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Abstract

The o chemokine receptor CXCR4 and its only characterized chemokine ligand, stromal cell-derived factor-1 (SDF-1), are postulated
to be important in the development of the B-cell arm of the immune system. In addition, CXCR4 is a critical coreceptor in support of
vira entry by T-cell line tropic strains (X4) of the Human Immunodeficiency Virus Type 1 (HIV-1), vira variants which predominate in
some infected individuals in end stage disease. SDF-1 can block X4-tropic HIV-1 infection of CD4 + target cells in vitro, and alélic
variants of the human gene encoding SDF-1 in vivo correlate with delayed disease progression. Therefore, CXCR4 may be an appropriate
target for therapeutic intervention in acquired immunodeficiency syndrome (AIDS), and knowledge of the pharmacology of SDF-1
binding to its cognate receptor will be important in the interpretation of these experiments. We report here a K, derived using a
competition binding assay of 4.5 nM for CXCR4 endogenously expressed on peripheral blood monocytes and T-cells. This affinity is
similar to that which SDF-1 exhibits when binding to endogenous CXCR4 on an established immortal Jurkat T-cell line as well as
recombinant CXCRA4 transfected into Chinese Hamster Ovary (CHO) cells. We also demonstrate that the determined affinity of SDF-1 for
CXCRA4 is reflective of its ability to induce a CXCR4-mediated signal transduction in these different cell types. Furthermore, using
Bordetella pertussis toxin, we observe that high affinity binding of SDF-1 to CXCR4 is independent of the G-protein coupled state of the
receptor, as uncoupling of G-protein did not lead to the appearance of measurable low affinity SDF-1 binding sites. Moreover, binding
affinity and receptor number were unaffected by uncoupling for both recombinant and endogenously expressed CXCR4. Thus, SDF-1 is
novel among agonist ligands of G protein-coupled receptors in that it appears to have equal affinity for both the G protein-coupled and
uncoupled states of CXCR4. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction 1996). The magjority of chemokines belong to one of two
major subfamilies—the B or CC chemokines in which two

Chemokines are small (8—10 kDa) polypeptides initially conserved cysteines in the amino terminus of these pro-

characterized by their role as mediators of inflammatory
responses. It is now widely accepted that these secreted
proteins play a role in the norma physiology of the
immune system, as well as in orchestrating leukocyte
recruitment and activation in the context of inflammatory
and infectious diseases (reviewed in Baggiolini, 1998;
Baggiolini et a., 1997; Luster, 1998; Teran and Davies,
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teins are adjacent to each other, and the o« or CXC
chemokines in which these two cysteines are separated by
an intervening residue. Receptors for the chemokines are
members of the super-family of G-protein coupled recep-
tors, characterized by seven transmembrane spanning re-
gions, which couple to heterotrimeric G-proteins (Murphy,
1994; Premack and Schall, 1996). To date, genes encoding
over 50 chemokine ligands and at least 10 CC receptors
and five CXC receptors have been cloned and character-
ized. There is considerable promiscuity within this system,
i.e. aparticular receptor may bind more than one chemokine
and a particular chemokine may bind to more than one
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receptor. However, the temporal and spatial regulation of
chemokine expression in vivo suggests that there is much
more specificity inherent to this system than would first
appear.

The CXC chemokine stromal cell-derived factor 1
(SDF-1) is the only known chemokine able to bind to and
activate CXCR4 (Nagasawa et al., 1994; Tashiro et 4.,
1993). SDF-1 stimulates rapid receptor-mediated intra-
cellular calcium mobilization and signaling through a per-
tussis toxin sensitive G,-coupled pathway (Moepps et d.,
1997). In addition, SDF-1 induces rapid endocytotic
CXCR4 internalization (Amara et al., 1997; Forster et al.,
1998; Signoret et al., 1997; Tarasova et al., 1998) and the
efficiency of receptor cycling back to the cell surface
following internalization varies with cell type (Tarasova et
al., 1998). Different downstream pathways, both receptor
phosphorylation dependent and independent, appear to dif-
ferentially regulate SDF-1-mediated signaling and internal-
ization as a mutant CXCR4 receptor with a truncated
carboxy-terminus demonstrates deficiencies in chemoki-
ne-triggered receptor phosphorylation, internalization and
desensitization, but not calcium mobilization (Haribabu et
al., 1997).

Mice lacking either SDF-1 or CXCR4 die perinatally
and exhibit defects in vascular development, neuronal
development, hematopoiesis and cardiogenesis that are
identical in both knockouts (Ma et al., 1998; Nagasawa et
al., 1996; Tachibana et al., 1998; Zou et a., 1998). This
striking similarity between the phenotype of the two
knockouts gives credence to the monogamous relationship
between SDF-1 and CXCR4. Response to SDF-1 and
expression of CXCR4 occurs at a very early stage of
embryonic development and appears to be widely utilized
whenever cell migration is required (McGrath et a., 1999).

Chemokine receptors are also obligatory participants in
the entry of HIV-1into host cells, with preferentia interac-
tion of vira envelope glycoproteins with different
chemokine receptors underlying the cellular tropism exhib-
ited by different viral strains. In this regard CXCR4, which
is expressed on peripheral blood lymphocytes (Bleul et al.,
1997; Loetscher et a., 1994), endothelia cells (Gupta et
a., 1998; Volin et a., 1998), microglial neurona cells
(Lavi et a., 1997), and hematopoietic progenitor cells
(Deichmann et al., 1997), facilitates entry of syncytium-in-
ducing or T-tropic (T-cell line tropic, now X4-tropic)
strains into CD4* cells (Feng et al., 1996). CCR5, a
receptor expressed preferentially on activated T cells
(Berkowitz et a., 1998; Bleul et al., 1997) and differenti-
ated macrophages (Di Marzio et al., 1998; Naif et 4.,
1998), is involved in entry of non-syncytium inducing
(NSI or M-tropic, now R5 tropic) HIV-1 strains (Alkhatib
et a., 1996; Choe et a., 1996; Deng et a., 1996; Doranz et
al., 1996; Dragic et a., 1996).

In vitro, the interaction of SDF-1 with CXCR4 serves
as a potent block to cellular infection by X4-tropic strains
of HIV-1 (Bleul et a., 1996; Oberlin et al., 1996). More-

over, these antiviral effects of SDF-1 are reduced when the
carboxy-terminally truncated variant of CXCR4 is the
HIV-1 coreceptor, indicating that a portion of the in-
hibitory activity of SDF-1 may arise from its ability to
rapidly clear CXCR4 from the cell surface (Amara et al.,
1997). The enhanced antiviral activity of an N-terminally
modified recombinant form of SDF-1 (met-SDF-1), which
prolongs CXCR4 down modulation as compared to native
SDF-1 (Yang et a., 1999), supports this hypothesis. The
characterization of a human polymorphism in the gene
encoding SDF-1 that correlates with delayed progression
to frank acquired immunodeficiency syndrome (AIDS) in
HIV-1 infected individuals suggests this mechanism for
entry may be physiologically important (Winkler et 4.,
1998). This mutation is postulated to prolong SDF-1 mRNA
half-life and hence indirectly influence protein levels and
receptor internalization. While these data suggest that a
small molecule SDF-1 agonist mimetic may have therapeu-
tic potential for the treatment of end stage AIDS when X4
tropic viruses tend to predominate (Koot et al., 1999;
Tersmette et al., 1989a, b), SDF-1 aso has the ability to
potentiate M-tropic vira infection through a process that
requires signaling through CXCR4 (Marechal et a., 1999).
These data suggest that it may be preferable to block X4
viral entry with the use of CXCR4 antagonists rather than
agonists.

Interpretation of the above data requires understanding
and characterization of the interaction of SDF-1 with
CXCRA4. Our results indicate that the binding affinity of
radiolabeled SDF-1 to endogenously and recombinantly
expressed CXCR4 in al cells examined is identical and
correlates to its functional potency in several signal trans-
duction pathways. The uncoupling of G-protein from
CXCR4 does not abrogate the ability of SDF-1 to bind to
the receptor with high affinity nor does it affect the total
number of high affinity receptor binding sites seen by
SDF-1. These data suggest that SDF-1, unlike many other
G protein-coupled receptor agonists, has the same affinity
for CXCR4 in both the coupled and uncoupled states.

2. Experimental procedures
2.1. Materials

Radiolabeled SDF-1a (2200 Ci/mmol) was obtained
from New England Nuclear (Boston, MA). Unlabeled
SDF-1a and other a or B chemokines were purchased
from Peprotech (Rocky Hill, NJ) unless otherwise noted.
CHO cells stably expressing human CCR5 have been
described (Siciliano et al., 1999). Jurkat cells were ob-
tained from Aurora Biosciences (San Diego, CA) and
maintained in RPMI 1640 supplemented with 10% feta
bovine serum, L-glutamine and antibiotics (Life Technolo-
gies, Gathersburg, MD). Pertussis toxin and GTPyS were
obtained from Calbiochem (San Diego, CA), Gpp(NH)p
and protease inhibitors were obtained from Sigma (St.
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Louis, MO) Anti-CXCR4 antibody (12G5) was obtained
from Pharmingen (San Diego, CA). Plasmapheresed leuko-
cytes were obtained from the University of Pennsylvania
blood center.

2.2. Cloning and stable expression of CXCR4

The cDNA encoding CXCR4 was cloned by PCR using
primers based upon the published human sequence
(Loetscher et a., 1994) using lymph node cDNA (Clon-
tech, Palo Alto, CA) as a template. The sequence of the
coding region was verified by dideoxy sequencing, excised
from pBluescript using Hindlll and Notl, and then ligated
into the mammalian expression vector pBJ-neo (Daugherty
et al., 1996). For stable expression of CXCR4, 10® CHO
dhfr~ cells (CCL-61; ATCC, Rockville, MD) were trans-
fected with 20 wg of DNA using a standard calcium
phosphate procedure (Specialty Media, Lavallette, NJ). Six
hours post-transfection, cells were re-fed with selection
media (Hams F-12 supplemented with antibiotics and L-
glutamine, 10% fetal bovine serum, 1 mg/ml Geneticin;
Life Technologies). After 14 days, surviving cells were
pooled and cloned by limiting cell dilution into 96-well
microtiter plates. Wells containing a single focus were
expanded and individual clones were selected on the basis
of SDF-1a binding and fluorescence activated cell sorting
using anti-CXCR4 antibody. Clonal cell lines were then
maintained in selection media.

2.3. Preparation of CXCR CHO cell membranes

Plasma membranes from CXCR4 expressing CHO cells
were prepared as described (Siciliano et al., 1990). Briefly,
attached cells were washed twice with calcium/mag-
nesium free phosphate-buffered saline (PBS, Life Tech-
nologies), harvested using enzyme-free dissociation media
(Specialty Media) and pelleted by centrifugation at 1000 X
g. The cell pellet was then resuspended in 1 mM Tris, pH
7.4 containing protease inhibitors (10 nM phenylmethyl-
sulfonyl fluoride, 4 wg,/ml leupeptin, 5 wg,/ml aprotinin,
and 10 nM phosphoramidon). Cell membranes were dis-
rupted by using a Teflon cell homogenizer and large debris
pelleted by spinning at 1500 X g. Cell membranes were
then pelleted by centrifuging the supernatant from the low
speed spin at 20,000 X g. The membrane pellet was then
resuspended in PBS and particul ates dissociated by passing
severa times through a 1-cm® syringe equipped with a
27-gauge needle. Protein concentration of cell membrane
preparations were determined by using a Bradford kit
(BioRad, Richmond, CA) and aliquots were then either
used in a binding assay or stored at —70°C until needed.

2.4. Preparation of primary monocytes and T-cells

Monocytic cells were purified by adherence to a plastic
substrate as described (Weng et al., 1998), followed by
incubation in 100 ng/ml macrophage colony stimulating

factor (Biosource International, Camarillo, CA) for 24 to
48 h in RPMI 1640 containing 10% fetal calf serum (Life
Technologies). Monocytic cells were then harvested using
enzyme free-dissociation media and assayed for SDF-1a
binding as described below. T-cells were purified from the
mononuclear cell preparation by E-rosetting (Weng et al.,
1998) followed by overnight incubation at 37°C. Cells
were harvested by centrifugation, washed with binding
buffer and assayed for SDF-1 binding. For pertussis toxin
pretreatment, monocytes or T-cells were incubated with
100 ng/ml pertussis toxin for 18 h at 37°C.

2.5. Cyclic AMP accumulation assay

Twenty-four hours prior to assay, CHO CXCR4 cells
were plated into a 24-well plate at a density of 100,000
cells per well. For pertussis treated cells, 100 ng/ml toxin
was added immediately after plating and incubated for 24
h. At the time of assay, the media was aspirated and the
cells were washed twice with calcium/magnesium free
PBS. The cells were then overlaid with 200 pl assay
media (DME, 0.5% bovine serum albumin; Life Technolo-
gies), containing 0.5 mM 3-isobutyl-1-methylxanthine
(Sigma) and incubated with shaking at 37°C. After incubat-
ing for 30 min, 50 ! of assay media (basal controls), or
assay media containing 50 wM forskolin (10 wM find
concentration; Sigma) or forskolin plus 1 uM to 4 pM
SDF-1a was added. The cells were incubated for 5 min at
37°C, after which time the plates were placed on ice and
the media aspirated to remove extracellular cyclic AMP
(CAMP). 250 pl of 0.1 N NaOH was added to each well
and the lysates were quantified for CAMP using an Amer-
sham cAMP kit (RPA 509). The functional assay in Jurkat
cells was performed as follows. 48 h prior to assay, the
cells were switched to growth media containing 0.5% fetal
calf serum. For pertussis toxin treatment, 50 ng/ml was
added to the cells 24 h prior to assay. For the assay, the
cells were pelleted at 1000 X g, washed once with cal-
cium/magnesium-free PBS, and resuspended in a 96-deep
well box at 500,000 cells per assay point. Intracellular
cAMP accumulation was then measured as described for
CHO CXCR4 cells except that the assay was terminated
by the addition of 1 ml of 4°C PBS followed by centrifuga-
tion at 1000 X g. The media/PBS mixture was aspirated
and 250 pl of 0.1 N NaOH was added to each pellet.
CAMP was then quantified as described above. Functional
assays using primary monocytes with or without pertussis
toxin treatment (50 ng/ml added 24 h prior to assay) was
performed as described for Jurkat cells except that 750,000
cells per point were assayed.

2.6. CXCR4 binding assays

Binding of SDF-1a to CXCR4 was measured in both
whole cells and membranes. 5 x 10* CXCR4 expressing
CHO cells, 25x 10° Jurkat cells, 7.5 % 10° primary
monocytes or 2.5 10° primary T-cells were incubated
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with approximately 50 pM of **°1-SDF-1a and unlabeled
SDF-1a at concentrations ranging from 1 wM to 4 pM.
Final assay volume was 250 wl in a binding buffer of
phosphate-buffered saline (Mg?* /Ca?* free) pH 7.2, 5
mM EDTA (Sigma), and 0.25% bovine serum albumin
(Sigma). For binding to CXCR4 CHO membranes, 5 g of
membranes in HEPES binding buffer (50 mM HEPES, pH
7.4, Calbiochem; 5 mM MgCl,, 1 mM CaCl,, 0.25%
bovine serum albumin) was used in a final assay volume
of 150 wl. After incubating for 1 h at room temperature
with shaking, the reaction was terminated by filtering
through a 0.1% polyethylenimine (Sigma) soaked GF-C
filter plate (Packard) using a Packard Filtermate cell har-
vester and the plate washed with approximately 750 wl of
50 mM HEPES (Sigma), pH 7.4, 500 mM NaCl chilled to
4°C. The plates were dried, scintillant added and counted
on a Packard TopCount. Binding assays with primary
T-cells were harvested using a Tomtec harvester and 0.1%
polyethylenimine soaked GF-C filter paper, washed with
approximately 2 ml of chilled HEPES wash buffer and
counted in a gamma counter. Non-specific binding was
measured in the presence of 1 puM SDF-la. Binding
results were analyzed using Microsoft Excel and GraphPad
Prism software.

2.7. Treatment of CXCR4 membranes with non-hydrolyza-
ble GTP analogs

Five micrograms of CXCR4 CHO membranes were
preincubated with various concentrations of GTPyS or
Gpp(NH)p ranging from 0.3 nM to 3 wM for 30 min in
HEPES binding buffer. Following pretreatment, unlabeled
SDF-1a and 50 pM of [**°1]SDF-1a were added to a final
assay volume of 150 wl. The membranes were then incu-
bated for an additional 60 min at room temperature. The
reaction was terminated and samples processed as de-
scribed above for the ligand binding assay.

2.8. Microphysiometer

Functional assay using microphysiometry was per-
formed as described (Weng et a., 1998). Briefly, CHO
cells stably expressing human CXCR4 were plated onto
Transwell cell capsule cups (Molecular Devices, Sunny-
vae, CA) a a density of 3.3x 10° cells/ml/cup in
Ham's F-12 medium plus 10% fetal bovine serum (Life
Technologies). The cups were adlowed to incubate
overnight and then transferred to the microphysiometer
sensor chambers (Cytosensor, Molecular Devices). Cells
were then allowed to equilibrate in running medium (RPMI
1640 plus 0.1% bovine serum abumin, Molecular De-
vices) for 2 h to obtain a stable acidification rate. Once a
stable acidification rate was obtained, cells were exposed
to several concentrations of SDF-la made in running
medium for 6 min. Acidification rates were then measured
at 2 min intervals using a flow rate of 100 wl/min.

2.9. Calcium flux

Calcium flux was measured using purified T-cells or
monocytes labeled with Fluo-3 acetoxymethyl ester
(Molecular Probes, Eugene OR) as previously described
(DeMartino et al., 1994) using 4 X 10° monocytes or
1 x 10° T-cells per measurement point. Maximal calcium
flux was determined for each concentration of SDF-la
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Fig. 1. Inhibition of forskolin-stimulated cAMP accumulation by SDF-1a
in CHO CXCR4 (Panel A) and by Mipla in CHO CCRS5 cells (Panel B).
CXCR4 or CCR5 expressing CHO cells were incubated for 30 min with
3-isobutyl-1-methylxanthine and then treated with 10 wM forskolin for 5
min at 37°C to induce adenylyl cyclase activity and subsequent CAMP
accumulation in the presence or absence of 38 nM MIP-1a or 50 nM
SDF-1a. Following incubation with forskolin with or without chemokine,
cells were lysed and intracellular CAMP measured using Amersham kit
RPA 509 as described in Section 2. Basal activity was measured in the
absence of forskolin pretreatment. Stimulation with MIP-1a. or SDF-1a
in the absence of forskolin treatment had no effect on basa levels of
CAMP accumulation (data not shown). Data presented are the mean+
S.E.M. for three assays with each condition performed in triplicate.
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and an EC., determined by fitting the data to a sigmoidal
dose response curve using GraphPad Prism software.

3. Reaults

3.1. DF-1a inhibits forskolin-stimulated cAMP accumu-
lation in CXCR4 expressing CHO cells and the inhibition
is sengitive to pertussis toxin treatment

Signaling by SDF-1a in a stable cell line expressing
CXCR4 was determined by measuring the ability of SDF-
la to inhibit forskolin stimulated cAMP accumulation, the
classical signal transduction pathway associated with G;-
coupled receptors (Birnbaumer, 1990). SDF-1a addition
completely inhibited forskolin-stimulated cAMP accumula-
tion in CHO CXCR4-transfected (Fig. 1A) but not CHO
CCRG&-transfected cells (Fig. 1B), confirming that SDF-
la-induced inhibition is mediated through CXCR4. Recip-
rocally, MIP-1a, a CCR5 ligand, inhibited forskolin-
stimulated cAMP accumulation in CHO cells transfected
with CCR5 (Fig. 1B), which is aso coupled through G,
but had no effect on CXCR4-transfected cells (Fig. 1A).
We further characterized this effect by titrating the amount
of SDF-1a required for inhibition and determined an EC,
of 0.36+ 0.1 nM (n=4) (Fig. 2A). As was expected,
pertussis toxin pretreatment of the CHO CXCR4 cells
completely abolished the ability of SDF-la to inhibit
forskolin-stimulated cCAMP accumulation (Fig. 2B).

3.2. High affinity binding of SDF-1a to CXCR4 is not
affected by pertussistoxin treatment in recombinant CXCR4
CHO cdlls

The ability of SDF-1a to bind with high affinity to
CXCR4 has been documented (Hesselgesser et al., 1998;
Ueda et al., 1997), but little is known about the ability of
SDF-1a to interact with the uncoupled state of the recep-
tor. To address this question, CHO CXCR4 expressing
cells were treated overnight with pertussis toxin to effec-
tively uncouple al the receptors. Surprisingly, pertussis
toxin did not affect high affinity binding of SDF-1a (Fig.
3A). Scatchard analysis of the binding data (Fig. 3B)
indicated no difference in the observed affinity (K, = 4.0
+ 2.4 nM, for untreated vs. 4.8+ 1.9 nM, for pertussis
toxin pretreated cells; n = 4). Furthermore, pertussis toxin
pretreatment did not effect total number of binding sites
per cell (1.2 + 0.2 X 10° n= 4 for untreated vs. 1.0 + 0.2
X 108 n= 4 for pertussis toxin treated) and a single high
affinity binding site was observed for both the treated and
untreated cells (Hill coefficient ~1). To extend these
observations, the effects of the non-hydrolyzable GTP
analogs GTPyS or Gpp(NH)p on the binding of [**°1]SDF-
la to membranes prepared from CHO CXCR4 cells was
examined. The presence of GTPyS or Gpp(NH)p at con-
centrations from 0.3 nM to 3 wM did not significantly
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Fig. 2. Inhibition of forskolin stimulated CAMP accumulation in CHO
CXCRA4 cells by pertussis toxin. Panel A: inhibition of forskolin-stimu-
lated CAMP levels by increasing concentrations of SDF-1a. 1 10° CHO
CXCRA4 cells were pretreated for 30 min with 10 wM forskolin followed
by the addition of SDF-1a at various concentrations ranging from 500
nM to 5 pM. Cells were incubated for an additional 5 min with ligand and
CAMP levels determined as described. Effect at each concentration of
SDF-1a was measured in triplicate and the results were fitted to a
standard one-site competition curve. The EC5, was 0.36 nM with a
maximal effect typically observed a 50 to 100 nM SDF-la. Data
represent mean+ S.D. Panel B: CHO CXCR4 cells were pretreated with
100 ng/ml pertussis toxin 24 h prior to assay and the effect on CAMP
accumulation was compared to untreated cells. Cells were stimulated for
30 min with 10 wM forskolin prior to addition of 50 nM SDF-1la.
Following a 5-min incubation with chemokine, intracellular cAMP was
measured as described in Panel A. Basal CAMP levels were measured in
the absence of any forskolin stimulation and were not significantly
affected by pertussis toxin pretreatment (data not shown). Data represent
mean+ S.D.
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Fig. 3. Pertussistoxin pretreatment does not effect binding of [**°11SDF-1a
to recombinant CHO CXCR4 cells. CHO cells expressing CXCR4 were
treated with PTX for 24 h with 300 ng/ml (O), 30 ng/ml (a) or 3
ng/ml (v) and compared to untreated controls (O) for their ability to
bind [*#*1]SDF-1« in acold competition assay. Panel A: cold competition
binding assay using 50,000 cells and 50 pM [?°1]SDF-1a per assay
point. Following a 60-min incubation at room temperature, the assay was
terminated via filtration and results analyzed as described in Section 2.
Data represent mean+ S.D. of quadruplicate determinations from a single
representative experiment that was repeated four times with identical
results. Panel B: Scatchard transformation of binding curves from Panel
A (symbols are as above).

inhibit [***I1SDF-1a binding (Fig. 4A). The observed K,
for SDF-1la was 7.6+ 34 nM (n=4), 54+ 3.2 nM
(n=4)or 7.7+ 1.7 nM (n = 4) in control membranes and
membranes pretreated with 500 nM GTPyS or Gpp(NH)p,
respectively. These data are consistent with the inability of
pertussis toxin to affect SDF-1a binding in CHO CXCR4
cells.

3.3. Microphysiometer analysis of SDF-1a-induced signal-
ing in CHO CXCR4 expressing cells

Because we found it surprising that SDF-1« bound with
the same affinity to the coupled and uncoupled state of

CXCR4, we confirmed that pertussis toxin treatment abro-
gated SDF-la-mediated signaling in these cells using a
microphysiometer. The microphysiometer measures the rate
of agonist-induced media acidification and, therefore, re-
flects the sum of al cellular signaling. SDF-1a stimulated
arapid and transient increase in the extracellular acidifica-
tion rate in CHO CXCR4 cells (Fig. 5, open symbols). The
EC,, of approximately 5 nM is consistent with the binding
Ky in these cells but is approximately 10-fold less potent
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Fig. 4. Effect of GTPyS and Gpp(NH)p on high affinity binding of
SDF-1a to CXCR4 in membranes. Panel A: freshly prepared CHO
CXCR4 membranes (5 pg per point) were preincubated with increasing
concentrations of GTPyS (O) or Gpp(NH)p (O0) for 30 min at room
temperature. Following preincubation, 50 pM [*2°I]SDF-1a was added
and the membranes incubated for an additional 60 min. The binding was
then terminated by filtration and processed as described for the whole cell
binding assay. Panel B: effect of toxin pretreatment on binding of
SDF-1a to CXCR4 CHO membranes. CHO CXCR4 membranes (5 ng)
were preincubated with 500 nM GTPyS (O), Gpp(NH)p () or buffer
alone (O) for 30 min. Following preincubation, cold competition binding
was performed using 1 wM to 0.05 nM cold SDF-1a and 50 pM
[**%1]SDF-1« as described in Panel A. Data represent mean+S.D. of
triplicate determinations from a single representative experiment.
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Fig. 5. Microphysiometric analysis of CXCR4 expressing CHO cells in
response to SDF-1a stimulation. CXCR4 CHO cells untreated (open
symbols) or pretreated 24 h prior to assay with 100 ng/ml pertussis toxin
(closed symbols) were exposed to 300 nM (O, @), 100 nM (O, m), 10
nM (O, ¢)or 1nM (A, a) SDF-1a for 6 min. Acidification rates were
then measured at 2-min intervals following SDF-1a exposure. No re-
sponse was observed in untransfected CHO cells using 300 nM SDF-1«
(results not shown). Data points represent a single measurement made at
each time point from a single representative experiment. Microphysiome-
try was repeated three times with identical results.

than the EC,, measured in the cyclase assay. As expected,
SDF-1a failed to affect the acidification rate in pertussis
toxin pretreated cells (Fig. 5, filled symbols), confirming
the role of G,-mediated signaling in the induction of this
response.

3.4. SDF-1a binding to endogenously expressed CXCR4
in a T-cell line and in primary leukocytes is identical to
that in the recombinant cell line and is also insensitive to
pertussis toxin pretreatment

CXCRA4 is expressed in our recombinant CHO cell line
at levels 10- to 30-fold greater than typically observed in
cells endogenously expressing the receptor (Hesselgesser
et a., 1998; Lee et al., 1999a,b). Effects of uncoupling on
binding in overexpressed systems may not necessarily
reflect that observed in vivo, so the effect of uncoupling on
SDF-1a binding to CXCR4 was performed in a Jurkat
T-cell line that endogenously expresses CXCR4. As was
observed in CHO CXCR4 cells, pertussis toxin pretreat-
ment of Jurkat T-cells not only did not affect the affinity
of SDF-1la for CXCR4 (Fig. 6A), but the affinity of
31+12 nM (n=4) for untreated and 3.0+ 1.0 nM
(n=4) for pertussis toxin treated Jurkat cells was nearly
identical to that measured in our recombinant cell line.
Also, asis true in the recombinant system, the number of
binding sites determined by Scatchard analysis was not
affected by pertussis toxin treatment (approximately 52,000
receptors per cell; Fig. 6A, insert). Previously, Hes
selgesser et al. (1998) demonstrated that pertussis toxin
treatment of Jurkat cells totally abolished an SDF-la

increase in extracellular acidification rate. We observed the
same inhibition of signaling by pertussis toxin using the
CAMP accumulation assay (Fig. 6B) and determined an
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Fig. 6. Effect of pertussis toxin treatment on binding and functional
activity of endogenously expressed CXCR4 in Jurkat T-cells. Panel A:
effect of pertussis toxin on binding of SDF-1a to Jurkat cells. Cold
competition binding assays were performed using Jurkat cells pretreated
for 24 h with 100 ng/ml pertussis toxin (O) and compared to untreated
cdls (O). 25x10° cells and 50 pM [**°1]SDF-1a were used per assay
point. Assays were run in triplicate and the results are from a representa-
tive titration curve. Panel A (insert): Scatchard analysis of binding data
comparing untreated (O) versus pertussis toxin (O) treated Jurkat cells.
Ky and maximal binding were not significantly different in the treated
versus untreated cells. Panel B: CAMP accumulation assay. Jurkat cells
were pretreated with 100 ng/ml pertussis toxin 24 h prior to assay and
the effect on CAMP accumulation was compared to untreated cells. Cells
were stimulated for 5 min with 10 wM forskolin in the presence or
absence of 30 nM SDF-1a. Following the incubation, intracellular cAMP
was measured as described in Section 2. Basal activity was measured in
the absence of forskolin stimulation. Data are mean + standard deviation
of triplicate determinations from a single representative experiment.
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Fig. 7. Effect of pertussis toxin treatment on binding and functional activity in peripheral blood monocytes and T-cells. Panels A,C: competition binding of
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I]SDF-1a to peripheral blood monocytes (Panel A) or T-cells (Panel C). For the binding assay, 7.5 X 10° monocytes or 2.5 X 10® T-cells were

incubated with 50 pM [?°1]SDF-1a and increasing amounts of unlabeled SDF-1a.. Binding to untreated (O) or 100 ng/ml pertussis toxin pretreated (01)
cells was identical. Data are mean + standard deviation of quadruplicate determinations from a single representative experiment. Panels B,D: SDF-1a
mediated CXCR4-dependent calcium flux measured in primary monocytes (Panel B) or T-cells (Panel D). Time-based calcium flux using 4 x 10°
monocytes or 1x 108 T-cells was measured with increasing amounts of SDF-1a (O). Each point represents the maximal flux induced at the given
SDF-1a concentration and is an average of three determinations. Pretreatment of primary cells with 100 ng/ml pertussis toxin (00) completely eliminates
SDF-1a induced calcium flux. Binding and functionality were measured concurrently from the same batch of primary cells. Data represent mean + S.D.

from a single representative experiment.

EC,, of approximately 3 nM for SDF-1a agonism using
this assay (data not shown).

To determine the in vivo relevance of the CXCR4
pharmacology observed in the above cell lines, SDF-1a
binding and signaling were examined in primary human
monocytes and T-cells. As was observed in the recombi-
nant CXCR4 CHO cdll line and the Jurkat T-cell line, the
uncoupling of CXCR4 had no effect on the binding affin-
ity for SDF-1a in either primary cell (Fig. 7A and C).
Furthermore, the SDF-1a binding affinity of 5.4 + 1.7 nM
(n=4) for untreated and 4.2 + 1.2 nM (n = 4) for pertus-
sis toxin treated for monocytes, and 4.7+ 1.6 nM (n=3)
for untreated and 4.8 + 0.6 nM (n = 3) for pertussis toxin
treated T-cells was nearly identical to SDF-1a affinities
measured in the CHO CXCR4 and Jurkat cell lines. Maxi-
mal SDF-1a binding was not significantly different in the
coupled or uncoupled states for both primary cell types. To
confirm that toxin treatment inhibited SDF-la-induced
signaling via CXCR4, concurrent functional assays were
run on the primary cells (Fig. 7B and D). While cAMP
accumulation measurements provided a robust means of
measuring functionality in our recombinant cell line and

the Jurkat T-cells, calcium flux measurements proved to be
the more reproducible indicator of functionality in primary
cells given their limited number and lower receptor expres-
sion levels (unpublished observation). An SDF-1a dose-
dependent increase in calcium flux was measured in both
primary monocytes (EC, = 4.3+ 25 nM, n=4) and T-
cells (ECy, = 6.4 + 2.6 nM, n= 3) and, as expected, per-
tussis toxin treatment totally abolished this signaling in
both cell types (Fig. 7B and D). Interestingly, the EC., as
measured by calcium flux is identical to K, as measured
by SDF-1a binding in both monocytes and T-cells, al-
though the calcium response and maximal SDF-1a binding
in monocytes were greater than that in T-cells.

4, Discussion

We have shown that SDF-1, the only known ligand for
CXCR4, binds with high affinity independent of the G-pro-
tein coupled state of the receptor on a stably expressing
CXCR4 CHO cdl ling, on a T-cell line and in primary
human leukocytes (results summarized in Table 1). Both
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Table 1

Summary of binding affinity, functiona activity and receptor number for recombinantly and endogenously expressed CXCR4

Cell line Binding K4 (nM) Functional ECg, (nM) Receptors per cell (x 10%)

— pertussis toxin + pertussistoxin — pertussis toxin + pertussis toxin
CHO CXCR4 40+24(4) 484243 0.36 + 0.1(4) 120+ 20(4) 100 + 20 (4)
Jurkat 31+12(% 30+10@ 30+19(3 52+1(4) 48+11(4)
Primary monocyte 544174 424124 43+25(4) ND ND
Primary T-cell 47+16(4) 48+16(4) 6.4+ 2603 ND ND

Binding affinity, functional activity and receptor number per cell for CXCR4 recombinantly expressed in CHO cells (CHO CXCR4) or endogenously
expressed in a Jurkat T-cell line, primary monocytes and primary T-cells. SDF-1 functional ECg, was determined by measuring inhibition of forskolin
stimulated cyclase activity (CHO/CXCR and Jurkat) or stimulation of calcium flux (primary monocytes and T-cells). Average receptor number for
primary monocytes and T-cells was not determined (ND). Data is average value + S.D. of indicated number of independent measurements (in parenthesis).

high affinity binding and absolute number of SD1-la
binding sites were unaffected in pertussis toxin treated
cells relative to untreated cells, whereas the former did not
signal as measured by forskolin-stimulated cAMP accumu-
lation, calcium flux or microphysiometry. The lack of
effect on receptor number confirms the absence of any
measurable low affinity binding sites in the uncoupled
state. Had uncoupling resulted in the appearance of a low
affinity site below the limit of detection, then GTPyS or
pertussis toxin would appear to cause a concentration-de-
pendent decrease in the number of high affinity binding
sites, as is observed with agonist ligands for other G
protein-coupled receptors (Siciliano et al., 1990; Cascieri
et a., 1996). We likewise observed no change in high
affinity binding as a result of uncoupling CXCR4 in both
primary monocytes and T-cells, confirming that the obser-
vations made the CHO CXCR4 cells accurately reflect
CXCR4 pharmacology in primary cells. Severa CXCR4
mutants have been described (Doranz et al., 1999) that
bind SDF-1 but do not signal, although the reported affini-
ties for the mutants and wild type receptor were 10—20-fold
lower than determined in the present study. Our observa
tions confirm this separation of the ability of SDF-1 to
bind CXCR4 and to induce a signal and extend it to show
that high affinity binding of SDF-1 to CXCR4 is identical
in the coupled and uncoupled states.

A broad range of affinities of SDF-1 for CXCR4 have
been reported by a number of investigators (Doranz et al.,
1999; Haribabu et al., 1997; Hesselgesser et a., 1997,
1998; Uedaet a., 1997), but here we show a consistent K
of 4-5 nM for both recombinantly expressed and endoge-
nous CXCR4 in the cell types examined. We also con-
firmed (data not shown) earlier work demonstrating no
difference in binding affinity between the two alternatively
spliced forms of SDF-1 (Crump et al., 1997). Additionally,
the affinity of SDF-1a for membranes prepared from CHO
CXCR4 cells was nearly identical to that in whole cells.
With regard to signal transduction, we determined that the
functional potency of SDF-la is nearly identical to its
binding affinity as measured by quantitative calcium flux
in primary cells, extracellular acidification rate in CHO
CXCRA4 cells or forskolin-stimulated cAMP accumulation

in the Jurkat T-cell line. Interestingly, we found SDF-1a
to be functionally 10-fold more potent in the recombinant
cell line as measured by inhibition of forskolin-stimulated
CAMP accumulation, which may be an artifact of receptor
over-expression or G-protein coupling efficiency in the
CHO cell heterologous expression system. This observa-
tion is consistent with data in the literature, for example in
the B3 adrenergic receptor, where agonist potency (as
measured by cyclase activation) increases with increasing
levels of receptor expression (Whaley et al., 1994).

The binding of SDF-1 to CXCR4 induces a cascade of
signaling events, which can be divided into events that are
pertussis toxin sensitive and, thus, require G,-mediated
signaling and those that are pertussis toxin insensitive and
mediate signaling via other transduction pathways. As we
and others have shown, pertussis toxin pretreatment abol-
ishes the inhibition of forskolin stimulated CAMP accumu-
lation, calcium flux (Aiuti et al., 1997; Hesselgesser et al.,
1998) and chemotaxis (Bleul et a., 1998; Vicente-
Manzanares et al., 1998). SDF-1-induced internalization of
CXCR4, which requires phosphorylation of residues in the
CXCR4 C-terminus, appears to be the only major event
insensitive to pertussis toxin treatment (Amara et al., 1997,
Forster et a., 1998; Haribabu et al., 1997), although HIV
T-tropic envelope-mediated cell fusion (KS, unpublished
observations) and HIV infection (Amara et al., 1997) aso
do not appear to require G-protein mediated signaling
through CXCR4. Given that HIV infection does not re-
quire signaing, the ability of SDF-1 to bind to both
coupled and uncoupled CXR4 with high affinity would
suggest that SDF-1 is a highly effective antiviral agent.

Although CXCR4 is widely expressed, there is increas-
ing evidence that CXCR4 may be surface expressed in
both a functional and non-functional state. During B-cell
development, pre-B cells but not immature or mature
B-cells have functional CXCR4, even though surface ex-
pression is nearly identical in both populations (Aiuti et
al., 1997; Honczarenko et al., 1999). Regulation of CXCR4
function rather than expression may be the means by
which B-cell compartmentalization is maintained. The abil-
ity of SDF-1 to bind and internalize non-functional recep-
tor might allow the cell to quickly replace non-functional
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receptor with signal competent receptor. In the case
of B-cell lymphopoiesis, SDF-1-induced CXCR4 internal-
ization does occur in cell populations that contain func-
tional and non-functional CXCR4 at equivaent rates
(Honczarenko et al., 1999). What is presently not known is
the means by which CXCR4 functionality is regulated.

In the classica scheme for activation of G-protein
coupled receptors, the activation and subsequent dissocia-
tion of G-proteins from the receptor is accepted as a
component of the signal termination mechanism (Cascieri
et a., 1996). This uncoupling of G-protein from the recep-
tor generally leads to a receptor state with lower affinity
for agonist. From receptor and ligand mutagenesis studies,
it is apparent that chemokine binding and functionality can
be separated, but the relationship of agonist binding affin-
ity to coupling had not been previously explored. Given
our observations that high affinity binding is equivalent in
both the uncoupled and coupled states of CXCR4, SDF-1
could be defined as a “neutral agonist” given its lack of
preference for the G-protein coupled or uncoupled state.
While it is not known how unique this observation is
among the other GPCRs, we have found that binding of
radiolabeled MCP-1 to CCR2, and radiolabeled IP10 to
CXCR3 is inhibited 60% and 70%, respectively, by non-
hydrolyzable GTP analogs (unpublished observations),
strongly suggesting that these agonists do have dramati-
caly different affinities for the coupled and uncoupled
states of these chemokine receptors. Similar observations
have been made with other GPCRs whose ligands are
peptides or proteins, including the receptors for substance
P, C5a, calcitonin gene related peptide, vasoactive peptide,
oxytocin and glucagon (Cascieri et a., 1992; Chatterjee
and Fisher, 1995; Chicchi et a., 1997; Jasper et al., 1995;
Shreeve et al., 2000; Siciliano et a., 1990). Thus, the
paradigm that GPCR agonist affinity is regulated by G-
protein coupling that was originally established using the
biogenic amine receptors also generally holds true for the
larger family of GPCRs, suggesting that the lack of an
effect of coupling on SDF-1 binding affinity to the CXCR4
receptor is unique. However, other observations (Springer
et al., manuscript in preparation) indicate that additional
chemokines may also behave as “neutral agonists”, and
that this property may be of physiological relevance in the
functioning of some of the members of this family.

Acknowledgements

We are grateful to S. Siciliano for assistance in develop-
ing the SDF-1 binding assay, to J. Chin, M.J. Staurch and
T. Blake for their assistance in preparing primary cells,
and to Sal Siciliano and Pat Vicario for their unpublished
data on effects of G-protein coupling on agonist affinity to
CCR2 and CXCR3. We would aso like to thank Dr. L.
Mitnaul for critical reading of this manuscript.

References

Aiuti, A., Webb, 1.J,, Bleul, C., Springer, T., Gutierrez-Ramos, J.C.,
1997. The chemokine SDF-1 is a chemoattractant for human CD34 +
hematopoietic progenitor cells and provides a new mechanism to
explain the mobilization of CD34+ progenitors to periphera blood.
J. Exp. Med. 185, 111-120.

Alkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E.,
Murphy, P.M., Berger, E.A., 1996. CC CKR5: a RANTES, MIP-1dl-
pha, MIP-1beta receptor as a fusion cofactor for macrophage-tropic
HIV-1. Science 272, 1955-1958.

Amarg, A., Gal, S.L., Schwartz, O., Salamero, J., Montes, M., Loetscher,
P., Baggiolini, M., Virelizier, JL., Arenzana Seisdedos, F., 1997.
HIV coreceptor downregulation as antiviral principle: SDF-1apha-de-
pendent internalization of the chemokine receptor CXCR4 contributes
to inhibition of HIV replication. J. Exp. Med. 186, 139-146.

Baggiolini, M., 1998. Chemokines and leukocyte traffic. Nature 392,
565-568.

Baggiolini, M., Dewald, B., Moser, B., 1997. Human chemokines: an
update. Annu. Rev. Immunoal. 15, 675—705.

Berkowitz, R.D., Beckerman, K.P., Schall, T.J., McCune, JM., 1998.
CXCR4 and CCR5 expression delineates targets for HIV-1 disruption
of T cell differentiation. J. Immunol. 161, 3702—-3710.

Birnbaumer, L., 1990. G proteins in signa transduction. Annu. Rev.
Pharmacol. Toxicol. 30, 675—705.

Bleul, C.C., Farzan, M., Choe, H., Paralin, C., Clark Lewis, |., Sodroski,
J., Springer, T.A., 1996. The lymphocyte chemoattractant SDF-1 is a
ligand for LESTR/fusin and blocks HIV-1 entry. Nature 382, 829—
833.

Bleul, C.C., Wu, L., Hoxie, JA., Springer, T.A., Mackay, C.R., 1997.
The HIV coreceptors CXCR4 and CCRS5 are differentially expressed
and regulated on human T lymphocytes. Proc. Natl. Acad. Sci.
U. S. A. 94, 1925-1930.

Bleul, C.C., Schultze, J.L., Springer, T.A., 1998. B lymphocyte chemo-
taxis regulated in association with microanatomic localization, differ-
entiation state, and B cell receptor engagement. J. Exp. Med. 187,
753-762.

Cascieri, M.A., Ber, E., Fong, T.M., Sadowski, S., Bansal, A., Swain, C.,
Seward, E., Frances, B., Burns, D., Strader, C.D., 1992. Characteriza-
tion of the binding of a potent, selective, radioiodinated antagonist to
the human neurokinin-1 receptor. Mol. Pharmacol. 42, 458—-463.

Cascieri, M.A., Fong, T.M., Graziano, M.P., Tota, M.R., Candelore,
M.R., Strader, C.D., 1996. Signaling through G-protein-coupled re-
ceptors. In: Heldin, C.-H. (Ed.), Signal Transduction. Chapman &
Hall, New York, pp. 93-108.

Chatterjee, T.K., Fisher, RA., 1995. Multiple affinity and guanine nu-
cleotide sensitive forms of the calcitonin gene related peptide (CGRP)
receptor. Can. J. Physiol. Pharmacol. 73, 968—973.

Chicchi, G.G., Graziano, M.P., Koch, G., Hey, P., Sullivan, K., Vicario,
P.P., Cascieri, M.A., 1997. Alterations in receptor activation and
divalent cation activation of agonist binding by deletion of intra-
cellular domains of the glucagon receptor. J. Biol. Chem. 272,
7765-7769.

Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rallins, B., Ponath, P.D.,
Wu, L., Mackay, C.R., LaRosa, G., Newman, W., Gerard, N., Gerard,
C., Sodroski, J., 1996. The beta-chemokine receptors CCR3 and
CCRS facilitate infection by primary HIV-1 isolates. Cell 85, 1135-
1148.

Crump, M.P., Gong, JH., Loetscher, P., Rgarathnam, K., Amara, A.,
Arenzana Seisdedos, F., Virelizier, J.L., Baggiolini, M., Sykes, B.D.,
Clark Lewis, I., 1997. Solution structure and basis for functional
activity of stromal cell-derived factor-1; dissociation of CXCR4 acti-
vation from binding and inhibition of HIV-1. EMBO J. 16, 6996—7007.

Daugherty, B.L., Siciliano, S.J., DeMartino, JA., Makowitz, L., Sirotina,
A., Springer, M.S., 1996. Cloning, expression, and characterization of
the human eosinophil eotaxin receptor. J. Exp. Med. 183, 2349—-2354.

Deichmann, M., Kronenwett, R., Haas, R., 1997. Expression of the



J. Di Salvo et al. / European Journal of Pharmacology 409 (2000) 143-154 153

human immunodeficiency virus type-1 coreceptors CXCR-4 (fusin,
LESTR) and CKR-5in CD34+ hematopoietic progenitor cells. Blood
89, 3522-3528.

DeMartino, JA., Van Riper, G., Siciliano, S.J., Molineaux, C.J,
Konteatis, Z.D., Rosen, H., Springer, M.S., 1994. The amino terminus
of the human C5a receptor is required for high affinity C5a binding
and for receptor activation by Cb5a but not C5a analogs. J. Biol.
Chem. 269, 14446-14450.

Deng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, D., Burkhart, M., Di
Marzio, P., Marmon, S., Sutton, R.E., Hill, C.M., Davis, C.B., Peiper,
S.C., Schal, T.J, Littman, D.R., Landau, N.R., 1996. Identification
of a major co-receptor for primary isolates of HIV-1. Nature 381,
661—666.

Di Marzio, P., Tse, J., Landau, N.R., 1998. Chemokine receptor regula-
tion and HIV type 1 tropism in monocyte-macrophages. AIDS Res.
Hum. Retroviruses 14, 129-138.

Doranz, B.J., Rucker, J.,, Yi, Y., Smyth, R.J.,, Samson, M., Peiper, S.C.,
Parmentier, M., Collman, R.G., Doms, RW., 1996. A dual-tropic
primary HIV-1 isolate that uses fusin and the beta-chemokine recep-
tors CKR-5, CKR-3, and CKR-2b as fusion cofactors. Cell 85,
1149-1158.

Doranz, B.J., Orsini, M.J,, Turner, JD., Hoffman, T.L., Berson, JF.,
Hoxie, JA., Peiper, S.C., Brass, L.F., Doms, RW., 1999. Identifica-
tion of CXCR4 domains that support coreceptor and chemokine
receptor functions. J. Virol. 73, 2752—-2761.

Dragic, T., Litwin, V., Allaway, G.P., Martin, SR., Huang, Y., Na
gashima, K.A., Cayanan, C., Maddon, P.J., Koup, R.A., Moore, JP.,
Paxton, W.A., 1996. HIV-1 entry into CD4+ cellsis mediated by the
chemokine receptor CC- CKR-5. Nature 381, 667—673.

Feng, Y., Broder, C.C., Kennedy, P.E., Berger, E.A., 1996. HIV-1 entry
cofactor: Functional cDNA cloning of a seven-transmembrane, G
protein-coupled receptor. Science 272 (5263), 872—877.

Forster, R., Kremmer, E., Schubel, A., Breitfeld, D., Kleinschmidt, A.,
Nerl, C., Bernhardt, G., Lipp, M., 1998. Intracellular and surface
expression of the HIV-1 coreceptor CXCR4 /fusin on various leuko-
cyte subsets: rapid internaization and recycling upon activation. J.
Immunol. 160, 1522—1531.

Gupta, SK., Lysko, P.G., Pillarisetti, K., Ohlstein, E., Stadel, J.M., 1998.
Chemokine receptors in human endothelial cells. Functional expres-
sion of CXCR4 and its transcriptional regulation by inflammatory
cytokines. J. Biol. Chem. 273, 4282-4287.

Haribabu, B., Richardson, R.M., Fisher, |., Sozzani, S., Peiper, S.C.,
Horuk, R., Ali, H., Snyderman, R., 1997. Regulation of human
chemokine receptors CXCR4. Role of phosphorylation in desensitiza-
tion and internalization. J. Biol. Chem. 272, 28726—28731.

Hesselgesser, J., Halks Miller, M., DelVecchio, V., Peiper, S.C., Hoxie,
J, Kalson, D.L., Taub, D., Horuk, R., 1997. CD4-independent associ-
ation between HIV-1 gp120 and CXCR4: functional chemokine re-
ceptors are expressed in human neurons. Curr. Biol. 7, 112—-121.

Hesselgesser, J,, Liang, M., Hoxie, J., Greenberg, M., Brass, L.F., Orsini,
M.J., Taub, D., Horuk, R., 1998. Identification and characterization of
the CXCR4 chemokine receptor in human T cell lines: ligand binding,
biological activity, and HIV-1 infectivity. J. Immunol. 160, 877-883.

Honczarenko, M., Douglas, R.S., Mathias, C., Lee, B., Ratajczak, M.Z.,
Silberstein, L.E., 1999. SDF-1 responsiveness does not correlate with
CXCR4 expression levels of developing human bone marrow B cells.
Blood 94, 2990—2998.

Jasper, JR., Harrell, C.M., O'Brien, JA., Pettibone, D.J., 1995. Charac-
terization of the human oxytocin receptor stably expressed in 293
human embryonic kidney cells. Life Sci. 57, 2253—-2261.

Koot, M., Van Leeuwen, R., de Goede, REE., Keet, |.P., Danner, S,
Eeftinck Schattenkerk, JK., Reiss, P., Tersmette, M., Lange, JM.,
Schuitemaker, H., 1999. Conversion rate towards a syncytium-induc-
ing (Sl) phenotype during different stages of human immunodefi-
ciency virus type 1 infection and prognostic value of S| phenotype for
survival after AIDS diagnosis. J. Infect. Dis. 179, 254—258.

Lavi, E., Strizki, JM., Ulrich, A.M., Zhang, W., Fu, L., Wang, Q.

O’Connor, M., Hoxie, JA., Gonzalez Scarano, F., 1997. CXCR-4
(Fusin), a co-receptor for the type 1 human immunodeficiency virus
(HIV-1), is expressed in the human brain in a variety of cell types,
including microglia and neurons. Am. J. Pathol. 151, 1035-1042.

Lee, B., Ratgczak, J, Doms, RW., Gewirtz, A.M., Ratgjczak, M.Z.,
1999a. Coreceptor /chemokine receptor expression on human hemato-
poietic cells: biological implications for human immunodeficiency
virus-type 1 infection. Blood 93, 1145-1156.

Lee, B., Sharron, M., Montaner, L.J., Weissman, D., Doms, R.W., 1999b.
Quantification of CD4, CCR5, and CXCR4 levels on lymphocyte
subsets, dendritic cells, and differentially conditioned monocyte-de-
rived macrophages. Proc. Natl. Acad. Sci. U. S. A. 96, 5215-5220.

Loetscher, M., Geiser, T., O'Rellly, T., Zwahlen, R., Baggiolini, M.,
Moser, B., 1994. Cloning of a human seven-transmembrane domain
receptor, LESTR, that is highly expressed in leukocytes. J. Biol.
Chem. 269, 232-237.

Luster, A.D., 1998. Chemokines—chemotactic cytokines that mediate
inflammation. N. Engl. J. Med. 338, 436-445.

Ma, Q., Jones, D., Borghesani, P.R., Segal, R.A., Nagasawa, T., Kishi-
moto, T., Bronson, R.T., Springer, T.A., 1998. Impared B-
lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migra-
tion in CXCR4- and SDF-1-deficient mice. Proc. Natl. Acad. Sci.
U. S. A. 95, 9448-9453.

Marechal, V., Arenzana-Seisdedos, F., Heard, JM., Schwartz, O., 1999.
Opposite effects of SDF-1 on human immunodeficiency virus type 1
replication. J. Virol. 73, 3608—3615.

McGrath, K.E., Koniski, A.D., Maltby, K.M., McGann, JK., Pais, J,
1999. Embryonic expression and function of the chemokine SDF-1
and its receptor, CXCR4. Dev. Biol. 213, 442-456.

Moepps, B., Frodl, R., Rodewald, H.R., Baggiolini, M., Gierschik, P.,
1997. Two murine homologues of the human chemokine receptor
CXCR4 mediating stromal cell-derived factor lalpha activation of
Gi2 are differentially expressed in vivo. Eur. J. Immunol. 27, 2102—
2112.

Murphy, P.M., 1994. The molecular biology of leukocyte chemoattractant
receptors. Annu. Rev. Immunol. 12, 593—-633.

Nagasawa, T., Kikutani, H., Kishimoto, T., 1994. Molecular cloning and
structure of a pre-B-cell growth-stimulating factor. Proc. Natl. Acad.
Sci. U. S. A. 91, 2305-2309.

Nagasawa, T., Hirota, S., Tachibana, K., Takakura, N., Nishikawa, S.,
Kitamura, Y., Yoshida, N., Kikutani, H., Kishimoto, T., 1996. De-
fects of B-cell lymphopoiesis and bone-marrow myelopoiesis in mice
lacking the CXC chemokine PBSF /SDF-1. Nature 382, 635—638.

Naf, H.M.,, Li, S, Aldi, M., Sloane, A., Wu, L., Kelly, M., Lynch, G.,
Lloyd, A., Cunningham, A.L., 1998. CCR5 expression correlates with
susceptibility of maturing monocytes to human immunodeficiency
virus type 1 infection. J. Virol. 72, 830-836.

Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., Virdizier, JL.,
ArenzanaSeisdedos, F., Schwartz, O., Heard, JM., ClarkLewis, I.,
Legler, D.F., Loetscher, M., Baggiolini, M., Moser, B., 1996. The
CXC chemokine SDF-1 is the ligand for LESTR /fusin and prevents
infection by T-cell-line-adapted HIV-1. Nature 382, 833-835.

Premack, B.A., Schall, T.J., 1996. Chemokine receptors. gateways to
inflammation and infection. Nat. Med. 2, 1174-1178.

Shreeve, SM., Sreedharan, S.P., Hacker, M.P., Gannon, D.E., Morgan,
M.J., 2000. VIP activates G(s) and G(i3) in rat alveolar macrophages
and G(s) in HEK293 cells transfected with the human VPAC(1)
receptor. Biochem. Biophys. Res. Commun. 272, 922—-928.

Siciliano, S.J., Rallins, T.E., Springer, M.S., 1990. Interaction between
the Cb5a receptor and Gi in both the membrane-bound and detergent-
solubilized states. J. Biol. Chem. 265, 19568—19574.

Siciliano, S.J., Kuhmann, S.E., Weng, Y., Madani, N., Springer, M.S,,
Lineberger, JE., Danzeisen, R., Miller, M.D., Kavanaugh, M.P.,
DeMartino, JA., Kabat, D., 1999. A critica site in the core of the
CCR5 chemokine receptor required for binding and infectivity of
human immunodeficiency virus type 1. J. Biol. Chem. 274, 1905-
1913.



154 J. Di Salvo et al. / European Journal of Pharmacology 409 (2000) 143-154

Signoret, N., Oldridge, J., Pelchen-Matthews, A., Klasse, P.J., Tran, T.,
Brass, L.F., Rosenkilde, M.M., Schwartz, T.W., Holmes, W., Dallas,
W., Luther, M.A., Wells, T.N., Hoxie, JA., Marsh, M., 1997. Phorbol
esters and SDF-1 induce rapid endocytosis and down modulation of
the chemokine receptor CXCR4. J. Cell Biol. 139, 651-664.

Tachibana, K., Hirota, S,, lizasa, H., Yoshida, H., Kawabata, K., Kataoka,
Y., Kitamura, Y., Matsushima, K., Yoshida, N., Nishikawa, S,
Kishimoto, T., Nagasawa, T., 1998. The chemokine receptor CXCR4
is essential for vascularization of the gastrointestinal tract. Nature
393, 591-594.

Tarasova, N.I., Stauber, R.H., Michegjda, C.J.,, 1998. Spontaneous and
ligand-induced trafficking of CXC-chemokine receptor 4. J. Biol.
Chem. 273, 15883—-15886.

Tashiro, K., Tada, H., Heilker, R., Shirozu, M., Nakano, T., Honjo, T.,
1993. Signal sequence trap: a cloning strategy for secreted proteins
and type | membrane proteins. Science 261, 600—603.

Teran, L.M., Davies, D.E., 1996. The chemokines: their potential role in
dlergic inflammation. Clin. Exp. Allergy 26, 1005—1019.

Tersmette, M., Gruters, R.A., De Walf, F., De Goede, R.E., Lange, JM.,
Schellekens, P.T., Goudsmit, J., Huisman, H.G., Miedema, F., 1989a.
Evidence for arole of virulent human immunodeficiency virus (HIV)
variants in the pathogenesis of acquired immunodeficiency syndrome:
studies on sequential HIV isolates. J. Viral. 63, 2118-2125.

Tersmette, M., Lange, JM., De Goede, R.E., De Walf, F., Eeftink-Schat-
tenkerk, JK., Schellekens, P.T., Coutinho, R.A., Huisman, JG.,
Goudsmit, J., Miedema, F., 1989b. Association between biological
properties of human immunodeficiency virus variants and risk for
AIDS and AIDS mortality. Lancet 1, 983-985.

Ueda, H., Siani, M.A., Gong, W., Thompson, D.A., Brown, G.G., Wang,
JM., 1997. Chemically synthesized SDF-1apha analogue, N33A, isa
potent chemotactic agent for CXCR4 /Fusin/LESTR-expressing hu-
man leukocytes. J. Biol. Chem. 272, 24966—24970.

Vicente-Manzanares, M., Montoya, M.C., Mellado, M., Frade, JM., del

Pozo, M.A., Nieto, M., de Landazuri, M.O., Martinez, A.C,,
Sanchez-Madrid, F., 1998. The chemokine SDF-lapha triggers a
chemotactic response and induces cell polarization in human B lym-
phocytes. Eur. J. Immunol. 28, 2197-2207.

Volin, M.V., Joseph, L., Shockley, M.S., Davies, P.F., 1998. Chemokine
receptor CXCR4 expression in endothelium. Biochem. Biophys. Res.
Commun. 242, 46-53.

Weng, Y., Siciliano, S.J., Waldburger, K.E., Sirotina-Meisher, A., Staruch,
M.J., Daugherty, B.L., Gould, S.L., Springer, M.S., DeMartino, JA.,
1998. Binding and functional properties of recombinant and endoge-
nous CXCR3 chemokine receptors. J. Biol. Chem. 273, 18288-18291.

Whaley, B.S,, Yuan, N., Birnbaumer, L., Clark, R.B., Barber, R., 1994.
Differential expression of the beta-adrenergic receptor modifies ago-
nist stimulation of adenylyl cyclase: a quantitative evaluation. Mol.
Pharmacol. 45, 481-489.

Winkler, C., Modi, W., Smith, M.W., Nelson, G.W., Wu, X., Carrington,
M., Dean, M., Honjo, T., Tashiro, K., Yabe, D., Buchbinder, S.,
Vittinghoff, E., Goedert, JJ., O'Brien, T.R., Jacobson, L.P., Detels,
R., Donfield, S., Willoughby, A., Gomperts, E., Vlahov, D., Phair, J.,
O'Brien, S.J,, 1998. Genetic restriction of AIDS pathogenesis by an
SDF-1 chemokine gene variant. ALIVE Study, Hemophilia Growth
and Development Study (HGDS), Multicenter AIDS Cohort Study
(MACS), Multicenter Hemophilia Cohort Study (MHCS), San Fran-
cisco City Cohort (SFCC). Science 279, 389-393.

Yang, O.O., Swanberg, S.L., Lu, Z., Dziggman, M., McCoy, J., Luster,
A.D., Walker, B.D., Herrmann, SH., 1999. Enhanced inhibition of
human immunodeficiency virus type 1 by met-stromal-derived factor
1beta correlates with down-modulation of CXCR4. J. Viral. 73,
4582—-4589.

Zou, Y.R., Kottmann, A.H., Kuroda, M., Taniuchi, I., Littman, D.R.,
1998. Function of the chemokine receptor CXCR4 in haematopoiesis
and in cerebellar development. Nature 393, 595-599.



