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ABSTRACT

Expansion of regulatory T cells occurs in high-risk myelodysplastic syndrome and correlates with a poor prognosis.
DNA methyltransferase inhibitors, particularly 5-azacytidine, have been shown to increase the survival of patients
with high-risk myelodysplastic syndrome. It is not entirely clear whether this improvement in patients’ survival is
related to the effects of DNA methyltransferase inhibitors on the immune system and/or the direct effect of these
drugs on the dysplastic clone. In this study we investigated the effect of 5-azacytidine on the function and prolif-
eration capability of regulatory T cells and T-helper cells. The number and function of CD4* T-cell subsets in 68
patients with intermediate-2/high-risk myelodysplastic syndrome were serially assessed at diagnosis and follow-
ing treatment. The in-vitro effects of 5-azacytidine on CD4" T-cell subsets isolated from both healthy donors and
patients with myelodysplastic syndrome were also investigated. The number of peripheral blood regulatory T cells
was significantly higher in myelodysplastic syndrome patients than in healthy donors and responders to treatment
(P=0.01). The absolute numbers of T-helper 1 and T-helper 2, but not T-helper 17, cells were significantly reduced
following 12 months of treatment (P=0.03, P=0.03). The in vitro addition of 5-azacytidine to CD4" T cells reduced
the proliferative capacity of regulatory T cells (P=0.03). In addition, the 5-azacytidine-treated regulatory T cells had
reduced suppressive function and produced larger amounts of interleukin-17. The FOXP3 expression in 5-azacyti-
dine-treated T-effectors was also increased. Interestingly, these FOXP3/interleukin-17+ cells originated mainly
from effector T cells rather than regulatory T cells. Our data suggest that 5-azacytidine has profound effects on
CD4" T cells, which correlate with disease status after treatment. Furthermore, despite the demethylation of the
FOXP3 promoter and increased FOXP3 expression following 5-azacytidine treatment, these phenotypic regulatory
T cell-like cells lack the regulatory function and cytokine profile of regulatory T cells. These findings are important
in correlating the clinically relevant immunomodulatory effects of 5-azacytidine.

Introduction

5-azacytidine (5-azaC) not only prolongs the survival of
patients with intermediate 2 and high-risk myelodysplastic
syndrome (MDS),"” but also leads to improvements in cytope-
nias, reduces leukemic progression and improves quality of
life.”* At lower doses, 5-azaC sequesters and promotes degra-
dation of < DNA methyltransferase, inducing DNA
hypomethylation, thereby causing re-expression of genes,
leading to differentiation and/or apoptosis of the myeloid
leukemic cells.*® The alternate mechanism of action includes
induction of DNA damage,”” inhibition of NFkB synthesis"
and enhancement of anti-tumor immune responses.”” There is
no definite evidence to suggest a direct link between the
induction and magnitude of DNA hypomethylation and the
clinical response.”

Although the beneficial role of 5-azaC in MDS treatment is
established, the potential effects of 5-azaC on the immune
system are unclear. We have previously shown that the num-

ber of regulatory T cells (Treg) is significantly increased in
high-risk and intermediate-2 MDS, whereas in ‘low-risk’ MDS
interleukin (IL)-17-producing CD4* T cells (Th17 cells) are
increased, suggesting a correlation between the number of
Treg, Th17 and disease severity."" The expression of forkhead
box p3 (FOXP3), the master switch for Treg, has been demon-
strated to be epigenetically regulated with complete demethy-
lation of its CpG rich promoter in Treg, whereas in naive and
effector T cells the FOXP3 promoter is methylated."*” The
effect of 5-azaC on activated CD4* T cells and induction of
"lupus like” autoimmunity has been shown previously.”” A
number of studies have shown that 5-azaC inhibits T-cell pro-
liferation and activation, blocking cell cycle progression in the
G, to G; phase and decreasing the production of pro-inflam-
matory cytokines.”” Epigenetic modulation strategies such as
5-azaC therapy have also been shown to augment cytotoxic
T-cell responses to cancer testes antigens such as melanoma
antigen (MAGE), suggesting that immunomodulatory effects
contribute to the anti-leukemic activity of 5-azaC.”* The other
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aspect of immunomodulation in MDS is the immunosup-
pressive effect of Treg. It has been shown that 5-azaC
treatment after bone marrow transplants leads to expan-
sion of Treg, which may alleviate graft-versus-host disease
(GVHD).” The suggestion is that this expansion of Treg is
associated with increased FOXP3 expression due to FOXP3
promoter demethylation. Nonetheless, the origin and func-
tion of these expanded FOXP3* T cells is unclear. In order
to understand the in-vivo and in-vitro effects of 5-azaC on
CD4" T cells we analyzed serial peripheral blood samples
from patients with intermediate-2/high-risk MDS or MDS
transformed to acute myeloid leukemia (AML) (20-30%
blasts). This included analysis of the number and cytokine
profile of T cells prior to and following 5-azaC treatment.
We also examined the functional characteristics of periph-
eral blood Treg and T effector cells from healthy donors
and MDS patients, following in-vitro addition of 5-azaC.

Designs and Methods

Patients

Sixty-eight MDS patients (including 12 patients with 20-30%
bone marrow blasts in whom AML evolved from MDS) with a
median age of 67 years (range, 35-86 years) were treated with 5-
azaC subcutaneously at a dose of 75 mg/m’*/day for 7 days every
28 days. Patients were risk-classified according to the International
Prognostic Scoring System (IPSS) and followed until June 2011 for
survival and disease progression. Written informed consent was
obtained from all patients and healthy donors in accordance with
the Declaration of Helsinki and the study was approved by King’s
College Hospital Research Ethics Committee. The median follow
up from the start of 5-azaC treatment was 14 months (range, 1-60
months) and patients were treated between 2005-2011. WHO
subtypes, and IPSS risk groups of patients are summarized in
Online Supplementary Tables S1 and S2.

The median time from diagnosis of MDS to treatment with 5-
azaC was 10.1 months (range, 1.4-117 months) and 49 (70%)
patients had not received any prior treatment for MDS other than
transfusion support. Ten (15%) and nine (13%) patients received
induction chemotherapy and growth factor treatment, respective-
ly, prior to 5-azaC.

All 68 patients had peripheral blood samples available for analy-
sis prior to commencement of 5-azaC. Additional peripheral blood
samples were analyzed at 1, 3, 6, 9, 12, 18 and 24 month time-
points while on 5-azaC treatment (on average two samples per
patient; range, 1 to 8 samples).

The median number of cycles administered was seven (range, 1-
42 cycles). The overall response rate (according to the modified
International Working Group response criteria)* was 52% (n=36),
with complete response in 11 patients (15%), partial response in
14 (21%), marrow complete response in 7 (10%) and stable dis-
ease with hematologic improvement in 4 (6%) patients.
Progression to AML occurred in 26 out of 57 (46%) patients
(excluding 12 patients with >20% blasts before starting 5-azaC
treatment).

Mononuclear cell separation

Mononuclear cells were separated from peripheral blood by
density gradient sedimentation (LSM 1077 Lymphocyte; PAA
Laboratories GmbH, Austria). Peripheral blood mononuclear cells
(PBMC) were frozen in serum-free cryopreservation medium
(CryoMaxx I, PAA Laboratories GmbH, Austria) and stored in lig-
uid nitrogen.

Antibodies, reagents, and flow cytometry

At least 1x10° PBMC were initially labeled for dead cells with
the Live/Dead Fixable Near IR kit (Invitrogen, Paisley, UK) and
antibodies against surface antigens, anti-CD3 V500, anti-CD4
V450 or PerCPCy5.5, anti-CD25 APC, anti-CD27 FITC, anti-
CD127 FITC, anti-CD45RO APC, anti-CD45RA PE, anti-CD62L
PE, anti-CD31 FITC, anti-CD56 APC, anti-CD16 PE, anti-CD19
V450 (all from Becton-Dickinson, San Jose, CA, USA), were used.

For Treg staining we used the anti-human FOXP3 PerCPCy5.5
conjugate after fixation and permeabilization according to manu-
facturer’s instructions (eBioscience, San Diego, CA, USA). A T-
helper kit supplemented with anti-human tumor necrosis factor-a
(Becton-Dickinson) was used for intracellular cytokine staining.
Cells were stimulated for 4 h with phorbol myristate acetate and
ionomycin in the presence of brefeldin A.* The stimulated cells
were fixed and permeabilized prior to intracellular staining accord-
ing to the manufacturer’s instruction. Phosphorylated retinoblas-
toma protein (RB; phospho-S*"*"") and p16™“* levels in Treg and T-
effectors were assesed using an anti-human RB or anti-p16™**
antibody following fixation and permeabilization with Fix I & II
phosphofix buffer’ (BD-biosciences). Flow cytometry was per-
formed on a FACSCantoll using FACSDiva software (Becton
Dickinson). Data were analyzed on FlowJo software (Tree Star,

Ashland, OR, USA).

Isolation.of regulatory T cells

To obtain CD4'CD25""CD27" Treg, PBMC were first enriched
for CD4" T cells using a negative isolation kit (Miltenyi-Biotec Ltd.,
Surrey, UK) and stained with anti-human CD4, CD25 and CD27.
Purified Treg, defined as CD3*CD4'CD25"*CD27", were sorted
on a FACSAria (Becton-Dickinson) as previously described.”

RNA isolation and quantitative real-time polymerase
chain reaction

Total RNA was isolated from Treg and total CD4" T-cells
obtained from healthy donors, using a combination of TriZOL
(Invitrogen) to lyse the cells and RNAeasy Mini prep(Qiagen) to
purify the RNA.” The quantity and integrity of RNA were evalu-
ated by measuring the absorbance at 260 nm with a Nanodrop
ND8000 (Labtech) and bioanalyzer (Agilent). cDNA was synthe-
sized from 1 ug of RNA using the Vilo cDNA kit (Invitrogen)
according to the manufacturer’s protocol. Quantitative poly-
merase chain reaction (GQPCR) primers were designed for specific
genes according to the protocol for the Universal Probe Library
(Roche). Further details are provided in the Online Supplementary
Design and NMethods.

Methylation assay

Genomic DNA was prepared from frozen cell pellets using a
blood and cell culture DNA mini kit (Qiagen, UK). The genomic
DNA (250 ng) was divided into four equal aliquots and digested
using an EpiTect Methyl DNA restriction kit (SABiosciences -
Qiagen, UK). The digested product was used as a template to
quantify the remaining DNA by qPCR, using primers that flank
the promoters for the genes of interest. Primer sets used for ampli-
fication of human FOXP3, TBX21, GATA3, and STAT3 promoter
CpG islands were purchased from SABiosciences (FOXP3,
MePH27609-3A; TBX21, MePG22189; GATA3, MePH?28286;
STAT3, MePH22023). The real-time PCR was performed using the
Power Sybr Green Q-PCR Master Mix and the StepOnePlus sys-
tem (Applied Biosystem, UK).

The data were analyzed as described by Ordway et al” and
explained in more detail in the Online Supplementary Design and
Methods.
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Functional assay

To further assess the effects of 5-azaC on peripheral blood lym-
phocytes we stimulated PBMC from four healthy donors and
three patients with high-risk MDS with CD3/CD28 beads
(Dynabeads Human T-Activator, Invitrogen, Paisley, UK) at a 1:1
ratio for 48 h to allow the cells to enter the cell cycle and incorpo-
rate 5-azaC. After the pre-stimulation, 5-azaC was added every 24
h for up to 96 h at two different concentrations (1 uM and 2 WM
as previously described”). At each time point (t0, t+96), cells were
stained with CD3, CD4, CD25, CD127 and FOXP3 for Treg and
CD3, CD4, IEN-y, TNF-a, IL-4, IL-17 for T helpers (after an addi-

tional 4 h incubation with phorbol myristate acetate/ionomycin).

Functional analysis of regulatory T cells

The suppressive function of Treg on CD4" effector T cells was
determined with a proliferation assay. Further details are provided
in the Online Supplementary Design and Methods.

Cytokine measurement

Serum cytokine assays were carried out using a Cytokine 30-
plex antibody bead kit (Invitrogen) and data were acquired on a
Luminex 200™ (Luminex Corporation, Austin, TX, USA). The level
of each cytokine was calculated from a standard curve derived
from known controls.

Statistical analysis

Statistical analyses were performed using SPSS version 19.0
(IBM Corporation, USA). The non-paired t-test and Mann-
Whitney U test were used to compare parametric and non-para-
metric data, respectively. For serial samples, a linear mixed model
was used. A paired samples t-test was used to compare paired
samples treated in-vitro with 5-azaC. P values <0.05 were consid-
ered statistically significant.

Results

The in vivo effect of 5-azacytidine on CD4" T cells

The percentages and absolute numbers of peripheral
blood Treg were significantly higher prior to treatment in
MDS patients than in healthy, age-matched donors (n=10)
(0.7 % versus 0.08%, P<0.001 and 1.1x107/L versus 4.6x10°/L,
P=0.01) (Figure 1A). However, after 9 months of treatment
with 5-azaC, the numbers of Treg decreased to normal lev-
els. The percentages and absolute numbers of Treg at diag-
nosis were also higher in non-responders than in responders
(0.6% versus 0.2% of lymphocytes, P=0.01 and 9.6x10%L
versus 4.9x10°/L, P=0.02) (Figure 1A). Absolute lymphocyte
counts at various time points after 5-azaC treatment were
not significantly different from the pre-treatment counts.

The absolute numbers of Th1 and Th2 cells were signifi-
cantly reduced following 12 months of treatment with 5-
azaC (9.3x10" to 3.7x107, P=0.03 for Th1 and 2x10" to 9x10°,
P=0.03 for Th2 cells). There was no change in the number
of Th17 cells following treatment (Figure 1B-D). The differ-
ences in the number of Th1, Th2 and Th17 were not statis-
tically different between responders and non-responders.

To investigate the in-vivo effect of 5-azaC on the frequen-
cy of FOXP3" IL-17* cells, peripheral blood was collected
from four patients at the time of best response (complete
response/partial response) and seven non-responders (6 to
12 months after the first cycle of treatment). PBMC were
stimulated for 72 h with CD3/CD28 beads without 5-azaC.
Stimulated cells were stained for CD3, CD4, CD25, FOXP3
and IL-17. The absolute numbers of the FOXP3'IL17* pop-

ulation were higher in the responders than in the non-
responders (4.1x10° versus 3.0x10°), although this difference
was not statistically significant (P=0.059) (Figure 2).

In vitro effect of 5-azaC on T-helpers and
regulatory T cells

Addition of 5-azaC (2 uM) to Treg from three patients
(every 24 h for 96 h) caused a significant reduction in the
absolute numbers of Treg (P=0.03). By contrast 5-azaC had
little or no effect on the absolute numbers of similarly treat-
ed Treg from healthy donors (Figure 3).

Interestingly, the numbers of both Th1 and Th17 cells
from healthy donors were significantly reduced following
the addition of 5-azaC (P=0.008 and P=0.002, respectively).
Similarly, Th1 cells were also reduced in patients following
the addition of 5-azaC (P=0.03) (Figure 3). The ratios of
Th1/Treg and Th17/Treg were also higher in patients’
PBMC after i vitro addition of 5-azaC.

Effect on cell cycle and apoptosis

A reduction in absolute cell number could be due to an
increase in apoptosis and/or a reduction in proliferation.
Addition of 5-azaC reduced the percentage of cells in
S+G,/M phases of the cell cycle, consistent with an inhibi-
tion of proliferation, and increased the percentage of cells
with sub-G1 DNA content, consistent with an induction of
apoptosis (Figure 4A). Preferential apoptosis did not occur
in any of the T-cell subsets, as demonstrated by the percent-
age of cells with sub-G; DNA content as well as annexin V
staining (data not shown).

The expression of a cell cycle inhibitory protein, p16™“,
was increased in both T-effectors and Treg following addi-
tion of 5-azaC. However, this increase was more marked in
Treg (Figure 4A,B). p16™“* inhibits cyclin-dependent kinas-
es CDK4 and CDKG6.* Consistent with this, the addition of
5-azaC also caused a reduction in phosphorylated RB at the
CDK4/6-cyclin D specific sites, S in both Treg and T-
effectors, with more dephosphorylation observed in Treg
(Online Supplementary Figure S1).

Effect of 5-azacytidine on promoter methylation status

Sorted Treg from three healthy donors were stimulated
for 96 h in the presence or absence of 5-azaC and the
methylation status of the promoters of genes encoding the
lineage-specific transcription factors GATAS, STATS, TBET
and FOXP3 was assessed. The percentage of intermediate-
methylated FOXP3 promoter decreased from 60% to 40%
in 5-azaC-treated Treg (P=0.04), whereas the percentage of
unmethylated promoter increased from 20% to 40%
(P=0.008) (Figure 4C). The reduction in methylation was
specific to FOXP3 and did not occur in the promoters of
GATA3, STAT3 and TBET.

As expected, the reduction in FOXP3 promoter methyla-
tion correlated with increased FOXP3 expression confirmed
by flow cytometry (Online Supplementary Figure S2).

We also investigated the expression of STAT1-6, SOCS3,
CDKN2A and CDH1 mRNA by qRT-PCR. There was a rel-
ative increase in the expression of STATY, STAT3, SOCS3,
CDKN2A and CDH1 mRNA in Treg following stimulation
and treatment with 5-azaC, in comparison to the untreated
cells (Online Supplementary Figure S3).

Function and cytokine secretion of regulatory T cells
following 5-azacytidine treatment
The effects of 5-azaC on Treg function and cytokine



secretion were investigated by analyzing FACS-sorted
Treg (CD3*CD4°CD25**CD127") from healthy donors.
Following stimulation and addition of 2 uM of 5-azaC
every 24 h (for 96 h in total), we briefly re-stimulated Treg
with phorbol myristate acetate and ionomycin in the
presence of brefeldin A prior to staining, in order to
increase the sensitivity of detection of IL-17-secreting
cells. The percentage of FOXP3* cells increased in treated
compared with untreated Treg (45.9% versus 21.8%,
P=0.002) (repeated on 4 separate occasions). However, 5-
azaC-treated FOXP3* cells secreted a significantly higher
level of IL-17 compared to the stimulated, but untreated
cells (4.5% versus 0.5%, P=0.02) (Online Supplementary
Figure S4).

Although FOXP3 expression and IL-17 secretion were
increased in 5-azaC treated cells, it was not clear whether
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inally FOXP3' at the start of the experiment. The majority
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Figure 1. The effect of 5-azaC on the number of Treg and T helpers. (A) The absolute numbers of Treg were significantly higher in patients
with high-risk MDS compared to healthy-age-matched donors (1.1x107/L versus 4.6x10°/L, P=0.01). Although this difference became mini-
mal after 9 months of therapy, the overall linear difference remains statistically significant. There was also a significant difference between
5-azaC responders and non-responders in terms of absolute number of Treg (4.9x10°/L versus 9.6x10°/L, P=0.02). Interestingly, after 9
months of treatment the numbers of Treg were increased in responders. Triangles represent the total number of Treg in both responders
and non-responders. (B-D) Following treatment with 5-azaC the absolute numbers of both Th1 and Th2 cells but not Th17 cells were reduced
significantly in both responders and non-responders (9.3x107 to 3.7x107, P=0.03 for Th1 and 2x10" to 9x10°, P=0.03 for Th2 cells).
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cells),”** CCR6 expression was measured by flow cytom-
etry. Compared to FOXP3-IL-17" cells, the FOXP3IL-17*
cells expressed higher levels of CCR6 (Figure 6B).

Although 5-azaC-treated Treg were able to proliferate,
their inhibitory effect on the proliferation of T-effector
cells was markedly reduced (Figure 7). The ability of Treg
to inhibit cytokine secretion by T-effectors decreased fol-
lowing the addition of 5-azaC. The 5-azaC-treated Treg
were unable to suppress the secretion of pro-inflammato-
ry cytokines (IEN-y, IFN-a, TNF-ya, RANTES, IL-6, IL-7
and IL-17) by T-effectors (Figure 7). Interestingly, co-cul-
ture of 5-azaC-treated Treg and T-effectors led to higher
levels of IL-17 secretion in comparison with the T effec-
tors alone (Figure 7).

We investigated the effects of 5-azaC on the function of
T-effectors, in particular whether the induction of FOXP3
in these cells led to a change in their function. To address
this question, T-effectors (CD25", CD127"¢") were sorted
by FACS and cultured in serum-free medium. After 48 h of
stimulation with CD3/CD28 beads, 2 uM 5-azaC were
added every 24 h for 96 h. As a control T-effectors were
also stimulated in the absence of 5-azaC. After 96 h,
another batch of T-effectors from the same donor was
sorted, stained with CFSE and co-cultured with either 5-
azaC-treated T effectors or untreated T-effectors in a 1:1
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ratio and stimulated for another 72 h. 5-azaC-treated T-
effectors had no suppressive effect on syngeneic T-effec-
tors (Online Supplementary Figure S5).

Discussion

Treg play a pivotal role in the failure of immune surveil-
lance in cancer, facilitating immune subversion and subse-
quent disease progression.** The expansion of Treg in
high-risk MDS and correlation with the higher risk of pro-
gression to AML have been shown in different studies,
including our own."” Patients with high-risk MDS are less
likely to respond to immunosuppressive therapy than are
patients with low-risk MDS.* 5-azaC induces hematolog-
ic responses in up to 56% of MDS patients and a prolon-
gation in survival of nearly 10 months in comparison to
the conventional care regimens.” More recently a number
of studies have pointed to important immunoregulatory
effects of 5-azaC but the mechanisms that underlie these
changes are not fully understood. It has been suggested
that 5-azaC may expand Treg and thereby contribute to
the management of GVHD after allogeneic bone marrow
transplantation.'” However, Goodyear et al. showed that,
in post-transplant AML patients, 5-azaC treatment
induces CD8" T-cell responses despite an increase in the
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number of Treg.*® Choi et al. have also shown an intact
graft-versus-leukemia (GVL) effect in transplanted mice
following treatment with 5-azaC or decitabine, despite an
increase in the number of FOXP3* T cells.” Both studies
showed an intact GVL effect and cytotoxic T lymphocyte
response in spite of a lower risk of GVHD. If the expan-
sion of Treg after 5-azaC treatment were to take place in
MDS, then it could facilitate the progression of MDS to
AML. In clinical practice, however, high-risk MDS
patients benefit from 5-azaC treatment with significant
prolongation of survival. For these reasons our study
focused on the effects of 5-azaC on CD4" T-cells, particu-
larly Treg. We examined the immunological mechanisms
involved in the therapeutic effects of 5-azaC in MDS.

5-azaC and Treg in MDS -

We recruited 68 patients with intermediate/high-risk
MDS to this study and serial peripheral blood samples
were tested for CD4" T-cell subsets. As expected, the
numbers of Treg were significantly higher in high-risk
patients than in healthy, age-matched donors, whereas the
numbers of Th17 cells were significantly reduced. These
findings are in agreement with previously published
data."**” However, our data suggest that the expansion of
Treg is associated more often with a lack of response to 5-
azaC. This implies that the number of Treg at diagnosis
could be used as one of the factors predicting response to
5-azaC treatment. Intriguingly, Treg numbers decreased
following continued treatment with 5-azaC despite a brief
increase during the first month. Bontkes ez al. reported a
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Figure 4. Cell cycle arrest following in-vitro treatment with 5-azaC. (A) The effect of 5-azaC on Treg and T-effector cell cycling was studied by
propidium iodide staining following 72 h of stimulation with CD3/CD28 beads. Addition of 5-azaC increased the percentage of apoptotic cells
(sub-G DNA staining) and reduced the number of cells in S and G,/M phases of the cell cycle. (B) Following treatment with 5-azaC (2 uM)

both Treg and T effectors expressed higher levels of the CDK4/6-cyclin

D inhibitor p16™**. (D) The methylation status of CpG islands in the

promoter of the FOXP3 gene in activated regulatory T cells derived from the cells (CD4*, CD25*, CD127*) was determined by the combination
of restriction enzyme digestion of hypermethylated or unmethylated DNA sequences, together with Q-PCR. Cultures from three separate
donors were set up with and without 5-azaC treatment for 96 h of stimulation. Error bars represent standard deviations. *P<0.05, **P< 0.01.
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modest temporary increase in Treg numbers following 5-
azaC treatment.* In our cohort of patients, Treg numbers
correlated with response to treatment and, compared to
responders, non-responders had a significantly higher
number of Treg. Interestingly, after 9 months of treatment,
Treg numbers increased in responders, but this finding is
difficult to interpret because of the small number of non-
responding patients who survived beyond 9 months.
These findings raise the question as to whether post-treat-
ment Treg do actually still function as “suppressors”. It
was also important to determine whether the standard
markers for the definition of Treg are still valid following
5-azaC treatment. We optimized the in-vitro culture condi-
tions and identified the timing and concentration of 5-
azaC needed for our in-vitro study. Initially, we compared
the effect of 5-azaC on Treg and T-helpers from MDS
patients and healthy donors. While 5-azaC appears to
inhibit the proliferation of Treg, Th1l and Th17 in both
patients and healthy donors, the effects were more pro-
nounced in samples from patients. Treg from healthy
donors were less sensitive to 5-azaC than were Treg from
MDS patients. Lower activation levels of Tregs from

No 5-azaC Added 5-azaC

healthy donors, which lead to a longer time to cell cycle
entry, may account for this difference. However, this
needs further investigation. Although the reduction in
Treg numbers may have some beneficial hematologic
effects, the concomitant reduction of pro-inflammatory T-
helper cells, Th1 and Th17, may be undesirable.

The expression of the cell cycle regulator, p16™** was
increased in both Treg and T-helpers following addition of
5-azaC. These increases coincided with cell cycle arrest in
G, and reduced phosphorylation of RB on CDK4/CDK6-
cyclin D specific sites. Hypo-phosphorylated RB is the
active form which suppresses E2F-dependent gene activity
and leads to cell cycle arrest.*

These data suggest that 5-azaC reduced the numbers of
Treg and T-helper cells by causing cell cycle arrest, medi-
ated in part by inhibition of CDK4/6-cyclin D activity and
dephosphorylation of RB. There was also an increase in
the percentage of Treg and T-helper cells with sub-G,
DNA content, consistent with an induction of apoptosis.

Next we investigated the function and cytokine secre-
tion of the remaining Treg after 5-azaC treatment. In the
presence of 5-azaC, FOXP3 expression increased due to its
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Figure 5. Effect of 5-azaC on IL-17 and FOXP3 expression: to investigate the origin of CD3*CD4*CD25"¢"FOXP3+IL-17cells, Treg from HLA-
A2-negative and T-effectors from HLA-A2-positive donors were sorted and mixed in a 1:1 ratio (and vice versa in the right panel). The cells
were stimulated with CD3/CD28 beads in the presence or absence of 5-azaC (2 uM). Although 5-azaC-treated Treg secreted higher amounts
of IL-17 compared to untreated Treg, the CD3'CD4'CD25"¢'FOXP3*IL-17*cells mainly originated from T-effectors rather than Treg.




promoter de-methylation. Surprisingly we also noted an
increase in IL-17 secretion by the FOXP3* “Treg”. Co-cul-
ture of 5-azaC-treated Treg with autologous T-effectors
did not suppress T-effector proliferation (CFSE assay) or
cytokine secretion. In fact, co-culture of Treg and T-effec-
tors in the presence of 5-azaC led to secretion of even
higher levels of IL-17 compared with the T-effectors cul-
tured in the absence of 5-azaC. Thus, these “Treg” lose
their regulatory function following culture in the presence
of 5-azaC, even though they retain the surface and intra-
cellular markers of Treg. PBMC from patients who did or
did not respond to 5-azaC were then collected and stimu-
lated with CD3/CD28 beads without the addition of 5-
azaC and stained for FOXP3 and IL-17. Interestingly, the
numbers of FOXP3* IL-17* cells were increased in the 5-
azaC responders in comparison to the numbers in non-
responders and healthy donors. Although these differ-
ences were not statistically significant, there was a clear
trend towards higher numbers of FOXP3* IL-17" cells in
the responders.

Since the rediscovery of Treg by Sakaguchi et al.,*” sev-
eral subsets of Treg have been identified which are
immunophenotypically and functionally different.
Although not widely accepted yet, the potential plasticity
of Treg and their ability to transform into pro-inflammato-
ry Th17 cells is of great interest.”** “Th17-like Treg”(Tr17),
a recently identified subset of Treg, express low levels of
FOXP3 and secrete IL-17 in a ROR-Yt dependent and non-
dependent manner.” These cells also express higher levels
of CCR6. Nonetheless, the Tr17 cells still have a suppres-
sive function.” Although the 5-azaC-treated “Treg” have
some similarities with Tr17 cells with regard to phenotype
(increased CCR6 expression) and cytokine profile, they
lack the suppressive function and their FOXP3 expression
remains intact.

Our data confirm that these FOXP3* IL-17+ cells origi-
nate from both Treg as well as T-effectors. 5-azaC appears
to convert FOXP3"*" T-effectors to the cells that acquire
the phenotypic markers of Treg but lack their inhibitory
function and secrete significant levels of IL-17. The recent
findings of T-helper-specific Treg and Th17-inducing Treg
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have significantly changed our understanding of Treg and
their function.®* Pandiyan et al. recently showed that in
an inflammatory environment, Treg could promote Th17
cells rather than converting to Th17 cells. This effect is
mediated via IL-2 starvation by Treg, leading to an
immune response switch from Thl to Th17.* This is in
agreement with the findings of another study by Miyao et
al. in which there was expansion of T helpers with tran-
sient FOXP3 expression in an inflammatory environment;
these are not genuine FOXP3* Treg.”

Our data suggest that despite the lack of an inflammato-
ry environment, 5-azaC can have a similar effect on T-
effectors. 5-azaC treatment in MDS not only inhibits the
suppressor effect of Treg but also induces (either directly
or through modified Treg) a population of T-effectors that
express FOXP3 as well as the secretion of IL-17.

These findings are not only important for the under-
standing of immunomodulatory mechanisms of 5-azaC,
but also the clinically observed expansion of Treg follow-
ing 5-azaC treatment. Sanchez-Abarca et al. reported the
expansion of FOXP3* Treg following 5-azaC treatment in
bone marrow transplant recipients.” Our data suggest that
although 5-azaC increases FOXP3 expression, the expand-
ed FOXP3' cells do not have a regulatory function.
Nevertheless, given the important role of IL-17 in the
immunesurveillance of cancer, FOXP3* IL-17* cells could
potentially increase the GVL effect.

These findings are also clinically relevant in adoptive
immunotherapy. Immunotherapy by antigen-specific T
cells has been tried in MDS and AML.” However, expan-
sion of Treg and their suppressive effect on immune-medi-
ated responses against malignant cells is a concern in
adoptive immunotherapy** The immune-modulatory
effects of 5-azaC identified in the present study could be
employed to enhance the therapeutic effects of adoptive
immunotherapy. This strategy could potentially convert a
cancer-mediated “immunosuppressive” environment into
an “immunoactive” environment, boosting antigen-specif-
ic cytotoxic T-lymphocyte responses in these patients.

To summarize, we have shown that despite a reduction
in the number of Treg following 5-azaC treatment, the
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Figure 7. Functional assay of 5-azaC-treated Treg. (A) Treg and T-effectors were sorted by FACS first and stained with two different prolifer-
ation dyes (CFSE for T-effectors and VPD for Treg). 5-azaC-treated Treg were unable to inhibit the proliferation of T effectors compared with
untreated Treg. 5-azaC-treated Treg were still proliferating after treatment with 5-azaC despite a reduced inhibitory function. (B) 5-azaC-treat-
ed Treg were unable to suppress cytokine secretion by T-effectors compared to untreated Treg. Interestingly co-culture of T-effectors with 5-
azaC-treated Treg led to higher IL-17 secretion compared to culture with T-effector alone.

remaining cells express increased levels of FOXP3 com-
pared with untreated cells. This leads to conversion of
both FOXP3"" T-effectors and conventional Treg to “Treg-
like” subsets of cells, which are not immunosuppressive
and secrete higher levels of IL-17 despite their Treg-like
phenotype. The 5-azaC-induced reduction in the number
of circulatory Treg may be a result of cell cycle arrest, or
increased tissue homing due to increased CCR6 expres-
sion. These cells lack a regulatory function and are unable
to implement the immunosuppressive role conventionally
associated with Treg.

The findings reported here help to improve our under-
standing of the immunomodulatory effects of 5-azaC in
MDS with implications for other diseases in which DNA
methyltransferase inhibitor therapies are currently under
evaluation.
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