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Background. Some individuals are readily infected with low human immunodeficiency virus type 1 (HIV-1)

exposure, whereas others appear less susceptible, suggesting that host genetics plays a role in the viral entry pathway.
The matched case-control study design with measured risk exposures provides an avenue for discovering genes
involved in susceptibility to infection.

Methods. We conducted a nested case-control study of African Americans (266 HIV-1 seroconverter cases and
532 seronegative controls from the AIDS Link to Intravenous Experience cohort), to examine the association
between 50 single-nucleotide polymorphisms (SNPs) in 9 candidate genes (CCR5, CCR2, RANTES, MIP1A, MCP2,
IL10, IFNG, MCSF, and IL2) and susceptibility to HIV-1 infection. To account for differential exposure propensities,
risk behavior self-reported during semiannual visits was used to estimate a standardized cumulative risk exposure
(SCRE). Individual SNPs were evaluated using conditional logistic-regression models, and the inferred haplotypes
were assessed in the haplotype trend regression analyses after adjusting for age and SCRE.

Results. Four SNPs (CCR2�V64I, CCR5�2459, MIP1A+954, and IL2+3896) and specific haplotypes in the
IL2 and CCR2/CCR5 regions were significantly associated with HIV-1 infection susceptibility in different genetic
models.

Conclusions. Our results suggest that genetic variants in associated host genes may play an important role in
susceptibility to HIV-1 infection.

There were 4.9 million new cases of HIV-1 infection

worldwide during 2004 alone, and ∼39.4 million people

are currently living with HIV [1]. The primary risk

factors for HIV-1 infection are unprotected sexual in-
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tercourse, sharing of syringes, and being an infant born

to an infected mother. In most cases, behavioral mod-

ification remains a foremost priority with regard to pre-

vention of infection. The importance of biological and

genetic differences between individuals in explaining dif-

ferential susceptibility to HIV-1 infection is largely un-

known. The course of HIV-1 susceptibility varies widely

even among individuals with similar risk exposure levels

[2–4]. For example, some sex workers and homosexual

men have remained uninfected despite repeatedly en-

gaging in unprotected sexual intercourse with HIV-1–

infected partners or constantly engaging in high-risk be-

havior [4–6].

A possible role of host genetics in determining sus-

ceptibility to HIV-1 exposure is also suggested by the

differential immunological responses that individuals

have during the course of infection. Population-based

genetic studies of HIV-1 infection susceptibility have

been limited, since, in many cases, the seroconversion
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time is not known and the nongenetic risk exposure data are

seldom available to evaluate disease infectivity related to host

genetics. Most studies have focused on high-risk exposed un-

infected or highly exposed but persistently seronegative indi-

viduals, such as discordant couples who have unprotected sex

[2, 7, 8] and commercial sex workers [4, 9–12]. Immunologic

and genetic studies of exposed yet uninfected individuals have

helped to elucidate protective mechanisms for HIV-1 infection

[13–15].

Previous studies have identified 14 genetic polymorphisms

that show associations with disease progression [16]. However,

apart from the HLA class I and II genes, only 4 other genes

(CCR5, IL10, RANTES, and the MCP1-MCP3-Eotaxin gene

clusters) show associations with infection in European Amer-

icans [16–21]. The most significant polymorphism associated

with HIV-1 infection is a 32-bp deletion in the coding region

of the CCR5 gene [16, 22], where homozygotes (CCR5-D32/

D32) show protection [14, 15, 23] and nearly resistance [4, 23,

24]. The frequency of CCR5-D32/D32 is essentially zero in Af-

rican Americans, and no distinct genetic polymorphisms have

been associated with HIV-1 infection in this ethnic group.

We investigated 9 genes involved in the complex pathway of

HIV-1 entry and replication, focusing on the CCR5 coreceptor,

which is predominantly used during primary infection [25–

27]. Specifically, we examined polymorphisms in CCR2, CCR5,

RANTES, MIP1A, MCP2, IL10, IFNG, MCSF, and IL2. The

natural ligands of the CCR5 coreceptor—RANTES, macro-

phage inflammatory protein 1a (MIP1-a), and monocyte che-

motactic protein 2 (MCP2)—inhibit HIV-1 entry and down-

regulate CCR5 expression [28–32]. The cytokines interleukin

(IL)–10 [33, 34] and IL-2 [35, 36] up-regulate the expression

of CCR5 in vitro and induce other cytokines that are potentially

involved in the CCR5 viral entry mechanism [37]. Macrophage

colony-stimulating factor (MCSF) [38, 39] up-regulates CCR5

expression and also enhances HIV-1 replication. Interferon

(IFN)–g [40, 41] has been shown to enhance HIV-1 transcrip-

tion but also to inhibit viral entry. Although not exhaustive,

this list of genes includes those among the major cellular par-

ticipants in primary HIV-1 infection.

We examined polymorphisms in these host genes, using a

nested case-control study within a cohort of African American

injection drug users (IDUs), to investigate the genes’ potential

roles in susceptibility to HIV-1 infection. We assessed both

individual single-nucleotide polymorphism (SNP) and haplo-

type associations with HIV-1 seroconversion in the CCR2/CCR5

region and 7 other candidate gene regions, using a conditional

logistic model framework accounting for differential risk ex-

posure. To our knowledge, this is the first study to quantify

HIV-1 risk exposure as a measurement and to explore its con-

founding effects in a controlled genetic analysis setting.

SUBJECTS, MATERIALS, AND METHODS

Subjects. AIDS Link to Intravenous Experience (ALIVE) is a

prospective cohort study of primarily African American IDUs

in Baltimore. Participants have been studied for natural history

and risk factors of HIV-1 infection and progression to AIDS.

Details of the cohort, along with materials and methods for

the genetic study design, have been described elsewhere [42–

44]. Only African American participants were included in the

present study, to avoid the confounding effects associated with

racial differences and the lack of statistical power for other

groups in addressing HIV infection within the ALIVE cohort.

This study was approved by the Committee on Human Re-

search at the Johns Hopkins Bloomberg School of Public Health

and the National Cancer Institute.

Cases and controls. A nested case-control study within the

ALIVE cohort was used to investigate genetic variants of specif-

ic candidate genes associated with HIV-1 seroconversion, after

adjusting for measured risk exposure. Cases were participants

who underwent seroconversion during clinical follow-up. The

date of HIV-1 seroconversion was estimated to be the midpoint

between the last HIV-1–seronegative test and the first docu-

mented HIV-1–seropositive test. Two controls per case (cases,

; controls, ) were randomly chosen from amongn p 266 n p 532

HIV-1–seronegative individuals and were matched according

to the duration of follow-up. Incidence density sampling [45,

46] was used to select the controls from the pool of HIV-1–

seronegative IDUs in active follow-up within a 6-month period

(�3-month window) of the seroconversion date for cases. Un-

der this scenario, 5 subjects were initially controls but later

became cases, resulting in a total sample size of 793.

SNP selection and genotyping. Fifty SNPs in the candidate

genes were identified and assessed for association with HIV-1

susceptibility (table A1 in the appendix, which is available only

in the electronic edition of the Journal). SNPs were genotyped

by Taqman assay [47], using an Applied Biosystems 7900 ge-

netic analyzer. CCR5-D32 was the only non-SNP polymor-

phism, and the variant was determined by an agarose gel sizing

assay [48].

Risk exposure assessment. The matched follow-up time

between cases and controls partially adjusts for unknown con-

founding factors; however, in addition, we quantified the cu-

mulative risk exposure on the basis of self-reported risk be-

havior and subsequently adjusted for its effect. Previously,

Nelson et al. [43] defined independent risk behavior associated

with HIV-1 seroconversion within the ALIVE cohort [43]. On

the basis of these documented risk factors, a measure of stan-

dardized cumulative risk exposure (SCRE) for each individual

was estimated. The log of the estimated relative incidence values

for each risk factor in the model were used as weights in the

summary risk measure for all visits up to the seroconversion

point for each individual, accounting for the person-time ex-
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Table 1. Demographic characteristics of the study participants.

Demographic
characteristic

Casesa

( )n p 266
Controls

( )n p 532 P

Male sex, % 74 75 .13
Age, median, years 36.1 38.5 !.0001
SCRE, median 0.63 0.49 !.0001

NOTE. Age and standardized cumulative risk exposure (SCRE) are median
values at ascertainment time that are not corrected for the matching status
of cases and controls.

a Seroconverters with a !2-year interval between the last seronegative and
first seropositive tests were considered to be cases.

posure. CREi is the cumulative risk exposure for person i and

is calculated as follows:

m n

CRE p b R t , (1)��i k kj j
jp1 kp1

where bk is the log relative incidence associated with risk var-

iable k in the seroconversion model, Rkj is the indicator for risk

behavior k at visit j (1 p yes; 0 p no), and tj is the number

of days of follow-up at visit j.

Although the CRE values within the matched trios we ex-

amined were comparable, a measure that has a uniform inter-

pretation among all individuals regardless of the differential

follow-up time—an SCRE—was deemed appropriate for the

analyses and was calculated as follows:

CREiSCRE p , (2)i TFTi

where CREi is the cumulative risk exposure (eq. [1]) and TFTi

is the total follow-up time for individual i. First, the proportions

of cases were explored in different quantile groups of the SCRE

distribution. Since the values of SCRE were based on risk fac-

tors for HIV-1 seroconversion, the proportion of cases in the

risk groups was expected to increase with incremental values

of SCRE. High, medium, and low risk levels were categorized

on the basis of the proportion of seroconverters in the SCRE

quantile groups.

Statistical analyses. Cases and controls were first com-

pared in terms of demographic and risk behavior data. x2 tests

were used to compare categorical variables (e.g., sex), whereas

the Mann-Whitney U test was used to compare continuous

variables (e.g., SCRE values and age). A relatively stringent

threshold of was used to identify redundant SNPs.2r 1 0.85

Analyses were conducted using the statistical packages SAS (ver-

sion 9.0; SAS Institute), STATA (version 7.0; STATA), and S-

Plus (version 6.0; MathSoft).

Conformity of the genotype proportions to Hardy-Weinberg

equilibrium (HWE) was examined for each polymorphism in

cases and controls. Pairwise linkage disequilibrium (LD) be-

tween SNPs at each gene was measured and viewed in the

Graphical Overview of Linkage Disequilibrium program [49],

using Lewontin’s [50] and the square of the correlation′D

coefficient, [51]. Initial exploratory analyses for differences2r

in allele frequencies and genotype distribution between the

cases and controls were performed using Fisher’s exact test.

Analyses comparing genotypes at each individual SNP between

cases and controls were performed using conditional logistic

regression. In our analyses, P values �.05 were considered to

be statistically significant, and P values between .05 and .1 were

deemed to indicate trends. Indicator variables for all genotypes

were created by using the most common genotype as the ref-

erence category. In the case of the dominant model, hetero-

zygotes and less common homozygotes were combined. Age

and the SCRE risk levels were modeled as covariates.

The expectation/maximization (EM) algorithm [52], mod-

eled after SNPHAP software (available at: http://www-gene.cimr

.cam.ac.uk/clayton/software/) using an efficient progressive-in-

sertion algorithm, was applied to estimate haplotype frequen-

cies in a combined pool of cases and controls. On the basis of

all possible haplotypes given the genotype, a haplotype matrix

of posterior probabilities for each individual was estimated, and

these probabilities were used in a haplotype trend regression

(HTR) model as independent variables [53, 54]. The HTR mod-

el has been expanded to the conditional logistic-regression

framework [46], allowing adjustment for matched case-control

status, age, and risk levels. All rare haplotypes with frequencies

!1% were collapsed into 1 haplotype group, and the most

frequent haplotypes were considered the references in the anal-

yses. Global tests were conducted to assess the significance for

the whole effect of haplotypes and individual tests for each

haplotype. Further, stepwise regression was used to obtain the

most parsimonious model. Haplotype-pair regression analysis

was further performed for the significant haplotypes. When

haplotypes were significantly associated with HIV-1 infection,

the odds ratios (ORs) and 95% confidence intervals (CIs) were

calculated. The haplotype analyses were implemented using the

S-PLUS version (MathSoft) of the HaploStats statistical pack-

age (available at: http://mayoresearch.mayo.edu/mayo/research

/biostat/schaid.cfm).

RESULTS

The case and control groups did not differ by sex, but the cases

were slightly younger than the controls (median age, 36.1 vs.

38.5 years; ) (table 1). As expected, the median SCREP ! .0001

value was higher among cases than controls (0.62 vs. 0.49; P

! .0001). SCRE values ranged from 0 to 1.86 (figure 1), and

the distribution of values for all subjects was stratified into

quintiles. The proportions of HIV-1 seroconverters (cases) in

each quantile were calculated and are informative on a relative

basis. The first and second quantiles (24% and 26% cases,
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Figure 1. Risk level stratification based on distribution of standardized cumulative risk exposure (SCRE) values. Nelson et al. [43] showed that
injection cocaine use (relative risk [RR], 1.61), homosexual activity (RR, 7.03), visiting “shooting galleries” (RR, 1.47), having any sexually transmitted
diseases (RR, 1.81), and an interaction between drug injection and heterosexual behaviors (heterosexual sex and no drug injection: RR, 1.59; heterosexual
sex and drug injection: RR, 1.77; heterosexual sex and drug injection more than once daily: RR, 3.14; no sex and drug injection less than once daily:
RR, 4.28; no sex and drug injection more than once daily: RR, 5.06) were independently associated with seroconversion in a multivariate analysis.
These estimates and measures were used to calculate SCRE values according to equations (1) and (2), from semiannual visits that queried the risk
behaviors of all participants. The length of follow-up for exposure at each visit was determined as the no. of days between each visit and the previous
one (maximum, 365 days). The first visit was considered to represent 180 days. The frequencies of SCRE values among subjects ( ) is labeledn p 798
on the left vertical axis. The SCRE distribution was divided into quintiles, and the proportion of cases (seroconverters) in each quantile was calculated
(right vertical axis). Quantiles I and II have 24% and 26% cases, respectively (low risk), quantiles III and IV have 30% and 34% cases, respectively
(medium risk), and quantile V has 49% cases (high risk).

respectively) were categorized as low risk, the third and fourth

quantiles (30% and 34% cases, respectively) were categorized

as medium risk, and the fifth quantile (49% cases) was cate-

gorized as high risk.

A graphical representation of pairwise LD for 50 SNPs in 8

gene regions among controls is shown in figure 2. The distri-

bution of alleles and genotypes in cases and controls at 41 SNPs

(9 were excluded because of low frequency or high LD) was

explored (table 2). Six (CCR2�V64I, CCR5�2459, MIP1A+954,

IL2+161, IL2+3896, and IFNG+2112) trended toward statistical

significance ( ) in both the allelic and genotypic frequencyP ! .10

analyses. Matched case-control analysis using conditional lo-

gistic regression showed the effects of particular genotypes, both

with and without (data not shown) adjustment for age and risk

measured as SCRE; 4 of these 6 SNPs showed modest effects

(figure 3). For the CCR2�V64I SNP, the adjusted OR (ORadj)

for heterozygotes was 0.69 (95% CI, 0.48–0.98), and that for

A/A homozygotes was 0.39 (95% CI, 0.10–1.50), relative to the

most common homozygotes. The rare minor-allele homozygote

at CCR2�V64I was not statistically significant, but its effect

was similar to that of the heterozygote comparison, suggesting

a dominant model (combining G/A and A/A: ORadj, 0.66 [95%

CI, 0.46–0.94]). Likewise, at CCR5�2459, the ORadj values for

heterozygotes and minor-allele homozygotes, compared with

G/G homozygotes, were 0.71 (95% CI, 0.51–0.97) and 0.62

(95% CI, 0.38–1.00), respectively, whereas, when combined, a

0.69 (95% CI, 0.50–0.95) infection-protective effect was seen.

Other candidate genes within the CCR5 infection pathway

also showed some signals of association with HIV infection.

Effects seen for the MIP1A+954 T allele suggest a recessive

model (ORadj for T/A heterozygotes, 1.10 [95% CI, 0.79–1.56];

ORadj for T/T homozygotes, 2.25 [95% CI, 1.03–12.29]) (figure

3). The support for the T/T homozygote effect is drawn from

11 individuals, and similar results are seen at the 2 highly linked

loci ( ; data not shown). None of the SNPs in RANTES2r � 0.85

or MCP2 showed any significant association with susceptibility

to HIV-1 infection. Since the genes encoding the CCR5 core-

ceptor ligands RANTES, MIP1-a, and MCP2 are localized to

a 1.8-Mb region on 17q11-12, haplotype analysis was consid-

ered for all of the SNPs in the 3 ligand genes, but no significant
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Figure 2. Linkage disequilibrium (LD) between single-nucleotide polymorphisms (SNPs) examined in 8 candidate gene regions. The physical positions
of introns, coding regions (CDS), and untranslated regions (UTRs) are illustrated for each gene region. The SNPs examined are shown in the same
order as in table 2 and the disequilibrium plots. D′ (top left triangle) and (bottom right triangle) in controls are shown for very little (blue) to modest2r
(green) to very strong (red) LD, ranging from 0 to 1.

LD was seen in this extended region (analysis not shown). For

IL2+3896, the genotypes A/� and A/A did not separately in-

dicate a significant association, compared with the common

homozygous deletion genotype, but they showed a significant

protective effect together (unadjusted OR, 0.74 [95% CI, 0.55–

0.99]; ORadj, 0.71 [95% CI, 0.52–0.97]) (figure 3).

Analysis of haplotypes (table 3) indicated that haplotypes in

the CCR2/CCR5 ( ) and IL2 ( ) regions were sig-P p .03 P p .02

nificantly associated with HIV-1 infection. In the HTR analysis,

when an additive approach was used, the CAAGAAC+ hap-

lotype in the CCR2/CCR5 region showed significant association

with HIV-1 infection in the overall model (OR, 0.71 [95% CI,

0.57–0.85]), as well as in a more parsimonious model com-

paring it with all other haplotypes (OR, 0.77 [95% CI, 0.61–

0.98]). In the analyses of the IL2 haplotypes, TGCAA (OR, 0.79

[95% CI, 0.69–0.89]) and TGT-A (OR, 0.53 [95% CI, 0.25–

0.81]) showed significant associations in the overall model. A

more parsimonious model contrasting these 2 haplotypes with

all others showed similar associations (ORs, 0.78 [95% CI, 0.71–

0.86] and 0.52 [95% CI, 0.39–0.68], respectively). The results

of the HTR analysis were consistent with the single-SNP results,

in which the SNPs in LD with the significant haplotypes were

also associated with HIV-1 infection (CCR5�2459A in LD with

the CAAGAAC+ haplotype and IL2+161A in LD with the

TGCAA haplotype).

DISCUSSION

Our study suggests that some host genes may play a role in

susceptibility to HIV-1 infection. The independent associations

of specific SNPs and haplotypes were modest but statistically

significant after age and differential risk exposure were adjusted

for (figure 3 and table 3). We observed associations between

susceptibility to HIV-1 infection and variants in the gene re-

gions of CCR2 and CCR5 that encode the coreceptors; MIP1-

a, a natural ligand of the coreceptor CCR5; and IL-2, a cytokine

involved in immune regulation that has widely been used in

therapy and vaccine trials. In contrast to previous studies that

focused on only highly exposed uninfected individuals [14, 60–

62], our study included a nested case-control design in which

we focused on seroconverters and adjusted for measured risk

behaviors in genetic analyses of HIV-1 susceptibility.

Exposure levels were measured in our study as SCRE, on the

basis of self-reported risk behavior. Humans significantly in-

fluence their level of exposure to infectious agents like HIV-1

through their behavior, and such behavior is generally difficult



Table 2. Single-locus allele and genotype frequency distributions between cases and controls.

Genotype frequency, %

Minor-allele frequency, % �/� +/� +/+

Gene, SNP NCBI ID Cases Controls P Cases Controls Cases Controls Cases Controls P

CCR2/CCR5
V64I (C/T) rs1799864 12 16 .06 1 2 21 28 78 70 .04
N260N (G/A) rs1799865 33 33 .65 11 10 45 45 45 45 .95
�2733 (A/G) rs2856758 7 6 .35 0 1 14 11 86 89 .32
�2554 (G/T) rs2734648 37 34 .10 16 11 43 45 41 44 .18
�2459 (G/A) rs1799987 38 43 .01 16 18 45 51 40 31 .03
�2086 (A/G) rs1800023 12 13 .60 1 2 21 22 78 77 .75
�1835 (C/T) rs3181036 16 18 .54 3 3 26 29 71 67 .53
D32 (+/D) rs333 2 2 .99 0 0 3 3 97 97 .86

MIP1A
+954 (C/T) rs1130371 18 15 .06 5 2 26 26 69 72 .01

MCP2
�516 (G/A) rs3138035 14 14 .45 3 2 23 22 74 76 .64
+1080 (C/A) rs3138036 7 6 .76 0 0 14 12 86 88 .73

IL10
�2507 (T/A) rs1800890 28 26 .43 6 8 44 37 50 55 .12
�598 (T/C) rs1800896 34 34 .92 17 17 51 46 32 37 .48
�14 (C/A) rs1800872 42 40 .46 11 12 48 44 41 44 .58
+1165 (C/T) rs1518111 41 40 .63 15 17 52 46 33 37 .37
+1575 (G/A) rs1554286 40 38 .46 14 16 52 45 34 39 .16
+3399 (G/A) rs3024495 4 4 .96 1 1 7 7 93 93 .86
+3948 (T/C) rs3024496 41 42 .65 16 18 51 48 33 34 .58
+4283 (A/G) rs3024498 14 13 .51 1 2 25 22 74 76 .75

RANTES
�403 (C/T) rs2107538 43 44 .54 19 18 46 51 35 30 .35
+363 (A/G) rs2280789 21 20 .52 4 4 34 33 62 64 .54
+7725 (A/T) rs3817655 41 44 .19 19 19 43 51 38 31 .08
+8812 (A/G) rs1065341 22 24 .62 4 6 36 37 60 57 .56

IL2
�338 (G/T) rs2069762 12 11 .60 2 1 17 19 80 80 .23
+161 (T/G) rs2069763 9 6 .02 1 0 16 13 83 87 .07
+1508 (C/T) rs2069772 2 3 .34 1 0 3 6 96 94 .43
+3896 (�/A) rs2069778 27 32 .06 8 11 38 43 54 46 .04
+4510 (A/G) rs2069771 5 4 .73 1 1 8 12 91 88 .40

MCSF
+3603 (A/G) rs915357 34 31 .29 12 11 44 40 44 50 .29
+4274 (G/A) rs3768484 8 9 .57 1 1 14 16 85 83 .57
+12882 (C/A) rs333970 16 19 .24 3 5 25 29 72 66 .24
+13010 (A/G) rs1058885 47 45 .43 22 20 51 48 27 32 .44
+13355 (C/A) rs3738760 39 40 .82 15 16 49 47 36 37 .88
+18450 (G/A) rs3093037 11 8 .11 1 0 19 14 80 85 .12
+19500 (C/A) rs2050462 33 37 .33 12 15 43 44 46 41 .82

IFNG
�179 (G/T) rs2069709 3 3 .45 0 0 6 5 94 95 .57
+2112 (A/G) rs2234685 18 15 .09 3 3 32 24 65 73 .06
+2477 (C/A) rs2069714 5 5 .89 0 0 10 10 90 90 .88
+3289 (G/�) rs2069733 6 5 .87 0 0 11 10 88 90 .56
+3360 (T/C) rs2069718 38 40 .35 13 16 50 49 37 35 .53
+5299 (A/G) rs2069727 20 22 .62 4 5 33 33 63 62 .58

NOTE. Several databases and sources were used to identify and select single-nucleotide polymorphisms (SNPs) within the candidate genes. SNPs in
IL2, IL10, and IFNG were identified from the genotype data for the UW-FHCRC Variation Discovery Resource [55]. The Molecular Evolutionary Genetic
Analysis program, Mega 2.0 [56], was used to create haplotype phylogeny trees from these genotype data, to generate an evolutionary perspective of the
haplotypes. SNPs (minor-allele frequency, 12%) that differentiated the haplotype lineages were selected for genotyping. Previous studies have identified
the sets of informative SNPs in the CCR2/CCR5 and promoter regions [57, 58]. Two public databases, the dbSNP database, maintained by the National
Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/projects/SNP/), and the JSNP database, maintained by the Japan Biological
Informatics Consortium (http://snp.ims.u-tokyo.ac.jp), were used to select SNPs in the RANTES, MIP1A, MCP2, and MCSF genes. The minor allele is the
second allele in the SNP column. Overall, among the 50 SNPs, there were 4 with minor-allele frequencies �2% (RANTES: rs4239253, rs2280788, and
rs1800825; CCR2/CCR5: rs1799863) and 5 that were in strong linkage disequilibrium (LD) ( ) with another SNP in the gene region (MIP1A: rs17191302r � .85
and rs1719134 in LD with rs1130371; MCP2: rs3138038 and rs3138038 in LD with rs3138036; CCR2/CCR5: rs1799988 in LD with rs1799987). The most
common genotype is represented by +/+, the heterozygous genotype by +/�, and the less common genotype by �/�.
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Figure 3. Genotypic frequencies and HIV infection adjusted odds ra-
tios (ORadj) at single-nucleotide polymorphisms (SNPs) CCR2�V64I (A),
MIP1A+954 (B), CCR5�2459 (C), and IL2+3896 (D). Adjustments in the
conditional logistic regression models were made for risk levels (also see
figure 2) and age. Common homozygotes at each SNP were used as the
reference group (frequencies not shown).

to quantify or assess. The reliability and validity of behavior

self-reported by IDUs in numerous publications [63–65], cou-

pled with relatively low rates of abstinence from risk behavior

reported at ALIVE clinical visits, suggests that these self-reports

are robust indicators of true behavior. The SCRE we estimated

from ALIVE self-reports of both injection and sexual behavior

captured varying IDU behavior over several years. In contrast,

most cross-sectional studies of IDUs [66, 67] represent a less

reliable snapshot of varying risk behavior. Given the high se-

roprevalence of HIV-1 among IDUs in Baltimore, our study

subjects are at greater risk for HIV-1 infection than are other

populations. The SCRE we developed quantifies the level of

risk for each individual and estimates the differential propensity

of risk exposure for genetic analyses.

Correcting for multiple comparisons, using methods such as

Bonferroni or false discovery rate, did not result in significant

associations with any of the SNPs or haplotypes. Given the

biological plausibility of the importance of CCR5 pathway genes

in primary HIV infection, some exploration of these results

with seems justified to guide later research on AfricanP ! .05

Americans. We did not observe any CCR5-D32/D32 homozy-

gotes in our study sample, which is not surprising, given the

rarity of the D32 allele in African Americans. We found that

individuals with the 64I allele in CCR2, a gene encoding a b

chemokine receptor, were less susceptible (dominant allele A

model) to HIV-1 infection (figure 3). The GrA polymorphism

in the coding region of the HIV-1 coreceptor CCR2 (�64I A

allele frequency, 0.098 in white individuals and 0.151 in African

Americans) causes a single amino acid change from Val to Ile

in the first transmembrane domain but does not appear to alter

the mechanism of the coreceptor [60]. This A variant has been

found to be associated with delayed HIV-1 disease progression

in several studies [60, 68–70], but no effect on HIV-1 trans-

mission has yet been reported. In vitro, an isoform of CCR2

(CCR2A) binds to CCR5 in the cytoplasm and sequesters CCR5

receptor before it reaches the cell surface [71], providing a

possible cellular mechanism underlying delayed progression to

AIDS in individuals with the 64I polymorphisms. The consis-

tency of CCR2�64I decreasing surface availability of CCR5 for

viral entry supports our association in which individuals with

these polymorphisms are less susceptible to HIV-1 infection.

We also observed that another variant in the promoter region

of CCR5, �2459A, appeared to be protective in a dominant

model. A protective effect of the �2459A allele against HIV

infection, however, seems unlikely, because it has previously

been shown to accelerate progression to AIDS [57, 72]. The

SNP showing association with infection in IL2 is in a noncoding

region, and the one in MIP1A is a synonymous SNP. Very little

is known regarding the relationship between these genes and

HIV infection, which requires further examination—for ex-

ample, the association between structural variation of MIP1A

(CCL3L1) in the number of copies and HIV-1 susceptibility

should be investigated [73].

We developed a regression-based approach to study the as-

sociation between inferred haplotype probabilities and suscep-

tibility to HIV-1 infection in a nested case-control analysis. The

primary assumptions of the method are (1) that sampling of

cases and controls is random and (2) that HWE conditions are

met when posterior probabilities of all possible haplotype pairs

are estimated [53, 54]. Unlike the methods used in previous

studies with inferred haplotypes based on the likelihood-ratio
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Table 3. Global and individual haplotype tests, based on re-
gression analysis, and the frequencies of haplotypes, estimated
using the expectation/maximization algorithm.

Gene, haplotype

Frequency, % P

Cases Controls Global Haplotype

CCR2/CCR5 a .03
CGAGGAC+ 23 24 …
CAATGAC+ 26 21 .60
CAAGAAC+b 15 19 .01
TAAGAAT+ 12 15 .51
CGATGGC+ 9 9 .13
CAGGAAC+ 5 4 .31
CAATGGC+ 3 3 .45
CAAGAAT+ 4 2 .92
CAGGAAC� 2 2 .68

IL10 .93
TTATAGTA 40 38 …
TTCCGGTA 12 13 .72
ACCCGGCG 13 12 .56
TTCCGGCA 7 9 .21
TCCCGGCA 6 8 .18
ACCCGGCA 6 6 .57
TCCCGGTA 4 4 .71
ATCCGGCA 4 4 .80
ACCCGACA 4 4 .81

RANTES .89
CAAA 56 55 …
TATG 20 23 .34
TGTA 19 19 .97

MCP2 .82
GA 78 80 …
AA 14 13 .52
GC 8 7 .92

IL2 .02
TGC-A 49 48 …
TGCAAc 27 33 .03
GGC-A 8 7 .39
TTC-G 4 6 .39
TTC-A 7 4 .31
TGT-Ac 2 3 .02

IFNG .37
GACGTA 36 36 …
GACGCG 20 22 .46
GACGCA 18 19 .16
GGCGTA 12 10 .33
GGC-TA 6 5 .20
GAAGTA 5 5 .97
TACGTA 3 3 .99

MCSF .51
AGCGAGC 29 29 …
GGAACGA 9 11 .26
GGCACGC 11 8 .05
AGCACGC 8 7 .77
AGAACGA 6 7 .84
AACACGA 5 6 .30
GGCGCAC 7 5 .14
AGCACGA 4 6 .15
AGCAAGC 4 4 .68
AGCGAGA 4 4 .65
GGCACGA 4 3 .50

NOTE. All haplotypes with frequencies !1% were collapsed into 1 group
for the analysis but are not listed in the table. All single-nucleotide polymor-
phisms in MIP1A were highly correlated, and therefore haplotype analysis was
not performed. Wald’s test was performed to test the significance of individual
haplotypes in the conditional logistic-regression model. The most common
haplotype was used as the baseline reference in the haplotype test and ad-
justed for sex and standardized cumulative risk exposure (SCRE). P values are
based on the difference between a simpler model with fewer variables and a
complex one with more variables, in which a x2 is calculated as D deviance
and D degrees of freedom.

a The relationship between these CCR2/CCR5 haplotypes and those in other
studies [58, 59] are as follows: CGAGGAC+ corresponds to HHA and to
+.P2.1.+, +.P5.1.+, +.P8.1.+, +.P9.1.+, and +.P11.w1.+; CAATGAC+ corre-
sponds to HHD and HHB and to +.P3.1.+; CAAGAAC+ corresponds to HHE
and to +.P1.1.+; TAAGAAT+ corresponds to HHF*2 and to 64I.P1.w3.+;
CGATGGC+ corresponds to HHC and to +.P4.1.+; CAGGAAC+ corresponds
to HHG*1 and to +.P1.w2.+; CAATGGC+ corresponds to HHC and to +.P4.1.+;
CAAGAAT+ corresponds to HHF*1 and to +.P1.w3.+; and CAGGAC� corre-
sponds to HHG*2 and to +.P1.w2.D32.

b Haplotype-pair analysis for CAAGAAC+/CAAGAAC+ homozygotes (OR,
0.50 [95% CI, 0.22–1.14]) and CAAGAAC+/* heterozygotes (OR, 0.82 [95%
CI, 0.36–1.88]) compared with other pairs of haplotypes were not significant.
A dominant model also was not significant (OR, 0.79 [95% CI, 0.61–1.02]) but
trended toward a protective effect.

c In the haplotype-pair analysis, both the homozygotes and heterozygotes
for TGCAA (ORs, 0.76 [95% CI, 0.49–1.18] and 0.82 [95% CI, 0.64–1.05],
respectively) and TGT-A (ORs, 0.22 [95% CI, 0.03–1.58] and 0.63 [95% CI,
0.32–1.23], respectively) were not significant. The dominant model trended
toward a protective effect both for TGCAA (OR, 0.81 [95% CI, 0.64–1.02]) and
TGT-A (OR, 0.53 [95% CI, 0.28–0.99]).

test [74, 75], our method has several advantages. First, hap-

lotype-specific association can be easily computed, along with

evaluation of individual haplotypes; second, nongenetic covar-

iates can be adjusted; and third, computation time is much

shorter than with the likelihood-based approach, especially when

heterozygotes are frequent.

Applying the new analysis method to the 8 gene regions, we

found associations between IL2 and CCR2/CCR5 haplotypes

and HIV-1 infection. Beyond studies implicating CCR5-D32

homozygosity, there have been no reports indicating associa-

tions between haplotypes in the CCR2/CCR5 region and sus-

ceptibility to infection. Some studies have shown that, among

European Americans, +.P1.+ haplotype homozygotes (table 3,

footnote “a”) have accelerated AIDS progression [57, 58]. Among

African Americans, a weak association with AIDS progression

(using a set of samples that included 164 in our analyses) was

reported in one study [72], and no association was reported

in another [58]. One might expect concordance between AIDS

progression and HIV susceptibility genes, but we observed a

protective effect for HIV-1 infection (OR, 0.71 [95% CI, 0.57–

0.85]) with the AIDS progression–accelerating +.P1.+-contain-

ing haplotype, CAAGAAC+ (table 3). Haplotypic analysis also

indicates that variants in the IL2 gene could be involved in

protection against infection. Single-SNP analyses indicated an

association with IL2+3896A that is also seen with the TGCAA

haplotype it defines; however, it missed the haplotype TGT-A,

which has a relatively low frequency. The functions of these 2

haplotypes are not known, but the importance of IL2 is clear.

IL2 has been successfully used in therapy for HIV/AIDS and
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currently has been extended to phase 3 trials [76, 77]. A de-

ficiency in IL-2 production is one of the first immunologic

defects to be described in HIV-1–infected individuals. The con-

sistency of these modest associations with both the allelic and

haplotype analysis of the CCR2/CCR5 and IL2 gene regions

awaits replication in other cohorts and studies.

Discovering the role of host genetics in susceptibility to HIV-

1 infection can provide important insights into the growing

pandemic. Comprehensive scans [78–80] of genes involved in

innate immunity and, indeed, the entire genome are possible

with the study design and samples we have developed. Human

genetic variation is known to play a role in susceptibility to

many infectious diseases, most notably malaria, schistosomiasis,

and tuberculosis [81–83]. Most previous studies have focused

on twin, adoptee, and family designs, to control for differential

exposure and the environment. However, studies of such related

individuals are difficult, since exposure to infectious agents such

as HIV-1 is frequently not similar among family members. To

address these limitations, we developed a promising case-con-

trol study that explicitly takes into account measured exposure

levels, to study the association of host genetics with HIV-1 in-

fection. On examination of polymorphic markers in 9 CCR5

pathway genes, SNPs in 4 of these genes (CCR2, CCR5, MIP1A,

and IL2) showed moderate associations with HIV-1 infection

in single-SNP and haplotype analyses. One of these SNPs

(CCR2�V64I) has a plausible biological role, limiting the avail-

ability of HIV-1 coreceptor (CCR5) in the host cells [84, 85].

Like studies of the genetics of progression to AIDS [16], our

study suggests a complex association of multiple genes with

small contributory effects to HIV-1 infection.
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