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CC-chemokine receptor 5 (CCR5) is the principal coreceptor for macrophage-tropic strains of
human immunodeficiency virus type 1 (HIV-1). We have generated a set of anti-CCR5
monoclonal antibodies and characterized them in terms of epitope recognition, competition
with chemokine binding, receptor activation and trafficking, and coreceptor activity. MC-4,
MC-5, and MC-7 mapped to the amino-terminal domain, MC-1 to the second extracellular
loop, and MC-6 to a conformational epitope covering multiple extracellular domains. MC-1
and MC-6 inhibited regulated on activation normal T cell expressed and secreted (RANTES),
macrophage inflammatory polypeptide-18, and Env binding, whereas MC-5 inhibited mac-
rophage inflammatory polypeptide-18 and Env but not RANTES binding. MC-6 induced
signaling in different functional assays, suggesting that this monoclonal antibody stabilizes an
active conformation of CCR5. Flow cytometry and real-time confocal microscopy showed that
MC-1 promoted strong CCR5 endocytosis. MC-1 but not its monovalent isoforms induced an
increase in the transfer of energy between CCR5 molecules. Also, its monovalent isoforms
bound efficiently, but did not internalize the receptor. In contrast, MC-4 did not prevent
RANTES binding or subsequent signaling, but inhibited its ability to promote CCR5 inter-
nalization. These results suggest the existence of multiple active conformations of CCR5 and
indicate that CCR5 oligomers are involved in an internalization process that is distinct from
that induced by the receptor’s agonists.

INTRODUCTION

Chemokines constitute a large family of proteins that regu-
late leukocyte recruitment to sites of inflammation and co-
ordinate their trafficking throughout the body. They mediate
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these functions through the binding and activation of seven
transmembrane domain G protein-coupled receptors
(GPCRs) specifically expressed by various populations of
leukocytes (Baggiolini, 1998; Murphy et al., 2000). CC-che-
mokine receptor 5 (CCR5) is a functional receptor for the
inflammatory CC-chemokines macrophage inflammatory
polypeptide (MIP)-1a, MIP-1p, regulated on activation nor-
mal T cell expressed and secreted (RANTES), monocyte
chemotactic protein (MCP)-2, and MCP-4 (Samson et al.,
1996a; Murphy et al., 2000). It is expressed on memory T
lymphocytes, macrophages, dendritic cells, thymocytes, he-
matopoietic progenitors, and other cell populations (Mur-
phy et al., 2000). CCR5 is thought to be involved in the

723



C. Blanpain et al.

recruitment of leukocytes in a growing number of inflam-
matory diseases, such as rheumatoid arthritis, multiple scle-
rosis, and asthma, and it plays a major role in acquired
immunodeficiency syndrome pathogenesis (Berger et al.,
1999; Gerard and Rollins, 2001). Cellular entry of human
immunodeficiency virus (HIV) is initiated by the interaction
between the gp120 subunit of the viral Env glycoprotein,
CD4, and a coreceptor that belongs to the chemokine recep-
tor family. CCR5 is the principal coreceptor for macrophage
tropic (M-tropic or R5) HIV strains, which are responsible
for viral transmission and predominate during the asymp-
tomatic phase of the disease. The essential role of CCR5 in
HIV pathogenesis was demonstrated by the strong resis-
tance toward HIV infection of individuals homozygous for a
nonfunctional allele (CCR5A32) of the coreceptor gene (Liu
et al., 1996; Samson et al., 1996b). These individuals have no
obvious pathological phenotype, making CCR5 an attractive
candidate for therapeutic intervention. Agents proposed as
potential viral entry blockers include chemokines or chemo-
kine analogs, monoclonal antibodies (mAbs), and chemical
antagonists (Moore and Stevenson, 2000). The first described
inhibitors of CCR5 coreceptor function were its natural li-
gands MIP-1a, MIP-18, and RANTES (Cocchi et al., 1995).
Synthetic derivatives of natural chemokines, such as amino-
oxypentane (AOP)-RANTES were later shown to display
enhanced HIV suppressive activities (Simmons et al., 1997).
Two complementary mechanisms have been proposed to
account for the ability of chemokines to inhibit HIV infec-
tion. First, chemokines compete for gp120 binding (Trkola et
al., 1996). Second, agonists induce CCR5 internalization, re-
sulting in a prolonged reduction of the coreceptor number at
the cell surface (Alkhatib et al., 1997; Amara et al., 1997; Mack
et al., 1998), a parameter found to be critical for HIV infection
(Wu et al.,, 1997a). The relative contribution of these two
mechanisms remains to be clarified in each case. The pro-
nounced antiviral activity of AOP-RANTES has been attrib-
uted to the efficient induction of endocytosis and the inabil-
ity of CCRS5 to reaccumulate on the cell surface after removal
of the ligand (Mack et al., 1998; Signoret et al., 2000). It has
also been suggested that CCR5 endocytosis induced by an-
tibodies may account for HIV resistance of exposed-unin-
fected individuals (Lopalco et al., 2000).

Monoclonal antibodies blocking chemokine and gp120
binding to CCR5 have been described (Wu ef al., 1997b; Hill
etal., 1998; Lee et al., 1999; Olson et al., 1999), as well as a first
set of chemical CCR5 antagonists (Baba et al., 1999) that are
presently regarded as candidate therapeutic inhibitors of
viral entry. However, from a theoretical point of view, com-
pounds able to inhibit gp120 binding and promote efficient
and prolonged internalization of CCR5, without triggering
the intracellular signaling cascades, would constitute ideal
antiviral agents. Monoclonal antibodies interacting with var-
ious epitopes of a receptor constitute interesting tools to
study the relationship between stabilization of an “active”
receptor conformation and the various consequences of this
activation (G protein coupling, internalization). Moreover,
the availability of dimeric or monomeric isoforms of the
same monoclonal allows for determination of the contribu-
tion of receptor dimerization in the studied processes.

In this study, we have characterized a novel set of anti-
CCR5 mAbs and have determined their functional proper-
ties. Their epitopes were characterized by using a large
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panel of chimeric and mutant receptors. We correlated these
findings with the ability of the mAbs to inhibit chemokine
and/or gp120 binding, to modulate activation of intracellu-
lar cascades, and to influence receptor trafficking.

MATERIALS AND METHODS
Generation of Monoclonal Antibodies against CCR5

BALB/c mice were immunized at 4-wk intervals by at least six
intraperitoneal injections of Chinese hamster ovary (CHO) cells
stably transfected with CCR5. Four days after the last injection, the
spleens were removed and the splenocytes fused with P3X63-Ag8
plasmocytoma cells. Culture supernatants were screened by flow
cytometry on CHO cells expressing CCR5, or CXCR4 as control. In
addition to MC-1 (Mack et al., 1998) and MC-5 (Mack et al., 2000),
three monoclonal antibodies (MC-4, MC-6, and MC-7) were ob-
tained that specifically recognize CCR5 and do not cross-react with
CHO cells overexpressing CCR1-4 or CXCR4. None of the mAbs
stained CCR5-deficient (CCR5A32/A32) peripheral blood mononu-
clear cells. Apart from the clone MC-5 (IgG-2a), all other clones were
of IgG-1 isotype.

Generation of Monovalent mAb Isoforms

A plasmid encoding an MC-1 single-chain fragment (ScFv-MC-1)
was performed by reverse transcription on total RNA extracted
from the «CCR5 hybridoma MC-1 with random hexamers and the
SuperScript reverse transcriptase (Invitrogen, Paisley, United King-
dom). The light and heavy variable domains were cloned by poly-
merase chain reaction amplification with Pfu polymerase (Orlandi et
al., 1989). As described previously, the two domains were joined by
a linker coding for (Gly,Ser,); and a C-terminal tail encoding six
histidines was attached to facilitate purification. The single-chain
fragment was expressed in the periplasmic space of Escherichia coli
and purified by Ni-NTA (QIAGEN S.A., Courtaboeuf, France) as
described (Mack et al., 1995).

The F(ab) fragments were obtained by digesting MC-1, MC-4, and
MC-6 mAbs (2 mg/ml each), respectively, for 2 h with 0.02 mg/ml,
for 4 h with 0.02 mg/ml, and for 2 h with 0.1 mg/ml papain (Sigma,
St. Louis, MO) in phosphate-buffered saline (PBS) containing 20 mM
EDTA and 20 mM cysteine (Sigma). After stopping the reaction with
30 mM iodocetamide, the antibodies were dialyzed overnight
against PBS. Fc fragments and undigested mAbs were removed
with Protein A-Sepharose CL-4B (Pharmacia, Freiburg, Germany).
Aliquots of each digestion were checked by SDS-PAGE and Coo-
massie blue staining. By using fluorescein isothiocyanate (FITC)-
labeled secondary antibodies specific for F(ab) fragments (Jackson
Immunoresearch, West Grove, PA), similar mean channel fluores-
cence values were obtained with F(ab) fragments and half-equimo-
lar amounts of the parental monoclonal antibodies, indicating that
the binding properties were not affected by the digestion procedure.

CCR5 Constructs

All CCRS5 constructs used in this study have been previously de-
scribed (Lee et al., 1999; Samson et al., 1997; Blanpain et al., 1999a,
2000, 2001). The constructs were sequenced and subcloned into the
bicistronic expression vector pEFIN3 for the generation of stable cell
lines as previously described (Samson et al., 1997).

Cell Culture and Expression of Mutant Receptors in
CHO-K1 Cells

CHO-K1 cells stably expressing apoaequorin, Ga;4 and wild-type or
mutant CCR5 receptor (Blanpain et al., 1999b) were cultured in Ham’s
F-12 medium supplemented with 10% fetal calf serum (Invitrogen), 100
U/ml penicillin, 100 ug/ml streptomycin (Invitrogen), 250 ug/ml
Zeocin (Invitrogen), and 400 pg/ml G418 (Invitrogen).
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Fluorescence-activated Cell Sorting (FACS) Analysis

Binding affinities of the different mAbs for CCR5 were determined
by flow cytometry. CCR5-expressing CHO-K1 cells were incubated
with mAbs for 30 min on ice, washed, stained with different anti-
mouse IgG secondary antibodies conjugated with phycoerythrin
(Sigma), FITC (Sigma), or Texas Red (Jackson Immunoresearch),
and analyzed on a FACScan (BD Biosciences, Aalst, Belgium). The
binding parameters were determined by nonlinear regression using
the PRISM software (GraphPad Software, San Diego, CA)

Epitopes were mapped by flow cytometry with a panel of ~70
CHO-K1 cell lines stably expressing chimeric and point mutant
receptors (Samson ef al., 1997; Lee et al., 1999; Blanpain et al., 1999a,
2000). Cells were incubated for 30 min on ice with saturating con-
centrations of anti-CCR5 mAbs, washed, and stained with polyeth-
ylene (PE)-conjugated anti-mouse Ig antibody (Sigma). CHO-K1
cells expressing CCR2b were used as negative control.

For endocytosis experiments, 5 X 10° CHO cells expressing
wtCCR5 were incubated for 30 min at 37°C with chemokines or
mAbs. Cells were then placed on ice, incubated with 15 ug of MC-1
or MC-4 or their respective F(ab) fragments for 1 h, washed with
cold PBS, and stained with FITC-conjugated anti-mouse Ig antibody
(F313; DAKO, Hamburg, Germany). Cells were washed and ana-
lyzed on a FACSCalibur (BD Biosciences). For experiments with
ScFv-MC-1, cells were incubated for 45 min with 3 ug/ml ScFv-
MC-1, on ice or 37°C as indicated. Cells were washed twice with
cold PBS and incubated with 4 pug/ml anti-His antibody (Dianova,
Hamburg, Germany) for 45 min, on ice or at 37°C as indicated. Cells
were washed again with cold PBS and stained with PE-labeled
rabbit antimouse F(ab), (DAKO), and analyzed on a FACSCalibur
with CellQuest software (BD Biosciences).

For inhibition of chemokine-induced CCR5 endocytosis by mAbs,
CHO cells expressing CCR5 were incubated on ice with medium or
MC-4 or MC-4 F(ab) for 30 min. Cells were then incubated with
RANTES or AOP-RANTES for 30 min at 37°C. The cells were
washed, incubated with 15 ug/ml MC-4 or MC-4 F(ab) followed by
FITC-conjugated anti-mouse F(ab) Ig antibody (DAKO).

Binding Assays

Competition binding assays were performed with CCR5 expressing
CHO-K1 cells as described (Blanpain et al., 1999a), by using 0.08 nM
1251-MIP-1p or '?°I-RANTES (2000 Ci/mmol; Amersham plc, Little
Chalfont, Buckinghamshire, United Kingdom) as tracer, variable
concentrations of mAbs, and 40,000 cells. Total binding was mea-
sured in the absence of competitor and nonspecific binding was
measured in the presence of a 100-fold excess of unlabeled chemo-
kine. Soluble JRFL gp120 was iodinated as described (Lee et al.,
1999). Env binding assays were performed on CCR5-expressing
CHO-K1 cells with '*°I-JRFL gp120 as tracer, in the presence of 100
nM sCD4 and competitors. Total binding was measured in the
absence of competitor and nonspecific binding was measured in the
presence of a 100-fold excess of unlabeled gp120.

Aequorin-based Functional Assay

The functional response to chemokines and monoclonals was ana-
lyzed with an aequorin-based assay as described (Blanpain et al.,
1999b). Inhibition of chemokine signaling by anti-CCR5 mAbs was
analyzed with the same assay. mAbs were incubated for 30 min at
room temperature with 50,000 CHO-K1 cells expressing CCR5 then
RANTES or MIP-18 (1 nM final concentration) was added to the cell
suspension, and the luminescence was recorded for 30 s in a lumi-
nometer. Stimulation (100%) was defined as the response to 1 nM
chemokine in the absence of mAbs, and 0% as the luminescence in
the absence of ligand. A chemokine dose-response curve was used
as positive control in each experiment.
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Guanosine-5'-O-(3-thio)triphosphate (GTPvyS)
Binding Assay

Membranes of CHO-K1 cells expressing 20 ug/ml CCR5, prepared
from cells treated or not with 100 ng/ml pertussis toxin for 18 h,
were incubated in 20 mM HEPES pH 7.4, 100 mM NaCl, 3 mM
MgCl,, 3 uM GDP, and 10 pg/ml saponin, with different concen-
trations of RANTES or mAbs, in 96-well microplates (Basic Flash-
Plates; PerkinElmer Life Sciences, Boston, MA), for 15 min at room
temperature. After addition of 0.1 nM [**S]GTP%S (Amersham plc),
the microplates were shaken for 1 min and incubated further for 30
min at 30°C. The incubation was stopped by centrifugation of the
plates for 10 min at 800 X ¢ and 4°C, and aspiration of the super-
natant. Microplates were counted in a TopCount (Packard Instru-
ment, Meriden, CT) for 1 min/well. Neither RANTES nor mAbs
effected [**S]JGTP9S binding to membranes of CHO-K1 cells ex-
pressing other related (CCR8) or unrelated (CRF,) GPCRs. Func-
tional parameters were determined with the PRISM software
(GraphPad Software) by using nonlinear regression applied to a
sigmoidal dose-response model.

Inhibition of cAMP Accumulation

Inhibition of cCAMP accumulation by chemokines and monoclonals
was performed on CCR5-expressing cells spread on Petri dishes
(25,000 cells/well) containing cultured overnight. Cells were prein-
cubated for 15 min in Krebs-Ringer-HEPES buffer and 1 mM
3-isobutyl-1-methylxanthine (Calbiochem, San Diego, CA), and then
incubated for 20 min in the same medium supplemented with 5 uM
forskolin and variable concentrations of RANTES or 10 ug/ml
mAbs. The cAMP content was measured by enzyme-linked immu-
nosorbent assay (cAMP-screen, CS100; Tropix, Bedford, MA) ac-
cording to the procedure specified by the manufacturer.

In Vivo Cellular Assays for Receptor Trafficking and
Oligomerization

For confocal microscopy in living cells, clonal cell lines expressing
CCR5-green fluorescent protein (GFP) were seeded on 22-mm
round glass coverslips, and grown for 18 h. Coverslips were rinsed
in DMEM/F-12 and placed in the observation chamber (maintained
at 37°C) of an MRC 1024 confocal microscope (Bio-Rad, Hercules,
CA) fitted on an Axiovert 100 inverted microscope (Zeiss, Welwyn
Garden City, United Kingdom) equipped with a Plan-Neofluar
40X /1.3 oil immersion objective (Zeiss). The 488-nm excitation
beam of an Argon-Krypton laser and a 522-532-nm band-pass emis-
sion filter were used for viewing enhanced green fluorescent protein
(EGFP). The 568-nm excitation beam and a 605-632-nm band-pass
emission filter were used for viewing transferrin AlexaFluor 564.
The beam power was kept below 10% of maximal power to reduce
photobleaching and phototoxicity. Pinhole was set to generate
1-um-thick optical sections. Fields of interest (512 X 512 pixels) were
selected visually. Data were sequentially collected for each fluoro-
chrome (approximate collection time 4 s), every 3 min for the
indicated time. Cells expressing CCR5-GFP were incubated with 50
png/ml AlexaFluor-Transferrin (Molecular Probes, Eugene, OR)
alone or together with ligands for 15-45 min, and washed three
times before viewing.

For induction of CCR5-GFP endocytosis, 10 pg/ml mAbs or 100
nM RANTES were added to the cells, and images were acquired
every 3 min for 45 min. For ScFv-MC-1 experiments, cells were first
incubated for 45 min with ScFv-MC-1, washed three times, incu-
bated with anti-His (4 pg/ml) for 30 min, and images were collected
every 3 min. No endocytosis was seen with control IgG or anti-His
antibody. For inhibition of CCR5-GFP endocytosis, the cells were
first incubated with 10 ug/ml mAbs for 45 min then with 100 nM
RANTES, and frames were acquired every 3 min for 45 min.

For determining the endocytic pathways, CCR5-GFP-expressing
cells were incubated with 100 ng/ml pertussis toxin (Sigma) for
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18 h, 0.45 M sucrose for 1 h, 2.5 ug/ml filipin III (Sigma) for 45 min,
or 10 mM B-methyl-cyclodextrine (Sigma) for 45 min at 37°C, and
then tested for endocytosis in DMEM/F-12 containing the inhibitor.

Arrestin translocation assays were performed by transfecting 100
ng of B-arrestin 2-EGFP (gift of Mark Scott, ICGM, Paris, France)
into CCR5-expressing cells. The day after, cells were analyzed by
confocal microscopy as described above after addition of RANTES
or mAbs.

The bioluminescence resonance energy transfer (BRET) assay was
performed as described by Angers et al. (2000). Briefly, humanized
Renilla luciferase (Packard Instrument) and the yellow variant of
GFP (CLONTECH) were fused to the last C-terminal residue of
CCR5 and expressed in human embryonic kidney 293 cells. Fusion
proteins were expressed at the plasma membrane and were inter-
nalized upon agonist stimulation (as determined by FACS analysis).
In stable clones expressing either wild-type CCR5 or the fusion
proteins RANTES and MIP-1p resulted in the inhibition of forsko-
lin-induced cAMP production. Antibody-promoted changes of
BRET ratio were calculated by subtracting the basal BRET ratio,
measured in the absence of antibodies, from the BRET ratios ob-
served in the presence of the indicated antibodies. The details of the
application of the BRET assay to CCR5 will be described elsewhere
(Issafras, Bouvier, and Nerullo, unpublished data).

RESULTS

Generation and Epitope Mapping of Anti-CCR5
mAbs

Mice were immunized with CHO cells expressing human
CCR5. Five CCR5-specific mAbs (MC-1, MC-4, MC-5, MC-6,
and MC-7) were isolated and further characterized. Satura-
tion binding experiments were conducted using flow cytom-
etry. All mAbs bound CCR5 with high affinity, with K,
values of 0.54 = 0.25 (MC-1), 0.61 = 0.24 (MC-4), 0.35 = 0.21
(MC-5), and 1.18 = 0.28 ug/ml (MC-6; our unpublished
data). All mAbs stained CCR5 on monocytic and lympho-
cytic populations of freshly isolated human peripheral blood
mononuclear cells, similarly to the reference antibody 2D7
(our unpublished data).

The contribution of extracellular domains of CCR5 to the
epitopes was determined by testing a set of CHO-K1 cell
lines stably expressing CCR5-CCR2b chimeras in FACS
analysis. Two previously mapped mAbs (3A9 and 2D7)
were used as controls (Wu ef al., 1997b). As shown in Table
1 and Figure 1, MC-4, MC-5, MC-7, and 3A9 recognize
epitopes located within the amino-terminal domain of
CCR5. MC-1 and 2D7 are specific for the second extracellu-
lar loop (ECL2) of CCR5 (Figure 1). MC-6 requires multiple
CCR5 domains for recognition, including ECL1, ECL2, and
the amino-terminal domain (Figure 1).

Specific residues involved in the epitopes of MC-4, MC-5,
and MC-7 were determined with amino-terminal trunca-
tions and alanine substitution mutants of CCR5 (Table 1).
The first three residues of CCR5 are essential for the MC-5
epitope and MC-5 was the only mAb able to recognize CCR5
in Western blotting, suggesting that its epitope is linear
(Oppermann et al., 1999; Mack et al., 2000). Alanine scanning
mutants demonstrated that the MC-7 epitope includes S7-P8
and Y10-D11 (Table 1). The MC-4 epitope was mapped more
distally in the CCR5 amino terminus (residues 14-17 and
E18). MC-1 and MC-6, like 2D7, were not affected by muta-
tions in CCR5 N terminus (Table 1).

Chimeras and point mutants involving ECL2 were used to
specify the epitopes of MC-1 and MC-6 (Table 1). MC-1 and
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Table 1. Epitope mapping of anti-CCR5 mAbs

2D7 3A9 MC-1 MC-4 MC-5 MC-6 MC-7
CCR5-CCR2b chimera
5555 + + + + + + +
2222 - - - - - - -
5222 - + - + + - +
2555 + - + - - -
5255 + + + + + — +
5525 - + - + + - +
2252 + - + - - - -
2225 - - - - - - -
ECL2 N-ter ECL2 N-ter N-ter MD  N-ter
CCR5 amino-terminal mutants
CCR5 + + + + + + +
A2 ND + + ND (+) + ND
A2-3 ND + + ND - + ND
A2-4 ND + + ND - + ND
A2-5 - + + + - + (+)
A2-9 ND + + + - + —
A2-13  ND + + +) - + -
A2-17 ND + + - - + -
D2A ND + + + + + +
Y3A ND + + + + + +
Q4A ND + + + + + +
V5A ND + + + + + +
S6A ND + + + + + +
S7A ND + + + + + -
PSA ND + + + + + —
9A ND + + + + + +
Y10A ND + + + + + —
D11A ND + + + + + -
T112A ND + + + + + +
N13A ND + + + + + +
E18A ND + + + + + +
CCRS5 second extracellular loop mutants
5555 + + + + + + +
55(25)5 - + - + + - +
55(52)5 + + + + + - +
20255 - - - - - - -
22(52)5 + - + — — — —
K171A - ND + + + - ND
E172A - ND + + + - ND

ND, not determined.

2D7 recognized the first part of ECL2. MC-6 binding was
affected by replacement of both the first and the second halves
of ECL2, and by the point substitutions K171A and E172A (but
not R168A) in the first part of ECL2 (Figure 1 and Table 1).
Other point mutations known to affect the conformation of the
extracellular domains of CCR5, such as C178R (that disrupts
the disulfide bond linking ECL1 and ECL2; Blanpain et al.,
1999b, 2000), reduced or prevented binding of MC-1, MC-6,
and 2D7, but had little effects on other mAbs. The other point
mutants tested had no effects on mAb recognition.

MC-6 Binding to CCR5 Promotes G protein
Activation but not Calcium Mobilization

Using CCR5-expressing CHO cells, we examined the ability
of the different mAbs (at the concentration of 10 ug/ml) to
promote [3°S]JGTPvS binding to membranes. RANTES pro-
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Fluorescence

Figure 1. Immunostaining of CCR5-CCR2b chimeras and CCR5
point mutants with anti-CCR5 mAbs. CCR5-CCR2b chimeras are
coded according to the origin of the N-terminal domain (first digit),
and of the three extracellular loops (last three digits): 5555 and 2222
represent CCR5 and CCR2b, respectively; 2555 represents a chi-
meric receptor containing the amino-terminal domain of CCR2b and
the three extracellular loops of CCR5. CCR5 point mutants are
designated by the nature of their amino acid substitution. CHO-K1
cells stably expressing these constructs were stained with saturating
concentrations of the different anti-CCR5 mAbs and phycoerythrin-
conjugated anti-mouse IgG, and analyzed by FACS. Fluorescence
histograms are shown together with the background fluorescence
obtained for cells expressing CCR2b.

moted a marked and dose-dependent increase in [*°S]GTP~S
binding, with an ECy, value of 2.3 nM (Figure 2A). Among
the mAbs tested, only MC-6, but not its F(ab) fragment,
induced a significant increase in GTPyS binding to mem-
branes of CCR5-expressing cells (Figure 2B; our unpub-
lished data). This effect was blocked by pertussis toxin pre-
treatment (our unpublished data). Noteworthy, MC-1 had
no effect in this assay, although it promoted receptor inter-
nalization, as shown below. Neither RANTES nor MC-1 nor
any other mAb increased GTPvS binding to membranes of
cells expressing other receptors (our unpublished data).
MC-6, but not its F(ab) fragment, was also able to inhibit
cAMP accumulation in CCR5-expressing CHO-K1 cells with
an efficacy similar to that found in the GTP+S assay (Figure
2C).

We also investigated whether the mAbs could induce
intracellular calcium release by using an aequorin-based
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assay. None of the mAbs, including MC-6, were able to
promote calcium signaling in CCRb5-expressing cells,
whereas RANTES induced a robust response characterized
by an ECs, value of 2.5 nM (our unpublished data).

mAbs Differently Antagonize the Function of
RANTES, MIP-1f, and gp120 onto CCR5

We next investigated the ability of the mAbs to compete for
125[-MIP-1B or '**I-RANTES binding to CCR5. As shown in
Figure 3A, MC-1 and MC-6 inhibited both MIP-13 and
RANTES binding with an ICs, value <1 ug/ml. MC-4 and
control IgG did not compete for chemokine binding. MC-5
competed partially for MIP-18 binding but competed very
poorly for RANTES binding up to concentrations of 10 ug/
ml. We further tested whether these mAbs prevent CCR5
activation by chemokines. In agreement with the binding
data, MC-1, MC-5, and MC-6 inhibited calcium mobilization
induced by 1 nM MIP-1B, in a concentration-dependent
manner (Figure 3B). MC-1 and MC-6, but not MC-5, inhib-
ited calcium signaling in response to 1 nM RANTES. MC-4
and control IgG had no effect.

We and others have shown that chemokines and HIV Env
bind overlapping but distinct CCR5 domains (Rucker et al.,
1996; Wu et al., 1997b; Farzan et al., 1998; Blanpain et al.,
1999a). We therefore tested the ability of our mAbs to com-
pete for the binding of '?°I-JRFL-gp120 to CCR5. MC-1,
MC-5, MC-6, and the reference mAb 2D7 efficiently inhibited
JRFL-gp120 binding in the presence of soluble CD4 (Figure
3C). Neither control isotype IgG nor MC-4 inhibited Env
binding up to concentrations of 10 ug/ml.

Bivalent, but not Monovalent MC-1, Promotes
CCRS5 Endocytosis

The ability of our mAbs to induce CCR5 internalization in
CHO-K1 cells was investigated. As shown in Figure 4A,
MC-1 induced a dose-dependent down-modulation of the
cell surface receptor. As measured by FACS analysis, 5
png/ml MC-1 induced a 50% decrease of cell surface CCR5,
similar to the level of down-modulation obtained with 100
nM RANTES (Figure 4, A and B). No significant endocytosis
was seen when cells were incubated on ice with MC-1 (our
unpublished data). Incubation of cells at 37°C with MC-4 or
MC-5 had no effect (Figure 4A; our unpublished data). In-
duction of internalization by MC-1 was also found in lym-
phocyte and monocyte populations expressing CCR5 natu-
rally. Given the lower expression level of the receptor in
these cells, the phenomenon was however less demonstra-
tive than in CHO cells (our unpublished data).

Because MC-1 promoted CCR5 endocytosis without trig-
gering detectable signaling, we investigated whether MC-1
or RANTES could induce different routes of receptor endo-
cytosis. CHO-K1 cells expressing high levels of a CCR5-GFP
chimeric protein were generated. This chimeric receptor was
activated by chemokines with a concentration-response
curve similar to wtCCR5 (our unpublished data). In the
absence of ligands, cells expressing CCR5-GFP showed in-
tense fluorescence at the cell surface, although a significant
proportion of the fusion protein was localized intracellularly
(Figure 5A). This fraction of labeling likely corresponds
partly to biosynthetic compartments, such as endoplasmic
reticulum and Golgi complex, but also to endosomal com-
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Figure 2. CCR5 activation by the multidomain mAb MC-6. Effect
of different concentrations of RANTES (A) and anti-CCR5 mAbs at
10 ug/ml (B) on the binding of [**SJGTPyS to membranes of
CHO-K1 cells expressing human CCR5. Data are presented as raw
cpm values (A) or normalized (B) to basal (0%) and maximal
[*°S]IGTP9S binding in response to RANTES (100%). These experi-
ments were repeated four times with similar results. All data points
were analyzed in triplicates (error bars: SEM). (C) Inhibition of
forskolin-stimulated cAMP accumulation. CHO-K1 cells expressing
CCRS5 were incubated for 20 min with 5 uM forskolin and RANTES
or the various mAbs, and cAMP was measured by enzyme-linked
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partments. Indeed, the early endosome marker AlexaFluor
594-Transferrin colocalized with intracellular CCR5-GFP,
even in the absence of ligands (Figure 5A), and recycled
efficiently from this endosomal compartment to the cell sur-
face (our unpublished data). Addition of 100 nM RANTES to
these cells induced a profound subcellular redistribution of
the fluorescence (Figure 5, B-E, and Video 1). Shortly after
agonist addition, a local enhancement of membrane-associ-
ated fluorescence was observed, possibly resulting from re-
ceptor clustering. Ruffling of membranes was also apparent
as a consequence of receptor signaling and cytoskeletal re-
arrangements. After 10-15 min, CCR5-GFP was internalized
into endocytic vesicles that progressively fused with larger
endosomal compartments. In contrast to endocytosis medi-
ated by RANTES, the subcellular redistribution of CCR5-
GFP induced by MC-1 occurred in a very different manner in
terms of morphology and time course (Figure 5, F-], and
Video 2). Immediately after 10 pug/ml MC-1 addition, en-
hancement of cell surface fluorescence was observed, but
soon thereafter, a large number of small intracellular vesicles
was formed, which did not fuse further with endosomes
(Figure 5G). MC-5, MC-6, and isotype control IgG were
unable to induce CCR5-GFP endocytosis (our unpublished
data).

To investigate further in vivo the involvement of oli-
gomers in the endocytosis process mediated by MC-1, we
took advantage of a new biophysical assay based on BRET,
which allows to monitor the interaction between two fusion
proteins (Angers et al., 2000). Addition of 10 pug/ml MC-1
produced a robust increase of the BRET signal (Figure 6A) in
293T cells coexpressing CCR5-luc and CCR5-YFP, with ki-
netics similar to that found for CCR5-GFP endocytosis (our
unpublished data). Neither MC-4, MC-5, MC-6 (Figure 6A),
nor control IgG (our unpublished data) induced changes in
the BRET signal. These results indicate that MC-1 induces a
profound change in the physical proximity between two or
more CCR5 molecules.

We also investigated the functional properties of mono-
valent versions of MC-1 by flow cytometry and confocal
microscopy. Both a single chain fragment of MC-1 (ScFv-
MC-1) tagged with poly-histidine and a purified F(ab)
fragment of MC-1 continued to bind CCR5 with high
affinity (our unpublished data). CCR5 internalization pro-
moted by ScFv-MC-1 was quantified by FACS analysis.
CCRS5 surface expression of cells incubated on ice with
both ScFv-MC-1 and anti-His mAb was used as control
(100% fluorescence). As shown in Figure 6B, the incuba-
tion of cells with ScFv-MC-1 at 37°C followed by anti-His
on ice did not significantly reduce surface expression of
CCRS, indicating that monovalent MC-1 could not induce
CCR5 down-modulation. However, when scFv-MC-1 and
anti-His mAb were both incubated at 37°C, CCR5 surface
fluorescence decreased by 50%, indicating that cross-link-
ing of scFv-MC-1 can restore the effect of the parental
divalent antibody. Confocal microscopy was used to vi-

immunosorbent assay. The results were normalized for basal (0%, in
the presence of forskolin only) and maximal response (100%, cAMP
levels obtained with a saturating concentration of RANTES). The
experiments were performed in triplicate (error bars: SEM), and the
figure represents a typical experiment out of two performed inde-
pendently.
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sualize the endocytosis of CCR5 with various combina-
tions of the monovalent ScFv-MC-1 and cross-linking sec-
ondary antibodies. Neither monovalent ScFv-MC-1 nor
MC-1 F(ab) was able to induce significant internalization
of CCR5-GFP (Figure 6, C and D; our unpublished data).
We then induced cross-linkage of the ScFv-MC-1 with
anti-His mAb, after a 45-min preincubation with 10
wng/ml ScFv-MC-1 alone. This partially restored the effect
on CCR5 endocytosis (Figure 6, E and F, and Video 3),
whereas anti-His alone had no effect (Figure 6, G and H).
In addition, the two monovalent isoforms of MC-1, MC-1
F(ab) and MC-1 ScFv, did not induce significant changes
in the BRET signal (Figure 6A). Taken together, these
results demonstrate that the bridging property of divalent
antibodies is necessary for inducing CCR5 internalization.

MC-1 Induces CCR5 Endocytosis via a Clathrin-
independent but Caveolae-dependent Pathway

To investigate the mechanisms implicated in the endocy-
tosis induced by MC-1, we treated cells with drugs block-
ing different pathways of GPCR internalization. As shown
in Figure 7, A and B, pertussis toxin did not prevent
endocytosis induced by MC-1, whereas it inhibited
strongly the endocytosis mediated by RANTES (Figure 7,
C and D). Hypertonic sucrose severely decreased RAN-
TES-induced internalization (Figure 7, E and F), whereas
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this treatment had no effect on the ability of MC-1 to
promote CCR5 endocytosis (Figure 7, G and H). Two
cholesterol-depleting agents, B-methyl-cyclodextrine and
filipin, inhibited almost completely the endocytosis medi-
ated by both RANTES and MC-1 (Figure 7, I-L; our un-
published data). We also used a living cells assay to study
the recruitment dependence of the B-arrestin after RAN-
TES or MC-1 binding to CCR5. RANTES induced, within
a minute, a robust translocation of B-arrestin-GFP from
the cytosol to the plasma membrane in CCR5-expressing
cells (Figure 7, M and N, and Video 4). In contrast, no
subcellular redistribution of B-arrestin-GFP was seen after
the addition of MC-1 (Figure 7, O and P, and Video 5).
These results demonstrate that MC-1 promotes CCR5 en-
docytosis via an arrestin- and clathrin-independent path-
way, but that this pathway is highly dependent on the
integrity of cholesterol-rich microdomains.

MC-4 Inhibits CCR5 Endocytosis

We also investigated whether mAbs could inhibit CCR5
internalization mediated by chemokines. Cells were pre-
incubated with mAbs then with chemokines at 37°C, and
surface expression of CCR5 was measured by flow cytom-
etry. MC-4 inhibited RANTES-induced CCR5 endocytosis
by >75% (Figure 8A). As described, AOP-RANTES was
more potent than RANTES in mediating CCR5 internal-
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Figure 4. MC-1 mAb induces CCR5 endocytosis in CHO cells.
CHO cells expressing CCR5 were incubated with MC-1 (H]), MC-4
(O (A), or RANTES (M) (B) for 30 min at 37°C. Cell surface CCR5
was detected by flow cytometry with a saturating concentration of
the same mAbs or MC-4 for RANTES-induced CCR5 down-modu-
lation. Results were normalized for the fluorescence of unstimulated
cells (100%) and for the background fluorescence (0%). All experi-
ments were repeated at least twice with similar results.

ization (Figure 8B). In the presence of 10 ug/ml MC-4, a
10-fold higher concentration of AOP-RANTES was re-
quired to induce 50% receptor down-modulation (Figure
8B). MC-4 F(ab) also inhibited CCR5 endocytosis although
less efficiently than bivalent antibodies (Figure 8, A and
B). Real-time confocal microscopy was used to study the
effect of MC-4 on the dynamics of CCR5-GFP trafficking.
As described above, MC-4 alone had no effect on receptor
localization (Figure 8, C and D). When cells were stimu-
lated with 100 nM RANTES in the presence of MC-4,
enhancement of membrane fluorescence and ruffling were
observed (Figure 8, E-G, and Video 6), as in the absence of
MC-4. However, no subsequent internalization occurred,
and membrane ruffling could be observed during the
45-min observation period (Figure 8G). Isotype control
IgG had no effect on CCR5-GFP localization (Figure 8, H
and I) or RANTES-induced internalization (Figure 8J).
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DISCUSSION

mAbs Recognizing the Second Extracellular Loop of
CCRS5 Antagonize Chemokine Binding

We have characterized five anti-CCR5 mAbs in terms of
epitope mapping, inhibition of HIV Env binding and che-
mokine function, and investigated their ability to activate
CCR5 and modulate its intracellular trafficking. On the basis
of their recognition of various CCR5-CCR2b chimeras, these
mAbs could be classified into three groups. The epitopes of
MC-4, MC-5, and MC-7 are located in the amino-terminal
domain, that of MC-1 within ECL2, whereas that of MC-6
involves multiple extracellular domains. MC-5 recognizes a
linear epitope including the first two residues, that of MC-7
includes Y10 and D11. These are clearly two dominant
epitopes, recognized also by a number of other mAbs (Wu et
al., 1997b; Hill et al., 1998; Lee et al., 1999; Olson et al., 1999).
ECL2, the longest extracellular loop of CCRS5, also contains
dominant epitopes. Both MC-1 and 2D7 mapped to the first
part of ECL2 but recognize different epitopes. MC-6 binding,
like most multidomain mAbs, was highly dependent on
K171 and E172.

Numerous studies have highlighted the importance of
CCR5 amino terminus and ECL2 to chemokine binding and
HIV coreceptor function (Rucker et al., 1996; Samson ef al.,
1997; Farzan et al., 1998). ECL2 is particularly important for
chemokine binding and selectivity, whereas the N terminus
plays the dominant role for the gp120-CCR5 interaction. In
line with these observations, mAbs such as 539, 531, and
2D7, recognizing ECL2 epitopes inhibit efficiently chemo-
kine binding and signaling, as well as HIV entry (Lee et al.,
1999). Our present results are consistent with these previous
observations. Both the ECL2 mAb MC-1 and the multido-
main mAb MC-6, which rely on ECL2 among other do-
mains, efficiently inhibited binding of RANTES, MIP-13, and
Env to CCRS5, as well as the functional response to chemo-
kines. The N-terminal mAb MC-5 inhibited binding of
MIP-18 and gp120, but had no effect on RANTES binding
and signaling, whereas MC-4 had no effect. The differential
inhibition of MIP-18 and RANTES function by MC-5 pro-
vides further evidence that CCR5 ligands may use different
extracellular residues for high-affinity binding.

Partial Activation of CCR5 by a Conformation-
sensitive Multidomain mAb

Chemokine receptors are coupled to heterotrimeric G pro-
teins belonging to both pertussis toxin-sensitive G,; and
pertussis toxin-insensitive G, families. They regulate in
turn a number of intracellular cascades, including inhibition
of cAMP production, intracellular Ca®* release, and activa-
tion of phosphatidylinositol 3-kinase and mitogen-activated
protein kinases. These cascades mediate the biological effects
of chemokines, such as chemotaxis and/or increase of inte-
grin adhesiveness (Sanchez-Madrid and del Pozo, 1999).
Activation of GPCRs upon ligand binding is believed to
involve the reorganization of the transmembrane helix bun-
dle, unmasking intracellular domains that interact with G
proteins, and triggering their activation (Wess, 1997). Like
chemokines, mAbs might also, by binding to CCR5, modify
the equilibrium between its inactive and active states, and
either trigger signaling cascades, or prevent their activation.

Molecular Biology of the Cell



Figure 5. Down-modulation of cell surface CCR5-GFP by RAN-
TES and MC-1. (A) CHO-K1 cells expressing CCR5-GFP (green)
were incubated with AlexaFluor-Transferrin (red) for 30 min,
washed twice with media, and analyzed by confocal microscopy for
colocalization (yellow). Dynamics of CCR5-GFP was measured after
stimulation of the cells by RANTES or MC-1 mAb. The cells were
exposed to 100 nM RANTES or 10 pg/ml MC-1 in DMEM/F-12
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Functional Anti-CCR5 Antibodies

mAbs directed at GPCRs and displaying agonist activities
are rare, and were not reported so far for CCR5. However,
an anti-CCR2b mAb was shown to activate this receptor in B
cells (Frade ef al., 1997). Our mAbs were tested in three
functional assays. We showed that the multidomain mAb
MC-6 induced CCR5 activation in GTPyS and cAMP accu-
mulation assays. MC-6 was however unable to promote
intracellular calcium release, whereas chemokines were
equally efficient in all three assays. This discrepancy sug-
gests that MC-6 and chemokines stabilize different active
conformations of CCR5, coupling differently to intracellular
signaling cascades. Differential coupling of a receptor to G
proteins according to ligands has been proposed for CXCR2
(Hall et al., 1999). The conformational epitope of MC-6 in-
cludes multiple CCR5 domains involved in chemokine bind-
ing, which might explain why MC-6 promotes at least some
of the conformational changes required for receptor activa-
tion. The absence of modification of BRET signal after biva-
lent MC-6 addition would suggest that the oligomerization
state of the receptor is not modified in this process. Because
the MC-6 F(ab) fragment has no signaling properties, it
remains however possible that bivalent monoclonals modify
the conformation of preexisting dimers without changing
the distance between the BRET donor (luciferase) and the
BRET acceptor (yellow GFP).

mAb-induced Internalization of CCR5 Oligomers
Involves an Arrestin-independent Caveolae-
dependent Pathway

A molecule that would trigger efficient CCR5 internalization
without activating intracellular signaling cascades would
have obvious advantages in terms of therapeutic usefulness
as an HIV entry blocker. MC-1, although unable to activate
the receptor in a number of bioassays, induced CCR5-GFP
internalization. The redistribution dynamics was however
strikingly different to that promoted by chemokines, because
CCR5-GFP-containing vesicles formed more rapidly but did
not fuse with each other nor with larger endosomal struc-
tures. On the other hand, CCRS5 activation by the MC-6 mAb
did not induce CCR5-GFP endocytosis, demonstrating that
G protein activation and receptor internalization can be
totally dissociated. In the classical model of receptor desen-
sitization, binding of a ligand to its receptor leads to G
protein activation, after the recruitment of regulatory pro-
teins that mediate phosphorylation of the receptor (G pro-
tein-coupled receptor kinases), inhibition of signaling (ar-
restins), and ultimately its clathrin-mediated endocytosis
(adaptor-related protein complex AP-2, dynamin) (Lefkow-
itz, 1998). However, recent experimental evidence has
shown that receptor activation and internalization can be
dissociated. First, a number of mutant receptors are unable
to signal, but internalize normally, whereas other mutants
do not internalize despite normal signaling capacity

medium at 37°C, under confocal microscopy. Images were acquired
every 3 min for 45 min. CCR5-GFP distribution is shown 0, 15, 30
and 45 min after addition of RANTES (B-E) or MC-1 (F-I). This
session is representative of at least five similar experiments. Bar, 5
pm. Videos of the experiments described in this figure are available
in the online version of this article.
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(Cheung et al., 1990; Hunyady et al., 1994; Bennett et al.,
2000). Second, morphine, an agonist of the p-opioid recep-
tor, does not induce endocytosis, whereas the receptor is
internalized well in response to other ligands (Keith et al.,
1996). An antagonist of the CCK receptor mediating endo-
cytosis has also been described (Roettger et al., 1997). Finally,
constitutive activity of GPCR mutants does not necessarily
result in enhanced basal phosphorylation and internaliza-
tion (Mhaouty-Kodja et al., 1999; Thomas et al., 2000). These
observations led to the suggestion that receptors may exist
in multiple active (and inactive) conformational states, each
corresponding to a specific range of functional properties
(Thomas et al., 2000). In this context, it is conceivable that
different mAbs may stabilize preferentially one of these
usually transient conformations. MC-6 would stabilize a
signaling status of CCR5, whereas MC-1 stabilizes a confor-
mation triggering internalization.

The use of monovalent and bivalent forms of MC-1 al-
lowed us to investigate whether this internalization-prone
conformation involves oligomeric structures. The two
monovalent versions of MC-1 continued to bind specifically
CCR5 but could no longer mediate internalization of the
receptor, whereas cross-linking by a secondary antibody
partially rescued the ability of the single-chain Fv fragment
to induce receptor endocytosis. This partial restoration
might be due to the fact that cross-linking of the monovalent
forms of MC-1 by anti-His antibodies does not necessarily
restore the original geometry of the bivalent monoclonal.
Moreover, BRET analysis demonstrated that bivalent MC-1,
but not its monovalent forms, modifies the interaction be-
tween CCR5 polypeptides.

For many membrane receptor families, such as growth
factor or cytokine receptors, dimerization is necessary both
for signal transduction and endocytosis. Although GPCRs
were until recently believed to operate as monomers, exper-
imental evidence now suggests that homo- or heterodimer-
ization occurs, and is sometimes necessary for normal re-

Figure 6. Receptor oligomerization are involved in MC-1-induced
CCR5 endocytosis. (A) 293T cells expressing CCR5-luc and CCR5-
YFP were incubated with coelenterazine, and the luminescence and
the fluorescence signals were quantified before and after the addi-
tion of the indicated mAb. The BRET ratio was defined as [(emission
at 485 nm = 20)/(emission at 530 nm = 25)] — [(emission at 485
nm * 20)/(emission at 530 nm * 25)] for CCR5-luc expressed alone
in the same experiments. Variation in BRET signal compared with
baseline (addition of buffer alone) after 10 min of incubation with
antibodies is displayed. All experiments were repeated at least twice
with similar results. All points were performed in triplicates (error
bars: SEM). (B) CHO cells expressing CCR5 were incubated with 3
png/ml ScFv-MC-1 for 45 min at 4 or 37°C, washed twice with cold
PBS, and incubated with anti-His at 4 or 37°C as indicated. Surface
expression of CCR5 was measured by flow cytometry with PE-
labeled anti-mouse antibody. Fluorescence was normalized for cells
incubated with ScFv MC-1 and anti-His both at 4°C (100%), and for
background fluorescence (0%). (C—H) Confocal microscopy. Cells
expressing CCR5-GFP were incubated with 10 ug/ml ScFv-MC-1 at
37°C and are shown before (C) and 45 min after the incubation (D).
Cells were then washed three times with buffer (E) and incubated
with an anti-polyhistidine antibody (anti-His, 4 ug/ml) for 45 min
(F). Videos of the experiment described in this figure are available in
the online version of this article. Anti-His antibody alone did not
result in CCR5-GFP endocytosis after 45 min of observation (G and
H). All experiments were at least repeated twice with similar results.
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Figure 7. MC-1 induces CCR5 endocytosis by an arrestin and clathrin-independent, caveolae-dependent pathway. (A-L). CHO-K1 cells
expressing CCR5-GFP were incubated for 18 h with 100 ng/ml pertussis toxin 100 (A-D) or for 1 h with 0.45 M sucrose (E-H), or or 2.5 ug/ml
filipin (I-L) for 1 h at 37°C. Cells were then stimulated with 100 nM RANTES (A, B, E, F, I, and ]) or 10 ug/ml MC-1 (C, D, G, H, K, and L),
and the dynamics of CCR5-GFP was recorded by confocal microscopy. Responses are shown before (A, C, E, G, I, and K) and 30 min after
(B, D, F, H, ], and L) ligand addition. (M-P). CHO-K1 cells stably expressing CCR5 were transfected with B-arrestin-GFP; 24 h after
transfection, subcellular redistribution of B-arrestin-GFP was analyzed by confocal microscopy. The cells were exposed to 100 nM RANTES
(M and N) or 10 pug/ml MC-1 (O and P). Images were acquired every 15 s for 10 min. Responses are shown before (M and O), and 2 min
(N) or 10 min (P) after ligand addition. Videos of the dynamics of B-arrestin-GFP trafficking in response to RANTES stimulation, as described
in this figure, are available in the online version of this article. All experiments were repeated at least twice with similar results. Bar, 20 um.

ceptor trafficking and function (Hebert and Bouvier, 1998).
Using biophysical approaches, several groups have ob-
served constitutive homo- or heterodimerization of GPCRs
in living cells (Angers et al., 2000; Overton and Blumer, 2000;
Rocheville et al., 2000a,b; McVey et al., 2001; Kroeger et al.,
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2001). For some, but not all receptors, a change in the energy
transfer level was observed after ligand addition. As stated
in these studies, modifications of fluorescent resonance en-
ergy transfer or BRET signals do not allow to distinguish
clearly between the de novo association of receptor subunits,
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and the conformation change of preexisting dimers, modi-

A 1004 fying the relative distance between the two probes. Ho-
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L= . MC-4 F(ab) and internalization properties (AbdAlla et al., 2000; Yesi-

laltay and Jenness, 2000; Overton and Blumer, 2000; Roche-

0y —rrrrremy—rerrrrr—rerery ville et al., 2000a,b; Jordan et al., 2001).
-3 2 -1 0 CCR5 homodimerization has been described, as well as
Log [RANTES] heterodimerization with CCR2b (Benkirane et al., 1997; Mel-
(ng/ml) lado et al., 1999; Rodriguez-Frade et al., 1999). However,
whether this process is regulated by ligand binding or nec-

B essary for any of the CCR5 functions has not been conclu-

3
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sively demonstrated so far. We provide herein the evidence
that bridging CCR5 polypeptides by bivalent antibodies is
necessary for the induction of internalization by MC-1, and
modification of energy transfer in BRET assays. These data
demonstrate the involvement of oligomers in the MC-1-
induced internalization process. However, they do not allow
discrimination between the de novo association of mono-
3 > ®) 0 meric CCR5, aggregation of preexisting CCR5 dimers, or
Log [AOP-RANTES] structural reorganization of these constitutive dimers.
(ug/mi) MC-1-mediated CCRS5 internalization involves a pathway
independent of arrestin and clathrin, but dependent on cho-
lesterol-rich caveolae. Two recent studies reported that
CCRS5 could be found in membrane raft microdomains and
this subcellular localization may contribute to the ability of
CCR5 to mediate chemotaxis and to support HIV infection
(Manes ef al., 1999, 2000). The pathway of MC-1-induced
endocytosis contrasts with the internalization process pro-
moted by chemokine agonists, which is arrestin and clathrin
dependent. Whether the dimerization or oligomerization
state of CCRS5 is also involved in the chemokine-induced
internalization pathway will require further investigation.
To the best of our knowledge, MC-1 is the first mAb able
to promote endocytosis of a native G protein-coupled recep-
tor. Internalization of tagged receptors (human muscarinic
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Figure 8. MC-4 inhibits CCR5 endocytosis mediated by chemo-
kines. (A and B) CHO-K1 cells expressing CCR5 were preincubated
with medium (M), 10 ug/ml MC-4 (@), or MC-4 F(ab) (A) for 30 min
on ice and then incubated with RANTES (A) or AOP-RANTES (B)
for 30 min at 37°C. Surface expression of CCR5 was measured by
flow cytometry with the antibody MC-4 or MC-4 F(ab) (15 pg/ml,
on ice) and FITC-conjugated secondary antibodies. Fluorescence
was normalized as 100% in the absence of chemokines and 0% for
background fluorescence. All experiments were repeated at least
three times with similar results. Cells expressing CCR5-GFP are
shown before (C), and 30 min (D) after MC-4 addition (10 pg/ml) at
37°C. Cells were then stimulated with 100 nM RANTES, and the
subsequent dynamics of CCR5-GFP was recorded every 3 min by
confocal microscopy. Responses are shown 15 (E), 30 (F), and 45 min
(H) after RANTES addition. Arrows point to agonist-stimulated
receptor patches. Arrowheads point to remaining cell surface CCR5-
GFP after 45 min of RANTES stimulation. This session is represen-
tative of at least four similar experiments. Videos of the dynamics of
CCR5-GFP trafficking in response to RANTES stimulation, as de-
scribed in this figure, are available in the online version of this
article. CCR5-GFP-expressing cells did not show differences in cell
surface receptor levels before (H) and 30 min after control Ig addi-
tion (I), and did not inhibit the ability of RANTES to induce CCR5
endocytosis after 45 min of observation (J).
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M1 and thyrotropin-releasing hormone receptors) has how-
ever been reported after incubation with antibodies directed
against the tags (Petrou et al., 1997; Tolbert and Lameh,
1998).

mAb Binding to CCR5 N Terminus Prevents
Internalization without Preventing Chemokine-
induced Signaling

MC-4 was able to potently and specifically inhibit endocy-
tosis mediated by RANTES and AOP-RANTES, without
preventing intracellular signaling. Instead, persistent ruf-
fling of the plasma membrane was seen in confocal micros-
copy, demonstrating prolonged activation of the receptor.
Recently, a mAb (CCR5-02), mapping to the same N-termi-
nal epitope of CCR5 as MC-4 was found to inhibit HIV
infection. This effect was attributed to receptor dimerization
(Vila-Coro et al., 2000). Interestingly, antibodies directed
against the amino-terminal domain of the bradykinin B,
receptor, which is involved in dimerization, have been
shown to reduce receptor internalization induced by brady-
kinin (AbdAlla et al., 1999). The inhibition of CCR5 endocy-
tosis by MC-4 is probably not related to the state of CCR5
oligomerization because MC-4 did not induce changes in
BRET signal, and its monovalent version was also able to
inhibit CCR5 endocytosis. Therefore, this effect probably
results from the stabilization of a particular conformation of
the receptor.

CONCLUSION

We have characterized five mAbs that recognize CCR5 ex-
pressed on primary cells. They map to distinct epitopes,
including the N-terminal segment (MC-4, MC-5, MC-7), the
second extracellular loop (MC-1), or both (and other) do-
mains (MC-6). Many of these antibodies exhibit functional
properties (partial activation of CCR5 signaling pathways,
stimulation of internalization without signaling, inhibition
of internalization without impairing signaling) that together
suggest the existence of multiple active conformation states
of CCR5. The differential properties of monovalent and di-
valent forms of the MC-1 antibody on both endocytosis and
bioluminescence energy transfer also indicate that the endo-
cytic pathway activated by this antibody involves CCR5
oligomers. Finally, some of the monoclonal antibodies have
interesting properties that might be used in different fields.
The MC-1 mAb, which competes for gp120 binding and
promotes efficient internalization of the receptor without
triggering intracellular signaling, might constitute the basis
for the development of anti-HIV therapeutic agents. Other
mAbs, which appear to stabilize active conformations or
dimers, might also be useful as tools to purify and crystallize
active states of CCR5 for structural studies.
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