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A B S T R A C T
Myelodysplastic syndrome (MDS) is a highly heterogeneous clonal hematopoietic disorder. Allogeneic hematopoi-
etic stem cell transplantation (HSCT) remains the only curative treatment and is of particular interest in patients at
high risk for progression to acutemyeloid leukemia (AML). In MDS, CD34+/CD38� cells possess MDS stem cell poten-
tial, and secondary AML (sAML) clones originate from the MDS disease stage. However, the prognostic impact of the
pretreatment stem cell population burden in MDS remains unknown. We retrospectively analyzed the prognostic
impact of the pretreatment CD34+/CD38� cell burden in 124 MDS patients who received allogeneic HSCT at our
institution. A high pretreatment bone marrow CD34+/CD38� cell burden (�1%) was associated with worse genetic
risk and a higher incidence of blast excess. Patients with a high CD34+/CD38� cell burden had a significantly higher
cumulative incidence of MDS relapse, a higher cumulative incidence of secondary AML, and a trend for shorter over-
all survival after allogeneic HSCT. In multivariable analyses this prognostic impact was shown to be independent of
other clinical and cytogenetic risk factors in MDS. Patients suffering MDS relapse or progression to AML also had a
higher pre-treatment CD34+/CD38� cell burden as a continuous variable. The observed prognostic impact is likely
mediated by MDS stem cells within the CD34+/CD38� cell population initiating MDS relapse or progression to AML.
New therapeutic strategies targeting MDS stem cells might improve outcomes.
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INTRODUCTION
Myelodysplastic syndromes (MDS) and myelodysplastic/

myeloproliferative neoplasm (MDS/MPN) are heterogeneous
clonal hematopoietic disorders resulting in inefficient hemato-
poiesis and a variable progression risk to secondary acute mye-
loid leukemia (AML) [1-3]. At diagnosis, the International
Prognostic Scoring System (IPSS) [1] and the revised interna-
tional prognostic scoring system (IPSS-R) [2] are commonly
used to estimate disease aggressiveness for subsequent thera-
peutic decision-making. Allogeneic hematopoietic stem cell
transplantation (HSCT) remains the only curative treatment
option for MDS patients and is of particular interest in high-
risk disease [4]. Retrospective analyses suggested survival
advantages for high-risk MDS patients receiving HSCT com-
pared with alternative treatment options such as hypomethy-
lating agents [5,6]. With the introduction of conditioning
regimens with reduced intensity, allogeneic HSCT became
available for older or comorbid individuals who represent the
majority of MDS patients [4,7]. In AML patients leukemic stem
cells are believed to be responsible for disease initiation and
relapse [8,9]. Similar to healthy HSCs, most AML stem cells
reside within the immature bone marrow CD34+/CD38� cell
population [8-10].

A high diagnostic burden of CD34+/CD38� cells is known to
provide prognostic information in AML patients because it
independently associated with worse outcome [11-13]. HSCs
were also reported as the origin of the disease in low-risk MDS
[14,16-19], whereas in MDS progressing to secondary AML
MDS-initiating clones were shown to persist in secondary AML
[14,15]. Furthermore, the bone marrow CD34+/CD38� cell
compartment was described to harbor most MDS-initiating
cells [14,16,20,21]. Some studies showed a correlation
between a high expression of the immature surface antigens
CD34 and CD117 and worse outcomes in MDS patients in bone
marrow [22,23] or peripheral blood [24]. Especially high CD34
expression was linked to a high proportion of immature MDS
bone marrow cells, high-risk MDS, poor IPSS risk groups, and
worse genetic risk [22,23,25-27]. However, data on the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbmt.2019.03.022&domain=pdf
mailto:madlen.jentzsch@medizin.uni-leipzig.de
https://doi.org/10.1016/j.bbmt.2019.03.022
https://doi.org/10.1016/j.bbmt.2019.03.022
https://doi.org/10.1016/j.bbmt.2019.03.022
http://www.bbmt.org


M. Jentzsch et al. / Biol Blood Marrow Transplant 25 (2019) 1560�1566 1561
prognostic utility of the highly immature CD34+/CD38� cell
burden in MDS patients remain sparse. Only one study
described an association of a high fraction of CD34+/intermedi-
ate forward-scatter/sideward-scatter/CD38dim cells with poor
IPSS risk and suggested a correlation with disease progression
in a small cohort of eleven MDS patients [28]. Thus, the main
objective of our study is to assess the prognostic impact of the
bone marrow CD34+/CD38� cell burden in a larger set of MDS
patients before initiation of therapy followed by an allogeneic
HSCT as curative treatment.

METHODS
Patient Population

We retrospectively analyzed 124 consecutive adult patients diagnosed
with MDS (n=107, 86%) or MDS/MPN (n=17, 14%) who received an allogeneic
HSCT at our institution between January 2003 and September 2017. Median
age at HSCT was 61.3 years (range, 22.2 to 74.4). For all patients bone marrow
aspirates for flow cytometric analyses were collected 0 to 110 months after
MDS diagnosis. Patients received no cytoreductive treatment for their MDS
before sample collection. Patients were grouped according to the IPSS and
IPSS-R risk groups before initiation of treatment [1,2]. Further patient charac-
teristics are shown in Table 1 and Supplementary Table S1. Median follow-up
of surviving patients after HSCT was 4.3 years (range, .2 to 13.6) for patients
alive. Written informed consent for all individuals was obtained in accor-
dance with the Declaration of Helsinki.

Treatments
Median time from assessment of the pretreatment CD34+/CD38� cell bur-

den to allogeneic HSCT was 128 days (range, 4 to 1218). Fifty-four patients
(44%) received a reduced-intensity (RIC) conditioning before HSCT that con-
sisted of fludarabine with busulfan (n = 49) or treosulfan (n = 5) [29,30]. Sev-
enty patients (56%) received non-myeloablative (NMA) conditioning that
consisted of fludarabine with 2 Gy (n = 68) or 3 Gy (n = 2) total body irradia-
tion [7]. All patients received granulocyte colony-stimulating factor�mobi-
lized peripheral blood stem cells on day 0. Donors were either HLA-matched
related (n = 17, 14%), HLA-matched unrelated (n = 69, 56%), or had at least
one HLA allelic mismatch (n = 38, 31%). Seventy-three patients (59%) received
additional cytoreductive treatment before HSCT. Additional treatment before
HSCT was administered to patients with a bone marrow blast count exceed-
ing 10% or in patients with intermediate-2 or high-risk IPSS as bridging to
HSCT or according to patient choice. Treatments consisted of either hypome-
thylating agents (25%), intensive chemotherapy (24%), or both (10%). For fur-
ther details regarding the applied therapy protocols, see Supplemental
Material. Median time from MDS diagnosis to allogeneic HSCT was 7 months
(range, 1 to 114).

Healthy Control Subjects
Bone marrow aspirates of 51 healthy individuals were analyzed as

healthy age-matched control subjects. Median age of the healthy control sub-
jects was 57.1 years (range, 50.1 to 75.3). Written informed consent for all
healthy individuals was obtained in accordance with the Declaration of Hel-
sinki.

Flow Cytometry
For all samples mononuclear bone marrow cells were assessed for surface

expression of CD34, CD38, and CD34/CD38 as previously described [13]. For
all patients (n=124), the CD34+/CD38� cells were assessed before initiation of
treatment. Additionally, we evaluated the CD34+/CD38� cell burden in 73
patients up to 30 days before HSCT (median, 20 days; range, 4 to 30) and in
85 patients 28 days after HSCT (median, 28 days; range, 24 to 32).

Cut-Off Point Definition for Pre-treatment CD34+/CD38� Cell Burden
Using R’s “Optimal Cutpoints” package [31], an optimal cut-off of 1% pre-

treatment bone marrow CD34+/CD38� cells was assessed to differentiate
patients according to their relapse probability (Supplementary Figure S1).

Definition of Clinical Endpoints and Statistical Analysis
All statistical analyses were performed using the R statistical software

platform (version 3.4.3) [32]. Cumulative incidence of relapse (CIR) was calcu-
lated from HSCT to morphologic relapse. Cumulative incidence of secondary
AML (CIsAML) was calculated from HSCT to development of secondary AML.
CIR and CIsAML were calculated considering their competing risks (non-
relapse mortality and non-AML mortality, respectively) using the Fine and
Gray model [33]. Overall survival (OS) was calculated from HSCT to death
from any cause. Survival estimates were calculated using the Kaplan-Meier
method, and groups were compared with a log-rank test. Associations were
compared using the Kruskal-Wallis test and Fisher’s exact test for continuous
and categorical variables, respectively.
RESULTS
CD34+/CD38� Cells in MDS Patients and Healthy Control
Subjects

MDS or MDS/MPN patients had a median bone marrow pre-
treatment CD34+/CD38� cell burden of .4% (range, 0% to 16%).
This was significantly higher than the bone marrow CD34+/
CD38� cell count of the healthy control subjects (median, .2%;
range, 0% to 0.8%; P = .003) (Supplementary Figure S2).

Prognostic Impact of a High Pretreatment CD34+/CD38� Cell
Burden

Regarding the pretreatment CD34+/CD38� cell burden as a
continuous variable, a significantly higher pretreatment
CD34+/CD38� cell burden was observed in patients suffering
relapse or progression after HSCT (P = .005) as well as in
patients developing a secondary AML (P = .002) compared with
patients remaining in remission. For further analyses the
defined optimal 1% cut-off (Supplementary Figure S1) was
used to divide the cohort into patients with a high (n = 42,
34%) or low (n = 82, 66%) pretreatment CD34+/CD38� cell bur-
den. A high pretreatment CD34+/CD38� cell burden was associ-
ated with a significantly higher CIR (P < .001; Figure 1A) and a
significantly higher CIsAML (P = .004; Figure 1B). Despite a sep-
aration of the curves, OS did not significantly differ between
patients with high or low pretreatment CD34+/CD38� cell bur-
den (P = .12; Figure 1C).

Three years after HSCT, CIR was 48% (95% confidence interval
[CI], 30% to 63%) versus 18% (95% CI, 10% to 27%), CIsAML was
32% (95% CI, 17% to 47%) versus 9% (95% CI, 4% to 17%), and OS
was 49% (95% CI, 35% to 69%) versus 64% (95% CI, 54% to 76%) in
patients with a high or low pretreatment CD34+/CD38� cell bur-
den, respectively. In multivariable analyses a high pretreatment
CD34+/CD38� cell burden remained an independent factor for
higher CIR after adjustment for IPSS-R genetic risk; for higher
CIsAML after adjustment for IPSS-R genetic risk, age at HSCT,
and HLA match; and for shorter OS after adjustment for pre-
HSCT bone marrow blast count, HLA match, and donor type
(Table 2). A high pretreatment CD34+/CD38� cell burden was
also associated with worse outcome when we excluded patients
with MDS/MPN from our analysis (CIR, P = .004; CIsAML,
P = .003; OS, P = .08) (Supplementary Figure S3).

Associations of a High Pretreatment CD34+/CD38� Cell
Burden

A high pretreatment CD34+/CD38� cell burden was associ-
ated with a higher bone marrow expression of surface antigens
indicating myeloid differentiation (CD13, P < .001, and CD33,
P < .001) and a higher bone marrow expression of the imma-
ture surface antigens CD34 (P < .001) and CD117 (P < .001). All
patients with a high pretreatment CD34+/CD38� cell burden
(n = 42, 100%) had an excess of blasts in bone marrow (�5%)
and/or peripheral blood (�1%) compared with 59 patients
(72%) with a low CD34+/CD38� cell burden (P < .001). Patients
with a high pretreatment CD34+/CD38� cell burden were sig-
nificantly more likely to have received cytoreductive treatment
before HSCT (76% versus 51%, P = .007) than patients with a low
pretreatment CD34+/CD38� cell burden. A high pretreatment
CD34+/CD38� cell burden was significantly associated with an
abnormal karyotype (P = .04), complex karyotype (P = .002),
and monosomal karyotype (P = .004). Furthermore, a high pre-
treatment CD34+/CD38� cell burden was associated with
worse IPSS and IPSS-R genetic risk (P< .001 and P = .02, respec-
tively) and with worse risk groups according to IPSS and IPSS-R
(P < .001 and P = .03, respectively; Table 1 and Supplementary
Table S1).



Table 1
Clinical, Genetic, and HSCT-Related Characteristics of MDS Patients Treated with HSCT according to the retreatment CD34+/CD38� Cell Burden (High versus Low,
1% Cut, n=124)

All Patients
(n=124)

Low pretreatment BM
CD34+/CD38� Cell
Burden (n = 82)

High Pre-treatment BM
CD34+/CD38� Cell
Burden (n = 42)

P

Pre-treatment characteristics

Pretreatment BM CD34+/CD38� cell burden, % <.001

Median .4 .2 2.65

Range 0-16 0-.9 1-16

Sex, n (%) .13

Male 71 51 (62) 20 (48)

Female 53 31 (38) 22 (52)

WHO 2008 classification, n (%) NA

MDS

RA 15 15 (18) 0 (0)

RCMD 8 8 (10) 0 (0)

del(5q) 1 1 (1) 0 (0)

RAEB 1 29 19 (23) 10 (24)

RAEB 2 54 28 (34) 26 (62)

MDS/MPN

CMML1 6 8 (7) 0 (0)

CMML2 8 4 (5) 4 (10)

MDS/MPN-U 3 1 (1) 2 (5)

Disease, n (%) 1

MDS 107 71 (87) 36 (86)

MDS/MPN 17 11 (13) 6 (14)

Blast excess, n (%) <.001

No 23 23 (28) 0 (0)

Yes 101 59 (72) 42 (100)

Disease origin, n (%) .51

Secondary 30 18 (22) 12 (29)

De novo 94 64 (78) 30 (71)

IPSS-R score, n (%) .03

Very low 0 0 (0) 0 (0)

Low 9 7 (9) 2 (5)

Intermediate 35 29 (38) 6 (15)

High 36 16 (26) 10 (26)

Very high 45 24 (32) 21 (54)

IPSS-R genetic risk, n (%) .02

Very good 4 3 (4) 1 (3)

Good 58 43 (52) 15 (38)

Intermediate 16 14 (17) 2 (5)

Poor 17 11 (13) 6 (15)

Very poor 26 11 (13) 15 (38)

Normal karyotype, n (%) .04

Absent 77 47 (57) 30 (77)

Present 44 35 (43) 9 (23)

Complex karyotype, n (%) .002

Absent 83 70 (85) 23 (59)

Present 28 12 (15) 16 (41)

Monosomal karyotype, n (%) .004

Absent 87 65 (81) 22 (55)

Present 33 15 (19) 18 (45)

HSCT related characteristics

Age at HSCT, yr .82

Median 61.3 61.3 61.3

Range 22.2-74.4 22.2-74.4 47.1-69.1

Therapy before HSCT, n (%) .007

MDS untreated 50 40 (49) 10 (24)

MDS treated 73 41 (51) 32 (76)

Hypomethylating agents alone 31 21 (26) 10 (24) .13

(continued)
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Table 1 (Continued)

All Patients
(n=124)

Low pretreatment BM
CD34+/CD38� Cell
Burden (n = 82)

High Pre-treatment BM
CD34+/CD38� Cell
Burden (n = 42)

P

AML chemotherapy alone 30 16 (20) 14 (33)

Both 12 4 (5) 8 (19)

HCT-CI score, n (%) .66

0 28 20 (25) 8 (20)

1/2 34 23 (29) 11 (27)

�3 58 36 (46) 22 (53)

BM blasts before HSCT, n (%) .66

�10% 119 79 (96) 37 (95)

�10% 5 3 (4) 2(5)

Pre-HSCT CD34§/CD38� cell burden, n (%) �.001
Low (�1%) 56 46 (96) 10 (40)

High (�1%) 17 2 (4) 15 (60)

Conditioning regimens, n (%) .85

Reduced intensity 54 35 (43) 19 (45)

Non-myeloablative 70 47 (57) 23 (55)

HLA allelic match, n (%) .15

Matched 86 53 (65) 33 (79)

Mismatched 38 29 (35) 9 (21)

Donor type, n (%) .79

Related 17 12 (15) 5 (12)

Unrelated 107 70 (85) 37 (88)

Donor sex, n (%) .75

Female into male 106 70 (91) 36 (88)

All others 12 7 (9) 5 (12)

CMV risk, n (%) .54

No high risk 77 49 (64) 28 (70)

High risk 40 28 (36) 12 (30)

BM indicates bone marrow; CMML, chronic myelomonocytic leukemia; CMV, cytomegalovirus; HCT-CI, hematopoietic cell transplant�specific comorbidity index;
HSCT hematopoietic stem cell transplantation; RAEB, refractory anemia with excess blasts; RCMD, refractory cytopenia with multilineage dysplasia; WHO, World
Health Organization.
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Subgroup Analyses for Patients with Blast Excess Before
Therapy

Because of the strong association of a high CD34+/CD38�

cell burden and an excess of blasts, we performed subgroup
analyses for patients presenting with an excess of blasts
before therapy (n = 101). Here, similar associations as in the
whole patient cohort were observed (Supplementary Table
S2). In patients with an excess of blasts before therapy, a
high pretreatment CD34+CD38� cell burden was also
Figure 1. Outcome according to the pretreatment bone marrow CD34+/CD38� cell b
patient cohort (N = 128).
associated with a significantly higher CIR (P = .002;
Figure 2A), higher CIsAML (P = .004; Figure 2B), but no signifi-
cantly different OS (P = .21; Figure 2C), which was also inde-
pendent from other variables in multivariable analyses
(Supplementary Table S3). The presence versus absence of an
excess of blasts in patients with a low pretreatment CD34+/
CD38� cell burden (23 [19%] versus 69 [56%]) did not impact
any of the analyzed endpoints (CIR, P = .42; CIsAML, P = .23;
OS, P = .21; Figure 2A-C).
urden (high versus low, 1% cut). (A) CIR, (B) CIsAML, and (C) OS of the entire



Table 2
Multivariable Analyses

CIR CIsAML OS

HR (95% CI) P HR (95% CI) P Odds Ratio* (95% CI) P

Pretreatment BM CD34+/CD38� cell burden (high vs. low, 1% cut) 2.88 (1.37-6.06) .005 3.13 (1.23-7.99) .02 .47 (.26-.84) .01

IPSS-R genetic risk 1.36 (1.01-1.83) .04 1.43 (1.02-2.02) .04 — —

Age at HSCT, yr — — 1.11 (1.02-1.18) .01 — —

Pre-HSCT BM blasts (<10% vs. >10%) — — — — 5.88 (1.96-16.67) .001

HLA match (allelic MM vs. match) — — .24 (.06-1.02) .05 .34 (.18-.64) <.001

Donor type (unrelated vs. related) — — 3.23 (1.45-7.14) .004

Variables considered in the models were those significant at a = .20 in univariable analyses. For CIR endpoint, variables considered were pretreatment CD34+/CD28�

cell burden (high vs. low, 1% cut), age at HSCT, blast excess (absent vs. present), IPSS-R genetic risk, donor sex (female into male vs. all others), and HLA match (allelic
MM vs. match). For CIsAML endpoint, variables considered were CD34+/CD28� cell burden (high vs. low, 1% cut), age at HSCT, blast excess (absent vs. present), IPSS-R
genetic risk, pre-HSCT BM blast count (<10% vs. �10%), and HLA match (allelic MM vs. match). For OS endpoint, variables considered were CD34+/CD38� cell burden
(high vs. low, 1% cut), IPSS-R genetic risk, pre-HSCT BM blast count (<10% vs. �10%), HLA match (allelic MM vs. match), and donor type (unrelated vs. related). HR
indicates hazard ratio; MM, mismatch.
* Less than 1 (>1) indicate lower (higher) risk for an event for the first category listed for the dichotomous variables.
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Pretreatment CD34+/CD38� Cell Burden in the Context of IPSS-
R Risk Groups

Because the IPSS-R is known to provide prognostic informa-
tion in MDS patients [2], we aimed to evaluate if the pretreat-
ment CD34+/CD38� cell burden allows additional risk
stratification. In a separate analysis of patients with low or
intermediate IPSS-R risk, a high CD34+/CD38� cell burden was
associated with a significantly higher CIR (P < .001; Figure 3A),
a higher CIsAML (P = .003; Figure 3B), but similar OS (P = .73;
Figure 3C). In patients with a high or very high IPSS-R risk, a
higher pre-treatment CD34+/CD38� cell burden was associated
with higher CIR (P = .05; Figure 3A), higher CIsAML (P = .03;
Figure 3B), and a shorter OS (P = .02; Figure 3C).
Figure 2. Outcome according to the pretreatment bone marrow CD34+/CD38� cell bur
(B) CIsAML, and (C) OS of the entire patient cohort (N = 124).

Figure 3. Outcome according to the pretreatment bone marrow CD34+/CD38� cell bu
versus high or very high) (n = 115). (A) CIR. (B) CIsAML. (C) OS.
CD34+/CD38� Cell Burden during Disease Course
We observed no prognostic impact of the pre-HSCT CD34+/

CD38� cell burden or the CD34+/CD38� cell burden evaluated
28 days after HSCT. However, these analyses are limited by
restricted sample sizes (n = 73 and n = 85, respectively) and
heterogeneous cytoreductive treatments before HSCT. For a
detailed analysis, see Supplemental Material and Supplemen-
tary Figures S4 and S5.

DISCUSSION
Similar to healthy hematopoiesis, primitive CD34+/CD38�

stem cells have been identified as the disease-initiating cells in
MDS [10,14,16,21,34]. CD34+/CD38� cells have been shown to
den (high versus low, 1% cut) in relation to the existence of blast excess. (A) CIR,

rden (high versus low, 1% cut) and the IPSS-R risk group (low or intermediate
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contain MDS founding mutations [14,16,21], which also per-
sisted in individuals progressing to secondary AML. Thus, MDS
seems to be as clonal as AML irrespective of the blast count at
MDS diagnosis [15]. MDS stem cells were also shown ineffec-
tive in reconstituting normal hematopoiesis in mice, explain-
ing the frequently occurring cytopenias [20].

Hypomethylating agents represent the most frequently used
treatment option for MDS patients but fail to eradicate the MDS
founding clone [35]. In contrast, an allogeneic HSCT may have
the potential to eradicate MDS stem cells [35] and remains the
only curative treatment option for MDS patients [4]. In this con-
text, identification of MDS patients with a high risk for MDS
relapse or consecutive progression to secondary AML after allo-
geneic HSCT seems crucial to improve outcomes. In AML
patients a high burden of leukemic stem cells at diagnosis is
known to be associated with adverse outcomes, irrespective of
chemotherapy- or HSCT-based treatment approaches [11-13].
Thus, we speculated that a high burden of MDS stem cells before
initiation of therapy might also be a prognostic factor in MDS
patients who receive curative treatment by applying allogeneic
HSCT. Monreal et al. [28] suggested a higher incidence of disease
progression in patients with a high fraction of CD34+/intermedi-
ate forward-scatter/sideward-scatter/CD38dim cells in a cohort
of 11 individuals, but no other study analyzed the prognostic
impact of the CD34+/CD38� cell burden in MDS patients. Two
studies correlated the expression of immature surface antigens
with MDS patient outcome. An increased risk of sAML and
shorter OS was shown for a portion of more than 1% bone mar-
row myeloid CD34+ cells alone and additionally to the IPSS-R
intermediate risk group in 260 MDS patients without disease-
modifying treatment [23]. A second study that excluded chronic
myelomonocytic leukemia patients showed that not only a high
bone marrow expression of CD34 (3% and higher) but also the
immature surface antigen CD117 (5% and higher) were associ-
ated with shorter OS and leukemia-free survival [22].

Analyzing these cut-offs in our patient population, only the
CD34 expression was associated with outcome (Supplemen-
tary Figure S4). However, comparison with the Bayesian infor-
mation criterion identified the model including the CD34+/
CD38� cell burden as the preferred model over CD34 expres-
sion alone (Supplementary Table S4). We observed a signifi-
cantly higher CIR and a strikingly higher CIsAML in patients
with a high pretreatment CD34+/CD38� cell burden but,
despite a separation of the survival curve, no significantly dif-
ferent OS. A high bone marrow expression of CD34+/CD38dim

and/or high CD34+ cells have been previously associated with
parameters with known dismal impact on outcome as refrac-
tory anemia with excess blast MDS subtypes, higher blast
counts, higher IPSS and IPSS-R risk, and worse cytogenetic risk
[22,28,37]. Similar associations were observed for MDS
patients with a high pretreatment CD34+/CD38� cell burden in
our study. However, in multivariable analyses the observed
prognostic impact was independent from other clinic and
genetic factors for all 3 analyzed endpoints. The presence of a
monosomal or complex karyotype has a highly dismal prog-
nostic impact in MDS patients [38,39] and is also associated
with the presence of a high pretreatment CD34+/CD38� cell
burden in our study. In bivariable analyses of the pretreatment
CD34+/CD38� cell burden and a monosomal or complex karyo-
type, a high pretreatment CD34+/CD38 cell burden retained its
impact on CIR and CIsAML (Supplementary Tables S5 and S6).

Because of the strong association of the pretreatment CD34+/
CD38� cell burden with the presence of an excess of blasts, we
also analyzed outcome according to both parameters separately.
Here, a high pre-treatment CD34+/CD38� cell burden and not
the mere presence of an excess of blasts before initiation of ther-
apy was the main prognostic factor. Finally, we evaluated
whether the pre-treatment CD34+/CD38� cell burden provided
prognostic information additionally to the IPSS-R. Because of
restricted patient numbers the IPSS-R low- and intermediate-
risk groups and the high- and very-high-risk groups were ana-
lyzed together. Despite the strong prognostic influence of the
IPSS-R in our patient group, a high pre-treatment CD34+/CD38�

cell burden identified patients with a higher CIR and CIsAML,
irrespective of their IPSS-R category. Previously, our group
showed in AML patients undergoing allogeneic HSCT a signifi-
cantly shorter leukemia-free survival and shorter OS for individ-
uals with a CD34+/CD38� cell burden � 6% at diagnosis [13].
Applying this cut-off in our MDS patients set, we observed a
clear separation in all survival curves with the highest impact in
CIsAML (Supplementary Figure S7). Of the seven patients with a
pre-treatment CD34+/CD38� cell burden � 6% surviving longer
than 100 days after HSCT, four developed a secondary AML after
HSCT.

Because dose intensities differ between RIC and NMA-HSCT,
we also performed separate analyses for both conditioning
regimens. The pretreatment CD34+/CD38� cell burden had the
strongest prognostic impact in the 70 MDS patients receiving
NMA-HSCT (Supplementary Figure S8D-E). Despite a separa-
tion of the CIR and CIsAML curves, outcome was not signifi-
cantly different between the 54 patients with a high or a low
pretreatment CD34+/CD38� cell burden after RIC- HSCT (Sup-
plementary Figure S8A-C). Although these analyses are
restricted because of limited patient numbers, they indicate
that the more intensive RIC conditioning might provide better
disease control in patients with a high pretreatment CD34+/
CD38� cell burden.

Taken together, our data suggest that evaluation of the pre-
treatment CD34+/CD38� cell burden provides prognostic infor-
mation additionally to other prognostic factors. Our study is
limited by its restriction to patients receiving allogeneic HSCT
and its retrospective character, and our findings should be vali-
dated in larger prospective analyses. Also, increased expression
of genes related to immature progenitors and several gene
mutations have been shown to adversely influence MDS
patient outcome [36,40,41]. Unfortunately, material for further
molecular analyses was not available for our patient set, and
further studies are needed to evaluate the pretreatment
CD34+/CD38� cell burden in the context of the mutational
landscape in MDS.

In conclusion, we observed a strong association of a high
pretreatment CD34+/CD38� cell burden with high-risk disease
features in MDS patients. However, evaluation of the pretreat-
ment MDS stem cell burden by the CD34+/CD38� cells pro-
vided independent prognostic information additionally to
IPSS-R risk categories and the presence of blast excess and
monosomal or complex karyotypes in patients receiving an
allogeneic HSCT. Future prospective studies are needed to eval-
uate whether intensification of conditioning regimens in eligi-
ble patients or introducing an MDS-targeting treatment option
can reduce relapse rates in patients with a high pre-treatment
CD34+/CD38� cell burden.
ACKNOWLEDGMENTS
Presented in part at the 23rd Congress of the European

Hematology Association, June 14-17, 2018, Stockholm, Sweden.
The authors thank Christel M€uller, Daniela Bretschneider,

Evelin Hennig, Sabine Leiblein, Martina Pleß, Ulrike Berg-
mann, Janet Bogardt, Annette Jilo, and Dagmar Cron for their



1566 M. Jentzsch et al. / Biol Blood Marrow Transplant 25 (2019) 1560�1566
help in determining cytogenetic, morphologic, and immuno-
logic analyses.

Financial disclosure: The authors have nothing to disclose.
Conflict of interest statement: There are no conflicts of inter-

est to report.
Authorship statement: M.J. and U.G. contributed equally to

this work, wrote the manuscript, and collected data. M.J. and
S.S. contributed to the design and analysis of this study and
performed statistical analyses. J.G., G.N.F., W.P., V.V., G.B., and
D.N. were involved directly or indirectly in the care of patients
and/or sample procurement. All authors agreed on the final
version of the manuscript.

SUPPLEMENTARY DATA
Supplementary data related to this article can be found

online at https://doi.org/10.1016/j.bbmt.2019.03.022.

REFERENCES
1. Greenberg PL, Cox C, LeBeau MM, et al. International scoring system for

evaluation prognosis in myelodysplastic syndromes. Blood. 1997;89:
2079–2088.

2. Greenberg PL, Tuechler H, Schanz J, et al. Revised international prognostic
scoring system. Blood. 2012;120:2454–2465.

3. Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World
Health Organization classification of myeloid neoplasms and acute leuke-
mia. Blood. 2016;127:2391–2405.

4. Wetzko K, Platzbecker U. Transplants in myelodysplastic syndromes.
Hematol Oncol Clin North Am. 2014;28:1011–1022.

5. Estey E, de Lima M, Tibes R, et al. Prospective feasibility analysis of
reduced-intensity conditioning (RIC) regimens for hematopoietic stem
cell transplantation (HSCT) in elderly patients with acute myeloid leuke-
mia (AML) and high-risk myelodysplastic syndrome (MDS). Blood.
2007;109:1395–1400.

6. Platzbecker U, Schetelig J, Finke J, et al. Allogeneic hematopoietic cell
transplantation in patients age 60-70 years with de novo high-risk myelo-
dysplastic syndrome or secondary acute myelogenous leukemia: compari-
son with patients lacking donors who received azacitidine. Biol Blood
Marrow Transplant. 2012;18:1415–1421.

7. McSweeny PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell trans-
plantation in transplantation in older patients with hematologic malig-
nancies: replacing high-dose cytotoxic therapy with graft-versus-tumor
effects. Blood. 2001;97:3390–3400.

8. Lapidot T, Sirard C, Vormoor J, et al. A cell initiating human acute myeloid
leukaemia after transplantation into SCID mice. Nature. 1994;367:
645–648.

9. Warner JK, Wang JCY, Hope KJ, et al. Concepts of human leukemic devel-
opment. Oncogene. 2004;23:7164–7177.

10. Terstappen LWMM, Huang S, Safford M, et al. Sequential generations of
hematopoietic colonies derived from single nonlineage-committed CD34
+CD38- progenitor cells. Blood. 1991;77:1218–1227.

11. Van Rhenen A, Feller N, Kelder A, et al. High stem cell frequency in acute
myeloid leukemia at diagnosis predicts high minimal residual disease and
poor survival. Clin Cancer Res. 2005;11:6520–6527.

12. Khan N, Freeman SD, Virgo P, et al. An immunophenotypic pre- treatment
predictor for poor response to induction chemotherapy in older acute
myeloid leukaemia patients: blood frequency of CD34+ CD38 low blasts.
Br J Haematol. 2015;170:80–84.

13. Jentzsch M, Bill M, Nicolet D, et al. Prognostic impact of the CD34+/CD38-
cell burden in patients with acute myeloid leukemia receiving allogeneic
stem cell transplantation. Am J Hematol. 2017;92:388–396.

14. Woll PS, Kj€allquist U, Chowdhury O, et al. Myelodysplastic syndromes are
propagated by rare distinct human cancer stem cells in vitro. Cancer Cell.
2014;25:794–808.

15. Walter MJ, Shen D, Ding L, et al. Clonal architecture of secondary acute
myeloid leukemia. N Engl J Med. 2012;366:1090–1098.

16. Pang WW, Pluvinage JV, Price EA, et al. Hematopoietic stem cell and pro-
genitor cell mechanisms in myelodysplastic syndromes. Proc Natl Acad Sci
USA. 2013;110:3011–3016.

17. Nilsson L, Astrand-Grundstr€om I, Anderson K, et al. Involvement and func-
tional impairment of the CD34(+)CD38(-)Thyr-1(+) hematopoietic stem
cell pool in myelodysplastic syndromes with trisomy 8. Blood. 2002;100:
259–267.

18. Nilsson L, Ed�en P, Olsson E, et al. The molecular signature of MDS stem
cells supports a stem-cell origin of 5q myelodysplastic syndromes. Blood.
2007;110:3005–3014.

19. Nimer SD. MDS: a stem cell disorder—but what exactly is wrong with the
primitive hematopoietic cells in this disease? Hematol Am Soc Hematol
Educ Progr. 2018;1:43–51.

20. Nilsson L, Astrand-Grundstr€om I, Jacobsson B, et al. Isolation and charac-
terization of hematopoietic progenitor/stem cells in 5q-deleted myelodys-
plastic syndromes: evidence for involvement at the hematopoietic stem
cell level. Blood. 2000;96:2012–2021.

21. Chesnais V, Arcangeli ML, Delette C, et al. Architectural and functional het-
erogeneity of hematopoietic stem/progenitor cells in non-del(5q) myelo-
dysplastic syndromes. Blood. 2017;129:484–496.

22. Falco P, Levis A, Stacchini A, et al. Prognostic relevance of cytometric quan-
titative assessment in patients with myelodysplastic syndromes. Eur
J Haematol. 2011;87:409–418.

23. Chen-Liang TH, Casado-Prieto AM, Campos-Rodríguez V, et al. An
increased percentage of myeloid CD34+ bone marrow cells stratifies inter-
mediate IPSS-R myelodysplastic syndrome patients into prognostically
significant groups. Int J Lab Hematol. 2018;40:549–555.

24. Sullivan K, Marsden K, Lowenthal R, et al. Circulating CD34+ cells: an
adverse prognostic factor in the myelodysplastic syndromes. Am J Hema-
tol. 1992;39:96–101.

25. Guyotat D, Campos L, Thomas X, et al. Myelodysplastic syndromes: a study
of surface markers and in vitro growth patterns. Am J Hematol. 1990;34:
26–31.

26. Maynadie M, Picard F, Husson B, et al. Immunophenotypic clustering of
myelodysplastic syndromes. Blood. 2002;100:2349–2356.

27. Oertel J, Oertel B, Beyer J, et al. CD34 immunotyping of blasts in myelodys-
plasia. Ann Hematol. 1994;68:77–80.

28. Monreal MB, Pardo ML, Pavlovsky MA, et al. Increased immature hemato-
poietic progenitor cells CD34+/CD38dim in myelodysplasia. Cytom B Clin
Cytom. 2006;70B:63–70.

29. Slavin S, Nagler A, Naparstek E, et al. Nonmyeloablative stem cell trans-
plantation and cell therapy as an alternative to conventional bone marrow
transplantation with lethal cytoreduction for the treatment of malignant
and nonmalignant hematologic diseases. Blood. 1998;91:756–763.

30. Kr€oger N, Iacobelli S, Franke GN, et al. Dose-reduced versus standard con-
ditioning followed by allogeneic stem-cell transplantation for patients
with myelodysplastic syndrome: a prospective randomized phase III
study of the EBMT (RICMAC trial). J Clin Oncol. 2017;35:2157–2164.

31. L�opez-Rat�on M, Rodríguez-�Alvarez M, Cadarso-Su�arez C, et al. Optimal-
Cutpoints: an R package for selecting optimal cutpoints in diagnostic tests.
J Stat Softw. 2014;61:1–36.

32. Core Team R. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing; 2017. Available
at: www.R-project.org.

33. Gray RJ, Aclassof K. Sample tests for comparing the cumulative incidence
of a competing risk. Ann Stat. 1988;16:1141–1154.

34. Cumano A, Godin I. Ontogeny of the hematopoietic system. Annu Rev
Immunol. 2007;25:745–785.

35. Craddock C, Quek L, Goardon N, et al. Azacitidine fails to eradicate leuke-
mic stem/progenitor cell populations in patients with acute myeloid leu-
kemia and myelodysplasia. Leukemia. 2013;27:1028–1036.

36. Xu F, Li X, Chang C-K, et al. Establishment and validation of an updated
diagnostic FCM scoring system based on pooled immunophenotyping in
CD34+ blasts and its clinical significance for myelodysplastic syndromes.
PLoS One. 2014;9:e88706.

37. Patnaik MM, Hanson CA, Hodnefield JM, et al. Monosomal karyotype in
myelodysplastic syndromes, with or without monosomy 7 or 5, is prog-
nostically worse than an otherwise complex karyotype. Leukemia.
2011;25:266–270.

38. Valcarcel D, Adema V, Sole F, et al. Complex, not monosomal, karyotype is
the cytogenetic marker of poorest prognosis in patients with primary
myelodysplastic syndrome. J Clin Oncol. 2013;31:916–922.

39. Shiozawa Y, Malcovati L, Galli A, et al. Gene expression and risk of leuke-
mic transformation in myelodysplasia. Blood. 2017;130:2642–2653.

40. Lindsley RC, Saber W, Mar BG, et al. Prognostic mutations in myelodys-
plastic syndrome after stem-cell transplantation. N Engl J Med. 2017;376:
536–547.

41. Della Porta MG, Gallì A, Bacigalupo A, et al. Clinical effects of driver
somatic mutations on the outcomes of patients with myelodysplastic syn-
dromes treated with allogeneic hematopoietic stem-cell transplantation.
J Clin Oncol. 2016;34:3627–3637.

https://doi.org/10.1016/j.bbmt.2019.03.022
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0001
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0002
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0003
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0004
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0004
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0005
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0006
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0007
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0008
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0009
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0010
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0011
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0012
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0013
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0014
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0015
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0016
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0017
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0018
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0022a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0022a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0022a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0019
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0020
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0021
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0022
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0023
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0024
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0025
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0026
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0027
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0028
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0029
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0030
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0030
http://www.R-project.org
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0032
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0033
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0034
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0034
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0034
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0037
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0038a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0038a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0038a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0039a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0039a
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0038
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0039
http://refhub.elsevier.com/S1083-8791(19)30205-8/sbref0039

	Pretreatment CD34+/CD38- Cell Burden as Prognostic Factor in Myelodysplastic Syndrome Patients Receiving Allogeneic Stem Cell Transplantation
	Introduction
	Methods
	Patient Population
	Treatments
	Healthy Control Subjects
	Flow Cytometry
	Cut-Off Point Definition for Pre-treatment CD34+/CD38- Cell Burden
	Definition of Clinical Endpoints and Statistical Analysis

	Results
	CD34+/CD38- Cells in MDS Patients and Healthy Control Subjects
	Prognostic Impact of a High Pretreatment CD34+/CD38- Cell Burden
	Associations of a High Pretreatment CD34+/CD38- Cell Burden
	Subgroup Analyses for Patients with Blast Excess Before Therapy
	Pretreatment CD34+/CD38- Cell Burden in the Context of IPSS-R Risk Groups
	CD34+/CD38- Cell Burden during Disease Course

	Discussion
	Acknowledgments
	Supplementary Data
	References



