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HEMATOPOIESIS

Impaired bone marrow homing of cytokine-activated CD34� cells in the
NOD/SCID model
Forhad Ahmed, Stuart J. Ings, Arnold R. Pizzey, Michael P. Blundell, Adrian J. Thrasher, Hong T. Ye, Anne Fahey,
David C. Linch, and Kwee L. Yong

The reduced engraftment potential of he-
matopoietic stem/progenitor cells (HSPCs)
after exposure to cytokines may be re-
lated to the impaired homing ability of
actively cycling cells. We tested this hy-
pothesis by quantifying the short-term
homing of human adult CD34� cells in
nonobese diabetic/severe combined im-
munodeficient (NOD/SCID) animals. We
show that the loss of engraftment ability
of cytokine-activated CD34� cells is asso-
ciated with a reduction in homing of
colony-forming cells (CFCs) to bone mar-

row (BM) at 24 hours after transplantation
(from median 2.8% [range, 1.9%-6.1%] to
0.3% [0.0%-0.7%]; n � 3; P < .01), coinci-
dent with an increase in CFC accumula-
tion in the lungs (P < .01). Impaired BM
homing of cytokine-activated cells was
not restored by using sorted cells in G0G1

or by inducing cell cycle arrest at the G1/S
border. Blocking Fas ligation in vivo did
not increase the BM homing of cultured
cells. Finally, we tested cytokine combina-
tions or culture conditions previously re-
ported to restore the engraftment of cul-

tured cells but did not find that any of
these was able to reverse the changes in
homing behavior of cytokine-exposed
cells. We suggest that these changes in
homing and, as a consequence, engraft-
ment result from the increased migratory
capacity of infused activated cells, lead-
ing to the loss of selectivity of the homing
process. (Blood. 2004;103:2079-2087)

© 2004 by The American Society of Hematology

Introduction

Hematopoietic stem/progenitor cell (HSPC) transplantation is now
a recognized therapeutic strategy for the treatment of malignant and
nonmalignant disorders. Much effort has focused on ex vivo
manipulation of these cells, not only to expand small HSPC
collections such as cord blood but also for genetic modification
either to replace defective genes or to express therapeutic genes of
interest. Cell expansion and gene transduction strategies, however,
involve cytokine stimulation, which may compromise engraftment
potential. Exposure of stem cells to growth factors in vitro reduces
the in vivo repopulating ability of these cells, as demonstrated in
murine and xenogeneic systems1,2 and as evidenced in studies on
retrovirally transduced cells.3,4 Results from such studies suggest
that when human HSPCs are stimulated to proliferate in vitro, there
is a loss of engraftment ability as cells progress into active phases
of the cell cycle.5-8 A study using highly purified murine stem cells
found this engraftment defect to be reversible and to oscillate as
cells undergo synchronous cell cycle passage.9 In murine Lin�

bone marrow (BM) cells cultured in Flt ligand (FL), stem cell
factor (SCF), and interleukin-11 (IL-11), repopulating capability
decreased dramatically just before cell division but recovered 24
hours later, at which time the repopulating cells were recovered in
the divided fraction.10 Such observations have led to the specula-
tion that actively cycling stem/progenitor cells are unable to
“home” to the hematopoietic tissue. This homing defect is espe-
cially pronounced for cells in the S/G2/M phase. Support for this
hypothesis derives from murine studies in which seeding of

HSPCs/colony-forming cell (CFCs) to the BM/spleen was found to
decrease after ex vivo cytokine exposure.1,11 There has not yet been
a systematic study of the effects of cytokine stimulation on the
homing abilities of adult human HSPCs.

“Homing” refers to the selective ability of circulating HSPCs to
localize within the BM, and it involves a complex series of
adhesive and migratory processes that are still not fully understood.
Our previous studies in this area have focused on the early critical
step of transendothelial migration, whereby HSPCs egress from the
circulation into hematopoietic tissue. We have shown that though
CD34� cells adhere readily to the endothelial surface, they do not
undergo transmigration unless activated by cytokines that induce
cell division.12 Migratory capacity is selectively greater for cells
that are in the G0G1 phase of the cell cycle,13 a finding recently
confirmed by others.14 Although these observations provide a
possible basis for the cell cycle dependency of engraftment, we
have yet to obtain direct confirmation that the defective engraft-
ment of cytokine-cultured cells occurs as a result of reduced
homing ability or that either is directly related to cell cycle
progression.

Recently, much interest has focused on modifying culture
conditions so as to restore the engraftment capability of preacti-
vated cells. IL-3 has been implicated in the loss of long-term
reconstituting activity of cultured HSPCs,15 whereas cytokines that
selectively stimulate primitive HSPCs, such as thrombopoietin
(TPO), SCF, and FL, have been reported to preserve long-term
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repopulating cells.16,17 It is difficult to make direct comparisons
among such studies, which vary in terms of the cell source, the use
of serum-free media, and the in vivo model (murine, nonobese
diabetic/severe combined immunodeficient [NOD/SCID], or
SCID-hu bone). In addition, not all take into account the degree of
cell expansion after culture. Nevertheless, in HSPCs stimulated to
divide after exposure to TPO/SCF/FL in vitro, NOD/SCID-
repopulating activity is maintained and is demonstrated by cells in
the postmitotic compartment.18,19 If actively cycling HSPCs have
an engraftment defect, then modulating cell cycle progression to
induce quiescence at the time of infusion might restore the
repopulating potential. Exposure to transforming growth factor-�
(TGF-�) increased the proportion of HSPCs in the G0G1 phase of
the cell cycle but did not aid engraftment in either a murine model
or a xenogeneic model.5,20 In a recent study, preactivated primate
CD34� cells were “rested” for 2 days in SCF and retronectin,
resulting in an increase in the proportion of cells in G0G1 and in
superior engraftment compared with control “nonrested” cells.21

Stromal cell–derived factor-1 (SDF-1) has recently been reported
to enhance survival while inhibiting the cycling of HSPCs.22,23

Incubation of proliferating cord blood CD34� cells with SDF and
TPO produced an increase in competitive repopulating unit (CRU)
frequency, though without any changes in the cell cycle profile of the
cells.23 Intriguingly, there is now evidence that the cell cycle constraints
on engraftment may not apply to HSPCs from early ontogeny. Fetal
liver CD34� cells, whether in G0, G1, or S/G2/M, are able to engraft
immunodeficient animals.24 Although there may be ontogeny-related
differences in the homing and engraftment behavior of HSPCs from
different sources, this finding raises the possibility that the engraftment
defect of cultured cells is the result of ex vivo cytokine activation
and is not directly related to cell cycling.

The present study was designed to test the hypothesis that the
reduced engraftment of cytokine-stimulated CD34� cells is directly
related to an alteration in short-term, organ-specific homing. We
also sought to determine whether alterations in the homing and
engraftment of cytokine-stimulated CD34� cells are cell cycle
dependent. We quantified short-term homing of human CFCs to
different organs in NOD/SCID animals in parallel with engraftment
studies carried out on the same cells. We investigated the cell cycle
dependence of the homing and engraftment process by using sorted
cells in G0G1 and S/G2/M phases of the cell cycle and also by
inducing cell cycle arrest at the G1/S border, followed by synchro-
nized S-phase progression. Finally, we tested several ex vivo
maneuvers that have been reported to restore the engraftment of
preactivated cells to investigate whether such strategies were able
to modulate the homing behavior of adult CD34� cells.

Materials and methods

Materials

Cytokines. Recombinant human (rh) SCF, FL, IL-6, TPO, and SDF-1 were
obtained from PeproTech (London, United Kingdom). IL-3 was from
Sandoz (Camberley, United Kingdom) and granulocyte macrophage–colony-
stimulating factor (GM-CSF) was from Hoechst (Marburg, Germany).

Monoclonal antibodies. Fluorescein isothiocyanate (FITC), peridinin
chlorophyll protein (PerCP), and phycoerythrin (PE)–conjugated monoclo-
nal antibodies (mAbs) (anti-CD34, -CD38, -CD45, -CD3, -CD2, -CD19)
were obtained from Becton Dickinson (Oxford, United Kingdom). Anti–
CXCR-4PE and anti–Fas-PE were obtained from PharMingen (San Diego,
CA). Anti-CD13 and -CD38 were from DAKO (Ely, United Kingdom).

Reagents. Iscove modified Dulbecco medium (IMDM), phosphate-
buffered saline (PBS), and Hanks balanced salt solution (HBSS) were

obtained from Life Technologies (Paisley, United Kingdom), and fetal calf
serum (FCS) was from PAA Laboratory GmbH (Linz, Austria).

CD34� cell isolation

Mobilized peripheral blood (MPB) was obtained from patients at Univer-
sity College London Hospitals (UCLH) using cyclophosphamide/G-CSF in
accordance with local ethical guidelines. CD34� cells were isolated using a
large-scale CliniMACs system25 (Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany). CD34� cell preparations, as evaluated by immunofluores-
cence, had an average purity of 93% � 3%. Freshly isolated versus
cryopreserved cells were compared for CFC output, in vivo homing, and
engraftment, and no significant difference was found.

Cell culture

Cells were cultured in X-VIVO 10 (BioWhittaker, Walkersville, MD) and
1% human serum albumin (HSA) (Immuno Ltd, Kent, United Kingdom)
supplemented with SCF, FL (100 ng/mL), IL-3, and IL-6 (20 ng/mL). In
some experiments cells were cultured with SCF, FL (100 ng/mL), and TPO
(20 ng/mL) or SCF, TPO (50 ng/mL), and SDF-1 (100 ng/mL). In
appropriate experiments cells were also cultured on RetroNectin (Takara
Shuzo, Shiga, Japan). Percentage of CD34� cells up to 96 hours in culture
was 87% � 4%. The viability of cultured cells was greater than 95%, as
judged by trypan blue (TB) exclusion.

Cell synchronization using aphidicolin

CD34� cells were stimulated with SCF, FL, and TPO at 100 ng/mL in X-VIVO
10/1% HSA. After 16 hours, aphidicolin (2 �g/mL; Sigma, Poole, United
Kingdom) was added, and incubation was continued for another 24 hours, as
described previously.26 At the end of this incubation (40 hours altogether), cells
were washed and replated in X-VIVO 10/1% HSA with cytokines to allow
S-phase progression. Cells were harvested at 3 and 6 hours thereafter to assess
their position in the cell cycle and their homing ability.

Fas/CD95 blocking experiment

CD34� cells were stimulated with SCF, FL (100 ng/mL), and IL-3, IL-6 (20
ng/mL) in X-VIVO 10/1% HSA. In experiments using a blocking mAb,
48-hour–cultured cells were preincubated for 30 minutes on ice with
anti-Fas mAb (clone ZB4; mouse IgG1; MBL International, Watertown,
MA). Cells were not washed but were injected in the presence of antibody.
In a second set of experiments, human recombinant soluble Fas ligand
(sFasL; Alexis, Nottingham, United Kingdom) was included in the culture
medium (48-72 hours). Before transplantation, cells were washed and
resuspended in fresh medium with sFasL for injection.

Cell cycle fractionation with Hoechst 33342

Cultured CD34� cells (48 hours) were resuspended at 5 � 106/mL in 10
�M solution of Hoechst (Hst) 33342 (Molecular Probes, Eugene, OR) in
Hst buffer (HBSS, 20 mM HEPES [N-2-hydroxyethylpiperazine-N�-2-
ethanesulfonic acid], 1 g/L glucose, 10% FCS). After incubation at 37°C for
45 minutes, cells were washed once (in chilled Hst buffer), resupended in
Hst buffer, and sorted on a FACS vantage (Beckman Coulter, High
Wycombe, United Kingdom) equipped with a multiline ultraviolet laser
(351-364 nm) providing excitation for Hst. The Hst signal was detected
with a 424 � 22 nm band-pass filter. Sorting windows were constructed to
sort G0/G1 from S/G2/M populations. Cells were kept on ice during sorting
to minimize dye leaking and were protected from light. No effect of Hst
staining on colony formation was detected (data not shown). The purity of
sorted G0/G1 cells exceeded 98%, and that of S/G2/M cells exceeded 83%.

Labeling human MPB CD34� cells with PKH26

Fresh or cultured MPB CD34� cells were labeled with PKH26 dye
according to manufacturer’s (Sigma) instructions, with some modifications.
Briefly, cells were resuspended in diluent C at a concentration of 20-
40 � 106/mL, combined with an equal volume of PKH26 dye freshly
prepared at 10 �M in diluent C, and incubated at room temperature for 4
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minutes with periodic gentle mixing. An equal volume of FCS was added
for 1 minute, and labeled cells were then washed 3 times in HBSS/2% FCS.
Aliquots of cells before and after PKH26 staining were assayed for CFCs
and generated comparable numbers of total colonies (data not shown). The
remaining cells were then injected intravenously into sublethally irradiated
or nonirradiated NOD/SCID mice (10 million cells per mouse).

Mice and transplantation of human MPB CD34� cells

NOD/LtSz-PrKdcscid (NOD/SCID) mice were housed under positive pres-
sure in a ventirack obtained from Biozone (Kent, United Kingdom). Eight-
to 10-week-old mice were sublethally irradiated (325 cGy from a cesium Cs
137 source) and immediately underwent transplantation with fresh or
cytokine-cultured human CD34� cells (0.5-2 � 106/animal) by lateral tail
vein injection. Mice were killed by CO2 inhalation at selected intervals after
transplantation.

Analysis of murine tissues for human progenitor cell homing

BM cell suspensions were prepared from 2 femurs and 1 tibia and from
spleens, lungs, and livers. Red blood cells (RBCs) were lysed in 155 mM
NH4Cl, 20 mM NaHCO3, and 1 mM EDTA (ethylenediaminetetraacetic
acid; BDH, Poole, United Kingdom). Cells were washed once in 5%
FCS/HBSS and were set up in clonogenic assays in methylcellulose
(Methocult [H4230]; Stem Cell Technologies, Vancouver, BC, Canada)
with 20% IMDM supplemented with GM-CSF 25 ng/mL, SCF 10 ng/mL,
and IL-3 30 ng/mL. These conditions are selective for human colonies
because no colony growth was seen using BM from control saline-injected
animals. Purified CD34� cells (5.0 � 102/mL) or harvested BM mono-
nuclear cells (BMMNCs; 2-4 � 105/mL) were plated in quadruplicate.
Total human GM-CFC colonies per animal were calculated on the basis of
the assumption that 1 tibia and 2 femurs represent 12% of total BM27 and
were expressed as a percentage of the number of GM-CFCs infused. To
quantify the level of homing in other tissues, GM-CFCs were counted and
expressed per 106 cells.

Analysis of human cell engraftment

Six weeks after infusion, mice were killed, and single-cell suspensions were
prepared from the BM of 2 femurs and 1 tibia. After RBC lysis, BMMNCs
(106 cells/tube) were incubated with 100 �L mouse serum (Sigma) in
PBS/1% bovine serum albumin (BSA) for 15 minutes on ice. After
washing, cells were stained at 4°C with antihuman CD45-PerCP, CD34-
FITC, CD38-FITC, CD19-PE, CD13-FITC, CD3-FITC, and CD2-PE in
appropriate combinations in 100 �L staining buffer (PBS/1% BSA/0.1%
sodium azide). A sample from each mouse was also stained with isotype-
matched control antibodies. Cells were washed twice and fixed in 1%

paraformaldehyde. Samples were analyzed on the Epics-Elite flow cytom-
eter (Beckman-Coulter, High Wycombe, United Kingdom), and at least
50 000 events were acquired and analyzed using Elite Workstation Analysis
software version 4.5. An animal was considered to have achieved successful
engraftment if the BM contained more than 1% CD45� cells.

Cell cycle analysis

CD34� cells were stained with propidium iodide (PI) and were analyzed as
described previously.12

Statistical analysis

Data are expressed as median and range of multiple measurements. Data are
presented to 1 decimal point, except for flow cytometric measurements,
which are rounded up to 2 significant figures. Determination of statistical
significance between groups was carried out using the nonparametric
Mann-Whitney U test, and P less than .05 was considered significant.
Unless indicated, values are nonsignificant.

Results

Cytokine activation reduces engraftment of MPB CD34� cells
in NOD/SCID animals

We studied the engraftment of freshly isolated and cytokine-
activated MPB CD34� cells in NOD/SCID animals by fluorescence-
activated cell sorter (FACS) analysis of murine BM performed at 4
to 6 weeks after transplantation. Cytokine exposure (for more than
48 hours) led to an increase in cell number (130%-520% of initial).
Hence, to avoid any dilutional effect on stem cells initially present
in the graft, the numbers of cytokine-exposed CD34� cells infused
represented the expanded equivalent of fresh cells. Table 1
summarizes the results of the first set of experiments performed in
this way. Animals that received cytokine-activated cells showed
lower rates of engraftment (3 of 7 animals engrafted), whereas all
animals receiving fresh cells engrafted (median, 4.6%; range,
2.0%-78.4% CD45� cells in murine BM). We also performed a
second series of experiments in which equal numbers of fresh or
cultured cells were infused (Table 2). Although the engraftment
levels were generally lower, cultured cells again demonstrated a
marked engraftment defect, such that no animal receiving cultured
cells engrafted. Assessment of engraftment by FACS analysis was
confirmed by colony assays on cells recovered from murine BM
using human-specific cytokines (GM-CSF, SCF, and IL-3) (Figure

Table 1. Effect of cytokine stimulation on the engraftment of CD34�

cells in NOD/SCID mice: 2 to 5 days

Experiment

Cells/mouse, 106 CD45� cells in mouse BM, %

Fresh Postculture Fresh Postculture

1 0.5 0.7 2.0, 2.3 0.0, 1.3

2 0.5 2.6 4.6 2.7

1 1.0 1.3 2.1, 10.5 0.1, 0.1

2 1.0 5.2 72.3, 78.4 22.7, 0.7

Median (range) NA NA 4.6 (2.0-78.4) 0.7 (0.0-22.7)*

Animals engrafted NA NA 7 of 7 3 of 7

Freshly isolated CD34� cells (0.5 or 1.0 � 106 cells/animal) or the expanded
equivalent number of cultured cells were infused into sublethally irradiated NOD/
SCID mice. Cultured cells were stimulated with SCF (100 ng/mL), FL (100 ng/mL),
IL-3 (20 ng/mL), and IL-6 20 ng/mL) in X-VIVO 10 with 1% FCS for 2 to 5 days. For all
experiments, engraftment was assessed 6 weeks after transplantation using immuno-
phenotype analysis of BM cells, as detailed in “Materials and methods.” An animal
was considered to have experienced successful engraftment if CD45� cells com-
prised 1% or more of BM cells. Data are given for each animal and as the median and
range of each group, as indicated.

NA indicates not applicable.
*P � .05 compared with fresh cells; Mann-Whitney U test.

Table 2. Effect of cytokine stimulation on the engraftment of CD34�

cells in NOD/SCID mice: 48 hours

Experiment Cells/mouse, 106

CD45� cells in mouse BM, %

Fresh Postculture

1 0.5 1.4, 1.2 0.1

1 1.0 5.8, 16.2 0.1, 0.0

2 1.0 1.9, 1.3 0.5, 0.1

Median (range) NA 1.7 (1.2-16.0) 0.1 (0.0-0.5)*

Animals engrafted NA 6 of 6 0 of 5

Freshly isolated CD34� cells (0.5 or 1.0 � 106 cells/animal) or the equal number
of cultured cells were infused into sublethally irradiated NOD/SCID mice. Cultured
cells were stimulated with SCF (100 ng/mL), FL (100 ng/mL), IL-3 (20 ng/mL), and
IL-6 (20 ng/mL) in X-VIVO 10 with 1% FCS for 48 hours. For all experiments,
engraftment was assessed 6 weeks after transplantation using immunophenotype
analysis of BM cells, as detailed in “Materials and methods.” An animal was
considered to have experienced successful engraftment if CD45� cells comprised
1% or more of BM cells. Data are given for each animal and as the median and range
of each group, as indicated.

NA indicates not applicable.
*P � .01 compared with fresh cells; Mann-Whitney U test.
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1A). Multilineage engraftment was demonstrated in animals that
engrafted with either fresh or cytokine-activated cells, though the
skewing to B-lineage engraftment seen using fresh CD34� cells
was not evident in animals that underwent transplantation with
cytokine-activated cells (Figure 1B).

Cytokine activation impairs short-term homing of CD34� cells
to BM in NOD/SCID animals

Initial experiments were performed to assess the localization of
freshly isolated CD34� cells in various organs at 1 and 24 hours
after transplantation. As seen in Figure 2A, the homing of CFCs to
BM and spleen was evident at 1 hour after infusion, but the
numbers of CFCs increased substantially at 24 hours. In contrast,
although CFCs accumulated in the lungs at 1 hour, numbers were
reduced at 24 hours, suggesting that this represented transient
accumulation rather than active homing. To investigate the effect of
cytokine exposure, CD34� cells were incubated with FL, SCF,
IL-3, and IL-6 for 2 to 5 days, and the expanded equivalent (2 or
5 � 106) of CD34� cells was infused per animal. Cytokine
stimulation resulted in marked reduction in the homing of CFCs to
the BM when assessed at 1 and 24 hours (medians, 2.0% [range,
0.5%-2.4%] and 2.8% [range, 1.9%-6.1%] for fresh GM-CFCs vs
0.1% [0.0%-0.2%] and 0.3% [0.0%-0.7%] for cultured cells at 1
and 24 hours, respectively; n 	 3) (P � .01 for both time points)
(Figure 2A). In contrast, cytokine-stimulated CFCs showed signifi-
cantly increased localization to lung tissue at 1 hour (P � .05) and
24 hours (P � .01) after infusion. The BM homing defect was
evident after 2 days of cytokine exposure and remained unaltered
up to 5 days (Figure 2B). Cytokine-activated CD34� cells also
showed significant reduction in homing to the spleen (Figure 2C).
A detailed time course of cytokine exposure showed that homing of
CFCs to the BM was significantly impaired by 24 hours after
cytokine stimulation and had already begun to decrease at 4 hours
(Figure 2D). In further experiments, we used cells stimulated for 48
hours because these cells had not expanded significantly and,
therefore, they avoided any confounding effect from the infusion of
large numbers of cells.

Assessment of short-term homing of transplanted CD34� cells
by flow cytometric assay

It is possible that CFC recovery of expanded human CD34� cells is
adversely affected by conditions in the irradiated murine BM.
Hence, we sought to confirm our results on clonogenic cells by
determining the actual numbers of cells that had homed to the BM
at 24 hours. To track intravenously transplanted human MPB
CD34� cells, we used a well-established cell-labeling procedure
with the fluorescent dye PKH26. Using the staining method
described in “Materials and methods,” 99% of MPB CD34� cells
could be brightly stained, yielding a fluorescence intensity at least 1
log higher than that of unlabeled control cells (data not shown).
PKH26 staining did not have any deleterious effect on CFC growth,
as assessed by methylcellulose colony assay in vitro. PKH26-
labeled cells generated comparable numbers of total colonies as
unstained cells (data not shown), indicating that PKH26 does not
alter the functional activity of hematopoietic progenitors and is
suitable to track their homing in vivo.

To evaluate the effect of cytokine exposure on homing in vivo,
BM from mice transplanted with unlabeled and PKH26-labeled
cells (fresh and postculture) was collected at 24 hours after
transplantation and were analyzed for the presence of PKH26-
labeled cells by flow cytometry. Table 3 shows the number of
labeled cells detected in irradiated (experiment 2) and nonirradi-
ated (experiment 1) mice per million BM cells analyzed at 24 hours
by flow cytometry. It is clear that the short-term (24-hour) homing
of CD34� cells was consistently reduced after 48 hours of culture
in cytokines (P � .01). There was a mean 5-fold reduction in
homing of the cytokine-treated (48-hour) cells when compared
with noncultured fresh CD34� cells. Results from 2 independent
experiments are presented in Table 3. As reported previously,28

homing to nonirradiated BM was 2 to 4 times higher than to
irradiated BM, and this difference was observed for fresh and
cultured cells (Table 3).

Immunohistochemical staining confirmed the presence of CD45�

cells in murine BM sections at 24 hours after transplantation (data
not shown). When compared with animals that had received fresh
CD34� cells, animals that had received cytokine-activated cells
showed reduced numbers of CD45� cells in BM sections but
increased numbers in lung sections (data not shown).

Influence of cell cycle phase on short-term BM homing
of cytokine-activated cells

These results suggest that reduced engraftment after cytokine
exposure is predicted by alterations in the homing behavior of these
cells in vivo. Cytokine stimulation increases the proportion of
actively cycling cells (from 3% � 1% to 28% � 3% in S/G2/M
after 48 hours). The time course of the observed changes in BM
homing (Figure 2D) closely follows the kinetics of cells entering
the active phase of the cell cycle (percentages of cells in G0G1 at 0,
4, 24, and 48 hours of culture were 96 � 1, 98, 81 � 9, and 72 � 2,
respectively; n 	 3), suggesting that cytokine-induced changes in
BM homing may relate to position in the cell cycle. To test this
hypothesis, sorted G0G1 and S/G2/M fractions (Figure 3A) of
cultured CD34� cells were tested for CFC homing to the BM and
spleen. CFCs from the G0G1 fraction showed a small increase in
BM homing compared with their counterparts in S/G2/M; however,
this did not reach significance and remained significantly lower
than the homing of unstimulated cells (Figure 3B). Parallel studies
on the engraftment of these cell fractions confirmed that sorted
G0G1 cells had no engraftment advantage compared with unsorted

Figure 1. Effect of cytokine stimulation on the engraftment of CD34� cells in
NOD/SCID mice. (A) Engraftment was assessed at 4 to 6 weeks after transplantation
in mice that received freshly isolated CD34� cells or cultured cells (0.5 or 1.0 � 106

cells/animal). Bone marrow cells were assayed for human colony formation (as
detailed in “Materials and methods”). Data are given for each animal in 2 independent
experiments, and the median for each group is indicated. (B) Lineage-specific
engraftment of fresh (�) and cultured cells (�) was assessed by flow cytometry. The
percentage of huCD45� cells that also expressed human lymphoid, myeloid, and
progenitor surface markers is shown. Data are given for each animal from 2
independent experiments. **P � .01 compared with fresh cells; Mann-Whitney U
test.
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cells or with cells in the S/G2/M fraction (G0G1 cells, 0.1% CD45�;
unsorted cells, 0.2% CD45�; S/G2/M cells, 0.1% CD45�).

We cannot exclude the possibility that cell sorting might have
an effect on homing capabilities of CD34� cells or that sorted G0G1

cells did not display higher levels of homing because the critical
cells important for homing and engraftment lay in the S/G2/M
fraction. To address these issues, we used aphidicolin to induce cell
cycle arrest at the G1/S border before the first cell division.26

CD34� cells were stimulated with SCF, FL, and TPO, and
aphidicolin was used to arrest cells at G1/S border, as detailed in
“Materials and methods.” At the end of the 40-hour culture, 95% of
live cells treated with aphidicolin (Figure 4Aii) were in G0G1

compared with 65% of control cells incubated in cytokines alone
(Figure 4Aiii). After release from the cell cycle block, cells moved
into the S phase (at 3 hours, Figure 4Aiv) and then the G2M phase
(6 hours, Figure 4Av) of the cell cycle in a synchronized manner.
Treatment with aphidicolin did not alter the percentage of apoptotic
cells. Cells were harvested at these time points of culture and were
infused into conditioned animals. As seen in Figure 4B, these
different cell populations displayed very similar levels of BM
homing, with the exception of cells at 3 hours after the aphidicolin
block (45% in S phase), which achieved lower levels of homing.
Importantly, cells arrested at the G1/S border displayed homing
levels similar to those of control cultured cells that had progressed
unchecked through the cell cycle. Thus, arresting cells at the G1/S
border did not restore the homing ability of cultured cells.

Role of Fas-ligand

The above findings suggest that cell cycle progression could not
explain the reduced BM homing behavior of cytokine-activated
CD34� cells. Among the surface receptors altered by the cytokine
exposure of CD34� cells is Fas. As seen in Figure 5A, Fas

Figure 2. Homing of freshly isolated and cytokine stimulated
CD34� cells. (A) Cell suspensions from the BM, spleen, and lungs of
transplanted NOD/SCID mice recovered 1 hour and 24 hours after
transplantation were assayed for colony formation using human-
specific cytokines. Numbers of CFCs in lungs and spleen were
corrected for the cell expansion after cytokine culture. Medians
interquartiles, and ranges of 4 to 7 animals pooled from 3 experi-
ments. (B) Time course of changes in BM homing after cytokine
activation. CD34� cells exposed to cytokines for 2, 4, or 5 days were
infused into sublethally irradiated animals, and homing to BM was
assessed 24 hours after infusion. Homing of fresh cells is shown for
comparison. Data are from 4 independent experiments; each data
point represents 1 animal, and the mean values are indicated. (C)
Homing of freshly isolated CD34� cells or cultured cells after 24 and
48 hours of culture to the spleen at 24 hours after transplantation. (D)
CD34� cells were cultured for 1, 4, 24, or 48 hours, and homing of
infused cells to BM was assessed at 24 hours after transplantation;
n 	 2 experiments, data given for each animal (*P � .05; **P � .01;
***P � .001 compared with fresh cells; Mann-Whitney U test).

Table 3. Number of PKH26-labeled cells detected in NOD/SCID
BM 24 hours after transplantation

CD34� cells Staining

No. PKH26� events/million
BM cells

Experiment 1 Experiment 2

Fresh Control 4 2

PKH26-labeled 695, 1136 391, 292

Postculture Control 1 2

PKH26-labeled 201, 204 68, 48

Freshly isolated CD34� or cultured cells (unstained and PKH26-labeled) were
infused into sublethally irradiated NOD/SCID mice. Cultured cells were stimulated
with SCF (100 ng/mL), FL (100 ng/mL), IL-3 (20 ng/mL), and IL-6 (20 ng/mL) in
X-VIVO 10 with 1% HSA for 48 hours. For each experiment, homing was assessed 24
hours after transplantation by flow cytometric analysis of BM cells, as detailed in
“Materials and methods.” Data for the homing of cells has been presented here as
number of positive events per million BM cells analyzed. Data are given for each
animal from 2 independent experiments. Mice in experiment 1 were nonirradiated.
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expression on CD34� cells increased from 6% � 1% to 65% � 9%
after 2 days of culture (P � .01). In comparison, CXCR4 expres-
sion also increased with cell culture, an effect that did little to
explain the decrease in homing. Ligation of surface Fas molecules
with endogenous Fas-ligand in vivo may lead to the premature
destruction of infused cells. We used 2 different approaches to attempt
to block Fas engagement in vivo. First, we preincubated cytokine-
stimulated CD34� cells with the blocking anti-Fas mAb, ZB4, before
infusion.Alternatively, we also treated cytokine-stimulated CD34� cells
with sFas, which has been suggested to have a protective role through
competition against membrane-bound Fas-ligand.29 Neither maneuver
was successful in rescuing the impaired homing of 48-hour–

cultured CD34� cells (Figure 5Bi-ii). In separate experiments,
we confirmed that ZB4 was able to inhibit the apoptosis of
Jurkat T cells triggered by FasL (data not shown).

Effect of SDF-1 and of retronectin on the homing of
cytokine-activated CD34� cells

Alterations in homing and engraftment may be dependent on the
particular culture conditions used. Including IL-3 in stimulation
cultures may be detrimental to the engraftment potential of
expanded cells.19 Omitting IL-3 from our cultures had no signifi-
cant effect on the homing behavior of cytokine-activated cells
(Figure 6A). Recent reports suggest that, in addition to its
chemotactic properties, SDF-1 may also be important in the
survival and cell cycle behavior of CD34� cells.22,23 Exposing
4-day–activated CD34� cells to SDF-1 for another 2 days in-
creased the proportion of cells in G0G1 (from 72% to 85%) but had
no effect on homing behavior (Figure 6B). Finally, culture on
retronectin has been reported to result in superior engraftment
potential.21 We included retronectin in our standard cytokine
culture or took 4-day–cultured CD34� cells, washed them, and
replated them on retronectin in the presence of SCF and then tested
for BM homing ability in conditioned animals. We did not find that
either of these culture methods using retronectin was able to restore
the homing levels of cytokine-activated CD34� cells (Figure 6B).

Discussion

A major finding reported here is that the reduced engraftment of
cytokine-activated adult human CD34� cells is associated with a
marked alteration in homing behavior. We show, first, that MPB CD34�

cells cultured in serum-free medium with cytokines have reduced
engraftment in vivo, which is evident by 48 hours of culture. Multilin-
eage engraftment was demonstrated for fresh and postculture cells; the
only difference was that the predominant lymphoid over myeloid
engraftment by fresh CD34� cells is not seen with postculture cells. This
confirms an earlier observation from our group.30 Ex vivo culture had a
striking effect on the homing behavior of CD34� cells, resulting in a
marked decrease in homing to the BM and a concomitant increase in
cells localizing to the lungs. Reduced homing to the BM was evident by
24 hours and persisted for up to 5 days, with no sign of reversibility.
Thus, the defect in homing and engraftment occurred rapidly after
CD34� cell exposure to cytokines, when most cells would not have
divided.13 This rapid and sustained loss of engraftment potential in adult
CD34� cells after cytokine exposure is in accord with findings from
another published study.31 In that study, however, the authors did not
follow in parallel the changes in homing behavior.31 The levels of
homing we report here for freshly isolated peripheral blood CD34�

cells are similar to those reported by van Hennik et al,32 who
quantified human CFCs and CAFCs in BM at 22 to 24 hours after
injection into irradiated NOD/SCID animals. The rapid time course
of the homing process is also in accord with other reports using
cord blood or adult blood CD34� cells.33,34 Kollet et al34 found that
48-hour stimulation of cord blood CD34� cells with SCF and IL-6
increased the numbers of CFCs recovered from the BM of animals
after transplantation, but they did not quantify these as a percentage
of infused cells; hence, we have no information regarding the
efficiency of the homing process. In this study we have demon-
strated the defective homing of cytokine-stimulated human adult
CD34� cells using a functional assay for CFCs and a cell-tracking
assay to assess total cell numbers in the BM. To exclude any

Figure 3. Cell cycle fractionation of cytokine-stimulated CD34� cells and the
effect on homing. (A) Cell cycle analysis of MPB CD34� cells by PI (i) and fractionation
using Hst and Py Y staining (ii). Bars indicate gates for G0G1 (A) and S/G2 M (C)
subpopulations, and percentage of cells in each gate is given. (Ai) DNAhistograms of MPB
CD34� cells immediately after isolation (left) and 48 hours after culture (right) by PI staining.
(Aii) Cultured CD34� cells were simultaneously stained with Hst and Py Y. The flow
histogram shows gates indicating G0/G1 (R1) and S/G2/M (R2) populations of MPB CD34�

cells (left). Sort windows to collect G0/G1 and S/G2/M cells are indicated as regions R1 and
R2, respectively. The purity of sorted G0/G1 cells (top right) exceeded 98% and of S/G2/M
cells (bottom right) exceeded 83%. Results from a representative experiment are shown.
(B) Short-term BM homing of CD34� cells in G0/G1 or S/G2/M. Sorted G0/G1 and S/G2/M
fractions of cultured CD34� cells were infused (0.5-2.0 � 106 cells/animal) into sublethally
irradiated NOD/SCID animals, and BM homing of progenitor cells was assessed as for
Figure 2. Cultured cells that were unstained (presort) or stained (presort stained) served as
controls. Data are from 4 independent experiments. Each data point represents 1 animal,
and numbers and bars indicate the means.
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deleterious effect of irradiated murine BM on colony growth of
expanded cells, we also cultured fresh and expanded CD34� cells
in the presence of irradiated and nonirradiated murine BM cells.
There was no effect on the number of assayable progenitors (data
not shown).

Many workers have observed that the reduction in engraftment
potential coincides with the entry of cells into the active phases of
the cell cycle8-10 in human and murine HSPCs. It has been
suggested that homing ability and, thus, engraftment potential of
cytokine-activated CD34� cells alter during cell cycle transit and
are especially impaired during S/G2/M phase. Our results, however,
do not support such a hypothesis. Although sorted G0/G1 cells
showed slightly higher homing to the BM compared with sorted
cells in S/G2/M, this did not reach significance, and levels remained
significantly lower than those seen with fresh cells. Importantly,
sorted cells in different phases of the cell cycle did not show
differences in engraftment. Moreover, cells induced to accumulate
at the G1/S border by treatment with aphidicolin did not show
increased homing to the BM compared with control cultured cells.
The lower homing levels of cells in S-phase are interesting but do

not explain the impaired BM homing of cultured cells. Our findings
differ from those of Glimm et al,5 who used 5-day cultured cord
blood CD34� cells and found that cells in S and G2�M were
ineffective in repopulation assays. The reasons for this difference
are not clear but may relate to different culture conditions and to
intrinsic differences between cord and adult CD34� cells. The
effect of cytokine culture may be different for ontogenically earlier
cells, such as cord and fetal HSPCs.24,35 Moreover, in this as in
other studies, the engraftment of cytokine-activated cells was not
compared with the levels achieved for fresh cells. Our findings on
in vivo homing of cytokine-stimulated CD34� cells also contrast
with observations that the in vitro adhesive function of these cells
changes with the cell cycle. Cultured CD34� cells exhibit increased
migration and reduced adhesion while in the G0/G1 phase of the cell
cycle compared with cells in S/G2/M.13,26 It is clear, however, that
extrapolating these in vitro observations to in vivo mechanisms,
whereby circulating CD34� cells home to the BM, must be done
with caution.

For engraftment to occur, transplanted cells must not only be
able to migrate and adhere, they must survive long enough in the

Figure 4. Effect of cell cycle synchronization on BM homing of cultured CD34� cells. (A) Freshly isolated CD34� cells reside in the G0/G1 phase of the cell cycle (i). Cells
were stimulated with SCF, FL, or TPO for 16 hours, after which they were reversibly blocked at the G1/S transition by 24-hour treatment with 2 �g/mL aphidicolin (ii) or were kept
in initial conditions (iii). Aphidicolin-treated cells were washed extensively and were replated in fresh medium and cytokines to allow cell cycle progression. Cells entered the S
phase after 3 hours (iv) and reached G2/M at 6 hours (v). Cell cycle status was determined by DNA staining with PI, and the percentage of cells in the G0/G1 or S/G2/M phase of
1 representative experiment is shown. (B) Cell populations ii to v, as indicated in panel A, were infused into NOD/SCID (1-2 � 106 cells/animal). Homing of CFCs to the BM was
analyzed at 24 hours. Data are given for individual animals in 2 independent experiments as percentage homing of GM-CFCs. Mean values are represented by bars.

Figure 5. Role of Fas in homing of CD34� cells. (A) Effect of cytokine exposure on the expression of surface receptors in MPB CD34� cells. Freshly isolated CD34� cells (�)
or cultured cells (48-hour stimulation with SCF, FL [100 ng/mL] and IL-3, IL-6 [20 ng/mL]) (f) were stained with FITC or PE-conjugated antihuman CD34, CD38, CXCR4, and
Fas/CD95 mAb and were analyzed by flow cytometry. Each bar represents the mean � SEM of 3 experiments (*P � .05 and **P � .01 compared with fresh cells; Student t
test). (B) Blocking Fas ligation and effect on homing. Cultured CD34� cells were pretreated with ZB4 (2 and 5 �g/mL) for 30 minutes (i) or were treated with sFasL at 10, 50, and
100 ng/mL (ii) before transplantation into animals (2 � 106 cells/animal). Short-term BM homing was assayed as in Figure 2. Data are displayed as for Figure 2B.
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circulation to home successfully to extravascular hematopoietic
niches. The results of a recent study using cultured CD34� cells
recovered from murine BM 40 hours after infusion suggest that the
defective homing of cells in the S/G2/M phase results from an
increased susceptibility to apoptosis.36 Here we show that Fas
levels on CD34� cells rise rapidly (by 48-72 hours) after cytokine
exposure. Cytokine-activated CD34� cells expressing high levels
of Fas may undergo apoptosis in vivo on binding membrane FasL
on vascular endothelium; thus, they are unable to home to the BM
to secure engraftment. Indeed, the regulated expression of FasL on
endothelial cells may be one mechanism whereby leukocyte
extravasation is controlled.37 Our attempts to block Fas engage-
ment on CD34� cells using either soluble FasL29 or blocking
anti-Fas mAb38,39 did not, however, lead to the restoration of
homing ability in cultured CD34� cells. Thus, it is unlikely that
Fas-mediated apoptosis plays a major role in the defective homing
of cytokine-activated adult cells. Since the original submission of
this manuscript, Liu et al40 have shown that the homing of cultured
cord blood CFCs could be restored by preincubation with
Fas/CD95-blocking mAb ZB4 before transplantation.40 This
difference may relate to the tissue source (cord blood) of CD34�

cells used.40

Several investigators have attempted to restore the engraft-
ment potential of cytokine-activated HSPCs by altering culture
conditions. IL-3 is reported to enhance the loss of repopulating
ability19; however, omitting IL-3 from our cultures had no effect
on the reduced BM homing of cultured cells. SDF-1 is reported
to induce quiescence, as is retronectin.21,23 Neither maneuver led
to a recovery of homing in our system. It is important to note
that the length of culture used by many of these workers was
more than 48 hours and that it is not possible to discount an
effect of cell division on the differentiation status of these
postmitotic cells. Furthermore, though manipulating culture
conditions may have a beneficial effect on engraftment in some

studies, comparison with the engraftment potential of noncul-
tured cells was not made. Therefore, it is not possible to assess
to what extent such maneuvers were actually able to reverse the
engraftment defect produced by in vitro culture.

Thus, in adult CD34� cells, cytokine-induced loss of homing
to the BM is a phenomenon that occurs rapidly and does not
appear to relate to cell cycle progression. It is also not easily
explained by surface CXCR4 or Fas receptor levels or by
adhesion and migration behavior in vitro. We suggest, based on
our observations, an alternative explanation that takes into
account the tissue distribution of infused CD34� cells. Although
migration within the BM and subsequent adhesion to endosteal
niches are important steps in homing, it is the initial encounter
with vascular endothelium that dictates the tissue destination of
circulating CD34� cells. Our previous work has shown that
freshly isolated cord and adult CD34� cells do not migrate
across endothelium unless activated by cytokines, a finding
subsequently confirmed by other investigators.41 This effect of
cytokine stimulation on transendothelial migration applies to
random and SDF-1–directed migration.12 Thus, when infused in
vivo, cytokine-stimulated cells have a greater propensity to
migrate out of the vasculature. This could lead to the inappropri-
ate egress of transplanted cells into nonhematopoietic tissue.
Unstimulated cells, on the other hand, have low migratory
potential and only undergo transendothelial migration when
stimulated by appropriate cytokines within the BM microvascu-
lature. This would be a mechanism for the selective egress of
CD34� cells into the BM. Impaired BM homing and engraft-
ment that occur as a result of ex vivo cytokine exposure may
thus relate to changes in the tissue pattern of homing. Our
finding that cytokine stimulation increases CD34� cell localiza-
tion to the lungs while reducing homing to the BM supports such
a hypothesis. The increased apoptotic tendency of cytokine-
activated cells may lead to the loss of any cells that migrated
into nonhematopoietic tissue, thus contributing to the loss of
engraftment potential in cultured cells.

In conclusion, we have demonstrated in adult CD34� cells that
cytokine exposure ex vivo leads to a loss of engraftment ability in
vivo that occurs rapidly and that is associated with a striking
alteration in the tissue distribution of homed cells. Loss of homing
to the BM and, to a lesser extent, the spleen coincides with an
increased accumulation of cells in the lungs. The loss of BM
homing and engraftment is not related to the cell cycle phase and
was not restored by blocking Fas ligation in vivo. We suggest that
these changes in homing and, as a consequence, engraftment
induced by cytokine exposure are caused by the increased migra-
tory capacity of infused activated cells, leading to loss of selectivity
of the homing process.
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