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Background
Several studies indicate that ex vivo cytokine-supported expansion induces defective
hematopoietic stem cell engraftment. We investigated the role of α4 integrin, α5 integrin
and CXCR4 in engraftment of unmanipulated and cytokine-treated human cord blood
CD34+ cells.

Design and Methods
Uncultured or expanded CD34+ cells were infused in NOD/SCID-β2microglobulin-null
mice. The function of α4, and α5 integrins and CXCR4 was assessed by incubating cells
with specific neutralizing antibodies, prior to transplant. The activation state of α4 inte-
grin was further tested by adhesion and migration assays.

Results
Neutralization of either α4 integrin or CXCR4 abolished engraftment of uncultured CD34+

cells at 6 weeks post-transplant, while α5 integrin neutralization had no significant effect.
However, after short-term ex vivo culture, blocking α4 integrin or CXCR4 did not affect
repopulating activity whereas neutralization of α5 integrin inhibited engraftment. Using
soluble vascular cell adhesion molecule-1 binding assays, we observed that α4 integrin
affinity in fresh CD34+ cells was low and susceptible to stimulation while in cultured
CD34+ cells, it was high and insensitive to further activation. In addition, stromal cell-
derived factor-1 stimulated migration across vascular cell adhesion molecule-1 in fresh
CD34+ cells but not in cultured CD34+ cells. 

Conclusions
Our data show that ex vivo culture of hematopoietic progenitor cells is associated with
downregulation of both α4 integrin- and CXCR4-mediated engraftment. Further investi-
gations suggest that this is caused by supraphysiological increase of α4 integrin affinity,
which impairs directional migration across vascular cell adhesion molecule-1 in response
to stromal cell-derived factor-1. Such changes may underlie the engraftment defect of
cytokine-stimulated CD34+ cells.
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Introduction

Many studies have been dedicated to designing proce-
dures allowing quantitative ex vivo expansion of trans-
plantable hematopoietic stem cells. Although self-renew-
al divisions occur under defined culture conditions,1,2 it
appears that ex vivo-generated hematopoietic stem cells
engraft inefficiently in recipient bone marrow, a defect
that may be associated with their proliferative status. We
demonstrated that hematopoietic stem cells progressing
in a first cell cycle in culture have reduced repopulating
ability in NOD/SCID recipients compared to their coun-
terparts staying in G0.3 It is unlikely that this defect result-
ed from hematopoietic stem cell differentiation since it
was observed prior to any cell division. Using synchro-
nized murine hematopoietic stem cells, Habibian et al.
found decreased repopulating capacity during the first
cell cycle executed ex vivo and further showed reversibil-
ity of this defect at the end of the cycle.4 The concept of
a reversible engraftment defect related to cell cycle tran-
sit was further supported by data from Takatoku et al.
who showed that cultured hematopoietic stem cells
recovered their repopulating capacity after transfer into
non-stimulating conditions.5 After longer periods of cul-
ture, in conditions that promote self-renewal divisions of
transplantable hematopoietic stem cells, residual
hematopoietic activity is essentially located in cells resid-
ing in the G1 phase, while cells in S, G2 and M do not
retain any functional activity.6 These variations of repop-
ulating activity result from differences in bone marrow
homing capacity. Indeed, the proportion of stem/progen-
itor cells recovered from the host bone marrow 24 hours
after transplantation is markedly reduced, in both con-
genic and xenogenic models.7,8 Two studies have docu-
mented that impaired bone marrow homing of cultured
progenitor cells is associated with accumulation of the
cells in the lungs.8,9

We previously reported that short-term cytokine-sup-
plemented culture induces significant alterations in the
interactions of progenitor cells with bone marrow lig-
ands.10-13 Some of these changes are strongly associated
with cell cycle status: CD34+ cells and long term culture-
initiating cells (LTC-IC) transiting in S/G2/M phase dis-
play increased adhesion to fibronectin and decreased
adhesion to immobilized vascular cell adhesion mole-
cule-1 (VCAM-1), compared to cells in G0/G1 harvested
from the same cultures. Other differences occurring in
cultured CD34+ cells and LTC-IC are not associated
with a particular phase of the cell cycle: stromal cell-
derived factor-1 (SDF-1)-stimulated migration across
fibronectin, VCAM-1 and ICAM-1 is decreased in cul-
tured compared to in uncultured progenitor cells. We
also observed that uncultured LTC-IC preferentially use
α4 integrin (α4) to adhere and migrate on fibronectin,
while in culture-expanded LTC-IC, the same function is
achieved through α5 integrin (α5) usage, with concomi-
tant inactivation of α4. 

Papayannopoulou et al. have documented the role of
α4 interaction with VCAM-1 in bone marrow homing.
Antibody neutralization of either α4 or VCAM-1 inhibits
homing of murine progenitors in the bone marrow of

lethally irradiated recipients.14 Neutralization of another
ligand of α4, the CS-1 domain of fibronectin, does not
result in significant perturbation of bone marrow lodg-
ment.15 Human hematopoietic progenitor cells bind in
vitro to the RGD motif of fibronectin through interaction
with α5.16 However, contradictory data have been report-
ed concerning the contribution of α5 in mobilization and
homing in vivo. α5 neutralization does not interfere with
bone marrow lodgment and retention of murine progen-
itor cells,15,17 but results in significant impairment of
human CD34+ cell engraftment in NOD/SCID mice,18

albeit to a lesser degree than treatment with α4 anti-
body.19 The chemokine SDF-1 and its receptor CXCR-4
define another major pathway involved in bone marrow
homing, apoptosis20,21 and proliferation.22 The contribu-
tion of SDF-1/CXCR-4 to bone marrow homing involves
two mechanisms: first, SDF-1 stimulates actin polymer-
ization and chemotaxis of primitive progenitors;23 sec-
ond, SDF-1 is also implicated in mediating transition of
α4 from a low to a high affinity state, a critical step
allowing arrest on vascular endothelium and subsequent
migration.24

In this study, we evaluated the effects of cytokine-sup-
ported culture on the respective contribution of α4 , α5
and CXCR-4 in homing and engraftment of human pro-
genitors using NOD/SCID-β2microglobulin-null (β2m-
null) mice as recipients. This model was selected since
proliferating progenitor cells do engraft in NOD/SCID
β2m-null mice while they remain mostly undetectable in
standard NOD/SCID mice.25

Design and Methods

Human cells
After obtaining informed consent, cord blood samples

were collected following full-term vaginal delivery
according to the guidelines established by the Ethical
Committee of the University of Liège. Mononuclear low
density cells were isolated by centrifugation over Ficoll-
Paque (Amersham Pharmacia Biotech, Uppsala,
Sweden). Cord blood CD34+ cells were purified by
immunomagnetic selection using MACS CD34 isolation
kits (Miltenyi Biotech, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. CD34+ cell
purity in the final product always exceeded 97%.

Short-term expansion cultures
Cells were plated in short-term expansion culture in

serum-free medium consisting of Iscoves’ medium sup-
plemented with 20% BIT (Stem Cell Technologies,
Meylan, France), 2 mmol/L alanyl-glutamine, 1% (v/v)
cholesterol-rich lipids, 1 mmol/L sodium pyruvate (all
from Sigma, Bornem, Belgium), 100 U/mL penicillin, 100
µg/mL streptomycin and 5×10-2 mmol/L 2-mercap-
toethanol (all from Lonza, Verviers, Belgium). Cells were
stimulated for 72 hours by a combination of 100 ng/mL
each of stem cell factor, thrombopoietin (both from
Amgen, Brussels, Belgium) and flt-3 ligand (Peprotech,
Boechout, Belgium) and 20 ng/mL of interleukin-6 and
granulocyte-colony stimulating factor (both from
Amgen).
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Homing and repopulation assays
The NOD/SCID-β2m-null mice colony was estab-

lished from breeding pairs purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). NOD/SCID mice
were purchased from Charles River (Lyon, France). Mice
were housed in microisolators under pathogen-free con-
ditions. Animal experiments were performed in accor-
dance with institutional guidelines and approved by the
Animal Care Ethical Committee of the University of
Liège. 

In repopulation assays, 12 week-old NOD/SCID-β2m-
null mice were sublethally irradiated with 3Gy from a
Cesium137 source (GammaCell 40, Nordion, ON,
Canada) and were transplanted intravenously with
freshly isolated cord blood CD34+ cells or their expan-
sion product following short-term cultures. Integrin
function was assessed by incubating grafts with azide-
free neutralizing antibodies, anti-α4 (clone P4C2, isotype
IgG3, Invitrogen, Paisley, UK), and anti-α5 (clone P1D6,
isotype IgG3, Chemicon, Temecula, CA, USA), at 1:100
dilution for 30 minutes at 4°C prior to infusion. CXCR4
activity was assessed by treating grafts with 10 µg/mL
azide-free 12G5 anti-CXCR4 neutralizing antibody (iso-
type IgG2a, BD Biosciences, Erembodegem, Belgium).
Control cells were treated with anti-CD34 antibody (iso-
type IgG1, Miltenyi Biotech). Human chimerism in
recipient bone marrow was determined after 6 weeks by
flow cytometric detection of human CD45+ cells. Co-
expression of CD19 or CD33 was used to evaluate mul-
tilineage repopulation. 

In homing assays, a fixed dose of 500×103 of uncul-
tured or cultured CD34+ cells was infused intravenously
into sublethally irradiated mice. Cells were incubated
prior to injection for 30 minutes at 4°C with azide-free
neutralizing antibodies anti-α4, anti-α5, anti-CXCR4 or
anti-CD34 as described above. The presence of human
cells co-expressing CD34 and CD45 in recipient bone
marrow was assessed 20 hours after graft infusion,
acquiring at least 105 bone marrow cells. All fluo-
rochrome-conjugated antibodies were from BD
Biosciences. Samples were analyzed on a FACSCalibur
flow cytometer (BD Biosciences). Gates were set to
exclude 99.9% of non-specifically-stained cells as detect-
ed in bone marrow harvested from mice which had not
been injected with human CD34+ cells.

Determination of αα4 and ββ1 integrin activation state
The activation state of α4 was evaluated by soluble

ligand binding assays. Soluble VCAM-1 binding to fresh
and expanded CD34+ cells was assessed as previously
described.28 Briefly, fresh or expanded CD34+ cells were
washed and resuspended in Tyrode’s buffer (Sigma) sup-
plemented with 1% bovine serum albumin (BSA). As a
negative control, integrin function was inhibited by
adding 5 mmol/L EDTA. As a positive control, 1 mmol/L
MnCl2 was used to induce maximal integrin activation.
The specificity of the assay in measuring α4 function
was confirmed by treating cells with Mn2+ and a 1:100
dilution of the α4 blocking monoclonal antibody, P4C2.
Cells were then incubated with 4 µg/mL recombinant
VCAM-1/Fc chimera (R&D Systems, Abingdon, UK) for
3 hours at 37°C. Next, cells were washed in their respec-

tive buffers and stained with phycoerythrin-conjugated
anti-VCAM-1 antibody (anti-CD106, BD, Biosciences)
for 20 minutes at 4°C. Cells were washed and fixed in
1% formaldehyde after which VCAM-1 binding was
assessed on a FACSCalibur flow cytometer. 

The activation index of α4 was calculated as 100 x
[(Fo-Fr)/(Fmax-Fr)], where Fo is the mean fluorescence
intensity of soluble VCAM-1 binding, Fr is background
fluorescence in the presence of 5 mmol/L EDTA, and
Fmax is the fluorescence intensity in the presence of 1
mmol/L MnCl2. 

The activation state of β1 integrin was determined by
staining CD34+ cells with HUTS 21-PE antibody (BD
Biosciences), which is directed against an activation epi-
tope of β1.29 Staining with HUTS 21 was done in
Tyrode’s buffer 1% BSA, in 5 mmol/L EDTA as
described above, or after CD34+ cell treatment with
1:100 dilution of the TS2/16 β1 activating antibody.30

Data are expressed as mean channel fluorescence ratio.

Actin polymerization assay
Fresh or culture-expanded CD34+ cells were washed

and incubated with 100 ng/mL SDF-1 (R&D Systems).
At defined time points, cells were fixed in phosphate-
buffered saline (PBS) 3% formaldehyde for 15 minutes at
room temperature. After washing in PBS, cells were
resuspended in PBS 0.1M glycine (Sigma) for 15 minutes
at room temperature. Cells were then permeabilized in
PBS 1% BSA 0.2% Triton-X (Sigma) for 10 minutes at
room temperature. Triton-X was omitted for the nega-
tive control sample. Phalloïdin-fluorescein isothio-
cyanate (Molecular Probes Invitrogen, Merelbeke,
Belgium) was added at a final concentration of 0.5 µM
for 30 minutes at room temperature, after which cell
samples were analyzed on a FACSCalibur flow cytome-
ter (BD Biosciences) for filamentous actin content.

Adhesion assays
Adhesion assays were carried out in 24-well plates

coated with 1 µg/cm2 VCAM-1 or 1% fraction V BSA in
PBS at 4°C overnight. After two washes in RPMI 1640
with 25 mM HEPES, 2×105 fresh or cultured CD34+ cells
were plated in 100 µL serum-free medium for 1 hour at
37°C, in the presence or absence of 100 ng/mL SDF-1.
After incubation for 1 hour, non-adherent cells were har-
vested by two standardized washes using warm PBS 1%
BSA. Adherent cells were then recovered after a 5-
minute incubation in cell dissociation buffer (Invitrogen)
at 37°C followed by vigorous pipetting. Adherent and
non-adherent cells were counted in Fuchs-Rosenthal
hemacytometers. Percent adhesion was calculated rela-
tive to the total number of cells plated. In some experi-
ments, CD34+ cells were pre-incubated with a 1:100
dilution of P4C2 anti-α4 blocking antibody.

Migration assays
Migration assays were performed in 6.5-mm diameter

5-µm pore Transwells (Costar, Elscolab, Kruibeke,
Belgium). Transwell filters were coated with 1 µg/cm2

VCAM-1 or 1% fraction V BSA in PBS at 4°C overnight.
After two washes in RPMI 1640 with 25 mM HEPES,
2×105 fresh or cultured CD34+ cells were plated in 100 µL
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serum-free medium in the upper chamber of the
Transwell. The bottom compartment was filled with 600
µL serum-free medium supplemented with 100 ng/mL
SDF-1 (R&D Systems). After incubation at 37°C for 3 h,
non-migrating and migrating cells were harvested from
the top and bottom compartments, respectively. Percent
migration was calculated as: number of migrating cells /
(number of migrating cells + number of non-migrating
cells).

Statistical analysis
Results are reported as mean ± SEM. The Gaussian dis-

tribution of the data was assessed with Kolmogorov-
Smirnov tests (SigmaStat software; SSPS, Richmond, CA,
USA). Paired Student’s t tests and non-parametric
Wilcoxon signed rank tests were used for Gaussian and
non-Gaussian distributions, respectively. All p values are
two-sided. 

Results

Changes in αα4 and αα5 integrin-mediated repopulation
in ex vivo expanded CD34+ cells

In a first set of experiments, we determined the role of
α4 and α5 by 6-week repopulation assays in NOD/SCID
β2m-null recipient mice. After transplantation of 150-
200×103 freshly isolated cord blood CD34+ cells, average
chimerism was 37.6±11.4% CD45+ cells. Neutralization
of α4 by P4C2 monoclonal antibody induced a marked
decrease in the repopulating activity such that 6-week
human chimerism was 1.6±0.9% (p<0.05). Conversely,
inhibition of α5 function by P1D6 monoclonal antibody
did not significantly reduce the ability of native cord
blood CD34+ cells to repopulate the bone marrow
NOD/SCID β2m-null mice, as the percentage human
chimerism was 22.9±9.9 (p>0.05) (Figure 1). The recon-
stituting ability of cord blood CD34+ cells was, therefore,
primarily dependent on α4 while only a modest contri-
bution of α5 in bone marrow repopulation could be
detected.

A similar series of experiments was carried out with
cord blood CD34+ cells that had been previously stimu-
lated in short-term (72 hours) culture. In these conditions,
the proportion of cells in S/G2+M phases of the cell cycle,
which was less than 2% in uncultured cells, increased to
more than 40% in all experiments. Amplification of total
CD34+ cell numbers was 2.4 fold on average. To avoid
dilution of repopulating cells by cell proliferation, recipi-
ent mice were infused with the total expansion product
of 150-200×103 fresh CD34+ cells, which corresponded to
300-480×103 cultured CD34+ cells. No increase in repop-
ulating activity was observed following ex vivo culture
and average chimerism was 36.3±9.3% CD45+ cells.
Strikingly, prior incubation of expanded cells with anti-
α4 monoclonal antibody did not affect SRC activity
(48.9±7.4% chimerism, p>0.05 vs. control), whereas α5
neutralization inhibited engraftment down to 2.7±1.1%
CD45+ cells after 6 weeks (p<0.05). Engraftment of cul-
tured CD34+ cells was thus mediated by α5, while the
function of α4 was down-modulated (Figure 1). 

It has been reported that NOD/SCID β2m-null mice

may be reconstituted with both long-term lympho-
myeloid stem cells and short-term myeloid-restricted
progenitor cells.25 This prompted us to evaluate whether
differential usage of α4 and α5 by unmanipulated and
cultured cells resulted from the accumulation of myeloid
progenitors in the expansion products. We determined
co-expression of myeloid and B lymphoid markers by
engrafted human CD45+ cells recovered from the bone
marrow of recipient mice. All NOD/SCID β2m-null recip-
ients receiving either fresh or expanded grafts were
reconstituted with both B lymphoid (CD19+) and
myeloid (CD33+) cells (data not shown). Integrin inhibition
did not change the ratio between myeloid and lymphoid
cell reconstitution. This suggests that α4 and α5 blocking
antibodies did not target distinct populations of commit-
ted progenitor cells but rather inhibited engraftment by
multilineage reconstituting cells.

Figure 1. αα4 and αα5 function in freshly isolated or ex vivo expand-
ed SRC. The percentage of human CD45+ cells was measured in
bone marrow cells of recipient mice transplanted 6 weeks previ-
ously with 100-150x103 uncultured cord blood CD34+ cells (A) or
their expansion product (B) after short-term culture in stem cell
factor, thrombopoietin, Fit-3 ligand, interleukin-6 and granulocyte
colony-stimulating factor. The contribution of αα4 and αα5 integrins
to bone marrow repopulation was determined by incubating cells
with neutralizing monoclonal antibodies P4C2 (anti-αα4, triangles)
or P1D6 (anti-αα5, squares) prior to transplantation. Control cells
were incubated with anti-CD34 (circles). Solid symbols indicate
the mean ± SEM engraftment levels in each experimental condi-
tion (n=3 independent experiments of one to three mice per
group). *p<0.05 compared to transplantation of control cells. 
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αα4-mediated homing in NOD/SCID ββ2m-null mice is
downregulated after ex vivo culture

Integrin neutralization may interfere with direct
bone marrow seeding after transplantation.
Alternatively, integrin neutralization may mediate
lodgment of repopulating cells in non-functional and
unproductive bone marrow niches, thus preventing
efficient post-homing proliferation and differentiation.
To distinguish between these two possibilities, we
determined the effect of α4 and α5 blocking monoclon-
al antibodies on the homing capacity of CD34+ cells.
Homing assays were carried out by intravenously
injecting a fixed number of 500×103 uncultured or ex
vivo-cultured CD34+ cells into NOD/SCID β2m-null
mice. Homing efficiency was determined as the pro-
portion of human CD34+ CD45+ cells in the bone mar-
row of the recipient mice, 20 hours after transplanta-
tion. Homing was slightly decreased in cultured cells
compared to in uncultured cells, but the difference was
not statistically significant. Homing of uncultured

CD34+ cells was significantly inhibited by α4 neutral-
ization while α5 neutralization had no effect (Figure 2).
In contrast, homing of expanded CD34+ cells was not
affected by blocking α4 but was markedly reduced
after incubation with α5 blocking monoclonal antibody
(Figure 2). Overall, these data indicate that changes in
integrin functional state after ex vivo culture directly
affected the bone marrow homing efficiency of CD34+

cells.

Modulation of αα4 affinity in ex vivo expanded 
CD34+ cells

It has been reported by several investigators that
expression of adhesion molecules by CD34+ cells is
maintained, and even increased, after ex vivo expan-
sion.32-34 We observed that before expansion, α4 and α5
were uniformly expressed on the surface of cord blood
CD34+ cells. Expression of α4 and α5 was increased on
cultured CD34+ cells (data not shown), ruling out that dif-
ferences in expression could account for the changes in
integrin function observed after ex vivo culture. Integrin
function can be dynamically regulated through changes
in affinity state without modification in integrin
expression, a process called inside-out signaling.35 We
thus carried out a functional analysis of α4 affinity in
native and expanded CD34+ cells.

The binding capacity of α4 for a soluble form of
VCAM-1 was assessed by flow cytometry.28,36 Native or
cultured CD34+ cells were suspended in Tyrode’s buffer
to provide the baseline condition. As a negative control,
Tyrode’s buffer was supplemented with 5 mmol/L
EDTA in order to inactivate α4 integrin. As a positive
control, 1 mmol/L Mn2+ was added to obtain maximal
α4 activation. Soluble VCAM-1 was added and cells
were then incubated for 3 hours at 37°C. The extent of
soluble VCAM-1 binding was determined by flow
cytometry using anti-VCAM-1 (anti-CD106) fluores-
cent antibody. We observed that in uncultured CD34+

cells, soluble VCAM-1 binding was not modified by
EDTA but was upregulated by Mn2+ (Figure 3A). This
indicates that α4 was present in a low affinity state in
native CD34+ cells and was susceptible to external
stimuli. Conversely, in expanded CD34+ cells, soluble
VCAM-1 binding could be inhibited by EDTA but was
not upregulated by Mn2+, indicating maximal α4 affini-
ty (Figure 3B). The specificity of the assay for measur-
ing α4 affinity was confirmed by showing that pre-
treatment of CD34+ cells with anti-α4 blocking anti-
body completely abolished Mn2+-enhanced soluble
VCAM-1 binding in both fresh and cultured CD34+

cells (Figure 3A-B). Further control experiments showed
that, as compared to irrelevant IgG, binding of anti-
CD106 was undetectable in fresh or cultured CD34+

cells which had not been previously exposed to soluble
VCAM-1, either in Tyrode’s buffer or in Tyrode’s buffer
supplemented with 1 mmol/L MnCl2 (Figure 3C-D).
The activation index of α4, computed as described in
the Methods section, was increased 4-fold in expanded
CD34+ cells (p<0.05) (Figure 3E). Thus, after expansion,
α4 was present in a maximally activated state which
prevented further response to activating stimuli. 

The expression of the HUTS-21 epitope by native
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Figure 2. Role of αα4 and αα5 in bone marrow homing of uncul-
tured or ex vivo-expanded cord blood CD34+ cells. The presence
of human CD34+ cells was determined in bone marrow (BM) har-
vested from NOD/SCID ββ2m-null mice transplanted 16-24 hours
previously with 500x103 cord blood CD34+ cells before (A) or after
(B) short-term culture. The function of αα4 and αα5 was assessed
by incubating cells with P4C2 and P1D6 monoclonal prior to infu-
sion in recipient mice antibodies, respectively. Control cells were
treated with anti-CD34. p<0.05 compared to transplantation of
control cells (n=3 experiments of two or three mice per group). 
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and cultured CD34+ cells was assessed as a marker of β1
integrin activation state.37 As a negative control, HUTS-
21 expression was measured after treating CD34+ cells
with EDTA. As a positive control, the response to the
β1 activating antibody TS2/1630 was measured. We
observed that HUTS-21 was not expressed in either
uncultured, or cultured CD34+ cells, with a mean fluo-
rescence ratio close to 1. CD34+ cell stimulation with
TS2/16 induced a slight increase in HUTS-21 expres-
sion, of the same magnitude in uncultured and in cul-
tured CD34+ cells (Figure 3F). CD34+ cell labeling with
an anti-β1 antibody not directed to an activation epi-
tope yielded mean channel fluorescence values of
5.45±0.20 and 10.64±2.09 for uncultured and cultured
CD34+ cells, respectively. β1 was thus present on fresh
and expanded CD34+ cells but did not present the acti-
vation epitope. Overall, this suggests that ex vivo culture
was not associated with changes in the β1 subunit of
α4β1 integrin.

Downmodulation of CXCR4-mediated homing and
repopulation in NOD/SCID ββ2m-null mice by ex vivo
cultured CD34+ cells

A critical function of the SDF-1/CXCR4 axis is to
induce the transition of α4 from low to high affinity.38 We
thus reasoned that if α4 was locked in a maximally acti-
vated state in expanded cells, homing and engraftment
would then become CXCR4-independent. We first com-
pared the contribution of CXCR4 in engraftment of
native and expanded CD34+ cells. Cells were exposed to
function-blocking CXCR4 antibody, infused into
NOD/SCID β2m-null mice, and assessed in 20-hour hom-
ing assays and in 6-week repopulation experiments.
Consistently with previous reports,39 both homing and
repopulation of fresh CD34+ cells were strongly inhibited
by CXCR4 neutralization. However, after infusion of
expanded cells, anti-CXCR4 antibody induced only a
slight and non-significant reduction in bone marrow
repopulation (Figure 4A) and did not impair direct bone
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Figure 3. Activation state of αα4 and ββ1
integrins on fresh or expanded CD34+

cells. (A) Fresh or (B) expanded CD34+

cells were resuspended in Tyrode’s buffer
1% BSA (shaded histogram) or Tyrode’s
buffer 1% BSA supplemented with 5
mmol/L EDTA (gray line), with 1 mmol/L
MnCl2 (black line), or with 1 mmol/L
MnCl2 together with function-blocking
anti-αα4 monoclonal antibody P4C2 (dot-
ted line). Soluble VCAM-1 was added and
cells were incubated for 3 hours at 37°C.
Binding was measured by cell staining
with phycoerythrin (PE)-conjugated anti-
VCAM-1 (anti-CD106) monoclonal anti-
body. Results of one representative
experiment out of four are shown. As
compared to IgG-PE, binding of CD106
was undetectable in fresh (C) or cultured
CD34+ cells (D) which had not been pre-
viously exposed to soluble VCAM-1,
either in Tyrode’s buffer (TB) 0.1% BSA or
in TB supplemented with 1 mmol/L
MnCL2. (E) The activation index of αα4
integrin on fresh and expanded CD34+

cells was calculated as 100 x [(Fo-
Fr)/(Fmax-Fr)], where Fo is the mean flu-
orescence intensity of soluble VCAM-1
binding in Tyrode’s buffer 1% BSA, Fr is
background fluorescence in the pres-
ence of 5 mmol/L EDTA, and Fmax is the
fluorescence intensity in the presence of
1 mmol/L MnCl2. *p<0.05, n=4. (F) Fresh
or expanded CD34+ cells were stained
with HUTS-21 monoclonal antibody
which is directed against an activation
epitope of β1 integrin. HUTS-21 expres-
sion was measured in cells incubated in
Tyrode’s buffer (-), in Tyrode’s buffer sup-
plemented with 5 mmol/L EDTA or with
ββ1 activating monoclonal antibody
TS2/16 (n=3).
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marrow lodgment in NOD/SCID β2m-null recipient
mice (Figure 4B). CXCR4 intensity was slightly down-
modulated after culture but still expressed on the major-
ity of CD34+ cells (not shown).

SDF-1 induces actin polymerization but not VCAM-1-
supported transmigration in cultured CD34+ cells

SDF-1/CXCR-4 signaling controls homing of
hematopoietic progenitor cells through two mecha-
nisms. First, CXCR-4 mediates reorganization of the
actin cytoskeleton, which is required for cell motility.
Second, CXCR-4 induces transition of α4β1 from a low
to a high affinity state, which allows firm adhesion of
rolling cells onto VCAM-1 presented at the endothelial
cell surface, and finally transmigration. Localized secre-
tion of SDF-1 in the bone marrow ensures selectivity of
the homing process. The apparent desensitization of cul-
tured CD34+ cells to CXCR-4 inhibition prompted us to
assess which of these two mechanisms was impaired.

The evaluation of CXCR-4 function in actin polymer-
ization was studied in native and expanded CD34+ cells.
Cells were stimulated with 100 ng/mL SDF-1 and
stained with phalloïdin-fluorescein isothiocyanate,
which binds to filamentous but not globular actin. In
native CD34+ cells, SDF-1 mediated a 32±5% increase in

filamentous-actin content in 40 seconds. The stimulation
lasted up to 160 seconds. The increase in filamentous-
actin content at 40 seconds was similar in cultured
CD34+ cells (38±14%, n=3, p>0.05), indicating a conser-
vation of the effect of SDF-1 on cytoskeletal organiza-
tion (Figure 5A).

The control of α4β1 activation state by SDF-1 on fresh
and expanded CD34+ cells was examined by adhesion
and migration experiments. Background adhesion of
fresh CD34+ cells onto BSA-coated plates was
3.6±0.05%. VCAM-1-supported adhesion was
11.7±1.4%. When cells were incubated with SDF-1 dur-
ing the adhesion assay, binding to VCAM-1 rose to
23.0±2.5%. Adhesion was completely inhibited by pre-
treating the cells with a neutralizing anti-α4 antibody. In
cultured CD34+ cells, adhesion to VCAM-1 was
increased to 78.9±1.2% in the absence of SDF-1 and,
interestingly, no further increase of adhesion was noted
in the presence of SDF-1 (Figure 5B). Thus, expanded
CD34+ cells lose the ability to upregulate VCAM-1 bind-
ing upon SDF-1 stimulation. This may represent a loss of
selectivity in the bone marrow homing process. 

Transmigration supported by SDF-1 was assayed in
fresh and cultured CD34+ cells (Figure 5C). CD34+ cells
were placed in the upper compartment of Transwells®
coated with VCAM-1 or BSA as a negative control. The
lower chamber was filled with serum-free medium sup-
plemented with 100 ng/mL SDF-1. 

In fresh CD34+ cells, as compared to baseline transmi-
gration across BSA which was 12.5±1.3%, SDF-1 sup-
ported significant migration across VCAM (p=0.001).
Neutralization of α4 did not change the migration rate
across VCAM-1. This is consistent with a distribution of
α4 molecules between forms of low and high affinity
when exposed to SDF-1. Inhibition of low affinity α4 by
the blocking antibody prevents cell attachment to the
Transwell and subsequent migration. Conversely, inhibi-
tion of high affinity α4 releases cells from firm adhesion
to the filter and allows progression across the Transwell.
The net effect of α4 neutralization may, therefore, be
negligible. 

In contrast, in cultured CD34+ cells, as compared to
baseline transmigration across BSA, which was
11.7±1.2%, the rate of migration was not enhanced
across VCAM-1 (p=0.41). Addition of α4 neutralizing
antibody significantly enhanced the migration rate and
restored SDF-1-supported migration (p=0.03). This is
consistent with the hypothesis that maximal α4 affinity
impairs the chemotactic response to SDF-1 once CD34+

cells have been activated ex vivo.

Discussion

Various studies have shown that in vitro exposure of
stem/progenitor cells to hematopoietic growth factors
results in reduced repopulating activity. The involve-
ment of specific ligand-receptor interactions in this
defect is not well documented. Previous studies from
our group showed changes in α4 and α5 functional
state in hematopoietic progenitor cells harvested from
expansion culture, with a shift from dominant α4-
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Figure 4. Role of CXCR-4 in repopulating activity and homing of
fresh or expanded CD34+ cells in NOD/SCID ββ2m-null mice. (A) Mice
were transplanted with 100-150x103 CD34+ cells or their expansion
equivalent after a 3-day expansion culture. Prior to infusion, cells
were incubated with function-blocking anti-CXCR4 12G5 monoclon-
al antibody or anti-CD34 as control. Bone marrow chimerism was
determined after 6 weeks by staining with human-specific anti-
CD45. Solid symbols indicate the mean ± SEM engraftment levels
in each experimental condition. (B) Mice were infused with 500x103

fresh or 500x103 expanded CD34+ cells. Homed CD34+ cells were
measured in bone marrow of recipient mice 16-20 hours later.
*p<0.05 compared to transplantation of control cells (n=3 experi-
ments with two to four mice in each condition).
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mediated interactions to preferential α5-mediated inter-
actions with immobilized fibronectin in vitro.12

Variations in integrin activation states result in changes
not only in binding and migration behavior, but also in
response to growth-inhibitory signals.13 In the present
work, we demonstrate for the first time that the
changes in the activation state of α4 and α5 apply to
NOD/SCID β2m-null mice in vivo repopulating cells such
that repopulation by uncultured CD34+ cells is depend-
ent on α4 while repopulation by ex vivo-expanded
CD34+ cells is mediated by α5. 

The prominent role of α4 in mediating hematopoiet-
ic reconstitution by unmanipulated hemapoietic pro-
genitor cells has been well documented and lies in its
interaction with VCAM-1.14 Neutralization of the CS-1
domain of fibronectin, another potential ligand of α4,
does not appear to interfere with hematopoietic pro-
genitor cell trafficking.15 As for α5, it has been reported
that its inhibition prevents bone marrow repopulation
by freshly isolated human repopulating cells,19 although
to a lesser degree than α4 inhibition. In the present
study, α5 inhibition induced a slight, but not statistical-
ly significant, reduction in engraftment of uncultured
CD34+ cells. This discrepancy may stem from the use of
different clones with varying potency in neutralizing
α5. It is, however, clear from our data that engraftment
inhibition with anti-α5 antibody is more pronounced
with cultured cells than with native cells.

It is intriguing that expanded CD34+ cells are able to
engraft NOD/SCID β2m-null mice independently of α4
integrin. In vivo, α4 contributes not only to tethering and
rolling on endothelial VCAM-138 but also, together with
α5, to directional migration across basal lamina
fibronectin and ultimately across stromal cells.18 It is
likely that interactions with other endothelial ligands,
such as E-selectin and ICAM-1, compensate for the loss
of α4/VCAM-1 function to mediate endothelial rolling
and transmigration.40 As for transmembrane and
transstromal migration, our results are consistent with a
cooperative role of α5, which is uncovered once α4 is
inactivated. Short-term engraftment of α4-deficient
hematopoietic progenitor cells has recently been report-
ed in conditional α4 knockouts, although a progressive
decline was noted long term, suggesting abnormal hom-
ing and/or self-renewal in post-homing hematopoiesis.41

This suggests that α4-deficient stem/progenitor cells
produced by cytokine-driven expansion may be com-
petitively disadvantaged against residual host counter-
parts. 

α4β1 integrin may contribute to various steps during
SRC recruitment depending on its activation state.
Affinity modulation is regulated by changes in integrin
conformation which may be reproduced experimental-
ly by activating antibodies such as anti-β1 8A242 and
TS2/1630 clones. Independently of affinity modulation,
cell binding may be induced by increased avidity
through clustering and immobilization of the integrin in
the cell membrane.43 In mature leukocytes, α4 integrin
first directs primary adhesion i.e., short-term interac-
tions with VCAM-1 which slow down leukocytes in
contact with endothelial cells. These rolling interactions
are mediated by short-lived reversible clustering of low

Figure 5. Effect of SDF-1 in mediating actin polymerization, adhe-
sion to VCAM and VCAM-supported transmigration of fresh and
cultured CD34+ cells. (A) Fresh or cultured CD34+ cells were stim-
ulated with 100 ng/mL SDF-1 for the indicated times and stained
for filamentous actin with phalloidin-fluorescein isothiocyanate.
Mean channel fluorescence (MCF) is shown as a function of time
(n=3). (B) Adhesion assays were carried out on BSA- and VCAM-
coated plates. The effect of SDF-1 and anti-αα4 antibody was stud-
ied. Adhesion of fresh and cultured CD34+ cells is shown (n=3).
(C) Transmigration assays were set up in response to 100 ng/mL
SDF-1 across VCAM-coated Transwells or across BSA as a control.
The effect of αα4 neutralization is depicted. Migration of fresh and
cultured CD34+ cells is shown (n=4). 
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affinity α4. In secondary adhesion, leukocytes are
immobilized onto VCAM-1 by long-lasting interactions
with high affinity α4 integrins. Both steps are under the
control of endothelial chemokines.38 In stem and pro-
genitor cells, SDF-1 expressed on bone marrow
endothelial cells is pivotal in mediating the transition of
α4 from low to high affinity and converting primary
rolling to secondary firm adhesion to VCAM-1.44

Selective bone marrow homing of stem/progenitor cells
is thus determined by localized α4 activation in contact
with SDF-1-expressing endothelial cells.

Measurements of α4 binding to soluble VCAM-1
were used to assess α4 activation state.28 In baseline
hematopoietic progenitor cells, α4 was present in a low
affinity state, which could be upregulated by stimuli
such as Mn++ ions. Conversely, in expanded CD34+

cells, soluble VCAM-1 binding to α4 was maximal and
could not be further increased by activating stimuli. In
static adhesion assays, we observed that VCAM-1
binding could not be upregulated by SDF-1 in expand-
ed CD34+ cells in contrast to fresh CD34+ cells. This
suggests that binding of expanded hematopoietic pro-
genitor cells to endothelial VCAM-1 may no longer be
responsive to localized SDF-1 secretion in vivo, which
may result in the loss of selective bone marrow hom-
ing. Indeed, several investigators have reported
increased extramedullary homing of ex vivo-cultured
hematopoietic progenitor cells.8,45

Given the prominent role of SDF-1 in mediating α4
activation, we reasoned that constitutive α4 activation
in expanded cells would lead to SDF-1 desensitization.
Indeed, treatment of expanded CD34+ cells with
CXCR4 blocking antibody 12G5 did not inhibit hom-
ing or 6-week repopulation in NOD/SCID β2m-null
mice. In vitro, the observation that SDF-1-mediated
actin polymerization was maintained in cultured cells
argues against a direct defect in cell motility induced by
ex vivo culture. In migration assays across VCAM-1-
coated Transwells, expanded CD34+ cells were not
responsive to SDF-1 unless α4 was neutralized. Thus,
expanded cells express α4 in a high affinity state which
prevents response to SDF-1.

The 6-week repopulating activity of freshly isolated
CD34+ cells and that of their expansion product were

very similar. This may indicate that despite a 2.4 fold
increase in total nucleated cells, there was no net mul-
tiplication of SRC. Alternatively, SRC did expand in
short-term culture but their amplification was masked
by inefficient homing due to α4 inactivation. To
explore this possibility would require the restoration of
the initial activation state of very late antigen-4 in
expanded SRC. One strategy would be to reinduce
mitotic quiescence of cultured cells prior to transplanta-
tion. Future studies should examine whether restora-
tion of very late antigen-4-directed homing in expand-
ed hematopoietic stem cells would increase their
repopulating capacity.

The 6-week repopulation end-point which was used
in the present study precludes a direct application of
our data to true hematopoietic stem cell biology.
Indeed, it has been shown that in NOD/SCID β2m-null
mice, repopulation is achieved by both transient pro-
genitors and self-renewing stem cells. Also, homing of
total CD34+ cells may differ significantly from that of
long-term repopulating cells. Further experiments
based on longer repopulation assays and secondary
transplants will be required to translate the observa-
tions of this study to the level of long-term hematopoi-
etic stem cells.

In conclusion, our data show significant changes in
α4 and CXCR4 dependence in bone marrow repopula-
tion by ex vivo-cultured hematopoietic progenitor cells.
Our results are consistent with the hypothesis that
maximal α4 affinity observed in cultured CD34+ cells
induces unresponsiveness to SDF-1/CXCR-4 signaling,
resulting in downregulation of both α4 and CXCR4-
mediated engraftment.
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