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Abstract

Although ovarian cancer has a low incidence rate, it

remains the most deadly gynecologic malignancy. Previous

work has demonstrated that the DNMTi 5-Azacytidine

(5AZA-C) activates type I interferon signaling to increase

IFNgþ T cells and natural killer (NK) cells and reduce the

percentage of macrophages in the tumor microenvironment.

To improve the efficacy of epigenetic therapy, we hypoth-

esized that the addition of a-difluoromethylornithine

(DFMO), an ornithine decarboxylase inhibitor, may further

decrease immunosuppressive cell populations improving

outcome. We tested this hypothesis in an immunocompe-

tent mouse model for ovarian cancer and found that in vivo,

5AZA-C and DFMO, either alone or in combination, signif-

icantly increased survival, decreased tumor burden, and

caused recruitment of activated (IFNgþ) CD4þ T cells, CD8þ

T cells, and NK cells. The combination therapy had a striking

increase in survival when compared with single-agent treat-

ment, despite a smaller difference in recruited lymphocytes.

Instead, combination therapy led to a significant decrease in

immunosuppressive cells such as M2 polarized macro-

phages and an increase in tumor-killing M1 macrophages.

In this model, depletion of macrophages with a CSF1R-

blocking antibody reduced the efficacy of 5AZA-C þ DFMO

treatment and resulted in fewer M1 macrophages in the

tumor microenvironment. These observations suggest our

novel combination therapy modifies macrophage polariza-

tion in the tumor microenvironment, recruiting M1 macro-

phages and prolonging survival.

Significance: Combined epigenetic and polyamine-

reducing therapy stimulates M1 macrophage polarization in

the tumor microenvironment of an ovarian cancer mouse

model, resulting in decreased tumor burden and prolonged

survival.

Introduction

Although ovarian cancer has a low incidence rate of 1.3%

nationally, it remains the most deadly gynecologic malignancy

and the need for novel therapeutics is high (1). Cancer immu-

notherapy treatmentoptionshave grown rapidly in the last decade

and have demonstrated considerable promise in multiple disease

types; however, ovarian tumors have thus far not responded well

to current therapies such as the immune checkpoint inhibitors

a-PD-1 and a-PD-L1 (2–5). Low intratumoral CD8þ T cells and

high immunosuppressive cell populations such as myeloid-

derived suppressor cells (MDSC) andmacrophages are associated

with poor prognosis in ovarian cancer and could impact the

efficacy of these immune therapies (6–9). Drug treatment strat-

egies that alter the tumor and immune cell microenvironment

could prolong survival for patients with ovarian cancer.

Macrophages demonstrate considerable plasticity in their

development, responding to environmental signals such as cyto-

kines and growth factors that dictate their phenotype (10). Clas-

sically polarized or M1 type macrophages are considered to be

antitumorigenic, producing proinflammatory cytokines and pro-

moting T-cell immunity (10–12). In contrast, alternatively polar-

ized or M2 type macrophages, normally involved in wound

repair, are anti-inflammatory and can promote tumorigene-

sis (10–12). In order for immune checkpoint blockades such as

a-PD-1 tobe effective, theremust be a robust T-cell response in the

tumor, and the relative proportions of these M1 and M2 macro-

phages has a significant impact on T-cell immunity (10).

One treatment strategy that impacts immune cell populations

in the tumor microenvironment is epigenetic therapies such as

DNA methyl transferase inhibitors (DNMTI) and histone deace-

tylase inhibitors (HDACI; refs. 13–19). 5-Azacytidine (5AZA-C) is

a demethylating agent, which incorporates into nucleic acids as a

cytidine analog that cannot be methylated by DNA methyl trans-

ferases (DNMT). 5AZA-C is FDA approved for myelodysplastic

syndrome (MDS), and low nanomolar doses lead to decreased

DNA promoter methylation and restored expression of
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hypermethylated genes in cancer (20). Additionally, 5AZA-C

treatment induces the reexpression of hypermethylated, silenced

endogenous retroviruses (ERV) in vitro, which can elicit an anti-

viral, interferon immune response that leads to T-cell activation

in vivo (15, 18). Furthermore, 5AZA-C treatment of an ovarian

cancermousemodel leads to increased immune cells in the tumor

microenvironment, and combination 5AZA-C and HDACi sen-

sitized tumors to a-PD-1 therapy (18). Although first-generation

HDACIs combinedwithDNMTIs havedemonstrated someprom-

ise in clinical trials for non–small cell lung cancer (21), there

remains a need to discover novel treatment strategies that activate

the immune system and provide long-term remission for other

solid tumors.

Although the impact of epigenetic therapy on the immune

system has been well established, emerging literature has shown

that additional drug therapies can also regulate the immune

system. In particular, polyamine-blocking therapy (PBT), the

combined inhibition of polyamine biosynthesis and transport,

significantly inhibits tumor growth in immunocompetent mice

but not in athymicmice (22). Polyamines are naturally occurring,

polycationic, alkyl amines that are absolute requirements for

multiple cellular processes and are particularly important for

tumor cell growth (23). 2-Difluoromethylornithine (DFMO) is

FDA approved for African sleeping sickness, and works as an

inhibitor of ornithine decarboxylase (ODC), an essential enzyme

that catalyzes a rate-limiting step of polyamine synthesis. DFMO

treatment reduces intracellular polyamines and inhibits tumor

cell growth in multiple model systems, but failed to demonstrate

significant antitumor activity as a single agent in advanced

tumors (24–26). It is currently being tested in clinical trials as

a chemopreventive agent and for the treatment of neuroblasto-

ma (27–32).

Similar to data obtained with PBT, DFMO treatment alters

immune cell populations in the tumor microenvironment (33).

Investigators demonstrated that DFMO treatment of immuno-

competent mice, but not RAG1 knockout mice, inhibited tumor

growth, decreased MDSC activity, and increased infiltration of

CD8þ T cells (33). The potential to combine epigenetic therapy

with PBT is intriguing, as epigenetic therapies are known to

activate a strong antiviral, interferon response, whereas PBT

attenuates immunosuppressive cells such as MDSCs.

We have therefore tested the hypothesis that the combination

of 5AZA-C and DFMOwould produce a more durable antitumor

response due to immune-related changes in the tumor microen-

vironment. In an immunosuppressivemousemodel of aggressive

high-grade serous ovarian cancer, we found that combination

5AZA-C and DFMO dramatically prolonged survival, and led to

an increase in M1 versus M2macrophages that may be important

for the efficacy of this drug combination. Because both drugs are

clinically approved andwell-tolerated, there is potential to rapidly

translate this combination to the clinic for treatment of ovarian

cancer.Moreover, other solid tumors that are rich inmacrophages

could benefit from this treatment regimen as well, due to the

impact this drug combination has on macrophage polarization.

Materials and Methods

Drugs and reagents

DFMO was kindly provided by Dr. Patrick Woster (Medical

University of South Carolina, Charleston, SC). 5AZA-C was pur-

chased from Sigma-Aldrich (Catalog No. 320-67-2). a-PD-1 was

kindly provided by the Michael Lim lab. a-CSF1R (BioXCell

Clone AFS98) was generously provided by Janssen.

Animals

Female C57BL/6NHsd wild-type (WT)mice (7- to 8-week-old)

were purchased from Envigo International Holdings, Inc. Mice

were housed at the Johns Hopkins Kimmel Cancer Center Animal

Resources Core and cared for in accordance with the policies of

The Johns Hopkins University Animal Care and Use Committee

and our approved animal protocol.

Syngeneic mouse model

A total of 250,000 VEGF-b-Defensin ID8 (VDID8) syngeneic

mouse ovarian surface epithelial (MOSE) cells were injected

intraperitoneally into wild-type (WT) C57BL/6 mice. Cells were

obtained from Dr. Chien-Fu Hung and tested for Mycoplasma

every 6 months using MycoAlert PLUS (Lonza; LT07-701) per

manufacturer's instructions and as previously described (18).

Dr. Katherine Roby developed the ID8model via mild trypsiniza-

tion of the ovarian surface epithelium, followed by long-term

passage in vitro until the cells spontaneously immortalized (34).

The parental ID8 clone has been further modified to enhance its

usefulness as a tool by overexpressing VEGF and b-defensin,

making the tumormore aggressive and immunosuppressive (35).

The VDID8 cells are also positive for luciferase andGFP. Although

this model has proven to be an excellent research tool, it has

limitations in representing high-grade serous ovarian cancer in

humans because it is derived from mouse ovarian surface epithe-

lium, not the fallopian tube, and is Trp53 WT. In mice however,

ovarian cancer can arise from either fallopian tube epithelium

(FTE) or ovarian surface epithelium (OSE) and ID8 is the most

widely used MOSE model for immunotherapy studies in ovarian

cancer.

Mice were treated with 0.5 mg/kg 5AZA-C/saline, Monday to

Friday, every other week and continuous 2% DFMO in drinking

water. Two hundred micrograms of a-PD-1 or IgG was injected

intraperitoneally four times total on days 17, 20, 24, and 27 after

intraperitoneal injection of VDID8 cells. Two hundred micro-

grams of a-CSF1R or IgG was injected intraperitoneally twice

weekly beginning 2 weeks prior to VDID8 cell injection, and

continuing throughout the duration of the experiment.

Ascites tissue harvest and processing

When ascites fluid is collected from themice, the cells obtained

represent the tumor microenvironment and can be further ana-

lyzed to help illustrate the mixed population of cells surrounding

the tumor. Ascites was collected, filtered, incubated in ACK buffer

(Quality Biological) to lyse red blood cells, and washed. The

mononuclear cells collected were then cultured for 4 hours in

RPMI (Corning) with 10% FBS in the presence of phorbol 12-

myristate 13-acetate (PMA) and ionomycin to stimulate cells, and

brefeldin A and monensin (Invitrogen; 00-4975-93) to cause

aggregation of secreted proteins inside the cell.

Flow cytometry

Cells were washed and blocked with FcR Blocking Reagent

(Miltenyi Biotec; 130-092-575) and stained for cell-surface

markers including Live/Dead (eBioscience; 65-0865-14), CD45

(BD Biosciences; 563891), CD3 (BD Biosciences; 560527), CD4

(BDBiosciences; 563331), CD8 (BDBiosciences; 563152),NK1.1

(BD Biosciences; 562921), F4/80 (BioLegend; 123113), CD11b

Travers et al.

Cancer Res; 79(13) July 1, 2019 Cancer Research3446

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

9
/1

3
/3

4
4
5
/2

7
8
1
8
7
5
/3

4
4
5
.p

d
f b

y
 g

u
e
s
t o

n
 2

8
 A

u
g
u
s
t 2

0
2
2



(BioLegend; 101222), MHC II (isotype control; 400627;

BioLegend; 107619), CD206 (BioLegend; 141708), CD11c

(BD Biosciences; 564079), Ly6C (BD Biosciences; 562728), Ly6G

(BD Biosciences; 563005), CD80 (BD Biosciences; 553769), and

CD86 (BD Biosciences; 558703). Cells were permeabilized

and stained for intracellular IFNg (isotype control 554686; BD

Biosciences; 554413). Flow cytometry acquisition was performed

on an LSR II cytometer (BD Biosciences), and data were analyzed

using FlowJo software version 10.2.

Flow sorting

Lysed and processed bulk ascites cells were blocked with FcR

Blocking Reagent (Miltenyi Biotec; 130-092-575) and stained for

cell-surface markers including Live/Dead (eBioscience; 65-0865-

14), CD45 (BD Biosciences; 563891), F4/80 (BioLegend;

123113), CD11b (BioLegend; 101222), MHC II (isotype control;

400627; BioLegend; 107619), CD206 (BioLegend; 141708), and

CD11c (BD Biosciences; 564079). Prepared cells were suspended

in PBS and sorted immediately on a BSL-2 FACSAria II. M1

macrophages were sorted on a gate as follows: CD45þ L/D� F4

\80þ CD11bþMHC IIþ CD206�CD11c�. M2macrophages were

sorted on a gate as follows: CD45þ L/D� F4\80þ CD11bþ MHC

II� CD206þ CD11c�.

RNA isolation and quantitative reverse-transcriptase PCR

Total RNA was isolated from sorted macrophages using TRIzol

reagent according to the manufacturer's protocol (Invitrogen).

Two hundred nanograms of RNA were used for cDNA synthesis

using qScript cDNA SuperMix (Quanta Biosciences), followed by

SYBR green-mediated real-time PCR (Universal SYBR Green

Supermix; Bio-Rad) using custom primers specific for Arg1, Fizz1,

and iNOS2 (Arg1 F: CAGAAGAATGGAAGAGTCAG; Arg1 R:

CAGATATGCAGGCAGGGAGTCACC; Fizz1 F: GGTCCCAGTG-

CATATGGATGAGACCA; Fizz1 R: CACCTCTTCACTCGAGGGA-

CAGTTGG; iNOS2 F: CCGAAGCAAACATCACATTCA; iNOS2 R:

GGTCTAAAGGCTCCGGGCT). In each experiment, samples were

performed in duplicate, normalized to b-actin as an internal

control, and fold change in expression relative to M1 or M2

macrophage was determined using the 2�DDCt algorithm. Ther-

mocycling was performed on a Bio-Rad iQ2 real-time PCR detec-

tion system and data collected using the iQ5 optical system

software.

ELISA assays

Bulk ascites fluid collected from individual treated mice

was centrifuged at low speed (1,000 rpm) for 15 minutes, and

1,000 mL of supernatant was collected and stored at �80�C.

Circulating CSF1 levels in mice treated with IgG versus CSF1R

was detected using an ELISA Kit (R&D Systems Kit #MMC00)

according to instructions.

Polyamines

Polyamines were analyzed via high-performance liquid chro-

matography (HPLC) as previously described (36).

Statistical analysis

Data were graphed in GraphPad Prism 7.0 and tested for a

Gaussian distribution using the Shapiro–Wilk test. Significance

was determined for sets of data with more than 2 groups using

the one-way ANOVA or Kruskal–Wallis test dependent upon

normality results from the Shapiro–Wilk test. If only 2 sets of

data were compared, either the Mann–Whitney (nonparametric)

or Student t test (parametric) were used dependent on

normality results. Significances in survival data were determined

by Mantel–Cox (log-rank) test. P values less than 0.05 were

deemed significant. Outliers were removed from ascites volume

datasets and ascites immune cell datasets using Peirce criteri-

on (37). Significances are shown as �, P < 0.05; ��, P < 0.01;
���, P < 0.001; ����, P < 0.0001.

Results

Combination 5AZA-C and DFMO therapy reduces tumor

burden and increases survival in an ovarian cancer mouse

model

To confirm that DFMO inhibits ODC in the model systems

used, VDID8 cells were treated in vitro and in vivo and polyamine

levels were determined (Supplementary Fig. S1A and S1B). In vitro

treatment of VDID8 tumor cells led to a significant decrease in

putrescine and spermidine with DFMO alone and when com-

bined with 5AZA-C. However, 5AZA-C alone appeared to have a

stimulatory effect on putrescine and spermidine synthesis (Sup-

plementary Fig. S1A). In bulk ascites cells from treated animals,

combination treatment led to a decrease in all 3 polyamines,

including spermine (Supplementary Fig. S1B). No significant

changes to the polyamine pools were observed with 5AZA-C

treatment alone, but putrescine and spermidine were decreased

(although not significantly) byDFMO treatment (Supplementary

Fig. S1B).

To test the hypothesis that addition of DFMO to therapy using

the DNMTi 5AZA-C would reduce tumor burden and improve

overall survival in a mouse model of ovarian cancer, immuno-

competent C57BL/6 mice were injected intraperitoneally with

250,000 VDID8 syngeneic MOSE cells. Mice were treated intra-

peritoneally with 5AZA-C (0.5 mg/kg) or saline vehicle, DFMO

(2% in water), or combination 5AZA-C and DFMO beginning 3

days posttumor injection (Fig. 1A). Hemorrhagic ascites fluid

consistently develops at approximately 4 to 5 weeks after VDID8

injection and is an accurate measurement of tumor burden in

mice, allowing observation of tumor growth in real time (35, 38).

After draining hemorrhagic ascites fluid frommice for the second

time (typically week 5 posttumor injection), mice treated with

single-agent 5AZA-C or DFMOpresent with higher tumor burden

than mice treated with combination therapy (Fig. 1B). Mice

treated with combination therapy also exhibited the largest

increase in overall survival with a median survival of 59 days

compared with that of single-agent 5AZA-C or DFMO of approx-

imately 44 days (Fig. 1C). Although total numbers of

lymphocytes are significantly increased by single-agent 5AZA-C

or DFMO compared with vehicle, these numbers are not further

enhancedwith combination 5AZA-CþDFMO treatment (Fig. 1D

and E).

5AZA-C and DFMO combination treatment significantly

increases IFNgþ natural killer cells

To pursue further whether changes in lymphocyte populations

might account for the dramatic increase in survival observed with

5AZA-CþDFMO combination therapy, the numbers and activity

of specific lymphocyte subpopulations in hemorrhagic ascites

fluid at week 5 posttumor injection were analyzed. Single-agent

5AZA-C or DFMO led to significant increases in T-cell, natural

killer (NK)-cell, and IFNgþ lymphocyte populations examined in

5AZA-C and DFMO Boost M1 Macrophages in Tumor Microenvironment
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the tumor microenvironment (Fig. 2A–G). In most cases, com-

bination therapydidnot alter immunepopulations overwhatwas

observed with single agents (Fig. 2A–F). The exception, however,

was a significant increase in IFNgþ NK cells observed in combi-

nation-treated mice versus 5AZA-C or DFMO alone (Fig. 2G). It

was hypothesized that the observed increase in IFNgþ cells in the

model could lead to an increase in PD-L1 expression on the

surface of tumor cells, possibly sensitizing the tumor to a-PD-1

therapy. Surface PD-1 expression on T cells is a signature of

immune tolerance, and when engaged with its ligand PD-L1 on

tumor cells, can limit the T cell's ability to proliferate and perform

its effector functions (39, 40). Addition of a-PD-1 to the combi-

nation of DFMO and 5AZA-C treatment did not further decrease

tumor burden in the mice, nor did it increase survival (Supple-

mentary Fig. S2A–S2F). No changes were observed in the number

of PD-1 expressing cells with single-agent or combination treat-

ment on either CD4þ or CD8þ T cells (Supplementary Fig. S2G

and S2H). The lack of response to a-PD-1 therapy suggests that a

T-cell response may not be the primary mechanism of action in

this combination drug therapy. Although 5AZA-C and DFMO

treatment led to elevated IFNgþ NK cells and modest increases in

T cells, it does not appear that the differences between

Figure 1.

Combination 5AZA-Cþ DFMO reduces tumor burden and increases survival in an ovarian cancer mouse model. A, Tumor cell injection and treatment schematic.

Mice were injected intraperitoneally with 250,000 VEGF-DEFB ID8 MOSE cells (VDID8). 0.5 mg/kg of 5AZA-C was given intraperitoneally 5 days a week, every

other week. Two percent of DFMOwas provided in water bottles. Mice were treated throughout the duration of the experiment. Upon 25% to 30%weight gain,

ascites fluid was drained frommice and processed for analysis of the tumor microenvironment. B, Tumor burden, represented by ascites volume, 5 weeks

posttumor injection. Data are from the second ascites drain procedure; the first was 4 weeks posttumor injection. Representative data (mean� SEM shown,

n¼ 10; 4 biological replicates). Data were tested for a Gaussian distribution using Shapiro–Wilk test and found not to be normal. Significance was determined

using Kruskal–Wallis test; statistical outliers removed using Peirce criterion. C, Representative survival curve (median survival in days; n¼ 10; 4 biological

replicates). Significance determined using log-rank Mantel–Cox test. D, Total lymphocyte populations in bulk ascites fluid of mice at week 5 bulk; n¼ 14–21. Data

were tested for a Gaussian distribution using Shapiro–Wilk test and found to be normal after log transformation. Significance was determined using one-way

ANOVA. E, Flow cytometry plots of SSC versus FSC, demonstrating an increase in lymphocyte populations in ascites fluid at week 5 posttumor injection with

5AZA-C, DFMO, and 5AZA-CþDFMO treatment. Range of total lymphocyte population percentages are included in the top left-hand corner for each plot.
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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combination treatment and single agents 5AZA-C or DFMOwere

significant enough to explain the dramatic increase in survival

seen with combination treatment (Fig. 1C).

Combination 5AZA-C þ DFMO treatment results in a

significant decrease in macrophages

The myeloid immune cell populations were next examined

to determine whether a decrease in immunosuppression may

account for the striking differences in survival. MDSCs are

suppressive immune cells sometimes present in the tumor

microenvironment, high levels of which are associated with

a poor prognosis in ovarian cancer (7). No significant decrease

in nonlymphocyte or MDSC populations was observed after

treatment with 5AZA-C and DFMO (Fig. 3A and B). Instead,

total macrophage populations in the tumor microenvironment

were consistently decreased with 5AZA-C treatment, and

decreased even further with the addition of DFMO (Fig. 3C).

Macrophages are professional antigen-presenting cells capable

of activating T cells. Surface expression of MHC II is essential for

interaction with T cells, and the number of MHC II positive cells

was increased with 5AZA-C, DFMO, and 5AZA-C þ DFMO

treatment compared with vehicle (Fig. 3D and E; Supplemen-

tary Fig. S3A and S3B). Importantly, MHC II expressing cells

were increased significantly with combination treatment

compared with single-agent 5AZA-C, suggesting a possible

explanation for the dramatic increase in survival (Figs. 1C

and 3D). In contrast, untreated mice had high populations of

macrophages negative for the MHC II surface protein. These

data suggest that macrophages may play an important role in

tumor response to the combination drug therapy.

Figure 2.

Combination 5AZA-Cþ DFMO elevates lymphocyte populations and IFNgþ lymphocytes in tumor associated ascites. Ascites fluid was collected from treated

mice and the cellular fraction was processed for FACS analysis. FACs analysis of cellular populations isolated from ascites at week 5 post-injection demonstrates

that combination treatment of 0.5 mg/kg 5AZA-C and 2% DFMOwas the most effective at significantly elevating total T cells (A), NK cells (B), and CD4þ T cells

(C). An upward trend in total CD8þ T cells (D) was observed as well. Both CD4þ and CD8þ T cells (E and F) and NK cells (G) showed an increase in IFNgþ cells

with combination treatment. IFNgþNK cells were significantly increased with combination 5AZA-Cþ DFMO compared with both single agent 5AZA-C or DFMO

alone. Each data point represents cells harvested from onemouse; n¼ 14–21. All data were tested for a Gaussian distribution using Shapiro–Wilk test.

Significance was determined using one-way ANOVA (A, B, and E–G) or Kruskal–Wallis test (C and D), dependent upon normality results from Shapiro–Wilk test.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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Combination 5AZA-CþDFMO treatment leads to an increased

ratio of M1 macrophages to M2 macrophages in the tumor

microenvironment

Next, surface markers were examined to distinguish between

classical (M1) and alternative (M2) polarizedmacrophages. High

populations of M2 macrophages are associated with a poor prog-

nosisdueto theirability topromotetumorgrowth(8–10).Because

the surface marker CD206 is upregulated on M2 macrophages,

flow cytometry was used to analyzemacrophages high for CD206

and low for MHC II—a surface marker for M1 macrophages.

Although total macrophages were decreased by the treatments, an

increase in M1 macrophages was observed in the remaining

macrophage population for all treatment groups (Fig. 4A), as well

as a decrease in M2 macrophages (Fig. 4B; Supplementary Fig.

S4A).MHC II�CD206þ andMHC IIþCD206�macrophageswere

then sorted via flow cytometry, and RNA was isolated to perform

RT-PCR on M1- and M2-specific genes (41–44). As expected,

CD206þmacrophagesdemonstrated increased expressionofArg1

and Fizz1 compared with CD206�macrophages (Fig. 4C and D),

and MHC IIþ macrophages had increased expression of iNOS2

compared with MHC II� macrophages (Fig. 4E). These data con-

firm that macrophages expressing high levels of CD206 in our

model also retaingene expressionpatterns that are characteristic of

alternatively polarized M2 macrophages.

Interestingly, the decrease in M2 macrophages observed in

5AZA-C þ DFMO-treated mice was not a durable response, and

as tumor burden increased in these mice, the relative proportion

of M2 macrophages increased as well (Supplementary Fig. S5A

and S5B). Macrophages in vehicle-treated mice were therefore

assessed at 3 different time points to determine whether M2

macrophages increase as the disease progresses. Indeed, relative

levels ofM2macrophages increased as tumor burden increased in

these mice, suggesting the importance of macrophages in disease

progression of this ovarian cancer model (Fig. 4f).

Blocking macrophages with CSF1R antibody diminishes the

5AZA-C þDFMO response in the ovarian cancer mouse model

To test whether the increase in M1 macrophages was important

in the response to 5AZA-C and DFMO treatment, macrophages

wereblocked in the ovarian cancermousemodel using anantibody

to CSF1R (Fig. 5A; ref. 45). Treatment with a-CSF1R resulted in

decreased macrophages in the tumor microenvironment (Fig. 5B)

and a consequential increase in M-CSF levels in ascites fluid as

measured by ELISA (Fig. 5C). Increased M-CSF indicates that the

a-CSF1 receptor block antibody is functional, as more ligand (M-

CSF) is free, and less ligand is engaged with its receptor (45).

Initially, the 5AZA-CþDFMOcombination treatment still resulted

indecreased tumorburden inmice, evenwith theobserveddecrease

inmacrophages; however, over time, tumorburden increasedmore

rapidly in 5AZA-C þ DFMOmice receiving a-CSF1R (Fig. 5D and

E). This decrease in macrophages also led to a decrease in overall

survival, compared with 5AZA-C þ DFMO mice that received IgG

control (Fig. 5F). Analysis via flow cytometry ofM1 andM2 surface

markers showed that with IgG control, 5AZA-CþDFMOmice had

increased M1 macrophages and decreased M2 macrophages com-

pared with vehicle, as was previously seen (Figs. 5G and H and 4A

Figure 3.

5AZA–Cþ DFMO combination therapy decreases macrophages and alters the ratio of MHC II high to MHC II lowmacrophages. Ascites fluid was collected from

treated mice and the cellular fraction was processed for FACS analysis. No changes were observed between any of the treatment arms for nonlymphocytes (A)

or MDSCs (B). A significant decrease in total macrophages was observed in combination-treated mice compared with vehicle, as well as a significant decrease

compared with 5AZA-C alone (C). Further analysis of macrophage populations revealed that the MHCII low (M2-like) population was decreased in all treatment

arms (D), whereas the MHCII Hi (M1-like) population was increased across treatment arms (E). All data were tested for a Gaussian distribution using Shapiro–Wilk

test. Significance was determined using one-way ANOVA (B–E) or Kruskal–Wallis test (A), dependent upon normality results from Shapiro–Wilk test. � , P < 0.05;
���� , P < 0.0001.
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and B). Interestingly, although 5AZA-CþDFMOmice maintained

low M2macrophages in the presence of a-CSF1R (consistent with

the action ofa-CSF1R; Fig. 5B),M1macrophageswere significantly

decreased compared with 5AZA-C þ DFMO mice receiving IgG

control (Fig. 5G and H). These results indicate that the presence of

M1 macrophages is important for the mechanism of action of this

combination drug therapy, as 5AZA-C þ DFMO-treated mice

receiving a-CSF1R had decreased survival and increased tumor

burden compared with IgG control.

Discussion

Combination epigenetic and polyamine reducing therapy is an

effective treatment strategy for ovarian cancer in immunocom-

petent mice, prolonging survival and decreasing tumor burden

significantly. This treatment regimen represents the first combi-

nation of these two drug therapies in mice, and the first use of

DFMO in an immunocompetent mouse model for ovarian can-

cer (46). Treatment with 5AZA-C alone led to an increase in IFNgþ

NK cells, CD4þ T cells, and CD8þ T cells, as has been demon-

strated before (14, 18, 19). Signaling of IFNg via its receptor

IFNGR1 on tumor cells can lead to increased expression of PD-L1

on tumor cells, thereby making this increase in IFNg an attractive

candidate for a-PD-1 therapy. However, a-PD-1 therapy had no

significant impact on survival in this model when added to the

combination 5AZA-C and DFMO. These results are in contrast to

previous studies using 5AZA-C and HDACi where the addition of

a-PD-1 produced a significant therapeutic response (18). Histone

acetylation is essential for transcription of IFNg , therefore the use

of an HDACi may explain the sensitization to a-PD-1 therapy

previously seen, as increasing histone acetylation even further

increased IFNg levels in lymphocytes (47).

Analysis of the tumormicroenvironment after the combination

treatment with 5AZA-C and DFMO indicated that the impacts on

macrophage polarization are critically important in this model.

5AZA-C treatment has been shown to decrease macrophages

in the tumor microenvironment, although previously no distinc-

tion was made as to the polarization status of these macro-

phages (18, 19). As the understanding of macrophages deepens,

research has discovered that these cells once thought of as per-

manent, differentiated cells, are in fact quite plastic and able to

respond to multiple signals including cytokines and chemokines

that direct their behavior and alter their phenotype. Classically

polarized M1 macrophages, induced by cytokines such as IFNg

and IL12, upregulate expression of MHC II and can have tumor-

icidal functions. M1 macrophages metabolize arginine via iNOS

to nitric oxide (NO), creating an oxidizing environment that is

damaging to surrounding cells. DFMO treatment has been found

to potentiate NO production in LPS-stimulated macrophages in

vitro (48). In addition, DFMO, via product inhibition through the

increase in ODC substrate, ornithine, inhibits the enzyme argi-

nase I,which is essential for function of alternatively polarizedM2

Figure 4.

5AZA-CþDFMO treatment reduces M2 polarization and increases M1 polarized macrophages in the tumor microenvironment. A, Percentage of M1 macrophages

(MHC IIþ CD206�) were increased with DFMO and 5AZA-C treatment, and further increased with combination 5AZA-Cþ DFMO treatment. B, Percentage of M2

macrophages (MHC II� CD206þ) was reduced in all treatment arms, with the greatest reduction observed in combination 5AZA-CþDFMO treatment.

Macrophages were sorted from bulk ascites fluid collected frommice at week 5 posttumor injection. qRT-PCR for Arg1 (C) and Fizz1 (D) was performed on sorted

macrophages (M2macrophages¼ CD45þ L/D� F4\80þ CD11bþMHC II� CD206þ; M1 macrophages¼ CD45þ L/D� F4\80þ CD11bþMHC IIþ CD206�). Data

confirm that MHC II� CD206þmacrophages exhibited gene expression signatures typical of M2 polarization. E, qRT-PCR of iNOS2 in M1 macrophages vs. M2

macrophages confirming that MHC IIþ CD206�macrophages exhibited gene expression signatures typical of M1 polarization. F, Percentage of M2macrophages

(MHCII� CD206þ) increase with tumor burden in vehicle-treated mice. Drain 1 was performed at week 4 posttumor cell injection; drain 2 at week 5 and drain 3 at

week 6. All data were tested for a Gaussian distribution and found to be normal using Shapiro–Wilk test. Significance was determined using one-way ANOVA (A

and B) or t test (C–E). � , P < 0.05; �� , P < 0.01; ���� , P < 0.0001.
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macrophages (23, 41). Inhibition of arginase I could lead to

increased amounts of its substrate arginine, potentially providing

more of themetabolite for use byM1macrophages and iNOS (41,

49). Treatment with DFMO may therefore increase M1 macro-

phages by making more of its essential metabolite arginine

available, whereas 5AZA-C may help increase M1 macrophages

via its interferon response and production of IFNg , a cytokine that

drives M1 polarization (15, 18, 19, 49).

Depletion of macrophages in the tumor microenvironment

using a CSF1R antibody significantly diminished the efficacy of

combination 5AZA-C and DFMO, and decreased the levels of M1

macrophages. Tumor burden recurred more rapidly and survival

was diminished in mice with fewer macrophages, suggesting that

these M1 macrophages could have a tumoricidal role in ovarian

tumors. This work represents the first combination of these two

distinct treatment strategies in any cancer. The impact of 5AZA-C

andDFMOonmacrophages in the tumormicroenvironmentmay

not be specific to ovarian cancer, and could therefore possibly

translate toothermacrophage-rich tumors. Furthermore, the use of

twowell-tolerated and clinically approved drugs offers potential to

test a third drug in combination to further prolong survival.

Exploration of additional drugs that potentiate M1 macrophages

is important, as these tumoricidal cells have potential to decrease

tumorburden andhelp activate the immune systemagainst cancer.

Figure 5.

Increased M1 macrophages are essential to the efficacy of combined 5AZA-Cþ DFMO treatment in an ovarian cancer mouse model. A, Treatment schematic for

dosing with macrophage block antibody a-CSF1R. All mice were drained during each ascites draining procedure beginning at week 7. B, Reduction in total

macrophages observed at the first drain (week 7 on schematic). C, ELISA of M-CSF levels demonstrating an increase in circulating M-CSF in the presence of

receptor block CSF1R. D, Tumor burden represented by ascites volume in mice treated with 5AZA-CþDFMO in presence of CSF1R antibody or IgG control during

the second drain (week 8 on schematic in A). E, Tumor burden during the third drain (week 9 on schematic inA), demonstrating an increase in tumor burden in

5AZA-CþDFMOmice receiving CSF1R. F, Survival curve of 5AZA-Cþ DFMO–treated mice receiving CSF1R antibody. Mice with decreased macrophages due to

the antibody demonstrated a decrease in survival compared with 5AZA-CþDFMOmice receiving IgG.G,M1 macrophages (MHC IIþ CD206�) analyzed via flow

cytometry. 5AZA-Cþ DFMO–treated mice receiving CSF1R showed no increase in M1 macrophages. H,M2macrophages (MHC II� CD206þ) analyzed via flow

cytometry. M2 macrophages were reduced in both 5AZA-Cþ DFMO treatment arms, compared with mock-treated mice. All data were tested for a Gaussian

distribution and found to be normal using Shapiro–Wilk test. Significance was determined using a t test (B and C) or one-way ANOVA (D, E, G, and H). � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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