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B*8101 (20), and were also found later to be the most strongly
associated with lower viral loads or higher CD4 counts in a
cohort of over 1,000 HIV-1 subtype C-infected individuals
(43). The proportion of individuals possessing a protective
allele was significantly greater in the low-replication-capacity
group than in the high-replication-capacity group (Fisher’s ex-
act test; P = 0.003) (Fig. 2D).

When HLA-A, -B, and -C alleles were ranked according to
viral load and then according to replication capacity, the ranks
correlated positively with one another for each group of HLA
alleles, although not significantly for HLA-C alleles (Spear-
man’s rank correlation; r = 0.43 and P = 0.03,7 = 0.42 and P =
0.04, and r = 0.47 and P = 0.06, respectively), which indicates
a relationship between viral load and Gag-protease replication
capacity (data not shown).

Correlation between replication capacity and baseline log
viral load or CD4 count. Replication capacities of recombinant
viruses correlated positively with baseline log viral loads
(Spearman’s rank correlation; r = 0.24 and P < 0.0001) and
negatively with baseline CD4 counts (Spearman’s rank corre-
lation; r = —0.17 and P = 0.0004) (Fig. 3A and B). These
effects remained after removal of the protective alleles HLA-
B*57, HLA-B*5801, and HLA-B*81 from analysis (Spear-
man’s rank correlation; r = 0.18 and P = 0.001 for baseline log
viral load and r = —0.14 and P = 0.01 for baseline CD4 count).
Interestingly, analysis of the relationship between viral load or
CD4 count and replication capacity among individuals express-
ing these protective alleles also revealed a significant positive
correlation (Pearson’s correlation; » = 0.33 and P = 0.001 for
viral load and r = —0.33 and P = 0.001 for CD4 count).

Relationship between replication capacity and subsequent
longitudinal rate of CD4 decline. An average of 2.28 years
(SD = 1.3 years) of untreated follow-up was available for 339
Sinikithemba patients. For each study subject, linear regression
was used to compute the rate of CD4 decline for the duration
of untreated clinical follow-up. Spearman’s correlation was
then used to investigate the relationship between viral replica-
tion capacity and subsequent rate of CD4 decline. We ob-
served no statistically significant relationship overall between
replication capacity and CD4 decline (Spearman’s rank corre-
lation; r = —0.01 and P = 0.79). Stratification of the analysis by
baseline CD4 counts (<200, =200, =350, and =350 cells/mm?)
also failed to reveal any significant correlations between rep-
lication capacity and the rate of CD4 decline (not shown).
Figure 3C shows a lack of correlation between CD4 decline
and Gag-protease-mediated replication capacity at baseline
CD4 counts of =200 cells/mm> (Spearman’s rank correlation;
r = —0.02 and P = 0.73).

Association of sequence variability in Gag with replication
capacity. (i) Overall variability. To investigate whether an
increasing number of polymorphisms in Gag would tend to
reduce replication capacity, the percent amino acid similarities
of Gag sequences to the 2004 consensus subtype C Gag se-
quence were calculated using the sequence identity matrix
function in BioEdit 7.0 and correlated with replication capac-
ity. Unexpectedly, the calculated Gag percent similarity corre-
lated negatively, although weakly, with replication capacity
(Pearson’s correlation; »r = —0.18 and P = 0.0004), i.e., the
fittest viruses were generally least like the consensus sequence
(Fig. 4A). This analysis was repeated separately for each region
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FIG. 3. Correlations between replication capacities of recombinant
viruses encoding patient Gag-protease and markers of disease progres-
sion. The graphs show replication capacity versus baseline log viral
load (A), baseline CD4 count (B), and rate of CD4 decline (C).
Correlations were calculated with Spearman’s rank correlation test.

of Gag, namely, pl7, p24, p7, and p6, to see whether this
relationship differed between regions. There remained an in-
verse relationship between percent similarity to consensus and
replication capacity for every region of Gag except p24, al-
though this was statistically significant only for p17 and p7 (Fig.
4B). There was no correlation between percent similarity to
the subtype C Gag p24 consensus and replication capacity. In
contrast, the majority of nonconsensus residues in p17/p7 in-
creased replication capacity. It should be noted that divergence
from the consensus subtype C sequence did not represent
convergence to the consensus subtype B sequence, which
would have indicated that divergence from the consensus sub-
type C sequence resulted in better compatibility with the sub-
type B NL4-3 backbone, and therefore in fitter viruses.

(ii) HLA-associated variability. HLA-associated polymor-
phisms—amino acids that are significantly more likely to occur
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FIG. 4. Associations between sequence variability in Gag-protease and replication capacities of recombinant viruses encoding Gag-protease.
(A) Significant negative correlation (Pearson’s correlation; n = 405) between percent similarity of Gag sequences to the consensus subtype C Gag
sequence and replication capacity. (B) Gag p17, p24, p6, and p7 percent similarity to consensus subtype C sequence versus replication capacity
(Spearman’s rank correlation; n = 405). (C) Significant positive correlation (Pearson’s correlation; n = 17) between entropy of HLA-associated
sites in or within five amino acids of Gag epitopes and the average replication capacity of viruses with mutations at these sites. (D and E) Significant
differences (Fisher’s exact test) in proportions of p24 variant epitopes and p24 consensus epitopes (D) and of TL9 variant epitopes and TL9
consensus epitopes (E) between the least-fit viruses (replication capacity of =0.5; n = 41) and the fittest viruses (replication capacity of =0.74; n =
41). (F and G) Significant differences (Fisher’s exact test) in proportions of nonconsensus amino acids associated with decreased replication
capacity (RC) in p24 versus p17 (n = 12 and n = 23) (F) and in HLA-A- versus HLA-B-restricted epitopes (n = 13 and n = 17) (G).
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in the presence of a particular HLA allele—were identified in
the current data set by use of methods that take into account
the phylogenetic relatedness of sequences, amino acid covaria-
tion, and HLA linkage disequilibrium effects (5). Each se-
quence was then analyzed in the context of the patient’s HLA
class I profile, and the number of HLA-associated polymor-
phisms was computed. To further analyze the influence of
HLA alleles on Gag-protease replication capacity, the com-
puted polymorphisms were correlated with replication capac-
ity. The numbers of HLA-A-, -B-, and -C-associated polymor-
phisms in each sequence did not correlate significantly with
replication capacity overall. Likewise, no dose-dependent ef-
fects of polymorphisms on replication capacity were observed
among polymorphisms associated with protective HLA types.
Similarly, when the relationship between the number of HLA-
associated polymorphisms and replication capacity was inves-
tigated irrespective of patient HLA class I profile, i.e., also
taking into account inherited polymorphisms, no significant
associations were found. Therefore, while some HLA-associ-
ated polymorphisms significantly impact replication capacity
(8, 45), the sum of HLA-selected polymorphisms, irrespective
of location in Gag, was not associated with replication capacity
in this chronic infection cohort. There was, however, a weak
trend (Spearman’s rank correlation; r = —0.09 and P = 0.08)
toward lower replication capacities with increasing numbers of
HLA-associated polymorphisms in epitopes or within five
amino acids of epitopes restricted by the selecting HLA allele
(these polymorphisms are more likely to represent escape mu-
tations, not secondarily arising compensatory mutations [15]).
Previously, increasing numbers of HLA-B-associated polymor-
phisms in or within five amino acids of Gag epitopes were
strongly associated with lower viral loads in early infection, and
this was attributed to lower fitness levels of these viruses (15).
The number of HLA-B-associated polymorphisms in or within
five amino acids of Gag epitopes was negatively correlated with
fitness (Spearman’s rank correlation; » = —0.11'and P = 0.03),
although not strongly so. The relatively weak relationship be-
tween the number of HLA-associated polymorphisms in Gag
and replication capacity in the present chronic infection cohort
might be explained by the accumulation of compensatory mu-
tations during the course of infection. In fact, evidence has
been found for a strong effect of HLA-mediated selection
pressure in Gag on replication capacity in early infection and
no such significant relationship in the very late chronic stage of
infection, suggesting that this effect wanes over time, presum-
ably due to the development of compensatory mutations
(M. A. Brockman et al., submitted for publication).

Since there is some evidence that HLA-associated escape
mutations occurring in conserved sites of HIV carry a greater
fitness cost than those occurring in regions of high variability
(45), we compared the average replication capacity of viruses
possessing each HLA-associated polymorphism with the cor-
responding entropy at that position. A trend toward a signifi-
cant correlation between these two parameters was found
(Pearson’s correlation; r = 0.24 and P = 0.06). When the
analysis was restricted to those polymorphisms in epitopes or
within five amino acids of epitopes restricted by the selecting
HLA allele, the correlation was much stronger (Pearson’s cor-
relation; r = 0.68 and P = 0.003) (Fig. 4C). Thus, HLA-
associated escape mutations at more conserved sites (with
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lower entropy) in Gag were associated with greater fitness
costs.

(iii) Epitope variability: association of TL9 variant with
lower replication capacity. Next, the relationship between se-
quence variability in specific HLA-restricted epitopes and rep-
lication capacity was examined. The proportion of variant Gag
epitopes (i.c., nONconsensus) versus consensus epitopes was
compared between the least-fit and fittest virus groups by Fish-
er’s exact test, and no significant difference was found. How-
ever, there were marginally more variant Gag p24 epitopes in
the sequences from the least-fit group (Fisher’s exact test; P =
0.04) (Fig. 4D). This significant result was driven mainly by the
greater proportion of variant HLA-B*81-restricted TL9
epitopes in the least-fit group (Fisher’s exact test; P = 0.007)
(Fig. 4E), although there were also significantly more variant
HLA-B*57-restricted QW9 epitopes in viruses of lower fitness
(Fisher’s exact test; P = 0.04) (data not shown).

(iv) Single amino acid associations with replication capac-
ity. In an exploratory analysis, the Mann-Whitney U test was
used to identify specific amino acids in Gag-protease associ-
ated with increased or decreased replication capacity. Al-
though none of the comparisons yielded Q values of =0.2, 58
associations with P values of <0.05 were found for Gag, and 9
were found for protease, when consensus-nonconsensus pairs
were counted as a single association (n = 5 for both groups
compared [see Table SA1 in the supplemental material]). Of
the 58 associations in Gag, 23 occurred in pl17, 12 in p24, 3 in
the p2 linker peptide, 9 in p7, and 11 in p6.

Considering amino acids in Gag associated with alterations
in viral replication capacity, most of the nonconsensus amino
acids in p24 were associated with lower replication capacity
(10/12 residues), while most of the nonconsensus residues in
p17 were associated with increased replication capacity (15/23
residues). This difference was statistically significant (Fisher’s
exact test; P = 0.01) (Fig. 4F). Only 17 of 58 amino acids
associated with replication capacity alterations corresponded
to an HLA association at that position (not necessarily with the
same amino acid), and 11 of these were HLA-B associated.
Twenty-six associations occurred in published or previously
predicted epitopes (13, 36), with 13 in HLA-A-restricted
epitopes, 17 in HLA-B-restricted epitopes, and 6 in HLA-C-
restricted epitopes (10 of these occurred in epitopes that were
restricted by more than one HLA allele class and were thus
considered under more than one category). Within HLA-B-
restricted epitopes, 13 (8 of these were in p24) of 17 noncon-
sensus amino acids were associated with decreased replication
capacity, while in the HLA-A-restricted epitopes, 8 of 13 non-
consensus amino acids (10 of these were in p17) were linked
with increased replication capacity (Fisher’s exact test; P =
0.06) (Fig. 4G). These results are suggestive of HLA-B-medi-
ated selective pressure on Gag p24, with resulting lower rep-
lication capacity. It should also be noted that half of the amino
acids associated with changes in Gag-protease-mediated rep-
lication capacity were neither HLA class I associated nor
within known or predicted epitopes.

Multivariate analysis (linear regression with forward selec-
tion) was also undertaken. Seventeen of the 58 associations in
Gag and 4 of the 9 associations in protease identified by uni-
variate analysis also had P values of <0.05 (but Q values of
>0.2) in the multivariate model, and the strongest of these
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associations was the consensus T at position 186, with in-
creased replication capacity (see Table SA1 in the supplemen-
tal material).

(v) HLA-B*81-associated T186S mutation is linked to lower
replication capacity. Since the consensus residue 186T was
strongly associated with an increased replication capacity,
changes away from consensus at this position were compared
between the least-fit and fittest viruses. In the least-fit group, 9
sequences had an S and 1 had an A at position 186, while only
1 had an S at this position in the fittest group (Fisher’s exact
test; P = 0.01) (Fig. 5A). With the exception of 1 sequence with
186A and another sequence which had a mixture of T and S at
this position, the nonconsensus amino acid at codon 186 was S.
Overall, 186S was associated with a decrease in replication
capacity compared with that for the 186T consensus (Student’s
t test; P = 0.006; n = 403) (Fig. 5B). This polymorphism is
associated with HLA-B*81 and occurs in the HLA-B*81-
restricted epitope TL9. The difference in numbers of variant
TL9 epitopes between the low- and high-fitness groups could
be attributed largely to variability at position 186. However,
when only HLA-B*81-positive individuals were considered,
the replication capacities of viruses with 186S and 186T were
both below average and were not significantly different from
one another (data not shown), indicating that other mutations
are also responsible for the lower fitness of viruses from these
individuals. The lack of difference in replication capacity be-
tween viruses with 186S and 186T from individuals with HLA-
B*81 may also suggest that the fitness cost of 186S was com-
pensated for in some cases.

(vi) Residues covarying with 186S. Codon covariation lists
were generated from the current data set as previously de-
scribed (5). Amino acids positively associated with 186S and/or
negatively associated with 186T included 177D, 182S, 190A,
1901, 2561, and 3431 (P < 0.05; @ < 0.2). Amino acids nega-
tively associated with 186S and/or positively associated with
186T included 65Q, 177E, 190T, 256V, and 343L (P < 0.05;
0 < 0.2). Replication capacities of viruses with 186S and var-
ious numbers of associated residues (Q65X, E177X, Q182S,
T190X, V256X, and L343X) were compared to assess whether
these might function as compensatory mutations. The number
of covarying residues present correlated positively but not sig-
nificantly with replication capacity (Pearson’s correlation; r =
0.26 and P = 0.19). However, on closer examination of se-
quences with 1868, a greater occurrence of mutations at posi-
tions 182 and 190 (but not at other covarying positions) was
noted in the fitter viruses (Fig. 5C). This was statistically sig-
nificant (Student’s ¢ test; P = 0.006), suggesting that 190X and
1828, which occur parallel to and on either side of residue 186
in a helix structure, might indeed be compensatory mutations.

DISCUSSION

The mechanisms underlying HIV-1 control by protective
HLA alleles are not fully understood and could involve target-
ing of functionally important epitopes in Gag, resulting in
selection of escape mutations with a fitness cost. Therefore,
this study was undertaken to investigate, at the population
level, the impact of HLA-mediated immune pressure in Gag
on viral fitness and its impact on HIV-1 pathogenesis.

Our results showed an association between protective HLA
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FIG. 5. Single Gag amino acid associations with altered replication
capacities of Gag-protease NL4-3 recombinant viruses. (A) Greater
proportion (Fisher’s exact test) of 186S/A residues in the least-fit
viruses (replication capacity of <0.5; n = 41) than in the fittest viruses
(replication capacity of =0.742; n = 41). (B) Lower replication capac-
ity of viruses with 186S (n = 27) than that of viruses with the consensus
186T (n = 376; Student’s ¢ test). (C) Significantly higher replication
capacities of viruses with 186T (n = 376) and with 186S with putative
compensatory mutations 190X and 182S (n = 18) than those of viruses
with 186S alone (n = 9; Student’s 7 test).

alleles (HLA-B*57, HLA-B*5801, and HLA-B*81) and lower
Gag-protease replication capacities. Since (i) protective HLA
alleles were associated with lower viral loads, (ii) Gag-protease
replication capacity correlated with viral loads even on removal
of protective HLA alleles from the analysis and within individ-
uals with protective alleles, and (iii) replication capacity
ranked according to HLA-A, -B, and -C alleles correlated
significantly with the ranks according to viral load, the possi-
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bility that HLA alleles and replication capacity are indirectly
related to each other through association with viral load cannot
be excluded. However, since mutations in Gag selected by the
protective HLA alleles B*5703 and B*5801 were shown to
significantly decrease the overall replication capacity of iso-
lates and to confer benefits on infant and adult recipients (7, 8,
15, 33, 39), except in the presence of compensatory mutations
(39), it seems very likely that a direct relationship exists be-
tween HLA alleles and Gag-protease replication capacity.
Gag-protease replication capacity varied significantly between
the different HLA-B but not HLA-A or HLA-C alleles, con-
sistent with the idea that HLA alleles influence Gag-protease
replication capacity through selecting mutations, as HLA-B
alleles have the greatest selection pressure (20). Moreover,
increasing numbers of HLA-B-associated mutations in or
flanking epitopes (likely HLA-selected escape mutations) cor-
related with decreased HIV replication capacities. In further
support of a direct relationship between protective HLA al-
leles and replication capacity, HLA-B*81 was by far the allele
most strongly associated with lower replication capacity, even
though HLA-B*5703-positive individuals had a lower average
viral load than HLA-B*81-positive individuals, and 186S
present in the HLA-B*81-restricted epitope TL9 (positions
180 to 188) was the mutation most strongly associated with
lowered replication capacity, thereby providing a possible
mechanism for the influence of HLA-B*81 on replication ca-
pacity. TL9 was previously described as one of the key Gag
epitopes under strong selection pressure by a beneficial HLA
allele, with variance mainly at residues 182 and 186 (both with
changes predominantly to serine) (14). Interestingly, in a re-
cent study, the number of public T-cell clonotypes specific for
simian immunodeficiency virus (SIV) Gag CM9 (residues 181
to 189), which occurs in nearly the exact same position as TL9
in HIV, correlated strongly and negatively (> = —0.71) with
the viral set point in rhesus macaques (34). Residue 186 in
HIV Gag has also been classified as a site where mutations
revert upon transmission to a host lacking the HLA allele that
selected them, presumably due to a fitness cost (26). It should
be noted, though, that differences in fitness associated with
variability at position 186 did not translate into viral load
differences in this chronic infection cohort (data not shown),
which could suggest that the fitness cost of the 186S mutation
may be compensated in some cases, and therefore not of last-
ing benefit; and that the balance between the fitness cost of
186S and an effective CTL response to TL9 may be important
in determining the outcome. However, taking the results to-
gether, it seems likely that protective HLA alleles, in particular
HLA-B*81, influence Gag-protease replication capacity
through CTL selection pressure and that this may partly con-
tribute to their protective effect. From the present data, this
seems likely to be a more prominent mechanism of protection
for HLA-B*81 than for HLA-B*57 and HLA-B*5801 in sub-
type C infection.

Given our observation that lower Gag-protease replication
capacities were related to protective HLA types, lower baseline
viral loads, and higher baseline CD4 counts, we wished to
investigate whether viral replication capacity may also corre-
late with the subsequent rate of CD4 decline during chronic
infection. However, such a correlation was not observed in the
present study. This may be explained partly by the balance that
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exists between Gag CTL responses and replication capacity in
influencing clinical outcomes. Accumulation of escape muta-
tions in HIV carries a fitness cost to the virus, but the disad-
vantage to the virus is offset by the advantage of escaping
effective CTL responses that were holding replication in check,
resulting in increased viral loads and accelerated disease pro-
gression despite a replication-deficient virus (8, 19). Another
consideration is that replication capacity is not static and com-
pensatory mutations may have developed at a time point later
than that measured, influencing the subsequent rate of CD4
decline. Data from the present study and previous studies
suggest that mutations with a fitness cost are readily compen-
sated. The T186S mutation was most strongly associated with
decreased replication capacity, yet in the presence of covarying
mutations at positions 182 and 190, the mean replication ca-
pacity was not significantly different from the mean for the
entire cohort, suggesting that the possible fitness cost of this
mutation was compensated in these cases. Therefore, although
there may be a benefit to decreased replication capacity (as
supported by cross-sectional correlations with viral loads and
CD4 counts), the data do not support an enduring benefit or a
lasting significant impact of Gag-protease replication capacity
on the rate of disease progression, at least once the chronic
infection stage has been reached. The results of Brockman et
al. (submitted) are consistent with this notion. However, acute
infection studies and/or longitudinal analysis of replication ca-
pacity and sequence changes, together with CTL responses,
may be necessary to better assess the relative impact of each on
disease progression. Site-directed mutagenesis experiments
would also be necessary to confirm the suspected fitness costs
and compensatory roles of some of the mutations described
above.

The data support the hypothesis that mutations at conserved
residues/regions, in particular in conserved Gag p24 as op-
posed to the less-conserved Gag pl17, are more likely to result
in a fitness cost: HLA-associated escape mutations at con-
served sites were associated with lower replication capacities,
there were significantly more variant p24 epitopes in the least-
fit viruses than in the fittest viruses, and most of the mutations
significantly associated with altered replication capacities in
p24 decreased replication capacity, while most in p17 increased
replication capacity. In agreement with these data, beneficial
HLA alleles in an African cohort were associated with strong
selection at key epitopes which occurred mostly in Gag p24
(14), and there is recent evidence that HLA-B*57 mediates its
protective effect mainly through attenuating mutations in Gag
p24 (39). Furthermore, the breadth of Gag p24, but not p17 or
pl5, CD8 T-cell responses in HLA-B*13-positive individuals
was significantly associated with decreasing viral loads (17).
Taken together, the data generally support the inclusion of
conserved regions such as Gag p24 in a vaccine that is aimed at
driving HIV toward a less-fit state.

Interestingly, a larger number of amino acid differences
from the consensus subtype C Gag sequence were weakly
but significantly associated with increasing viral fitness. The
percent amino acid similarity to the consensus subtype C
Gag sequence also correlated negatively with viral load and
positively with CD4 count (data not shown), suggesting that
more changes from consensus and increased fitness of vi-
ruses may occur with disease progression. In fact, the fitness
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of HIV isolates was previously shown to increase with dis-
ease progression (44). Consensus amino acids could, in
some instances, be escape mutations in response to common
HLA alleles, but we speculate that they represent the non-
escape form in the majority of cases and that nonconsensus
residues represent escape and compensatory mutations in
response to CTL and non-CTL immune pressure, although
they could also represent random mutations. Based on this
conjecture, we suggest that more changes away from con-
sensus likely indicate more compensation, and therefore
fitter viruses. Another explanation is that the majority of
mutations introduced into HIV are likely to have no or little
fitness cost or to actually increase fitness. Consistent with
this idea, p17 and p7 were significantly more divergent from
the consensus than p24 was, i.e., significantly more muta-
tions occurred in p17 and p7 than in p24, and the percent
similarity to consensus for both p17 and p7 was negatively
correlated overall with fitness, while there was no correla-
tion for p24. The direct relationship between replication
capacity and the entropy of mutated sites in the present
study, as well as the recent finding that escape mutations in
conserved Gag p24 carry significant fitness costs while most
of the escape mutations in the highly variable env gene are
fitness neutral or increase fitness (45), lends further support
to this argument.

Another interesting finding was that most of the muta-
tions in Gag associated with altered replication capacity
were not HLA associated (71%). It should be noted, how-
ever, that a limitation of this study was the insertion of
subtype C Gag-protease into a subtype B backbone, and
therefore some Gag-protease mutations associated with al-
tered replication capacity might represent those that inter-
act with other components of the backbone. A significantly
lower replication capacity of subtype C/B recombinants than
that of subtype B recombinants was observed, which could
suggest that mixing of subtypes results in suboptimal repli-
cation. Alternatively, this finding could mean that Gag-pro-
tease function is inferior in subtype C versus subtype B
viruses, which may partly explain previously described fit-
ness differences between subtypes (1). Further experiments
are required to discriminate between these possibilities.
Supporting the latter rather than the former possibility,
convergence of subtype C Gag sequences to the consensus
subtype B sequence was not associated with fitter recombi-
nant viruses. Furthermore, the findings of the present study
are in agreement with those of Brockman et al. (submitted),
which show that subtype B Gag-protease NL4-3 recombi-
nant viruses correlate with cross-sectional viral load and
CD4 count data as well as with specific HLA types, strongly
supporting the hypothesis that the current assay system is
clinically and biologically relevant.

In summary, there is evidence that protective HLA al-
leles, especially HLA-B*81, influence subtype C HIV repli-
cation capacity through selection of mutations in Gag that
incur a fitness cost. Moreover, mutations in conserved
rather than more-variable regions of Gag are more likely to
carry a fitness cost, suggesting that conserved regions such
as Gag p24 should be included in a vaccine aiming to drive
HIV toward a less-fit state. However, the long-term clinical
impact of immune-driven fitness costs requires further in-
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vestigation, given the evidence for compensation and the
observation that replication capacity does not correlate with
the subsequent rate of CD4 decline in chronic infection.
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Exogenous Infection of Activated CD4" T Cells
in HIV Elite Controllers
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(See the editorial commentary by Saag and Deeks, on pages 239-241.)

Background. Human immunodeficiency virus (HIV) elite controllers are able to control infection with HIV-
1 spontaneously to undetectable levels in the absence of antiretroviral therapy, but the mechanisms leading to this
phenotype are poorly understood. Although low frequencies of HIV-infected peripheral CD4" T cells have been
reported in this group, it remains unclear to what extent these are due to viral attenuation, active immune
containment, or intracellular host factors that restrict virus replication.

Methods. We assessed proviral DNA levels, autologous viral growth from and infectability of in vitro activated,
CD8" T cell-depleted CD4" T cells from HIV elite controllers (mean viral load, <50 copies/mL), viremic controllers
(mean viral load, <2000 copies/mL), chronic progressors, and individuals receiving highly active antiretroviral
therapy.

Results.  Although we successfully detected autologous virus production in ex vivo activated CD4" T cells from
all chronic progressors and from most of the viremic controllers, we were able to measure robust autologous viral
replication in only 2 of 14 elite controllers subjected to the same protocol. In vitro activated autologous CD4" T
cells from elite controllers, however, supported infection with both X4 and R5 tropic HIV strains at comparable
levels to those in CD4" T cells from HIV-uninfected subjects. Proviral DNA levels were the lowest in elite controllers,
suggesting that extremely low frequencies of infected cells contribute to difficulty in isolation of virus.

Conclusions. These data indicate that elite control is not due to inability of activated CD4" T cells to support
HIV infection, but the relative contributions of host and viral factors that account for maintenance of low-level

infection remain to be determined.

A small proportion of human immunodeficiency virus
type 1 (HIV-1)—infected individuals, called elite and
viremic controllers, spontaneously control plasma HIV
RNA levels to undetectable (elite controller) or <2000
copies/mL (viremic controller) in the absence of anti-
retroviral therapy. Some have postulated that elite con-
trollers exhibit control predominantly as a consequence
of infection with replication-defective virus, resulting
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in poor viral outgrowth [1-3]. Although impaired in
vitro viral replication capacity has been documented in
some elite controllers [4], studies thus far have shown
that replication-competent viruses can be isolated from
these individuals as well, suggesting that not all elite con-
trollers are infected with defective viruses [5, 6]. Host
genetic analyses suggest that immune mechanisms, as-
sociated with the major-histocompatibility complex,
contribute to the extraordinary control of viral repli-
cation observed in this unique patient population [7-
12]. The overrepresentation of certain HLA class I al-
leles [10, 13], CD8* T cell-depletion studies [14], evi-
dence of selection for cytotoxic T lymphocyte epitope
mutations [12, 15], and in vitro studies showing strong
antiviral activity of CD8" T cells [11, 16] suggest that
cellular immune mechanisms are involved in this re-
markable antiviral control.
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Interestingly, long-term nonprogressors not only exhibit re-
duced levels of plasma viral replication but also have lower
numbers of CD4" T cells with integrated HIV provirus, com-
pared with individuals with fast-progressive disease and AIDS
[17, 18]. This finding suggests that (a) these individuals have
a unique capacity to control viral replication actively over time,
(b) they are infected with viruses that do not replicate, and/or
(c) these individuals possess CD4" T cells with a unique ability
to resist HIV infection. To begin to explore the 2 latter pos-
sibilities, we sought to determine whether elite controllers are
infected with replication-competent virus, compared with a
group of normal HIV-infected progressors, and whether their
CD4" T cells, after vigorous in vitro activation, are differentially
susceptible to HIV-1 infection in vitro, compared with those
of seronegative control subjects.

MATERIALS AND METHODS

Study subjects. A total of 25 HIV elite controllers with plasma
HIV RNA levels <50 copies/mL were randomly selected from
the International HIV Controllers Study. Also included were
10 viremic controllers with plasma HIV RNA levels of 50-2000
copies/mL (mean plasma HIV RNA, 1256 copies/mL). Both
groups were antiretroviral therapy naive, and a minimum of 3
qualifying determinations of plasma HIV RNA levels spanning
at least a 12-month period was required for inclusion in the
study. Eleven untreated viremic progressors with plasma HIV
RNA levels >10,000 copies/mL (mean plasma HIV RNA,
125.158 copies/mL) and 9 subjects receiving successful highly
active antiretroviral therapy (HAART) (mean plasma HIV
RNA, <75 copies/mL) were recruited from outpatient clinics
at local Boston hospitals. HAART was defined as treatment
with =3 antiretroviral drugs, including 2 nucleoside reverse-
transcriptase inhibitors and a nonnucleoside reverse-transcrip-
tase inhibitor or a protease inhibitor. Additionally, we obtained
blood from 12 healthy control subjects. All subjects gave written
informed consent.

Assessment of autologous virus production. To detect au-
tologous virus growth, CD4" cells were purified from freshly
isolated peripheral blood mononuclear cells (PBMCs) by neg-
ative selection using the Rosette Sep CD4" cell enrichment
cocktail (Stemcell Téchnologies) depleting CD8" T cells, natural
killer cells, B cells, macrophages, monocytes, and dendritic cells.
CD4" cells were then stimulated in interleukin 2 (50 units/mL)
containing T cell medium in the presence of a bispecific an-
ti-CD3:anti-CD8 monoclonal antibody, which selectively ac-
tivates CD4" T lymphocytes while simultaneously depleting
all remaining CD8" T cells [19]. CD4" T cell blasts, generat-
ed from HIV-uninfected donors, were added every 7 days to
maintain the cultures and to provide additional targets for vi-
ral outgrowth.

In parallel, an aliquot of CD4" T cells from elite controllers

was infected with a clinical HIV-1 (X4) isolate at multiplicity
of infection of 0.01 as described previously [20] and was main-
tained under the same culture conditions. Every 2-3 days, p24
was measured in culture supernatants using a p24-based en-
zyme-linked immunosorbent assay (ELISA; PerkinElmer Life
Sciences) in accordance with the manufacturer’s protocol.
Infectability assays.
CD4" T cells and their intrinsic ability to support viral repli-

To determine in vitro infectability of

cation, comparing elite controllers with HIV-uninfected indi-
viduals, whole PBMCs were depleted from CD8" T cells using
anti-CD8 magnetic beads (DYNAL) in accordance with the
manufacturer’s protocol, and CD4" T cell blasts were generated
using the bispecific anti-CD3:anti-CD8 antibody in the pres-
ence of interleukin 2 (50 units/mL) for 3 days. CD4* T cells
were then infected with X4 and R5 HIV laboratory strains
(NL4-3 and JRCSF) at a multiplicity of infection of 0.01 for 4
h. Cells were washed and then cultured in interleukin 2 (50
units/mL) containing medium for 7 days without the addition
of further CD4 blasts, and p24 was measured in culture su-
pernatants every 2-3 days.

Real-time PCR-based quantification of proviral HIV-1
DNA. HIV-1 DNA purification from 10" PBMCs was per-
formed with a standard protocol (QIAamp DNA Blood Kit;
Qiagen). A single-step real-time polymerase chain reaction
(PCR) was used to quantify proviral HIV-1 DNA in a 50-uL
PCR reaction mix containing 25 uL of TagMan Universal PCR
Master Mix (Applied Biosystems), 20 uL of HIV-1 DNA, and
primers and probe that anneal to the 5 and 3’ ends of the R
and US5 region of the long terminal repeat (LTR), respectively,
as has been described previously [21], using forward primer
5-GG CTA ACT AGG GAA CCC ACT G-3' and reverse primer
5'-GCT AGA GAT TTT CCA CAC TGA CTA A-3'. The fluo-
rescence TagMan probe was 5-GGA TCT CTA GTT ACC AGA
GTC A-3'. Amplification reactions were performed with an
Applied Biosystems 7000 real-time PCR system. The thermo-
cycling conditions were 95°C for 10 min, 50 cycles at 95°C for
15 s and 60°C for 1 min, and a final cycle at 72°C for 5 min.
Copy-number estimation of proviral HIV-1 DNA was per-
formed in duplicate and was determined by extrapolation from
a standard curve generated with a plasmid that harbors the
sequence of the HIV-1 LTR and CCR5 gene. Proviral HIV-1
DNA copy number was calculated relative to CCR5 gene copy
number previously quantified with the standard curve.

HLA typing. HLA class I typing was performed as described
previously [22].

Statistical analyses. Values throughout the text are ex-
pressed as mean + standard deviation. P values were calculated
using the Kruskal-Wallis test followed by Dunn’s method for
multiple comparisons and Wilcoxon rank-sum tests for pair-
wise comparisons.
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RESULTS

Autologous virus production. We first evaluated whether ex
vivo activation of CD4* T cells from elite controllers and viremic
controllers resulted in outgrowth of autologous virus, com-
paring these results with those obtained from chronically HIV-
infected patient subpopulations. PBMCs were stimulated with
a bispecific monoclonal antibody that results in the selective
expansion of CD4" T cells and the elimination of CD8" T cells
[19], and uninfected activated donor CD4" cells were added to
the cultures weekly, such that viral outgrowth was being ex-
amined in non-autologous cells. Of 14 elite controllers ex-
amined, virus was detected in vitro in only 3, and in 1 subject,
detection by p24 ELISA was transient and could not be con-
firmed by repeated real-time PCR. In contrast, 9 of 9 untreated
HIV progressors and 3 of 4 HAART-treated subjects demon-
strated p24 antigen production in the stimulated cultures (Fig-
ure 1A). Although virus was significantly less frequently de-
tected in the elite controllers, in both of the individuals in
whom sustained virus production was observed, log,, p24
levels of 4.08—4.82 log,, pg/mL could be detected, comparable
to the p24 antigen levels observed in HIV progressor cultures
(3.91 £+ 0.5 log,, pg/mL), suggesting that the viruses that did

grow were as replication competent as were the viruses infecting
the progressors (Figure 1B). Viral replication was not detectable
in CD4" cultures from the remaining 11 elite controllers, despite
that these cultures were maintained for a median of 37 + 12
days and some for as long as 78 days. Interestingly, 8 of 10
HIV viremic controllers displayed robust viral replication in
vitro after 20 days despite their low plasma HIV RNA loads in
vivo, with levels lower but comparable to those observed in
progressors (log,, p24 levels, 34 + 1.3 log,, pg/mL in viremic
controllers and 3.91 + 0.5 log,, pg/mL in progressors) (Figure
1B). Of the remaining 2 viremic controllers, one showed a
delayed viral growth (first virus detected after >30 days),
whereas no autologous virus was detected in the other subject’s
cultures for up to 50 days. Interestingly, both individuals were
homozygous for protective HLA B alleles (B2705/B5701 and
B5701/B5703, respectively), which suggests that a strong im-
mune response may have led to the reduced viral reservoir in
these individuals, suggesting the possible role of active immune
containment of viral replication (Figure 1B). These data indi-
cate furthermore that replication-competent HIV can be iso-
lated from a minority of elite controllers, suggesting either that
the majority of elite controllers are infected with replication-
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Figure 1. Autologous virus replication in activated autologous CD4" T cells. A, Kinetics of autologous virus replication (log,, p24 levels in pg/mL) among
elite controllers (EC), viremic controllers (VC), chronic progressors, and individuals receiving highly active antiretroviral therapy (HAART). B, Mean log,, p24
levels (in pg/mL) after 10 days (filled symbols) and 20 days (apen symbols) among EC, VC (8, HLA B5701/B5703; #, HLA B2705/B5701), chronic progressors,

and individuals receiving HAART.
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Figure 2. Proviral loads (DNA copies/10° peripheral blood mononuclear
cells [PBMCs]} among elite controllers {EC), viremic controllers (VC), chronic
progressors, and individuals receiving highly active antiretroviral therapy
(HAART). n.s., not significant.

defective virus or that the frequency of HIV-1-infected CD4*
T cells is extremely low in the peripheral blood of elite con-
trollers, resulting in a reduced chance of capturing an infected
cell in a given PBMC sample.

Proviral HIV-1 DNA. To test the hypothesis that the re-
duced outgrowth of autologous virus from in vitro activated
HIV controller CD4" T cells is the result of the low frequency
of infected CD4" cells in the peripheral blood, we measured
HIV proviral DNA levels in total PBMCs of 7 elite controllers
and 5 viremic controllers and compared these with the levels
of 5 chronic progressor patients and 6 virally suppressed in-
dividuals receiving HAART. Elite controllers showed signifi-
cantly lower levels of provirus, compared with viremic con-
trollers and chronic progressors (12.79 = 20.92 proviral DNA
copies/10° PBMCs for elite controllers vs. 94.80 + 9547 pro-
viral DNA copies/10° PBMCs for viremic controllers and
792.0 % 1383 proviral DNA copies/10° PBMCs for chronic pro-
gressors; P< .05 and P<.001, respectively). In contrast, we did
not detect any significant difference between elite controllers
and patients receiving HAART (34.76 = 32.74 proviral DNA
copies/10° PBMCs; not significant) (Figure 2). This observation
suggests that the low viral reservoir in the elite controller CD4*
compartment, rather than general replication incompetence of
their infecting virus, might lead to limited outgrowth of au-
tologous virus in the elite controller. This assumption is sup-
ported by the observation that the elite controller who dem-
onstrated the strongest outgrowth of autologous virus in the
long-term cultures (peak log,, p24 levels, 4.82 log,, pg/mL at
day 28) showed the highest proviral DNA loads of the elite
controller group (58.33 proviral DNA copies/10° PBMCs).

Susceptibility to HIV infection. The reduced outgrowth of
autologous virus from in vitro activated CD4" T cells in elite
controllers could also indicate that these cells may be less per-

missive to HIV virus replication. To test this hypothesis, we
determined whether the same elite controller CD4" T cells used
for the outgrowth cultures were susceptible to in vitro infection
with an X4 tropic HIV-1 clinical isolate (F716). We therefore
infected CD4" T cells with exogenous virus in parallel while
setting up the outgrowth cultures. CD4" T cells from all elite
controllers were readily infectable and exhibited peak log,, p24
levels of 4.29 + 0.3 log,, pg/mL after 10 days (Figure 3).

We next ascertained whether there were differences in the
level of superinfecting viral production in in vitro stimulated
CD4" T cells between elite controllers and non—elite controller
control subjects. Because of the confounding issue of the out-
growth of autologous virus in cells from viremic individuals,
we compared CD4" T cell infectability of elite controllers with
that of a group of matched HIV-seronegative controls. By in-
fecting with X4 and R5 tropic (NL4-3 and JRCSF) HIV-1
strains, we were able to observe peak levels of viral replication
in CD4" T cells from elite controllers on day 7, reaching a mean
log,, p24 level of 4.98 + 045 log,, pg/mL for NL4-3 infection
and 5.28 * 049 pg/mL for JRCSF infection (Figure 4A and
4B). Similar levels and kinetics of viral replication were seen
in CD4" cell cultures from HIV-uninfected individuals (log,,
p24 level, 4.88 + 0.59 log,, pg/mL for NL4-3 infection and
5.26 = 042 log,, pg/mL for JRCSF infection, respectively).
These data suggest that CD4" T cells from elite controllers, af-
ter exogenous activation, are not resistant to HIV-1 in vitro
infection.

DISCUSSION

In this study, we investigated whether low plasma HIV RNA
levels in elite and viremic controllers are associated with in-
fection by replication-incompetent viruses or whether their
CD4" T cells are not able to produce virus or become infected.
To address these possibilities, purified CD4" T cells from elite
controllers and viremic controllers were isolated and were stim-
ulated in vitro, and outgrowth of autologous virus was assessed.
Among 14 elite controllers tested, autologous virus grew ro-
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Figure 3. Replication of a human immunodeficiency virus type 1 clinical
isolate in activated CD4" T cells of 14 elite contrallers.
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Figure 4. Replication of the X4 tropic human immunodeficiency virus type 1 (HIV-1) strain NL4-3 (4} and the R5 tropic HIV-1 strain JRCSF (B} in activated
CD4* T cells of 12 elite controllers and 12 HIV-uninfected (HIV—) individuals (multiplicity of infection, 0.01). Shown are mean log,, p24 levels (in pg/mL)

at day 7.

bustly from samples derived from only 2 individuals’ CD4" T
cell cultures. In contrast, in vitro activated CD4" T cells from
all elite controllers were readily infectable with exogenous virus
following in vitro stimulation, suggesting that the elite control
observed is not associated with an inability of activated CD4"
cells to support HIV replication. However, we cannot exclude
that a distinct interaction between elite controller CD4" T cells
and their infecting viral strain might exist that would not allow
viral outgrowth in these individuals. Because of the limitation
in retrieving viral strains from elite controllers, we were unable
to test this hypothesis.

Qur results are consistent with those of recent reports, in
which difficulty in growing autologous virus was observed in
the vast majority of elite controllers [5, 6]. However, because
all elite controller CD4* T cells were infectable and produced
large quantities of virus after superinfection with laboratory or
primary HIV strains, our data suggest that low levels of virally
infected cells in the peripheral circulation, rather than an in-
trinsic inability of their activated CD4" T cells to support robust
virus replication, may explain the difficulty in isolatirig autol-
ogous virus in vitro. This was supported by the reduced levels
of HIV proviral DNA we found in the elite controllers, com-
pared with those in chronic progressors and even viremic con-
trollers or individuals receiving suppressive antiretroviral ther-
apy. Consistent with this observation, we detected the strongest
outgrowth of autologous virus in the elite controller with the
highest proviral DNA levels.

Since autologous virus replicated readily in most of the vi-
remic controllers despite their low plasma viral loads, the ex-
clusive explanation of HIV control by a defective infecting virus
is questionable. Ours and other groups have shown that elite
control is associated with persistent low but fluctuating levels
of viremia, suggesting individual differences in host immune
responses {23, 24]. Our observation that the 2 viremic con-
trollers who showed either a delayed or no autologous viral
outgrowth express the protective HLA B alleles B27 and B57
implies that the reduction of the viral reservoir in the peripheral

CD4' compartment may be mediated by a potent and persistent
immune response. These findings are supported by a recent
report from Saez-Cirion et al [25], who demonstrated that,
among elite controllers with weak antiviral CD8" T cell re-
sponses, highly in vitro replicative viruses were detectable.

It has been postulated that CD4" T cells from elite controllers
may be less susceptible to infection, as has been shown for
individuals who are highly exposed to HIV-1 and yet remain
uninfected [26, 27]. However, detectable low level viremia in
the majority of elite controllers [24] points to a small persistent
cellular reservoir for ongoing viral replication. Here, we arti-
ficially activated CD4"* T cells from all donors, and after max-
imal activation, superinfected the cells with either an X4 or an
R5 laboratory strain. In this setting, we did not observe any
differences among the elite controllers or HIV-uninfected con-
trol subjects in their ability to support viral replication. This
observation argues against but does not disprove the hypothesis
that host factors may render activated CD4" T cells less in-
fectable as a cause for the reduced frequencies of infected pe-
ripheral CD4" T cells in HIV controllers. However, it is still
plausible that other factors, such as potential in vivo differences
in CD4" T cell activation levels or more subtle differences in
the ability to support autologous virus replication, may differ-
entiate the infectability of CD4" cells of elite controllers, com-
pared with those of other individuals. This said, it is still plau-
sible that added intrinsic differences in activation potentials
among CD4" T cells from elite controllers and controls may
account for differences in susceptibility to HIV-1 infection or
in the burst size of viruses produced per infected cell.

Overall, these data suggest that in vitro activated CD4" cells
from elite controllers can readily accommodate HIV replication
and that elite controllers can harbor replication-competent
HIV. The poor autologous virus outgrowth from elite con-
trollers is likely related to the low frequency of HIV-infected
cells in the peripheral circulation of elite controllers. Low levels
of HIV-infected CD4" T cells in vivo are likely due to highly
antiviral immune pressure unique to HIV controllers, but fur-
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ther studies examining subtle differences in innate effector
mechanisms that might be detectable with more sensitive assays
are warranted.
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Mutations that allow escape from CD8 T-cell responses are common in HIV-1 and may attenuate pathogenesis by
reducing viral fitness. While this has been demonstrated for individual cases, a systematic investigation of the conse-
quence of HLA class I-mediated selection on HIV-1 in vitro replication capacity (RC) has not been undertaken. We
examined this question by generating recombinant viruses expressing plasma HIV-1 RNA-derived Gag-Protease se-
quences from 66 acute/early and 803 chronic untreated subtype B-infected individuals in an NIL4-3 background and
measuring their RCs using a green fluorescent protein (GFP) reporter CD4 T-cell assay. In acute/early infection, viruses
derived from individuals expressing the protective alleles HLA-B*57, -B*5801, and/or -B*13 displayed significantly lower
RCs than did viruses from individuals lacking these alleles (P < 0.05). Furthermore, acute/early RC inversely correlated
with the presence of HLA-B-associated Gag polymorphisms (R = —0.27; P = 0.03), suggesting a cumulative effect of
primary escape mutations on fitness during the first months of infection. At the chronic stage of infection, no strong
correlations were observed between RC and protective HLA-B alleles or with the presence of HLA-B-associated poly-
morphisms restricted by protective alleles despite increased statistical power to detect these associations. However, RC
correlated positively with the presence of known compensatory mutations in chronic viruses from B*57-expressing
individuals harboring the Gag T242N mutation (z = 50; R = 036; P = 0.01), suggesting that the rescue of fitness defects
occurred through mutations at secondary sites. Additional mutations in Gag that may modulate the impact of the T242N
mutation on RC were identified. A modest inverse correlation was observed between RC and CD4 cell count in chronic
infection (R = —0.17; P < 0.0001), suggesting that Gag-Protease RC could increase over the disease course. Notably, this
association was stronger for individuals who expressed B*57, B*58, or B¥13 (R = —0.27; P = 0.004). Taken together,
these data indicate that certain protective HLA alleles contribute to early defects in HIV-1 fitness through the selection
of detrimental mutations in Gag; however, these effects wane as compensatory mutations accumulate in chronic infection.
The long-term control of HIV-1 in some persons who express protective alleles suggests that early fitness hits may provide
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lasting benefits.

The host immune response elicited by CD8" cytotoxic T
lymphocytes (CTLs) is a major contributor to viral control
following human immunodeficiency virus type 1 (HIV-1) in-
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fection (6, 39), but antiviral pressure exerted by CTLs is di-
minished by the selection of escape mutations in targeted re-
gions throughout the viral proteome (7, 18, 29, 35, 41, 45, 57).
A comprehensive identification of HLA-associated viral poly-
morphisms has recently been achieved through population-
based analyses of HIV-1 sequences and HLA class I types from
different cohorts worldwide (3, 8, 13-15, 34, 43, 50, 56, 63).
However, despite improved characterization of the sites and
pathways of immune escape, effective ways to incorporate
these findings into immunogen design remain an area of de-
bate. A better understanding of the impact of escape mutations
on viral fitness may provide novel directions for HIV-1 vac-
cines that are designed to attenuate pathogenesis.

The development of innovative vaccine strategies that can
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overcome the extreme diversity of HIV is a key priority (4).
One proposed approach is to target the most conserved T-cell
epitopes, which presumably cannot escape from CTL pressure
easily due to structural or functional constraints on the viral
protein (55). Complementary approaches include the design of
polyvalent and/or mosaic immunogens that incorporate com-
monly observed viral diversity (4, 38) or the specific targeting
of vulnerable regions of the viral proteome that do escape but
only at a substantial cost to viral replication capacity (RC) (1,
40). A chief target of such vaccine approaches is the major
HIV-1 structural protein Gag, which is known to be highly
immunogenic and to elicit CTL responses that correlate with
the natural control of infection (22, 36, 66). Indeed, several
lines of evidence support a relationship between the selection
of CTL escape mutations and reduced HIV-1 fitness. These
include the reversion of escape mutations following transmis-
sion to an HLA-mismatched recipient who cannot target the
epitope (19, 24, 41) as well as reduced plasma viral load (pVL)
set point following the transmission of certain escape variants
from donors who expressed protective HLA alleles (17, 27).
Notably, these in vivo observations have been made most often
for variations within Gag that are attributed to CTL responses
restricted by the protective alleles HLA-B*57 and -B*5801 (17,
19, 27, 41). Most recently, reduced in vitro RCs of clinical
isolates and/or engineered strains encoding single or multiple
escape mutations in Gag selected in the context of certain
protective HLA alleles, including B*57, B*5801, B*27, and
B*13, have been demonstrated (9, 10, 42, 53, 59, 62). Despite
these efforts, the goal of a T-cell vaccine that targets highly
conserved and attenuation-inducing sites is hampered by a lack
of knowledge concerning the contribution of most escape mu-
tations to HIV-1 fitness as well as a poor understanding of the
relative influence of HLA on the viral RC at different stages of
infection.

The mutability of HIV-1 permits the generation of progeny
viruses encoding compensatory mutations that restore normal
protein function and/or viral fitness. Detailed studies have
demonstrated that the in vitro RC of escape variants in human
and primate immunodeficiency viruses can be enhanced by the
addition of secondary mutations outside the targeted epitope
(10, 20, 52, 59, 65). Thus, vaccine strategies aimed at attenu-
ating HIV-1 must also consider, among other factors, the fre-
quency, time course, and extent to which compensation might
overcome attenuation mediated by CTL-induced escape. De-
spite its anticipated utility for HIV-1 vaccine design, systematic
studies to examine the consequences of naturally occurring
CTL escape and compensatory mutations on viral RC have not
been undertaken.

We have described previously an in vitro recombinant viral
assay to examine the impact of Gag-Protease mutations on
HIV-1 RC (47, 49). Gag and protease have been included in
each virus to minimize the impact of sequence polymorphisms
at Gag cleavage sites, which coevolve with changes in protease
(5, 37). Using this approach, we have demonstrated that vi-
ruses derived from HIV-1 controllers replicated significantly
less well than those derived from noncontrollers and that these
differences were detectable at both the acute/early (49) and
chronic (47) stages. Escape mutations in Gag associated with
the protective HLA-B*57 allele, as well as putative compen-
satory mutations outside known CTL epitopes, contributed to
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this difference in RC (47). However, substantial variability was
observed for viruses from controllers and noncontrollers, indi-
cating that additional factors were likely to be involved. Ben-
efits of this assay include its relatively high-throughput capacity
as well as the fact that clinically derived HIV-1 sequences are
used in their entirety. Thus, it is possible to examine a large
number of “real-world” Gag-Protease sequences, to define an
RC value for each one, and to identify sequences within the
population of recombinant strains that are responsible for RC
differences.

Here, we use this recombinant virus approach to examine
the contribution of HLA-associated immune pressure on Gag-
Protease RC during acute/early (n = 66) and chronic (n = 803)
infections in the context of naturally occurring HIV-1 subtype
B isolates from untreated individuals. In a recent report (64),
we employed this system to examine the Gag-Protease RCina
similar cohort of chronic HIV-1 subtype C-infected individu-
als. The results of these studies provide important insights into
the roles of immune pressure and fitness constraints on HIV-1
evolution that may contribute to the rational design of an
effective vaccine.

MATERIALS AND METHODS

Patients and samples. The acute/early cohort was comprised of 66 antiretro-
viral-naive individuals (median time postinfection of 61 days [interquartile range
{IQR}, 37 to 74 days]; median pVL of 5.5 log,, RNA copies/ml [IQR, 4.0 to 5.9
log,o RNA copies/ml]; median CD4 count of 483 cells/mm?® [IQR, 401 to 654
cellsfmm?]) - from Acute Infection and Early Disease Research Program
(AIEDRP) network sites in the United States and Australia as well as a private
medical clinic in Germany (11). Thirty-nine patients were identified during acute
infection as defined by documented positive HIV RNA (>5,000 copies/ml) or
detectable serum p24 antigen and either a negative HIV-1 enzyme immunoassay
(EIA) result or a positive EIA result but a negative or indeterminate Western
blot resuit. The time frame for acute infection as defined here ranges up to 6
weeks following infection, and sample distribution is comparable to Fiebig stages
1to2(n = 11)and 3, 4, and 5 (n = 28) (23). The remaining 27 individuals were
identified during early HIV infection, as defined by a negative EIA result during
the previous 6 months or a positive EIA result but a negative detuned HIV-1
EIA result (Vironostika-LS EIA; bioMérieux, Raleigh, NC) (33) at enroliment.
These samples are comparable to Fiebig stage 6. The date of HIV infection was
estimated using clinical history (where available), by subtracting 4 weeks from
the baseline in cases of a negative EIA result, by subtracting 6 weeks from the
baseline in cases of a positive EIA result, by calculating the midpoint between the
last negative and the first positive EIA result, or by subtracting 4 months from
the date of a negative detuned EIA result (11).

The chronic cohort was comprised of 803 individuals (median pVL of 5.1 log,o
RNA copies/ml [IQR, 4.7 to 5.5 log,q RNA copies/mi] and median CD4 cell
count of 273 cells/mm?® [IQR, 130 to 420 célls/mm?]). Of these individuals, 762
(94.9%) represented a baseline (antiretroviral-naive) cross-section of the British
Columbia HOMER cohort (12-14). The remaining 41 (5.1%) individuals rep-
resented chronically infected individuals recruited from Massachusetts General
Hospital who were untreated at the time of sample collection (47). Although
time since infection was unknown for these individuals, the relatively low median
CD4 cell count indicates that this cohort was relatively progressed and thus may
not be entirely representative of earlier stages of chronic infection. HLA class [
typing was performed by using sequence-based methods. Ethical approval was
obtained through the relevant institutional review boards.

Generation of recombinant Gag-Protease viruses. Recombinant viruses were
generated on an NL4-3 background as described previously (47, 49). NL4-3 was
chosen because this strain is commonly used for in vitro mutagenesis studies of
HIV-1 replication, and its Gag sequence displays greater similarity to consensus
subtype B than to other available molecular clones (13 amino acid differences
from consensus subtype B, 2004). Briefly, the Gag-Protease region was amplified
by reverse transcription (RT)-PCR from plasma HIV-1 RNA using sequence-
specific primers. Second-round PCR was performed by using PAGE-purified
recombination primers designed to match the NL4-3 sequence directly upstream
of Gag (forward primer GACTC GGCTT GCTGA AGCGC GCACG GCAAG
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TABLE 1. Acute/early cohort information
Value for acute/early cohort
Parameter P value®
Total Protective HLA allele” No protective HLA ailele

No. of individuals 66 20 46
Median log,, plasma viral load (IQR®) 5.47 (4.05-5.88) 4.44 (3.76-5.61) 5.59 (4.97-5.97) 0.02
Median CD4 cell count (IQR) 483 (401-654) 526 (428-676) 465 (377-621) 0.31
Median estimated days postinfection (IQR) 59 (36-72) 60 (40-72) 51 (32-96) 0.75

% Protective HLA alleles defined as B*13, B*27, B*57, and B*5801.
® P values determined by a Mann-Whitney U test.
¢ IQR, interquartile range.

AGGCG AGGGG CGGCG ACTGG TGAGT ACGCC AAAAA TTTIG
ACTAG CGGAG GCTAG AAGGA GAGAG ATGGG) and downstream of
protease (reverse primer GGCCC AATTT TTGAA ATTTT TCCTT CCTTT
TCCAT TTCTG TACAA ATTTC TACTA ATGCT TTTAT TTTIT CTTCT
GTCAA TGGCC ATTGT TTAAC TTTTG).

Plasmid pNLA-3AGag-Protease was developed by inserting unique BstEII
restriction sites at the 5’ end of Gag and the 3' end of the protease by using the
QuikChange XL kit (Stratagene), followed by the deletion of the Gag-Protease
region by BstEII digestion (New England Biolabs). This plasmid was maintained
by using Escherichia coli Stbl3 cells (Invitrogen). To generate recombinant vi-
ruses, 10 pg of BstEll-linearized plasmid plus 50 wl of the second-round ampli-
con (approximately 5 pg) were mixed with 2.0 X 10° cells of a Tat-driven green
fluorescent protein (GFP) reporter T-cell line (GXR 25 cells [41]) in 800 pl of
R10* medium (RPMI 1640 medium containing 10% fetal calf serum [FCS], 2
mM L-glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin} and trans-
fected by electroporation using a Bio-Rad GenePulser II instrument (exponen-
tial protocol of 300 V and 500 uF). Following transfection, cells were rested for
45 min at room temperature, transferred into 25-mm> flasks in 5 ml of R10*
medium, and fed with 5 ml R10* medium on day 5. GFP expression was
monitored by flow cytometry (FACSCalibur; BD Biosciences), and once GFP-
positive (GFP™) expression reached >15% among viable cells, supernatants
containing the recombinant viruses were harvested, and aliquots were stored at
—80°C.

Replication capacity assays. Virus titers and replication assays were per-
formed as described previously (47, 49). Replication assays were initiated at a
multiplicity of infection (MOI) of 0.003 and included six negative (uninfected
cells only) and six NL4-3 infection controls. For each virus, the natural-log slope
of the percentage of GFP™ cells was calculated during the exponential phase of
viral spread (days 3 to 6). This value was divided by the mean rate of spread of
wild-type (WT) NLA4-3 to generate a normalized, quantitative measure of the
replication capacity (RC). An RC value of 1.0 indicates a rate of viral spread that
was equal to that of NLA4-3, while RC values of <1.0 and >1.0 indicate rates of
spread that were higher than or lower than those of NLA-3, respectively. Dupli-
cate or triplicate assays were performed in independent experiments, and aver-
age replication rates are reported. Quality control experiments were done to test
assay reproducibility and to assess the potential impact of recombination on the
NL4-3 RC. RC values determined using bulk products were highly concordant
for a given patient sample. Furthermore, the reintroduction of cloned NL4-3
sequences into the NL4-3 backbone did not significantly alter viral fitness.

Viral sequencing and sequence analysis. Bulk plasma HIV-1 RNA sequences
were previously collected for all individuals in the acute/early (11) and chronic
(14) infection cohorts. Recombinant viral stocks for all acute/early infections and
the majority (528 of 803; 65.7%) of chronic viruses were sequenced to confirm
patient origin and to assess diversity. Bulk HIV-1 RNA was extracted from viral

culture supernatants by using the QLAamp viral RNA kit (Qiagen), amplified by
nested RT-PCR using sequence-specific primers, sequenced bidirectionally on
an ABI 3730xl sequencer (Applied Biosystems), and analyzed by using Se-
quencher 4.9 software (Gene Codes). Nucleotide mixtures were called if the
secondary-peak height exceeded 25% of the dominant-peak height. All viruses
were confirmed as subtype B by comparison to reference sequences (http:/Awww
‘hiv.lanl.gov). Nucleotide alignments were performed by using a modified NAP
algorithm (32), and maximum likelihood phylogenetic trees were generated by
using PHYmL (30). Trees were visualized by using Figtree v.1.2.2 (http://tree
.bio.ed.ac.uk/software/figtree). Chronic HIV-1 sequences were previously depos-
ited in GenBank (14, 47).

Statistical analysis. All statistical analyses are identified in the text. An un-
paired ¢ test was used to compare differences in replication capacity between
groups (e.g., presence versus absence of HLA alleles). The relationship between
the number of HLA-associated escape mutations and RC was assessed by using
Pearson’s correlation, while Spearman’s correlation was used to investigate the
relationship between HIV-1 clinical parameters (CD4 cell count and pVL) and
RC. In an exploratory analysis, pairwise Mann-Whitney U tests were used to
identify specific amino acids in Gag and protease associated with RC. Multiple
tests were addressed by using a g value approach (60).

Nucleotide sequence accession numbers. Data for acute/early viral sequences
have been deposited in the GenBank database under accession numbers
GU390464 to GU390529.

RESULTS

We have utilized a high-throughput recombinant virus assay
to examine the impact of HLA-associated mutations in the
Gag and protease proteins on viral replication capacity (RC) in
order to elucidate the consequences of immune-mediated
pressure on HIV-1 fitness during the natural course of infec-
tion.

Construction of Gag-Protease recombinant viruses from
acute/early and chronic infections. Recombinant viruses were
generated from 66 acute/early-infected individuals and 803
untreated individuals at a relatively late stage of chronic infec-
tion (Tables 1 and 2). The Gag regions of all acute/early viruses
and the majority of chronic viruses were resequenced to con-
firm patient origin and to assess viral diversity. As expected,
limited diversity was observed in the acute/early virus bulk

TABLE 2. Chronic cohort information

Value for chronic cohort

Parameter
Total Protective HLA allele? No protective HLA aliele P value®
No. of individuals 803 165 638
Median log,, plasma viral load (IQR®) 5.08 (4.65-5.46) 4.96 (4.42-5.43) 5.11 (4.72-5.47) 0.02
Median CD4 cell count (IQR) 273 (130-420) 290 (120-430) 270 (130-420) 0.91

2 Protective HLA alleles defined as B*13, B*27, B*57, and B*S801.
® P values determined by a Mann-Whitney U test.
¢ IQR, interquartile range.
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a. Acute/Early Infection (N=66)

Frequency (% total)
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Replication Capacity

Chronic Infection (N=803)
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FIG. 1. In vitro RCs of recombinant NL4-3-derived viruses encod-
ing patient-derived Gag-Protease sequences. The distribution of viral
RC is shown for samples collected during acute/early infection (n =
66) (a) and chronic infection (n = 803) (b). Viruses were generated
and RCs were measured by using a GFP reporter T-cell line, as de-
scribed in Materials and Methods. The average RC was determined for
each recombinant virus using data from two (acute/early infection) or
three (chronic infection) independent assays. Results were normalized
to mean RCs of WT NLA-3 controls assessed in parallel such that
values greater than or less than 1.0 indicate viruses that replicated
faster or slower than NLA-3, respectively. Gag-Protease RC values
were not significantly different between cohorts (the median RC was
1.01 for both cohorts) and were distributed normally around means of
0.98 (£0.12) for acute/early infection samples and 1.00 (+0.15) for
chronic infection samples.

plasma HIV-1 RNA as well as recombinant virus sequences
(~55% of plasma and recombinant viruses were clonal at the
amino acid level, while the remainder exhibited at least one
amino acid mixture). However, a comparison of chronic
plasma versus recombinant viral sequences revealed reduced
viral diversity in the latter compared to that of the former: 6%
of plasma versus 40% of recombinant sequences were clonal at
the amino acid level (P < 0.0001), which is indicative of an in
vitro genetic bottleneck, likely at the homologous recombina-
tion stage. Despite reduced diversity, recombinant viral se-
quences were highly concordant with the original bulk plasma
sequences: the median number of full amino acid differences
observed between plasma and recombinant virus was 1 out of
500 codons in Gag (<0.2% [IQR, 0% to 2%]).

In vitro RC was measured for each Gag-Protease recombi-
nant virus as described previously (47, 49). The NL4-3 normal-
ized median RC was highly concordant between cohorts (1.01
[IQR, 0.91 to 1.07] for acute/early viruses and 1.01 [IQR, 0.91
to 1.10] for chronic viruses; P = 0.29) (Fig. 1) and indicated
that, on average, the in vitro function of patient-derived Gag-
Protease sequences was comparable to that of NL4-3. To in-
vestigate the relationship between recombinant virus quasispe-
cies diversity and RC, we compared the RC of acute/early
viruses encoding clonal Gag sequences (n = 37) to those con-

J. VIROL.

taining at least one amino acid mixture (n = 29), and we
observed no significant difference in RCs between the two (P =
0.51). A similar analysis undertaken on the chronic virus data
set revealed a slight growth advantage for viruses containing
amino acid mixtures: the median RC of chronic recombinant
viruses with clonal Gag sequences (n = 210) versus that for
viruses with at least one amino acid mixture in Gag (n = 318)
was 0.98 versus 1.01, respectively (P = 0.01). Taken together,
these data suggest that recombinant stocks containing more
than one viral species replicated marginally better in our cell
culture system; however, the magnitude of this effect (0.03
units, equivalent to 20% of 1 standard deviation in the data
set) was relatively minor.

Reduced RC of acute/early viruses from individuals express-
ing certain protective HLA alleles. Based on the results of
previous studies (9, 10, 42, 46, 53, 59), we hypothesized that if
viral escape mutations in Gag were to significantly reduce
HIV-1 fitness, this would most likely occur early following
infection and in the context of immune pressure elicited by
protective HLA class I alleles. To assess this, we divided acute/
early infection samples into two groups based upon host ex-
pression of protective HLA alleles that are known to target
epitopes in Gag (B*13, B*27, B*57, and B*5801) (16, 31). The
time of sample collection postinfection and the proportion of
recombinant viruses exhibiting clonal sequences were similar
between groups (Table 1 and not shown). However, pVL was
significantly lower for acute/early-infected individuals who ex-
pressed a protective HLA allele than for those who did not
(Table 1). Notably, we observed that recombinant Gag-Pro-
tease viruses derived from individuals who expressed at least
one of these protective HLA alleles demonstrated significantly
lower in vitro RCs than those who did not (P < 0.0001)
(Fig. 2a). In an analysis stratified by the individual HLA-B
alleles expressed, viruses derived from HLA-B*57, -B*5801,
and -B*13 displayed the lowest RCs overall (Fig. 2b). Note that
one individual expressed both B*5801 and B*13, but similar
results were observed after the removal of this sample (not
shown). Stratification by expressed HLA-A and HLA-C alleles
revealed no significant associations with Gag-Protease RC (not
shown).

Evidence for early immune selection as a correlate of re-
duced RC. We hypothesized that alterations in the RC in
acute/early infection were due to the rapid selection of im-
mune escape mutations by host HLA alleles. We assessed this
hypothesis in three ways. First, we investigated the presence of
HLA-associated escape mutations previously associated with
reduced fitness in the four viruses with the lowest overall RC
values in the cohort (which were derived from individuals ex-
pressing B*5701 [» = 2], B*1302, and B*5801) and compared
these viruses to viruses derived from the remaining individuals
who expressed B*57/B*5801 (n = 4) or B*13 (n = 4) (9, 10, 42,
53). All four viruses exhibiting the lowest RC values harbored
mutations previously associated with reduced fitness, including
mutations at Gag residues 147 (2 of 3 viruses from B*57- or
B*5801-expressing individuals), 242 (3 of 3 viruses), 248 (2 of
3 viruses), and 340 (1 of 3 viruses). An HLA B*57/B*5801-
associated Gag mutation at codon 173 was also seen for all
three of these viruses; however, to our knowledge, the conse-
quence of this mutation on fitness has not been evaluated.
Furthermore, the recombinant virus derived from the B*13-
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FIG. 2. Host HLA-B expression is associated with Gag-Protease
RC in acute/early infection. (a) Significantly lower RCs were observed
among viruses derived from individuals who expressed HLA-B*13,
-B*27, -B*57, and/or -B*5801 (“protective”) (n = 20) than among
viruses derived from individuals who lacked these HLA alleles (“non-
protective”) (n = 46) (P < 0.0001 by a ¢ test). The median RC for each
group is indicated by a horizontal line. (b) Host expression of HLA-
B*13, -B*57, and -B*5801 contributed to lower RCs (P = 0.04, P =
0.01, and P = 0.02, respectively, by a ¢ test) (indicated by asterisks),
while the expression of B*27 did not (P = 0.50). Results for individual
alleles were not significant after correction for multiple comparisons
(all ¢ > 0.2). Median RC values (lines), interquartile ranges (boxes),
and extreme values (whiskers) are indicated for each group. (c) Total
number of Gag polymorphisms associated with host HLA-B alleles
inversely correlated with the RC (R = —0.27; P = 0.03). (d) Among
seven acute/early viruses derived from HLA-B*57-expressing hosts, a
significant inverse correlation was observed between RC and the esti-
mated time postinfection when the sample was collected (R = —0.88;
P = 0.01). The viral sequence at residue 242 (T or N) is indicated as
a reference. (e and f) No similar association with time was observed
among viruses for the entire cohort (e) or among viruses derived from
HLA-B*27-expressing hosts (f). The slope of each association is indi-
cated by a solid line.

expressing individual harbored a known escape mutation at
Gag codon 437 within the B*13-RI9 (Gag,g.437) epitope. In
contrast, these polymorphisms were observed less frequently in
the more-fit recombinant viruses derived from the remaining
individuals expressing these alleles, including those at codon
147 (1 one 4 viruses), 173 (1 of 4 viruses), 242 (1 of 4 viruses),
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248 (2 of 4 viruses), or 340 (0 of 4) in the presence of B*57/
B*5801 and at codon 437 (0 of 4 viruses) in the presence of
B*13. These data are consistent with the de novo selection of
escape mutations by host HLA-restricted CTL responses in
each of these cases.

Second, we used a previously reported list of HLA-associ-
ated polymorphisms derived from statistical analyses of an
international cohort of more than 1,500 antiretroviral-naive,
chronically infected individuals, which incorporated a correc-
tion for HLA linkage disequilibrium and HIV codon covaria-
tion (14), to explore the relationship between HLA-associated
Gag polymorphisms and viral RC in a more systematic way.
We observed a significant inverse correlation between the total
number of host HLA-associated polymorphisms in acute/early
Gag sequences and RC (R = —0.30; P = 0.01) (not shown).
This result appeared to be driven largely by polymorphisms
selected in the presence of the host’'s HLA-B alleles (R =
—0.27; P = 0.03) (Fig. 2¢). Significant correlations between RC
and HLA-A- or HLA-C-associated Gag polymorphisms were
not observed (not shown).

Finally, we hypothesized that CTL-mediated selection of
escape mutations will occur gradually and therefore that
changes in viral RC would become more apparent over time
following infection. We therefore correlated RC with the es-
timated time postinfection when each sample was collected.
Despite the cross-sectional nature of this analysis and limited
data, we observed a significant inverse correlation between RC
and days postinfection for the seven viruses derived from HLA
B*57-expressing individuals (R = —0.88; P = 0.01) (Fig. 2d).
This result is consistent with an effect of B*57-mediated im-
mune pressure on Gag-Protease that results in the selection of
escape mutations that attenuate viral fitness during the first
months following infection. Indeed, viruses derived from ear-
lier samples (collected at 19, 31, and 46 days postinfection)
encoded the wild-type T at position 242, while those derived
from later samples (days 40, 53, 98, and 100) contained the
T242N escape mutation within the B*S7-TW10 (Gag,4g.240)
epitope. In contrast to B*57-expressing individuals, no associ-
ation between RC and time since infection was observed when
we examined the entire cohort (Fig. 2¢) or when we assessed
viruses derived from individuals expressing B*27 (n = 7)
(Fig. 2f), suggesting that the early attenuation of HIV-1 may be
limited to a relatively small subset of HLA alleles. Altogether,
these data support a dominant influence of some host HLA-B
alleles, particularly B*57, on Gag-Protease fitness in early in-
fection.

No evidence for transmitted escape mutations as a correlate
of reduced RC. The acquisition of HIV-1 harboring Gag poly-
morphisms restricted by protective HLA alleles has been
shown to affect acute-phase viral load (17, 27), presumably
through alterations in viral fitness. We therefore investigated
the relationship between transmitted mutations in Gag-Pro-
tease and viral RC. Using the same list of HLA-associated
polymorphisms described above, we identified mutations in
each virus that were likely to be selected in the previous host.
However, we observed no significant correlations between
acute/early viral RC and the total number of Gag polymor-
phisms associated with these putative transmitted escape mu-
tations (not shown).
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Identification of specific mutations associated with acute/
early virus RC. To identify specific amino acids in Gag-Pro-
tease associated with acute/early virus RC, we performed a
systematic pairwise analysis of all observed amino acid variants
and viral RCs. This analysis revealed correlations between RC
and 18 polymorphisms located at 14 codons in Gag (P < 0.05),
although none reached statistical significance after correction
for multiple comparisons (all ¢ > 0.2) (see Table S1 in the
supplemental material). A lower median RC was observed for
strains encoding the Gag V71, S53T, S67A, E260D, S342X,
Y484X, or L486X mutation as well as those encoding a dele-
tion at residue T371. Notably, several consensus subtype B
residues in Gag were also seen to be significantly associated
with a lower RC, including 134, Q55, L75, V218, 1479, and
1498, which may help to explain the observation that many
patient-derived viruses displayed higher RCs than did the
NLA4-3 control. Polymorphisms at a number of these sites were
associated previously with HLA-mediated selection in Gag
(14), and well-documented CTL epitopes overlap many of
these regions (see the HIV molecular immunology database at
www.hiv.lanl.gov). Despite its association with reduced RCs,
no HLA B*57-associated polymorphisms were observed at a P
value of <(0.05, although trends were seen for Gag polymor-
phisms at several known B*57-targeted residues, including the
T242N (present in 6 of 66 viruses; P = 0.06) and 1147L
(present in 16 of 66 viruses; P = 0.11) mutations.

Contribution of host HLA alleles to viral RC in chronic
infection. In light of the observed effects of host HLA on the
Gag-Protease RC during acute/early infection, we wished to
investigate whether HLA-associated viral attenuation per-
sisted into later stages of infection. To do this, we constructed
and evaluated a large panel of recombinant viruses (n = 803)
from untreated individuals with relatively advanced chronic
infection (Table 2). In contrast to acute/early infection results,
no significant association was observed between host expres-
sion of protective HLA alleles (B*13, B*27, B*57, and B*5801)
and chronic viral RC (P = 0.28) (Fig. 3a) despite a greatly
increased power to detect such differences. Furthermore, the
stratification of data by individual HLA alleles also failed to
" reveal associations between most of these alleles and RC
(Fig. 3c). Of interest, the stratification of the RC by individual
HLA alleles revealed a relatively broad range of RC values for
HLA-B (from medians of 0.89 for B*56 to 1.06 for B*37) (Fig.
3c) but narrower ranges for HLA-A and -C (Fig. 3b and d),
supporting a greater influence of HLA-B on chronic viral fit-
ness. HLA alleles A*26, A*31, B*48, B*53, and B*5801 were
independently associated with lower viral RCs in chronic in-
fection (all g < 0.2).

Impact of the number of HLA-associated polymorphisms on
viral RC in chronic infection. In contrast to acute/early infec-
tion, no significant relationship was observed between the
overall total number of HLA-A-, HLA-B-, or HLA-C-associ-
ated polymorphisms and viral RC in chronic infection (not
shown). Due to the substantially increased power in the
chronic cohort, it was additionally possible to undertake these
analyses at the individual HLA allele level. Of interest, we
observed significant inverse correlations between RC and the
number of HLA-specific polymorphisms restricted by A*25
(n =30) (R = =037, P = 0.04), A*26 (n = 46) (R = —0.35;
P =10.02),B*14 (n = 50) (R = —0.30; P = 0.04), B*41 (n = 12)
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FIG. 3. Lack of strong associations between protective HLA alleles
and RC in chronic infection. (a) The RC of viruses derived from
chronically infected individuals who expressed the protective HLA
alleles B*13, B*27, B*57, and/or B*5801 was not significantly different
from those of viruses derived from individuals who did not express
these alleles. (b and ¢) When host HLA alleles were analyzed individ-
ually, several alleles were associated with significantly lower Gag-Pro-
tease viral RCs after correction for multiple comparisons (g < 0.2)
(indicated by asterisks), namely, A*26 and A*31 (b) as well as B*48,
B*53, and B*58 (c). (d) No associations with chronic infection RC
were observed for HLA-C alleles. Median RC values (lines), inter-
quartile ranges (boxes), and extreme values (whiskers) are indicated
for each group.

(R = —0.89; P < 0.0001), and B*55 (n = 33) (R = -0.53; P =
0.002) for individuals expressing these alleles (Fig. 4). Associ-
ations for HLA-A*26, -B*41, and -B*55 remained significant
after correction for multiple comparisons (g < 0.2). These
results suggest a potential dose-dependent relationship be-
tween the induction of escape mutations by these HLA alleles
and reduced RCs in some individuals. Notably, A*26 was also
associated with a lower overall RC (Fig. 3c). The finding that
these other alleles are not broadly associated with reduced
fitness suggests that their effects may be driven by Gag re-
sponses that are poorly elicited in many cases or are due to
atypical escape mutations that result in greater viral attenua-
tion.

Since the transmission of HLA-associated Gag mutations
may alter viral fitness, the potential impact of polymorphisms
that could not be attributed to the current host’s HLA profile
(ie., escape mutations acquired at transmission) was also ex-
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