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In Vitro Behavior of Hematopoietic Progenitor Cells Under the Influence
of Chemoattractants: Stromal Cell-Derived Factor-1, Steel Factor,
and the Bone Marrow Environment

By Chang H. Kim and Hal E. Broxmeyer

How multiple chemoattractants cooperate in directing the
migration of hematopoietic progenitor cells (HPC) for hom-
ing and peripheral blood mobilization has not yet been
established. We report here the behavior of HPC under the
influence of two different chemoattractants, stromal cell-
derived factor (SDF)-1 and steel factor (SLF), and the chemo-
tactic nature of the bone marrow (BM) environment using a
two-chamber in vitro migration system. Various formulae
were adopted to quantitate these effects. Based on these
quantitations, SDF-1 showed only chemotactic activity, while
SLF showed both chemotactic and chemokinetic activities
on factor-dependent MO7e cells. SLF, like SDF-1, attracted
human HPC from a population of CD34+ cells and induced
actin polymerization in MO7e cells. SLF and SDF-1 cooper-
ated in attracting MO7e cells, as well as cord blood (CB) and

and SDF-1, formed by the presence of chemoattractants in
the upper chamber, showed potent inhibitory effects on
MO7e cell migration induced by either of these chemoat-
tractants in the lower chamber, and SDF-1 and SLF were
synergistic in mobilizing cells to the lower chamber from this
negative chemoattractant gradient. Plasma obtained from
BM aspirates, but not CB or peripheral blood, showed strong
chemotactic effects on BM and CB CD34* cells, and an
inhibitory effect in a negative gradient on SDF-1-dependent
CD34+* cell migration. These in vitro migration experiments
suggest that chemoattractants such as SDF-1 and SLF with
other unidentified BM chemoattractants may be involved
cooperatively in the migration of HPC to the BM and in
preventing spontaneous mobilization of HPC out of the BM.
© 1998 by The American Society of Hematology.

BM CD34* cells. A negative concentration gradient of SLF

EMATOPOIETIC progenitor cells (HPC) home to the powerful chemoattractant for lymphocytes, monocytes, and
extravascular compartment of the bone marrow (BM) primary CD34 cells!516 Mice lacking SDF-1 died perinataly

during transplantatiol® Also, during fetal development, the and had reduced numbers of B-cell progenitors in fetal liver and
multipotential and self-renewing hematopoietic stem cells mi-BM.1” These mutant mice also showed reduced numbers of
grate to the BM from the fetal liver. Chemoattractants may playmyeloid progenitor cells in BM, but normal numbers in fetal
a role in directing migration of hematopoietic stem cells andliver. These results suggested that SDF-1 might be involved in
HPC to the BM, but this has not yet been clearly defined. Inthe migration of hematopoietic stem cells from fetal liver to BM
another direction, HPCs are mobilized from the BM to the during fetal development. SDF-1 is a ligand for the LESTR/fusin/
peripheral blood (PB) in response to injected cytokines such a&€XCR4 receptor and prevents T-cell line-adapted human immu-
granulocyte-macrophage colony-stimulating factor (GM-CSF),nodeficiency virus (HIV)-1 infectio8-22 SDF-1 mobilizes
granulocyte colony-stimulating factor (G-CSF), and Steel factorcalcium and reorganizes actin structure in CXCR4-transfected
(SLF)89The mechanisms involved in this mobilization of HPC Chinese hamster ovary celfs16
from BM to PB are not known. It is possible that chemoat- Two types of chemoattraction are distinguishable on the basis
tractants may play a direct role in mobilization of HPC, of direction of cell attraction in various chemoattractant gradi-
although other functions of cytokines such as proliferation,ents. Chemotaxis is the attraction of cells only in a positive
modulation of adhesion molecules, or alteration of the blood-BMgradient, while chemokinesis reflects activation of cell motility
barrier, may be important for these effett&or example, and an induction of cell migration in a random direction by a
G-CSF and GM-CSF appear to have no chemotactic or chemazshemoattractant. The concepts and method of quantitation of
kinetic effects on HPC, while SLF, interleukin (IL)-3, and IL-11 these two characteristics of chemoattractants are only beginning
have been reported to chemoattract murine HPC. to be evaluated for hematopoietic stem and progenitor cells.

Stromal cell-derived factor-1 (SDF-1), also called pre-B—cell SLF showed chemotactic effects on mast cells and small-cell
growth-stimulating factor (PBSH'*has been reported to be a lung cancer cell lines expressing c-&&*Murine SLF has been
reported to be a chemotactic and chemokinetic factor for murine
HPC. However, a role for SLF as a chemoattractant for human
HPC has not yet been establisHéd.
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MATERIALS AND METHODS

Cells. Heparinized human CB was collected from healthy, full-
term neonates according to institutional guidelines immediately after

100 Blood, Vol 91, No 1 (January 1), 1998: pp 100-110


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V91.1.100&domain=pdf&date_stamp=1998-01-01

HEMATOPOIETIC PROGENITOR CELL MIGRATION 101

vaginal delivery. Human BM was collected from healthy donors after chemotaxis buffer. For blocking the effects of SLF, anti-SLF antibody
receiving informed consent. CB and BM aspirates were diluted 1:3 with(10 pg/mL, final concentration) was added in the upper and lower
phosphate-buffered saline (PBS) containing 2 mmol/L EDTA, pH 7.4 chambers of the migration system.

(Sigma, St Louis, MO). Diluted CB and BM cells were separated by Preparation of BM, CB, and PB plasma for chemotaxi8M was
density gradient centrifugation on Ficoll-paque (1.077 g/mL) (Biochem aspirated from donors’ iliac crest. BM aspirates and PB for each
KG, Berlin, Germany). Mononuclear cells were resuspended in PBSexperiment were obtained from the same donor within minutes of each
containing 0.5% bovine serum albumin (BSA) and 2 mmol/L EDTA at other. Heparinized BM, PB, and CB were centrifuged (1¢)005

3 X 18 cells/mL. These cells were further processed by magnetic celiminutes, 25°C). Plasma supernatants were collected and diluted twofold
sorting (MACS) CD34 isolation kit (Miltenyi Biotec, Auburn, CA)to  (final concentration) with chemotaxis buffer for the chemotaxis experi-
positively select CD34 cells. The purity of isolated CD34cells was ments. BM and PB plasma obtained from the same donor were used for
from 85% to 98%. each experiment to rule out individual differences.

The growth factor—dependent myeloid cell line, MO7e, was main-  Actin polymerization assay. This assay was performed according to
tained in RPMI-1640 medium supplemented with 20% fetal calf serumthe study by Howard and Mey&mwith some modifications. MO7e cells
(FCS) (Hyclone Laboratory, Logan, UT) and 100 U/mL GM-CSF. The were resuspended in RPMI 1640 with 0.1% BSA at 1.2510°
biological characteristics of this cell line have previously been de-cells/mL. SDF-1 (100 ng/mL) or SLF (10 pug/mL) was added to the cell
scribed?®27 M2-10B4 (American Type Culture Collection, Rockville, solution, and 0.4 mL cell solution was transferred to 0.1 mL fluorescein
MD, CRL-1972), a mouse stromal cell line, was maintained in RPMI isothiocyanate (FITC)-phalloidin solution (% 107 mol/L FITC-

1640 containing 10% FCS. labeled phalloidin, 0.5 mg/mL &—lysophosphatidylcholine, 18% form-

Cytokines, chemokines, antibodies, and other reagentShemi- aldehyde in PBS, all from Sigma Chemical Co) to stain and fix the cells.
cally synthesized SDF-1 was a kind gift from Dr lan Clark-Lewis Cells were further incubated for 10 minutes at 37°C, centrifuged, and
(University of British Colombia, Vancouver, Canada). Highly purified resuspended in 0.5 mL of 1% paraformaldehyde solution. Mean
recombinant human SLF, GM-CSF, and IL-3 were kind gifts from fluorescence was measured by FACscan (Becton Dickinson).
Immunex Corp (Seattle, WA). Erythropoietin (EPO) was purchased Colony-forming cell assays for HPC.Migrated or input cells were
from Amgen Corp (Thousand Oaks, CA). Phycoerythrin (PE)- plated at concentrations not exceeding 300 CD&dlls/mL in 35-mm
conjugated anti-CD34 monoclonal antibody was purchased from Becplastic tissue culture dishes (Costar, Cambridge, MA) containing 1
ton Dickinson (San Jose, CA). TRI-COLOR-conjugated anti—c-kit U/mL recombinant human (rhu) EPO, 100 U/mL rhu GM-CSF, 100
monoclonal antibody was purchased from CALTAG Laboratory (Burl- U/mL rhu IL-3, with or without 50 ng/mL rhu SLF in 1.1% methylcellu-
ingame, CA). Antihuman SLF neutralizing antibody was purchasedlose culture medium containing 30% FB% The cultures were
from R&D Systems (Minneapolis, MN). Pertussis toxin was purchasedincubated at 37°C in a 100% humidified atmosphere of 5% @D
from Sigma Chemical Co. lowered (5%) Q. After 14 days of incubation, burst forming unit-

In vitro two-chamber migration assay.Chemotaxis and chemokine- erythroid (BFU-E), and colony-forming unit-granulocyte macrophage
sis were assayed by a modification of checkerboard &8saye (CFU-GM) were scored from the plates containing IL-3, GM-CSF, and
hundred microliters of chemotaxis buffer (RPMI 1640, 0.5% crystal- EPO, and mixed cell (CFU-granulocyte erythroid macrophage mega-
lized deionized bovine serum albumin [BSA; Calbiochem, San Diego,karyocyte [GEMM]) colonies were scored from the plate containing
CA], and antibiotics) containing cells were added to the upper chambetL-3, GM-CSF, EPO, and SLF. BFU-E, CFU-GM, and CFU-GEMM,
of a Costar Transwell (Cambridge, MA, 6.5 mm diameter, 5 pm pore; awhich respectively identify erythrocyte, granulocyte-macrophage, and
5 um pore was shown in preliminary experiments to be optimal for multipotential progenitor cells, were scored in situ with an inverted
migration of MO7e and CD34cells in response to chemoattractants microscope using standard criteria for their identifica@id#.
with low background migration), and 0.6 mL of chemotaxis buffer was Measurement of kinetics of diffusion, migration, and proliferation/
added to the lower chamber. 26 10° MO7e cells or 1 to 2x 1(° survival effect of cytokines.For diffusion experiments, SLF was added
CD34" cells were used for each Transwell. Various amounts of at final concentration of 10 ng/mL (600 pL in the chemotaxis buffer) to
chemoattractants or test plasmas were added to the chemotaxis bufferihe lower chamber and washed X8.0° MO7e cells (100 pL volume in
the upper and/or lower chamber to form various chemoattractanthe chemotaxis buffer) were added to the upper chamber. At various
concentration gradients. Positive gradienti{Pivas made by adding time points, contents from each chamber were collected and centrifuged
chemoattractant to the lower chamber, negativ€0f gradient was to separate cells from the buffer. Cells were fixed in 1% paraformalde-
made by adding chemoattractant to the upper chamber, and zerbyde and viable cell numbers were counted within 24 hours by flow
gradient was made by either adding chemoattractant to both chambers/tometry. Viable cells and dead cells were distinguished on side scatter
(+/+) or by not adding chemoattractant to either chamber (0/0).and forward scatter channels. Supernatants were store@QC until
Chambers were incubated at 37°C, 5% 6r 4 to 5 hours, or the  measurement of SLF concentration. SLF concentration was determined
indicated time periods. Cells migrating into the lower chamber wereby the Quantikine (R&D Systems). For measurement of proliferation
counted using a FACscan (Becton Dickinson), with appropriate gatingand survival effects of cytokines, 256 10° MO7e cells per well were
for 20 seconds at a high flow rate. Average cell number and standarddded to 24-well plates containing chemotaxis buffer with SDF-1 (100
deviation was calculated from triplicated experiments. The number ofng/mL), SLF (10 ng/mL), or control medium. At various time points,
events acquired for 20 seconds was approximately between 50 (meMO7e cells were harvested and fixed in 1% paraformaldehyde for
dium) and 800 (SDF-1+ SLF) (CD34" cells), and 0 (medium) and viable cell counting by flow cytometry.

3,000 (SDF-% SLF) (MO7e cells), when 2.5 10° MO7e cells/well or Calcium flux responses in M07e cellsMO7e cells washed with
1to 2 X 10°P CD34" cells/well were added. Percent migration was PBS were loaded with 2.5 pmol/L FURA-2 AM in Hanks' balanced salt
determined by calculating percentage of input cells migrated into thesolution (HBSS) (Sigma Chemical Co), pH 7.4, supplemented with
lower chamber (average events for 20 secordaverage input cell 0.05% BSA at 37°C for 45 minutes, and washed twice with PBS.
events for 20 seconds 100). For in vitro mobilization experiments, FURA-2 AM-loaded cells were resuspended in HBSS supplemented
indicated amounts of SDF-1 and SLF were added with cells to the uppewith 0.05% BSA at 5X 1(° cells/mL, and placed in a continuously
chamber to form a negative gradient of chemoattractants, and mobilizstirred cuvette at 37°C in a MSlII fluorimeter (Photon Technology Inc,
ing chemoattractants were added to the lower chamber to mobilize cellSouth Brunswick, NJ). Fluorescence was monitored at 340 and 380 nm
from the upper chamber. For inhibition of SDF-1 effects, MO7e cells for excitation and 510 nm for emission. The data were recorded as the
were pretreated for 1 hour with pertussis toxin (500 ng/mL) in the relative ratio of fluorescence excited at 340 and 380 nm. Data were
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collected every 1 second. SDF-1 was used at a final concentration of 58 DF-1 or medium began to decrease. There was 45% increase
nmol/L. in MO7e cell number during a 19-hour incubation with SLF
Statistics: Results, shown as meap standard deyiation (SQ), {:n.'e between the 5- and 24-hour time point (Fig 2C). However, the
rgpresentatlve of at Igast three different experiments. Slgnlflcantce” number scored by chemotaxis experiment increased 500%
differences were determined by use of Studertst. . . . .
in response to SLF in the lower chamber during the same time
RESULTS period (Fig 2A) suggesting most of the increased cell number in
the chemotaxis system was due to SLF-dependent cell migra-
tion rather than proliferation. We noted that the 4- to 5-hour time
point was the best time point to study chemotaxis and chemoki-
nesis because the indirect effects of cytokines on a cell
proliferation and survival were negligible and the chemotaxis
fissay system maintained an effective chemoattractant gradient
during this period.

SDF-1 and SLF are efficient chemoattractants for MO7e
cells and SLF, but not SDF-1, has chemokinetic activity.
SDF-1 showed maximum cell attraction (over 30% MO7e cell
migration) around 100 ng/mL in a positive gradient {0/
during a 4-hour incubation period (Fig 1A). This optimum
concentration range for MO7e cells was similar to the reporte

concentration for BM CD34 cell chemotaxig> At 1,000 ch Kineti . be defined h ,
ng/mL, cell migration was significantly decreased from maxi- emokinetic activity can be defined as a chemoattractants

mal levels. SLF was also a good chemoattractant for MO7eablllty to |ndu_ce random cell migration underﬁ zero chemoat-
cells. It usually attracted more than 20% of input cells at jptractant gradient{/+). SLF, but not SDF-1, showed a strong

ng/mL optimum concentration during a 4-hour incubation (Fig chemokinetic effect on MO7e cells in a zero gradieft {)

1B). SLF-dependent MO7e migration was decreased signifi{"i9 1A and B). A clearer picture of the chemotactic activity of
cantly at 100 ng/mL. We examined MO7e cell migration over SDF-1 and the chemotactic gr)d chemokinetic activity of SLF.
time up to 24 hours in the Transwell chemotaxis system.can be seen by use of a modified checkerboard assay shown in
SDF-1-dependent migration occurred only within 5 hours and’@ple 1 and as described below. .
after 5 hours, no more migration was observed (Fig 2A). We evaluated the ability of SLF and SDF-1 to reorganize
However, SLF-dependent migration continuously increasedfctin cytoskeletonin MO7e cells. SLF at 10 ng/mL, an optimum
during the 24-hour period (Fig 2A). We examined cytokine concentration for chemotaxis, was an efficient inducer of actin
diffusion in the Transwell chemotaxis system using SLF as aPolymerization (Fig 3). SDF-1 at 100 ng/mL, an optimum
model molecule. We added SLF at 10 ng/mL in the chemotaxisconcentration for chemotaxis, induced actin polymerization in
buffer to the lower chamber (volume 600 pL) and 100 pL of the MO7e cells, similar to that reported in T cells by ot #éxshere
chemotaxis buffer containing no SLF to the upper chamber, andhey used a higher concentration of SDF-1 (1,000 ng/mL).
measured SLF concentration by enzyme-linked immunosorberft-actin polymerized by SLF depolymerized more slowly than
assay (ELISA) in both chambers at different time points up tothat of SDF-1 demonstrating a difference in kinetics of actin
24 hours. SLF concentrations in the upper and lower chamberégorganization.

reached complete equilibrium at the 14-hour time point (Fig Quantitation of chemotactic and chemokinetic activities.
2B). After 3 and 5 hours, respectively, the SLF concentration ofTo clarify the chemotactic and/or chemokinetic activities of
the upper chamber reached approximately half and 80% of SLEhemoattractants, we have proposed a number of different
concentration of the lower chamber (Fig 2B). To exclude theformulae to quantitate and compare effects (Table 2) that are
possibility that the increased cell number in the lower chambefbased on the data in Table 1. SDF-1 had a maximum chemotac-
was due to indirect effects of SDF-1 and SLF on survival andtic activity (MCTA) around 30% and the specific MCTA was
proliferation of MO7e, we scored the viable cell number after about 0.3%/ng/mL. MCTA and specific MCTA of SLF were
incubation of MO7e cells in the chemotaxis buffer containing about 23% and 2.3%/ng/mL, respectively. Considering the
SDF-1, SLF, and medium at different time points. During the molecular weights of the two chemoattractants tested (SDF-1, 8
first 5-hour incubation, there is no difference in viable cell kD; SLF, 31 kD), SLF was a far (25-fold) more efficient
numbers among MO7e cells incubated in SDF-1, SLF, orchemoattractant than SDF-1, although its MCTA was lower
medium (Fig 2C). After 5 hours, MO7e cells incubated in SLF than that of SDF-1. Maximum chemokinetic activity (MCKA)
slowly increased in cell number, while MO7e cells incubated inof SLF was 16.3%, while that of SDF-1 was negligible. The
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Table 1. Effects of SDF-1 and SLF on Migration of MO7e Cells
Assessed by Checkerboard Assay

SDF-1 Concentration (ng/mL) in Upper Chamber

2500 SDF-1 Concentration (ng/mL)
in Lower Chamber* 0 1 10 100 1000
= 2000 - 0 0 0 0 0 0
5 1 0.3 0 0 0 0
8 1500 10 13.4 66 09 0 0
5 100 322t 312 1.7 16t 0
:;. 1000 - 1,000 14.4 143 118 4.2 0.6
% SLF Concentration (ng/mL) SLF Concentration (ng/mL) in Upper Chamber
o 500 in Lower Chamber* 0 01 1 10 100
0 0 0 0 0 0.4 21
0.1 0.2 0 0.2 0.3 1.7
1 35 22 1.8 1.0 2.6
10 2268 235 204 16.3| 1.7
100 6.0 75 5.9 5.1 2.6
B 1200 $0 ° ® *Cells were added to the upper chamber and the indicated chemoat-
1000 - @ ‘ tractants were added to either the lower or upper chamber. Results
: shown are the percentages of cells that migrated into the lower
= 800- [ ] chamber and are representative of three independent experiments.
E n TFigure used to determine MCTA of SDF-1 for Table 2.
) 600 - fFigure used to determine MCKA of SDF-1 for Table 2.
E‘: m 8Figure used to determine MCTA of SLF for Table 2.
L. @ Lower |Figure used to determine MCKA of SLF for Table 2.
d 400
[ ] B Upper
200 chemotactic-chemokinetic index (CCI) shows the relative ratio
of chemotactic activity to chemokinetic activity and can be used
0= ! ! ! ' as quantitative criteria to determine whether a chemoattractant
0 5 10 15 20 25 is a pure chemotactic factor or a chemotactic and chemokinetic
factor. The CCI of SDF-1 was 20 meaning its chemotactic
activity is 20 times stronger than its chemokinetic activity. CCl
C 12000 of SLF was 1.38 meaning its chemotactic activity is comparable
e to its chemokinetic activity. Relative chemokinetic activity
10000 P (RCKA) is a figure to be used to assess the relative chemoki-
S MMW netic activity of a chemoattractant to the chemotactic activity.
3 8000 - Lower RCKA, eg, less than 10%, suggests very low chemoki-
S netic activity, while RCKA close to 100% suggests very high
@ 6000 chemokinetic activity. Overall, these quantitations demon-
3+ —#— Medium
= 4000
() @ SLF 250 :
2000 SDF-1 ~@- SLF (10 ng/ml)
0 —@- SDF (100 ng/ml) ¢
0 5 10 15 20 25 200 - —4&— Medium |
Hours

Fig 2. Kinetics of MO7e cell migration, diffusion of SLF, and
survival/proliferation effects of SDF-1 and SLF. (A) MO7e cell migra-
tion was monitored during 24 hours at indicated time points after
setting initial positive gradients with SDF-1 (100 ng/mL) and SLF (10
ng/mL). Viable cell numbers in the lower chambers were counted and
the average and range of duplicate were shown. (B) Diffusion of SLF
from the lower chamber to the upper chamber was monitored at
indicated time points. SLF (10 ng/mL) was added to the lower
chambers of the Transwell system to form a positive gradient. (C)
MO7e cells were incubated in 24-well plates containing SLF (10
ng/mL), SDF-1 (100 ng/mL), or medium. At indicated time points,
viable MO7e cells were counted (see Materials and Methods for
details).
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Fig 3. Actin polymerization in MO7e cells induced by SDF-1 and
SLF.
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Table 2. Quantitation and Comparison of Chemotactic and
Chemokinetic Activities of SDF-1 and SLF on MO7e Cells

Definitions* SDF-1 SLF
Maximum chemotactic activity (MCTA) (%) T 32.2 22.6
Specific MCTA (%/ng/mL)¥ 0.322 2.26
Maximum chemokinetic activity (MCKA) (%)8 1.6 16.3
Specific MCKA (%/ng/mL)|| 0.016 1.63
Chemotactic-chemokinetic index (CCI)f 20 1.38
Relative chemokinetic activity (RCKA) (%)# 5 72

*All the calculations in this table were based on the data of checkerboard
experiments as shown in Table 1. Net migration after subtraction of
background migration should be used for calculation if the background
level is high. Background migration is the cell migration occurring at zero
concentration of a chemoattractant, and dependent on cell types and
chemotaxis system used. In this experiment, the background is zero.

tA chemoattractant’s maximal ability to induce migration of a type
of cells in a positive gradient. MCTA of SDF-1 (32.2%) was determined
at 100 ng/mL of SDF-1 only in the lower chamber, and MCTA of SLF
(22.6%) was determined at 10 ng/mL of SLF only in the lower chamber
(see Table 1 for these figures).

FMCTA per ng/mL chemoattractant, eg, specific MCTA (0.322 %/ng/
mL) of SDF-1 was calculated by dividing MCTA (32.2%) with the
concentration of SDF-1 (100 ng/mL) used.

§A chemoattractant’s maximal ability to induce cell migration in a zero
gradient formed by equal concentrations of the chemoattractant in both
chambers. MCKAs of SDF-1 and SLF were determined at 100 ng/mL and 10
ng/mL, respectively in both the upper and lower chambers.

|[MCKA per ng/mL chemoattractant, eg, specific MCKA (1.63%/ng/
mL) of SLF was calculated by dividing MCKA (16.3%) by the concentra-
tion of SLF (10 ng/mL) used.

TThe relative strength of the chemotactic activity compared with the
chemokinetic activity of a chemoattractant for a type of cells. This
equals MCTA divided by MCKA, eg, CCI (20) of SDF-1 was calculated
by dividing MCTA (32.2%) by MCKA (1.6%).

#The relative chemokinetic activity of a chemoattractant for a type
of cells. This equals the percentage of MCKA divided by MCTA, eg,
RCKA (5%) of SDF-1 was calculated by dividing MCKA (1.6%) by MCTA
(32.2%), and multiplying by 100.
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SLF, we examined the effects of SLF and SDF-1 on CB and BM
CD34" cells. It has been reported that mouse SLF is both
chemotactic and chemokinetic for mouse HPQ was also
reported that human SLF might not have any chemotactic
activity toward human CD34cells15 By counting the migrated
cell number, the chemotactic effect of SLF was barely detect-
able on CD34 cells (Fig 4A). However, the HPC colony-
forming assay of migrated cells clearly showed the chemotactic
effect of SLF on HPC on the total CD34ell population (Fig
4B). SLF attracted about 5% to 15% of HPC from input CD34
cells within 5 hours. Because Okumura efaibserved that
murine SLF attracted murine HPC at 12- and 24-hour time
points, we also examined the chemotactic effects of SLF on
human HPC at a longer time point (14 hours). After 14 hours,
SLF-dependent HPC migration reached up to 30%, which was
twofold of that which occurred after 5 hours, and the optimal
concentration of SLF for HPC attraction was about 50 ng/mL
(data not shown). This appeared to be due to SLF-dependent
migration not being sensitive to breakdown of the chemoat-
tractant gradient, which can continue even after equilibration of
SLF in both chambers (Fig 2A and B). We did all other HPC
chemotaxis experiments using a 5-hour readout system. As
shown in Fig 5A and B, SDF-1 is a strong chemotactic factor for
human CD34 cells, similar to that reported by othéf&sin this
context, when added together with SDF-1 to the in vitro
migration system, SLF significantly increased SDF-1-depen-
dent chemotaxis of CB and BM CD34ells during a 5-hour
migration period (Fig 5A and B). The cooperativity between
SDF-1 and SLF for HPC attraction was demonstrated by
colony-forming cell assays (Fig 5C).

Combined chemotactic effects of SDF-1 and SLF on MO7e
cells. We evaluated the combined effects of SDF-1 and SLF in
a positive gradient using MO7e cells as a model system because
this cell line responded well to both SDF-1 and SLF (Tables 1
and 2, Fig 1). As shown in Fig 6A, the combination of SDF-1
and SLF induced additive effects. This suggested that SDF-1—

strated that SDF-1 was a chemotactic, but not a chemokinetidependent chemotaxis was not redundant or overlapping with
factor, while SLF had both chemotactic and chemokineticSLF-dependent chemotaxis and that these two chemoattractants

activities.

Effects of SDF-1 and SLF on CD834cells. To better

might cooperate in inducing MO7e cell migration. The additive
effect was apparent within the range of the different concentra-

evaluate the relevance of the chemotactic effects of SDF-1 antlons of SDF-1 and SLF assessed (Fig 6B).

Fig 4. Chemotactic activity of SLF on HPC. Migra-
tion of cells into the lower chamber was assessed by
either total CD34+ cell counting (A) or HPC colony-
forming cell assay (B) SLF (50 ng/mL) was added to
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the lower chamber to attract CB CD34+ cells for 5
hours. *Significant difference from control, P < .02.
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Fig 5. Combined effects of SDF-1 and SLF on CB CD34+ (A), BM
CD34+* (B) and CB HPC cells. Cells migrated into the lower chamber
were counted (A and B) or assayed for HPC (C) after the indicated
chemoattractants (SDF-1 at 100 ng/mL for part A and B, 50 ng/mL for
part C; SLF at 50 ng/mL for part A, B, and C) or control medium were
added singly or in combination to either the upper or lower cham-
bers. *Significant difference from controls (second bar to the left for
part A and B, and medium for part C, P < .05). **Significant change
from migration induced by either SLF or SDF-1 alone, P < .005.

SDF-1 in a negative gradient inhibits SDF-1- and SLF-
dependent chemotaxis and chemokinesie presence of
SDF-1 in the lower chamber (a positive gradientt-pinduced
cell migration into the lower chamber, while negative/Q) or
zero (+/+) gradient did not attract cells (Table 1). These
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Fig 6. Combined effects of SDF-1 and SLF on MO7e cells. Migra-
tion of cells into the lower chamber after (A) SLF(10 ng/mL) and/or
SDF-1 (100 ng/mL) were added to the lower chamber, or (B) SDF-1
and/or SLF were added to the lower chamber in combination at
different concentrations (shown in ng/mL). *Significant difference
from the second or third bar to the left, P < .05.

at its most effective concentration (10 ng/mL SLF for MO7e
cells) by 40% to 50% (Fig 7). However, SLF in the upper
chamber had no inhibitory effect on SDF-1-dependent migra-
tion, even though it inhibited the migration of SLF-itself (Fig 7).
Many chemokines are known to desensitize their receptors so
that cells are unable to further react to the chemokines. A
negative concentration gradient of SDF-1 is an effective condi-
tion for SDF-1 to bind cells and thus an efficient desensitization
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Upper:

observations led us to hypothesize that SDF-1 in the upper Fig 7. Inhibitory effects of SDF-1 or SLF in the upper chamber on

chamber might inhibit the migration of cells into the lower

chamber. We tested this inhibitory effect of SDF-1 on SLF-

MO7e cell migration with SDF-1 and/or SLF in the lower chamber.
SDF-1 (100 ng/mL), SLF (10 ng/mL), and/or control medium were
added to either the upper or lower chamber as indicated. Significant

dependent migration of MO7e cells. SDF-1 (100 ng/mL) in the gifference between bars, aand b (P < .01), aand ¢ (P < .02), d and e
upper chamber decreased SLF-dependent migration occurring < .002), and d and f (P < .0002).

20z dunf 0 uo 3sanb Aq jpd001/290G 1 ¥1/004/1/16/4pd-aloE/PO0|qABU"SUOKEDIGNYSE//:dRY WOy papeojumoq



106 KIM AND BROXMEYER

condition. In this context, we examined desensitization of
calcium mobilization by SDF-1. As shown in Fig 8, an initial
SDF-1 treatment abolished MO7e cells’ ability to induce
calcium mobilization by a second treatment with SDF-1. So itis
possible that SDF-1 in the upper chamber may desensitiz:
MO7e cells, and the desensitized cells cannot be attracted t
SDF-1 in the lower chamber.

SDF-1, a poor mobilizer by itself, is an effective comobilizer
for SLF. We used the in vitro migration system for MO7e cells
to study the concept of mobilization. The two chemoattractants Upper  Medium SDF+SLF SDF+SLF SDF+SLF SDF+SLF
SDF-1 and SLF, were added together to the upper chamber t ~ Lower Medum Medum  SDF  SLF  SDFSLF
form a negative inhibitory concentration gradient (Fig 9A and B
B). The rationale for this experiment was based on a hypothesi
that the hematopoietic environment would produce and keej
chemoattractants inside the BM microenvironment to inhibit
unwanted mobilization of HPC into the PB system by continu-

Migration (% of input)

SLF(10)+SDF(1000)
SLF(10)+SDF(100)
SLF(10)+SDF(20)

ously attracting them to the BM. SDF-1, added to lower SOF (1000)

chamber at 100 ng/mL in this in vitro mobilization system, SDF {100)

mobilized less than 2% MO7e cells from the SDF-1 (100 SDF(20)

ng/mL) and SLF (10 ng/mL)-containing upper chamber, show- SLF (10)

ing that the environment formed by the two chemoattractants ir ~ Centrol medium
the upper chamber greatly inhibited SDF-1-(in lower chamber)- o s 1*'M,1'= ﬁi (’;‘/uof’?n ﬁt) @ & o«
dependent migration (Fig 9A). In a positive gradient without gration P

this inhibitory negative gradient, SDF-1 (100 ng/mL) usually .50

attracted more than 30% MO7e cells (Fig 1A). SLF, knownto %5 C

be an effective HPC mobilizer in mice and nonhuman primates 2'407

when added to lower chamber at 10 ng/mL, mobilized fourfold '-g

more MO7e cells than SDF-1 (Fig 9A). When added together tc 2 30

the lower chamber, SDF-1 increased the SLF-dependent mobili >~ i
zation significantly, in a far greater than additive fashion (Fig § 201

9A). Because SDF-1 at 100 ng/mL is a relatively high concen- & 10

tration and a maximum dose for chemotaxis, we reduced th¢ 9 o o ' -
concentration of SDF-1 in the upper chamber to 20 ng/mL (Fig = . : : : :

Relative fluorescence
—

SDF-1 SDF-1

| | l |
0 50 100 150 (Seconds)

Fig 8. Desensitization of calcium mobilization in MO7e cells by
SDF-1. SDF-1 (final concentration of 50 nmol/L) was used to activate
MO7e cells at the indicated time points.

SLF+SDF SLF4+SDF SLF+SDF SLF+SDF SLF+SDF SLF+SDF SLF+SDF SLF+S8DF SLF+SDF
SLF  SLF+SDF

SLF SLF+8DF - SLF  SLF+SDF
- - - - - + - -

Pertussis

AntSLF - - - + + +

Fig 9. Model of in vitro mobilization by SDF-1 and SLF. (A) SDF-1
(100 ng/mL) and SLF (10 ng/mL) were added to the upper chamber to
form a negative concentration gradient and SDF-1 (100 ng/mL)
and/or SLF (10 ng/mL) were added to the lower chamber to mobilize
MO7e cells from the upper chamber. (B) The concentration of SDF-1 at
a lower concentration (20 ng/mL) with optimal concentration of SLF
(10 ng/mL) was added to the upper chamber to form a less severe
negative gradient of chemoattractants. SDF-1 at various concentra-
tions (0, 20, 100, and 1,000 ng/mL) and SLF (10 ng/mL) were added to
the lower chamber to mobilize the MO7e cells from the upper to the
lower chamber. (C) Anti-SLF neutralizing antibody (10 pg/mL) and
pertussis toxin (500 ng/mL) were used to respectively inhibit the
effects of SLF and SDF-1 on migration of MO7e cells. SLF (10 ng/mL)
and/or SDF-1 (100 ng/mL) was added to the lower chamber. SLF (10
ng/mL) and/or SDF-1 (20 ng/mL) was added to the upper chamber. *
Designates significant changes from control (P < .02). ** 0% migra-
tion.

9B), while maintaining the concentration of SLF in the upper
chamber at 10 ng/mL, a maximally effective dose; SDF-1 still
showed a strong antimobilization effect in a negative gradient
(+/0) at this lower concentration. At this lower SDF-1 concen-
tration in the upper chamber, we observed a similar enhance-
ment of SLF-dependent MO7e mobilization by 20 ng/mL of
SDF-1 in lower chamber (Fig 9B). As we increased the SDF-1
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concentration in the lower chamber in this in vitro mobilization such that BM plasma and CD34ells in the upper chamber and
system, SLF-dependent mobilization was greatly enhanced bB plasma in the lower chamber would mimic the in vivo BM
the added SDF-1 in the lower chamber (Fig 9B). Pertussis toxinand PB systems in terms of a chemotactic gradient. When we
a G-protein coupled receptor inhibitor, did not block SLF- added SDF-1 in the lower chamber to induce migration, BM
dependent migration, while it did block SDF-1-dependentplasma in the upper chamber inhibited SDF-1-dependent cell
migration in a preliminary experiment. Thus, we used pertussignigration into the lower chamber, suggesting an inhibitory
toxin to determine if SDF-1 binding to its G-protein-coupled negative chemoattractant gradient of the BM environment on
receptor was responsible for these effects. The comobilizatiotlPC mobilization into the PB system (Fig 10D). We also
activity of SDF-1 was inhibited by pretreatment of MO7e cells examined the effect of SDF-1 and SLF on CD34ell

by pertussis toxin (Fig 9C), showing that this comobilization mobilization into the lower chamber in this system. SDF-1 in
activity is mediated by specific signaling from a G-protein the lower chamber (50 ng/mL) mobilized about 15% of input
coupled receptor, most likely CXCR¥Anti-SLF neutralizing ~ CD34" cells from this BM chemotactic environment, and SLF
antibody was used to show that the SLF-dependent migratioi50 ng/mL) increased the SDF-1-dependent mobilization by
was specific to added SLF (Fig 9C). about 25% (data not shown).

The BM environment has chemotactic activity toward human
HPC cells. We evaluated the possibility that the BM microen-
vironment could have chemotactic activity on HPC against the The use of the formulae shown in Table 2 now allows a
PB system. We examined plasma from BM, CB, and PB forquantitative evaluation of the chemotactic versus chemokinetic
chemotactic activity. BM plasma, but not PB or CB plasma, activities of various effector molecules. This type of quantita-
showed significant chemotactic activity on human BM CD34 tive evaluation has not been previously applied to characterize
cells (Fig 10A). It has been reported that mouse stromal celchemoattractant molecules. This information should be of value
lines express chemotactic factors for HA@\Ve included here in evaluating and comparing activities of multiple chemoat-
the culture supernatants of mouse BM stromal cell line,tractants for a type of cells. Differences in the chemotactic and
M2-10B4, as a control and observed the culture supernatantshemokinetic activities of SDF-1 and SLF suggest possible
had chemotactic effects on human CD3zklls. The sensitivi-  interacting roles of two chemoattractants in the migration of
ties of CB and BM CD34 cells to the BM plasma were not HPC. SDF-1 is a chemotactic factor that induces migration of
significantly different from each other (data not shown). BM cells and the direction of cell movement is determined by the
plasma caused the migration of BFU-E, CFU-GM, and CFU-concentration gradient of SDF-1. To our surprise, even low
GEMM (Fig 10B). The lower chamber BM plasma attracted concentrations (eg, 1 ng/mL) of SDF-1 in a negative gradient
less CD34 cells when it was antagonized by the same BM could inhibit the effects of a positive gradient-dependent
plasma in the upper chamber showing a low chemokinetiamigration. This characteristic of SDF-1 suggests a possible
activity of the BM plasma (Fig 10C). important role for SDF-1 as a physiologic antimobilizing factor

Antimobilization effect of BM plasma in a negative gradient that under normal conditions may restrain the mobilization of
and mobilization of CD34 cells from the effects of BM plasma HPC out of BM.
by SDF and SLF. We next tested a model that the BM  The in vitro chemotaxis system used in this study consists of
environment may form a negative chemoattractant gradient fotwo chambers, an upper (100 pL) and a lower (600 uL)
BM HPC to retain HPC within the BM. We set up an experiment chamber. Pores of the membrane (5 um in diameter) separating

DISCUSSION

A B
15 * ® BFUE
"J * 50 ECFUGM * ;
12A‘ w© [7] CFU-GEMM *
10
Fig 10. Chemotactic and chemokinetic activities — R 20 J
of the BM plasma on CD34+ cells. (A) Comparison of 5 .
chemotactic activity of plasma from BM, CB, and PB a 20 4
on migration of BM CD34+ cells from the upper to = 4
lower chamber. Each plasma sample was diluted 1:2 : 2 10 ‘-_L%
and added to lower chamber. SUP is conditioned (=] oS- ol ‘ /
medium from the mouse stromal cell line, M2-10B4. 32 Medium  BM ce PB sup PB BM
(B) Chemotactic activity of BM plasma for human CB Sov C D
HPC present in a CD34+ population of cells. (C) g 701
Chemotactic and chemokinetic activity of BM plasma = 40+
against PB plasma on CB CD34+* cells. PB and BM [ 60+
plasma used were diluted 1:2. (D) Inhibitory effect of a 30 50- *
the negative gradient of BM plasma on BM CD34* E 40
cell migration induced by SDF-1. Diluted PB plasma 20- * 304
(1:2) containing SDF-1 (50 ng/mL) was added to the 20-
lower chamber to attract human BM CD34+* cells 104 10-
from the upper chamber containing the indicated . o

diluted plasma. *Significant changes from controls
(medium for part A, PB for part B, PB/PB for part C, Upper: PB PB BM BM Upper:PB  BM PB BM
and third bar (PB/PB+SDF) to the left), P < .01. Lower: PB BM PB BM Lower : PB PB  PB+SDF PB+SDF
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the two chambers are smaller than most cells. However, it is bigranswell chemotaxis system. We used 100 ng/mL SDF-1 for
enough for small cytokines such as SDF-1 and SLF to diffusemost experiments because this wasptimal amount of SDF-1.
from one chamber to the other. Because the upper chamber is SLF was reported to have both chemotactic and chemokinetic
relatively smaller than the lower chamber, the cytokine conceneffects on murine HP@ but not on human PB and CB CD34
tration in the lower chamber does not change much, while thatells15 However, the chemotactic activity of SLF on human
of the upper chamber increases over time. It took 15 hours for &£D34" cells was assessed by counting total cell number, but not
cytokine (SLF at 10 ng/mL was used in this study) to reachby functional assay. We observed that it was difficult to assess
equalibrium by diffusion from the lower chamber to the upper the chemoattractant effect of SLF by cell counting due to
chamber (Fig 2B). However, effective gradients of chemotacticspecificity of SLF for subtypes of CD34cells. We demon-
factors for cell migration seem to be lost more quickly. strated by functional HPC colony assay that SLF has chemotac-
SDF-1-dependent migration stopped after 5 hours when the tw@ic activity on HPC and this effect is time-related and may be
chambers were believed to lose much of their concentrationgre specific for colony-forming HPC in contrast to a total
difference. SLF induced consistent cell migration independentlysopylation of CD34 cells. We tried to examine whether
of diffusion and loss of a SLF concentration gradient. Theseg_kit—expressing CD34 cells are better attracted to SLF than
results are in good agreement with the checkerboard assay.kjtnegative cells. However, this was not possible because
experiments, where chemotactic and chemokinetic SLF induced| £ did not atiract enough CD34cells for immunostaining
cell migration in both positive (&/) and zero {-/+) gradients,  anq flow cytometric analysis. Both SDF-1 and SLF showed no
while chemotactic SDF-1 induced only in a positive gradient.  gpecificity for any particular colony-forming HPC and attracted
The mechanisms underlying cell movement in response oy BFU-E, CFU-GM, and CFU-GEMM tested. However, it is
chemoattractants has rioéen clearly established. Small guano- possiple that there may be uncharacterized chemoattractants
sine 3-triphosphate (GTPase) molecules such as rho-likegyeific for each type of colony-forming HPC. For T-cell subtypes,

GTP?‘SGS’ Racl an_d 2, and _CDC42HS and act_in regulatioy e chemokines showed specificity for certain subtypes of T cells,
proteins, such as Wiskott-Aldrich syndrome protein and otherg . -« s p4sROmMem ory cells or CD# helper T cellg638

actin binding proteins, have been suggested to be involved in It had not been previously reported that multiple chemoat-

cytoskeletal reorga_nizatio_n for formation of filopodia, lamellipo- tractants could cooperatively affect cell migration. When added
?r:z;htgzr’]?ngwté?esiss gsgr:ﬁcgﬁg:tgntr] p?r(;cesses fqr T(e_” mov_efogether to the lower chamber of the in vitro chemotaxis system

) ) gnais from tyrosine kinase V136 form a positive gradient (8/), SDF-1 and SLF induced cell
adapter protein NCK, and from G-protein—coupled recelDtorsmigration additively (Fig 6A and B). This result is of interest in
may regulate these actin regulation proteth®.The receptor :

for SDF-1 is CXCR4, a G-protein-coupled receptor, and thethat cells under the influence Qf o_ptlmu_m concentranon; of
; . ; : . one chemoattractant for cell migration still have the capacity to
receptor for SLF is c-kit, a receptor protein tyrosine kinase. It

will be of interest to determine whether these small intracellularreSpond to the action of “optimum” concentrations of another

; . . L chemoattractant. This additivity of two-chemoattractant—
molecules are involved in receptor-mediated migration of stem

and progenitor cells to the BM and mobilization out of the BM. dependent migration was observed at different concentrations of

In this context, it is of interest that actin polymerization induced th'i:ss Motchﬁmof?ttr?ct?gt;.': 1and SLF itested anint ;
by SDF-1 and SLF were different from each other in terms of, emotactic efiects o ~Lan maniiested an Interest-

kinetics (Fig 3). It remains to be determined whether the N9 phenomenon. When in a negative gradient, these chemotac-

relatively slower kinetics of actin depolymerization is directly tic fgctors inhibited cell migration induced by a p93|t|ve
related to the chemokinetic nature of SLF-induced cell migra-9radient of these chemoattractants (Table 1, and Fig 7). A
tion. possible explanation for this inhibition could be that the added

A possible problem in interpretation of experiments using chemoattractant i_n_the upper chamber broke_ down the required
primary CD34 cells is the purity and possible roles of other stiffness of a positive chemoattractant gradient formeq .b.y the
cells in the cell population. BM and CB CD34ells used in chemoattractant in the Iowe!r chamber_. Anothe_r possibility is
this study were respectively 95% and 90% pure on average. W1t the presence of SDF-1 in a negative gradiend], thus
cannot rigorously rule out the possibility that SDF-1 and SLF binding to its receptors on cells, desensitizes the cell’s ability to
might have indirect effects on cell migration by the induction réact to the chemoattractant in a positive gradientJOVe
and release of other cytokines from non-CB3#lls or even examined this desensitization effect of SDF-1 on MO7e cells by
CD34* cells. However, these effects would have to be relativelymeasuring calcium mobilization in response to SDF-1 treatment
rapid in terms of cytokine induction and diffusion and a (Fig 8). An initial SDF-1 treatment abolished cells’ ability to
response to the initial test cytokine. Chemoattractants are oftemobilize calcium when they were treated again by SDF-1. Itis
believed to act in a microenvironment or on the surface ofOf interest that the inhibition of cell migration was observed
endothelial cell layers. SDF-1 has a high isoelectric point (10.9)oetween two different chemoattractants (Fig 7). SDF-1 in the
and affinity for heparirt® Although it has not been reported upper chamber inhibited SLF-dependent migration, while SLF
what concentrations of chemoattractants exist in these envirorwas inhibitory to only SLF itself, but had no effect on
ments, BM stromal cells produce SDF-1 up to 800 ng/filt.is SDF-1-dependent migration. It appears that the effects of
reasoned that these surface or trapped chemoattractants in t®F-1 are dominant over SLF in the inhibition. This relation-
microenvironment can form quite high chemoattractant concenship between two chemoattractants suggests again the impor-
trations. The optimal concentration for most chemokines adance of SDF-1 as a possible antimobilizing factor for HPC
assessed in vitro are within a range from 10 to 1,000 ng/mL in themobilization. So it is conceivable that SDF-1 in the BM
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Fig 11. A model for homing and peripheralization of HPC by
chemoattractants. This model considers: (A) homing of HPC to
chemoattractants in the BM microenvironment and (B) mobilization
of HPC out of the BM microenvironment when the negative gradient
of the BM is broken by administering chemoattractants or known
HPC mobilizers, which may act directly or induce expressions of
chemoattractants outside of BM disturbing normal chemoattractant
gradient around BM-PB system. The presence and concentration of
chemoattractants are represented as intensity of gradient in the BM
and PB compartment. Direction and size of arrows crossing two
compartments respectively indicate the direction of cell migration
and relative intensity of migration.
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