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Accumulating evidence implicates innate immune activation in the
pathobiology of myelodysplastic syndromes. A key myeloid-
related inflammatory protein, S100A9, serves as a Toll-like recep-

tor ligand regulating tumor necrosis factor-α and interleukin-1b produc-
tion. The role of myelodysplastic syndrome-related inflammatory pro-
teins in endogenous erythropoietin regulation and response to erythroid-
stimulating agents or lenalidomide has not been investigated. The
HepG2 hepatoma cell line was used to investigate in vitro erythropoietin
elaboration. Serum samples collected from 311 patients with myelodys-
plastic syndrome were investigated (125 prior to treatment with ery-
throid-stimulating agents and 186 prior to lenalidomide therapy). Serum
concentrations of S100A9, S100A8, tumor necrosis factor-α, interleukin-
1b and erythropoietin were analyzed by enzyme-linked immunosorbent
assay. Using erythropoietin-producing HepG2 cells, we show that
S100A9, tumor necrosis factor-α and interleukin-1b suppress transcrip-
tion and cellular elaboration of erythropoietin. Pre-incubation with
lenalidomide significantly diminished suppression of erythropoietin pro-
duction by S100A9 or tumor necrosis factor-α. Moreover, in peripheral
blood mononuclear cells from patients with myelodysplastic syndromes,
lenalidomide significantly reduced steady-state S100A9 generation
(P=0.01) and lipopolysaccharide-induced tumor necrosis factor-α elabo-
ration (P=0.002). Enzyme-linked immunosorbent assays of serum from
316 patients with non-del(5q) myelodysplastic syndromes demonstrated
a significant inverse correlation between tumor necrosis factor-α and
erythropoietin concentrations (P=0.006), and between S100A9 and ery-
thropoietin (P=0.01). Moreover, baseline serum tumor necrosis factor-α
concentration was significantly higher in responders to erythroid-stimu-
lating agents (P=0.03), whereas lenalidomide responders had significant-
ly lower tumor necrosis factor-α and higher S100A9 serum concentra-
tions (P=0.03). These findings suggest that S100A9 and its nuclear factor-
kB transcriptional target, tumor necrosis factor-α, directly suppress ery-
thropoietin elaboration in myelodysplastic syndromes. These cytokines
may serve as rational biomarkers of response to lenalidomide and ery-
throid-stimulating agent treatments. Therapeutic strategies that either
neutralize or suppress S100A9 may improve erythropoiesis in patients
with myelodysplastic syndromes. 
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Introduction

Ineffective erythropoiesis in patients with myelodys-
plastic syndromes (MDS) derives from both intrinsic
abnormalities affecting the response to erythropoietin and
extrinsic pressures on the inflammatory bone marrow
microenvironment.1 A number of inflammatory cytokines
such as tumor necrosis factor-α (TNFα), interleukin (IL)-
1b, IL-6 and others, are generated in excess in MDS and
adversely influence hematopoietic stem and progenitor
cell survival.2 Moreover, in a subset of MDS patients,
endogenous erythropoietin production is deficient, further
compromising erythropoietic potential.3 Accumulating
evidence implicates innate immune activation in the phys-
iopathology of MDS and the accompanying inflammatory
microenvironment.1,2,4,5 Bone marrow plasma concentra-
tions of the pro-inflammatory, danger-associated molecu-
lar pattern (DAMP) protein, S100A9, are profoundly
increased in lower-risk MDS, which serves as a catalyst
directing myeloid-derived suppressor cell expansion.6
S100A9 is a ligand for CD33 and the Toll-like receptor
(TLR)-4 which, through nuclear factor-kB (NF-kB) activa-
tion, regulates the transcription and cellular elaboration of
inflammatory cytokines such as TNFα and IL-1b.7 The lat-
ter cytokines have been shown to suppress erythropoietin
elaboration and have been implicated in the suppression
of endogenous erythropoietin production8 in patients with
anemia of chronic inflammation.9 The involvement of
100A8/S100A9 in del(5q) MDS has already been
described.10 Erythropoietin-stimulating agents (ESA) and
lenalidomide are efficient treatments used in lower-risk
myelodysplastic syndromes.11-13 To date, the role of
inflammatory parameters in the regulation of endogenous
erythropoietin production and response to erythropoietic
treatments in MDS has not been investigated. Here we
show the importance of these inflammatory cytokines as
key biological determinants of endogenous erythropoietin
production and response to ESA and lenalidomide treat-
ments in patients with non-del (5q) MDS.

Methods

Reagents and antibodies
Recombinant S100A9 was generated as previously described.6

TNFα, IL-1b and lipopolysaccharide were purchased from Sigma-
Aldrich (Saint Louis, MO, USA). Lenalidomide was purchased
from Fisher Scientific (Pittsburgh, PA, USA). A CD33 chimera was
constructed as described elsewhere.6,14 NF-kB and Rho GDI anti-
bodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Lamin A/C was purchased from Cell signaling
(Saint Quentin, France). BMS344541 was purchased from Tocris
Bioscience (Bristol, UK).

Cell culture
HepG2 cells, acquired from the American Type Culture

Collection (ATCC, Manassas, VA, USA), were grown in Eagle’s
minimum essential medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin solution. Cells were main-
tained at 37°C under 5% CO2. 

Enzyme-linked immunosorbent assays
Human S100A9/MRP14 in patients’ serum and supernatants of

the HepG2 cell line was quantified using a CircuLex
S100A9/MRP14 enzyme-linked immunosorbent assay (ELISA) Kit

(MBL, Nagano, Japan). Quantitative measurements of human
TNFα and IL-1b were made using the Human TNFα ELISA Kit
and Human IL-1b ELISA Kit, respectively (Life Technologies,
Carlsbad, CA, USA). Human erythropoietin in patients’ serum and
HepG2 cell line supernatants was quantified using a Human
Erythropoietin ELISA Kit (Stemcell Technologies, Vancouver, BC,
Canada). All measurements were performed in duplicate.

Real-time quantitative polymerase chain reaction 
RNA was isolated using the RNAeasy Mini Kit (Qiagen,

Valencia, CA, USA) followed by iScript cDNA synthesis (Bio-Rad,
Hercules, CA, USA) and amplification using iQ SYBR Green
Supermix (Bio-Rad, Herculed, CA, USA). The relative level of gene
expression for each experimental sample was calculated using the
ΔΔCt method. Untreated cells were the experimental control and
the housekeeping gene GAPDH was the endogenous control. 

Western blot analysis 
After treatment for 24 h, cells were harvested and lysed in 1X

RIPA buffer supplemented with protease and phosphatase
inhibitors for classical western blotting. For the nuclear extraction,
cells were lysed in ice with buffer A, then pelleted. After removal
of supernatant (cytoplasmic fraction), pellets were lysed in ice
with buffer B and pelleted (nuclear fraction) (Nuclear Extraction
Kit, Abcam, Cambridge, USA). Lysates were pelleted and 50 µg of
protein were resolved by sodium dodecylsulfate polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluoride
membranes. The membranes were blocked for 30 min in 5% non-
fat dry milk solution in PBST (phosphate-buffered saline with
0.1% Tween 20) and incubated with the indicated antibodies.
Membranes were developed using ECL according to the manufac-
turer’s protocol (GE Healthcare, Little Chalfont, UK).
Densitometry analysis was performed using Image J Software.

Patients and serum samples
Serum samples for ELISA analysis were collected from four cen-

ters (Taussig Cancer Institute, Cleveland, USA; AOU Careggi,
University of Florence, Italy; Saint Louis Hospital, Paris, France; H.
Lee Moffitt Cancer Center, Tampa, FL, USA). Peripheral blood
mononuclear cells were collected from patients at Moffitt Cancer
Center. All patients had provided consent to Institutional Review
Board, or equivalent, approved protocols in hematology clinics at
each center, and the Eastern Cooperative Oncology Group
(ECOG) E2905 trial (www.clinicaltrial.gov NCT00843882). All rou-
tine clinical and biological data were available.

Statistical analysis
Data are expressed as mean ± standard error for continuous

variables, or percentage of total for non-continuous variables.
Spearman correlation, Mann-Whitney and Jonckheere-Terpstra
tests were used for analysis of continuous variables. The chi-
square test was used for analysis of non-continuous variables.
Differences between the results of comparative tests were consid-
ered statistically significant if the two-sided P-value was less than
0.05. All statistical analyses were performed using SPSS v.22 soft-
ware (IBM SPSS Statistics).

Results

Inflammatory proteins suppress erythropoietin 
production by HepG2 cells
Hepatoma HepG2 cells, which produce erythropoietin

under basal conditions,15 were treated with varied concen-
trations of each of the inflammatory proteins, TNFα, IL-1b
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or S100A9. After 24 h exposure, we observed a concentra-
tion-dependent reduction in erythropoietin elaboration
(Figure 1). At a concentration of 10 ng/mL, TNFα yielded
a 40% reduction in erythropoietin elaboration (Figure 1A),
compared to a 60% reduction following incubation with
IL-1b (Figure 1B). Concentrations of 10 to 20 mg/mL of
S100A9 completely suppressed erythropoietin elabora-
tion, while 1 mg/mL yielded a 95% reduction (Figure 1C).
For subsequent experiments, concentrations of 10 ng/mL
of TNFα, 10 ng/mL of IL-1b and 1 mg/mL of S100A9 were
employed.

Lenalidomide mitigates suppression of erythropoietin
production by S100A9 and tumor necrosis factor-α
The transcription factor NF-kB is activated by TLR lig-

ands and inflammatory cytokines such as TNFα which,
like GATA2, is implicated in transcriptional suppression of
the erythropoietin transcript.16 HepG2 cells are known to
express the S100A9 receptor, TLR4, on the plasma mem-
brane.17 Lenalidomide has been reported to suppress NF-

kB activation in response to inflammatory cytokine stim-
ulation in lymphocytes and other cell lineages.18,19 To
determine whether lenalidomide can modulate suppres-
sion of erythropoietin production by inflammatory pro-
teins, we treated HepG2 cells with 1 mM lenalidomide or
vehicle control for 30 min prior to exposure to TNFα, IL-
1b or S100A9. Lenalidomide significantly, but incomplete-
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Figure 1. Effects of tumor necrosis factor-α, interleukin-1b and S100A9 on ery-
thropoietin elaboration in the HepG2 cell line. HepG2 cells were stimulated for
24 h with the indicated concentrations of (A) TNFα, (B) IL-1b and (C) S100A9
and erythropoietin (EPO) elaboration was determined by ELISA.

Figure 2. Effect of lenalidomide on erythropoietin elaboration in the HepG2 cell
line. (A) HepG2 cells were treated with 1 mM lenalidomide for 30 min prior to
addition of S100A9 (1 mg/mL), TNFα (10 ng/mL) or IL-1b (10 ng/mL).
Supernatant erythropoietin (EPO) concentration was determined by ELISA; (B)
HepG2 cells were treated with 0.1, 1 or 10 mM lenalidomide. Supernatant TNFα
concentration was determined by ELISA; (C) HepG2 cells were treated with 1 mM
lenalidomide 30 min prior to addition of S100A9 (1 mg/mL) or TNFα (10 ng/mL).
Quantitative polymerase chain reaction for IL10 mRNA expression was per-
formed 24 h after treatment. GAPDH was used as an endogenous control and
results are expressed as IL10 mRNA relative expression. (D) HepG2 cells were
treated with 1 mM lenalidomide 30 min before addition of S100A9 (1 mg/mL) or
TNFα (10 ng/mL). NF-kB protein was visualized by western blot 24 h after treat-
ment. Rho GDI and lamin A/C were used as the loading controls for cytoplasmic
and nuclear fractions, respectively. *mean P≤0.05.

A

A

B

B

C

C

D



ly, reversed suppression of erythropoietin production by
S100A9 (91% suppression by S100A9 versus 65% after
lenalidomide pre-incubation, P=0.04). Following treat-
ment with TNFα, lenalidomide pre-treatment abrogated
cytokine suppression of erythropoietin elaboration
(TNFα, 67% suppression versus lenalidomide pre-incuba-
tion, 18%; P=0.05). Lenalidomide had no effect on IL-1b-
directed suppression of erythropoietin elaboration (Figure
2A). We also found that BMS-344541, a specific inhibitor
of NF-kB, abrogated cytokine suppression of erythropoi-
etin elaboration with the same conditions (Figure 2A).
Moreover, lenalidomide decreased basal TNFα release
after lenalidomide stimulation (Figure 2B).  
IL-10 is known to be an anti-inflammatory cytokine

secreted by immune cells.20 We performed quantitative
polymerase chain reaction analysis to determine the
effects of the inflammatory proteins and lenalidomide on
IL10 gene transcription. Pre-incubation of each inflamma-
tory cytokine with lenalidomide significantly increased
IL10 mRNA expression compared to S100A9 or TNFα
treatment alone (Figure 2C). Lenalidomide had no modu-
latory effect on IL10 following IL-1b treatment (data not
shown).
Finally, NF-kB is a key transcription factor involved in

S100A9 and TNFα receptor signaling and the transcrip-
tional suppression of erythropoietin mRNA in erythropoi-
etin-producing cells which is modulated by lenalido-
mide.21-23 We showed that NF-kB targets, including TNFα
and IL-10, were regulated by lenalidomide. We therefore
performed cytoplasmic and nuclear NF-kB western blot-
ting in HepG2 cells to discern the effect of lenalidomide
on inflammatory protein signaling. As demonstrated by
nuclear localization after lenalidomide pre-incubation,

active NF-kB was significantly reduced following treat-
ment with S100A9 or TNFα, indicating that lenalidomide
suppressed NF-kB activation (Figure 2D). To confirm the
results observed in HepG2 cells, we investigated the
effects of lenalidomide on steady-state production of
S100A9 by peripheral blood mononuclear cells isolated
from patients with non-del(5q) MDS (n=7). ELISA showed
a significant reduction in S100A9 elaboration after 24 h
exposure to lenalidomide (P=0.01) (Figure 3A). Similarly,
pre-incubation of MDS peripheral blood mononuclear
cells with lenalidomide significantly reduced TNFα pro-
duction induced by lipopolysaccharide (P=0.002). These
findings indicate that lenalidomide-modulated S100A9
and TNFα suppression of erythropoietin elaboration is
NF-kB-dependent.

Relationship between inflammatory proteins and
endogenous erythropoietin concentration in patients
with myelodysplastic syndromes 
To validate the regulatory role of inflammatory proteins

on erythropoietin elaboration in vivo, we assessed the rela-
tionships between serum concentrations of various
inflammatory cytokines and erythropoietin in MDS
patients with symptomatic anemia. Serum samples from
316 patients with non-del(5q) MDS were analyzed. The
median age of the patients was 74.7 years (range, 41-94).
Distribution of International Prognostic Scoring System
(IPSS) categories was low, intermediate-1, intermediate-2
and high risk in 38%, 50%, 10% and 2% of patients,
respectively; whereas 24%, 38%, 22%, 13% and 3% of
patients were very low, low, intermediate, high and very
high risk according to the revised IPSS (IPSS-R) (Table 1).
Serum concentrations of erythropoietin, S100A9,

S100A8, TNFα and IL-1b were assessed by ELISA. The
serum S100A9 concentration was significantly higher in
patients with lower-risk MDS than in those with higher-
risk MDS [12,226 pg/mL (range, 0-228,880) versus 240
pg/mL (range, 0-43,858), respectively; P=0.001). No signif-
icant differences were observed in TNFα and IL-1b con-
centrations according to IPSS or IPSS-R category (data not
shown). 
There was a statistically significant negative correlation

between TNFα and erythropoietin concentrations (r= –
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Figure 3. Effect of lenalidomide on S100A9 and tumor necrosis factor-α pro-
duction in peripheral blood mononuclear cells from patients with non-del(5q)
myelodysplastic syndrome. (A) Frozen peripheral blood mononuclear cells
(PBMC) from lower-risk MDS patients (n=7) were treated with 1 mM lenalidomide
for 24 h, before analysis of supernatant S100A9 concentration by ELISA. Results
are expressed relative to untreated cells. (B) PBMC from lower-risk MDS patients
(n=7) were treated with 1 mM lenalidomide 30 min prior to addition of
lipopolysaccharide (LPS) (1 mg/mL): 24 h after stimulation, TNFα ELISA was per-
formed on the supernatants. Results are expressed as a percentage relative to
LPS treatment alone. *mean P≤0.05.

A

B Table 1. Patients’ demographics and disease characteristics.
                                Global cohort          Prior to                 Prior to
                                    (n=316)                 ESA           lenalidomide ± ESA 
                                                             treatment             treatment
                                                               (n=159)                (n=159)

Median age                          74.7                         74.8                            74.0
(range)                              (41-94)                   (41-94)                     (48-85)
Sex ratio (F/M)                212/104                    105/54                        110/49
IPSS (%)
Low                                       38                            39                               30
Intermediate 1                   50                            47                               70
Intermediate 2                   10                            12                                0
High                                        2                              2                                 0
IPSS-R (%)                            24                            23                               33
Very low                                38                            39                               17
Low                                       22                            21                               50
Intermediate                       13                            14                                0
High                                        3                              3                                 0
Very high                                



0.164, P=0.006), and between S100A9 and erythropoietin
concentrations (r= –0.148, P=0.01), whereas there was no
discernible relationship between IL-1b and erythropoietin
concentrations (Table 2A and Online Supplementary Figure
S1). As expected, we also found significant positive corre-
lations between the concentrations of the inflammatory
protein S100A9 and TNFα (r=0.294, P<0001), S100A9 and
IL-1b (r=0.180, P=0.002), as well as IL-1b and TNFα
(r=0.262, P<0.001) (Table 2B). These findings support the
notion that S100A9 and TNFα suppress renal erythropoi-
etin elaboration and the endocrine response to anemia in
non-del(5q) MDS.

Relationships between inflammatory protein 
concentrations and response to treatment with 
erythropoietic agents
Within the cohort of patients with non-del(5q) MDS,

159 were studied prior to ESA treatment and 159 prior to
lenalidomide ± erythropoietin treatment (Table 1). ESA
responders had significantly higher serum TNFα concen-
trations than non-responders (8.37 pg/mL versus 3.79
pg/mL, respectively; P=0.03) with a corresponding signifi-
cantly lower erythropoietin concentration in ESA respon-
ders (36 mU/mL versus 113 mU/mL, respectively;
P<0.0001). Erythroid response rate was 43% versus 55% in
patients with low versus high TNFα concentration, respec-
tively (Figure 4A). There was no significant relationship
between S100A9 serum concentration and erythropoietin
response (data not shown). Nevertheless, erythropoietin
concentration was a better biomarker of response to ESA
than was TNFα concentration even after adjustment for
erythropoietin concentration. Finally, among patients
treated with lenalidomide or lenalidomide ± erythropoi-
etin, responding patients had significantly lower serum
TNFα concentrations (P=0.02) while there was no rela-
tionship with S100A9 concentration (P=0.21).
Considering responses to lenalidomide, we observed a sig-
nificant difference in erythroid response rate (62% versus
12% for patients with low versus high S100A9 serum con-
centration, respectively; P=0.03) (Figure 4B). 

Discussion

Pro-inflammatory cytokines have long been implicated
as key effectors of anemia in disorders of chronic inflam-

mation and malignancy.24 Indeed, TNFα antagonists have
been shown to improve anemia in several inflammatory
disorders.25 The pathogenesis of ineffective erythropoiesis
in MDS, in particular, is multifactorial, including abnormal-
ities inherent to the neoplastic clone as well as the inflam-
matory bone marrow microenvironment.26 Inflammatory
cytokines such as IL-1b, interferon-γ, transforming growth
factor-b and TNFα directly inhibit erythroid progenitor
colony-forming capacity in vitro and impair iron turnover.27-
29 Moreover, both IL-1b and TNFα suppress erythropoietin
gene expression and protein secretion in a NF-kB-depen-
dent fashion,30 factors which have been implicated in the
disproportionately low endogenous erythropoietin pro-
duction in response to the anemia of inflammation. In a
subset of lower-risk MDS patients who are responsive to
treatment with recombinant erythropoietin, renal erythro-
poietin production is suppressed with a corresponding
reduction in serum erythropoietin concentration. The pre-
cise physiological events that impair erythropoietin pro-
duction in lower-risk MDS do, however, remain unex-
plored. Our investigations show that S100A9, a myeloid-
derived inflammatory protein produced in excess in MDS,
directly suppresses erythropoietin transcription and elabo-
ration in HepG2 hepatoma cells, analogous to the actions
of TNFα.6 Moreover, S100A9 serves as a key coordinator of
the inflammatory response by inducing the secretion of
TNFα, IL-6, IL-8, and IL-1b via TLR4-dependent activation
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Table 2. (A) Correlations between concentrations of inflammatory
proteins and erythropoietin (EPO) in patients’ serum. (B)
Relationships between inflammatory proteins.  
A. 
Inflammatory parameters                          EPO (r ; P-value)

S100A9                                                                    (-0.148 ; 0.01)
TNFα                                                                     (-0.164 ; 0.006)
IL-1b                                                                      (-0.003 ; 0.96)

B. 
                                                S100A9                            TNFα

S100A9                                                                                    (0.294 ; <0.0001)
TNFα                                       (0.294 ; <0.0001)                                
IL-1b                                          (0.180 ; 0.002)                   (0.262 ; <0.0001)

Figure 4. Relationship between serum concentrations of inflammatory proteins
and response to erythropoiesis-stimulating agents or lenalidomide treatment.
(A) Correlation between serum concentrations of inflammatory proteins and
response to ESA or (B) lenalidomide treatment.

B

A



of NF-kB.30,31 Our findings support the notion that these
inflammatory cytokines similarly suppress erythropoietin
production in vivo in lower-risk MDS patients. Serum ery-
thropoietin concentration was inversely related to S100A9
and TNFα concentrations. Furthermore, serum TNFα con-
centration was significantly higher in patients responding
to treatment with recombinant erythropoietin than in non-
responders (P=0.03). Previous investigations showed that
higher serum TNFα concentration predicted resistance to
ESA: our data do, therefore, need to be confirmed in a larg-
er study.32,33 Of particular interest, lenalidomide suppressed
nuclear translocation of NF-kB to mitigate the suppression
of erythropoietin production in HepG2 cells by both
S100A9 and TNFα. The ability of lenalidomide to modu-
late cytokine activation may not only reduce progenitor
cell injury, but may also relieve repression of renal erythro-
poietin elaboration and, therefore, the endocrine response
to anemia in MDS. We found that the serum concentration

of TNFα was significantly lower and serum concentration
of S100A9 was higher in lenalidomide-responsive patients
(P=0.03). Together, these findings indicate that S100A9 and
its transcriptional target, TNFα, directly suppress erythro-
poietin elaboration and endocrine response to anemia in
MDS and may be useful biomarkers of response to treat-
ment with lenalidomide or recombinant erythropoietin,
meriting further investigation. More importantly, our find-
ings suggest that therapeutic strategies that either neutral-
ize or suppress S100A9 may improve erythropoiesis in
lower-risk MDS by suppressing inflammatory cytokine
generation and restoring endocrine erythropoietin
response to anemia.
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