating G-MDSCs (Fig. S4B) and eradication of 4T1 tumors in
80% of the animals (Fig. S4C). Alone, J32 had no appreciable
effect on 4T1 tumor growth.
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Discussion

Metastatic cancers that are minimally immunogenic are very
difficult to eradicate, in either mice or humans. In this study,
we show that immune checkpoint blockade with anti-PD-1 plus
anti-CTLA-4 antibodies has impressive therapeutic effects against
both tumor types used in this study but cannot cure either large,
modestly immunogenic CT26 tumors or poorly immunogenic
metastatic 4T1 tumors of moderate sizes. The use of both anti-
bodies together was inspired by clinical results showing that anti—
PD-1 plus anti-CTLA-4 exerted greater effects in melanoma
patients than anti-CTLA-4 alone (12). Similarly, we found that
the dual-antibody treatment was superior to treatment with anti—
CTLA-4 or anti-PD-1 alone in mice (Fig. 1 4 and B).

DNA methyltransferase and HDAC inhibitors have been in
clinical development as single agents for a number of years (30-32).
Two such agents, 5-azacytidine (Vidaza) and 5-aza-2’-deoxy-
azacytidine (decitabine), have been approved for the therapy of
neoplastic diseases (myelodysplasia, a precursor of leukemia, and
chronic myelomonocytic leukemia) (33). The presumptive mecha-
nism of action of these drugs is the activation of tumor suppressor
genes or immunity-associated genes silenced in tumor cells (34, 35).
However, our studies indicate an additional mechanism: In addi-
tion to acting on tumor cells, these agents also act on host cells in
the immune system such as MDSCs. When used in conjunction
with immune checkpoint blockade, the latter mechanism seems
very important, based on the following lines of evidence: The epi-
genetic modulators kill MDSCs at much lower concentrations than
required for killing tumor cells in vitro; the epigenetic modulators
have only a marginal effect at best on tumor cells in vivo at the
doses used in this study; reduction of MDSCs using antibodies di-
rected against them has similar antitumor effects to those observed
with the epigenetic modulators; in adoptive transfer experiments,
MDSCs purified from nontreated tumor-bearing mice can abolish
the therapeutic effects of epigenetic modulation; and inhibition of
MDSCs with an agent (a PIK3 inhibitor) of a completely different
class has similar effects to those of epigenetic modulators.

A recent clinical study demonstrated that epigenetic modulation
exerted major therapeutic effects on a small fraction of patients
with non-small-cell lung cancer (NSCLC) (36). Other studies have
suggested that 5-azacytidine up-regulates genes and pathways re-
lated to both innate and adaptive immunity and genes related to
immune evasion in NSCLC lines (35). These important studies as

= 4T1 (ICso=11.1uM)
— CD8* T cell (ICs=5.1yM)
— G-MDSC (ICs=15.0uM)

Fig. 4. Direct effects of epigenetic modulators on
cultured cells. (A and B) 4T1 cells, purified CD8" T
cells, or G-MDSCs were treated with different
concentrations of ENT (A) or AZA (B). Cell viabil-
ity was assessed using a metabolism-based col-
orimetric assay. (C) Conditioned media from
cocultures of G-MDSCs and CD8* T cells at different
ratios were analyzed for IFN-y concentration. (D)
Conditioned media from cocultures at a G-MDSC-to-
CD8™" T-cell ratio of 1:1 were collected after treat-
ment with ENT at increasing doses for 24 h and
analyzed for IFN-y concentration. Means and SDs of
data from at least triplicate wells are shown, with P
values indicated. *P < 0.05, **P < 0.01; ns, not sig-
nificant.
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well as recent clinical trials with immune checkpoint blockade have
led to the initiation of a clinical trial combining anti-PD-1 antibody,
S-azacytidine, and entinostat in NSCLC patients (http://clinicaltrials.
gov/ct2/show/NCT01928576?term=entinostat+pd-1&rank=1).
It will be interesting to determine the importance of both changes
in gene expression in the tumor cells and changes in the number
and function of MDSCs in this trial.

Our observations raise a number of questions. For example,
what are the mechanisms underlying the selective suppression
of MDSCs by epigenetic and PI3K inhibitors? Would other
approaches (e.g., myelosuppressive agents) targeting immune
suppressor cells synergize with immune checkpoint blockade for
complete eradication of solid tumors and their metastases? Would
priming with epigenetic inhibitors before immune checkpoint
blockade work as well as concomitant administration of the two, as
done in the current study? Experiments addressing these questions
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may lead to the development of more effective therapies har-
nessing the power of immunity.

Materials and Methods

Animal study was approved and overseen by The Johns Hopkins University
Institutional Animal Care and Use Committee. Standard protocols with
modifications were followed in preparation of genomic and cDNA libraries,
exome capture, sequence analysis, immunological assays, and animal
experiments performed in this study. Detailed methods and associated ref-
erences are available in S/ Materials and Methods.
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