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Demethylating agent, 5-Azacytidine (5-Aza), has been shown to be active in treatment of myeloid malignancies. 5-Aza enhances
anticancer immunity, by increasing expression of tumor-associated antigens. However, the impact of 5-Aza immune responses
remains poorly understood. Here, T-cell mediated tumor immunity effects of 5-Aza, are investigated in vitro and in vivo. T-cells
from healthy donors were treated with 5-Aza and analyzed by qRT-PCR and flow cytometry for changes in gene expression and
phenotype. Functionality was assessed by a tumor lysis assay. Peripheral blood from patients treated with 5-Aza after alloSCT was
monitored for changes in T-cell subpopulations. 5-Aza treatment resulted in a decrease in CD8+ T-cells, whereas CD4+ T-cells
increased. Furthermore, numbers of IFN-𝛾+ T-helper 1 cells (Th1) were reduced, while Treg-cells showed substantial increase.
Additionally, CD8+ T-cells exhibited limited killing capacity against leukemic target cells. In vivo data confirm the increase of Treg
compartment, while CD8+ T-effector cell numbers were reduced. 5-Aza treatment results in a shift from cytotoxic to regulatory
T-cells with a functional phenotype and a major reduction in proinflammatory Th1-cells, indicating a strong inhibition of tumor-
specific T-cell immunity by 5-Aza.

1. Introduction

Methylation plays a central role in the epigenetic regulation
of gene expression [1]. Cancer cells in particular use hyper-
methylation to switch off a vast number of genes, responsible
for growth inhibition, differentiation, and apoptosis [2].
Treatment induced differentiation in myeloid malignancies
was reported to exhibit substantial clinical benefit and,
accordingly, demethylating drugs like 5-Azacytidine (5-Aza)
have been introduced into the therapy of myelodysplastic
syndrome (MDS) [3] and acutemyeloid leukemia (AML) [4].

After cellular uptake, 5-Aza is phosphorylated to 5-aza-
2-deoxycytidine-5-triphosphate and subsequently is incor-
porated into the DNA, to inhibit the methylating enzyme
DNA methyltransferase [5]. Supplementary to its effects
on genes responsible for cell growth and differentiation,

5-Aza was found to upregulate tumor-associated antigens,
such as cancer-testis antigens (CTA), potentially augmenting
immune recognition of malignancies [6–8]. Several small
studies have recently introduced simultaneous application of
5-Aza combined with donor lymphocyte infusions in AML
patients [9–12]. However, due to its broad mechanism of
action, 5-Azamay have an impact on the quality of antitumor
immunity in various ways, as reported by a recent study
describing its immunosuppressive properties in mice [13].

Like most eukaryotic cells, CD4+ T-cells use epigenetic
mechanisms to regulate lineage commitment [14]. Particu-
larly transcription factor FoxP3, as a master regulator of reg-
ulatory T-cells [15], has been described to be strongly reg-
ulated by methylation [16, 17]. Even though our knowledge
on epigenetic regulation in CD8+ T-cells is still limited,
memory function and Interferon gamma (IFN-𝛾) production
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in murine CTL also seems to be controlled by methylation
[18–20]. In this study, we investigated the effects of 5-Aza
as a demethylating agent on the phenotype and function of
human T-cells in vitro and in vivo.

2. Patients, Materials, and Methods

2.1. Cells and Cell Culture. T-cells were isolated from buffy
coats from healthy donors (𝑛 = 10). CD3+, CD4+, and
CD8+ T-cells were sorted using the MACS system (Miltenyi,
Bergisch Gladbach, Germany). Purity of CD3+ (>98%) and
CD4+ and CD8+ T-cells (>96%) was determined by flow
cytometry. T-cells were stimulated with CD3/CD28 beads
(Invitrogen, Carlsbad, USA) and cultured in RPMI (Gibco,
Karlsruhe, Germany) with 15% autologous, heat-inactivated,
plasma, 1% Penicillin/Streptomycin (Gibco, Karlsruhe, Ger-
many), and 90 U IL2 (Proleukin, Novartis, Germany).

Cell lines HL60 and K562 (DSMZ, Braunschweig, Ger-
many) were cultured in RPMI medium, 10% fetal bovine
serum, and 1% Penicillin/Streptomycin (both Gibco, Karl-
sruhe, Germany).

2.2. Chemicals and Antibodies. 5-Azacytidine was obtained
from Sigma-Aldrich (Munich, Germany) and used at a final
concentration of 5𝜇M or 20𝜇M. All flow cytometry experi-
mentswere performedusing a FACSCanto II (BDBioscience,
Heidelberg, Germany). For flow cytometry the following
antibodies were used: anti-CD3-PE, anti-CD4-FITC, anti-
CD8-APC, anti-CD25-PE, anti-CD45-FITC, anti-CD45RO-
PE, anti-CD45RA-FITC, anti-CD62L-PE, anti-CCR7-PE,
anti-HLA-DR-APC, anti-Granzyme-PE antibodies (obtained
from BD Bioscience) anti-CD127-PC5, anti-IFN𝛾-PE/Cy7,
anti-IL17-APC, anti-IL4-FITC, and anti-FoxP3-APC anti-
bodies obtained from eBioscience (San Diego, USA).

2.3. RNA Isolation, cDNA Synthesis, and Quantitative RT-
PCR. RNA was isolated using the Qiagen RNeasy kit (Qia-
gen, Hilden, Germany). 1 𝜇g of total RNA was used for RT
reaction using the cDNA superscript kit (Bio Rad, Munich,
Germany).

Quantitative RT-PCR was performed using SYBR Green
(Fermentas, St. Leon-Rot, Germany) and primers for the
following transcripts: p15, p16, p21, FOXP3, TBET1, GATA3,
RORgt, IL-10, TGF-𝛽, and GAPDH were obtained from
Qiagen (Hilden,Germany). PCRwas carried out in aChromo
4 cycler (Bio Rad, Munich, Germany). Gene expression was
normalized to GAPDH expression and relative gene expres-
sion was calculated by using the ΔΔCT method normalized
to cDNA of Jurkat cells.

2.4. Flow Cytometric Analysis of Intracellular Cytokines. For
the analysis of intracellular cytokine expression T-cells were
stimulated with phorbolmyristate acetate (PMA), Ionomycin
for 1 hour and Brefeldin A for 4.5 hours. All chemicals were
obtained from Sigma-Aldrich (Munich, Germany). Cells
were harvested and prepared for analysis using the Cytofix/
Cytoperm kit (BD Bioscience, Heidelberg, Germany). For
intracellular cell staining the following antibodies were used:

anti-IL4-FITC, anti-IL17-APC, anti-IFN𝛾-PECy7, and anti-
FOXP3-APC, obtained from eBioscience (San Diego, USA)
and anti-Granzyme-PE (BD Bioscience, Heidelberg, Ger-
many).

2.5. LDH Cytotoxicity Assay. Cells were treated with or
without 5-Aza for an additional 48 h. Viable T-cells were
determined by trypan blue exclusion and 50.000 T-cells were
cocultured with target cell lines (HL60 and K562) in different
ratios for example, 1 : 5, 1 : 10, and 1 : 20. Cells were cocultured
for 4 h and specific cytotoxicity was measured using the
CytoTox 96 assay (Promega,Madison,USA), according to the
manufacturer’s instructions. In brief pretreated T-cells were
cocultured with target cells, for additional 4 hours. The assay
measures the released LDH in culture supernatants in a 30-
minute coupled enzymatic assay, which results in conversion
of a tetrazolium salt into a red formazan product.The amount
of color formed is proportional to the number of lysed cells.
As additional controls to untreated cells we used K562 cells
for spontaneous lysis. Cell death was calculated according to
the company provided formula. All cytotoxicity experiments
were performed in triplicates and the mean value was used
for further analysis.

2.6. Patients. A total of 3 patients (3 male) were treated
after allogeneic stem cell transplantation with 5-Azacytidine.
The median age was 60 years (range 57–63 years). All three
patients received stem cells from a matched unrelated donor.
Before stem cell transplantation 2 patients had received a
reduced intensity conditioning and one patient a myeloab-
lative conditioning. No patient developed an acute GvHD
after transplantation or during 5-Aza treatment. Patients’
characteristics are shown in Supplementary Table 1 available
online at http://dx.doi.org/10.1155/2014/418292.

All patients and healthy donors agreed to biological
material donation by informed written consent under an
approved protocol from the “Ärztekammer Hamburg.”

2.7. Treatment. Treatment with 5-Azacytidine (Vidaza, Cel-
gene, USA; 5-Aza) was started between 66 and 127 days after
allogeneic stem cell transplantation, when patients showed
a minimal residual disease or a relapse (defined as mixed
chimerism or evidence of a molecular or cytogenetic marker,
relapse was defined as blast count > 10% in peripheral blood
and bone marrow). Minimal treatment criteria were white
blood cell count > 3.0 × 109/L and platelet > 20 × 109/L.
Azacytidine was given subcutaneously 100mg/m2 each day,
day 1–5. The next cycle started at day 30, with a planned
total of 2 cycles. Two patients received 2 cycles and treatment
continuously; in one patient treatment was stopped because
of progressive disease after 1 cycle.

2.8. Statistics. Data were analyzed using the GraphPad Prism
5 software (GraphPad Software, LaJolla, USA). Student’s 𝑡-
test was used to compare mean values of at least three
independent experiments or values obtained from the three
different patients. 𝑃 < 0.05 was considered statistically
significant.
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Figure 1: 5-Azacytidine reduces T-cell proliferation mainly by inhibition of CD8 T-cell proliferation by p15 upregulation. (a) T-cells were
isolated from buffy coats and cultured for one week in presence of IL-2. 12 h before 5-Aza treatment cells were seeded in fresh medium. T-
cells were treated with 5𝜇M or 20𝜇M 5-Aza or left untreated as control. Numbers of viable cells were determined every 12 h, over a period
of 72 h by Trypan blue exclusion. Depicted results show mean value of triplicates. ( ∗𝑃 < 0.05, ∗∗𝑃 < 0.005). (b) CD3, CD4, and CD8 T-cells
were sorted and treated with (5𝜇M or 20 𝜇M) or without 5-Aza. p15 mRNA levels of the different subsets were analyzed by qRT-PCR. Data
show mean values of triplicates. ( ∗𝑃 < 0.05, ∗∗𝑃 < 0.005, not significant (n.s.)). (c) After 5-Aza for 48 h T-cell subsets were analyzed by
FACS with mAB against CD3, CD4, and CD8. CD4/CD8 ratios were indicated for each treatment group. Data represent mean value of four
independent experiments with SD.

3. Results

3.1. 5-Azacytidine Inhibits CD8+T-Cell Growth and Correlates
with Overexpression of Cell Cycle Inhibitor p15. 5-Aza is
known to influence the growth of tumor cells by upregulation
of cell cycle inhibitors [21].We therefore asked whether 5-Aza
would also impact the growth of T-cells. Cells were treated
for 72 h with different concentrations of 5-Aza, while cell
viability was assessed every 12 hours (Figure 1(a)). We found

that 5-Aza treatment led to a significant decrease of T-cell
growth after 48 h in a dose-dependent manner. By screening
mRNA expression of key cell cycle inhibitors we found that
p15 was strongly upregulated, especially after treatment with
the higher 5-Aza concentration (Figure 1(b)).

To determine if T-cell subsets react uniformly to 5-Aza
treatment, we compared the compartment-specific response
of CD4+ to CD8+ T-cells. After 48 h of 5-Aza treatment we
observed an increasing CD4/CD8 ratio (Figure 1(c)), which
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Figure 2: Treatment with 5-Aza induces FOXP3+ Treg and upregulates immunomodulatory cytokines. (a) CD3+ and CD4+ T-cells were
isolated and cultured for one week in the presence of IL2. Thereafter, cells were treated with the indicated dosages of 5-Aza. After 48 h
mRNA was isolated and FOXP3 expression levels were analyzed in the CD3+ and CD4+ T-cell subset. Data show mean value with SD.
( ∗𝑃 < 0.05, ∗∗𝑃 < 0.005). (b) T-cells were analyzed by FACS after the described treatment with or without 5-Aza for the expression of FoxP3.
CD4+/CD25+/FoxP3+, triple positive cells were considered as Tregs. A representative example of three independent experiments is shown.
(c)Themarker combination CD4+/CD25hi/CD127lo was used to confirm the results of (b). Data showmean value with SD of three different
experiments. (d) mRNA of 5-Aza treated or control CD3+ T-cells were isolated and mRNA levels of IL10 and TGF-𝛽 were measured. Data
shown as fold pattern gene induction. ( ∗𝑃 < 0.05, ∗∗𝑃 < 0.005).

might be caused either by a proliferation advantage of CD4+
T-cells or by a stronger inhibition of CD8+ T-cell growth.
Analysis of the expression of key cell cycle inhibitory genes
in both subsets indicated an increase of p15, originating
predominantly from CD8+ T-cells (Figure 1(b)). These data
suggest that CD8+ T-cells are more susceptible to cell cycle
inhibition by 5-Aza, thus promoting a shift towards a CD4+
T-cell phenotype.

3.2. Induction of Regulatory T-Cells by 5-Azacytidine. Expres-
sion of themain regulatory T-cell transcription factor FOXP3
is strongly regulated by DNA methylation [16, 17]. We,
therefore, assessedwhether treatmentwith the demethylating
agent 5-Aza would lead to a change in FOXP3 expression. As
hypothesized, qRT-PCR revealed a 3–3.5-fold upregulation of
FOXP3 after 5-Aza treatment of CD3+ T-cells (Figure 2(a)).
Accordingly, we observed an approximate threefold increase
in the CD4+CD25+FOXP3+, Treg fraction at the highest 5-
Aza dosage (Figure 2(b)). This was confirmed by staining
of the alternative Treg phenotype CD4+CD25hiCD127lo
(Figure 2(c)). Our data strongly suggest that the overall shift

from CD8+ to CD4+ T-cells occurs predominantly in the
CD4+ regulatory population.

Treg function is mainly based on the production of
inhibitory cytokines which alter the activity of effector T-
cells. We, therefore, investigated mRNA transcription of two
of the major inhibitory cytokines, IL-10 and TGF-𝛽, and
found that both cytokines were significantly upregulated after
5-Aza treatment in a dose-dependent manner.These findings
indicate that 5-Aza treatment increases not only the number
of Treg cells, but also the production of major inhibitory
cytokines.

3.3. Treatment with 5-Azacytidine Reduces the Killing Capacity
of CD8+ T-Cells Independent of Treg Inhibition. Cytotoxic T-
cells have the ability to recognize and eradicate malignant
cells [22]. However, Treg cells are able to mitigate this effect
in vivo and may play a central role in tumor immune escape
[23]. We, therefore, assessed whether the observed increase
of Treg cells after 5-Aza treatment influences the ability of
effector T-cells to kill tumor cells. We treated CD3+ T-
cells for 48 h with 5-Aza and subsequently cocultured them
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Figure 3: CD8 T-cells show reduced cytotoxic function after 5-Aza treatment and upregulation of FOXP3. (a) CD3+ or CD8+ T-cells were
isolated and treated with 5 𝜇M or 20 𝜇M or without 5-Aza for 48 h. Thereafter, T-cells were resuspended in fresh medium and cocultured
with the target cell line HL60 for 4 h. LDH release was used as marker for cell death. Specific cytotoxicity was calculated as described by the
manufacturer. Four independent experiments (all with an E : T ratio 10 : 1) are shown. (b) CD8+ T-cells were sorted and treated with 5-Aza
(5𝜇Mand 20 𝜇M) for 48 h. mRNA levels of FOXP3 in CD8 cell compartment were assessed by qRT-PCR. ( ∗𝑃 < 0.05). (c) CD8+ T-cells were
analyzed after treatment with or without 5-Aza, for their intracellular expression of FoxP3. A representative of three different experiments is
shown.

with leukemic cell line, HL60. The percentage of specific
killing was measured using an LDH release assay. We found
a strong reduction in the killing capacity of CD3+ T-cells
against HL60 (Figure 3(a)). In order to verify the potential
effect of Treg cells on CD8+ cytotoxic effector T-cells, we
repeated the assay, this time using isolated CD8+ T-cells
at high (>98%) purity, thus excluding contamination with
relevant numbers of Treg cells. We, once more, observed a
clear reduction of the killing capacity by 5-Aza. As demethy-
lating treatment appeared to directly affect the function of
CD8+ T-cells, we next speculated on potential explanations
for this observation. In this aspect, CD8+ cells, so-called
suppressor T-cells, which are associated with a less cytotoxic
phenotype, have been reported to express FOXP3. Our results
indicate that CD8+ T-cells upregulate FOXP3 mRNA up to
4-fold, after 5-Aza treatment (Figure 3(b)). This increase is
significantly higher than in the observed of the CD4+ T-
cell compartment (𝑃 = 0.04) and was confirmed by an
increase in the numbers of CD8+FOXP3+ cells measured
by flow cytometry (Figure 3(c)). We further analyzed the

CD8+ T-cells for their expression of granzyme strikingly to
the observed reduction of CD8+ T-cell mediated tumor cell
killing we found that granzyme production was reduced after
5-Aza treatment (Supplementary Figure S1).

3.4. 5-Azacytidine Treatment Leads to a Reduction of Proin-
flammatory Th1 Cells. Modulation of the lineage-specific
differentiation of T-helper cell subsets represents one of the
major contributions of Treg cells to peripheral tolerance [15].
Development of CD4+ T-cell subsets Th1, Th2, and Th17
is further mediated by epigenetically controlled hallmark
transcription factorsTBET1,GATA3, andROR𝛾t, respectively
[14]. In order to determine the influence of 5-Aza on T-helper
differentiation, we analyzed purified CD4+ T-cells treated
with 5-Aza for 48 h and measured the expression of specific
transcription factors and cytokines associated with each
subset function, by qRT-PCR and flow cytometry. We did
not observe statistically significant changes inGATA3mRNA
expression (data not shown), suggesting negligible effects of
5-Aza onTh2development. In contrast, we found a significant
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Figure 4: In vitro treatment with Azacytidine has different influence on TH1 and TH17 cells. (a) CD4+ T-cells were treated with or without 5-
Aza for 48 h. mRNAwas isolated and the expression of TBET1was analyzed by qRT-PCR. Data are shown as mean value with SD. ( ∗𝑃 < 0.05,
∗∗

𝑃 < 0.005). (b) CD4+ T-cells were analyzed for their expression of IFN-𝛾, after T-cell treatment with or without 5-Aza and additional
stimulation with PMA and ionomycin in the presence of brevedinA for 4.5 h. IFN-𝛾 expression was analyzed by FACS. A representative
example of three independent experiments is shown. (c) After sorting, CD4+ T-cells were treated with or without 5-Aza for 48 h, and mRNA
was isolated. Expression ofROR𝛾twas analyzed by qRT-PCR. Data are shown asmean value with SD. ( ∗𝑃 < 0.05, ∗∗𝑃 < 0.005, not significant
(n.s.)). (d) Similar to the aforementioned IFN-𝛾 staining, CD4+ T-cells were analyzed for their expression of IL17 after 5-Aza treatment. A
representative sample of three independent experiments is shown.

reduction in TBET1 mRNA (Figure 4(a)). Moreover, we
observed a dose-dependent decrease of cells producing IFN-
𝛾 protein (Figure 4(b)) indicating impaired Th1 differentia-
tion. Conversely, ROR𝛾t mRNA levels (Figure 4(c)) and the
frequency of cells expressing IL-17 protein (Figure 4(d)), both
associated withTh17 development, were elevated.

3.5. 5-Azacytidine Promotes a Shift from Memory to Naı̈ve
T-Cells. As IFN𝛾 is crucial for the development of memory
T-cells [24] we assessed whether 5-Aza is associated with a
change in the memory phenotype. In CD3+ T-cells treated
with 5-Aza for 48 h, we first investigated the expression of
memory marker CD45RO and the naı̈ve marker CD45RA.
We observed a substantial reduction of CD45RO+ memory
cells but an increase of näıve cells in both the CD4+
and the CD8+ T-cell compartment (Figure 5). We next
costained with CCR7 to further differentiate between näıve
cells (CD45+/CCR7+), terminally differentiated effector cells
(CD45+/CCR7−), central memory T-cells (CD45−/CCR7+),
and effector memory cells (CD45−/CCR7−). CD4+ as well
as CD8+ T-cells showed a distinct increase in the percentage
of näıve cells after 5-Aza treatment (Figure 5(a), the gating
strategy is depicted in Supplementary Figure S2). Within the
CD8+ T-cell compartment, memory effector cells decreased

in number, while terminally differentiated effector cells
showed a slight increase, suggesting that various subsets react
differently to 5-Aza-mediated inhibition.

Intact T-helper cell memory function is required for
effective reactivation and stimulation of cytotoxic CD8+
T-cells. We observed a reduction especially in the central
memory CD4+ T-cell compartment (Figure 5(a)), confirm-
ing that 5-Aza impairs memory function in both major T-cell
subpopulations.

Memory cells express a range of homing molecules facil-
itating their migration into lymphoid tissues, such as CD62L
[25]. Cells expressing CD62L together with IL7-R𝛼 have been
suggested to represent a long-term memory population [26].
Wewere able to detect this population in theCD4+ andCD8+
T-cell subset of untreated cells. Investigating the influence of
5-Aza on this population by flow cytometry, we observed a
reduction of CD127hiCD62Lhi cells in both compartments
(Figure 6(a)). Reduction of CD62L was significant in the
overall CD3+ T-cell compartment (𝑃 < 0.05 and 𝑃 < 0.01;
Figure 6(b)).

Taken together, these findings support our hypothesis
that 5-Aza interferes with the memory phenotype of T-cells
and stabilizes the näıve phenotype.
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Figure 5: Azacytidine inhibits memory T-cells while naı̈ve T-cell number is not affected. CD4+ and CD8+ T-cells were isolated and treated
with or without the discussed 5-Aza concentrations. 48 h after treatment, cells were assessed for the expression of CD4, CD8, CD45RA,
CCR7, and CD45RO. A representative sample and the gating strategy are shown in Supplementary Part (Supplementary Figure S2). (a) Cells
expressing both (CD45RA+/CCR7+) were considered to be naı̈ve T-cells. (b) Cells expressing the CD45RO antigen were considered to be
memory T-cells. Data were shown as mean with standard deviation, a summary of three independent experiments is shown. Plots show a
percentage of gated T-cells.
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Figure 6: Treatment with 5-Azacytidine reduces long-term memory cell phenotype. (a) CD3+ were treated for 48 h with 5𝜇M 5-Aza or
untreated as control. Thereafter, T-cells were first assessed for their CD4 and CD8 expression. CD4+ T-cells as well as CD8+ T-cells were
further analyzed for the expression of CD62L and CD127. High expression (>104 compared to isotype control) of both antigens was taken
as a surrogate marker for long-term memory cells. A representative example for three independent experiments is shown. (b) CD3+ T-cells
were analyzed for the expression of CD62L by flow cytometry after treatment with 5-Aza. Data were shown as mean value of 3 independent
experiments with standard deviation. ( ∗𝑃 < 0.05; ∗∗𝑃 < 0.01).

3.6. In Vivo Effects of 5-Azacytidine in the Treatment after
alloSCT. To evaluate the effects of 5-Aza in vivo, we mon-
itored 3 patients who were treated with 5-Aza because of
relapse or minimal residual disease after alloSCT. Patient’s
characteristics were shown in Supplementary Table 1. None
of the patients developed a graft versus host disease. As the
in vitro data suggest that 5-Aza modulates T-cells towards a
regulatory phenotype and inhibits proinflammatory T-cells,
wemonitored our patients for the aforementioned T-cell sub-
populations (e.g., CD4+ T-cells, CD8+ T-cells, CD3+/HLA-
DR+, Treg, näıve/memory CD4+, and näıve/memory CD8+
T-cells).

In accordance with the in vitro data of Figure 1(c), we
observed an increase of CD4+ T-cells (Figure 7(a) before
treatment 15.4% versus 27.1% after 2 cycles of 5-Aza) while
in the same time CD8+ T-cells were reduced from 53.3% to
36.3%. The CD8+ T-cell number reduction can be attributed
to the upregulation of cell cycle inhibitor p15.

Furthermore, one of the main observations of the in vitro
T-cell cultures was the immune modulating shift of activated
proinflammatory T-cells towards a regulatory phenotype
(Figures 2, 3, and 4(a)). To investigate the in vivo effects
of 5-Aza on Tregs and activated T-cells we monitored both
populations in our group of patients. While activated T-cells,
marked by HLA-DR expression, decreased from 23.5% to
14.5% after 2 cycles of 5-Aza (Figure 7(b)), Tregs showed a
more dynamic development (Figure 7(c)). As expected from
the in vitro data Treg showed an increase after the 5 days
of 5-Aza application (1.3% before to 2.5% after the 1 week of

treatment). Inweek 2 of the first cycle of treatment, Treg levels
increased slightly to 2.7%, but inweek 3 after 5-Aza treatment,
Treg-cells started to decrease to 1.7%. After this week, patients
received a second application of 5-Aza (100mg/m2 on 5
following days). In the following week, Tregs expanded again
up to 3.4% (𝑃 = 0.58). Treg numbers increased significantly
after 5 weeks of treatment (Figure 7(c), 1.3% before versus
3.5% after 5 weeks, 𝑃 < 0.05).

Moreover, our in vitro findings suggested that naı̈ve T-
cells were less sensitive to 5-Aza-mediated growth inhibition
than their memory counterparts. We analyzed the blood of
our patients for the development of näıve and memory T-
cells during the treatment period. In accordance with our in
vitro data, we confirmed that naı̈ve T-cells were not inhibited
by 5-Aza treatment in vivo (Figure 7(d), for CD4 näıve cells
1.0% before to 5.2% after treatment, 𝑃 = 0.05, for näıve CD8
T-cells from 16.3% to 25.5% after treatment). In contrast to
näıve cells, memory T-cells were reduced by the treatment
of 5-Aza in both major subsets (for memory CD4+ T-cells
21.5% before to 13.2% after treatment, for memory CD8+ T-
cells from 22.6% to 11.9% after treatment).

4. Discussion

The demethylating agent 5-Azacytidine is broadly used for
the treatment of MDS and some forms of AML and first
reports showed that 5-Aza is a safe treatment option after
allogeneic stem cell transplantation [9, 10, 27]. In this study
we investigated whether treatment with 5-Aza is likely to
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Figure 7: In vivo effects of 5-Azacytidine in the treatment after alloSCT. (a) CD4+ and CD8+ T-cells were measured in the peripheral blood
of three different patients during their treatment with 5-Aza. Data is shown as mean with SD and depicted values are baseline (before the
first application of 5-Aza) and at the end of the 2 cycles (after treatment). (b) CD3+ T-cells were analyzed for the expression of HLA-DR by
flow cytometry as long-term activation marker during treatment with 5-Aza. Time points are identical with those in (a). Data were shown
as median with SD. (c) Cells expressing CD4+/CD25hi/CD127lo were considered to be Treg cells. Tregs were measured in weekly intervals
for both cycles. Data were shown as mean with SD. (↓ shows the time point of 5 days of 5-Aza as treatment). ( ∗𝑃 < 0.05). (d) Näıve T-cells
were classified by the expression of CD3+/CD4+ or CD8+/CD45RA+. In contrast, cells expressing CD45RO were considered to be memory
T-cells. Data is shown as mean with SD and depicted values are baseline (before the first application of 5-Aza) and at the end of the 2 cycles
(after treatment).

contribute or detract from the predominantly T-cellmediated
antitumor immune response.

One mechanism of action of 5-Aza is to suppress pro-
liferation by upregulation of cell cycle inhibitory genes [5].
We show that in vitro treatment of human CD4+ and more
extensively CD8+ T-cells results in reduced culture growth,
by expression of p15 located in the INK4 locus, which
is predominantly controlled by the DNA methylation of
CpG islands [28, 29]. Furthermore, we can confirm this in
vitro effect in vivo, as CD4+ T-cells were increased during
5-Aza treatment of patients, while CD8+ T-cell numbers

decreased (Figure 7(a)).We also observed upregulation of p15
particularly in CD8+T-cells. Induction of p15, a key regulator
of G1 phase progression [30], may play a central role in the
5-Aza-mediated growth arrest of T-lymphocytes following 5-
Aza treatment. However Goodyear et al. reported that that
lower dosages of 5-Aza did not affect the number of CD3+,
CD4+, and CD8+ cells in vivo [31] which may be explained
by the need of a 5𝜇M dosages to significantly affect the
expression of p15 in CD8+ T-cells in vitro (Figure 1(c)).

FOXP3 is the hallmark transcription factor of Tregs
and has been shown to be tightly controlled by epigenetic
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modifications [15, 16]. Strikingly, we found a twofold increase
of FOXP3+ Treg cells, following 5-Aza treatment.We showed
that regulatory T-cells induced by 5-Aza produce charac-
teristic inhibitory cytokines, like IL-10 and TGF-𝛽 [32, 33].
However, as expression of both cytokines is also controlled by
DNAmethylation, an increase may theoretically be the result
of either lineage-specific and/or 5-Aza-mediated demethyla-
tion [34]. Additionally, we were able to observe an increase of
Treg in our group of patients (Figure 7(c)) after the first week
of 5-Aza treatment (𝑃 = 0.1), while after the second week of
5-Aza treatment, Treg numbers increasedmore (week 4: 3.4%
𝑃 = 0.58 andweek 5: 3.4%𝑃 < 0.05).However, 5-Aza induced
Tregs decrease at week 3 and week 6 of treatment, arguing
that 5-Aza leads to induction of Treg. Those induced Treg
cells are reported to lose their inhibitory function [35] and
therefore this inhibitory effect of 5-Aza might be temporal
and treatment dependent.

Apart from Tregs, additional populations with regulatory
potential coexist with effector populations, in the T cell
compartment [36, 37]. Despite its role as the hallmark tran-
scription factor of conventional regulatory T-cells, FOXP3
expression has also been described in a CD8+ T-cell subset
referred to as T-suppressor cells [37]. As anticipated, we
observed a strong dose-dependent upregulation of FOXP3
mRNA in CD8+ T-cells and a shift towards T-suppressor
cells, following 5-Aza treatment. These cells share some of
the phenotypic characteristics of conventional CD4+ regula-
tory T-cells [37] but show less IFN-𝛾 production following
stimulation, even though they have recently been described
by minor inhibitory potential [38]. However, we found
that treatment with 5-Aza strongly impaired tumor-specific
killing by a mixed CD3+ T-lymphocyte population as well
as purified cytotoxic CD8+ T-cells. We propose that CD8−
restricted and possibly evenCD4−T-cell mediated inhibitory
signals played only a minor role in our setting and that
cell cycle inhibition, preventing expansion of tumor-specific
clones and limited IFN-𝛾 production, are likely to constitute
an explanation of our observations.

Uncompromised lineage-specific differentiation of T-
helper subsets is important for the ability of the immune
system to develop a relevant antitumor response and may be
affected by undirected DNA hypomethylation. The central
effector molecule of the proinflammatory Th1 population,
IFN-𝛾, is known to be controlled by promoter methylation
[39]. However, we did not observe induction, but rather
a decrease of IFN-𝛾+ cells as well as a downregulation of
Th1 master regulator TBET1. Suboptimal 5-Aza dosage might
have influenced this result, although our observation of an
actual loss of IFN-𝛾+ Th1 cells would argue against this
hypothesis and for a targeted shift in T-helper differentiation.
In vivo experiments in mice and first reports in humans
further support the suppressive properties of 5-Aza on CD4+
T-cells, in which 5-Aza treatment was sufficient for engraft-
ment and prevented GvHD occurrence [13, 31]. In addition,
while Th2 cells appeared to remain stable under 5-Aza
treatment, we did notice a slight increase in IL-17 producing
proinflammatory Th17 cells, theoretically arguing against
a generally immunosuppressive role of 5-Aza as described
up to this point. Interestingly, the increase of Th17 cells,

despite the threefold exceeding therapeutic dose of 5-Aza,was
comparablyminor andmay have only limited functional con-
sequences. Moreover, considering the global mode of action
of 5-Aza and strong modulation of subset composition the
possibility of the coexpression of several cytokines, as recently
described in multicytokine producing cells [40], may need
further investigation. Despite the possible proinflammatory
effects that may occur in small T-subcell groups we did not
observe a case of GvHD in our small group of patients, which
is in accordance with published data, reporting induction
of GvHD as a rare event during 5-Aza treatment, even in
combination with donor lymphocytes infusions (DLI) [9].
This observation argues against a dominant proinflammatory
nature of 5-Aza on T-cells and favours the, here reported,
more regulatory character of the drug as suggested by a
murine in vivo model [13]. Further, most of the effects on
cytokine upregulation and induction of regulatory T-cell
subsets were observed with 5 𝜇M 5-Aza, a dosage which is
close to that which is reached with 75mg/m2 in the clinical
setting [41].

In a more resent publication by Costantini et al. the
authors also reported that Treg cells were upregulated and
Th1 cells were decreased. However, FOXP3+ T-cells were
reported to lack their suppressive and proliferation capacity
[42]. One difference is that Costantini and Coworkers used
5-Aza much more frequently (e.g., every 24 h) in comparison
to our experimental setup (every 48 h). Further we stimulated
our cells with IL2, a cytokine known to be important for
Treg survival while Costantini and colleagues only used
CD3/CD28 stimulation.This experimental setupmay explain
some of the difference in the proliferation of Treg cells in
vitro. Of note, Costantit also reported that theTh17-cells were
rather unaffected by 5-Aza treatment [42].

Due to our findings indicating a differentiation capacity
of 5-Aza especially in Treg and Th1 cells, we further ana-
lyzed its impact on the naı̈ve and memory T-populations
required for an effective antitumor immunity [43]. Our data
indicate that the increase of näıve cells, in both major T-cell
compartments, is caused by a higher resistance of naı̈ve T-
cells against 5-Aza-mediated cell cycle inhibition.This in vitro
effect could be confirmed by our in vivo data, as indicated
in the observed increase of both näıve cell subsets in all
patients (Figure 7(d)). Memory T-cells have been reported to
exhibit higher responsiveness to pro-proliferative signalling,
suggesting a more dynamic control of cell cycle checkpoints.
5-Aza might be more likely to interfere with cell cycle
progression in cells susceptible to respond to proliferative
stimuli, explaining the relative reduction of memory T-cells
under 5-Aza treatment in vivo. Long-term memory cells, as
recently characterized by CD62LhiCD127hi immunopheno-
typing [26], were significantly reduced after 5-Aza treatment.
However, this population’s classification and tumor-specific
lytic capacity requires further investigation in vivo.

Taken together, we have shown that 5-Aza treatment vari-
ably alters the profile of adaptive T-cell immunity. The
shift from cytotoxic to regulatory T-cells with a functional
phenotype and the major reduction of proinflammatory
Th1 cells, as well as effector memory T-cells, all indicate
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a strong inhibition of T-cell function by 5-Aza. This is
further supported by CD8+ T-cells adopting a growth-
delayed FOXP3+ phenotype, consistent with reduced cyto-
toxic activity including impaired IFN-𝛾 production. Overall,
our data indicate that 5-Aza treatment, while theoretically
enhancing antitumor immunity by inducing the expression
of tumor antigens, can significantly affect the adaptive cellular
response, by promoting an inhibitory T-cell phenotype.

Conflict of Interests

The authors reported no potential conflict of interests.

Acknowledgments

We thank the staff of the BMT Unit for providing excellent
care of our patients and the medical technicians for their
excellent work in the BMT laboratory.

References

[1] G. P. Delcuve, M. Rastegar, and J. R. Davie, “Epigenetic control,”
Journal of Cellular Physiology, vol. 219, no. 2, pp. 243–250, 2009.

[2] M. Esteller, “Cancer epigenomics: DNA methylomes and
histone-modificationmaps,”Nature Reviews Genetics, vol. 8, no.
4, pp. 286–298, 2007.

[3] L. R. Silverman, E. P. Demakos, B. L. Peterson et al., “Ran-
domized controlled trial of azacitidine in patients with the
myelodysplastic syndrome: a study of the cancer and leukemia
group B,” Journal of Clinical Oncology, vol. 20, no. 10, pp. 2429–
2440, 2002.

[4] P. Fenaux, G. J. Mufti, E. Hellstrom-Lindberg et al., “Azacitidine
prolongs overall survival compared with conventional care
regimens in elderly patients with low bone marrow blast count
acute myeloid leukemia,” Journal of Clinical Oncology, vol. 28,
no. 4, pp. 562–569, 2010.

[5] C. Stresemann and F. Lyko, “Modes of action of the DNA
methyltransferase inhibitors azacytidine and decitabine,” Inter-
national Journal of Cancer, vol. 123, no. 1, pp. 8–13, 2008.

[6] M. Almstedt, N. Blagitko-Dorfs, J. Duque-Afonso et al.,
“TheDNAdemethylating agent 5-aza-2-deoxycytidine induces
expression of NY-ESO-1 and other cancer/testis antigens in
myeloid leukemia cells,” Leukemia Research, vol. 34, no. 7, pp.
899–905, 2010.

[7] D. Atanackovic, T. Luetkens, B. Kloth et al., “Cancer-testis
antigen expression and its epigenetic modulation in acute
myeloid leukemia,”American Journal of Hematology, vol. 86, no.
11, pp. 918–922, 2011.

[8] O. Goodyear, A. Agathanggelou, I. Novitzky-Basso et al.,
“Induction of a CD8+ T-cell response to the MAGE cancer
testis antigen by combined treatment with azacitidine and
sodium valproate in patients with acute myeloid leukemia and
myelodysplasia,” Blood, vol. 116, no. 11, pp. 1908–1918, 2010.

[9] M. Lubbert, H. Bertz, R. Wasch et al., “Efficacy of a 3-
day, low-dose treatment with 5-azacytidine followed by donor
lymphocyte infusions in older patients with acute myeloid
leukemia or chronic myelomonocytic leukemia relapsed after
allografting,” Bone Marrow Transplantation, vol. 45, no. 4, pp.
627–632, 2010.

[10] A. Czibere, I. Bruns, N. Kroger et al., “5-azacytidine for the
treatment of patients with acutemyeloid leukemia ormyelodys-
plastic syndrome who relapse after allo-SCT: a retrospective
analysis,” Bone Marrow Transplantation, vol. 45, no. 5, pp. 872–
876, 2010.

[11] T. Schroeder, A. Czibere, U. Platzbecker et al., “Azacitidine and
donor lymphocyte infusions as first salvage therapy for relapse
of AML or MDS after allogeneic stem cell transplantation,”
Leukemia, vol. 27, no. 6, pp. 1229–1235, 2013.

[12] M. de Lima, S. Giralt, P. F. Thall et al., “Maintenance therapy
with low-dose azacitidine after allogeneic hematopoietic stem
cell transplantation for recurrent acute myelogenous leukemia
or myelodysplastic syndrome: a dose and schedule finding
study,” Cancer, vol. 116, no. 23, pp. 5420–5431, 2010.

[13] L. I. Sanchez-Abarca, S. Gutierrez-Cosio, C. Santamaria et al.,
“Immunomodulatory effect of 5-azacytidine (5-azaC): potential
role in the transplantation setting,” Blood, vol. 115, no. 1, pp. 107–
121, 2010.

[14] C. B.Wilson, E. Rowell, andM. Sekimata, “Epigenetic control of
T-helper-cell differentiation,” Nature Reviews Immunology, vol.
9, no. 2, pp. 91–105, 2009.

[15] J. D. Fontenot, M. A. Gavin, and A. Y. Rudensky, “Foxp3 pro-
grams the development and function ofCD4+CD25+ regulatory
T cells,” Nature Immunology, vol. 4, no. 4, pp. 330–336, 2003.

[16] J. K. Polansky, K. Kretschmer, J. Freyer et al., “DNAmethylation
controls Foxp3 gene expression,” European Journal of Immunol-
ogy, vol. 38, no. 6, pp. 1654–1663, 2008.

[17] G. Lal, N. Zhang, W. van der Touw et al., “Epigenetic regulation
of Foxp3 expression in regulatory T cells by DNAmethylation,”
The Journal of Immunology, vol. 182, no. 1, pp. 259–273, 2009.

[18] C. Chappell, C. Beard, J. Altman, R. Jaenisch, and J. Jacob, “DNA
methylation by DNA methyltransferase 1 is critical for effector
CD8 T cell expansion,”The Journal of Immunology, vol. 176, no.
8, pp. 4562–4572, 2006.

[19] E. N. Kersh, D. R. Fitzpatrick, K. Murali-Krishna et al., “Rapid
demethylation of the IFN-𝛾 gene occurs in memory but not
naive CD8 T cells,” The Journal of Immunology, vol. 176, no. 7,
pp. 4083–4093, 2006.

[20] J. R. Schoenborn, M. O. Dorschner, M. Sekimata et al., “Com-
prehensive epigenetic profiling identifies multiple distal regu-
latory elements directing transcription of the gene encoding
interferon-𝛾,” Nature Immunology, vol. 8, no. 7, pp. 732–742,
2007.

[21] K. Schmelz, M. Wagner, B. Dorken, and I. Tamm, “5-aza-2-
deoxycytidine induces p21WAF expression by demethylation of
p73 leading to p53-independent apoptosis inmyeloid leukemia,”
International Journal of Cancer, vol. 114, no. 5, pp. 683–695,
2005.

[22] R. Chakraverty, H.-S. Eom, J. Sachs et al., “Host MHC class II+
antigen-presenting cells and CD4 cells are required for CD8-
mediated graft-versus-leukemia responses following delayed
donor leukocyte infusions,” Blood, vol. 108, no. 6, pp. 2106–2113,
2006.

[23] Z. Liu, J. H. Kim, L. D. Falo Jr., and Z. You, “Tumor regulatory
T cells potently abrogate antitumor immunity,” The Journal of
Immunology, vol. 182, no. 10, pp. 6160–6167, 2009.

[24] O. Sercan, D. Stoycheva, G. J. Hammerling, B. Arnold, and T.
Schuler, “IFN-𝛾 receptor signaling regulates memory CD8+ T
cell differentiation,”The Journal of Immunology, vol. 184, no. 6,
pp. 2855–2862, 2010.



12 Mediators of Inflammation

[25] E. Ophir, Y. Eidelstein, R. Afik, E. Bachar-Lustig, and Y. Reisner,
“Induction of tolerance to bone marrow allografts by donor-
derived host nonreactive ex vivo–induced central memory CD8
T cells,” Blood, vol. 115, no. 10, pp. 2095–2104, 2010.

[26] K. Araki, A. P. Turner, V. O. Shaffer et al., “mTOR regulates
memory CD8 T-cell differentiation,” Nature, vol. 460, no. 7251,
pp. 108–112, 2009.

[27] T. Schroeder, J. Frobel, R. P. Cadeddu et al., “Salvage therapy
with azacitidine increases regulatory T cells in peripheral blood
of patients with AML or MDS and early relapse after allogeneic
blood stem cell transplantation,” Leukemia, vol. 27, no. 9, pp.
1910–1913, 2013.

[28] A. Merlo, J. G. Herman, L. Mao et al., “5 CpG island methyla-
tion is associated with transcriptional silencing of the tumour
suppressor p16/CDKN2/MTS1 in human cancers,” Nature
Medicine, vol. 1, no. 7, pp. 686–692, 1995.

[29] M. Gonzalez-Zulueta, C. M. Bender, A. S. Yang et al., “Methy-
lation of the 5 CpG island of the p16/CDKN2 tumor suppressor
gene in normal and transformed human tissues correlates with
gene silencing,” Cancer Research, vol. 55, no. 20, pp. 4531–4535,
1995.

[30] G. J. Hannon and D. Beach, “p15INK4B is a potential effector of
TGF-𝛽-induced cell cycle arrest,” Nature, vol. 371, no. 6494, pp.
257–261, 1994.

[31] O. C. Goodyear, M. Dennis, N. Y. Jilani et al., “Azacitidine
augments expansion of regulatory T cells after allogeneic stem
cell transplantation in patients with acute myeloid leukemia
(AML),” Blood, vol. 119, no. 14, pp. 3361–3369, 2012.

[32] A. G. Jarnicki, J. Lysaght, S. Todryk, and K. H. Mills, “Suppres-
sion of antitumor immunity by IL-10 and TGF-𝛽-producing
T cells infiltrating the growing tumor: influence of tumor
environment on the induction of CD4+ and CD8+ regulatory
T cells,”The Journal of Immunology, vol. 177, no. 2, pp. 896–904,
2006.

[33] X. Dao Nguyen and D. S. Robinson, “Fluticasone propionate
increasesCD4+CD25+ T regulatory cell suppression of allergen-
stimulated CD4+CD25− T cells by an IL-10–dependent mecha-
nism,”The Journal of Allergy and Clinical Immunology, vol. 114,
no. 2, pp. 296–301, 2004.

[34] A. Szalmas, F. Banati, A. Koroknai et al., “Lineage-specific
silencing of human IL-10 gene expression by promoter methy-
lation in cervical cancer cells,” European Journal of Cancer, vol.
44, no. 7, pp. 1030–1038, 2008.

[35] X. Zhou, S. L. Bailey-Bucktrout, L. T. Jeker et al., “Instability
of the transcription factor Foxp3 leads to the generation of
pathogenic memory T cells in vivo,” Nature Immunology, vol.
10, no. 9, pp. 1000–1007, 2009.

[36] K. Fujio, T. Okamura, and K. Yamamoto, “The family of IL-10-
secreting CD4+ T cells,” Advances in Immunology, vol. 105, pp.
99–130, 2010.

[37] C. Konya, J. J. Goronzy, and C. M. Weyand, “Treating autoim-
mune disease by targeting CD8+ T suppressor cells,” Expert
Opinion on Biological Therapy, vol. 9, no. 8, pp. 951–965, 2009.

[38] C. T. Mayer, S. Floess, A. M. Baru, K. Lahl, J. Huehn, and
T. Sparwasser, “CD8+Foxp3+ T cells share developmental and
phenotypic features with classical CD4+Foxp3+ regulatory T
cells but lack potent suppressive activity,” European Journal of
Immunology, vol. 41, no. 3, pp. 716–725, 2011.

[39] B. Jones and J. Chen, “Inhibition of IFN-𝛾 transcription by site-
specific methylation during T helper cell development,” The
EMBO Journal, vol. 25, no. 11, pp. 2443–2452, 2006.

[40] S. Kannanganat, C. Ibegbu, L. Chennareddi, H. L. Robinson,
and R. R. Amara, “Multiple-cytokine-producing antiviral CD4
T cells are functionally superior to single-cytokine-producing
cells,” Journal of Virology, vol. 81, no. 16, pp. 8468–8476, 2007.

[41] M. A. Rudek, M. Zhao, P. He et al., “Pharmacokinetics of 5-
azacitidine administered with phenylbutyrate in patients with
refractory solid tumors or hematologic malignancies,” Journal
of Clinical Oncology, vol. 23, no. 17, pp. 3906–3911, 2005.

[42] B. Costantini, S. Y. Kordasti, A. G. Kulasekararaj et al., “The
effects of 5-azacytidine on the function and number of reg-
ulatory T cells and T-effectors in myelodysplastic syndrome,”
Haematologica, vol. 98, no. 8, pp. 1196–1205, 2013.

[43] F. Pages, A. Berger, M. Camus et al., “Effector memory T cells,
early metastasis, and survival in colorectal cancer,” The New
England Journal of Medicine, vol. 353, no. 25, pp. 2654–2666,
2005.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


