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Stromal cell-derived factor 1 regulates primitive hematopoiesis by suppressing

apoptosis and by promoting(&, transition in CD34 cells: evidence for an
autocrine/paracrine mechanism

Jean-Jacques Lataillade, Denis Clay, Philippe Bourin, Francis Hérodin, Catherine Dupuy, Claude Jasmin, and

Marie-Caroline Le Bousse-Kerdilés

The stromal cell-derived factor 1 (SDF-1)
chemokine has various effects on hema-
topoietic cell functions. Its role in migra-
tion and homing of hematopoietic pro-
genitors is currently well established.
Previously it was shown that SDF-1 stimu-
lates myeloid progenitor proliferation in
synergy with cytokines. Results of this
study indicate that SDF-1 alone promotes
survival of purified CD34 * cells from hu-
man unmobilized peripheral blood (PB)
by counteracting apoptosis as demon-
strated by its capacity to reduce DNA
fragmentation, annexin-V * cell number,
and APO2.7 detection and to modulate
bcl-2 homolog protein expression. The
study demonstrates that SDF-1, pro-

duced by sorted CD34 *CD38* cells and
over-released in response to cell damage,
exerts an antiapoptotic effect on CD34 +
cells through an autocrine/paracrine regu-
latory loop. SDF-1 participates in the au-
tonomous survival of circulating CD34  *
cells and its effect required activation of
the phosphotidyl inositol 3 kinase (P13-K)/
Akt axis. Cell sorting based on Hoechst/
pyroninY fluorescences shows that SDF-1
production is restricted to cycling CD34  *
cells. SDF-1 triggers G ¢ quiescent cells in
G, phase and, in synergy with thrombo-
poietin or Steel factor, makes CD34 * cells
progress through S +G,/M phases of cell
cycle. By assessing sorted CD34 *+CD38~
and CD34*+CD38* in semisolid culture,

the study demonstrates that SDF-1 pro-
motes survival of clonogenic progeni-
tors. In conclusion, the results are the
first to indicate a role for endogenous
SDF-1 in primitive hematopoiesis regula-
tion as a survival and cell cycle priming
factor for circulating CD34 * cells. The
proposal is made that SDF-1 may contrib-
ute to hematopoiesis homeostasis by par-
ticipating in the autonomous survival and
cycling of progenitors under physiologic
conditions and by protecting them from
cell aggression in stress situations.
(Blood. 2002;99:1117-1129)
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Introduction

Hematopoiesis consists of a complex process in which hematopoietitis!31° It is constitutively produced by bone marrow (BM) stromal
progenitors (HPs) migrate, proliferate, and generate a large numbecelfs and by other cells including CD34ells!® SDF-1 was initially
lineage-committed blood cells. This process is closely dependent aharacterized as a pre-B cell-stimulating facBI2F1 gene knockout
stromal cells and their secreted cytokines and chemokines. An adjusigderiments have demonstrated several defects including impaired
balance between self-renewal and differentiation is necessary to manyelopoiesis’ 18 Recent studies have also reported a crucial role for
tain an adequate number of HPs, which have long-term multilineaths chemokine in stem cell engraftment and myelopoiésisWe
repopulating potential, and of mature blood ckflsdpoptosis is a previously demonstrated that SDF-1 enhanced proliferation and differen-
naturally occurring process involved in the homeostasis regulationtiftion of unmobilized peripheral blood (PB) CD34ells in synergy
hematopoiesi.Whereas its role in control of mature compartmentith cytokines. From these results, we have proposed that exogenous
homeostasis is well documented, molecular mechanisms underlying $IBF-1 could act as a survival factor for CD3eells?2 Recently, studies
survival are still uncleat®> Endogenous cell death regulatory proteinseporting the protecting effect of SDF-1 on normal hematopoietic cells
and exogenous growth factors have been reported to participateoiiteukemic B lymphocytes strengthened this hypotHégts.
apoptosis regulatiohActually, cytokines such as interleukin-3 (IL-3),  In the present study, we attempted to determine the mechanisms
thrombopoietin (Tpo), granulocyte-macrophage colony-simulating faghereby SDF-1 participated in CD34ell survival. For this purpose,
tor (GM-CSF), Flt-3, and Steel factor (SF) have been described ss investigated whether SDF-1 protected HPs from spontaneous
survival factor$;20 but less is known about a possible role formpoptosis and whether it interfered with cell cycle progression. Our
chemokines in HP survivatt.12 results showed that SDF-1 reduced DNA fragmentation, annekin-V
Stromal cell—derived factor 1 (SDF-1) is a CXC chemokine knoweell number, and APO2.7 expression, and modulated apoptotic regula-
to be an effective chemotactic factor for progenitors and mature blotmty proteins of bcl-2 family in CD34 cells undergoing spontaneous
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apoptosis$:?62"\We showed that SDF-1 produced by PB CDGD38"

cells played a role in their autonomous survival through phosphotidyl
inositol 3 kinase (PI3-K)/Akt signaling. We also demonstrated the
survival effect of SDF-1 on sorted CD32D38 and CD34CD38"

cells in a clonogenic progenitor assay. Finally, we showed that SDF-1
alone triggered restingd3&CD34" cells into cycle and stimulated their
progression through cell cycle in synergy with Tpo or SF. Our present
results suggest that SDF-1 could contribute to maintaining hematopoi-
esis homeostasis by acting as a survival and cell cycle priming factor for
circulating CD34 progenitors.
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Materials and methods

Mononuclear cell preparation and purification of CD34 * cells

Mononuclear cells expressing the CD34 antigen were immunomagnetically CD34

selected directly (Inc) or after an overnight incubation (Ihg from PB of / \
unmobilized healthy adults with their informed consent, as previously

described? This procedure gave rise to a 92% to 98% pure CD&dls. In =
some experiments, highly purified CD34ells (up to 99%) were obtained 2

by either a second column step or cell sorting.

CD38

CD34+ cell culture conditions for analysis of apoptosis,
survival, and clonogenicity

Pyronin Y

To determine the appropriate culture conditions for studying spontaneous R T T T bt
apoptosis in CD34 cells, freshly purified CD34 cells (1 X 10°/mL) were CD34

incubated in a serum- and cytokine-free medium (Iscoves modified
Dulbecco medium [IMDM]). After 6 to 96 hours, cells were processed for
viability by trypan blue exclusion, apoptosis detection, and SDF-1 secretion
by Quantikine enzyme-linked immunosorbent assay (ELISA; R & D
Systems, Abingdon, United Kingdom).

The effect of exogenous or endogenous SDF-1 on apoptosis, cell survival,
and clonogenicity was evaluated by adding either recombinant human &DF-1
(rhSDF-Lv; 0.01-0.5 ng/mt. R & D Systems) or anti-rhSDF-1 neutralizing
antibody (10 ng/mi.R & D Systems) to highly purified or sorted CD32D38"
and CD34CD38" cells for 72 hours. Semisolid progenitor assay was performed
in methylcellulose medium as previously descrifed.

Involvement of the PI3-K/Akt and mitogen-activated protein (MAP)
kinase/MEK pathways in the antiapoptotic effect of SDF-1 on CD&dlls
was examined by using LY294002 and PD98059 specific inhibitors (10-100
wM), respectively (France Biochem, Meudon, Frarf®éf. Equivalent
dilutions of dimethyl sulfoxide (DMSO) were used as controls.
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CD34" cells (1% l(ﬁ/mL) were cultured for 4 days under apOptOSIS'Figure 1. Cell sorting strategy and purity of sorted fractions. Stained cells were

inducing conditions with or without SDF-1 (0.01-0.5 ng/mL) and prepareghyted according to CD34 and CD38 expression (A) or DNA/RNA staining (B) by
for cell cycle analysis. Cells (% 10%) were fixed in 70% ice-cold ethanol at using a Coulter Elite flow cytometer. For cell sorting, immunomagnetic-purified
—20°C for 30 minutes and were incubated for 15 minutes in the dark at 4@D34" cells were gated on a first R1 region by selecting lymphomononuclear
in phosphate-buffered saline (PBS) containing propidium iodide (PI, 0%!ls and excluding dead cells (FSC/SSC dot plot). A second region R2
mg/mL; Molecular Probes Europe, Leiden, The Netherlands). The ﬁﬁrrespondmgto CD347 cells was drawn on a second dot plot (CD34/SSC) gated

fl § f . | DNA £ . I d don R1. (A) The CD34*CD38" fraction was arbitrarily defined according to the
uorescence from fractional content of apoptotic cells produce ébss expression level as the 10% of CD34™" cells with the lowest CD38 labeling.

“sub-G, peak” on the DNA content frequency distribution histogram thatwo gates corresponding to CD34*CD38~ and to CD34*CD38* fractions were
defined the proportion of apoptotic cetfs. defined (Ai and Aii, respectively). Five percent of cells at the limits between these
populations were excluded from the sort. (B) CD34* cells were also sorted
according to simultaneous DNA/RNA staining with Hoechst 33342 and pyronin Y.
This cell cycle fractionation allowed isolation of viable [Go] CD34* cells from
The percentage of cells undergoing apoptosis was determined usﬁﬁ +S+G,/M] cells. Cells residin.g in Go exhib.ita Ic_J\{v RNA content and.appear at

. . . R R . the’bottom of the Hoechst/pyronin Y dot plot identified by a low pyronin Y and a
annexin-V and mitochondrial APO2.7 antigen detection as%’a%?aneﬂy, low Hoechst staining (Bi). Cells in G; show a brighter pyronin Y signal associated
CD34" cells were incubated for 6 to 24 hours under apoptosis-inducingih a low Hoechst staining and cells in S+G,/M display both high Hoechst and
conditions with or without SDF-1 (0.01-0.5 ng/mL). In some experimentgyronin Y staining. Two gates were defined corresponding to [Go] CD34*cells and
an anti-rhSDF-& antibody (5 ng/mL) was added to the medium. Cellgo [G1+S+G2/M] CD34" cells (Bi and Bii, respectively). The purity of the
(1 X 10°) were incubated at room temperature in the dark for 15 minutes fP34"CD38", CD347CD38", [Go] CD34", and [G1+S+G,/M] CD34" sorted

L . . . - ti than 99% tablished by the fl tomet lysi
200 L buffer containing either fluorescein-conjugated human annexin-JActions Was more than 99% as established by the flow cytometry analysis
following sorting. A representative analysis of each sorted fraction cell purity was

(5 wL, Pharmingen, BD Biosciences, Le Pont- de Claix, Fljance) plus P1 aown on histograms of CD38 and pyronin Y fluorescences (Ai, Aii and Bi, Bii)
rg/mL, Molecular Probes) or R-phycoerythrin (PE)—conjugated APO2.7

Assessment of DNA fragmentation by “sub-G  ; peak” detection

Detection of membrane and mitochondrial apoptosis markers
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antibody (Beckman Coulter, Le Pont de Claix, France). Annexif®V  Western blotting analysis

and annexin-VPI* cells correspond to apoptotic and necrotic cells . ) ) )
Cell lysis, protein separation, and transfer were performed as previously

respectively.
P Y described® Separated proteins were incubated with an anticyclimBb
(Zymed, Clinisciences, Montrouge, France), probed with a peroxidase-
Cell cycle fractionation with Pl and Ki67 labeled goat antimouse antibody and revealed by chemilumines&ence.

The effect of SDF-1 on cell cycle progression was evaluated by culturing Ri5tistical analysis
CD34" cells in serum- and cytokine-free StemA medium (Stem-Alpha, St
Cléement les Places, France) in the presence or absence of SDF-1 (0.01-1 ng/fgja were expressed as means$D. P < .05 was considered statistically
Tpo, SF, and FIt-3 ligandR & D Systems). At different time points up to 72 significant (Studenttest for paired samples).
hours, cells were analyzed for simultaneous expression of Ki67 proliferation-
associated nuclear antigen and DNA content. The Ki67 antigen is expressed in
cells entering Gwith increasing expression during cell cycle but was undetect A Freshly isolated cells
able in G resting cell$? Cells (1x 1) were fixed in 70% ice-cold ethanol,
permeabilized (OrthoPermeafix, OrthoDiagnostic System, Roissy en France, Inc Inct
France), immunostained using fluorescein isothiocyanate (FITC)-labeled anti-
Ki67 (Beckman Coulter) or its isotype IgG control and washed before staining h
u u
00 10° 10* 102 10°
»

»

with PI. Specificity of the Ki67 antibody binding was evaluated by using a
FluoroTrol-DNA,s Cell Cycle control kit (Bioergonomics, Clinisciences, Mon
trouge, France).

Intracellular detection of SDF-1, cyclins, and apoptosis-related
Bcl-2 family proteins

Relative cell number

Intracellular expression of SDF-1, cyclins (D1-3 and E), and Bcl-2 family o . .
proteins (Bad, Bax, Bcl-2, and Bci-xwas detected by flow cytometry. Logarithmic fluorescence intensity
CD34t cells were cultured in serum- and cytokine-free medium (St&m

or IMDM) in the presence or absence of SDF-1 (0.05 and 0.5 ng/mL). At B 4-day incubation program
various time points up to 72 hours, X 10° cells were harvested and
incubated with FITC- or PE-conjugated anti-CD38 monoclonal antibody
(mAb) (clone T16, Beckman Coulter) and with allophycocyanin (APC)— untreated SDF-1
conjugated anti-CD34 mAb (clone 581, Beckman Coulter) for 30 minutes 0.5 ng/mL
at 4°C in the dark. Cells were washed with PBS/2% human serum albumin
(HSA)/0.5% Ig, incubated in OrthoPermeafix, and labeled with the
following conjugated mouse antihuman antibodies: bcl-2-FITC (clone 124,
Dako SA, Trappes, France), Bcl-RPE (clone 7B2.5, Chemicon, Euro-
medex, Souffelweyersheim, France), Bad-FITC (clone 48, Transduction
Laboratories, BD Biosciences, Le Pont de Claix, France), cyclins D1-, D2-, — |——|
D3-FITC (clone G124-326, G132-43, G107-565, from Pharmingen, BD

Biosciences, respectively) or unconjugated mouse antihuman antibodies: °167,m °1°0 0 102 10°
Bax (clone 4F11, Beckman Coulter), cyclin E (clone HE12, Pharmingen, »
BD Biosciences), or goat antihuman SDF-1 antibd@y& D Systems). To Logarithmic fluorescence intensity
avoid SDF-1 release during permeabilization, cells were preincubated for 4

hours with 10ug/mL brefeldin-A (Sigma, Saint-Quentin Fallavier, France). Inc’

Cells labeled with anti-Bax, anticyclin E, anti—-SDF-1 were subsequently

labeled with either a PE-conjugated goat antimouse (Caltag Laboratories, untreated SDF-1
Tebu, Saint-Quentin en Yvelines, France) or an FITC-conjugated rabbit 0.05 ng/mlL

Inc

»

28.4% 27.6%

Relative cell number

antimouse (Dako SA) or a PE- or FITC-conjugated swine antigoat (Caltag _q;; A
Laboratories), respectively. Cells were washed and analyzed by flow g
cytometry. Membrane-bound SDF-1 was estimated by omitting permeabili- 2 558% B4%
zation before SDF-1 staining. Background fluorescence was assessed by @ { I } {
using isotype-matched irrelevant mouse or goat immunoglobulins. L

%
Flow cytometry analysis and cell sorting = 100 10" 100 10° 10" 10’ ?2 10’

»

Analysis was performed using a Coulter Elite flow cytometer (Beckman
Coulter). Cell debris was excluded from the analysis by gating on apoptotic . ) o
and live cells on forward light scatter (FSC) versus side light scatter (SS@g“re 2. SDF-1 counteracts apoptosis-associated nuclear DNA degradation in

+ N n s : . I
dot plots. Stored events (5000-10000) were analyzed with WinMIfI Inc.CD34 7ce|ls. PB §D34 .cells purified lmmedlately after densny gradient
separation (Inc™) or after incubation on a plastic support (Inc*) were incubated

(3. Trotter J, The Scripps Research Institute [TSRI], La Jolla, CA) Qi X 105 cells/mL) under apoptosis-inducing culture conditions (serum- and cytokine-
WinCycle software (Phoenix Flow Systems, San Diego, CA). Meafee medium [IMDM]). Freshly isolated cells (A) or cells harvested after a 4-day
fluorescence intensity (MFI) was expressed in arbitrary units (AU). incubation (B) were processed for apoptosis assessment by “sub-G; peak” detection
In some experiments, CD34subpopulations were sorted according tcs indicated in “Materigls and methods.” The biologic eﬂegt of SDF-1 on apoptosis
their CD38 expressio??. Resting (G) or cycling (G+S+G,/M) CD34* was evaluated by adding _rhSDF-la at various concentrations (O.Ql, 0.05, 0.1, 0.5
K . mL) to the culture medium. The percentages of sub-G; apoptotic cells shown for

cells were sorted based on Hoechst/pyroninY fluorescences as descrlbeggép( histogram are for one experiment representative of the 3 performed. The

Gothot et af*35Figure 1shows the gating strategy of cell sorting and th@ogarithm fluorescence of Pl is expressed in channel numbers. Maximal effect of
purity of sorted fractions. SDF-1 was obtained for 0.5 ng/mL in Inc~ cells and for 0.05 ng/mL in Inc* cells.

Logarithmic fluorescence intensity
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Figure 3. SDF-1 decreases the expression of apoptosis-associated cell mem-
brane proteins in PB CD34 * cells. PB CD34" cells purified immediately after
density gradient separation (Inc™) or after incubation on a plastic support (Inc*)
were incubated (1 X 10% cells/mL) under apoptosis-inducing culture conditions
(serum- and cytokine-free medium [IMDM]). Freshly isolated cells (A) or cells
harvested after a 24-hour incubation program (B) were processed for apoptosis
assessment by using the annexin-V apoptosis detection kit as indicated in
“Materials and methods.” The biologic effect of SDF-1 on apoptosis was evaluated
by adding rhSDF-1« at various concentrations (0.01, 0.05, 0.1, 0.5 ng/mL) to the
culture medium. The percentages of annexin-V* PI~ apoptotic cells and an-
nexin-V* PI* necrotic cells shown for each histogram are for one experiment
representative of the 3 performed. Maximal effect of SDF-1 was obtained for 0.5
ng/mL in Inc™ cells and for 0.05 ng/mL in Inc™ cells.

Results

Exogenous SDF-1 acts as a survival factor in counteracting
PB CD34+ cell apoptosis

BLOOD, 15 FEBRUARY 2002 - VOLUME 99, NUMBER 4

purified after an overnight incubation on a plastic support
(Inc*CD34"). In the present study, we investigated whether
SDF-1 could counteract CD34cell apoptosis. We first deter
mined the appropriate experimental conditions inducing opti-
mum spontaneous apoptosis in PB CD3lIs8 We quantified
the percentage of subdiploid céfland analyzed the expression
of annexin-V and APO2.7 in response to SDFEMe studied
whether SDF-1 altered the expression of Bcl-2 family proteins
involved in apoptosis regulation?2?

SDF-1 decreases the sub;@eak annexin-V, and APO2.7
expression.Freshly isolated Inc and IncCD34* cells showed a
low proportion of apoptotic cells as indicated by the “supp@ak”
detection (1.2%+ 0.8% and 5.6%t+ 2.3%, respectively; Figure
2A) and the annexin-VYPI~ cell percentage (1.2% 0.2% and
3.8% =+ 1.4%, respectively; Figure 3A). The percentage of apopto-
tic cells, as demonstrated by the sub-#,d annexin-VPI~ cell
detection, was increased after a short incubation in IMDM (1-4 days).
Interestingly, these percentages were higher in (68.5%= 4.8% and
10.7%= 2.1%) than in Inc cells (30.5%*+ 3.1% and 1.8% 0.2%;
Figures 2B and 3B). Addition of SDF-1 (0.01-0.5 ng/mL) significantly
prevented spontaneous DNA degradation in@ip34" cells because
their proportion in sub-Gwas decreased from 53.5%04.8% to
22%=+ 3.1% (n= 3; P = .002; Figure 2B). The antiapoptotic effect of
SDF-1 was also illustrated by a reduction of the apoptotic annexin-
V*PI~ CD34" cell percentage (Figure 3B) and was predominant on
Inct as compared to Inccells (from 10.7%+ 2.1% to 3.2%+ 0.6%
and 1.8%+ 0.2% to 0.2%+ 0.7%, respectively, & 3; P = .02 and
P = .03). The preventing effect of SDF-1 on CD3¢ell apoptosis was
dose dependent (data not shown) and was maximal for 0.05 ng/mL and
0.5 ng/mLin Inc and Inc cells, respectively (Figures 2 and 3).

The antiapoptotic effect of SDF-1 was further confirmed by
evaluating the expression of APO2.7 protein, a mitochondrial
marker of early apoptotic event3As shown in Figure 4APO2.7

SDF-1 + anti - SDF-1

SDF-I- SDF-1 + IgG

Untreated s
«

Figure 4. SDF-1 decreases the expression of APO2.7 apoptosis-associated

mitochondrial proteinin PBInc  +*CD34+* cells. PB CD34" cells freshly purified after
incubation on a plastic support (Inc*) were incubated (1 X 105 cells/mL) under
apoptosis-inducing culture conditions (serum- and cytokine-free medium [IMDM]).
Cells harvested after a 6-hour incubation program were processed for apoptosis
assessment by using the mitochondrial APO2.7 antigen detection assay as indicated

We have previously reported that SDF-1 displayed a stimulatoin/Materials and methods.” The biologic effect of SDF-1 on apoptosis was evaluated
effect on PB CD34 proliferation in synergy with cytokines and by adding 0.5 ng/mL rhSDF-1« to the culture medium. Biologic specificity of SDF-1

have suggested that SDF-1 might act as a survival f&éfbinis
promoting effect was mainly demonstrated on CD3dells

was demonstrated by using an anti-SDF-1 antibody (5 ng/mL) or its isotype control (5
ng/mL). A histogram from a typical donor is presented. The MFI (AU) of cells positive
for APO2.7 is shown for each condition.
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A Antiapoptotic regulatory proteins Figure 5A). We observed a bimodal expression profile in which a small
Freshly isolated cells proportion of CD34 cells expressed low level of Bcl-2 (15%66.3%,
16.2% 31.2% 12.7+ 2.6 AU) and Bcl-x (29.3%= 5.2%, 7.1+ 3.4 AU), whereas
135 4U 844U the majority of CD34 cells displayed high levels of these proteins
858% 5% (84.8%* 4.2%, 48.1+ 3.8 AU and 72.6%:* 6.1%, 28.9+ 4.6 AU).

After 72 hours under apoptosis-inducing conditions, the global expres-
sion of Bcl-2 and Bcl-x cell death suppressors was increased up to
90.6+ 5.3 AU (P = .03) and 83.5- 3.8 AU (P = .001), respectively,
with disappearance of the bimodal profile (Figure 5A). Addition of
SDF-1 (0.05 ng/mL) maintained the global expression levels of Bcl-2
and Bcl-x at their initial values (39.2- 5.1 AU and 28.5+ 5.6 AU,
respectively, = 3; Figure 5A). Expression of Bad and Bax cell death

©16° 07 107 05 105 do7 107 10°
Bcl-2 Bel-x,

72-hour incubation program

45%1’0' f;’f;{’u promoters, undetectable in freshly isolated1@D34" cells, increased
' \ Untreated ' Unireated up to 41.2+ 6.1 AU and 150.6- 5.8 AU, respectively, after 72 hours
/' J fj‘ A under apoptosis-inducing conditiof? € .001; n= 3; Figure 5B).
» Addition of SDF-1 (0.05 ng/mL) reduced their expression levels to
255+ 2.8 AU, P= .03 and 36.5- 5.2 AU, P = .006, respectively
(n = 3; Figure 5B).
B S O Endogenous SDF-1 participates in the autonomous survival
Bel-2 Bel-xi, of PB CD34 * cells
B Proapoptotic regulatory proteins Inc~CD34*CD38* cells express intracellular SDF-1 and CXCR-4.
When freshly isolated, 84.2% 8.2% of Inc CD34*CD38" cells
Freshly isolated cells expressed intracellular SDF-1 (28t53.6 AU; Figure 6A) and
194U A Freshly isolated cells
Inc Inc®

CD34°CD38 CD34°CD3&

o
10° 106' 10° 10° 10° 10" 10? 10°

Bad Bax

P CD34'CD38’ . CD34°CD38

72-hour incubation program

Events —p

SDF-1 SDF-1

26.8 AU 332 AU
Untreated \ Untreated
442 AU ¥ 1516 4U \__ )
— Y 10 10° 10¢ 10" 102 10° 10*

SDF-1 >
o, 0 k) 2 3 o * 2 3 L] 3
107 07 167 407 0% 107 107 10 B  48-hour incubation program
Bad Bax
Figure 5. SDF-1 modulates apoptosis-regulatory gene products in PB Inc +*CD34+ Inc IﬂC+

cells. PB CD34" cells freshly purified after incubation on a plastic support (Inc*) were
incubated (1 X 10° cells/mL) under apoptosis-inducing culture conditions (serum- " -, y .
and cytokine-free medium [IMDM]). Freshly isolated cells or cells harvested after a /CD34°CD38 I CD34°CD38
72-hour incubation program were processed for intracellular detection of (A) !
antiapoptotic regulatory proteins (Bcl-2 and Bcl-x.) and (B) proapoptotic regulatory
proteins (Bad and Bax) as indicated in “Materials and methods.” Modulation of Bcl-2
homolog protein expressions was evaluated in the absence or presence of SDF-1
(0.05 ng/mL). Data from at least 3 different donors with similar results were analyzed.
Histograms from a typical donor are presented. The percentage or MFI (AU) or both
of positive cells for Bcl-2, Bcl-x., Bad, and Bax are shown within the histograms. The
left-hand histogram represents the negative control (1gG).

CD34'CD38’
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-«
N
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expression level was strongly reduced from 450.62.4 AU to 70° 10° 102 10° 40* 300 101 402 103 104
110.3* 24.6 AU (n= 3; P = .001) after 6 hours in the presence of
SDF-1; this effect was specific because it was totally abolished by SDF-1 >
addition of a neutrallzmg anFI_SDF_]_' an_thOdy (Flgure 4)' Figure 6. PB Inc ~ CD34+CD38* cells express intracellular SDF-1.  Representative
Expression of Bcl-2 family proteins is modulated by SDF-1. fiow cytometry profiles for Inc- and Inc* cells (1 x 108 cells/mL) isolated from freshly
We evaluated whether the antiapoptotic effect of SDF-1 wenpirified PB CD34* cells (A) and apoptosis-induced cells (B) after staining for CD34
through modulation of Bad, Bax. Bcl-2. and BQ|-EX|I)I'ESSi0n We and CD38 antigens and intracellular SDF-1 as indicated in “Materials and methods.”
. ' ' ’ ) The logarithm fluorescence of intracellular SDF-1 is expressed in channel numbers.
showed that_freShly isolated PB IMED34" cells expressed BCI_'2 and The shaded histogram shows results from staining with irrelevant isotype-matched
Bcl-x, proteins (42.7- 5.6 AU and 21.6- 4.8 AU, respectively; control antibody, the open histogram, resuits from staining with SDF-1 mAb.

20z aunr g0 uo jsenb Aq ypd-/|1L0Z0¥08U/Z1S089L/LL L L/¥/66/4Pd-0jo11e/po0|qAeu sUOKEDIgNdYSE//:d)Y WOl papeojumoq



1122  LATAILLADE et al

Table 1. CXCR-4 expression is up-regulated in sorted CD34  * cells
undergoing apoptosis

BLOOD, 15 FEBRUARY 2002 - VOLUME 99, NUMBER 4

Table 2. Production of SDF-1 by CD34 +* cells is increased under
apoptosis-inducing conditions

CXCR-4 expression

Apoptosis-inducing

Source of cells incubation time, h SDF-1 levels, pg/mL

Apoptosis- (mean = SD)
inducing % of
incubation positive
Source of cells time, h cells MFI (AU)
Inc~CD347CD38~ 0 6.1+23 20 = 8.5
48 24.2 * 6.1* 27 £9.8
Inc~CD347CD38" 0 18.3 £6.8 38 =125
48 44.2 = 9.9* 77.2 +18.8
Inc~CD347[Gg] 0 8.8 + 34 125 + 8.6
48 31.5 = 8.2* 28.6 £ 9.6
Inc~CD34%[G; + S + G2/M] 0 19.8 + 2.6 326 9.1
48 54.8 + 11* 65.3 = 125

PB CD34" cells were purified immediately after density gradient separation
(Inc™) and were sorted according to CD38 antigen expression or to their cell cycle
status based on Hoechst and pyronin Y staining. Cells (1 X 105/mL) were incubated
under apoptosis-inducing culture conditions (serum- and cytokine-free medium
[IMDM]) for 48 hours prior to the harvesting for CD34 and CXCR-4 labeling and flow
cytometer analysis. Cell debris was excluded from the analysis by gating on apoptotic
and live cells on forward light scatter versus side light scatter dot plots. Percentage of
CD34*CD38~, CD34*CD38*%, CD34'[Go] and CD34%[G; + S + Gy/M] cells
coexpressing CXCR-4 was calculated after gating on CD34* cells.

Results are based on 3 independent experiments.

*P < .05 versus 0 hours incubation.

Inc*
CD34*CD38~ 2 bsd
72 bsd
CD34+CD38* 2 bsd
72 28.2 + 12.6*
Inc™
CD34+CD38~ 2 bsd
72 bsd
CD34+CD38* 2 255+ 126
72 164.6 + 19.4*
CD34%[Go] 2 bsd
72 bsd
CD34%[G; + S + G,/M] 2 40 + 10.2
72 206.6 + 49.8*

PB CD34" cells were purified immediately after density gradient separation
(Inc™) or after incubation on a plastic support (Inc*) and were sorted according to
CD38 antigen expression or to their cell cycle status based on Hoechst and pyronin Y
staining. Cells (1.5 X 10° cells/mL) were incubated under apoptosis-inducing culture
conditions (serum- and cytokine-free medium [IMDM]) for 72 hours before harvesting
the conditioned media. Secretion of SDF-1 by the different fractions of sorted cells
undergoing apoptosis was evaluated by Quantikine human immunoassay according
to the manufacturer’s protocol. Analysis of the medium collected after 2 hours of
incubation was used as control. Levels of SDF-1 are presented as the means = SD of

18.3%+ 6.8% of them expressed CXCR-4 (Table 1). We showeg"dePendent experiments.

that 25.8%+ 5.2% of Inc CD34"CD38" coexpressed intraceHu

The sensitivity of ELISA for SDF-1 was > 18 pg/mL.
Bsd indicates below sensitivity detection.

lar SDF-1 and CXCR-4 and that 90% of CXCR-4—expressing cells *P <.002 versus 2 hours incubation.
also expressed a high level of intracellular SDF-1 (data not shown).

In contrast, only a low proportion of PB IN€D34*CD38" cells
expressed SDF-1 (12.5% 1.2%, 6.8= 4.3 AU; Figure 6A). After

SDF-1 antiapoptotic effect is mediated by the PI3-K pathway

a 48-hour apoptosis-inducing incubation, CXCR-4 was overexhe pI3-K/Akt and MAP kinase proteins are reported to be the 2
pressed in both INcCD34'CD38" and Inc CD34'CD38" cells  maijn pathways involved in hematopoietic cell survitfi®-41We

(Table 1), whereas expression of intracellular SDF-1 by th&amined whether SDF-1 could prevent CD3lls from under
Inc"CD34"CD38" fraction was decreased from 28t53.6 AU to going apoptosis through these Signaling pathways by using

9.5+ 3.6 AU (P = 0.02, n= 3; Figure 6), suggesting that SDF-1| Y294002- and PD98059-specific inhibitors (Figure 8). WherfInc

was released during incubation. This hypothesis was strongly

supported by detection of SDF-1 in the supernatant of sorted

Inc—CD34+CD38" cells undergoing apoptosis (Tabl;a The low Table 3. Neutralization _of endogenous SDF-1 affects

amount of SDF-1 secreted by NED34"CD38" cells was in —o.n¢ CD34" progenitor survival

agreement with its low intracellular level (Figure 6). No SDF-1 was

detected in CD34CD38 cells (Figure 6 and Table 2).
Endogenous SDF-1 maintains PB CD34cell survival. We

further investigated whether intracellular SDF-1 played a role inc*

the control of CD34 cell autonomous survival by adding an Total CD34* 0 100 100

Total cell number (X 103)
Anti-SDF-1 treatment

Source of cells Incubation time, h - +

anti—-SDF-1 neutralizing antibody to the culture. Table 3 shows that 48 9=25  985x12
the percentage of surviving cells was higher in nthan in e % 684 £9.21 658127
InctCD34" cells after 96 hours under_ apoptosis conditions Total CD34 " o 100 100
(80.4%= 5.8% and 68.4% 9.2%, respectivelyP? = .02). Treat- 48 057+ 28 88.4 + 3.7
ment with an anti-SDF-1 antibody significantly reduced the % 804 + 5.8 502 + 5.1%
number of IncCD34" surviving cells from 80.4- 5.8 X 1(® to Sorted CD34+CD38+ 0 100 100
50.2+ 5.1x 10° (P = .003, n= 3), whereas it had no effect on 72 781+72 476 = 4.8*
Inc*CD34* cell survival. The survival effect of endogenous SDF-1 Sorted CD34*CD38~ 0 100 100
was further confirmed on sorted MED34" cells and was 72 486 +66 454 =58

demons.t.rated tp be restricted tOl the CDBD38" fraction (T‘r':lble PB CD34" cells were purified immediately after density gradient separation
3). Addition of isotype control did not alter CD34cell survival (inc-) or after incubation on a plastic support (Inc*). In some experiments, Inc~ cells
(data not ShOWﬂ). were sorted according to their CD38 antigen expression. Cells (1 X 105mL) were

1 . cultured under apoptosis-inducing culture conditions (serum- and cytokine-free
Th_e role of endog_enous SDF-1in CD346||.SUNIV3| Was_ also medium [IMDM]). The role of intracellular SDF-1 in the control of CD34" cell
established by studying the effect of an anti-SDF-1 antibody @Gonomous survival was evaluated by adding an anti-SDF-1 neutralizing antibody
annexin-V expression under apoptosis-inducing conditions. Such tré&t-ng/mL) to the culture. At various time points, cells were harvested, counted, and
ment significantly increased the percentage of annexina¢— cells processed for viability by trypan blue exclusion. Total cell numbers are presented as
the means = SD of 3 independent experiments.
from 25.5%:= 5.1% to 48.4%+ 6.8% @ = .002; n= 3), whereas no

) " i *P < .003 versus anti—-SDF-1 untreated control.
difference was observed in Ihcells(Figure 7). P = .02 versus Inc~ cells.
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Figure 7. Endogenous SDF-1 improves PB Inc ~ CD34* autonomous cell
survival. (A) PB CD34" cells purified immediately after density gradient separation (Inc™)
or (B) after incubation on a plastic support (Inc*) were incubated (1 X 105 cells/mL) for 48
hours under apoptosis-inducing culture conditions (serum- and cytokine-free medium
[IMDM]). The role of endogenous SDF-1 was evaluated by adding an anti-SDF-1
neutralizing antibody (10 ng/mL) to the culture. Freshly isolated cells and cells harvested
after a 48-hour incubation were processed for apoptosis assessment by using the
annexin-V apoptosis detection kit as indicated in “Materials and methods.” The percent-
ages of annexin-V* PI~ apoptotic cells and annexin-V* PI* necrotic cells shown for each
histogram are for one experiment representative of the 3 performed.

SDF-11S A SURVIVAL AND CELL CYCLE PRIMING FACTOR 1123

% of Annexin-V positive cells
[ ("] B L (=)
2 8 & g 3
T T T T T
i

5
T

conditions @

SDF-1 T T T
Anti—SDF-1 - - - - + + - - + +
LY294002 - - + + - + - - - .
PD98059 - - - - - - 4+ o+ 4+ .

Figure 8. SDF-1 protects PB CD34 * cells from apoptosis through the PI3-K
pathway. PB CD34" cells purified immediately after density gradient separation
(Inc™, BJ) or after incubation on a plastic support (Inc*, [J) were incubated (1 x 10°
cells/mL) for 24 hours under apoptosis-inducing culture conditions (serum- and
cytokine-free medium [IMDM]) in presence or absence of SDF-1 (0.05 and 0.5
ng/mL) and processed for apoptosis assessment by using the annexin-V apoptosis
detection kit as indicated in “Materials and methods.” The role of endogenous SDF-1
was evaluated by adding an anti-SDF-1 neutralizing antibody (10 ng/mL) to the
culture. Involvement of PI3-K/AKT and MAP kinase pathways was evaluated by using
LY294002- and PD98059-specific inhibitors at concentrations varying from 10 to 100
M. Data from 3 to 5 independent experiments are presented as mean percentage of
annexin-V* cells = SD. The antiapoptotic effect of exogenous SDF-1 is shown in
conditions /0. The role of PI3-K in the autonomous survival of CD34* cells is shown
in conditions /0. Requirement of PI3-K axis for the antiapoptotic effect of
exogenous SDF-1 is shown in conditions [/C]. The antiapoptotic effect of endoge-
nous SDF-1 produced by Inc™ cells is shown in conditions [/0]. Requirement of PI13-K
axis for the antiapoptotic effect of endogenous SDF-1 is shown in conditions [/C]. No
requirement of MAP kinase pathway in the autonomous survival of CD34" cells and
in the antiapoptotic effect of SDF-1 is shown in conditions J/00, and 0/0, 0/0,
respectively.

or Inc"CD34" cells were cultured for 24 hours under apoptosis-
inducing conditions, the percentage of annexin-¥ells was
31% =+ 3.6% and 10.5% 3.2%, respectivelyl In presence of
SDF-1 (0.5 ng/mL), this percentage decreased from 31%:6%

10 8.1%= 3.4% for Inc” (P = .002; n= 5) and from 10.5%+ 3.2%

to 5.4%= 1.8% for Inc cells (P = .05; n=5), confirming the
antiapoptotic effect of exogenous SDF-II/(J). Addition of
LY294002 (25u.M) alone significantly increased the percentage of
annexin-V cells to 58.7%+ 6.8% and 46.5% 4.8%, respec
tively, for Inc™ and Inc cells, as compared to untreated control
cells P < .02, n= 3; 0/0), demonstrating the role of the PI3-K in
the autonomous survival of CD34ells. Addition of LY294002 to
SDF-1 inhibited the survival effect of SDF-1 because it increased
the percentage of annexintVcells from 8.1%* 3.4% and
6.4% =+ 3.8% to 59.1%*+ 6.4% and 47.5% 2.3% for Inc” and
Inc™ cells, respectively [{/00), demonstrating that exogenous
SDF-1 acts on cell survival through the P13-K/Akt pathway. When
anti-SDF-1 alone was added to the culture, the percentage of
annexin-V* Inc™ cells significantly increased from 10.5%3.2%

to 37.8%=* 5.8% (P < .002; n= 3; 0J/0), whereas it did not in
Inc* cells (/). These results confirmed the antiapoptotic effect
of endogenous SDF-1 produced by 1@D34" cells. Addition of
LY294002 to anti-SDF-1 did not modify the percentage of
annexin-V cells as compared to LY294002 treated cell§[(),
suggesting that the survival effect of endogenous SDF-1 did not go
through a pathway different from PI3-K. In contrast, PD98059
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(20-100nM) alone had no effect on the percentage of annexin-V52.6%=* 5.6% fewer CFU-Ms, 86.4% 4.6% fewer CFU-GMs,
cells as compared to untreated control cell8[{). Addition of and 88.9%+ 6.5% fewer CFU-Mix colony formations by Ine
PD98059 to SDF-1 or anti-SDF-1 did not modify the percentage sérted CD34CD38" cells than was recorded for untreated control
apoptotic cells[/00, 0/0). This suggested that, in our system, theells P < .05; n= 3), but had no effect on CD3€D38" cells
MAP kinase pathway is not involved in the autonomous survival ¢fFigure 9C,D). SDF-1 antibody specificity was attested by the
CD34" cells and that this pathway is not required for thénability of its isotype control to alter colony formation (data not
antiapoptotic activity of SDF-1. Equivalent amounts of DMSO dighown). Interestingly, the plating efficiency was higher in control

not affect CD34 cell survival (data not shown). untreated Inc than in Inc™ cells for both CD34 CD38 and

CD34" CD38" populations (Figure 9), suggesting that endogenous
SDF-1 promotes survival of sorted clonogenic growth factors, of which SDF-1, could participate in the autono-
CD34* progenitors mous survival of Inc cells.

We further ev_aluated the e_ffe_ct of exogenous or endog_enous SDEHr1 triggers G o CD34*
on clonogenic hematopoietic progenitor survival. This was per-
formed by preincubating Incor Inc™ sorted CD34 cells with  Our demonstration of a role for SDF-1 as an antiapoptotic factor
either SDF-1 or anti-SDF-1 antibody for 72 hours under apoptosixited us to investigate its effect on cell cycle progression. We
conditions before plating in methylcellulose. SDF-1 pretreatmehtwve previously reported that SDF-1 increased the percentage of
(0.1 ng/mL) significantly gave 165.2% 21.3% more erythroid PB InctCD34" cells in S+G,/M phase®; this effect was not
burst-forming units (BFU-Es), 253% 18.4% more granulocyte observed in IncCD34" cells. To analyze mechanisms underlying
colony-forming units (CFU-Gs), 410% 26.5% more macro- such a difference, we studied the role of SDF-1 in the early phases
phage colony-forming units (CFU-Ms), 225%48.2% more of the cell cycle. Therefore, we attempted to discriminagdr@Gm
granulocyte-macrophage colony-forming units (CFU-GMs), an@,; phases by using the Ki67 expression assay. When freshly
100% =+ 39.4% more CFU-Mix colony formation by Inesorted isolated, 28.3%t 5.8% of Inc CD34" cells did not express Ki67
CD34*CD38 and 375.2%t* 36.3% more BFU-Es, (Figure 10A) and therefore were considered to be in theltase.
125.8%=* 31.1% more CFU-Ms, 150% 26.3% more CFU- In contrast, the majority of INnatCD34" cells were in the @phase
GMs, and 350%t+ 86.3% more CFU-Mix colony formation by because 93.9% 2.1% of them expressed Ki67 (Figure 11A). As
Inc*-sorted CD34CD38" cells than was recorded for untreatedexpected, the percentage of cells it G,/M phases was low in
control cells P < .05, n= 3; Figure 9A,B). both populations, with a higher proportion in Ihccells as
Addition of anti-SDF-1 (10 ng/mL) significantly gave compared to Int cells (5.2%=* 0.4% and 1.9%- 0.9%, respec
64% =+ 12.3% fewer BFU-Es, 24.5% 9.6% fewer CFU-Gs, tively, n= 3; Figures 10 and 11). Treatment with SDF-1 decreased

cells into cycle
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Figure 9. SDF-1 promotes survival of sorted clonogenic CD34 + progenitors. PB CD34" cells were purified after overnight incubation on a plastic support (Inc*) (A,B) or
directly after density gradient separation (Inc~) (C,D) and sorted according to CD38 expression: CD34*CD38 " cells (A,C) and CD34*CD38" cells (B,D). The role of exogenous
SDF-1 was evaluated on Inc™ cells. The role of intracellular SDF-1 was evaluated by adding an anti-SDF-1 neutralizing antibody on Inc™ cells. Inc* or Inc™ cells (1.5 X 105/mL)
were incubated for 72 hours under apoptosis-inducing culture conditions in the presence or not of SDF-1 (0.05 ng/mL) or anti—SDF-1 (10 ng/mL). Cells were harvested,
counted, and processed for viability by trypan blue exclusion before plating in duplicate at a density of 2000 cells/mL on semisolid medium. Colonies were scored on day 14.
Results are expressed as mean percentages of SDF-1 or anti—-SDF-1 untreated control cells (CT) = SD. Numbers of control colonies, derived from untreated CD34* incubated
under apoptosis conditions for 72 hours, were 11.25 *+ 4.4 and 37.25 * 10.2 (BFU-E); 6.50 = 3.25 and 29 * 8.5 (CFU-G); 1.5 = 0.5 and 7.75 + 2.2 (CFU-M); 2 = 0.5 and
1.5+ 0.5 (CFU-GM); 2 = 1.5 and 0.75 = 0.25 (CFU-Mix) from Inc*CD34"CD38~ and Inc*CD34"CD38" cells, respectively, and 31.5 + 7 and 119.75 = 50.2 (BFU-E);
33 = 7.2 and 51 = 7.3 (CFU-G); 11.5 = 2 and 23.75 * 3.6 (CFU-M); 2 = 1.4 and 5.5 = 1.5 (CFU-GM); 2.5 = 0.8 and 2.25 =+ 0.4 (CFU-Mix) from Inc-CD34*CD38~ and
Inc"CD34*CD38" cells, respectively. The control plating efficiency (calculated for the total number of colonies) was 1% = 0.85% and 4.6% = 2.1% for Inc* and
Inc-CD34+CD38" cells, respectively, and 3.8% =+ 0.7% and 11.5% =+ 4.4% for Inc* and Inc"CD34*CD38" cells, respectively (n = 3 independent experiments). The asterisk
indicates significant difference from control values, P < .05.
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the percentage of Inc cells in G from 22.3%= 2.8% to

5% = 0.7% (P < .0001, n= 4; SDF-1: 0.5 ng/mL) and triggered

them into cycle because their percentage in-G+G,/M phases
increased from 78%: 3.8% to 93.8%+ 1.6% (P < .0005, n= 4;

A Steady-state PB Inc’ CD34" cells

SDF-11S A SURVIVAL AND CELL CYCLE PRIMING FACTOR
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Figure 10. SDF-1 triggers G o PB Inc~ CD34* cells into cycle. PB CD34" cells
purified immediately after density gradient separation (Inc~) were incubated (1 X 10°
cells/mL) in a serum- and cytokine-free Stema-A medium in the presence or absence
of SDF-1 (0.01 ng/mL to 0.5 ng/mL). Freshly isolated cells (A) and cells harvested
after a 48-hour incubation (B) were processed for cell cycle fractionation by using
simultaneous staining for DNA content (PI) and for Ki67 expression as indicated in
“Materials and methods.” This assay allowed discrimination of Gy from G; and
S+G,/M cells as shown in each histogram. Arbitrary quadrants were drawn on the
basis of isotype-matched negative control profiles (first dot plot of each panel). The
results shown are for one experiment representative of the 3 to 4 performed.
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Figure 11. SDF-1 induces PB Inc * CD34* cell cycle progression from G ; to
S+G,/M. PB CD34" cells purified after incubation on a plastic support (Inc*) were
incubated (1 X 10° cells/mL) in a serum- and cytokine-free Stema-A medium in
presence or absence of SDF-1 (0.01 ng/mL to 0.5 ng/mL). Freshly isolated cells (A)
and cells harvested after a 48-hour incubation (B) were processed for cell cycle
fractionation by using simultaneous staining for DNA content (PI) and for Ki67
expression as indicated in “Materials and methods.” Arbitrary quadrants were drawn
on the basis of isotype-matched negative control profiles (first dot plot of each panel).
Maximal effect of SDF-1 was obtained for 0.05 ng/mL. Cell cycle fractionation
percentages shown in each histogram were obtained from one experiment represen-
tative of the 3 to 4 performed.

Figure 10B). The SDF-1 effect was dose dependent and maximal
for 0.5 ng/mL (Figure 10B). SDF-1 increased the percentage of

Inc*CD34" cells in S+G,/M phases from 14% 0.2% to

28.8%=* 0.7% (P < .0001, n=4; SDF-1: 0.05 ng/mL; Figure

11B). Therefore, SDF-1 triggered the progression of CD8&dlls

from G, into cycle when cells were initially quiescent, whereas it

stimulated the transition of cells already engaged in tG
S+G,/M phases.

We further analyzed the synergistic effect of SDF-1 with early

acting cytokines, such as Tpo, SF, and Flt-3 ligand, on CO&l

cycle progression. Tpo or SF alone increased the percentage of
cells in St G,/M without affecting the G compartment. Interest

ingly, although SDF-1 triggered {juiescent cells in G it made

them progress through thet%,/M phases in combination with
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Tpo or SF (Table 4). In contrast, Flt-3 ligand alone neither affected A

CD34" cell cycle status nor synergized with SDF-1.

SDF-1 up-regulates cyclin E and cyclin Dexpression in
CD34* cells. Cyclins D, to D; are known to be restricted toy&;
phases, whereas cyclin E is mainly expressed during laten@
during G/S transitior*2 We investigated the effect of SDF-1 on
cyclin expression in IncCD34" cells, a proportion of which was in
Go. Steady-state In€CD34" cells only expressed low levels of
cyclin D, (Figure 12\). Addition of SDF-1 significantly induced
cyclin E and up-regulated cyclin@xpression in IncCD34" cells

as compared to untreated cells (Figure 12B); however, it neither 1ot 1o 1o% 107

altered cyclin B nor cyclin D; expression. SDF-1 activity was
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dose-dependent (data not shown) and was maximal for 0.5 ng/mL.

Cyclin D1 overexpression was slight and therefore was confirmed

Cyclin Dy CyclinD; CyelinD;s Cyclin E

by Western blot analysis (Figure 13). SDF-1 specificity was

demonstrated by a reduction in cyclin, Bignal in response to
anti—-SDF-1 treatment.

Endogenous SDF-1 and CXCR-4 expression are related to
CD34* cell cycle status. We further explored whether endogenous
SDF-1 expression was associated with a precise phase of the cell cycl@

and whether it might control CD34ell cycling. SDF-1 and its receptor
were expressed in cycling;&S/GM cells; in contrast, quiescent,G
Inc™ cells did not express (Figure ldor produce SDF-1 (Table 2) but

weakly expressed CXCR-4 (Table 1). Under apoptosis-inducing condi- -
tions, both SDF-1 secretion (Table 2) and CXCR-4 expression were g
increased in sorted cycling cells, whereas only CXCR-4 expressionwas | “10° 10°

up-regulated in quiescent cells (Table 1).

Addition of anti-SDF-1 to IncCD34" cells inhibited their progres
sion into cycle and maintained the percentage gf c8lls at its
steady-state value as compared to untreated ¢els.001, n=75;
Table 5), suggesting that SDF-1 released by cycling cells triggeyed
cells into cycle through an autocrine/paracrine mechanism.

Discussion

B 48-hour treatment with SDF-1 (0.5 ng/mL)

A Untreated Untreated Untreated Untreated

= 7.2 AU 6.7 AU 6.4 AU 19.8 AU

5 SDF-1" DF-1 SDF-1 SDF-1*
z 215 AU 7.1 AU 72 AU 52.8 AU
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Cyclin Dy CyclinD; CyclinD; Cyclin E

@ure 12. SDF-1 overexpresses cyclin D ; and cyclin E in PB Inc ~CD34* cells.
PB CD34* cells purified immediately after density gradient separation (Inc™) were
incubated (1 X 105 cells/mL) in a serum- and cytokine-free Stema-A medium in the
presence or absence of SDF-1 (0.5 ng/mL). Freshly isolated cells (A) and cells harvested
after a 48-hour incubation (B) were processed for intracellular detection of cyclin proteins as
indicated in “Materials and methods.” The logarithm fluorescence of intracellular cyclin
proteins is expressed in channel numbers. In panel A, histograms show results from
staining with cyclin mAb (open histogram) and results from staining with irrelevant

Hematopoiesis is supported by a network of growth factors mainbgtype-matched control antibody (solid histogram). Panel B shows histograms from cells
produced by stromal cells within the hematopoietic microenviroﬁt_amed with cyclin mAb after incubation in presence (open histogram) or absence (solid

Table 4. SDF-1 triggers G o Inc~CD34* cells into G ; and makes them progress
through S + G,/M phases in synergy with Tpo and SF

% of PB Inc-CD34* cells in cell cycle phases* (mean = SD)

histogram) of SDF-1. Histograms from a typical donor are presented. The MFI (AU) of
positive cells shown for each histogram are for one experiment representative of the 3
performed. Asterisk indicates P < .002 versus untreated cells.

ment and by hematopoietic ceffsWhereas a number of studies

have dissected the ability of these factors to support proliferation

Cytokines Go Gy S + Go2/M N o - ) .
- and differentiation, less is known about their capacity to promote
0 h culture time 283 +58 69.4 £ 6.2 1.9+0.9 . .
48 h culture fime cell survival. Among a myriad of growth factors, only a few, such
SDFE-1- as Tpo, SF, and FIt-3, display survival activity by suppressing
No cytokine 215+ 51 722 +31 6.8+ 14 apoptosis and stimulating cell cyclifig:*44*Chemokines are also
SF 253+ 5.1 524 +25 20.1 = 3.4%
Tpo 20.8 + 4.2 67.4+28 13.1 = 3.21
Fit-3 ligand 28.8 + 4.8 63.8 = 4.8 82+35 Cyclin D1 > e * -y
SDF-1+
No cytokine 6.4 + 1.8% 81.8 + 4.1 11.2+21
SF 105 + 3.21 66.3 + 2.9 223 +2.48 Actin > | W — —
Tpo 8.4 =21t 63.8 = 3.1 24.1 = 3.98
Fit-3 ligand 91+28 79.7 =35 124+28
SDF-1 = + +
PB CD34" cells purified immediately after density gradient separation (Inc™) Anti—SDF-1 - _ +

were incubated (1 X 105 cells/mL) in a serum-free StemaA medium in presence or
absence of Tpo (10 ng/mL), SF (50 ng/mL), Flt-3 ligand (50 ng/mL), SDF-1 (0.5
ng/mL) used alone, or in combination. At various time points, cells were harvested,
counted, and dually stained with Pl and anti-Ki67-FITC mAb before flow
cytometry analysis.

*Based on 3 independent experiments.

TP < .003 and $P < .0001 versus no factor.

§P < .003 versus SDF-1 alone.

Figure 13. Western blot analysis of cyclinD 1 in PB Inc = CD34* cells. PB CD34*
cells immediately purified after density gradient separation (Inc™) were incubated
(1 X 105 cells/mL) in a serum- and cytokine-free Stema-A medium in the presence or
absence of SDF-1 (0.5 ng/mL). After a 48-hour incubation, cells were harvested and
processed for Western blot analysis of cyclin D; as indicated in “Materials and
methods.” Biologic specificity of SDF-1 was demonstrated by using an anti-SDF-1
antibody (5 ng/mL). Results from a typical donor are presented.
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Figure 14. PB Inc ~CD34" cells that express SDF-1 are in cycle. ~ Freshly isolated
PB CD34* cells were purified immediately after density gradient separation (Inc™).
Cell cycle status of SDF-1—-expressing cells was determined by using a dual staining
for Ki67 expression and SDF-1 intracellular expression as indicated in “Materials and
methods.” (A) The Ki67 expression allowed discrimination of Go (Ki67~) from
G;1+S+G,/M (Ki677) cells. Arbitrary quadrants were drawn on the basis of isotype-
matched negative control. (B) The logarithm fluorescence of intracellular SDF-1 is
expressed in channel numbers. Histograms show results from staining with SDF-1
mAb (solid histogram) and results from staining with irrelevant isotype-matched
control antibody (open histogram). The histograms shown are for one experiment
representative of the 3 performed.

reported to be involved in hematopoiesis. They promote céi
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from other groups suggesting that such Bcl-2 up-regulation could
be one of the mechanisms allowing cells to escape from apopto-
sis326 Therefore, prevention of Bcl-2 and Bcj-modulation in
response to SDF-1 could indicate that CD3#lls did not undergo
apoptosis under these conditions. Lastly, our results showing a
reduction in Bad and Bax cell death promoter expression in
response to SDF-1 argued for the antiapoptotic effect of this
chemokine on CD34cells.

Inc* cells were more responsive to exogenous SDF-1 than
Inc™ cells, because the antiapoptotic effect was observed at
10-fold lower concentration in Intthan in Inc cells. Overex
pression of CXCR-4 in Int as compared to IncCD34" cells??
could account for such a difference. The higher secretion of
SDF-1 by IncCD34*CD38" cells might also participate in
their lower responsiveness by a mechanism of desensitization of
the CXCR-4 receptot®

Under apoptosis-inducing conditions, the up-regulation of
CXCR-4 expression on both In€D34"CD38" and
Inc"CD34*CD38  cells associated with the increased SDF-1
secretion by IncCD34"CD38" cells could result in a protective
reaction of hematopoietic progenitors in response to a cellular
stress situation. This hypothesis was consistent with results from
Ponomaryov and coworkers pointing up a role for SDF-1 in alarm
situations by protecting stem cells from DNA-damaging agéhts.
Our results showing that exogenous SDF-1 exerted a survival effect
on CD34" cell survival and on colony formation derived from both
sorted CD34CD38 and CD34CD38" cells strongly supported
the idea that SDF-1 acts on primitive and committed progenitor
survival. In contrast, neutralization of intracellular SDF-1 in-
creased annexin-VCD34* cell number and decreased the viabil
ity and clonogenicity of sorted CD3€D38" cells. Autocrine/
paracrine regulation requires both release of the ligand and
expression of its cognate receptor. Our results demonstrating the
pexpression of surface CXCR-4 and intracellular SDF-1, the

migration and participate in the negative regulation of progenitc?recretlon of the protein, and the neutralizing effect of anti—-SDF-1

proliferation!48 In our group, we were particularly concerned to

on sorted CD34CD38" cells strongly suggested that endogenous

study the role of SDF-1 in hematopoiesis because it induc&?&a':'1 exerted a protective effect on CD3éell survival through

CD34" progenitor mobilizatiod Our previous studies demonstrat

an autocrine/paracrine loop. Majka et>ahave recently reported

ing that SDF-1 stimulated the proliferation of primitive circulatingIhat endogenous growth factors such as Tpo, Fit-3 ligand, and SF

CD34" cells suggested a role for this chemokine as a surviv:

gpuld participate in CD34survival. Therefore, a possible synergy

factor?2 To determine the mechanisms whereby SDF-1 acts on caftween SDF-1 and such growth factors could not be excluded.

survival, we investigated whether SDF-1 protected CD84lls

from spontaneous apoptosis and whether it interfered with ¢

cycle progression.

Apoptosis is a complex process characterized by a series%?
controlled sequential events. Therefore, spontaneous apopt
CD34" cells resulting from a short-term incubation in serum- an
cytokine-free medium were analyzed by using different appropriaFQole 5. Neutralization of endogenous SDF-1 maintains PB Inc

Recent findings have indicated the involvement of PI13-K/Akt

gﬂ]d MAP kinase pathways in cell survival and SDF-1 signaifng.

41,49 By using specific inhibitors, we demonstrated that exogenous

F-1 displayed its antiapoptotic effect in CD34ells through
ctivation of the PI3-K/Akt axis. This result is in agreement with

H1e ability of SDF-1 to phosphorylate and activate PI3-K/Akt in

~CD34* cellsin

methods’® We showed that SDF-1 counteracted spontaneogg$phase

apoptosis of CD34 cells, as demonstrated by the reduction of

APQO2.7 expression and of annexin-\and sub-G percentages,
according to the kinetics of the apoptotic proc&sVe also

investigated the effect of SDF-1 on Bcl-2 family proteins reported

to be involved in the regulation of hematopoietic cell survivat?
Our results showed that freshly isolated PB CD84lls expressed

% of IncCD34" cells in cell cycle phases*

Anti-SDF-1
Incubation time, h treatment Go G1 S + Go/M
0 283 +58 69.4 + 6.2 1.9+09
48 - 15.8 = 2.41 785 + 2.9 3.9+07
+ 29.4 = 2.1% 68.7 £ 2 1.8 = 0.04%

Bcl-2 and BC|-)§_ proteins, whereas Bad and Bax were not detected PB CD34" cells purified immediately after density gradient separation (Inc™)

in these cells. These results fit with those reported in CD3

isolated from BM or cord bloo&#” When CD34 cells underwent
spontaneous apoptosis, expression of Bcl-2 and Balkas up-

4'vere incubated (1 X 10° cells/mL) in a serum-free Stema-A medium for 48 hours. The

role of autocrine/paracrine SDF-1 in the cell cycle was evaluated by adding an
anti-SDF-1 neutralizing antibody (10 ng/mL) to the culture. Cells were harvested
after 0 and 48 hours, counted, and dually stained with Pl and anti-Ki67-FITC mAb

regulated. Whereas these results could not fit with some d&gre flow cytometry analysis.

*Based on 5 independent experiments.

showing that antiapoptotic cytokines such as IL-10, Fit-3, and SF 15 _ 501 versus 0 hours.

increased Bcl-2 expressidA?1?they are in agreement with data

P = .001 versus untreated cells.
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CD34" cells and in hematopoietic cell lines as demonstrated laycle. These findings suggest that SDF-1 acts as a priming factor by
Majka and coworkers, though in these studies the authors did metruiting quiescent cells fromgto cycle and by rendering them
report any effect of SDF-1 on cell surviv@3951Several hypoth responsive to further growth factor stimulation.
eses, including CD34 cell source (BM versus PB) and SDF-1 As an attempt to explore the possible involvement of endoge-
doses (500 ng/mL versus 0.5 ng/mL), may account for suclous SDF-1 in CD34 cell cycle regulation, we investigated
differences. Interestingly, we showed that specific inhibition offhether its expression was related to cell cycle status. We showed
PI3-K/Akt by LY294002 affected the autonomous survival othat SDF-1 was expressed and secreted by sorted cycling cells but
CD34* cells and that the antiapoptotic effect of endogenous SDFabt by G, resting cells and that its secretion was increased under
did not go through a pathway different from the PI3-K/Akt axisapoptosis conditions. Because most of cycling cells expressed
These results strongly suggested that endogenous SDF-1 partigitigenic markers of CD34°D38" committed cells (data not
pates in CD34 autonomous cell survival through PI3-K/Akt shown), it could be suggested that the cycling and Cu3z38*
signaling®? cell populations (that produce SDF-1) overlap. We and others
In our experimental system, the MAP kinase/MEK pathwaghowed that CXCR-4 was expressed in both cycling and resting
was required neither for autonomous CD3dell survival nor CD34* cells>* with a higher expression on sorted -65+G,/M
for the antiapoptotic effect of SDF-1. This may appear teells. Under apoptosis-inducing conditions, CXCR-4 was up-
contradict the findings of Lee and colleagues that SDF-1 wasgulated on both sorted cycling and resting cells. Addition of
able to phosphorylate MAP kinas€showever, in their study, anti—-SDF-1 maintained the percentage of @34 cells at its
direct implication of such a pathway in CD34ell survival was steady-state value and inhibited their progression into cycle,
not demonstrated. Moreover, conflicting data have been reporigghgesting that endogenous SDF-1 was able to trigger CD&Us
concerning the involvement of the MAP kinase/MEK pathwajnto cycle. Together these results suggested that C:@dls are
in adhesion protein activation and chemotaxis in response 4ple to control their own cycling and survival status via endoge-
SDF-15951.53Taken together these studies illustrate the complexous factors such as SDF-1.
ity of SDF-1-mediated signaling, depending on studied func- In conclusion, our present study demonstrates a role for the
tions and experimental conditions. SDF-1 chemokine in survival and cycling control of CD34
Apoptosis and cell cycling are thought to be intimately linkegyrogenitors and provides evidence for an autocrine/paracrine
processes involved in hematopoiesis homeostasis. When analygggthanism. We propose that SDF-1 could play a part in hematopoi-
with a standard DNA histogram, up to 98% of PB CD3#%lls are esis homeostasis by participating in the autonomous survival of
in Go/G; phases, whereas less than 85% of BM and cord blo@giculating progenitors. SDF-1 may also occur in alarm situations
CD34* cells are quiescert:*334 This conventional cell cycle by protecting them in response to cell damage. Preliminary results
analysis allows definition of cells ing35; and S+ G,/M phases but  showing that treatment of lethally irradiated mice with SDF-1
does not discriminate rom G, phase®® By using dual DNA/  significantly increased survival from 0% in control untreated mice
Ki67 staining we have demonstrated that exogenous SDF-1 Wgas30% in their SDF-1—treated counterparts, 30 days after irradia-
able to trigger resting §PB CD34' cells into G and to make them tjon, argued for an in vivo SDF-1 survival effect. By acting on stem
progress through the cycle without executing a complete cell cyctg|| trafficking, progenitor cell survival and cycling, SDF-1 chemo-
Such a triggering effect was confirmed by the overexpression jghe could be of major interest in cellular therapy settings after
Go/Gy-restricted D1 and E cyclins in response to SDF-1. To oyfiyeloablative aggression.
knowledge, our study is the first reporting a role for a chemokine in
the G to G; transition in CD34 hematopoietic progenitors. Very
few studies have analyzed the role of growth factors in the control
of early phase transitions. Among these factors, SF was reporteg¥eknowledgments
increase the percentage of CD34ells in S+G,/M without
recruiting cells from G.33 We show that Tpo and SF preferentiallyWe are indebted to Dr LoiNiel for continuously supplying blood
stimulate the transition from 30 S+G,/M and, when combined samples. We also thank Peggy Sanatine for her technical skill in
with SDF-1, allow G cells to progress to the late phases of the ceflow cytometry.
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