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Expression of CC chemokine receptor 5 (CCR5), the major coreceptor
for HIV-1 cell entry, and its ligands (e.g., RANTES and MIP-1q) is widely
regarded as central to the pathogenesis of HIV-1 infection. By sur-
veying nearly 3,000 HIV+ and HIV— individuals from worldwide
populations for polymorphisms in the genes encoding RANTES, MIP-
1e, and CCR5, we show that the evolutionary histories of human
populations have had a significant impact on the distribution of
variation in these genes, and that this may be responsible, in part, for
the heterogeneous nature of the epidemiology of the HIV-1 pan-
demic. The varied distribution of RANTES haplotypes (AC, GC, and AG)
associated with population-specific HIV-1 transmission- and disease-
modifying effects is a striking example. Homozygosity for the AC
haplotype was associated with an increased risk of acquiring HIV-1 as
well as accelerated disease progression in European Americans, but
not in African Americans. Yet, the prevalence of the ancestral AC
haplotype is high in individuals of African origin, but substantially
lower in non-Africans. In a Japanese cohort, AG-containing RANTES
haplotype pairs were associated with a delay in disease progression;
however, we now show that their contribution to HIV-1 pathogenesis
and epidemiology in other parts of the world is negligible because the
AG haplotype is infrequent in non-Far East Asians. Thus, the varied
distribution of RANTES, MIP-1«, and CCR5 haplotype pairs and their
population-specific phenotypic effects on HIV-1 susceptibility and
disease progression results in a complex pattern of biological deter-
minants of HIV-1 epidemiology. These findings have important im-
plications for the design, assessment, and implementation of effec-
tive HIV-1 intervention and prevention strategies.

S ince the beginning of the HIV-1 pandemic, it has been apparent
that the epidemiology of HIV-1 varies throughout the world
(1). This variation is due, in part, to differences in the biological
(e.g., level of viremia), behavioral (e.g., rate of partner change),
demographic (e.g., proportion of sexually active individuals), and
economic/political (e.g., health care system, war) determinants that
affect the spread of HIV-1 throughout a population (1, 2).
Biological determinants that influence the probability of
HIV-1 transmission include the infectiousness of a sexual part-
ner, the characteristics of the infecting viral strain, and the
susceptibility of the uninfected partner (1, 2). Within a popula-
tion, the course of an epidemic such as HIV also depends, in
part, on the rate of contact between susceptible and infectious
individuals. Thus, the net rate of spread of infection is propor-
tional to the product of the density of susceptible people times
the density of infectious individuals, a concept known as the
“mass action principle” (3, 4). The epidemiology of HIV-1 in a
population is therefore dependent, in part, on factors (e.g.,
behavioral, social) that influence the rate of contact between
infectious and susceptible individuals as well as determinants
that influence an individual’s infectiousness and susceptibility.
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Solid epidemiological evidence supports the notion that indi-
viduals are not equally susceptible to HIV-1 infection (5-7) and
that polymorphisms in host genes that facilitate viral cell entry
and modulate immune responses play critical roles in influencing
an individual’s infectiousness and susceptibility to HIV-1 (refs.
8-19; reviewed in refs. 20 and 21).

We (17, 18, 22) and others (8-14, 16, 20, 21) have found that
single polymorphisms in CCR5 and CCR?2, different combinations
of polymorphisms in linkage disequilibrium (i.e., haplotypes), and
pairs of haplotypes influence the rates of disease progression in
infected children and adults, and the risk of mother-to-child trans-
mission of HIV-1 (17-19). But polymorphisms in CCRS are only
part of the overall picture. Recently, Gallo and colleagues have
argued persuasively that the levels of the ligands of CCRS5 (i.e.,
MIP-1a, MIP-1B3, and RANTES) are consistent and reproducible
immunological parameters associated with disease progression and
HIV-1 transmission (23). These chemokines exhibit anti-HI'V-1
properties in vitro, and in vivo evidence supports strongly the notion
that their expression levels may influence susceptibility to HIV-1
infection (refs. 24 and 25; reviewed in ref. 23). Recent HI'V vaccine
studies also suggest that production of these chemokines are a true
correlate of protection (reviewed in ref. 23).

If variation in host genes contributes to interindividual het-
erogeneity in risk of HIV susceptibility and differential host
immune responses, then the challenge is to step back from the
issue of single genes/polymorphisms and ask a more difficult and
complex question, “What is the relationship, if any, between the
genetic variables that determine HI'V transmission and course of
infection within an individual and the genetic variables that
influence the pattern of infection within communities of peo-
ple?” This is a fundamental question to address because public
health policy, by its very nature, deals with the relationship
between infection in individuals and infection in populations.

In recent years, a growing amount of work has been aimed at
understanding the influence of social, behavioral, and other
heterogeneities on the epidemiological characteristics of host
populations, and on the design and evaluation of HIV-1 immu-
nization programs (1, 26). However, the potential impact of
genetic heterogeneity within and among populations on these
issues has been understudied. Indeed, in most mathematical
models and trial simulations used for planning phase III HIV
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vaccine efficacy trials, the impact of varying genetic susceptibility
among populations remains an unmeasured factor (1, 26). This
is understandable because we do not yet have a clear picture of
the distribution of HIV susceptibility or resistance polymor-
phisms in worldwide populations.

In this study, we tested the hypothesis that the haplotypes of
CCRS and its ligands that are associated with differences in
interindividual susceptibility to HIV-1 infection and disease
progression can lead to population-level differences in the
biological correlates of HIV-1 transmission and clinical out-
come. To this end, we surveyed world-wide populations for
polymorphisms in RANTES (n = 2,508), MIP-1a (n = 1,784),
and CCRS (n = 3,043), and determined the association between
haplotype variation and HIV-1 susceptibility.

Methods

Cohorts. Control unlinked European-, African-, and Hispanic-
American blood donors as well as blood donors from worldwide
populations were genotyped, and their origins are shown in
Table 3, which is published as supplemental data on the PNAS
web site, www.pnas.org. A total of 1,120 HIV-seropositive
patients were evaluated, including 507 seroconverting individu-
als. The demographic background of this cohort is 55% Euro-
pean American (EA), 36% African American (AA), 6% His-
panic American (HA), and 3% ‘“other.” Additional
epidemiologic features of the HIV+ cohort studied are in the
supplemental data and as described (17, 18).

Polymorphisms and Genotyping. The SNPs in MIP-/a (+113 and
+459) and RANTES (—96 and —471) were identified by comparing
sequences available in GenBank and by bulk sequencing as de-
scribed in Fig. 5, which is published as supplemental data. The
methods for genotyping are in Fig. 5. While this work was in
progress the identical RANTES SNPs were reported by Liu et al.
(27). Positions —96 and —471 were designated as positions —28 and
—403, respectively by Liu et al. (27) because their numbering system
considers +1 as the first nucleotide of the RANTES mRNA; we
have used the adenine (A) in ATG, the initiator Met codon as +1.
The nomenclature of CCR5 haplotypes is as described (18, 22) and
is also summarized in Fig. 6, which is published as supplemental
data. CCR5 polymorphisms were genotyped as described (18, 22).
The ancestral state for each polymorphism in the human genes was
inferred by sequencing and genotyping the chimpanzee gene for the
homologous position.

Statistical Analysis. The association between possession of a
haplotype and risk of acquiring HI'V was evaluated as described
(19) using Fisher’s exact test or x*> and multivariable logistic
models (SAS, version 6.12; SAS Institute, Cary, NC). Time curves
for progression to AIDS (1987 criterion) and survival were
prepared by the Kaplan-Meier method as described (17, 18).
Only individuals who had a minimum follow-up time of at least
6 months were included in the analysis (n = 1,120). Between-
group analyses were completed by using the log-rank test.

Results

Global Survey of the RANTES Locus and Its Impact on the Epidemiology
of HIV-1. The distribution of genetic variation at MIP-Ia and
RANTES differs substantially within and between populations (Fig.
1 and data not shown). Sequencing of RANTES in chimpanzees
confirmed that the ancestral RANTES haplotype (AC) is defined by
the presence of nucleotides A and C at positions —471 and —96,
respectively (Fig. 1a). In addition, by PCR-restriction fragment
length polymorphism (RFLP), the genotypes in 60 unrelated chim-
panzees were RANTES —471A/A and —96C/C. The frequency of
these SNPs in U.S.-based control blood donors and HI V-infected
subjects is shown in Table 4, which is published as supplemental
data. None of these frequencies deviated from Hardy—Weinberg
equilibrium in European, African, or Hispanic Americans.
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The RANTES —471G and —96G were in complete linkage
disequilibrium with RANTES —96C and —471A, respectively
(see Table 5, which is published as supplemental data). Along
with sequencing data, these SNPs defined three RANTES
haplotypes: AC, GC, and AG (Fig. 1o and data not shown).
Among worldwide populations, the frequency of the ancestral
haplotype was highest in individuals of African origin, interme-
diate in Asians, and lowest in those of European origin (Fig. 1b).
The frequency of the AC haplotype is especially high in some
isolated aboriginal human populations, such as African pygmies
(Fig. 1b) and Nicobarese islanders (data not shown).

The C—G mutation at —96 is found almost exclusively in Asians,
and is not found in any native Africans (Fig. 10). Consequently, the
RANTES AG haplotype is much more frequent in East Asians and
in the Pacific Rim, specifically in Japan, than any other population
(Fig. 1b). In contrast, the RANTES GC haplotype is most prevalent
in Europeans and less frequent in Asians and Africans (Fig. 1b).
Because of these differences in haplotype frequencies, the propor-
tion of AG vs. GC-containing haplotype pairs in East Asians vs.
non-Asian populations is significantly different (Fig. 1c). Liu ef al.
showed that HI'V-positive Japanese homozygous or heterozygous
for the RANTES AG-haplotype had a slower disease course
compared with those who lacked this haplotype (27). However, the
extremely low frequency of the AG haplotype in other non-Far East
Asian populations (Fig. 1b), suggests that the contribution of
this haplotype to the epidemiology of HIV-1 infection in these
populations is small.

HIV-Acquisition and Disease-Modifying Effects of RANTES Haplotypes.
In HIV-positive European Americans, lack of a RANTES GC
haplotype (the most common RANTES haplotype in worldwide
populations) was associated with a rapid progression to AIDS
and death (Fig. 2 a and b). Because the AG haplotype is
restricted to individuals of Far East Asia, homozygosity for the
ancestral RANTES haplotype (i.e., AC/AC) is the only non-GC-
containing haplotype pair in European Americans (Fig. 1c). In
HIV-positive European Americans, possession of the ancestral
RANTES haplotype pair AC/AC was associated with a worse
clinical outcome (Fig. 2 ¢ and d).

Because possession of AC/AC was associated with a worse
clinical outcome, we next determined whether possession of this
haplotype pair in European Americans was also associated with
an increased risk of disease acquisition. European Americans
lacking the ancestral AC haplotype had a lower risk of acquiring
HIV-1 {P = 0.05, OR = 0.78 [confidence interval (CI) =
0.61-1.00]}, and compared with the ancestral haplotype pair
AC/AC the haplotype pairs AC/GC, GC/GC, and GC/AG
were associated with a lower risk of acquiring HI'V-1 (Table 1).
Taken together, the findings shown in Fig. 2 and Table 1 indicate
that possession of AC/AC is associated with an increased
susceptibility to acquiring HIV-1 and disease progression. A
disease- or transmission-modifying effect of the RANTES hap-
lotype pairs was not found in seropositive African Americans.

HIV-Acquisition and Disease-Modifying Effects of MIP-1a Haplotypes.
Population-specific HIV-1 transmission/disease-modifying ef-
fects were also observed for MIP-1« haplotypes. By PCR-RFLP
and sequencing, the ancestral MIP-1a haplotype (CC) is defined
by the presence of nucleotide C at positions +113 and +459 in
chimpanzees (Fig. 1d). MIP-1co: +113T was in complete linkage
with MIP-1a +459T (see Table 6, which is published as supple-
mental data). This linkage pattern along with sequencing data
defined three haplotypes: CC, CT, and TT (Fig. le). The
frequency of these SNPs in control U.S.-based blood donors and
HIV-infected subjects is shown in Table 7, which is published as
supplemental data, and in European, African, and Hispanic
Americans none of these frequencies deviated from Hardy-
Weinberg equilibrium.

The ancestral MIP-1« haplotype was the most common haplo-

Gonzalez et al.



a -471 -96 RANTES d +113 +459 MIP-1c
Chimpanzee A C Chimpanzee c C
I I 111 I 1 111
Human AIG C/G Human CIT €IT
b Frequency (%) e Frequency (%)
Haplotype CH PY AF  AA EA  HA IN AS _ JA¥* Haplotype CH _EA AA HA
AC 100 81 50 41 39 14 18 23 33 25 21 20 cC 100 76 77 8 87 83 77
GC 0 19 50 59 60 84 81 76 67 63 62 65 CcT 0 24 22 5 7 16 20
AG o 0 0 o 1 2 2 1 0 12 17 15 TT 0 o 1 9 6 1 3
HIVstatuys — — — — 4 — o + = ‘= = HIVstatus — — + — + — +
¢ ¥
100 100
75 75
% %
50 50
25 25
Haplotype i Haplotype
par CH PY AF _AA _EA HA IN AS _JA pair _ CH _EA _AA _HA
W AC/AC 60 26 39 33 65 4 20 6 38 20 9 13 W CC/CC 60 217 365 182 307 40 38
¥l AC/IGC 0 13 96 135 181 99 175 19 141 65 49 69 ¥4 CC/ICT 0 151 215 22 48 15 25
WACAG 0O 0 0 0 3 3 3 0 2 15 14 14 WCCTT 0 0 8 42 40 1 4+
O Gc/Ge o 1 39 77 151 264 400 42 157 102 79 117 gcriect o0 17 31 0 4 2 1
Jee/aG 0 0 0 1 3 13 20 1 0 32 34 48 crrr 000013 2 000
B AG/AG 0 0 0 0 O 0o 0 0 0 4 8 11 BTI/TT 0 O 1 0o 2 0 0
n 60 40 174 246 403 383 618 68 338 238 193 272 n 60 385 621 249 403 58 68
African origin Asian origin

Fig. 1.

(a—c) RANTES and (d-f) MIP-1a SNPs, haplotypes, and haplotype pairs. (a and d) Schematicillustration of the genomic organization and SNPs (*) in human

RANTES and MIP-1a. Open boxes represent exons. The sequence at the position corresponding to the human SNPs in chimpanzees (ancestral state) is also shown.
The designation of each haplotype is based on the 5’ > 3’ arrangement of the SNPs. Thus, for example, the haplotype that contains RANTES —471A and —96C
is designated as the RANTES AC haplotype. (b and e) Frequencies of the RANTES and MIP-1a haplotypes in chimpanzee (CH) and control blood donors (—) and
infected (+) worldwide populations, including European (EA), African (AA), and Hispanic Americans (HA). PY, pygmy; AF, non-Pygmy Africans; IN, Asian Indians;
AS, non-Indian Asians; JA, Japanese. The ancestral haplotype for each gene is listed first in panels b and e. (c and f): (Upper) The frequency (%) of the RANTES
and MIP-1a haplotype pairs in the different populations. (Lower) The total number of individuals with a given haplotype pair is shown. The color codes shown
adjacent to each haplotype pair listed in the Lower correspond to the colored bars shown in the Upper. The ancestral haplotype pair for each gene isin red. **,
data listed under the column heading designated as JA is derived from the study by Liu et al. (27), and shows the frequency of the RANTES haplotype (b) and
haplotype pairs (c) in Japanese HIV— and HIV+ individuals; the data for the HIV+ and HIV— Japanese hemophiliacs and nonhemophiliacs was combined. The

codes shown for the HIV status in b and e are also applicable for the data shown in ¢ and f, respectively.

type in the three U.S.-based populations examined (Fig. le).
However, the frequency of the other two MIP-1« haplotypes did
vary substantially among populations. For example, the MIP-1«
haplotype, TT, is three times more common in African Americans
compared with Hispanics and is observed in less than 1% of all
Caucasians (Fig. le). Thus, the MIP-1« haplotype pair, CC/TT is
much more common in African Americans than any other group
tested.

In European Americans, the time to develop AIDS was
shorter in individuals who lacked the ancestral MIP-Ia CC
haplotype (Fig. 3 a and b). The majority of the European
Americans who lacked the MIP-1a CC haplotype had the
CT/CT haplotype pair (Fig. 1f). This suggested that the disease-
accelerating effect observed for individuals lacking the CC
haplotype was due primarily to the CT/CT haplotype pair. The
disease-accelerating effect associated with CT/CT in European
Americans was confirmed by a direct comparison of the three
most prevalent MIP-1a haplotype pairs (CC/CC, CC/CT, and
CT/CT; Fig. 1f). There was no difference in the disease course
of individuals with the CC-containing haplotype pairs (CC/CC
or CC/CT), but homozygosity for CT/CT was associated with a
more rapid disease course (Fig. 3 ¢ and d). There were too few
European Americans with CC/TT or the other haplotype pairs
for evaluation. A transmission-modifying effect for the MIP-1«
haplotype pairs was not found in European Americans.

No disease-modifying effect was discovered for any of the
MIP-1a haplotypes in African Americans. In African Americans,
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an overall significant effect for HI'V-1 acquisition was observed
for the proportion of individuals who possessed at least one CC,
CT, or TT MIP-1a haplotype among HIV+ and control groups
(P = 0.027). Possession of the TT MIP-Ia haplotype was
associated with a significantly lower risk of HIV-1 acquisition
compared with the ancestral haplotype CC [P = 0.029, OR =
0.623 (CI = 0.406-0.956)]. This prompted us to determine
whether there was in African Americans an overall difference in
the proportion of individuals who possessed different MIP-1«
haplotype pairs. The overall difference was significant (P =
0.027), and consistent with the finding that the MIP-Ia TT
haplotype was associated with a lower risk of acquiring HI'V-1 in
African Americans, possession of the haplotype pair CC/TT was
associated with a lower risk of acquiring HI'V compared with the
ancestral haplotype pair CC/CC (Table 1). Notably, the distri-
bution of CC/TT is restricted to African Americans (Fig. 1f).

Global Distribution of CCR5 Haplotypes and Its Impact on the Epide-
miology of HIV-1. To develop a better understanding of the
ramifications of the genetic diversity of CCR5 on the HIV-1
epidemiological characteristics of different populations, we con-
ducted a significantly more detailed analysis of the distribution
of CCRS haplotypes in worldwide populations than we reported
previously (ref. 18; Table 2, Fig. 4, and Table 8, which is
published as supplemental data). This analysis further illumi-
nated the striking divergence in the distribution of CCR5 hap-
lotypes within and between different populations (Table 2). For
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Fig. 2. Disease-modifying effects of RANTES haplotypes in seroconverting

European Americans. (a and b) The Kaplan-Meier (KM) curves of the devel-
opment of AIDS or death in the seroconverting European American portion of
the cohort that lack (blue curve) or possess (red curve) the most common
RANTES GC haplotype. Notably, most individuals who lack the GC haplotype
have the haplotype pair AC/AC (Fig. 1c), and for this reason the pattern of the
blue KM curves in a and b is very similar to those of the blue KM curve for
AC/AC in c and d. P and RH [95% CI (confidence limits)] indicate the signifi-
cance value by log-rank test and the relative hazard with respect to the
reference group, respectively. (c and d) KM curves comparing the clinical
course of seroconverting European Americans with the following haplotype
pairs: GC/GC (red); AC/GC (green); GC/AG (black line); and AC/AC (blue). The
reference group for the survival analyses is individuals that are homozygous
for the ancestral RANTES haplotype AC.

example, among Asians there are significant differences between
Indian and non-Indian populations with respect to the distribu-
tion of the ancestral CCR5 haplotype HHA or the CCR2-641-
containing haplotype, HHF*2 (Table 2). Indeed, in Indians the
prevalence of these two haplotypes approximates that found in
African populations. We previously reported that the distribu-
tion of CCR5 HHD haplotypes was specific to individuals of
African origin (18), and in the current analysis we identified that
HHB is another CCRS haplotype that is specific to individuals of
African origin. Notably, the prevalence of HHB is higher in
Africans than African Americans. Similarly, the prevalence of
HHF*1, the genetic context in which the CCR2-641 mutation
arose (22), is highest in African populations.

This varied distribution of CCRS haplotypes results in an uneven
distribution of CCRS haplotype pairs in global populations (Fig. 4).
For example, 75% of the CCR5 haplotype pairs in Europeans or
Asian Indians can be accounted by only eight or six CCRS haplotype

Table 1. Risk of acquiring HIV-1 infection associated with
RANTES and MIP-1« haplotype pairs (HP)

European American African American

Gene HP OR @] P OR Cl P
RANTES AC/ACt 1.0

AC/GC 0.35 0.12-1.06 0.064

GC/GC 0.30  0.10-0.90 0.031

GC/AG 0.31 0.01-1.11 0.071
MIP-1a cc/cct 1.0

cC/TT 0.57 0.35-0.90 0.017

OR, odds ratio; Cl, 95% confidence interval limit.
TReference group.
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Fig. 3. Disease-modifying effects of MIP-1a haplotypes in the European

American portion of the cohort. (a and b) The KM curves of the development
of AIDS in European Americans that possess (blue) or lack (red) the ancestral
MIP-1a haplotype (CC). All, the entire portion of the cohort and Sct, indicates
seroconverting individuals. The reference group are individuals with the
ancestral (CC) haplotype. (c and d) KM curves comparing the clinical course of
European Americans with the following haplotype pairs: CC/CC (blue); CC/CT
(green); and CT/CT (red). The reference group for the survival analyses is
individuals that are homozygous for the ancestral MIP-1a haplotype CC (blue).

pairs, respectively, and six of these haplotype pairs are common to
both populations. In contrast, in individuals of African descent (e.g.,
in African Americans), the eight most common CCRS5 haplotype
pairs account for less than 50% of the haplotype pairs and, of these,
only three are among the most common haplotype pairs found in
Europeans or Asian Indians (Fig. 4).

Discussion

Within the global pandemic of HI'V-1 infection there are many
different epidemics, each with its own dynamics and each
influenced by many factors, including time of introduction of the
virus, population density, and cultural and social forces (1, 2).
Although significant attention has been placed on understanding
the influence of these factors in the spread and maintenance of
HIV-1 in a given population, the contribution of host genetic
determinants (i.e., polymorphisms) to the heterogeneous nature
of the epidemiology of HI'V-1 within and among populations has
not been fully addressed. It is in this context that we will discuss
the two major findings of this study: First, genetic variation in
MIP-1a and RANTES is associated with interindividual differ-
ences in the risks for acquiring HIV-1 and rates of disease
progression. Second, there are significant interpopulation dif-
ferences in the distribution of CCRS5, MIP-1a, and RANTES
haplotypes that are associated with transmission/disease-
modifying effects.

Relative risk/hazard (or odds ratios) are used to indicate the
strength of an association between a risk factor (e.g., genetic or
environmental) and the presence or absence of disease. How-
ever, the attributable fraction (28, 29) is a more useful measure
than the relative risk (or odds ratio) in quantifying the role of a
specific risk factor in disease etiology and the overall public
health impact of this factor. The public health relevance of this
measure lies in estimating the proportion of cases of disease in
a population that would not have occurred had the risk factor

Gonzalez et al.



Table 2. CCR5 haplotype frequencies (%) in worldwide populations

Population N A B C D E F*1 F*2 G*1 G*2
Africa 143

Pygmy 36 71 3 1 0 13 6 6 1 0

Non-Pygmy 107 24 5 9 17 20 8 16 2 0
African American 646 21 1 15 20 19 4 15 4 3
European Origin 959 10 of 35 1 32 1 8 4 8
Hispanic American 86 9 0 36 3 28 2 15 3 5
Argentinean 751 7 of 35 1 31 4 15 5 3
Asia 458

India 224 18 of 36 1 29 2 18 1 of

Non-Indian 234 5 0 42 0 25 3 5 of 1

N, number of individuals; A-G*2 refers to CCR5 human haplogroups (HH) HHA-HHG*2 (22).

*Frequency > 0, but < 0.5%.

been absent or if its frequency varied within and between
populations. By using the frequency of the risk factor in a
population, the attributable fraction (4F) can be computed as
(29, 30): AF = f(R — 1) + [1 + f(R — 1)], where f is the
frequency of the risk factor in the population and R is the
measure of relative risk/hazard (or odds ratios).

Thus, in host genotype-HIV-1 transmission/disease phenotype
epidemiological studies, the AF of a given haplotype pair is related
to its prevalence within a population as well as the magnitude of its
influence on transmission or disease progression expressed as odds
ratios or relative risk/hazard. In this context, the striking popula-
tion-level differences in the distribution of transmission- and dis-
ease-modifying RANTES or MIP-1a haplotypes/haplotype pairs

European Origin
EG2

African: Pygmy

African: Non-Pygmy African American

Asian: Non-Indian

Asian: Indian

Fig. 4. Pie charts depicting the contrasting distribution of CCR5 haplotype
pairs in African Pygmies, non-Pygmy Aficans, African Americans (HIV+ and
HIV—), Europeans (HIV+ and HIV—; combined data from European Americans
and non-American Europeans), Hispanic Americans, Argentineans (HIV+ and
HIV— children exposed perinatally to HIV; ref. 19), non-Indian Asians, and
Asian Indians. The composition of each of the populations shown is in Table
3. The pie charts depict the frequencies of the most prevalent haplotype pairs
that together account for 75% of the population studied. Thus, for example,
the frequencies of six haplotype pairs in Asian Indians (C/E, C/C, A/E, A/C,
C/F*2, and E/E) together account for 75% of all CCR5 haplotype pairs in this
population. The color codes for the haplotype pairs common to individuals of
both non-African and African origin are shown to the right of the figure. A
pie-slice that is not colored denotes a haplotype pair that is unique to the
population indicated with respect to its prevalence among those haplotype
pairs that together account for 75% of the population indicated. For example,
the haplotype pair HHE/HHG*2 is one of the eight haplotype pairs that
together comprise 75% of the European population studied, but it is not
among the common haplotype pairs found in other populations. The detailed
analysis of the haplotype pairs found in each of these populations is shown in
Table 8, which is published as supplemental data. **, denotes that several
haplotype pairs had the identical prevalence in the population studied; their
identities are not listed, but can be derived from Table 8.
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indicates that their attributable risks are not uniformly distributed
among different populations. For example, the disease-modifying
effects associated with the RANTES AG haplotype are confined to
populations of the Far East, such as the Japanese (Fig. 1; ref. 27).
Similarly, the transmission- and disease-modifying effects associ-
ated with the MIP-Ia CC/TT and CT/CT haplotype pairs are
restricted to African and European Americans, respectively. By
using the transmission-modifying effects associated with the
MIP-1a CC/TT haplotype pair as an example, and assuming that
the associated effects (odds ratios) are similar in African and
European Americans, one can estimate the AF of this haplotype
pair (f = haplotype pair frequency) in preventing transmission in
these two populations. The AF for the MIP-1ae CC/TT haplotype
pair in providing protection to African Americans is about 7.8%,
whereas in European Americans it is <0.1%, a 71-fold difference.

The highly varied distribution of CCR5 haplotypes/haplotype
pairs among populations (Table 2) further highlights that the AF
of these genetic factors will vary significantly from population to
population. Assuming that homozygosity for HHG*2, (i.e.,
CCR5-A32-containing haplotype) is associated with complete
protection, and that its prevalence is ~1% in European popu-
lations, its AF in providing protection to this population is 1%,
whereas its extremely low prevalence in African populations
precludes precise estimates of the AF. Conversely, because HHD
is African-specific (18), the AF of HHD/HHD in the occurrence
of HIV-1 mother-to-child transmission is restricted to this
population (14). Similarly, although HHE/HHE is associated
with increased risk for mother-to-child transmission, and an
accelerated disease course in infected European Americans and
Argentinean children (Tables 9 and 10, which are published as
supplemental data; refs. 18 and 19), the prevalence of HHE/
HHE is significantly higher in non-African populations. Thus,
even if one assumed that the phenotypic effects associated with
HHE/HHE are equal among all populations, its AF is not.

Collectively, these observations and the findings of our pre-
vious work and those of other investigators permit two major
conclusions. First, an individual’s HIV-1 susceptibility and clin-
ical outcome is likely to be determined by the collective effects
(and possibly interactions) of at least several loci. However, the
effects of haplotype pairs at several different loci can converge
to produce a similar phenotype. For example, in European
Americans each of the haplotype pairs CCR5 HHE/HHE,
RANTES AC/AC, and MIP-1a CT/CT are associated with an
accelerated disease course. Conversely, haplotype pairs of the
same gene may produce different phenotypes in distinct popu-
lations. For example, the haplotype pairs RANTES AC/AC or
MIP-1a CT/CT influence clinical outcome in HI V-seropositive
European Americans, but not African Americans.

Second, varied distribution of transmission- and disease-
modifying CCRS-ligand haplotypes in populations and their
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population-specific associations suggests that variation in these
genes serves as an important biological determinant of interin-
dividual risks of susceptibility, and the epidemiology of HIV-1
infection. These population-level differences could lead to the
heterogeneous manner in which populations respond and adapt
to the spread of HIV-1.

These findings also have important implications for studies
designed to test vaccines or therapeutic agents. For example,
although countries in sub-Saharan Africa and Asia (e.g., Thai-
land) may well prove to be suitable populations for vaccine trials,
the distribution of genetic variation in CCR5 and RANTES in
these and other populations is extremely heterogeneous. Thus,
the efficacy of a single vaccine candidate used in a trial against
a predominant viral strain may differ among populations, in part
because of the varied distributions of transmission- and/or
disease-modifying haplotypes of CCR5 and its ligands. Account-
ing for these interpopulation genetic differences either by strat-
ifying study populations by their genetic risk or controlling for
this variation in the statistical analysis of the efficacy data may
be necessary. Failure to consider these effects may potentially
undermine the validity of a result in a specific ethnic group by
either masking a positive result or overlooking a negative result.
For example, a vaccine could appear to be effective in a
population because it has a high prevalence of protective hap-
lotype pairs compared with the control population, thus attrib-
uting efficacy to an intervention that actually represents a
preponderance of a protective haplotype pair in one study arm.

This study also has important implications for genotype—
phenotype studies. Because genetic variation at susceptibility loci
can be unevenly distributed among populations, it is emphasized
that when comparing the associated phenotypic effects in individ-
uals who possess a given genotype versus those that lack it, this latter
control group in statistical analysis is not identical among different
populations. For example, HHA/HHF*2 (ancestral haplotype
paired with the CCR2-64I-containing haplotype) is the most com-
mon haplotype pair found in Africans (Fig. 4), and in our cohort is
associated with disease retardation in African Americans (18). In
contrast, HHA/HHF*2 is rare in European Americans (Fig. 4 and
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Table 8), and neither HHA nor HHF*2 were associated with
phenotypic effects in the HIV-seropositive European American
population that we studied (17, 18). Thus, the results of genotype—
phenotype studies are likely to be highly dependent on the overall
genetic context of the population studied.

It is possible that, similar to the evolutionary pressure of
malaria on the human genome (30), HI'V-1 might also drive the
evolution of their hosts, especially in view of the fact that HIV-1
is infecting a relatively naive host. Thus, as we watch the
consequences of the HIV-1 epidemic unfold, this infection may
shape the genetic architecture of the most heavily afflicted
populations (e.g., selection of the phenotype reflected by HIV—
children born to HIV+ mothers).

From a public health perspective, the insights from our studies
highlight the importance of considering the genetic heteroge-
neity within and among populations in the design and evaluation
of HIV-1 intervention and prevention strategies. The impor-
tance of considering this genetic heterogeneity in vaccine trials
is illustrated further by evidence suggesting an important role for
chemokine production in response to HI'V vaccines (reviewed in
ref. 23), and the general concept that genetic variation can
influence vaccine responsiveness (31).

Note Added in Proof. While this paper was in review, McDermott et al.
also showed that RANTES haplotypes can influence HIV transmission
and rate of disease progression in a U.S.-based cohort (32).
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