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Multiple nonfunctional alleles of CCR5 are frequent in various
human populations
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CCR5 is the major coreceptor for macro-
phage-tropic strains of the human immuno-
deficiency virus type I (HIV-1). Homozygotes
for a 32-base pair (bp) deletion in the coding
sequence of the receptor (CCR5 D32) were
found to be highly resistant to viral infec-
tion, and CCR5 became, therefore, one of
the paradigms illustrating the influence of
genetic variability onto individual suscepti-
bility to infectious and other diseases. We
investigated the functional consequences
of 16 other natural CCR5 mutations de-
scribed in various human populations. We

found that 10 of these variants are efficiently
expressed at the cell surface, bind [ 125I]-MIP-
1b with affinities similar to wtCCR5, re-
spond functionally to chemokines, and act
as HIV-1 coreceptors. In addition to D32, six
mutations were characterized by major alter-
ations in their functional response to chemo-
kines, as a consequence of intracellular
trapping and poor expression at the cell
surface (C101X, FS299), general or specific
alteration of ligand binding affinities (C20S,
C178R,A29S), or relative inability to mediate
receptor activation (L55Q). A29S displayed

an unusual pharmacological profile, bind-
ing and responding to MCP-2 similarly to
wtCCR5, but exhibiting severely impaired
binding and functional responses to MIP-1 a,
MIP-1b, and RANTES. In addition to D32,
only C101X was totally unable to mediate
entry of HIV-1. The fact that nonfunctional
CCR5 alleles are relatively frequent in vari-
ous human populations reinforces the hy-
pothesis of a selective pressure favoring
these alleles. (Blood. 2000;96:1638-1645)
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Introduction

Human immunodeficiency virus type I (HIV-1) infection is initi-
ated by the interaction of the virion envelope glycoprotein (gp120)
with CD4 and coreceptors belonging to the G-protein coupled
receptor (GPCR) family.1

CCR5, a functional receptor for the CC-chemokines MIP-1a,
MIP-1b, RANTES, MCP-2, and MCP-4,2-5 is the principal corecep-
tor used by macrophage-tropic HIV-1 strains and primary isolates
that are responsible for HIV-1 transmission and that predominate
during the asymptomatic phase of the disease.1 It is expressed on
memory T cells, macrophages, dendritic cells, hematopoietic stem
cells, and microglial cells.6-9 The key role of CCR5 in HIV-1
pathogenesis has been demonstrated by the almost complete
resistance to HIV-1 infection of individuals homozygous for a
32-base pair (bp) deletion in the coding region of the receptor. This
deletion results in the absence of functional receptors at the cell
surface as well as in a slower progression to acquired immunodefi-
ciency syndrome (AIDS) for heterozygous individuals.10-15 CCR5
has also been involved in other human diseases, such as rheumatoid
arthritis and multiple sclerosis.16-19 The absence of pathological
phenotype in individuals homozygous for theD32 allele and the
potent in vitro and ex vivo HIV-1 suppressive activity ofCCR5
ligands or derivatives, monoclonal antibodies (MAbs), and small

molecular weight antagonists makes CCR5 an ideal candidate for
pharmacological interventions.6,20-23 The D32 allele has a unique and
recent origin (about 2000 years ago), and the high frequency of the
mutant allele in the European population (10% on average) cannot be
explained by random genetic drift, suggesting that a selection advantage
has been conferred to carriers of this nonfunctional allele.24

Sixteen other mutations in the CCR5 coding region have been
described in various human populations,25,26but the consequences
of these mutations on chemokine-receptor and HIV-1 coreceptor
functions are largely unknown. It is, therefore, of interest to
determine whether CCR5 mutations other thanD32 may also
confer resistance to HIV-1 infection and whether nonfunctional
CCR5 variants are more prevalent than functional variants, as
suggested by the higher frequency of nonsynonymous mutations as
compared with neutral mutations. To address those questions, we
recreated all CCR5 natural mutants described to date by site-
directed mutagenesis and expressed them in recombinant cell lines.
We investigated their expression at the cell surface by flow
cytometry using MAbs of various specificities, their subcellular
distribution by confocal microscopy, their ability to bind and
functionally respond to various chemokines, as well as their ability
to bind the Env protein of R5 HIV-1 strains and mediate viral entry.
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Materials and methods

CCR5 mutants

Plasmids encoding the natural CCR5 mutants described in the literature
were constructed by site-directed mutagenesis by using the Quickchange
method (Stratagene). Following sequencing of the constructs, the mutated
coding sequences were subcloned into the bicistronic expression vector
pEFIN3 as previously described27 for generation of stable cell lines and in
pcDNA3 (Invitrogen) for HIV-1 envelope binding and infection assays. All
constructs were verified by sequencing before transfection.

Expression of mutant receptors in CHO-K1 cells

CHO-K1 cells were cultured in HAM F12 medium supplemented with 10%
fetal calf serum (Life Technologies), 100 U/mL penicillin, and 100mg/mL
streptomycin (Life Technologies). A plasmid encoding an apoaequorin
variant targeted to mitochondria,28 under control of the SRa promoter29 was
transfected into CHO-K1 cells, using Fugene 6 (Boerhinger Mannheim).
Selection with zeocin (250mg/mL; Invitrogen) was initiated 2 days later.
Individual clones were isolated 3 weeks after transfection, and the most
responding clone was selected on the basis of its luminescent response to
ionomycin A (100 nmol/L) and ATP (10mmol/L). Constructs encoding
wild-type or mutant CCR5 in the pEFIN3 bicistronic vector were further
transfected by using Fugene 6 in this apoaequorin-expressing cell line.
Selection of transfected cells was made for 14 days with 400mg/mL G418
(Life Technologies), and the population of mixed cell clones expressing
wild-type or mutant receptors was used for binding and functional studies.
Cell surface expression of the receptor variants was measured by flow
cytometry by using MAbs recognizing different CCR5 epitopes: 2D7
(phycoerythrin-conjugated; Pharmingen), MC-5 (kindly provided by M.
Mack, Munich, Germany), CTC5 (Protein Design Lab), and 5523 (R&D
Systems).22

Confocal microscopy

Stable CHO-K1 cell lines coexpressing apoaequorin and wild-type or
mutant CCR5 were grown on uncoated glass coverslips. Coverslips were
rinsed with phosphate-buffered saline (PBS, pH 7.4), fixed for 10 minutes
in 3% paraformaldehyde in PBS, and washed 3 times for 10 minutes with
tris-buffered saline (TBS). For intracellular staining, the cells were
permeabilized with 0.15% Triton X-100 in TBS for 5 minutes and washed
three time in TBS. Fixed or permeabilized cells were incubated for 1 hour at
room temperature with 5% normal sheep serum (NSS) in TBS. Incubation
with the MC-5 MAb at 1:4 dilution was performed overnight in the
presence of 5% NSS. Cells were rinsed three times in TBS, incubated for 60
minutes in the dark with an FITC-labeled sheep antimouse immunoglobulin
G (IgG) antibody (1:30 dilution, Amersham), washed three times in TBS
and once in water, and mounted with a drop of gelvatol solution containing
100 mg/mL Dabco reagent (Sigma). Cells were observed under a Zeiss
Axiovert fluorescence microscope and images were collected with the use
of a Laser-Scanning Confocal Microscope (MRC 1000, BioRad) equipped
with an argon-krypton laser (excitation wavelength of 488 nm) and the
Laser-Sharp software (BioRad). Images where further analyzed by using
NIH-Image 1.62 and Image Space software programs (Molecular Dynam-
ics). No labeling was observed on untransfected CHO cells using MC-5 or
on transfected cells using a control IgG MAb (data not shown).

[125I]-MIP-1b binding assays

CHO-K1 cells expressing wild-type or mutant CCR5 were collected from
plates with Ca11 and Mg21-free PBS supplemented with 5 mmol/L EDTA,
gently pelleted for 2 minutes at 1000g and resuspended in binding buffer
(50 mmol/L Hepes pH 7.4, 1 mmol/L CaCl2, 5 mmol/L MgCl2, 0.5% BSA).
Competition binding assays were performed in Minisorb tubes (Nunc),
using 0.08 nmol/L of [125I]-MIP-1b or [125I]-MCP-2 (2200 Ci/mmol, NEN)
as tracer, variable concentrations of competitors (R&D Systems) and
40 000 cells in a final volume of 0.1 mL. Total binding was measured in the

absence of competitor, and nonspecific binding was measured with a
100-fold excess of unlabeled ligand. Samples were incubated for 90
minutes at 27°C, then bound tracer was separated by filtration through
GF/B filters presoaked in 1% BSA for [125I]-MIP-1b or 0.3% polyethyleni-
mine (Sigma) for [125I]-MCP-2. Filters were counted in ab-scintillation
counter. Binding parameters were determined with the Prism software
(GraphPad Softwares) by using nonlinear regression applied to a one-site
competition model.

Functional assays

Functional response to chemokines was analyzed by measuring the
luminescence of aequorin as described.30,31Cells were collected from plates
with Ca11 and Mg21-free DMEM supplemented with 5 mmol/L EDTA,
pelleted for 2 minutes at 1000g, resuspended in DMEM at a density of
5 3 106 cells/mL, and incubated for 2 hours in the dark in the presence of 5
mmol/L coelenterazine H (Molecular Probes). Cells were diluted 7.5-fold
before use. Agonists in a volume of 50mL DMEM were added to 50mL of
cell suspension (33 000 cells) and luminescence was measured for 30
seconds in a Berthold Luminometer.

HIV-1 infection assay

Plasmids encoding the HIV-1 ADA and JRFL Envs were provided by J.
Moore (Aaron Diamond AIDS Research Center, New York, NY). The
NL4-3 luciferase virus backbone (pNL-Luc-E2 R2) was provided by N.
Landau (Aaron Diamond AIDS Research Center). Luciferase reporter
viruses were prepared as previously described by cotransfecting 293T cells
with the indicated Env and the NL4-3 luciferase virus backbone.32 Target
cells were prepared by cotransfecting 293T cells with CD4 and a constant
amount of coreceptor-encoding plasmid. Incubation was done at 37°C.
Three days after infection, cells were lysed with 0.5% Triton X-100 in PBS
and analyzed for luciferase activity.

[125I]-gp120 binding assays

Soluble JRFL gp120 was iodinated as described elsewhere.22 Env binding
assays were performed by resuspending 23 105 transfected 293T cells in a
total volume of 100mL of 50 mmol/L Hepes pH 7.4, 5 mmol/L MgCl2, 1
mmol/L CaCl2, and 5% BSA. Iodinated JRFL gp120 and 100 nmol/L sCD4
were added to cells, and incubation was carried out at room temperature for
1 hour. Cells were filtered through Whatman GF/C filters presoaked in 0.2%
polyethylenimine (Sigma) and washed twice with 4 mL of 50 mmol/L
Hepes pH 7.4, 500 mmol/L NaCl, 5 mmol/L MgCl2, and 1 mmol/L CaCl2.
Filters were counted in a Wallac 1470 Wizard gamma counter.

Results

Expression of CCR5 mutants and exporting to cell surface

A schematic representation of the putative transmembrane organi-
zation of CCR5, highlighting the natural mutations analyzed in this
work, is presented in Figure 1. Plasmids encoding wtCCR5 or the
mutated receptors were stably expressed in CHO-K1 cells coexpress-
ing apoaequorin. Cell surface expression of the receptor was
assayed by flow cytometry by using 2D7, an anti-CCR5 MAb
recognizing a conformational epitope located in the second extra-
cellular loop (ECL2) of the receptor (Figure 1).33 As shown in
Figure 2A, wtCCR5 was highly expressed at the cell surface, with a
rightward shift of mean channel fluorescence (MCF) by over 3 logs
as compared with untransfected CHO-K1 cells. Many mutants
were expressed at levels similar (MCFs ranging from 60% to 160%
of wild type) to that of wtCCR5 (Figure 2A and B). However, a few
mutants appeared to be poorly expressed at the cell surface,
including C20S and C178R, the amino acid substitution that is
involved in disulfide bonds linking the N-terminal domain and
ECL3, or ECL1 and ECL2, respectively (Figure 1). We have shown
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recently that the two disulfide bonds linking together CCR5
extracellular domains (C20-C269 and C101-C178) contribute to
the maintenance of a conformation compatible with the efficient
trafficking of the receptor to the cell surface.31 As previously
described, C101X, a mutant characterized by the presence of a stop
codon before the third transmembrane domain, and theD32
mutant, with a 32-bp deletion in ECL2 resulting in a premature stop
codon,11,34 were not detected at the cell surface. FS299, a mutant
with a single base pair deletion causing a frame shift at the end of
the seventh transmembrane domain and leading to premature
termination and the absence of intracellular C-terminal domain,
was also poorly expressed (Figure 2A and B). Relative surface
expression levels were found to be similar, following transient
expression of the mutant receptors in 293 T cells (data not shown).

To test whether some mutations affected specifically the recog-
nition of the receptor by 2D7, transfected cells were assayed with
MAbs directed against other CCR5 regions. MAbs MC-5 and
CTC5 recognize linear epitopes in the CCR5 N-terminal domain
(Figure 1), whereas MAb 55 523 recognizes a conformational
epitope involving several extracellular domains of the receptor.22

For most mutants, a fairly good correlation was found for the
fluorescence obtained with the four MAbs. In general, mutations
resulting in low 2D7 staining were also poorly labeled by MC-5,
CTC5, and 55 523 (data not shown), suggesting reduced surface
expression of the mutants rather than direct alteration or impaired
accessibility of the 2D7 epitope. A single exception was the C178R
mutant, which was not detected by 2D7, but for which low but
significant fluorescence levels were obtained with MC-5 and CTC5
(18% of wtCCR5 MCF for MC-5).

To investigate whether the low surface expression of some
mutants (eg, C178R,D32, or FS299) was due to a defect in receptor
trafficking to the plasma membrane or to other causes, such as
impaired synthesis, we analyzed the subcellular distribution of
receptor immunoreactivity by confocal microscopy, using the
MC-5 MAb. In the absence of cell permeabilization, staining was
intense for wtCCR5 and markedly reduced for FS299 and C178R
(Figure 2C). In contrast, when cells were permeabilized, strong
intracellular staining could be seen in all cases, demonstrating that
the mutated receptors were synthesized efficiently, but sequestered
intracellularly. Similarly, and as previously described,35 no extracel-
lular staining was seen forD32, although intracellular staining was
readily detected (data not shown).

Binding assays and functional response to chemokines

We first measured the specific [125I]-MIP-1b binding for all
mutants, using a single concentration of the tracer (0.08 nmol/L),
and estimated grossly the affinity by competing with 50 nmol/L
MIP-1b (nonspecific binding) or with a concentration of unlabeled
MIP-1b (0.5 nmol/L) corresponding to the IC50 for wtCCR5. No
specific [125I]-MIP-1b binding could be detected for C20S, A29S,
C101X, D32, C178R, and FS299 (data not shown), and these
receptors could not be studied further in MIP-1b binding assays.
Specific [125I]-MIP-1b binding was obtained for all other mutants
(75% to 90% of the binding to wtCCR5), and 0.5 nmol/L MIP-1b
competed for about half of the specific binding, suggesting that the
binding affinity of these mutants was similar to that of the
wild-type receptor. Competition binding experiments were then
conducted, whenever possible, for mutations affecting extracellular
domains of the receptor (I12L) and for a set of representative
mutations affecting intracellular domains (L55Q, S215L,DK228,
G301V). All these receptors exhibited similar binding affinities for
MIP-1b, with Ki values ranging from 0.3 to 0.7 nmol/L (Figure 3A
and Table 1), although total binding capacity varied in accordance
with surface expression levels.

Because ligand binding does not necessarily correlate with the
ability to activate intracellular cascades, we tested the functional
response of all CCR5 mutants by using a reporter system based on
the coexpression of the receptor with apoaequorin.30,31As shown in
Figure 3B, wtCCR5 responded to MIP-1b with an EC50 of 2.8
nmol/L, which is similar to that obtained with other functional
assays. C20S, C101X, C178R,D32, and FS299 did not signal even
in response to the highest concentration of MIP-1b tested (500
nmol/L), whereas the same cells generated a strong signal in
response to 10mmol/LATP (data not shown). A29S, and to a lower
extent L55Q, exhibited a significant impairment in their functional
response to MIP-1b with EC50 values of 200 and 30 nmol/L,
respectively. The other mutants (I12L, I42F, R60S, A73V, S215L,
R223Q,DK228, G301V, A335V, and Y339F) promoted functional
responses similar to that of wtCCR5 (Figure 3B and Table 1).

The various agonists of CCR5 likely interact with different
extracellular residues of the receptor. Therefore, receptors with
mutations in the N-terminal domain (I12L, C20S, A29S), ECLs
(C178R), as well as the I42F mutant that affects the outer part of the

Figure 1. Natural CCR5 mutants. The putative trans-
membrane organization of CCR5 is represented, as well
as the location and the nature of the CCR5 natural
mutations (in black) analyzed in this study. Extracellular
loops (ECL), intracellular loops (ICL), and transmem-
brane domains (TM) are numbered. Disulfide bonds
linking together CCR5 extracellular domains (C20-C269
and C101-C178) as well as the epitopes recognized by
the MAbs 2D7, MC-5, and CTC5 are indicated. The
55 523 MAb recognizes a conformational epitope that
includes the N-terminal domain and second ECL.
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first transmembrane segment, were tested for their func-
tional response to other high-affinity ligands of CCR5 (MIP-1a,
RANTES, and MCP-2). Wild-type CCR5 was characterized by an
EC50 of 15 nmol/L for MIP-1a, 2.5 nmol/L for RANTES, and 11.8
nmol/L for MCP-2 (Figure 3C). This order of potency was similar
for I12L and I42F (data not shown). Mutants that did not respond to

500 nmol/L MIP-1b (C20S, C101X, C178R,D32, and FS299) did
not respond to the same concentration of MIP-1a, RANTES, or
MCP-2 (data not shown). Interestingly, A29S displayed an atypical
order of potency: MCP-2 appeared as the best agonist, with an EC50

similar to that on wtCCR5, whereas RANTES and MIP-1b had a
potency decreased by about an order of magnitude, and no
functional response was detected following addition of 500 nmol/L
MIP-1a (Figure 3C). To investigate whether the poor response to
MIP-1b, MIP-1a, and RANTES was due exclusively to decreased
binding affinities, we performed competition-binding experiments
on wtCCR5 and A29S, using [125I]-MCP-2 as tracer. MCP-2,
RANTES, MIP-1b, and MIP-1a were characterized by IC50 values
of 0.24 nmol/L, 0.72 nmol/L, 0.67nmol/L, and 0.93 nmol/L for
wtCCR5, in agreement with previously reported data.5 It should be
noted that no significant difference in affinities was observed for
any of the competitors depending on the tracer used, in contrast to
what has been reported for other receptors.36 As shown in Figure
3D, the affinities of A29S for the various chemokines were severely
affected: The IC50 for MCP-2 was unchanged (0.06 nmol/L) as
compared with wtCCR5, that for MIP-1b was increased by 2
orders of magnitude (4.3 nmol/L), whereas MIP-1a hardly com-
peted for [125I]-MCP-2 binding at a concentration of 200 nmol/L
(IC50 . 200 nmol/L).

Env binding and HIV-1 infection assays

To determine whether natural CCR5 mutations, other thanD32,
could provide resistance toward HIV-1 infection, we first investi-
gated the ability of 293T cells transfected with wtCCR5 or the
natural mutants to bind the Env protein of the R5 HIV-1 strain
JRFL, in the presence of an excess of soluble CD4. As shown in
Figure 4A, C20S, C101X, C178R,D32, and FS299 did not bind
[125I]-JRFL gp120. R60S, A73V, and R223Q bound lower amounts
of gp120, presumably as a result of their reduced surface expres-
sion. The other mutants behaved similarly to wtCCR5. Because
moderate reductions in affinity may prevent the detection of gp120
binding capability,37 coreceptor function was also investigated by
an infection assay. GFP reporter viruses pseudotyped with two R5
Envs (ADA and JRFL) were used to infect human 293T cells
expressing CD4 and the various CCR5 mutants. As shown in
Figure 4B, only C101X andD32 were totally resistant to HIV-1
infection, whereas C178R, R223Q, and FS299 showed an impor-
tant (more than 70%) and significant decrease in coreceptor
function. There were no significant differences in coreceptor
function for the various mutants when viruses were pseudotyped
with ADA Env instead of JRFL (data not shown).

Discussion

The strong resistance to HIV-1 infection that characterizes individu-
als homozygous for theD32 gene variant has highlighted the key
role played by CCR5 in HIV-1 pathogenesis and has stimulated the
search for other such alleles. The genetic analysis of various
populations around the world has, to our knowledge, resulted in the
identification of 16 additional natural CCR5 variants. Each of these
alleles is usually restricted to a specific population and is relatively
rare (1%-5% allele frequency within the affected population; Table
1). We and others have previously studied the relative contribution
of the different domains of CCR5 to its receptor and HIV
coreceptor functions. These studies have shown that the N-terminal
domain of CCR5 is the most important region involved in
coreceptor activity, but that the three extracellular loops also

Figure 2. Surface expression and cellular trafficking of CCR5 natural mutants.
(A) Cell surface expression of wtCCR5 and the A29S, D32, and FS299 mutants as
analyzed by FACS using 2D7-PE, a MAb mapping to the second extracellular loop of
the receptor. The displayed patterns are representative of the surface expression
observed for the various mutants. Staining of untransfected cells with 2D7 was used
as a negative control. (B) Mean channel fluorescence (MCF) obtained for all mutants
using the 2D7 MAb. A typical experiment out of the two performed independently is
represented. (C) Subcellular distribution of wt CCR5, C178R, and FS299 as analyzed
by confocal microscopy by using MC-5, a MAb recognizing a linear epitope on the
receptor N-terminus. Paraformaldehyde-fixed cells were permeabilized or not with
0.15% Triton X-100 before staining. The figure presented is representative of two
experiments with similar results.
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contribute to the interaction with gp120.38-40It was also shown that
the second extracellular loop is the principal determinant of ligand
selectivity,27 that the disulfide bonds structuring the extracellular
domains of CCR5 are required for chemokine binding,31 and that
motifs of charged and aromatic residues in the amino-terminal
domain of the receptor are involved in high-affinity binding of both
chemokines and gp120.41-44We have now analyzed the function of
the natural CCR5 mutants described so far in terms of surface
expression, chemokine receptor, and HIV coreceptor functions.

Among the mutations affecting extracellular residues, I12L had
no effect on receptor and coreceptor activity, in agreement with the

results of the substitution by alanine at the same site.44 C20S, a
mutation disrupting the disulfide bond linking the N-terminus to
ECL3, resulted in a strong reduction of surface expression of the
receptor, and the mutant did not bind chemokines nor functionally
responded to them but still functioned as a coreceptor for HIV-1.
C178R, another mutation affecting a highly conserved extracellular
cysteine involved in the formation of a disulfide bond linking ECL1
and ECL2, resulted in a more severe drop in surface expression, as
a consequence of the intracellular trapping of the misfolded
receptor. In contrast to its inability to bind and functionally respond
to chemokines, this mutant kept part of its coreceptor function,

Figure 3. Chemokine binding and functional assays. (A) Competition binding curves were performed on CHO-K1 cell lines expressing wtCCR5 or 12L, L55Q, S215L, and
DK228 mutants using 0.08 nmol/L [125I]-MIP-1b as tracer. Results were analyzed by the Graphpad Prism software, using a single-site model, and the data were normalized for
nonspecific (0%) and specific binding in the absence of competitor (100%). All points were run in triplicate (error bars: SEM). Data are representative of two independent
experiments. (B) The functional response of the cell lines coexpressing apoaequorin and CCR5 natural mutants was tested following addition of MIP-1b. The luminescent
signal resulting from the activation of the apoaequorin-coelenterazine complex was recorded for 30 seconds in a luminometer. Results were analyzed by nonlinear regression
by using the Graphpad Prism software. The data were normalized for basal (0%) and maximal luminescence (100%). All points were run in triplicate (error bars: SEM). The
displayed curves represent a typical experiment out of three performed independently. (C) The functional response to MIP-1b, MIP-1a, RANTES, and MCP-2 was tested on
CHO-K1 cells expressing wtCCR5 or the A29S mutant using the aequorin assay. All points were run in triplicate (error bars: SEM). The displayed curves represent a typical
experiment out of three performed independently. (D) Competition binding assay, using [125I]-MCP-2 as tracer, and MIP-1a, MIP-1b, and MCP-2 as competitors, was performed
on CHO-K1 cell lines expressing A29S. The data were analyzed and normalized as in Figure 3A. All points were run in triplicate (error bars: SEM). The displayed curves
represent a typical experiment out of two performed independently.
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demonstrating that HIV infection may occur even through improp-
erly folded receptors. Alternatively, a small fraction of C178R may
fold correctly, giving rise to residual coreceptor activity. The two
mutants with a dramatically affected structure (D32 and C101X
that contain only four and two transmembrane domains, respec-
tively) were not detectable at the cell surface as a result of
intracellular trapping of the unfolded receptors. They did not
function as chemokine receptors or HIV coreceptors in accordance
with previous studies.10,11,34A29S was expressed at the cell surface
as well as the wtCCR5 but did not bind detectable levels of
[125I]-MIP-1b, and its functional response to MIP-1b was strongly

impaired. Interestingly, the mutation did not alter MCP-2 binding
or the functional response to this chemokine, whereas the response
to MIP-1a was totally abolished. This is the first example of a
natural mutation affecting a chemokine receptor that results in a
modified pharmacological profile of the receptor, with a loss of
functional response to specific chemokines, and not to others.
These results also suggest that different chemokines interact
with different residues on the extracellular domains of the
same receptor.

The activation of GPCRs, following the binding of an agonist, is
believed to involve relative movements within the transmembrane

Table 1. Overview of the expression, binding and functional parameters of the CCR5 mutants*

Allelic frequency
(estimation from
available data)

Surface
expression
(2D7 MCF)

MIP-1b binding
PIC50 2Log(M) 6 SEM

MIP-1b functional
response pEC50

2Log(M) 6 SEM
HIV-1

infection

CCR5 1463 9.12 6 0.15 8.57 6 0.15 11

I12L Afro-Americans: 0.000 1469 9.14 6 0.07 8.18 6 0.19 11

Caucasians: 0.003

C20S Afro-Americans: 0.000 318.5 nm .6 11

Caucasians: 0.003

A29S Afro-Americans: 0.015 997 nm 6.70 6 0.44 11

I42F Afro-Americans: 0.007 1130 nd 8.17 6 0.33 11

Caucasians: 0.001

L55Q Afro-Americans: 0.007 823 9.28 6 0.05 7.53 6 0.31 11

Caucasians: 0.041

R60S Afro-Americans: 0.013 1030 nd 8.07 6 0.25 11

A73V Afro-Americans: 0.000 481 nd 7.73 6 0.40 11

Caucasians: 0.002

C101X Afro-Americans: 0.014 5 nm .6 2

C178R Asians 8 nm .6 1

D32 Caucasians: 0.100 4 nm .6 2

Africans: 0.000

S215L Afro-Americans: 0.010 941 9.16 6 0.06 8.3 6 0.28 11

R223Q Caucasians: 0.013 1153 N.D. 8.35 6 0.07 1

DK228 Afro-Americans: 0.000 2373 8.99 6 0.07 8.9 6 0.28 11

Caucasians: 0.002

FS299 Asians: 0.035 14.7 nm .6 1

G301V Afro-Americans: 0.000 1542 8.96 6 0.05 8.45 6 0.07 11

Caucasians: 0.011

A335V Afro-Americans: 0.025 1504 nd 8.55 6 0.07 11

Caucasians: 0.006

Y339F Afro-Americans: 0.026 1916 nd 8.6 6 0.05 11

Caucasians: 0.000

*The allelic frequencies of each mutant were estimated from the data available in the populations studied so far.10,25,26 Surface expression of the mutant receptors in
transfected CHO-K1 cells is presented as the mean channel fluorescence (MCF) using the 2D7 monoclonal antibody (Mab). The binding (pIC50) and functional (pEC50)
parameters are given, as well as the ability of the mutants to support human immunodeficiency virus (HIV) infection. Means and errors (SEM) were calculated from at least two
independent experiments. nm, not measurable given the low binding affinity; nd, not determined.

Figure 4. gp120 binding and HIV-1 coreceptor function of CCR5 natural mutants. (A) 293T cells transfected with wtCCR5 or mutants were tested for their ability to bind
[125I]-gp120 from the M-tropic HIV-1 strain JRFL in the presence of soluble CD4 (100 nmol/L). The data were normalized for the specific binding on wtCCR5 (100%) after
deduction of nonspecific binding (bound [125I]-gp120 on cells transfected with the pcDNA3 vector alone). Results represent the mean and SEM of four experiments performed
separately. (B) The ability of GFP reporter viruses pseudotyped with R5 HIV-1 Envs (JRFL) to infect 293T cells expressing CD4 and CCR5 natural mutants was assayed. The
data were normalized to the luminescence obtained with wtCCR5 (100%) and represent the mean and SEM of two independent experiments.

NONFUNCTIONAL CCR5 ALLELES 1643BLOOD, 1 SEPTEMBER 2000 z VOLUME 96, NUMBER 5



helix bundle, unmasking intracellular sites that mediate heterotri-
meric G protein activation. Among the natural mutations studied,
five affected transmembrane domains (I42F, L55Q, A73V, S215L,
and FS299), three concerned the C-terminal tail (G301V, A335V,
and Y339F). L55Q, a mutant in which an hydrophobic residue
highly conserved among chemokine receptors is substituted by a
polar residue in the first transmembrane domain, was characterized
by a moderate decrease in its functional response to MIP-1b, even
though its binding affinity for MIP-1b was not affected. This
finding suggested a partial defect in the activation of this receptor
mutant. R223Q, affecting another residue conserved across chemo-
kine receptors, exhibited a significant decrease in its coreceptor
function even though it could bind [125I]-gp120, suggesting that
changes in intracellular loops may influence HIV-1 coreceptor
function. FS299 contained a frame shift, resulting in a modified end
of the seventh transmembrane domain and the absence of intracel-
lular C-terminal tail. It was poorly expressed at the cell surface, as a
result of intracellular trapping, did not bind detectable levels of
chemokines nor functionally responded to them, but could still
function as an HIV-1 coreceptor, although with a lower efficiency
than the wild-type receptor. The other natural mutations affecting
transmembrane and intracellular domains did not alter notably
CCR5 receptor or coreceptor functions.

The functional analysis of some of the mutants studied here was
reported recently by others,45 and our observations differ from the
results of that study. No reduction of the expression level was
observed in our hands for I12L, A29S, I42F, or L55Q. No
functional impairment could be found for I12L, none of the
mutants exhibited increased affinities for chemokines, and the
functional deficit of A29S was restricted, in our study, to some of
the CCR5 ligands only.

Among the natural mutants that have been analyzed in this
study, it appears that nonfunctional CCR5 alleles are among the
most frequent variants in the populations in which they were
described.D32 is by far the most frequent natural mutant in
Europe, with an average allele frequency of 10%. FS299 is the
most frequent mutant allele in Asia (3%-4%), whereas the nonfunc-
tional C101X mutant and the partially impaired A29S variant are
among the most frequent mutant CCR5 alleles found in central
Africa. The high frequencies observed for nonfunctional CCR5
alleles in diverse human populations, as compared with functional
CCR5 variants, might suggest that a selective advantage has been
associated with the partial loss of CCR5 function. In the case of the
D32 mutant, we and others have collected strong genetic elements
suggesting a selective advantage for carriers of this allele, although
the nature of the selective factor is presently unknown.24,46Because
of its recent origin, the HIV-1 epidemic was certainly not the

driving force of this selection. CCR5 has been involved in the
development of a range of human inflammatory diseases, including
multiple sclerosis and rheumatoid arthritis,16-18 and an impaired
CCR5 function might provide some protection to otherwise
genetically or environmentally predisposed individuals. Indeed, it
has been shown recently that the CCR5D32 allele was associated
with a lower risk of recurrent disease activity in patients with
multiple sclerosis and with a reduced risk of developing asthma.47,48

It remains to be determined whether nonfunctional CCR5 variants,
other thanD32, also have a relatively recent origin in their
respective populations and whether a selective advantage has to be
taken into account as well. It should be stressed that variants of the
CCR5 gene promoter,49,50 presumably resulting in lower CCR5
expression, have been described and that these alleles might have
been selected as well.

A number of sometimes conflicting studies has demonstrated
the dual role of chemokines and chemokine-receptor stimulation in
the frame of HIV-1 pathogenesis.20,51 In most instances, the
chemokines acting on established coreceptors were found to be
protective in vitro and ex vivo.20,52,53 Nevertheless, it was also
conclusively demonstrated that signaling through chemokine recep-
tors (acting or not as coreceptors for the infecting virus) may
enhance dramatically viral replication in other conditions.52,54,55

Signaling through HIV coreceptors following gp120 binding was
also demonstrated,56-58 although the functional relevance of this
signaling for the virus life cycle is presently unknown. It is,
therefore, not clear whether mutations affecting the functional
response of CCR5 to chemokines, while maintaining its HIV-1
coreceptor activity, might also affect HIV-1 disease progression.

A number of mutants analyzed in this study were not found to
display significant alterations of their receptor or coreceptor
properties. It remains possible that some of these mutations might
promote subtle modifications of receptor properties that were not
detected in our assays. Minor alterations of receptor function
would, however, not provide a significant selective advantage to
heterozygotes, as it is believed to happen for theD32 allele. If the
frequency of nonsynonymous mutations is indeed higher than
expected as compared with synonymous mutations,25,26 it remains
to be determined what advantages may be associated with vari-
ants that have kept normal (or near normal) receptor and corecep-
tor functions.
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