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ABSTRACT
Myelodysplastic syndromes (MDS) represent a heterogeneous group of clonal stem cell disorders
characterized by ineffective hematopoiesis frequently progressing into acute myeloid leukemia (AML),
with emerging evidence implicating aberrant bone marrow (BM) microenvironment and inflammation-
related changes. 5-azacytidine (5-AC) represents standard MDS treatment. Besides inhibiting DNA/RNA
methylation, 5-AC has been shown to induce DNA damage and apoptosis in vitro. To provide insights into
in vivo effects, we assessed the proinflammatory cytokines alterations during MDS progression, cytokine
changes after 5-AC, and contribution of inflammatory comorbidities to the cytokine changes in MDS
patients. We found that IL8, IP10/CXCL10, MCP1/CCL2 and IL27 were significantly elevated and IL12p70
decreased in BM of MDS low-risk, high-risk and AML patients compared to healthy donors. Repeated
sampling of the high-risk MDS patients undergoing 5-AC therapy revealed that the levels of IL8, IL27 and
MCP1 in BM plasma were progressively increasing in agreement with in vitro experiments using several
cancer cell lines. Moreover, the presence of inflammatory diseases correlated with higher levels of IL8 and
MCP1 in low-risk but not in high-risk MDS. Overall, all forms of MDS feature a deregulated
proinflammatory cytokine landscape in the BM and such alterations are further augmented by therapy of
MDS patients with 5-AC.

Abbreviations: 5-AC, 5-azacytidine; AML, acute myeloid leukemia; BM, bone marrow; BM-MNC, bone marrow
mononucleated cells; CMML, chronic myelomonocytic leukemia; CR, complete remission; DDR, DNA damage
response; FAB, French, American, British classification; IPSS, International Prognostic Scoring System; IWG, Interna-
tional Working Group; HSC, hematopoietic stem cell; MB, myeloblasts; MDS, myelodysplastic syndrome; MDS 5q,
myelodysplastic syndrome associated with isolated del(5q); MDS/MPN-u, myelodysplastic syndrome/myeloprolifera-
tive neoplasm unclassified; MRSA, methicilin resistant Staphylococus aureus infection; OS, overall survival; PB,
peripheral blood; PD, progressive disease; PR, partial remission; RA, refractory anemia; RAEB, refractory anemia with
excess blasts; RAEB-T, refractory anemia with excess blasts in transformation; RARS, refractory anemia with ringed
sideroblasts; RCMD, refractory anemia with multilineage dysplasia; RN, refractory neutropenia; SA-b-Gal, senes-
cence-associated b-galactosidase; SCF, stem cell factor; SD with HI, stable disease with hematologic improvement;
SD without HI, stable disease without hematologic improvement
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Introduction

Myelodysplastic syndromes (MDS) represent a heterogeneous
group of clonal stem cell disorders characterized by ineffective
hematopoiesis, peripheral cytopenia, morphological dysplasia and
the risk of transformation to acute myeloid leukemia (AML). The
pathogenesis of MDS is highly complex. Besides cytogenetic,
molecular and genetic abnormalities in hematopoietic stem cells
(HSC), extrinsic factors such as interaction with immune system
and bone marrow (BM) microenvironment alterations are
involved not only in the BM failure, but also in clonal expansion of

the aberrant HSC and impaired cellular differentiation.1-4 There is
growing evidence implicating inflammation-related changes,
inhibitory cytokines and increased intramedullary apoptosis as
contributors to ineffective hematopoiesis, specifically in the early
stages of MDS.5-7 Moreover, several recent studies implicate aber-
rant BM microenvironment and inflammation-related changes in
progression of the MDS.5,8 MDS has also higher rate of incidence
and earlier onset among patients with autoimmune diseases.4,9-11

MDS treatment was rather ineffective until recent introduc-
tion of two new therapeutic approaches: immunomodulation
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therapy with lenalidomide and hypomethylating therapy with
nucleotide analogs 5-azacytidine (5-AC) and 5-aza-20-deoxycy-
tidine (decitabine).

Both hypomethylating agents are currently considered as a
standard treatment for high-risk MDS (i.e., intermediate 2 and
high-risk, according to the International Prognostic Scoring
System [IPSS]).12 5-AC significantly prolongs overall survival
(OS) of patients with high-risk MDS, leads to improvements in
cytopenias, reduces leukemic progression and improves quality
of life.13-16 5-AC induces 50%–60% responses in those patients,
including 10%–20% complete remissions according to Interna-
tional Working Group (IWG) 2006 criteria.13,14

The mechanism of action of 5-AC is not yet fully under-
stood. Beside the DNA demethylation, 5-AC induces DNA
damage and apoptosis, and it probably exerts also immuno-
modulatory effects.17,18

As 5-AC therapy induces not only transient but also long-
term changes of the cell populations in BM niche, it is of grow-
ing importance to measure and analyze these changes during
the treatment. Despite the urgent need to elucidate the cytokine
landscapes, however, a comprehensive analysis focusing on
changes of proinflammatory cytokines in BM niche over the
course of MDS is still lacking. Inspired by such pressing and
clinically relevant unmet need, here we evaluated the levels of
main proinflammatory cytokines in BM plasma during pro-
gression of MDS and assessed the impact of 5-AC treatment,
both in clinical specimens and cultured model cancer cell lines.

Results

Therapeutic doses of 5-azacytidine induce expression of
proinflammatory cytokines in vitro

Genotoxic effects of nucleotide analogs promote DNA damage
response (DDR)19 that is associated with modified expression of

several cytokines.20 Therefore, we first examined whether 5-AC
used in the clinic to treat high-risk MDS patients is capable of
modulating cytokine expression similarly to some other nucleo-
tide analogs. For this purpose, we exposed HeLa cells and the
immortalized BM HS-5 cells to doses of 5-AC within the range
of 5-AC concentrations reached in clinical use (see Materials
and Methods for details) and measured mRNA levels of 84 cyto-
kines included in the Human Common Cytokines PCR Array at
day 7 of the daily administration of 5-AC. In HeLa cells treated
with 2 mM 5-AC for 7 d, 27 cytokines were at least 2-fold upre-
gulated and three cytokines downregulated. Among the analyzed
cytokines, mRNA levels of IL6, IL8, IL24, IL11, OSM and IL20
were upregulated the most (see Table S1a). Similarly, HS-5 cells
exposed to 0.5 mM 5-AC resulted in the elevation of mRNA
levels of 37 cytokines and 1 downregulation (Table S1b), where
transcripts of OSM, IL20 and IL24 were again the most 5-AC-
induced cytokines (transcripts of IL6 and IL11 were also upregu-
lated). In summary, prolonged administration of 5-AC altered
the level of several cytokine transcripts in two different cancer
cell models, in a partly cell-type-dependent manner.

Apart from profiling the cytokine mRNAs, protein levels of 11
proinflammatory cytokines (IFNg, IL1a, IL1b, IL6, IL8, IL10,
IL12p70, IL27, IP10, TNFa, andMCP1) were also estimated in cul-
ture medium after the treatment with 5-AC. Fig. 1A shows that the
levels of IL1a, IL6, IL8 and MCP1 were significantly elevated in
supernatants of HS-5 cells treated with 0.5mM5-AC for 7 d. Cyto-
kines altered at the protein level in other cell types including several
AML cell lines (BM-MNC, HL-60, OCI-M2, SKM-1, HeLa,
MCF7) are summarized in Fig. 1B–G.

Together, our data show that 5-AC can modify the expression
of several cytokines in human cells cultured in vitro and that the
spectrum of affected cytokine species is cell-type-dependent.
Several proinflammatory cytokines including IL1a, IL6, IL8 and
MCP1 were induced in vitro by the addition of 5-AC.

Figure 1. In vitro changes in proinflammatory cytokines after treatment with 5-AC. Changes in proinflammatory cytokines secreted by HS-5 cells after treatment with
0.5 mM 5-AC for 7 d (A), in freshly isolated BM-MNCs from five healthy donors treated with 4 mM 5-AC for 3 d (B), in HL-60 cells treated with 1 mM 5-AC for 7 d (C), in
OCI-M2 cells treated with 1 mM 5-AC for 7 d (D), in SKM-1 cells treated with 0.5 mM 5-AC for 7 d (E), in HeLa cells treated with 2 mM 5-AC for 7 d (F), and in MCF7 cells
treated with 2 mM 5-AC for 7 d (G). The changes in cytokine secretion are given only for the cytokines with measured values above the lower limit of detection. The data
represent the mean of at least two independent experiments C/– SD for all cell types, all treated in at least triplicates. The resulting measurements were analyzed by
paired t-test. p values < 0.05 were considered as statistically significant. Following proinflammatory cytokine changes reached the statistical significance: for HS-5 cell
line (A) IL1a (p D 0.017), IL6 (p D 0.003), IL8 (p D 0.031), MCP1 (p D 0.025), IP10 (p < 0.001); for HL-60 cells (C) MCP1 (p D 0.005); for OCI-M2 cells (D) IL6 (p D 0.002),
IL8 (pD 0.042), IP10 (p D 0.023); for SKM-1 cells (E) MCP1 (p D 0.042); for HeLa cells (F) IL6 (p D 0.031) and IL8 (p D 0.031); and for MCF7 cells (G) IL6 (p D 0.001) and IL8
(p < 0.001). In case of freshly isolated BM-MNCs, only the downregulation of IP10 after 5-AC administration reached the statistical significance (p D 0.002).
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Several proinflammatory cytokines are elevated in bone
marrow of MDS patients

Before considering the effect of 5-AC therapy on cytokine milieu in
BM of MDS patients, levels of 11 cytokines were estimated in BM
plasma of large cohort of 188 MDS (both high- and low-risk)
patients and compared with BM plasma levels in healthy donors.
Based on robust linear mixed effects model analysis, IL8, IP10,
MCP1 and IL27 were significantly elevated in BM of high-risk and
low-risk MDS compared to healthy donors (Fig. 2A–D). The levels
of IFNg, IL1a, IL1b, IL6, IL10, and TNFa were not significantly
altered in analyzed MDS samples (for details, see Fig. S1) As for
IL12p70, its level inMDSwas significantly lower (pD 0.02; Fig. S1).

Altogether, our data showed that interleukins IL8 and IL27
and chemokines IP10 and MCP1 were elevated in BM of all
groups of MDS patients.

IL8, IL27 and MCP1 are further elevated in bone marrow
plasma of MDS patients during 5-azacytidine therapy

To investigate the effect of 5-AC therapy on the level of proin-
flammatory cytokines in BM of MDS patients, BM plasma

samples of MDS patients (mostly high-risk—see Table 2 for
details) were collected before the initiation of therapy, after the
end of the 4th and 8th cycle (mostly at day 7 after the last dose
of 5-AC) and levels of the 11 cytokines were measured as above.
The statistical comparison of six groups (healthy donors, low-
risk MDS, AML, 5-AC-treated before therapy, after four cycles
of 5-AC and after eight cycles of 5-AC) using Kruskal–Wallis
ANOVA revealed that the levels of IL8, IP10 and MCP1 were
significantly altered in low-risk MDS, 5-AC-treated before ther-
apy and in AML patients in comparison to healthy controls
(Fig. 3A–D) underscoring the values obtained in a large non-
structured cohort of patients. The increase in IL27 in this
cohort did not reach the statistical significance (p D 0.070).
Strikingly, when examined by robust linear mixed effects model
analysis, the levels of IL8, IL27 and MCP1 in the 5-AC-treated
group significantly increased during 5-AC therapy when com-
pared to initial values before therapy (Fig. 3A–D). As for IP10,
changes observed during the course of therapy were not
significant.

To summarize, our data showed that interleukins IL8 and
IL27 and chemokine MCP1 increased in BM of MDS patients
during the therapy with 5-AC.

Figure 2. Changes in cytokines in low-risk MDS, high-risk MDS and AML compared to healthy donors. The box plot graphs demonstrate the upper and lower quartiles,
and the median is represented by a short black line within the box for each group. The p value signifies the difference for the given cytokine measurements between all
three groups. The data set was analyzed by robust linear mixed effects model at the 95% confidence interval. p values < 0.05 were considered as statistically significant.
Each significantly upregulated cytokine is depicted in a separate graph, i.e., for (A) IL8 (p D 0.01), for (B) IL27 (p D 0.04), for (C) IP10 (p D 0.01) and for (D) MCP1
(p < 0.01).
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Correlation of cytokine values with the responsiveness to
5-azacytidine therapy

Next, we tried to discriminate whether the increase of IL8, IL27
andMCP1 correlated with the outcome of the 5-AC therapy and
hence whether they can be utilized as therapy response factors.
For this purpose, the patients receiving 5-AC therapy were

analyzed according to criteria of their response (see Materials
andMethods for details). When comparing the IL8 levels among
responders (n D 20) and non-responders (n D 18; see the col-
ored dots in Fig. 3A), we found that responders have lower
median levels of IL8 than non-responders after 4th and 8th cycle
of 5-AC therapy; however, this difference did not reach the

Table 2. Patient characteristics.

5-AC-treated patients with multiple BM aspirations

number of patients 38
age, median (range) 70 (45-85)
male/female 19/19

WHO 2008
AML/MDS< 30% MB� 5
RAEB I 9
RAEB II 18
RCMD 2
CMML I 1
CMML II 2
MDS/MPN-u 1

IPSS risk group
low 0
intermediate I 9
intermediate II 20
high 4

response to 5-AC therapy
number of samples at each time point
before therapy 35
After 4 cycles 36
After 8 cycles 18

Response as evaluated after 4thcycle
number of responders 20
SD with HI 2
PR 9
CR 2
Cri 7
number of non-responders 16
SD without HI 12
PD 4

MDS low risk group

number of patients 35
age at diagnosis, median (range) 68 (46-83)
male/female 9 / 26

WHO 2008
MDS 5q 10
RCMD 21
MDS RN 3
MDS/MPN-u 1

IPSS risk group
low 35
intermediate I 0
intemediate II 0
high 0

AML sub-group

number of patients 24
age at diagnosis, median (range) 73.5 (57-86)
male/female 16/8

WHO 2008
AML/MDS< 30% MB� 12
AML> 30% MB 12

IPSS risk group
high 12
not applicable 12

Healthy donors
number of donors 8
age at BM aspiration, median (range) 39 (29-54)
male/female 5 / 3

Table 1. Clinical characteristics of 188 patients with samples of BM plasma ana-
lyzed for cytokine content with 11-plex.

MDS low risk group
number of patients 94
number of samples 125
number of patients with multiple BM aspirations 31
patient age at BM aspiration (years), median (range) 72 (46-86)
males/females 54 / 71

Sample distribution according to WHO 2008
MDS 5q 23
RCMD 56
RARS 1
MDS RA 1
MDS RN 3
RAEB I 31
CMML I 7
MDS/MPN-u 3

IPSS risk group
low 58
intermediate I 67
intermediate II 0
high 0
red cells transfusion requiring, n (%) 84 (67.2%)

co-morbidities
diabetes mellitus 33
other inflammatory diseases 34
psoriasis 3
asthma 3
chronic gastritis 1
rheumatoid arthritis 12
ongoing treatment of bladder carcinoma 2
lupus 2
MRSA 1
gout 3
renal insufficiency 10
metabolic syndrome 1

MDS high risk group and AML
number of patients 94
number of samples 140
number of patients with multiple BM aspirations 46
patient age at BM aspiration (years), median (range) 72.5 (55-86)
males/females 68 / 72

Sample distribution according to WHO 2008
RCMD 3
RARS 1
RAEB I 12
RAEB II 79
CMML I 5
CMML II 6
AML < 30% MB� 28
AML > 30% MB 4

IPSS risk group
low 0
intermediate I 0
intermediate II 67
high 35
not applicable 38
red cells transfusion requiring, n (%) 77 (55%)

co-morbidities
diabetes mellitus 28
other inflammatory diseases 18
hepatitis C 1
rheumatoid arthritis 5
Sweet syndrome 1
renal insufficiency 14
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statistical significance (pD 0.06). A similar scenario was observed
for IL27 (Fig. 3B), where the levels of IL27 in responders showed
again a lower median value compared to non-responders, but
this change was not significant (p D 0.22). MCP1 levels did not
show any correlation with the response to therapy (p D 0.69).

Among the 11 studied cytokines, the levels of IL8 and IL27
showed a trend of positive correlation with the response to
5-AC therapy in MDS patients; however, a larger cohort of
5-AC-treated MDS patients has to be analyzed in order to reach
definitive conclusions.

Inflammatory comorbidities contribute to elevated levels
of IL8 and MCP1 in low-risk MDS patients

Next, we asked whether the increased levels of IL8, IL27, IP10 and
MCP1 found in our cohort of MDS patients are a characteristic
feature of MDS per se or are due to other associated diseases,
namely those with inflammatory component.4,9,10 We compared
the groups of patients with inflammatory diseases (see Materials
and Methods) against those without diagnosed inflammation.
Among low-risk MDS patients, significantly higher levels of

MCP1 and IL8 were found in patients with ongoing inflammation
compared to those without inflammation, indicating that inflam-
matory comorbidities contribute further to enhanced levels of
these two cytokines. On the other hand, among the high-risk
MDS patients indication of such correlation, though statistically
non-significant, was found only for IL8 (p D 0.07; Fig. 4A–B).
Furthermore, levels of IP10 and IL27 did not show any
correlation with inflammatory comorbidities among either low-
or high-riskMDS patients (Fig. 4C–D).

To conclude, inflammatory comorbidities contribute to
elevation of IL8 and MCP1 in low-risk MDS patients, while in
high-risk patients such contribution was not statistically signifi-
cant. Among high-risk MDS patients, only IL8 correlated with
associated inflammatory diseases, whereas MCP1 levels were
not affected by the associated inflammation.

The levels of cytokines in blood plasma do not strictly
correlate with the levels in bone marrow plasma

In order to discriminate whether the source of IL8, IL27, IP10
and MCP1 is intramedullary or extramedullary, we have

Figure 3. Changes in IL8, MCP1, IP10 and IL27 in BM of MDS patients during therapy with 5-AC. The box plot graphs demonstrate the upper and lower quartiles, and the
median is represented by a short black line within the box for each group. The empty circles represent measurements for individual patients whose measured values
were numerically distant from the other measurements (outliers; outside 1.5 times the interquartile range above the upper quartile and below the lower quartile). The
changes of cytokine values among the individual 5-AC-treated patient (nD 38) are depicted as colored dots of either pink for responders (nD 20) or dark red for non-res-
ponders connected by the lines of the same color. Kruskal–Wallis ANOVA compared the changes among the cytokine values of healthy donors, AML patients and low-risk
MDS (IPSS low) with the following results: IL8, p D 0.041 (A); IL27, p D 0.07 (B); IP10, p D 0.002 (C) and MCP1, p D 0.018 (D). The robust linear mixed effects model analy-
sis compared changes in cytokine values in repeated samples of 38 5-AC-treated patients and showed the increase during 5-AC therapy when compared to initial values
before therapy for IL8, p D 0.01 (A); IL27, p < 0.01(B); MCP1, p < 0.01 (D); but not for IP10, p D 1.00 (C).
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collected peripheral blood (PB) sample from several patients
(n D 22) shortly before the BM aspiration and compared the
levels of proinflammatory cytokines in both fluids. The cyto-
kine values of IL8 and MCP1 in PB plasma and BM plasma did
not correlate well with each other (Fig. S2). For IL27 and IP10,
the values appeared to be higher in BM than in PB and thus it
is reasonable to assume that the BM was the source tissue. In
contrast, for IL8, we observed the opposite tendency, indicating
that estimation of cytokines from the PB plasma could be insuf-
ficient to obtain an accurate projection about the levels of these
four cytokines in the BM milieu.

Discussion

The aberrant cytokine milieu in BM has been considered as one
of the hallmarks of MDS. However, due to its more convenient
accessibility, the vast majority of studies analyzed cytokine
changes in PB.21-23 In this study, we estimated the levels of key
proinflammatory cytokines in BM plasma of patients suffering
from MDS/AML. We found that IL8, IP10/CXCL10, MCP1/
CCL2 and IL27 were significantly elevated and IL12p70

decreased in low-risk, high-risk and AML patients compared to
healthy donors. Moreover, by repeated sampling of the high-
risk MDS individuals undergoing 5-AC therapy, we found that
the levels of IL8, IL27 and MCP1 in BM plasma were progres-
sively and significantly increasing in agreement with our in
vitro experiments, where the levels of IL8 and MCP1 and other
proinflammatory cytokines were induced in several cells lines
in response to short-term exposure to 5-AC.

It is generally accepted that the therapeutic anticancer effects
of 5-AC and decitabine are attributable to alterations of epige-
netic regulatory mechanisms affecting proliferation of malig-
nant cells.24-26 Moreover, it was shown that decitabine can
cause replication stress-associated DDR.27 As a result, DDR-
induced block of cell cycle progression by activation of cell
cycle checkpoints could act as a parallel mechanism of antipro-
liferative effects of decitabine and 5-AC. Indeed, in our in vitro
experiments with cell lines exposed to therapeutic doses of 5-
AC following the clinical regime of 5-AC administration in
seven consecutive daily doses, we observed that 5-AC caused
DNA damage already during 24 h after the first dose, which
was associated with induction of p21waf1/cip1, cell cycle block

Figure 4. Analysis of the effect of inflammatory comorbidities on the cytokine values in low-risk MDS and high-risk MDS and AML. The box plot graphs demonstrate the
upper and lower quartiles, and the median is represented by a short black line within the box for each group. The empty circle represents outlier measurement. The data
set was analyzed by robust linear mixed effects model at the 95% confidence interval. p values < 0.05 were considered as statistically significant and were calculated for
the measured differences among inflamed and non-inflamed MDS patients in their respective risk group, i.e. (A) IL8 for low-risk MDS p D 0.05; for high-risk MDS
p D 0.07; (B) IL27 for low-risk MDS p D 0.25; for high-risk MDS p D 0.48; (C) IP10 for low-risk MDS p D 0.37; for high-risk MDS p D 0.30, and (D) MCP1 for low-risk MDS
p< 0.01; for high-risk MDS p D 0.61.
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and the development of senescence-like phenotype (data not
shown). This is in concert with the previous study of Fandy
et al. who showed that 5-AC induces DNA damage in PB
mononuclear cells of MDS patients.28 Therefore, both alter-
ation of epigenetic control of gene expression and development
of cellular senescence can affect the expression of cytokines, as
was indeed confirmed by change of levels of several cytokine
transcripts in the cell lines exposed to 5-AC in vitro. Thus,
similar to other nucleotide analogs,20 5-AC affects cytokine
expression. Although the precise spectra of 5-AC-altered cyto-
kines were cell type-specific, induction of IL6, IL8 and MCP1
were commonly shared, consistent with previous studies using
different senescence inductors.29-31

Given the cell type specificity in cytokine response to 5-AC
and taking into account the complex signal communication
among cells that compose tissues of the organism, presumably
the final outcome of 5-AC-induced cytokine response at the sys-
temic level would reflect such intricate interactions. Therefore,
we focused on analyses of major proinflammatory cytokines in
the BM environment, a tissue niche most intimately associated
withMDS. Our analysis of the cohort of 188MDS/AML patients
showed that four cytokines IL8, IP10, MCP1 and IL27 were ele-
vated and IL12p70 decreased in BM of both low-risk and high-
risk MDS patients, as well as in AML patients indicating that the
inflammatory mediators contribute to the pathogenesis of MDS.

IL8 is a cytokine, whose elevated protein levels have been
already described in PB of MDS/AML patients.32 IL8 plays a
role in proinflammatory reactions, specifically in the activation
and trafficking of neutrophils (reviewed in ref. 33). Its elevated
levels are also characteristic for the primary myelofibrosis.34,35 It
has been proposed that CD34C blasts are the major producers of
IL8 in BM of MDS patients,32 because the initially elevated levels
of IL8 in BM serum of MDS or AML patients subsequently
decrease with the complete remission and disappearance of
CD34C blasts. Later, Schinke et al. detected the elevated IL8
transcripts in AML/MDS BM samples.36 Moreover, they found
that IL8 supports growth and survival of leukemic cell lines
and that the short-hairpin RNA-mediated downregulation of
IL8 receptor CXCR2 resulted in increased survival of mice xeno-
grafted with lymphoma U-937 cells.36 IL8 is elevated in blood
also during other inflammatory diseases such as cystic fibrosis,
rheumatoid arthritis, systemic lupus erythematosus, psoriasis,
etc.33 IL8 is also the factor being almost invariably induced
in normal and cancer cells undergoing various types of
cellular senescence including oncogene-,29,30 stress/ionizing
irradiation-,31 bacterial toxin-,37 drug-induced,20 and replicative
senescence.38 Notably, IL8 itself can induce senescence in vitro.29

The mechanism of IL27 induction in MDS patients is
unclear. IL27 is a member of IL12 family of cytokines with a
pleiotropic role in proinflammatory and anti-inflammatory
immune responses and acquired immunity. IL27 is produced
by antigen-presenting cells and is regulating the development
of Th cells (reviewed in ref. 39). Furthermore, IL27 is involved
in differentiation of HSC.40 Notably, besides other proinflam-
matory cytokines,41 IL27 is capable of triggering both IP10 and
MCP142 suggesting its upstream role in the induction of IP10
and MCP1. IL27 was not induced by 5-AC in several cell types
in vitro (this study) or other senescence-inducing stimuli, such
as ionizing radiation (data not shown). To our knowledge,

there is no report (or indication in available transcriptome
profiles of senescent cells) that IL27 is induced during the
development of senescence and produced by the senescent cells.
This finding is unexpected, given that being a STAT1/STAT3
activator, IL27 might be expected to induce cellular senescence
in a way similar to IFNg43,44 or IL6.30

Like IL8, IP10 and MCP1 are components of the senescence-
associated secretome.20,45 IP10/CXCL10 is also a protein of pleio-
tropic functions, involved in processes of chemoattraction, cell
adhesion, and suggested to support proliferation of cancer cells.46

It was reported that senescent cells are present in BM of
MDS patients, as suggested from elevated senescence-associ-
ated b-galactosidase (SA-b-Gal) staining and induction of the
cyclin-dependent kinase inhibitor p16INK4a in BM.47 Moreover,
Xiao et al. showed recently that the number of CD34C cells pos-
itive for SA-b-Gal increased in lower-risk MDS patients and
these CD34C cells were positive for other traits of senescence,
such as elevated reactive oxygen species, DNA damage and
p21waf1/cip1.48 Besides, several other studies reported the pres-
ence of DNA damage, persistent activation of DDR and NFkB
signaling in BM of MDS patients.49-53 In addition, it should be
noted that prolonged DDR caused by various factors including
activated oncogenes is a driver of (proinflammatory) cytokine
elevation (for further details, see e.g. refs. 31, 54) implicated in
the development of leukemia.55

It is well known that several cytokine species are responsible
for collateral DNA damage (bystander effect) induced by vari-
ous settings such as radiotherapy (reviewed in ref. 56).
Bystander effect is also thought to play an important role in the
development of cancer and chronic diseases (reviewed in ref.
57). Cellular senescence as a precancerous state58,59 contributes
to the bystander DNA damage60 by secretion of several cyto-
kines that can trigger DDR in the neighboring cells.38,44 Strik-
ingly, MCP1/CCL2 elevated in MDS patients, as shown here, is
a factor considered to cause systemic DNA damage.57,61-63 Its
source in MDS patients may be both activated macrophages64

and senescent cells themselves. 5-AC-induced elevation of
MCP1 (and IL8) observed in vitro and increasing levels of
MCP1 (and IL8) in patients on 5-AC therapy is in line with the
ability of 5-AC to induce DNA damage28 and cellular senes-
cence. Hence, the crosstalk among cytokine signaling, together
with the ability of some cytokine pathways to induce DNA
damage, can form an interlocked self-sustained network65 that
may contribute to the genomic instability in BM responsible
both for the development of MDS and its progression to AML.
However, further studies are needed to support this hypothesis.
Like MCP1, the levels of IL8 and IL27 were even higher in BM
plasma in patients undergoing 5-AC therapy.

We also considered the contribution of the inflammatory
comorbidities frequently associated with MDS to the elevated
levels of IL8, IP10, MCP1 and IL27. Our data showed that
inflammatory diseases represent a significant factor supporting
the elevation of IL8 both in low-risk and high-risk patients and
MCP1 in low-risk patients, but not of IL27 and IP10.

IL12, an early proinflammatory cytokine linking innate and
adaptive immunity, represents one of the most important cyto-
kines in antitumor immunity (reviewed in ref. 66). This cytokine
is produced mainly by antigen-presenting cells, such as dendritic
cells, macrophages, monocytes or B cells upon their activation
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via Toll/like receptor signaling. Here, we report downregulation
of IL12 in BM plasma of both low-risk and high-risk MDS as
well as in AML patients. Since IL12 is a principle cytokine pro-
duced by functional antigen-presenting cells, the observed
decrease in its production suggests an impaired capacity to prime
effective immune responses among MDS patients. Indeed, Wang
et al. described that mesenchymal stem cells derived from high-
risk MDS patients impaired functions of dendritic cells, including
IL12 secretion.67 On the other hand, levels of IFNg, Th1 cyto-
kine, which is a crucial mediator of the IL12-primed immune
responses, were not significantly changed among the MDS
patients, as compared to healthy individuals. So the clinical sig-
nificance of the IL12 downregulation is unclear, especially con-
sidering the effects of another IL12-family member, IL27 that
also plays a role in the Th1-response activation.

Due to the diverse pathophysiological functions of the IL8,
IL27 and MCP1, we attempted to evaluate, whether their
increase during the 5-AC therapy can serve as a prognostic fac-
tor of the therapeutic response. Although we observed indication
that responders tend to harbor lower levels of IL8 during the
course of therapy compared to non-responders, the relatively
small sample size did not allow for a definitive conclusion.

Further work is needed to resolve the primary cause of
DDR/senescence and impact of senescence and its proinflam-
matory component on progression of MDS to acute leukemia.
Loss-of-function of the key DDR kinase ATM is frequently
observed in lymphoproliferative diseases and the consecutive
increase of tumor suppressor p19ARF68 (due to loss of the
ATM-regulated turnover of ARF protein in such tumors) can
promote senescence as a secondary oncogenesis barrier. Indeed,
some reports indicate that the loss of p19ARF has a negative
impact on survival of AML patients (see e.g., reference 69) indi-
cating that the p19ARF pathway may provide an oncogenesis
barrier also in AML.

To conclude, all forms of MDS are associated with increased
levels of several proinflammatory cytokines in the BM, a feature
that is further augmented by therapy with 5-AC.

Materials and methods

Patients

In total, 265 BM samples from 188 patients diagnosed with
MDS, AML or chronic myelomonocytic leukemia (CMML)
were collected between 2009 and 2015. There were 125 samples
from 94 patients with low-risk MDS (IPSS intermediate I or
low) and 140 samples from 94 patients with high-risk MDS
(IPSS high or intermediate II). Characteristics of patients are
presented in Table 1. For controls, we used BM aspirates from
eight healthy adult donors. Samples were obtained from
patients diagnosed and treated at the Department of Haematol-
ogy, 1st Faculty of Medicine, Charles University and General
University Hospital. Written informed consent was provided in
accordance with the Helsinki Declaration.

5-azacytidine-treated MDS cohort
As for BM analysis of 5-AC-treated patients, we collected
repeated samples from 38 MDS patients (IPSS int I, int II or
IPSS high). Characteristics of 5-AC-treated patients are in

Table 2. 5-AC was administered subcutaneously for 7 d (regime
5-2-2) at a dose of 75 mg/m2/d. BM aspirates and PB were col-
lected before 5-AC therapy and at day 7 after the completion of
the 4th and 8th cycle, at which time the response to treatment
was assessed according to IWG criteria.70

Bone marrow and peripheral blood plasma collection
BM aspirates were obtained from the posterior iliac crest and
collected into EDTA-coated vacutainers (BD 367844, Becton
Dickinson) and PB was collected into vacutainers with Lithium
heparin (BD 368824, Becton Dickinson) shortly prior to the
BM aspiration. The patients were not subjected to any type of
transfusion therapy 24 h prior to the BM aspiration. PB plasma
and BM plasma were separated from cells shortly after the aspi-
ration by centrifugation at 300 £ g for 3 min, resulting in the
separation of plasma, which was transferred into microcentri-
fuge tube and centrifuged again at 3300 £ g for 3 min. Result-
ing supernatants of both BM and PB plasma were snap frozen
on dry ice and stored at –80�C until the time of analysis.

Inflammatory cytokine measurement in bone marrow and
blood plasma
Inflammatory cytokine content in BM plasma and/or PB
plasma were measured using Human Inflammation 11-Plex
(IFNg, IL1a, IL1b, IL6, IL8, IL10, IL12p70, IL27, IP10, MCP1,
TNFa; YSL Bioprocess Development Co.). The samples were
measured on LSRII flow cytometer (BD Biosciences). The BM
aspiration and handling of the healthy donor samples was iden-
tical to the patient samples. By doing so, we have reduced the
vacutainer coating-related changes in cytokine profiles.71 For
the purposes of data analysis, the measurements above the
upper detection limits of the assay were set to the value of
detection limit and samples with no detected beads for a given
cytokine were regarded as missing measurements.

Human Common Cytokines PCR Array (PAHS-021,
Qiagen) was done as published previously.20

Cell culture
Human cervical carcinoma cell line HeLa was cultured in
Dulbecco’s modified Eagle’s medium (D-MEM) supplemented
with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scien-
tific) and 100 U/mL penicillin/100 mg/mL streptomycin (Pen/
Strep, Sigma-Aldrich). HPV-16 E6/E7-transformed human mes-
enchymal stem cell line HS-5 was cultured in Roswell Park
Memorial Institute medium (RPMI-1640) supplemented with
10% FBS, 1% non-essential amino acids (NEAA; Sigma-Aldrich)
and Pen/Strep (100 U/mL/100 mg/mL). Breast adenocarcinoma
cell line MCF7 was cultured in D-MEM, 10% FBS and Pen/Strep
(100 U/mL/100 mg/mL). Human promyelocytic leukemia cell
line HL-60 was cultured in RPMI-1640, 10% heat-inactivated
FBS, Pen/Strep (100 U/mL/100 mg/mL) and 1% NEAA. Human
AML cell line OCI-M2 was cultured in Iscove’s Modified Dul-
becco’s Medium supplemented with 20% heat-inactivated FBS,
1% NEAA and Pen/Strep (100 U/mL/100 mg/mL). Human
AML cell line SKM-1 was cultured in RPMI-1640 supplemented
with 20% heat-inactivated FBS, 1% NEAA and Pen/Strep
(100 U/mL/100 mg/mL). Cells were kept at 37�C under 5% CO2

atmosphere and 95% humidity.
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Bone marrow cultivation
Fresh BM aspirates from healthy donors (see above for BM
aspiration procedure) was subjected to erythrocyte lysis via
addition of pre-warmed NH4Cl lysis solution (156 mM NH4Cl,
17 mM NaCl, 126.6 mM EDTA) in 1: 50 ratio. The tube was
inverted several times and incubated at 37�C for 10 min. The
cells were then pelleted by centrifugation at 400 £ g for 10 min
at 4�C and subsequently washed with 1 £ PBS. The BM mono-
nucleated cells (BM-MNC) were then cultured at density of
0.5–1.2 £ 106/mL culture medium for 4 d in RPMI-1640 sup-
plemented with 15% FBS with low endotoxin content, 1%
NEAA, Pen/Strep (100 U/mL/100 mg/mL) and 20 mg/mL stem
cell factor (SCF; Sigma-Aldrich).

5-azacytidine administration
5-AC was dissolved in distilled water and kept at ¡80�C in
10 mM aliquots. Daily dose of 5-AC was administered to cell
cultures for seven (human cell lines) or three (in vitro BM
experiments) consecutive days and cells were harvested 24 h
after the last treatment. The concentration of 5-AC was selected
according to response of the individual cell type (HeLa, HS-5,
MCF7, HL-60, OCI-M2, SKM-1) for the best ratio between the
cell cycle block and apoptosis (not shown). The selected dose of
5-AC was in the lower end of the concentration range mea-
sured in BM after the administration of 5-AC72: 2 mM for
HeLa and MCF7, 0.5 mM for HS-5 and SKM-1, 1 mM for HL-
60 and OCI-M2 and 4 mM for BM-MNCs, respectively.

Determination of inflammatory cytokines in cultivation
media
The culture medium was collected 24 h after the change of fresh
medium (and treatment with 5-AC when needed) and the
number of cells per dish was counted. The concentration of
secreted cytokines was measured using Human Inflammation
11-plex (YSL Bioprocess Development Co.) on flow cytometer
LSRII (BD Biosciences) according to manufacturer’s protocol.
The cytokine levels were then calculated as pg/mL/105 cells.

Statistics

In vitro cytokine profiles
The obtained cytokine values in cultivation media for each cell
line were compared to untreated sample via paired t-test. Anal-
yses were conducted using the GraphPad Prism version 5.00
for Windows, GraphPad Software, San Diego California USA,
www.graphpad.com.

5-azacytidine-treated patient cohort
For the purpose of data analysis, 5-AC-treated patients were
divided into two groups depending on their response to ther-
apy: responders (hematological improvement only, partial
remission, complete remission, and complete remission with
incomplete BM recovery) and non-responders (stable disease
without HI, progressive disease) and the analyses of changes in
cytokine levels were performed. The levels of cytokines in BM
plasma of 5-AC-treated patients were compared to the cytokine
levels in three other groups. First, eight healthy controls were
used to measure the normal cytokine levels in the BM. Second,

the BM plasma from 35 treatment-naive MDS patients with
IPSS low was used to set the baseline values of the MDS cyto-
kine profile. To assess the BM cytokine levels at the disease final
stage, BM aspirates from 24 AML patients on best supportive
care therapy that were not treated with hypomethylating agents
at least 2 months prior to the BM aspiration and their prior
BM aspirations were not included in 5-AC-treated cohort, were
used. Obtained cytokine values were transformed using Box-
Cox procedure and repeated measurements of 5-AC-treated
patients were analyzed using robust linear model with mixed
effects. Comparisons of 5-AC-treated patients, MDS low risk,
AML patients and healthy controls were subjected to a Krus-
kal–Wallis ANOVA. p values < 0.05 were considered as statis-
tically significant.

Patient cohort with respect to comorbidities
The enlarged cohort of BM samples included a total number of
125 BM aspirates from 94 low-risk MDS patients and 140 BM
aspirates from 94 high-risk patients whose proinflammatory
diseases and transfusion dependency were detected at the time
of BM aspiration and their diagnostic subgroup and IPSS risk
was re-evaluated according to the clinical results at the given
time point. For this analysis, other factors such as the ongoing
therapy with 5-AC, lenalidomide, hydroxyurea (Litalir) or ara-
binoside were not taken into account. Inflammatory comorbid-
ities identified at the time of BM aspiration as the potential
sources of proinflammatory cytokines are listed in Table 1.

Since we were unable to find differences in any of the mea-
sured cytokines between the high-risk (IPSS int II and high)
MDS and patients at the AML stage, when not controlling for
other proinflammatory parameters, we have conducted further
analysis by treating the values from high-risk MDS and AML
as one group.

Obtained cytokine values were transformed using Box-Cox
procedure, and analyzed using robust linear model with mixed
effects. The p values <0.05 were considered as statistically
significant. Analyses were conducted using the R statistical
package, version 3.1.2, R Core Team (2014).
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