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Chemotherapy prior to autologous bone marrow
transplantation impairs long-term engraftment in mice

Estelle J.K. Noach, Albertina Ausema, Ronald van Os, Imre Akkerman,
Sonja Koopal, Ellen Weersing, Bert Dontje, Edo Vellenga, and Gerald de Haan
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Objective. Autologous bone marrow transplantation in cancer patients is often preceded by
multiple cycles of chemotherapy. In this study, we assessed in a mouse model whether stem
cells were affected by prior chemotherapy.

Methods. Donor mice were treated with three consecutive injections of 150 mg/kg 5-fluorouracil
(5-FU). Peripheral blood counts were allowed to recover before the subsequent dose of
5-FU was given. Mice recovered from three doses of 5-FU and showed normal steady-state
hematopoiesis. Bone marrow cells from these mice were mixed with congenic competitor cells
and transplanted into lethally irradiated recipients.

Results. Although in vivo homing of cells from these mice was not impaired, donor leukocyte
contribution steadily decreased posttransplantation. In contrast to in vivo homing, both in
vitro migration toward stromal-derived factor (SDF)-1 and the average CXC chemokine
receptor-4 (CXCR4) expression were lower in 5-FU-treated cells. Moderate reductions in
L-selectin and CD11a expression were observed on stem cells of 5-FU-treated mice. CD43,
CD44, CD49d, and CD49e¢ were normally expressed and could thus not explain the reduced
engraftment of these cells.

Conclusion. We therefore conclude that 5-FU either directly damages stem cells or that the
replicative stress induced by 5-FU causes a decline in stem cell reconstitution potential resulting
in lower chimerism levels posttransplantation, that declines in time. © 2003 International
Society for Experimental Hematology. Published by Elsevier Inc.

Autologous bone marrow transplantation is increasingly ap-
plied to treat hematological malignancy [1]. The rate of
hematopoietic reconstitution posttransplantation strongly de-
pends on the quality of the infused graft, which is partly
determined by the severity of chemotherapy pretreatment
[2-5]. It has been reported that lymphoma patients treated
with intensified cycles of cyclophosphamide, doxorubicin,
vincristine, and prednisone, followed by autologous bone
marrow transplantation, demonstrated a poor hematopoietic
reconstitution despite normal bone marrow cellularity at the
time of harvest [4,6]. Reduced numbers of primitive stem
cells may have caused delayed engraftment in this study [2].

Studies in mice have identified only few chemotherapeu-
tic agents that directly damage hematopoietic stem cells
[3,7-10]. The main reason for this is probably that the major-
ity of hematopoietic stem cells is normally quiescent and

Offprint requests to: G. de Haan, Ph.D., Dept. of Stem Cell Biology,
University of Groningen, A. Deusinglaan 1, NL-9713 AV Groningen, The
Netherlands; E-mail: G.de.Haan@med.rug.nl

consequently is no direct target for most cytotoxic drugs.
A cytotoxic agent often used in murine studies of stem cell
sensitivity to chemotherapy, 5-fluorouracil (5-FU), was also
shown not to damage stem cells directly [11,12], but stem
cells start proliferating rapidly after chemotherapy and can
become very sensitive to subsequent treatments [13]. In addi-
tion, repeated courses of chemotherapy may also have an
effect on the quality of stem cells, i.e., the inherent potential
of individual stem cells to contribute to the process of hema-
topoiesis [14—16].

The mechanisms causing the reduced repopulation poten-
tial of bone marrow grafts exposed to chemotherapy have
remained obscure so far. In theory, several not mutually
exclusive models can be proposed, in which chemother-
apy might affect the quantity or the “quality” of transplant-
able stem cells [17]. Replicative stress imposed upon stem
cells by multiple rounds of chemotherapy could potentially
induce premature exhaustion, leading to reduced prolifera-
tive potential. Alternatively, the quality of transplanted stem
cells may be impaired as a consequence of a reduced ability

0301-472X/03 $-see front matter. Copyright © 2003 International Society for Experimental Hematology. Published by Elsevier Inc.
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of chemotherapy-treated stem cells to migrate through the
bone marrow endothelium and home successfully to the
bone marrow microenvironment of the conditioned recipient.
Various adhesion molecules belonging to the families of
integrins (very late antigen [VLA]-4 and -5), selectins (L-
selectin), and cadherins play important roles in migration,
homing, and engraftment of hematopoietic stem cells [18—
21]. Tt has long been recognized that efficient homing
is confined to cells in Gy-phase [19,22,23], which might be
associated with differences in adhesion molecule expression
[24]. Actively dividing cells have fewer cells in Gy-phase
and subsequently may have a lower homing efficiency.
Therefore, multiple cycles of chemotherapy may not only
lead to distortion in migration characteristics of stem cells,
but may also cause them to cycle more actively, resulting
in a homing deficiency.

In the present study we assessed the engraftment potential
of bone marrow cells that were repeatedly exposed to 5-FU.
Quantitative and qualitative stem cell characteristics, such
as stem cell number, number of cells in S-phase, adhesion
molecule expression, migration capacity, and in vivo homing
of cells of the stem cell graft were determined. Our results
demonstrate that cells repeatedly exposed to chemotherapy
have a diminished repopulating capacity posttransplantation.

Materials and methods

Mice and treatment

Female C57BL/6 mice (C57BL/6JOlaHsd Pep3* (CD45.2))(Harlan
Nederland, Horst, The Netherlands), were used as control and
chemotherapy-treated donors, and as bone marrow transplantation
recipients. In competitive repopulation assays [25], 2 to 3 x 10°
cells from untreated B6.SJL (C57BL/6.SIL.Ptprc® Pep3®/Boyl)
congenic mice (kindly provided by Prof. Dr. Willem E. Fibbe, Leiden
University Medical Center, Leiden, The Netherlands) were mixed
with 1.5 to 3 x 10° cells of 5-FU-treated or untreated C57BL/6
cells, and transplanted into lethally irradiated recipients. The ani-
mals were housed in conventional clean facilities certified to be
free of pathogens and fed commercial rodent chow and acidified
water ad libitum. All experimental protocols were approved by the
institutional ethical committee on animal experiments.

CS57BL/6 mice between 8 and 12 weeks of age were treated
with three consecutive cycles of chemotherapy, each consisting
of a single intraperitoneal (i.p.) injection of 5-FU, (fluracedyl;
Pharmachemie B.V., Haarlem, The Netherlands), at a dose of 150
mg/kg. Mice were monitored regularly by white blood cell counting
and occasional bone marrow sampling under isoflurane anesthesia.
The second and third treatments were administered after full recov-
ery of peripheral white blood cell counts (i.e., 16 days after the
first and 17 days after the second injection). Following full recovery
from the third 5-FU dose, bone marrow cells were collected for
analysis of progenitor and stem cell numbers, progenitor cell cy-
cling activity, and competitive repopulation. Recipient C57BL/6
mice received a single dose of 9 Gy lethal total-body irradiation
(TBI) at a dose rate of 0.772 Gy/minute, using a '3’Cs y-irradia-
tion unit (IBL 637, CIS Biointernational, Gif-sur-Yvette Cedex,
France).

Bone marrow transplantation

and determination of peripheral blood cell chimerism

To determine the engraftment potential of control bone marrow
cells and of 5-FU-treated cells, a competitive repopulation assay
was performed. To this end, 1.5 to 3 x 10® unfractionated bone
marrow cells obtained from either CD45.2 control mice or CD45.2
5-FU-treated mice were mixed with 2 to 3 x 10® unfractionated
reference bone marrow cells of CD45.1 donor mice 24 hours. Cells
were mixed immediately prior to intravenous injection into the
retro-orbital plexus of 900-cGy irradiated female CD45.2 recipient
mice. Peripheral blood cell chimerism (CD45 isotype expression)
in recipients was determined by flow cytometry (anti-CD45.1 and
anti-CD45.2 mAbs from Pharmingen, San Diego, CA, USA), at
firstevery 2 weeks (up to week 12), and thereafter every 4 weeks until
week 26. The competitive repopulation index (CRI) was calculated
as follows: CRI = Ratio of CD45.2 to CD45.1 leukocytes in recipi-
ent/Ratio CD45.2 to CD45.1 marrow cells transplanted. The ratio
of competitive repopulation indexes for transplantation of normal
control marrow and marrow from mice treated with 5-FU was
calculated as a measure for the relative quality of the two different
marrow grafts.

Stem cell and progenitor cell assays
To quantify the number of progenitors and stem cells transplanted
in each group, the in vitro limiting dilution cobblestone area—
forming cell (CAFC) assay [26,27] was performed as described
previously [28]. In addition, the number of colony-forming units—
granulocyte/macrophage (CFU-GM) was determined using stan-
dard methylcellulose cultures (0.8% methylcellulose, 30% fetal
calf serum [FCS] in o-medium) supplemented with 10 ng/mL
recombinant mouse granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Behringwerke, Marburg, Germany) and 100 ng/
mL recombinant rat pegylated stem cell factor (peg-SCF) (Amgen,
Thousand Oaks, CA, USA). Cells were cultured at 37°C and 5%
CO, and counted on day 6 or 7 using an inverted microscope.
The proliferative activity of progenitor and stem cells was as-
sessed by a 1-hour in vitro incubation at 37°C with hydroxyurea
[HU] (Sigma, St. Louis, MO, USA, 200 pug/mL) prior to plating
cells in the CAFC assay as previously reported [28]. The fraction
of cells killed by HU was calculated and was considered to reflect
the percentage of cells in S-phase.

Migration assays

The motility of stem cells in response to a chemotactic gradient
was investigated with an in vitro actin polymerization assay [29].
Cells were diluted in o-medium to a concentration of 2.5 x 10°
cells/mL. SDF-1 (100 ng/mL; R&D Systems Europe Ltd,
Abingdon, UK) was added to the cell suspension and incubated
for 0, 10, 30, and 120 seconds at 37°C. The reaction was stopped
by adding 200 UL cold fixation solution (6% paraformaldehyde
and 0.2 mg/mL sonificated L-o-lysophosphatidylcholine [Sigma]
in phosphate-buffered saline [PBS]), followed by 10 minutes in-
cubation at room temperature. Thereafter, 4 uL. FITC-phalloidin
(Oregon Green 514-Phalloidin; Molecular Probes, Europe BU,
Leiden, The Netherlands) was added to visualize F-actin poly-
merization, incubated for 30 minutes at room temperature in the
dark, and analyzed by flow cytometry.

A functional migration assay was performed using a transwell
system in which cells migrate towards an SDF-1 gradient [30].
7.5 x 10° bone marrow cells of control or chemotherapy-treated
mice were suspended in IMDM medium +5% FCS and seeded in
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triplicate in the upper chambers of 6-well transwell plates (pore
size: 3 wm; Corning Incorporated, Corning, NY, USA). The lower
chambers contained IMDM medium +5% FCS, with or without
100 ng/mL murine SDF-1. Cells were collected after incubation
for 16 hours at 37°C, 5% CO, from both the upper and lower
chamber. Triplicate wells were pooled, nucleated cells were counted,
and CAFC assays were initiated. The number of cells migrating
specifically toward SDF-1 was calculated.

Adhesion molecule and CXCR4 expression

Bone marrow cells were isolated from 5-FU-treated and control
mice for stem cell purification. Unfractionated cells were incubated
with normal rat serum for 15 hours after erythrocyte lysis. Subse-
quently, cells were stained with a panel of biotinylated line-
age-specific antibodies (lineage panel: anti-CD3e, anti-CD45R,
anti-CD11b, anti-Ly76, anti-Gr-1, Pharmingen), FITC-anti-Sca-1,
APC-anti-c-kit (Pharmingen), and one of the following PE-labeled
antibodies directed against different adhesion molecules: anti-
CD49d, anti-CD49e, anti-CD11A, anti CD62L, anti-CD43, or
anti-CD44 (Pharmingen). Cells were stained with streptavidin-
PerCP (Pharmingen). Primitive stem cells (Lin~ Sca-1*c-kit™)
were defined as the 5% least intense PerCP-fluorescent bone
marrow cells (lineage-negative) and Sca-1- and c-kit-positive cells
in this fraction.

CXCR4 expression was determined using a rabbit-anti-mouse
anti-CXCR4 antibody (a generous gift from Dr. J.C. Guttierez-
Ramos, Millennium Pharmaceuticals, Cambridge, MA, USA).
Staining was visualized with a secondary PE-conjugated goat-anti-
rabbit antibody. CXCR4 staining was combined with PerCP-labeled
lineage markers, FITC-anti-Sca-1, APC-anti-c-kit. Adhesion mole-
cule and CXCR4 expression was measured in total cell popula-
tion as well as in the Lin~ and Lin~Sca-1"c-kit™ fraction by flow
cytometry.

In vivo homing of bone marrow cells

To determine in vivo homing potential of chemotherapy-treated or
untreated bone marrow cells, approximately 40 x 10° unfraction-
ated bone marrow cells were intravenously injected into lethally
irradiated recipients. Twenty-four hours later, recipient bone
marrow cells were isolated and seeded in a CAFC assay. To quantify
the number of endogenous stem cells surviving radiation, bone
marrow cells of lethally irradiated, nontransplanted recipients
were assayed in a separate CAFC assay. CAFC-day 7 and CAFC-
day 35 were monitored and percent recovery in bone marrow (%
of input cells) was calculated.

Statistics

Unpaired Student’s #-tests were performed to determine significant
differences between engraftment levels of 5-FU-treated mice and
untreated controls. Ninety-five percent confidence limits (CL) were
calculated in each CAFC subset. Nonoverlapping 95% CL were in-
terpreted as p < 0.05.

Results

Peripheral blood cell values

and bone marrow cellularity after chemotherapy

Mice were treated with three consecutive courses of 5-FU
and white blood cell counts (WBC) were determined regu-
larly after each injection to ascertain full recovery of periph-
eral blood cell values before the next dose of chemotherapy
was administered. Figure 1 demonstrates that WBC values
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Figure 1. Recovery of hematopoiesis after three doses of 5-FU. The fluctu-
ation in white blood cell (WBC) counts (left axis) and bone marrow cel-
lularity (right axis) after three injections of 5-FU (150 mg/kg). 5-FU was
administered at day 0, day 16, and day 33, after full recovery of WBC
values had been achieved.

had normalized between 16 and 18 days after each 5-FU
treatment. To verify whether recovery of leukocyte values
reflected normalization of bone marrow cellularity, nucleated
cells in bone marrow were monitored at distinct time points
(Fig. 1). The number of nucleated cells in the bone marrow
was also normalized when WBC values had recovered. We
did not observe any signs of accumulating toxicity of
repeated administration of the cytotoxic drug.

Donor cell engraftment after transplantation

To detect potential engraftment defects of stem cells har-
vested from 5-FU—treated mice, we performed a competitive
repopulation assay. Engraftment of CD45.2 cells and CD45.1
cells was determined by fluorescein-activated cell sorting
(FACS) analysis (Fig. 2, top panel). 5-FU-treated stem cells
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Figure 2. Long-term repopulating ability of stem cells from 5-FU-pretreated
donors. Percentage donor-derived (CD45.2) leukocytes in peripheral blood of
lethally irradiated recipient mice after transplantation of 1.8 x 10° control
cells or 5-FU—treated cells, mixed with 2.4 x 10° congenic (CD45.1) bone
marrow cells. Data are mean = SEM for four mice (top panel). Competi-
tive repopulation indexes (CRI) of two separate experiments (a total of 6
mice per group) were calculated as explained in materials and methods and
the ratio of CRI for control vs 5-FU treated cells is plotted in bottom panel.
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showed a lower percentage of chimerism than untreated
cells as early as 2 weeks after transplantation (p < 0.05). In
addition, the difference between engraftment levels of
control stem cells compared to 5-FU—treated stem cells in-
creased slowly over time (p < 0.0001). When competitive
repopulation indexes were calculated, the same pattern was
observed. Twenty-six weeks posttransplantation an eightfold
difference in the competitive repopulation index between
control stem cells compared to 5-FU-treated stem cells was
found (Fig. 2, bottom panel). These data clearly indicate a
severe engraftment defect of chemotherapy-treated stem
cells.

Number and cell cycle status of transplanted cells

To test whether equal numbers of stem cells in both the
control group and the chemotherapy-treated group had been
transplanted, we performed CAFC assays on both bone
marrow sources. Figure 3 demonstrates that bone marrow of
mice sacrificed 18 days after third 5-FU injection contained
equal numbers of progenitor (CAFC-day 7, Fig. 3A) and stem
cells (CAFC-day 35, Fig. 3B) as bone marrow of untreated
mice (p > 0.05). Untreated CD45.2 bone marrow cells con-
tained 71 CAFC-day 35 per million cells (95% confidence
interval (c.i.): 52-98), whereas 5-FU—-treated bone marrow
cells contained 58 CAFC-day 35 (c.i.: 42—-80), which was not
significantly different and could not explain the difference in
engraftment.

To investigate whether an increased cell cycle activity of
5-FU-treated stem cells could be responsible for decreased
engraftment posttransplantation, we compared the fraction
of cells in S-phase in control and treated progenitor and
stem cell populations prior to transplantation. We did not
find any evidence for enhanced cell cycle activity of either
progenitors or stem cells in chemotherapy-treated mice (Fig.
3). In fact, the fraction of cells in S-phase in these mice
appeared to be reduced from 49% to 12% for CAFC-7 and
from 7.5% to less than 2% for CAFC-35. Thus, the en-
graftment defect posttransplantation could not be explained
by changes in cell cycle activity.
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Figure 3. Effect of 5-FU treatment on the number and proliferative status
of progenitors and stem cells. Panel A shows the absolute number of CAFC-
day 7 (+95% confidence limits) per femur in mice treated with 3 doses of
5-FU compared to control values. Assays were performed 18 days after the
third course of 5-FU or saline (control). The black bar depicts the percentage of
CAFC-day 7 in S-phase. Panel B shows the absolute number of CAFC-day
35 (+95% confidence limits) per femur and percentage in S-phase (black
bars) in pooled bone marrow of 5-FU-treated mice or control mice.

Migration and homing
To investigate possible effects of 5-FU treatment on the
homing potential of stem cells, we performed an actin poly-
merization assay to determine whether motility of 5-FU—
treated cells as response to a chemotactic stimulus was af-
fected. Figure 4A demonstrates lower but not significantly
different actin polymerization of chemotherapy-treated vs
untreated cells, indicating a normal coordinated formation
of lamellipodia and actomyosin-based contractility neces-
sary for cell movement [31,32]. A functional in vitro migra-
tion assay was performed to obtain insight into the migration
capacity of 5-FU-treated and control cells towards an SDF-
1 gradient. Figure 4B demonstrates that the total number of
5-FU-treated nucleated cells which migrated in the transwell
assay was reduced to ~50% compared to untreated control
cells (p = 0.05). The fraction of migrating 5-FU-treated
progenitors (CAFC-day 7) was significantly reduced to 10%
of control progenitors (Fig. 4C, p = 0.01). Migration of
CAFC-day 35 could not be detected due to the low frequency
of this stem cell subset.

It was further investigated whether reduced expression
of CXCR-4 could explain this reduced migration (Fig. 4D).
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Figure 4. Effect of 5-FU treatment on in vitro and in vivo migratory capacity.
SDF-1-induced actin polymerization = SEM in bone marrow of 5-FU-ex-
posed mice is compared with control values (panel A). SDF-1-induced
migration in a transwell assay is shown in panel B for all bone marrow
nucleated cells and in panel C for CAFC-day 7. 5-FU-exposed mice and
control mice are compared. Data are mean + SEM. Panel D depicts the
CXCR-4 expression (expressed as mean fluorescence (GeoMean)) in bone
marrow nucleated cells (black bars) and Lin~ cells (white bars) of 5-FU-
exposed mice and control mice. Panel E: in vivo homing of 5-FU-treated
and control bone marrow cells. Percentage of recovered CAFCd7 (black
bars) and CAFCd35 (white bars) in total bone marrow 24 hours after trans-
plantation of bone marrow cells into lethally irradiated recipients assuming
that one femur represents 1/17" of the total bone marrow. Data are
mean * SEM.
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CXCR4 expression was reduced in unfractionated
(p = 0.02), the Lin™~ fraction (p = 0.003) and the most prim-
itive Lin~Sca-1"c-kit* fraction (p = 0.16) of 5-FU—treated
bone marrow cells.

Various adhesion molecules such as B-integrins (VLA-
4/5) and selectins (L-selectin) are known to be involved in
the migration, homing, and engraftment potential of hemato-
poietic stem cells. Therefore, we compared the expression
of 6 adhesion molecules, CD49d, CD49e, CD11a, CD62L,
CD43, and CD44 in the Lin~Sca-1"c-kit" cells of 5-FU-
treated and untreated mice. Table 1 demonstrates a signifi-
cantly lower expression of CD11a (LFA-1) and CD62L (L-
selectin) in the 5-FU-treated cells whereas the expression
of other adhesion molecules was not affected. Finally, to test
whether in vivo homing of stem cells was affected, we
investigated the homing potential of treated or untreated
cells. Thirty-five to 40 x 10° cells were transplanted into
lethally irradiated recipients. After 24 hours, bone marrow
cells were isolated and stem cells were quantified in a CAFC
assay. Figure 4E demonstrates a significantly higher retrieval
of transplanted progenitors (CAFC-day 7) from 5-FU-
treated animals compared with untreated progenitors (32%
vs 23%, n = 3, p < 0.05), but homing of stem cells (CAFC-
day 35) was not significantly different between both groups.

Discussion

In the present study we have subjected mouse bone marrow
cells to repeated administration of 5-FU. We failed to docu-
ment any deleterious effect of this treatment on the hemato-
poietic system in the treated animals. Complete recovery of
white blood cell counts, cellularity of bone marrow, and
number of in vitro—cultured progenitors and stem cells was
achieved already at 18 days after the last of three consecutive
administrations of 5-FU. Our failure to detect stem cell
damage is very likely to be highly dependent on the timing
of the administration of 5-FU. When consecutive doses of
5-FU are administered within short time intervals, stem cells
are stimulated to proliferate rapidly in order to restore the
hematopoietic system and will be more susceptible for a
subsequent dose of chemotherapy [13]. In the current study
we deliberately postponed subsequent 5-FU treatment until

Table 1. Adhesion molecule expression in Lin~Sca-1*c-kit™ cells

complete hematopoietic recovery had occurred on the basis
of blood and bone marrow cellularity. In fact, our data sug-
gested that the hematopoietic system of 5-FU-treated mice
had completely recovered because not only peripheral blood
and marrow counts but also bone marrow progenitor and stem
cell numbers were normal. However, upon transplantation of
these bone marrow cells in a competitive repopulation assay,
a dramatic and permanent engraftment defect was observed.
Whereas engraftment levels in recipients reconstituted with
control bone marrow cells remained stable at ~60% during
the entire study period, engraftment gradually decreased
in recipients transplanted with 5-FU-treated bone marrow,
finally resulting in a threefold reduction in levels of chime-
rism. Comparison of the competitive repopulation index
between 5-FU-treated and control bone marrow cells indi-
cated an eightfold difference in stem cell functionality.
Clearly, the deleterious effect of repeated chemotherapy
administration on stem cells only became apparent upon
transplantation in a competitive repopulation assay. These
observations point to a significant reduction in stem cell
quality due to repeated exposure to 5-FU. It should be noted
that in autologous bone marrow transplantation after induc-
tion chemotherapy in cancer patients the chemotherapy-
treated cells are the only source of stem cells. Clinically, a
functional defect can only be detected when the number of
transplanted stem cells becomes limited [2,4,6]. In stem
cell transplantation, engraftment of stem cells depends on
the ability of transplanted stem cells to migrate to the recipi-
ent bone marrow environment and lodge to appropriate
niches, and on the extent that newly seeded donor stem cells
contribute to short- and long-term reconstitution of the host
hematopoietic system. Although these two parameters are
mechanistically distinct, together they define the “quality”
of a stem cell graft. While the exact experimental design
was somewhat different, several studies have shown that
competitive repopulation of stem cells obtained from mice
treated with specific cytotoxic drugs was impaired [16,23,
33,34]. Exhaustion of stem cells can be demonstrated
by serial transplantation [35] or prolonged growth factor
administration in vivo [16,36], which only becomes appa-
rent when stem cells are transplanted in a competitive re-
population assay.

Adhesion molecule: CD49d CD49e CDlla CD62L CD43 CD44

Common name: VLA-4 VLA-5 LFA-1 L-selectin Leukosialin HCAM

Untreated cells 99.8 = 0.2 969 = 1.0 93.6 = 1.3 70.7 = 5.5 99.4 + 0.3 99.9 0.2
* +

5-FU-treated cells 99.9 = 0.1 97.0 £ 2.4 90.1 2.8 533+ 8.0 99.5 + 0.6 99.9 0.2

Individual expression of adhesion molecules was determined by flow cytometry as described.
Data represent the mean percentage of positive Lin~Sca-1"c-kit" cells = SD (for each adhesion molecule: n = 4 untreated group and n = 6 in 5-FU-

treated group).

Unpaired two-tailed r-test shows a significant difference in expression between treated and untreated cells of *p < 0.05 and p < 0.01 in LFA-1 and

L-selectin expression, respectively.
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To investigate whether 5-FU treatment alters qualitative
stem cell characteristics, we studied parameters such as per-
centage of cells in S-phase, adhesion molecule expression, in
vitro migration, and in vivo homing capacity. From previous
studies it is known that cells in S-phase have a low seeding
and homing efficiency upon transplantation [19,22,23]. We
show that after repeated 5-FU administration the number of
cells in S-phase had not increased. Hence, this cannot explain
reduced engraftment posttransplantation.

The transendothelial migration of hematopoietic progeni-
tor cells induced by the chemoattractant SDF-1 involves
motility-associated processes such as shape changes in he-
matopoietic cells through actin polymerization and changes
in adhesion molecule expression [18,30,37-39]. Our data
demonstrate that, although actin polymerization is normal
in 5-FU-treated cells, migration capacity in vitro assayed in
a transwell assay is severely impaired. The total numbers
of nucleated cells as well as progenitors show a significantly
reduced migration towards SDF-1. In addition, the level
of CXCR4 expression was lower on 5-FU—treated cells.
However, this did not lead to a reduction in the homing
capacity of these cells. This observation does not correspond
with previous data [40] where human stem cell engraftment in
NOD/SCID mice was shown to be completely dependent
on the expression of the receptor for the chemokine SDF-
1, CXCR4. These data constitute the first report showing no
correlation in murine bone marrow transplantation between
CXCRA4 expression or in vitro SDF-1-induced migration with
in vivo homing. However, rapid oscillations in CXCR4 ex-
pression and upregulation upon transplantation have been
reported and could explain discrepancies between in vitro
and in vivo CXCR4 function [41]. Furthermore, we assessed
that expression of CD62L (L-selectin) and CD11a (LFA-1)
in the chemotherapy-treated cells was significantly reduced
compared to expression in untreated cells. In our model a
reduction in expression of these adhesion molecules after
repeated cycles of chemotherapy does not seem to affect
homing. Therefore, changes in adhesion molecule expres-
sion cannot explain the engraftment defect following
transplantation of chemotherapy-treated cells.

The data demonstrate that stem cell numbers and their
homing capacity were not affected by prior chemotherapy.
Thus, residual damage from 5-FU exposure or indirectly
through replicative stress, induced by repeated cycles of
chemotherapy, causes premature exhaustion and leads to a
severe reduction in stem cell quality rather than quantity.

Acknowledgments

The authors thank Dr. Piet Wierenga for critically reviewing the
manuscript and Geert Mesander for excellent help with the FACS
analysis. This work was supported by the Dutch Cancer Society,
grant NKB 2000-2182. G. de Haan is a fellow of the Royal Nether-
lands Academy of Arts and Sciences (KNAW).

References

1. Gorin NC. Autologous stem cell transplantation in acute myelocytic
leukemia. Blood. 1998;92:1073-1090.

2. Robinson SN, Freedman AS, Neuberg DS, Nadler LM, Mauch PM.
Loss of marrow reserve from dose-intensified chemotherapy results in
impaired hematopoietic reconstitution after autologous transplanta-
tion: CD34", CD34738", and week-6 CAFC assays predict poor en-
graftment. Exp Hematol. 2000;28:1325-1333.

3. Hornung R, Longo D. Hematopoietic stem cell depletion by restora-
tive growth factor regimens during repeated high-dose cyclophospha-
mide therapy. Blood. 1992;80:77-83.

4. Freedman A, Neuberg D, Mauch P, et al. Cyclophosphamide, doxorubi-
cin, vincristine, prednisone dose intensification with granulocyte
colony-stimulating factor markedly depletes stem cell reserve for auto-
logous bone marrow transplantation. Blood. 1997;90:4996-5001.

5. Dreger P, Kloss M, Petersen B, et al. Autologous progenitor cell trans-
plantation: prior exposure to stem cell-toxic drugs determines yield
and engraftment of peripheral blood progenitor cell but not of bone
marrow grafts. Blood. 1995;86:3970-3978.

6. Freedman AS, Gribben JG, Neuberg D, et al. High-dose therapy and
autologous bone marrow transplantation in patients with follicular
lymphoma during first remission. Blood. 1996;88:2780-2786.

7. Mauch P, Down J, Warhol M, Hellman S. Recipient preparation for
bone marrow transplantation. I. Efficacy of total-body irradiation and
busulfan. Transplantation. 1988;46:205-209.

8. Down J, Boudewijn A, Dillingh J, Fox B, Ploemacher R. Relationship
between ablation of distinct haematopoietic cell subsets and the devel-
opment of donor bone marrow engraftment following recipient pretreat-
ment with different alkylating drugs. Br J Cancer. 1994;70:611-616.

9. Westerhof GR, Ploemacher RE, Boudewijn A, et al. Comparison of
different busulfan analogues for depletion of hematopoietic stem cells
and promotion of donor-type chimerism in murine bone marrow
transplant recipients. Cancer Res. 2000;60:5470-5478.

10. Gardner RV, Lerner C, Astle CM, Harrison DE. Assessing permanent
damage to primitive hematopoietic stem cells after chemotherapy using
the competitive repopulation assay. Cancer Chemother Pharmacol.
1993;32:450-454.

11. Lerner C, Harrison D. 5-fluorouracil spares hemopoietic stem cells
responsible for long-term repopulation. Exp Hematol. 1990;18:114—
118.

12. DownJD, Ploemacher RE. Transient and permanent engraftment poten-
tial of murine hematopoietic stem cell subsets: differential effects of
host conditioning with gamma radiation and cytotoxic drugs. Exp
Hematol. 1993;21:913-921.

13. Harrison D, Lerner C. Most primitive hematopoietic stem cells are
stimulated to cycle rapidly after treatment with 5-fluorouracil. Blood.
1991;78:1237-1240.

14. Neben S, Hellman S, Montgomery M, Ferrara J, Mauch P. Hematopoi-
etic stem cell deficit of transplanted bone marrow previously exposed
to cytotoxic agents. Exp Hematol. 1993;21:156-162.

15. Breems DA, Van Hennik PB, Kusadasi N, et al. Individual stem cell
quality in leukapheresis products is related to the number of mobilized
stem cells. Blood. 1996;87:5370-5378.

16. van Os R, Robinson S, Sheridan T, Mislow JM, Dawes D, Mauch
PM. Granulocyte colony-stimulating factor enhances bone marrow
stem cell damage caused by repeated administration of cytotoxic agents.
Blood. 1998;92:1950-1956.

17. Van Zant G, de Haan G, Rich IN. Alternatives to stem cell renewal
from a developmental viewpoint. Exp Hematol. 1997;25:187-192.

18. Peled A, Kollet O, Ponomaryov T, et al. The chemokine SDF-1 activates
the integrins LFA-1, VLA-4, and VLA-5 on immature human CD34%
cells: role in transendothelial/stromal migration and engraftment of
NOD/SCID mice. Blood. 2000;95:3289-3296.

19. Orschell-Traycoff CM, Hiatt K, Dagher RN, Rice S, Yoder MC,
Srour EF. Homing and engraftment potential of sca-1*lin" cells frac-
tionated on the basis of adhesion molecule expression and position in
cell cycle. Blood. 2000;96:1380-1387.



534

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

E.J.K. Noach et al./Experimental Hematology 31 (2003) 528-534

van Buul JD, Voermans C, van den Berg V, et al. Migration of human
hematopoietic progenitor cells across bone marrow endothelium is
regulated by vascular endothelial cadherin. J Immunol. 2002;168:
588-596.

Imai K, Kobayashi M, Wang J, et al. Selective transendothelial migra-
tion of hematopoietic progenitor cells: a role in homing of progenitor
cells. Blood. 1999;93:149-156.

Monette FC, DeMello JB. The relationship between stem cell seeding
efficiency and position in cell cycle. Cell Tissue Kinet. 1979;12:
161-175.

Ramshaw HS, Rao SS, Crittenden RB, Peters SO, Weier HU,
Quesenberry PJ. Engraftment of bone marrow cells into normal un-
prepared hosts: effects of 5-fluorouracil and cell cycle status.
Blood. 1995;86:924-929.

Yamaguchi M, Ikebuchi K, Hirayama F, et al. Different adhesive charac-
teristics and VLA-4 expression of CD34* progenitors in GO/G1 vs
S+G2/M phases of the cell cycle. Blood. 1998;92:842-848.
Harrison DE. Competitive repopulation: a new assay for long-term
stem cell functional capacity. Blood. 1980;55:77-81.

Ploemacher RE, van der Sluijs JP, Voerman JSA, Brons NHC. An in
vitro limiting-dilution assay of long-term repopulating hematopoietic
stem cells in the mouse. Blood. 1989;74:2755-2763.

Ploemacher RE, van der Sluijs JP, Van Beurden CAJ, Baert MRM,
Chan PL. Use of limiting-dilution type long-term marrow cultures in
frequency analysis of marrow-repopulating and spleen colony-forming
hematopoietic stem cells in the mouse. Blood. 1991;10:2527-2533.
de Haan G, Dontje B, Engel C, Loeffler M, Nijhof W. Prophylactic
pretreatment of mice with hematopoietic growth factors induces expan-
sion of primitive cell compartments and results in protection against
5-fluorouracil-induced toxicity. Blood. 1996;87:4581-4588.

Nijhuis E, Lammers JW, Koenderman L, Coffer PJ. Src kinases regulate
PKB activation and modulate cytokine and chemoattractant-controlled
neutrophil functioning. J Leukoc Biol. 2002;71:115-124.

Kim CH, Broxmeyer HE. In vitro behavior of hematopoietic progenitor
cells under the influence of chemoattractants: stromal cell-derived

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

factor-1, steel factor, and the bone marrow environment. Blood.
1998;91:100-110.

Francis K, Palsson B, Donahue J, Fong S, Carrier E. Murine Sca-1%/
Lin™ cells and human KG1a cells exhibit multiple pseudopod morphol-
ogies during migration. Exp Hematol. 2002;30:460-463.
Sanchez-Madrid F, del Pozo MA. Leukocyte polarization in cell migra-
tion and immune interactions. EMBO J. 1999;18:501-511.

Stewart FM, Crittenden RB, Lowry P, Pearson-White S, Quesenberry
PJ. Long-term engraftment of normal and post-5-fluorouracil murine
marrow into normal nonmyeloablated mice. Blood. 1993;81:2566—
2571.

Gardner RV, Astle CM, Harrison DE. Hematopoietic precursor cell
exhaustion is a cause of proliferative defect in primitive hematopoietic
stem cells (Phsc) after chemotherapy. Exp Hematol. 1997;25:495-501.
Harrison DE, Astle CM. Loss of stem cell repopulating ability upon
transplantation. Effects of donor age, cell number, and transplanta-
tion procedure. J Exp Med. 1982;156:1767-1779.

van Os R, Robinson S, Sheridan T, Mauch PM. Granulocyte-colony
stimulating factor impedes recovery from damage caused by cytotoxic
agents through increased differentiation at the expense of self-renewal.
Stem Cells. 2000;18:120-127.

Voermans C, Anthony EC, Mul E, van der Schoot CE, Hordijk P. SDF-
1-induced actin polymerization and migration in human hematopoietic
progenitor cells. ExpHematol. 2001;29:1456-1464.

Voermans C, Rood PM, Hordijk PL, Gerritsen WR, van der Schoot
CE. Adhesion molecules involved in transendothelial migration of
human hematopoietic progenitor cells. Stem Cells. 2000;18:435-443.
Mohle R, Bautz F, Rafii S, Moore MA, Brugger W, Kanz L. The
chemokine receptor CXCR-4 is expressed on CD34" hematopoietic
progenitors and leukemic cells and mediates transendothelial migration
induced by stromal cell-derived factor-1. Blood. 1998;91:4523-4530.
Peled A, Petit I, Kollet O, et al. Dependence of human stem cell
engraftment and repopulation of NOD/SCID mice on CXCR4. Science.
1999;283:845-848.

Kollet O, Petit I, Kahn J, et al. Human CD34*CXCR4 "~ sorted cells
harbor intracellular CXCR4, which can functionally be expressed and
provide NOD/SCID repopulation. Blood. 2002;100:2778-2786.



	Chemotherapy prior to autologous bone marrow transplantation impairs long-term engraftment in mice
	Materials and methods
	Mice and treatment
	Bone marrow transplantation and determination of peripheral blood cell chimerism
	Stem cell and progenitor cell assays
	Migration assays
	Adhesion molecule and CXCR4 expression
	In vivo homing of bone marrow cells
	Statistics

	Results
	Peripheral blood cell values and bone marrow cellularity after chemotherapy
	Donor cell engraftment after transplantation
	Number and cell cycle status of transplanted cells
	Migration and homing

	Discussion
	Acknowledgments
	References


