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Abstract: We compared the chemotactic respon-
siveness of different subsets of human B lineage
cells to stromal derived factor-1 (SDF-1). High
percentages (30-40% of input) of purified bone
marrow progenitors including non-B lineage pro-
genitors, pro-B cells, and pre-B cells migrated to
SDF-1a, demonstrating that SDF-1 is an effica-
cious chemoattractant of these cells. Pro-B cells
responded optimally to a lower concentration of
SDF-1 than other subsets, demonstrating that SDF-1
is a more potent chemoattractant of this subset. A
lower percentage (10-15% of input) of mature B
lymphocytes migrated to SDF-1a than pro-B cells,
demonstrating that responsiveness of B lineage
cells to SDF-1 decreases during differentiation.
Inhibition by anti-CXCR4 mAb demonstrated that
migration of B lineage cells to SDF-1 was com-
pletely dependent on CXC chemokine receptor-4
(CXCR4). Mature B cells expressed higher levels of
CXCR4 receptors than uncommitted progenitors
and pro-B cells, despite differences in responsive-
ness to SDF-1. CXCR4 receptors expressed by
unresponsive and SDF-1-responsive B cells bound
SDF-1a with similar affinities (Kp = 1.7-3.3 X
10° M). Therefore, elements downstream from
CXCR4 appear to regulate responsiveness of B cells
to SDF-1. We speculate that SDF-1 and CXCR4
direct migration of progenitor cells in microenviron-
ments that promote B lymphopoiesis. J. Leukoc.
Biol. 66: 667-673; 1999.
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INTRODUCTION

Stromal-derived factor-1 (SDF-1) is a structurally and function-
ally unique chemokine. Although categorized as a CXC chemo-
kine, SDF-1 is almost equally related to both CXC- and
CC-subfamilies. This unique intermediary relationship sug-
gests that SDF-1 is a primordial chemokine [1-3]. SDF-1 is
unusually conserved between species; human and mouse
SDF-la are 99% identical [2] and are the most highly
conserved chemokines described to date. Two alternate splice
variants of the sdfl gene give rise to SDF-la and SDF-1§,
which are identical except that SDF-1B contains an additional

four amino acid residues in the carboxy terminus [2]. Targeted
disruption of the mouse genes for SDF-1 or its receptor, CXC
chemokine receptor-4 (CXCR4) [4, 5], is perinatally lethal
[6-9], confirming that these proteins serve a vital function in
development.

The supportive function of the bone marrow stromal microen-
vironment is a dominant factor in B lymphopoiesis and stromal
cells express high levels of SDF-1 [1, 10]. The bone marrow is
heterogeneous and contains different types of stromal cells [11]
and cytokines [12] that are involved in B cell differentiation.
This heterogeneity suggests that specialized microenviron-
ments exist within the bone marrow which drive differentiation
of B lineage cells [13]. Human B cell progenitors are actively
motile within in vitro bone marrow stromal micreenvironments
[14], and migrate underneath stromal cells, a process that
requires adhesion to stromal cells via B1 (VLA) integrins and
appears to involve chemoattractants [15, 16]. SDF-1 is a
chemoattractant for hematopoietic progenitor cells [17, 18] and
promotes migration [19] and expansion [20] of mouse pro-B
cells. Furthermore, SDF-1 is required for normal mouse B
lymphopoiesis because SDF-1- and CXCR4-deficient fetuses
exhibit greatly reduced numbers of pro-B cells [6-9]. SDF-1
could fulfill both migratory and proliferative activities. Herein
we demonstrate that SDF-1 is a more efficacious chemoat-
tractant of human B cell progenitors than mature B lympho-
cytes. We also demonstrate that chemotactic responsiveness
does not correlate with the level of CXCR4 receptors expressed
by B lineage cells, despite the finding that this receptor
exclusively mediates chemotaxis to SDF-1.

MATERIALS AND METHODS

Chemokines and antibodies

Synthetic full-length, human SDF-1a (1-67) and an inactive truncated version
SDF-1a (6-67), were gifts of Ian Clark Lewis (University of British Columbia,
Vancouver, Canada). SDF-1ac and SDF-1B were also obtained from R & D
Systems (Minneapolis, MN). Interleukin-8 (IL-8), monocyte chemotactic pro-
tein-1 (MCP-1), and regulated upon activation, normal T cell expressed and
secreted (RANTES) were purchased from Genzyme (Cambridge, MA), mono-
kine induced by interferon-gamma (Mig) was from PharMingen (San Diego,
CA), human interferon gamma inducible protein 10 (IP-10), macrophage
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inflammatory protein-la. (MIP-1c), MIP-3a,, MIP-3B, 6CKine, and HCC-1
were from R & D Systems, and neutrophil-activating protein-2 (NAP-2) and
lymphotactin were from Peprotec (Rocky Hill, NJ). Recombinant complement
component 5a (C5a) was obtained from Sigma (St. Louis, MO). A mAb to human
CXCR4, 12G5, was kindly provided by J. A. Hoxie (University of Pennsylva-
nia). Myeloma IgG1 was purified from supernatants of the X63 mouse myeloma
and used as a control IgG. Phycoerythrin-conjugated 12G5 was purchased from
PharMingen.

B cell progenitors and B lineage cell lines

Bone marrow aspirates (posterior iliac crest) were obtained from normal adult
volunteer donors. Bone marrow aspirates from pediatric B cell precursor ALL
patients were obtained from discarded biopsies. Light-density bone marrow
cells were isolated by Ficoll/Hypaque (Ficoll-Histopaque 1077, Sigma) density-
gradient centrifugation. CD34™ cells were enriched from light density cells
using the CEPRATE LC affinity column (CellPro Inc., Bothell, WA) as
described [16]. The B lineage cell lines Nalm-6, Reh, Wil-2, Ramos, and IM-9
were maintained by Dr. Daniel Ryan, and SUP-B8, Daudi, Raji, ARH-77,
RPMI-8226 and U266BL were obtained from the ATCC (Rockville, MD).

Chemotaxis assays

Chemotaxis assays employed the Transwell® culture insert (Costar, Cambridge,
MA) or the ChemoTx System (Neuro Probe, Cabin John, MD). Transwell,
6.5-mm diameter, 5-um pore polycarbonate membrane inserts were coated with
human plasma fibronectin (15 pg/mL; Sigma, St. Louis, MO) and allowed to air
dry. Membranes were then washed twice with phosphate-buffered saline (PBS)
and the upper chambers were placed into the corresponding wells of a tissue
culture dish that contained 600 pL of RPMI-1640 + 10% FBS + 50 pg/mL
L-glutamine + 50 U/mL gentamicin plus chemokines at the indicated
concentration. Next, 5 X 10° cells in 100 pL of RPMI-1640 + 10% FBS + 50
pg/mL L-glutamine + 50 U/mL gentamicin were added to this upper chamber
and the plate was placed into a humidified, 37°C incubator for 3 h. Using the
ChemoTx System, 3.25-mm diameter, 5-pm pore polycarbonate membranes
were coated with human plasma fibronectin, as outlined above, and the
membrane was placed over the wells of a corresponding 96-well tissue culture
dish. Each well contained 28 pL of RPMI-1640 + 10% FBS + 50 pg/mL
L-glutamine + 50 U/mL gentamicin plus chemokines at the indicated
concentration. Next, 2.5 X 10 cells in 25 pL of RPMI-1640 + 10% FBS + 50
pg/mL L-glutamine + 50 U/mL gentamicin were added to the upper side-of the
membrane and the plate was placed into a humidified, 37°C incubator for 3 h.
In both assays, cells in the lower chamber were vigorously resuspended and
were then analyzed by forward versus side scatter using a FACScan®
(Becton-Dickinson, San Jose, CA) and viable cells were counted for 30 s at 60
pL/min. To determine the percent of viable input cells that transmigrated to the
lower chamber, 1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, and 1:128 dilutions of the
input cell populations were counted by the same method.

Human umbilical vein endothelial cells (HUVECs) were freshly isolated as
described [21] or obtained from the ATCC. Human fibronectin-coated (above),
6.5-mm-diameter, polycarbonate membrane (5-pm pore), Transwell inserts
were placed into the corresponding wells of a tissue culture dish that contained
600 pL of HUVEC media (F-12K media (GIBCO-BRL, Grand Island, NY) +
10% FBS, 2 mM L-glutamine, 1.5 g/l sodium bicarbonate, 100 pg/mL
gentamicin, and 50 pg/mL endothelial mitogen (Biomedical Technologies Inc.,
Stoughton, MA). Next, 1 X 105 HUVEC cells in 100 L of media were added to
the upper chamber and the plate was placed into a humidified, 37°C incubator.
Every 48 h, media was exchanged and the monolayer was checked for
confluency by removing one well, staining with Wright Giemsa and visually
inspecting it under a microscope. Once confluent monolayers had been
obtained, HUVEC transmigration assays were conducted as follows: 10 pL of a
chemokine solution (60X) was added to the lower chamber and 5 X 105 cells in
10 pL were added to the upper chamber. The entire apparatus was then placed
into a humidified 37°C incubator for 3 h. Transmigrated cells were harvested
and analyzed as outlined for chemotaxis assays on fibronectin.

Identification of migrated cells

To phenotype transmigrated cells, aliquots of the input cells and transmigrated
cell populations were stained with directly conjugated mAbs and analyzed by
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three-color flow cytometry. Transmigrated CD34-enriched populations were
stained with anti-CD34-phycoerythrin (PE), anti-CD10-fluorescein isothiocya-
nate (FITC; Becton-Dickinson Immunocytometry Systems), and anti-CD19-
ECD (Coulter Immunology, Marietta, GA) or the appropriate directly conju-
gated isotype controls. In contrast, transmigrated light density bone marrow
cells were stained with anti-CD34-PE, anti-CD10-FITC, and anti-CD19-ECD,
or anti-CD3-ECD (Coulter Immunology), anti-CD10-PE, and anti-CD20-FITC
(Becton-Dickinson Immunocytometry Systems), or the appropriate directly
conjugated isotype controls. Cells and mAbs were incubated at 4°C for 30 min.
Cells were washed three times at 4°C with flow buffer and then analyzed with a
Coulter EPICS Elite ESP (Coulter). Populations were analyzed until 25,000
events had been recorded or until no sample remained. Cell marker expression
and the proportions of cells in the lymphocyte and blast scatter gates were used
to determine the percentage of each subset in the migrated population. To
determine the total number of migrated cells in each subset, the total number of
migrated cells in the sample was then multiplied by the fraction of the migrated
population that consisted of that subset.

Flow cytometry analysis of CXCR4 expression by
B lineage cells

B lineage cell lines and progenitor cells were stained and analyzed by two
different protocols. Normal B cell progenitors were analyzed by three-color flow
cytometry. Cells were washed once in flow buffer [PBS + 1% bovine serum
albumin (BSA) + 5 mM EDTA] and 2 X 105 cells were resuspended in a 10
pg/mL solution of directly conjugated anti-CXCR4-PE (PharMingen, San
Diego, CA), anti-CD10-FITC (Becton-Dickinson Immunocytometry Systems),
anti-CD19-ECD (Coulter Immunology), anti-CD34-Cy5 (Caltag Laboratories,
South San Francisco, CA) or the appropriate directly conjugated isotype
controls and incubated at 4°C for 30 min. Alternatively, B cell lines were
analyzed by single-color flow cytometry using unconjugated anti-CXCR4 mAb
12G5 and FITC-conjugated, goat anti-mouse Ig F(ab’); (Caltag laboratories).
After incubation with fluorescent mAbs, B cells were washed twice at 4°C with
flow buffer and then analyzed with a FACScan (Becton-Dickinson Immunocy-
tometry Systems) or a Coulter EPICS Elite ESP (Coulter).

Heterogeneous competition binding assays

Cell lines were washed twice in L15 medium + 2.5% BSA (4°C). Cells were
resuspended at 4 X 10° cells/mL and 25-pL aliquots were added to wells of a
96-well microtiter plate. Twice the final indicated concentrations of SDF-la
were prepared in L15 media + 2.5% BSA (4°C) and added to the cell
suspensions in 25-pL aliquots. A saturating concentration of PE-conjugated
anti-CXCR4 mAb 12G5 (PharMingen) or an equal concentration of PE-
conjugated isotype control Ig were immediately added (final concentration of
6.4 X 107 M) and the cells, mAb and SDF-1a were incubated at 4°C for 60
min. Cells were washed twice with L15 media + 2.5% BSA (4°C), and then
analyzed with a FACScan (Becton-Dickinson). In parallel, homologous compe-
tition binding assays between unconjugated and PE-conjugated anti-CXCR4
mAb 12G5 (PharMingen) were conducted using the same protocol. Values for
ICso were calculated using equations from two nonlinear regression programs
(GraphPad Prism 2.0, GraphPad Software Inc., San Diego, CA). Receptor
affinities were calculated using the equations of Cheng and Prusoff [22]. The
fluorescently labeled antibody was used at a saturating concentration, so it was
assumed that no (minimal) cooperativity of binding existed. In parallel with
receptor binding assays, Quantum Simply Cellular Microbeads (Flow Cytome-
try Standards Corp., San Juan, PR) were used as internal standards to measure
the amount of anti-CXCR4 mAb binding. Beads were incubated with saturating
amounts of PE-conjugated anti-CXCR4 mAb, washed twice with L15 media +
2.5% BSA, and then analyzed with a FACScan (Becton-Dickinson). Using
fluorescence values corresponding to predetermined numbers of binding sites
per bead, a standard curve was constructed. Values for the total number of
binding sites per B cell were calculated using linear regression (GraphPad
Prism 2.0), assuming one binding site per mAb.

Calcium mobilization assays

Human B cell lines were incubated at 1 X 107 cells/mL in loading buffer
containing Hanks’ balanced salt solution (HBSS), 25 mM HEPES, 0.1% BSA,
pH 7.2, and 10 pg/mL Fura-2/AM (Molecular Probes, Eugene, OR) for 30 min
at 37°C. The loaded cells were centrifuged, resuspended in fresh loading buffer,
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added to a stirred cuvette (4 X 106 cells/mL), and inserted into a Hitachi F2000
spectrophotometer. Chemokine was added in 10 pL such that the final
concentration was 1 pg/mL.

RESULTS

SDF-1a is a more efficacious chemoattractant
of human progenitor B cells than mature
B lymphocytes

To examine whether B cell progenitors migrate to SDF-1,
hematopoietic progenitor cells were enriched from human bone
marrow aspirates by Ficoll-Hypaque centrifugation and affinity
to anti-CD34 columns. Both CD34* cells (Fig. 1A) and
light-density cells (Fig. 1B) were tested for migration across
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Fig. 1. SDF-la is a more efficacious chemoattractant of human progenitor B
cells than mature B lymphocytes. Human CD34* progenitor cells (A) and
light-density bone marrow cells (B) were purified from fresh bone marrow
aspirates of healthy volunteers. Human CD34" progenitor cells and light-
density bone marrow cells were added to the upper compartment of a
fibronectin-coated chemotaxis chamber while SDF-1a was added to the lower
chamber at the indicated concentrations. Aliquots of the transmigrated
populations were removed and the number of cells that migrated was
determined by manual counting or by flow cytometry. The remaining cells were
stained and analyzed by three-color flow cytometry. The number of transmi-
grated cells for each B cell subset was determined by multiplying the total
number of transmigrated cells by the fraction of that population that contained
the B cell subset of interest. Transmigration for each subset was determined as
the percent of the number of input cells in each subpopulation. Cell subsets
were defined as follows: total progenitors (CD34™), non-B lineage progenitors
(CD34*CD10~CD19"), pro-B cells (CD34+CD10*CD19%), pre-B cells
(CD34~CD10+CD20"), mature B cells (panel A, CD34-CD19%; panel B,
CD34-CD10~CD20%). The data are the mean of three independent experi-
ments employing three different donors. *P < 0.05, *"P = 0.01.
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fibronectin-coated membranes to human SDF-1c.. High percent-
ages of pro-B cells (CD34*, CD10*, C19*) migrated to SDF-1a
at the optimal dose of 100-1000 ng/mL (Fig. 1A). High
percentages of total CD34* progenitor cells and CD34* non-B
progenitor cells migrated at an optimal dose of 1,000 ng/mL
(Fig. 1A). Within this fraction, residual mature B lymphocytes
(CD34~, CD19") also migrated to SDF-1a with a dose-response
similar to pro-B cells; however, significantly (P < 0.05) lower
percentages of these cells responded (Fig. 1A). In contrast,
pre-B cells (CD34-, CD10*, CD20~) and mature B cells
(CD34-, CD10~, CD20*) responded optimally to at least 1000
ng/mL of SDF-la (Fig. 1B). At this concentration, a signifi-
cantly lower percentage (P < 0.05) of input mature B
lymphocytes migrated than pre-B cells (Fig. 1B). Finally, T
lymphocytes (CD34~, CD3") migrated optimally to at least
1000 ng/mL of SDF-1a (data not shown).

SDF-1a and SDF-1B are chemoattractants for B
acute lymphoblastic leukemia cell lines

We compared cell lines representing different stages of B cell
development for migration to SDF-1. Nalm-6, Reh, JM-1, and
SUP-B8 were derived from acute B lymphocytic leukemias
(B-ALL) and are arrested at the pro- and pre-B cell stages of
development. Each of these cell lines migrated to SDF-1a and
SDF-1B with kinetics and dose-responses resembling normal
pro-B cells (Fig. 2 and data not shown). Ramos, Daudi, Raji,
and Wil-2 are B cell lines that are arrested at the mature B cell
stage. They did not migrate through fibronectin or HUVEC
monolayers to SDF-la (Fig. 2A and data not shown). The
human myeloma cell lines ARH-77, IM-9, RPMI-8226, and
U266BL did not migrate to SDF-1a in fibronectin chemotaxis
assays (data not shown).

Migration of B-ALL lines was characterized further. Nalm-6
cells migrated across fibronectin and HUVEC-coated mem-
branes only toward higher concentrations of SDF-1a (Table 1
and data not shown) demonstrating that SDF-1 stimulates
chemotaxis and not random migration. Similar results were
obtained with Reh cells (data not shown). Nalm-6 cells did not
migrate to the CXC chemokines IL-8, NAP-2, MIG, and IP-10;
the CC-chemokines HCC-1, MCP-1 MIP-1a, MIP-3 (Exodus-
1), MIP-38 (ELC), RANTES, and 6Ckine (SLC); the C-
chemokine, lymphotactin; C5a, or a truncated version of
SDF-1a that lacks six amino acids from the amino terminus

(SDF-1a 6-67; data not shown).

Expression levels of CXCR4 receptors do not
correlate with chemotactic responsiveness of B
lineage cells

Human bone marrow light-density cells and CD34%* cells
(>90% purity) were analyzed for CXCR4 expression by
three-color flow cytometry. Pre-B cells (CD10"¥, CD19*) and
mature B cells (CD10~, C19+) expressed the highest levels of
CXCR4 (Fig. 3A). Lower levels of expression were detected on
pro-B cells (CD34*, CD19* or CD10?*, CD19*) and some
non-B progenitors (CD34*, CD19™; Fig. 3, A and B). We also
examined CXCR4 receptor expression by B cell lines and
calculated the number of receptors per cell by linear regression,
using fluorescent beads as standards (Table 2). The mature B
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Fig. 2. Human acute B lymphocytic leukemia cell lines migrate on fibronectin
to SDF-la and SDF-1B. Human B cell lines were added to the upper
compartment of a chemotaxis chamber containing a fibronectin-coated mem-
brane, while SDF-1c (A and B) or SDF-1P (B) was added to the lower chamber
at the indicated concentrations. Transmigration is shown as percent of input
cells. The data are the mean of nine wells gathered from three independent
experiments.

cell lines Ramos and Daudi expressed the highest number of
CXCR4 receptors, the pro-/pre-B lines Nalm-6 and Reh
expressed intermediate levels, and the myelomas ARH-77,
IM-9, RPMI-8226, and U266BL expressed undetectable levels
of this receptor (Table 2 and data not shown).

CXCR4 receptors exclusively mediate migration
of SDF-1-responsive B lineage cells

To examine whether CXCR4 receptors mediate chemotaxis of
B-ALL cell lines or freshly isolated B-ALL cells to SDF-1a

TABLE 1. Checkerboard Chemotaxis Assay of the Nalm-6 Cell

Line Responding to SDF-1a®

SDF-1a in upper chamber (ng/mL)

SDF-la in lower
chamber (ng/mL) 0.0 0.1 1.0 10.0

Nalm-6 cell migration (%)

0.0 1.00 0.63 0.56 0.63
0.1 7.60° 3.43 0.80 0.60
1.0 59.80° 20.36P 3.93 0.91
10.0 85.93¢ 44.46° 16.50° 1.27

A Light Density Marrow Cal CXCRA

Fraction Expression
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(CD10- /.CD19+)

™~

.1 CD10 1aeo\
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Fig. 3. Pre-B and mature B cells express higher levels of CXCR4 receptors
than pro-B cells. Light-density marrow (A) and enriched CD34™* cells (B) were
isolated from fresh bone marrow aspirates of healthy volunteers and incubated
with directly conjugated mAbs against CD34, CD10, CD19, and CXCR4. Solid
lines are subsets stained with anti-CXCR4 mAb and lighter lines are subsets
stained with isotype control Ig. The values reported for CXCR4 expression are
the mean fluorescence values of the populations stained with anti-CXCR4. The
data are representative three independent experiments employing three
different donors.

and/or SDF-1B, cells were pretreated with the anti-CXCR4
mAb 12G5 or control mouse IgG and then subjected to
chemotaxis assays. The anti-CXCR4 mAb 12GS5 completely
inhibited migration of Nalm-6 and Reh cell lines to SDF-1a or
SDF-1B, whereas control mouse IgG had no effect (Fig. 4A and
data not shown). Anti-CXCR4 mAb also inhibited migration to
SDF-1a of CD19* blasts from three primary pediatric B-ALL
cases (Fig. 4B). The G-protein inhibitor pertussis toxin also
completely inhibited migration of Nalm-6 and Reh cells to
SDF-1a whereas the b-oligomer subunit was 1000-fold less
effective (Fig. 4C and data not shown).

Unresponsive and SDF-1-responsive cell lines
bind SDF-1a with similar affinities but differ in
mobilization of intracellular calcium

We investigated whether responsiveness to SDF-1 is deter-
mined by differences in binding of this chemokine to CXCR4

TABLE 2. Expression of CXCR4 Receptors by Human B Cell Lines

B cell CXCR4 Ky K
line Phenotype site per cell* SDF-1a? SDF-1pb
Nalm-6 Pro/Pre-Bcell 121,000 1.7 X10°M 6.6 X10°M
Reh Pro/Pre-Bcell 25,000 3.3 X107°M n.d.c
Daudi  Mature Beell 242,000 1.7 X10°M n.d.c
Ramos Mature Becell 355,000 3.0X10°M 6.2X107°M

2 Nalm-6 cells migrated through fibronectin-coated membranes. Data are the
mean of three independent experiments. P values represent comparisons
between samples receiving SDF-1a and media alone in the lower chamber.—
b P <0.05°P=0.0l.
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2 CXCR4 sites per cell was determined by linear regression, using fluores-
cent beads as standards.— Kp was determined by heterogeneous competition
binding assays between SDF-1 and a directly-conjugated anti-CXCR4 mAb
(12G5-PE).—* n.d., not determined.
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Fig. 4. The CXCR4 receptor and a pertussis toxin-sensitive pathway exclu-
sively mediate chemotaxis of human B lineage cells to SDF-1. (A) Nalm-6 cells
were preincubated with the indicated concentration of the anti-CXCR4 mAb
12GS5 or control Ig and subjected to chemotaxis to 10 ng/mL of SDF-1a.. Data
are from nine wells assayed in three independent experiments. (B) Mononuclear
cells from bone marrow of three cases of pediatric B-ALL were isolated and
preincubated with the anti-CXCR4 mAb 12G5 or control Ig (100 pg/mL) and
were subjected to chemotaxis to SDF-1a (1000 ng/mL). Transmigrated B-ALL
cells were identified by a blast phenotype and expression of CD19. Data are the
mean of triplicate wells. (C) Nalm-6 cells were incubated with the indicated
concentrations of intact pertussis toxin or the b-oligomer (control) at the
indicated concentrations. Cell suspensions were washed and subjected to
chemotaxis to 100 ng/mL of SDF-1c. Data points are from triplicate wells and
the histogram is representative of three independent experiments. In panels A
and B, migration is presented as percent of migration of the Ig control, and in
panel C, of the media control. *P =< 0.05, **P < 0.01.
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receptors expressed by the pro-/pre-B cell lines Nalm-6 and
Reh and the mature B cell lines Daudi and Ramos. Previous
attempts to study SDF-1 binding with radioligands were
unsuccessful so we set up a heterogeneous competition binding
assay between SDF-1 and a directly conjugated anti-CXCR4
mAb (12G5-PE). Cells were first stimulated with various
concentrations of SDF-1a or media alone at 4°C (to prevent
receptor internalization) and then a saturating concentration of
12G5-PE was added. Once binding reached equilibrium, cells
were washed and the amount of bound antibody was measured
via flow cytometry analysis. In the absence of SDF-1, virtually
100% of each cell population bound 12G5-PE. SDF-1a could
completely inhibit this binding (Fig. 5). Using equations
derived by nonlinear regression analysis, we calculated the IC5o
for SDF-1a binding to each cell line: 0.021 pg/mL for Nalm-6,
0.041 pg/mL for Reh, 0.021 pg/mL for Daudi, and 0.037 pg/mL
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Fig. 5. Unresponsive and SDF-1-responsive B cell lines bind SDF-1a with
similar affinities but differ in mobilization of intracellular calcium. (A)
Competition by SDF-1 of PE-conjugated mAb 12G5 binding to CXCR4
receptors expressed by Nalm-6, Reh, Daudi, and Ramos cells. Cells were
incubated with a mixture of SDF-1 (or media control) and PE-conjugated 12G5
mAb or control Ig for 1 h at 4°C. Cells were washed and subjected to flow
cytometry. Specific binding was calculated by subtracting fluorescence values
for the isotype control Ig-PE from all values for 12G5-PE mAb. Binding of
12G5 mAb was then calculated as percent binding in the absence of SDF-1.
The data points represented are the mean percent of specific binding of three
individual experiments. (B) Mobilization of calcium in human B cell lines
stimulated with SDF-1a.. B cell lines were loaded with Fura-2/AM fluorescent
dye, stimulated with SDF-1a (arrow) and fluctuations in intracellular calcium
(fluorescence) were monitored for 5 min.
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for Ramos. Stimulation of B cell lines with SDF-18 could also
completely inhibit binding of 12G5-PE and yielded similar
ICsgs: 0.08 pg/mL for Nalm-6 and 0.076 pg/mL for Ramos (data
not shown). Using the dissociation constant (Kp) of 12G5-PE
(calculated from homologous competition binding assays) and
the ICso value for SDF-la binding to each cell line, we
calculated the Kps of SDF-1a and SDF-1B binding to these cell
lines (Table 2). SDF-la and SDF-18 bound to CXCR4
receptors on each B cell line with nearly identical affinities
(Table 2).

We investigated whether intracellular signaling correlates
with chemotactic responsiveness to SDF-1 in B cell lines. The
human B cell lines Nalm-6, Reh, Daudi, and Ramos were
loaded with Fura-2/AM, added to a spectrophotometer, and
subsequently stimulated with SDF-1la. Nalm-6 and Reh cell
lines mobilized calcium in response to stimulation with SDF-
1o, whereas Daudi and Ramos cells were unresponsive (Fig.
5B).

DISCUSSION

It is widely believed that B lymphopoiesis requires interaction
of progenitor cells with stromal elements within discrete
microenvironments of the bone marrow. Human B cell progeni-
tors migrate to discrete locations within in vitro bone marrow
microenvironments and adhere to stromal cells [14]. SDF-1 is
chemotactic for uncommitted human hematopoietic progenitor
cells [17] and mouse bone marrow stroma abundantly produces
this chemokine [1, 10]. SDF-1 is also required for fetal B
lymphopoiesis in mice [6] and is a chemoattractant of mouse B
cell progenitors and human pro- and pre-B cell lines [19]. We
demonstrate that SDF-1 is an efficacious attractant of human
pro-B and pre-B bone marrow cells, pro-B and pre-B cell lines,
and fresh B-ALL cells. Concentrations of SDF-la that were
optimal for pro-B cell migration were lower than concentrations
that were optimal for uncommitted progenitors, non-B progeni-
tors and CD3* T lymphocytes. Finally, we demonstrate that B
lineage cells exhibit directed migration to SDF-1a rather than
chemokinesis. Hence, we conclude that SDF-1a is a potent and
efficacious chemoattractant of human B cell progenitors. We
speculate that the ability of pro-B cells to respond to lower
concentrations of SDF-1 may preferentially direct these cells
into microenvironments promoting B lymphopoiesis.

In bone marrow, a significantly (P < 0.05) smaller percent-
age of bone marrow B lymphocytes (10-15%) migrate to
SDF-1a than B cell progenitors (30-35%). This percentage of
responsive mature B lymphocytes is similar to the percentage of
unfractionated tonsillar B lymphocytes that migrated to SDF-1a
[23]. A similar phenomenon has been observed for mouse B
lineage cells. B lymphocytes derived from mouse bone marrow
are significantly less responsive to SDF-1a than pro- and pre-B
cells [19]. We also report that high percentages of human pro-
and pre-B cell lines migrated to SDF-1a or SDF-1B, whereas
mature B cell lines and the myelomas were unresponsive. These
data demonstrate that responsiveness to SDF-1 decreases as B
cells mature and differentiate. It is noteworthy that mature B
lymphocytes do respond to SDF-1, although less efficaciously
than pre-B or pro-B cells. Mature B lymphocytes normally
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emigrate from the bone marrow into the vasculature and then
immigrate into secondary lymphoid organs. A decrease in
responsiveness to SDF-1 by mature B lymphocytes may allow
these cells to leave the bone marrow.

We report that CXCR4 receptors and pertussis toxin-
sensitive G proteins exclusively mediate chemotaxis of human
B lineage cells to SDF-1. Furthermore, B lineage cells that do
not express CXCR4 receptors (Wil-2, ARH-77, and IM-9), do
not migrate to SDF-1 (data not shown). These data demonstrate
that CXCR4 is the only receptor on human B lineage cells that
mediates chemotaxis to SDF-1a. or SDF-1B. These data are
consistent with the finding that targeted disruption of either the
mouse SDF-1 or CXCR4 genes results in identical phenotypes
[7-9].

It is interesting that the level of CXCR4 receptors expressed
by human B lineage cells did not correlate with the chemotactic
responsiveness of these cells. Most strikingly, Daudi and
Ramos cell lines expressed high levels of CXCR4 but failed to
chemotax to SDF-1. Among normal B lineage cells, human B
lymphocytes expressed the highest levels of CXCR4 but are the
least responsive subset to SDF-1. A similar phenomenon is
found with human germinal center B lymphocytes, which retain
expression of CXCR4 but lose responsiveness to SDF-1 [23].
We did not detect SDF-1 expression by any B cell line through
the use of highly sensitive ELISA and RNase protection assays
(data not shown), therefore endogenous production of SDF-1 by
Daudi and Ramos cell lines does not explain their failure to
chemotax. Using a heterogeneous competition binding assay
between SDF-1 and a directly conjugated anti-CXCR4 mAb
(12G5-PE), we demonstrated that both unresponsive and
responsive B cell lines bind SDF-1 with nearly identical
affinities. These Kps agree with those from the lone investiga-
tion reporting the binding of radiolabeled SDF-1 to a human T
cell line [24] and are in general agreement with Kps for other
chemokine receptors and their ligands. In sum, expression of
CXCRA4 receptors is required for migration of B lineage cells to
SDF-1 but expression levels and affinities of CXCR4 receptors
for SDF-1 do not correlate with chemotactic responsiveness.
Therefore, the factors that regulate chemotactic responsiveness
to SDF-1 must exist downstream of CXCR4 receptors. We
demonstrate that Nalm-6 and Reh cells mobilize calcium when
stimulated with SDF-1a, whereas Daudi and Ramos cell lines
do not. Furthermore, stimulation by exogenous SDF-la in-
creases the percentage of Nalm-6 and Reh cells adhering to
human bone marrow stroma by a VLA-4-dependent mechanism
(data not shown). In contrast, stimulation by SDF-1a does not
induce adhesion of Daudi and Ramos to human bone marrow
stroma (data not shown) despite expression of VLA-4 by these
cells [25]. These data demonstrate that CXCR4 receptors on
unresponsive B cell lines are uncoupled from intracellular
signaling mediators and integrins. Further investigation is
required to identify the intracellular mediators that cause the
chemotactic responsiveness of B lineage cells to SDF-1.

Disruption of the mouse SDF-1 or CXCR4 genes greatly
reduces fetal B lymphopoiesis [6-9]. An early investigation
described SDF-1 as a proliferative factor that augmented
IL-7-stimulated growth of mouse pro-B cells [20]. The absence
of this proliferative stimulus could explain the lack of B
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lymphopoiesis in SDF-1- or CXCR4-deficient mice [6]. An-
other explanation is that the chemotactic activity of SDF-1 is
required for normal B lymphopoiesis. We hypothesize that B
lymphopoiesis requires both the chemotactic and proliferative
activities of SDF-1. Specifically, we propose that SDF-1 elicits
chemotaxis of progenitors to the source of SDF-1, stromal cells
[1, 10]. Once within these regions, high concentrations of
SDF-1 cause progenitors to firmly adhere to stromal cells,
which in turn stimulates proliferation and B cell maturation.
Once differentiated into mature B lymphocytes, responsiveness
to SDF-1 decreases, and this may allow B cells to detach from
stromal cells and immigrate into the vasculature.
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