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ABSTRACT CD8� T cell-mediated escape mutations in Gag can reduce HIV-1 replica-
tion capacity (RC) and alter disease progression, but less is known about immune-
mediated attenuation in other HIV-1 proteins. We generated 487 recombinant viruses
encoding RT-integrase from individuals with chronic (n � 406) and recent (n � 81)
HIV-1 subtype C infection and measured their in vitro RC using a green fluorescent pro-
tein (GFP) reporter T cell assay. In recently infected individuals, reverse transcriptase (RT)-
integrase-driven RC correlated significantly with viral load set point (r � 0.25; P � 0.03)
and CD4� T cell decline (P � 0.013). Moreover, significant associations between RT
integrase-driven RC and viral load (r � 0.28; P � 0.0001) and CD4� T cell count (r �

�0.29; P � 0.0001) remained in chronic infection. In early HIV infection, host expression
of the protective HLA-B*81 allele was associated with lower RC (P � 0.05), as was ex-
pression of HLA-B*07 (P � 0.02), suggesting early immune-driven attenuation of RT-
integrase by these alleles. In chronic infection, HLA-A*30:09 (in linkage disequilibrium
with HLA-B*81) was significantly associated with lower RC (P � 0.05), and all 6 HLA-B al-
leles with the lowest RC measurements represented protective alleles, consistent with
long-term effects of host immune pressures on lowering RT-integrase RC. The polymor-
phisms V241I, I257V, P272K, and E297K in reverse transcriptase and I201V in integrase,
all relatively uncommon polymorphisms occurring in or adjacent to optimally described
HLA-restricted cytotoxic T-lymphocyte epitopes, were associated with reduced RC. To-
gether, our data suggest that RT-integrase-driven RC is clinically relevant and provide ev-
idence that immune-driven selection of mutations in RT-integrase can compromise RC.

IMPORTANCE Identification of viral mutations that compromise HIV’s ability to repli-
cate may aid rational vaccine design. However, while certain escape mutations in
Gag have been shown to reduce HIV replication and influence clinical progression,
less is known about the consequences of mutations that naturally arise in other HIV
proteins. Pol is a highly conserved protein, but the impact of Pol function on HIV
disease progression is not well defined. Here, we generated recombinant viruses us-
ing the RT-integrase region of Pol derived from HIV-1C-infected individuals with re-
cent and chronic infection and measured their ability to replicate in vitro. We dem-
onstrate that RT-integrase-driven replication ability significantly impacts HIV disease
progression. We further show evidence of immune-mediated attenuation in RT-
integrase and identify specific polymorphisms in RT-integrase that significantly de-
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crease HIV-1 replication ability, suggesting which Pol epitopes could be explored in
vaccine development.

KEYWORDS replication capacity, HIV-1 subtype C, HLA polymorphisms

CD8� cytotoxic T lymphocytes (CTL), which recognize infected cells through the
surface presentation of various HIV-1 epitopes by different HLA class I molecules,

play an important role in controlling HIV-1 replication (1, 2). However, mutations may
arise in or adjacent to epitopes which allow HIV-1-infected cells to evade detection by
CD8� T cells (1). Some of these escape mutations, particularly those in conserved
regions, confer substantial costs to HIV-1 replication (3). While the ideal CTL-based
vaccine would target CD8� T cell responses to multiple vulnerable regions of HIV-1
where escape is impossible, the highly mutable nature of HIV-1 renders this strategy
not feasible in practice. Another approach is therefore to focus CTL responses to
regions where immune escape can only occur at major cost to viral replication, thereby
delaying the ultimate time to escape and, when it occurs, reducing its net immune
evasion benefit to HIV by lowering viral load set point, slowing clinical progression, and
reducing onward transmission of the virus (4, 5).

While substantial replication costs of several immune escape mutations in HIV-1 Gag
have been demonstrated (3, 6–9), less is known about functional consequences of
immune-driven mutations in other HIV-1 proteins. Gag has been the focus of such
studies, since there is much evidence that Gag CD8� T cell responses are key to
mediating viral control (10, 11) and that human leukocyte antigen (HLA) alleles asso-
ciated with slower disease progression mediate their protective effects through restrict-
ing strong CD8� T cell responses to key conserved epitopes in Gag, where escape
mutations occur at a cost to viral replicative fitness (12, 13). However, Pol (comprised
of protease, reverse transcriptase [RT], and integrase) is another conserved protein that
is essential to viral replication and contains many CD8� T cell epitopes (14 and
http://www.hiv.lanl.gov/content/immunology/). Indeed, protease-RT replication capac-
ity contributes significantly to whole isolate replication capacity (r2 � 0.53 and P �

0.007) and correlates with plasma viral load (r2 � 0.44 and P � 0.019), supporting that
this Pol region contributes significantly to HIV disease progression (15). Interestingly,
although Pol CD8� T cell responses are generally subdominant in natural infection (16),
in a phase I clinical trial of a conserved-elements vaccine, the Pol-specific CD8� T cells
induced correlated most strongly with the ability of vaccine-induced CD8� T cells to
suppress viral growth in vitro, indicating that induction of Pol responses that are
normally subdominant in natural infection represents a favorable vaccine strategy (17,
18). Furthermore, in a study identifying peptides to which CD8� T cell responses are
associated with significantly lower viral loads, more beneficial Pol peptides (n � 12)
than Gag peptides (n � 10) were identified (19, 20), suggesting that there are vulner-
able regions in Pol suitable for vaccine inclusion. Finally, the observation that mutations
in Pol can significantly affect HIV replicative fitness is supported by studies of drug
resistance mutations (21–23) as well as studies of natural Pol sequences in persons
infected with HIV-1 subtype B (24, 25).

Here, we aimed to comprehensively investigate the effect of immune-driven muta-
tions in Pol, specifically RT-integrase, on HIV-1 replication capacity (RC) and its impact
on the clinical course of HIV infection. To do this, we constructed a large (n � 487)
panel of recombinant viruses expressing RT-integrase sequences from individuals
recently (n � 81) and chronically (n � 406) infected with HIV-1 subtype C, the most
prevalent subtype globally. Our results indicate that RT-integrase-mediated RC is
clinically relevant and further suggest that immune-driven mutations in RT-integrase
can significantly attenuate HIV.

RESULTS
Construction and replicative assessment of recombinant viruses derived from

early and chronic HIV-1C infection. HIV-1 recombinant viruses expressing bulk
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plasma HIV RNA-derived RT-integrase sequences from 81 recently and 406 chronically
subtype C-infected antiretroviral-naive individuals (Table 1) were constructed via ho-
mologous recombination in an HIV-1 subtype B (NL4-3) backbone. The mean time from
cotransfection to recombinant virus harvest was 15 days (interquartile range [IQR], 14
to 16 days). Resequencing and phylogenetic comparison of the RT-integrase region of
52 randomly selected recombinant viruses from recently (n � 9) and chronically (n �

42) infected individuals with their original plasma HIV-1 RNA sequences confirmed
participant origin in all cases (Fig. 1A) and also confirmed that recombinant virus
sequences were highly representative of the original plasma sequences. The median
number of full nucleotide differences between recombinant virus and bulk plasma
sequences was 3.5 (IQR, 2 to 7.75) out of 2,547 nucleotides (99.92% nucleotide
similarity), while the median number of full amino acid differences was 1 (IQR, 0 to 2)
of 849 codons (99.97% amino acid similarity). Recombinant viruses also retained a
substantial amount of the original within-host plasma HIV diversity in both recent and
chronic infection. Consistent with minimal viral diversity in early infection, recombinant
viruses generated from recently infected persons contained a mean of 2.9 (standard
deviation [SD], 2.33) nucleotide mixtures compared to 2 (SD, 2.05) in the original
plasma, while recombinant viruses generated from individuals in chronic infection
contained means of 6 (SD, 6) compared to 17 (SD, 13) in the original plasma sequences
(Fig. 1B).

In vitro RC of each participant-derived RT-integrase recombinant viral stock, where
RC was expressed as the slope of viral spread from days 3 to 6 postinfection relative to
that of the control NL4-3 strain (26), was assessed in duplicate in independent exper-
iments (replicate measurements were highly concordant: r � 0.85 by Pearson’s corre-
lation and P � 0.0001; data not shown) and subsequently were reported as the
averages from these two measurements. Overall, the RC of the recombinant viruses
derived from recent infection (median RC, 0.92; IQR, 0.85 to 0.96) were comparable to
those derived from the chronic infection (median RC, 0.92; IQR, 0.87 to 0.98) (P � 0.2
by Student’s t test) (Fig. 2A) and approximated a Gaussian distribution. Gag-protease-
mediated RC was previously measured using the same cohorts described here (13, 27).
A weak yet statistically significant correlation was observed between Gag-protease- and
RT-integrase-mediated replication capacity in the subset of 65 recently and 388 chron-
ically infected individuals for whom both measurements were available (r � 0.18 by
Pearson’s correlation and P � 0.0002) (Fig. 2B).

Longer RT-integrase sequences are associated with reduced RC. A substantial
minority of integrase sequences from both the chronic (n � 89 [22%]) and recent
infection (n � 19 [23.5%]) cohorts had an extra 17 amino acids at their 3= ends where
the stop codon at the end of integrase was mutated, leading to the usage of a stop

TABLE 1 Clinical characteristics

Parameter

Median value (IQR) or no. of individuals from
each cohorte

Recent infection (n � 81) Chronic (n � 406)

Plasma viral load (log10 HIV RNA copies/ml) 5.0 (4.2–5.3) 4.8b (4.2–5.3)
Baseline CD4� T cell count (cells/mm3) 419 (230–482) 338c (230–479)
Baseline age (yr) 26 (23–30) 31d (26–36)

Gender, no. (%)
Female 56 (69) 320 (79)
Male 25 (31) 86 (21)

Estimated time postinfection (days) 49a (34–69) ND
aDays postinfection could be estimated for 76 individuals; the remaining 5 were identified in Fiebig stage VI.
bPlasma viral load was available for 400 individuals.
cBaseline CD4� T cell count was available for 405 individuals.
dAge was available for 402 individuals.
eAll values, except for those for gender, are indicated as median and IQR. ND, not determined.
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codon 17 residues downstream. Full HIV genome sequences were available for a subset
(n � 114) of chronically infected participants (28). RT-integrase sequences from the
present study clustered with their previously amplified full-genome counterparts, and
the extended RT-integrase sequences were also featured in the full-genome counter-
parts (in 34 of 114; 30%) (data not shown). Of note, recombinant viruses with extended
integrase sequences displayed lower RC than sequences of the usual length (P � 0.0047
by Student’s t test) (Fig. 3). To confirm whether this is a subtype C-specific phenomenon
or common in other HIV-1 subtypes, we downloaded 8,776 (one sequence per indi-
vidual) RT-integrase sequences (5=-3= HXB2 positions 2,550 to 5,147) from the LANL
database (https://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html) and checked
for mutation at the 849 codon, which would indicate use of the stop codon at position
866. There were 686 (7.8%) sequences mutated at the first stop codon, of which 498
(72.6%) were subtype C or C-containing recombinants, while the remaining 27.4%
comprised other non-B subtypes.

B

A

FIG 1 Phylogenetic relatedness and diversity of the RT-integrase sequences from bulk plasma and
matched recombinant viruses. (A) A maximum likelihood tree showing the phylogenetic relatedness of
HIV-1 subtype C RT-integrase sequences from the plasma and respective recombinant viruses at a scale
of 0.02. The prefix RI indicates sequences derived from recently infected individuals, while the rest of the
sequences were derived from chronically infected individuals. Blue indicates the bulk plasma sequences,
while red indicates the recombinant virus sequences. (B) The mean number of nucleotide mixtures in
plasma sequences derived from chronic infection (mean, 17; standard deviation, 13) compared to their
respective recombinant virus sequences (mean, 6; standard deviation, 6) is shown. This indicates reduced
diversity in the recombinant virus sequences (paired t test). For example, for participant SK313, there
were 6 full nucleotide differences between the plasma and virus sequences and the number of mixtures
in the plasma and virus sequences was 17 and 6, respectively.
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RT-integrase-mediated RC is clinically relevant. To address whether RT-integrase
function influences HIV-1 subtype C disease progression, we correlated the RC of the
recombinant viruses for the recently infected individuals with subsequent viral load set
point and rate of CD4� T cell decline. Only 72 and 78 (of 81 total) individuals had
sufficient treatment-free follow-up data available to calculate viral load set point
(median of 4.7 [IQR, 4.1 to 5.1] log10 copies/ml) and rate of CD4� T cell decline (median
of 4 [IQR, �11.7 to 0.6] cells/mm3 per month), respectively. The RT-integrase RC
correlated positively with subsequent viral load set point (r � 0.25 by Spearman’s
correlation and P � 0.03) (Fig. 4A). These results remained consistent (r � 0.28 by
Spearman’s correlation and P � 0.03) when the participants from the Females Rising
through Education, Support and Health (FRESH), cohort were excluded from the

FIG 2 Relationship between Gag-protease- and RT-integrase-mediated RC. (A) The distributions of
RT-integrase-driven RC for HIV-1C recent and chronic infection are shown. (B) The RC of NL4-3 recom-
binant viruses encoding participant-derived RT-integrase and those encoding Gag-protease from the
same individuals were significantly correlated (P � 0.0002 by Pearson’s correlation).

FIG 3 Length of RT-integrase sequence impacts RC. NL4-3 recombinant viruses encoding participant-
derived RT-integrase sequences of 866 amino acids (AA) had a lower RC than those encoding participant-
derived RT-integrase sequences of the same length as HXB2 (849 AA) (P � 0.0047 by Student’s t test).
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analysis to minimize possible confounding effects of recruitment stage (FRESH partic-
ipants were identified in the hyperacute phase, a median of 16 [IQR, 15 to 17] days
postinfection, while the participants in the Botswana Tshedimoso and HIV Pathogenesis
Programme [HPP] cohorts were recruited a median of 66 [IQR, 32 to 79] and 49 [IQR, 44
to 62] days postinfection, respectively.

Analyses of rates of CD4� T cell decline were restricted to the Tshedimoso and HPP
participants only (as FRESH participants had substantially higher baseline CD4� T cell
counts owing to their recruitment during hyperacute infection): in total, 68 participants
were included in the generalized estimating equation (GEE) model, with RT-integrase
and time � RT-integrase RC interaction terms as predictors. The mean number of CD4�

T cell count measurements per individual was 7 (range, 2 to 20). As evidenced by the
interaction term in the model, there was a significant association of higher RT-
integrase-driven RC and higher rate of CD4� T cell decline for the recently infected
individuals (P � 0.013). To facilitate graphical depiction of these results, a similar model
was fitted that dichotomized RC at the population median, yielding high (RC of �0.92)
and low (RC of �0.92) groups; high RC was consistently associated with faster CD4� T
cell decline (P � 0.001) (Fig. 4B). In contrast, similar analysis of the relationship between
Gag-protease RC values and rates of CD4� T cell decline in the subset of 58 participants
for whom these values were available revealed no statistically significant relationship
(P � 0.124; n � 58) (data not shown).

This finding suggests that RT-integrase-driven RC is a stronger correlate of CD4� T
cell decline than Gag-protease RC, at least in this cohort subset, but it is important to
acknowledge the reduced power in the latter analysis due to a smaller sample size.
Indeed, given that Gag-protease and RT-integrase RC are significantly associated (Fig.
2B) and that Gag-driven replication capacity has been previously associated with CD4�

T cell decline in larger cohorts (27, 29), we wished to further explore whether RT-

FIG 4 Relationship between RT-integrase-mediated RC in early infection and markers of disease pro-
gression. (A) The RC of the recombinant viruses encoding RT-integrase derived from individuals with
early HIV-1 C infection correlated negatively with subsequent viral load set point (P � 0.03 by Spearman’s
correlation). (B) Higher RC corresponds to a higher rate of CD4 decline. The regression lines show
prediction of CD4 decline when RT-integrase RC is stratified by the median as RC of �0.92 (red) and RC
of �0.92 (blue) (P � 0.001 by GEE model). The bars represent 95% confidence intervals. Sqrt, square root.
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integrase-driven RC represents the primary correlate of CD4� T cell decline or whether
there are additive effects of RT-integrase and Gag-protease RC on clinical outcome. To
do this, we categorized participants according to whether their RT-integrase and
Gag-protease RC values were above or below the population medians for these
measurements. Notably, we observed that the rate of CD4� T cell decline was signif-
icantly higher in those participants with RT-integrase and Gag-protease RC values both
above the population medians than in those participants with RT-integrase RC values
above the population median but Gag-protease RC values below the population
median (P � 0.002). Taken together, the models indicate that RT-integrase RC and Gag
RC have an additive effect on the rate of CD4� T cell decline.

To confirm whether the relationship between RT-integrase function and HIV-1
subtype C disease progression persists long term, for the chronically infected individ-
uals we correlated RT-integrase-mediated RC with contemporaneous viral loads and
CD4� T cell counts. There was a significant correlation between RC and viral load (r �

0.28 by Pearson’s correlation and P � 0.0001) and between RC and CD4� T cell count
(r � �0.29 by Spearman’s correlation and P � 0.0001) (Fig. 5A and B, respectively),
suggesting that RT-integrase function continues to influence HIV clinical parameters
into chronic infection.

Taken together, our observations of a significant relationship between RT-integrase
RC and markers of HIV progression in both early and chronic infection strongly support

FIG 5 Relationship between RT-integrase-mediated RC in chronic infection and markers of disease
progression. The RC of NL4-3 recombinant viruses encoding RT-integrase derived from chronically
HIV-1C-infected individuals correlated positively with the plasma log viral load (A) and negatively with
the CD4 count (B). Pearson’s (P � 0.0001) and Spearman’s (P � 0.0001) correlations were used,
respectively.
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RT-integrase-mediated RC as a clinically relevant viral attribute whose effects are
evident immediately following infection and persist into chronic infection. This rela-
tionship of RC and disease progression in early infection could be attributed to RC of
the transmitted virus being an inherent property that influences clinical progression
(30). In addition, this could be associated with the selection of early immune-driven
mutations that compromise viral RC (14, 31).

Relationship between RT-integrase-driven RC and host HLA-I allele expression.
If fitness-costly RT-integrase escape mutations were selected as a result of potent
HLA-restricted host immune responses in early HIV infection, then one would expect to
see a modulatory effect of host HLA allele carriage on RT-integrase RC, even in early
infection. For this reason, we stratified RT-integrase RC data by host HLA-I allele carriage
and compared RC distributions in participants expressing versus not expressing that
allele using Student’s t test (Fig. 6). For the recent infection data set, FRESH cohort

FIG 6 Associations between HLA class I allele expression and RT-integrase RC. The RC of recent (A to C) and chronic (D to F) viruses were stratified
by expression of the host HLA-A (A and D), HLA-B (B and E), and HLA-C (C and F) alleles. The box plots display RC results arranged by lowest mean
RC at the bottom and the highest mean RC at the top. Dots indicate the means, and vertical lines indicate the medians. Boundaries of the boxes
indicate the interquartile ranges, while the whiskers display the maximum and minimum viral RC values. The continuous vertical line on each
graph indicates the mean RC for each cohort. HLA-I alleles with a minimum of n � 5 are shown. Asterisks indicate HLA alleles that are significantly
associated with either higher or lower RC (Student’s t test).
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participants (n � 9) were excluded, as it is unlikely that HLA alleles would have
impacted HIV evolution measurably at this very early stage (hyperacute infection). The
remaining recent infection samples ranged from 26 to 209 days postinfection;
therefore, there is potential for HLA-mediated selection of these viruses. Of note,
the known protective alleles HLA-B*81 (P � 0.05) (9, 32, 33) and -B*07 (P � 0.02)
were associated with lower RT-integrase-mediated RC, while HLA-C*03 (P � 0.04)
was associated with higher RC. However, these associations did not remain signif-
icant when corrected for multiple comparisons (q � 0.2) due to the small sample
size of the recent infection data set.

Studies of HIV-1 Gag-protease RC in subtype B infection have indicated that fitness-
costly immune escape mutations selected in early infection are largely compensated for
via secondary mutations by chronic infection, largely obscuring HLA relationships with
RC at this disease stage (6, 14). Nevertheless, relationships between HLA alleles and
Gag-protease RC have been shown to persist into chronic infection in subtype C (13).
We investigated this for RT-integrase in the chronic cohort and observed that HLA-
A*30:09 (P � 0.048) was associated with lower RC while HLA-B*18:01 (P � 0.02) and
B*49:01 (P � 0.03) were associated with higher RC, and these associations remained
significant after correction for multiple comparisons (q � 0.07) (Fig. 6D to F). Consistent
with the idea that RC influences clinical outcomes, 4 out of the 5 individuals expressing
HLA-A*30:09 also coexpressed the protective HLA-B*81 allele (9, 32, 33), while HLA-
B*18:01 is a reported detrimental allele in subtype C infection (33). It was notable that
previously described protective alleles in HIV-1 subtype C infection (B*39:10 [34, 35],
B*13 [35], B*57 [5, 6, 12], B*81 [9, 32, 33], and B*1516 [36]) ranked in the bottom third
for RC data, and all of these had a lower average RC than the mean for the cohort (Fig.
6E). In addition, HLA B*14 and B*1516 have been reported as favorable alleles in HIV-1
subtype B infection (36–38), and they displayed low average RC. Indeed, RT-integrase
RC values for individuals expressing at least one of these alleles were significantly lower
than those for individuals lacking them (average of 0.91 versus 0.93; P � 0.05; data not
shown).

The linkage of HLA-B*81 with lower RC was consistent across recent and chronic
infection and achieved statistical significance in the former (despite the small sample
size of n � 5), supporting long-term effects of this allele on reducing viral RC. Moreover,
3 of the 5 HLA-B*81-expressing individuals with early infection harbored mutations in
the HLA-B*81-restricted epitope SL10 (RT codons 3 to 12), which is otherwise relatively
conserved in the rest of the cohort (P � 0.0022 by Fisher’s exact test), identifying these
variants as candidate fitness-costly mutations. Moreover, the observation that, on
average, individuals expressing known protective HLA class I alleles harbor RT-integrase
sequences with the lowest RC values more broadly supports the notion of long-lasting
immune-mediated attenuation by protective HLA alleles.

Relationship between HLA-associated polymorphisms and RT-integrase RC. To
estimate the possible contributions of HLA-associated polymorphisms on RT-integrase
function, we used a previously reported list of HLA-associated polymorphisms obtained
from statistical analysis of 1,866 antiretroviral-naive HIV-1 subtype C chronically in-
fected individuals from southern Africa, which included the Sinikithemba participants
studied here (39). In this analysis, we considered all polymorphisms irrespective of host
HLA alleles (which provides a combined estimate of transmitted and de novo selected
immune escape mutations).

In early infection, we observed a weak positive correlation between numbers of
polymorphisms in RT and RC (r � 0.22 by Spearman correlation and P � 0.05) (Fig. 7A),
which was strengthened when we further restricted the analysis to HLA-associated
polymorphisms in or adjacent to optimally described CTL epitopes (http://www.hiv.lanl
.gov/content/immunology/) restricted by the same HLA allele (P � 0.02 by Student’s t
test) (Fig. 7B). Conversely, in integrase, the burden of HLA-associated polymorphisms
correlated inversely with RC (r � �0.25 by Spearman’s correlation and P � 0.02) (Fig.
7C), a relationship that was again strengthened when we restricted analysis to opti-
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mally described CTL epitopes (P � 0.0001 by analysis of variance [ANOVA]) (Fig. 7D).
These findings raise the intriguing hypothesis that HLA-associated polymorphisms in RT
generally increase RC while those in integrase generally reduce RC, an observation
which is reminiscent of our previous finding that the majority of Gag p24 mutations
lower RC while accumulation of mutations in p17 correlates with increased RC (13). We
did not observe this in chronic infection, although there was a weak positive trend for
RT (r � 0.08 by Spearman’s correlation and P � 0.09) and a weak negative trend for
integrase (r � �0.08 by Spearman’s correlation and P � 0.11) (data not shown). This
could be due to compensation that occurs in chronic infection (6, 25).

Amino acids associated with altered RT-integrase RC. In order to identify specific
RT-integrase amino acid variants that are significantly associated with altered viral RC,
we performed a codon-by-codon genotype/phenotype analysis in the combined
chronic and recent infection data sets (total of 487 sequences) (Table 2). Of note, 18 out
of 20 (90%) polymorphisms identified to be associated with altered RC were inside or
within 5 amino acids of optimal A-list epitopes (http://www.hiv.lanl.gov/content/
immunology/) represented published HLA-associated polymorphisms specific to HIV
subtype C (39) and/or represented published experimentally confirmed CTL escape
mutations (Table 2). The polymorphisms associated with the most pronounced de-
creases in RC (average RC of �0.84) were V241I (RT), I257V (RT), P272K (RT), E297K (RT),
and I201V (integrase). These are all relatively rare polymorphisms (all �1.5% frequency
in our data set) and are in, or adjacent to, optimal A-list CTL epitopes (Table 2),
identifying them as potential novel fitness-costly immune-driven escape mutations in

FIG 7 Relationships between HLA-associated polymorphisms in RT or integrase and RT-integrase-mediated RC in
early infection. The number of RT HLA-associated polymorphisms correlated positively with RC (P � 0.05 by
Spearman’s correlation) (A), and the association was stronger when considering only those polymorphisms present
in or adjacent to A list epitopes (P � 0.02 by Student’s t test) (B). The number of integrase polymorphisms
correlated negatively with RC (P � 0.024 by Spearman’s correlation) (C), and the association was strengthened
when limited to those polymorphisms present in or adjacent to A list epitopes (P � 0.0001 by ANOVA) (D). Counts
were performed irrespective of the host HLA alleles.
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Pol. Other more common polymorphisms, namely, E6K (RT), A158S (RT), V112I (inte-

grase), Q136K (integrase), and K211R (integrase), were associated with more moderate

decreases in RC, while the remainder of the polymorphisms were associated with either

a marginal decrease in RC (yet were sufficiently common to yield statistically significant

results) or with increased RC. E6K (RT) is a documented CTL escape mutation (40) and

Q136K (integrase) is an HLA-associated polymorphism, while A158S (RT), V112I (inte-

grase), and K211R (integrase) are in/adjacent to optimal list CTL epitopes (Table 2).

TABLE 2 Codon-by-codon analysis of Pol (RT and integrase) polymorphisms and viral replication capacity for the combined (chronic and
recent)h

Pol codon aa

Median
replication No. of viruses

P
value

q
value A-list epitopea

HLA-associated
polymorphismb

Documented CTL
escapec

With
aa

Without
aa

With
aa

Without
aa

E6(RT) K 0.87 0.92 19 382 0.017 0.34 6K (C*18) 6K, SL10 (B*8101) (41)
V8 V 0.92 0.98 468 14 0.006 0.19 IL-8 (B*40:01)d

V8 I 0.98 0.92 14 468 0.006 0.19
K22 K 0.92 1.01 473 6 0.005 0.19 GL9 (B*08)
K22 R 1.01 0.92 6 473 0.005 0.19
A36 E 0.94 0.92 123 336 0.003 0.19 AK11 (A*02:01/A*03:01) 36A (B*42:01)
T 48 T 0.92 0.95 458 22 0.021 0.37 Flank AK11

(A*02:01/A*03:01)
48T (A*74:01); 48S

(B*15:16)
A158 A 0.92 0.88 453 25 0.001 0.19 LA10 (B*54:01); SM9 (B*07);

AK9 (A*03:01/A*11:01)e

A158 S 0.88 0.92 25 453 0.001 0.19
A200 E 0.98 0.92 9 467 0.021 0.37 Flank IL-9 (B*40:01) 200A (A*29:02)
V241 V 0.92 0.82 479 5 0.005 0.19 Flank IW9 (B*57:01)
V241 I 0.82 0.92 5 479 0.005 0.19
I257 I 0.92 0.82 475 7 0.018 0.35 Flank IW9 (B*57:01) and

LY12 (B*15:01)
I257 V 0.80 0.92 5 477 0.008 0.22
P272 P 0.93 0.91 350 128 0.002 0.19 QR9 (A*03:01); YL9

(B*42:01)f

272A,S,Q (B*42/42:01) 272A,S,Q, YL9
(B*4201)(50)

P272 K 0.84 0.92 5 473 0.013 0.28
E297 K 0.80 0.92 7 386 0.003 0.21 IL-9 (B*3501,/B*5101) 297A,G,Q,V, IL-9 (B*7) (51)
K311 K 0.92 0.89 458 17 0.012 0.28 IY10 (A*02:01, B*15:01,

C*12:02)
K311R (52) K311E (51)

M357 R 0.93 0.92 171 299 0.014 0.30 RK11 (A*30:02, A*03:01) 357R (A*01)
I50(Integrase) M 0.93 0.91 152 280 0.010 0.25
I50 I 0.91 0.93 253 179 0.027 0.30
I84 I 0.93 0.90 363 97 0.001 0.10 HA9 (B*54:01); IT10

(B*40:02)
I84 M 0.91 0.93 89 371 0.011 0.25
Y100 Y 0.92 0.93 346 121 0.014 0.25 100Y (A*66); 100F

(A*30:02)
Y100 F 0.93 0.92 118 349 0.027 0.30
K111 K 0.92 0.97 469 11 0.022 0.28 Flank HF8 (C*05)
V112 I 0.92 0.89 445 26 0.036 0.36 Flank HF8 (C*05)
S119 S 0.92 0.93 403 75 0.015 0.25 HF8 (C*05), Flank SW10

(B*57)
119P (C*08:02); 834R

(C*05:01)
S119 T 0.95 0.92 33 445 0.016 0.25
Q136 K 0.88 0.92 28 368 0.028 0.33 IY9 (B*1503)g 136K(B*1503)
I201 V 0.83 0.92 5 404 0.040 0.36 GI8 (B*4002)
K211 R 0.89 0.93 53 420 0.001 0.10 IK9 (A*11)
K211 K 0.93 0.89 414 59 0.005 0.24
K269 K 0.93 0.91 238 197 0.016 0.25 RY9 (B*15:03), Flank VI9

(B*42)
K269 R 0.91 0.93 197 238 0.016 0.25 269R (B*42:01) 269R, IM9-B*42:01(50)
aA-list epitope as available from http://www.lanl.com.
bHLA-associated polymorphism as described by Carlson et al. (39).
cConfirmed and documented CD8� T cell (CTL) escape as reported in published literature.
dSL10 (B*8101), B-list epitope.
eSM9 (B*8101, B*39), B-list epitope.
fYL9 (B*57, B*81).
gIY9 (B*39), B-list epitope.
hCodons highlighted in boldface were identified in the combined analysis only, while the others were identified in either or both the chronic and combined analyses.
In italics are instances where the consensus amino acids are associated with specific HLA alleles or were documented as the escaped form. Abbreviations: aa, amino
acid. All associations for n (�5), P value (�0.05), and q value (�0.4) are listed.
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Taken together, these results support a role for immune-driven mutations in Pol to
modulate HIV replication capacity.

DISCUSSION

Immune escape mutations in key HIV-1 proteins can reduce viral replication (3, 6, 7,
12). HIV-1 Gag function (as measured by Gag-protease-driven RC) influences HIV disease
progression (29), and replicative costs of immune escape mutations in Gag have been
demonstrated (3, 6–9). However, less is known about immune-mediated attenuation in
the other HIV proteins (5).

Here, we investigated immune-mediated attenuation in RT-integrase in the world’s
most prevalent HIV-1 subtype (C) and demonstrate that RT-integrase-driven RC impacts
HIV-1 disease progression. RT-integrase-driven RC in recent infection associated signif-
icantly with subsequent viral load set point and rate of CD4� T cell decline: the lower
the RT-integrase-driven RC in early infection, the lower the viral load set point and the
slower the rate of CD4� T cell decline. Furthermore, this effect remained detectable in
chronic infection where RT-integrase RC correlated positively with cross-sectional viral
loads and negatively with baseline CD4� T cell counts. Previously, we reported a trend
between Gag-protease-driven RC and viral load set point as well as rate of CD4� T cell
decline (27), and another study showed a significant relationship between Gag-driven
RC in acute infection and drop in CD4� T cell count to below 300 cells/mm3 (29). In the
present analysis we show an additive effect of Gag-protease RC and RT-integrase RC on
rate of CD4� T cell decline and that RT-integrase RC is individually significantly
associated with rate of CD4� T cell decline. These observations support that RT-
integrase is at least as suitable as Gag as a target of an attenuation-based vaccine.
Consistent with this interpretation, more vulnerable peptides (those to which immune
responses were associated with significantly lower viral loads in natural infection) were
identified in Pol than Gag and deemed suitable for inclusion in a human immune
data-informed vaccine (19, 20). Furthermore, following administration of a conserved-
elements vaccine (largely comprised of Pol and Gag) to healthy volunteers, the immune
responses elicited that inhibited viral replication in vitro were largely responses to
conserved naturally subdominant Pol epitopes (17).

Our findings also provide evidence for immune-driven attenuation of RT-integrase
function. First, we observed associations between certain HLA alleles and altered
RT-integrase-driven RC. HLA-A*30:09 (in linkage disequilibrium with HLA-B*81), -B*81,
and -B*07 associated with lower RC, suggesting that these alleles restrict CTL responses
that drive attenuating mutations in RT-integrase. Indeed, HLA-B*81 (the most protec-
tive HLA allele in the context of subtype C in sub-Saharan Africa) was the only individual
allele consistently linked with lower RC in both recent and chronic infection, although
this was less pronounced in chronic infection, likely due to partial compensation of
replicative fitness costs by this stage of infection. This observation parallels a previous
report in HIV-1 subtype B, which showed evidence for HLA-B*57-mediated attenuation
of RT-integrase function (where B*57 is the most protective HLA allele in the context of
subtype B in Western populations [25]) in early but not chronic infection. This suggests
that the replicative fitness costs selected by this allele were largely compensated for by
the chronic stage of infection. Furthermore, it was notable that there was significantly
more amino acid variation in the HLA-B*81-restricted epitope SL10 among HLA-B*81
expressing early in HIV-1 infection than could be expected by chance, suggesting these
are fitness-reducing mutations. In addition, the HLA-B*81-associated E6K mutation in RT
was significantly associated with lower RC in our codon-by-codon analysis. Moreover,
the protective HLA-B alleles B*81, B*57:03, B*39:10, B*13:02, B*15:16, and B*14, when
analyzed together as a group, also associated with lower RT-integrase-driven RC. Here,
it is important to note that the association of protective alleles, particularly HLA-B*81,
with lower viral RC was more pronounced for Gag-protease (9, 13, 27, 31) than with
RT-integrase shown here; nevertheless, results from the present study support modest
yet potentially biologically relevant effects of HLA-mediated immune pressures on Pol.

We also provide evidence for immune-driven mutations decreasing RT-integrase-
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driven RC, observations which corroborate reports in HIV-1 subtype B (24, 25). In early
HIV-1 infection, we observed a positive correlation between RC and the number of
HLA-associated polymorphisms in RT and a weak negative relationship between RC and
the number of HLA-associated polymorphisms in integrase; similar trends were ob-
served in chronic HIV-1 infection. Taken together with previous reports of a weak
inverse correlation between the number of HLA-B-associated polymorphisms in inte-
grase and RC in HIV-1 subtype B (24), our findings suggest that integrase is particularly
susceptible to immune-driven attenuation. Unlike RT, integrase, besides its enzymatic
activities, interacts with other proteins, like LEDGF/p75 (41), and this likely makes it
more difficult for integrase to accommodate mutations without functional conse-
quence. It has also been reported that integrase displays significantly decreased inter-
and intrasubtype diversity and a lower Shannon’s entropy than RT (42), which may also
partly account for our findings. Furthermore, our observations of opposing effects on
RC by HLA-associated polymorphisms in RT versus integrase are reminiscent of our
previous observation that the majority of Gag p24 mutations lower RC, while accumu-
lation of mutations in p17 correlates with increased RC (13). These observations raise
the intriguing possibility that fitness-costly mutations in one protein could be offset (or
even compensated by) mutations in another, a notion that merits investigation in
future studies.

Using our combined genotype/RC data set, we also identified specific mutations,
several of which are likely immune driven, that are associated with reduced RC.
Specifically, the variants associated with the most pronounced decreases in RC were all
rare (�1.5% frequency) variants: V241I (RT), I257V (RT), P272K (RT), E297K (RT), and
I201V (integrase). Moreover, their location within or immediately flanking optimal
epitopes (Table 2) support these as immune-driven polymorphisms. In particular,
sequences harboring V241I (RT) and I257V (RT) exhibited the lowest RC; both of these
flank the B*57-restricted epitope IW9. Similarly, integrase residue 201 also occurs in an
epitope-rich region. Therefore, RT 241-257 and epitopes in the region surrounding
integrase 201 could represent vaccine targets in Pol. RT codon 297 is also well
conserved (although E297K did not remain associated with reduced RC in the com-
bined data set); however, RT codon 272 is not. P272K is a rare variant, while common
escape mutations at this codon did not alter replication capacity, suggesting that this
residue is not an ideal vaccine target.

Our observations corroborate a study in HIV-1 subtype B demonstrating that
uncommon HLA-associated polymorphisms in integrase were associated with reduced
RC (24). Of note, variants at integrase codon S119 (S is the consensus in both subtypes)
were significantly associated with altered RC in both subtype B and the present study;
however, whereas the subtype B study identified 119R as being detrimental to RC (24),
in the present analysis 119T and 119P were associated with increased RC (Table 2).
Codon 119 is highly mutable, and there is a possibility that only 119R decreases RC. It
is also interesting that in some instances, for example, A36E (RT) and A200E (RT), the
subtype consensus represents the adapted (escaped) form for a particular HLA class I
allele and is associated with modest reductions in RC, whereas variants at these codons
are associated with a marginal increase in RC. Site-directed mutagenesis experiments
are required to directly confirm the replicative fitness consequences of these mutations
that are statistically associated with altered RC.

The present study utilized recombinant viruses incorporating participant-derived
RT-integrase, and therefore potential interactions with other viral proteins encoded in
the NL4-3 backbone that could affect RC cannot be ruled out. Similarly, the insertion of
subtype C RT-integrase sequences into the subtype B (NL4-3) backbone, chosen be-
cause it is a well-studied laboratory strain of HIV that replicates well in cell culture,
could conceivably influence viral RC. Indeed, we observed that longer integrase se-
quences (with respect to HXB2), which is a phenomenon largely observed in subtype
C and non-B subtypes, were associated with lower in vitro RC, and it is possible that this
is due to lower compatibility of these sequences with the subtype B NL4-3 backbone.
Further studies, for example, to test integrase activity and HIV integration in cell culture
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or perform modeling to predict the effect of extended integrase on functional domains,
will be required to assess the functional significance of the longer integrase sequences.
Nevertheless, previous studies incorporating subtype C sequences into an NL4-3 back-
bone revealed no significant effects on viral RC attributable to backbone incompati-
bilities and further supported the RC data obtained in this system as biologically
meaningful (13, 43). Prior studies have also demonstrated that replacing a subtype B
viral test vector with a subtype C vector does not impact Pol-driven RC (44). Another
limitation of the in vitro RC assay used in the present study is that not all variants are
captured, resulting in a lower diversity of the recombinant virus sequences than that of
their plasma counterparts. However, this approach preserves, at least to some extent,
the naturally occurring quasispecies diversity within the original patient and may mimic
more closely the conditions present in vivo than a cloning approach.

In summary, our observation that RT-integrase-driven RC associates significantly
with markers of disease progression strongly supports RT-integrase-driven viral RC as a
biologically and clinically relevant viral attribute. Furthermore, associations between
specific HLA alleles and reduced RT-integrase RC, correlations between HLA-associated
polymorphisms and RC, and our identification of specific immune-driven mutations
that are associated with significantly reduced RC together indicate that immune-
mediated mutations in Pol can reduce HIV replicative fitness in some cases. It is
particularly notable that HLA-B*81, a protective HLA allele in subtype C infection, is
associated with reduced RT-integrase RC. Polymorphisms at conserved codons were
associated with the most pronounced attenuation of RC, and some of these mutations
(RT 241I and 257V and integrase 201V) are within or flanking optimal CTL epitopes,
identifying these regions as potential vaccine targets.

MATERIALS AND METHODS
Study participants. The study population included 81 individuals with recent infection, recruited at

a median of 49 (interquartile range [IQR], 34 to 69) days postinfection, from the Botswana Tshedimoso
cohort (n � 30) (45), the HIV Pathogenesis Programme (HPP) acute infection cohort (n � 41) (46), and
the Females Rising through Education, Support and Health (FRESH), cohort (n � 10) in Durban, South
Africa (47, 48). For these individuals, plasma samples from the earliest available time point postinfection
were studied. An additional 406 antiretroviral-naive individuals chronically infected with HIV-1 subtype
C infection from the Sinikithemba cohort in Durban, South Africa (13, 33), were also studied. The time of
infection of the Sinikithemba cohort participants was unknown, and plasma from the baseline time point
(first presentation) was analyzed. Gag-protease-mediated RC data have been previously collected (27) for
a subset of both the chronic (n � 388) and recently (n � 65) infected individuals described in this study.
HLA class I profiles of the participants, generated via molecular methods, were available for analysis (33,
46, 47). Written informed consent was obtained from all participants, and ethical approval was granted
by the biomedical ethics review committees of the relevant institutions.

Amplification and sequencing of RT-integrase. RT-integrase products were generated from
plasma RNA and sequenced using previously described methods (13). Briefly, HIV-1 RT-integrase was
RT-PCR amplified from plasma-derived HIV RNA using subtype C sequence-specific primers (5= GCCCC
TAGGAAAAARGGCTGTTGG 3=, HXB2 nucleotides 2008 to 2031, and 5= TCTCCTGTTTGCAAACCCCAATATGT
3=, HXB2 nucleotides 5267 to 5242). To enable the homologous recombination of the PCR product and
the pNL4-3 reference strain backbone, a second round of nested PCR was performed using primers
complementary to NL4-3 on either side of RT-integrase. The RT-integrase PCR products were sequenced
using the BigDye ready reaction terminator kit v3.1 (Applied Biosystems, Foster City, CA) on an ABI 3130xl
genetic analyzer (Applied Biosystems). Sequence chromatograms were edited, and nucleotide mixtures
were identified using Sequencher v5.1 (Gene Codes, Ann Arbor, MI).

To confirm that the recombinant viruses matched the original plasma HIV RNA sequences, RNA from
the culture supernatant was extracted from 10% of randomly selected viral stocks using the QIAamp viral
RNA kit (Qiagen). RT-integrase was amplified and sequenced as previously described (13). All of the
plasma and viral sequences were aligned to HXB2 using Gene Cutter and confirmed as subtype C using
the recombinant identification program (RIP), and maximum-likelihood phylogenetic trees were gener-
ated using PhyML 3.0 (all available at http://www.hiv.lanl.gov) Phylogenetic trees were visualized using
FigTree v.1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/).

Generation of RT-integrase recombinant viruses and RC measurement. Recombinant viruses
encoding participant-derived RT-integrase sequences were generated in an pNL4-3 (HIV-1 subtype B)
backbone as previously described (25). Briefly, BstEII sites were engineered upstream of reverse trans-
criptase (HXB2 nucleotide position 2550) and downstream of integrase (HXB2 nucleotide position 5096)
in the plasmid backbone, after which the intervening nucleotides were deleted and the plasmid
religated. A CEM-derived GXR25 green fluorescent protein (GFP)-reporter T cell line (GXR cells [26]) was
cotransfected with 10 �g of BstEII-linearized RT-integrase-deleted NL4-3 plasmid and 43 �l of the
RT-integrase second-round nested PCR product via electroporation (exponential protocol at 250 V, 950
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�F, infinite resistance) in 4-mm cuvettes using a Bio-Rad GenePulser electroporation system (Bio-Rad,
New York, NY). Homologous recombination of insert and vector produces infectious recombinant HIV-1.
Upon infection of new GXR cells in culture, Tat produced by these recombinant viruses drives GFP
reporter expression in infected cells, allowing their monitoring by flow cytometry (FACSCalibur; BD
Biosciences, CA). Once the level of GFP-positive cells reached approximately 25 to 30%, supernatants
containing the recombinant viruses were harvested and aliquots stored at �80°C for subsequent
experiments.

Viral titration and RC assays were performed as previously reported (13). Briefly, titers of viral stocks
were determined by infecting GXR cells with a known volume of virus stock, and the percentage of
GFP-expressing cells was quantified after 48 h. Assuming a linear relationship between virus concentra-
tion and cellular infection, the volume of virus stock needed to infect 0.3% of GXR cells (i.e., multiplicity
of infection [MOI] of 0.003) in subsequent replication assays was then calculated. The target MOI was set
at 0.003, as this allows the reproducible observation of exponential viral spread in culture over a 7-day
assay period. To calculate RC, the mean slope of percent GFP-expressing cells from days 3 to 6 was
calculated using the semilog method in Excel; this value was then normalized to the slope of growth of
the wild-type NL4-3 control included in each assay (such that an RC of 1 indicates recombinant virus
spread equivalent to that of NL4-3). Each recombinant virus was assayed in duplicate in independent
experiments, and RC results are reported as the means from these two measurements.

Statistical analysis. Relationships between RT-integrase-driven RC and clinical markers of HIV
infection (plasma viral loads and CD4� T cell counts) were assessed using Pearson’s or Spearman’s
correlation for normally and nonnormally distributed data, respectively. For the recently infected
individuals, the influence of RT-integrase-driven RC on the rate of CD4� T cell count decline was assessed
using generalized estimating equation (GEE) models with exchangeable correlation structure. In the
model, cohort, baseline viral load, and baseline CD4� T cell count were considered potential confounders
and adjusted for if their inclusion resulted in a 10% or greater change in the estimated effect of RC.
Similar analyses were conducted for Gag-protease-driven RC. To facilitate data interpretation, RC was
subsequently dichotomized at the population median, and predicted values of CD4� T cell count were
calculated at the mean level of other covariates for each RC group at each time point. CD4� T cell counts
were square root transformed, and all GEE analyses were conducted in Stata v14. The viral load set point
for these participants was determined as the mean viral load from 90 to 360 days postinfection.

The relationship between RT-integrase-mediated RC and the presence of HLA-associated polymor-
phisms in the bulk sequences was investigated using Spearman’s correlation. Here, HLA-associated
polymorphisms were defined as all adapted (i.e., inferred escape) associations originally defined at the
stringent statistical threshold of a q value of �0.05 in a published analysis of 1,866 HIV-1 subtype C
chronically infected individuals from southern Africa (which included the Sinikithemba cohort partici-
pants studied here) (39). For all HLA class I alleles expressed in a minimum of 5 individuals, the Student
t test was used to compare RT-integrase-mediated RC values among individuals expressing, or not
expressing, each HLA class I allele. Finally, Mann-Whitney U tests were used to identify specific Pol amino
acids associated with increased or decreased RC. The significance cutoff for all analyses was a P value of
�0.05; however, for the codon/function analyses, multiple comparisons were addressed using q values
(the P value analogue of the false-discovery rate [49]).

Accession number(s). RT-integrase sequences obtained in this study are available in the GenBank
database under accession numbers MH486981 to MH487467.
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