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Mobilization of hematopoietic stem and progenitor cells (HPCs) is induced by treatment with granulocyte-
colony stimulating factor, chemotherapy, or irradiation. We observed that these treatments are accompanied by
a release of chemotactic activity into the blood. This plasma activity is derived from the bone marrow, liver, and
spleen and acts on HPCs via the chemokine receptor CXCR4. A human blood peptide library was used to
characterize CXCR4-activating compounds. We identified CXCL12[22-88] and N-terminally truncated vari-
ants CXCL12[24-88], CXCL12[25-88], CXCL12[27-88], and CXCL12[29-88]. Only CXCL12[22-88] could
effectively bind to CXCR4 and induce intracellular calcium flux and chemotactic migration of HPCs.
CXCL12[25-88] and CXCL12[27-88] revealed neither agonistic nor antagonistic activities in vitro, whereas
CXCL12[29-88] inhibited CXCL12[22-88]-induced chemotactic migration. Since binding to glycosamino-
glycans (GAG) modulates the function of CXCL12, binding to heparin was analyzed. Surface plasmon reso-
nance kinetic analysis showed that N-terminal truncation of Arg,,-Pro,; increased the dissociation constant Kp
by one logl0 stage ([22-88]: Kp: 5.4+2.6 uM; [24-88]: Kp: 54+22.4 uM). Further truncation of the N-
terminus decreased the Kp ([25-88] Kp: 30+4.8 uM; [27-88] Kp: 23+ 1.6 uM; [29-88] Kp: 19+5.4 uM),
indicating increasing competition for heparin binding. Systemic in vivo application of CXCL12[22-88] as well
as CXCL12[27-88] or CXCL12[29-88] induced a significant mobilization of HPCs in mice. Our findings
indicate that plasma-derived CXCL12 variants may contribute to the regulation of HPC mobilization by
modulating the binding of CXCL12[22-88] to GAGs rather than blocking the CXCR4 receptor and, therefore,
may have a contributing role in HPC mobilization.

Introduction

HEMATOPOIETIC STEM AND progenitor cells (HPCs) are a
rare population of mainly quiescent cells that self-renew
and differentiate into all mature blood cell types to continu-
ally reconstitute the hematopoietic and immune systems over
an organism’s entire lifespan. The ability to mobilize he-
matopoietic stem cells into the blood is clinically exploited
for stem cell apheresis and mobilized peripheral blood
transplantation. HPC mobilization is co-regulated by a wide

range of stressors, including DNA damage, chemotherapeu-
tic drugs, cytokines, and chemokines such as CXCLS8
[interleukine-8 (IL-8)], CXCL1 [growth-regulated oncogene
alpha (GROa)], and CXCLI12 [stromal-derived factor-lo
(SDF-1a)]. These cytokines and chemokines, along with
bioactive lipids such as sphingosine-1-phosphate and
ceramide-1-phosphate, together with complement factors
may also have a significant impact on the homing of circu-
lating and transplanted HPCs and their engraftment in the
bone marrow (BM) [1-3].
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Stem cell mobilization has been correlated with the dis-
ruption of adhesive interactions between HPCs and the BM
microenvironment. Mobilization within the BM is affected
by the proteolytic degradation of vascular cell adhesion
molecule-1 (VCAM-1) and CXCL12 by neutrophil prote-
ases and is effected through the shedding of membrane-
bound stem cell factor (SCF) by matrix metalloproteinase 9
(MMP9). The regulation of HPC mobilization and engraft-
ment is dependent on interactions between the HPC ligands
VLA-4, 04p7, PSGL-1, and various endothelial adhesion
molecules (eg, VCAM-1, MAdCAM-1, P-selectin, and E-
selectin). VLA-4 and VCAM-1 have been found to play a
major role in hematopoietic progenitor cell homing to the
BM, whereas the E- and P-selectins support VLA-4/VCAM-
1-mediated homing. Another essential regulator for stem
cell targeting to the BM is CD44 and its major receptor,
hyaluronic acid [4,5].

CXCL12 and its receptor CXCR4 enable HPCs to migrate
along a CXCL12 gradient and activate adhesion of HPCs via
VLA-4 and CD44 [5]. CXCL12 is constitutively expressed
by human BM endothelial and stromal cells and has been
shown to induce arrest of HPCs to the endothelium. Gran-
ulocyte-colony stimulating factor (G-CSF) or irradiation
regulates the hematopoietic stem cell niche by altering the
local CXCL12 concentration by induction of proteolytic
degradation and altered expression of CXCL12 in osteo-
blasts [1]. Blocking or deficiency of CXCR4 or CXCL12
reduces G-CSF-induced mobilization, demonstrating an
active role for CXCL12/CXCR4 in mobilization of pro-
genitors [6]. Presentation of CXCLI12 to HPCs by endo-
thelial cells is mediated by glycosaminoglycans (GAGs) that
are covalently attached to proteoglycans. Chemokines are
sequestered by GAGs, causing increased oligomerization,
increased local concentrations, and, in turn, resulting in the
formation of a chemokine gradient [7,8].

To date, little is known about the biological activity of
CXCLI12 in blood plasma. Here, we show that the level of
functionally active CXCL12 increases during stem cell
mobilization and transplantation. We demonstrate that
CXCLI12 is present in blood plasma by isolating native
CXCLI12 from a blood plasma filtrate. Furthermore, the co-
existence of functionally active and N-terminally truncated
CXCLI12 variants in blood plasma suggests that the activa-
tion status of CXCL12 in blood is subject to regulation by
proteases, as derived from thrombocytes and granulocytes.
Our results show that the identified N-terminally truncated
CXCL12 variants do not bind to the CXCR4 receptor but
may modulate the biological properties of active CXCL12
by competing for GAG binding sites.

Materials and Methods
Chemicals, blood samples, and cells

Recombinant mIL-3, rhIL-6, and rhCXCL12[22—-89] were
purchased from R&D Systems (Minneapolis, MN). Purified
anti-human CXCR4 antibody (clone 12G5) was purchased
from Pharmingen (Heidelberg, Germany).

Informed consent for participation in the study was ob-
tained from patients undergoing autologous HPC mobiliza-
tion via G-CSF and/or transplantation, according to the
Helsinki Declaration and a procedure approved by the local
ethics committee. Peripheral blood samples were obtained
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from these patients at the time of leukapheresis or approx-
imately 28 days after stem cell transplantation. Samples
were anticoagulated in preservative-free heparin (5,000 U/
mL). Plasma was separated by centrifugation at 3,000 g for
15 min and used within 6 h or stored at —30°C or less.

FDCP-mix multipotent murine hematopoietic progenitor
cells (clone A4) were obtained from C. Heyworth and
E. Spooner (Christie Hospital, Paterson Institute, Manche-
ster, United Kingdom) and maintained in Iscove’s modified
Dulbecco’s medium (IMDM) that was supplemented with
20% (vol/vol) horse serum (HS) and 10ng/mL rmlIL-3
(R&D Systems) at 37°C in 5% CO,. The cells were pas-
saged thrice a week to a cell concentration of 2x 10° cells/
mL and maintained at 37°C/5% CO,. Human primary
CD34" HPCs were isolated from leukapheresis products
after HPC mobilization with G-CSF and/or chemotherapy.
Mononuclear cells were isolated by density gradient cen-
trifugation in a Ficoll gradient (density 1.077 g/mL; Bio-
chrom KG, Berlin, Germany). CD34% cells were isolated
from mononuclear cells using magnetic beads (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the
manufacturer’s instructions. The CD34" cell preparations
were >95% viable as determined by flow cytometric anal-
ysis of propidium iodide-stained cells on an FACScan. The
purity of the CD34™ progenitor cells was assessed by flow
cytometry using fluorescein-conjugated monoclonal HPCA-
2 anti-CD34 antibodies (Becton Dickinson, Rodermark,
Germany) and was found to be 70%—-95%. Murine BM Lin~
HPCs were prepared by negative selection from murine BM
cells that were incubated with rat anti-mouse antibodies for
B220 (MI/70, IgG 2b), MAC-1, Gr-1, TER119, CD8, and
CDA4. Lin~ cells were separated using MicroBead columns
as described by the manufacturer (Miltenyi Biotec). Human
embryonic kidney (HEK) 293T cells (German Collection of
Microorganisms and Cell Cultures, Braunschweig, Ger-
many) were cultured and transfected as previously described
[9]. Briefly, HEK293T cells were grown at 37°C/5% CO,
in Dulbecco’s modified Eagle’s medium (DMEM) that
was supplemented with 10% fetal bovine serum, penicillin,
and streptomycin, and cells were transiently transfected
with cDNA encoding CXCR4 (pcDNA3-CXCR4) using
linear polyethyleneimine (M,, 25,000; Polysciences, War-
rington, PA).

Chemotaxis assay and intracellular Ca®*
measurements

Chemotaxis was assessed in 48-well or 96-well Boyden
chambers (Neuroprobe, Cabin John, MD) via polyvinyl-
pyrrolidone-free polycarbonate membranes (Nucleopore;
Neurog)robe) with 5-pum pores for 2 x 10* CD34" cells or for
1x10° FDCP-mix hematopoietic progenitor cells, respec-
tively. Before the chemotaxis assay, factor-dependent-cell-
Paterson (FDCP)-mix cells were washed and cultured in
IMDM without HS and rmIL-3 for 4 h. Chemokines, plasma,
or peptide fractions were diluted in IMDM and added to the
lower wells of the Boyden chambers. Cells were seeded
above the membrane and allowed to migrate for 16 to 18h.
Migrated cells were detected by DNA staining with CyQuant
cell proliferation assay dye (Molecular Probes, Inc., Eugene,
OR). To measure intracellular Ca’t flux, CXCR4-transfected
HEK?293T cells were seeded in 96-well black plates (Costar,
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High Wycombe, United Kingdom) at 200,000 cells/well and
cultured overnight. After 30 min at 37°C in loading medium
(Hepes-dissolved HBSS, pH 7.4, containing 2.5mM pro-
benecid and 1uM Fluo-4 AM; Molecular Probes, Leiden,
The Netherlands), cells were washed in loading medium
without Fluo-4 AM. The cells were placed in the FLIPR
system (Molecular Devices, Munich, Germany), and basal
fluorescence was determined at room temperature (ch:488
nm, | ¢,=540nm). Changes in cellular fluorescence were
recorded online after the addition of 50 uL test compounds
that were diluted in wash buffer.

Irradiation and BM transplantation in mice

DBA/2 or BDF1 mice (8-12 weeks old) were obtained
from Charles River Laboratories (Sulzfeld, Germany) and
housed in standard cages under standard conditions. Ex-
periments were performed with permission from the local
animal experimentation supervisory committee. Mice were
irradiated with a lethal dose of y-irradiation (two doses of
5.5Gy, 6h apart). After 24 h, 4-5x 10° BM Lin~ cells from
nonirradiated mice were injected via i.v.; for some experi-
ments, the injected cells were retrieved from the lower
wells of transmigration chambers. For preparation of organ-
conditioned media, mice were killed by CO, asphyxia at
various time intervals after irradiation and BM transplan-
tation. BM and spleen cell suspensions were prepared by
flushing femurs or spleens with IMDM. The liver and lungs
were cut into slices using razor blades that were fixed es-
pecially for this purpose at a distance of 1 mm. BM cells
(1x10° cells/mL) and tissues were subsequently incubated
in IMDM with 20% fetal calf serum (FCS) at 37°C/5% CO,.
After 24h of incubation, supernatants were collected, fil-
tered through 0.45-pm pores, and stored at —80°C until use
for chemotaxis assays.

Analysis of the chromatographic elution
characteristics of chemotactic activity
in mobilized plasma

Aliquots (20 mL) of blood plasma from patients receiving
chemotherapy and G-CSF treatment were subjected to a
preparative reverse-phase (RP)-C18 chromatography using a
Bakerbond PrepPak RP-C18 cartridge [300x47 mm inner
diameter (i.d.), 15-30 um, 300 A; Waters, Milford, MA].
Separation was performed at a flow rate of 40 mL/min using
a linear binary gradient of 100% solvent A (10 mM HCI) to
60% solvent B (10 mM HCI in 80% acetonitrile) in 50 min
and from 60% solvent B to 100% solvent B in 2.5 min.
Fractions of 50 mL were collected. Chemotactic activity was
assayed by subjecting 0.4mL plasma equivalents to the
chemotaxis chamber. CXCL12 levels in chromatographic
fractions with chemotactic activity were analyzed by an
enzyme-linked immunosorbent assay (ELISA) using anti-
bodies and protocols from R&D Systems.

Preparation of a peptide library

A 10,000 1 volume of human hemofiltrate (HF) for large-
scale recovery of plasma peptides was obtained from patients
with renal failure. The ultrafilters used for hemofiltration had
a specified molecular mass cut-off of 50 kDa. On collection,
the sterile filtrate was immediately cooled to 4°C and
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acidified to pH 3 to prevent bacterial growth and proteolysis.
Subsequently, the filtrate was conditioned to pH 2.7 and ap-
plied onto a strong cation exchanger (Fractogel TSK SP
650(M), 100x250 mm; Merck, Darmstadt, Germany) using
an Autopilot chromatography system (PerSeptive Biosys-
tems, Wiesbaden, Germany). Bound peptides were eluted
using seven buffers of increasing pH, resulting in seven pH
pools. The seven buffers were composed as follows: I: 0.1 M
citric acid monohydrate, pH 3.6; II: 0.1 M acetic acid+0.1 M
sodium acetate, pH 4.5; III: 0.1 M malic acid, pH 5.0; I'V:
0.1 M succinic acid, pH 5.6; V: 0.1 M sodium dihydrogen
phosphate, pH 6.6; VI: 0.1 M disodium hydrogen phosphate,
pH 7.4; and VII: 0.1 M ammonium carbonate, pH 9.0. The
seven pools (pH pools) were collected, individually loaded
onto an RP column (125% 100 mm i.d., Source RPC, 15 pum;
Pharmacia), and eluted in a gradient of 100% solvent
A (0.01 M HCI in water) to 60% solvent B (0.01 M HCI in
80% acetonitrile). Fractions of 200 mL were collected. The
final peptide library contained approximately 500 different
fractions. Aliquots of each fraction were used for the bio-
logical tests.

Purification of chemotactic activity and mass
spectroscopic analysis

Fractions were screened for intracellular Ca>* flux in-
duction in CXCR4-transfected HEK293T cells and for
chemotactic activation of FDCP-mix cells. The identified
activity was further purified to homogeneity by four con-
secutive chromatographic steps.

Matrix-assisted laser desorption/ionization—mass spec-
trometry (MALDI-MS) was performed using a LaserTec
RBT MALDI-MS (PerSeptive/Vestec, Houston, TX). Iso-
lated material was applied to a stainless steel multiple
sample tray as an admixture with sinapinic acid using the
dried drop technique [10]. Measurements were performed in
linear mode. The instrument was equipped with a 1.2m
flight tube and a 337 nm nitrogen laser. Positive ions were
accelerated at 30kV, and 64 laser shots were automatically
accumulated per sample position. The time-of-flight data
were externally calibrated for each sample plate and sample
preparation. Data acquisition and analysis were performed
using the GRAMS 386 software (version 3.04) supplied by
the manufacturer. Sequence analyses of the isolated peptides
were performed by stepwise Edman degradation using a
gas-phase automated sequencer (Model 473 A; Applied
Biosystems, Inc., Weiterstadt, Germany). The resulting
PTH-amino acids were identified by integrated high-pres-
sure liquid chromatography (HPLC). High-resolution mass
spectrometry was performed by linear ion trap Fourier
transform ion cyclotron resonance mass spectrometry (LTQ-
FT-ICR-MS/MS; Proteome Factory AG, Berlin, Germany).
A 2-puL aliquot of each acidified peptide fraction in 50%
acetonitrile was applied to the MS equipment in offline
mode via an Advion NanoMate 100 chip-electrospray sys-
tem (Advion, Ithaca, NY), and detection was performed on a
Finnigan LTQ-FT mass spectrometer (ThermoFisher,
Schwerte, Germany) that was equipped with a 6T magnet.
MS overview spectra were taken in FT mode according to
the manufacturer’s instrument settings for offline mode with
a mass tolerance of 3 ppm. Peptide fragmentation and de-
tection were accomplished in the instrument’s LTQ ion trap.



1962

Synthesis of CXCL12 variants

CXCL12 molecules were prepared by solid-phase peptide
synthesis as previously described [10]. The purified products
were characterized by HPLC, capillary zone electrophoresis,
electrospray mass spectrometry, and sequence analysis. The
net peptide content was determined by amino-acid analysis.

Processing of full-length CXCL12[22-89]
by blood cells

Peripheral blood mononuclear cells (PBMCs), polymor-
phonuclear neutrophils (PMNs), and thrombocytes were
isolated according to established methods [10]. PBMCs and
PMNs were isolated from 30 mL venous blood mixed with
10mL hydroxyethyl starch (Plasmasteril; Fresenius, Bad
Homburg, Germany). Erythrocytes were sedimented for
45 min at RT. The supernatant was centrifuged at 200 g for
20 min. The cell pellet was resuspended in 20 mL FCS-free
RPMI 1640, layered onto 15 mL of Ficoll-Paque (Pharma-
cia Biotech, Uppsala, Sweden), and centrifuged at 1,000 g
for 15min at RT with no braking to slow the centrifuge.
PBMCs were taken from the interface, diluted with two
volumes of RPMI 1640, and centrifuged at 200 g for 20 min.
The cell pellet was resuspended in RPMI 1640 to a con-
centration of 1x 107 cells/mL. PMNs were isolated from the
cell pellet of the Ficoll-Paque gradient. The pellet was re-
suspended in RPMI 1640 and centrifuged at 200 g for
20 min. Erythrocytes were lysed by resuspending the pellet
in 24 mL of double-distilled water for 30 s, followed by the
addition of 8mL of 3.6% NaCl solution. Cells were
centrifuged at 500 g for 8 min and resuspended in FCS-free
RPMI 1640 medium at a concentration of 2x 107 cells/mL.
Platelets were isolated from 10mL blood using sodium
citrate as the anticoagulant. Platelet-rich plasma was ob-
tained by centrifuging blood at 800 g for 5min. The su-
pernatant was diluted with 10% citrate-citric acid-dextrose
solution containing 2.94 g/100 mL trisodium citrate, 2.10 g/
100 mL citric acid, and 2.45 g/100 mL glucose. The platelet-
rich plasma was subsequently centrifuged at 2,000 g for
12 min, the supernatant was discarded, and the platelet pellet
was gently resuspended in FCS-free RPMI 1640 medium.
For processing experiments, 100uL of thrombocytes,
2% 107 cells/mL of PBMCs, and 2x 107 cells/mL of PMNs
were incubated at 37°C with 20 pg of CXCL12[22-89] for
30 min. Subsequently, the cells were sedimented by centri-
fugation at 400 g for 5 min. The supernatant was withdrawn
and acidified with 0.5 M acetic acid. Chromatography of the
supernatants was performed on an RP-HPLC column
[250 x4 mm 1i.d.,, Source RPC 15; Pharmacia, Uppsala,
Sweden]|. CXCL12 variants were identified via its elution
position in the RP-HPLC as well as by MALDI-MS and
Edman sequencing.

Receptor binding studies

HEK293T cells transiently transfected with cDNA en-
coding CXCR4 or CXCR7 were harvested at 48h after
transfection. Membranes were prepared and bound with
[125 I]-CXCL12 (PerkinElmer Life and Analytical Sciences,
Boston, MA) as previously described [9]. Briefly, mem-
branes (10 pg) were incubated for 2 h at room temperature in
96-well plates in binding buffer (50 mM Hepes, pH 7.4,
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1 mM CacCl,, 5mM MgCl,, 100 mM NaCl, and 0.5% bovine
serum albumin) in the presence of ~50pM of ['%1)-
CXCL12[22-89] and increasing concentrations of indicated
CXCL12 peptides. Membranes were harvested via filtration
with Unifilter GF/C plates (PerkinElmer Life and Analytical
Sciences) that were pretreated with 1% polyethyleneimine
and washed thrice with ice-cold wash buffer (50 mM Hepes,
pH 7.4, 1mM CaCl,, 5mM MgCl,, and 500 mM NaCl).
Radioactivity was assayed via liquid scintillation with a
MicroBeta counter (PerkinElmer Life and Analytical Sci-
ences).

Rate constants of CXCL12 variants binding
to biotinylated low-molecular-weight heparin

The measurements were performed as described by
Amara et al. using a Biacore™ X100 instrument (GE
Healthcare, Buckinghamshire, United Kingdom) [11].
Briefly, low-molecular-weight heparin (enoxaparin, 80 mg/
mL) was biotinylated using EZ-Link® Hydrazide Biotin
following the manufacturer’s instructions. After dialysis
against PBS, biotinylated heparin was injected with running
buffer (HBS-EP™) on the second cell of an SA Chip. Ap-
proximately 200 resonance units of material were im-
mobilized. For each CXCL12 variant, six different
concentrations (0-200nM) were injected onto the chip for
3min (at 30 pL/min) followed by a dissociation phase of
20 min. The sensor chip was regenerated with two pulses for
I min with 1.5M NaCl in HBS-EP™" buffer. Sensorgrams
were normalized from the baseline signal, and kinetic con-
stants were determined using Biacore X100 evaluation 2.0
software.

Mobilization of HPC by CXCL12 variants

The application of CXCL12 variants in Balb/C mice was
performed retroorbitally. In all experiments, retro-orbital
application was performed with a total volume of 100 pL. of
0.9% NaCl, with or without 10 pg of CXCL12[22-88], and/
or 25 pg of each N-terminally truncated CXCLI12 variant.
After 20 min, mice were sacrificed and blood was withdrawn
by cardiac puncture. Peripheral blood mononuclear cells
(MNCs) were isolated after centrifugation over a discontin-
uous gradient using Biocoll Separation Solution (Biochrom,
Berlin, Germany). MNCs (10°) were plated in triplicate in
1 mL of Methocult® GF for murine cells (M3434; Stem Cell
Technologies, Grenoble, France) containing 50 ng/mL of re-
combinant murine SCF (Stem Cell Technologies), rmIL-3
(R&D Systems), 10ng/mL of rhIL-6 (R&D Systems), and
3 U/mL of rh erythropoietin (Sandoz, Basel, Switzerland) in
35-mm suspension culture dishes (Nunc, Naperville, IL).
Cultures were incubated at 37°C in 100% humidity and 5%
CO, for 7 days. Scoring was performed with an inverted
microscope at 340X magnification on day 7.

Results

Identification and characterization of HPC
chemotactic activity in human blood plasma

To identify potential chemotactic activity during HPC
mobilization, plasma samples were obtained from patients
who received G-CSF or high-dose chemotherapy combined
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with G-CSF concurrent with leukapheresis. Mobilized plasma
induced a bell-shaped dose-response curve of FDCP-mix
HPCs, typical for chemotactic substances. Maximum che-
motactic activity was observed when 50% of mobilized blood
plasma was mixed with 50% medium (Fig. 1A). Therefore,
all further chemotaxis assays were performed with a con-
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centration of 50% mobilized plasma. In these assays, plasma
from normal individuals was inactive. The plasma also in-
duced transwell migration of human CD34" HPCs (Fig. 1B,
C). The co-application of patient plasma and HPCs in the
upper wells of the chemotaxis chamber did not induce mi-
gration of HPCs, indicating the predominantly chemotactic
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FIG. 1. Chemotactic activity for HPC in blood plasma. (A) Plasma from healthy individuals (o) or patients who received
G-CSF and chemotherapy (o) was added to the lower wells of transwell chemotaxis chambers at different concentrations.
Approximately 10° FDCP-mix hematopoietic progenitor cells were seeded into the upper wells. After 16 h, the number of
cells that had migrated into the lower well was determined. The given values are the mean+SEM of three experiments
performed with plasma from three different donors. (B) Plasma from patients treated with chemotherapy plus G-CSF or
chemotherapy plus bone marrow transplantation was added into the lower well only or to both wells. Approximately 2 x 10*
CD34" cells were seeded into the upper wells of chemotaxis chambers. CXCL12[22-89] (100 ng/mL) was used as a
control. Mean values are indicated by (wm), individual values by (e). (C) Chemotactic activity in plasma from patients
treated with high-dose chemotherapy plus autologous stem cell transplantation was determined by the addition of 50%
plasma from patients before or at different time points after transplantation to the lower wells. The given values are the
mean £ SEM of three experiments performed with plasma from different donors. (D) Identification of HPC chemotactic
activity in chromatographic fractions obtained from mobilized plasma. Each 20 mL aliquot of patient plasma was subjected
to preparative RP-C18 HPLC chromatography as described in the ‘“Materials and Methods’ section. Fractions of 50 mL
were collected. The equivalent of 0.4 mL plasma was added to the lower wells of a chemotaxis chamber to determine the
chemotactic activity. (E) The effect of functional blocking of the anti-CXCR4 receptor on the migration of CD34" HPCs.
Blood plasma was obtained from a patient on day 8 after mobilization with G-CSF/chemotherapy. CD34 " cells were
preincubated with anti-CXCR4-AB (12GS5, 2.5 pg/mL) for 30 to 60 min and then added to the chemotaxis chamber. The
given values are the mean*SD; *P <0.05; Student’s r-test. G-CSF, granulocyte-colony stimulating factor; HPC, hemato-
poietic stem and progenitor cells; HPLC, high-pressure liquid chromatography; RP, reverse phase; SEM, standard error of
the mean; SD, standard deviation.
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nature of the activity (Fig. 1B). In addition to analyzing blood
plasma during the mobilization phase, we analyzed blood
plasma from patients undergoing HPC transplantation im-
mediately after an intensive conditioning regimen. As early as
1 day after transplantation, blood plasma exhibited chemo-
tactic activity. This activity was present for the first 7 days
after HPC transplantation, whereas this activity declined in
the latter phase (Fig. 1C). Overall, 14/14 blood plasma
samples from patients who received G-CSF plus chemo-
therapy for HPC mobilization, 6/10 blood plasma samples
from voluntary stem cell donors who received G-CSF alone
before leukapheresis, and 3/3 blood plasma samples from
patients after autologous stem cell transplantation were found
to contain HPC chemotactic activity.

Characterization of chemotactic activity
and identification of tissue origin

To better characterize the nature of the chemotactic ac-
tivity, blood plasma from two patients who received che-
motherapy and G-CSF treatment was subjected to an RP
HPLC column elution with an acetonitrile gradient. Chemo-
tactic activity was present in two adjacent fractions, 26 and
27, eluting in a single peak, indicating that the HPC che-
motactic activity was likely induced by a single compound
(Fig. 1D). Subsequently, we determined by ELISA that the
CXCL12 concentrations in fractions 26 and 27 were ~50ng/
mL in the blood. For the detection of CXCLI12 IR, a poly-
clonal IgG (AF-310-NA; R&D systems) immunized against
CXCL12[22-89] was used, indicating that in addition to in-
tact CXCL12[22-88] the N-terminally truncated CXCLI12
variants were also detected. Furthermore, the chemotactic
activity was efficiently neutralized by functional inhibition of
CXCR4 using the anti-CXCR4 antibody 12GS5, supporting
the fact that chemotactic activity is via CXCL12 which
specifically stimulates HPCs through the chemokine receptor
CXCR4 (Fig. 1E). A murine HPC transplant model was es-
tablished to investigate the tissue source of the chemotactic
activity. We observed a time-dependent increase in HPC
chemotactic activity after murine BM transplantation, similar
to that seen in patients (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
scd). Supernatants were prepared from different mouse tis-
sues at the time of maximal plasma chemotactic activity. The
chemotactic activity for HPCs was significantly induced in
the BM, liver, and spleen from mice after BM transplantation
compared with conditioned media from tissues of untreated
mice (Supplementary Table S1).

Furification of stem cell chemotactic activity
in human blood filtrate

To determine the molecular characterization in human
blood plasma for CXCR4-inducing activity, we screened
peptide libraries produced from 10,000 L of HF from patients
with renal insufficiency. Significant CXCR4-activating ma-
terial was found in one peptide library within the fractions
containing basic peptides (peptide library 030120; pH pool 7,
fractions 21 and 22, and pH pool 8, fraction 21). Activation of
the CXCR4 receptor was confirmed by a screening assay
using FDCP-mix cells and cross-desensitization experiments,
which showed that recombinant CXCL12[22-89] blocked the
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CXCR4 receptor response (data not shown). At each indi-
vidual chromatographic step, chemotactic activity was con-
sistently eluted in a single biologically active peak. Figure 2
shows the purification steps that were applied to the CXCR4-
activating material from the peptide library (preparative RP-
HPL chromatography, analytical cation exchange, and analyt-
ical RP-HPL chromatography). The same fractions consistently
showed CXCR4 activation and HPC-migration stimulatory
activity (Fig. 2). With this method, the HPC chemoattractant
activity was purified >10%fold; ~50pg CXCL12 was ob-
tained from 400 g of starting material. MALDI-MS and Edman
degradation showed that the active fractions contained different
variants of CXCL12: CXCL12[22-88], CXCL12[24-88],
CXCL12[25-88], CXCL12[27-88], and CXCL12[29-88] (Fig.
2E; Table 1).

CXCL12 processing by leukocytes
and thrombocytes

Since intact CXCL12[22-89] is the predominant variant
secreted by cells in the body, the identification of
CXCL12[22-88] and N-terminally truncated variants in
blood plasma suggests that CXCL12 is processed in mature
blood cells. Therefore, we investigated whether CXCL12
[22-89] could be processed by PBMCs, PMNS, platelets, or
platelet microparticles. Twenty micrograms CXCL12[22-89]
was incubated with the purified cell populations for 30 min.
The cell supernatants were purified by analytical RP chro-
matography, and the collected fractions were analyzed by
MALDI-MS and Edman sequencing. For the endogenous
molecules, analytical RP chromatography of the cell super-
natants gave identical elution times for the CXCL12 mole-
cules. Incubation of CXCL12[22-89] with isolated PMNs
resulted in predominantly N-terminally truncated CXCL12
[25-89] and CXCL12[27-89] (Fig. 3A). Neutrophil elastase
was found to be responsible for generating CXCL12[25-89]
(Fig. 3B and Table 2), whereas neutrophil cathepsin G gen-
erated CXCL12[27-89] (Fig. 3C and Table 2). N-terminal
processing between amino acids Pro,3 and Val,, occurred
after incubation with dipeptidylpeptidase IV (DPPIV) as de-
scribed by Christopherson et al. [12] (Supplementary Fig.
S2). In contrast, the low-density PBMC fraction exhibited no
significant proteolytic processing activity in CXCL12[22-89]
under these experimental conditions. Incubation experiments
with platelets revealed quantitative processing of CXCLI12
[22-89] to CXCL12[22-88] (Fig. 3D). The exclusive detec-
tion of molecular mass peaks for CXCL12[22-89] and
CXCL12[22-88] by MALDI-MS suggests that thrombo-
cytes contain a protease, which specifically processes the C-
terminal Lysgg of CXCLI12 (Fig. 3D and Table 2). Platelet
microparticle levels have been shown to increase during HPC
mobilization after the addition of G-CSF [13]. Therefore, we
investigated whether platelet microparticles can process
CXCL12[22-89]. MALDI-MS revealed peptides with an M,
of 7438.4 and 7636.8, corresponding to CXCL12[27-89]
and CXCL12[25-89], respectively. The platelet-derived
microparticles did not produce C-terminally truncated
CXCL12[22-88] (Fig. 3E and Table 2). Together, the
results of these degradation experiments in the presence
of thrombocytes or neutrophilic granulocytes are consis-
tent with the observed chromatically purified CXCL12
moieties.
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FIG. 2. Purification and identification of CXCL12 as chemotactic activator for HPCs in human plasma. To screen for
CXCR4 stimulating activities, aliquots of fractions from different peptide libraries were screened for calcium flux-inducing
activity on CXCR4-transfected HEK293T cells. The calcium flux-inducing activity was purified in four chromatographic steps.
(A) Preparative RP chromatography using a Bakerbond cartridge RP-C18 column (47 mm i.d. X300 mm, 15-30 um, 300 A;
Vydac, Hesperia, CA) with an acetonitrile gradient. (B) RP chromatography using a Bakerbond cartridge (47 mm i.d. x 300
mm) with an acetonitrile gradient from 100% solvent A (10 mM HCI) to 28% solvent B (10 mM HCl in 80% acetonitrile) over
2min, from 28% to 55% solvent B over 50 min, and from 55% to 100% solvent B over 1 min. Fractions with a volume of
50mL were collected. (C) Analytical cation exchange chromatography using a Parcosil ProKat column (4 mm i.d. x50 mm,
7 um, 300 A; Biotek, Ostringen, Germany) at a flow rate of 1 mL/min using a linear binary gradient of 0% solvent A (10 mM
Na, HPOy, pH 4.5) to 70% solvent B (10 mM Na, HPO,, pH 4.5, 1 M NaCl) over 70 min, and from 70% to 100% solvent B
over 5 min. Two-milliliter fractions were collected. (D) Analytical RP chromatography using a YMC RP-C18 column (4.6 mm
1.d. X250 mm) at a flow rate of 0.5 mL/min using a linear binary gradient of 80% solvent A (10 mM HCI) to 60% solvent B
(10mM HCI in 80% acetonitrile) over 60 min. Fractions with a volume of 0.5mL were collected. (E) Identification of
CXCLI12 in the biologically active fraction 27 of purification step D by MALDI-MS. The mass peaks marked by the arrows
correspond to molecules that represent C-terminally (Lysgy truncated) and N-terminally truncated CXCL12 molecules. The
suggested CXCL12 molecules were confirmed by N-terminal Edman degradation. HEK, human embryonic kidney; i.d., inner
diameter; MALDI-MS, matrix-assisted laser desorption/ionization—mass spectrometer.

Binding of CXCL12 variants to the receptor CXCR4 cer for CXCR4 and CXCR7. We found that CXCL12[22-89]
and CXCR7 and CXCL12[22-88] displayed an almost identical affinity for
CXCR4, with ICsq values of 0.131+0.088 and 0.164=*

To measure the binding of the CXCLI12 variants to the 0.085nM, respectively (Table 3). In contrast, CXCL12[25-
CXCR4 and CXCR7 receptor, competition binding experi- 88], CXCL12[27-88], and CXCL12[29-88] did not compete
ments were performed using ['*’I]-CXCL12[22-89] as a tra- for binding with ['*’I]-CXCLI12 (Table 3). On the CXCR7
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TABLE 1. RESULTS OF EDMAN SEQUENCING OF CXCL12
VARIANTS PURIFIED FROM HUMAN PLASMA

Determined

Detected N-terminal

Theoretical ~ M,, by amino-acid

Variant M,, MALDI-MS sequence

CXCL12[22-88]  7831.2 7831.2  KPVSLSYRCPCRFF
CXCL12[24-88]  7606.0 7606.4 VSLSYRCPCRFF
CXCLI12[25-88]  7506.8 7507.2 SLSYRCPCRFF
CXCL12[27-88]  7306.6 7307.3 SYRCPCRFF
CXCL12[29-88]  7056.3 7058.3 RCPCRFF

Shown are the calculated theoretical average molecular masses of
each molecule, the molecular masses detected by MALDI-MS, and
the N-terminal amino-acid sequence determined by Edman se-
quencing.

MALDI-MS, matrix-assisted laser desorption/ionization—mass
spectrometer.

receptor, CXCL12[22-89] revealed a slightly stronger affinity
than CXCL12[22-88]. In competition experiments, the ICsq
value for CXCL12[22-89] was 0.069£0.024nM and for
CXCL12[22-88], the ICsy was 0.201 £0.097 nM (Table 3).
Interestingly, at concentrations of 100nM, CXCL12[25-88]
revealed some binding affinity for the CXCR?7 receptor, dis-
placing 30% of the ['*’I]-CXCLI2 from the receptor. In
contrast, CXCL12[27-88] and CXCL12[29-88] did not show
affinity for the CXCR7 receptor. Taken together, CXCL12[22—
88] and CXCL12[22-89] strongly bind both CXCR4 and
CXCRT7; whereas for the other isoforms, only CXCL12[25-88]
showed some affinity for CXCR?7.

RICHTER ET AL.

Functional activities of the identified CXCL12
molecules

Chemotaxis assays using FDCP-mix HPCs as indicator
cells were performed to characterize the biological activities
of the identified and isolated CXCL12 variants. CXCL12[22-
89] and CXCL12[22-88] demonstrated similar chemotactic
activities. At concentrations of 150nM, both CXCL12[22—-
89] and CXCL12[22-88] increased the chemotactic index by
factors of 18.8+2.8 and 16.8+ 1.7 (mean =+ standard error of
the mean [SEM]), respectively. In contrast, the N-terminally
truncated molecules CXCL12[25-88], CXCL12[27-88], and
CXCL12[29-88] did not generate chemotactic activity (Fig.
4A). Similarly, both CXCL12[22-89] and CXCL12[22-88]
induced a dose-dependent, rapid, and transient flux of in-
tracellular calcium in CXCR4-transfected HEK293T cells
(Fig. 4B). The ECs, values for CXCL12[22-89] and CXCL12
[22-88] were 91.9+31.1 and 54.5%13.8 nM, respectively
(Fig. 4B). In contrast, the N-terminally truncated molecules
CXCL12[25-88], CXCL12[27-88], and CXCL12[29-88]
did not elicit calcium flux-inducing activity. At high nano-
molar concentrations, CXCL12[22-89] and CXCL12[22—
88] also generated significant chemokinetic activity com-
pared with controls, thereby increasing the migration of
FDCP-mix progenitor cells by 40% and 30%, respectively
(data not shown).

To investigate the potential antagonistic activities of the N-
terminally truncated molecules, different concentrations of
CXCL12[25-88], CXCL12[27-88], and CXCLI12[29-88]
were loaded in the upper wells of a chemotaxis chamber, and
chemotactic migration was induced with 1000 ng/mL
CXCL12[22-88]. Neither CXCL12[25-88] nor CXCL12[27-
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FIG. 3. C-terminal and N-terminal proteolytic processing of CXCL12 by Platelet and granulocyte proteases. Proteolysis

was investigated by incubating 10 pg CXCL12[22 89] in 500 pL with 2x 10

isolated PMNs, 1 mU of elastase or cathepsin

G, or with 1 x 10° thrombocytes or ~ 10'® platelet microparticles for 30 min. The samples were subsequently centrifuged,
and the supernatant was acidified with 0.1 M acetic acid. The samples were evaluated with an analytical RP chromato-
graphic column, and the collected fractions were analyzed by MALDI-MS. CXCL12-containing fractions were sequenced
by Edman degradation. (A-E) MALDI-MS traces of CXCL12-containing fractions were subjected to (A) isolated PMNs,
(B) granulocyte elastase, (C) granulocyte cathepsin G, (D) isolated platelets, and (E) platelet microparticles. PMNs,

polymorphonuclear neutrophils.
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TABLE 2. ANALYSIS OF THE CXCL12-DIRECTED PROTEOLYTIC ACTIVITY OF POLYMORPHONUCLEAR
NEUTROPHILS, PLATELETS, NEUTROPHIL ELASTASE, AND CATHEPSIN G

CXCLI2 Theoretical Detected N-term. Protease
Cells variant M,, M, sequence identified
Platelets [22-88] 7831.2 7833.6 KPVSLSYRCPCRFF Not known
Platelet microparticles [25-89] 7635.1 7636.8 Not known
Platelet microparticles [27-89] 7435.0 7438.4 Not known
PMNs [25-89] 7635.1 7635.0 SLSYRCPCRFF Elastase
PMNs [27-89] 7435.0 7434.5 SYRCPCRFF Elastase

Cathepsin G

Isolated platelets, platelet microparticles, PMNs, 5 MIU cathepsin G, or 5 pg elastase purified from neutrophils were incubated with 20 pg
of CXCL12 [22-89] in 500 pL for 60 min. The proteolyzed CXCL12 was chromatographed on an analytical RP column and analyzed by
MALDI-MS and N-terminal Edman sequencing. CXCL12[25-89] was produced by neutrophil elastase, whereas CXCL12[27-89] was

produced by neutrophil elastase and cathepsin G.
PMN:s, polymorphonuclear neutrophils; RP, reverse phase.

88] displayed any significant antagonism of CXCL12[22-88]
chemotactic activity, even at a 10-fold excess (Fig. 4C). In
contrast, CXCL12[29-88] antagonized 50% of the chemo-
tactic activity of CXCL12[22-88] when a 10-fold excess was
present (Fig. 4C). Chemotactic HPC migration was inhibited
by 55% after pretreatment with CXCL12[22-88] at equi-
molar concentrations. Pretreatment of cells with a 10-fold
excess of CXCL12[22-88] exhibited an almost total inhibi-
tion of migration (Fig. 4C). Similarly, in CXCR4-transfected
HEK293T cells, pretreatment with CXCL12[25-88],
CXCL12[27-88], and CXCL12[29-88] inhibited the calcium
flux by a maximum of 25% when simultaneously pretreated
with 10nM CXCL12[22-88] (Fig. 4D). In contrast to the
high concentrations of CXCL12[22-88] required to induce
CXCL12[22-88] antagonistic activity in the chemotaxis as-
says, equimolar concentrations of CXCLI12[22-88] were
sufficient to induce an almost complete inhibition of the
calcium flux induced by the second stimulus (Fig. 4D).

Binding of CXCL 12 variants to heparin

To compare the affinities of the different CXCL12 vari-
ants to heparin, a mixture of the five synthesized CXCL12
variants was applied to a heparin sepharose column and
subsequently eluted with an NaCl gradient. The collected
fractions were subsequently analyzed by MALDI-MS. The

elution profile revealed a single peak at ~1.2M NaCl,
containing the five CXCL12 variants, indicating similar
affinities to heparin for all of the five tested variants (Fig. 5).
For determination of the dissociation constants for heparin
binding, the CXCL12 variants were injected over the Bia-
core heparin surface in a concentration range 0-200nM.
Afterward, 200 resonance units of biotinylated heparin were
immobilized, and the flow rate was maintained at 30 pL/
min. All sensorgrams could be fitted to the bimolecular
binding reaction model and analyzed by linear transforma-
tion. Association rate constants (k,), dissociation rate con-
stants (kg), and dissociation constants (Kp) for each variant
are given in Table 4. The determined Kp for CXCL12[22-
88] was 5.4112.62 uM. The Kp of CXCL12[24-88] was
elevated by one logl0 stage (54%22.4uM). Consecutive
N-terminal truncations were associated with a decrease of
the dissociation constants, with a Kp for CXCL12[29-88] of
18.7+5.41 uM (Table 4).

Systemic application of CXCL12 variants results
in mobilization of colony-forming unit into blood

To examine the effect of CXCLI12 variants on the mobili-
zation of HPC into the peripheral blood, the different variants
were injected separately or in different combinations. Twenty
minutes after intraorbital application, mice were sacrificed and

TABLE 3. BINDING AND FUNCTIONAL PARAMETERS FOR CHEMOKINE RECEPTORS CXCR4 AND CXCR7
FOR IDENTIFIED CXCL12 VARIANTS

CXCR4

CXCR7

Binding parameters

Binding parameters

Calcium mobilization

Competition with CXCLI12[22-89]

Competition with CXCL12[22-89]

CXCLI2

variant ECso£SEM [nM] ICsox SEM [nM] ICso £ SEM [nM]
[22-89] 91.9+31.1 0.131£0.088 0.069 £0.024
[22-88] 59.2+13.8 0.164+0.085 0.201+£0.097
[25-88] n.e.d. n.b.d. 19.7£55.4
[27-88] n.e.d. n.b.d. n.b.d.
[29-88] n.e.d. n.b.d. n.b.d.

Values are the mean+SEM for at least three independent determinations.
n.e.d., no effect detectable; n.b.d., no binding detectable (ECs, or IC59>500nM); SEM, standard error of the mean.
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FIG. 4. Biological characterization of CXCLI12[22-88] and the N-terminally truncated molecules CXCL12[25-88],
CXCL12[27-88], and CXCL12[29-88]. (A-D: CXCL12[22-89], ©; CXCL12[22-88], H; CXCL12[25-88], V;
CXCL12[27-88], #;CXCL12[29-88], ®) (A) Chemotactic responses of hematopoietic FDCP-mix progenitor cells to the
different CXCL12 variants were investigated in Boyden chamber chemotaxis assays. CXCL12[22—-89] and CXCL12[22-88]
induced chemotactic migration at statistically indistinguishable levels. CXCL12[25-88], CXCL12[27-88], and CXCL12[29-
88] did not induce chemotactic migration of FDCP-mix progenitor cells. The results of four different experiments were pooled.
In each experiment, three replicates were performed for each concentration. The presented values are the mean+ SEM. (B)
Calcium flux measurements were performed in CXCR4-transfected HEK293T cells using the FLIPR assay system. The results
of five different experiments were pooled. Each experiment was performed in triplicate for each concentration. The presented
values are the mean®SEM. (C) Inhibition of chemotactic migration induced by 125nM CXCL12[22-88] by N-terminally
truncated variants of CXCL12. CXCL12[25-88], CXCL12[27-88], or CXCL12[29-88] were added to the upper wells of the
chemotaxis chamber at concentrations of 12.5, 125, and 1250nM, respectively. Each experiment was conducted in triplicate
for each concentration. The results of three independent experiments were pooled. The presented values are the mean + SEM.
(D) Inhibition of the CXCL12[22-88]-induced calcium flux by N-terminally truncated CXCL12 variants. Experiments were
performed in CXCR4-transfected HEK293T cells using the FLIPR assay system. CXCL12[22-88], CXCL12[25-88],
CXCL12[27-88], and CXCL12[29-88] were applied to the cells at concentrations between 0 and 333 nM. Subsequently,
10nM CXCL12[22-88] was applied to the cells as a second stimulus. The diagram shows the correlation between the
CXCL12 concentration of the first stimulus (X-axis) and the calcium flux induced by the second stimulus (Y-axis). The results
from one experiment are representative of three independent experiments with the same results. Each CXCL12 variant and
concentration were analyzed in triplicate. The given values are the mean+ SEM.

MNCs were separated. Ten micrograms of CXCL12[22-88]
induced an increase of colony-forming cells (CFU-C) to
338% £ 109% (mean=*SEM; P <0.05). Retro-orbital applica-
tion of 25 pg CXCL12[24-88] or 25 pg CXCL12[25-88] in-
duced a moderate increase of blood CFUs with 175% +45%
and 138% +60% (meantSEM), respectively. However, ret-
roorbital application of 25pg CXCL12[27-88] or 25pug
CXCL12[29-88] significantly increased the amount of blood
CFUs to 316% £ 82% (P <0.002) and 233% £ 98% (P <0.05),
respectively (Fig. 6A).

We subsequently tested whether the combination of the
different CXCL12 variants revealed an even larger effect on
blood CFU mobilization. The combination of CXCL12[25-
88], CXCL12[27-88], and CXCL12[29-88] (25ug each)
induced an increase of blood CFUs to 307% +77%. The ad-
ditional application of 10 pg CXCL12[22-88] to this combi-
nation increased the blood CFUs to 573% t£201% of the

control. The combination of CXCL12[24-88], CXCL12[25-
88], CXCL12[27-88], and CXCL12[29-88] (25 pg each) in-
duced an increase of blood CFUs to 460% +29% (Fig. 6B).

Discussion

HPC mobilization is a complex multi-step process which
involves intrinsic motility mechanisms, activities of adhe-
sion molecules, various cytokines, chemoattractants, pro-
teolytic enzymes, and other extrinsic factors that enable
egress of HSCs into the blood. Release of the chemokine
CXCL12 into the circulation is associated with a significant
mobilization of HPCs. The intravenous injection of an ad-
enoviral vector expressing CXCL12 (AdSDF1) into severe
combined immunodeficient mice, application of CXCL12-
binding compounds (eg, fucoidan or GAG mimetics), and
catecholamines induce a release of CXCL12 into the blood
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FIG. 5. The identified plasma-derived CXCLI12 variants CXCL12[22-88], CXCL12[24-88], CXCL12[25-88],
CXCL12[27-88], and CXCL12[29-88] bind to heparin. (A) A mixture of synthesized CXCL12 variants (5pg of
CXCL12[22-88], and CXCL12[29-88], 15 ng of CXCL12[24-88], CXCL12[25-88], and CXCL12[27-88]) were subjected
to a Heparin Sepharose column (10 x 125 mm; Amersham Pharmacia, Freiburg, Germany). Elution was performed with a
gradient from 100% solvent A [10 mM NaCl/25 mM Tris—HCI (pH 8.0)] to 100% solvent B [2 M NaCl/25 mM Tris—HCI
(pH 8.0)] over 80 min with a flow rate of 0.5 mL/min. Fractions were collected manually. (B) Subsequently, the fractions
were desalted and subjected to MALDI-MS. The identified M,, corresponds to the CXCLI12 variants CXCL12[22-88]
(7830.2 Da), CXCL12[24-88] (7607.2 Da), CXCL12[25-88] (7507.4 Da), CXCL12[27-88] (7307.9), and CXCL12[29-88]
(7058.5 Da). (C) Surface plasmon resonance sensograms of CXCL12 variants binding to biotinylated low-molecular-weight
heparin. Approximately 200 resonance units of material were immobilized. Sensograms were obtained by injecting six
different concentrations (0-200 nM) for each CXCL12 variant. Analytes were infused on the chip for 3 min (at 30 pL/min)
followed by a dissociation phase of 20 min. The sensor chip was regenerated with two pulses of 1 min of 1.5M NaCl in
HBS-EP™ buffer. Sensorgrams were normalized based on the baseline signal, and kinetic constants were determined using

Biacore X100 evaluation 2.0 software.

plasma that is accompanied by a mobilization of HPCs [14-
17]. However, it is not known whether CXCL12 in blood
plasma is immediately inactivated by proteolytic degrada-
tion, or whether the liberated CXCL12 stays functional for a
significant time period, given that proteolytic inactivation of
CXCL12 by DPPIV in blood plasma takes place with a half
life of less than 1min and that physiological CXCLI12
concentrations in blood plasma are proteolytically degraded
within 1-2 min [18,19].

Here, we show that G-CSF application or irradiation and
HPC transplantation in humans and mice induce the release
of biologically relevant HPC chemotactic activity in blood
plasma. Using different methods, we identified the chemo-
kine CXCL12 as the HPC chemoattractant in blood plasma.
In neutralizing experiments with an anti-CXCR4 antibody,

the chemotactic migration of CD34% and FDCP-mix cells
induced by patient plasma was blocked. Furthermore, the
separation of patient blood plasma by RP chromatography
generated one activity peak containing CXCL12-IR, strongly
suggesting that during mobilization, active CXCLI12 is lib-
erated into the blood plasma.

The release of CXCL12 into the blood plasma after ir-
radiation is supported by studies investigating CXCL12
expression after irradiation. In irradiated mice, we showed
that the liver, spleen, and BM are tissue sources for the
chemotactic activity. Other studies demonstrated that irra-
diation increases the expression levels of CXCL12 mRNA
in the BM [20], liver [21], skin [22], and intestine [23]. In
addition, an irradiation-induced CXCL12-dependent en-
graftment of HPC into the spleen and BM was identified
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TABLE 4. RATE CoNSTANTS OF CXCL12
VARIANTS BINDING TO BIOTINYLATED
Low-MOLECULAR-WEIGHT HEPARIN

CXCLI2

variant ko, (M~ 's™h ky(s™') Kp (uM)
[22-88]  6395.5+3044.5 0.026+0.0003 5.41+2.62
[24-88] 942.5+376.5  0.042+0.0007  54+22.4
[25-88]  1228.5+147.5  0.036+0.0011 30+4.77
[27-88] 1295+ 63 0.029+0.0003 23+1.36
[29-88]  1651.5+569.5  0.028+0.001  18.7+5.41

The measurements were performed using a Biacore™ X100
instrument (GE Healthcare). Approximately 200 resonance units of
biotinylated heparin were immobilized. For each CXCL12 variant,
six different concentrations (0—200 nM) were injected onto the chip.
Sensorgrams were normalized from the baseline signal, and kinetic
constants were determined using Biacore X100 evaluation 2.0
software.

k,, association rate constant; kg4, dissociation rate constant; Kp,
dissociation constant.

[24]. CXCL12 expression was identified in endothelial cells
of the BM, which have contact with the blood and are a
relevant source of circulating CXCL12 [25].

To further characterize the molecular structure of CXCL12
in blood plasma, we isolated functional CXCR4-reactive ac-
tivity from a peptide library obtained from a blood hemofil-
trate of renal-insufficient patients. After the final purification,
mass spectrometric analysis and sequencing revealed that the
chemotactically active fractions contained highly purified
CXCL12 with molecular heterogeneity at the N-terminus. In
addition to chemotactically active CXCL12[22-88], four N-
terminally truncated CXCL12 variants (CXCL12[24-88],
CXCL12[25-88], CXCL12[27-88], and CXCL12[29-88])
were identified.

These results confirm that in blood plasma, CXCLI12 is
processed by different proteases. CXCL12[24-88] is a pro-
teolytic product of the metalloprotease DPPIV, which has
been suggested to degrade CXCL12 in the circulation with
high efficacy [18,19]. CXCL12[25-88] and CXCL12[27-88]
are proteolytic products that are generated by neutrophils [5].
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Production of CXCL12[25-88] and CXCL12[27-88] in the
blood filtrate is most likely dependent on the activation of
neutrophils, which are induced on the semipermeable he-
mofilter membranes used for hemofiltration of patients with
chronic renal failure [26]. In stem cell mobilization, granu-
locytes are activated by G-CSF application, chemotherapy, or
irradiation, which convert the BM in a highly proteolytic
environment [3,27,28]. The association of neutrophils and
increasing elastase concentrations during mobilization of
HPC, and the failure of HPC mobilization during neu-
tropenia, suggest that neutrophils and neutrophil proteases are
required for HPC mobilization [29,30]. A role for neutrophil
elastase in HPC mobilization is also supported by experi-
ments showing that the application of a peptidergic elastase
inhibitor reduces G-CSF-induced HPC mobilization [31].
However, studies by Levesque et al. also demonstrated
that elastase and cathepsin G are not essential for HPC mo-
bilization [32]. They showed a similar induction of HPC
mobilization by G-CSF treatment in elastase- and cathepsin
G-deficient mice as in wild-type mice. These results indicate
that redundant proteolytic activities are involved in HPC
mobilization. MMP-8 is another protease released from
granulocytes, which is capable of producing CXCL12[25-88]
and is suggested to be involved in stem cell mobilization [33].

Additional proteases with the capability of N-terminal
CXCLI12 processing include the MMP-1, -2, -3, -9, -13, and
-14 (Membrane Type 1-MMP) [34,35]. Importantly, these
MMPs produce CXCL12[26-88] [34], a CXCL12 variant that
was also identified in a study by Antonsson subsequent to an
in vivo application of CXCL12[22-89] in mice [19]. In
contrast, CXCL12[26-88] was not identified in our in vitro
CXCLI12-processing experiments performed with human
granulocytes and was not identified in the purified material
from blood filtrate, although the CXCL12[26-88]-producing
protease MMP-9 is primarily expressed in granulocytes. This
discrepancy may be correlated to insufficient proteolytic ac-
tivation, as MMP-9 is released as an inactive zymogen
[36,37]. Although human neutrophil elastase is suggested to
prime activation of proMMP-9 [38], the activation of MMP-9
in the context of granulocyte activation on the hemofilter
membranes may not be sufficient for the generation of
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FIG. 6. Detection of increased numbers of circulating colony-forming cells in the CFU-C assay subsequent to the
application of CXCL12 variants. Ten micrograms of CXCL12[22-88] and/or 25 pg of each N-terminally truncated CXCL12
variant were injected into Balb/C mice retroorbitally. After 20 min, mice were sacrificed and blood was withdrawn by
cardiac puncture. (A) Each CXCL12 variant was separately evaluated, and (B) combinations of CXCL12 variants were
evaluated for the potency to mobilize colony-forming cells into the peripheral blood. CFU-C, colony forming cells.
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CXCL12[26-88] in humans. However, with the application
of G-CSF, the BM progresses to a highly proteolytic micro-
environment that is characterized by MMP-2, MMP-9, MMP-
14 (MT1-MMP), cathepsin G, neutrophil elastase, and C-
terminal processing cathepsin K and carboxypeptidase M
[35,39]. In this situation, CXCL12[26-88] may be produced
as an important proteolytic CXCL12 variant for stem cell
mobilization, which has been suggested to switch receptor
specificity to CXCR3 [40,41].

In the study of Antonsson et al. mentioned earlier, all of
the CXCL12 variants identified in our study were also found
with the exception of CXCL12[27-88] [19]. The absence of
CXCL12[27-88] might be related to species-specific dif-
ferences in the neutrophil serine protease activities [42,43].

Furthermore, Antonsson et al. and our results suggest that
CXCL12[29-88] 1is the shortest proteolytically processed
form found in blood plasma. They showed that s.c. or i.v.
adminstration of CXCL12[29-88] revealed no additional
proteolytic product but instead showed slow elimination of
CXCL12[29-88] within 6-8 h postadministration [19].

We found that thrombocytes reveal a proteolytic activity
which liberates Lysgg from CXCL12[22-89]. This proteo-
lytic activity is most likely not related to proteases that are
known to process Lysgg from CXCLI12. These proteases
include carboxypeptidase N [44] and M [45], and Cathepsin
X [46,47]. These exoproteases are not present in thrombo-
cytes. Carboxypeptidase N is a soluble protease found in
blood plasma; the membrane-bound carboxypeptidase M is
expressed in hematopoietic cells, CD34* cells, myeloid-,
erythroid-, megakaryocytic progenitors, mesenchymal stem
cells, and fibroblastic cells. Carboxypeptidases N and M
exclusively process Lysgg [44], whereas Cathepsin X is se-
creted by human osteoblasts and reveals a C-terminal exo-
peptidase activity for CXCL12[22-89], which cleaves 15
amino acids up to proline P,4 [47]. A putative carboxy-
peptidase for C-terminal processing of CXCL12 represents a
thrombin-activatable fibrinolysis inhibitor that is expressed
in thrombocytes and is able to process C-terminal Lys res-
idues [48].

To assess the biological relevance of N-terminally trun-
cated CXCLI2 variants, we first tested synthesized
CXCL12[22-88] and the N-terminally truncated forms for
agonistic and antagonistic activity in the chemotaxis and
calcium flux-inducing assays. In accordance with other
studies, the N-terminally truncated CXCLI12 variants re-
vealed no agonistic activities in the chemotaxis and calcium
flux assays. In contrast, CXCL12[29-88] displayed signifi-
cant antagonistic activity in the chemotaxis assays when a
10-fold excess of CXCL12[29-88] was subjected to the
HPCs; whereas in the calcium flux assays, only a marginal
antagonistic activity was identified. Although Loetscher
et al. demonstrated the importance of Arg,o for CXCR4
receptor binding [49], the antagonistic activity of CXCL12
[29-88] cannot be explained by competition for the CXCR4
receptor, because CXCL12[29-88] does not bind to CXCR4.
In addition, CXCL12[29-88] does not bind to CXCR7, an-
other receptor that mediates CXCL12 activity. However,
CXCL12[22-88] and CXCL12[29-88] reveal similar heparin
binding affinities, suggesting a competition for GAG binding
of both CXCL12 variants, which may be relevant for pre-
sentation of CXCL12 to CXCR4. Murphy et al. suggested
that GAGs support dimerization and the presentation of

1971

CXCL12 dimers to CXCR4 [50]. Since CXCL12 has been
observed as a dimer in several crystal structures, CXCL12
[29-88] along with CXCL12[22-88] might be able to di-
merize in the migrating cells; whereas CXCL12[29-88] might
compete with CXCL12[22-88] for GAG binding and, there-
fore, might reduce the concentration of active CXCL12 in the
HPCs [51]. The absence of CXCL12[29-88]-antagonistic
activity in the calcium mobilization assay may be correlated
with different mechanisms to induce calcium mobilization
and chemotaxis via the CXCR4 receptor. Studies of Veld-
kamp et al. demonstrate that monomeric CXCL12 induces
chemotactic activity; whereas a locked CXCLI12 dimer, in
which the CXCL12 subunits are linked through a disulfide
bond, retains Ca®>* mobilization yet loses chemotactic activ-
ity, instead preventing endogenous CXCL12-induced che-
motactic activity [52,53].

We next investigated whether the application of different
CXCL12 variants induced mobilization of HPCs in a mouse
model. In our experiments, retro-orbital application of
CXCL12[22-88] resulted in mobilization of HPCs into the
circulation. Due to the short half life of biologically active
CXCL12, mobilization was determined 20 min after retro-
orbital application, which reached a threefold increase
above control. In addition, application of N-terminally
truncated CXCL12 variants induced HPC mobilization, with
CXCL12[27-88] and CXCL12[29-88] demonstrating a
significant effect on HPC mobilization. In addition to the
putative antagonistic mechanism for CXCL12[29-88] as
mentioned earlier, competition with biologically active
CXCL12 for binding to GAG chains of proteoglycans along
the endothelial surface might be responsible for the mobi-
lization of HPCs [7,54]. The excess of N-terminally pro-
cessed CXC12, although demonstrating a reduced affinity
for Heparin, would be sufficient for a relevant displacement
of active CXCL12. Netelenbos et al. have shown that
CXCL12 presented by GAGs induced haptotactic migration
[55]. Displacement of active CXCL12 from GAG binding
sites by N-terminally truncated CXCL12 variants may
abolish binding and haptotactic migration, and it may induce
release of HPCs into the blood.

In conclusion, we have demonstrated the induction of
HPC chemotactic activity in several tissues and in blood
plasma during HPC mobilization and after irradiation. We
have identified CXCL12 in blood plasma during HPC mo-
bilization and subsequently isolated CXCL12 from a blood
plasma filtrate. Our results confirmed that different CXCL12
variants exist in blood plasma, with an abundance of N-
terminally truncated CXCL12 variants. A balance between
the active and the N-terminally truncated CXCL12 variants
in the circulation may be involved in regulation of the
CXCL12/CXCR4 axis of HPC mobilization. The investi-
gated N-terminally truncated CXCL12 variants revealed no
agonistic activity mediated by the CXCR4 receptor, whereas
CXCL12[29-88] demonstrates significant antagonistic ac-
tivity in the chemotaxis assay. In addition, retroorbital ap-
plication of CXCL12[22-88] or the N-terminal truncated
variants in mice induced mobilization of HPCs. Since the
investigated N-terminally truncated CXCL12 variants re-
vealed no affinity for the CXCR4 receptor but significant
affinity for heparin, the antagonistic activity of CXCL12
[29-88] and the HPC mobilizing activity might be corre-
lated to a competition between active and N-terminally
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truncated CXCL12 variants for GAG binding. Our findings
confirm that the CXCL12 activity in blood plasma is regu-
lated by proteolytic mechanisms with relevance for mobi-
lization of HPCs. Further studies are warranted to explore
and characterize the relative contributions of plasma- and
tissue (eg, BM)-derived CXCL12 variants and their roles in
HPC mobilization and engraftment.
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