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S U P P L E M E N T A R T I C L E

Influence of Host Genetic Variation on Susceptibility
to HIV Type 1 Infection

Richard A. Kaslow,1,2,3 Tevfik Dorak,1 and James (Jianming) Tang2,3

Departments of 1Epidemiology, 2Medicine, and 3Microbiology, University of Alabama at Birmingham

For this review of genetic susceptibility to human immunodeficiency virus type 1 infection, far more infor-
mation was available on factors involved in acquisition of the virus by an uninfected “recipient” than on
propagation by the infected “donor.” Genetic variation presumably alters transmission from an infected host
primarily by regulating the replication of virus and the concentration of particles circulating in blood and
mucosal secretions of the potential donor. Thus, the effects of host genetic variation on transmission are
inextricably bound to the well-established and powerful effects on virus load at different stages of infection.
Teasing apart the effects in both donors and recipients has been and will continue to be quite difficult.

As a prelude to the discussion of host genetic deter-

minants of susceptibility to HIV-1 infection, we briefly

enumerate the nongenetic factors involved and the ma-

jor issues that arise in designing and analyzing research

on genetic variation. Subsequent sections emphasize the

importance of evaluating genetically mediated predis-

position to infection in the context of genetic influences

on clinical responses in individuals who are already

infected. Similarities and differences between these 2

types of effects may help distinguish between those fac-

tors more involved in initial viral penetration, those

more involved in long-term host adaptation to estab-

lished infection, and those equally important to both

processes.

NONGENETIC INFLUENCES
ON TRANSMISSION AND ACQUISITION

Biological factors. Viral and host biological charac-

teristics are strong predictors of both transmission and

acquisition of HIV-1 [1–3]. The infectivity of HIV-1 in

a potential “donor” may differ from that in another

because of differences in virus subtypes and the set of
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virus quasi species that are more or less well adapted

to the biological individuality of that donor. The en-

velope glycoprotein of HIV-1 is one major factor gov-

erning its in vitro tropism for certain host cell types

[4], and differences in such properties as size, shape,

and net charge of certain envelope motifs could alter

the capacity of the virus to penetrate host cells. The

duration of infection and the effectiveness of the im-

mune response in the donor further dictate qualitative

and quantitative characteristics of virus replication and

the capacity to spread to susceptible “recipients.” In

general, virus load during the acute and latter stages of

infection is higher than during the long middle (“la-

tent”) period, and higher donor virus load at those

stages presumably increases the likelihood of transmis-

sion to a naive host. Another critical factor is the con-

dition of immune activation in both donors and re-

cipients, especially in areas of close contact; the absence

of circumcision, ulceration, and other causes of mu-

cosal disruption presumably increases access to or ac-

tivates cells targeted by HIV-1 [5, 6]. The age of the

recipient may be a surrogate for maturation or senes-

cence in the host cellular immune processes involved in

defending against viral penetration and integration [7].

Infection with herpes simplex viruses and, perhaps, other

viral and bacterial agents may facilitate propagation of

HIV-1 by activating cells or otherwise promoting virus

replication and shedding [8–10]. Undoubtedly, other re-

cipient immune defense mechanisms that can modulate

the risk of infection are still undiscovered.
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Behavioral factors. Various behaviors determine the nature

and intensity of the physical contact of virus-containing donor

cells or secretions with tissues of the susceptible recipient. The

route, nature, and frequency of potential exposure to the donor

may affect the likelihood of transmission, but research aimed

at separating the mode of transmission from other biological

and behavioral factors can be especially difficult. Measures that

counteract risk-enhancing behavior vary in their efficacy and

in the degree of adherence achieved. Consistently used physical

barriers (e.g., condoms) are the most widely evaluated and

promoted means of prevention of sexual transmission [6, 11].

Locally applied chemical agents (e.g., virucides) have been re-

ceiving wide attention, but proof of effectiveness is still needed

[12]. Antiretroviral treatment can decrease transmission by dra-

matically reducing virus load in potential donors, if behavioral

lapses do not negate the pharmacotherapeutic benefit. Any

combination of these factors could obscure the role of genetic

variation in acquisition of infection and must be considered in

the development, execution, and evaluation of immunogenetic

research.

DESIGN AND ANALYTICAL ISSUES

The ideal investigation of genetic determinants of infection

would include enough information about the aforementioned

nongenetic factors to account and adjust for differences in dis-

tribution between the groups selected for comparison. In reality,

research on genetic variation in both transmission and acqui-

sition is seldom able to include the detail needed for such

analytical precision. By definition, the subjects at highest risk

(commercial sex workers, men who have sex with men, and

injection drug users) have multiple contacts, of whom few, if

any, would ordinarily be available to the study. Analyses usually

have compared susceptible subjects, who often, but not always,

are highly exposed, persistently seronegative (HEPS) individ-

uals, with either subjects whose infection is of unknown du-

ration or those with incident seroconversion. For these groups,

whether the documentation of risk levels is comparable is dif-

ficult to determine, especially when the risk characteristics of

donors are unavailable for analysis.

In contrast, although more difficult to undertake and main-

tain, studies of heterosexual or homosexual partnerships (i.e.,

a single infected partner plus a single uninfected partner) have

distinct advantages in settings where relatively high serocon-

version rates reflect sufficiently intense exposure. The advan-

tages of studies of such partnerships include the lower likeli-

hood of ethnic heterogeneity, the ease of retrospective and

prospective time-dependent assessment of donor and recipient

risk, and the ability to determine whether viral isolates from

recipients match those from donors (and other viral charac-

teristics) [2, 13]. However, recall bias among infected or un-

infected partners and difficulty in following up with couples

are potential threats to validity.

Inquiry into host genetic determinants of HIV-1 infection is

at an early stage, with other potentially relevant genes yet to

be discovered and examined [14]. When no specific hypothesis

is under evaluation, numerous (often partially correlated) var-

iables are exhaustively sifted for relationships. Associations aris-

ing from the multiplicity of comparisons invariably raise doubt

about type I error. Investigators are often encouraged or com-

pelled to “correct” estimates of statistical significance for the

number of putatively tested variants. However, the number of

tests actually performed is rarely equivalent to the number

implied by the tabulated data, and treatment of all associations

as equally unlikely and independent of each other also over-

simplifies the analysis. This ostensibly conservative maneuver

produces an assessment that is “safe” but also counter to the

exploratory nature of many studies. Replication in separate

populations, preferably by different investigators, is the most

reliable approach to validating preliminary work, but second

populations of similar size and composition often are not read-

ily available. Other major considerations in the interpretation

relationships among highly polymorphic markers (e.g., HLA

genes) include measurement of frequency by chromosome or

by individual, codominance, linkage disequilibrium, and intra-

and intergenic (epistatic) interaction. Analytical tactics for cop-

ing with these phenomena are beyond the scope of this review.

GENETIC VARIATIONS WITH REPLICATED
EFFECTS ON SUSCEPTIBILITY

Specific genetic polymorphisms associated with susceptibility

to HIV-1 infection are, in our judgment, sufficiently strong and

certain to merit highlighting (table 1). We accepted the effect

of a genetic variant when the association was observed, by 2

independent investigative teams using established genotyping

methods, in populations with at least 100 outcome events (e.g.,

seroconversion) and when the polymorphism is known to oc-

cur at a frequency of 11% of a major ethnic group. References

have been selected accordingly. The same findings may not be

universal for persons of all ages and ethnic backgrounds, for

both sexes, or for every mode of transmission; however, very

few instances were found in which study results, to date, would

permit definitive comparisons of these variables.

By focusing on findings reproduced in at least 2 independent

studies, we have highlighted and summarized information (table

1) for genetic polymorphisms that have been examined thor-

oughly enough to warrant comment about their role in suscep-

tibility to HIV-1 infection. Our particular attention to genetic

markers with known effects on the HIV-1 disease process in-

creases the likelihood that they predict important but less thor-

oughly studied similarities or differences in susceptibility.
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Table 1. Associations between human gene polymorphisms and susceptibility to HIV-1 infection.

Gene, marker or variant, transmission mode(s) Ethnicity of subjects (location)

Predominant
HIV-1

subtype Effect on risk
Selected

references

CCR5
D32 (HHG*2) (homozygous and heterozygous)a

MSM, IDU, heterosexual, and Tx White (multiple) B Decrease [15–22]
MTC White (multiple) B None

Promoter HHE (homozygous), P1/P1b

MSM, IDU, heterosexual White, African American (United States) B [16, 23, 24]
MSM White, African American (United States) B Increase
MTC White (Argentina)c B

HLA
Concordance at HLA class I loci or at HLA-B

MTC African (Kenya) A [25–28]
Heterosexual White (United Kingdom) B Increase
MTC African American (United States) B
Heterosexual Zambian C

A2/6802 and A0205/6802d

MTC African (Kenya) A Decrease [29, 30]
MSM White (United States) B

NOTE. Information is given for identical or biologically equivalent markers found to be associated with susceptibility to HIV-1 infection, by the same or different
routes, in at least 2 independently reported studies of any ethnic group. IDU, injection drug use; MSM, men who have sex with men; MTC, mother-to-child; Tx,
transfusion of blood product.

a The D32 variant (HHG*2) is a 32-bp deletion in the region coding for a portion of a transmembrane domain of the receptor. Homozygous subjects showed
nearly complete protection, and heterozygous subjects showed slight protection.

b CCR5 haplotype nomenclature follows [23]. The homozygous human haplogroup or haplotype E (HHE) is a subset of the homozygous P1/P1 haplotype.
c Includes both those treated and those not treated with zidovudine.
d Designations are for HLA-A supertype, rather than alleles. Although associated markers were not identical in the 2 studies, comparable effects have been

inferred.

Chemokine Receptor/Ligand System

Many types of inflammatory and immunoregulatory cells are

strongly influenced by the interplay between secreted chemo-

kines and receptors expressed on their surfaces. The functions

of these receptors and ligands have received intense scrutiny

because of their fundamental role in immunity in general and

in cell penetration by HIV-1 in particular. Even though they

are complex, passing familiarity with the biology of and the

terminology for these receptors and ligands is necessary to un-

derstanding the role of the genes that govern their production.

Thus far, 2 receptor/ligand families have been found to be

most prominent in HIV-1 infection (reviewed in [31–33]).

Members of the C-C chemokine receptor (CCR) family, such

as CCR2 and CCR5, are bound by CC-motif chemokine ligands

(CCLs), including RANTES, macrophage inflammatory protein

(MIP)–1a, MIP-1b, monocyte chemotactic proteins, and oth-

ers. Members of the C-X-C receptor (CXCR) family, such as

CXCR4, are bound by ligands such as CXCL12, which encodes

stromal cell–derived factor–1 (SDF-1).

The intricate role of these molecules in HIV-1 infection [34–

36] was recognized more clearly when uninfected persons ca-

pable of suppressing replication of macrophage-tropic HIV-1

were found to have increased levels of RANTES, MIP-1a, and

MIP-1b [37–40]. These chemokines are thought to diminish

virus propagation by competing with HIV-1 for its principal

receptor or, less directly, by regulating receptor expression.

Macrophage-tropic forms of HIV-1 that compete with CCLs

mainly for CCR5 binding sites on macrophages have been des-

ignated “R5 viruses,” whereas T cell–tropic forms that compete

with SDF-1 for the receptor CXCR4 have been designated “X4

viruses” [41]. Some viral isolates show tropism for both types

of cells [4, 41, 42].

In the process of transmission and during the initial stages

of HIV-1 infection, the non–syncytium-inducing, usually R5,

phenotype in the virus population uses CCR5 as the preferred

coreceptor [15, 43–46]. Although CXCR4-using X4 viruses also

are present early during the course of infection, they are be-

lieved to dominate later. They are transmissible from infected

to uninfected individuals but, for reasons not yet clear, seldom

account for new infections. Additional detail on these aspects

can be found in previous reviews [47, 48].

Considerable attention has been given to variation in the

CCR and CXCR genes, which are distributed mostly along chro-

mosomes 2 and 3 [49–54]. The 2 CCLs that, thus far, have

been found to be most relevant to susceptibility are MIP-1a

and RANTES, which are encoded by genes on chromosomes

4 and 17 (in particular, CCL3[SCYA3] and CCL5[SCYA5], re-

spectively) [55–61]. The CXCL12 gene on chromosome 10 en-
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codes SDF-1. Despite clear recognition of the clinical and ep-

idemiological impact of the more common inherited sequence

variations (i.e., polymorphisms) in these genes, the mechanistic

effects of their altered formation, production, and function have

not been fully elucidated [62–64].

CCR2 and CCR5 variants. Variation in the genes for these

2 adjacent members of the CCR family has been the most

thoroughly studied. In assessing the studies, however, the reader

should be alert to the multiplicity of genes and variants and

the earlier use of several different designations, which may have

accentuated certain reported effects or obscured others. Recent

approaches to simplification of typing and standardization of

nomenclature should improve the interpretation of population

research on the influence of these genes and variants in HIV-

1 infection [16, 23, 31, 65].

Variations in the promoter and coding regions of CCR5 have

been found to alter the ease of HIV-1 acquisition in several

populations. Most attention has been given to the 32-bp de-

letion (D32) in the region coding for a portion of 1 trans-

membrane domain of the receptor; this deletion occurs at an

allele frequency of ∼9% and a carriage frequency of 15%–18%,

among white European individuals, but the frequencies in other

major racial groups are negligible [17, 23, 66]. Several well-

designed and well-executed studies and numerous case reports

have now confirmed virtually complete protection against ho-

mosexual and heterosexual transmission of HIV-1 infection in

persons carrying 2 copies of the deletion [15, 17–21]. Although

infection with X4 viruses that do not require CCR5 for pen-

etration has been reported for several individuals homozygous

for CCR5 D32, the nearly complete protection of homozygous

individuals is quite striking, compared with that of individuals

carrying 2 intact copies of CCR5. The impact at the population

level is far less dramatic, however, because only 1%–2% of the

white population and virtually none of other racial groups are

homozygous. On the other hand, these studies have demon-

strated that the absence of the receptor is quite compatible with

apparently normal health and have suggested intervention strat-

egies for infected persons and perhaps for uninfected persons.

A single copy of D32 usually confers modest protection

against virus replication and development of disease, as has

been measured in cohort studies of seroconversion in white

homosexual individuals and others [16–18, 23, 67]. At hazard

ratios ranging from 0.5 to 0.8, the effect on disease is not always

strong and may be less consistent in different risk groups or

at different stages of infection [21, 68–70]. In the Multicenter

AIDS Cohort Study (MACS), comparisons of HEPS individuals

with individuals who seroconverted [16], as well as analysis of

horizontal and vertical transmission in other populations [22,

71–73], have documented more-subtle degrees of protection

against initial HIV-1 infection among individuals heterozygous

for D32. Not surprisingly, with smaller populations and with

groups of subjects less well selected in terms of exposure, de-

tection of this relationship has been even more difficult.

In CCR2, a valine-to-isoleucine (I) mutation at position 64 in

the coding region has been associated with favorable prognosis,

among heterozygous HIV-1–infected individuals [16, 67, 74–76].

The effect appeared to be even stronger in conjunction with the

D32 variant, among the small fraction of white individuals who

carried both variants [16, 67]. Although some variation in the

lineage containing the 64I substitution does seem to delay de-

terioration among some infected patients, the effect has been

somewhat inconsistent between white patients and those of Af-

rican descent in particular [23, 75, 77]. The role of the CCR2

single-nucleotide polymorphism (SNP) in preventing infection

also is somewhat ambiguous. A protective effect of the 64I-bear-

ing genotypes, comparable to that seen for disease progression,

has been observed for perinatal transmission [76], but evidence

for a role in decreased susceptibility in the context of sexual

transmission is mostly lacking [16, 21, 78].

Extensive research on polymorphisms in the CCR5 promoter

region has been highly informative. In several studies, certain

patterns of SNPs distributed along the promoter sequence ap-

pear to be involved in the occurrence of HIV-1 infection and

disease. One important set of SNPs has been found in a com-

posite haplotype called “P1” [79] and in a single subgroup of

these SNPs, designated human haplogroup or haplotype E

(HHE) [16, 23, 24, 77]. In white individuals, the homozygous

genotype (HHE/HHE) has been associated with both increased

likelihood and an accelerated course of infection, including

perinatal infection [24]. One other study of acquisition has

suggested a relationship in Thai HEPS individuals [80] that was

compatible with the primary effect of HHE in white individuals.

Homozygosity for a haplotype designated “HHD” [23], which

is found more commonly in ethnic African individuals, has

been reported to be associated with increased perinatal infection

[81] and with more-rapid progression [82], but the relationship

has not been confirmed for transmission by any other mode.

CCL5 (encoding RANTES). Recent work suggests that poly-

morphisms in CCL5 alter the likelihood and the course of in-

fection. Variations at 2 promoter SNPs (at �403 and �28) and

at 2 other downstream sites form haplotypes that differentially

modulate RANTES expression and its interference with virus

replication. Two haplotypes marked by �403A and �28C or

by one of the other shared SNPs have shown some but not

complete consistency in their disadvantage to exposed unin-

fected individuals, as well as to infected individuals [65, 83].

Conversely, the �28G variant, which is found much more fre-

quently in Asian individuals, seemed to contribute favorably

to the prognosis for infected persons, whereas carriers of 28G

showed no predisposition to infection, in Japanese populations

[84]. Further assessment of this SNP in populations of Euro-

pean and African origin will be difficult. In short, CCL5 poly-
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morphisms may be added to table 1 in the near future, but

interpretation of the findings to date is difficult in view of

differences in the extent of genetic typing and the populations

examined.

CXCL12 (encoding SDF-1). In investigations reported thus

far, the effects on disease progression of the single variant 3′A

at position 801 in the untranslated region of CXCL12, in either

the homozygous or the heterozygous state, have been less con-

sistent than those observed for the CCR and CCL polymor-

phisms [67, 85, 86]. The few studies of this variant marker of

susceptibility to infection are even more difficult to interpret:

none have definitively implicated it as a predisposing or pro-

tective factor in susceptible individuals [87, 88].

HLA and the Antigen-Presenting System

The central importance, to HIV-1 pathogenesis, of the major

histocompatibility complex (MHC) class I antigen-processing

and -presenting system is no longer in doubt [77, 89–92]. Class

I alleles differentially bind peptides, restrict generation of CD8+

cytotoxic T lymphocytes (CTLs), and govern response to viral

antigens. CTLs destroy infected cells in HIV-1–positive indi-

viduals by targeting HIV-1 peptides bound to class I molecules

on infected cells and, presumably, by establishing a dynamic

equilibrium between evolving virus and the HLA-restricted

adaptive arm of host immunity [93–98]. HLA class I molecules

also interact with NK cells through their complex set of acti-

vating and inhibiting receptors [99, 100], although NK cell

response in HIV-1 infection has been less intensively investi-

gated than CTL activity [101–104]. Thus, the HLA class I system

heavily regulates 2 crucial, intertwined mechanisms for con-

trolling the virus.

Both CTL and NK cell activity also are considered to be highly

likely to promote or impede the initial establishment of infection.

In HEPS individuals, HIV-1–specific CTL responses to viral prod-

ucts—if not to replicative virus—have been reported [105–109],

but demonstrating that the CTLs are actively protecting against

infection, rather than simply circulating in the wake of virus

exposure, has not been easy. In addition, sufficient data have not

been found for NK cell activation in seronegative individuals that

would support a prominent role for interaction with that class

I–mediated pathway as a mechanism of protection. Although the

belief that class I variation accounts for the differential likelihood

of acquiring HIV-1 infection may have been tempered by the

uncertainty about protective CTL or NK cell responses, certain

phenomena of class I polymorphism have been increasingly im-

plicated as risk modifiers.

Class I homozygosity. Although homozygosity at class I loci

has been found to be strongly associated with poor control of

and relatively rapid disease progression, in cohorts of popu-

lations of white individuals and those of African ancestry [110–

112], this lack of diversity at class I loci has not proved to be

disadvantageous for seronegative individuals susceptible to ini-

tial acquisition of infection. No disadvantage has been reported

either for the same MACS comparison groups (HEPS individ-

uals vs. those who seroconverted) that yielded relationships for

both CCR and HLA polymorphisms [16, 29] or for HIV-dis-

cordant couples in Zambia who displayed other effects of class

I polymorphism (see below).

HLA class I allele sharing. In contrast, there is intriguing

evidence that identity of HLA class I alleles between potential

virus donors and recipients increases the susceptibility of the

latter. In the absence of antiretroviral therapy, sharing of the

same alleles at class I loci (with or without sharing at class II

loci) between infected pregnant women and their infants in-

creased the likelihood of mother-to-child (MTC) transmission

[25, 26]. If verified, the phenomenon suggests increased ma-

ternal alloreactivity to and destruction of nonidentical infant

cells. Among heterosexual partners, modest efforts have been

inconsistent in reproducing an analogous effect on suscepti-

bility resulting from sexual contact [27, 108], whereas inves-

tigation of HIV-discordant, cohabiting couples in Zambia has

documented highly significant enhancement of susceptibility

associated with concordance at the HLA-B locus but not at the

HLA-A or HLA-C locus [28].

The likely increase in susceptibility in an exposed individual

who shares the same alleles at class I loci with a potential donor

may offer particularly useful biological insight. Donor-recipient

concordance at �1 class I locus may strongly favor penetration

of donor viruses or infected cells conditioned by the shared

alleles. By displaying a molecular profile resembling that of the

recipient (i.e., “self”), divergent donor viruses may partially cir-

cumvent the protection conferred on the larger proportion of

recipients who carry a distinctive allele profile (i.e., “foreign”).

Individual HLA class I alleles. Certain specific groups of

class I alleles have profound effects on the outcome of infection.

Two (HLA-B*27 and *57) have been consistently associated

with a favorable prognosis, mostly by influencing early viral

equilibration [77, 111, 113–119]. HLA-B*57 confers a favorable

effect irrespective of differences in ethnicity, virus clade, and

risk group [118–121]. These 2 consistently favorable HLA allele

groups also have promoted more-frequent CTL responses to

canarypox-HIV vaccine in uninfected volunteers [92]. Frequent

detection of immunodominant CTL responses to conserved

HIV-1 epitopes may account for the epidemiological findings

[118, 122, 123]. Similar CTL responses have been detected in

chimpanzees with analogous HLA alleles [124]. In striking con-

trast, no study of susceptibility has uncovered even moderate

protection by either of the 2 groups of class I alleles [28, 29,

125–128]. Because HLA-B*27 alleles are less frequent in most

populations and quite uncommon in individuals of African

ancestry, detection of their role, if any, in facilitating acquisition

could be difficult. For the more common HLA-B*57 alleles, the
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lack of protection against HIV-1 infection seems particularly

surprising, in view of the selectively strong CTL response gen-

erated by HIV-1 vaccine constructs administered to uninfected

individuals [92].

At the other extreme, several allele groups (the B22 sero-

group, HLA-B*35, and HLA-B*53) have been rather convinc-

ingly associated with unfavorable prognosis or higher viral RNA

levels in infected persons [77, 110, 114, 116, 129–131]. Ac-

cording to a proposed hypothesis, the often-observed deleteri-

ous effect of HLA-B*35 alleles is confined largely to HLA-

B*3502 and *3503, in which the preferred peptide motifs consist

of a proline at anchor position 2 and a nontyrosine residue at

position 9 [132]. HLA-B*53 very closely resembles these 2 alleles

in its motif preference. In contrast, the tyrosine-preferring

HLA-B*3501 may influence prognosis very little. On the other

hand, motif data for the former 2 HLA-B*35 alleles are sparse,

and studies of Zambian HIV-1 subtype C–infected subjects with

ample frequency of HLA-B*53 alleles have not supported such

a distinction [119]. Other members of the B7 supertype allele

group (e.g., HLA-B*07 and the B22 serogroup) also preferen-

tially bind motifs with a proline at position 2 but a greater

variety of residues at position 9; only the latter group also has

been clearly associated with an unfavorable outcome [116, 131].

No other single HLA-B allele has been shown to exert influence

on the course of infection at a similar magnitude and statistical

significance, and no associations between HLA-A or HLA-C

alleles and disease control have been convincingly documented.

With regard to infection, a report from the MACS has recently

demonstrated a comparable disadvantage for HLA-B*3502 and

*3503 [29], but any indication of a similar effect due to any

other HLA-B allele has not yet been found.

Although no clear prognostic effect has yet been established

for any HLA-A allele in infected persons, 1 group of HLA-A

alleles has been reported to protect against initiation of infec-

tion, in some but not all populations. An earlier indication that

members of the HLA-A2/A6802 supertype protected Kenyan

women from HIV-1 subtype A infection [126] was followed by

a report that these alleles also diminished MTC transmission,

among the infants of these women (sex workers) [30]. More

recently, the subset of alleles in the HLA-A0205/A6802 clus-

ter in the same HLA-A2/A6802 supertype was observed more

frequently among HEPS individuals than among those with

HIV-1 subtype B seroconversion, in the MACS [29]. However,

HLA-A*6802–seronegative partners among a large number of

Zambian couples discordant for HIV-1 subtype C infection

unequivocally showed, if anything, a predisposition to sero-

conversion (R.A.K., unpublished data). Whether this apparent

disparity is due primarily to virus subtype or other differences

will be important to learn. No association between any other

allele and the occurrence of infection has been consistent

enough to recognize as confirmed [80, 125–128, 133, 134].

CONCLUSION

As with disease prognosis for HIV-1–infected individuals, ev-

idence is persuasive that the risk of acquiring infection is mod-

ulated by genetic polymorphisms in the chemokine receptor/

ligand and the antigen-processing/presentation systems. Effects

of variations in other gene systems also have been suggested

(e.g., HLA-DR/DQ and IL10) [26, 135–137], and more will

undoubtedly be discovered. To date, research has established

both reassuring consistencies across populations and clear in-

consistencies due to differential distribution, by ethnicity, of

specific variants. Methodological obstacles to studying the ge-

netics of acquisition in uninfected individuals will continue to

limit the reproducibility of each new finding. However, un-

equivocal differences between the effects of markers on acqui-

sition and their effects on disease progression should yield val-

uable insight into the contributions of genetic variation to the

timing, as well as the nature, of host genetic contributions to

HIV infection and AIDS.

References

1. Quinn TC, Wawer MJ, Sewankambo N, et al. Viral load and hetero-
sexual transmission of human immunodeficiency virus type 1. Rakai
Project Study Group. N Engl J Med 2000; 342:921–9.

2. Fideli US, Allen S, Musunda R, et al. Virologic and immunologic de-
terminants of heterosexual transmission of human immunodeficiency
virus type 1 (HIV-1) in Africa. AIDS Res Hum Retroviruses 2001; 17:
901–10.

3. Hogan CM, Hammer SM. Host determinants in HIV infection and
disease. II. Genetic factors and implications for antiretroviral thera-
peutics. Ann Intern Med 2001; 134:978–96.

4. Doranz BJ, Rucker J, Yanjie Y, et al. A dual-tropic primary HIV-1
isolate that uses fusin and the b-chemokine receptors CKR-5, CKR-
2b as fusion cofactors. Cell 1996; 85:1149–58.

5. Seed J, Allen S, Mertens T, et al. Male circumcision, sexually trans-
mitted disease, and risk of HIV. J Acquir Immune Defic Syndr Hum
Retrovirol 1995; 8:83–90.

6. Royce RA, Sena A, Cates W Jr, Cohen MS. Sexual transmission of
HIV. N Engl J Med 1997; 336:1072–8.

7. Yoshikawa TT. Aging and infectious diseases: past, present, and future.
J Infect Dis 1997; 176:1053–7.

8. Margolis DM, Ostrove JM, Straus SE. HSV-1 activation of HIV-1
transcription is augmented by a cellular protein that binds near the
initiator element. Virology 1993; 192:370–4.

9. Mole L, Ripich S, Margolis D, Holodniy M. The impact of active
herpes simplex virus infection on human immunodeficiency virus
load. J Infect Dis 1997; 176:766–70.

10. Schacker T, Zeh J, Hu H, Shaughnessy M, Corey L. Changes in plasma
human immunodeficiency virus type 1 RNA associated with herpes
simplex virus reactivation and suppression. J Infect Dis 2002; 186:
1718–25.

11. Allen S, Tice J, Van De Perre P, et al. Effect of serotesting with coun-
seling on condom use and seroconversion among HIV discordant
couples in Rwanda. BMJ 1992; 304:1605–9.

12. Stone A. Microbicides: a new approach to preventing HIV and other
sexually transmitted infections. Nat Rev Drug Discov 2002; 1:977–85.

13. Trask SA, Derdeyn CA, Fideli U, et al. Molecular epidemiology of
human immunodeficiency virus type 1 transmission in a heterosexual
cohort of discordant couples in Zambia. J Virol 2002; 76:397–405.

14. Geijtenbeek TB, van Kooyk Y. DC-SIGN: a novel HIV receptor on



S74 • JID 2005:191 (Suppl 1) • Kaslow et al.

DCs that mediates HIV-1 transmission. Curr Top Microbiol Immunol
2003; 276:31–54.

15. Liu R, Paxton WA, Choe S, et al. Homozygous defect in HIV-1 co-
receptor accounts for resistance of some multiply-exposed individuals
to HIV-1 infection. Cell 1996; 86:367–77.

16. Tang J, Shelton B, Makhatadze NJ, et al. Distribution of chemokine
receptor CCR2 and CCR5 genotypes and their relative contribution to
human immunodeficiency virus type 1 (HIV-1) seroconversion, early
HIV-1 RNA concentration in plasma, and later disease progression. J
Virol 2002; 76:662–72.

17. Dean M, Carrington M, Winkler C, et al. Genetic restriction of HIV-
1 infection and progression to AIDS by a common deletion allele of
the chemokine receptor 5 structural gene. Science 1996; 273:1856–62.

18. Huang Y, Paxton WA, Wolinsky SM, et al. The role of a mutant CCR5
allele in HIV-1 transmission and disease progression. Nat Med 1996;2:
1240–3.

19. Samson M, Libert F, Doranz BJ, et al. Resistance to HIV-1 infection
in Caucasian individuals bearing mutant alleles of the CCR-5 che-
mokine receptor gene. Nature 1996; 382:722–5.

20. Zimmerman PA, Buckler-White A, Alkhatib G, et al. Inherited resis-
tance of HIV-1 conferred by an inactivating mutation in CC che-
mokine receptor 5: studies in populations with contrasting clinical
phenotypes, defined racial background, and quantified risk. Mol Med
1997; 3:23–36.

21. Lockett SF, Alonso A, Wyld R, et al. Effect of chemokine receptor
mutations on heterosexual human immunodeficiency virus trans-
mission. J Infect Dis 1999; 180:614–20.

22. Marmor M, Sheppard HW, Donnell D, et al. Homozygous and het-
erozygous CCR5-D32 genotypes are associated with resistance to HIV
infection. J Acquir Immune Defic Syndr 2001; 27:472–81.

23. Gonzalez E, Bamshad M, Sato N, et al. Race-specific HIV-1 disease
modifying effects associated with CCR5 haplotypes. Proc Natl Acad
Sci USA 1999; 96:12004–9.

24. Mangano A, Gonzalez E, Dhanda R, et al. Concordance between the
CC chemokine receptor 5 genetic determinants that alter risks of
transmission and disease progression in children exposed perinatally
to human immunodeficiency virus. J Infect Dis 2001; 183:1574–85.

25. MacDonald KS, Embree J, Njenga S, et al. Mother-child class I HLA
concordance increases perinatal human immunodeficiency virus type
1 infection. J Infect Dis 1998; 177:551–6.

26. Polycarpou A, Ntais C, Korber BT, et al. Association between maternal
and infant class I and II HLA alleles and of their concordance with
the risk of perinatal HIV type 1 transmission. AIDS Res Hum Ret-
roviruses 2002; 18:741–6.

27. Lockett SF, Robertson JR, Brettle RP, Yap PL, Middleton D, Leigh Brown
AJ. Mismatched human leukocyte antigen alleles protect against het-
erosexual HIV transmission. J Acquir Immune Defic Syndr 2001; 27:
277–80.

28. Dorak MT, Tang J, Penman-Aguilar A, et al. Transmission of HIV-1
and HLA-B allele-sharing within serodiscordant heterosexual Zam-
bian couples. Lancet 2004; 363:2137–9.

29. Liu C, Carrington M, Kaslow RA, et al. Association of polymorphisms
in human leukocyte antigen class I and transporter associated with
antigen processing genes with resistance to human immunodeficiency
virus type 1 infection. J Infect Dis 2003; 187:1404–10.

30. MacDonald KS, Embree JE, Nagelkerke NJ, et al. The HLA A2/6802
supertype is associated with reduced risk of perinatal human immu-
nodeficiency virus type 1 transmission. J Infect Dis 2001; 183:503–6.

31. Murphy PM, Baggiolini M, Charo IF, et al. International union of
pharmacology. XXII. Nomenclature for chemokine receptors. Phar-
macol Rev 2000; 52:145–76.

32. Murphy MJ. Upcoming drugs that inhibit viral entry will be a new
frontier for antiretroviral therapy. HIV Clin 2002; 14:1–3.

33. Tang J, Kaslow RA. Polymorphic chemokine receptor and ligand genes
in HIV infection. In: Bellamy R, ed. Susceptibility to infectious dis-
eases: the importance of host genetics. Cambridge: Cambridge Uni-
versity Press, 2004.

34. Margolis L. HIV: from molecular recognition to tissue pathogenesis.
FEBS Lett 1998; 433:5–8.

35. Tartakovsky B, Turner D, Vardinon N, Burke M, Yust I. Increased
intracellular accumulation of macrophage inflammatory protein 1b

and its decreased secretion correlate with advanced HIV disease. J
Acquir Immune Defic Syndr Hum Retrovirol 1999; 20:420–2.

36. Garzino-Demo A, Moss RB, Margolick JB, et al. Spontaneous and anti-
gen-induced production of HIV-inhibitory b-chemokines are associated
with AIDS-free status. Proc Natl Acad Sci USA 1999; 96:11986–91.

37. Paxton WA, Martin SR, Tse D, O’Brien TR, et al. Relative resistance
to HIV-1 infection of CD4 lymphocytes from persons who remain
uninfected despite multiple high-risk sexual exposures. Nat Med 1996;
2:412–7.

38. Paxton WA, Liu R, Kang S, et al. Reduced HIV-1 infectability of CD4+

lymphocytes from exposed-uninfected individuals: association with
low expression of CCR5 and high production of b-chemokines. Vi-
rology 1998; 244:66–73.

39. Paxton WA, Kang S, Liu R, et al. HIV-1 infectability of CD4+ lym-
phocytes with relation to b-chemokines and the CCR5 coreceptor.
Immunol Lett 1999; 66:71–5.

40. Paxton WA, Neumann AU, Kang S, et al. RANTES production from
CD4+ lymphocytes correlates with host genotype and rates of human
immunodeficiency virus type 1 disease progression. J Infect Dis 2001;
183:1678–81.

41. Berger EA, Doms RW, Fenyo EM, et al. A new classification for HIV-
1 [letter]. Nature 1998; 391:240.

42. Berger EA. HIV entry and tropism: the chemokine receptor connec-
tion. AIDS 1997; 11:S3–16.

43. Atchison RE, Gosling J, Monteclaro FS, et al. Multiple extracellular
elements of CCR5 and HIV-1 entry: dissociation from response to
chemokines. Science 1996; 274:1924–6.

44. Deng H, Liu R, Ellmeir W, et al. Identification of a major co-receptor
for primary isolates of HIV-1. Nature 1996; 381:661–6.

45. Ayehunie S, Garcia-Zepeda EA, Hoxie JA, et al. Human immuno-
deficiency virus–1 entry into purified blood dendritic cells through
CC and CXC chemokine coreceptors. Blood 1997; 90:1379–86.

46. Bjorndal A, Deng H, Jansson M, et al. Coreceptor usage of primary
human immunodeficiency virus type 1 isolates varies according to
biological phenotype. J Virol 1997; 71:7478–87.

47. D’Souza MP, Harden VA. Chemokines and HIV-1 second receptors:
confluence of two fields generates optimism in AIDS research. Nat
Med 1996; 2:1293–300.

48. Berger EA, Murphy PM, Farber JM. Chemokine receptors as HIV-1
coreceptors: roles in viral entry, tropism, and disease. Annu Rev Im-
munol 1999; 17:657–700.

49. Ahuja SK, Ozcelik T, Milatovitch A, Francke U, Murphy PM. Mo-
lecular evolution of the human interleukin-8 receptor gene cluster.
Nat Genet 1992; 2:31–6.

50. Combadiere C, Ahuja SK, Murphy PM. Cloning, chromosomal lo-
calization, and RNA expression of a human b chemokine receptor–
like gene. DNA Cell Biol 1995; 14:673–80.

51. Raport CJ, Gosling J, Schweickart VL, Gray PW, Charo IF. Molecular
cloning and functional characterization of a novel human CC che-
mokine receptor (CCR5) for RANTES, MIP-1b, and MIP-1a. J Biol
Chem 1996; 271:17161–6.

52. Samson M, Soularue P, Vassart G, Parmentier M. The genes encod-
ing the human CC-chemokine receptors CC-CKR1 to CC-CKR5
(CMKBR1-CMKBR5) are clustered in the p21.3-p24 region of chro-
mosome 3. Genomics 1996; 36:522–6.

53. Daugherty BL, Springer MS. The b-chemokine receptor genes CCR1
(CMKBR1), CCR2 (CMKBR2), and CCR3 (CMKBR3) cluster within
285 kb on human chromosome 3p21. Genomics 1997; 41:294–5.

54. Maho A, Bensimon A, Vassart G, Parmentier M. Mapping of the
CCXCR1, CX3CR1, CCBP2 and CCR9 genes to the CCR cluster
within the 3p21.3 region of the human genome. Cytogenet Cell Genet
1999; 87:265–8.

55. Rollins BJ, Morton CC, Ledbetter DH, Eddy RL Jr, Shows TB. As-



Host Genetics and Susceptibility to HIV Infection • JID 2005:191 (Suppl 1) • S75

signment of the human small inducible cytokine A2 gene, SCYA2
(encoding JE or MCP-1), to 17q11.2-12: evolutionary relatedness of
cytokines clustered at the same locus. Genomics 1991; 10:489–92.

56. Naruse K, Ueno M, Satoh T, et al. A YAC contig of the human CC
chemokine genes clustered on chromosome 17q11.2. Genomics 1996;
34:236–40.

57. Modi WS, Chen ZQ. Localization of the human CXC chemokine
subfamily on the long arm of chromosome 4 using radiation hybrids.
Genomics 1998; 47:136–9.

58. Maho A, Carter A, Bensimon A, Vassart G, Parmentier M. Physical
mapping of the CC-chemokine gene cluster on the human 17q11.2
region. Genomics 1999; 59:213–23.

59. Nomiyama H, Fukuda S, Iio M, Tanase S, Miura R, Yoshie O. Orga-
nization of the chemokine gene cluster on human chromosome 17q11.2
containing the genes for CC chemokine MPIF-1, HCC-2, HCC-1, LEC,
and RANTES. J Interferon Cytokine Res 1999; 19:227–34.

60. Erdel M, Theurl M, Meyer M, Duba HC, Utermann G, Werner-
Felmayer G. High-resolution mapping of the human 4q21 and the
mouse 5E3 SCYB chemokine cluster by fiber-fluorescence in situ hy-
bridization. Immunogenetics 2001; 53:611–5.

61. Nomiyama H, Mera A, Ohneda O, Miura R, Suda T, Yoshie O. Or-
ganization of the chemokine genes in the human and mouse major
clusters of CC and CXC chemokines: diversification between the two
species. Genes Immun 2001; 2:110–3.

62. Mummidi S, Ahuja SS, McDaniel BL, Ahuja SK. The human CC
chemokine receptor 5 (CCR5) gene: multiple transcripts with 5′-end
heterogeneity, dual promoter usage, and evidence for polymorphisms
within the regulatory regions and noncoding exons. J Biol Chem 1997;
272:30662–71.

63. Zhang YJ, Dragic T, Cao Y, et al. Use of coreceptors other than CCR5
by non–syncytium-inducing adult and pediatric isolates of human im-
munodeficiency virus type 1 is rare in vitro. J Virol 1998; 72:9337–44.

64. Mummidi S, Bamshad M, Ahuja SS, et al. Evolution of human and
non-human primate CC chemokine receptor 5 gene and mRNA:
potential roles for haplotype and mRNA diversity, differential hap-
lotype-specific transcriptional activity, and altered transcription factor
binding to polymorphic nucleotides in the pathogenesis of HIV-1 and
simian immunodeficiency virus. J Biol Chem 2000; 275:18946–61.

65. Gonzalez E, Dhanda R, Bamshad M, et al. Global survey of genetic
variation in CCR5, RANTES, and MIP-1a: impact on the epidemiology
of the HIV-1 pandemic. Proc Natl Acad Sci USA 2001; 98:5199–204.

66. Downer MV, Hodge T, Smith DK, et al. Regional variation in CCR5-
D32 gene distribution among women from the US HIV Epidemiology
Research Study (HERS). Genes Immun 2002; 3:295–8.

67. Ioannidis JP, Rosenberg PS, Goedert JJ, et al. Effects of CCR5-D32,
CCR2-64I and SDF-1 3′A alleles on HIV disease progression: an in-
ternational meta-analysis of individual-patient data. Ann Intern Med
2001; 135:782–95.

68. Wilkinson DA, Operskalski EA, Busch BP, Mosley JW, Koup RA. A 32-
bp deletion within the CCR5 locus protects against transmission of
parenterally acquired human immunodeficiency virus but does not af-
fect progression to AIDS-defining illness. J Infect Dis 1998; 178:1163–6.

69. Barber Y, Rubio C, Fernandez E, Rubio M, Fibla J. Host genetic back-
ground at CCR5 chemokine receptor and vitamin D receptor loci and
human immunodeficiency virus (HIV) type 1 disease progressionamong
HIV-seropositive injection drug users. J Infect Dis 2001; 184:1279–88.

70. Mulherin SA, O’Brien TR, Ioannidis JP, et al. Effects of CCR5-D32
and CCR2-64I alleles on HIV-1 disease progression: the protection
varies with duration of infection. AIDS 2003; 17:377–87.

71. Hoffman TL, MacGregor RR, Burger H, Mick R, Doms RW, Collman
RG. CCR5 genotypes in sexually active couples discordant for human
immunodeficiency virus type 1 infection status. J Infect Dis 1997;
176:1093–6.

72. Philpott S, Burger H, Charbonneau T, et al. CCR5 genotype and
resistance to vertical transmission of HIV-1. J Acquir Immune Defic
Syndr 1999; 21:189–93.

73. Ometto L, Bertorelle R, Mainardi M, et al. Polymorphisms in the

CCR5 promoter region influence disease progression in perinatally
human immunodeficiency virus type 1–infected children. J Infect Dis
2001; 183:814–8.

74. Smith MW, Dean M, Carrington M, et al. Contrasting genetic influ-
ence of CCR2 and CCR5 variants on HIV-1 infection and disease
progression. Science 1997; 277:959–65.

75. Anzala AO, Ball TB, Rostron T, et al. CCR2-64I allele and genotype
association with delayed AIDS progression in African women. Lancet
1998; 351:1632–3.

76. Mangano A, Kopka J, Batalla M, Bologna R, Sen L. Protective effect
of CCR2-64I and not of CCR5-D32 and SDF1-3′A in pediatric HIV-
1 infection. J Acquir Immune Defic Syndr 2000; 23:52–7.

77. Tang J, Wilson CM, Meleth S, et al. Host genetic profiles predict
virological and immunological control of HIV-1 infection in adoles-
cents. AIDS 2002; 16:2275–84.

78. Louisirirotchanakul S, Liu H, Roongpisuthipong A, et al. Genetic
analysis of HIV-1 discordant couples in Thailand: association of CCR2
64I homozygosity with HIV-1–negative status. J Acquir Immune Defic
Syndr 2002; 29:314–5.

79. Martin MP, Dean M, Smith MW, et al. Genetic acceleration of AIDS
progression by a promoter variant of CCR5. Science 1998; 282:1907–11.

80. Sriwanthana B, Hodge T, Mastro TD, et al. HIV-specific cytotoxic T
lymphocytes, HLA-A11, and chemokine-related factors may act syn-
ergistically to determine HIV resistance in CCR5 D32-negative female
sex workers in Chiang Rai, northern Thailand. AIDS Res Hum Ret-
roviruses 2001; 17:719–34.

81. Kostrikis LG, Neumann AU, Thomson B, et al. A polymorphism in
the regulatory region of the CC-chemokine receptor 5 gene influences
perinatal transmission of human immunodeficiency virus type 1 to
African-American infants. J Virol 1999; 73:10264–71.

82. John GC, Bird T, Overbaugh J, et al. CCR5 promoter polymorphisms
in a Kenyan perinatal human immunodeficiency virus type 1 cohort:
association with increased 2-year maternal mortality. J Infect Dis 2001;
184:89–92.

83. An P, Nelson GW, Wang L, et al. Modulating influence on HIV/AIDS
by interacting RANTES gene variants. Proc Natl Acad Sci USA 2002;
99:10002–7.

84. Liu HL, Chao D, Nakayama EE, et al. Polymorphism in RANTES che-
mokine promoter affects HIV-1 disease progression. Proc Natl Acad Sci
USA 1999; 96:4581–5.

85. Winkler C, Modi W, Smith MW, et al. Genetic restriction of AIDS
pathogenesis by an SDF-1 chemokine gene variant. ALIVE Study,
Hemophilia Growth and Development Study, Multicenter AIDS Co-
hort Study, Multicenter Hemophilia Cohort Study, and San Francisco
City Cohort. Science 1998; 279:389–93.

86. van Rij RP, Proersen S, Goudsmit J, Coutinho RA, Schuitemaker H.
The role of a stromal cell–derived factor-1 chemokine gene variant
in the clinical course of HIV-1 infection. AIDS 1998; 12:F85–90.

87. John GC, Rousseau C, Dong T, et al. Maternal SDF1 3′A polymor-
phism is associated with increased perinatal human immunodefi-
ciency virus type 1 transmission. J Virol 2000; 74:5736–9.

88. Wang C, Song W, Lobashevsky E, et al. Cytokine and chemokine gene
polymorphisms among ethnically diverse North Americans with HIV-
1 infection. J Acquir Immune Defic Syndr 2004; 35:446–54.

89. Kaslow RA, McNicholl JM. Genetic determinants of HIV-1 infection
and its manifestations. Proc Assoc Am Physicians 1999; 111:299–307.

90. McNicholl JM, Cuenco KT. Host genes and infectious diseases: HIV,
other pathogens, and a public health perspective. Am J Prev Med 1999;
16:141–54.

91. O’Brien SJ, Nelson GW, Winkler CA, Smith MW. Polygenic and mul-
tifactorial disease gene association in man: lessons from AIDS. Annu
Rev Genet 2000; 34:563–91.

92. Kaslow RA, Rivers CR, Tang J, et al. Polymorphisms in HLA class I
genes associated with both favorable prognosis of human immuno-
deficiency virus (HIV) type 1 infection and positive cytotoxic T-lym-
phocyte responses to ALVAC-HIV recombinant canarypox vaccines.
J Virol 2001; 75:8681–9.



S76 • JID 2005:191 (Suppl 1) • Kaslow et al.

93. Koup RA, Safrit JT, Cao Y, et al. Temporal association of cellular immune
responses with the initial control of viremia in primary human im-
munodeficiency virus type 1 syndrome. J Virol 1994; 68:4650–5.

94. Evans DT, O’Connor DH, Jing P, et al. Virus-specific cytotoxic T-
lymphocyte responses select for amino-acid variation in simian im-
munodeficiency virus Env and Nef. Nat Med 1999; 5:1270–6.

95. Goulder PJ, Brander C, Annamalai K, et al. Differential narrow fo-
cusing of immunodominant human immunodeficiency virus Gag-
specific cytotoxic T-lymphocyte responses in infected African and
Caucasoid adults and children. J Virol 2000; 74:5679–90.

96. Rinaldo C, Huang XL, Fan ZF, et al. High levels of anti–human im-
munodeficiency virus type 1 (HIV-1) memory cytotoxic T-lymphocyte
activity and low viral load are associated with lack of disease in HIV-
1–infected long-term nonprogressors. J Virol 1995; 69:5838–42.

97. Klein MR, van Baalen C, Holwerda AM, et al. Kinetics of Gag-specific
cytotoxic T lymphocyte responses during the clinical cohorts of HIV-
infection: a longitudinal analysis of rapid progressors and long-term
asymptomatics. J Exp Med 1995; 181:1365–72.

98. Borrow P, Lweicki H, Wei X, et al. Antiviral pressure exerted by HIV-
1–specific cytotoxic T lymphocytes (CTLs) during primary infection
demonstrated by rapid selection of CTL escape virus. Nat Med 1997;3:
205–11.

99. Long EO. Regulation of immune responses through inhibitory re-
ceptors. Annu Rev Immunol 1999; 17:875–904.

100. Vilches C, Parham P. KIR: diverse, rapidly evolving receptors of innate
and adaptive immunity. Annu Rev Immunol 2002; 20:217–51.

101. Cohen GB, Gandhi RT, Davis DM, et al. The selective downregulation
of class I major histocompatibility complex proteins by HIV-1 protects
HIV-infected cells from NK cells. Immunity 1999; 10:661–71.

102. Martin MP, Gao X, Lee JH, et al. Epistatic interaction between
KIR3DS1 and HLA-B delays the progression to AIDS. Nat Genet 2002;
31:429–34.

103. Galiani MD, Aguado E, Tarazona R, et al. Expression of killer inhib-
itory receptors on cytotoxic cells from HIV-1–infected individuals.
Clin Exp Immunol 1999; 115:472–6.

104. Andre P, Brunet C, Guia S, et al. Differential regulation of killer cell Ig-
like receptors and CD94 lectin-like dimers on NK and T lymphocytes
from HIV-1–infected individuals. Eur J Immunol 1999; 29:1076–85.

105. Rowland-Jones S, Nixon D, Aldhous M, et al. HIV-specific cytotoxic
T-cell activity in an HIV-exposed but uninfected infant. Lancet 1993;
341:860–1.

106. Rowland-Jones S, Sutton J, Ariyoshi K, et al. HIV-specific cytotoxic
T-cells in HIV-exposed but uninfected Gambian women. Nat Med
1995; 1:59–64.

107. Rowland-Jones SL, Dong T, Dorrell L, et al. Broadly cross-reactive
HIV-specific cytotoxic T-lymphocytes in highly-exposed persistently
seronegative donors. Immunol Lett 1999; 66:9–14.

108. Bienzle D, MacDonald KS, Smaill FM, et al. Factors contributing to
the lack of human immunodeficiency virus type 1 (HIV-1) trans-
mission in HIV-1–discordant partners. J Infect Dis 2000; 182:123–32.

109. Kaul R, Plummer FA, Kimani J, et al. HIV-1–specific mucosal CD8+

lymphocyte responses in the cervix of HIV-1–resistant prostitutes in
Nairobi. J Immunol 2000; 164:1602–11.

110. Carrington M, Nelson GW, Martin MP, et al. HLA and HIV-1: het-
erozygosity advantage and B*35-Cw*04 disadvantage. Science 1999;
283:1748–52.

111. Keet IP, Tang J, Klein MR, et al. Consistent associations of HLA class
I and class II and transporter gene products with progression of human
immunodeficiency virus–1 infection in homosexual men. J Infect Dis
1999; 180:299–309.

112. Tang J, Costello C, Keet IPM, et al. HLA class I homozygosity ac-
celerates disease progression in human immunodeficiency virus type
1 infection. AIDS Res Hum Retroviruses 1999; 15:317–24.

113. McNeil AJ, Yap PL, Gore SM, et al. Association of HLA types A1-
B8-DR3 and B27 with rapid and slow progression of HIV disease.
QJM 1996; 89:177–85.

114. Kaslow RA, Carrington M, Apple R, et al. Influence of combinations

of human major histocompatibility complex genes on the course of
HIV-1 infection. Nat Med 1996; 2:405–11.

115. Saah AJ, Hoover DR, Weng S, et al. Association of HLA profiles with
early plasma viral load, CD4+ cell count and rate of progression to AIDS
following acute HIV-1 infection. Multicenter AIDS Cohort Study. AIDS
1998; 12:2107–13.

116. Hendel H, Caillat-Zucman S, Lebuanec H, et al. New class I and II
HLA alleles strongly associated with opposite patterns of progression
to AIDS. J Immunol 1999; 162:6942–6.

117. Magierowska M, Theodorou I, Debre P, et al. Combined genotypes
of CCR5, CCR2, SDF1, and HLA genes can predict the long-term
nonprogressor status in human immunodeficiency virus–1–infected
individuals. Blood 1999; 93:936–41.

118. Migueles SA, Sabbaghian MS, Shupert WL, et al. HLA B*5701 is highly
associated with restriction of virus replication in a subgroup of HIV-
infected long term nonprogressors. Proc Natl Acad Sci USA 2000; 97:
2709–14.

119. Tang J, Tang S, Lobashevsky E, et al. Favorable and unfavorable HLA
class I alleles and haplotypes in Zambians predominantly infected
with clade C human immunodeficiency virus type 1. J Virol 2002; 76:
8276–84.

120. Costello C, Tang J, Rivers C, et al. HLA-B*5703 independently as-
sociated with slower HIV-1 disease progression in Rwandan women.
AIDS 1999; 13:1990–1.

121. Migueles SA, Laborico AC, Shupert WL, et al. HIV-specific CD8+ T
cell proliferation is coupled to perforin expression and is maintained
in nonprogressors. Nat Immunol 2002; 3:1061–8.

122. Goulder PJR, Bunce M, Krausa P, et al. Novel, cross-restricted, con-
served and immunodominant epitopes in slow progressors in HIV
infection. AIDS Res Hum Retroviruses 1996; 12:1691–8.

123. Goulder PJR, Edwards A, Phillips RE, McMichael AJ. Identification
of a novel HLA-B*2705–restricted cytotoxic T-lymphocyte epitope
within a conserved region of HIV-1 Nef. AIDS 1997; 11:536–8.

124. Balla-Jhagjhoorsingh SS, Koopman G, Mooij P, et al. Conserved CTL
epitope shared between HIV-infected human long-term survivors and
chimpanzees. J Immunol 1999; 162:2308–14.

125. Plummer FA, Ball TB, Kimani J, Fowke KR. Resistance to HIV-1
infection among highly exposed sex workers in Nairobi: what mediates
protection and why does it develop? Immunol Lett 1999; 66:27–34.

126. MacDonald KS, Fowke KR, Kimani J, et al. Influence of HLA su-
pertypes on susceptibility and resistance to human immunodeficiency
virus type 1 infection. J Infect Dis 2000; 181:1581–9.

127. Rohowsky-Kochan C, Skurnick J, Molinaro D, Louria D. HLA antigens
associated with susceptibility/resistance to HIV-1 infection. Hum Im-
munol 1998; 59:802–15.

128. Beyrer C, Artenstein AW, Rugpao S, et al. Epidemiologic and biologic
characterization of a cohort of human immunodeficiency virus type
1 highly exposed, persistently seronegative female sex workers in
northern Thailand. J Infect Dis 1999; 179:59–67.

129. Scorza Smeraldi R, Fabio G, Lazzarin A, et al. HLA-associated sus-
ceptibility to AIDS: HLA B35 is a major risk factor for Italian HIV-
infected intravenous drug addicts. Hum Immunol 1988; 22:73–9.

130. Itescu S, Mathur-Wagh U, Skovron ML, et al. HLA-B35 is associated
with accelerated progression to AIDS. J Acquir Immune Defic Syndr
1992; 5:37–45.

131. Dorak MT, Tang J, Tang S, et al. Association of HLA-B22 with in-
creased plasma HIV-1 RNA concentration and accelerated disease
progression to AIDS in Caucasian cohorts. In: Program and abstracts
of the 9th Conference on Retroviruses and Opportunistic Infections
(Seattle). Alexandria, VA: Foundation for Retrovirology and Human
Health, 2002:177.

132. Gao X, Nelson GW, Karacki P, et al. Effect of a single amino acid
change in MHC class I molecules on the rate of progression to AIDS.
N Engl J Med 2001; 344:1668–75.

133. Fabio G, Scorza R, Lazzarin A, et al. HLA-associated susceptibility to
HIV-1 infection. Clin Exp Immunol 1992; 87:20–3.



Host Genetics and Susceptibility to HIV Infection • JID 2005:191 (Suppl 1) • S77

134. Plummer FA, Fowke K, Nagelkerke NJD, et al. Evidence of resistance
to HIV among continuously exposed prostitutes in Nairobi, Kenya.
In: Program and abstracts of the IXth International Conference on
AIDS in affiliation with the IVth STD World Congress (Berlin). Vol.
1. Stockholm: International AIDS Society, 1993:23.

135. Winchester R, Chen Y, Rose S, Selby J, Borkowsky W. Major histo-
compatibility complex class II DR alleles DRB1*1501 and those en-
coding HLA-DR13 are preferentially associated with a diminution in
maternally transmitted human immunodeficiency virus 1 infection

in different ethnic groups: determination by an automated sequence-
based typing method. Proc Natl Acad Sci USA 1995; 92:12374–8.

136. Shin HD, Winkler C, Stevens JC, et al. Genetic restriction of HIV-1
pathogenesis to AIDS by promoter alleles of IL10. Proc Natl Acad Sci
USA 2000; 97:14467–72.

137. Tang J, Penman-Aguilar A, Lobashevsky E, Allen S, Kaslow RA. HLA-
DRB1 and -DQB1 alleles and haplotypes in Zambian couples and
their associations with heterosexual transmission of HIV type 1. Zam-
bia-UAB HIV Research Project. J Infect Dis 2004; 189:1696–704.


