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Human immunodeficiency virus (HIV) enters cells in vitro via CD4 and a
coreceptor. Which of 15 known coreceptors are important in vivo is poorly
defined but may be inferred from disease-modifying mutations, as for CCR5.
Here two single nucleotide polymorphisms are described in Caucasians in
CX,CR1, an HIV coreceptor and leukocyte chemotactic/adhesion receptor for
the chemokine fractalkine. HIV-infected patients homozygous for CX,CR1-1249
M280, a variant haplotype affecting two amino acids (isoleucine-249 and
methionine-280), progressed to AIDS more rapidly than those with other hap-
lotypes. Functional CX,CR1 analysis showed that fractalkine binding is reduced
among patients homozygous for this particular haplotype. Thus, CX;CR1-1249
M280 is a recessive genetic risk factor in HIV/AIDS.

The risk of HIV infection and the rate of HIV
disease progression are both highly variable
in populations, but factors responsible for this

variability remain poorly defined. Mutations

in

genes for HIV-1 coreceptors and their

natural chemokine ligands have been shown
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to modify HIV-1 transmission and disease
progression (/). The most powerful known
cause of innate HIV resistance is CCR5A32,
a mutant allele that encodes a truncated, in-
active form of the chemokine receptor CCRS
(2-7). CCR5A32 heterozygosity does not re-
strict HIV infection but is associated with
slower disease progression (2, 4, 6, 7),
whereas CCR5A32 homozygotes are highly
resistant to initial infection (2—-6). Normally,
CCRS5 functions as a leukocyte chemotactic
receptor but does not appear to be essential,
or possibly even important, for immunocom-
petence as CCR5A32 homozygotes have no
known health problems (8). A disease-accel-
erating allele has been found within the
CCRS5 promoter (59029-A allele or P1 hap-
lotype), which may function by modulating
CCRS transcription (9).

Although powerful in their effects, these
CCRS variants account for only a small propor-
tion of individuals with apparent HIV resis-
tance; thus identification of other resistance fac-
tors remains an important aim in HIV research.
A potentially related puzzle concerns the sig-
nificance of the rest of the large and growing
repertoire of HIV coreceptors, which to date
includes 14 other chemokine receptors and re-
lated 7 transmembrane receptors (/0). Each can
support HIV entry at least to some extent by
some strains in vitro, and cognate chemokine
ligands can block this process. Several of these
receptors have relatively restricted expression
patterns, which suggests the possibility of com-
partment-restricted function in HIV infection.
Moreover, all have defined or strongly suspect-
ed leukocyte chemoattractant activity and could
alternatively or additionally be involved in the
immune response to HIV. Thus, variation in
expression or function of one or more of
these genes also could contribute to disease
heterogeneity. In this regard, variant alleles
for the chemokine receptor/HIV coreceptor
CCR2 (CCR2-64I allele) (/1) and the che-
mokine receptor ligand SDF-1 (SDF1-3'A
allele) (12) have been reported to be asso-
ciated with slower HIV disease progres-
sion, although mechanisms have not been
not established.
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CX,CR1, a leukocyte chemotactic and ad-
hesion receptor for the chemokine fracta-
Ikine, is a recently identified HIV coreceptor
(13, 14) expressed in many tissues but at
particularly high levels in brain (/5) and in
interleukin-2-activated peripheral blood lym-
phocytes (/6). CX,CR1 interacts with a lim-
ited number of commonly tested HIV enve-
lopes, and fractalkine can efficiently block
the HIV coreceptor activity of CX,CR1 (14).
Interestingly, besides its chemotactic activity,
fractalkine has unprecedented adhesion prop-
erties (/7). When anchored to the membrane,
it may play an important role in the immune
response by reinforcing cell contact. To in-
vestigate whether CX,CR1 may regulate HIV
disease, we searched for genetic variants as-
sociated with altered disease outcome.

We screened the CX,CR1 coding sequence
for mutations in 78 random French Caucasian
blood donors by means of a single-stranded
conformation polymorphism (SSCP) technique
(18), and we identified 5 single nucleotide poly-
morphisms (SNPs), all in transmembrane do-
mains of the receptor. Four SNPs were nonsyn-
onymous: (i) an A-to-G substitution changed
Thr’” to Ala (T*’A), (ii) a G-to-A substitution
changed Val'?? to Ile (V122I), (iii) a G-to-A
substitution changed Val?*° to Ile (V249I), and
(iv) a C-to-T substitution changed Thr?%° to
Met (T280M). The synonymous substitution
was in codon 255 (G-to-A). Only T280M was
nonconservative, exchanging a polar for a non-
polar side chain in the seventh transmembrane
domain. The two SNPs in positions 57 and 122
were each found only once among 156 chro-
mosomes, whereas the other nonsynonymous
allelic variants, V2491 and T280M, were quite
common, 25.7% and 13.5%, respectively, in the
uninfected population. These mutations ap-
peared to be specific to the Caucasian popula-
tion as they were not detected in populations of
either Asian (92 chromosomes from Vietnam-
ese donors) or West African (90 chromosomes)
descent (19).

Using a restriction fragment length poly-

morphism—based method (20), we studied the
distribution of V2491 and T280M among 565
individuals from three HIV cohorts: patients
with intermediate progression (IMMUNOCO
cohort), patients with asymptomatic long-term
progression (ALT cohort), and patients with a
known date of seroconversion (SEROCO co-
hort) (21). Of the nine possible genotypes, six
were observed (Table 1) at frequencies ranging
from about 50% for the homozygous wild type
to about 2% for the doubly mutated homozy-
gote. Three genotypes were neéver detected:
G/G at codon 249 followed by C/T at codon
280, G/G at codon 249 followed by T/T at
codon 280, and G/A at codon 249 followed by
T/T at codon 280. Their absence suggests the
SNPs are tightly linked and probably the C/T
substitution at position 280 occurred only when
there was an A at codon 249. A likelihood ratio
test for linkage equilibrium was performed and
confirmed that these SNPs were in complete
linkage disequilibrium (D' = 0.999; P <
10~%%). Therefore, only three haplotypes of
CX,CR1 were detected in the Caucasian
population: the V249 T280 haplotype, the
1249 T280 haplotype, and the 1249 M280
haplotype (Table 1). Their respective fre-
quencies in the Caucasian HIV-infected
population were 71.4%, 12.4%, and 16.2%
(22). There was no significant difference in
observed haplotype frequencies between
HIV-infected and uninfected individuals.
A departure from Hardy-Weinberg expec-
tation was found for HIV-infected indi-
viduals for the CX,CR1-T280M allele (21
individuals homozygous for T280 were ob-
served versus 13 expected among 562 pa-
tients; x> = 4.02; P < 0.045), whereas no
deviation was found in uninfected individuals
(P = 0.36) (23). The deviation was even
more pronounced in CCRS wild-type HIV-
infected individuals (x? = 5.376; P < 0.021).
In contrast, neither CX,CR1-V249I, CCRS5-
A32, nor CCR2-64I alleles showed a signif-
icant departure from Hardy-Weinberg expec-
tation in HIV-infected or uninfected popula-

Table 1. Effects of CX;CR1 variants on HIV pathogenesis. Frequencies of CX,CR1 genotypes and
haplotypes among the four French Caucasian cohorts examined in this study: asymptomatic long-term
nonprogressors (ALT), standard progressors (IMMUNOCO), seroconverters (SEROCO), and uninfected
blood donors. Values represent number of individuals in each category and values in parentheses
represent percentage of individuals of each category.in the whole cohort.

Genotype V249l T280M ALT IMMUNOCO SEROCO  Uninfected
1 G/G c/C 35 (55.5) 33(45.2) 222 (52.1) 41(52.6)
2 A/A c/C 1 (16) 2 (27) 4 (0.9) 1 (1.3)
3 A/A T 2 (32) 3 (41) 16 (3.8) o (0)
4 A/A cT 3 (4.8) 2 (27) 17 (4.0) 2 (26)
5 G/A c/C 13 (20.6) 12(16.4) 80(18.8) 15(19.2)
6 G/A C/T 9(14.3) 21(28.8) 87(20.4) 19 (24.3)
Total 63 73 426 78
Haplotype
V249 T280 G C 92 (73) 99 (67.8) 611(71.7) 116 (74.3)
1249 T280 A C 18(14.2) 18(12.3) 105 (12.3) 19(12.2)
1249 M280 A T 16 (12.6) 29(19.8) 136 (16.0) 21(13.5)
Total 126 146 852 156
2275
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tions (P ~ 0.5). These results suggest that the
1249 M280 haplotype probably increases sus-
ceptibility to HIV infection. However, studies
in other HIV cohorts are necessary to validate
this hypothesis.

With respect to disease progression, a
case control analysis showed a trend toward a
higher frequency of the 1249 M280 haplotype
in the IMMUNOCO cohort compared with
the ALT cohort [odds ratio (OR) = 2.1; 95%
confidence interval (CI), 0.9-4.9; P = 0.079]
(Table 2) (24). In contrast, the protective
CCR5-A32 allele was more frequent in the
ALT cohort (OR = 0.2; 95% CI, 0.1-0.5;
P = 0.0004). These results suggest that the
CX,CR1 1249 M280 haplotype adversely af-
fects HIV disease progression. Consistent
with this, Kaplan—-Meier survival analysis of
seroconverters from the SEROCO cohort
stratified by genotypes revealed faster pro-
gression to clinical AIDS for CX,CR1-M280
homozygotes compared with CX,CR1-T280
homozygotes [relative risk (RR) = 2.13; P =
0.039] (Fig. 1A). No significant effect was
observed for CX,CR1-V249I (25). The same
conclusion can be drawn from Kaplan-Meier
analysis of CD4 decline (RR = 1.96; P =
0.08), but only a trend toward significance
(probably due to fewer events) was observed
for time to death (RR = 1.84; P = 0.18).

REPORTS

Disease progression was similar for heterozy-
gotes and wild-type homozygotes. This sug-
gests that the effect of the CX;CRI1-1249
M280 haplotype is recessive, in contrast to
the CCR5-A32 and CCR2-64I alleles, which
have dominant effects. The deleterious effect
persisted after adjustment for age at serocon-
version. Although the difference was no
longer significant after adjustment for viral
load (probably because of a reduced number
of events, the viral load was available for
only 350 of 426 patients), the tendency re-
mained strong (RR = 2.00; P = 0.131),
which suggests that this adverse deleterious
effect was not mediated through a higher
viral load. When patients partially protected
by the CCR5-A32 allele were excluded from
the analysis (Fig. 1B), the acceleration to
AIDS (RR = 2.44; P = 0.016) or CD4
decline (RR = 2.55; P = 0.017) was more
pronounced.

The CX,CR1 gene is located on chromo-
some 3p21 in the vicinity of the CCR5 and
CCR2 genes (26). Therefore, to verify that
this effect can be attributed to CX,CR1, we
analyzed the CX,CR1 SNP distribution in
relation to the CCR5-A32 and CCR2-64I al-
leles. Neither CX,CR1 SNP (V2491 and
T280M) exhibited linkage disequilibrium
with either CCR2-641 (likelihood ratio test

Table 2. Predictive values of CX;CR1 and CCR5 genotypes for IMMUNOCO status. Values in parentheses
represent 95% Cl); ORs are statistically significant if the Cl values do not include 1.0. wt, CCRS5 wild-type
genotype; A32, deleted form of CCRS. Results are adjusted for age.

Genotype ALT IMMUNOCO OR 95% CI P value
CX,CR1
1+2+5 49 47 1
3+4+6 14 26 2.1 (0.9-4.9) 0.079
CCR5
wt 40 65 1
wt/A32 23 8 0.2 (0.1-0.5) 0.0004
All CCRS +/+ only
1 1
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o »
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P P
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Fig. 1. Effect of CX;CR1 variants on HIV disease progression. Time from seroconversion to clinical
AIDS was examined in HIV-infected Caucasians from the SEROCO cohort. (A) Kaplan-Meier curves
for the total SEROCO cohort (426 patients). (B) Kaplan-Meier curves for SEROCO patients

homozygous for CCR5 wild type (356 patients).

for linkage equilibrium, P > 0.77 and P =
1.00, respectively) or CCR5-A32 (P > 0.79
and P > 0.55, respectively). Furthermore, we
observed no linkage disequilibrium between
CX,CR1 V2491 and T280M and previously
described SNPs in the CCRS promoter re-
gion, including A29G, C927T, and A59029G
(9, 27). Thus, the CX,CR1-1249 M280 hap-
lotype is independent of previously defined
disease-modifying mutations in CCRS and
CCR2.

The two CX,CR1 SNPs defining the
CX,CR1-1249 M280 haplotype are located in
the coding sequence and therefore could di-
rectly affect receptor function. To test this,
we compared fractalkine binding to primary
peripheral blood mononuclear cells (PBMCs)
(28) from HIV-infected patients homozygous
for CX,CR1-V249 T280 (n = 4) versus
CX,CR1-1249 M280 (n = 4) (Fig. 2). Scat-
chard regression analysis of the binding data
revealed significantly reduced binding affin-
ity of '2°I-labeled fractalkine to cells from
CX,CR1-1249 M280 homozygotes versus
wild-type CX,CR1-V249 T280 cells (12.2 *
3.3 pM versus 37.1 = 10.1 pM; P = 0.033),
an indication that the two SNPs affect the
integrity of the receptor. Further, the total
number of binding sites per cell was dramat-
ically reduced in CX,;CR1-1249 M280 ho-
mozygotes versus wild-type controls (432 =+
146 versus 2795 * 1137 sites, respectively;
P = 0.033). To resolve the specific effect on
function of each SNP constituting the
CX,CR1-1249 M280 haplotype, we charac-
terized fractalkine binding parameters for
PBMCs from two patients homozygous for
haplotype CX,CR1-1249 T280. Receptor ex-
pression (1244 *+ 339 sites per cell) was not
significantly different from the other haplo-

—{— V24977280 (n=4)
—— 12497280 (n=2)
—@— 12497280 (n=4)

6000

4500

3000 -

Specific binding
(cpm)

1500

200

125]-Fractalkine (pM)

Fig. 2. Comparative analysis of fractalkine
binding on PBMCs from homozygous patients
with CX;CR1 V249 T280 and 1249 M280 hap-
lotypes. Data represent specific binding in the
presence of increasing amounts of iodinated
fractalkine. Nonspecific binding (less than 10%
of total binding) was subtracted from the total
binding. Data are mean values * SEM. Values in
parentheses represent number of individuals in
each category.
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types tested; however, fractalkine binding af-
finity (4.5 = 0.4 pM) differed (P = 0.08 and
0.02 for comparison with CX;CR1-V249
T280 and CX,CRI1-1249 M280, respective-
ly). These preliminary data suggest that
T280M directly affects ligand recognition.
Additional work is needed to know whether
the effect on expression is due to modulation
of synthesis, distribution or stability of recep-
tor protein, or linkage with promoter alleles
that modulate CX,CR1 transcription.

Our results demonstrate that CX,CR1 is
polymorphic in the Caucasian population and
that a particular variant haplotype, CX,CR1-
1249 M280, is associated with accelerated HIV
disease. Potential mechanisms of action include
regulation of HIV infection of target cells by
CX,CR1’s HIV coreceptor activity and reg-
ulation of antiviral immune responses through
cell recruitment and cell contact functions.
CX,CR1’s HIV coreceptor activity is limited
compared with CCR5 and CXCR4, which ap-
pear to account for cell entry of most HIV-1
strains in most primary cell types. However,
there is precedent for use of at least one of the
“minor” coreceptors in primary human cells,
CCR3, which has been shown to operate in
microglial cells of the central nervous system
(29). The role of CX,CRI in these and other
cell types of the nervous system where it is
highly expressed is not known. Moreover, the
strains used to test its HIV coreceptor activity
have not included neurotropic isolates, which
may be the most relevant in vivo.

If CX,CR1 acts as an HIV coreceptor to
modulate pathogenesis, then the accelerated
progression noted in seroconvertors homozy-
gous for CX,CR1-1249 M280 could be ex-
plained by increased specific activity or an
expanded strain range. The negative effects
on fractalkine binding parameters found for
this variant do not directly address this and
may not be relevant because mutational anal-
ysis of other HIV coreceptors has revealed
independent effects on HIV and chemokine
binding parameters. Nevertheless, reduced
receptor expression and fractalkine binding in
itself could compromise normal immune re-
sponses, which might lead to accelerated pro-
gression. Additional work is under way to
distinguish which of these mechanisms is
responsible for the observed epidemiologic
effects. However, because CX,CR1 polymor-
phism is a risk factor in HIV disease and
because CX,CR1 is an HIV coreceptor, it is
reasonable now to evaluate this receptor as a
potential target for therapeutic intervention in
HIV/AIDS.
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