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Abstract
Background Low doses of the demethylating agent
decitabine have been shown to enhance the sensitivity of
tumors to immune eVector cells and molecules through
upregulation of tumor antigen presentation and apoptotic
pathways. EVects on host immune eVector and suppressor
responses have not been well characterized.
Methods Mice bearing B16 melanoma were treated with
low-dose decitabine, cytokine, interleukin-2 (IL-2), toll-
like receptor 9 agonist ODN1826, and/or a viral vectored
vaccine targeting the melanoma antigen Trp2. Lymphoid
and myeloid eVector and suppressor cells were examined
both systemically and intratumorally with functional, Xow
cytometric, and polymerase chain reaction–based assays.
Results Enhancement of tumor growth delay was
observed when decitabine was applied sequentially but not
concurrently with IL-2. In contrast, complete responses and
prolonged survival were observed when decitabine was
applied with ODN1826 as therapy and with ODN1826 as a
Trp2 vaccine adjuvant. Decitabine decreased natural killer
and antigen-speciWc cellular immune responses when
administered concurrently with IL-2 and with ODN1826;
the Th1-associated transcription factor Tbet also decreased.
T regulatory cells were not aVected. When applied concur-
rently with ODN1826, decitabine increased macrophage

cytotoxicity, M1 polarization, and dendritic cell activation.
Myeloid-derived suppressor cells were reduced.
Conclusion Low-dose decitabine promotes both anti- and
pro-tumor host immune responses to immunotherapeutics
in melanoma-bearing mice. Macrophage eVector and den-
dritic cell activation increase, and myeloid suppressor cells
decrease. Lymphoid eVector responses, however, can be
inhibited.
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Introduction

Activation of cytolytic lymphocytes is a cornerstone of the
treatment for malignant melanoma. Immunotherapy, how-
ever, is only partially eVective. Most patients do not
respond with tumor regression. Both natural killer (NK)
cells and cytolytic T lymphocytes (CTL) release proteases
and engage death receptors that result in tumor apoptosis.
CTL require the expression of speciWc antigens within the
context of class I major histocompatibility complex (MHC)
on the target cell for activity. Down-regulation of apoptotic
pathways and down-regulation of MHC class I and tumor
antigen expression have been implicated in immunotherapy
resistance. In melanoma, suppression of these pathways can
result from the epigenetic repression of gene transcription
by methylation and/or histone modiWcation [1, 2]. Deme-
thylating agents and histone deacetylase inhibitors have
been shown to reverse this repression with resultant
enhancement of sensitivity to cytolytic lymphocytes and
immune eVector molecules [3].

Modifying gene expression with the demethylating agent
decitabine can be achieved with low doses that are less
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cytotoxic, and there has been interest in applying decitabine
with cancer immunotherapy. A phase I clinical trial in
which decitabine was combined with interleukin-(IL-)2 has
been reported [4]. Clinical trials of decitabine and inter-
feron (IFN-) � are in progress [5]. The combined antitumor
eVects of decitabine and immunotherapeutics in mouse
solid tumor models, however, have been modest. In B16
melanoma, the antitumor eVects of the concurrent adminis-
tration of decitabine and IL-12 were limited to tumor
growth delay [6]. In contrast, in the L1210 leukemia model,
the majority of mice treated with the combination of decita-
bine and IL-12 manifested prolonged survival. Pretreatment
with decitabine led to upregulated neoantigen expression of
a DNA vaccine encoding calreticulin linked to papillomavi-
rus E7 antigen and enhanced vaccine-induced E7-speciWc
CD8+ T cells. Only a minority of mice, however, mani-
fested prolonged survival when challenged with the TC-1
lung tumor line transduced to express E7 [7].

Although chromatin-modifying drugs can sensitize
tumors to immune eVector cells and molecules, not only
cytotoxicity but also alterations in immune eVectors can be
induced that may limit their antitumor activity. In addition,
cells implicated in the suppression of antitumor immunity
can be promoted and also contribute to tumor immune
escape. Decitabine has been shown to inhibit T-cell prolif-
eration and activation in response to mitogens [8], induce
inhibitory receptors on NK cells [9], decrease the produc-
tion of antitumor cytokines such as IFN-� and tumor necro-
sis factor-� (TNF-�) [8], and increase immune suppressing
regulatory T (Treg) cells [10, 11]. The Treg-cell-promoting
eVects of decitabine have been exploited to prevent graft-
versus-host disease in bone marrow transplantation models
[8, 12]. Histone deacetylase inhibitors have been shown to
inhibit NK cytotoxicity [13, 14], induce tumor-promoting
cytokines such as transforming growth factor (TGF) � and
IL-10; [15] promote Treg cells [16], and alter the activation
of macrophages and dendritic cells (DC) to stimulate T
helper (Th) 2 and not Th1 eVector cells [17–20].

Little has been reported regarding the eVects of deme-
thylating agents on the host response to cancer immuno-
therapeutics. We examined in mouse B16 melanoma the
eVects of low-dose decitabine on the host antitumor and
suppressor immune response to IL-2, a cytokine approved
to treat patients with metastatic melanoma. We also exam-
ined the eVects on the host response to a Toll-like receptor
(TLR) 9 agonist, CpG oligodeoxynucleotide (ODN), for-
mulations of which are being tested in patients with
melanoma as a vaccine adjuvant and as systemic therapy
[21, 22]. In contrast to IL-2, which functions directly to
activate lymphocyte eVector mechanisms, TLR9 agonists
activate macrophage and DCs to prime these cells for
induction of antitumor immunity [23]. Whereas decitabine
had potentially deleterious eVects on host lymphoid

responses, potentially beneWcial eVects on host myeloid
response were observed. Furthermore, signiWcant antitumor
activity was observed when decitabine was combined with
the TLR9 agonist.

Materials and methods

Reagents

Decitabine was purchased from Tocris (Ellisville, MO);
CpG ODN1826, from The Midland CertiWed Reagent
Company, Inc. (Midland, TX); and IL-2, human recombi-
nant, from Novartis Pharmaceuticals Corporation (East
Hanover, NJ). A recombinant adeno-associated virus
(AAV) ¡2 encoding mouse dopachrome tautomerase
gene, DCT, also known as TYRP2, which encodes tyro-
sine-related protein 2 (Trp2), was constructed as previ-
ously described [24].

Cell lines and animals

B16 mouse melanoma cells (B16.F10) and RAW 264.7
mouse macrophage cells were obtained from American
Type Culture Collection (Manassas, VA) and maintained in
Dulbecco’s modiWed essential medium (DMEM) with 10%
heat-inactivated fetal calf serum, 1 mM sodium pyruvate,
100 U/ml penicillin, and 100 �g/ml streptomycin (Media-
tech, Herndon, VA). The cultures were grown at 37°C in
5% CO2 to conXuence, passaged by treatment with 0.05%
trypsin in EDTA at 37°C, and washed in media before
being centrifuged at 200g for 10 min to form a pellet.
Female C57BL/6 mice, 4–6 weeks of age, were obtained
from Taconic Farms (Hudson, NY) and fed with commer-
cial diet and water ad libitum. The animal use and care pro-
tocol was approved by the Institutional Animal Use and
Care Committee.

Tumor model

Tumors were established by injecting 2 £ 105 B16 cells in
100 �l of serum-free DMEM subcutaneously (s.c.) into a
Xank. Mice were treated with decitabine at 0.2 mg/kg,
ODN1826 at 50 �g, and IL-2 at 180,000 IU in 0.5 mL three
times per week. AAV-DCT immunizations were by a single
s.c. injection of 1010 rAAV-DCT in 50 �l normal saline. All
treatments were injected peritumorally anticipating the col-
lection of tumor-draining lymph nodes. Tumor size was
measured bidimensionally with calipers every 2–3 days,
and tumor volume calculated by the formula (length £
width2)/2. Mice were euthanized when tumors reached the
size of 2,000 mm3. Mice were also euthanized to obtain
tumor, lymph nodes, and spleens.
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Flow cytometry

Splenocytes were washed twice in PBS—1% bovine serum
albumin plus 0.05% sodium azide and stained for 30 min
on ice with phycoerythrin or Xuorescein isothiocyanate–
conjugated mAb speciWc to B220, CD8, CD11b, CD11c,
CD86, Gr1 and NK1.1 (BD Biosciences, San Jose, CA) and
CD4, CD25, and FoxP3 (eBioscience Inc., San Diego, CA).
Appropriate isotype controls were used in all experiments.
After incubation, cells were washed and Wxed with 2%
paraformaldehyde. All samples were analyzed using an
EPICS Altra Xow cytometer (Beckman Coulter, Fullerton,
CA).

Cytokine production

Single-cell suspensions of splenocytes were cultured in the
presence of B16 cell freeze–thaw lysates, 20 �g/ml puriWed
H2-Kb Trp2 peptide (180–188), or, as a control, a H2-Kb

mesothelin peptide (351–358) (Lerner Research Institute
Molecular Biotechnology Core, Cleveland, OH). After
3 days, culture supernatants were collected and assayed for
IFN-� by ELISA (R&D Systems) and for IL-2, IL-4, IL-6,
IFN-�, TNF-�, IL-17A, IL-10 using BD Cytometric Bead
Array (CBA) Mouse Th1/Th2/Th17 Cytokine Kit (San
Jose, CA) according to the manufacturer’s instructions.
Results are expressed as Trp2-speciWc (production in
response to Trp2 peptide—production in response to con-
trol peptide).

DC separation

CD11c+ DC from resected lymph nodes were removed by
magnetic activated cell sorting (MACS; Mitenyi Biotec,
Auburn, CA).

Quantitative real-time polymerase chain reaction 
(qRT-PCR)

Dissected tissues were placed in RNA Later (Ambion,
Austin, TX) and stored at 4°C. RNA was then extracted
with RNeasy and stored at ¡80°C. An ABI Prism 7500
Sequence Detection System (Applied Biosystems, Foster
City, CA) and prestandardized primers and TaqMan probes
for mouse arginase (Arg1), CD206 (Mrc1), CXCL10,
forkhead box P3 (Foxp3), Gata-3, IFN-�, IL-1�, IL-6 IL-4,
IL-10, IL-12, IL-17, receptor-related orphan receptor �t
(Rorc), T-bet (Tbx21), TGF-�1, and TNF-� were used.
Glyceraldehyde-3-phosphate dehydrogenase expression
was used as the endogenous control (Applied Biosystems).
The reverse transcription and PCR was accomplished using
a one-step protocol and TaqMan Universal Master Mix
(Applied Biosystems) according to the recommendations of

the manufacturer. Cycle threshold (Ct) values were deter-
mined, and the relative number of copies of mRNA (RQ)
was calculated using the ��Ct method (Relative Quantita-
tion of Gene Expression, User Bulletin #2, ABI Prism 7700
Sequence Detection System, Applied Biosystems). To
account for recognized variation related to specimen collec-
tion, processing, and testing, only diVerences in RQ of >0.5
log were considered signiWcant [25].

Lymphocyte cytotoxicity

Splenocyte eVectors were pretreated with IL-2 at 400 MIU
for 3 days, washed with culture medium, and then used for
examination of cytotoxic activity against 1 £ 104 target
YAC-1 cells in the same culture medium at various eVec-
tor/target (E/T) ratios ranging from 2.5/1 to 20/1 in 96-well
round-bottom microtiter plates (Becton–Dickinson, Frank-
lin Lakes, NJ). The microtiter plates were centrifuged at
200g for 5 min to facilitate contact between eVector and
target cells, followed by incubation at 37°C for 4 h in 5%
CO2/air. After incubation, cytotoxicity was assayed with
CytoTox-Glo™ Cytotoxicity Assay (Promega, Madison,
WI) according to the recommendations of the manufacture.
Percentage cytotoxicity was calculated using the following
formula: [1 ¡ (RLUE+T ¡ RLUE)/RLUT] £ 100, where
RLUE+T = luminescence of wells with both eVector and tar-
get cells; RLUE, wells with eVector cells alone; and RLUT,
wells with targets cells alone.

Macrophage cytotoxicity

Peritoneal exudate cells were collected by lavage of the
peritoneal cavity with chilled Dulbecco’s phosphate-
buVered saline (PBS; Gibco BRL). After centrifugation,
cells were plated in plastic Petri dishes in culture medium,
incubated for 1.5 h at 37°C in 5% CO2, and washed gently
three times with warm culture medium to remove non-
adherent cells. Adherent cells with morphological charac-
teristics of macrophages were harvested by forced rinsing
with cold Dulbecco’s PBS. Following one washing, macro-
phages were resuspended in culture medium, counted, and
dispensed into wells of a 96-well Xat-bottomed microtiter
plate at a concentration of 2.5 £ 104 cells in 0.1 ml per
well. Then, 5 £ 103 B16 melanoma cells in 0.1-ml culture
medium were added to each well (within 2 h) at varying
E:T ratios and cells were cultured for 3 days. Cytotoxicity
was assayed and calculated as above.

Statistical analysis

Means and standard errors of the mean (SEM) for each set
of tumor measurements were calculated and represented as
y-axis error bars on each graph. Tumor volume data were
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analyzed using ANOVA. Means and standard deviations
(SD) were calculated for cell frequencies, cytokine
response, and cytotoxicity assays. These parameters were
analyzed with two-sided Student’s t test. P < 0.05 was con-
sidered statistically signiWcant. All analyses were 2-sided.

Results

Concurrent decitabine enhances the antitumor activity 
of ODN1826 but not of IL-2

The eVects of low-dose decitabine on B16 melanoma tumor
growth when administered concurrently with IL-2 were
tested Wrst. IL-2 alone delayed tumor growth (P < 0.003)
compared to mice not receiving treatment. This dose and
schedule of decitabine did not signiWcantly modulate tumor
growth and, when added to IL-2, abrogated the antitumor
activity observed with IL-2 (P < 0.003; Fig. 1a). Antago-
nism was conWrmed in a follow-up experiment in which
mice were treated with IL-2 alone and IL-2 and decitabine
(n = 7 mice per group, P < 0.003; data not shown). Pretreat-
ment with decitabine had been eVectively applied to
enhance tumor antigen presentation and sensitivity to
immune eVectors, and decitabine was then administered
after and before IL-2. Administering decitabine after

(P < 0.03) as well as before (P < 0.02) IL-2 improved anti-
tumor activity signiWcantly over IL-2 alone (Fig. 1b). The
antitumor eVects with sequential decitabine-IL-2 were not
dramatic and were limited to tumor growth delay. The
eVects on tumor growth of decitabine and the TLR9 ago-
nist, ODN1826, were then examined. One of the genes
upregulated in vivo in B16 melanoma with low-dose
decitabine as applied is DCT, which encodes the melanoma-
associated antigen, Trp2 [26]. Decitabine was also adminis-
tered sequentially with immunization with AAV-DCT and
ODN1826, a vaccine approach partially eVective in B16
melanoma model [24]. ODN1826 alone delayed tumor
growth (P < 0.001) compared to mice not receiving treat-
ment. Decitabine improved the antitumor activity of
ODN1826 both when applied concurrently as monotherapy
(P < 0.0008; Fig. 1c) and sequentially as a vaccine adjuvant
(P < 0.0005; Fig. 1d). Complete tumor responses and pro-
longed survival were observed. Vitiligo at the site of tumor
inoculation was observed in mice (2/7) immunized sequen-
tially with AAV-DCT, decitabine, and ODN1826.

Decitabine reduces innate and adaptive lymphoid eVectors 
but not lymphoid suppressors

The eVects of low-dose decitabine, either alone or com-
bined with IL-2 or ODN1826, on host lymphoid responses

Fig. 1 EVects on tumor growth in vivo. B16 cells were implanted on
day 1. a Starting on day 3, groups of mice were treated with decitabine
(DAC) and/or IL-2 for 2 weeks. A group was not treated (NT). Data
represent mean tumor volume § SEM, n = 10 mice per group.
b Starting on day 3, groups of mice were treated with decitabine for
1 week and then IL-2 for 1 week (DAC ! IL-2); IL-2 for 1 week and
then decitabine for 1 week (IL-2 ! DAC); or IL-2 for 2 weeks (IL-2).
A group was not treated (NT). Data represent mean tumor volume §

SEM, n = 7 mice per group. c Starting on day 3, groups of mice were
treated with DAC and/or ODN1826 (ODN) for 2 weeks. Data represent
mean tumor volume § SEM, n = 10 mice per group. d One week before
tumor inoculation, groups of mice were immunized with rAAV-DCT.
Starting on day 3, groups of mice were treated with DAC for 1 week
and ODN for 1 week (AAV-DCT ! DAC ! ODN) or with ODN
(AAV-DCT ! ODN) for 1 week starting on day 10. Data represent
mean tumor volume § SEM, n = 7 mice per group
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were then examined to evaluate mechanisms by which anti-
tumor activity was modulated in the immunotherapy mod-
els. Decitabine decreased the innate lymphoid eVector
response, as manifested by NK activity (Fig. 2a). Adaptive
immune eVectors were examined by testing the production
of the Th1-associated IFN-� by splenocytes in response to
stimulation with B16 cell lysates and a melanoma-associ-
ated peptide corresponding to Trp2. A signiWcant lysate and

Trp2 response was enhanced by ODN1826 but not by IL-2;
concurrent decitabine decreased this response (Fig. 2b).
The adaptive immune response, in terms of Th1/Th2/Th17
bias, was compared in mice immunized sequentially with
AAV-DCT, decitabine, and ODN-1826. A Th1-associated
response to Trp2 was elicited and was enhanced in mice
administered decitabine (Fig. 2c).

Systemic lymphoid eVector and suppressor cells were
examined by phenotyping splenocytes. Decitabine
decreased NK1.1+ NK cells and CD3+ and CD4+ T cells.
B200+ B cells, which increased with ODN1826, were also
reduced (Fig. 3a). CD4+CD25+FoxP3+ Treg cells tended to
increase, although increases did not reach the level of sig-
niWcance (Fig. 3b). A qRT-PCR-based method was also
used to examine cytokines and transcription factors that
characterize lymphoid responses intratumorally, in draining
lymph nodes, and in spleen. The eVects of decitabine were
dependent on the tissue examined. Decitabine decreased the
Th1-associated IFN-� in all tissues. In tumor, the Th2-asso-
ciated IL-4 and the Treg-cell-associated IL-10 decreased,
while in lymph nodes and/or spleens these, along with
TGF-�1, increased. Levels of IL-17 were at the limits of
detection (Ct ¸ 37). The decreases in IFN-� were paralleled
with decreases in the Th1-associated transcription T-bet in
tumor and lymph nodes (Fig. 4). Decitabine decreased
intratumoral Foxp3, expression of which is highly restricted
to Treg cells in mice; in spleens, Foxp3 expression
increased. SigniWcant changes were not observed in the
Th2-associated Gata3 and the Th17-associated Rorc in any
tissue.

Decitabine enhances myeloid eVectors and reduces myeloid 
suppressors

The eVects of decitabine, alone and combined with IL-2 or
ODN1826, on macrophage cytotoxicity was examined
using peritoneal exudative macrophages collected from mice
treated in vivo. An increase in macrophage cytotoxicity was

Fig. 2 EVects on lymphoid eVector activity in vivo. B16 cells were
implanted on day 1. Beginning on day 10, mice were treated with deci-
tabine (DAC), IL-2, and/or ODN1826 (ODN) for 2 weeks. A group of
mice was not treated (NT). Splenocytes were collected on day 24 and
a NK activity against YAC-1 target cells and b IFN-� response to stim-
ulation to B16 tumor lysates and Trp2 peptide were determined. Data
represent mean § SD, n = 4 mice per group. *P < 0.05 compared to
NT; **P < 0.05 compared to without DAC. c One week before tumor
inoculation, groups of mice were immunized with rAAV-DCT. Start-
ing on day 3, a group of mice was treated with DAC for 1 week and
ODN1826 for 1 week (AAV-DCT ! DAC ! ODN), or with
ODN1826 for 1 week starting on day 10 (AAV-DCT ! ODN).
Splenocytes were collected on day 24. Th1/Th2/Th17 cytokine
production in response to Trp2 peptide was assessed by CBA. Data
represent mean § SD, n = 4 mice per group. *P < 0.05 compared to
AAV-DCT; **P < 0.05 compared to AAV-DCT ! ODN
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observed in mice that were administered decitabine and
ODN1826; other treatments in vivo had no measurable
eVect on macrophage cytotoxicity (Fig. 5a and data not
shown). Markers of macrophage polarization were also
evaluated in vitro using peritoneal exudative macrophages
(Fig. 5b) and RAW cells, a macrophage cell line derived
from C57Bl/6 mice (Fig. 5c). Compared to ODN1826
alone, which increased all markers, treatment with decita-
bine increased the production of the mRNA of IL-1�, IL-6,
IL-12, and, in RAW cells, TNF-�, cytokines associated
with M1 polarization. Macrophage polarization and mye-
loid suppressor cells were also evaluated in vivo within
tumor, lymph nodes, and spleen using qRT-PCR (Fig. 6).
In all tissues, CXCL10, and in tumor, IL-1 and IL-12,
markers of antitumor M1 macrophages, increased. In
tumor, arginase, a product of pro-tumor myeloid-derived
suppressor cells (MDSC) and M2-polarized macrophages,
decreased. The frequency of CD11b+Gr1+ MDSC among
splenocytes also decreased in response to decitabine
(Fig. 3b). DC were evaluated in lymph nodes draining
injection sites. Small, though signiWcant, decreases were
observed in vivo in total CD11c+ DC, CD11c+CD11b+

mDC, and CD11c+B220+ pDC in mice that were adminis-
tered decitabine. In contrast, small, though signiWcant,
increases in CD11c+CD86+-activated DC were observed in
mice administered decitabine and ODN1826 compared to
ODN1826 alone (Fig. 7a). CD11c+ DC were isolated from
these lymph nodes. More IL-12 mRNA relative to IL-10
mRNA was expressed by these DC in response to the

combination of decitabine and ODN182; the ratio of IL-12/
IL-10 went from <1 without treatment to >1 with treatment
(Fig. 7b).

Discussion

Demethylating agents can have both pro- and antitumor
eVects. They have been shown to increase tumor expression
of components of both antigen presentation and apoptotic
pathways, which functionally translates into enhanced sus-
ceptibility to killing by immune eVector cells and mole-
cules [27]. The eVects of demethylating agents on immune
eVector cells and molecules have not been well character-
ized. Epigenetic mechanisms, including DNA methylation,
are involved in regulating host immune responses, and
demethylating agents have demonstrated immune eVects
that are potentially tumor-promoting. We focused on the
eVects of low-dose decitabine on the host response to can-
cer immunotherapeutics. Whereas decitabine had poten-
tially deleterious eVects on host lymphoid responses,
potentially beneWcial eVects on the host myeloid responses
were observed.

Low-dose decitabine increased macrophage cytotoxic-
ity, intratumoral markers of macrophage M1 polarization
and DC activation. CD11b+Gr1+ myeloid-derived suppres-
sor cells decreased. Furthermore, the most dramatic antitu-
mor eVects were observed with the combination of
decitabine and the TLR9 agonist. Macrophages are essential

Fig. 4 EVects on lymphocyte 
markers in vivo. B16 cells were 
implanted s.c. on day 1. Begin-
ning on day 10, mice were treat-
ed with decitabine (DAC), IL-2, 
and/or ODN1826 (ODN) for 
2 weeks. A group of mice was 
not treated. Tumor, lymph 
nodes, and spleens were 
harvested on day 24. Mouse 
lymphokine (a) and lymphocyte 
transcription factors (b) were 
assessed by qRT-PCR and com-
pared to the group not treated. 
Data represent mean RQ, n = 3 
mice per group. Mean RQ 
changes >0.5 log (dotted line) 
were considered signiWcant. * 
mean RQ changes >0.5 log 
compared to without DAC
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for antitumor eVects against weakly immunogenic murine
tumors produced by ODN1826 and other class B CpG-
oligodeoxynucleotides [28]. Decitabine has been previously
shown to have several eVects on myeloid cells, including
the promotion of the diVerentiation of monocyte-macro-
phages [29, 30]. It has recently been reported that in vitro
exposure of freshly excised mouse tumors to decitabine
results in selective elimination of tumor cells while enrich-
ing CD11b myeloid cells, which, when cultured with gran-
ulocyte macrophage colony stimulating factor, were
diVerentiated into mature CD11c+ antigen-presenting cells
that produced reduced amounts of immunosuppressive
mediators [31]. The myeloid eVects of decitabine observed

do vary with those reported with histone deacetylase inhibi-
tors, which have been shown to alter the activation of mac-
rophages and DCs to promote Th2 and not Th1 responses
[17–20], and to induce immune suppressive cytokines such
as TGF-� [15].

Although chromatin-modifying drugs have been shown
to enhance the sensitivity of tumor targets to NK cells, DNA
methylation plays a central role in regulating NK cell activa-
tion [9]. As has been reported with histone deacetylase
inhibitors, decitabine inhibited NK cytotoxicity [16]. Our
results do vary from those in a recent report in which decita-
bine treatment in vitro enhanced NK cytotoxicity [32]. This
study used human NK cells that had been isolated after
culture with IL-2. It may be that once activated, immune
cells are no longer susceptible to the suppressive eVects of

Fig. 5 EVects of decitabine on macrophage activation in vivo and in
vitro. B16 cells were implanted on day 1. Mice were treated with
decitabine, IL-2, and/or ODN1826 for 2 weeks. A group of mice was
not treated. a Peritoneal macrophages were harvested on day 24 and
tested for cytotoxicity versus B16 targets. Data represent mean § SD,
n = 3 mice per group. b Peritoneal macrophages and c RAW cells were
cultured in vitro with 5 �M decitabine without or with 1 or 10 �g
ODN1826. After 18 h RNA was isolated for QRT-PCR to assess RQ
relative to unstimulated. Data represent mean RQ of § SD, n = 3.
* mean RQ changes >0.5 log compared to without DAC
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vested on day 24. Mouse myeloid markers were assessed by qRT-PCR
and compared to the group not treated. Data represent mean RQ, n = 4
mice per group. Mean RQ changes >0.5 log (dotted line) were consid-
ered signiWcant. * mean RQ changes >0.5 log compared to without
DAC

Tumor

0.1

1

10

R
Q

Lymph node

0.1

1

10

R
Q

Spleen

0.1

1

10

R
Q

DAC IL-2 DAC+IL-2 ODN DAC+ODN

1

Arg1 Mrc1 Cxcl10 Il1b Il6 Il12b Tnf

Arg1 Mrc1 Cxcl10 Il1b Il6 Il12b Tnf

Arg1 Mrc1 Cxcl10 Il1b Il6 Il12b Tnf
123



1448 Cancer Immunol Immunother (2012) 61:1441–1450
chromatin-modifying agents [33]. The enhanced antitumor
activity we observed with sequential decitabine and IL-2
would support this. Epigenetic mechanisms play a central role
in Th and Treg diVerentiation [16, 34]. We observed that
decitabine decreased Th1-associated antitumor response.
SigniWcant decrease in Th1-associated transcription factor
Tbet, which plays a key role in NK-mediated control of
melanoma metastatic disease, was also observed [35].

We did not observe an increase in CD4+CD25+Foxp3+

Treg cells systemically as had been previously reported in
other models [8, 10–12]. Our results vary with those
reported in the RENCA renal cell carcinoma model in
BALB/c mice in which a signiWcant improvement in antitu-
mor activity was observed with the combination of IL-2
and the histone deacetylase inhibitor, MS-275, and was
associated with an increase in splenocyte cytotoxicity and a
decrease in splenocyte Treg cells [36]. Foxp3 mRNA
expression, however, did increase in spleens. Conversely,
Foxp3 expression decreased intratumorally in responding
tumors. Of note, changes in other factors, such as IL-10,
also varied intratumorally compared to systemically. That
intratumoral and systemic immune responses can vary is
well recognized, as are tissue-speciWc eVects of demethylat-
ing agents [37, 38]. Furthermore, in the absence of methyl-
ation analysis of treated immune cells, these eVects could
be just “oV-target” eVects of low-dose decitabine.

Low-dose decitabine can be eVectively applied with IL-2
and a TLR9 agonist to enhance antitumor activity in mela-
noma-bearing mice. It should be noted that the treatments
applied were not optimized to achieve antitumor activity,
but rather to establish model systems to examine the host
response. Clinical translation will require further study.
There are important diVerences in mice and human host
immune responses. In mice, TLR9 is broadly expressed on
all major DC subtypes as well as in macrophages and B

cells. In human, TLR9 is expressed by pDCs and B cells
[39, 40]. To investigate host immune response, we used the
B16F10 melanoma model and C57BL/6 mice. B16 tumors
are characterized by a signiWcant inWltration of macro-
phages that are M2 polarized, and there is evidence impli-
cating the activation of macrophages without T cells or NK
cells in tumor rejection in this model [41–44]. Furthermore,
MDSC expansion has been reported to be higher in B16
melanoma than other tumor models [45]. C57Bl/6 mice
have also been characterized by a Th1 bias and less Treg-
cell expansion than other mice, including BALB/c [46].
Nonetheless, M2-macrophage polarization and MDSC pop-
ulations have been identiWed in patients with melanoma
[47, 48]. Furthermore, tumor responses have been observed
in early phase clinical trials of CpG ODN in melanoma
[22]. Combinations of low-dose decitabine and CpG ODN
merit clinical evaluation.
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