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Effects of high-dose chemotherapy on bone marrow
multipotent mesenchymal stromal cells isolated from lymphoma patients
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Objective. High-dose chemotherapy (HDCT) followed by autologous stem cell transplantation
is a widely applied treatment for hematological and autoimmune diseases. Little is known
about the effects of this therapy on multipotent mesenchymal stromal cells (MSCs). We aimed
to characterize, morphologically and functionally, MSCs isolated from bone marrow aspirates
of patients after HDCT.

Materials and Methods. We studied 12 consecutive lymphoma patients submitted to BEAM
conditioning regimen followed by autologous stem cell transplantation 28 to 1836 days before
the sample collection. Thirteen normal donors were used as control. MSCs were isolated by
adherence to plastic and expanded ex vivo by culture in flasks containing aLminimum essen-
tial medium plus 15% fetal bovine serum.

Results. The cell population isolated showed a typical MSC morphology, immunophenotype,
and differentiation capacity into adipogenic, osteogenic, and chondrogenic lineages. The
MSCs obtained from patients with Hodgkin’s disease and non-Hodgkin’s lymphoma showed
decreased fibroblastoid colony-forming unit count (p [ 0.023) and increased doubling time
(p [ 0.031) related to the control group. The total cell expansion of MSCs from normal
subjects was marginally superior to the patient group (p [ 0.064). There were no differences
in gene expression profile, MSCs plasticity, or hematopoiesis support capability between
control and patient group.

Conclusions. Results suggest that HDCT applied to lymphoma patients damaged MSCs,
which was demonstrated by their reduced clonogenic potential, doubling time, and cell expan-
sion rates when compared to controls. � 2010 ISEH - Society for Hematology and Stem
Cells. Published by Elsevier Inc.
The multipotent mesenchymal stromal cells [1–3] (MSCs)
represent an interesting choice for cell therapy because
they can differentiate into multiple mesenchymal lineages
[4,5], support hematopoiesis [4,5], and modulate the
immune system [6]. In addition, they can be easily isolated,
manipulated, and expanded ex vivo. Because of these prop-
erties, the MSCs have been used therapeutically to facilitate
hematopoietic stem cell grafting [7–10] and to treat [11] or
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prevent graft-vs-host disease [12], among other conditions
[13–17].

Despite their therapeutic potential, concern remains
about the efficacy of using MSCs isolated from patients
previously submitted to high-dose chemotherapy (HDCT)
for clinical applications. Some studies have suggested that
chemotherapy and radiotherapy cause quantitative [18,19]
and qualitative [20–22] damage to the stromal microenvi-
ronment. However, most of them refer to bone marrow
stroma and not specifically to MSCs [18–22]. Only
recently, studies were published assessing in vitro behavior
of MSCs isolated from bone marrow (BM) of patients
receiving radio- or chemotherapy in vivo [23–26]. These
studies, however, have reported contradictory results.
ology and Stem Cells. Published by Elsevier Inc.
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Mueller et al. [23] analyzed MSCs isolated from patients
with various hematologic diseases who were previously
submitted to standard chemotherapy and, in some cases,
to HDCT. The authors found heterogeneous results but
concluded that BM-MSCs obtained from chemotherapy-
exposed patients could be considered for clinical applica-
tions. In contrast, Cao et al. [26] reported a reduction in
both fibroblastoid colony-forming unit (CFU-F) frequency
and interleukin-6, stem cell factor, and Fms-related tyrosine
kinase expression in the BM-MSCs isolated from patients
with colorectal carcinoma previously submitted to standard
chemotherapy. The conclusion of their study was that
MSCs can be damaged by chemotherapy. In addition, Isai-
kina et al. [24,25], evaluating BM-MSCs isolated from chil-
dren with oncohematological diseases who were previously
submitted to radiotherapy and chemotherapy, observed
a reduced frequency of CFU-F [24], although the isolated
cells presented a replication potential [24] and hematopoi-
esis support similar to those of normal controls [25].

To clarify these contradictory results, in the present
study we evaluated CFU-F counts, expansion, plasticity,
and hematopoiesis supportive potential of MSCs isolated
from lymphoma patients submitted to HDCT followed by
autologous stem cell transplantation (ASCT).
Materials and methods

Characteristics of the patients and normal donors studied
This study was conducted on 12 lymphoma patients (8 males)
aged 22 to 49 years (median: 37.5 years), 6 with Hodgkin’s
disease (HD) and 6 with non-Hodgkin’s lymphoma (NHL),
without BM infiltration by the disease at any time during its
course. The morphologic analysis of the BM aspirate specimen
showed cellularity and a myeloid-to-erythroid ratio within
normal limits in all samples, except one, for which evaluation
was impaired by the absence of the bone spicules. Ten of the
12 samples studied presented mild dyserythropoiesis. All patients
had received two (n 5 7) or three (n 5 5) previous standard
chemotherapy schemes (median: 11 cycles; range, 9�13), fol-
lowed by a second-line salvage chemotherapy (dexamethasone,
high-dose aracytin, and platinum in 9 patients). After that, they
were submitted to the BEAM protocol (BCNU, etoposide, cytar-
abine, melfalan) as conditioning regimen for the ASCT. The
main clinical characteristics of these patients are summarized
in Table 1.

Samples of bone marrow aspirates were obtained from 13
normal donors and used as the control group. They were recruited
from an allogeneic BM transplantation service. Patients median
age was 31 years (range, 22�52 years).

The study was approved by the local Ethics Committee
(University Hospital, Faculty of Medicine of Ribeirão Preto,
University of São Paulo) and all subjects gave written informed
consent to participate in the study.

MSC isolation from culture
MSCs were cultured as described previously [27,28]. Briefly, 4 to
5 mL BM were aspirated from posterior iliac crest. BM mononu-
clear cells (MNC) were isolated by centrifugation at 900g for 30
minutes in a density gradient of 1077 g/L (Ficoll-Paque Plus;
Amersham Biosciences, Uppsala, Sweden) and cultured at an
initial concentration of 10 to 50 � 104 cells/cm2 in a�minimum
essential medium (Gibco-BRL, Gaithersburg, MD, USA) supple-
mented with 15% heat-inactivated standard fetal bovine serum
(HyClone, Logan, UT, USA), L-glutamine (2 mM; Gibco), and
1% penicillin-streptomycin (Gibco). After 3 to 7 days, the culture
medium was changed and nonadherent cells were removed. Cell
culture was maintained with a weekly change of 50% of the
medium until cell confluence. At this moment, trypsinization
was performed (0.05% trypsin and 0.53 mM ethylenediamine tet-
raacetic acid; Gibco), followed by replating in plastic flasks at
a concentration of 2 to 2.7 � 103 cells/cm2. Cell cultures were
incubated in a humidified atmosphere of 5% CO2, at 37�C. Assays
were performed on cells between the second and fifth passage.

Quantification of CFU-F
The BM-MNCs were plated onto eight (3.5 cm2) dishes with grid
at concentrations of 3 or 14 � 104 cells/cm2. After 7 days, the
medium was changed and nonadherent cells were removed.
Between the 12th and 14th day of culture, colonies with O50 fibro-
blastoid cells were counted as CFU-F [29] and quantified by
dividing the number of colonies by the total number of BM-
MNCs plated.

Growth kinetics
Population doubling was calculated at each passage by the
formula logN/log2 as described by Stenderup et al. [30], where
N is the number of cells counted at the time of trypsinization
divided by the initial number of cells plated. The cumulative pop-
ulation doubling was obtained and considered to be the total cell
expansion. The doubling time was calculated by dividing the
number of hours between the first and second passage by the
cell expansion during the same period.

Flow cytometry
Cells harvested were labeled with CD105 phycoerythrin (PE)
(Serothec, Oxford, UK), CD73-PE, CD51/61�fluorescein isothio-
cyanate (FITC), HLA-ABC-PE (BD PharMingen, San Jose, CA,
USA), CD45-FITC, CD14-PE, CD34-PE, CD54-PE, CD44-
FITC, CD49e-PE, CD29-PE, HLA-Dr�FITC, CD90-PE, and
CD13-PE (Becton Dickinson, San Jose, CA, USA), KDR-FITC
(Sigma-Aldrich, St Louis, MO, USA), Stro-1 (kindly provided
by B. Torok-Storb, Fred Hutchinson Cancer Research Center,
Seattle, WA, USA) and analyzed on a FACSort cytometer (Becton
Dickinson) as described previously [31].

MSC differentiation into adipocytes, osteocytes,
and chondrocytes
Adipogenic, osteogenic, and chondrogenic differentiation was
evaluated as described previously [32]. Basically, after incubation
with the specific differentiation medium, cells were fixed and
stained by the von Kossa method (for calcium deposition), with
Sudan II and Scarlet stains (for fat accumulation), or immuno-
stained with anti-type II collagen. Cells were analyzed with
a model Axioskop 2.0 Zeiss microscope (Carl Zeiss, Oberkochen,
Germany) equipped with an Axiocam camera (Zeiss). The Axio-
vision program (Zeiss) was used to quantify the percentage of
differentiation in 20 different hotspot areas from stained slides
with 400� magnification for adipocytes and 100� for osteocytes.



Table 1. Some characteristics of patients submitted to high-dose chemotherapy

Age Gender Disease D þ BMT

CT schemes

before BMT Cycles Previous radiotherapy

LP3 22 M LGCBM 28 CHOP 8 Mediastinum

DHAP 3

LP4 35 F NSHD 662 ABVD 6 Cervical

ESHAP 3

MINE 2

LP5 29 F MLBCL 1551 CHOP 8 Mediastinum

Cy 2 g/m2 1

LP6 34 F NSHD 1836 ABVD 6 Cervical and Mediastinum

DHAP 2

MIFAPa 2

LP7 42 M NSHD 104 ABVD 8 Mediastinum

DHAP 3

LP8 32 M LPHD 1620 MOPP 8 Left lower limb

DHAP 2

Cy 2g/m2 1

LP9 40 M DLBCL 124 CHOP 8 Abdominal and pelvic

DHAP 3

MINE 1

LP10 48 M NSHD 1822 C-MOPPABV 8 Cervical

DHAP 3

LP11 49 F DLBCL 1305 CHOP-BLEO 8 No

DHAP 3

LP12 42 M DLBCL 168 CHOP 8 No

DHAP 3

MINE 2

LP13 28 M MLBCL 159 CHOP 8 Mediastinum

Cy 2 g/m2 1

LP14 47 M MCHD 770 ABVD 6 Supraclavicular and axillary

DHAP 3

ABVD 5 adriamycin, bleomycin, vinblastine and dacarbazine; BMT 5 bone marrow transplantation; CHOP 5 cyclophosphamide, hydroxydaunomycin,

oncovin and prednisone; CHOP-Bleo 5 CHOP þ bleomycin scheme; C-MOPPABV 5 cyclophosphamide, oncovin, procarbazine, prednisone, adriamycin,

bleomycin and vinblastine; CT 5 chemotherapy; Cy 5 cyclophosphamide; D þ BMT 5 number of days after bone marrow transplantation; DHAP 5 dexa-

methasone, high-dose aracytin and platinum; DLBCL 5 diffuse large B-cell lymphoma; ESHAP 5 etoposide, solumedrol, high-dose aracytin and platinum;

F 5 female; intensified MINE 5 mesna, ifosfamide, novantrone and etoposide; LP 5 lymphoma patient; LPHD 5 nodular lymphocyte-predominant Hodg-

kin’s disease; M 5 male; MCHD 5 mixed cellularity Hodgkin’s disease; MIFAP 5 mitoxantrone, fludarabin, aracytin and platinum; MLBCL 5 primary

mediastinal large B-cell lymphoma; MOPP 5 mechlorethamine, oncovin, procarbazine, and prednisone; NSHD 5 nodular sclerosis Hodgkin’s disease.
aAfter transplantation due to a relapse of the disease, but before the collection of cells for the study.
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Results for each patient were given in mean and these values were
compared with the values obtained from the control group.

Real-time quantitative polymerase chain reaction
Total RNA was extracted from undifferentiated MSCs from six
patients and four controls using RNeasy mini kit (Qiagen, Inc.,
Valencia, CA, USA) according to manufacturer’s instructions.
Two micrograms total RNA were reverse-transcribed using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA, USA). Gene expression kinetics was also
evaluated for MSCs cultures under differentiation into adipocytes
and osteocytes on different days (7, 14, 21, 28, and 35) isolated
from patients (n 5 5) and from controls (n 5 3). RNA extraction
was performed by TRIzol method (Invitrogen Corp., Carlsbad,
CA, USA). RNA (2 mg) was reverse-transcribed using the Super-
Script III First-Strand Synthesis System for RT-PCR (Invitrogen),
according to manufacturer’s instructions.

Real-time quantitative polymerase chain reaction amplification
was performed for CD73, CD140b, CD146, stem cell factor (KIT
ligand), leukemia inhibitory factor, Fms-related tyrosine kinase 3
ligand, peroxisome proliferative activated receptor�g, and osteo-
pontin. The probes and primers sequences for the genes evaluated
are listed in Supplementary Table E1 (online only, available at
www.exphem.org). Measurements were performed on an ABI
Prism 7500 sequence detection system (Applied Biosystems) using
SYBR green chemistry and TaqMan assays. Cycles were 50�C for 2
minutes, 95�C for 10 minutes, followed by 40 cycles at 95�C for 15
seconds and at 60�C for 1 minute. Results were normalized using an
endogenous gene glyceraldehyde-3-phosphate dehydrogenase.
Single-product amplification was confirmed by postmelting curve.
Duplicate samples were measured and averaged. Results are re-
ported as expression relative unit.

Hematopoiesis support
In vitro hematopoiesis support was evaluated in duplicate by MSC
coculture with CD34þ cells obtained from umbilical cord blood by
positive selection using the CD34þ Progenitor Cell Isolation Kit
(MACS; Milteny Biotec, Bergisch Gladbach, Germany) and LS
Separation Column (MACS) according to manufacturer’s
instructions.

http://www.exphem.org
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Six aliquots of 4 � 104 MSCs were obtained from each subject
(four controls and six patients), cultured on 24-well plates until
80% to 90% confluence, irradiated, and cocultured with CD34þ

cells (median: 6.97 � 103; range, 6.59�9.23 � 103 cells;
66�76% purity). The CD34þ cells were cultured in parallel
(without the MSCs as feeder layer). On days 0, 7, and 28 of cocul-
ture, CD34þ cells were collected from the wells, counted, seeded
onto 3.5 cm2 dishes with grid in duplicate, and cultured for 14
days in semisolid medium (Methocult without cytokines; Stem
Cell Technologies Inc., Vancouver, Canada) previously enriched
with stem cell factor (50 ng/mL; PeproTech, Rocky, Hill, NJ,
USA), interleukin-3 (10 ng/mL; PeproTech), granulocyte-
macrophage colony-stimulating factor (10 ng/mL; PeproTech),
granulocyte colony-stimulating factor (10 ng/mL; Leucin Dong-
A Pharmaceutical, Taegue, Korea), and erythropoietin (4 U/mL;
Eprex VETTER Pharma Fertigung, Ravensburg, Germany).

The number of CFUs was calculated by dividing the number of
colonies obtained by the number of cells plated and multiplying by
the number of cells collected. The clonogenic potential was calcu-
lated by dividing the number of CFUs obtained after coculture by
the number of CFUs on day 0. Expansion of colony-forming unit
granulocyte-macrophage, burst-forming unit erythroid, and
CD34þ cells was calculated by the logN/log2 formula, where N
is the value referring to the clonogenic potential or the value cor-
responding to the division of the number of viable CD34þ cells
after coculture by the number of cells plated.
Figure 1. Quantification of fibroblastoid colony-forming units (CFU-F) and kin

(�106 bone marrow mononuclear cells). (B) Doubling time (hours). (C) Total ce

line corresponds to the median. HD 5 Hodgkin’s disease; NHL 5 non-Hodgkin
Statistical analysis
Data obtained, reported as median and range, were used to
compare control vs patient groups, HD vs NHL patients groups,
and controls vs HD vs NHL patients groups. Mann-Whitney and
the Kruskal-Wallis test with Dunn’s multiple comparisons test
were applied using the GraphPad InStat software, version 3.0
for Windows (GraphPad Software, San Diego, CA, USA; www
.graphpad.com), with the level of significance set at p ! 0.05.
Results

Morphological characteristics of cultured MSCs
MSCs were isolated from all samples and cultured until
they lost the capacity to expand. They exhibited a typical
MSC morphology during the log growth phase of the
culture period and showed a significant increase in cyto-
plasm size and loss of the fibroblastoid aspect at the final
(plateau) phase.

CFU-F count
Counts of CFU-F (per 106 BM-MNC) for the normal group
(n 5 11) and all patients taken together (n 5 12) were 13.6
(range, 1.3�92.5) and 9.4 (range, 0.0�37.5), respectively
(p 5 0.079). However, the normal group presented higher
etics of mesenchymal stromal cell (MSC) expansion. (A) CFU-F counts

ll expansion (fold). (D) Cell expansion kinetics curve. The short horizontal

’s lymphoma.

http://www.graphpad.com
http://www.graphpad.com


Table 2. Immunophenotyping of mesenchymal stromal cells from

controls and patients

Controls (n 5 5),

median %

Patients (n 5 12),

median %

CD45 0.06 0.10

CD14 0.00 0.21

CD34 0.76 0.40

KDR 1.80 0.59

HLA-DR 0.79 0.80

CD51/61 1.74 1.58

STRO-1 14.6 15.0

CD73 90.9a 82.2

CD105 80.6b 51.6c

CD90 98.8 98.2

CD13 97.5 95.2

CD29 91.0 87.1

CD49e 87.4 83.6

HLA-ABC 71.9 73.6

CD44 54.5 63.4

CD54 32.9 35.8

an 5 4.
bn 5 3.
cn 5 5.
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CFU-F counts than HD (n 5 6) and NHL (n 5 6) groups
considered separately (p 5 0.023). We also observed that
patients with HD showed higher CFU-F counts than NHL
patients (p 5 0.041) (Fig. 1A, Supplementary Table E2,
online only, available at www.exphem.org).

Growth kinetics
Doubling time for MSCs from the control (n 5 5) and patient
(n 5 12) groups were 44.86 hours (range, 36.36�56.38 hours)
and 80.66 hours (range, 34.08�195.35 hours) (p 5 0.009),
respectively (Fig. 1B). We also observed that the control
group had faster doubling time than HD (n 5 6) and NHL
(n 5 6) groups considered separately (p 5 0.031). The three
phases of cell expansion kinetics were clearly observed
during culture. The plateau phase started in 7 of 12
(58.34%) of the patients by the fourth passage, whereas in
all normal donors, it started after the sixth passage (data not
shown).

Total cell expansion detected for controls (n 5 5) and
patients (n 5 12) was 19.63� (range, 13.42�27.48�)
and 8.17� (range, 1.81�28.27�), respectively (p 5

0.064) (Figs. 1C and D). Eight of 12 patients (66.7%) pre-
sented values !25th percentile for controls (16.59�).

Immunophenotype of cultured MSCs
MSCs derived from patients and controls expressed simi-
larly the markers CD73, CD105, CD90, CD13, CD29,
CD49e, CD54, CD44, HLA-ABC, and Stro-1, and did not
express HLA-DR, hematopoietic (CD34, CD14, CD45),
or endothelial (CD51/61, KDR) markers (Table 2).

Quantitative gene expression profile of MSCs
Expression profile of genes related to MSC characterization
and function were similar in control and patient groups.
However, a large dispersion of the results was observed,
mainly in the patient group (Fig. 2 and Supplementary
Table E3, online only, available at www.exphem.org).

MSC differentiation into adipocytes, osteocytes,
and chondrocytes
All samples tested were able to differentiate into adipo-
genic and osteogenic lineages. For the adipogenic lineage,
the percentages of differentiation for controls (n 5 5) and
patients (n 5 8) were 30.79% (range, 16.97�93.98) and
23.17% (range, 4.69�45.15), respectively (p 5 0.7242;
Figs. 3A and B). The specimens studied were obtained at
different time points after the initiation of the stimulus:
24 days (range, 16�33 days) for controls and 25 days
(range, 17�28 days) days for patients. For the osteogenic
lineage, the percentage of differentiation for controls
(n 5 5) and patients (n 5 6) were 4.23% (range,
1.47�26.06%) and 8.5% (range, 1.08�25.85%), respec-
tively (p O 0.999; Fig. 3C and D). The specimens studied
were obtained at different time points after the initiation of
the stimulus: 55 days (range, 18�69 days) for controls and
39 days (range, 32�69 days) for patients. MSCs from
patients cultured as internal control of this experiment
(a�minimum essential medium 7.5% fetal bovine serum)
for O40 days, differentiated spontaneously into osteocytes
(data not shown). Spontaneous differentiation into osteo-
cytes was not evaluated in normal donors.

Differentiation into chondrocytes was demonstrated by
production of collagen II, as revealed by immunohisto-
chemistry with a specific antibody (Fig. 3E�F) and by
the rounded aspect of the cells associated with the presence
of regions similar to chondrocyte gaps.

MSCs samples from three controls and five patients were
assessed by real-time polymerase chain reaction for expres-
sion of peroxisome proliferative activated receptor�g and
osteopontin genes, respectively. Data show high variability
in both normal and patient specimens (Supplementary
Fig. E1 and Supplementary Table E4, online only, available
at www.exphem.org).

Hematopoiesis support
In the absence of MSCs as feeder layer, expansion of
CD34þ cells was for controls and patients 1.32� (range,
0.97�1.67�) and 1.95� (range, 1.05�2.00�) during
culture for 7 and 28 days, respectively. The expansion of
CD34þ cells during coculture with MSCs from control
and patient groups were 3.24� (range, 2.15�4.91�) and
3.13� (range, 2.42�4.29�) after 7 days (p 5 0.914) and
4.12� (range, 3.84�4.68�) and 4.46� (range,
3.42�5.09�) after 28 days (p 5 0.476), respectively.
Median expansion values were similar for control and
patient group, but were approximately 2� higher during
coculture for 7 or 28 days compared to cell culture in the
absence of MSCs as feeder layer (Fig. 4A, Supplementary
Table E5, online only, available at www.exphem.org).

http://www.exphem.org
http://www.exphem.org
http://www.exphem.org
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Figure 2. Quantification of selected transcripts by real-time polymerase chain reaction. (ALF) Transcript levels of CD73, CD146, CD 140b, stem cell factor

(SCF), leukemia inhibitory factor (LIF), and Fms-related tyrosine kinase 3 (FLT-3) were evaluated in mesenchymal stromal cells (MSCs) isolated from

controls and patients. Data are reported as expression relative units (ERU). The short horizontal line corresponds to the median.
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There was no difference between controls and patients
regarding clonogenic potential or CFU expansion after
coculture of CD34þ cells with MSCs (Supplementary
Table E5, online only, available at www.exphem.org). The
clonogenic potential of CD34þ for CFU granulocyte-
macrophage after coculture with MSCs from control and
patient groups were 12.62� (range, 6.10�18.58�) and
10.58� (range, 8.27�16.37�) for 7 days (p 5 0.914) and
0.92� (0.24 and 1.75�) and 0.49� (0.0 and 2.24�) for
28 days (p 5 0.762), respectively. In the absence of
MSCs as feeder layer, the clonogenic potential was 2.90�
(range, 2.28�3.51�) and 0.11� (range, 0.0�0.22�) for 7
and 28 days, respectively (Fig. 4B). For burst-forming
unit erythroid, the clonogenic potential of CD34þ cells
after coculture with MSCs was 2.94� (range,
1.49�9.67�) and 2.47� (range, 0.88�4.87�) for 7 days
(p 5 0.610), and 0.08� (range, 0.0�3.98�) and 0.0�
(range, 0.0�0.0�) for 28 days for controls and patients,
respectively, and in the absence of MSCs as feeder layer
the potential was 0.38� (range, 0.32�0.44�) and 0.0�
(range, 0.0�0.03�) for 7 and 28 days, respectively
(Fig. 4C).
Discussion
In this study, we have shown that the CFU-F counts
detected for normal subjects were within the limits reported
previously in the literature [33–37]. We could not demon-
strate a difference in CFU-F counts between the control
and patient groups (p 5 0.079), perhaps because of the
small number of subjects included. However, when the
patient group was divided into HD and NHL subgroups,
we observed a decreased count of CFU-F for the NHL
patients (p ! 0.05), but not for HD patients (p O 0.05).
We believe that this finding could be explained by the
fact that NHL patients were more exposed to alkylating
agent�containing chemotherapy. This reduction in the
counts of CFU-F is consistent with studies that

http://www.exphem.org


Figure 3. Morphological characterization of mesenchymal stromal cells (MSCs) induced to differentiation into adipocytes, osteocytes, and chondrocytes:

(A,B) Differentiation into adipocytes (Sudan II scarlet and Harris hematoxylin staining): (A) normal (ND08) on the 11th day of culture; (B) patient

(LP08) on the 21st day of culture. (C,D) Differentiation into osteocytes: Von Kossa and Harris hematoxylin staining; (C) normal (ND11) on the 18th day

of culture; (D) patient (LP05) on the 39th day of culture. (E,F) Differentiation into chondrocytes: imunohistochemistry for collagen II showing cells deeply

stained brown by the specific antibody (E) normal (ND13) on the 17th day of culture; (F) patient (LP10) on the 14th day of culture.
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demonstrated quantitative damage to the stromal [18,19]
and mesenchymal cells [24] of patients previously
submitted to chemotherapy alone or associated with
radiotherapy.

We also observed that the patient group presented a longer
doubling time than the control group (p 5 0.009), which
reinforces the hypothesis that chemotherapy can damage
MSCs. It is interesting to emphasize that doubling time
was evaluated between the first and second passages, when
cells are in exponential expansion, a phase in which it is
reasonable to expect subtle differences to become clearer.
Results obtained for MSCs isolated from patients presented
a wide dispersion. In contrast, the pattern of the doubling
time of MSC from normal subjects was homogeneous, but
superior to those reported previously [38,39]. The total cell
expansion of MSCs from normal subjects was marginally
superior to the patient group (p 5 0.064). Despite the fact
that we could not demonstrate a statistical difference
between the results of the two groups, we believe that it is
reasonable to assume that this alteration has a biological
significance.

No statistically significant differences between MSC
from patient and control specimens were observed in the
patterns of gene expression, differentiation potential, or
capacity to support in vitro hematopoiesis. On the other
hand, it is important to emphasize that we have not obtained
enough cells for induction to differentiation and to evaluate
the hematopoiesis support capability or RNA for analysis of
the gene expression profile from the three HDCT patients
who presented the lowest cell expansion. New samples



Figure 4. Hematopoiesis support. The ability of mesenchymal stromal

cells (MSCs) to support hematopoiesis was evaluated in vitro by coculture

of these cells isolated from four normal donors and from six patients with

umbilical cord blood CD34þ cells. (A) CD34þ cell expansion quantified

by flow cytometry. (B,C) Clonogenic potential of CD34þ cells after cocul-

ture with MSCs for 7 and 28 days. (B) Colony-forming unit granulocyte-

macrophage (CFU-GM); (C) burst-forming unit erythroid (BFU-E). N/

MSC 5 No MSC.
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were collected from these patients and again we could not
obtain enough cells to conduct these experiments. We
believe that the scarcity of this material could have limited
the statistical power of these experiments, which were
carried out with cells that presented a growth kinetics
behavior similar to controls. Another explanation for the
lack of difference between the groups concerning the
MSCs gene expression profile, plasticity, and supportive
role on hematopoiesis could be related to essential aspects
from MSC biological nature, which are less likely to be
influenced by external factors such as chemotherapy.
Particularly in the hematopoiesis support capability, its
effect was indirectly evaluated through another cell lineage,
in a way that subtler alterations could not be detected by
this assay. These facts could possibly explain the findings
mentioned here, which means that the chemotherapy treat-
ment has a more evident influence on proliferative aspects
from the MSCs, but less or none, on their gene expression,
plasticity, or hematopoiesis support capability. Subtler
functional alterations could perhaps be revealed by assays
with a larger number of subjects.

Expression of osteopontin by undifferentiated MSCs, as
well as their spontaneous differentiation into osteocytes,
supports the hypothesis that the osteogenic pathway is the
preferential one for MSCs isolated from bone marrow
[40,41].

There was no obvious influence of age or gender on CFU-
F counts, growth kinetics, multipotential differentiation, or
hematopoietic stem cell supportive capacity. The different
time points after ASCT were not considered for analysis
because five of six HD patients were submitted to ASCT
O660 days before collection of the BM sample for this study,
which could influence the results and conclusions.

Our results suggest that MSCs of lymphoma patients
submitted to HDCT present quantitative and proliferative
differences compared to normal subjects regarding CFU-F
counts and kinetics of cell expansion probably secondary
to the use of HDCT.
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Supplementary Table E1. Primer supplemental sequences and probe

number for the genes evaluated by real-time reverse transcription

polymerase chain reaction

Title

SYBR green primers

and Taq man probes

PPAR89 sense 50 GTTATGGGTGAAACTCT GGGAG 30

PPAR429 antisense 50 GGAGATGCAGGCTCCACTTTG 30

OST66 sense 50 CCATGAGAATTGCAGTGATTTGC 30

OST388 antisense 50 GTCGTTCGAGTCAATGGAGTCC 30

CD140b sense 50 AACATCATCTGGTCTGCCTGC 30

CD140b antisense 50 TCAAACTCCTGCTCCTCCTC 30

GAPDH sense 50 GCCTCAAGATCATCAGCAATGC 30

GAPDH antisense 50 CATGGACTGTGGTCATGAGTCCT 30

NTSE (CD73) Hs00159686_m1

MCAM (CD146) Hs00174838_m1

Stem cell factor

(KIT ligand)

Hs00241497_m1

Leukemia inhibitory factor Hs00171455_m1

Fms-related tyrosine

kinase 3 ligand)

Hs00181740_m1

GAPDH 5 glyceraldehyde-3-phosphate dehydrogenase; OST 5 osteopon-

tin; PPAR 5 peroxisome proliferative activated receptor.

Supplementary Figure E1. Kinetics of the expression of genes involved

in the differentiation into adipocytes and osteocytes. Total RNA was ob-

tained from undifferentiated mesenchymal stromal cells (MSCs) (day 0)

and from cultures for the differentiation into adipocytes and osteocytes

on days 7, 14, 21, 28, and 35 of culture and analyzed by reverse transcrip-

tion polymerase chain reaction for the genes peroxisome proliferative acti-

vated receptor�g (PPARg) and osteopontin (OST), respectively. Data are

reported as expression relative units (ERU).
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Supplementary Table E2. Fibroblastoid colony-forming unit counts and mesenchymal stromal cells growth kinetics by samples

Disease D þ BMT CFU-F (�106 BM-MNC) Doubling time (h) Total cell expansion (fold)

Patients

LP-03 LGCBM 28 11.40 34.08 28.27

LP-04 NSHD 662 2.80 185.64 1.81

LP-05 MLBCL 1551 4.50 167.44 5.53

LP-06 NSHD 1836 25.20 49.48 20.48

LP-07 NSHD 104 7.30 58.9 19.61

LP-08 LPHD 1620 37.50 59.08 11.55

LP-09 DLBCL 124 11.80 92.31 6.91

LP-10 NSHD 1822 34.50 69.01 7.71

LP-11 DLBCL 1305 0.00 195.35 3.32

LP-12 DLBCL 168 0.00 68.33 8.62

LP-13 MLBCL 159 0.00 107.22 17.95

LP-14 MCHD 770 30.30 126.69 4.87

Controls

ND-01 d d d 44.86 16.59

ND-02 d d 12.50 36.36 19.63

ND-03 d d 13.60 37.8 21.95

ND-04 d d d 47.73 27.48

ND-05 d d 1.30 56.38 13.42

ND-06 d d 92.50 d d

ND-07 d d 8.00 d d

ND-08 d d 56.00 d d

ND-09 d d 54.00 d d
ND-10 d d 20.00 d d

ND-11 d d 55.00 d d

ND-12 d d 11.00 d d

ND-13 d d 12.00 d d

CFU-F (�106 BM-MNC) Doubling time (h) Total cell expansion (fold) Statistical test

Controls � patients 0.079 0.009 0.064 Mann-Whitney

HD � NHL patients 0.041 0.589 O0.999 Mann-Whitney

Controls � HD � NHL patients 0.023 0.031 0.170 Kruskal-Wallis

Controls � HD � NHL patients !0.05 NHL !0.05 NHL d Dunn’s Multiple Comparisons

Controls � HD � NHL patients O0.05 HD !0.05 HD d Dunn’s Multiple Comparisons

CFU-F 5 fibroblastoid colony-forming units; D þ BMT 5 number of days after bone marrow transplantation; DLBCL 5 diffuse large B-cell lymphoma;

HD 5 Hodgkin’s disease; LP 5 lymphoma patient; LPHD 5 nodular lymphocyte-predominant Hodgkin’s disease; MCHD 5 mixed cellularity Hodgkin’s

disease; MLBCL 5 primary mediastinal large B-cell lymphoma; ND 5 normal donor; NHL 5 non-Hodgkin’s lymphoma; NSHD 5 nodular sclerosis Hodg-

kin’s disease.
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Supplementary Table E3. Gene expression analysis by reverse transcription polymerase chain reaction

CD140b CD146 CD 73 LIF SCF FLT-3

ND 14 149.00 313.04 1390.81 16.67 89.46 13.75

ND 13 277.09 392.41 2094.97 75.59 54.82 13.87

ND 09 468.92 487.99 3707.45 32.86 110.75 16.06

ND 11 349.88 210.00 1677.63 69.75 108.14 14.70

Median 313.48 352.73 1886.30 51.305 98.80 14.29

Minimum 149.00 210.00 1390.81 16.67 54.82 13.75

Maximum 468.92 487.99 3707.45 75.59 110.75 16.06

LP 05 279.31 37.10 127.53 66.31 20.95 2.10

LP 10 536.98 336.44 2879.72 142.69 97.15 9.03

LP 12 899.33 763.09 4764.84 45.37 140.28 11.03

LP 13 533.08 423.35 2034.86 38.19 168.51 27.74

LP 06 125.47 567.59 2257.82 185.81 120.19 11.59

LP 03 307.03 152.88 1498.92 253.13 84.67 17.72

Median 420.05 379.90 2146.34 104.5 108.67 11.31

Minimum 125.47 37.10 127.53 38.19 20.95 2.10

Maximum 899.33 763.09 4764.84 253.13 168.51 27.74

Mann-Whitney test 0.4762 0.9143 0.9143 0.2571 0.6095 0.2381

Data are reported as expression relative units.

Flt-3 5 Fms-related tyrosine kinase 3; LIF 5 leukemia inhibitory factor; LP 5 lymphoma patient; ND 5 normal donor; SCF 5 stem cell factor.

Supplementary Table E4. Curve for differentiation into adipocytes and osteocytes: RT-PCR analysis

A) Differentiation into adipocytes: PPARg gene expression analysis

Culture (days) ND 09 ND 13 ND 11 LP 05 LP 03 LP 06 LP 13 LP 12

0 0.08 0.00 0.02 0.05 0.04 0.00 0.00 0.01

7 0.38 1.55 0.08 0.33 0.14 0.01 0.43 0.05

14 1.21 36.44 3.94 0.03 21.93 1.10 28.88 5.09

21 0.13 827.79 18.74 0.06 122.56 5.43 263.85 13.03

28 0.14 629.35 108.60 0.24 169.10 29.16 1153.16 94.69

35 0.56 1311.47 278.49 0.46 266.56 52.12 684.92 131.64

B) Differentiation into osteocytes: Osteopontin gene expression analysis

Culture (days) ND 09 ND 13 ND 11 LP 05 LP 03 LP 06 LP 13 LP 12

0 0.24 1.41 5.13 24.25 0.24 0.13 0.34 5.03

7 4.11 16.57 44.23 25.17 4.94 2.21 1.73 3.30

14 44.10 10.22 227.12 - 58.82 2.87 67.35 6.01

21 156.68 16.48 105.88 35.18 88.67 2.54 1.87 4.58

28 127.82 10.46 143.21 74.08 21.65 2.65 2.64 35.99

35 15.38 2.09 17.30 15.70 1.27 2.55 0.67 69.39

LP 5 lymphoma patient; ND 5 normal donor; PPARg 5 peroxisome proliferative activated receptor�g.
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Supplementary Table E5. Hematopoiesis support

No MSC (7 d) Controls (7 d) Patients (7 d) No MSC(28 d) Controls (28 d) Patients (28 d)

CD34þ expansion

0.97 2.83 2.42 1.95 3.88 5.07

1.67 4.91 2.46 2.00 4.68 4.40

2.15 3.09 1.05 3.84 5.09

3.64 3.16 4.35 3.42

3.22 4.51

4.29 3.97

Mann-Whitney test p 5 0.9143 p 5 0.4762

CFU-GM clonogenic potential

2.28 15.51 10.06 0.22 0.39 0.48

3.51 18.58 8.27 0.11 1.45 0.00

6.10 9.16 0.00 1.75 0.49

9.72 15.25 0.24 2.24

11.09 0.00

16.37 0.56

Mann-Whitney test p 5 0.9143 p 5 0.7619

BFU-E clonogenic potential

0.32 1.66 4.87 0.00 0.00 0.00

0.44 9.67 2.61 0.03 3.98 0.00

4.22 2.32 0.00 0.00 0.00

1.49 1.17 0.15 0.00

3.11 0.00

0.88 0.00

Mann-Whitney test p 5 0.6096 d

BFU-E 5 burst-forming unit erythroid; CFU-GM, colony-forming unit granulocyte-macrophage; MSC, mesenchymal stromal cell.
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