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Abstract

Inflammatory cytokines play a role in hematopoiesis and development of myelodysplastic syndromes (MDS). Although
increased serum levels of inflammatory cytokines are associated with poor survival in MDS patients, clinical manage-
ment does not include assessment of inflammation. We investigated the significance of inflammation in MDS using serum
C-reactive protein (CRP) levels, an indicator of the degree of systemic inflammation that can be used in routine practice. We
hypothesized that serum CRP levels can be used to further classify low-risk MDS. We conducted a retrospective analysis of
90 patients with low-risk MDS, defined by the international prognostic scoring system (IPSS). We examined the prognostic
relevance of CRP and known prognostic factors at diagnosis. Increased serum CRP (>0.58 mg/dL) was associated with
poor survival (hazard ratio [HR]: 17.63, 95% confidence interval [CI] 5.83-53.28, P <0.001) both overall and among the
73 patients with low-risk MDS as defined by the revised IPSS (HR: 28.05, 95% CI 6.15-128.04, P <0.001). Increased CRP
might predict poor prognosis and serum CRP levels can indicate clonal hematopoiesis and non-hematological comorbidity
in patients with low-risk MDS.
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Introduction

Myelodysplastic syndromes (MDS) are defined as a disease
of clonal hematopoiesis, characterized by genetic alteration
of hematopoietic stem cells [1]. MDS encompasses diseases
associated with poor prognosis that quickly develop into leu-
kemia, as well as those that are associated with a relatively
good prognosis and long overall survival (OS). Increased
percentage of blasts in the bone marrow, decreased neu-
trophil and hemoglobin levels, reduced platelet count, and
specific chromosomal abnormalities are factors associated
with poor prognosis in patients with MDS [2, 3]. As not all

< Yuta Baba
y.baba26 @med.showa-u.ac.jp

Division of Hematology, Department of Medicine,
Showa University School of Medicine, 1-5-8 Hatanodai,
Shinagawa-Ku, Tokyo 142-8666, Japan

Division of Hematology, Department of Medicine, Showa
University Fujigaoka Hospital, 1-30, Fujigaoka, Aoba-Ku,
Yokohama 227-8501, Japan

MBDS patients classified as “low-risk™ have good clinical out-
comes, further stratification of low-risk MDS is required to
improve patient outcomes and the associated quality of life.

A recent experimental study has shown the importance
of inflammatory signals associated with hematopoiesis in
the pathology of MDS [4]. Specifically, interleukin (IL)-6
was shown to cause inhibition of erythropoiesis by inducing
potent upregulation of reactive oxygen species and caspase-
mediated cell death in the inflammatory microenvironment
of the bone marrow [5]. Clinically, numerous studies have
reported on the significance of serum cytokine profiles in
MDS pathology [6, 7]. Among them, elevated levels of
serum IL-6 have been associated with poor prognosis in
patients with MDS [8].

Despite this evidence, assessing the degree of inflam-
mation is not part of the clinical management of patients
with MDS. In this study, we investigated the significance of
inflammation in MDS using serum C-reactive protein (CRP)
levels, which are used as an indicator of systemic inflamma-
tion in routine practice. We hypothesized that serum CRP
levels can be used to further classify low-risk MDS.
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Materials and methods
Patients and clinical variables

A total of 91 patients newly diagnosed with low-risk MDS
at our hospital between January 2008 and December 2018
were eligible for this study. One patient, who lacked data
on CRP levels, was excluded. The final sample included
90 patients. The candidate prognostic factors of interest
in this study were CRP levels, as well as serum levels of
neutrophils and hemoglobin, platelet count, the percentage
of blasts in the bone marrow, and the chromosome sub-
type-based score obtained at the time of diagnosis, which
are known prognostic factors based on the International
prognostic scoring system (IPSS) [2] and the revised IPSS
(IPSS-R) [3]. In addition, among the prognostic factors
previously reported, age [9] and serum lactate dehydroge-
nase (LDH) levels [10, 11], which were available in this
retrospective study, were investigated.

The diagnosis of MDS was based on the World Health
Organization 2017 classification of myeloid neoplasms
and acute leukemia [12]. MDS classified as low and inter-
mediate-1 based on the IPSS was defined as low-risk MDS
[2]. As a subgroup, we defined an IPSS-R score of 3.5 or
less as low-risk MDS [13].

All patients underwent blood and bone marrow evalu-
ations at diagnosis. Complete blood count was measured
using a fully automated XN-1000 hematology analyzer
system (Sysmex, Chuo-ku, Japan). CRP and biochemical
parameters were measured using a JCA-BM6010 (JEOL
Ltd., Tokyo, Japan). The proportion of blasts in the bone
marrow was evaluated by two laboratory technicians,
based on Giemsa specimens. Chromosomes of bone mar-
row cells were analyzed using the G-banding method.

Chromosome subtypes were classified based on the
MDS cytogenetic scoring system [14]: very good [,
del(11q)], good [normal, del(5q), del(12p), del(20q), dou-
ble, including del(5q)], intermediate [del(7q),+8,+ 19,
i(17q), any other single or double independent clones],
poor [—7. inv(3)/t(3q)/del(3q), double including — 7/
del(7q), and complex 3 abnormalities], and very poor
(complex > 3 abnormalities). Chromosome subtype-based
prognostic scores were derived from the IPSS-R [3] as fol-
lows: very good (0 points), good (1 point), intermediate
(2 points), poor (3 points), and very poor (4 points). This
study was approved by the Institutional Review Board of
Showa University (approval number 3057). Informed con-
sent was obtained in the form of opt-out.
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Statistical analysis

We explored the prognostic value of CRP levels on the
OS of patients with low-risk MDS. The cutoff value of
CRP levels relevant to prognosis was determined based on
receiver-operating characteristic curve analysis. The sensi-
tivity, specificity, and area under the curve (AUC) values
were estimated. Cutoff scores were calculated based on the
Youden index, which corresponds to the highest sum of
specificity and sensitivity values. OS was analyzed using
the Kaplan—Meier method, and the log-rank test was used
for comparison according to CRP level, neutrophil count,
hemoglobin levels, platelet count, the percentage of blasts
in the bone marrow, the chromosome subtype-based score,
age, and LDH level. Multivariate analysis was performed
using the Cox proportional hazard model. Fisher’s exact
test was performed to assess the difference in comorbidi-
ties between the higher and lower CRP groups. Compari-
sons of clinical variables between the higher and lower
CRP groups were analyzed by the Mann—Whitney U test.
Logistic regression was performed to determine the asso-
ciation between CRP and progression to high-risk MDS
or acute myeloid leukemia (AML).

As this was an exploratory study aimed to assess the
prognostic relevance of CRP levels in patients with low-
risk MDS, the sample size was not pre-specified. All anal-
yses were performed with two-sided tests at a significance
level of P <0.05. IMP® 15 software was employed for all
statistical analyses (SAS Institute, Cary, NC).

Results
Patients’ characteristics

Patients’ characteristics are presented in Table 1. This
study included 90 patients. The median age of the patients
was 76 years (23-96 years). The median follow-up dura-
tion was 882 days (42-3819 days). There were 73 cases
that could be defined as low-risk MDS by the IPSS-R.
There were no cases classified as high-risk by the IPSS
and low-risk by the IPSS-R. In this subgroup, the median
age of the patients was 75 years (23-92 years), and the
median follow-up duration was 1022 days (47-3819 days).

Prognostic significance of CRP levels and other
factors

The median CRP level at the time of diagnosis was
0.17 mg/dL (0.04-20.26 mg/dL). Even in cases with
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Table 1 Demographic and clinical characteristics of the study patients

Low-risk MDS based on IPSS Low-risk MDS based on IPSS-R
n=90 n=73
All patients CRP<0.58 mg/dL CRP>0.58 mg/dL CRP <0.58 mg/dL CRP>0.58 mg/
n=90 n=62 n=28 n=53 dL
n=20
Age (years)
<65 21 17 4 15 1
>65 69 45 24 38 19
Sex
Male 55 35 20 32 16
Female 35 27 8 21
Diagnosis by the 2017 WHO classification
MDS-SLD 47 33 14 32 12
MDS-MLD 12 9 3 7 2
MDS-RS-SLD 8 8 0 8 0
MDS-RS-MLD 5 0 4 0
MDS-EB-1 12 5 7 1 2
MDS-EB-2 0 0 0 0
MDS with isolated del(5q) 1 1 1 1
MDS, unclassifiable 1 3 0 3
IPSS
Low 32 24 8 23 8
Intermediate-1 58 38 20 30 12
Intermediate-2 0 0 0
High 0 0 0 0 0
IPSS-R
Very low 12 9 3 9 3
Low 50 36 14 36 14
Intermediate 20 13 7 8 3
High 6 3 3 0 0
Very high 2 1 1 0 0
Treatment
Azacitidine 19 11 8 8 5
Lenalidomide 4 1 3 0 1
Erythropoietin 17 14 3 12 3
Immunosuppressive therapy 6 1 6 1
Combined chemotherapy 9 4 5 2 3
Allogeneic stem cell transplant 5 4 1 2 0
Progression to high-risk MDS 18 9 9 6 5
Progression to AML 10 4 6 2 3
Cause of death
Related to MDS
Organ dysfunction by expanding blasts 5 1 4 1
Infection 9 2 7 1
Bleeding 2 2 0 1
Unrelated to MDS
Heart failure 3 1 2 1 2
GVHD 1 0 1 0 0
Colon cancer 1 0 1 0 1
Asphyxia 1 0 1 0 1
Thyroid crisis 1 1 0 0 0

IPSS international prognostic scoring system, /PSS-R revised IPSS, CRP C-reactive protein, WHO World Health Organization, MDS myelodys-
plastic syndromes, MDS-SLD MDS with single lineage dysplasia, MDS-MLD MDS with multilineage dysplasia, MDS-RS-SLD MDS with ring
sideroblasts and single lineage dysplasia, MDS-RS-MLD MDS with ring sideroblasts and multilineage dysplasia, MDS-EB MDS with excess
blasts, AML acute myeloid leukemia, GVHD graft-versus-host disease
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Fig. 1 Receiver-operating characteristic curve of C-reactive protein
(CRP) levels in the prognostic assessment of patients with low-risk
myelodysplastic syndromes based on the international prognos-
tic scoring system. The prognostically relevant level of CRP was
0.58 mg/dL, with sensitivity and specificity values of 78.3% and
85.1%, respectively. The area under the curve (AUC) value was 0.80
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Fig.2 Kaplan—-Meier curves of overall survival among patients with
low-risk myelodysplastic syndromes (MDS), stratified by C-reactive
protein (CRP) levels. Low-risk MDS based on the international prog-
nostic scoring system. CRP level of >0.58 mg/dL was associated with
poor prognosis (P <0.001).

increased CRP levels, none of the patients presented with
severe infection at the time of diagnosis.

The prognostically relevant level of CRP was 0.58 mg/dL,
with sensitivity and specificity values of 78.3% and 85.1%,
respectively (Fig. 1). The AUC value was 0.80. A CRP
level > 0.58 mg/dL was associated with reduced OS (HR:
17.63,95% CI 5.83-53.28, P <0.001) (Fig. 2 and Table 2).
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In patients with low-risk MDS based on the IPSS, none
of the following factors had prognostic significance for sur-
vival: age (P=0.11), neutrophil (P=0.27) or hemoglobin
(P=0.09) levels, platelet count (P =0.89), or chromosome
subtype-based score (P=0.70). An increased LDH level
(> reference range) (HR: 2.84,95% CI 1.16-6.94, P=0.02)
and a percentage of blasts in the bone marrow of >2% (HR:
2.90, 95% CI 1.27-6.60, P=0.008) was associated with
reduced survival.

Increased CRP levels (HR: 18.22, 95% CI 5.64-58.84,
P <0.001), increased LDH level (HR: 3.46, 95% CI
1.38-8.65, P=0.01), and increased percentage of blasts in
the bone marrow (HR: 2.52, 95% CI 1.06-5.95, P=0.04)
were associated with reduced OS in the multivariate
analysis.

We performed additional analysis limited to the low-risk
MDS, based on the IPSS-R. The prognostically relevant
level of CRP was also 0.58 mg/dL (Supplementary Fig. 1).
A CRP level > 0.58 mg/dL was associated with reduced OS
(HR: 28.05, 95% CI 6.15-128.04, P <0.001) (Supplemen-
tary Fig. 2 and Supplementary Table 1). An increased LDH
level (> reference range) was associated with reduced sur-
vival (HR: 3.29, 95% CI 1.04-10.40, P=0.04). The other
factors had no prognostic significance for survival. Increased
CRP (HR: 34.17,95% CI1 7.10-164.55, P <0.001) and LDH
(HR: 4.15,95% CI 1.26-13.67, P=0.02) levels showed sig-
nificant associations with reduced OS in the multivariate
analysis.

Comorbidities and clinical variables

Patient comorbidities at the time of diagnosis of low-risk
MDS obtained from medical records are presented in Sup-
plementary Table 2. The diseases listed below did not differ
between the higher CRP group and the lower CRP group.

Patient comorbidities associated with atherosclerotic dis-
ease obtained from medical records were as follows: hyper-
tension (28, 14 patients), diabetes mellitus (13, 5 patients),
dyslipidemia (8, 2 patients), chronic kidney disease (8, 4
patients), heart failure (7, 5 patients), angina pectoris or
myocardial infarction (3, 2 patients), and cerebral infarc-
tion (2, 3 patients) (CRP levels < 0.58 mg/dL,>0.58 mg/dL,
respectively). Patient comorbidities associated with other
tumors were as follows: esophageal cancer (2, 2 patients)
and colorectal cancer (1, 3 patients) (CRP levels < 0.58 mg/
dL, >0.58 mg/dL, respectively). The other comorbidities
associated with CRP level were as follows: rheumatoid
arthritis (2, 1 patients), Behcet’s disease (2, 1 patients),
and systemic lupus erythematosus (1, 1 patients) (CRP lev-
els <0.58 mg/dL, >0.58 mg/dL, respectively).

The clinical variables of patients at the time of diagno-
sis are presented in Supplementary Table 3. Hemoglobin
and hematocrit levels were significantly lower in the higher
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Table 2 Factors affecting

. . Univariate Multivariate
overall survival among patients
with low-risk myelodysplastic n HR P HR P
syndromes based on the (95% CI) (95% CI)
international prognostic scoring
system CRP level <0.58 mg/dL 62 1 <0.001 1 <0.001
(reference) (reference)
>0.58 mg/dL 28 17.63 18.22
(5.83-53.28) (5.64-58.84)
LDH level <reference range 50 1 0.02 1 0.01
(reference) (reference)
>reference range 40 2.84 3.46
(1.16-6.94) (1.38-8.65)
Percentage of blasts (BM) <2% 61 1 0.008 1 0.04
(reference) (reference)
>2% 29 2.90 2.52
(1.27-6.60) (1.06-5.95)
Age (years) <65 21 1 0.11
(reference)
>65 69 2.68
(0.79-9.03)
Neutrophils >800/uL 75 1 0.27
(reference)
< 800/uL 15 1.73
(0.64-4.69)
Hemoglobin >10.0 g/dL 25 1 0.09
(reference)
<10.0 g/dL 65 2.49
(0.84-7.38)
Platelet >100,000/uL 51 1 0.89
(reference)
< 100,000/uL 39 1.06
(0.46-2.42)
Scoring of chromosomes <2 74 1 0.70
subtypes based on (reference)
IPSS-R
>2 16 1.27
(0.38-4.33)

Chromosome subtype-based IPSS-R: very good (0 points), good (1 point), intermediate (2 points), poor (3

points), and very poor (4 points)

CI confidence interval, HR hazard ratio, CRP C-reactive protein, LDH lactate dehydrogenase, BM bone
marrow, [PSS-R revised international prognostic scoring system

CRP group (P=0.02, P=0.02, respectively). There were
no significant differences in the other clinical variables
(white blood cell count, neutrophil count, mean corpuscu-
lar volume, mean corpuscular hemoglobin, mean corpus-
cular hemoglobin concentration, reticulocyte count, red
cell distribution width, platelet count, and LDH, aspartate
aminotransferase, alanine aminotransferase, and creatinine
levels) between the groups.

Clinical courses
Patient treatments and main causes of death are presented

in Table 1. Azacitidine was administered to 19 patients.
The 17 patients that converted from low-risk MDS to

high-risk MDS were treated with azacitidine. Only 2
patients with low-risk MDS (CRP level <0.58 mg/dL)
were treated with azacitidine at the discretion of the
attending physician. Seven of the 19 patients who were
administered azacitidine progressed to AML and 10 died.
Lenalidomide was administered to 4 patients. Immunosup-
pressive therapy was administered to 7 patients. Erythro-
poietin was administered to 17 patients. Combined chemo-
therapy was administered to 9 patients that converted from
low-risk MDS into AML. All the 5 who were administered
chemotherapy alone died, 2 died after allogeneic stem cell
transplant, and 2 survived long-term after allogeneic stem
cell transplant. Allogeneic stem cell transplant was per-
formed in 5 patients, including 1 patient with high-risk
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MDS and 4 patients with AML. Three of the 5 patients
had long-term survival and 2 died.

Eighteen patients progressed to high-risk MDS
(observed in 9 and 9 patients with CRP levels <0.58 mg/
dL and > 0.58 mg/dL, respectively). The conversion from
low-risk to high-risk MDS was confirmed by decreased
blood counts, elevated blast count, and change in cytogen-
esis. For all 3 (2, 2 patients); for decreased blood count and
elevated blast count (2, 2 patients); for decreased blood
count (including based only on IPSS-R) (3, 2 patients);
and for elevated blast count (2, 3 patients) (with CRP lev-
els <0.58 mg/dL, >0.58 mg/dL, respectively). Ten patients
progressed to AML (observed in 4 and 6 patients with
CRP levels <0.58 mg/dL, >0.58 mg/dL, respectively). In
the <0.58 mg/dL CRP group, 2 patients with MDS with sin-
gle lineage dysplasia, 1 patient with MDS with multilineage
dysplasia, and 1 patient with MDS with ring sideroblasts
and multilineage dysplasia at initial diagnosis progressed
to AML. In the >0.58 mg/dL CRP group, 1 patient with
MDS with single lineage dysplasia, 1 patient with MDS with
multilineage dysplasia, and 4 patients with MDS with excess
blasts-1 at initial diagnosis progressed to AML. Higher CRP
level (>0.58 mg/dL) was not associated with progression to
high-risk MDS (HR: 2.79, 95% C1 0.96-8.07, P =0.06), but
was associated with progression to AML (HR: 3.95,95% CI
1.02-15.36, P=0.04).

During the observation period, 23 patients died (including
5 and 18 patients with CRP levels <0.58 mg/dL, >0.58 mg/
dL, respectively). The main cause of death related to MDS
was classified into organ dysfunction by expanding blasts,
infection, and bleeding. In 16 patients, the main cause of
death was related to MDS (observed in 3 and 13 patients
with CRP levels < 0.58 mg/dL, > 0.58 mg/dL, respectively).
In 7 patients, the main cause of death was unrelated to MDS
(observed in 2 and 5 patients with CRP levels <0.58 mg/
dL,>0.58 mg/dL, respectively): heart failure (n=23;
observed in 1 and 2 patients with CRP levels <0.58 mg/
dL,>0.58 mg/dL, respectively), graft-versus-host disease
after allogeneic stem cell transplant (n=1), colon cancer
(n=1), asphyxia (n=1), and thyroid crisis (n=1). The
patient that died of graft-versus-host disease had no pro-
gression of MDS.

Discussion

The present findings suggest that CRP levels might be
prognostically useful in assessing patients with low-risk
MDS, alongside factors defined by the IPSS or IPSS-R. In
the present study, in addition to known prognostic factors,
such as increased LDH level and percentage of blasts in
the bone marrow, patients with low-risk MDS with serum
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CRP levels >0.58 mg/dL at diagnosis presented with an OS
shorter than that in their counterparts.

Our study reveals that a high CRP level is characteristic
of low-risk MDS, suggesting that the assessment of inflam-
mation can benefit the clinical management of patients with
MDS. The hemoglobin and hematocrit levels were signifi-
cantly lower in the higher CRP group. Higher CRP level
tended to be associated with progression to AML. This sug-
gests that high CRP levels might be associated with anemia
caused by chronic inflammation and decreased availability
of iron and reflect clonal hematopoiesis of the pre-phase of
pancytopenia in peripheral blood or an increase of blasts in
bone marrow. Of note, there are many factors that lead to
high CRP levels, which are involved in infection, inflamma-
tion, tissue damage, and even in development of malignant
neoplasms. In this study, the comorbidities at the time of
diagnosis of low-risk MDS obtained from medical records
did not differ between the higher and lower CRP groups.
None of the patients presented with severe infection at the
time of diagnosis. The high CRP level characteristic of low-
risk MDS might suggest that one of the reasons why patients
with elevated CRP levels have poor prognosis is the progres-
sion of clonal hematopoiesis or AML. In clinical manage-
ment, patients with higher CRP levels should be carefully
monitored as a group with a possibility of poor prognosis
in low-risk MDS, while confirming other potential causes
of high CRP.

The association between inflammation and hematopoiesis
has been previously reported. Previous studies have revealed
that an aberrant plasma cytokine profile is associated with
both the pathological process and prognosis of MDS [8, 15,
16], which is in agreement with our study. Accumulating
evidence indicates a close link between inflammation and
hematopoiesis in the hematopoietic microenvironment. A
study revealed aberrant expression of cytokines such as
TNF and interferon by bone marrow cells in MDS patients,
suggesting that the disruption of hematopoiesis in MDS
might be related to the production of these cytokines [17].
Another study with an experimental mouse model has shown
the anti-inflammatory function of Tet2 [18], and its associ-
ated mutation is frequently found in clonal hematopoiesis in
MBDS [19]. The inflammatory microenvironment of the bone
marrow in MDS patients may result in the deterioration of
clonal hematopoiesis, leading to ineffective hematopoiesis.
The inflammatory microenvironment of the bone marrow
might play a role in the process of clonal hematopoiesis.
The assumption that serum CRP level is associated with an
inflammatory microenvironment of the bone marrow may
explain the shorter survival of patients with increased CRP
levels.

A recent study has demonstrated an association between
clonal hematopoiesis and inflammation. The subjects with
clonal hematopoiesis of indeterminate potential (CHIP) had
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higher levels of high-sensitivity CRP than those without
CHIP [20]. The most common mutations associated with
clonal hematopoiesis are in DNMT3A, TET2, and ASXLI
[21], and these somatic mutations are early events in MDS
and AML [22]. At the stage of CHIP before MDS, inflamma-
tion can be detected by high-sensitivity CRP. A previously
study showed that driver mutation concerning CHIP was
a poor prognostic factor in MDS. Larger clones in MDS
patients with type-2 mutations including TET2 and ASXLI
were associated with a significantly shorter overall survival
[23]. Mutations in DNMT3A [24] and ASXLI [25] are pre-
dictors of poor overall survival in patients with MDS. Our
study is consistent with this association between clonal
hematopoiesis and inflammation.

However, clonal hematopoiesis cannot fully explain why
patients with elevated CRP levels in low-risk MDS have a
poor prognosis. In our analysis, causes of death included
those other than the progression of MDS. A recent study
revealed that the presence of these somatic mutations, such
as in DNMT3A, TET2, and ASXLI, are associated with
increased risks of hematological malignancy, all-cause
mortality, incident coronary heart disease, and ischemic
stroke in patients with CHIP [21, 26]. It also revealed that
clonal hematopoiesis accelerates heart failure [27]. Another
study revealed that patients with MDS who may have clonal
hematopoiesis are more likely to die of cardiovascular dis-
ease (CVD) than the general population, and low-risk MDS
patients are at particularly high risk of death by CVD [28].
Moreover, the complications of CVD, arteriosclerosis, or
heart failure might be detrimental to the treatment of MDS
or infection. In this study, high CRP levels indicate poor
prognosis, due to the progression of MDS or non-hemato-
logical comorbidity. Therefore, this study presents evidence
that serum CRP levels may be useful in the clinical manage-
ment of MDS by managing both MDS and non-hematolog-
ical comorbidities.

The present study has the following limitations. First, we
did not investigate the genetic mutations. Second, this study
did not fully account for all factors associated with inflam-
mation. Since this was a retrospective study, the comorbidi-
ties at diagnosis were limited to the information obtained
from medical records. Third, we could not evaluate the cor-
relation between post-treatment CRP levels and therapeutic
effect because there are many factors affecting CRP level,
such as infections or concomitant medications. Furthermore,
this was an exploratory study with a relatively small sample
size. Future studies should involve larger samples to validate
the present findings and confirm their clinical relevance. The
question of how to preventively intervene for non-hemato-
logical diseases in patients with MDS remains.

In conclusion, the present study findings suggest that
increased CRP levels are associated with poor prognosis
in patients with low-risk MDS. Furthermore, the serum

CRP levels may be classified for patients who are carefully
managed for clonal hematopoiesis and non-hematological
comorbidities in patients with low-risk MDS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12185-021-03187-7.
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