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ABSTRACT

Background

Lenalidomide improves erythropoiesis in patients with low/intermediate-1 risk myelodysplas-
tic syndrome and interstitial deletion of the long arm of chromosome 5 [del(5q)]. The aim of
this study was to explore the effect of lenalidomide treatment on the reserves and functional
characteristics of bone marrow hematopoietic progenitor/precursor cells, bone marrow stromal
cells and peripheral blood lymphocytes in patients with low/intermediate-1 risk myelodysplas-
tic syndrome with del(5q).

Design and Methods

We evaluated the number and clonogenic potential of bone marrow erythroid/myeloid/
megakaryocytic progenitor cells using clonogenic assays, the apoptotic characteristics and
adhesion molecule expression of CD34" cells by flow cytometry, the hematopoiesis-support-
ing capacity of bone marrow stromal cells using long-term bone marrow cultures and the num-
ber and activation status of peripheral blood lymphocytes in ten patients with low/intermedi-
ate-1 risk myelodysplastic syndrome with del(5q) receiving lenalidomide.

Results

Compared to baseline, lenalidomide treatment significantly decreased the proportion of bone
marrow CD34+ cells, increased the proportion of CD36/GlycoA" and CD36/GlycoA" ery-
throid cells and the percentage of apoptotic cells within these cell compartments. Treatment
significantly improved the clonogenic potential of bone marrow erythroid, myeloid, megakary-
ocytic colony-forming cells and increased the proportion of CD34" cells expressing the adhe-
sion molecules CD11a, CD49d, CD54, CXCR4 and the SLAM antigen CD48. The
hematopoiesis-supporting capacity of bone marrow stroma improved significantly following
treatment, as demonstrated by the number of colony-forming cells and the level of stromal-
derived factor-1o. and intercellular adhesion molecule-1 in long-term bone marrow culture
supernatants. Lenalidomide treatment also increased the proportion of activated peripheral
blood T lymphocytes.

Conclusions

The beneficial effect of lenalidomide in patients with lower risk myelodysplastic syndrome
with del(5q) is associated with significant increases in the proportion of bone marrow ery-
throid precursor cells and in the frequency of clonogenic progenitor cells, a substantial
improvement in the hematopoiesis-supporting potential of bone marrow stroma and signifi-
cant alterations in the adhesion profile of bone marrow CD34* cells.
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Introduction

Myelodysplastic syndromes (MDS) comprise a heteroge-
neous group of hematopoietic stem cell malignancies char-
acterized by ineffective bone marrow (BM) hematopoiesis,
peripheral blood cytopenias and a substantial risk of pro-
gression to acute myeloid leukemia.' Clonal chromosomal
abnormalities are frequently identified in MDS patients
and may critically affect the malignant transformation.”®
One of the most common cytogenetic abnormalities is the
interstitial deletion of the long arm of chromosome 5
[del(5q)] identified in 16% to 28% of MDS patients.*’
Recently, it was shown that the immunomodulating drug
lenalidomide, a 4-amino-glutarimide analog of thalido-
mide, may substantially improve or even restore erythro-
poiesis in MDS patients with del(5q) by suppressing the
abnormal clone.” Based on marked hematologic and cyto-
genetic responses in lower risk patients, lenalidomide was
approved for the treatment of transfusion-dependent
patients with low/intermediate-1 risk MDS, according to
the International Prognostic Scoring System (IPSS),® dis-
playing del(5q) alone or with additional chromosomal
abnormalities.’

The precise mechanism of action of lenalidomide in
MDS and its biological effects on BM hematopoietic and
microenvironmental cells remain largely unknown. I vitro
studies have shown that lenalidomide has a direct, selec-
tive, inhibitory effect on the hematopoietic progenitor cells
of the del(5q) clone, but does not affect the growth of the
cytogenetically normal cells in MDS patients.”
Interestingly, a pro-proliferative and erythropoiesis-pro-
moting effect of lenalidomide on normal BM hematopoiet-
ic progenitor cells has been reported.'" In association with
its direct effects, lenalidomide may indirectly affect the sur-
vival and growth of hematopoietic progenitor cells in MDS
through its immune-modulating, anti-angiogenic and adhe-
sion-modulating properties.”*"* Inn vitro studies have shown
that lenalidomide down-regulates the production of the
pro-inflammatory cytokines tumor necrosis factor alpha
(TNF-0), interleukin-1 beta (IL-1B), and transforming
growth factor beta-1 (TGE-B1) by activated monocytes
while it up-regulates IL-2 and interferon-gamma (IEN-y)
production promoting the activation of T and natural killer
(NK) cells."™'® A co-stimulatory effect of lenalidomide on T-
cell responses following T-cell receptor activation as well as
an inhibitory effect on T-regulatory cells have been also
reported.”*" Lenalidomide, like other immunomodulating
drugs, may inhibit the secretion of angiogenic cytokines by
both BM hematopoietic and microenvironmental cells and
may also alter a broad range of responses induced by angio-
genic and cell adhesion molecules."*"”

A number of elegant clinical studies have substantiated
the exciting effect of lenalidomide on erythropoiesis of
MDS patients with del(5q) and have resolved clinically rel-
evant practical considerations of the treatment.”* In con-
trast, the effects of lenalidomide therapy on the reserves,
functional and survival characteristics of BM hematopoiet-
ic cells and the function of BM stromal cells have not been
extensively studied. In the current study we globally exam-
ined BM hematopoiesis in association with clinical
responses in a number of lower risk MDS patients with
del(5q) following lenalidomide therapy. We specifically
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evaluated, before and after treatment, the number and
clonogenic potential of the BM erythroid, myeloid and
megakaryocytic progenitor cells, the apoptotic characteris-
tics and adhesion molecule expression of CD34" cells as
well as hematopoiesis-supporting capacity and the pro-
inflammatory cytokine, angiogenic and adhesion molecule
production by BM stromal cells. Changes in the number
and activation status of peripheral blood lymphocyte sub-
sets were also evaluated.

Design and Methods

Patients

Ten white patients (eight females and two males) with de novo
MDS according to French-American-British (FAB) criteria, aged 60
to 80 years (median, 71 years), were enrolled in the study. All
patients had del(5q) as an isolated cytogenetic abnormality, had
low or intermediate-1 risk disease according to the IPSS and were
transfusion-dependent requiring at least two units of red cells in
the last 8 weeks preceding enrollment.” The patients were
assigned to receive lenalidomide (Caps Revlimid; Genesis Pharma,
Greece) at the standard dose of 10 mg/day for 21 days of every 28-
day cycle without any additional treatment, except for red cell and
platelet transfusions when required. Evaluations at baseline (week
0) and following treatment (week 24) included peripheral blood
cell counts and flow-cytometric analysis, BM aspirate and biopsy
for morphological, flow-cytometric and cytogenetic analyses and
in vitro studies of hematopoiesis. Peripheral blood counts, differen-
tial and basic serum chemistry were monitored weekly. Clinical
responses were assessed based on previously reported criteria.’
BM samples were also obtained from 30 hematologically normal
subjects, age- and sex-matched to the patients, whereas ten other
healthy controls were used for the CD34" cell sorting for the
recharging experiments. Informed consent according to the
Helsinki Protocol was obtained from all subjects and the study
was approved by the Institutional Ethics Committee and the
Hellenic Drug Organization. The patients’ characteristics are
detailed in Table 1.

Bone marrow samples

BM samples from posterior iliac crest aspirates were diluted 1:1
in Iscove’s modified Dulbecco’s medium (IMDM; GibcoBRL, Life
Technologies, Palsley, Scotland), supplemented with 100 TU/mL
penicillin-streptomycin (Gibco) and 10 IU/mL preservative-free
heparin (Sigma, St Louis, MO, USA). Diluted BM samples were
centrifuged on Lymphoprep (Nycomed Pharma AS, Oslo,
Norway) to obtain the bone marrow mononuclear cells BMMC).

Purification of CD34" cells

CD34" cells were isolated from BMMC by indirect magnetic
labeling (magnetic activated cell sorting; MACS isolation kit,
Muiltenyi Biotec GmbH, Germany) according to the manufactur-
er’s protocol. In each experiment, the purity of CD34" cells was
greater than 96% as estimated by flow-cytometry.

Reserves of bone marrow progenitor and precursor cells
Flow-cytometry was used to quantify the BM CD34" progeni-
tor cells and their subpopulations. Specifically, 1x10° BMMC were
triple-stained with phycoerythrin (PE)-conjugated mouse anti-
human CD34 monoclonal antibody (581; Beckman-Coulter,
Marseille France), phycoerythrin-cyanin 5 (PC5)-conjugated CD45
(.33) and fluorescein isothiocyanate (FITC)-conjugated CD33
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Table 1. Clinical and laboratory data of the patients studied.*
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UPN Age/Sex Duration FAB IPSS BM Karyotype BM Blasts  Hb Neutro Plts Transfusion
(months) (%) (g/dl) (x10°/L) (x10°/L) dependence’

1 81/F 31 RA Low 46XX,del (5) (q13¢33) [20/20] 2 105 2.1 135 6

2 62/M 14 RAEB  INT-I 46XX,del (5) (q13g33) [20/20] 10 5.7 45 120 35

3 67/F 14 RA Low 46XX[2/20], 46XX, del(5)(q13g33)[1820] 1 9.7 24 196 6

4 TIM 84 RA INT-1 46XY,del(5) (q13q33) [20/20] 3 7.2 5.3 197 22

5 T8/F 48 RA INT-1 46XX,del (5) (q13¢33) [20/20] 4 8.5 1.0 498 18

6 59/F RA INT-1 46XX,del(5) (q13¢33) [20/20] 10 74 1.8 150 6

7 T9/F 4 RA Low 46XX,del (5) (q13¢33) [20/20] 4 8.1 2.5 272

8 T4/F 46 RA Low 46XX,del(5) (q13;933) (20/20) 1 7 45 213 24

9 64/F 17 RAEB  INTI  46XX,del(5)(q13;q33) (10/20),46XX (1020) 9 73 0.5 23 51

10 80M 11 RA Low 46XX,del(5) (q13;g33) (12/20), 46XX(820) 2 75 3.0 259 7

UPN: unique patient number; FAB: French-American-British classification; IPSS: International Prognostic Scoring System; BM: bone marrow; Hb: hemoglobin; Neutro: neutrophils;
Plts: platelets; RA: refractory anemia; RAEB: refractory anemia with excess blasts. *At the day of BM aspiration, before lenalidomide administration.”Units of red blood cells

required during the preceding 6 months.

(D3HL60.251) or CD71 (YDJ1.2.2) or CD61 (SZ21) monoclonal
antibodies (Beckman-Coulter) for the estimation of the myeloid,
erythroid, and megakaryocytic progenitor cells, respectively.
CD45/CD34 stained BMMC were also stained with fluorescence-
conjugated monoclonal antibodies (all purchased from Beckman-
Coulter unless otherwise indicated) against the adhesion mole-
cules CD1la (25.3), CD44 (MEM.85; Caltag Laboratories,
Burlingame, CA, USA), CD48 (J4.57), CD54 (84H10), CD49d
(HP2/1), CD49% (SAM1), CD62L (DREG56) and the chemokine
receptor of stromal derived factor-1 (SDF-1) CXCR4 (CD184;
12G5). PE-, FITC- and PC5-conjugated mouse IgG of appropriate
isotype served as negative controls. Data from 500,000 events
were acquired and processed using an Epics Elite model flow-
cytometer (Coulter, Miami, FL, USA). Analysis was performed in
the gate of cells with low forward scatter (FSC) and low side scat-
ter (SSC) properties gated on the CD45" cells according to the
CD45-PC5/SSC scattergram. For the quantification of the ery-
throid precursor cells, 1x10° BMMC were stained with anti-gly-
cophorin A (GlycoA)-PE (11E4B7.6) and anti-CD36-FITC (FA6-
152) monoclonal antibodies (Beckman-Coulter) or with PE- and
FITC-conjugated mouse IgG to identify the CD36"/GlycoA" and
CD36/GlycoA" early and mature erythroid precursor cells, respec-
tively.”?*

Study of apoptosis

Flow-cytometry and 7-amino-actinomycin D (7AAD) staining
was used to study apoptosis in the BM cell subpopulations. For
the study of apoptosis in the CD34" cell fraction, aliquots of 1x10°
BMMC stained with anti-CD34-PE monoclonal antibody as
above, were further stained with 100 uL 7AAD (200 ug/mL)
(Calbiochem-Novabiochem, La Jolla, CA, USA) as previously
described > For the analysis, a scattergram was created by com-
bining SSC with CD34 fluorescence in the gate of cells with low
FSC and SSC properties and a second scattergram was created by
combining FSC with 7AAD fluorescence to quantify 7AAD-nega-
tive (live), -dim (early apoptotic) and —bright (late apoptotic/dead)
cells in the gate of the CD34" cells (Figure 1). For the study of
apoptosis in the erythroid cell subpopulations, aliquots of cells
stained with anti-CD34-PE/anti-CD71-FITC or anti-GlycoA-
PE/anti-CD36-FITC were further stained with 7AAD. The live,
early and late apoptotic cells were quantified in the gates of
CD347/CD71, CD367/GlycoA’, and CD367/GlycoA" erythroid
cell populations as previously detailed*” (Figure 1) .

Clonogenic assays
Erythroid and myeloid colony-forming units

For the estimation of the erythroid and myeloid colony-forming
units, we cultured 10° BMMC in 35-mm Petri dishes in 1 mL
methylcellulose culture medium (Stem Cell Technologies,
Vancouver, BC, Canada) supplemented with 5 ng/mL granulocyte-
macrophage colony-stimulating factor (GM-CSF; R&D Systems,
Minneapolis, MN, USA), 50 ng/mL IL-3 (R&D Systems) and 2
[U/mL erythropoietin (Janssen-Cilag, Athens, Greece) as previous-
ly detailed.”® After 14 days of culture at 37°C in a 5% CO: fully
humidified atmosphere, colonies were scored and classified as
erythroid-burst forming units (BFU-E) or granulocyte- plus
macrophage- plus granulocyte-macrophage colony forming units
(total CFU-GM). The total sum of colonies was characterized as
colony-forming cells (CEC).

Megakaryocye colony-forming units

For the quantification of the megakaryocyte colony-forming
units (CFU-Meg), we cultured 5x10° BMMC per chamber of a
double-chamber slide using a commercially available culture
medium (MegaCult-C, StemCell Technologies), according to the
manufacturer’s instructions. After 10 to 12 days of incubation at
37°C in a 5% CO: humidified atmosphere, colonies were fixed
and stained on culture slides with anti-CD41 monoclonal anti-
body (5B12; Dako, Glostrup, Denmark) using the alkaline phos-
phatase anti-alkaline phosphatase technique (APAAP), as previ-
ously described, and then scored.” Results are expressed as total

CFU-Meg colonies (pure CFU-Meg + mixed CFU-Meg).

Assessment of bone marrow stromal cell function
Standard long-term bone marrow cultures

BMMC (1x10) were grown according to the standard tech-
nique® in 10 mL IMDM supplemented with 10% fetal bovine
serum (FBS; Gibco), 10% horse serum (Gibco), 100 IU/mL peni-
cillin-streptomycin, 2 mmol L-glutamine and 10 mol hydrocorti-
sone sodium succinate (Sigma) and incubated at 33°C ina 5% CO:
humidified atmosphere. At weekly intervals, cultures were fed by
demi-depopulation and non-adherent cells were counted and
assayed for CFC as above.

Cytokine measurements in supernatants of long-term bone
marrow cultures
Cell-free supernatants of confluent long-term BM cultures
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(LTBMC) (week 3-4) before and after lenalidomide treatment were
stored at —70°C for subsequent quantification of TNE-a, TGE-B1,
SDF-1a, fibroblast growth factor (FGEF), vascular endothelial
growth factor (VEGF), intercellular adhesion molecule-1 (ICAM-
1), vascular cell adhesion molecule-1 (VCAM-1) and E-selectin
using enzyme-linked immunosorbent assays (ELISA). All ELISA
kits were purchased from R&D Systems except for the TNF-o kit
(Biosource International Inc., California, USA).

Recharged long-term bone marrow cultures

To test the hematopoiesis-supporting capacity of patients’
LTBMC stromal cells independently of the autologous cells, we
used a two-stage culture procedure as previously described.*”* In
brief, confluent LTBMC stromal layers from patients and normal
controls were irradiated (10 Gy) and recharged with 5x10* allo-
geneic normal CD34" BM cells. In each experiment, flasks were
recharged in triplicate and CD34" cells from the same normal con-
trol were used to test cultures from patients and normal subjects.
Cultures were monitored weekly by determining the number of
CFC in the non-adherent cell fraction.

Peripheral blood lymphocyte subsets

Two-color flow-cytometry was used for the analysis of PB lym-
phocyte subsets. In brief, 100 uL aliquots of EDTA-anticoagulated
peripheral blood were stained as described above with a combina-
tion of PE- or FITC-conjugated monoclonal antibodies (purchased
from Beckman-Coulter unless otherwise indicated). In particular,
anti-CD3 (UCHT1) was combined with each of the following
monoclonal antibodies representing T-cell activation markers:
anti-CD25 (IL-2 receptor; B1.49.9), anti-CD95 (anti-Fas) (LOB3/17;
Serotec, Oxford, UK), anti-CD38 (T16), anti-CD69 (TP1.55.3) and
anti-CD71. The proportions of B and NK cells were also estimat-
ed using the anti-CD19 (J4.119) and anti-CD16 (3G8), anti-CD56
(N901), anti-CD57 (NC1) monoclonal antibodies, respectively.
Red blood cells were lysed and the cells fixed using the Q-prep
reagent system (Coulter, Luton, UK). Data were acquired as
described above and analysis was performed on 10,000 events in
the gate of cells with low FSC and low SSC properties which is the
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gate including lymphocytes. Results are expressed as proportions
of cells expressing each monoclonal antibody. Furthermore, by
dividing the proportions of double-positive cells using the above
described monoclonal antibody combinations by the percentages
of total CD3" cells, we estimated the proportions of activated cells
within the T-lymphocyte population.”

Statistical analysis

Data were analyzed using the GraphPAd Prism statistical PC
program (GraphPad Software, San Diego, CA, USA). Student’s t-
test for paired samples was used to examine differences before
and after treatment with lenalidomide. Standard two-way analy-
sis of variance (two-way ANOVA) was applied to examine differ-
ences in the number of CFC in LTBMC of samples taken either
from patients before and after treatment or from patients and
healthy controls. The Mann-Whitney test was used to compare
flow cytometry and colony data from patients after therapy and
healthy controls. Grouped data are expressed as mean + one stan-
dard deviation (SD).

Results

Reserves, survival and immunophenotypic characteristics
of bone marrow progenitor/precursor cells

Overall, the percentage of total CD34" cells was signifi-
cantly reduced following treatment (2.02+2.13%) com-
pared to baseline (11.33+5.09%, P=0.0005) suggesting a
decrease of blast cells in patients’ BM (Figure 2).
Significant decreases were also noted in the percentages of
myeloid CD34/CD33* (0.13+0.27 %), megakaryocytic
CD34+/CD61" (0.45+0.48%) and erythroid CD347/CD71*
(0.57+0.65%) progenitor cells following treatment com-
pared to baseline (1.02+1.15%, 5.20+2.76%, 3.73+4.54%,
respectively) (P=0.0241, P=0.0003, P=0.0492, respectively).
These decreases probably reflect the reduction of total
CD34" cells after therapy and not a frank reduction of the
myeloid, megakaryocytic and erythroid progenitor cells.
Interestingly, the proportion of CD347/CD61* and
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Figure 1. Flow-cytometric analy-
sis of BM cells. (A) Scattergram
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Scattergram of anti-CD34 fluo-
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FSC versus 7AAD fluorescence
gated on the CD34" cells (R2)
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CD347/CD71" cells in patients after therapy were similar to
those of the healthy subjects (0.50+0.31% and
0.59+0.24%, respectively) (P=0.3907 and P=0.0796, respec-
tively). Regarding the erythroid precursor cells, significant
increases were seen in the proportions of the
CD36'/GlycoA" and CD367/GlycoA" subpopulations after
therapy (13.35£8.90% and 10.45+15.18%, respectively)
compared to baseline (4.04+2.87% and 5.61+£9.59%,
respectively) (P=0.0068 and P=0.0472, respectively) (Figure
2). These findings indicate a lenalidomide-mediated inhibi-
tion of the del(5q) progenitor pool which shows an inher-
ent defect in erythroid differentiation and a parallel expan-
sion of the non-del(5q) progenitors which have better ery-
throid differentiation potential. Interestingly, however, the
proportion of the more mature CD36/GlycoA" cells,
remained lower than that in the healthy controls
(33.21£5.56%) (P=0.0017).

The survival characteristics of the patients’ BM progeni-
tor and precursor cells before and after therapy are also pre-
sented in Figure 2. The proportion of apoptotic (7AAD*™)
cells within the CD34" cell fraction increased significantly
following lenalidomide therapy (16.03+11.99%) compared
to pre-treatment values (2.90+2.56%; P=0.0070). Similarly,

ronment structures. The increased proportion of CD34*
cells expressing the CXCR4 chemokine receptor following
therapy compared to baseline (P=0.0159) supports this
hypothesis. The proportions of CD34" cells expressing the
CD44, CD49a, and CD62L adhesion molecules following
therapy were not statistically different. Interestingly, how-
ever, a statistically significant increase was noted in the pro-
portion of CD48" cells within the CD34" cell fraction fol-
lowing therapy compared to baseline (P=0.0037) possibly
indicating an increase in the number of committed progen-
itor cells.®*

Clonogenic progenitor cells

The numbers of clonogenic progenitor cell before and
after lenalidomide therapy are depicted in Figure 3A. The
frequency of CFC obtained from BMMC was significantly
higher after therapy (2060+1652 per 10" BMMC) than at
baseline (420+655 per 10" BMMC; P=0.0074). This increase

] M. Ximeri et al.

Table 2. Flow-cytometric analysis of adhesion molecule expression on bone

marrow CD34" cells.

Pre-lenalidomide Post-lenalidomide

% of cells expressing

P

there were significant post-therapy increases in the propor-  FuGEETHFRTII (n=10) (n=10) value*

tions of apoptotic cells within the CD367/GlycoA"  RUABEERERIEHI

(2527i1633%) and CDSG/GI}/COA+ (876i901%) early CD1la 98.55+10.55" 66.46+20.74 0.0034

and mature erythroid precursor cell subsets compared to  pegian (range) 39.63 (22.11-54.46) 65.34 (38.89-100)

baseline (7.19+7.58% and 2.87+3.29%, respectively) (D44 83.31+17.80 87.15+14.10 0.6312

(P=0.0033 and P=0.0315, respectively). The proportions of ~ median (range) 88.80 (39.32-98.36) 87.32 (56.89-100)

apoptotic cells within the CD34*, CD36"/GlycoA* and (D48 10.82+9.07 48.73+35.05 0.0150

CD367/GlycoA" cell compartments did, however, remain  median (range) 7.30 (0.79-26.61) 48.52 (5.00-100)

higher in patients than in healthy controls (4.91+4.63%,  CD43d 39.69+19.31 62.57+14.48 0.0037

5.04+3.04% and 2.46+2.43%, respectively) (P=0.0092,  median (range) 38.96 (14.15-66.14) 65.35 (37.50-81.81)

P=0.041, and P=0.0378, respectively). CD49%e 18.54+13.39 7.72+11.02 0.0982
Changes in the expression of adhesion molecules in the ~ median (range) 16.47 (0.97-38.65) 3.16 (0.20-33.33)

CD34" cell fraction before and after therapy are presented ~ CD>4 8.81+5.89 2841+17.28 0.0093

in Table 2. There were statistically significant increases in UG e 827 (1.10-1.56) 25.31 (4.30-58.35)

the proportions of CD34" cells expressing CD11a, CD49d ~ CD62L 21.72+18.29 21.06+17.97 0.9392

and CD54 antigens following therapy compared to base- g)?((jj[lan (range) 1927%6(215336) 1613151(215702020) n—

line (P=0.0034, P=0.0037 and P=0.0093, respectively) sug- median (range) 3.23.(0.52:5.60) 14.91‘(213_5'0-00) :

gesting that lenalidomide improves the adhesion capacity

*Statistical analysis was performed using the Student’s t test for paired samples. #Values are

of BM hematOPOietiC PrOgel’litOY cells in the BM microenvi- expressed as means + SD. The median and range values are also shown.

25 1 = Pre-Lenalidomide

X Post-Lenalidomide

Figure 2. Flow-cytometric eval-
uation of the reserves and sur-
vival characteristics of BM
progenitor and erythroid pre-
cursor cells before and after
lenalidomide therapy. The left
bars represent the mean pro-
portion (+ SEM) of BM CD34*
progenitor and CD36"/GlycoA*
and CD367/GlycoA* erythroid
precursor cells before and
after treatment. The right bars
represent the mean propor-
tion (+ SEM) of apoptotic
(7AAD*™) cells within the
CD34*, CD36*/GlycoA* and
CD367/GlycoA* cell compart-
ments before and after thera-
py. Results were compared
using the Student’s t test for
-—0 paired samples and P values
are indicated. SEM: standard
error of the mean.
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was due to the improvement of both CFU-GM and BFU-E
post-therapy (1670+1497 and 390+292 per 10 BMMC,
respectively) compared to pre-treatment (340+481 and
80+187 per 107 BMMC, respectively) (P=0.0159 and
P=0.0029, respectively). There was also a significant
increase in the number of CFU-Meg post-therapy
(1988+589 per 10" BMMC) compared to baseline (740500
per 100 BMMC; P=0.0002). These data suggest an improve-
ment of the clonogenic potential of patients’ BMMC fol-
lowing therapy. However, the numbers of clonogenic pro-
genitor cells, namely CFU-GM, BFU-E and CFU-Meg
remained lower in patients post-therapy than in healthy
controls (5017+2634, 3400+1580 and 2940+1097 per 107
BMMUC, respectively) (P=0.0019, P<0.0001, and P=0.0193,
respectively) suggesting the possible persistence of clonal
cells in the hematopoietic progenitor cell pool.

Bone marrow stromal cell function

Typical confluent stromal layers, consisting of cells of
hematopoietic and mesenchymal origin that mimic the BM
microenvironment,” were formed over the first 3-4 weeks
in patients’ LTBMC before and after therapy. The number
of CFC in the non-adherent cell fraction increased signifi-
cantly following lenalidomide therapy compared to base-
line (F = 14.338, P<0.001), over a period of 5 weeks of cul-
ture (Figure 3A). This increase probably reflects the post-
treatment improvement of the clonogenic potential of BM
progenitor cells. Alternatively, it may indicate an improve-
ment in the hematopoiesis- supporting capacity of LTBMC
adherent cells after treatment. To investigate this hypothe-
sis, we evaluated the capacity of irradiated LTBMC stromal
layers from patients to support the growth of normal
CD34" cells before and after therapy. Before lenalidomide
therapy, the CFC recovery from non-adherent cells was sig-
nificantly lower for patients than for healthy controls (F =
11.014, P<0.01) suggesting that the hematopoiesis-support-
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ing capacity of patients’ stromal cells is defective. Following
therapy, however, the number of CFC in the non-adherent
cell fraction did not differ significantly between patients
and healthy controls (F = 0.016, P>0.05), suggesting a sub-
stantial improvement in the capacity of patients’ stromal
cell layers to support hematopoiesis. To probe the mecha-
nism underlying this improvement further, we evaluated
the levels of hematopoiesis-related cytokines in LTBMC
supernatants, which essentially reflects cytokine produc-
tion in patients’ BM microenvironment. The levels of SDF-
1o and ICAM-1 were significantly higher after therapy
than at baseline (P=0.0297 and P=0.0059, respectively)
whereas no statistically significant differences were
observed in the levels of TNF-o, TGF-B1, FGE VEGE
VCAM-1 or E-selectin (Table 3).

Peripheral blood lymphocyte subsets

Activated T-lymphocytes have been implicated in the
pathophysiology of MDS.* We, therefore, studied
patients peripheral blood lymphocyte subsets before and
after lenalidomide therapy, focusing mainly on the expres-
sion of markers of T-cell activation. We found that the
proportion of peripheral blood CD3* cells increased signif-
icantly following therapy (74.54+6.06%) compared to
baseline (65.83+6.15%; P=0.006) whereas the proportions
of CD19*, CD16*, CD56* and CDS57* cells remained
unchanged (Figure 3B). A significant increase was
observed in the proportion of activated T cells after treat-
ment, as indicated by the increased proportions of CD69",
CD38, CD25%, CD95" and CD71" cells within the CD3*
cell fraction (7.86+3.36%, 22.16+8.01%, 8.04+3.53%,
29.36+12.62%, 3.70+1.82%, respectively) compared to
baseline (3.71+£2.17%, 18.76£8.97%, 6.01£3.11%,
14.96+£9.15%, 2.03+0.99%, respectively) (P=0.0253,
P=0.0274, P=0.0070, P=0.0162, P=0.0093, respectively)
(Figure 3B).
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Figure 3. BM clonogenic progen-
itor cells and peripheral blood
lymphocyte subsets before and
after lenalidomide therapy. (A)
The bars in the upper graph rep-
resent the mean number (+SEM)
of CFU-Meg, CFU-GM and BFU-E
colonies obtained from 107
BMMC. The bars in the lower
graph represent the mean CFC
numbers (xSEM) in LTBMC
supernatants over 5 weeks of
culture, before and after therapy.
Results were compared using
Student’s t test for paired sam-
ples (upper graph) and 2-way
ANOVA (lower graph) and the P
and F values are indicated. (B)
The bars in graph B represent
the mean proportion (+SEM) of
PB lymphocyte subpopulations
(upper panel) and the mean per-
centage of cells expressing
markers of activation within the
CD3" cell fraction (lower panel),
before and after therapy. Results
were compared using Student’s t
test for paired samples and P
values are shown. SEM; standard
error of the mean.
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Response evaluation

Hematologic and cytogenetic responses were assessed
according to the modified criteria of the International
Working Group.” Eight patients had a major erythroid
response, as demonstrated by transfusion independence,
whereas two patients had minor responses with 59% and
55% reductions in transfusion requirements. In all cases
improvement was sustained for at least 8 consecutive
weeks. Hematologic improvement was associated with the
pattern of cytogenetic responses. Specifically, patients with
major erythroid improvement also had major cytogenetic
responses, as demonstrated by the absence of the del(5q)
abnormality on standard metaphase analysis. The two
patients with minor erythroid improvement had minor
cytogenetic responses, as shown by the 52% and 95%
reductions in the number of abnormal cells in metaphases.

Discussion

The immunomodulating drug lenalidomide has pro-
nounced therapeutic effects in MDS patients with del(5q).”
Lenalidomide has been described to have several cellular
activities, including anti-angiogenic and anti-inflammatory
effects through regulation of cytokine production and mod-
ulation of T-, NKT-, T-regulatory and NK-cell functions.”*"**
Although lenalidomide seems to target mainly BM
microenvironment structures, the drug has been described
to have a direct effect on clonal hematopoietic cells through
inhibition of proteins critical for cell survival or stimulation
of tumor suppressor genes in the 5q region."”* Many mech-
anisms of action of lenalidomide on patients’ hemato-
poiesis do, however, remain undefined.

Studies investigating the mechanism of action of
lenalidomide in MDS patients with del(5q) have been
based mainly on the in vitro and/or ex vivo incubation of
hematopoietic cells with the drug and examination of
changes at cellular and molecular levels. Our study was an
ex vivo investigation of the effect of lenalidomide treatment
on the reserves and functional characteristics of BM pro-
genitor/precursor and microenvironmental cells in
low/intermediate-I risk MDS patients with del(5q), in asso-
ciation with the clinical effect. In accordance with previ-
ously reported data,” 80% of our patients became transfu-
sion-independent whereas 20% of the patients had a minor
erythroid response with significant reduction of transfusion
requirements. Patients with major erythroid improvement
also had a major cytogenetic response with disappearance
of the del(5q) abnormality whereas patients with minor
erythroid improvement had a corresponding minor cytoge-
netic response, suggesting that cytogenetic and hematolog-
ic patterns of response are significantly correlated.

The study of the reserves and functional characteristics
of BM progenitor cells showed that the proportion of
CD34" cells decreased significantly following therapy and
this decrease was associated with a significant increase in
the proportion of apoptotic cells within this cell compart-
ment. Although clonal and normal CD34" cells were not
discriminated, it seems reasonable to accept that the
CD34" cells before therapy belonged mainly to the malig-
nant clone and accordingly, were resistant to apoptosis
and had a survival advantage over the apparently normal
CD34* cells post-therapy.” In addition, lenalidomide-
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induced SPARC up-regulation, which has been shown in
both clonal and normal cells," might play a role. It appears
that SPARC, in addition to its anti-proliferative, anti-adhe-
sive and anti-angiogenic functions, might also have an
apoptosis-inducing effect.** In keeping with the
increased proportion of apoptotic CD34" cells following
treatment, there was accelerated apoptosis of erythroid
progenitor/precursor cells, probably indicating the recov-
ery of the normal, non-clonal cells. This hypothesis was
supported by the improvement in the number and the
clonogenic potential of BM erythroid cells after therapy, as
demonstrated by the proportion of GlycoA* cells and the
frequency of BFU-E in the BMMC fraction but also by the
hematologic improvement.

In association with the increase in the numbers of BFU-E
colonies, there were significant increases in CFU-GM and
CFU-Meg colony recovery by BMMC following therapy,
indicating a global beneficial effect of lenalidomide on the
reserves and clonogenic potential of BM progenitor cells.
Previous studies had also shown significant changes in the
multipotent and BFU-E colony numbers in MDS patients
responding to lenalidomide therapy compared to the num-
bers in non-responders.” However, a beneficial effect of the
drug on the clonogenic potential of CFU-Meg progenitor
cells had not been reported. The positive action of lenalido-
mide on the clonogenic potential of BM progenitor cells is
in agreement with previous observations suggesting that
the drug has beneficial effects on the expansion and prolif-
eration rate of normal CD34" cells."

It has been hypothesized that lenalidomide may indirect-
ly affect the functional characteristics of BM hematopoiet-
ic cells in MDS patients with del(5q) by altering the struc-
tures, the cellular components and the humoral compounds

Table 3. Cytokine levels in LTBMC supernatants.

Pre-lenalidomide  Post-lenalidomide P
(n=10) (n=10)

SDF-1o (pg/mL) 277.81+153.40° 782.52+665.35 0.0297
median (range) 250.77 493.23

(125.83-488.50) (194.03-1891.49)
FGF (pg/mL) 2.91£1.45 2.75+1.91 0.8509
median (range) 249 (1.32-5.77) 1.90 (1.55-7.88)
VEGF (pg/mL) 1642.09+1207.48 1502.41+1041.76 0.5748
median (range) 1877.26 1536.56

(131.95-3404.90) (123.38-3493.01)
TNF-ot (pg/mL) 1.14 +0.58 1.22+0.56 0.6241
median (range) 1.09 (0.57-2.02) 1.20 (0.57-2.10)
VCAM (ng/mL) 70.98+4.20 87.00+29.29 0.1359
median (range) 71.58 (65.57-77.57)  80.57 (65.57-166.02)
E-selectin (ng/mL) 0.17£0.15 0.09 = 0.11 0.2146
median (range) 0.14 (0.05-0.50) 0.05 (0.05-0.41)
ICAM-1 (ng/mL) 1.62+0.57 2.67£0.75 0.0059
median (range) 1.65 (0.92-2.67) 2.96 (0.92-3.25)
TGF-B1(pg/mL) 474.83+283.27 440.97+331.69 0.3887
median (range) 455.84 323.64

(48.57-938.56) (26.99-931.09)

*Statistical analysis was performed using the Student’s t test for paired samples.#Values
are expressed as means + SD.The median and range values are also shown. SDF: stro-
mal derived factor; FGF: fibroblast growth factor; VEGF: vascular endothelial growth fac-
tor; TNF: tumor necrosis factor; VCAM: vascular cell adhesion molecule; ICAM, intercel-
lular adhesion molecule; TGF: transforming growth factor.
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of the BM microenvironment. Specifically, it has been
shown that treatment with lenalidomide decreases BM
microvessel density, indicating an anti-angiogenic activity
which has been associated with a reduction in the levels of
pro-angiogenic cytokines”"* It has also been shown that
lenalidomide may decrease the production of pro-inflam-
matory mediators in the BM microenvironment and may
alter cell-to-cell interactions through modification of
expression of adhesion molecules and stimulation of
responses of cytotoxic T and NK cells.” To probe the effect
of lenalidomide on the hematopoiesis-supporting potential
of BM stroma, we used the LTBMC system which has long
been considered as a representative in vitro model mimick-
ing the BM microenvironment.” We observed a substantial
improvement in the capacity of the adherent layers of
patients’ LTBMC to sustain autologous and normal
hematopoietic progenitor cell growth following lenalido-
mide treatment. To gain insight into the mechanisms
underlying the beneficial effect of lenalidomide on BM
stromal cell function, we evaluated the levels of soluble
adhesion molecules, pro-inflammatory and pro-angiogenic
cytokines in LTBMC supernatants. In accordance with pre-
viously reported data showing minimal changes in VEGE
and FGF levels in BM plasma following lenalidomide ther-
apy,” we also found insignificant alterations in the levels of
these molecules in LTBMC supernatant after treatment.
Minor changes were observed in the levels of the cytokines
TNF-0. and TGE-B1 and the soluble adhesion molecules
VCAM-1 and E-selectin following lenalidomide treatment.
However, there were marked increases in the levels of
supernatant SDF-1a. and ICAM-1 after therapy and these
were associated with significant increases in the expression
of the respective membrane ligands CXCR4 and CD11a on
CD34" cells. These data suggest that lenalidomide favors
the maintenance of CD34' in the BM by inducing
CXCR4/SDEF-10. and CD11a/ICAM-1 interactions between
hematopoietic and stromal cells. The increased expression
of ICAM-1 (CD54) and CD49d on CD34* cells after thera-
py corroborates this assumption. Furthermore, it has been
shown that the del(5q) early hematopoietic stem cells are
unable to repopulate non-obese diabetic/severe combined
immunodeficiency mice in standard transplantation mod-
els suggesting a defect in cell homing that might be associ-
ated with a defective SDF-10/CXCR4 axis.* Based on these
studies suggesting that the early hematopoietic stem cell
compartment in patients with del(5q) is dominated by the
clonal cells with possible defective homing properties,” we
may hypothesize that the post-treatment increase in
CXCR4 expression in patients may reflect a lenalidomide-
induced inhibition of the abnormal clone and expansion of
the normal clone with normal homing properties.

A significant increase was observed in the expression of
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CD48 on CD34" cells after therapy compared to at base-
line. This antigen belongs to the SLAM family of stem/pro-
genitor cell surface receptors and is mainly expressed on
committed progenitors rather than on primitive stem
cells.** Accordingly, the increased expression of CD48
within the CD34" cell population following therapy may
simply reflect the increased number of clonogenic progeni-
tor cells, which normally express CD48, obtained by
lenalidomide treatment. However, CD48 is also a co-stim-
ulatory receptor for CD2 and 2B4 molecules normally
expressed on T and NK cells® and its ligation has been
reported to prolong cellular interactions and to facilitate T-
and NK-cell-mediated signaling.” The increased expres-
sion of CD48 on patients’ CD34* cells may, therefore, indi-
cate a lenalidomide-inducible effect that could contribute
to hematopoietic progenitor cell apoptosis through T-
and/or NK-cell mediated effects. Finally, we found a signif-
icant increase in the percentage of T cells following
lenalidomide therapy which was associated with an acti-
vated profile, as demonstrated by the increased proportions
of T cells expressing the CD69, CD38, CD25, CD95, and
CD71 markers of activation.

In conclusion, this study provides new information on
the mechanism of action of lenalidomide in patients with
lower risk MDS and del(5q) while confirming the benefi-
cial effect of lenalidomide on the induction of erythroid
and cytogenetic responses. According to our data, the
clinical effect of lenalidomide is associated with signifi-
cant increases in the numbers of erythroid, myeloid and
megakaryocytic colony-forming cells and a substantial
improvement in the hematopoiesis-supporting capacity
of BM stroma. Lenalidomide induces significant alter-
ations in the adhesion profile of hematopoietic progenitor
cells, including over-expression of membrane CXCR4,
CD54, CD11a and CD49d and overproduction of SDF-1a.
and ICAM-1 in the BM microenvironment. The lenalido-
mide-mediated induction of the SLAM antigen CD48 on
patients’ CD34" cells may be associated with the drug’s
apoptosis-inducing effect through co-stimulatory interac-
tions between CD34" cells and cytototoxic lymphocytes
in the BM microenvironment.
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