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The setpoint of viral RNA concentration (viral load [VL]) during chronic human immunodeficiency virus
type 1 (HIV-1) infection reflects a virus-host equilibration closely related to CD8� cytotoxic T-lymphocyte
(CTL) responses, which rely heavily on antigen presentation by the human major histocompatibility complex
(MHC) (i.e., HLA) class I molecules. Differences in HIV-1 VL among 259 mostly clade C virus-infected
individuals (137 females and 122 males) in the Zambia-UAB HIV Research Project (ZUHRP) were associated
with several HLA class I alleles and haplotypes. In particular, general linear model analyses revealed lower
log10 VL among those with HLA allele B*57 (P � 0.002 [without correction]) previously implicated in favorable
response and in those with HLA B*39 and A*30-Cw*03 (P � 0.002 to 0.016); the same analyses also demon-
strated higher log10 VL among individuals with A*02-Cw*16, A*23-B*14, and A*23-Cw*07 (P � 0.010 to 0.033).
These HLA effects remained strong (P � 0.0002 to 0.075) after adjustment for age, gender, and duration of
infection and persisted across three orders of VL categories (P � 0.001 to 0.084). In contrast, neither B*35 (n
� 15) nor B*53 (n � 53) showed a clear disadvantage such as that reported elsewhere for these closely related
alleles. Other HLA associations with unusually high (A*68, B*41, B*45, and Cw*16) or low (B*13, Cw*12, and
Cw*18) VL were either unstable or reflected their tight linkage respecting disequilibria with other class I va-
riants. The three consistently favorable HLA class I variants retained in multivariable models and in alter-
native analyses were present in 30.9% of subjects with the lowest (<10,000 copies per ml) and 3.1% of those
with the highest (>100,000) VL. Clear differential distribution of HLA profiles according to level of viremia
suggests important host genetic contribution to the pattern of immune control and escape during HIV-1
infection.

The specificity and diversity of human major histocompati-
bility complex (MHC) (i.e., HLA) products closely reflect the
molecular interplay in infection and autoimmunity accumu-
lated during human evolution and migration (10, 23, 25, 26, 36,
46). There is a growing consensus that specific HLA alleles and
heterozygosity at HLA class I loci can collectively exert a
strong impact on disease progression in human immunodefi-
ciency virus type 1 (HIV-1) infection (6, 8, 21, 22, 30, 31, 35, 41,
62, 63); much of the effect appears to correlate with cytotoxic
T-lymphocyte (CTL) responses directly restricted by class I
allelic products in both humans (3, 16, 18, 34, 56) and chim-

panzees (2). HLA markers associated with delayed HIV-1 dis-
ease progression may present epitopes found more frequently
in various HIV-1 proteins (45), and the two most prominent
alleles (B*27 and B*57) have been found experimentally to
induce immunodominant CTL responses to conserved HIV-1
epitopes (15, 19, 20, 44). The same favorable HLA alleles were
overrepresented in canarypox-HIV vaccine recipients with re-
peatedly detected CTL responses to certain viral proteins (32).
These findings imply that HLA typing data may be useful in
predicting the relative population coverage (58, 60) of epitope-
rich HIV vaccine constructs (9, 37, 47).

On the other hand, the impact of HLA alleles on HIV-1
disease progression can differ in magnitude and consistency by
cohort, ethnicity, and stage of chronic infection. Most of the
work to date has been performed in populations infected with
clade B viruses; information on differences by viral clade is
sparse. Our analyses of HLA and HIV-1 viral load (VL) in 259
Zambians revealed a pattern of HLA associations with unusu-
ally high or low VL that is distinct from that reported in other
populations. The findings now imply HIV-1 clade-specific dif-
ferential antigen presentation.

(Data derived from this study were presented in part [abstr.
327-w] at the 9th Conference on Retroviruses and Opportu-
nistic Infections in Seattle, Wash. [24 to 28 February 2002] and
at the 27th Annual Meeting [abstr. 217] of the American So-
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ciety for Histocompatibility and Immunogenetics in San Fran-
cisco, Calif. [13 to 17 October 2001]).

MATERIALS AND METHODS

Human subjects and HIV-1 identities. From 1,022 cohabiting couples origi-
nally enrolled in the Zambia-UAB HIV Research Project (ZUHRP), 381 indi-
viduals (from 200 couples) were available for this study between February 1994
and November 2000. The procedures for recruitment, counseling, follow-up
visits, and laboratory testing have been described elsewhere (12, 42). The 381
study subjects were classified into four categories: 108 transmitters (transmission
pair donors [TPDs]) were HIV-1 positive at enrollment and subsequently trans-
mitted virus to their heterosexual spouses or partners; 105 seroconverters (SCs)
became seropositive after enrollment; 83 nontransmitters (nontransmission pair
seropositives) were HIV-1 positive at enrollment but did not transmit virus
during follow-up; and 85 discordant pair seronegatives remained uninfected
during the entire prospective study period. A subgroup of 259 seropositive and
antiretroviral therapy-naïve individuals (103 TPDs, 91 SCs, and 65 nontransmis-
sion pair seropositives) with both genetic and virologic data were analyzed in
greater detail. HIV-1 isolates from all coupled TPDs and SCs were epidemio-
logically linked by phylogenetic analyses of HIV-1 subgenomic sequences corre-
sponding to gag, env (gp120 and gp41), and the long terminal repeat regions (12,
66) against reference sequences representing a variety of viral isolates. Consis-
tent with earlier results based on heteroduplex mobility assays (H. Sheppard et
al., unpublished data) of randomly selected isolates from Zambia, the vast ma-
jority (95%) of HIV-1 sequences derived from ZUHRP participants belonged to
subtype C, although other subtypes such as A, D, G, and J were also detected
occasionally (66).

Immunological and virological measurements. HIV-1 RNA level in plasma
was measured by the Roche Amplicor 1.0 assay (Roche Diagnostics Systems Inc.,
Branchburg, N.J.) in a laboratory certified by the Virology Quality Assurance
Program of the AIDS Clinical Trials Group. Direct comparison of four com-
mercial viral assays (the Chiron Quantiplex HIV-1 branched DNA, Roche Am-
plicor versions 1.0 and 1.5, and nucleic acid sequence-based amplification HIV-1
RNA QT assays) revealed that each of them could successfully quantify plasma
HIV-1 RNA in Zambians; the modified (new generation) Amplicor version 1.5
assay with additional primer sets targeting non-B subtype viruses showed slight
(0.3 log10 copies per ml; P � 0.05) improvement compared with the first gener-
ation Amplicor 1.0 assay (24). For categorical analyses, HIV-1 RNA levels were
stratified into three categories, �10,000 copies/mm3, 10,000 to 100,000 copies/
mm3, and �100,000 copies/mm3; increasingly high levels of viremia are strongly
predictive of HIV-1 transmission, especially from females to males (12). HIV-1
RNA level transformed to log10 was treated as a continuous variable in separate
analyses. The unavailability of measurements of CD4� T-cell levels in the ma-
jority of subjects precluded reliable analysis of corresponding levels of immuno-
deficiency in ZUHRP participants.

DNA extraction and HLA class I typing. High-molecular-weight genomic
DNA was extracted from whole blood by using the QIAamp blood kit and
protocols recommended by the manufacturer (Qiagen Inc., Valencia, Calif.). All
DNA samples were stored at 4°C in Tris-EDTA buffer (10 mM Tris-HCl [pH
8.0], 2 mM EDTA) before HLA typing. HLA class I alleles were initially typed
by PCR with sequence-specific primers in a commercial kit (Pel-Freez Clinical
Systems, Brown Deer, Wis.), which defined alleles largely to their two-digit
specificities. Individual samples with apparent homozygosity at any class I locus
and those carrying HLA-B*57 were further defined by sequencing-based typing
(SBT) using locus-specific PCR amplification (7), followed by solid-phase direct
sequencing (67) on the ALFexpress automated sequencer (Amersham Pharma-
cia Biotech Inc., Piscataway, N.J.). Automated reference-strand conformation
analyses (RSCA) (Pel-Freez Clinical Systems) were applied to resolve ambigu-
ities in PCR-sequence-specific primers and SBT. Both RSCA and SBT detected
common four-digit alleles in this cohort [J. Tang et al., abstr. 217, Hum. Immu-
nol. 62(Suppl. 1):S148, 2001].

Assignment of HLA class I haplotypes. In the absence of genetic data from
families, the apparent two-locus haplotypes were assigned after linkage disequi-
librium (LD) analyses. More specifically, �2 and likelihood ratio (LR) tests were
performed using a 2 � 2 table containing the numbers of chromosomes with
both, one without the other, or neither of the two class I alleles in question. A
significant P value (�0.01) with an LR � 2.0 was treated as indicative of positive
LD. Additionally, two-locus haplotypes were deemed fully reliable when alleles
at one or both loci remained homozygous after repeated typings that targeted
separate regions of the allele-defining sequences (63). The class I extended
haplotypes were determined by the pairwise frequency and the relative strength
(LR and P values) of two-locus haplotypes.

Statistical analyses. Allele and marker (carrier) frequencies of HLA class I
alleles and haplotypes were enumerated by direct counting. The observed and
expected HLA class I genotypes (pairs of alleles at each locus) were tested for
Hardy-Weinberg equilibrium, and the Ewens-Watterson neutrality test (11, 29,
68) was used to compare the observed and expected homozygosity frequencies.
Both �2 tests for trend in HLA distribution and general linear model (GLM)
statistics were used to assess the association of individual HLA alleles and
haplotypes (marker frequencies � 3%) with HIV-1 RNA levels. For each uni-
variate analysis, individuals carrying a specific HLA variant (marker positives)
were compared with all others without the marker. Our analyses of HLA effects
emphasized consistency, both internal (i.e., similarity between patient groups
following different statistical approaches) and external (i.e., similarity to findings
in earlier comparable studies). Univariate analyses have been reported for all
possible HLA effects on HIV-1 VL with a nominal P � 0.10, with or without
adjustments for age, sex, and membership of patient groups. In the final multi-
variable model, only HLA variants with an adjusted P � 0.05 were retained.
Statistical routines available in Statistical Analysis Software, version 8.0 (SAS
Institute, Cary, N.C.), were applied throughout these analyses. The P values
shown throughout this work were calculated without Bonferroni correction (1,
38, 52) for multiple comparisons, mainly because the multifaceted analyses (by
HLA allele, haplotype, and zygosity and by different VL categories) introduced
considerable uncertainty about the number of independent tests performed or
implied.

RESULTS

Distribution of major HLA class I variants in Zambians. At
the two-digit specificity level, PCR-based HLA typing detected
12 A, 18 B, and 11 Cw variants at a carrier frequency equal to
or higher than 3% in the entire cohort (n � 381) and in the
subset of 259 HIV-1 seropositive subjects with HIV-1 VL mea-
surements (Table 1). RSCA and SBT were able to resolve
major four (e.g., A*2301 and B*3501)- or five (e.g., B*07021
and B*57031)-digit alleles at each locus for about 20% of total
subjects. Multiple four-digit alleles within A*02, A*30, A*68,
B*14, B*15, B*39, B*44, B*58, Cw*02, Cw*06, Cw*07, and
Cw*16 coexisted in this cohort (Table 1). The 259 HIV-1
seropositives showed HLA allelic distributions similar to those
in the entire group (n � 381) (P � 0.327, 0.758, and 0.696 for
the A, B, and C loci, respectively). The distribution of HLA
genotypes (pairs of alleles at each locus; data not shown) in the
cohort and its subgroups closely fit that required for Hardy-
Weinberg equilibrium; i.e., common alleles produced common
genotypes (e.g., A*30/A*68, B*42/B*58, and B*15/B*53) and
accounted for the vast majority of the homozygotes (e.g., A*30/
A*30 and Cw*04/Cw*04).

LD analyses revealed 42 A-B, 32 B-Cw, and 41 A-Cw hap-
lotypes with an LR � 2.0 and P � 0.01. These two-locus
haplotypes produced 27 extended haplotypes (Table 2) that
collectively accounted for about 51% of the total. Most of
these haplotypes were unique to Zambians; our earlier HLA
class I typing in Caucasians (35) and Rwandans (64) detected
only eight of them. Further comparison between Zambian
HLA class I haplotypes and those in five major United States
populations (5) also showed very limited interpopulation sim-
ilarities (Table 2).

Characteristics of HIV-1 viremia in Zambians with defined
HLA class I variants. In the 259 seropositive and ambulatory
Zambians, HIV-1 VL as a categorical variable and log10 VL as
a continuous variable clearly differed by gender (P � 0.001), by
patient group (TPDs, SCs, and DPSPs) (P � 0.0001 to 0.05),
and by age (P � 0.006 to 0.007) (Table 3). The log10 VL
measurements, stratified by gender, fit the normal distribution
pattern in both females and males (P � 0.05) (Fig. 1) suffi-
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ciently well to justify the application of t tests in the GLM
procedure. Compared with Caucasian and African-American
SCs from the Multicenter AIDS Cohort Study (65), Zambian
SCs here had slightly higher (by 0.1 to 0.2 log10) VL during a
highly comparable period (i.e., within the first 42 months of
infection) when measured by the same Amplicor assay.

Differential distribution of HLA class I variants in Zambi-
ans according to HIV-1 VL categories. With the 259 subjects
divided into three categories of HIV-1 VL (12) (Table 4),
overall (global) tests of HLA class I allelic distributions re-
vealed genetic heterogeneities, mostly at the B (P � 0.022) and
C (P � 0.013) loci, but not at the A locus (P � 0.274). Indi-
vidually, 17 HLA class I allelic and haplotypic variants were
differentially distributed across the VL categories in the uni-
variate analyses without any adjustment for nongenetic factors
(P � 0.003 to 0.088), all but two of them involving at least one
B or C variant (Table 4). The number of differentially distrib-
uted HLA factors increased to 20 (P � 0.003 to 0.087) follow-
ing adjustments for age, sex, and patient group membership
that reflected differences in duration of HIV-1 infection (se-
roprevalents and SCs) and status of viral transmission (trans-
mitters and nontransmitters). HLA variants known to be in LD
accounted for many of these differences. For example, patients
with low VL (�10,000) consistently had more B*57, along with
A*30 and Cw*18 on the same extended haplotype, than did
patients with higher (�10,000 to �100,000) VL. Distribution
of Cw*18 in the absence of B*57 showed a much smaller
difference across the VL categories (P � 0.028 to 0.067). Sim-
ilarly, the effect of B*45 alone entirely explained the increasing
presence of A*02-Cw*16, B*45-Cw*16, and A*02-Cw*16-
B*45 in patients with higher VL.

Conversely, in other cases it was the HLA haplotype rather

TABLE 1. Major HLA class I allelic variants detected in Zambians

Allelic variant(s)a

All subjects
Seropositive subject

subset with HIV-1 RNA
measurements

2N � 762
Alleleb

n � 381
Carriageb

2N � 518
Alleleb

n � 259
Carriageb

Major A
A*01(01) 18 (2.4)c 16 (4.2)c 10 (1.9)c 8 (3.1)c

A*02(01,05) 91 (11.9) 86 (22.6) 54 (10.4) 51 (19.7)
A*03(01) 27 (3.5) 26 (6.8) 16 (3.1) 16 (6.2)
A*23(01) 94 (12.3) 90 (23.6) 59 (11.4) 57 (22.0)
A*29(01,02) 48 (6.3) 45 (11.8) 40 (7.7) 37 (14.3)
A*30(01,02,04) 191 (25.1) 164 (43.0) 130 (25.1) 111 (42.9)
A*33(01) 15 (2.0) 15 (3.9) 8 (1.5) 8 (3.1)
A*34(01) 20 (2.6) 20 (5.2) 11 (2.1) 11 (4.2)
A*3601 56 (7.3) 53 (13.9) 43 (8.3) 41 (15.8)
A*6601 26 (3.4) 26 (6.8) 14 (2.7) 14 (5.4)
A*68(01,02) 100 (13.1) 92 (24.1) 80 (15.4) 74 (28.6)
A*74(01,03) 50 (6.6) 47 (12.3) 33 (6.4) 31 (12.0)

Minor A 26 (3.4) 25 (6.6) 20 (3.9) 19 (7.3)

Major B
B*07(021) 50 (6.6) 47 (12.3) 33 (6.4) 32 (12.4)
B*08(01) 26 (3.4) 26 (6.8) 18 (3.5) 18 (6.9)
B*13(01) 14 (1.8) 14 (3.7) 10 (1.9) 10 (3.9)
B*14(01,02) 49 (6.4) 48 (12.6) 39 (7.5) 38 (14.7)
B*15(01,03,10,17) 123 (16.1) 110 (28.9) 73 (14.1) 65 (25.1)
B*18(01) 19 (2.5) 19 (5.0) 14 (2.7) 14 (5.4)
B*35(01) 23 (3.0) 23 (6.0) 15 (2.9) 15 (5.8)
B*39(01,02) 11 (1.4) 11 (2.9) 9 (1.7) 9 (3.5)
B*41(01) 12 (1.5) 12 (3.1) 7 (1.4) 7 (2.7)
B*42(01,02) 70 (9.2) 66 (17.3) 55 (10.6) 51 (19.7)
B*44(02,03) 38 (5.0) 36 (9.4) 26 (5.0) 24 (9.3)
B*45(01) 58 (7.6) 57 (15.0) 45 (8.7) 44 (17.0)
B*49(01) 9 (1.2) 9 (2.4) 6 (1.2) 6 (2.3)
B*51(01) 15 (2.0) 15 (3.9) 11 (2.1) 11 (4.2)
B*53(01) 77 (10.1) 74 (19.4) 56 (10.8) 53 (20.5)
B*57(031) 38 (5.0) 36 (9.4) 20 (3.9) 18 (6.9)
B*58(01,02) 84 (11.0) 79 (20.7) 48 (9.3) 46 (17.8)
B*8101 34 (4.5) 31 (8.1) 25 (4.8) 22 (8.5)

Minor B 12 (1.6) 12 (3.1) 8 (1.5) 8 (3.1)

Major Cw
Cw*02(02,03) 87 (11.4) 82 (21.5) 55 (10.6) 53 (20.5)
Cw*03(02,03,04) 53 (7.0) 49 (12.9) 36 (7.0) 34 (13.1)
Cw*04(01) 130 (17.1) 125 (32.8) 87 (16.8) 85 (32.8)
Cw*05(01) 11 (1.4) 11 (2.9) 5 (1.0) 5 (1.9)
Cw*06(02,03) 96 (12.6) 87 (22.8) 63 (12.2) 55 (21.2)
Cw*07(01,02) 113 (14.9) 107 (28.1) 80 (15.4) 76 (29.3)
Cw*08(01) 59 (7.8) 58 (15.2) 44 (8.5) 43 (16.6)
Cw*12(02,03) 9 (1.2) 9 (2.4) 8 (1.5) 8 (3.1)
Cw*16(02,01) 64 (8.4) 62 (16.3) 43 (8.3) 41 (15.8)
Cw*17(01,03) 63 (8.3) 60 (15.7) 48 (9.3) 45 (17.4)
Cw*18(01) 57 (7.5) 51 (13.4) 36 (7.0) 32 (12.4)

Minor Cw 18 (2.4) 27 (7.1) 13 (2.5) 13 (5.0)

a Those present in �3% of subjects in any patient group. Identification of fully
resolved four- or five-digit alleles (in parentheses) within each two-digit molec-
ular specificity was based on selective typing by RSCA and SBT.

b Allele refers to the number of occurrences of a selected allele divided by the
number of alleles typed on two chromosomes per subject (2N); carriage refers to
the number of subjects with a selected allele divided by the number of subjects
typed (n). For the two groups, overall P � 0.327, 0.758, and 0.696 for the A, B,
and C loci, respectively, based on Mantel-Haenszel �2 tests.

c Numbers correspond to n (%).

TABLE 2. Extended HLA class I haplotypes observed
in Zambians (n � 381)

Haplotypea Observed
frequencyb

Other ethnic group(s) in which
haplotype was detectedc

A*01-Cw*18-B*8101 0.013 None
A*02-Cw*02-B*15 0.025 None
A*02-Cw*07-B*07 0.010 AA, C, H, NAN, & RWA
A*02-Cw*16-B*45 0.020 AA & RWA
A*02-Cw*16-B*58 0.005 None
A*23-Cw*02-B*15 0.024 None
A*23-Cw*04-B*53 0.014 None
A*23-Cw*08-B*14 0.017 None
A*23-Cw*07-B*07 0.021 AA
A*23-Cw*16-B*45 0.014 None
A*30-Cw*03-B*15 0.022 RWA
A*30-Cw*04-B*53 0.037 RWA
A*30-Cw*07-B*08 0.018 None
A*30-Cw*08-B*14 0.029 None
A*30-Cw*17-B*42 0.052 AA & RWA
A*30-Cw*18-B*57031 0.026 None
A*34-Cw*04-B*44 0.010 None
A*34-Cw*02-B*15 0.013 None
A*3601-Cw*02-B*15 0.010 None
A*66-Cw*06-B*58 0.017 None
A*68-Cw*03-B*15 0.021 RWA
A*68-Cw*04-B*35 0.015 RWA
A*68-Cw*07-B*07 0.025 RWA
A*68-Cw*08-B*14 0.025 None
A*68-Cw*16-B*45 0.013 None
A*74-Cw*02-B*15 0.021 None
A*74-Cw*04-B*35 0.012 RWA

a LR � 2.0 (P � 0.01) in all pair-wise 2 � 2 contingency tables.
b Combined total � 0.517, but the actual haplotype frequency can be lower

than the observed frequency.
c Five United States populations (n � 187 to 358) (5) (AA, African-Ameri-

cans; C, Caucasians; H, Hispanics; NAN, North American natives) and Rwan-
dans (RWA; n � 279) (64).
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than its component alleles that showed differential distribution
among categories of patients with contrasting VL. For exam-
ple, A*30-Cw*03 (P � 0.005 to 0.019) and the closely related
A*30-Cw*03-B*15 (P � 0.012 to 0.039) haplotype were asso-
ciated with low VL, although neither A*30 alone (unadjusted
P � 0.73), B*15 alone (unadjusted P � 0.43), nor Cw*03 alone
(unadjusted P � 0.84) showed any appreciable differences.
Weak and marginally significant effects were detected for sev-
eral other haplotypes, including A*23-B*14 (P � 0.031 to
0.115) and A*23-Cw*07 (P � 0.023 to 0.084) (Table 4).

Univariate analyses of log10-transformed HIV-1 VL as a
continuous variable. GLM statistics (Table 5) largely sup-
ported findings based on categorical analysis. In particular, the
mean VL was consistently about 0.9 to 1.1 log10 lower in B*13
(4.04 � 1.03 log10)-, B*39 (3.89 � 0.96)-, B*57 (4.11 � 0.81)-,
and A*30-Cw*03 (4.14 � 0.74)-positive subjects than in those
who tested positive for the presence of A*02-Cw*16 (5.00 �
0.77 log10), A*23-B*14 (5.14 � 0.61), and A*23-Cw*07 (5.11 �
0.54). Two additional HLA variants, i.e., A*3601 and A*74-
B*15, had marginally significant effects (P � 0.042 to 0.088) in
the GLM analyses. Other HLA effects on mean log10 VL
remained marginally significant, either alone or as a result of
haplotypic combinations. Thus, HLA associations with various
levels of HIV-1 VL were highly consistent in both categorical
and GLM analyses.

Multivariable analyses of HIV-1 VL as a continuous vari-
able. We constructed a multivariable model which included
each HLA variant with a nominally significant effect on HIV-1
VL (Table 6), plus B*35 and B*53, which have been reported
as markers of rapid HIV-1 disease progression in other, pri-
marily Caucasian cohort studies (6, 13, 21, 30). Age, sex, and
patient group remained strong and significant (adjusted P,
0.0003 to 0.096) factors contributing to variability in HIV-1
VL. The effects of the presence of both B*35 and B*53 were
negligible (P � 0.384 to 0.603), as were the effects of A*02-
Cw*16, A*23-Cw*07, A*29-B*42, A*68, A*74, B*18, B*41,
and B*45. The strongest associations with relatively low VL
were those of A*30-Cw*03 (P � 0.014), B*13 (P � 0.035),
B*39 (P � 0.007), and B*57 (P � 0.0001), while those of
Cw*18 and no B*57 with low VL (P � 0.047) and A*23-B*14
with high VL (P � 0.064) were of borderline significance. In

the second model (Table 6), five HLA factors retained signif-
icant effects on VL: A*30-Cw*03 (P � 0.012), B*13 (P �
0.003), B*39 (P � 0.003), B*57 (P � 0.0001), and Cw*18
without B*57 (P � 0.030).

Further dissection of favorable and unfavorable HLA vari-
ants. Alternative analyses were performed to determine the
consistency of HLA associations. The three favorable and
three unfavorable HLA variants detected in earlier analyses
were consistently associated with low and high HIV-1 viremia,
respectively, in the three independent patient groups defined
by the status of HIV-1 transmission instead of viremia (data
not shown). Separate analyses of data in seropositive males
and females revealed similar consistencies (Table 7). In addi-
tion, VL was slightly higher (P � 0.076) in B*53-positive than
in B*53-negative males.

The three consistently favorable HLA markers (A*30-
Cw*03, B*39, and B*57) were found in 17 out of 55 (30.9%)
HIV-1 seropositives with VL below 10,000 (copies per millili-
ter), 17 out of 106 (16.0%) with VL between 10,000 and
100,000, and 3 out of 98 (3.1%) with VL exceeding 100,000 (P

FIG. 1. Approximately normal distribution of log10 HIV-1 RNA
concentration in Zambians with medium to high resolution of HLA
class I profiles.

TABLE 3. Plasma HIV-1 RNA concentration in Zambians, stratified by gender, patient group, and age group

Group (no.)

No. of subjects with a plasma HIV-1 RNA level
(copies per ml) of: Log10 VL

�10,000
(n � 55)

10,000–100,000
(n � 106)

�100,000
(n � 98) P value Mean � SD P value

Gender
Females (137) 40 58 39 Ref.b 4.51 � 0.76 Ref.
Males (122) 15 48 59 �0.0001 4.86 � 0.77 0.0004

Patienta

TP donors (103) 12 36 55 �0.0001 4.93 � 0.63 �0.0001
DP nontransmitters (65) 21 27 17 0.005 4.45 � 0.81 0.007
TP seroconverters (91) 22 43 26 0.055 4.54 � 0.84 0.046

Age (yr)
�40 (228) 52 97 79 Ref. 4.63 � 0.80 Ref.
�40 (31) 3 9 19 0.006 5.03 � 0.58 0.007

a P � 0.0001 (by F test) for the overall heterogeneity among the transmission pair (TP) donors, TP SCs, and discordant pair (DP) nontransmitters.
b Ref., reference category.
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� 0.0001 in all analyses) (Tables 4 and 5). VL in subjects
carrying at least one of these consistently favorable HLA vari-
ants (4.11 � 0.80) (P � 0.0001, unadjusted or adjusted) was at
least 1.0 log10 lower than VL in the remainder.

The three infrequent and consistently unfavorable HLA
variants (A*02-Cw*16, A*23-B*14, and A*23-Cw*07) associ-
ated with high VL (P � 0.05 to 0.10) were detected in 3 out of
55 (5.5%) HIV-1 seropositives with VL of �10,000 (copies per
milliliter), 15 out of 106 (14.2%) with VL between 10,000 and
100,000, and 25 out of 98 (25.5%) with VL of �100,000 (P �
0.0001 to 0.004 as a group in all analyses) (Tables 4 and 5). The
mean VL in subjects carrying at least one of these unfavorable
HLA variants (5.05 � 0.63) differed by 0.45 log10 from the
mean for the rest of the cohort (4.60 � 0.79; P � 0.001 with
or without adjustments). Thus, segregation of HLA class I
profiles in Zambians with lowest (�10,000) and highest
(�100,000) VL was mostly due to three consistently favorable
and three unfavorable alleles and haplotypes.

HLA class I homozygosity and HIV-1 viremia. At the two-
digit specificity level, homozygosity at the A (n � 40), B (n �
27), or C (n � 28) locus showed no effect on log10 VL following
standard adjustment for age, sex, and membership of patient

groups (P � 0.491, 0.7211, and 0.744, respectively). Homozy-
gosity at two (n � 9) or all three loci (n � 5) was rare in this
cohort. Neither single nor multilocus (n � 73) homozygosity
was associated with variability in VL (P � 0.359 to 0.663).

DISCUSSION

HLA class I polymorphism has been shown to be a major
determinant of early HIV-1 RNA level (27, 57) as well as of
later disease progression (6, 13, 21, 30, 41) in seropositive
Caucasian populations where clade B virus dominates. In our
analysis, the main influential HLA class I alleles and haplo-
types showed more differences than resemblances between
clade C virus-infected Zambians and clade B virus-infected
Caucasians. These differences suggest that evolution of viral
clades represents a response to the distinctive HLA class I
population profiles and that this hypothesis provides an ex-
planation for population-specific HLA-mediated effects. One
particular difference between clade C- and clade B-infected
groups is especially noteworthy. Despite the strong association
of B*35 alleles (or a subset of those) and B*53 alleles in
Caucasians and African-Americans with both rapid disease

TABLE 4. HLA variants with apparent associations with HIV-1 RNA level as a categorical variable

HLA variant or
variant statusd

Total no. of
subjects

No. of subjects with a plasma HIV-1
RNA level (copies per ml) of: P value

�10,000 (n � 55) 10,000–100,000 (n � 106) �100,000 (n � 98) Unadjusted Adjusteda

A*02-Cw*16 15 1 5 9 0.051 0.008
A*02-B*45-Cw*16 11 1 4 6 0.193 0.040

A*23-B*14 12 1 4 7 0.115 0.031
A*23-Cw*08b 12 1 5 6 0.237 0.106

A*23-Cw*08-B*14b 10 1 4 5 0.316 0.192
A*23-Cw*07 18 1 6 11 0.023 0.084

A*29-B*42 11 3 7 1 0.117 0.019
A*30-B*57 11 5 6 0 0.005 0.001

A*30-Cw*18-B*57 9 3 6 0 0.043 0.011
A*30-Cw*03 12 5 6 1 0.018 0.008

A*30-Cw*03-B*15 8 4 3 1 0.039 0.012
A*3601b 41 4 20 17 0.161 0.163
A*68 74 12 28 34 0.076 0.087
A*74-B*15b 12 4 6 2 0.116 0.142

B*13 10 4 4 2 0.116 0.129
B*18 14 0 7 7 0.088 0.060
B*39 9 6 2 1 0.003 0.012

B*39-Cw*12 8 5 2 1 0.011 0.025
B*41 7 0 2 5 0.050 0.019
B*45 44 3 19 22 0.010 0.011

B*45-Cw*16 26 1 11 14 0.017 0.020
B*57 18 8 9 1 0.001 0.001

B*57-Cw*18 15 6 9 0 0.003 0.002

Cw*12 8 5 2 1 0.011 0.025
Cw*16 41 4 17 20 0.037 0.037
Cw*18 32 14 13 5 0.0003 0.0003

Cw*18, no B*57 17 8 4 5 0.052 0.067

Consistently favorablec 37 17 17 3 �0.0001 �0.0001
Unfavorablec 43 3 15 25 0.004 0.0005

a Adjusted for age, sex, and patient group membership (TPDs, transmission pair SCs, and discordant pair seropositives).
b Became marginally significant in subsequent analyses (Table 5).
c Favorable (A*30-Cw*03, B*39, and B*57) and unfavorable (A*02-Cw*16, A*23-B*14, and A*23-Cw*07) HLA variants show consistent associations with viral RNA

levels in both categorical and general linear model statistics (Tables 4 and 5) as well as in alternative analyses based on sex or group membership (Table 7).
d Indented entry(s) represents subset(s) of preceding entry.
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progression (6, 13, 21, 30) along with elevated early HIV-1
RNA level (R. A. Kaslow et al., unpublished data), those same
alleles lacked any appreciable effect in Zambians. Although no
Zambians carried the reportedly more unfavorable B*35 sub-
types, subtle allelic heterogeneity in nucleotide sequence en-
coding residues surrounding the peptide binding groove could
not entirely explain this discrepancy, because the only Zam-
bian B*53 allele is B*5301, the one reported to account for
rapid disease progression in clade B-infected persons and to
prefer epitopes with the xPxxxxxxX motif (13). Conversely, sev-
eral class I allele (B*13 and B*39) or haplotype (A*30-Cw*03
and A*23-B*14) associations observed in Zambians have not
shown consistent effects in Caucasians, perhaps because their
low frequency would have made detection difficult or again
because relationships are clade specific. B*14, B*18, B*35, and
B*53 alleles from another native African population have been
reported to present a variety of HIV-1 epitopes for CTL re-
sponses (33); however, apparently only a subset of CTL epitopes
were differentially recognized in highly exposed seronegative
individuals showing some resistance to HIV-1 seroconversion.
Thus, the timing of specific CTL responses, along with the
presence of different competing CTLs induced by relatively
favorable and unfavorable HLA class I alleles coexisting in the
same individual, can add to the complexity of genetic effects.

Focusing attention on newly identified markers with the
most statistically significant relationships can raise concern
about potentially spurious associations generated by multiple
comparisons. That concern is ever present in studies of numer-
ous highly polymorphic loci, but particularly so in an assess-
ment of previously unreported relationships in relatively small
numbers of patients, as was the case in this clade C-infected
Zambian population. General caution against overinterpreting
the statistical significance of any original finding, pursuit of
further comparable population studies in clade-C-infected co-
horts, and demonstration of the functional importance of the
putative markers are more appropriate ways to refine and
clarify the findings described here than arbitrary correction of
P values.

Besides the newly recognized cohort-specific differences
noted above, certain consistencies between Zambians and
other cohorts corroborated HLA allelic effects previously
shown to transcend the boundaries of race and clade. For
example, the presence of HLA-B*57 has already emerged as
uniformly favorable in persons of both Caucasian and African
ancestry and infected with both clade A and B viruses (8, 21,
30, 35, 44). Our work now extends those findings to native
Africans bearing HIV-1C infection. Recognition of HLA-B*57
(specifically and exclusively, B*57031) as the single most fa-
vorable marker in Zambians, despite LD patterns that differ
between this and all other cohorts, highlights B*57 itself rather
than its haplotypic lineages as broadly capable of suppressing
HIV-1 RNA to a relatively low level during the early stages of
infection (44). B*5701- and B*5703-mediated immunodomi-
nant responses to conserved HIV-1 Gag epitopes have been
documented in African-American adolescents (P. Goepfert

TABLE 5. HLA variants associated with HIV-1 RNA
level as a continuous variable

HLA variant or
variant status

No. of
carriers

Log10 VL
(mean � SD)

Unadjusted
GLM P value

Adjusteda

GLM P value

A*02-Cw*16 15 4.997 � 0.769 0.010 0.025
A*02-Cw*16-B*45 11 4.951 � 0.870 0.230 0.081

A*23-B*14 12 5.143 � 0.608 0.033 0.009
A*23-Cw*08 12 5.070 � 0.576 0.072 0.030

A*23-Cw*08-B*14 10 5.053 � 0.621 0.118 0.078
A*23-Cw*07 18 5.106 � 0.540 0.015 0.075

A*29-B*42 11 4.398 � 0.704 0.234 0.094
A*30-B*57 11 4.089 � 0.603 0.011 0.004

A*30-Cw*18-B*57 9 4.196 � 0.595 0.062 0.025
A*30-Cw*03 12 4.143 � 0.738 0.016 0.017

A*30-Cw*03-B*15 8 4.105 � 0.710 0.036 0.018
A*3601 41 4.881 � 0.677 0.065 0.042
A*68 74 4.836 � 0.727 0.034 0.022
A*74-B*15 12 4.298 � 0.877 0.088 0.076

B*13 10 4.038 � 1.026 0.009 0.019
B*18 14 4.986 � 0.436 0.125 0.069
B*39 9 3.891 � 0.960 0.002 0.010

B*39-Cw*12 8 3.995 � 0.838 0.012 0.039
B*41 7 5.052 � 0.552 0.196 0.166
B*45 44 4.885 � 0.649 0.050 0.061

B*45-Cw*16 26 4.957 � 0.631 0.051 0.067
B*57 18 4.111 � 0.807 0.002 0.0002

B*57-Cw*18 15 4.090 � 0.782 0.003 0.0006

Cw*12 8 3.995 � 0.970 0.012 0.039
Cw*16 41 4.867 � 0.610 0.085 0.059
Cw*18 32 4.276 � 0.796 0.002 0.0006

Cw*18, no B*57 17 4.415 � 0.794 0.205 0.205

Consistently favorableb 37 4.110 � 0.799 �0.0001 �0.0001
Unfavorableb 43 5.052 � 0.625 0.0005 0.0002

a Adjusted for age, sex, and patient group membership (TPDs, transmission
pair SCs, and discordant pair seropositives).

b Favorable (A*30-Cw*03, B*39, and B*57) and unfavorable (A*02-Cw*16,
A*23-B*14, and A*23-Cw*07) HLA variants show consistent associations with
viral RNA levels in both categorical and general linear model statistics (Tables
4 to 5) as well as in alternative analyses based on sex group membership (Table 7).

TABLE 6. Two multivariable models showing the contributions of
HLA class I and nongenetic host factors to variation

in HIV-1 RNA level

Patient characteristic GLM P value
in model 1a

GLM P value
in Model 2b

Age (per yr) 0.008 0.005
Sex (female vs male) 0.079 0.096
Groupc 0.0003 0.002
HLA markers

A*02-Cw*16 (n � 15) 0.106 NA
A*23-B*14 (n � 12) 0.064 0.045
A*23-Cw*07 (n � 18) 0.185 NA
A*29-B*42 (n � 11) 0.199 NA
A*30-Cw*03 (n � 12) 0.014 0.010
A*68 (n � 74) 0.207 NA
A*74-B*15 (n � 12) 0.113 NA
B*13 (n � 10) 0.035 0.003
B*18 (n � 14) 0.116 NA
B*39 (n � 9) 0.007 0.003
B*41 (n � 7) 0.402 NA
B*45 (n � 44) 0.867 NA
B*57 (n � 18) �0.0001 �0.0001
Cw*18, no B*57 (n � 17) 0.047 0.030
B*35 (n � 17) 0.990 NA
B*53 (n � 58) 0.473 NA

a Based on the univariate aNAlyses (except for B*35 and B*53) shown in
Tables 3 to 5.

b Based on all markers with an adjusted P � 0.10 in multivariable Model 1.
NA, not applicable: dropped out of the fiNAl model when P � 0.05.

c Three HIV-1 seropositive patient groups (TPDs, transmission pair SCs, and
discordant pair seropositives).
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and R. A. Kaslow et al., unpublished data). Cross-reactive
HIV-1 p24 epitopes restricted by B*5701 and B*5703 have
been simultaneously detected in seropositive European and
Kenyan subjects defined as slow progressors (15). These new
findings lend further weight to the importance of B*57 alleles
beyond race- and clade-specific immune responses.

Although less impressive, the association of two A*23-re-
lated haplotypes (A*23-B*14 and A*23-Cw*07) in Zambians
with high VL parallels the association of A*23 with accelerated
course of disease progression in Caucasians with clade B in-
fection (30, 35) and that of A23 with increased transmission of
HIV-1A in Kenyans (39, 40). Two other comparisons are also
worth mentioning: the association of Cw*16 on the B*45-
Cw*16 haplotype with high VL here was consistent with its
overrepresentation in rapid progressors in the GRIV cohort
(21), whereas higher VL in Zambians carrying B*14-Cw*08
and A*23-B*14 contrasted with the associations of B*14 and
Cw*08 with a favorable prognosis of disease progression re-
ported elsewhere (21, 41). Ongoing efforts to evaluate CTL
profiles in Zambians with both favorable and unfavorable
HLA alleles and haplotypes should provide important clues to
mechanisms of immunologic control and escape during HIV-
1C infection.

The negligible risk of increased VL from homozygosity at
individual class I loci with incomplete four-digit allele resolu-
tion was consistent with the minor effects seen in clade B-
infected Caucasians with single locus homozygosity at similarly
incomplete resolution (Kaslow et al., unpublished). The un-
equivocally strong influence of class I homozygosity reported
in general for the progression of disease in both Africans (63)
and Caucasians (6, 35, 63) may be due to an increasing impor-
tance of diverse alternatives for antigen presentation, as evolv-
ing viruses attempt to escape from initially effective HLA-
mediated CTL control. Longitudinal comparison of rates of
viral mutation and divergence (17) in homozygotes and het-
erozygotes could help verify or refute that explanation.

Several implications can be drawn from the diminishing
number of relationships seen of both nongenetic host factors
and HLA markers to variation in HIV-1 viremia as more par-
simonious models were applied. First, nongenetic factors such

as age, gender, and duration of infection may modulate genetic
effects, but variable impact of those other factors in different
settings may make it difficult to assess the multiple host influ-
ences on HIV-1 viremia. Second, because HLA effects may
covary strongly as a result of LD or reciprocity (increased
frequency of one allele compensated by a decrease of one or
several others), neither univariate nor multivariable analysis
can completely distinguish the colinear effects of closely re-
lated markers without comprehensive stratifications and subset
comparisons. Finally, a clear host genetic contribution to vari-
ability in HIV-1 viremia may not always translate directly to an
appreciable difference in later disease progression and vice
versa (65). Complex genetic effects probably depend on differ-
ential regulation of events throughout the pathological pro-
cess, not simply on relationships detectable only at early or late
stages of HIV-1 infection.

HLA polymorphisms probably influence plasma HIV-1
RNA concentration relatively early in the infection process
(28, 57). Evaluation of host genetic influence on HIV-1 RNA
levels should prove increasingly useful, because early in the
course of infection, those levels have profound implications
not only for the rate of subsequent progression of both un-
treated (4, 28, 43, 50, 61) and treated (4, 53, 54) disease but
also for the transmissibility of HIV-1 from infected to unin-
fected individuals (12, 14, 49, 51, 55, 59). If the three consis-
tently favorable HLA markers (Table 7) prove more broadly
protective in Zambians and other southern Africans, individ-
uals carrying them should experience a relatively benign course
of disease progression without treatment. Over successive gen-
erations of HIV-1C-infected native Africans with correspond-
ing HLA profiles, favorable antigen-presenting molecules
should accumulate as unfavorable ones diminish concomi-
tantly. Such evolution may gradually alter the genetic compo-
sition and responsiveness of populations in greatest need of
effective HIV-AIDS vaccines. Consensus through continuous
monitoring of disease progression in diverse ethnic groups
carefully characterized for their HLA profiles should improve
the design of epitope-rich vaccine constructs (9, 37, 48) and
help predict their relative population coverage (58, 60).

TABLE 7. Alternative analyses showing consistent and inconsistent HLA associations with HIV-1 RNA levels
in seropositive Zambians, stratified by sex

Patient characteristic

Seropositive females (n � 137) Seropositive males (n � 122)

Marker positive
(no. of patients)

Marker negative
(no. of patients)

Adjusted
P valuea

Marker positive
(no. of patients)

Marker negative
(no. of patients)

Adjusted
P valuea

Consistent HLA markers
A*02-Cw*16 (n � 15) 4.95 � 4.48 (9) 4.48 � 0.75 (128) 0.053 5.06 � 0.55 (6) 4.84 � 0.78 (116) 0.255
A*23-B*14 (n � 12) 4.91 � 0.65 (6) 4.49 � 0.77 (131) 0.076 5.38 � 0.51 (6) 4.83 � 0.77 (116) 0.056
A*23-Cw*07 (n � 18) 4.76 � 0.44 (7) 4.50 � 0.78 (130) 0.520 5.33 � 0.49 (11) 4.81 � 0.77 (111) 0.076
A*30-Cw*03 (n � 12) 3.86 � 0.90 (6) 4.54 � 0.75 (131) 0.050 4.42 � 0.44 (6) 4.88 � 0.77 (116) 0.175
B*39 (n � 9) 3.87 � 1.15 (6) 4.54 � 0.74 (131) 0.063 3.93 � 0.59 (3) 4.88 � 0.76 (119) 0.076
B*57 (n � 18) 4.00 � 0.90 (10) 4.55 � 0.74 (127) 0.011 4.25 � 0.71 (8) 4.90 � 0.76 (114) 0.008

Other markers of interestb

B*35 (n � 15) 4.49 � 0.86 (10) 4.51 � 0.76 (127) 0.943 5.15 � 0.81 (5) 4.84 � 0.77 (117) 0.784
B*53 (n � 53) 4.70 � 0.63 (31) 4.46 � 0.80 (106) 0.076 4.74 � 0.98 (22) 4.88 � 0.71 (100) 0.580

a Based on univariate general linear model analyses adjusted for age and patient group membership, with the latter reflecting duration of infection and viral
transmissibility. Additional summarizing statistics are shown in Tables 4 and 5.

b Based on analyses of data from other cohort studies.
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