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Abstract Tumor-recruited CD11b myeloid cells, includ-
ing myeloid-derived suppressor cells, play a signiWcant role
in tumor progression, as these cells are involved in tumor-
induced immune suppression and tumor neovasculogenesis.
On the other hand, the tumor-inWltrated CD11b myeloid
cells could potentially be a source of immunostimulatory
antigen-presenting cells (APCs), since most of these cells
represent common precursors of both dendritic cells and
macrophages. Here, we investigated the possibility of gen-
erating mature APCs from tumor-inWltrated CD11b mye-
loid cells. We demonstrate that in vitro exposure of freshly
excised mouse tumors to DNA methyltransferase inhibitor
5-aza-2�-deoxycytidine (decitabine, AZA) results in selec-
tive elimination of tumor cells, but, surprisingly it also
enriches CD45+ tumor-inWltrated cells. The majority of
“post-AZA” surviving CD45+ tumor-inWltrated cells were
represented by CD11b myeloid cells. A culture of isolated
tumor-inWltrated CD11b cells in the presence of AZA and
GM-CSF promoted their diVerentiation into mature F4/80/
CD11c/MHC class II-positive APCs. These tumor-derived
myeloid APCs produced substantially reduced amounts of
immunosuppressive (IL-13, IL-10, PGE2), pro-angiogenic
(VEGF, MMP-9) and pro-inXammatory (IL-1beta, IL-6,
MIP-2) mediators than their precursors, freshly isolated
tumor-inWltrated CD11b cells. Vaccinating naïve mice with

ex vivo generated tumor-derived APCs resulted in the pro-
tection of 70% mice from tumor outgrowth. Importantly, no
loading of tumor-derived APC with exogenous antigen was
needed to stimulate T cell response and induce the anti-
tumor eVect. Collectively, our results for the Wrst time dem-
onstrate that tumor-inWltrated CD11b myeloid cells can
be enriched and diVerentiated in the presence of DNA
demethylating agent 5-aza-2�-deoxycytidine into mature
tumor-derived APCs, which could be used for cancer
immunotherapy.
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Introduction

Previous studies demonstrated that solid tumors actively
recruit bone marrow-derived CD11b myeloid cells [1–3].
Tumor-inWltrated CD11b cells support tumor growth via
several distinct mechanisms, including stimulation of angi-
ogenesis and neovascularization [4–6], stimulation of
metastasis [7, 8] and participation in tumor-induced immu-
nosuppression [9–13]. Bone marrow-derived tumor-
recruited CD11b cells may also serve as stromal cells and
promote tumor growth through production of various cyto-
kines and growth factors [14, 15]. Most of the mouse
tumor-inWltrated CD11b myeloid cells co-express mono-
cyte/macrophage marker F4/80, produce M2 and pro-
inXammatory cytokines and mediators (IL-10, IL-13, IL-6,
IL-1beta, MIP-1, MIP-2, PGE2 and other), and also secrete
pro-angiogenic factors such as VEGF and MMP-9. One
typical characteristic of tumor-inWltrated myeloid cells
is up-regulated expression of arginase I, which is impli-
cated in mechanisms of the inhibition of T cell-mediated
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anti-tumor immune response [16, 17]. Expression of arginase
I in myeloid cells is dependent on expression of M2
cytokines and/or PGE2.

On the other hand, tumor-recruited CD11b cells may
play a key role in tumor destruction as cytotoxic M1 macro-
phages and/or via initiation of adaptive T cell-mediated
immune response as antigen-presenting cells (APCs). An
important characteristic of anti-tumor action in myeloid
cells is a state of diVerentiation and Th1-cytokine orienta-
tion. It appears that the pro-tumoral (immunosuppressive,
pro-angiogenic) phenotype of tumor-inWltrated CD11b
myeloid cells is dictated by tumor microenvironment,
which eYciently converts the newly recruited bone mar-
row-derived myeloid cells into immunosuppressive and
tumor supporting cells.

Tumors inhibit diVerentiation and/or maturation of APCs
and promote immunosuppressive accumulation of myeloid
cells (myeloid-derived suppressor cells, MDSCs and/or
tumor-associated macrophages, TAMs) via several mecha-
nisms, including activation of Jak2-STAT3 pathway [12, 18],
overproduction of VEGF [19], PGE2 [13, 20–23] and
S100A9 protein [24]. In the present study, we investigated
the eVect of DNA methyltransferase inhibitor 5-aza-2�-deox-
ycytidine (AZA) on tumor-inWltrated cells. Our data demon-
strate that the addition of AZA to the whole tumor cell
suspension, or to the freshly isolated tumor-inWltrated CD11b
cells, results in the selective elimination of tumor cells. This
allows surviving CD11b cells to diVerentiate into mature
APCs, which co-express CD11c, MHC class II and CD86.
The tumor-derived APCs secreted much lower amounts of
immunosuppressive (PGE2, IL-13, IL-6), pro-inXammatory
(IL-1beta, MIP-2) and pro-angiogenic (VEGF, MMP-9)
mediators than their precursors, tumor-inWltrated CD11b
cells. Vaccination of naïve mice with ex vivo generated
tumor-derived APCs protected mice from tumor outgrowth.

Materials and methods

Mice and tumor models

Female BALB/c and C57BL/6 female mice (all 6–8 weeks
of age) were obtained from the National Cancer Institute
(Frederick, MD). Murine renal carcinoma cell line Renca
was kindly provided by Dr. Jennifer Smith and Dr. James
Finke (Cleveland Research Institute, Cleveland, OH). The
CT-26 murine colon carcinoma cell line and TRAMP-C2
murine prostate adenocarcinoma cell line were purchased
from ATCC (Manassas, VA). Tumor cells were routinely
maintained in vitro at 37°C in a 5% CO2 humidiWed atmo-
sphere in a DMEM/F12 culture medium supplemented with
10% FBS (HyClone). To establish subcutaneous tumors,
5 £ 105 of CT-26 or Renca cells were injected into left

Xank of BALB/c mice. The same numbers of TRAMP-C2
cells were inoculated into C57BL/6 mice.

Reagents

5-Aza-2�-deoxycytidine (AZA) was purchased from Sigma
Chemicals (St. Louis, MO). Mouse rGM-CSF was pur-
chased from R&D Systems (Minneapolis, MN). BrdU kit,
CD11b, CD11c, CD8, CD4, CD86, I-Ad antibodies and
antibody against arginase I were purchased from BD
Pharmingen (San Diego, CA). F4/80 antibody was from
Serotec Inc. (Raleigh, NC).

Tumor digestion

CT-26 and Renca tumors were harvested on days 12–14,
whereas TRAMP-C2 tumors were harvested on days 18–20
after tumor cell inoculation. Tumor-bearing mice were
killed in a CO2 chamber. Tumors were isolated from the
mice and sliced into 1–3 mm3 pieces with scissors. The
minced tumor tissue was incubated at 37°C for 1 h in a
medium containing 2% FBS (HyClone), antibiotics (peni-
cillin/streptomycin, HyClone), 50 U/ml collagenase I,
100 U/ml collagenase IV, 200 U/ml DNase-I and 2.5 U/ml
protease XIV (Sigma, St Louis, MO). After washing cells
in PBS, they were re-suspended in the complete culture
medium. Viability of cells, as determined by trypan blue
exclusion, was more than 90%.

Isolation CD11b cells from tumors

CD11b myeloid cells were puriWed from tumor cell suspen-
sion using the MACS method (Miltenyi Biotec, Gladbach,
Germany) according to the manufacturer’s instructions.
BrieXy, cells were incubated with magnetic beads conju-
gated with anti-mouse CD11b and positively selected on
LS columns. The purity of recovered cells assessed by Xow
cytometry was >95%.

5-Aza-2�-deoxycytidine treatment

Whole tumor cell suspensions, or CD11b cells isolated
from tumor, were cultured in the presence of rGM-CSF
(20 ng/ml) and 5 �M of AZA in six-well ultra low attach-
ment plates (Corning Inc., Lowell, MA) for 7 days. For
whole tumor cell culture, fresh AZA was added every sec-
ond day of culture. For CD11b cells, AZA (5 �M) in fresh
medium was added on days 1, 4 and 6.

FACS analysis

Non-speciWc cell staining was prevented by blocking Fc
receptors with anti-CD16/CD32 mAbs (Mouse BD Fc
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Block™, BD Biosciences, San Jose, CA). The cells were
then incubated for 30 min on ice in 100 �l of PBS with 1 �g
of relevant Xuorochrome-conjugated or -matched isotype
control antibodies and then washed twice with cold PBS.
Flow cytometry data were acquired using a FACSCalibur
Xow cytometer (BD Biosciences, San Jose, CA) and were
analyzed with CellQuest software (BD Biosciences).

qRT-PCR

Total cellular RNA was puriWed from tumor-isolated
CD11b cells using RNeasy Plus mini kit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Integrity
of the RNA was analyzed in 2100 Bioanalyzer (Agilent
Technologies Inc). cDNA for each RNA sample was syn-
thesized in 20 �l reactions using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster
City, CA). cDNA-speciWc TaqMan® Gene Expression
Assays for 15-(NAD)PGDH (assay ID: Mm00515121_m1)
and COX2 (assay ID: Mm00478374_m1) from Applied
Biosystems were used in the study. A mouse ACTB (actin,
beta) was used as an endogenous control (Applied Biosys-
tems). PCRs were carried out in 50 �l reaction volumes
containing TaqMan Universal Master Mix (2£), TaqMan
Gene Expression Assay for target gene and optimized
quantities of cDNA samples. qRT-PCR was performed
using an Applied Biosystems Prism 7900HT Fast Real-
Time PCR System. All samples were run in triplicate, and
ampliWcation data were analyzed using Applied Biosystems
Prism Sequence Detection Software, version 2.2.1. Relative
quantiWcation was calculated according to the ��Ct
method (Applied Biosystems) using a statistical conWdence
of 99.9%.

Cytokine detection

Supernatants from cultured isolated CD11b cells were col-
lected, Wltered and subjected to cytokine analysis. Level of
IL-10, IL-6, IL-13, IL-1beta, MIP-2 and G-CS was mea-
sured using Multiplex assay. A multiplex cytokine kit was
obtained from Bio-Rad Laboratories (Hercules, CA), and
the assay was performed using Luminex-200 (Luminex
Corporation, Austin, TX). VEGF and MMP-9 were
detected in cell supernatants using commercial quantitative
sandwich immunoassay kits from R&D Systems (Minneap-
olis, MN).

Western blotting

Freshly isolated or cultured tumor-isolated CD11b cells
were lysed with RIPA buVer in the presence of protease
inhibitors. Samples (30 �g protein per lane) were subjected
to electrophoresis in SDS-polyacrylamide gels, and then

blotted onto PVDF membranes. Membranes were blocked
for 1 h at room temperature with 5% dry skimmed milk in
TBS (20 mM Tris–HCl, pH 7.6, 137 mM NaCl) plus 0.1%
Tween 20 and then probed with primary antibodies of
appropriate speciWcity overnight at 4°C. Membranes were
washed and incubated for 1 h at room temperature with sec-
ondary antibody conjugated with horse radish peroxidase.
Results were visualized by chemiluminescence detection
using a commercial kit (Amersham Biosciences).

In vivo vaccination

To prepare APCs from tumor-inWltrated myeloid cells,
CD11b cells were isolated from a freshly excised and
digested CT-26 tumor cell suspension with magnetic beads
as described above. Myeloid cells were cultured in ultra
low attachment six-well plates in the presence of GM-CSF
(20 ng/ml) and AZA (5 �M). Fresh AZA and GM-CSF in
complete medium have been added every third day of cul-
ture. On days 7 and 8 after culture initiation, cells were col-
lected, washed and injected (1 £ 106 per mouse)
subcutaneously into the right Xank of naïve BALB/6 mice.
Vaccination was done twice on a 2-week interval. One
week after the last APC injection, BALB/6 mice were sub-
cutaneously inoculated with 5 £ 105 CT-26 or 5 £ 105

Renca tumor cells. Tumor growth was monitored by regular
(twice a week) measurement of tumor size using a Vernier
caliper.

Statistical analysis

The statistical signiWcance between values was deter-
mined by the Student’s t test. All data were expressed as
the mean § SD. Probability values ¸0.05 were consid-
ered non-signiWcant. SigniWcant values of p · 0.05 were
expressed as asterisk (*). The Xow cytometry data
shown are representative of at least three separate deter-
minations.

Results

In vitro exposure of freshly excised tumors to AZA 
results in the selective elimination of tumor cells 
and in the enrichment of tumor-inWltrated 
CD45-positive cell population

Previously DNA methyltransferase inhibitor 5-aza-2�-
deoxycytidine (AZA) has been shown to induce apoptosis
of both mouse and human tumor cell lines in vitro
[reviewed in 25]. Here, we used AZA for the treatment of
freshly excised solid mouse CT-26 colon carcinomas. In
order to see eVect of AZA on CT-26 colon carcinoma
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tumor cells, we harvested tumors from mice, disaggre-
gated them with collagenase cocktail, and then cultured
in the presence of GM-CSF (20 ng/ml) and AZA (5 �M)
for 7 days. Cultured for 7 days, whole tumor cell suspen-
sions were collected, washed with PBS, stained with
7-AAD and then analyzed by Xow cytometry. As can be
seen in Fig. 1a and b, the presence of AZA results in pre-
dominant elimination of CD45-negative cells and, in the
same time, promotes a signiWcant enrichment of the
CD45-positive tumor-inWltrated cell population (83.5 §
5.7% in AZA-treated group vs. 18.4 § 4.9% in control-
untreated group, p < 0.05). Only cells negative for
7-AAD are shown in Fig. 1b. The majority of the surviv-
ing “post-AZA” CD45+ cell population was represented
by CD11b myeloid cells (Fig. 1c). Moreover, most of
these CD11b cells also co-expressed mouse dendritic
cell marker CD11c. Collectively, obtained results dem-
onstrate that exposure of whole tumor cell suspension to
AZA promotes selective elimination of tumor cells, while
signiWcantly enriching the CD45-positive cell population,
which consisted mostly of tumor-inWltrated CD11b myeloid
cells.

Phenotypic characterization of APC generated from tumor-
inWltrated CD11b myeloid cells

Next, we studied the eVect of AZA on the GM-CSF-driven
diVerentiation of puriWed tumor-inWltrated CD11b cells.
First, we isolated CD11b cells from CT-26 tumors, pre-
pared the cytospines and stained with hematoxylin–eosin.
Microphotograph (Fig. 1d) demonstrates that morphology
of CD11b-positive cells isolated from CT-26 colon carcino-
mas resembles the mixture monocyte–macrophage and
immature dendritic cells. This phenotype was also con-
Wrmed by Xow cytometry analysis (Fig. 2, upper row; day
0), which shows high expression of monocyte–macrophage
marker F4/80 and low expression of co-stimulatory mole-
cules and MHC class II molecule in fresh-derived tumor-
inWltrated CD11b cells from CT-26 tumor.

To evaluate the eVect of AZA on ex vivo diVerentiation of
tumor-inWltrated CD11b myeloid cells, we next cultured
freshly derived CD11b cells from CT-26 tumors in the pres-
ence of AZA and GM-CSF for 7 days, and then analyzed
cells by Xow cytometry. As shown in Fig. 2, the addition of
AZA to the culture of tumor-derived CD11b cells promoted

Fig. 1 AZA selectively eliminates CT-26 tumor cells and enriches the
non-tumor CD45+ cell population. CT-26 tumors were harvested and
disaggregated by treatment with collagenase cocktail as speciWed in
“Materials and methods”. Whole single tumor cell suspensions were
washed with PBS, placed in six-well plates (2–3 £ 106 per well) in
complete medium, and cultured in the presence of AZA (5 �M). Fresh
AZA has been added every second day. On day 7, recovered cells were
collected, washed with PBS, enumerated under a microscope with try-
pan blue, stained with speciWc antibody and analyzed by Xow cytome-
try. a, b AZA selectively enriches tumor-inWltrated CD45+ cells.
Whole CT-26 tumor cell suspensions were cultured for 7 days in the
presence or absence of AZA, then collected, washed with PBS and
stained with CD45-APC and PerCp-7AAD. Proportion of 7-AAD-
positive cells and proportion of CD45-positive/negative cells was

evaluated using Xow cytometry. Results of one representative experiment
out of three are shown (a). b Shows proportion of CD45+/7-AAD-neg-
ative and CD45¡/7-AAD-negative cells among tumor cell suspension
treated with AZA. Cumulative results of three independent experi-
ments are shown. c The majority of post-AZA CD45+ surviving CT-26
tumor-inWltrated cells consist of CD11b-positive myeloid cells. AZA-
treated cells were collected on day 7. Cells were stained with CD45-
APC, CD11b-PerCP and CD11c-PE antibody. Expression of CD11b
and CD11c markers has been measured by Xow cytometry. d Cytolog-
ical analysis of freshly puriWed tumor-inWltrated CD11b cells. Tumor-
inWltrated CD11b cells were puriWed by positive selection from CT-26
tumors as described in “Materials and methods”. Cytospines with
tumor-inWltrated CD11b-positive cells were prepared and stained with
hematoxylin and eosin
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generation of pure CD11b+CD11c+ (>99% purity) mature
APCs, which also co-express CD86 (>85%) and MHC class
II (>75%). In contrast, in the absence of AZA in cultures, the
proportion of myeloid cells co-expressing CD11b, CD11c,
CD86 and MHC class II was markedly lower (Fig. 2).
Together, obtained results suggest that AZA could signiW-
cantly improve the in vitro GM-CSF-driven diVerentiation of
tumor-derived CD11b cells into mature myeloid APCs.

Secretion of cytokines by tumor-derived APCs

It is well established that tumor-inWltrated myeloid cells,
including MDSCs and TAMs, are immunosuppressive and
produce a number of immunosuppressive and pro-angiogenic
mediators [3, 15, 26, 27]. Importantly, that expression of
mediators in tumor-inWltrated myeloid cells, including argi-
nase I, COX-2 and PGE2, is inducible and mediated by tumor
microenvironment. Next, we evaluated whether addition of
AZA to the cultures of tumor-derived CD11b cells could

aVect the production of immunosuppressive and pro-angio-
genic mediators. As can be seen in Fig. 3a and b, the presence
of AZA in cultures promotes a potent down-regulation of
arginase I and COX-2 genes. We also observed a modest
increase of 15-PGDH gene expression (Fig. 3c). 15-PGDH
enzyme plays a major role in degradation of PGE2 in tumor
microenvironment, and the expression of this gene is fre-
quently down-regulated in tumor tissue [28, 29]. Figure 3d
and e shows that production of the several immunosuppres-
sive and pro-inXammatory mediators including IL-13, IL-6,
IL-10, MIP-2. IL-1beta, and G-CSF has been signiWcantly
reduced in AZA-treated tumor-derived myeloid cells as com-
pared to the fresh-derived tumor-inWltrated CD11b cells. Fur-
thermore, tumor-derived myeloid cells cultured in the
presence of AZA secreted substantially less VEGF. Together,
obtained data demonstrate that tumor-isolated myeloid cells
diVerentiated in the presence of AZA show reduced expres-
sion of arginase I, COX-2 and produce decreased amounts of
pro-angiogenic, immunosuppressive and pro-inXammatory

Fig. 2 AZA-mediated elimination of the tumor cells promotes
diVerentiation of tumor-derived CD11b cells into CD11c+ MHC class
II-positive antigen-presenting cells. CT-26 tumors were harvested
from syngeneic tumor-bearing mice on days 12–14 after tumor cell
inoculation. Whole tumor single cell suspension has been prepared as
described in “Materials and methods”. Tumor-inWltrated CD11b cells
were puriWed by positive selection using magnetic beads. Fresh-

isolated CD11b cells were washed with PBS, enumerated, placed in
six-well plates (2 £ 106 per well) in complete medium and cultured in
the presence of AZA (5 �M) and GM-CSF (20 ng/ml). On day 7, cells
were collected, washed with PBS, stained with antibody against
CD11b, F4/80, CD11c, I-Ad, CD86 and CD45, analyzed by Xow
cytometry. Results of one representative experiment out of three are
shown
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mediators than their tumor-inWltrated CD11b myeloid cell
precursors.

AZA prevents tumor outgrowth in cultures 
of tumor-inWltrated CD11b cells

Technically, the purity of tumor-isolated CD11b cells never
reaches 100% due to minor contamination with other
CD11b-negative cells, which consist mostly of tumor cells
(<5%). This residual tumor cell population can be fre-
quently observed in cultures of tumor-derived CD11b cells,
and, eventually, this initially minor tumor cell population
grows over time (Fig. 4, left panel) and Wnally takes over in
most cultures. The speed of this process depends on tumor
type, purity of isolated cell population and initial cell den-
sity in cultures. In contrast, the addition of AZA to the cul-
tures eVectively eliminates growth of tumor spheroids in
vitro (Fig. 4, right panel) thus allowing diVerentiation of
tumor-derived CD11b cells into mature myeloid APCs.

Vaccination of naïve mice with tumor-derived APCs 
induces protection from tumors

We next investigated whether vaccination of naïve mice
with ex vivo diVerentiated tumor-derived APCs could

protect tumor outgrowth. Naïve mice were twice subcuta-
neously (s.c.) injected with CT-26 tumor-derived APCs in
2-week intervals. No loading with exogenous tumor-associ-
ated antigen was done before injection. A week after the
last vaccination, mice were inoculated s.c. with CT-26
tumor cells in the same Xank. Tumor appearance and
growth were monitored twice a week. Obtained results
(Fig. 5a) show that 70% of the mice vaccinated with tumor-
derived ex vivo diVerentiated myeloid APCs (AZA-treated
CD11b cells) did not develop tumors; whereas mice vacci-
nated with freshly derived tumor-inWltrated CD11b cells or
control mice (received PBS injections instead of vaccina-
tion) developed tumors and died within 40 days after tumor
cell inoculation. Importantly, this anti-tumor eVect was
antigen-speciWc, since vaccination of naïve mice with
CT-26 tumor-derived APCs did not protect mice from out-
growth of irrelevant tumor: Renca mouse renal cell carci-
noma (Fig. 5b). To see whether ex vivo generated CT-26
tumor-derived APCs could stimulate in vitro T-mediated
immune response, we co-cultured those APCs and immune
T cells isolated from tumor-free vaccinated mice. Seventy-
two hours later, cells and cell supernatants were collected
and analyzed for T cell proliferation and IFN-� production,
respectively. Figure 5c and d shows that APCs are able to
stimulate the proliferation of T cells and IFN-� production

Fig. 3 Cytokine proWle of freshly isolated CD11b cells and AZA-
treated, in vitro diVerentiated tumor-derived APCs. a EVect of AZA on
arginase I expression. Cell lysates prepared from tumor-derived
CD11b cells during their in vitro diVerentiation in the presence of AZA
(days 0 and 7). Arginase I expression was measured by Western blot-
ting as described in “Materials and methods”. b, c Expression of COX-2
and 15-PGDH genes. Freshly puriWed (day 0, open bars) and in vitro
diVerentiated AZA-treated tumor-derived CD11b cells (day 7, Wlled
bars) were analyzed for expression of COX-2 (b) and 15-PGDH (c) by
qRT-PCR. CD11b cells were isolated from CT-26 tumors with

magnetic beads as described in “Materials and methods”. Total RNA
was isolated from puriWed pooled CD11b cells (3–5 mice per group).
Assays were done in triplicates. Average mean § SD is shown.
d–f Secretion of cytokines. To obtain cell supernatants, freshly iso-
lated CT-26 tumor-derived CD11b cells (day 0, open bars) or in vitro
diVerentiated AZA-treated cells (day 7, Wlled bars) were cultured in
humidiWed CO2 incubator at 37°C for 24 h. Then supernatants were
collected, Wltered and assayed for the presence of cytokines and growth
factors using Multiplex assay. Average mean § SD is shown

A B C

Beta-actin

Arginase I

15-PGDH

0.5

1.5

2.5

5

15

25

o
ld

 c
h

an
g

e COX-2

Day 0   Day 3 Day 7

-1.5

-0.5

0.5

F
o

ld
 c

h
an

g
e 

-15

-5

5

F
o

-2.5-25

FED
*

100

150

200

p
g

/m
l

700

1050

1400

1750

2100

p
g

/m
l

18

27

36

45

54

p
g

/m
l

*

0

50

MIP-2 IL-1b G-CSF

Pro-inflammatory mediators

0

350

700

VEGF MM P-9

Pro-angiogenic mediators

0

9

18

IL-13 IL-6 IL-10

Immuno suppressive cytokines

*          * *           *
*

*

123



Cancer Immunol Immunother (2010) 59:697–706 703
in the absence of exogenous tumor-associated antigen.
Taken together, these observations demonstrate that ex vivo
manipulated tumor-derived APCs have the ability to activate
the tumor-speciWc T cells and induce protective anti-tumor
responses.

Discussion

Growth of solid tumors in both humans and mice is fre-
quently associated with systemic expansion of bone mar-
row-derived CD11b myeloid cells. We and others have
previously reported that the tumor growth in mice is associ-
ated with excessive accumulation of Gr-1/CD11b immuno-
suppressive myeloid (MDSCs) cells in the spleen, bone
marrow and peripheral blood [17, 30–32]. MDSCs accumu-
lating in tumor-bearing hosts play an important role in
tumor non-responsiveness by suppressing the generation of
an anti-tumor adaptive T cell-mediated immune response
[33–38].

Moreover, those recruited inXammatory myeloid cells
play multiple roles in the regulation of tumor growth. Thus,
studies demonstrate that tumor-inWltrated CD11b cells rep-
resent a major part of tumor stroma and, consequently, the
targeting of tumor stroma results in tumor rejection [14].
Recent studies revealed the active involvement of CD11b
cells in neovasculogenesis [5, 6], tumor angiogenesis [4], in
the process of tumor cell invasion and metastasis [7, 8]. In
murine tumors, most of the tumor-inWltrated CD11b cells
express F4/80 which is a speciWc marker for monocyte/
macrophages. It has been shown that in up to 70–80% of
newly tumor-recruited CD11b myeloid cells in tumor
microenvironment quickly acquire monocyte–macrophage
marker F4/80, up-regulate expression of arginase I and
become highly immunosuppressive TAMs or MDSCs [11].

But, at the same time, these cells are precursors of APCs
and could be diVerentiated into immunostimulatory
CD11c+ MHC class II-positive APCs. However, tumor
microenvironment inhibits their diVerentiation and/or mat-
uration by promoting immunosuppressive and tolerogenic
function in recruited myeloid cells via induction of arginase
I and M2-oriented phenotype [11, 16, 39].

In agreement with previously published studies, we
show that the majority of freshly isolated tumor-inWltrated
CD11b-positive myeloid cells from CT-26 colon carcinoma
also co-express a F4/80 surface marker and display mor-
phology of monocyte–macrophage cell lineage. These cells
also characterized by high expression of the arginase I and
COX-2. In addition, the tumor-inWltrated CD11b myeloid
cells secreted high amounts of pro-angiogenic and immu-
nosuppressive factors.

In order to modify the tumor microenvironment and
improve ex vivo diVerentiation of tumor-derived CD11b
myeloid cells, in the present study, we have employed the
cytosine analog 5�-deoxy-2-azacytidine (decitabine or
AZA), which currently is one of the most advanced drugs
for epigenetic cancer therapies. AZA has been widely used
as speciWc inhibitor DNA methyltransferase, the enzyme,
which is responsible for DNA methylation in mammals.
This compound functions as a DNA methyltransferase
inhibitor and has shown substantial potency in reactivating
epigenetically silenced (hypermethylated) tumor suppres-
sor genes in vitro. Importantly, AZA has been shown to
induce the death of diVerent cancer cell lines when applied
in vitro [25].

Our data demonstrate that the addition of AZA to the
cultures of whole tumor cells or to isolated tumor-inWltrated
CD11b cells results in the selective elimination of tumor
cells, allowing surviving and diVerentiating remained
CD11b cells into mature APCs, which co-express CD11c,

Fig. 4 AZA prevents tumor cell outgrowth in cultures of tumor-inWl-
trated CD11b cells. Whole CT-26 tumor cell suspension has been pre-
pared as described in “Materials and methods”. Tumor-inWltrated
CD11b cells were puriWed by positive selection using magnetic beads.
Fresh-isolated CD11b cells were washed with PBS, enumerated,
placed in six-well plates (2 £ 106 per well) in complete medium and

cultured in the presence of AZA (5 �M) and GM-CSF (20 ng/ml).
Microphotographs were taken on day 7. Images were visualized using
Leica light microscope with original magniWcation £100. Arrows indi-
cate the tumor cell clusters/spheres that appeared in untreated cultures
of tumor-derived CD11b cells
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MHC class II and CD86. These tumor-derived APCs
secreted much lesser amounts of immunosuppressive
(PGE2, IL-13, IL-6), pro-inXammatory (IL-1beta, MIP-2)
and pro-angiogenic (VEGF, MMP-9) mediators than their
precursors, tumor-inWltrated CD11b cells. This eVect could
be explained, in part, by DNA demethylating action of
AZA.

To test whether ability of AZA to selectively eliminate
tumor cells and enrich the tumor-inWltrated CD11b cells is
true for other tumor models, we conducted additional
experiments using Renca renal cell carcinoma and prostate
adenocarcinoma TRAMP-C2. Freshly excised Renca and
TRAMP-C2 tumors were cultured in the presence of AZA
for 7 days, and then surviving cells were recovered and
analyzed by Xow cytometry. Obtained results (see Fig. 6)
indicate that both Renca and TRAMP-C2 tumor cells are
also highly sensitive to the AZA treatment, and this treat-
ment results in enrichment of the CD45+CD11b+ tumor-
inWltrated cells. These Wndings raise a possibility to use
AZA for ex vivo enrichment of tumor-inWltrated CD11b

cells and further generation of tumor-derived mature APCs
for cancer immunotherapy.

The in vitro diVerentiation-promoting eVect of AZA on
tumor-inWltrated C11b cells could be explained by selective
elimination of tumor cells, which results in signiWcant
enrichment of CD45+CD11b+ myeloid cells representing a
major fraction of surviving tumor-derived cells after AZA
treatment. In addition, AZA-mediated elimination of tumor
cells could reduce concentrations of tumor-derived factors
in cultures, thus promoting GM-CSF-driven diVerentiation
of the tumor-derived CD11b myeloid cells into immuno-
stimulatory APCs.

On the other hand, we also cannot rule out the possibility
that AZA itself may support diVerentiation/maturation of
tumor-inWltrated myeloid APCs. Recent reports suggest the
possibility of regulating APC function and cytokine pro-
duction via epigenetic mechanisms [40–42]. Other studies
also suggest that low doses of AZA promote diVerentiation
of myeloid cells [42]. Taking into account these possibili-
ties, it is plausible that the epigenetic modiWer AZA may

Fig. 5 Vaccination of naïve mice with ex vivo generated APCs results
in protection from tumor. a Naïve BALB/C mice were divided into
three groups. Control group in 2-week interval received two subcuta-
neous injections of PBS (100 �l, in right Xank). Mice from second
group were twice injected with APC generated ex vivo from CT-26
colon carcinoma-derived CD11b cells in the presence of AZA
(1 £ 106 cells/mouse, s.c., 2-week interval). Third group similarly has
been vaccinated with untreated tumor-derived CD11b cells. A week
after the last vaccination, all mice were inoculated s.c. with CT-26 tumor
cells (5 £ 105 per mouse) in right Xank. Tumor appearance and growth
were monitored twice a week. Percentage of tumor-free mice over time
is shown. Cumulative results derived from three independent experi-
ments are shown. b Ten naïve BALB/c mice were vaccinated twice
with APC generated ex vivo from CT-26 tumor-derived CD11b cells
in the presence of AZA as described above (a). Mice were randomly

divided into two groups. One week after last vaccination, mice from
the Wrst group were inoculated with CT-26 tumor. Second group
received irrelevant Renca tumor. Percentage of tumor-free mice over
time is shown. Combined results from two independent experiments
are shown. c In vitro proliferation of T cells co-cultured with tumor-
derived APCs. For these experiments, we used the puriWed CT-26
tumor-speciWc T lymphocytes, which were isolated from spleens of
previously vaccinated tumor-free mice. Immune T lymphocytes and
ex vivo generated tumor-derived APC (CD11b cells treated with AZA)
were co-cultured for 72 h (cell ratio 5:1, no exogenous tumor antigen
has been added). Proliferation of CD8 T cells was assessed by incorpo-
ration of BrdU in DNA by Xow cytometry. d IFN-� production by
T cells co-cultured with tumor-derived APC. Level of IFN-� in cell
supernatant has been measured using ELISA

A B

60

80

100

u
rv

iv
al

CT-26AZA-treated
CD11b

60

80

100

u
rv

iv
al

20

40

60

P
er

ce
nt

 s
u

Renca

Untreated
CD11b

Control

0

20

40
P

er
ce

nt
 s

u

CD8 T cellsC D

0 20 40 60
0

Days

Cb

0 20 40 60
0

Days

T cells alone T cells plus APC

2000

3000

4000

5000

m
m

a 
 (p

g
/m

l)

*

0

1000

2000

T cells alone T cells + APC

IF
N

-g
a

123



Cancer Immunol Immunother (2010) 59:697–706 705
improve the diVerentiation of tumor-derived APC through
two diVerent mechanisms: (a) promotion of tumor cell
death, which is mediated by inhibition of DNA methyl-
transferase and recovering of tumor suppressor genes; (b)
direct stimulation of APC diVerentiation and possibly func-
tion via unknown mechanism.

An important feature of the DNA methyltransferase
inhibitor AZA is immunomodulatory activity. The immu-
nopotentiating eVect of AZA has been reported in several
studies [43–45]. SpeciWcally, AZA induces the expression
of some tumor-associated antigens such as cancer–testis
antigens (CTAs) which are considered to be suitable targets
for cancer immunotherapy, but its expression is epigeneti-
cally silenced. Exposure of tumors to AZA could increase
immunogenicity of tumors via reactivating of silenced
CTAs and up-regulating MHC class I.

It is well established that APCs derived from tumor host
can exert tolerogenic eVects on T cells. Tolerogenic eVects
of APC cells are frequently associated with a high produc-
tion of IL-10 or PGE2. Here, we show that freshly derived
CD11b myeloid cells express high levels of the PGE2-
forming enzyme COX-2 and also secrete IL-10. During
GM-CSF-driven diVerentiation in the presence of AZA,
both expression of COX2 and IL-10 production have been
substantially down-regulated. Vaccination of naïve syngeneic
mice with ex vivo generated tumor-derived APCs resulted
in protection of 70% vaccinated mice from tumor out-
growth. Together, obtained data suggest that in vitro treat-
ment of tumor-derived myeloid cells with AZA could
signiWcantly improve both diVerentiation and immunostim-
ulatory APC function. These results are consistent with a
previously published study in which tumor-derived CD11c
dendritic cells exerted anti-tumor eVect and substantially
delayed growth of tumors in vaccinated mice [46].

Taken together, our data demonstrate that immunosup-
pressive tumor-inWltrated CD11b myeloid cells in the
presence of epigenetic modiWer, DNA demethylating agent
5-aza-2�-deoxycytidine, can be enriched and further diVer-
entiated into immunostimulatory mature APCs.
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