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G-CSF down-regulation of CXCR4 expression identified as a mechanism
for mobilization of myeloid cells

Hyun Kyung Kim, Maria De La Luz Sierra, Cassin Kimmel Williams, A. Virginia Gulino, and Giovanna Tosato

CXCR4 receptor expression is required
for the retention of granulocyte precur-
sors and mature neutrophils within the
bone marrow, and disruption of the SDF-
1/CXCR4 axis in the bone marrow results
in the mobilization of myeloid lineage
cells to the peripheral circulation. We
report that G-CSF down-regulates CXCR4
expression in bone marrow-derived mu-
rine and human myeloid lineage cells.
When exposed to G-CSF, murine Gri+
bone marrow myeloid cells display a time-
dependent reduction of cell-surface

CXCR4 and respond poorly to SDF-1 in
attachment and migration assays. Bone
marrow—derived cells of nonmyeloid lin-
eage display no change in surface CXCR4
expression upon exposure to G-CSF.
Compared with controls, mice treated with
G-CSF for mobilization of hematopoietic
progenitor cells display reduced levels of
CXCR4 selectively in bone marrow Gri+
myeloid cells. Since bone marrow my-
eloid cells express G-CSF receptors and
G-CSF rapidly reduces CXCR4 expres-
sion in purified Gr1* cells populations,

these results provide evidence that G-
CSF acts directly on myeloid lineage cells
to reduce CXCR4 expression. By down-
regulating CXCR4 expression in bone
marrow myeloid cells and attenuating
their responsiveness to SDF-1, G-CSF
promotes their mobilization from the bone
marrow to the peripheral blood. (Blood.
2006;108:812-820)
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Introduction

Neutrophil release from the bone marrow is a highly regulated and
dynamic process that ensures the maintenance of homeostatic
levels of peripheral neutrophils. Although the mechanisms underly-
ing this process are incompletely defined, compelling evidence
from gene-targeting studies and other observations indicates that
the chemokine receptor CXCR4 and its unique ligand SDF-1 play a
critical role in the retention of hematopoietic cells within the bone
marrow and their mobilization to the peripheral circulation.! When
CXCR4-deficient hematopoietic cells were injected into lethally
irradiated recipient mice, the reconstituted marrows revealed the
presence of the more immature myeloid lineage cells, but the more
mature myeloid elements were noticeably reduced, likely a conse-
quence of defective retention and premature release of the more
mature, CXCR-4-negative, myeloid cells into the bloodstream.?
Patients with WHIM (warts, hypogammaglobulinemia, recurrent
bacterial infections, and “myelokathexis”) syndrome, a genetic
disorder characterized by heterozygous C-terminal truncations of
CXCR4, are neutropenic, in spite of having normal neutrophils in
the bone marrow,>* likely a consequence of defective neutrophil
mobilization linked to a “gain of function” of the mutant CXCR4,
with increased CXCR4 responsiveness to bone marrow SDF-1.3-
AMD?3100, a drug that selectively blocks CXCR4 signaling, and
methionine-SDF-1f, a mutant chemokine that binds CXCR4 and
induces prolonged down-regulation of surface CXCR4 expression,

promote the mobilization of neutrophils and hematopoietic progeni-
tor cells to the peripheral blood.%7

G-CSF, the principal cytokine regulating the proliferation and
differentiation of myeloid progenitors, is a potent inducer of the
release of neutrophils, immature myeloid lineage cells, and hemato-
poietic progenitor cells from the bone marrow into the peripheral
blood.®!! Recently, a number of studies have provided evidence
that modulation of CXCR4/SDF-1—derived retention signals con-
tributes to G-CSF-induced mobilization of bone marrow hemato-
poietic progenitor cells, but the underlying mechanisms are not
clear.'>1® Much attention has focused on the role of enzymatic
cleavage of SDF-1. Following G-CSF administration, the marrow
microenvironment is rich in proteolytic enzymes released by
neutrophils, including metalloproteinase-9 (MMP-9), neutrophil
elastase, and cathepsin G.'7 MMP-9, neutrophil elastase, and
cathepsin G can cleave and functionally inactivate SDF-1.18-20 A
study in MMP-9—deficient mice detected defective G-CSF-
induced mobilization of hematopoietic progenitor cells.?! Treat-
ment with an inhibitor of neutrophil elastase reduced, in part, the
mobilization of hematopoietic progenitor cells induced by G-
CSF.!13 However, the mobilization of hematopoietic progenitor cells
was normal in mice deficient in either MMP-9 or neutrophil
elastase plus cathepsin G, suggesting either a contribution by
different enzymes or the occurrence of alternative pathways for
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G-CSF-induced mobilization of hematopoietic progenitor cells.!®
Recently, it was reported that G-CSF reduces SDF-1 synthesis in
bone marrow and that reduced SDF-1 in the bone marrow
correlates with stem cell mobilization.??

In this study, we have investigated G-CSF regulation of CXCR4
expression in bone marrow myeloid lineage cells. We report that
G-CSF significantly reduces levels of CXCR4 in bone marrow—
derived primary myeloid lineage and identify down-regulation of
CXCR4 expression as an important mechanism for myeloid cell
mobilization by G-CSF.

Materials and methods

Preparation of murine and human bone marrow cells

All animal experiments were performed according to NIH guidelines for the
care and handling of mice. Bone marrow cells obtained by flushing femurs
and tibias of mice (C57BL/6NCr, females, 6-10 weeks old; The Jackson
Laboratory, Bar Harbor, ME) were cultured in DMEM culture medium with
10% fetal bovine serum (FBS; Difco Laboratories, Detroit, MI). Grl* cells
were selected from unfractionated bone marrow cells by positive selection
using anti-FITC microbeads following the manufacturer’s instructions
(Miltenyi Biotech, Auburn, CA). Purity of Gr1™ cells was evaluated by flow
cytometry and was found to be more than 90%. Murine myeloid cells were
also purified from unfractionated bone marrow cells by electronic sorting
(FACSVantage SE; BD Biosciences, San Jose, CA). The sorted cell
population consisted of more than 95% Grl™ cells. Human bone marrow
cells were derived by density centrifugation of heparinized bone marrow
aspirates obtained with institutional approval or purchased from Cambrex
Bio Sciences (Walkersville, MD). CD33" cells were selected from
unselected bone marrow cell populations by positive selection using CD33
microbeads following the manufacturer’s instructions (Miltenyi Biotech).
Cell purity was more than 85% as assessed by flow cytometry.

Flow cytometric analysis

Murine cells were double stained using allophycocyanin (APC)—conjugated
mAb directed against Grl (rat anti-mouse Grl; BD Biosciences) and
FITC-conjugated mAb against CXCR4 (rat anti-mouse 2B11; BD Bio-
sciences). Human cells were double stained with phycoerythrin (PE)-
conjugated mADb directed against CD33 (mouse anti-human CD33; BD
Biosciences) and APC-conjugated mAb against CXCR4 (mouse anti—
human 12G5; BD Biosciences). Cell suspensions were analyzed with a
FACSCalibur cytofluorometer (BD Biosciences). Data were collected from
10 X 103 viable cells and analyzed with CELLQuest software (BD
Biosciences). APC-conjugated CD19 and PE-conjugated CD3e (both from
BD Biosciences) mAbs were also used. Isotype-matched FITC- and
APC-conjugated immunoglobulin (BD Biosciences) served as controls.

Adhesion and migrations assays

Cell adhesion was carried out essentially as described.”? Wells (96-well
plates, Immulon 4HBX; ThermoLabsystems, Franklin, MA) were coated
with 4 pg/mL SDF-1 (R&D Systems, Minneapolis, MN) or diluent (PBS
with 0.1% BSA) overnight at 4°C, blocked with PBS containing 5% BSA
for 1 hour at room temperature. After washing, 10° cells were added in 50
nL DMEM with 10% FBS and incubated at 37°C in 5% CO, for 30
minutes. Wells were washed 3 times with DMEM, and adherent cells were
detached (5 mM EDTA in PBS), counted, stained with APC-conjugated Grl
mAb, and analyzed by flow cytometry. Adhesion was calculated as a
percentage of input Grl* cells. Migration assays were carried out as
described.?* Briefly, bone marrow cells were loaded onto the upper well
layered with a 3-uM pore polycarbonate membrane (Transwell; Costar,
Boston, MA). The lower chamber was supplemented with 0.6 mL DMEM
with or without 100 ng/mL SDF-1 (R&D Systems). After 2-hour incuba-
tion, all cells in the lower chamber were counted, stained with APC-
conjugated Grl mAb, and analyzed by flow cytometry. The percent Grl*
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cells migrated was calculated (number of migrated Grl1™ cells/total number
of Grl™ cells X 100).

Neutrophil elastase (NE) and cathepsin G (CG) enzymatic
activity, and SDF-1 ELISA

The enzymatic assays were carried out as described.?> For standards,
purified NE (Elastin Products, Owensville, MI) was diluted to 2 pg/mL in
0.1 M Tris-HCl (pH 7.5), 0.5M NaCl, 0.01% NaN; (NE buffer); purified CG
(Elastin Products) was diluted to 5 pwg/mL in 0.1 M Tris-HCI (pH 8.3),
0.01% NaNj3 (CG buffer). Test samples or standards (50 L) were incubated
with 50 pL NE substrate or CG substrate (0.4 mM) in the buffer used for
standards dilution (Elastin Products) for 30 minutes at 25°C. Reactions
were stopped with 0.2 mM PMSF, and absorbance of free pNA was read at
405 nm. As controls, aliquots of NE standards (50 wL) were incubated for
20 minutes at room temperature with or without the Elastase Inhibitor III
(CalBiochem, San Diego, CA) before addition of substrate. At 500 nM, the
inhibitor could inhibit 10 wg/mL NE. SDF-1 levels were measured by
enzyme-linked immunosorbent assay (ELISA), as described.?®

CXCR4 immunoblotting

Cells were washed with cold PBS supplemented with protease inhibitor
cocktail (Complete; Roche, Indianapolis, IN), and lysed on ice for 30
minutes in 1% Triton X-100 TNE lysis buffer (25 mM Tris [pH 7.5], 150
mM NaCl, 5 mM EDTA) with protease inhibitor cocktail set III (CalBio-
chem). After centrifugation (10 minutes at 10 000g at 4°C), supernatants
were incubated (30 minutes at 37°C). Samples were resolved by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE, NuPAGE
10% Bis-Tris Gels; Invitrogen, Grand Island, NY) and blotted onto
polyvinylidene difluoride membranes (Fisher Scientific International, Two
Rivers, WI). After blocking (5% milk), membranes were incubated
overnight with anti-mouse CXCR4 mAb (rat anti-mouse 2B11; BD
Biosciences). Bands were visualized using horseradish peroxidase—
conjugated goat antirat antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), followed by enhanced chemiluminescence detection system (ECL;
Amersham Biosciences, Little Chalfont, Buckinghamshire, United King-
dom). Blots were stripped and probed with goat antibodies to actin (Santa
Cruz Biotechnology). Films were subjected to densitometric scanning with
Image J 1.33u program (NIH, Bethesda, MD) and normalized for actin.

Quantitative reverse-transcriptase—polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted from Gr1™ cells using TRIzol (Life Technologies,
Gaithersburg, MD). Synthesis of cDNA was performed with 1 pg total
RNA by using TagMan reverse-transcription reagents (Applied Biosystems,
Branchburgh, NJ). Real-time PCR amplification was carried out using the
ABI Prism 7000 Sequence Detection system (Perkin-Elmer Applied
Biosystems, Lincoln, CA), TagMan Universal PCR Master Mix, and
CXCR4-specific primer and FAM-labeled probe sets for quantitative gene
expression. Primers for amplification of murine CXCR4 mRNA were
(forward) TCAACCTCTACAGCAGCGTTCTC TT and (reverse) TGTTG-
GTGGCGTGGACAAT. After initial activation with uracyl-N-glycosylase
at 50°C for 2 minutes, AmpliTaq Gold was activated at 95°C for 10 minutes.
The subsequent PCR conditions consisted of 45 cycles of denaturation at
95°C for 15 seconds and annealing extension at 60°C for 1 minute per
cycle. During PCR amplification, the amplified products were measured
continuously by determination of fluorescence emission. Expression levels
of the CXCR4 gene were normalized to internal GAPDH levels and are
presented as relative expression.

Mobilization of hematopoietic cells in mice

C57BL/6NCr female mice, 6 to 10 weeks old (The Jackson Laboratory),
were treated intraperitoneally with 5 g human G-CSF (filgrastim; Amgen,
Thousand Oaks, CA) daily for 5 days. Control mice were observed
untreated or received a daily intraperitoneal injection of PBS containing 2%
human albumin for 5 days. On day 6, mice were killed, and peripheral
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blood, spleens, femurs, and tibias were collected. Bone marrow unfraction-
ated cells were obtained from femurs and tibias and Grl™ cells purified as
described under “Preparation of murine and human bone marrow cells.”

Statistics

Results are presented as mean * SEM (standard error of the mean).
Comparisons were carried out using Student 7 test or Mann-Whitney U test,
with P values less than .05 considered significant.

Results

G-CSF reduces surface CXCR4 expression in bone marrow
myeloid cells

Unfractionated bone marrow cells from mouse tibias and femurs
(4- to 6-week-old C57 BL/6 mice) were incubated (1 X 10°
cells/mL in DMEM medium supplemented with 10% FBS) at 37°C
for 6 hours with or without G-CSF (0.1, 10, and 100 ng/mL).
G-CSF dose-dependently reduced surface levels of CXCR4 in
Grl* cells (Figure 1A), as measured by double staining for CXCR4
(2B11 antibodies?’) and mouse Grl. Myeloid cells express higher
levels of surface Grl as they mature.”® We found that G-CSF
(18-hour incubation) reduces surface CXCR4 in Grl" and Grl®
myeloid cell populations, but the relative reduction in CXCR4
levels was somewhat greater in the Gr1" compared with Grl'
myeloid cells (MFI for Gr1® cells was reduced by 38%, whereas
the MFI for Grl' cells was reduced by 28.5%). Since during
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18-hour culture with G-CSF the proportion of Gr1'® myeloid cells
increased by only 6%, these results indicate that the CXCR4
reduction in myeloid cells is not simply due to a relative increase of
Grl'. G-CSF minimally reduced surface CXCR4 expression in
bone marrow T- and B-cell lineage cells (CD3e* and CD197 cells,
respectively), as measured by double staining for CXCR4 (2B11)
and CD3e or CXCR4 and CD19 (Figure 1B), whereas exposure to
SDF-1 (100 ng/mL, 37°C, 2 hours) reduced surface CXCR4 on
these cells (not shown). We measured SDF-1 levels in culture
supernatants of unfractionated bone marrow cells incubated (1 X 10°
cell/mL) for 18 hours with or without G-CSF (100 ng/mL) and
found them to be undetectable (< 300 pg/mL) as measured by a
specific ELISA (not shown).

Kinetic analysis showed that G-CSF (100 ng/mL, 18 hours)
reduces surface CXCR4 expression in bone marrow Grl* cells
after 2-hour incubation and continuing for 18 hours (Figure 1C).
This effect was seen consistently (Figure 1D). Notably, surface
CXCR4 levels are low in Grl* cells immediately after procure-
ment from the bones, but progressively increase during 18-hour
incubation at 37°C in medium alone (Figure 1C).

We tested whether G-CSF can reduce surface CXCR4 in Grl*
cells that already express high-level surface CXCR4. Unfraction-
ated bone marrow cells were preincubated (37°C, 18 hours) in
medium only, at which time the Grl™ cells expressed high-level
surface CXCR4, and then incubated for additional 18 hours with or
without G-CSF (100 ng/mL). G-CSF reduced surface CXCR4
expression in Grl™ cells that expressed high-level surface CXCR4
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Figure 1. G-CSF selectively reduces levels of surface CXCR4 in myeloid lineage cells. (A) Flow cytometric analysis of surface CXCR4 expression in bone marrow Gr1+
myeloid cells. Unfractionated bone marrow cell populations were incubated (1 X 108/mL) at 37°C for 6 hours in medium alone or with G-CSF at concentrations of 0.1, 10, and
100 ng/mL. Cells were double stained for Gr1 (APC-labeled) and CXCR4 (FITC-labeled 2B11 antibody) or with APC- and FITC-labeled control antibodies. Gr1* cells (R1 gate)
represented 40.1% of total nucleated cells. (B) Analysis of CXCR4 expression in CD19* B-lineage (top panel) and CD3e " T-lineage (bottom panel) cells. Unfractionated bone
marrow cell populations were incubated at 37°C for 6 hours with or without G-CSF (100 ng/mL). Cells were double stained for CD19 (APC-labeled) and CXCR4 (FITC-labeled)
or CD3e (APC-labeled) and CXCR4 (FITC-labeled) and gated on CD197 cells (44% of total nucleated cells) or CD3e™ (5.2% of total nucleated cells) cells. (C) Expression of
CXCR4 in Gr1* cells as a function of culture time (0-18 hours) in medium alone or with G-CSF (100 ng/mL). The results are expressed as mean fluorescence intensity (MFI) of
CXCR4 detected on Gr1* cells (mean = SEM of 3 experiments). (D) Time-dependent reduction of surface CXCR4 in Gr1* cells induced by G-CSF (100 ng/mL). Unfractionated
bone marrow cell populations were incubated at 37°C for 18 hours with or without G-CSF (100 ng/mL). The results are expressed as the mean (+ SEM of 5 experiments)
percent reduction of surface CXCR4 induced by G-CSF compared with medium alone. *P < .05 medium versus G-CSF. (E) G-CSF reduces surface CXCR4 in precultured
bone marrow cells. Unfractionated bone marrow cell populations were preincubated (37°C, 18 hours) in medium alone to achieve high-level surface CXCR4 expression, and
further incubated for 18 hours with or without G-CSF (100 ng/mL). The results reflect levels of surface CXCR4 expression (expressed as MFI) in Gr1* cells cultured with or
without G-CSF after the preculture (mean += SEM of 3 experiments). (F) Unfractionated bone marrow cell populations were incubated (37°C) for 18 hours with or without G-CSF
(100 ng/mL), or for 40 minutes with or without SDF-1« (400 ng/mL) to achieve a reduction of surface CXCR4. After washing (PBS containing 50 mM glycine), the cells were
incubated for 2 hours at 37°C in medium containing cycloheximide (100 pwg/mL). The results reflect surface CXCR4 expression in Gr1* myeloid cells (representative
experiment of 3 performed).
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(Figure 1E), but to a somewhat lower degree compared with freshly
separated bone marrow cells. We compared the effect of removal of
G-CSF or SDF-1 on CXCR4 surface levels in bone marrow Grl*
cells. As expected, cell incubation for 40 minutes with SDF-1 (400
ng/mL) reduced surface CXCR4, and cell washing followed by
further incubation (2 hours, 37°C in medium alone) was associated
with considerable reconstitution of surface CXCR4, attributable to
SDF-1-induced CXCR4 internalization and recycling to the cell
surface (Figure 1F, lower panel). Cell incubation for 18 hours with
G-CSF (30 ng/mL) reduced surface CXCR4, but in contrast to
SDF-1, cell washing followed by further incubation (2 hours, 37°C
in medium alone) was not associated with reconstitution of surface
CXCR4 (Figure 1F, upper panel). We purified Gr1™* cells (> 95%
purity) from mouse bone marrow cells by electronic sorting, and
confirmed that G-CSF (100 ng/mL, 18-hour incubation) signifi-
cantly reduces surface CXCR4 expression in this highly purified
Grl™ cell population (not shown).

In functional assays, we examined whether reduction of cell
surface CXCR4 in Grl™ cells was reflected by diminished re-
sponses to SDF-1, the CXCR4-specific ligand. After preincubation
(37°C, 18 hours) with medium only or medium with G-CSF (100
ng/mL) and washing, unfractionated bone marrow cell populations
were tested for specific adhesion to SDF-1—coated wells (4 wg/mL)
or buffer only over 30 minutes at 37°C. The proportion of Grl*
cells that specifically adhered to SDF-1-coated wells was signifi-
cantly (P <.05) reduced after preincubation with G-CSF as
opposed to medium alone (Figure 2A). Although cell attachment in
this assay system does not simply reflect SDF-1/CXCR4 interac-
tions but depends on contributions by other molecules induced by
CXCR4 activation,?® these results provide evidence that G-CSF
reduces functional CXCR4 levels in myeloid cells. Additionally,
we found that the specific migration of Grl* cells in response to
SDF-1 (60 and 300 ng/mL) was significantly reduced (P < .05)
after preincubation (37°C, 18 hours) with G-CSF (100 ng/mL) as
opposed to medium alone (Figure 2B). These experiments demon-
strated that G-CSF reduces surface CXCR4 expression in bone
marrow myeloid cells and specific responses to SDF-1.
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Figure 2. Effect of G-CSF on bone marrow myeloid cell adhesion and migration
to SDF-1. Unfractionated bone marrow cell populations (1 X 10%/mL) were preincu-
bated at 37°C for 18 hours with or without G-CSF (100 ng/mL). (A) After washing, the
cells were plated onto SDF-1—coated (4 p.g/mL) or diluent only—coated (PBS with
0.1% BSA) microtiter wells and incubated at 37°C for 30 minutes. After removal of
nonadherent cells, the remaining cells were detached with 5 mM EDTA, counted, and
stained for surface Gr1. The results reflect the differential attachment of Gr1* cells
preincubated in medium only or with G-CSF and are expressed as the mean (+ SE)
percent Gr1™ cells attached of input Gr1* cells (results from 5 experiments). (B) After
preincubation with or without G-CSF and washing, cells were tested for trans-well
migration to SDF-1 (2.4-300 ng/mL) or medium only. Cells recovered in the lower well
after 2-hour incubation at 37°C were counted and stained for surface Gr1 expression.
Results are expressed as the mean (= SE) percent of migrated Gr1* cells (results
reflect the means from 3 experiments). *P < .05 (cells preincubated with medium
versus G-CSF).
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Analysis of the contribution of enzymatic cleavage to surface
CXCR4 reduction by G-CSF

G-CSF treatment promotes the accumulation of neutrophil-derived
proteolytic enzymes, including neutrophil elastase, cathepsin-G,
and MMP-9 in the bone marrow.!”-?> Purified neutrophil elastase
and cathepsin G can cleave CXCR4 at the N-terminus.'2?0 We
tested supernatants of bone marrow cells cultured with G-CSF (100
ng/mL; 20-hour incubation) for their ability to reduce cell-surface
CXCR4 levels in freshly isolated Grl™ cells. Supernatants from
G-CSF-treated cultures reduced significantly the levels of surface
CXCR4 in Grl™* cells compared with supernatants from control
cultures incubated (6 hours at 37°C) without G-CSF (Figure 3A,
left). To distinguish between the 2 possibilities that this CXCR4
reduction was attributable to G-CSF in these supernatants (either
human added to the cultures or murine from endogenous secretion)
or to enzymes released in the culture supernatants as a consequence
of G-CSF stimulation, we used G-CSF neutralizing antibodies. In
the presence of G-CSF neutralizing antibodies to both human (5
pg/mL; Peprotech, Rocky Hill, NJ) and mouse (3 pg/mL; R&D
Systems) G-CSF (Figure 3A), supernatants from G-CSF-activated
bone marrow cultures did not reduce levels of surface CXCR4 in
Grl* cells compared with control supernatants. We verified the
effectiveness of G-CSF neutralization by measuring G-CSF bioac-
tivity in the culture supernatants. Using the G-CSF-responsive
NFS-60 cells, supernatants from G-CSF-activated bone marrow
cultures induced significant proliferation compared with control
supernatants, indicative of the presence of G-CSEF. However,
addition of anti-human plus anti-mouse G-CSF neutralizing
antibodies markedly reduced stimulation of NFS-60 cells by
G-CSF-induced supernatants (Figure 3B). These experiments
provided evidence for a role of G-CSF as opposed to soluble
products induced by G-CSF in the reduction of surface levels of
CXCR4 in Grl™ cells.

To examine further the potential contribution of neutrophil elastase
and cathepsin G to the reduction of surface CXCR4 induced by G-CSE,
we measured these enzymes in culture supernatants of bone marrow
cells cultured in medium only or with G-CSF (100 ng/mL) for 6 to 18
hours. Mean neutrophil elastase levels in control supernatants (medium
only) were 0.85 = 0.5 pg/mL (mean = SD; n = 21) and in G-CSF-
supplemented culture supernatants were 0.76 * 0.23 pg/mL (n = 22)
(P = .576 vs control). Mean cathepsin G levels in control supernatants
were 0.25 = 0.32 pg/mL (n = 21) and in G-CSF-supplemented culture
supernatants were 0.17 = 0.21 pg/mL (n = 22) (P = .351 vs control).
In the absence of serum (DMEM with 0.2% bovine serum albumin),
purified neutrophil elastase (40 pg/mL, 4 hours at 37°C) reduced levels
of surface CXCR4 in bone marrow Grl* cells (Figure 3C) and, unlike
G-GSE, in lymphocytes (Figure 3D) as well, albeit to a lower degree.
The leukocyte elastase inhibitor (elastase inhibitor I1I, leukocyte elastase
inhibitor [LEI] 10 wM, added 10 minutes prior to addition of the
enzyme) prevented this reduction (Figure 3C-D). Under these experimen-
tal conditions, surface CXCR4 reduction in myeloid and lymphoid cells
was dependent upon the dose of neutrophil elastase (Figure 3E).
However, unlike G-CSE the enzyme was ineffective at reducing
CXCR4 in the presence of 10% serum (not shown), likely a conse-
quence of enzyme inhibitors present in serum.

The LEI (10 pM; CalBiochem), cathepsin G inhibitor I (CGI,
10 pM, CalBiochem), CD26/dipeptidylpeptidase IV inhibitor
AB192 (50 pM, a gift from Dr A. M. Lambeir, University of
Antwerp, Belgium), and the metalloproteinase inhibitor BB94 (10
wM; British Biotech, Oxford, United Kingdom) were added to
cultures of bone marrow cells for 20 minutes prior to the addition of
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Figure 3. Analysis of the relative contribution of G-CSF and soluble mediators induced by G-CSF to the reduction of surface CXCR4 on bone marrow myeloid cells.
Unfractionated bone marrow cell populations were preincubated (1 X 10%/mL) at 37°C for 18 hours in medium alone or with G-CSF (100 ng/mL). (A) Cell-free supernatants
from these cultures were preincubated (1 hour, 37°C) with rabbit neutralizing antibody against human (final concentration, 5 wg/mL) and rat neutralizing antibodies against
mouse (final concentration, 3 wg/mL) G-CSF or with PBS only, and then added undiluted (1 mL) to freshly isolated bone marrow cell populations (1 X 108 cells); the mixture was
further incubated (6 hours, 37°C). Levels of CXCR4 expression in Gr1* cells were measured by flow cytometry. The results are expressed as MFI (= SE) of triplicate
determinations. *P < .05 (medium versus G-CSF). (B) Detection of G-CSF bioactivity in culture supernatants from bone marrow cell populations incubated with or without
neutralizing antibodies against mouse and human G-CSF (as described under “Preparation of murine and human bone marrow cells”). G-CSF bioactivity was measured by 3H
thymidine incorporation in murine NFS-60 cells, and the results are expressed as mean (+ SE) of triplicate cultures. *P < .05. (C-D) Neutrophil elastase reduces levels of
surface CXCR4 in bone marrow myeloid (C) and lymphoid (D) cells. Unfractionated bone marrow cell populations were incubated (1 X 10%/mL in DMEM medium with 0.2%
BSA for 4 hours at 37°C) with medium alone, leukocyte elastase (enzyme, 40 ng/mL), and with leukocyte elastase plus leukocyte elastase inhibitor Il (10 wM). Levels of
surface CXCR4 were measured by flow cytometry on Gr1+ cells and lymphoid cells. (E) Dose dependency of leukocyte elastase—induced reduction of surface CXCR4 on Gr1*
cells and lymphoid cells. Unfractionated bone marrow cell populations were incubated with leukocyte elastase (5-100 p.g/mL) for 2 hours at 37°C. The results are expressed as
percent CXCR4 expression compared with untreated cells (MFI of elastase-treated cells/MFI of untreated cells X 100). (F) Surface CXCR4 expression in the presence of
specific enzyme inhibitors. Unfractionated bone marrow cell populations were preincubated (2 hours, 37°C) in medium only (DMEM with 0.2% BSA); or with leukocyte elastase
inhibitor IIl (LEI 10 uM); cathepsin-G (CGl, 10 wM); LEI plus CGI (10 wM each); the CD26/dipeptdyl peptidase inhibitor AB192 (50 uM); and the metalloproteinase inhibitor
BB94 (10 wM). Subsequently, cells were incubated with or without G-CSF (100 ng/mL, 4 hours, 37°C). Surface CXCR4 was measured on Gr1™ cells by flow cytometry. The
results are expressed as percent MFI compared with cells incubated in medium alone without inhibitors.

medium only or with G-CSF (100 ng/mL), and incubation contin-  are glysosylated forms of the protein. CXCR4 has a predicted 39.7
ued for 4 hours. Culture supernatants with or without inhibitors ~kDa MW and contains 2 glycosylation sites.?%3

were tested for their ability to reduce surface CXCR4 in freshly When cultured with G-CSF, purified bone marrow Grl™* cells
isolated bone marrow cells after 6-hour incubation. As shown reproducibly displayed a time-dependent reduction of the 42- and
(Figure 3F), individual inhibitors and the combination of NEI plus ~ 47-kDa CXCR4-related bands compared with cells cultured in
CGI did not prevent the occurrence of G-CSF—induced reduction of = medium alone (representative image Figure 4C). This reduction
surface CXCR4 in Grl™* cells. These results, together, provide was not attributable to unequal loading as reflected by membrane
evidence that soluble products induced by G-CSF, including the reprobing with actin antibodies (Figure 4C). Since there were no
enzymes neutrophil elastase, cathepsin G, CD26/dipeptidylpepti- higher or lower molecular weight CXCR4-related bands specifi-
dase IV, and metalloproteinases, are not responsible for reducing cally induced by G-CSF treatment during incubation, even after
surface CXCR4 levels in the current system, and rather point to a  18-hour incubation (Figure 4D), these results provided evidence

more direct role of G-CSF. that G-CSF can reduce the CXCR4 content in Gr1* cells. Analysis
of relative band intensities from 3 to 5 experiments revealed that
G-CSF reduces CXCR4 protein levels in myeloid cells CXCR4 levels are lower in the presence of G-CSF compared with

medium alone (P < .05 at time points of 1 hour and 6 hours; P < .1

. . . - .
Since CXCR4 is largely an intracellular protein,?’ we examined the at 3 and 18 hours) (Figure 4E).

effect of G-CSF on the total CXCR4 content in purified Grl* bone
marrow cells. By Western blotting with anti-CXCR4-specific
antibodies (2B11), we typically detected 2 major CXCR4-related
bands with approximate relative molecular weights of 47 and 42  We examined whether G-CSF reduces CXCR4 synthesis in this
kDa in cell lysates of purified Gr1* bone marrow cells (Figure 4A).  system. When bone marrow Grl* cells were cultured with
In repeated experiments, the relative intensity of these 2 bands was  cycloheximide (CHX; 5 wg/mL), which inhibits protein synthe-
somewhat variable (not shown). After treatment with PNGase F (10 sis, the appearance and size of the CXCR4-related bands were
U/40 g protein; New England Biolabs), an enzyme that hydro-  similar in cells cultured with or without G-CSF for 1 or 2 hours
lyzes most types of N-glycan chains from glycopeptides, an intense ~ (Figure 5A). Of note, in the presence of CHX with or without
and mostly unique CXCR4-related band is visualized at approxi- G-CSF, the 42-kDa CXCR4 band was no longer visible (Figure
mately 39 kDa (Figure 4B), providing evidence that both the 42- 5A), suggesting that this band may reflect newly synthesized
and 47-kDa CXCR4 bands visualized in Grl1™ bone marrow cells CXCR4 protein. Moreover, the spontaneous increase of surface

G-CSF reduces CXCR4 synthesis in murine myeloid cells
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Figure 4. Effects of G-CSF on CXCR4 protein levels in murine bone marrow my:

eloid cells. (A) Typical representation of CXCR4 protein in cell lysates of freshly isolated

Gr1* cells purified from bone marrow cell populations detected by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with specific antibodies to CXCR4
(2B11 antibody). (B) Effect of the enzyme PNGase F (10 U/40 mg protein) on CXCR4 protein detected by immunoblotting (2B11 antibody). (C) Time-dependent reduction of
Gr1* cell-associated CXCR4 induced by G-CSF. Cells lysates were prepared from purified Gr1* bone marrow cells either immediately after purification or after culture in
medium alone (M) or with G-CSF (G, 100 ng/mL). Samples were immunoblotted with anti-CXCR4 antibodies (2B11), stripped, and reprobed with antibodies to beta-actin
(representative experiment of 5 performed). (D) Appearance of CXCR4-related bands after 18-hour incubation of electronically sorted Gr1* cells (> 95% purity) in medium only
(M) or with G-CSF (G, 100 ng/mL). Bottom panel reflects actin-related bands upon reprobing with anti—beta actin antibodies. (E) Levels of CXCR4 protein in Gr1+ cells
immediately after purification and after culture (1-18 hours) with medium only or with 100 ng/mL G-CSF measured by band intensities relative to actin. The results are

expressed as percent CXCR4 measured in Gr1* cells immediately after purification
other time points: mean of 3 experiments). *P < .05; **P < .1 (medium vs G-CSF).

and cell-associated CXCR4 during incubation was blocked by
CHX. The observation that G-CSF no longer reduced the
CXCR4 content in Grl* cells in the presence of CHX is
consistent with G-CSF affecting CXCR4 synthesis.

We used quantitative RT-PCR to test whether G-CSF reduces
CXCR4 mRNA levels in Gr1* cells. Bone marrow Grl* cells were
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Figure 5. G-CSF down-regulates CXCR4 mRNA expression in bone marrow
myeloid cells. (A) Effects of cycloheximide (CHX) on CXCR4 protein levels in Gr1*
cells detected by immunoblotting with specific antibodies to CXCR4 and actin.
Purified bone marrow Gr1* cells were cultured (1 X 108/mL) for 1 and 2 hours in
medium alone (M) or with G-CSF (G, 100 ng/mL), with or without CHX (5 wg/mL).
Total cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose mem-
brane, and immunoblotted (representative experiment of 3 performed). (B) Levels of
CXCR4 mRNA in purified bone marrow Gr1* cells immediately after purification and
after culture with G-CSF (100 ng/mL, 30 minutes to 16 hours) measured by real-time
RT-PCR analysis. The results are expressed as mean fold (= SE) mRNA change
relative to mRNA levels detected before culture (results from 3 independent
experiments each tested in triplicate).

(mean = SD of 3-6 separate experiments; 1-hour time point: mean of 6 experiments; all

incubated (37°C, 30 minutes to 18 hours) with or without G-CSF
(100 ng/mL), and total RNA was extracted. As shown (Figure 5B
reflecting results from 3 experiments each performed in triplicate),
the CXCR4 mRNA content was significantly (P < .05, all time
points) reduced in Grl™ cells cultured with G-CSF as opposed to
medium alone. These results demonstrate that G-CSF profoundly
down-regulates CXCR4 synthesis in bone marrow Grl* cells.

Reduced CXCR4 expression in murine myeloid cells following
G-CSF treatment in vivo

To test for the in vivo effects of G-CSF treatment on levels of CXCR4 in
myeloid lineage cells, groups of 25 mice (C57/BL6, 6 weeks old) were
treated systemically with G-CSF (5 pg/mouse, intraperitoneally) for 5
days. Consistent with previous observations,’! we documented that this
treatment consistently induces mobilization of hematopoietic cells from
the bone marrow to the peripheral blood (not shown). In 3 separate
experiments, we purified Grl* cells from the bone marrow of mice
treated for 5 days with G-CSF and from controls. By immunoblotting of
total cell lysates, we found that levels of cell-associated CXCR4 were
consistently lower in Gr1* cells from G-CSF-treated mice compared
with the untreated controls (Figure 6A). By contrast, levels of CXCR4
were similar in the Grl~ bone marrow cell populations from G-CSF-
treated and control mice (Figure 6A). This reduction in CXCR4 content
exhibited by bone marrow Grl™* cells from mice treated with G-CSF
compared with controls was confirmed in 2 other independent experi-
ments (Figure 6B). These results provide evidence that G-CSF mobiliza-
tion of hematopoietic cells in mice is associated with a reduction of
CXCR4 levels in bone marrow Grl* cells.

G-CSF reduces CXCR4 expression in human bone marrow
myeloid cells

Unfractionated cells from normal human bone marrows were
incubated (1 X 10° cells/mL in DMEM culture medium supple-
mented with 10% FBS) at 37°C for 18 hours with or without
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Figure 6. G-CSF-induced hematopoietic cell mobilization is associated with a
reduction of CXCR4 in myeloid cells. Bone marrow Gr1* cells were purified from
the bone marrow of groups of mice (C57/BL6) either untreated or treated for 5 days
with G-CSF (5 p.g/mouse, daily intraperitoneally for 5 days). (A) Gr1™* cells and Gr1~
cells were obtained from groups of mice treated for 5 days with G-CSF or buffer only.
CXCR4 contentin Gr1* cells and Gr1~ cell lysates evaluated by immunoblotting with
specific CXCR4 antibodies, and reprobing with anti-beta actin antibodies. (B)
Western blot analysis of CXCR4 and actin content in cell lysates from 2 groups of
mice treated with G-CSF and a control group of untreated mice.

G-CSF (1 and 100 ng/mL). G-CSF dose-dependently reduced
surface CXCR4 levels in human CD33* cells after 18-hour
incubation (Figure 7A), as measured by double staining for
CXCR4 (12G5 antibodies?’) and human CD33. By contrast,
G-CSF did not substantially change surface CXCR4 levels in
human CD33~ bone marrow cell populations after 18-hour incuba-
tion (Figure 7B). Kinetic analysis showed that levels of surface
CXCR4 spontaneously increase in CD33% cells during incubation
in medium alone (Figure 7C). When present in these cultures,
G-CSF (100 ng/mL) reduced surface CXCR4 levels in CD33" cells
(Figure 7C), and this reduction was significant (P < .05) beginning
at the 4-hour time point (Figure 7D).

We tested the effects of G-CSF on the CXCR4 content of human
bone marrow CD33" cells. To this end, we affinity-purified human
bone marrow CD33" cells (> 85% pure). After 1.5- and 18-hour
incubations at 37°C with G-CSF (100 ng/mL), the purified CD33*
cells displayed a specific reduction in the intensities of CXCR4-
related bands compared with cells cultured in medium alone
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(Figure 7E). These results provide evidence that G-CSF can reduce
CXCR4 levels in human bone marrow myeloid cells.

Discussion

There is substantial evidence for a critical role of the SDF-1/
CXCR4 axis in the retention of myeloid lineage cells to the bone
marrow.> There is also evidence that disruption of the SDF-1/
CXCR4 axis plays a role in the mobilization of myeloid lineage
cells from the bone marrow to the peripheral circulation induced by
G-CSFE,! but the mechanisms underlying this disruption are incom-
pletely known.

Here we show that G-CSF significantly and consistently
down-regulates CXCR4 mRNA expression in bone marrow Grl-
expressing myeloid cells, and significantly reduces CXCR4 protein
levels within and on the surface of murine and human bone marrow
myeloid cells. When mice were mobilized with G-CSF, the Grl1*
myeloid cells from the bone marrow displayed reduced levels of
CXCR4. These results support an important contribution of re-
duced CXCR4 expression to G-CSF-induced mobilization of
myeloid lineage cells. Consistent with these results, AMD3100, a
selective inhibitor of CXCR4 signaling and a mutant SDF-1(3
molecule, which binds CXCR4 and produces extended receptor
desensitization, can promote the release of mature and immature
hematopoietic progenitor cells from the bone marrow into the
circulation.”3? Recently, neutrophil mobilization in response to
G-CSF was reported impaired in mice deficient in GRK6 (G
protein—coupled receptor kinase-6), which participates in regula-
tion of CXCR4 signaling.3

Prior to the current studies, a direct role of CXCR4 in mediating
G-CSF mobilization was unclear. In one report, the amino terminus
of CXCR4 was reported cleaved and the receptor inactive on
human bone marrow and peripheral CD34* hematopoietic progeni-
tor cells following G-CSF mobilization.!> Neutrophil elastase and
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Figure 7. Effects of G-CSF on CXCR4 expression in human bone marrow myeloid cells. (A-B) Unfractionated bone marrow cell populations were incubated (1 X 108/mL)
at 37°C for 18 hours in medium alone or with G-CSF (1 and 100 ng/mL). Cells were double stained for CD33 (PE-labeled) and CXCR4 (APC-labeled 12G5 antibody) or with PE-
and APC-labeled control antibodies (isotype). (A) Surface CXCR4 expression in human bone marrow CD33* myeloid cells cultured for 18 hours in medium alone (none) or with
G-CSF (1 and 100 ng/mL). (B) Surface CXCR4 expression in human bone marrow CD33" cell populations cultured for 18 hours in medium alone (none) or with G-CSF (1 and
100 ng/mL). (C) Expression of surface CXCR4 in human CD33* bone marrow cells as a function of culture time (0-18 hours) in medium alone or with G-CSF (100 ng/mL). The
results are expressed as mean fluorescence intensity (MFI) of CXCR4 detected on CD33" cells (mean = SEM of 3 experiments). (D) Time-dependent reduction of surface
CXCR4 in CD33" cells induced by G-CSF (100 ng/mL). Unfractionated bone marrow cell populations were incubated at 37°C for 18 hours with or without G-CSF (100 ng/mL).
The results are expressed as the mean (+ SEM of 3 experiments) percent reduction of surface CXCR4 induced by G-CSF compared with medium alone. *P < .05 medium
versus G-CSF. (E) CXCR4 detected in cell lysates of purified bone marrow CD33" cells (> 85% purity) immediately after separation (Oh), and after 1.5-hour and 18-hour
incubation in medium only (M) or with G-CSF (G, 100 ng/mL). Bottom panel reflects the results upon membrane reprobing with anti-beta actin antibodies.
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cathepsin G were implicated in the cleavage.!> However, the
occurrence of CXCR4 cleavage was not confirmed in mouse bone
marrow following G-CSF administration, and G-CSF mobilization
proceeded normally in mice deficient in neutrophil elastase and
cathepsin G.?? Here, we found no evidence for enzymatic cleavage
of CXCR4 in murine Grl™* cells. Other studies noted that levels of
cell surface CXCR4 fluctuate in mouse bone marrow cells during
G-CSF mobilization, with transient reductions after each G-CSF
injection, attributed to local changes in SDF-1 levels.!3

Unlike CXCR4, several studies have documented reductions of
SDF-1 levels in the bone marrow following G-CSF treatment,'>4
and a correlation was found between levels of SDF-1 reduction in
the bone marrow and degree of hematopoietic progenitor cell
mobilization.?> It was proposed that G-CSF indirectly causes
SDF-1 degradation and inactivation through the peptidase enzymes
neutrophil elastase, cathepsin-G, or matrix MMP-9, which accumu-
late in the bone marrow during G-CSF treatment.'?131721 However,
mice genetically deficient in neutrophil elastase and cathepsin-G,
matrix MMP-9, or dipetidylpeptidase I, an enzyme required for
activation of several serine proteases, mobilized normally in
response to G-CSE.!® Cell surface—associated CD26/dipeptidyl
peptidase IV was also proposed to contribute to G-CSF mobiliza-
tion through cleavage and inactivation of SDF-1,3* but there is no
direct evidence of CD26 modulation during G-CSF mobilization,
and CD26-null mice have no apparent defect in hematopoiesis.®
However, in one study, CD26-null mice mobilized poorly in
response to G-CSE3* The naturally occurring serine protease
inhibitors serpinal and serpina3 were reported down-regulated
within the bone marrow during hematopoietic cell mobilization,
raising the possibility that a shift in the balance between serine
proteases and their natural inhibitors may be responsible for
G-CSF-induced hematopoietic cell mobilization.?® Recently, G-
CSF was reported to indirectly reduce SDF-1 mRNA and protein
levels in bone marrow cells, supporting a contribution of protease-
independent mechanisms.?

We observed that G-CSF reduces CXCR4 expression in bone
marrow myeloid cells but not in lymphocytes. Since myeloid cells
express G-CSF receptors’” and G-CSF rapidly reduces CXCR4
expression in highly purified Grl1™ cell populations, it is likely that
in the current system G-CSF acts directly on the target myeloid
cells. Similarly, G-CSF was reported to directly down-regulate

G-CSF DOWN-REGULATES CXCR4 EXPRESSION 819

ribosomal RNA synthesis in the myeloid 32D cells, a function that
was mapped to the carboxyl-terminal domain of the receptor.?® The
carboxyl-terminal domain of the G-CSF receptor is required for
G-CSF-induced differentiation and mobilization, but not for the
mitogenic function of G-CSE.3%:40

Several mechanisms may contribute to G-CSF mobilization
besides interference with retention signals by SDF-1/CXCR4.4! A
requirement for an active role of CXCR4 was suggested by the
reduced ability of G-CSF to promote mobilization in mice treated
with neutralizing antibodies to CXCR4 or to SDF-1.'3 These
experiments suggested that circulating SDF-1 may contribute
essential signals for transendothelial migration of bone marrow
hematopoietic cells to the peripheral blood.!? Indeed, adenoviral-
mediated expression of SDF-14? and administration of sulfated
polysaccharides* increased SDF-1 plasma levels and promoted the
mobilization of hematopoietic progenitor cells. Recently, a CXCR4
agonist peptide, CTCE-0021, more stable than natural SDF-1,
which is rapidly cleaved by serum enzymes,*** was reported to be
an effective mobilizing agent in mice.*® SDF-1 associated with the
bone marrow venous sinuses,*’ the presumed point of exit of
leukocytes from the bone marrow, may provide essential transmi-
gration signals, as SDF-1 does for peripheral blood lymphocytes
migrating to the extravascular space.*® Furthermore, the orderly
movement of hematopoietic cells within the bone marrow may
require local SDF-1 gradients, as it was recently shown for cells of
B-cell lineage.*

G-CSF is the most commonly used agent for therapeutic
mobilization of hematopoietic progenitor cells to the peripheral
circulation. We now provide evidence supporting a critical role of
reduced CXCR4 expression in mediating G-CSF mobilization of
myeloid lineage cells. This new information provides a basis for
development of new drugs for selective mobilization of hematopoi-
etic progenitor cells.
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