Impaired formation of erythroblastic islands is asso-
ciated with erythroid failure and poor prognosis in a
significant proportion of patients with
myelodysplastic syndromes

Erythropoiesis is arranged in erythroblastic islands
(Ery-Is)," the specialized niche known for more than 50
years® in which erythroid precursors proliferate and dif-
ferentiate. However, the significance of erythropoiesis in
anemia, the leading symptom of myelodysplastic syn-
dromes (MDS), has remained unclear. Evaluating bone
marrow biopsies (BMBs) from patients with MDS, we
detected alterations of Ery-Is in a significant proportion
of patients, and this was independently associated with
severe anemia and poor prognosis of disease, a novel
observation.

We evaluated the diagnostic BMBs from a total of 317
patients with newly diagnosed MDS according to the
French-American-British (FAB) classification.” Patients
were monitored and received best supportive care in
more than 20 hematology centers. Diagnosis according
to FAB classification was: refractory anemia (RA), n=109;
RA with ring sideroblasts (RARS), n=36; RA with excess
of blasts (RAEB), n=82; RAEB in transformation
(RAEB/t), n=40; chronic myelomonocytic leukemia
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(CMML), n=50; World Health Organization (WHO)* RA
with ring sideroblasts (RARS), n=11; refractory cytope-
nia with unilineage dysplasia (RCUD), n=32; MDS with
isolated del(5q), n=19; MDS, unclassified (MDS U), n=3;
refractory cytopenia with multilineage dysplasia
(RCMD), n=66; RAEB-1, n=37; RAEB-2, n=37; CMML-1,
n=34; CMML-2, n=27; RARS with thrombocytosis
(RARS-T) or myelodysplastic/myeloproliferative neo-
plasms, unclassified (MDS/MPN), n=18; AML with
MDS-related changes, n=14; therapy-related MDS (t-
MDS), n=19. Fifty-two subjects with normal healthy
marrow served as control (for further details see Online
Supplementary Appendix).

Ery-Is are composed of a central macrophage sur-
rounded by and binding to nucleated erythroid cells
(NEC).” Normoblasts were marked using anti-hemoglo-
bin-A (HbA), HbA- NEC using anti-glycophorin-C and -
CD71 antibodies (for details see Online Supplementary
Appendix). To overcome difficulties in separating conflu-
encing or adjacent Ery-Is (Online Supplementary Table S2),
dimension and numerical density of Ery-Is were deter-
mined indirectly by a statistical approach. Each biopsy
section was divided into 20 areas (“A”) of equal size, and
each area into 100 adjacent virtual squares (“sq”) of 30.5
um?, each comprising approximately 10 nucleated cells
(measuring oculars), amounting to a total count of
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Figure 1. Alterations of Ery-Is in myelodysplastic syndromes (MDS) compared to healthy bone marrow (BM) and their prognostic relevance. In MDS, the numer-
ical density of Ery-Is within marrow was significantly lower than in healthy BM (A-C) whereas Ery-Is were enlarged (D-F; P<0.000001). These differences were
independent of patient sex (A, B, D, E; P>0.05). In healthy marrow, numerical density and size of Ery-Is changed significantly with age (C, F; P<0.001; blue lines)
whereas the alterations observed in MDS were independent of age (C, F; P>0.05; red lines). In healthy marrow as well as in MDS, the size of Ery-Is (mean diam-
eter) correlated inversely with their numerical density within marrow (P<0.000001). The risk of transfusion-dependent anemia and acute myeloid leukemia

(AML)-free survival time significantly depended on the numerical density of Ery-Is

within BM (G, H; P<0.00002).
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Table 1. Influences on numerical density and size of Ery-Is, the degree of anemia, and prognosis of myelodysplastic syndromes (MDS)
dependent on the findings on the day of diagnosis: only variables remaining significant in multivariate analyses were presented (the results
from univariate analyses and an overview of all the variables taken into consideration are listed in the Online Supplementary Tables S4-S6).
Multivariate Poisson and linear regression analyses, analysis of variance components, and Cox proportional hazards regression; stepwise
regression; 3; = regression coefficient (Poisson regression); Aum=change in mean diameter in the case of a subtype, a karyotype aberration,
or a one-log increase of the numerical density of Ery-Is. AHb=mean change in the hemoglobin (Hb) level of peripheral blood (g/dL) in the
case of alterations of erythropoiesis, occurrence of MF, or a del(5q); VC=estimated proportion (in %) of variance in the deviation of the Hb
value of peripheral blood from the normal Hb level of the control group attributable to a variable. HR: hazard ratio.

Influences on numerical density and dimension of Ery-Is (MDS; n=317)

Numerical density of Ery-Is Diameter of Ery-Is
(Poisson regression analysis) (linear regression analysis)
ariables significant in multivariate analysis: & * s.e. Aum x s.e. P
Blast excess =10 % within marrow 0244 = 0.045 P=0.00002 n.s.
CMML-1, CMML-2 0303 =+ 0.071 P<0.00001 n.s.
Marrow hypoplasia 0345 = 0.077 P<0.00001 n.s.
Diameter of Ery-Is [um] -0.010 =+ 0.001 P<0.00001
Dissociation of macrophages from = 10% of Ery-Is -0.148 = 0.027 P<0.00001 n.s.
Impaired maturation of erythropoiesis 0.145 =+ 0.039 P=0.00001 n.s.
Apoptosis >1 % of NEC 0.142 =+ 0.044 P=0.0006 +4.7 + 20 P<0.00001
Numerical density of Ery-Is within marrow: log (Ery-Is/mm?) -6.1 + 0.5 P<0.00001
RARS, RCMD-RS, RARS-T n.s. +17.6 + 3.1 P<0.00001
Y n.s. +24.0 + 8.8 P=0.007

Contribution to anemia (MDS, n=317 + control group, n=52)

Adjustment to difference in group

No adjustment sizes & stratification according to sex

ariables significant in multivariate analysis: categories (unit) VC P AHb Ve P
Ery-Is, numerical density Log(Ery-Is/mm?®)  +1.74 220%  P<0.0000001 +1.42 224%  P<0.0000001
Impaired maturation of erythropoiesis Not megaloblastoid ~ -1.52 13.6 % P=0.00002 -2.10 215%  P<0.0000001

Megaloblastoid -1.92 -2.52
Dysplastic features (atypias) of erythropoiesis  =10% of NEC -1.25 57% P=0.006 -1.37 5.7% P=0.004
Apoptosis of erythropoiesis >1% of NEC -0.83 6.0 % P=0.005 -0.85 8.6 % P=0.0005
MF Grade 1to 3 -1.06 6.2% P=0.005 -1.28 41% P=0.008
Karyotype del(5q)' -1.74 15.9% P=0.00002 -1.17 9.8 % P=0.0002

Prognostic relevance (MDS)
AML-free survival Risk of transfusion-dependent

(n=300) anemia’ (n=305)
ariables significant in multivariate analysis: categories (unit) X2 P HR X P

Ery-Is, numerical density log(Ery-Is/mm?) ~ 0.26 2425  P<0.000005 0.58 8.76 P=0.003
Ery-Is, size (diameter) (+20um) 0.71 10.93 P=0.0009 n.s.
WHO classification® RARS 0.76 0.57
RCUD 0.65 0.87
Isolated del(5q) 0.44 1.31
RCMD 0.82 0.89
RAEB-1 0.97 46.55  P<0.000005 L1 33.04 P=0.0005
RAEB-2 1.33 1.71
CMML-1 0.72 0.82
CMML-2 0.99 0.92
RARS-T 0.24 0.16
t-MDS 0.81 0.82
IPSS-R* Very low risk 0.26 0.24
Low risk 0.97 0.71
Intermediate risk ~ 1.00 19.20 P=0.0018 1.79 20.52 P=0.001
High risk 1.28 1.33
Very high risk 243 1.82
MF Grade 1to 3 n.S. 2.02 482 P=0.03

CMML: chronic myelomonocytic leukemia; RARS: refractory anemia with ring sideroblasts; RCMD-RS: refractory cytopenia with multi-lineage dysplasia with >15% ring sider-
oblasts; RARS-T: refractory anemia with ring sideroblasts with thrombocytosis; MF: marrow fibrosis; RCUD: refractory cytopenia with unilineage dysplasia; RCMD: refractory
cytopenia with multilineage dysplasia; RAEB: refractory anemia with excess of blasts; t:MDS: MDS therapy-related; IPSS-R: International Prognostic Scoring System, revised;
WHO: World Health Organization.'+Other karyotype aberration. At least one red blood cell (RBC) transfusion per month in patients who were transfusion-independent on
the day of diagnosis of MDS or increase in transfusion dependence by at least one RBC transfusion per month in patients who were transfusion-dependent on day of MDS
diagnosis. ’Subtypes “MDS, unclassified (MDS U)” [acute myeloid leukemia (AML)-free survival, risk of transfusion-dependent anemia] and “acute myeloid leukemia (AML)
with MDS-related changes” (risk of tansfusion-dependent anemia) served as reference categories. 'Cases not classified according to IPSS-R served as reference."MF0 (no
fibrosis) served as reference. *’Each category of the predictor variables except the reference categories were compared to the overall effect.
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approximately 20,000 nucleated cells per biopsy section.
Squares with 50% or more NEC were determined as
“sq+”. Each area “A” served as a block with similar pro-
portions of marrow zones (proliferation/differentiation
zones) to eliminate their possible influence (block
design). Numerical density and dimension of Ery-Is were

determined by analysis of variance components’ assum-
ing that differences in the sq+ counts between areas “A”
result from clustering of NEC within Ery-Is (randomly-
positioned clusters model), defining Ery-Is as clusters of
one or more adjacent sq+, each with at least 5 NEC. The

&

TR T [ TR W [P

LA z_ normal marrow (29-year-old man), 250x
1] | =%

No impaired formation of Ery-Is:

1

B normal marrow (85-year-old woman), 250x

B Tnatt vy il et
MDS with |solated del(5q), 125x?.’f

i 2 ek

HbA -
HbA |

},. $ Giemsa |
o Quw“‘-)'

Impaired formation (i.e. Ioss or dlsruptlon) of Ery-Is:

el ¥ e gy
"él.‘) 3\ I\ e
. RAEB2(RAEB/t) 125x v Y ‘

Figure 2. Alterations of Ery-Is and myelodysplastic syndromes (MDS) subtype. Alterations of Ery-Is differed significantly from those observed in healthy marrow
from younger subjects (A) but resembled those observed in older subjects with healthy marrow (B). Alterations of Ery-Is varied significantly between different
subtypes of MDS considering size, numerical density, loss and disruption of Ery-Is (C-H; P<0.000001). Significant loss or disruption of Ery-Is resulting in a
decrease in the numerical density of Ery-Is to values lower than the 2.5% percentile observed in healthy marrow were detected in all subtypes except for refrac-
tory anemia with ring sideroblasts (RARS) (D) with the highest risk in MDS with del(5q), refractory anemia with excess of blasts (RAEB-2), MDS with myelofibrosis
(MDS-MF), chronic myelomonocytic leukemia (CMML) and acute myeloid leukemia (AML) with MDS-related changes (E-H). In more than 50% of MDS patients,
impaired formation of Ery-Is was associated with a dissociation of central macrophages from more than 10% of Ery-Is (G); this was independent of whether anti-
CD68 (PGM1, all cases) or anti-CD169 (10% of cases) antibody was applied to identify the central macrophages (G).
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validity of this model was checked by a compound
Poisson model, handling the total counts of NEC as the
product of the number of sectioned NEC per Ery-I and
the number of Ery-Is being hit by a marrow section. The
results from both statistical approaches were indistin-
guishable (r=0.998, 156 randomly selected cases) and
could be reproduced by a second investigator in a blind-
ed evaluation procedure (Online Supplementary Table S2).

Since the interaction between macrophage and NEC
appears to be essential for the differentiation of erythro-
poiesis,"”®’ Ery-Is were also evaluated for the existence
of a central macrophage marked by anti-CD68 (PGM1"
all cases) and anti-CD169 antibody® (10% of cases)
(Online Supplementary Table S2).

Healthy marrow differed significantly from MDS in all
the alterations of erythropoiesis (Online Supplementary
Table S3). Impaired maturation of erythropoiesis, dys-
plastic features in more than 10% of NEC and apoptosis
in more than 1% of NEC were not observed in healthy
marrow; however, these occurred in 92.0%, 60.3% and
49.5% of MDS patients. Differences with respect to Ery-
Is were initially less obvious since Ery-Is were detectable
in MDS as well as in healthy marrow (Figure 1A-F). In
healthy marrow, Ery-Is changed significantly according
to age: in subjects older than 60 years of age, their
numerical density progressively declined accompanied
by a progressive increase in dimension (P<0.0005)
(Figure 1C and F, and Figure 2A and B), similar to MDS.
Senescence, an increased risk of clonal hematopoiesis in
normal elderly individuals with mutations similar to
those observed in MDS, " or aging of the hematopoietic
stem cell niche™" might be an explanation. In MDS,
however, the alterations of Ery-Is did not depend on
patient age (P>0.05) (Table 1 and Figure 1C and F). They
significantly exceeded that observed in aging healthy
marrow and were associated with progressive anemia
(P<0.000005) (Table 1), whereas the alterations of Ery-Is
in aging healthy marrow were not associated with ane-
mia; all persons with healthy marrow showed normal
Hb values of peripheral blood (P>0.1). These differences
between MDS and healthy marrow were independent of
patient sex and age (Table 1 and Figure 1A-F).

The Ery-Is in patients with more than 15% ring sidero-
blasts within erythropoiesis, a loss of the Y chromo-
some, or more than 1% apoptotic NEC were significant-
ly larger than in other MDS patients (Table 1 and Figure
2D). However, enlargement of Ery-Is that exceeded 100
um in mean diameter in approximately one-third of
patients was not an independent predictor of anemia or
transfusion dependence (P>0.05) (Table 1).

Impaired formation of Ery-Is with reduction in their
number due to loss or disruption of this entity was
observed in 45.7% of patients (Figure 1B and Figure 2E-
H). In 30.3%, impaired formation of Ery-Is resulted in a
marked reduction in their numerical density down to
values lower than the 2.5% percentile of healthy mar-
row, a feature associated with a marked increase in
monopoiesis (CMML), excess of blasts of 10% or more
within marrow, occurrence of MF, or marrow hypoplasia
(Table 1 and Figure 2F-H), whereas impaired maturation
or increased apoptosis rate of erythropoiesis were asso-
ciated with increased numbers of Ery-Is within marrow
(Table 1 and Figure 2C and D). In 8% of MDS patients,
impaired formation of Ery-Is was the only obvious alter-
ation of erythropoiesis.

In 72.6% of patients, a central macrophage was lack-

ing in 10% or more of Ery-Is (Figure 2G); this was inde-
pendently associated with reduced numbers of Ery-Is
within marrow (P<0.00005) (Table 1). A further differ-
ence to healthy marrow. In healthy marrow, the number
of Ery-Is-associated macrophages and the number of
Ery-Is within marrow were similar (P>0.1). Association
of (usually iron-presenting) macrophages with Ery-Is
indistinguishable (i.e. P>0.05) from that in healthy mar-
row was observed in 27.4% of MDS patients.

Impaired formation resulting in reduced numbers of
Ery-Is showed the most significant influence on the Hb
level of blood contributing to 20%-25% of the degree of
anemia, independently of all other alterations of erythro-
poiesis (P<0.00001) (Table 1); this was the only alter-
ation of erythropoiesis predicting the risk of (progres-
sive) red blood cell (RBC) transfusion dependence inde-
pendently of the type of disease, the risk group (IPSS-
R),"”and the occurrence of MF (Table 1 and Figure 1G), a
further novel observation. Hematopathological evalua-
tions of BMBs in MDS patients should, therefore, include
a statement on the numerical density of Ery-Is within
marrow, especially in cases with a marked reduction of
this entity.

In summary, Ery-Is appear to be significantly altered in
many patients with MDS, and these alterations seem to
play a central role in the evolution of severe transfusion-
dependent anemia in this type of disease. The back-
ground to this may be a differentiation defect at the level
of an early erythroid precursor cell, responsible for the
production of Ery-Is, and/or an impaired interaction
between macrophages and NEC,® thus impairing the for-
mation of Ery-Is, as suggested by our observation of a
dissociation of macrophages from a small proportion
(=10%) of Ery-Is in the majority of patients.

Impaired formation of Ery-Is may be the only patho-
logical change in erythropoiesis in a minority of MDS
patients. In the majority of MDS patients, the numerical
density of Ery-Is seems to be normal or increased, and
the association of increased numbers of Ery-Is with an
impaired maturation or increased apoptosis of NEC may
indicate a compensatory role of an increased formation
of Ery-Is, explaining the increase in erythropoiesis in
many of these patients. Disruption or loss of Ery-Is, as
ob-served in more than 40% of patients, however, hin-
der a compensatory increase in Ery-Is production, and in
30% of patients, loss of Ery-Is appears to be the most
obvious pathological alteration of erythropoiesis prior to
the occurrence of severe transfusion-dependent anemia.
Failure of this compensatory mechanism seems to be an
independent unfavorable prognostic factor in patients
receiving best supportive care, not only with respect to
the risk of transfusion-dependence, but also to the risk of
AML and shortened survival time (Table 1 and Figure
1H), another novel observation. Considering this back-
ground, the relevance of Ery-Is and their alterations to
anemia and prognosis in MDS appear to have been, until
now, underestimated.

Our observations were based on patients treated with
best supportive care, thus representing the natural course
of disease. Further evaluation of alterations of Ery-Is and
their significance in patients receiving disease-modifying
therapy regimes are required before these observations
can be translated into clinical practice. According to our
observations, the erythropoietic niche seems to be worthy
of consideration in the development of therapy and prog-
nostic scoring systems for patients with MDS.
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