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CHEMOKINES

CXC chemokine receptor 3 expression on CbBématopoietic progenitors from
human cord blood induced by granulocyte-macrophage colony-stimulating factor:
chemotaxis and adhesion induced by its ligands, interferorducible protein 10

and monokine induced by interfergn

Tan Jinquan, Sha Quan, Henrik H. Jacobi, Chen Jing, Anders Millner, Bettina Jensen, Hans O. Madsen, Lars P. Ryder,
Arne Svejgaard, Hans-Jagrgen Malling, Per S. Skov, and Lars K. Poulsen

CXC chemokine receptor 3 (CXCR3),
which is known to be expressed predomi-
nately on memory and activated T lympho-
cytes, is a receptor for both interferon v
(IFN-y)—inducible protein 10 ( +yIP-10) and
monokine induced by IFN- vy (Mig). We
report the novel finding that CXCR3 is
also expressed on CD34 * hematopoietic
progenitors from human cord blood
stimulated with granulocyte-macrophage
colony-stimulating factor (GM-CSF) but
not on freshly isolated CD34 * progeni -
tors. Freshly isolated CD34 * progenitors
expressed low levels of CXCR3 messen-
ger RNA, but this expression was highly
up-regulated by GM-CSF, as indicated by

a real-time quantitative reverse tran-
scriptase—polymerase chain reaction
technique. +yIP-10 and Mig induced chemo-

taxis of GM-CSF—stimulated CD34 * pro-
genitors by means of CXCR3, since an
anti-CXCR3 monoclonal antibody (mAb)
was found to block +yIP-10-induced and
Mig-induced CD34 * progenitor chemo -
taxis. These chemotactic attracted CD34  +
progenitors are colony-forming units—
granulocyte-macrophage. vyIP-10 and Mig
also induced GM-CSF-stimulated CD34 +
progenitor adhesion and aggregation by
means of CXCR3, a finding confirmed by
the observation that anti-CXCR3 mAb
blocked these functions of  yIP-10 and
Mig but not of chemokine stromal cell-
derived factor 1 «. yIP-10-induced and
Mig-induced up-regulation of integrins
(CD49a and CD49b) was found to play a
crucial role in adhesion of GM-CSF-
stimulated CD34 * progenitors. Moreover,

vIP-10 and Mig stimulated CXCR3 redistri-
bution and cellular polarization in GM-
CSF-stimulated CD34 * progenitors.
These results indicate that CXCR3—  yIP-10
and CXCR3-Mig receptor-ligand pairs, as
well as the effects of GM-CSF on them,
may be especially important in the cyto-
kine/chemokine environment for the
physiologic and pathophysiologic events

of differentiation of CD34 * hematopoietic
progenitors into lymphoid and myeloid
stem cells, subsequently immune and
inflammatory cells. These processes in-
clude transmigration, relocation, differen-
tiation, and maturation of CD34 * hematopoi -
etic progenitors. (Blood. 2000;96:1230-1238)
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mobilization and homing, which play a key role in subsequerstuperfamily whose expression is dramatically up-regulated by
proliferation, differentiation, and maturation of these cells. HowFN-y. Both chemokines have been shown to be functionaf
ever, little is known about the mechanisms and molecules thegonists of CXCR3. The CC chemokine 6Ckine and IFN-
regulate the homing, retention, and migration of hematopoietisducible T-cell « chemoattractant (I-TAC) were identified as
progenitor cells in hematopoietic organs. Analogous with tHegands for CXCR3:7 yIP-10 and Mig induce rapid and transient
processes in mature leukocytes, these processes likely invoaghesion of human interleukin (IL) 2—stimulated T lymphocytes to3
chemoattractant molecules and their receptors, which are knowrirtenobilized integrin ligands through their receptor CXCR3, which$
regulate the trafficking of leukocytes under both physiologic arid selectively expressed on activated T cgllsamature T cells =
pathologic conditions. The CXC chemokine receptor (CXCR) 3,expressed only CXCR4, whereas most memory and activated %
G-protein—coupled 7-transmembrane receptor, is expressed at highs expressed CXCR3, and a small proportion expressed ce
levels on activated and memory T cells, B cells, natural killer cellshemokine receptor (CCR) 3 and CCR6XCR3 was found to be

and plasmacytoid monocytés.It has also been shown to bindexpressed at high levels on T-helper (Th) 0 and Thl lymphocytes
interferon (IFN)y—inducible protein 10IP-10) and monokine and at low levels on Th2 lymphocytédn contrast, CCR3 and

induced by IFNy (Mig), with K; values of 0.14 and 4.9 nmol/L, CCR4 were found on Th2 lymphocyte€irculating blood T cells,
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respectively.

B cells, and natural killer cells also express CXCR3.
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Blood T cells expressing CXCR3 were mostly CD45Rénd and any potential contaminating protein was denatured by incubation for 10
generally expressed high levelsgif integrins. CXCR3 and CCR5 minutes at 95° C. The real-time quantitative PCR was performed in special
are markers for T cells associated with certain inflammatoﬂptical tubes in a 96-well microtiter plate (Perkin Elmer Applied Biosys-

reactions, particularly Thi-type reactions such as rheumatdfgns: Foster City, CA) by using a sequence detector system (ABI Prism

arthritis. CXCR3 and CCR5 appear to identify subsets of T cells ?n700; Perkin Elmer Applied Biosystems) according to the manufacturer’s

. L . . . instructions. An SYBR green PCR core reagents kit (Perkin Elmer Applied
blood with a predilection for homing to these sifelsiterestingly, Biosystems) was used to generate fluorescence during each PCR cycle by

M'g .Was reported to promote tu.mor necrosis in viééiowever, '.t means of the 5to 3’ endonuclease activity of AmpliTaq Géfdo provide
is still unclear whether CXCR3 is expressed on CDB4matopoi  real-time quantitative PCR information. The CXCR3 genes were generated
etic progenitors and whether CXCR3 and its liganglf¢10 and py connecting the following sequences of the specific primers (DNA
Mig) play any role in differentiation of CD3% hematopoietic Technology, Aarhus, Denmark): sense GGAGCTGCTCAGAGTAAAT-
progenitors. CAC-3; and antisense, 3CACGAGTCACTCTCGTTTTC-3

All unknown complementary DNAs (cDNAs) were diluted to contain
equal amounts d$-actin cDNA. The standards, “no template” controls, and
. unknown samples were added in a total volume ofib@er reaction. PCR
Materials and methods conditions were 2 minutes at 50°C, 10 minutes at 95°C, 40 cycles of 15
seconds at 95°C, and 60 seconds at 60°C for each amplification. Potential
contaminants of the PCR product were digested by utdgjlycosylase g
CD34" hematopoietic progenitor cells were purified as described- elséJNG), since deoxythymidine triphosphate is substituted with deoxyuri-2
where!! Briefly, umbilical cord blood samples were collected in accordanadine triphosphaté? All PCR experiments were performed with a hot start.
with institutional guidelines, and CD34hematopoietic progenitors were In the reaction system, UNG and AmpliTaq Gold (Perkin ElImer Applied
isolated from mononuclear cells from cord blood. A positive-selectioBiosystems) were used according to the manufacturer’s instrucfiéfiso
procedure using beads (Dynabeads M-450; Dynal A/S, Dynal, Norwaghalyze data from the PCR products, 2 terms were used to express t
coated with anti-CD34 monoclonal antibody (mAb) was performed biesults:3R,, representing the normalized reporter signal minus the baselin
following the manufacturer’s instructions. The purity of the CD34 signal established in the first few cycles of the PCR; ard(tBreshold

Purification of CD34 * hematopoietic progenitor cells
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hematopoietic progenitors ranged from 90% to 99%, as determined &ycle), representing the PCR cycle in which an increase in reporteg
flow cytometry. fluorescence signal above baseline levels could first be detected. 8
o
2
Flow cytometry Northern blot analysis g
o
g
)

As previously describetf, for detection of CXCR3, CD34hematopoietic  As previously describet total RNA from peripheral cells was prepared by
progenitors, either freshly isolated or stimulated with cytokines, were firgsing a Quick Prep total RNA extraction kit. Five micrograms of total RNA =
incubated with a mouse antihuman CXCR3 mAb labeled with fluoresceffom each sample was electrophoresed under denaturing conditions, blott@d
isothiocyanate, conjugated (FITC) (49801.111; R&D Systems Europe Lish Nytran membranes (Schleicher & Schuell Inc, Keene, NH), ands
Abingdon, UK) or FITC-labeled CXCR4 mAb (12G5 [sg/mL]; R&D  cross-linked by UV irradiation. cDNA probes were labeled witphospho-
Systems Europe Ltd) as the positive control or matched isotype mouse lgGs 32 #2P) deoxycytidine triphosphate. A CXCR3 cDNA probe was
(5 p.g/mL; Dako, Glostrup, Denmark) to which secondary FITC-labeledbtained by PCR amplification of the sequence shown above from tot
bovine antimouse mAb was consequently added. The incubation was d®MA of peripheral CD3 T lymphocytes from healthy adults. The
for 20 minutes in phosphate-buffered saline (PBS) containing 2% bovingembranes were hybridized overnight with®igpm/mL of 32P-labeled
serum albumin (BSA) and 0.1% sodium azide. The cells were then washgdbe and then washed with 0:2SSC (1xX SSC= 0.15 mol/L sodium
twice in staining buffer and incubated with a mouse antihuman CD34 classHloride (NaCl) and 0.015 mol/L sodium citrate [pH 7.0]) and 0.1% sodium
phosphatidylethanolamine (PE)-labeled mAb (Immu40@g#nL]; Coulter-  dodecyl sulfate before being autoradiographed.

Immunoteck Co, Margency, France) in PBS containing 2% BSA and 0.1%

so_dlum <_512|de for 20 minutes _an_d subseq_uently_washed tV\_nce. For detecﬁ'ﬁ@itro chemotaxis assay

of integrins, CD34 hematopoietic progenitors stimulated with granulocyte-

macrophage colony-stimulating factor (GM-CSF) or with chemokine (for 8s described by Kim and Broxmey&tchemotaxis and chemokinesis were
hours) were incubated with a mouse antihuman antibogyg(BL of either assayed by a modification of the checkerboard assay. Fifty microliters
anti-CD29, 4B4; anti-CD49a, HP2B6; anti-CD49b, Gi9; anti-CD49cghemotaxis buffer (RPMI 1640, 0.5% BSA, and antibiotics) suspended wit/g
C3VLAS3; anti-CD49d, HP2/1; anti-CD49e, SAM1; or anti-CD49f, GoH3;2 X 10 cells/mL was added to the upper well of the chamber, which was™
Coulter-Immunoteck Co) for 20 minutes and then incubated with FITGeparated from the lower well by a polycarbonate, polyvinylpyrrolidone-
conjugated bovine antimouse mAb (1:250 vol/vol, SeroTec Inc, Oxfordiee membrane (um pore size) without a collagen coating (Nucleopore,
England) for 20 minutes. Subsequently, the cells were labeled with moueasanton, CA). Chemotaxis buffer was added to the lower chamber.
antihuman CD34 class | PE-labeled mAb (Immu409) for 20 minutes d&rious amounts of chemoattractants were added to the chemotaxis buffer
described above. All procedures were carried out at 4°C. The cells wéethe upper chamber, the lower chamber, or both, to form various
then fixed with 1% paraformaldehyde. Analyses were performed withciemoattractant concentration gradients to form various chemotactic gradi-
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flow cytometer (Coulter XL; Coulter Corporation, Miami, FL). ents (positive gradient [6/], negative gradient{/0], and zero gradient
[+/+ or 0/Q]). All tests were performed in triplicate. Chambers were
Real-time quantitative reverse transcription—polymerase chain incubated at 37°C in 5% carbon dioxide (§Qor 4 hours. Cells that

migrated into the 3 lower chambers were collected and counted by using
either a flow cytometer (Coulter XL) for 20 seconds at a high flow rate or a
All real-time quantitative RT-PCR reactions were performed as describgght microscope, by which identical results could be obtained. The cell
elsewheré315 Briefly, total RNA from CD34 hematopoietic progenitor migration was determined by calculating the percentage of input cells that
cells (1 105; purity > 99%) was prepared by using a Quick Prep totahnigrated into the lower chamber.

RNA extraction kit (Pharmacia Biotech, Uppsala, Sweden), and any
potential contaminating chromosomal DNA was digested with DNAasedolony-
according to the manufacturer’s instructions. The RNA was reverse
transcribed by using oligo(dT).1gand Superscript Il reverse transcriptaseAs described by Broxmeyer et #migrated or input cells were plated at
(Life Technologies, Grand Island, NY) according to the manufacturertoncentrations of about 300 CDB4ells/mL in 35-mm plastic tissue-
instructions. Reverse transcription was performed for 60 minutes at 37°%@ilture dishes (Nunc, Roskilde, Denmark) containing 1 U/mL recombinant

reaction (RT-PCR) assay

forming cell assays
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human erythropoietin (EPO; Sigma Chemical Co, St Louis, MO), 100

U/mL GM-CSF, and 100 U/mL IL-3, with and without various chemokinesResuItS

in 1% methylcellulose culture medium containing 30% fetal-calf serum

(FCS). After 7 to 10 days of incubation, burst-forming units—erythroigtypression of CXCR3 on CD34 * progenitors is induced

(BFU-E), colony-forming units—granulocyte-macrophage (CFU-GM), an, GM-CSF

mixed-cell units (colony-forming units—granulocyte-erythroid-macrophage-

megakaryocyte [GEMM]), which respectively identify erythrocyte, granuFlow cytometric analyses (Figure 1) showed only rare CXER3

locyte-macrophage, and multipotential progenitor cells, were scored in S{d|| fractions in freshly isolated CD34progenitors from cord

with an inverted microscope by using standard criteria for theiblood (<3%: Figure 1B). After 36 hours of incubation with

identification:? cytokine-free medium, there was no significant change in the
CXCR3 cell fraction (data not shown). Interestingly, 10 ng/mL of

Adhesion assays GM-CSF significantly up-regulated the expression of CXCR3 on

Adhesion assays were performed as described previtiBefly, 96-well CD34" progenitors up to 97'6% (Figure ch)' Moreover, CX,CRA'
microtiter plates were coated with laminin (26/mL; Sigma Chemical Co) Was constantly expressed in both freshly isolated CD@gent

in PBS for 1 hour at 37°C in a humidified atmosphere. The plates wet@rs (96.9%; Figure 1E) and GM-CSF-stimulated CD®fogent
washed with PBS and incubated with medium containing 0.2% BSA fortors (98.2%; Figure 1F). Figures 1A and 1B show the results with
hour in 5% CQ to block nonspecific adhesion. Thereafter, single-cethe isotype controls for anti-CXCR3 and anti-CXCR4 antibodies,o
suspensions were prepared in RPMI 1640 medium with 0.2% BSA1&° respectively.
cells/mL), andylP-10, Mig, or chemokine stromal cell-derived facter 1 In the kinetic study shown in Figure 2, a slightly increased
(SDF-1x) was added (100 ng/mL). The cell suspension was added é‘kpression (about 15.7%) of CXCR3 on GM-CSF—stimuIatecE;
triplicate to 96-well plates (10Q.L per well) and incubated for 60 minutes D34 progenitors (Figure 2B) compared with freshly isolatedg
at 37°C. To remove nonadherent cells, an 8-tipped manifold was usedcté)IIS (Figure 2A) was observed after 6 hours. The fractions oé
aspirate all but about 5QL of liquid from the wells by suspending the . 0 o 0' 0 =
manifold at a uniform distance from the bottom of each well. The weIIgXCF23+ progenitors were 37.1%, 67.6%, 98.9%, and 99.4% aftef;

were then washed by carefully directing a stream of 0.2% BSA in pES hours (Figure 2;2), 24 hours (Figure_ 2D), 36 hoyrs (Fi_gure Z_EE
along the sides of the wells with the 8-tipped manifold after aspiratio@Nd 48 hours (Figure 2F), respectively, of stimulation with§

0]UMO

Subsequently, the adherent cells were fixed with 1% formaldehyde a@M-CSF. CXCR3 expression was not significantly changed irg
stained with 1% crystal violet. The crystal violet was then extracted byiedium-cultured CD34 progenitors compared with freshly iso &
adding a 1:1 mixture of 0.1 mol/L sodium citrate (pH 4.2) and ethanol, aridted cells at the different assessment times (data not shown). %
absorbency was read at 540 nm. Cells bound to collagen {ltL) on s
separate wells were used to represent 100% attachment. Background CRICR3 messenger RNA (MRNA) expression in CD34  + §
adhesion to 2% BSA-coated wells was subtracted from all readings. Rffbgenitors is up-regulated by GM-CSF 5

inhibition assays, cells were preincubated with different antibodies at 4°C
for 30 minutes before the assay. As shown in Figure 3, MRNA of CXCR3 was detected at low levels
in freshly isolated CD34 hematopoietic progenitors from human
umbilical blood. Compared with the amplification of standard
DNA template (2.0x 10* copies) with a housekeeping gene
Aggregation assays were performeq as described previ%?tf§lj£ri_eﬂy, (B-actin), there were approximately 6:310* copies for CXCR3

the cells were added at a concentration d¥ril to culture plates with 24 in the tested samples of freshly isolated CD3grogenitors.

wells. The chemokines were added to RPMI 1640 culture medium wi . . . .
10% FCS. After 24 hours, the cells were observed, scored, and phogM_CSF stimulation significantly up-regulated the expression o

graphed by using a Leitz microphotography system. The followin XCR3 mRNA in C?D34 progenltor.s. There were approx-
semiquantitative scoring methBd®was used: 0, no aggregationt Lless mately 4.3x 10* copies for CXCR3 in the tested samples of
than 10% of cells aggregatedy2more than 50% of cells aggregated; 3
up to 90% of cells small, loose clusters; antl,4more than 90% of cells
aggregated in large clusters.

LIv196/3P

Aggregation assays
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Polarization assay and immunofluorescence digital
confocal microscopy

Immunofluorescence experiments were performed as described else-
where?! Briefly, chemokines (100 ng/mL) were used in RPMI 1640 culture
medium with 10% FCS in chemotaxis assays. The GM-CSF-stimulated
CD34" hematopoietic progenitor cells were added at a concentration of
10f/mL to a chemotactic chamber. After assay, the migrated GM-CSF—
stimulated CD34 cells were collected and spun down on a slide, fixed with <&
a mixture of methanol and acetone, and immersed in 1% BSA blocking *u
buffer for 10 minutes to avoid nonspecific binding. Primary antibody, either €0
anti-CXCR3 mAb (49801.111 [1p.g/mL]; R&D Systems Europe Ltd) or
with isotype IgG (10 g/mL), was added, and after incubation overnight at £rmim

4°C, secondary FITC-labeled donkey antimouse antibody (1:250 vol/vol; CXCR4" (FITC)
Jackson ImmunoResearch Laboratories Inc, West Grove, PA) was added.

Cells were observed with a fluorescence microscope (BX60; OlympL@“re 1. Double—colgrflowcytometric analysis of the distribution anij modula- »
Japan). Confocal microscopy analysis was performed with a confocal Iagg?ngnﬁg Ch%'::)g'l‘)es;‘ici‘:lfsr Efv:;g'ztae[’rr f(r:;(sis“ig;;gdg‘t A Bh%”“a;zzog'ir
scanning systgm and an mverIIEd microscope (_LSMS_IO; Zeiss, GfermarB{' ulated with granulocyte-macrophage colony-stimulating factor (GM-CSF) for 36
Images of serial cellular sections were acquired with a graphical USjurs (C and F). Panels Aand D show results with isotype controls. The data are from
interface (Comos; Bio-Rad, Hercules, CA) as described previdusly. a single experiment representative of 4 similar experiments performed.
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A C vIP-10 and Mig induce GM-CSF-stimulated CD34 * progenitor
A chemotaxis by means of CXCR3
We examined the ability ofIP-10 and Mig to induce chemotaxis in
GM-CSF-stimulated CD3% progenitors and found that they
induced significant chemotactic migration in the stimulated cells.
As shown in Figure 4A (left),yIP-10 and Mig did not induce
s : rr—rro T T chemotactic migration in freshly isolated CD34%rogenitors.
!E F SDF-1x was used as the positive control because it induces a strong
= ] E
& E E A .
= A 1. . < 80 Freshly isolated 80+
3 NS i
2 . 4 :
] . £ 60 60
8 :
- b A P .2
, e M S— i T E @ 40
+ Q
CXCR3" (FITC) > S Lol )
Figure 2. Double-color flow cytometric analysis of the kinetics of CXCR3 Bove 1 T " o o - 10 /D)
expression on human cord blood CD34 *+ hematopoietic progenitors.  The cells 0 10 10 10 10 0 (ng/mL)
were either freshly isolated (A) or stimulated with GM-CSF (10 ng/mL) for 6 hours (B),
16 hours (C), 24 hours (D), 36 hours (E), or 48 hours (F). The cells were then stained B .
with fluorescein isothiocyanate, conjugated (FITC)-labeled anti-CXCR3 monoclonal E 80- yIP-10 80 Mig
antibody (mAb). The data are from a single experiment representative of 2 similar % 60]
experiments performed. g 60 !
2
g
GM-CSF-stimulated CD34 progenitors at 36 hours, whereas &

there were only about 1.8 10? copies for CXCR3 in the tested

40- 40

20 “ 20
Lower H-! 4. {2 45‘ 45 12345 15%45
10° 10 100 10

I
12345 12345 12345 12345 12345
T " T T
0 1

samples of cultured nonstimulated CD3drogenitors at 36 hours ~ Useer ¢ 0 10° 10' 10° 10(ng/ml)
(data not shown). A linear relation between &d the log starting

quantity of standard DNA template or target cDNA (CXCR3) wasg 4IP-10 Mig SDF-1a
detected (data not shown). In all experiments, the correlatiorg % 80 80 .
coefficient was approximately 0.94. CXCR3 mRNA expression in% o 60"

freshly isolated or GM-CSF—stimulated CD34rogenitors was %

confirmed by Northern blot assessment (Figure 3B). The uppeé 407 40

panel in Figure 3B shows that freshly isolated CD3#togenitors g 204} 2

expressed CXCR3 mRNA at low levels, whereas GM-CSF—& : ‘

stimulated CD34 progenitors abundantly expressed CXCR3

mRNA. The lower panel shows that comparable total RNAp

amounts from different cells were added.
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& &
& &
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A o— CXCR3
m
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Figure 3. Assessment of messenger RNA (mRNA) expression in CD34 +
progenitors. (A) Plots of real-time detection and amplification of mMRNA of CXCR3 in
freshly isolated and GM-CSF—stimulated CD34* progenitors from human cord blood.
Red plots represent the amplification of MRNA of CXCR3 in freshly isolated CD34*
progenitors; blue plots represent the amplification of CXCR3 mRNA of GM-CSF-
stimulated CD34" progenitors; and black plots represent the amplification of
standard DNA template (2.0 X 10* copies) with a housekeeping gene (B-actin). Crs
were 23.5 for standard DNA template; 30.1 for mRNA of CXCR3 in freshly isolated
CD34* progenitors; and 22.3 for mRNA of CXCR3 in GM-CSF-stimulated CD34"
progenitors. The plots shown are representative of 2 similar experiments conducted.
(B) CXCR3 mRNA Northern blot analysis of freshly isolated and GM-CSF—stimulated
CD34* progenitors. Total RNA from different cells was isolated, electrophoresed, and
blotted. The hybridization signals for CXCR3 mRNA from the cells are shown in the
upper panel. Results with 28S recombinant RNAs (lower panel) confirmed that there
were comparable amounts of loaded total RNA.

Before

1

g g
S 5
% &
a s a
[S 3. 8]
S . 1.5%
e Jas —ana ™)

CXCR3'(FITC)
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Figure 4. Assessments of migration of CD34  *+ hematopoietic progenitors.  (A)
Migration of freshly isolated (left) and GM-CSF-stimulated (right) CD34+ hematopoi-
etic progenitors toward interferon (IFN) y—inducible protein 10 (yIP-10) (open bars),
monokine induced by IFN-y (Mig) (black bars), and chemokine stromal cell-derived
factor 1la (SDF-1a) (gray bars). All results are expressed as the mean * SD
percentage of input cells that migrated (n = 5) and are based on triplicate determina-
tions of chemotaxis for each concentration of chemokines. An asterisk indicates a
significant difference from the medium control (P < .03, except in one case, in which
P < .04). (B) Checkerboard analysis for GM-CSF-stimulated CD34" hematopoietic
progenitors toward yIP-10 (right) and Mig (right). Chemokines were applied in the
upper chamber, the lower chamber, or both. The concentrations of chemokines
applied in the lower chambers were 0, 1, 10, 100, and 1000 ng/mL (indicated as 1, 2,
3, 4, and 5, respectively). The data are from one representative experiment of 2
performed. (C) Specific chemotactic activity of yIP-10 (right), Mig (middle), and
SDF-1a (right) for subtypes of colony-forming, GM-CSF-stimulated CD34* hemato-
poietic progenitors from cord blood. CD34* cells attracted to different chemokines at
the indicated concentrations were assayed for colony-forming cells and the results
expressed as the mean = SD percentage of input cells that migrated (n = 3). Open
bars, black bars, and gray bars indicate burst-forming units—erythroid, colony-forming
units—granulocyte-macrophage, and colony-forming units—granulocyte-erythroid-
macrophage-megakaryocyte, respectively. An asterisk indicates a significant differ-
ence from the medium control (P < .04). (D) Flow cytometry analysis for CD34* cells
before (left) and after (right) migration toward yIP-10. The cells were dual stained;
percentages indicate positive or negative cells.
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>

CD34" progenitor chemotactic migration. As shown in Figure 4A
(right), yIP-10 and Mig induced chemotactic migration in GM-CSF-
stimulated CD34 progenitors, yielding typical bell-shaped, dose-
dependent chemotaxis response curves. The optimal chemotactic
concentration of botyIP-10 and Mig was 100 ng/mL (56.4%

8.5% and 51.7%= 9.8% of input cells, respectively). SDFelthe
positive control, induced a similar GM-CSF-stimulated CD34
progenitor chemotactic migration (75.6% 9.6% of input cells).
Spontaneous migration (medium control) of different CD34
progenitors was less then 5% (Figure 3A)P-10 and Mig did not
induce significant chemotactic migration of CD34rogenitor 1 2 3
cells cultured in medium alone (data not shown).

1007

50

% cell adhesion

chemotaxis of GM-CSF-stimulated CD34rogenitors toward
vIP-10 and Mig (data not shown), whereas it had no effect on the
chemotaxis of GM-CSF-stimulated CD834rogenitors toward
SDF-lx (data not shown). The isotype antibody had no blocking
effect (data not shown).
To address the question of whether enhanced migration of 1 2 3
GM-CSF-stimulated CD34progenitors towar¢g/|P-10 and Mig is
due to directional migration (chemotaxis), random migration
(chemokinesis), or botH,we performed checkerboard chemotaxis
assays in the presence~P-10 or Mig in the lower chamber, the
upper chamber, or both, in a combined manner. Asyilfe10 or
Mig concentration in the upper chamber increased, migration of
GM-CSF-stimulated CD34progenitors toward the lower cham
ber decreased (Figure 4B). When the chemotactic gradient became
negative or zero, migration of GM-CSF-stimulated CD®4ogent
tors towardylP-10 (Figure 4B, left) or Mig (Figure 4B, right) to the
lower chamber decreased to background levels, demonstrating that
enhanced motility of the cells toward both chemokines was due to 1 2 3
chemotaxis rather than chemokinesis. Figure 5. Adhesion of CD34 * hematopoietic progenitors from human cord
To determine whetheylP-10, Mig, and SDF-& had specificity e Ieea 1 4o (s by v @ o S0t 0, T Co0e
to attract certain types of CD34rogenitors with respect to colony stimulated with GM-CSF and incubated with anti-CXCR3 mAb (C). The cells were
formation, we assayed the migrated CD3#ogenitors in methyl either freshly isolated from cord blood from a normal birth, preincubated with
cellulose medium Containing growth factors (GM-CSF, IL-3, EPO}M—CSF for 36 hours only, or pre_incubated with GM-CSF and then incubated V\(ith
. . . . CR3 mAb (5 pg/mL) for 60 minutes at room temperature before the adhesion
and various ChemOkmeS)- Interestlngly, at a concentration of 1 ay. All chemokines were applied at a concentration of 100 ng/mL. The data
ng/mL, yIP-10 (Figure 4C, left) and Mig (Figure 4C, middle)represent mean values from at least 3 experiments performed. Results are ex-
attracted maimy (and in significant numbers) CFU-GM in Cordresseq as the mean = .SD percentage of adherent cells and are based on triplicate
blood CD34 progenitors. The chemotactic activity for other cord S natens of adhesion for each chemokine used.
blood progenitors, such as BF'“_J_'E and the more |mmatur¢_a C:':gésitive control because it induces a strong CD3togenitor
GEMM, was weak and not significant. However, the attractions Qf

d ; ioh onifi dhesion (about 70%). Figure 5B shows th&P-10 and Mig
CFU-GM and BFU-E to SDF- (Figure 4C, right) were signifi- g ceq a strong adhesion in GM-CSF-stimulated CD@#gent

To confirm that the observed GM-CSF-stimulated CD34 B 100-
progenitor chemotaxis was indeed inducedyitif-10 and Mig by -
means of CXCR3, we used anti-CXCR3 mAb to block the K=
GM-CSF-stimulated CD34 progenitor chemotactic activity of 3
vIP-10 and Mig. The anti-CXCR3 mAb completely blocked the % 50

o _
3
@
X

O

100

50

% cell adhesion
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cant and equal, whereas the attraction of CFU-GEMM was We%ﬁfs. About 68% and 75% of cells, respectively, had adhered 60

and not significant. This observation can be explained by ﬂ?ﬁnutes after the addition ofIP-10 or Mig for (100 ng/mL).

conditions in our experiment8.We also examined the purity of SDF-la, the positive control, induced a similar GM-CSF—

GM-CSF-stimulated CD34progenitors before and after migra i 1ated cD34 progenitor adhesion (65%yIP-10 and Mig did

_tion t_owardy_IP-lo (Figure 4D_) and Mig (data not shown). Thenotinduce significant adhesion of medium-cultured CD@rbgent
identical purity of GM-CSF—-stimulated CD34ells before (left) tor cells (data not shown)

and after (right) migration excludes the possibility that contami- To confirm that the observed GM-CSE—stimulated CD34

progenitor adhesion was induced $§°-10 and Mig by means of
CXCRS3, we used anti-CXCR3 mAb to block the GM-CSF-

nated T lymphocytes preferably migrated towaf8-10.

vIP-10 and Mig induce GM-CSF-stimulated CD34 * progenitor

adhesion by means of CXCR3 stimulated CD34 progenitor adhesive activity afiP-10 and Mig.

The mAb completely blocked the adhesion of GM-CSF-stimulated

We examined the ability ofIP-10 and Mig to induce GM-CSF— CD34" progenitors induced byylP-10 and Mig (Figure 5C)

stimulated CD34 progenitor adhesion. FigureASshows that (< 12%, respectively), whereas it had no effect on the adhesion of

neither yIP-10 nor Mig induced adhesion in freshly isolatedsM-CSF-stimulated CD34progenitors induced by SDFReJabout

CD34" progenitors € 15% for both). SDF-& was used as the 50%). The isotype antibody had no blocking effect (data not shown).
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vIP-10 and Mig induce GM-CSF—stimulated CD34 * progenitor
aggregation by means of CXCR3

To examine whetheyIP-10 and Mig play an additional role in
GM-CSF-stimulated CD34 progenitor adhesion, we performed
aggregation tests of CD34progenitors stimulated witkyIP-10,
Mig, or SDF-x. The results shown in Figure 6 indicate th#?-10
and Mig do not induce aggregation in freshly isolated CD34
progenitors (Figure 6A and 6B, scored as 0). SRFnias used as
the positive control because it induces a strong CD@ebgenitor
aggregation (Figure 6C, scored as}vyIP-10 and Mig induced a
strong aggregation in GM-CSF-stimulated CD3grogenitors
(Figure 6D, scored as+3, and Figure 6E, scored ast2, as did
SDF-1x (Figure 6F, scored astd. yIP-10 and Mig did not induce
significant aggregation of medium-cultured CD34rogenitor

cells (data not shown).

To confirm that the observed GM-CSF-stimulated CD34 |
progenitor aggregation was induced4i?-10 and Mig by means |
of CXCR3, we used anti-CXCR3 mAb to block the GM-CSF- "~ Isotype
stimulated CD34 progenitor aggregation activity oflP-10 and
Mig. The mAb completely blocked the aggregation of GM-CSF-
stimulated CD34 progenitors induced bylP-10 and Mig (Figure
6G and 6H, scored as 0), whereas it had no effect on the
aggregation of GM-CSF-stimulated CD34rogenitors induced
by SDF-1x (Figure 61, scored as2). The isotype antibody had no

blocking effect (Figure 6J, scored as 2Figure 6K, scored as#;
and Figure 6L, scored ast3.

Role of integrins in GM-CSF—-stimulated CD34
adhesion induced by yIP-10 and Mig

* progenitor

We next examined the expression of some integrins on GM-CSHe- cells were stained with the indicated anti-integrin mAbs. The data are from a
stimulated CD34 progenitors induced bylP-lO or Mig. Because Single experiment representative of 4 similar experiments performed.

Figure 6. Aggregation of CD34 * hematopoietic progenitors. ~ Aggregation induced
by yIP-10 (A, D, G, and J), Mig (B, E, H, and K), or SDF-1« (C, F, |, and L) is shown.
CD34* hematopoietic progenitors from human cord blood were either freshly isolated
(A-C), stimulated with GM-CSF (D-F), incubated with anti-CXCR3 mAb and stimu-
lated with GM-CSF (G-l), or incubated with isotype mAb and stimulated with GM-CSF
(J-L). Arrows indicate the aggregation clusters. The cells were photographed at X100
magnification. Aggregation in A, B, G, and H was estimated to be 0; thatin D, E, F, I, J,
and L to be 2+ to 3+; and that in C and K to be 4+. The photographs are
representative of 3 similar experiments.
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Figure 7. Double-color flow cytometric analysis of the distribution of different

integrins on CD34 * hematopoietic progenitors. The CD34* cells were either
stimulated with GM-CSF for 36 hours (A-G) or stimulated with GM-CSF and then with
vIP-10 for 8 hours (H-N). The cells were isolated from cord blood from a normal birth
and either preincubated with GM-CSF (10 ng/mL) for 36 hours only or preincubated
with GM-CSF and then stimulated with yIP-10 (100 ng/mL) for 8 hours. Subsequently,

we had already demonstrated th#?-10 and Mig each produced a
significant induction of GM-CSF-stimulated CD34rogenitor
adhesion and aggregation, we conducted additional experiments
investigate whetheylP-10 or Mig would enhance the expression
of integrins on GM-CSF-stimulated CD34progenitors. The
results of the flow cytometric analyses shown in Figure 7 indicat
that yIP-10 can significantly increase the expression of certai
integrins on GM-CSF-stimulated CD34rogenitors. On average,
there were 32.5% 5.1% CD494 cells on GM-CSF-stimulated
CD34" progenitors (Figure 7B), 31.5% 2.2% CD49¢ cells
(Figure 7C), 36.2%+ 7.8% CDA49d cells (Figure 7D), 42%+
10.2% CD49¢ cells (Figure 7E), 41.5% 12.5% CDA49f cells
(Figure 7F), and 39%t 7.7% CD49b cells (Figure 7G). After
stimulation withylP-10 (100 ng/mL) for 8 hours, the expression of
CD49a and CD49b was selectively and substantially up-regulated.
On average, there were 84% 2.8% CD494 cells onvyIP-10-
cultured GM-CSF—stimulated CD34%rogenitors (Figure 71) and
74.2% = 4.7% CD49b cells (Figure 7J). Statistical analysis for
the 4 experiments showed a significant difference in CD49a and
CD49b expression in GM-CSF-stimulated CD3#lls compared
with  GM-CSF-stimulated CD34 cells or yIP-10-stimulated
CD34" cells (both P <.003; n=4). On average, there were
45.7% = 4.5% CD49¢ cells on yIP-10—cultured, GM-CSF-
stimulated CD34 progenitors (Figure 7K), 45.5% 4.7% CD49d

cells (Figure 7L), 45.2%+ 3.8% CD49e cells (Figure 7M), and
46.2%=* 5.1% CD49f cells (Figure 7N). There was no significant
difference in CD49c, CD49d, CD49e, or CD49f cell expression in
GM-CSF-stimulated CD3% cells compared with GM-CSF-
stimulated ang/|P-10-stimulated CD34cells (allP > .05; n= 4).
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Figure 8. Adhesion of CD34 * hematopoietic progenitors from human cord
blood. Adhesion induced by yIP-10 (A), Mig (B), and SDF-1« (C) is shown. The cells
were either stimulated with GM-CSF alone (indicated by 1) or stimulated with
GM-CSF and then incubated with anti-CD49a mAb (2), anti-CD49b mAb (3),
anti-CD49a and anti-CD49b mAbs (4), or isotype 1gG1 (5; control for a-CD49a and
a-CD49b). The cells were preincubated with different mAbs (5 p.g/mL) for 60 minutes
at room temperature before the adhesion assay. All chemokines were applied at a
concentration of 100 ng/mL The data represent mean values from at least 3
experiments performed. Results are expressed as the mean + SD percentage of
adherent cells and are based on a triplicate determination of adhesion for each
antibody used.

Figures 7A and 7H show the results with isotype controls for

a-CD49a and a-CD49b.

We also observed that Mig (100 ng/mL) selectively and

substantially up-regulated the expression of CD49a and CD49b
GM-CSF-stimulated CD34 progenitors (data not shown). In

addition, we examined the expression of integrins on freshl
isolated CD34 hematopoietic progenitors. There was no signifi

BLOOD, 15 AUGUST 2000  VOLUME 96, NUMBER 4

progenitors in the absence of anti-integrin antibodies (about 90%).
Anti-CD49a or anti-CD49b mAb significantly inhibited the adhe-
sion of GM-CSF-stimulated CD34rogenitors induced bylP-10
(about 20% for each). However, the combination of anti-CD49a
mAb and anti-CD49b mAb almost completely abolished the
adhesion of GM-CSF-stimulated CD34rogenitors induced by
vIP-10 (< 10%), whereas isotype 1gG1 had no inhibitory effect on
adhesion (about 85%). A similar blocking effect on Mig-induced
adhesion of GM-CSF-stimulated CD3grogenitors was observed
by using a combination of anti-CD49a mAb and anti-CD49b mAb
(Figure 8B), whereas isotype 1gG1 had no inhibitory effect on
adhesion. In some experiments in which fibronectin replaced
laminin as the substratum, similar blocking effects of anti-CD49a
mAb and anti-CD49b mAb were observed (data not shown).
Interestingly, neither anti-CD49a mAb, anti-CD49b mAb, nor
isotype IgG1 significantly prohibited the adhesion of GM-CSF-
stimulated CD34 progenitors induced by SDFed(Figure 8C).
The results shown in Figure 8 indicate thdlP-10 or Mig induces
adhesion of GM-CSF-stimulated CDBgrogenitors by means of
up-regulation of some adhesion molecules (certain integrin
CD49a and CD49b). CD49a and CD49b may be important ligand
in the pathway of this reaction.

wily pepeojumog
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vIP-10 and Mig induce CXCR3 polarization on
GM-CSF-stimulated CD34 * progenitors

suoneolgndysey/:d:

Because cell migration induced by chemoattractant gradients
requires cell polarization and relative receptor redistribution, w¢:§
assessed the cellular distribution of CXCR3 during stimulation o
GM-CSF-stimulated CD34 progenitors withyIP-10, Mig, or
SDF-lx. As shown in Figure 9, CXCR3 was evenly distributed
throughout the GM-CSF-stimulated CD34rogenitors (Figure
9A). On stimulation of GM-CSF-stimulated CD34rogenitors
with yIP-10 (Figure 9B) or Mig (Figure 9C), a rapid redistribution <
of CXCR3 took place that resulted in movement of the receptors t&
the leading edge of the cells. The insets in Figure 9 show thg
clusters of CXCRS3 oriented in a certain direction. Figure 9D shows;
the CXCRS3 evenly distributed throughout the GM—CSF—stimuIatetg
CD34+ progenitors, although the cells migrated through theg
gradient of SDF-&, indicating that the polarization of CXCR3 on
the GM-CSF-stimulated CD34 progenitors is receptor-ligand
(yIP-10 and Mig) specific.
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cant difference between freshly isolated and GM-CSF-stimulate
CD34" hematopoietic progenitors in the expression of certai

integrins (data not shown).

Because we found a selective and substantial up-regulation

Figure 9. Assessment of cellular distribution of CXCR3 after stimulation. (A)
CXCR3 distribution on GM-CSF-stimulated CD34* hematopoietic progenitors be-

expression of CD49a and CD49b on GM-CSF-stimulated CD34re the chemotaxis assay. After stimulation, the CXCR3 receptors redistributed to

progenitors induced bylIP-10 or Mig, we explored the role of

the leading edge of the polarized migrating GM-CSF-stimulated CD34* hematopoi-

these integrins in the adhesion of GM-CSF—stimulated C"D3ZFUC progenitors, toward yIP-10 (B), Mig (C), or SDF-1a (D). The CD34* cells were

stimulated with GM-CSF for 36 hours and then subjected to the chemotaxis assay.

progen!tors |ndu_ceql_by IP-10 qr Mlg' As ShOWﬂI n Flgure 8AThe migrating cells were collected and stained and then photographed under
vIP-10 induced significant adhesion in GM-CSF-stimulated CD34pifluorescence conditions (original magnification X 1200; bar, 12 pm).
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Our finding thatylP-10 and Mig do not induce freshly isolated
Discussion CD34" progenitor chemotaxis and adhesion are in agreement with
the results of Kim and Broxmeyétwho observed that the CXCR3
The mechanisms and specific molecules involved in the mobilizigands yIP-10 and Mig did not induce chemotaxis of freshly
tion of hematopoietic progenitor cells from the hematopoietic orgaigplated CD34 hematopoietic progenitors but that another CXCR3
into peripheral blood, in the homing of hematopoigtiogenitor cells, ligand, SLC, is a potential trafficking factor for hematopoietic progeni-
and in their trafficking through the hematopoietic organs durinigrs. Interestingly, we found that GM-CSF is a strong inducer of
maturation are unclear. Hematopoietic progenitor cells expre®¢pression of CXCR3 on progenitors at the mRNA and protein levels.
CXCR#2 and migrate toward a gradient of the chemotactic facté?nly GM-CSF-stimulated CD34 progenitors had chemotactic
SDF-1.23 CXCR3 is not broadly expressed in cells of the immun@ctivity towardylP-10 and Mig. These results indicate thatmatopoi-
system: 40% of resting T lymphocytes and low numbers of B celdic progenitors express different chemokine receptors at different
and natural killer cells were found to stain positive for CXCR3. stages of maturation and these receptors have different affinity to
Interestingly, pretreatment with IL-2 resulted in cultures of fullytheir ligands atthe different stages. During the maturatitreofatopoi-
responsive, CXCR3-positive T lymphocy®sCXCR3 has been etic progenitors, GM-CSF plays a important role in the induction of
identified as the receptor foylP-10, Mig, secondary lymphoid- expression of chemokine receptors and increases their affinity.
tissue chemokine (SLC) (6Ckine and I-T&R€2> CXCR3 and Transplanted human hematopoietic cells must retain specifig
CCR5 are preferentially expressed on human Thl lymphocytésihesive capacity to interact with the vascular endothelium of the
whereas CCR4 and CCR3 are preferentially expressed on Th2 lymph@ne marrow® Murine hematopoietic progenitor cells interact in g
cytes? Lymphocytic cells and cerebrospinal fluid T céfism patients vivo with both P-selectin and E-selectin on vascular endotheliung
with active multiple sclerosis are significantly enriched with cell§f bone marrow? Optimal recruitment of hematopoietic progeni
expressing CXCR3 or CCRByIP-10 plays a role in the epidermo tor cells to the bone marrow requires the combined action of bot
tropism of cutaneous T-cell lymphom&ylP-10 and Mig appear to Selectins and vascular cell adhesion molecuie®1The rolling of 5
target stimulated lymphocytes specifically, but have no activity di¢matopoietic progenitor cells on bone marrow endothelium mag
either neutrophils or monocyt&sThe gene for CXCR3 is on human be accompanied by a coordinated sequence of adhesive and activatg)n
chromosome Xq13, suggesting unique functions for this receptor andi¥eNts leading to cell arrest, a critical step in the successful extravasatign
ligands beyond their established role in T-cell-dependent imnidnity?f blood-bome cells to extravascular sit¢¥ Leukocyte function—

The function of adhesion molecules on the surface of leukgssociated molecule 1 (LFA-1) anery late antigen (VLA) 4 are
cytes is critically regulated by activating events triggered b§onstitutively expressed by cord blood CD34ematopoietic
chemoattractants binding to specific receptors on the leukotyte®rogenitors in inactive form& LFA-1 binding to endothelial
Hematopoietic progenitor cells home to the extravascular Compdﬁgercellular adhesmn molgcule 1 is the principal adhesive interac
ment of the bone marrow during transplantation. Multipotential arpn that mediates the firm arrest of leukocytes on vasculag
self-renewing hematopoietic cells migrate to the bone maimam the ~ €ndotheliunt#2 Murine hematopoietic progenitors roll in vivo
fetal liver during fetal development. In the other direction, hemat&@/ond bone marrow microvessels that display selectins and intégrins
poietic progenitor cells are mobilized from the bone marrow to trePF-1 is expressed at high levels on bone maadothelium and
peripheral blood in response to injected cytokines such as GM-c§fimulates a firm integrin-dependent adhesion of circulating CD34
granulocyte colony-stimulating factor (G-CSF), and Steel factor (SLF)Progenitors to the bone marrow microvasculatire.

How do multiple chemoattractants cooperate in directing the We demonstrated that up-regulation P-10-induced and -
migration of hematopoietic progenitor cells for homing and periphery|ig-induced integrins (CD49a and CD49b, also called VLA-1 andg
blood mobilization? SDF-1 and SLF were found dooperate in YLA-2) plays a crucial role in the adhesion of GM-CSF-stimulatedsg
attracting MO7e cells, cord blood cells, and bone marrow CD34°D34" progenitors. This finding suggests thdP-10, Mig, and =
cells32 SDF-1 and SLF, along with other unidentified bone marrofi"€ir receptor, CXCRS, take part in the multistep mobilization of2
chemoattractants, may be involved cooperatively in the migratigffMatopoietic cells of migration to or from the bone marrow duringe
of hematopoietic progenitor cells to the bone marrow ami@venting their development, as well as mutugl-dlrectlon mObI|.I2atI.0n be-<g
spontaneous mobilization of hematopoietic progenitor cells out Bf€en the bone marrow and the peripheral blood during immun&
the bone marro? Chemokines play a direct role in mobmzationreactlons._Adhesmn molecules, including integrins, are important
of hematopoietic stem cells, although cytokines have other furftl@Ments in these processes. _
tions, such as proliferation, modulation of adhesion molecules, ang'" Summary, we found tha4IP-10 and Mig, by means of
alteration of the blood—bone marrow barrier. For example, G-C$<CR3 induced by GM-CSF, activate CD3grogenitor cells to

and GM-CSF appear to have no chemotactic or chemokinétictsfon chemotaxis and adhesion. This finding provides a useful insight

hematopoietic stem cells, whereas SLF, IL-3, and IL-11 have beljffo novel mechanisms of action §fP-10 and Mig that may be

reported to chemoattract murine hematopoietic progenitor €ells. thpe(;:a”y llmportagt mﬂt}he :ytpkllne_/chemclkln? en\lljl_rlc_)anent fo(;
In the current study, we demonstrated théP-10 and Mig € physiologic and pathophysiologic events of mobilization an

activate hematopoietic progenitors to chemotaxis and adhesionrbq{mng dl.m.ng prollfe_ratlon, differentiation, and maturation of
induction of CXCR3 by GM-CSF. To our knowledge, this is thd €Matopoietic progenitor cells.

first report of CXCR3 expression on human hematopoietic progeni-

tors induced by a growth factor—like cytokine, and it provides the
first direct evidence of biologic activity of hematopoietic progeniacknowledgments

tors induced by CXC chemokineglP-10 and Mig. A rather

complex picture is beginning to form regarding how hematopoietite thank Gitte Pedersen, Anne Corfitz, Ulla Minuva, and Tina
progenitors selectively enter different hematopoietic organs, nédbrtensen for excellent technical assistance and Dr Fritz vidovBu

on sites, differentiate, and further transmigrate into function#stitute of Anatomy, Panum Institute, University of Copenhagen,
destinations to cause physiologic and pathophysiologic evemenmark, for assistance in immunofluorescence digital confocal
during continuous interaction with chemokines and cytokines. microscopy.
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