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ABSTRACT
Colony stimulating factor-1 (CSF-1) is produced by a variety of cancers and recruits myeloid cells that
suppress antitumor immunity, including myeloid-derived suppressor cells (MDSCs.) Here, we show that
both CSF-1 and its receptor (CSF-1R) are frequently expressed in tumors from cancer patients, and that
this expression correlates with tumor-infiltration of MDSCs. Furthermore, we demonstrate that these
tumor-infiltrating MDSCs are highly immunosuppressive but can be reprogrammed toward an antitumor
phenotype in vitro upon CSF-1/CSF-1R signaling blockade. Supporting these findings, we show that
inhibition of CSF-1/CSF-1R signaling using an anti-CSF-1R antibody can regulate both the number and the
function of MDSCs in murine tumors in vivo. We further find that treatment with anti-CSF-1R antibody
induces antitumor T-cell responses and tumor regression in multiple tumor models when combined with
CTLA-4 blockade therapy. However, this occurs only when administered after or concurrent with CTLA-4
blockade, indicating that timing of each therapeutic intervention is critical for optimal antitumor
responses. Importantly, MDSCs present within murine tumors after CTLA-4 blockade showed increased
expression of CSF-1R and were capable of suppressing T cell proliferation, and CSF-1/CSF-1R expression in
the human tumors was not reduced after treatment with CTLA-4 blockade immunotherapy. Taken
together, our findings suggest that CSF-1R-expressing MDSCs can be targeted to modulate the tumor
microenvironment and that timing of CSF-1/CSF-1R signaling blockade is critical to improving responses
to checkpoint based immunotherapy.

Significance: Infiltration by immunosuppressive myeloid cells contributes to tumor immune escape and
can render patients resistant or less responsive to therapeutic intervention with checkpoint blocking
antibodies. Our data demonstrate that blocking CSF-1/CSF-1R signaling using a monoclonal antibody
directed to CSF-1R can regulate both the number and function of tumor-infiltrating immunosuppressive
myeloid cells. In addition, our findings suggest that reprogramming myeloid responses may be a key in
effectively enhancing cancer immunotherapy, offering several new potential combination therapies for
future clinical testing. More importantly for clinical trial design, the timing of these interventions is critical
to achieving improved tumor protection.
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Introduction

Therapeutic antibody blockade of CTLA-4 or PD-1 are now
approved regimens for the treatment of advanced melanoma,
renal cell carcinoma and non-small cell lung cancer (NSCLC).
Clinical benefit has, however, been limited to a subset of
patients.1-6,53-55 Identification of resistance mechanisms and
development of combinatorial strategies is, therefore, crucial
for further improvement of these therapies. Multiple factors
can contribute to resistance of cancer to immunotherapies and
one dominant feature is the presence of an immunosuppressive
tumor microenvironment. The tumor microenvironment con-
tains multiple subtypes of infiltrating myeloid cells, including
MDSCs that support tumor progression by suppressing

antitumor immune responses and promoting angiogenesis.
Clinical data and experimental studies have established the
pro-tumorigenic potential of tumor-infiltrating MDSCs.7

MDSCs have been classified by their surface marker expression
profiles into distinct subsets and are typically characterized as
either CD1–1bCLy6GCLy6C¡/low granulocytic MDSCs (G-
MDSCs) or CD11bCLy6G¡/lowLy6Chigh monocytic MDSCs
(MO-MDSCs) with diverse functions in tumor and other
tissues.7-10

Several cytokines and chemokines are implicated in the
recruitment of myeloid cells to the tumor, including colony-
stimulating factor-1 (CSF-1).8-11 CSF-1 signaling through its
receptor CSF-1R is a critical regulator of survival,
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differentiation and proliferation of myeloid cells and their pre-
cursors.12,13 CSF-1 is highly expressed by several tumors types,
and in some cancers, its expression correlates with diminished
survival.14,15 It has been demonstrated that CSF-1 is involved
in myeloid infiltration of tumors leading to increased tumor
progression and angiogenesis.13,14,16-18 Targeting of CSF-1R
has therefore emerged as a strategy to limit attraction of
MDSCs or block their tumor-promoting functions.19,20 In pre-
clinical studies, therapeutic antibodies and small-molecule
inhibitors directed against CSF-1R have been reported to
inhibit the immunosuppressive tumor microenvironment and
facilitate immune responses to cancer.16,21-25

This pathway has led to the development of various anti-
CSF-1R antibodies and small molecule inhibitors as a single
agent and in combination with other therapeutic modalities for
the treatment of cancer patients.26

In the current study, we evaluate the mechanism by which
blockade of CSF-1/CSF-1R signaling inhibits MDSCs by
exploring both murine and human systems. We find that
recruitment of MDSCs to tumors is regulated by CSF-1/CSF-
1R signaling, and that inhibition of CSF-1/CSF-1R signaling
with blocking antibodies alleviates immune suppression not
only by decreasing the number of MDSCs, but also by reprog-
ramming MDSCs to facilitate antigen presentation and aug-
ment T-cell activation within the tumor microenvironment.
Supporting these findings, we show high expression of CSF-1
as well as CSF-1R in human melanoma and lung tumors. CSF-
1R-expressing MDSCs from the human tumors are highly sup-
pressive in vitro, yet these suppressions can be abolished by
CSF-1R blockade. Moreover, it has been demonstrated that an
immunosuppressive tumor microenvironment mediated by
CSF-1 may limit the antitumor activity of checkpoint blockade
and lead to low response rates in preclinical models (Holm-
gaard et al. in review 2015).18 Here, we find that targeting CSF-
1/CSF-1R in combination with CTLA-4 blockade results in
greater inhibition of MDSC tumor accumulation and synergis-
tic tumor growth reduction, but only when CSF-1R blockade
was administered after or concurrently with CTLA-4 blockade,
indicating that the therapeutic effect is highly dependent on

timing. Overall, our data suggest that reprogramming myeloid
cell responses via CSF-1/CSF-1R blockade could improve anti-
tumor responses in patients but timing is critical and benefit is
only seen if CTLA-4 blockade is given prior to or concurrently
with CSF-1/CSF-1R blockade

Results

CSF-1/CSF-1R signaling blockade reduces tumor
infiltration by myeloid cell subsets

Recently, our group as well as Zhu et al. have reported that
inhibition of CSF-1/CSF-1R signaling with small molecule
inhibitors can improve the efficacy of checkpoint blockade in
murine tumor models by enhancing anti-CTLA-4- and
anti-PD-1-induced tumor immunity (Holmgaard et al., under
review 2015).18 However, the mechanism by which inhibition
of CSF-1/CSF-1R signaling alters tumor immunity requires
further characterization. In order to understand the impact of
CSF-1/CSF-1R signaling blockade on myeloid responses in
murine tumor models, 4T1 tumor-bearing mice were treated
with the CSF-1R blocking antibody CS7 (aCSF-1R). An
antibody similar to CS7 is currently under clinical
development and being tested in phase one clinical trials
(NCT01346358). Tumor growth was evaluated serially and
tumor-infiltrating myeloid composition was assessed at various
time points. Three doses of aCSF-1R treatment resulted in a
significant reduction in the number of tumor-infiltrating
CD11bCLy6G¡/lowLy6Chigh monocytic MDSCs (MO-MDSCs),
but not CD11bCLy6GCLy6C¡/low granulocytic MDSCs (G-
MDSCs) (Fig. 1A) in this tumor model. This was also observed
after six doses of aCSF-1R (Fig. 1A). In addition, we found that
only the MO-MDSCs expressed CSF-1R (Fig. 1B). Importantly,
both MDSC subsets were characterized by low levels of MHC
class II and CD11c and intermediate expression of F4/80
(Fig. 1C), confirming their status as immature myeloid cells
and distinguishing them from mature myeloid cells such as
dendritic cells and macrophages.

Figure 1. Blockade of CSF-1R signaling reprograms the tumor microenvironment (A) Mice were injected with 4T1 tumor cells and treated with aCSF-1R or IgG. Frequen-
cies of CD11bCLy6G¡/lowLy6Chigh. MO-MDSCs, CD11bCLy6GCLy6C¡/low G-MDSCs and total CD11bC myeloid cells of total CD45C cells in tumors after three and six doses
of treatment. (B) Expression of CSF-1R within the CD11bCLy6G¡/lowLy6Chigh and CD11bCLy6GCLy6C¡/low gated populations. (C) CD11bCLy6G¡/lowLy6Chigh and
CD11bCLy6GCLy6C¡/low subsets from 4T1 tumors were evaluated for expression of CD11c, MHC class II and F4/80 markers (filled histograms) against their matched iso-
type controls (open histograms). Data are mean C/– SEM.
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Inhibition of CSF-1/CSF-1R signaling reprograms
tumor-infiltrating MO-MDSCs

Despite loss of MO-MDSCs, the total number of CD11bC

myeloid cells was not changed significantly by aCSF-1R
treatment (Fig. 1A). To determine whether CSF-1R block-
ade reprograms MO-MDSCs or preferentially depletes/kills
CSF-1R expressing MO-MDSCs, we FACS sorted CD11bC

cells from mice bearing established 4T1 tumors and treated
them with aCSF-1R in vitro. We observed that the number
of MO-MDSCs was significantly reduced (p < 0.05) after in
vitro culture with 100 mg/mL aCSF-1R, while the total
number of CD11bC cells remained without significant
change (Fig. 2A), suggesting that the level of MO-MDSC
cell depletion/death is not higher following aCSF-1R treat-
ment. The remaining cells displayed markedly increased
expression of MHC class II (Fig. 2B), suggesting enhanced
antigen presentation capacity. We also observed reduced
expression of the immunosuppressive molecules Arg1 and
TGFb (Fig. 2C). By contrast, IFNg, a surrogate marker for
antitumor activity, was upregulated after CSF-1R inhibition

(Fig. 2C). Taken together, these data suggest that aCSF-1R
treatment preferentially, but not exclusively, reprograms
MDSCs potentially supporting antitumor T cell responses.

CSF-1/CSF-1R signaling blockade reduces the suppressive
capacity of tumor-infiltrating MO-MDSCs

To assess whether CSF-1R blockade could functionally alter the
ability of MO-MDSCs to impair T cell function, we measured
the suppressive activity of MO-MDSCs isolated from 4T1
tumors following six doses of CSF-1R blocking antibody. In
addition to reduced expression of immunosuppressive factors
noted above, we found that MO-MDSCs that remained after
aCSF-1R-treatment had reduced ability to suppress CD8C T
cell proliferation in vitro (Fig. 2D). These data suggest that
CSF-1R blockade not only alters the phenotype and cytokine
profiles of tumor-infiltrating MO-MDSCs, but also favorably
influences their function. Finally, we found that the expression
of CSF-1R on MO-MDSCs was significantly reduced by aCSF-
1R treatment in vitro and in vivo (Fig. 2E), suggesting that

Figure 2. CSF-1/CSF-1R signaling blockade reprograms MO-MDSC response (A) Number of total CD11bC cells and MO-MDSCs after in vitro culture of 4T1 tumor-infiltrat-
ing CD11bC cells with different concentrations of aCSF-1R as indicated. (B) MHC class II expression by MFI in purified MO-MDSCs after in vitro culture with 100 mg/mL
IgG or aCSF-1R. (C) RT-PCR analysis for Arg1, TGFb and IFNg mRNA expression on purified CD11bC cells after in vitro culture with 100 mg/mL IgG or aCSF-1R. (D) CD8C T
cell suppression by MO-MDSCs from aCSF-1R-treated 4T1 tumor-bearing mice (day 23). Percent CD8C T cell proliferation in different MO-MDSCs to CD8C T cell ratios as
indicated, and representative histograms of CD8C T cell proliferation in MDSC to CD8C T cell ratios of 1:2. (E) CSF-1R expression by MFI in purified MO-MDSCs after in vitro
or in vivo treatment with IgG or aCSF-1R. Data are mean C/– SEM.
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CSF-1Rhigh MDSCs are preferentially yet passively eliminated
upon aCSF-1R via changes in phenotype and function.

MDSCs are frequently found in CSF-1 producing tumors
from melanoma and NSCLC patients

To assess the significance and translational relevance of our
findings, we characterized the expression of CSF-1 in
human cancer. We analyzed cell cultures of tumor cell

suspensions prepared from fresh tumors from patients with
metastatic melanoma and NSCLC and found that tumors
from the majority of patients with resected melanoma (9 of
12) or NSCLC (7 of 12) produced high levels of CSF-1
(>20 pg/mL) (Fig. 3A). CSF-1 was also detectable in PBMC
samples from cancer patients, although at markedly lower
levels than what we observed in tumor samples (Fig. 3A).
By contrast, CSF-1 was undetectable in PBMCs from
healthy donors (Fig. 3A). These observations are consistent

Figure 3. CSF-1/CSF-1R signaling blockade alters the function and phenotype of MDSCs from human melanoma and lung tumors. (A) Production of CSF-1 in tumor sam-
ples from patients with lung cancer, in tumor and PBMC samples from patients with melanoma, and in PBMCs from healthy donors. (B) CSF-1R expression in myeloid cells
and tumor cells from tumors of patients with melanoma and lung cancer. (C) CSF-1R expression in CD11bCCD33CCD14CHLA-DRhigh and CD11bCCD33CCD14CHLA-DR¡/

low myeloid cells in tumors of patients with melanoma and lung cancer, gating strategy for MDSCs and representative flow histograms for CSF-1R expression. (D) Fre-
quency of total CD11bCCD33CCD14CHLA-DR¡/low and CSF-1R-expressing CD11bCCD33CCD14CHLA-DR¡/low cells in cell suspensions of CSF-1C and CSF-1¡ tumors. (E) T
cell suppression assay with CD14CHLA-DR¡/low cells enriched from cell suspensions from tumors of melanoma and lung cancer patients and pre-incubated in vitro with
aCSF-1R or IgG. Percent T cell proliferation and representative histograms in CD14CHLA-DR¡/low to T cell ratios of 1:1. (F) MFI for HLA-ABC, HLA-DR and Arg1 expression
in CD14C cell cultures after treatment with aCSF-1R or IgG. Data are mean C/– SEM and represent 12 melanoma patients and 12 lung cancer patients (A–D), three mela-
noma patients and three lung cancer patients (E), and six lung cancer patients (F).
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with other reports 14,16,18,27 and suggest that melanoma and
lung tumor cells frequently produce high levels of CSF-1. In
addition to CSF-1, CSF-1R expression was frequently
detected in both melanoma and lung tumors. CSF-1R was
mainly detected in the tumor-infiltrating myeloid cells, and
not in tumor cells (Fig. 3B). MDSCs in cancer patients have
been characterized by the expression of CD11b, CD33,
CD14, Arg1 and low/absent expression of HLA-DR.28 We
found that CSF-1R expression was significantly increased in
the CD11bCCD33CCD14CHLA-DR¡/low myeloid cell popu-
lation compared to CD11bCCD33CCD14CHLA-DRhigh cells
(Fig. 3C), indicating that the cellular source of CSF-1R in
these tumors is mainly MDSCs. Furthermore, we found that
the total number of CD11bCCD33CCD14CHLA-DR¡/low

cells as well as the frequency of CSF-1R-expressing
CD11bCCD33CCD14CHLA-DR¡/low were numerically
increased in patients with detectable concentrations of CSF-
1 in their tumors, but these selected differences were not
statistically significant (Fig. 3D).

Immunosuppressive CSF-1R-expressing MDSCs infiltrating
human tumors are reprogramed by CSF-1/CSF-1R
signaling blockade

In order to understand the impact of CSF-1R signaling on
MDSCs in human tumors, we compared the suppressive capac-
ity of CD14CHLA-DR¡/low cells following in vitro treatment
with either fully human aCSF-1R antibody (CS4) or IgG. We

found that CD14CHLA-DR¡/low cells purified from patients
showing high levels of CSF-1 and CSF-1R expression were able
to suppress proliferation of autologous CD8C T cells in vitro
and this suppression was abolished by pre-incubation with
aCSF-1R (Fig. 3E). Furthermore, we observed upregulation of
HLA class I (A/B/C) and HLA-DR, and decreased expression
of Arg1 after in vitro treatment with aCSF-1R (Fig. 3F). These
data did not always reach statistical significance (Fig. 3F) due
to a limited number of patient specimens available for analysis.
Nonetheless, these results conceptually support our findings
from murine tumor models and suggest that CSF-1R blockade
reprograms MDSC to sustain antitumor activity.

CSF-1R blockade therapy alters the intratumoral myeloid
response without increasing antitumor T cell activity

To further understand how blockade of CSF-1/CSF-1R signal-
ing might alter the immune response to tumors, we assessed
tumor growth and characterized tumor-infiltrating T cells fol-
lowing CSF-1R blockade in established 4T1 tumors. Mice bear-
ing established (7 d, 150 mm3) 4T1 tumors were treated with
aCSF-1R or IgG as control. Tumor growth and tumor-free sur-
vival was not changed by aCSF-1R treatment as a single agent
(Fig. 4A). Similarly, the number of CD8C and CD4C effector T
cells was unaffected (Fig. 4B). Thus, despite a significant reduc-
tion in tumor-infiltrating MO-MDSCs, aCSF-1R treatment
alone did not affect tumor progression.

Figure 4. Antitumor effects of CSF-1/CSF-1R signaling blockade therapy as a single agent and in combinations with immune checkpoint blockade. (A) Average tumor
growth and overall survival of 4T1 tumor-bearing mice treated with aCSF-1R. (B) Absolute number and frequency of CD8C and CD4C effector T cells in 4T1 tumors treated
with aCSF-1R or IgG. (C) Tumor growth curves for 4T1 tumor-bearing mice treated with aCSF-1R and/or aPD-1. (D) Average tumor growth and tumor-free survival of 4T1
tumor-bearing mice treated with aCSF-1R and/or aCTLA-4. (E) Tumor growth curves for 4T1 tumor-bearing mice treated with aCSF-1R and/or aCTLA-4 C aPD-1 on day
7 or 10 post-tumor challenge. (F) T cell suppression by tumor-infiltrating MDSCs from CT26 tumor-bearing mice. Percent T cell proliferation in different MDSCs to T cell
ratios as indicated and representative histograms. (G) Mean tumor growth and overall survival of CT26 tumor-bearing mice treated with aCSF-1R and/or aCTLA-4. (H)
Individual tumor growth and overall survival of B16-IDO tumor-bearing mice treated with aCSF-1R and/or aCTLA-4 C aPD-1. Results are expressed as mean –/C SEM.
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CSF-1/CSF-1R signaling blockade enhances responses to
CTLA-4 based immunotherapy

It has previously been demonstrated that CSF-1R blockade
using small molecule inhibitors enhances tumor responses to
T-cell-based immunotherapies in different tumor models 18,23

(Holmgaard et al. under review 2015). Based on the above
observations, we assessed whether aCSF-1R could enhance the
response of 4T1 tumors to immune checkpoint blockade. In
order to test this, mice with established 4T1 tumors (7 d,
150 mm3) were treated with aCSF-1R plus PD-1 or CTLA-4
blocking antibodies. Combination of PD-1 blockade with
aCSF-1R had no additional effect on tumor progression in
established tumors compared to PD-1 monotherapy (Fig. 4C).
By contrast, the combination of CSF-1R blockade with CTLA-4
blockade delayed tumor progression and increased overall
survival compared to single agents and differences were statisti-
cally significant (Figs. 4D, E). Since combined blockade of
PD-1 and CTLA-4 therapy has proven to have a high level of
clinical activity,29,30 we also investigated a triple combination
approach, including aCSF1R. Addition of CSF1R blockade did
not further reduce tumor growth in mice bearing established
(7 d, 150 mm3) 4T1 tumors compared with CTLA-4 C PD-1
blockade (Fig. 4E). However, progression of larger tumors
(10 d, 300 mm3) was significantly delayed by aCSF-1R in com-
bination with aPD-1 C aCTLA-4 (Fig. 4E).

The combinatorial antitumor effect of CSF-1R and T cell
checkpoint blockade therapy is observed in other tumor
types

To determine whether the CSF-1R C CTLA-4 blockade treat-
ment strategy could be extended to other tumor types, we used
the CT26 colorectal tumor model. Similar to 4T1 tumors and
human tumors, MO-MDSCs isolated from CT26 tumors are
highly immunosuppressive in vitro (Fig. 4F). In order to test
the combination of dual CSF-1R inhibition and CTLA-4 block-
ade in this model, BALB/c mice were implanted with CT26
tumor cells and treated with aCSF-1R and/or aCTLA-4 when
tumors exhibited a volume of approximately 100–150 mm3

(day 10). The combination therapy caused delayed tumor
growth with prolonged survival in »40% of mice, whereas the
individual components had modest to no effect on tumor
growth and survival (Fig. 4G). Moreover, we tested whether
aCSF-1R could potentiate the antitumor efficacy of T cell
checkpoint blockade in an aggressive IDO expressing mela-
noma tumor model. We have previously described that overex-
pression of IDO by B16 tumor cells (B16-IDO) promotes
tumor recruitment of large numbers of highly suppressive
MDSCs.51 To this end, B16-IDO tumor-bearing mice were
treated with aCSF-1R in combination with aPD-1 C aCTLA-4
antibodies. aCSF-1R alone had no effect on the progression of
B16-IDO tumors (Fig. 4H), while aPD-1 C aCTLA-4 check-
point therapy alone had little efficacy on B16-IDO tumor
growth and no effect on overall survival (Fig. 4H). By contrast,
the combination of aCSF-1R with aPD-1 C aCTLA-4 signifi-
cantly reduced tumor progression and prolonged survival
(Fig. 4H). Thus, the therapeutic activity of the combination of
aCSF-1R and T cell checkpoint blockade is not restricted to the

4T1 tumor model. These data using an antibody to block the
CSF-1R, in melanoma, colon and breast cancer confirm previ-
ous findings with small molecule inhibitors of CSF-1R in a pan-
creatic tumor model18 and in the B16-IDO tumor model
(Holmgaard et al., under review, 2015).

Timing of CSF-1R blockade therapy is critical in order for
CTLA-4 blockade to induce effective antitumor immune
responses

None of the treatments described above induced long-term
effects or completely regressed aggressive 4T1 tumors. In an
attempt to enhance the antitumor efficacy and induce long-
term survival of CSF-1R C CTLA-4 blockade therapy, we
sought to optimize the schedule of CTLA-4 and CSF-1R block-
ade as indicated in Fig. 5A. Tumor-bearing mice were treated
concurrently with three doses of aCSF-1R and aCTLA-4 fol-
lowed by either aCSF-1R or aCTLA-4 or both throughout the
experiment every 3 d as outlined in Fig. 5A. All appropriate
control groups have been included as well (Fig. 5A). All three
combination regimens delayed tumor growth significantly
compared to controls (Fig. 5A). However, when the group
receiving one cycle of the combination (three doses of aCSF-
1R C aCTLA-4) was compared to the groups receiving multi-
ple cycles of the aCSF-1R C aCTLA-4 combination, we did
not observe any significant differences in tumor growth delay
(Fig. 5A). Thus, the additional cycles of aCSF-1R C aCTLA-4
combination therapy did not result in better tumor regression
or tumor delay.

To further investigate the optimal timing for initiating
aCSF-1R/aCTLA-4 combination therapy, we injected mice
with 4T1 tumors cells, and treated with sequential aCSF-1R fol-
lowed by aCSF-1R C aCTLA-4, sequential aCTLA-4 followed
by aCSF-1R C aCTLA-4 or concurrent aCSF-1R C aCTLA-4
as delineated in Fig. 5B. Concurrent treatment with aCSF-
1R C aCTLA-4 resulted in markedly delayed tumor growth
compared to the sequential treatments. However, the overall
survival was not significantly different. Furthermore, we found
that sequential aCTLA-4 followed by aCSF-1R C aCTLA-4
therapy reduced tumor growth more than sequential aCSF-1R
followed by aCSF-1R C aCTLA-4 (Fig. 5B), suggesting that
timing of aCSF-1R and aCTLA-4 is important to induce opti-
mal antitumor effects. To examine this further, mice were
treated with sequential aCSF-1R followed by aCTLA-4,
sequential aCTLA-4 followed by aCSF-1R or concurrent
aCSF-1R C aCTLA-4 as shown in Fig. 5C. Interestingly, the
antitumor efficacy of sequential aCTLA-4 followed by aCSF-
1R and concurrent aCSF-1R C aCTLA-4 were similar
(Fig. 5C) and significantly better than sequential aCSF-1R fol-
lowed by aCTLA-4 (Fig. 5C). Together, these data indicate that
aCSF-1R should be administered after or concurrent to
aCTLA-4 therapy to obtain optimal antitumor responses

aCTLA-4 primes antitumor T-cell responses and activates
MDSCs

To delineate the mechanism underlying the above observa-
tions, we analyzed tumor infiltrates before and after treat-
ment with aCSF-1R and/or aCTLA-4 (15 d post tumor
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challenge) as outlined in Fig. 6A. The frequency of tumor-
infiltrating MO-MDSCs was reduced significantly by aCSF-
1R treatment alone (day 15) (Fig. 6B). However, this was not
associated with a significant decrease in tumor size or
increase in number of T cells infiltrating the tumor (Fig. 6B).
The frequency of MO-MDSCs was also reduced significantly
by the aCSF-1R C aCTLA-4 combination treatment
(Fig. 6B), and, importantly, this was associated with a
decrease in tumor size and increase in both CD8C and
CD4C T effector cells (Teff) in the tumor (Fig. 6B). Although
the MO-MDSC population was not affected by aCTLA-4
treatment alone (Fig. 6B), aCTLA-4 treatment did cause a
significant reduction in tumor size and increased T cell
tumor-infiltration (Fig. 6B). Next, we characterized tumor
infiltrates after sequential or concurrent aCSF-1R and
aCTLA-4 treatment (23 d post tumor challenge) (Fig. 6A).
At this time point, the frequency of tumor-infiltrating MO-
MDSCs was reduced in all treated groups (Fig. 6C). This was
associated with a reduction in tumor growth in all treated
groups (Fig. 6C); however, the tumors in the groups treated
with sequential aCTLA-4 followed by aCSF-1R or concur-
rent aCSF-1R C aCTLA-4 were significantly smaller than
tumors in the group receiving sequential aCSF-1R followed
by aCTLA-4 (Fig. 6C). Notably, treatment with aCSF-1R fol-
lowed by aCTLA-4 did not cause an increase in infiltrating
CD8C and CD4C Teff cells in tumors (Fig. 6C). Together
these data show that aCSF-1R reduces tumor growth and
enhances antitumor T cell responses only when administered
after or concurrent with aCTLA-4.

In order better understand how the concurrent combination
of aCSF-1R and aCTLA-4 causes a superior response, we iso-
lated tumors after mono or combination therapy and measured
changes intra-tumor gene expression compared to control. Dif-
ferential gene expression analysis using NanoString PanCancer
Immune Profiling showed a significant reduction of over 200
genes after aCSF-1R monotherapy, correlating with a pro-
nounced reduction of MO-MDSCs inside the tumor (data not
shown). Because the contribution of reduced cell numbers to
the gene expression could not be separated, we removed these
genes from further analysis. Examining the remaining genes,
using “one-versus-all” comparison, we performed differential
gene analysis between the groups to determine what changes
were present in the combination group. Using this method, a
total of 64 genes were found to be differentially expressed of
which two were shared with aCSF-1R and two with aCTLA-4,
leaving 60 unique genes differentially expressed versus the
aggregate of control, CS7 (aCSF-1R), and aCTLA-4 (Fig. 6D).
Examining these genes more closely showed that concurrent
combination therapy causes a dramatic upregulation of an
inflammatory gene signature in the tumor, including IFNg,
PD-L1 and an activation of IFN responsive genes (Fig. 6E). In
addition, many of the genes are in innate pathways that could
be involved in monocyte function. As these genes don’t appear
to be upregulated after aCSF-1R monotherapy, our observation
suggests that in combination could be altering the activity of
remaining monocytes, resulting in greater activation of T cells.

To investigate this further, and to determine the function
of MDSCs inside the tumor, we isolated MO-MDSCs before

Figure 5. Timing determines the efficacy of aCSF-1R C aCTLA-4 against 4T1 tumors (A) Treatment scheme and average tumor growth for 4T1 tumor-bearing mice
treated with IgG (Group A), aCSF-1R (three initial doses) (Group B), aCSF-1R (continuous) (Group C), aCTLA-1 (three initial doses) (Group D), aCTLA-1 (continuous) (Group
E), Concurrent aCSF-1R C aCTLA-4 (three initial doses) (Group F), Concurrent aCSF-1R C aCTLA-4 (continuous) (Group G), Sequential aCSF-1R CaCTLA-4 (three initial
doses) and aCSF-1R (continuous) (Group H), and Sequential aCSF-1R CaCTLA-4 (three initial doses) and aCTLA-4 (continuous) (Group I). (B) Treatment scheme, average
tumor growth and survival for 4T1 tumor-bearing mice treated with IgG (Group A), aCSF-1R (Group B), aCTLA4 (Group C), sequential aCSF-1R and aCSF-1R C aCTLA4
(Group D), sequential aCTLA-4 and aCSF-1R C aCTLA4 (Group E), or concurrent aCSF-1R C aCTLA4 (Group F). (C) Treatment scheme and average tumor growth for 4T1
tumor-bearing mice treated with IgG (Group A), sequential aCSF-1R and aCTLA4 (Group B), sequential aCTLA-4 and aCSF-1R (Group C), or concurrent aCSF-1R C aCTLA4
(Group D). Data are mean C/– SEM.
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and after aCTLA-4 treatment and tested their suppressive
capacity in vitro. Interestingly, MO-MDSCs from aCTLA-4
treated tumors were significantly more immunosuppressive
than MO-MDSCs from day 7 untreated tumors (Fig. 7A),
possibly due to triggering of an inflammatory microenviron-
ment. Furthermore, we observed that the expression of CSF-
1R on MO-MDSCs was significantly upregulated after
aCTLA-4 treatment in vivo and in vitro (Fig. 7B). These data
suggest that aCSF-1R enhances the activity of CTLA-4 block-
ade by blocking the feedback suppressive capacity of MO-
MDSCs in the tumor microenvironment. We confirmed this,
finding that in vitro treatment of tumor-infiltrating CD11bC

cells with aCSF-1R C aCTLA-4 lowered the number of MO-
MDSCs within the cultures (Fig. 7C) and increased the
expression level of MHC class II and the macrophage marker
F4/80, but reduced expression of Arg1 in remaining cells
(Fig. 7D). The number of total CD11bC myeloid cells did not
change by addition of aCSF-1R C aCTLA-4 to the cultures
(Fig. 7C). In addition, MO-MDSCs purified from tumors of
aCSF-1R C aCTLA-4 treated mice showed reduced ability to
suppress CD8C T cell proliferation in vitro (Fig. 7E) as well as
increased expression of MHC class II (Fig. 7F), compared to
MO-MDSCs from aCTLA-4 treated mice. These findings are
consistent with the reprogramming of MDSCs we demon-
strated with aCSF-1R treatment alone in Fig. 2.

In order to investigate the potential clinical relevance of
these findings we characterized MDSCs from patients treated
with ant-CTLA4 (ipilimumab). We found that MDSCs from
PBMC samples of melanoma patients obtained after the
patients received CTLA-4 blockade with ipilimumab also
showed expression of CSF-1R (Fig. 7G). Similarly, these PBMC
samples showed detectable levels of CSF-1 (Fig. 7H). Finally,
the MDSCs showed Arg1 expression, indicating that the
MDSCs are activated (Fig. 7I). These data suggest that CTLA-4
blockade immunotherapy does not decrease CSF-1R/CSF-1
expression levels or functional properties of MDSCs in mela-
noma patients and that combination with CSF-1R/CSF-1
blockade might be beneficial in anti-CTLA-4 and anti-CTLA-
4/PD-1 blockade treatment regimens.

Discussion

Even though T cell checkpoint immunotherapies have
achieved impressive clinical benefits in some cancers, particu-
larly melanoma,31,32 their application as single agents is still
not inducing clinical response in the majority of patients with
solid tumors.1-4 This is potentially due to the unique immuno-
suppressive microenvironment in many tumors. Tumor-infil-
trating suppressive myeloid cells have been demonstrated
to be a critical component of the inhibitory tumor

Figure 6. The combination of aCTLA-4 and aCSF-1R modifies the tumor microenvironment and increases intra tumor inflammation. (A) 4T1 tumors were harvested on 15
(after treatment with aCSF-1R and/or aCTLA-4) and 23 (after sequential or concurrent treatment with aCSF-1R and aCTLA-4) post-tumor inoculation and analyzed for
tumor-infiltrating immune cells. Treatment schedule for each group: Group A) IgG, Group B) Sequential aCSF-1R and aCTLA-4, Group C) Sequential aCTLA-4 and aCSF-1R,
and Group D) Concurrent aCSF-1R C aCTLA-4. (B) Results for day 15: Frequency of CD11bCLy6G¡/lowLy6Chigh. MO-MDSCs of total CD45C cells and representative dot
plots, mean tumor weight, and absolute number of CD8C T cells and CD4C Teff cells per gram of tumor. (C) Results for day 23: Frequency of CD11bCLy6G¡/lowLy6Chigh.
MO-MDSCs of total CD45C cells, mean tumor weight, and absolute number of CD8C T cells and CD4C Teff cells per gram of tumor. (D–E) Data is derived from nanoString
analysis using the 750 gene Mouse Immunology Panel. Differential gene expression using the Broad GenePattern “Comparative Marker Selection” tool identified a set of
200 genes down-regulated in CS7 versus control with p value < 0.05. These 200 were removed, leaving 550 genes, which were reanalyzed in Comparative Marker Selec-
tion using “one-versus-all” as a comparison mode. From this a total of 64 genes were found to be differentially expressed at the p value < 0.05 level, of which two were
shared with CS7 and two with CTLA4, leaving 60 unique genes differentially expressed versus the aggregate of control, CS7, and CTLA4. Data are mean C/– SEM.
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microenvironment and thus, therapeutic strategies that repro-
gram dominant myeloid responses may allow effective T cell
checkpoint therapy.

Data from several preclinical studies suggest that inhibition
of CSF-1R signaling may alter the immunologic responses of
tumor-infiltrating myeloid cells (Holmgaard et al., in review
2015).16,18,22,23,25,33-36 Early studies demonstrated a critical role
of CSF-1R on tumor-associated macrophage (TAM) infiltration
of spontaneous murine breast tumors and human breast cancer
xenografts. These studies showed reduced angiogenesis and
delayed tumor progression to metastasis upon depletion or
inhibition of CSF-1R-expressing TAMs.11,37 Similarly, it has
been demonstrated that depletion of CSF-1R-expressing TAMs
in murine tumor models sensitizes tumors to adoptively trans-
ferred T cell based therapies,23 chemotherapy 33 and radia-
tion.22 More recently, CSF-1R expression was observed on
MDSCs.38,39 Studies have demonstrated that CSR-1R signaling
regulate tumor recruitment of both MDSCs and TAMs.16,22 We
also showed that targeting CSF-1R signaling using PLX647 in a
murine IDO-expressing melanoma model (B16-IDO) depleted
more than 65% of tumor-infiltrating MDSCs, leading to
delayed tumor progression and increased efficacy of immuno-
therapies targeting CTLA-4, PD-1 and IDO (Holmgaard et al.
under review, 2015). In the study presented here, we find that
blockade of CSF-1/CSF-1R signaling in murine breast tumors
with an anti-CSF-1R antibody also targets the more abundant

MDSCs rather than macrophages, supporting our previous
findings in melanoma. The role of CSF-1 may be tumor model-
dependent as distinct myeloid subsets dominate in different
tumor models. Some tumor models are more infiltrated with
and more dependent on MDSCs,22,40,51 whereas others have
few MDSCs and are primarily dominated by macrophages.23,34

Recruitment and differentiation of myeloid cells in tumors
are complex processes regulated by multiple pathways, which
may lead to differential responses to CSF-1R inhibition.10,41-43

Several studies have shown that CSF-1/CSF-1R signaling block-
ade using antibodies or small molecule inhibitors directed
against CSF-1R promotes tumor regression, yet the exact mech-
anism by which this happens is unknown. While some studies
have shown that CSF-1R inhibition reduces the number of
TAM/myeloid cells,16,18,23 others have shown that CSF-1R
blockade favorably reprograms TAM/myeloid responses with-
out reducing their numbers.34 Here, we show that blockade of
CSF-1/CSF-1R signaling in murine breast tumors not only
reduces the number of tumor-infiltrating MDSCs but also
reprograms the remaining MDSCs to support antitumor
immunity. Importantly, we saw a similar alteration of MDSCs
toward an antitumor phenotype in melanoma and lung cancer
patients upon blockade of CSF-1/CSF-1R signaling in vitro.
These results suggest that CSF-1R signaling can regulate both
the number and function of tumor-infiltrating myeloid cells.
These activities may however be dependent on the tumor type

Figure 7. aCTLA-4 enhances the suppressive capacity of tumor-infiltrating MDSCs (A) Suppressive activity of MO-MDSCs purified from tumors of 4T1 tumor-bearing mice
before (day 7 after tumor inoculation) or after treatment with aCTLA-4 (day 15). Percent CD8C T cell proliferation and representative histograms of CD8C T cell prolifera-
tion in MDSC to CD8C T cell ratios of 1:1. (B) CSF-1R expression by MFI in purified MO-MDSCs after in vivo or in vitro treatment with IgG or aCTLA-4. (C) Number of total
CD11bC cells and MO-MDSCs after in vitro culture of CD11bC cells purified from 4T1 tumors with IgG or aCSF-1R C aCTLA-4. (D) Arg1, MHC class II and F4/80 expression
by MFI in purified MO-MDSCs after in vitro culture with IgG or aCSF-1R C aCTLA-4. (E) CD8C T cell suppression by MO-MDSCs from aCSF-1R C aCTLA-4 or aCTLA-4
treated 4T1 tumor-bearing mice. MO-MDSCs were purified by FACS and assayed for their ability to suppress CD8C T cell proliferation following CD3/CD28 and IL-2 stimu-
lation. Percent CD8C T cell proliferation in different MO-MDSCs to CD8C T cell ratios as indicated and representative histograms of CD8C T cell proliferation in MDSC to
CD8C T cell ratios of 1:1. (F) MHC class II expression by MFI in purified MO-MDSCs from aCSF-1R C aCTLA-4 or aCTLA-4 treated 4T1 tumor-bearing mice. (G) MFI and fold
change in CSF-1R expression in CD11bCCD33CCD14CHLA-DR¡/low myeloid cells from PBMCs of human melanoma patients at baseline (Time Point A) and post (Time Point
B and C) CTLA4 blockade immunotherapy, and representative histograms. (H) Expression of CSF-1 in PBMCs from human melanoma patients at baseline (Time Point A)
and post (Time Point B and C) CTLA4 blockade immunotherapy. (I) MFI and fold change in Arg1 in CD11bCCD33CCD14CHLA-DR¡/low myeloid cells from PBMCs of human
melanoma patients at baseline (Time Point A) and post (Time Point B and C) CTLA4 blockade immunotherapy. Data are mean C/– SEM (A-F) and represents six patients
(G–I).
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or cytokine milieu within the tumor microenvironment. The
exact mechanism by which CSF-1R blockade reprograms the
remaining myeloid cells is unknown. CSF-1R signaling may
promote a pro-tumor myeloid phenotype, while its blockade
leads to an antitumor phenotype. Cytokines within the tumor
microenvironment may differentially program myeloid cells to
play diverse roles. To this end, it has been demonstrated that
CSF-1 and CSF-2 induce different phenotypic changes in mac-
rophages in vitro.44 This study showed that macrophages cul-
tured in CSF-2 preferentially produced pro-inflammatory
cytokines, whereas macrophages cultured in CSF-1 produced
anti-inflammatory cytokines. These observations suggest that if
tumors produce high levels of CSF-2, blockade of CSF-1R sig-
naling may reprogram myeloid cells toward an antigen-pre-
senting phenotype. CSF-2 is produced by many cancer cell
types, including breast, colon and prostate cancer.45-48 Along
these lines, it has been demonstrated that the TGFb inhibitor,
SM16, acts to inhibit its kinase activity and, in turn, skews unfa-
vorable MDSCs to become tumoricidal myeloid cells.9 The
SHP1 inhibitor, NSC87877, can similarly shift the activity of
MDSCs,49 resulting in reduced tumor growth. The exact mech-
anism by which these pathways regulate MDSC polarization
remains unclear.

In addition to reprograming myeloid cells, CSF-1R signaling
blockade may select for a subset of tumor-restraining myeloid
cells that are insensitive to the CSF-1 signal. MDSCs are com-
posed of heterogeneous subsets with distinct functions,7 and
consequently, different factors may be required for their sur-
vival, proliferation, and effector functions. Thus, selection pres-
sure due to CSF-1R blockade may have enriched for subsets of
antitumor myeloid cells in the tumor tissue that are less depen-
dent on CSF-1 signaling for their survival and eliminated the
myeloid cells with a more suppressive phenotype. Our data
demonstrate that myeloid cells remaining after anti-CSF-1R
antibody treatment in vitro and in vivo show significantly lower
CSF-1R expression levels, indicating that CSF-1Rhigh MDSCs
were preferentially eliminated. These data could imply that cer-
tain subsets of MDSCs are more dependent on the CSF-1 signal
than others.

The anti-CSF-1R antibody therapy alone failed to enhance T
cell infiltration and delay tumor progression. However, addi-
tion of anti-CSF-1R antibody markedly improved the efficacy
of CTLA-4 checkpoint blockade in both breast and colon
tumor models, and slowed progression of more established
breast tumors and IDO-expressing melanoma tumors when
combined with CTLA-4 C PD-1 blockade. Similar antitumor
effects have recently been described using small molecule inhib-
itors of CSF-1R in murine models of melanoma and pancreatic
cancer (Holmgaard et al., under review, 2015).18 In this study,
we further show that therapeutic effect of CSF-1R blockade is
highly dependent on the timing of the therapy. Perhaps not
surprisingly, we find that anti-CSF-1R antibody therapy is
effective only when the CSF-1R expressing cells that show
immunosuppressive functions are highly present in the tumor
microenvironment. Furthermore, our data indicate that T cells
infiltrating the tumor (possibly induced CTLA-4 blockade)
may activate CSF-1R-expressing myeloid cells to become sup-
pressive. These observations suggest that reprogramming
MDSC responses via CSF-1/CSF-1R blockade could improve

antitumor responses in patients previously treated with CTLA-
4 blockade (or CTLA-4 C PD-1 blockade) or treated concur-
rently with CTLA-4 and CSF-1/CSF-1R blockade. Supporting
these findings, we find that the CSF-1R is indeed expressed in
MDSCs from melanoma patients after CTLA-4 blockade
immunotherapy with ipilimumab.

Finally, tumor expression of CSF-1 was correlated with
increased tumor infiltration of MDSCs in patients with meta-
static melanoma and lung cancer, and the majority of these
MDSCs were CSF-1R positive, further highlighting the impor-
tance of CSF-1/CSF-1R signaling in the recruitment and func-
tion of tumor-infiltrating myeloid cells, including MDSCs, in
human tumors.

In summary, our findings suggest that CSF-1/CSF-1R signal-
ing blockade may be an effective therapeutic target to repro-
gram the immunosuppressive tumor microenvironment, and
validate the benefits of targeting CSF-1R signaling in combina-
tion with T cell checkpoint blockade. However the timing of
the combination therapy and the pre-existing tumor microen-
vironment are critical suggesting that the treatment of cancers
patients with CSF-1/CSF-1R signaling blockade and check
point blockade should follow a rationally designed treatment
plan and tailored to patient with specific pre-existing intra-
tumor immune landscape.

Methods

Mice

BALB/c and C57BL/6J mice (6–8 weeks old) were purchased
from Jackson Laboratory. Mice were treated in accordance with
the NIH and American Association of Laboratory Animal Care
regulations. All mouse procedures and experiments were
approved by the MSKCC Institutional Animal Care and Use
Committee.

Cell lines

The murine cancer cell lines for breast cancer (4T1), colon can-
cer (CT26) and melanoma (B16-IDO) were maintained in
RPMI medium supplemented with 10% fetal calf serum (FCS)
and penicillin with streptomycin. B16-IDO was generated by
transduction of B16F10 with GFP plus the IDO gene as previ-
ously described.50

Tumor challenge and treatment experiments

On day 0 of the experiments, tumors were implanted by injec-
tion of tumor cells in the right flank intradermally (i.d.). For
the 4T1 tumor model, 5 £ 105 tumor cells were injected and
treatment was initiated on day 7 or 10, post tumor inoculation
as indicated. For the CT26 tumor model, 5 £ 105 tumor cells
were injected and treatment was initiated on day 10, post tumor
inoculation. For the B16-IDO tumor model, 2.5 £ 105 tumor
cells were injected and treatment was initiated on day 3, post
tumor inoculation. Treatment was given according to the fol-
lowing regimen for each drug: Anti-CTLA-4 antibody (100 ug/
mouse, clone 9H10, BioXcell), anti-PD-1 antibody (250 ug/
mouse, clone RPM1-14, BioXcell) and anti-CSF-1R antibody
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(40 mg/kg, CS7, Eli Lilly and Company) were injected intraper-
itoneal (i.p.) every 3 d as indicated. Control groups received a
corresponding dose of isotype antibody. The animals were
euthanized for signs of distress.

Isolation of tumor-infiltrating cells and lymphoid
tissue cells

Tumor samples were finely chopped and treated with 1.67 U/
mL Liberase (Roche) and 0.2 mg/mL DNase (Roche) in RPMI
for 30 min at 37�C. Tumor samples were then mashed through
a 100-mm cell strainer (BD Biosciences) to generate single-cell
suspensions in RPMI supplemented with 7.5% FCS. Cells from
spleens and LNs were isolated by grinding through 100-mm fil-
ters. After red blood cell (RBC) lysis (ACK Lysing Buffer,
Lonza) when required, all samples were washed and re-sus-
pended in FACS buffer (PBS/2%FCS).

Flow cytometry and morphology analysis

Cells isolated from mouse tumors, spleens and LNs were pre-
incubated (15 min, 4�C) with anti-CD16/32 monoclonal anti-
body (Fc block, clone 2.4G, BD Biosciences) to block unspecific
binding and then stained (30 min, 4�C) with appropriate dilu-
tions of various combinations of the following fluorochrome-
conjugated antibodies: anti-CD3-eFluor 450 (clone 17A2),
anti-MHC Class II-eFluor 450 (clone M5/114.15.2), anti-CSF-
1R-PE (clone AFS98), anti-CD8-PE Texas Red (clone 5H10),
anti-Gr1-PerCP-Cy5.5 (clone R86-8C5), anti-CD4-PE-Cy7
(clone RM4-5), anti-CD45-APC (clone 104), anti-F4/80-APC
(clone BM8), anti-CD11c-Alexa Fluor 700 (clone N418), and
anti-CD11b-APC eFluor 780 (clone M1/70) antibodies, all pur-
chased from BD Biosciences, eBioscience or Invitrogen. The
cells were further permeabilized using FoxP3 Fixation and
Permeabilization Kit (eBioscience) and stained for Foxp3
(clone FJK-16s, Alexa-Fluor-700-conjugated, eBioscience). The
stained cells were acquired on a LSRII Flow Cytometer using
BD FACSDiva software (BD Biosciences) and the data were
processed using FlowJo software (Treestar).

Purification of MDSCs

Mouse tumor single-cell suspensions were generated as
described in the previous section. Tumor cells were subse-
quently separated from debris over a Ficoll gradient (Sigma-
Aldrich). Cells were stained with anti-CD45.2-Alexa-Fluor-700,
anti-CD11b-APC-Cy7 and anti-Gr1-PerCP-Cy5.5 antibodies
for flow sorting on a FACSAria

TM

II Cell Sorter (BD Bioscien-
ces). Dead cells were excluded using DAPI (Invitrogen). Purity
of flow-sorted populations was above 90%.

In vitro culture of MDSCs with anti-CSF-1R antibody

Purified MDSCs were cultured in complete RPMI media sup-
plemented with 0.05 M b-mercaptoethanol with or without
anti-CSF-1R antibody (CS7 (Rat anti-mouse CSF-1R) or CS4
(fully human anti-human CSF-1R) supplied by Eli Lilly and
Company), at indicated concentrations. One day later, cells
were collected and tested for expression of various surface

markers by flow cytometry, in T cell suppression assays or RT-
PCR as described.

T cell suppression assay with MDSCs

Spleens and lymph nodes from naive mice were isolated and
grinded through 100-mm filters to generate a single cell suspen-
sion. After RBC lysis, CD8C cells were purified using
anti-CD8C (Ly-2) microbeads (Miltenyi Biotech) according to
manufacturer’s protocol and labeled with 1 mM CFSE (Invitro-
gen) in pre-warmed PBS for 10 min at 37�C. The CFSE-labeled
CD8C T cells were then plated in complete RPMI media sup-
plemented with 0.05 M b-mercaptoethanol and 50 U/mL IL-2
onto round bottom 96-well plates (1 £ 105 cells per well)
coated with 1 mg/mL anti-CD3 (clone 1454–2C11) and 5 mg/
mL anti-CD28 (clone 37N) antibodies. Purified MDSCs were
added in indicated ratios and plates were incubated at 37�C.
After 72 h, cells were harvested and CFSE signal in the gated
CD8C T cells was measured by flow cytometry (LSRII flow
cytometer, BD Biosciences). Controls were wells without
CD11bC cells (StimC) and wells without CD11bC cells and
anti-CD3/CD28 antibody (Stim-).

Taqman gene expression analysis

RNA from MDSC cultures was isolated using the RNeasy kit
(QIAGEN). cDNA was then produced from RNA using the
Superscript II Reverse Transcription kit (Invitrogen). Relative
gene expression was then determined using the ABI 7500 RT-
PCR System using VIC- and FAM-conjugated primer probes
(Applied Biosystems). Primers for amino acids, synthases, cyto-
kines and receptors presented here included Arg1, TGFb and
IFNg. hprt was used as the endogenous control. Relative gene
expression was calculated using Taqman primers by the DDCt
method.

RNA extraction and nanostring

Total RNA was extracted using MagMax-96 Total RNA Isola-
tion Kit (Thermo Fisher Scientific) following manufacturer’s
protocol. RNA was quantitated using spectrophotometry Bio-
TEk Synergy 2. 100 ug of RNA was used to determine gene
expression levels using the Nanostring nCounter system
(Nanosting Technologies). nCounter Mouse PanCancer
Immune Profiling Panel was used to evaluate the RNA. The
total RNA was hybridized to the custom codesets at 65�C over-
night (15.5 to 22.5 h). The reaction was processed on the
nCounterTM Prep Station and gene expression data was then
acquired on the nCounterTM Digital Analyzer at the “high reso-
lution” setting.

Differential Gene Expression analysis was conducted using
the Broad Institute GenePattern version 3.9.1.52 The specific
GenePattern modules used were: a) ComparativeMarkerSelec-
tion version 10 using a “phenotype test” of “one versus all” and
default settings (including 2-sided T-Test) for all other parame-
ters; b) HierarchicalClustering version 6 using Pearson correla-
tion for row clustering, log-transforming the data before
clustering, and default settings for all other parameters.
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Patient material

Patient samples were collected on a tissue-collection protocol
approved by the Institutional Review Board. Surgical specimens
from patients with metastatic melanoma or lung cancer were
processed within 3 h. Single-cell suspensions were prepared
using the human tumor dissociation kit (Miltenyi Biotec)
according to the manufacturer protocol. Briefly cells were
obtained by mincing the tumors into small pieces (1 mm3) and
dissociated using enzymatic digestion with 1 h incubation at
37�C with constant shaking in gentleMACSTM Octo Dissocia-
tor. Cell viability was assessed by trypan blue exclusion. Cells
were frozen at a concentration of 5 £ 106/mL in 90% FBS with
10% DMSO until experiments were performed.

Whole blood was drawn in cell preparation tubes (CPT) con-
taining sodium heparin (BD Vacutainer). Peripheral blood
mononuclear cells (PBMCs) were isolated from whole blood by
centrifuging the CPT tubes at 800 g for 25 min. The plasma was
collected and retained for other experiments. The interface cells
were harvested and washed twice with PBS with 10% FCS at
500 g and 450 g for 10 min, respectively. PBMCs were then
resuspended in complete RPMI 1640 with 10% autologous
plasma or PHS. For cryopreservation, PBMCs were resuspended
in FCS with 10% dimethylsulfoxide (DMSO) (Sigma-Aldrich, St.
Louis, MO), frozen at ¡80�C for 2–3 d and then stored in liquid
nitrogen until tested. Patients received ipilimumab at either
0.3 mg/kg (n D 1), 3 mg/kg (n D 4), or 10 mg/kg (n D 65)
every 3 weeks for four treatments. PBMCs were collected on the
day of dosing. Time Point A PBMCs were collected on the day
of the first dose before injection and defines baseline, i.e. pre-
treatment PBMCs. Time Point B and C PBMCs were collected
on the day of the second and third dose, respectively, and defines
PBMCs after one and two doses of ipilimumab.

In vitro cultures of human myeloid cells with anti-CSF-1R
antibody

Cell suspensions were generated from human tumors as
described above. CD14C cells were positively selected from
patient TIL samples by lymphoprep isolation (Sigma-Aldrich)
and MACS separation (Miltenyi Biotec) according to manufac-
turer’s recommendations. Purified CD14C cells were cultured in
complete RPMI media supplemented with 0.05 M b-mercaptoe-
thanol with or without 100 mg/mL fully human anti-CSF-1R
antibody (CS4, Eli Lilly and Company). One day later, cells were
collected and stained with anti-CD14-eFlour450 (clone M5E2),
anti-HLA-ABC-FITC, anti-CSF-1R-PE (Clone 9-4D2-1E4), anti-
HLA-DR-PE Texas Red (clone G46-6), anti-CD11b-PerCP-
Cy5.5 (clone M1/70), anti-CD33-PE-Cy7 (clone P67.6), and
anti-CD45-APC eFluor 780 (clone 2D1) antibodies, all purchased
from BD Biosciences, eBioscience or Invitrogen. The cells were
further permeabilized using FoxP3 Fixation and Permeabilization
Kit (eBioscience) and stained for Arginase (APC-conjugated,
R&D Systems) or with matched isotype control antibody.

T cell suppression assay with human myeloid cells

T cell suppression assays were performed as described previ-
ously (Holmgaard et al., in press, 2015). Briefly, CD45C cells

were positively selected from patient PBMC or TIL samples by
lymphoprep isolation (Sigma-Aldrich) and MACS separation
(Miltenyi Biotec) according to manufacturer’s recommenda-
tions. HLA-DR¡/lowCD14C effector cells were obtained first by
depleting HLA-DRC cells followed by enrichment of CD14C

cells from the HLA-DR¡/low fraction, using antibody labeled
microbeads (Miltenyi Biotec). Purity of enriched cell popula-
tions was assessed by flow cytometry using antibodies for
HLA-DR and CD14 (eBiosciences) and LIVE/DEAD Fixable
Aqua Dead Cell Stain-Amcyan (Invitrogen). The target cell
population was obtained by CD14C depletion (Miltenyi Biotec).
Target cells were labeled with CFSE as described above, and
resuspended in complete RPMI media supplemented with
0.05 M b-mercaptoethanol and 50 U/mL IL-2. Target cells
were plated onto round bottom 96-well plates (5 £ 104 cells
per well) coated with 5 mg/mL anti-CD3 (clone OKT3), and
CD14CHLA-DR¡/low cells were added at effector to target ratio
1:1. The plate was incubated for 6 d at 37�C. Proliferation was
assessed by flow cytometry using antibodies for
CD8C(eBioscience). When indicated CD14CHLA-DR¡/low cells
were pre-incubated withfully human anti-CSF-1R antibody
(CS4, Eli Lilly and Company) for 4 h at 4�C, before they were
added to the plates.

CSF-1 expression in patient samples

PBMCs or tumor cell suspensions were washed and plated in
48 well plates in triplicates in 400 uL complete RPMI media
supplemented with 0.05 M b-mercaptoethanol. Plates were
incubated for 48 h at 37�C. After culture for the required period
of time, the culture supernatants were aspirated and centrifuged
to remove cells and debris. Subsequently, supernatants were
analyzed for CSF-1 concentrations by ELISA, according to the
manufacturer’s instructions (Sigma-Aldrich).

CSF-1R expression in patient samples

PBMCs or tumor cell suspensions were washed and stained
with anti-CD14-eFlour450 (clone M5E2), anti-HLA-ABC-
FITC (clone W6/32), anti-CSF-1R-PE (Clone 9-4D2-1E4),
anti-HLA-DR-PE Texas Red (clone G46-6), anti-CD11b-
PerCP-Cy5.5 (clone M1/70), anti-CD33-PE-Cy7 (clone P67.6),
and anti-CD45-APC eFluor 780 (clone 2D1) antibodies (eBio-
science and BD Bioscience) for phenotypic analysis. The
stained cells were acquired on a LSRII Flow Cytometer using
BD FACSDiva software (BD Biosciences) and the data were
processed using FlowJo software (Treestar). Dead cells and
doublets were excluded on the basis of forward and side scatter.

Statistics

Where indicated, data were analyzed for statistical significance
and reported as p values. Data were analyzed by 2-tailed
Student’s t test when comparing means of two independent
groups and two-way ANOVA when comparing more than two
groups. p < 0.05 was considered statistically significant (�p <

0.05, ��p < 0.01, ���p < 0.001, ����p < 0.0001). Evaluation of
survival patterns in tumor-bearing mice was performed by the
Kaplan–Meier method, and results were ranked according to
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the Mantel-Cox Log-Rank test. p < 0.05 was considered statis-
tically significant (�p < 0.05, ��p < 0.01, ���p < 0.001, ����p <

0.0001). Survival was defined as mice with tumors < 1.000 cm3.
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