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Chemokine SDF-1 enhances circulating CD84ll proliferation in
synergy with cytokines: possible role in progenitor survival

Jean-Jacques Lataillade, Denis Clay, Catherine Dupuy, Sylvain Rigal, Claude Jasmin, Philippe Bourin,

and Marie-Caroline Le Bousse-Kerdilés

The chemokine stromal cell-derived fac-
tor-1 (SDF-1), and its receptor, CXCR-4,
have been implicated in the homing and
mobilization of human CD34 * cells. We
show here that SDF-1 may also be
involved in hematopoiesis, promoting the
proliferation of human CD34 * cells puri-
fied from normal adult peripheral blood
(PB). CXCR-4 was expressed on PB
CD34+ cells. The amount of CXCR-4 on

cell subset defined by a CD34 high
CD38lowCD71wc-Kit ¥ Thy-1* antigenic
profile. The functional significance of
CXCR-4 expression was ascertained by
assessing the promoting effect of SDF-1  «
on cell cycle, proliferation, and colony
formation. SDF-1 alone increased the
percentage of CD34 * cellsinthe S +G,/M
phases and sustained their survival. In
synergy with cytokines, SDF-1 increased

quiescence by anti-TGF- B treatment.

Thus, our results shed new light on the
potential role of this chemokine in the
stem cell engraftment process, which
involves migration, adhesion, and prolif-
eration. Furthermore, both adhesion-
induced CXCR-4 overexpression and
SDF-1 stimulating activity may be of
clinical relevance for improving cell
therapy settings in stem cell transplanta-

PB CD34* cells was 10 times higher when
CD34+ cells were purified following over-
night incubation. CXCR-4 overexpression
was correlated with a primitive PB CD34  +

PB CD34* and CD34heh CD38¥ cell expan-
sion and colony formation. SDF-1 also
stimulated the growth of colonies derived
from primitive progenitors released from

tion. (Blood. 2000;95:756-768)
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Introduction

Stromal cell-derived factor-1 (SDF-1) is a member of the chemeeceptors! 1?2 Owing to the similarity of its sequence to that of
kine CXC subfamily initially cloned from the murine bone marrowother CXC chemokine receptor genes, LESTR was also named
stromal cell lines ST-2 and PABthen purified from supernatant CXCR-413 It was also called fusin because it mediates HIV-1-CD4
from the murine MS-5 cell lin.It has been suggested that SDF-IT lymphocyte cell fusiort? Several authors have reported CXCR-4
is involved in immune surveillance because it is a highly effectivexpression on mature blood celfsincluding lymphocytes, mono-
lympho-monocyte chemoattractédand it supports B-cell progeni- cytes, megakaryocytes, and platefetslt has also been detected
tor proliferationt* The constitutive expression of SDF-1 in variouson CD34" progenitors purified from bone marrow (BM), mobi-
tissues and its highly conserved nucleotide and amino adided peripheral blood, and cord blo&%!316In vitro transmigra-
sequenceés$ suggest that this molecule may play an importartton assays have shown that circulating CD3#lls from healthy
biological role. Gene knockout experiments have confirmed tlaelults are sensitive to SDF-1, but expression of its cognate receptor
essential role of SDF-1 in hematopoietic developnfeBDF-1- on these progenitors has not been repoffed.
deficient mice have fewer myeloid progenitors than normal mice in All of these observations provide evidence that SDF-1 is critical
bone marrow, but fetal liver hematopoiesis is unaffected in thef@m mobilizing and homing hematopoietic progenitor cells. How-
mice, suggesting that SDF-1 is involved in the migration oéver, nothing is known about the role of SDF-1 in progenitor
hematopoietic stem cells between embryonic hematopoietic*sitgoliferation. With respect to the stem cell engraftment process in
Other studies have implicated SDF-1 in cell trafficking, in a modethich trafficking and proliferation are both involved, we investi-
in which hematopoietic progenitor migration and mobilization argated a possible role for SDF-1 in hematopoiesis. We found that
caused by a gradient of SDF-1 concentration in the bone marr@D34" cells isolated from adult peripheral blood (PB) expressed
microenvironment:# SDF-1 may also be involved in megakaryothe CXCR-4 receptor and that SDF-1 increased the proliferation of
cytic migration and platelet formation, by increasing the adhesidruman circulating CD34 cells. Both the percentage of CXCR-4
of mature megakaryocytes to endotheliéi#f. cells and the level of CXCR-4 expression were much higher if PB
SDF-1 has been identified as the ligand for the leukocyt€D34" cells were purified following overnight incubation on a
derived seven transmembrane domain receptor (LESTR). Tipigstic support (Int). CXCR-4 overexpression was correlated
G-protein-linked receptor was originally identified as an orphanith the presence of a primitive CDB#CD38°WCD71ovc-
receptor with a structure very similar to that of interleukin (IL)-&:it'*"Thy-1" cell subset in PB. CXCR-4 was functional, as shown
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by the increase in PB CD34and CD34'9"CD38°" cell expansion Cell sorting

a”?’ COl(_)ny formation caused by SDF-1, in synergy with CymkineﬁB Inct CD34" cells were used to sort the CDB#CD38°" subpopula-
This stimulatory effect was even stronger with In€D34" 4, cell suspensions were incubated with fluorescein isothiocyanate
progenitors released from quiescence by an anti-BG#tibody (FTC)-conjugated mouse antihuman CD38 (T16, Coulter-Immunotech,
and was correlated with a large percentage of CD&dlls in the Mmarseilles, France) and phycoerythrin (PE)—-conjugated mouse antihuman
S+G,/M phases. Thus, the SDF-1/CXCR-4 couple seems to haven34 (HPCA2, Coulter-lmmunotech) for 30 minutes at 4°C, and washed
novel biological function in increasing primitive hematopoiesis. twice. Then the CD3#"CD38°" cells were separated with the use of a
Coulter Elite flow cytometer (Coulter Electronics, Margency, France).
About 10% of CD3419" cells with the lowest CD38 labeling were sorted as
CD349"CD38w,

Materials and methods

Cell sample collection Cycloheximide treatment

Buffy coats were obtained from healthy adults during the preparation BB mononuclear cells were treated with cycloheximide (Sigma, Saint
transfusion products. Peripheral blood was collected (450 mL) in a plasfyentin Fallavier, France), a protein synthesis inhibitor, before the over-
bag (MacoPharma, Tourcoing, France) containing 80 mL of preservativiight incubation step, as follows. Mononuclear cells{(80° cells/mL)
free anticoagulant (citrate-phosphate-dextrose) and centrifuged aj 2800 Were incubated in IMDM 2% HSA with or without cycloheximide (10
20 minutes at 20°C in a cryofuge 8500 (Heraeus Sepathec, Prolabo, BriggémL), at room temperature for 30 minutes. Cells were then washed twice
le Canal, France). with PBS/HSA and incubated overnight as described above.

BM cells were collected from normal donors undergoing hip prothesis
surgery. Spongy bone and femoral fluid were removed and rapidly stored\ignoclonal antibodies and secondary reagents

RPMI 1640 (Biological Industries, ATGC Biotechnologies, Noisy le GrandThe monoclonal antibodies (mAbs) used for the flow cytometry were

France) containing hepgrln (100 U/mL, Roche). B,M cells nested in spon Eridinin chlorophyll protein (PerCP)—conjugated mouse antihuman CD34
bone were recovered with the use of a Potter grinder and several was

ith RPMI 1640 12) and matching IgG1 isotype control purchased from Becton Dickin-
w ’ ) I son (Le Pont de Claix, France). FITC- or PE-conjugated mouse antihuman

All samples were obtamed,_wnh informed consenF, from donors _at trIJ,eD38 (T16), CD71 (transferrin receptor YDJ1.2.2), CD117 (c-Kit, 95C3),
g:,eHn,tre tdel Transe‘rs!on Sa:lgslneccri]gs A‘?m@g?ﬁ,"]_u”'arda th?:e_';v 'Icesphosphotyrosine (6D12) and IgG isotype control were obtained from
, ematologie finique et de rurgie Orthoique de I'Hpi al " Coulter-Immunotech. PE-conjugated mouse antihuman CDw90 (Thy-1,

d Iqstruptlon des _Armes Percy (Clamart, France), and the Service d§E10) PE- or biotin-conjugated CXCR-4 (12G5) mAbs, and biotin-
Chirurgie Orthopeique du CHR dAulnay-Sous-Bois (France). conjugated IgG isotype control were purchased from Pharmingen (Becton
Dickinson). The secondary reagent for CXCR-4 labeling was a streptavidin-

Mononuclear cell preparation allophycocyanin (APC, Becton Dickinson).

PB and BM cell suspensions were diluted 1:2 in Dulbecco’s phosphate- .
buffered saline (Biological Industries, ATGC Biotechnologies) ComaininEFnmunophenotyplng
0.5% human serum albumin (HSA) and 5% citrate (PBS/HSA/ACD)We performed 3- and 4-color flow cytometry assays using a FACScalibur
Mononuclear cells were isolated by centrifugation on a Ficoll densitjow cytometer (Becton Dickinson) and CellQuest data acquisition software
gradient (d= 1.077 g/mL; Seromed, ATGC Biotechnologies) at dor  (Becton Dickinson). The instrument was calibrated with the use of beads
30 minutes at 20°C. The mononuclear cell layer was collected, wash@ecton Dickinson) according to the manufacturer’s instructions.
twice, and resuspended in PBS/HSA/ACD. Two gentle centrifugation steps Surface antigen labeling. We carried out a multiparameter analysis of
(91 g for 7 minutes) were performed to remove platelets from PB samplelse purified cells for cell surface antigen expression. To minimize nonspe-
cific antibody binding, we incubated cells in a flow cytometry buffer
containing PBS/2% HSA/0.5% polyvalent human immunoglobulins. Cells
(5% 10* cells/40 puL PBS/0.5% HSA) were then incubated in 96-well
PB and BM mononuclear cells expressing the CD34 antigen wecelture plates containing 10 pg/mL (saturating concentration) of directly
immunomagnetically selected with the use of the MACS system (Miltengionjugated or unconjugated mAbs. We used biotin-conjugated anti—
Biotech, Tebu) directly after density gradient separation(Jrar after an CXCR-4 mAb, or if it was combined with intracellular labeling, we used
overnight incubation (18 to 20 hours) (Ilhc We incubated 5< 10° PE-conjugated anti-CXCR-4 mAb. Labeling with biotin-conjugated anti—
cells/mL in Iscove’s modified Dulbecco’s medium (IMDM) containing 2%CXCR-4 mAb was followed by a final incubation step with 10 pL of
HSA in 75 cn? plastic culture flasks (Falcon, Becton Dickinson, Le Pont dstreptavidin-APC. Incubations were performed on ice for 20 minutes in the
Claix, France) at 37°C in a 5% G05% air atmosphere. Nonadherentdark and were followed by 2 washes with ice-cold PBS/0.5% HSA.
cells, collected by washing the flask 3 times with PBS/HSA, or mondmmunostained cells were either kept on ice and immediately analyzed by
nuclear cells, recovered directly after Ficoll centrifugation, were incubatdldw cytometry or fixed in 1% formol PBS and analyzed within a week. The
for 15 minutes at 4°C with 50 pL of blocking reagent (human IgG) and 50ercentage of stained cells was calculated by comparison with each isotype
uL of CD34 antibody (QBEND/10, mouse IGgl) perf1@lls. Cells were control. In multiple staining, we adjusted compensation using the single-
washed once in PBS/5mmol/L EDTA/0.5% HSA (PEH) and incubated fatained cell samples.
15 minutes at 4°C with colloidal MACS microbeads (50 pl¥Xlls) Intracellular antigen labeling. Intracellular CXCR-4 and phosphotyro-
directed against the haptenized QBEND/10. Cells were washed, ressisie staining were performed after permeabilization. CD&lls (5x 10%)
pended, and passed through a cell strainer (Falcon) to remove clumps. Weee incubated in a permeabilizing solution (OrthoPermeafix, Ortho
labeled cells were added to a sterile positive separation columr)(VSDiagnostic System, Issy les Moulineaux, France) according to the manufac-
placed in a magnetic field. CD34ells were flushed with PEH outside theturer’s instructions, before staining by a PE-conjugated anti-CXCR-4 or an
column, removed from the magnetic field, and collected by centrifugatidfiTC-conjugated anti-phosphotyrosine. Before intracellular CXCR-4 stain-
(700g). Cell numbers and viability ¥ 97%) were assessed with aing, cells were incubated in 4@L PBS/0.5% HSA containing an
hemacytometer and trypan blue. For both the*land Inc procedures, unconjugated anti-CXCR-4 antibody at saturating concentration for 20
MACS purification produced a 90% to 98% pure CD3zkll preparation. minutes in the dark and were washed twice with ice-cold PBS/0.5% HSA.
The Inc and Inc- CD34" cells accounted for 0.2% 0.05% and 0.18%  The percentage of stained cells was calculated by comparison with the
0.07% respectively of the low-density cells. isotype control.

Immunomagnetic purification of CD34  * cells

20z aunr g0 uo 1s8nb Aq Jpd'962/£££0991/952/€/56/1Pd-8l01E/POO|q/1eU"SUONEDlgNdYSE//:dNY WOy papeojumod



758  LATAILLADE etal BLOOD, 1 FEBRUARY 2000 « VOLUME 95, NUMBER 3

For each sample, images fromx110* cells were acquired in listmode. Forward of rh SDF-Xx (0.05 ng/mL). At various time points (0, 48, and 72 hours),
(FS) and side (SS) scattering and 2 to 4 fluorescence signals were storeckiis were harvested and counted. We assessed the possible priming effect
listmode data files and analyzed on a computer with WinMDI softwaref SDF-1 by treating cells with SDFel (0.05 ng/mL) in a cytokine-
(Trotter J; The Scripps Research Institute [TSRI], La Jolla, Californiagleprived culture medium (StemA) for 24 hours before culture.
Mean fluorescence intensity (MFI) was expressed in arbitrary units (AU).

Stroma-free long-term liquid cultures

Clonogenic cell assay
Freshly purified PB Int CD34+ (3 X 10* cells/mL) or sorted PB Inc

Erythroid (BFU-E), granulocytic (CFU-G), monocytic (CFU-M), granulo- - cD34nshCD3dew cells (1 108 cells/mL) were cultured in quadruplicates
monocytic (CFU-GM), and multilineage (CFU-Mix)—derived colonies. in flat-bottomed 24- or 96-well plates for 5 weeks, in 1 mL or 200 pL,
Progenitors were assessed in methylcellulose medium with the use ofegpectively, of a serum-free liquid culture medium (SteA) containing a
slightly modified version of the Metcalf techniqtieFreshly purified or  combination of the following cytokines: SCF (50 ng/mL), FLT3-ligand (50
cultured CD34 cells (500 cells/mL) and sorted CD3@D38" cells (1000 ng/mL; R&D Systems), TPO (10 U/mL; PeproTech, Tebu), added twice a
cells/mL) were plated on methylcellulose culture medium (StertD,  week23 with or without SDF-1 (0.5 ng/mL). At the onset of the culture, the
Tebu, Le Perray en Yvelines, France) containing a cocktail of 7 recombinagtal number of BFU-E, CFU-G, CFU-M, CFU-GM, and CFU-Mix was
human (rh) cytokines: IL-3 (0.8 ng/mL), IL-6 (10 ng/mL), IL-11 (2 ng/mL), determined by a methylcellulose assay. Every week, the wells were
SCF (3 ng/mL), G-CSF (0.75 ng/mL), GM-CSF (0.75 ng/mL), and Epo (2emidepopulated by the removal of one half of the culture volume, which
U/mL). In some experiments, we replaced the cocktail by similar concentrigas replaced with fresh medium and cytokines. Every 1 or 2 weeks,
tions of IL-3, GM-CSF, SCF (all cytokines were purchased from R&Dharvested cells were counted, and suitable aliquots were assayed for
Systems), alone or in combination (SteriTebu). Duplicate 35 mAtissue  BFU-E, CFU-G, CFU-M, CFU-GM, and CFU-Mix and for CD34cell

culture dishes containing 1 mL of cell suspension were incubated at 37°Giimeration. Only viable cells incubated with propidium iodide were
a 4.5% CQ/95.5% air atmosphere. BFU-E, CFU-G, CFU-M, CFU-GM analyzed by flow cytometry.

and CFU-Mix were scored on day 14 with the use of an inverted microscope

a_m(_j standard morphol_ogical _criteﬂ?al.:or erythroid proge_nitors, 2 differen- g cycle analysis

tiation stages were distinguished, based on colony size on day 14. Large

bursts containing 16 or more clusters with low hemoglobin content wefegll cycle studies were performed by means of DNA—propidium iodide (P1)

defined as immature BFU-E, whereas mature BFU-E with a highéinding and analysis with a FACScalibur flow cytometer. CD3zlls

hemoglobin content were small bursts containing fewer than 16 clddter{1 X 10° cells/mL) were incubated for 72 hours in cytokine-free liquid
Megakaryocyte (MK)—derived coloniesProgenitors were assessed inmedium (Stemx A) with or without SDF-1x (0.05 ng/mL). At each time

collagen matrix with the use of the Easymega kit (Hemeris, Grenoblepint (0, 24, 48, and 72 hours), cells were harvested by centrifugation,

France) according to the manufacturer’s instructi#3.We incubated counted, and prepared for cell cycle analysis. Cells<(80% were

1x 10* CD34* cells in a 1 mL serum-free Easymega medium supplesuspended in 200 uL of Pl diluted 1:50 with permeabilizing soldfiand

mented with the following cytokines: 2.5 ng IL-3, 10 ng IL-6, and 50 ngvere incubated in the dark at 4°C for 24 hours before analysis. The cell

thrombopoietin (TPO) (PeproTech Inc, Tebu). Duplicates of the cultuféstogram FL-2 was divided into 3 regions according to cell cycle phase:

were incubated at 37°C in a humidified atmosphere containing 5% C@o/Gs, S, or G/M. Doublets were eliminated by gating on a peak/area plot

Colonies were scored with the use of an inverted microscope after 10 toaf4 Pl fluorescence. The data were analyzed with WinCycle software

days of culture, according to criteria described elsewPelsfe distin- (Phoenix Flow Systems, San Diego).

guished 2 MK differentiation stages on the basis of clone size on day 14.

Colonies containing more than 10 cells were defined as BFU-MK, where@grosine phosphorylation analysis

CFU-MK contained fewer than 10 cells. Standard cytology staining (Ma )

Grinwald Giemsa) or immunocytochemistry with a CD41 mAb (clonéM and PB Inc’ CD34" cells (5x 10 cells/mL) were incubated for 20

CS3) followed by alkaline phosphatase monoclonal anti—alkaline phosphurs in a cytokine-free liquid medium (StenA) with or without SDF-1x

tase detection was also performed for reliable and accurate identificatior 305 N9/mL and 10 ng/mL). The cells were collected by centrifugation and
megakaryocytic colonies. were further stimulated with 10 ng/mL SCF or IL-3 for 5 to 15 minutes at

The biological effect of SDF-1 on colony formation was evaluated ifj/ C- 1€ time course of total tyrosine phosphorylation was detected by
both culture systems by adding free endotoxin rh SBFat various flow cytometry after intracellular anti-phosphotyrosine labeling (as de-
concentrations (0.01, 0.05, 0.1, 0.5, 5, and 10 ng/mL; R&D Systeniicibed above).

Abingdon, UK) to the semisolid control media, in the presence or absence
of various cytokines (individually or in combination). In some experimentsstatistical analysis
anti-rh SDF-& monoclonal antibody (5 ng/mL, R&D Systems) was adde

) (ﬁ)ata were expressed as meanstandard deviation (SD). The significance
to the culture medium.

of differences between groups was determined by Studest for paired

Anti—TGF- B antibody treatment samples. A value of< .05 was considered statistically significant

The effect of SDF-1 on high proliferative potential-quiescent cells was
evaluated with the use of the model of Hatzfeld et?aCD34" cells Regylts
(2 X 10P cells/mL) were incubated for 48 hours in a cytokine-free/serum-

free liquid medium (Stena: A) with or without a polyclonal anti-TGPB-  Distinct expression of CXCR-4 on normal adult
neutralizing antibody (5 pg/mL) or its IgY isotype control (R&D Systemsgp and PB CD34 + cells

Abingdon, UK). Cells were then plated on a semisolid medium, with or )
without SDF- as described above, and colonies were scored on day 18WVe analyzed CXCR-4 expression on human BM and PB CD34

cells using 3-color cytometry. All samples were analyzed identi-
Liquid cultures cally. We produced 4 dot plots (Figure 1): the lymphomonocytic
Freshly purified PB CD34% cells (1 1CP cells/mL) were cultured for 72 cell population was gated (R1) on an FSC versus SSC dot plot

hours in either a cytokine-free medium (Ster, Tebu) or in a medium €Xcluding dead cells (plot 1); a second dot plot (plot 2), displayed
containing rh IL-3 (0.8 ng/mL), IL-6 (10 ng/mL), IL-11 (2 ng/mL), SCF (3 0N R1, showed the CD34-PerCP versus CD38-FITC profile. An R2

ng/mL), G-CSF (0.75 ng/mL), GM-CSF (0.75 ng/mL), and Epo (2 U/mLyegion was further set around the CD3gopulation, excluding
(Stema Al). The cells were incubated in the presence or absence (contr@P34¢d/ow cells. Dot plots 3 and 4, displayed on additive regions
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Figure 1. CXCR-4 expression is heterogeneous on PB BM PB
and BM CD34 * cells and is up-regulated on PB Inc *+ Controls

CD34* cells. BM and PB CD34" cells were purified
immediately after density gradient separation (Inc—, plots

: g |3 &
a and c) or after incubation on a plastic support (Inc”, o
plots b and d). Cells were stained with CD34-PerCP, o 2 5 B o & g ®
CD38-FITC, and CXCR-4-biotin-APC antibodies and ana- £ 5 e E BI 2 5
lyzed by 3-color cytometry. An R1 region was first drawn ¢ g ) g s
by selecting the lymphomononuclear cells and excluding T e R - 3 g £
degd cells on an FSQ/SSC dot plot (plot 1). A second BW—— o8 .
region R2 corresponding to CD34* cells was drawn on a Thee B A ]
second CD34-PerCP/CD38-FITC dot plot gated on R1 1gG PerCP 1eG PerCP

Plots 1

(plot 2). Expression of CXCR-4-APC versus CD34-
PerCP (plots 3) and of CXCR-4-APC versus CD38-FITC
(plot 4) was then assessed on the additive R1 plus R2
gates. The arbitrary quadrants were drawn on the basis of
isotype-matched negative control profiles (top dot plot).
The results shown are for 1 experiment representative of
the 5 to 8 performed.
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R1 plus R2, showed CD34-PerCP versus CXCR-4-APC (plot 3)

and CD38-FITC versus CXCR-4-APC (plot 4). Table 1. Adult peripheral blood CD34  * cells express CXCR-4

PB CD34' cells expressed CXCR-4, but at a lower level than CD34+/CD38o
BM CD34" cells. If PB CD34 cells were directly purified after CD34+/CXCR-4* Cells* CXCR-4* Cells*
gradient separation (Ing, fewer of them (8.8%+ 3.6%) coex- % of % of
pressed CXCR-4 than was the case for BMIn€D34" cells Overnight  Positive Mean Positive Mean

(56%* 12.3%P < 01) (Table 1: Figure 1 plots 3c 3a) The MFI Source  Incubation Cells Fluorescence Cells Fluorescence

was aTso |C.)W€;' in P.B than in Bl\’/l |rTCCD3;1+ cells ('50 2'+ 20.3 of Cells (Inc) (Mean = SD) Intensity (AU) (Mean = SD) Intensity (AU)

AU and 91.2+ 47.4 AU, respectivelyP < .05) (Table 1). PB(n=8) - 8836 502x293 63x29 423:137

We further characterized the CD38XCR-4+ subpopulation + 73612 460+ 150 02847 605110
. . . . . = — + + + +

by analyzing the coexpression of the CD38 antigen, which is raredf " =) N 7852 N iii 9312;2 N ‘1‘164 égi - gz 232'2 - ij‘?

absent on early hematopoietic progenitors. We defined the i — S S

CD34+CD38°" subpopulation as the 8% to 10% of CD3dells AU indicates arbitrary units; PB, peripheral blood; BM, bone marrow.

with the lowest level of CD38: the quadrants on plots 2 and 4 of *CD34" cells were purified from PB and BM, labeled, and analyzed for antigen
. h T f thi finiti | ﬁression with the use of a FACScalibur flow cytometer. Percentage of CD34* and

Flgure_ 1 were drawn on the basis of this definition. Regard €SS @34+ cD38o cells coexpressing CXCR-4 was calculated after gating on CD34" or

the origin of PB and BM, a small percentage of CD8KCR-4"  cD34* CD38"" cells. Results are based on 5 to 8 independent experiments.
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cells (6.3%=* 2.9% and 14.2%- 8.3%, respectively) coexpressed A {Inc)

low levels of CD38 (42.3+ 13.7 AU and 48.2+ 22.5 AU, 2 Extracellular:
respectively) (Figure 1, plots 4c, 4a; Table 1). ; o
Up-regulation of CXCR-4 expression on CD34 + cells 8 Intracellular:
purified after incubation on a plastic surface u“»_l’ 3,"::;,50"“:,‘},{(,;

The overnight incubation in a plastic flask of PB CD3dells
before purification (Int) resulted in a much larger percentage of
CXCR-4" cells and a much higher level of CXCR-4 expression T e 0 0
(73.6% = 12% and 460+ 150 AU) than was recorded for Inc
cells (8.8%* 3.6%,P = .0006, and 50.2- 29.3 AU, P = .001;

n = 8) (Table 1; Figure 1, plots 3d, 3c). In contrast, the percentage
of CXCR-4" cells from BM Inc” CD34" cells was not significantly
different from that for Inc CD34" cells (78.4%* 17.7% and
56% + 12.3%) (Table 1), but the level of CXCR-4 expression was B (Ine") Cline)
significantly higher in In¢ cells (338%= 110 AU and 91.2+ 47.4

_ _ . | Extracellular: _Iulracelll-ﬂfr. Extracellular: i_mm:c]]ular:
AU, P =.003, n= 5) (Table 1; Figure 1, plots 3b, 3a). | astsaw 983421 % S| Setign 90543%
| 272291 AU +84 AU 6.2 £ 36 AU 36781124 AU

Surface overexpression of CXCR-4 on PB Inc  * CD34* cells /
100 10*

128
128

is correlated with a decrease in the CXCR-4 intracellular pool A
and protein synthesis ;

Events
Events

L]
We explored the mechanism of CXCR-4 up-regulation at the PE 1""‘!
Inct CD34" cell surface and found that PB CDB4ells had an ” Lk S0
intracellular CXCR-4 pool (Figure 2). Purification of CD34ells 0 10 10* 107 10° io® 1ot 10®
after overnight incubation (Figure 2B) resulted in higher surface CXCR-4 CXCR-4
CXCR-4 levels (27.2+ 9.1AU) and correspondingly lower levels Figure 2. CXCR-4 surface overexpression on PBInc  *+ CD34* cells is correlated
of intracellular CXCR-4 expression (181 8.4 AU) than were Wwith a decrease in the CXCR-4 intracellular pool and protein synthesis. PB
recorded for PB Inc (4 8+ 54AU.P= .01 n=3. and 310+ CD34* cells were purified (A) without (Inc™) or (B) with (Inc™) overnight incubation on
R ST T e T ~— 7 . aplastic support. (C) PB mononuclear cells were treated with cycloheximide before
10.4 AU, P < .05, n= 3, respectively) (Figure 2A). We investi- overnight incubation and CD34" purification. We studied CXCR-4 expression at the
gated the contribution of protein synthesis to CXCR-4 upsurface by labeling cells with PE-conjugated anti-CXCR-4 mAbs. CXCR-4 expres-
: : : : : -+glon within the cell was analyzed after saturation with unconjugated CXCR-4 mAbs,
regulatlo_n (_jurmg |_ncubat|on by treatl_ng_ r_nonor_luc!eg_r cells Wlt;f)iermeabilization, and labeling using PE-conjugated anti—-CXCR-4 mAbs. Cytometry
CyCIOhEX|m|de- This resulted in a s'melcant inhibition of the-malysis was performed on the FSC/SSC gated population as indicated in Figure 1.

increase in extracellular CXCR-4 (62 3.6 AU, P < .01, n= 3)  The histogram represents 8000 to 10 000 events in the total ungated population. The
(Figure 2C) isotyped matched negative controls are shown in the overlay (light lines). Data from at
least 3 donors were analyzed, with similar results. Histograms from a typical donor

) are presented. The mean percentage and MFI of positive cells for CXCR-4 = SD are
PB Inc * CD34+CXCR-4high cells coexpress low levels shown for each histogram.

of Thy-1, CD38, c-Kit, and CD71 antigens

The increase in CXCR-4 expression on PBIn€D34" cells primitive hematopoietic progenitors, ie, low levels of CD38, c-Kit,
especially affected the CD34CD38°" subset (Figure 1, plot 4 d) CD71 and heterogeneous expression of THy-1.

(Table 1). CXCR-4 levels were also much higher on the PB Inc ) N .

CD34+/CD38°" cell subset than on PB Inccells (605+ 110 AU SDF-lLincreases ',DB CD34 * colony formation in

and 42.3+ 13.7 AU,P = .0005, respectively, & 8) (Table 1). In Presence of cytokines

PB Inct CD34" cells, the highest levels of CXCR-4 were detectedhe evidence, in PB, for a primitive CD34ell subset expressing
on the CD38" subpopulation (Figure 1, top left quadrant of plothigh levels of CXCR-4 led us to assess the effects of SDF-1 on
4d). In contrast, in BM Int CD34" cells, the highest levels of hematopoietic progenitor proliferation. We therefore evaluated the
CXCR-4 were observed on CD3® cells (Figure 1, top right effect of SDF-1 on colony formation by CD34progenitors
quadrant of plot 4b). purified from normal adult peripheral blood. In all experiments,

We further analyzed the antigenic profile of the CXCRresults are expressed as differences in the percentage of colonies

4hishCD38o" subset of PB Int CD34" cells. We carried out relative to that for the controls (CT).

phenotypic characterization by studying the coexpression of anti- In combination with cytokines, SDF-1 (0.5 ng/mL) gave,
gens such as Thy28;26 CD71 (transferrin receptdf)and CD117 respectively, 42%+ 25% and 60%z* 26% more BFU-E and
(c-Kit),?® low levels of which indicate immaturity. The CFU-G colony formation by IncCD34" progenitor cells than was
CD34"CXCR-419"CD38°% population defined on the R3 gaterecorded for untreated control cell® € .05, n= 5) (Figure 4).
(Figure 3) also expressed high levels of CD34 (plot 2), low levelBhis stimulatory effect of SDF-1 was dose-dependent. The sizes of
of CD71 and c-Kit (plots 5 and 6, respectively), and various leveBFU-E and CFU-G were not affected by the addition of SDF-1. No
of Thy-1 (plot 4). If a reciprocal gate was drawn on thesignificant effect was observed on CFU-M, CFU-GM, and CFU-
CD34IhCXCR-4e"Thy-1* subset, this population had a similarMix colony formation (Figure 4). SDF-1 alone had no effect on the
phenotypic profile based on CD38, CD71 and c-Kit coexpressignowth of PB Inc CD34"—derived colonies (data not shown).
(data not shown). Thus, we identified a CXCR2CD34sh subset PB Inct CD34" cells (Figure 5) treated with SDF-1, in
in PB Inct CD34" cells exhibiting antigenic characteristics ofcombination with the cocktail of cytokines, produced significantly
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The stimulatory effect of SDF-1 on MK progenitors was dose-
dependent and maximal at 0.1 ng/mL. SDF-1 (0.1 ng/mL) treat-
ment of PB In¢ CD34" cells gave 130%: 23.6% more BFU-MK
than untreated control cell® (= .006, n= 3) (Figure 6B).

The stimulatory effect of SDF-1 on erythroid, granulo-
macrophagic, and megakaryocytic colonies derived from PB
CD34" cells was totally abolished by treatment with neutralizing
anti-SDF-1 antibody, demonstrating the specificity of SDF-1
biological activity (Figures 6 and 7). Addition of either an
anti-SDF-1 antibody alone or its isotype IgG control had no
significant effect on colony formation.

We further evaluated the effects of SDF-1 on colony formation

from BM CD34" cells. Addition of various concentrations of
[ Plot 4 SDF-1 (from 0.05 up to 10 ng/mL) did not increase either the
d number (Table 2) or the size of any type of colony from*lirand
Inc™ CD34" cells.

Gated on R1 plus R2

CXCR-4

SDF-1 acts in synergy with SCF in promoting colony formation
and tyrosine phosphorylation in PB CD34  + cells

We investigated the capacity of SDF-1 to promote PB CD34
colony formation in synergy with various cytokines individually or
in combination. SDF-1 alone had no effect on PB-rar Inct
colony formation (data not shown). The addition of SCF signifi-
cantly increased the number of CFU-G, CFU-M, and CFU-GM
colonies derived from IncCD34* cells (Figure 8A). This effect is
strengthened if IL-3 and GM-CSF are added to SCF. In contrast,
addition of IL-3 or GM-CSF alone did not increase the promoting
effect of SDF-1 on CFU-G, CFU-M, and CFU-GM colony
formation. In these experimental conditions, the promoting effect

Plot 5

CXCR-4
CXCR-4

T T e of SDF-1 on BFU-E was not observed (Figure 8A), suggesting that
con oKt the cytokine combinations used were ineffective in immature
Figure 3. PB Inc *+ CD34*CXCR-4"d" cells have a primitive progenitor pheno- BFU-E formation.

type. PB CD34" cells were purified after incubation on a plastic support (Inc*), 1
stained for CD34-PerCP, CD38-FITC, CD71-PE, c-Kit-PE, or Thy-1-PE and CXCR-4- We further analyzed the effects of SDF-1 pretreatment on

biotin-APC and analyzed by 4-color cytometry. Afirst dot plot (FSC versus SsC)was ~ global tyrosine phosphorylation of intracytoplasmic proteins in
produced to select the lymphomonocytic cell population in a first gate (R1). Asecond  response to various cytokines. Pretreatment with SDF-1 markedly
dot pIo'F (CD34-PerCP versus SSC) was displayed on the R1 gatle. The CD34* increased the SCF-induced tyrosine phosphorylation in PB Inc
population was then selected by a second R2 gate. Dot plots 3 to 6, displayed on the N f . hi h h lati .

additive regions R1 plus R2, show CXCR-4-APC versus CD38-FITC, Thy-1-PE, CD34" cells (Flgure 9)' This phosphorylation was tlme_dependent

CD71-PE, and c-Kit-PE expression. On plot 3, a blue gate (R3) was drawn around the  and was not detected after incubation with IL-3. In contrast, in BM
cell population coexpressing a high level of CXCR-4 and a low level of CD38. Cells
corresponding to the R3 gate (CXCR-4M"CD38'°" subset) are shown in blue on each
dot plot. The results shown are from 1 experiment out of the 8 performed. +100
more colonies than did PB InaCD34* cells (154.4%* 5.4% and
122.3% = 14%, respectively, for SDF-1 0.05 ng/mP, < .05,
n = 5). This increase affected mainly the number of CFU-M
(301% = 124% versus 38.2%t+ 26.6%, P = .0003, n=5),
CFU-G (110.6% *= 43.8% versus 31.5%t+ 17.8%, P = .02,
n=>5), and large immature BFU-E (440.4% 61.4% versus
15.5% = 2.3%, P = .000 01, n=5) (Figure 5A, 5B for In¢
CD34" and Figure 4 for Inc CD34"). Unlike for BFU-E, the sizes
of the other types of colonies were not affected. The stimulatory
effect of SDF-1 on colony formation by IncCD34" cells, unlike
that in Incc CD34" cells, was maximal at 0.05 ng/mL, resulting in_. ) )
bell-shaned curve (Fi ure 5A) Figure 4. SDF-1 increases BFU-E and CFU-G colony formation by PB Inc
abe p g : CD34* progenitor cells. PB CD34" cells were purified without incubation on a
We further assessed the effects of SDF-1 on PB megakaryocyigtic support (Inc-) and plated in duplicate at a density of 500 cells/mL on semisolid
progenitors. As for the other myeloid progenitors, SDF-1 alone h&tm « ID medium containing IL-3, IL-6, IL-11, SCF, G-CSF, GM-CSF, Epo, and
PO . arious concentrations of SDF-1. Colonies were scored on day 14, and results are
no effect on MK p_rOQemtor d‘?r'ved_ C0|0ny gl’OWth (data noéxpressed as a percentage of SDF-1 untreated control (CT) cells (mean = SD).
shown). However, in combination with cytokines, SDF-1 (0.Eontrol colony numbers were 53.7 = 7 (BFU-E); 155 = 4.2 (CFU-G); 5.4 + 1.6
ng/mL) significantly increased total MK colony formation by PB(CFU-M); 0.75 + 1.3 (CFU-GM); and 1.5 + 0.4 (CFU-Mix). The control plating
Inc— (99 8% + 36.7% more than SDF-1 untreated control Ce”Sef'ﬁciency (calculated on the total number of colonies) was 16.1% * 3.6% (n =5
. - ) independent experiments).* indicates significant difference from control values
P =.003, n=3) and PB Inc CD34" cells (92.1%= 12% more  _ o5 ) SpF-1(0.01 ng/mL; [, SDF-1 (0.05 ng/mL; 7, SDF-1 (0.1 ng/mL); M,
than untreated control cell®,= .006, n= 3) (Figure 6A and 6B). SDF-1(0.5ng/mL).

+50

CT

% of Colonies vs. Control

-50

-100

BFU-E CFU-G CFU-M CFU-GM CFU-MIX
Type of Colony
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Figure 5. SDF-1 increases CFU-G, CFU-M, and immature BFU-E colony forma-
tion by PB Inc + CD34* progenitor cells. PB CD34" progenitor cells were purified
after incubation on a plastic support (Inc*) and plated in duplicate, at a density of 500
cells/mL, on semisolid Stem « ID medium containing IL-3, IL-6, IL-11, SCF, Epo,
G-CSF, GM-CSF, and various concentrations of SDF-1. Colonies were scored on day
14. (A) Results for total BFU-E, CFU-G, CFU-M, CFU-GM, and CFU-Mix are
expressed as a percentage of SDF-1 untreated control (CT) cells (mean * SD).
Control colony numbers were 91.7 = 5.9 (BFU-E); 16 = 3.1 (CFU-G); 2.8 = 1.3
(CFU-M); 0.4 += 0.2 (CFU-GM); and 1.75 * 1.3 (CFU-Mix). The control plating
efficiency (calculated on the total number of colonies) was 23.1% * 2.1% (n=5
independent experiments). (B) Results concerning mature and immature BFU-E are
expressed as a percentage of untreated control (CT) cells (mean = SD). BFU-E
maturity was determined on the basis of clone size: large bursts containing 16 or
more clusters with low levels of hemoglobin were classed as immature BFU-E,
whereas small bursts with a higher hemoglobin content, containing fewer than 16
clusters, were defined as mature BFU-E. Control colony numbers for mature BFU-E
and immature BFU-E were 77.7 = 9.2 and 14 *= 3.5, respectively. An asterisk
indicates significant difference from control values: * .001 < P < 0.05; **
.0001 < P < .001; *** P < .0001.
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committed progenitors (CFC). After liquid culture for 5 weeks, the
total number of CD3%9"CD38°% and CD34 cells generated in the
presence of SDF-1, was, respectively, 1.5 times (412.5 versus 628
cells) and 2.4 times (486 versus 1161 cells) higher than for the
untreated cells (Table 3). The output of total CFC (BFU-E, CFU-G,
CFU-M, and CFU-GM) generated by SDF-1-treated
CD349"CD38°" and CD34 cells after 4 to 5 weeks of culture was
2.5 times (1280 versus 3264 CFC) and 9.7 times (980 versus 9525
CFC) higher than for the SDF-1-untreated control cells (Table 3).
In preliminary experiments, with the use of a cocktail of cytokines
at low concentrations (0.1 to 1 ng/mL) in addition to TPO and
FLT3-ligand, the output of total CFC generated by SDF-1-treated
CD34iehCD38°w after 4 weeks of culture was greatly increased,
since it was 10.5 times (912 versus 9570 CFC) higher than for
SDF-1-untreated cells. SDF-1 alone had no effect either on €D34
and CD349"CD38°" cell expansion or on CFC generation (Table 3).

We also assessed whether SDF-1 affected primitive progenitors
released from quiescence by anti-T@FRntibody treatment. PB
or BM Inct CD34" cells were incubated with an anti—
TGF antibody or its isotype IgY control for 48 hours in a
serum- and cytokine-free liquid culture medium, then plated on
methylcellulose.

Treatment of PB Int CD34" cells with an anti-TGR
antibody in the presence of either SCF (alone or in combination
with IL-3 and GM-CSF) (Figure 8B) or a cocktail of cytokines
(Figure 10) potentiated the effect of SDF-1 on CFU-GM and
CFU-Mix colony formation. The number of such colonies was
425% *+ 175% @ = .002, n= 3, for SDF-1 0.01 ng/mL) and
181.2%+ 18.7% @ = .04, n= 3, for SDF-1 0.05 ng/mL) higher
than for cells not treated with the anti-T@Fantibody (Figure
10A). Anti-TGFf antibody treatment also resulted in a greater
increase (by 75%* 19%) in the number of CFU-GP(< .05,

n = 3) and in the number of CFU-M (404% 79.1%,P = .001,

n = 3) caused by SDF-1 (0.05 ng/mL). In the presence of an
anti-TGF8 antibody, SDF-1 also increased the CFU-M and
CFU-Mix colony sizes (Figure 10B and 10C). In these experimen-
tal conditions, SDF-1 activity was maximal for concentrations
from 0.05 ng/mL to 0.1 ng/mL, and followed a bell-shaped curve
(Figure 10A).

Treatment with anti-TGR- antibody had no effect on colony
formation from the BM In¢ CD34" cells in response to SDF-1
(data not shown). In every experiment, the addition of the isotype
IgY control had no significant effect on CD384olony formation
(data not shown).

SDF-1 increases the percentage of PB CD34 * cells
in the S-phase of the cell cycle

We investigated the stimulatory effects of SDF-1 on progenitor

Inc* CD34" cells, the SCF signaling was not altered by SDF-1proliferation by evaluating cell-cycle status and the number of PB
pretreament even if SDF-1 was used at 10 ng/mL (data not showgp34" cells cultured in a liquid medium with or without SDF-1

SDF-1 stimulates PB CD34 highCD38/° cell expansion and
increases colony formation by primitive hematopoietic
progenitors released from quiescence by anti-TGF-
antibody treatment

and cytokines.

In the absence of cytokine, a 48-hour incubation with SDF-1
(0.05 ng/mL) significantly increased the percentage of PB Inc
CD34" cellsinthe S-G,/M phases (33.1% 1.6%) in comparison
with untreated control cells (12.1% 0.6%,P = .004, n= 3) and

In an effort to investigate the possible effects of SDF-1 on primitivieB Inc- CD34" cells (8.6%=* 0.8%,P < .0001, n= 3) (Table 4).

hematopoietic progenitors contained in PBn€D34" cells, we

SDF-1 alone did not stimulate the proliferation of PB CD3#lls,

set up a stroma-free liquid culture containing early acting cytokindsit did result in a smaller decrease in the PB*IreD34" cell
according to the in vitro culture system described by Piacibello eimber than for untreated cells (86:1 0.8 X 10° and 78 =
al.2%In synergy with TPO, SCF, and FLT3-ligand, SDF-1 increasetl4 X 10%, respectively, at 72 hour®, < .05, n= 3) (Table 5). If
the expansion of PB CD34cells, CD349"CD38%" cells, and PB Inc" CD34" cells were primed before culture with SDF-1 to
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SDF-1 (0.01 ng/ml)
SDF-1 (0.05 ng/ml)

SDF-1 (0.1 ng/ml)

SDF-1 (0.5 ng/ml)

SDF-1 (0,05 ng/ml) + 1sotype IgG
SDF-1 (0.05 ng/ml) + anti-SDF-1
Anti-SDF-1

Figure 6. SDF-1 increases the number of megakaryo- A+2|]|].
cytic progenitor-derived colonies from PB Inc ~ and

Inc* CD34* cells. PB CD34" cells were purified (A)
without incubation on a plastic support (Inc™) or (B) after
overnight incubation (Inc*) and plated in duplicate at a
density of 1 X 10 cells/mL in a serum-free Easymega
medium containing IL3, IL6, and TPO in the presence or
absence of SDF-1 (0.05 ng/mL) or anti—-SDF-1 antibody
(5 ng/mL) or isotype control (5 ng/mL). Colonies were
scored after 10 to 14 days of culture. Two differentiation
stages were distinguished on the basis of clone size on
day 14. Colonies containing more than 10 cells were
classed as BFU-MK, whereas colonies containing fewer
than 10 cells were classed as CFU-MK. Results are
expressed as mean percentage of SDF-1 untreated
control cells (CT) = SD. Control colony numbers for -100

CFU-MK and BFU-MK from PB Inc™ cells were 118.7 + CFU-MK BFU-MK Total MK colonies
43 and 35.6 + 12.1, and for PB Inc* cells, 149 * 27.7;
46.4 + 15.3, respectively. Control plating efficiency calcu-
lated on the total number of MK colonies derived from PB
Inc™ and PB Inc* CD34" cells was 1.5% = 0.6% and
2% + 0.75%, respectively (n = 3 independent experi-
ments). * indicates significant difference from control
values, P < .05.

—
8:
EECOERSO00

CEf"

% of colonies vs. Control

SDF-1 (0.01 ng/ml)
SDF-1 (0.05 ng/ml)

SDF-1 (0.1 ng/ml)

SDF-1 (0.5 ng/ml)

SDF-1 (0.05 ng/ml) + isotype 12G
SDF-1 (0.05 ng/ml) + anti-SDF-1
Anti-SDF-1

+200,

-
800

+100!

cT

% of colonies vs. Control

-100

CFU-MK BFU-MK Total MK colonies

stimulate cell-cycling, the effect of SDF-1 on the cell number wasow well documentef.It has been suggested that changes in the

even greater (88.8 2.3 X 10°and 62.4+ 2.9 X 103, respectively, concentration gradient of chemoattractants such as SDF-1 and SCF

at 72 hoursP < .05, n= 3) (Table 5). favor the homing of CD34 progenitors to BM or their peripheral-
In the presence of cytokines, SDF-1 treatment significantlgation. According to this model, SDF-1 may inhibit mobilization

resulted in more PB Int CD34" cells if the cells had been of BM progenitors’ The observed differences in CXCR-4 levels in

previously primed with SDF-1 than if the cells had not been prime8M and PB CD34 cells are consistent with this notion. The low

(288.1* 14.7X 10° and 142.9+ 11.2X 10 respectively, at 72 level of CXCR-4 expression on PB CD34ells is also consistent

hours,P = .002, n= 3) (Table 5) or untreated (200:813.9X 10°,  with their circulating status.

P < .05, n= 3) (Table 5). Priming with SDF-1 for 24 hours itself

significantly increased the total number of PB1n€D34" cells, (250

(200.8 + 13.9X 1@ versus 136.9+ 5.1 X 1@, for unprimed 200

control cells, at 72 hour®, = .004, n= 3) (Table 5).

SDE-T (0.05 ng/ml)

SDF-1 (0,05 ng/ml) + Isotype 1gG Control
+150
SDF-1 (0.05 ng/ml) + Anti-SDF-1

(m]
a
a
L]

Anti-SDF-1

% of Colonies vs. Control
g &

Discussion _ L
We present here evidence of a role for the chemokine SDF-1as ¢ ™ ; % . T
enhancing factor for human circulating CD3@rogenitor prolifera- e w ® 3 3
tion, in synergy with cytokines. Several studies have reportec e @ 5 2
CXCR-4 expression on CD34cells purified from BM°-3° mobi- Type of Colony ©

lized peripheral blood?v16v30and cord blooé9»31but this is the first Figure 7. Anti-SDF-1 treatment inhibits the stimulatory effect of SDF-1 on
demonstration of CXCR-4 expression on CD3¢ells pUI’Ierd colony formation by PB Inc + CD34* progenitor cells. PB Inc* CD34" cells,
from adult unmobilized peripheral blood. The percentage @fiified after incubation on a plastic support, were plated in duplicate at a density of
CXCR-4" cells and receptor levels were both lower for CDH34 500 cells/mL on semisolid Stem « ID medium containing IL3, IL6, IL11, SCF, G-CSF,
cells isolated from PB than for CD34ells from other source&;13.16 GM—CSF, and Epo, in th_e presence or absence of SDF-1.(0.05 ng/mL) or anti-SDF-1
X L. antibody (5 ng/mL), or isotype control (5 ng/mL). Colonies were scored on day 14.
The presence of CD34cells in the liquid phase (PB, cord blood, Orresuits are expressed as mean percentages of SDF-1 untreated control cells (CT) =
mobilized peripheral blood) rather than in organized tissue (BM3Pp. Control colony numbers were 90.2 + 8.6 (BFU-E); 12.2 + 5.4 (CFU-G); 35 £ 1.8
in which CD34" cells are intimately associated with stroAw@32 (CFU-M); 0.8 = 0.3 (CFU-GM); and 12 + 1.2 (CFU-Mix). The control plating
. . efficiency (calculated on the total number of colonies) was 19.3% * 5.4% (n = 3
may account for such differences. The involvement of the CXCR'AZEpendent experiments). * indicates significant difference from control values:
SDF-1 couple in hematopoietic progenitor migration and homing éoo1 <P < .05.
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Table 2. SDF-1 does not affect the colony formation by BM Inc~ ~ or Inc + CD34* cells
BM Inc™ CD34* (No. of Colonies [mean = SD])* BM Inc* CD34* (No. of Colonies [mean = SD])*
SDF-1 BFU-E CFU-G CFU-M CFU-GM  CFU-Mix  CFU Total BFU-E CFU-G CFU-M CFU-GM  CFU-Mix  CFU Total
0 25+ 4 445 + 15 20+ 3 235*x05 25*x05 1155x35 35+3 665+ 15 355x35 205x05 25x15 160 = 1
.05 27+ 2 47 = 2 205+65 215*55 2x1 104.5 = 6.5 385 70+ 2 375+65 225+*15 25+x05 1705=11
5 235+35 465*25 225*x75 175=*15 3x1 1132 385+ 35 68 + 3 33+3 221 25*15 164 =1
5 22+1 45+ 4 245+ 0.5 19+6 25+15 113+ 3 36+1 69.5*+ 15 36+ 4 235+15 25*+05 1675=*6
10 275+15 445*25 235*25 20+ 4 15*15 117 x4 395*+15 675=*55 34+1 26+ 1 3x1 170 = 8

SDF-1 indicates stromal cell-derived factor-1; BM, bone marrow; BFU-E, erythroid; CFU-G, granulocytic; CFU-M, monocytic; CFU-GM, granulo-monocytic; CFU-Mix,
multilineage. BM CD34" cells were purified without (Inc™) or with (Inc*) overnight incubation on a plastic support and plated in duplicate at a density of 500 cells/mL on
semisolid Stem « ID medium containing IL-3, IL-6, IL-11, SCF, G-CSF, GM-CSF, Epo, and various concentrations of SDF-1 (from O up to 10 ng/mL).

*Colonies were scored on day 14, and results are based on 2 independent experiments.

The expression of CXCR-4 at the cell surface was significantgvents, such as interactions between progenitors and mononuclear
increased by purifying progenitors after incubation on a plastizlls, are also involved in CXCR-4 up-regulation. Lapidot &t al
surface (In¢). This up-regulation affected mostly PB h€D34" recently reported that SCF and IL6 can regulate CXCR-4 expres-
cells because CXCR-4 levels were about 10 times higher on thessen. It is possible that these growth factors are released by
cells. Various factors may be involved in CXCR-4 up-regulatiomononuclear and/or CD34cells during incubatiof® Surface
during incubation, including cell-surface adhesion, cell-cell conta€@XCR-4 up-regulation may also involve integri#tOur prelimi-
between CD34 and low-density mononuclear cells, growth factonary results showed no differences in VLA-4, VLA-5, and LFA-1
production, and adhesion molecule interactions. Cell-surface adlerels in PB CD34 cells, purified with and without incubation
sion was recently suggested as being involved in the CXCR{data not shown); however, we cannot exclude the possibility that
increase on BM progenitors and PB granulocyfe4.The lower they were activated.
level of CXCR-4 expression for PB CD34cells purified after We further investigated the mechanisms of CXCR-4 overexpres-
incubation in an adhesion-free flask than for PBI@D34" cells sion on PB In¢ CD34" cells. The correlation between the increase
(21.5 £ 2.2% and 73.6= 12%, respectively; experiment notin surface CXCR-4 and the decrease in the intracellular pool is
described in this paper) is consistent with this notion. The higheonsistent with possible translocation of the receptor from the
level of CXCR-4 expression for CD34cells initially purified cytoplasm to the surface membrane. Cycloheximide treatment
without adhesion and then incubated on a plastic surface (88.6indicated that protein synthesis was involved in the up-regulation
8.7%) than for Inc CD34" cells (8.8* 3.6%) also supports this of surface CXCR-4.
hypothesis. However, in these experimental conditions, CXCR-4 In PB Inc" CD34" cells, we identified for the first time a
levels were lower than those of Ih€D34", suggesting that other CXCR-49hCD34'" subpopulation with the antigenic characteris-

BFU-E CFU-G/M/GM CFU-Mix
A Control medium — by
SPEL - d
GM-CSF — — —
GM-CSF+8DF1  ——————————— 3 | — —
S — — =
1L-3 + SDF-1 — | — -
SCF P— H i
SCF+SDF1  ———73 —1 * =
IL-3 + SCF H — —
IL-3 + SCF + SDF-1 = % =« =
IL-3 + SCF + GM-CSF ] — —]
IL-3 + SCF + GM-CSF + SDF-1 Ly | —  —
0 W D X £ 0N 0 W o W W0 o T D ¥ 4 D @ L] o @ [] II L] % =
B Control medinm
SDF-1
GM-CSF
GM-CSF + SDF-1
-3
IL-3 + SDF-1
SCF
SCF + SDF-1 * i
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IL-3 + SCF + SDF-1 * *
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Figure 8. SDF-1 increases CFU-G, CFU-M, CFU-GM, and CFU-Mix colony formation by PB Inc ~ * CD34+* progenitor cells in synergy with SCF.  PB CD34" progenitor
cells purified after overnight incubation on a plastic support (Inc*) were incubated for 48 hours in serum- and cytokine-free liquid culture medium (Stem « A) (A) without or (B)
with anti—-TGF-B antibody (5 pg/mL). Cells were harvested, counted, and plated in duplicate, at a density of 500 cells/mL, on semisolid Stem « medium containing Epo (control
medium) and various combinations or individual cytokines (GM-CSF, IL-3, SCF, IL-3 + SCF, IL-3 + SCF + GM-CSF); SDF-1 (0.05 ng/mL) was added or not to the culture
medium. Results of 2 independent experiments are expressed as the number of colonies scored on day 14. * indicates significant difference from control values: P < .05.
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Figure 9. SDF-1 increases SCF-induced tyrosine phos- Control SDF-1 Pretreated
phorylationin PB Inc * CD34+* cells. PB and BM CD34*
cells purified after incubation on a plastic support (Inc*)
were pretreated without (control) or with SDF-1 (0.05
ng/mL) for 20 hours in serum- and cytokine-free medium IL3 (15 min) PB Inc' IL3 (15 min)
(Stem « A) at a density of 5 X 10 cells/mL. Cells were IL3 (5 min) IL3 (5 min)
harvested, washed by centrifugation, and stimulated, with SCF (15 min) SCF (15 min)
SCF (10 ng/mL) or IL-3 (10 ng/mL), for 5 to 15 minutes at SCF (5 mim) SCF (5 min)
37°C. The time course of total tyrosine phosphorylation (0 min) (0 min)
was detected by flow cytometry after intracellular anti- I Tsotype
phosphotyrosine labeling. Histograms from a typical do- Control Control
nor are presented. The MFI (AU) of positive cells for
phosphotyrosine are shown for each histogram.
139 AU 15.8 AU
. aony 17.4 AU
A3 A0 843 AU
16.6 AU 25.8 AU
113 (15 min) BM Inc*
1L3 (5 min) IU(!S mim)
SCF (15 min) 135 mia)
SCF (15 min)
M) SCF (5 min)
{0 min)
(0 min)
Contra totype
Control
~— 124 AU
125 AU

tics of primitive pluripotent progenitors, ie, CD'88 CD71°%, of a higher proportion of CD3#" cells, including this primitive
c-Kit'%, and Thy-1". In contrast, in BM, most of the CXCR- subpopulation.

4hishCD34" cells were also CD38". This CXCR-4i9hCD38ggh Some chemokines have different effects on hematopoiesis,
population also coexpressed high levels of CD19 antigen (data niepending on progenitor maturity, but most have a more general
shown), suggesting that these cells constitute a pre-B lymphocyifect on suppressing progenitor cell proliferatidd? We found
progenitor subset. The significance of the primitive CI8&XCR-  high levels of CXCR-4 expression on a primitive subset of PB Inc
4hishCD38WCD71owc-Kit'o"Thy-1* subpopulation detected in PBCD34" cells. This led us to assess the effect of SDF-1 on
after incubation is not clear. The higher CD34 expression level bématopoietic progenitor proliferation and differentiation. Our
PB Inct CD34" cells than of Inc cells (44.6= 9.5 AU versus results show for the first time that SDF-1, a known chemotactic
63.4+ 10.7 AU) (Figure 1, plots 2c, 2d) may facilitate the recoveryactor, also modulates hematopoietic progenitor cell proliferation.

Table 3. SDF-1 stimulates expansion of PB CD34 * and CD34"ghCD38'¥ cells in stroma-free long-term liquid culture in synergy with cytokines

No. of Cells/100 Initial Cells

Nonadherent Cells CD34* or CD34"sh CD3glow Total CFC
(Mean No. of Nonadherent Cells)* (Mean No. of Cells)* (Mean No. of committed progenitors)*
Cytokines Start 3wk 4 wk 5wk Start 3wk 4 wk 5wk Start 3wk 4 wk 5wk

CD34*

Cytokine-free medium 100 150 0 0 100 0 0 0 71.6 0 0 0

SDF-1 100 143 0 0 100 0 0 0 71.6 0 0 0

TPO + SCF + FLT3-L 100 1057 2470 8470 100 2715 343 486 71.6 236 600 980

TPO + SCF + FLT3-L + SDF-1 100 1590 3480 11370t 100 364 9571 1161t 71.6 441t 2673t 9525t
CD34highCcD3glow

Cytokine-free medium 100 50 0 0 100 0 0 0 14.2 0 0 0

SDF-1 100 42 0 0 100 0 0 0 14.2 0 0 0

TPO + SCF + FLT3-L 100 2200 5500 8250 100 2255 313.5 412.5 14.2 940 1280 ND

TPO + SCF + FLT3-L + SDF-1 100 2400 6700 10560 100 4528t 536t 6281 14.2 1150 32641 ND

SDF-1 indicates stromal cell-derived factor-1; ND, not determined; PB, peripheral blood. Cultures were initiated with 3 X 104 PB Inc* CD34* cells or 1 X 103 PB Inc*
CD34high CD38o" sorted cells and maintained as described in materials and methods.

*Generated, after normalization for each result per 100 cells seeded. Two experiments were performed in quadruplicate.

TP < .05 versus SDF-1 untreated control.
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1600 Table 4. SDF-1 increases the percentage of PB Inc  + CD34* cells
+550 . inthe S + G,/M phases
+500 hid _
450 .- % of Cells in
T w0 O SDE-1 {001 ngiml) Cell Cycle Phases*
é_ B W SOR10.05 nenly Source Incubation SDF-1 (Mean + SD)
i B SDF-1 (0. ng/mi) of Cells Time (h) Treatment Go/G S + Gy/M
§ +250 - B 50K (0.5 ngiml)
3 +°£ PB Inc~ CD34" 0 98.6 = 0.8 14 +08
- +1 =
2 x ; 48 - 924+ 0.6 7.6 = 0.6
w0 | e EEE + 90.9 + 1.3 86+08
T T 72 = 89.2 + 2.6 9.4 +0.8
g b e e e
BFU-E CFU-G CFU-M  CFU-GM  CFU-Mix + 88.5 41 9204
Type of Colony PB Inc* CD34* 0 98.3 + 0.4 1.7+ 04
48 - 87.8 = 0.6 12.1 = 0.6
+ 66.8 = 1.6 33.1 = 1.61%
72 - 822 +1.2 16.8 = 1.7
i T C1 + 69.7+1.8 301+ 22t%

PB CD34* cells purified immediately after density gradient separation (Inc™) or
after incubation on a plastic support (Inc*) were cultured (1 X 10° cells/mL) in a
serum- and cytokine-free medium with or without (control) SDF-1 (0.05 ng/mL). At
various time points, cells were harvested by centrifugation, counted, stained with
propidium iodide, and analyzed by flow cytometry.

*Based on three independent experiments.

TP = .004 versus SDF-1 untreated control cells.

$P <.0001 versus Inc™ cells.

a

esis’83740Hematopoietic progenitor proliferation is regulated by

;| G short-range factors produced in tiny quantities within the microen-

BT S vironment** The bell-shaped curve is a common feature of
i . . : S .

chemokine biological activit§? and its sharpness for low SDF-1

Figure 10. SDF-1 stimulates colony formation by PB Inc ~ + CD34* progenitor concentrations is consistent with a subtle and accurate hematopoi-

cells released from quiescence by anti-TGF- @ antibody treatment. PB Inc*  esijs regulation.

fCD34 cells, p_unfled after ove.rnl.ght incubation qn a ple_lsnc support_ were incubated Despite high levels of CXCR-4 expression on BM CD3%lls,
or 48 hours in serum-free liquid culture medium without cytokine (Stem o A)

containing or not containing anti-TGF-B antibody (5 pg/mL) or its isotype 1gY control

(5 pg/mL). Cells were harvested, counted, and plated in duplicate at a density of 500

cells/mL on methylcellulose medium containing IL3, IL6, IL11, SCF, G-CSF, GM-CSF,  Table 5. SDF-1 increases PB Inc * CD34* cell proliferation

and Epo (Stem « ID) in the presence or absence of SDF-1 at various concentrations. in synergy with cytokines
Colonies were scored on day 18. (A) Data are expressed as mean percentages of SDE-1
SDF-1 untreated control cells (CT) = SD calculated by subtracting the percentage of Priming Total Cell Number (x103)*

colonies obtained with control CD34* cells not treated with anti-TGF- antibody from
that for anti—-TGF-p-treated CD34* cells. Control (not treated with SDF-1) colony
numbers were 25.4 = 2.5 (CFU-G); 4.3 = 1.2 (CFU-M); 1.2 + 0.6 (CFU-GM); 6.6 =

Source Before Culture  SDF-1
of Cells Culture Time (h) Treatment Without Cytokines With Cytokines

1.2 (CFU-Mix); 66 + 1.6; and 16.6 = 2 (mature and immature BFU-E, respectively). PB Inc- CD34+ — 0 100 ND
The control plating efficiency, calculated on the total number of colonies was 37.9% * 48 _ 86.6 + 1.8 ND
3.3% (n = 3 independent experiments). Photomicrographs of (B) CFU-M and (C) i 88 + 1.8 ND
CFU-Mix from anti-TGF-f antibody-treated CD34" cells incubated (B1 and C1) -
without or (B2 and C2) with SDF-1, X 40. An asterisk indicates significant differences 72 - 7614 ND
from control values: * .001 < P < .05; ** .0001 < P < .001; ** P < .0001. + 76.7 = 1.9 ND

PBInct CD34+  — 0 100 100

48 - 87.7 =15 122 1.4
SDF-1 increased colony formation by PB CD3Z his effect was * 941+0671  1328=85
. g . e . — + +

significantly greater if CD34 cells were purified after an incuba- 2 8=l 136.9= 5.1
. . . - . + 86.1+0.8F 1429 *11.2
tion step, and it applied to all types of myeloid progenitors. %B et cpaat + o 100 100
F:omblnatlon of cytokines is necessary to increase colony form.a.tlon 48 _ 764+ 1.9 1445 + 135
in the presence of SDF-1, because SDF-1 alone has no aétivity. N 89+ 025t 1852 + 15.71t
SCF, alone or in combination with at least IL-3 and GM-CSF, is 72 _ 62.4 + 2.9 200.8 + 13.98
involved in this synergistic promoting effect. An increase in the + 88.8 = 2.3t  288.1 * 14.71|

SCF-induced tyrosine phosphorylation in response to SDF-17iS o ] , ] ]
istent with this notion and s ested that SDF-1 enhan PB CD34" cells purified immediately after density gradient separation (Inc™) or
consistent wi ! ! ugg %ﬁé incubation on a plastic support (Inc*) were cultured (1 X 10° cells/mL) in a

downstream signaling of SCE. serum-free medium with or without cytokines. The cells were incubated with or
The stimulatory effect of SDF-1 on colony formation wagvithout (control) SDF-1 (O.QS ng/mL). At ya_rious time points, cells were harvested

dose-dependent and was totally inhibited by the addition of B SUEC ®EEe SREETE B B e e mecim

neutralizing antibody, demonstrating its specificity. If PB CD34 (siem o A) for 24 hours before culture.

cells were incubated on a plastic surface, the SDF-1 concentration*Based on 3 independent experiments.

effective in colony formation was 1000 times lower than that [P = 95 versus SPF-L unireated control

effective in migration tests.Such a difference in dose range is  gp _ o004,

observed for other chemokines acting on migration and hematopoi- P = .002 versus unprimed cells.
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SDF-1 (from 0.05 up to 10 ng/mL) had no significant effects oimcreased the proportion of PB Ihc€D34" cells in the S-G,/M
either the number or the size of colonies from BM CD3klls phases but had no effect on incells. The effect on Intcells was
even if they were treated by anti—TGdantibody. The inability of not detected before 48 hours of culture, suggesting that most PB
SDF-1 to increase the cytokine-induced tyrosine phosphorylatipict CD34+ cells were in early @G, phase. Thus, SDF-1 may

in BM CD34" cells may elucidate why these cells do not respond {@iterfere with cell cycling by shortening the time required to go
SDF-1. These data are also consistent with the results of Gotomﬁbugh the Gphase, as has been suggested for other early-acting
aP? and Majka et & and with the possible lack of correlationgrowth factor$® Such a decrease in the duration of @ight
between CXCR-4 expression and the functional activity of SDfincrease the relative proportion of responding cells in S-phase, as
1% 1t is possible that CXCR-4 desensitization occurs in BMgported by Roberts et 4.SDF-1 alone increased the percentage
progenitors in an SDF-1-enriched microenvironment; Such @ cpga+ cells in S+G,/M phases. It supported cell survival but
regulation process is typical of G-protein—coupled recepforsyiy not induce cell proliferation. This is consistent with the role of
Also, we could not exclude the possibility that such an SDF- DF-1 in preventing cell death, as proposed by Gotoh &@Ur

responsive progenitor subset is present in the BM, but at too Iov\é"bF-l priming studies indicate that SDF-1 potentiated the stimula-

proportion to be detected t_)y our cI_onogenlc assay. ry effect of cytokines on PB IncCD34" cell proliferation. Thus,
Our results demonstrating a stimulatory effect of SDF-1 on P, s . i
DF-1 may act as a sensitizing factor, rendering progenitors

colony formation by erythroid, granulocytic, macrophagic, anrg_sponsive to eytokines.

megakaryocytic progenitors, suggest that SDF-1 acts on plurip . . N !
tent progenitors. Such cells, thought to be mainly dormant, are In conclusion, we report evidence for a prlmltlvg PB_CDQM .
released from quiescence by a neutralizing anti—G&htibody. cell subset that overexpresses CXCR-4 after overnight incubation.

according to the “high proliferative potential-quiescent ceIIs"The experimental procedurgs used,whichinvo.lved c.eII-ceII_in.terac-
model4 We assessed the effect of SDF-1 on CD2¢lls treated tions, growth factor production, and cytoadhesion, might mimic the
by anti~TGFB antibody and showed that SDF-1 increased tnhysiological processes occurring during progenitor cell engraft-
number of CFU-Mix colonies by up to 180%. SDF-1 alsgnent. The presence of such primitive progenitors is consistent with
dramatically increased the number of CFU-GM and CFU-M ovdieterogeneity in stem cell engraftment potential depending on
that in untreated cells (425% 175% and 404%=* 79.1%, CXCR-4 expression, as reported by Peled €t @ur data also
respectively). This positive effect on both the number and the sipgovide evidence that SDF-1 functions as a promoting factor for
of colonies, associated with the evidence for a CI¥2XCR- circulating progenitor proliferation, as demonstrated by its stimula-
4hishCD38owC D7 owe-Kit'owThy-1*+ subpopulation, strongly sug- tory effect on cell cycling, colony formation, and progenitor
gests that SDF-1 acts on primitive hematopoietic progenitors. Suekpansion, in synergy with cytokines. Thus, our results provide
a hypothesis is strengthened by our results showing a stimulatoigw insight into the role of the CXCR-4/SDF-1 couple in
effect of SDF-1 on PB CD34and CD349"CD38°" cell expansion hematopoiesis and progenitor cell engraftment, which involve
and myeloid progenitors amplification, in stroma-free liquid culmigration, adhesion, and proliferation. Furthermore, our demonstra-
ture containing SCF, FLT3-ligand, and TPO. tion of adhesion-induced CXCR-4 overexpression associated with

We further evaluated the effect of SDF-1 on the cycle status 8DF-1 stimulatory activity may be of clinical relevance for
PB Inct CD34" cells in serum- and cytokine-free suspensioimproving cellular therapy settings for stem cell transplantation.
culture. Our results, showing that 98.6% 0.8% of PB CD34
cells were in the @G; phases, confirm that human steady-state PB
progenitors are cell-cycle dormafit?® After culture for 48 hours, Acknowledgments
the percentage of cells in135,/M was higher in PB Int CD34"
cells than in Inc cells, suggesting a relationship between Cb34We thank Pr Nedellec, Dr Dishino, and Dr Masse for continuously

cell-cycle status and adhesiveness, consistent with the datasopplying bone marrow samples. We are indebted to Dr M. C.

Yamaguchi et at? The addition of SDF-1 alone significantly Martyreand Dr D. Dormont for their critical reading of this article.
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