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Figure 2. Associations between numbers of HLA-associated mutation sites and CD4 cell count or viral load. A regression line is drawn
in each graph: (A) shows the relationships with HLA-associated amino acid variations in the whole Gag sequence, and (B) shows the relationships with
amino acid variations in p17, p24, and p2/p7/p1/p6.

doi:10.1371/journal.pone.0011179.g002

reversion rate of these putative CTL escape mutations upon
transmission to HLA-unmatched recipients varies considerably,
suggesting that the rate of accumulation of CTL escape mutations
in a given population differs substantially between mutations.
Our data also suggest that the transmission of CTL-selected
attenuated viruses is likely to confer a survival benefit on
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infection.

= 134 —

HLA-unmatched recipients, at least during the early days of the

These associations between HLA and viral sequences can be
explained in several ways. The majority of associations are
probably attributable to specific mechanisms by which the virus
escapes from HLA-restricted, HIV-specific CTLs, such as loss of
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Figure 3. Rates of reversion and mutation for each HLA-associated amino acid variant. HLA-associated mutation and reversion rates after
viral transmission to contact spouses with distinct HLA profiles were calculated and plotted. Amino acid variations selected by non-dominant amino

acid (e@) and dominant amino acid (H) are shown.
doi:10.1371/journal.pone.0011179.g003

peptide binding, loss of T-cell receptor recognition, and/or
changes in peptide processing and presentation [1]. In fact, we
found that two thirds of the HLA-associated variations were
located within known CTL epitopes or their flanking regions.
However, most previously reported CTL epitopes were identified
in studies of other clades, indicating that these CTLs are probably
cross-clade CTLs. Because studies of CTL epitopes in CRFOI_AE
infections are limited, we believe that several other mutations may
occur in clade-specific CTL epitopes that have not yet been
reported. Our current work on CTL epitope mapping using
overlapping CRFOI_AE Gag peptides has identified several new
CTL epitopes, and at least two amino acid mutations have been
found within the newly identified CRFOI_AE Gag CTL epitopes
(data are in preparation). Linkage disequilibrium can also explain
the associations between HLA and viral sequences. There is a
strong association between HLA_A*33 and _B*58 [22,23]. The
A*33-associated T242X and G248X mutations are widely known
to be selected by HLA_B*57/*5801 [26], so they are likely to be
reflected in the linkage disequilibrium with B*58. Some HLA-
associated mutations may also be part of the structural and
functional compensatory mechanism underlying the development
of primary CTL escape mutations, which can arise at sites
considerably remote from the relevant epitopes [30].

This study has relatively low statistical power compared with
previous studies. However, one of its strong aspects is that we
identified a substantial number of HLA-associated amino acid
variations that appear to be unique to a CRF01_AE-infected Thai
population. Many of these variations do not appear in the list of
HILA-associated mutations identified in subtype-B infections in
over 1,500 subjects [15], and this cannot be explained by the
relatively low statistical power of the present study. For instance,
mutations such as S9X, V280X, and P453X had convincingly
strong associations with HLA_B*13, _B*46, and _B*55, respec-
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tively (p<<0.001; Table 1). However, none of these associations
have been noted in subtype B, suggesting that there are a number
of unidentified CTL pressures on Gag in the context of
CRFOI_AE infections in the Asian population. This indicates
that an extensive search for CTL epitopes in various clades is
warranted to facilitate the development of globally effective CTL
vaccines.

Several publications have suggested that the Gag CTL response,
as measured by interferon y ELISPOT, has the most profound
effect on the clinical outcome in subtype B and subtype C
infections. Responses to the capsid protein are also likely to be
most crucial in the containment of viral replication in viwo [31]. In
this study, we have shown that variations in the capsid protein
(p24) had the strongest association with viral load and CD4 cell
count, indicating that regardless of the HIV clade, the p24 capsid
is the most preferred target of HIV-1-specific CTLs. Therefore,
p24 may be one of the important targets for effective CTL-based
vaccines.

Reversion rates and mutation rates

When the virus is transmitted into a new host with a different
HLA environment, the virus, which had already adapted to the
previous host, must adapt again to the new HLA environment by
reversion of the previous mutations and/or the creation of new
mutations. One of the most interesting results of the present study
is the variability in the reversion and mutation rates for each HLA-
associated variant. We found that these rates varied considerably,
depending upon the amino acid position, and that the reversion
rate tended to correlate inversely with the mutation rate. It is
plausible that an amino acid change with a low reversion rate
tends to accumulate in the population, and that the rate of
accumulation is higher if the mutation rate is higher and especially
if its HLA allele is dominant. In fact, we found that all the
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variations selected by dominant amino acid were associated with
common HLA alleles and rarely changed from the consensus
sequence, even after they were transmitted to HLA-unmatched
recipients. These findings suggest that the viruses circulating
within the population had already adapted to the common HLA
alleles, resulting in best-fit sequences that could escape from those
alleles. The results of our study will increase our understanding of
the influence of immune pressure on HIV and on the future
direction of virus evolution. Conversely, it is also plausible that an
amino acid change with a high reversion rate, presumably with a
functional or structural constraint at that position, is unlikely to
accumulate rapidly in the population. It will be important for
future CTL vaccine development to consider whether an escape
mutant will accumulate or not. Therefore, further studies of this
kind are required to provide valuable insights for future vaccine
design.

T242N issues

This is the first report indicating that the p24 T242N escape
mutation from the B*57/*58 CTL has a significant impact on the
HIV-1 viral load in CRFO1_AE infections and that the mutations,
H219 and M228, compensate for the crippling effect of T242N.
Although this is a rather predictable result because the TW10 site
is conserved throughout the HIV-1 clades, it increases our insight.
Two other dominant CTL epitopes within the capsid protein are
restricted by B*57 (IW9: ISPRTLNAW; KF11: KAFSPEVIPMF).
However, the founder virus of CRFOI_AE has a well-described
‘peptide-processing mutation’ at IW9 that affects the epitope
presentation on HLA class I molecules, and a well-described CTL
escape mutation within KFI11 [33]. In fact, 100% of the
CRFOI_AE sequences in our cohort carried these amino acid
substitutions (data not shown; see the Methods, for the GenBank
accession number), indicating that these two CTL epitopes are less
likely recognized in CRFOI_AE infections. Several lines of
evidence indicate that TWI0 is the most important target
determining the viral load set point: TWI10 is the earliest target
during primary infection [32]; and among all the described HLA-
associated mutations, T242N is the earliest escape mutation that
emerges during acute infections [13]. In light of these previously
reported data and the nature of the CRFO1_AE sequence, it would
be interesting to determine whether TW10 is sufficient to protect
B*57/*5801-positive subjects from disease progression. Unfortu-
nately, we saw no clear protective effect of B*57/%5801 in the
cohort reported here. However, as shown by the low median
CD4" T-cell count, our cohort was substantially advanced in terms
of disease progression. Therefore, the accumulated compensatory
mutations might have masked the true protective effect of B¥57/
*5801. Supporting this explanation, we observed substantially
lower plasma viral loads in the B*57/*5801-positive subjects with
T242N but without the compensatory mutations (p=0.012 by
ANOVA,; Figure 4).

We have also shown that the transmission of virus crippled by
T242N might be associated with lower plasma viral loads in HLA-
unmatched recipients, supporting a previous study of clade C
infections [34]. However, the long-term effects of the transmission
of virus attenuated by CTL escape mutations remain unknown
and these contact cases should be examined longitudinally to
determine whether virological escape accompanies the reversion of
the T242N escape mutation.

Limitations

One of the limitations of this study is that we had no
information regarding the timing of HIV transmission within the
couples, although the rate of mutation is known to depend on the
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Figure 4. Lower plasma viral loads in B¥*57/*5801-positive
subjects with T242N. Plasma viral loads of patients grouped by the
presence or absence of B*57/%5801 with T242N with or without the
compensatory H219 and M228 mutations.
doi:10.1371/journal.pone.0011179.g004

time from transmission [35]. However, perhaps because the
duration of marriage in our discordant couples was quite long
(median of seven years), we detected negligible amino acid changes
between the first and second samplings. Therefore, we believe that
most of the associations between amino acid mutations and HLA
alleles observed in this study occurred in chronic infections.
Another limitation is that this type of analysis depends heavily on
statistical power. Therefore, it is difficult to identify HLA-
associated variations if the allele frequencies and rates of mutation
are low. Moreover, we did not use multiple testing corrections
because of the small sample size, so we must admit there would
have been a substantial number of false positive results. However,
the high odds ratios of some of the novel HLA-associated
mutations in the context of CRF01_AE infections in this Asian
population strongly encourage us to obtain more information
about CTL epitopes in different geographical regions where
distinct HIV clades circulating, to develop globally effective CTL-
based vaccines.

Our contact cases were not incident cases. Inevitably, there is
also concern that the estimated direction of viral transmission was
not true. However, because the HIV epidemic in Thailand started -
with commercial sex workers transmitting to their male clients and
then from husbands to their wives [16], and partly because our
study was conducted in a hospital close to a rural community, our
interviews clearly indicated which spouse displayed risk behavior
for HIV infection in most couples.

In conclusion, our data suggest two points: (a) HLA-associated
amino acid mutations and CTL selection pressure on the p24
antigen appear to have the most significant impact on HIV
replication in this CRFOI_AE infection in an Asian population;
and (b) the rates of accumulation of CTL escape mutations at the
population level differ substantially between escape mutations,
because the reversion rates varied considerably among the HLA-
associated mutations.
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Supporting Information

Figure S1 The inserted box magnifies the phylogenetic tree to
show how the couples were identified.
Found at: doi:10.1371/journal.pone.0011179.s001 (0.48 MB TIF)

Table S1 The codon-based analysis demonstrated selection sites
in the Gag protein.

Found at: doi:10.1371/journal.pone.0011179.s002 (0.28 MB
XLS)

Table $2 Sequence mutation or reversion list.
Found at: doi:10.1371/journal.pone.0011179.s003 (0.04 MB
XLS)
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Human immunodeficiency virus type 1 (HIV-1) controllers maintain viremia at <2,000 RNA copies/ml
without antiretroviral therapy. Viruses from controllers with chronic infection were shown to exhibit
impaired replication capacities, in part associated with escape mutations from cytotoxic-T-lymphocyte
(CTL) responses. In contrast, little is known about viruses during acute/early infection in individuals who
subsequently become HIV controllers. Here, we examine the viral replication capacities, HLA types, and
virus sequences from 18 HIV-1 controllers identified during primary infection. gag-protease chimeric
viruses constructed using the earliest postinfection samples displayed significantly lower replication
capacities than isolates from persons who failed to control viremia (P = 0.0003). Protective HLA class I
alleles were not enriched in these early HIV controllers, but viral sequencing revealed a significantly
higher prevalence of drug resistance mutations associated with impaired viral fitness in controllers than
in noncontrollers (6/15 [40.0%] versus 10/80 [12.5%], P = 0.018). Moreover, of two HLA-B57-positive
(B57%) controllers identified, both harbored, at the earliest time point tested, signature escape mutations
within Gag that likewise impair viral replication capacity. Only five controllers did not express “protec-
tive” alleles or harbor viruses with drug resistance mutations; intriguingly, two of them displayed typical
B57 signature mutations (T242N), suggesting the acquisition of attenuated viruses from B57" donors.
These data indicate that acute/early stage viruses from persons who become controllers have evidence of
reduced replication capacity during the initial stages of infection which is likely associated with trans-
mitted or acquired CTL escape mutations or transmitted drug resistance mutations. These data suggest
that viral dynamics during acute infection have a major impact on HIV disease outcome.

Human immunodeficiency virus type I (HIV-1)-infected in-
dividuals who control viremia spontaneously without antiviral
therapy have been termed HIV controllers (3, 18, 21, 48, 52).
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Unraveling the mechanisms associated with this phenotype
should provide important insights regarding HIV pathogenesis
and could contribute to vaccine development.

Host and viral genetics, as well as host innate and adaptive
immune responses, influence the rate of disease progression in
HIV-1 infection (reviewed in reference 18). Several studies
have reported the correlation between in vitro HIV replication
capacity and level of plasma virus loads or disease progression
in individuals with chronic infection (6, 13, 35, 45, 50, 55).
Studies of HIV-1 elite controllers (EC), who control viremia to
below the limit of detection in commercial assays, have re-
vealed the presence of replication-competent viruses in these
individuals (7), although these viruses appear to be less fit
based on studies of envelope (35) and Gag-protease (45). This
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fitness defect in the chronic phase of infection is due at least in
part to fitness-impairing mutations induced by cytotoxic-T-
lymphocyte (CTL) responses restricted by “protective” HLA
class I alleles (46).

In contrast, little is known about viruses obtained from the
acute/early phase of infection in persons who subsequently
become HIV-1 controllers, largely due to the difficulty in en-
rolling such people during the acute/early phase of infection.
The characterization of acute/early-phase viruses in individuals
who subsequently achieve low set-point virus loads is of para-
mount importance to our understanding of the mechanisms of
HIV-1 control.

In the present study, we analyzed acute/early-phase plasma
HIV RNA sequences from 18 untreated individuals who were
diagnosed during the acute/early phase and subsequently be-
came controllers (<2,000 RNA copies/ml). We compared
these to sequences from a group of HIV-1 noncontrollers
enrolled similarly during acute/early infection. We also gener-
ated chimeric viruses carrying patient-derived gag-protease se-
quences from acute/early-phase infection and compared the
viral replication capacities of the chimeric viruses from con-
trollers and from noncontrollers.

We observed that the chimeric viruses derived from control-
lers have significantly reduced replicative capacities compared
to those from noncontrollers. Moreover, we observed that at
least 80% of these individuals who go on to become controllers
featured transmission of attenuated drug-resistant viruses,
transmission of HLA-B57-restricted CTL escape variants to
HLA-mismatched recipients, selection of attenuated CTL es-
cape variants in HLA-B57-positive (B57™) recipients, or com-
binations of these factors. Taken together, these results indi-
cate that the initial viral dynamics have a major influence on
the subsequent course of disease.

MATERIALS AND METHODS

Study subjects and blood sample collection. All study participants were diag-
nosed during acute/early infection and remained untreated for a minimum of 1
year. Acute/early infection was defined according to published criteria (Acute
Infection, Early Disease Research Program [AIEDRP] sponsored by NIAID)
(28, 33). HIV controllers after primary infection (C-PI) were defined as HIV-1-
infected subjects with acute/early infection who subsequently controlled viremia
to less than 2,000 RNA copies/ml without antiviral treatment on at least 3
determinations over at least a 12-month period. Plasma and peripheral blood
mononuclear cells (PBMC) from 18 C-PI were collected from multiple sites in
the United States and Australia. Samples for 17 of these were obtained through
the AIEDRP network. An additional subject (C-PI_13) was recruited at Massa-
chusetts General Hospital. For individuals recruited through the AIEDRP net-
work, the estimated date of infection (EDI) was calculated according to the
AIEDRRP criteria (37). For comparison, a group of 80 noncontrollers diagnosed
during acute/early infection (noncontrollers after primary infection [NC-PI])
who failed to subsequently control viremia were drawn from AIEDRP and a
previously described multicenter cohort with sites in the United States, Australia,
and Germany (11). The participants from outside the AIEDRP network were
subcategorized according to AIEDRP criteria as well. Written informed consent
was obtained from all participants. The current study was approved by the
appropriate institutional review boards, including that of Massachusetts General
Hospital.

HLA typing. Human leukocyte antigen (HLA) class I typing of C-PI was
determined using an in-house sequence-based method involving locus-specific
nested PCR on extracted DNA from plasma or PBMC, followed by DNA
sequence analysis and allele interpretation (12). HLA typing of NC-PI was
performed as previously described (11).

Viral RNA isolation, reverse transcription-PCR, and sequencing. One to 3 ml
of plasma from C-PI (or 0.5 ml for NC-PI) was centrifuged at 14,000 rpm
(20,800 x g) for 2 h at 4°C, and viral RNA was extracted using a Qiagen viral
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RNA blood mini kit (Qiagen, Inc.). Reverse transcription-PCR and sequencing
were performed as described previously (44). Briefly, nested reverse transcrip-
tion-PCR was attempted for all HIV coding sequences from C-PI but only for gag
and pol from NC-PI, such that comparisons between the groups were limited to
these sequences. Bidirectional population (“bulk”) DNA sequencing was per-
formed on an ABI 3730xl automated DNA sequencer. Data were analyzed using
Sequencher software (Gene Codes). If the secondary peak was observed in both
the 5’ and 3’ direction readings and the height of the secondary peak exceeded
25% of the dominant peak height in at least one of the two sequences, the
nucleotides were interpreted to exist in mixtures at that position. Multiple align-
ment was performed using ClustalW. Contamination and/or sample mix-ups
were ruled out by constructing a maximum-likelihood phylogenic tree
(DNAmI incorporated in BioEdit). Viral subtypes were determined using
entire gag sequences with REGA HIV-1 Subtyping Tool version 2.0, available
through the Stanford HIV Drug Resistance Database (http://dbpartners
stanford.edu/RegaSubtyping/). Likewise, drug resistance mutations were exam-
ined using the HIVdb Program Sequence Analysis tool (http://hivdb.stanford.edu
/pages/algs/sierra_sequence.html).

Generation of chimeric viruses. Generation of gag-protease chimeric NL4-3
viruses, viral titration, and the replication capacity assay were performed as
described previously (45). Briefly, gag-protease reverse transcription-PCR ampli-
cons were cotransfected with linearized Agag-protease pNL4-3 vector into a long
terminal repeat (LTR)-driven green fluorescent protein (GFP) reporter T cell
line of CEM origin (GXR cells) (10), and chimeric viruses were obtained by
homologous recombination. The patient origins of the resulting chimeric virus
stocks were verified by comparing their sequences to the original plasma HIV
RNA sequences (not shown). Titration was performed by infecting GXR cells
with the chimeric viruses and measuring GFP expression by flow cytometry. The
titer data were used to adjust input viral volumes in the subsequent replication
capacity assay to obtain a multiplicity of infection (MOI) of 0.002 on day 2. GFP
expression was monitored daily for a week. Replication capacity was expressed as
the slope of the natural log of the percentage of GFP-expressing cells between
days 3 and 6. Replication capacity assays were performed in duplicate, examining
all of the viruses at the same time, and the average of the relative value to that
of wild-type NL4-3 virus for each subject was used for comparisons.

Statistical analysis. Statistical analyses of continuous variables were per-
formed using the Mann-Whitney U test. Comparisons of categorical value were
performed using Fisher’s exact test. A P value of <0.05 was considered statisti-
cally significant.

Nucleotide sequence accession numbers. Plasma viral sequences obtained in
this study were submitted to GenBank under accession nmbers GU367395 to
GU367447 and GU367449 to GU367592.

RESULTS

Kinetics of plasma viremia during primary infection in per-
sons who become HIV controllers. Little is known about the
levels and kinetics of viremia during acute/early infection
among individuals who subsequently become HIV-1 control-
lers. To address this, we identified 18 subjects diagnosed at the
time of primary infection who maintained viral loads of <2,000
RNA copies/ml for at least a year in the absence of therapy
(HIV controllers after primary infection [C-PI]). For each of
these subjects, longitudinal samples were available for analysis
of the kinetics of plasma viral load following untreated primary
infection.

As shown in Fig. 1A and B, these 18 subjects achieved HIV
control within 200 days after the estimated date of infection
(EDI); they were then followed for a median of 1,089 (range,
744 to 2,079) days. Six of the 18 C-PI subsequently achieved
elite control (<50 RNA copies/ml for at least 1 year) during
follow-up (Fig. 1A), and 12 of the C-PI controlled viremia at
between 50 and 2,000 RNA copies/ml (Fig. 1B). For those who
achieved elite control, the time to viral loads of less than 50
RNA copies/ml varied widely. One subject was diagnosed with
early infection at 130 days post estimated date of infection
(EDI), when the viral load was already less than 50 RNA

— 140 —



VoL. 84, 2010

EC

10°-
107
10°-
1054
104

103
102
101

Plasma HIV-RNA coples/mi »

° C-Pl_12

§ 10 -

g 10°

2 104

= 10°

g 102

2 101

n- M v AJ Al Ll

0 500 1000 1500 2000

days

E C-PI_02

£ 106,

2

g 10°

é 104.

; 103.

g 102.

]

E 101 1 L] A 1

0 500 1000 1500 2000

days

HIV-1 IN EARLY CONTROLLERS 7583
B
E - vc
.g. 107
2 10°-
é 105-
10‘.
i 103"
g 102
g 101 L] T L] L] L] L] 1
o S0 100 150 200 250 300 350
days
D
'g' 10 C-PL_04
S 108
8 10 b
2 104.
E 103-
g 102.
5 101 T : T :
. o 500 1000 1500 2000
days
F C-PI_03
.§ 10¢-
.
8
z 104-
; 103.
2 102
[}
’ 101 L] v L] 1
. "o 500 1000 1500 2000
days

FIG. 1. Kinetics of plasma virus loads during acute/early phase of infection in individuals who subsequently achieve viremia control (<2,000
RNA copies/ml). (A) Data for six controllers after primary infection (C-PI) who achieved elite control (EC; <50 RNA copies/ml) during the
follow-up period. Each line represents the plasma virus loads of an individual patient; the dashed line indicates 2,000 RNA copies/ml. The blue
line shows data for C-PI_18, who achieved <50 RNA copies/ml after 600 days post-EDI and, therefore, displayed >50 RNA copies/ml during the
period shown in the figure. (B) Data for twelve C-PI who remained viremic during the follow-up period. Each line represents the plasma virus loads
of an individual patient; the dashed line indicates 2,000 RNA copies/ml. VC, viremic controllers. (C) Data for C-PI_12, who achieved elite control
after 700 days post-EDI after experiencing a blip in viremia. (D) Data for C-PI_04, who achieved elite control after 470 days post-EDI and also
experienced virologic escape after 1,500 days post-EDI. (E and F) Data for C-PI_02 and 03, who experienced virologic escape. ART, antiretroviral

therapy.

copies/ml, and another achieved persistently undetectable viral
loads at day 170, whereas another subject (C-PI_18) achieved
elite control relatively slowly (604 days post-EDI; data not
shown). One subject (C-PI_12) initially achieved a stable vire-
mia of less than 2,000 RNA copies/ml until 710 days, at which
point there was a blip in viremia and then a decline to below
the limits of detection (<50 RNA copies/ml) (Fig. 1C). During
the average-3-year follow-up, only 3 of the 18 subjects lost
control, as evidenced by an increase in viral load to over 2,000
RNA copies/ml (Fig. 1D, E, and F), including one person

initially meeting the criteria for elite control (C-PI_04)
(Fig. 1D).

While the mean viral loads during acute infection have been
reported to be in excess of 5 X 10° RNA copies/ml in other
studies (31), the virus loads during acute phase in the HIV
controllers studied here never exceeded 1 X 10° RNA cop-
ies/ml (Fig. 1A and B). Although it is important to note that
the magnitude and timing of acute-phase peak viremia were
likely not identified in most cases (as is also the case with other
published studies), these observations nevertheless suggest
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FIG. 2. Proportions of the individuals expressing protective HLA
class 1 alleles. (A) Proportions of individuals expressing HLA-B57
among controllers after primary infection (C-PI), noncontrollers after
primary infection (NC-PI), and chronic HIV controllers (C-chronic).
(B) Proportions of individuals expressing protective HLA class I alleles
(B13, B27, B51, and B57/B*1516/B*1517/B*5801) among C-PI, NC-P],
and C-chronic.

that persons who are able to control HIV spontaneously fol-
lowing primary infection may have lower levels of viremia
during acute infection. These data indicate that viremia control
can be initiated during the acute/early phase of infection and
that when early control is achieved, it is largely maintained
over the first few years of infection in persons who initially
achieve this equilibrium. Moreover, they show that elite con-
troller status may not be achieved until two or more years after
primary infection.

HLA class I allele distribution in subjects who subsequently
become HIV controllers. Among HIV controllers in the
chronic phase of infection, there is an overrepresentation of
“protective” HLA class I alleles, in particular, HLA-B57 and
-B27 (4, 43, 48). To determine the potential role of host ge-
netics in viral control in this cohort, we first performed high-
resolution HLA typing. The frequency of individuals express-
ing HLA-B57 was the same in those who became HIV
controllers (C-PI) as in those with primary infection who were
defined as noncontrollers (NC-PI) (2/18 versus 5/80, P = 0.6)
(Fig. 2A) but was lower than in an updated cohort of chronic
HIV controllers (C-chronic [reference 48 and data not shown])
(224/719, P = 0.074). Likewise, the frequency of individuals
expressing this and other so-called “protective” HLA class 1
alleles (defined as HLA-B13, -B27, -B51, and -B57/B*1516/
B*1517/B*5801; see references 23, 25, 29, 32, and 47) among
the C-PI did not differ from the frequency of such individuals
among the NC-PI in the present study (5/18 versus 24/80, P =
1.0) (Fig. 2B) but, again, was significantly lower than in the
chronic HIV controller cohort (5/18 versus 417/719, P = 0.014)
(Fig. 2B).

Taken together, these data suggest that persons who achieve
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FIG. 3. Replication capacities of chimeric NL4-3 viruses carrying
gag-protease derived from the acute phase of infection in controllers
and noncontrollers. Replication capacities were compared between
clade B-infected C-PI (n = 15) and NC-PI (n = 45). Average results of
duplicate experiments for each virus normalized to the replication
capacity of wild-type (wt) NL4-3 virus were plotted (expressed as the
slope of the natural log of viral spread between days 3 and 6; see
Materials and Methods). (A) Data for all of the chimeric viruses
derived from individuals in acute/early phase of infection. The pink
dots indicate viruses carrying protease inhibitor (PI) resistance muta-
tions. (B) Data are the same as in the analysis shown in panel A, but
the data for viruses derived from the NC-PI are stratified according to
phase of infection (acute or early). Horizontal lines show medians of
the results.

viral control following acute/early infection differ in host ge-
netics from those HIV controllers classified using chronic-
phase clinical and phenotypic definitions in that they are not
enriched for the usual protective alleles associated with
chronic HIV control (23, 25, 29, 32, 47).

Chimeric NL4-3 viruses carrying gag-protease derived from
individuals who go on to become HIV controllers display re-
duced replication capacities. Our finding that protective HLA
alleles were not enriched in this group suggested that factors
other than host genetics might influence early control of vire-
mia and led us to examine viral factors that might contribute to
enhanced control. We recently reported that chimeric NL4-3
viruses carrying gag-protease derived from chronic elite con-
trollers display reduced replication capacities compared to the
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TABLE 1. HLA class I alleles, viral antiretroviral drug resistance mutations, and B57 footprint profiles in early controllers

Viral drug resistance mutation(s) to:
C-PI HLA class I alleles® HLA-B57 footprint?
PI NRTI NNRTI
01 A25/A68/B18/B57/Cw06/Cw12 T242N (1147L) None None None
02 A02/A31/B08/B44/Cw05/Cw07 (1147L) None None None
03 A01/A68/B08/B44/Cw05/Cw07 None M46L, I54FL, 184V, M41L, D67N, T69D, A98G, K103N,
N88D, L90 M M184V, L210W, T215Y Y318F
04 A26/A31/B07/B18/Cw07/Cw07 None D30N, M46I, 184V, = M4I1L, E44D, D67N, K70R, None
N88D, L90 M L741, V118I, L210Y,
T215Y, K219Q
05  A01/A32/B35/B44/Cw02/Cw05 A146P (N252G) None None None
06 A01/A01/B*1517/B49/Cw07/Cw12  G248A A146N (1147 M)  None D67N, T215S, K219E, None
G333E

07 A02/A02/B07/B*5801/Cw07/Cw07  (G248E) None M41L None
08 A03/A68/B14/B44/Cw07/Cw08 None None None None
10 A23/A31/B39/B52/Cw07/Cw12 T242N A146P (I1147L) None None None
11 A01/A02/B44/B57/Cw05/Cw06 T242N G248A (1147L) None None None
12 A01/A31/B37/B51/Cw01/Cw06 (I147L) G248A (M250I) None None None
13 A03/A31/B35/B35/Cw04/Cw04 N/D None None None
14 A02/A32/B35/B44/Cw04/Cw05 None None M184V G190A
15 Al11/A31/B27/B35/Cw01/Cw01 (1147L) None None ~ None
16 A02/A29/B44/B49/Cw07/Cw16 NA NA® NA NA
17 A02/A02/B44/B49/Cw07/Cw16 NA NA NA NA
18 A02/A24/B*1501/B41/Cw03/Cw17  None None None K103N P225H
20 A02/A03/B*1501/B56/Cw01/Cw03  T242N G248A (1147L) None None None

@ Unique recombinant form on clade A backbone.

b NA, not available.

¢ HLA-B57 and analogues are underlined.

4 Mutations in parentheses are likely selected by HLA-B57.

replication capacities of those derived from chronic progres-
sors (45). To determine the relative fitness of acute/early vi-
ruses in these subjects, we constructed chimeric gag-protease
viruses from the earliest viral isolates from both C-PI and
NC-PI subjects. In this analysis, gag-protease genes were am-
plified from plasma HIV RNA and chimeric viruses were gen-
erated for 15 subtype B-infected C-PI (C-PI_13 was infected
with a unique recombinant form with a clade A backbone and,
therefore, was excluded from the following analyses). As a
control, we randomly chose 45 of the 80 NC-PI (median base-
line virus load, 186,000 RNA copies/ml [interquartile range,
6,160 to 750,100]). As in previous studies (9, 45, 46, 53), rep-
lication capacity assays were performed and the slope of the
natural log of viral spread in culture between days 3 and 6 was
calculated. All viruses were assayed in the same experiment
run in duplicate, and the results are presented as the values
relative to the results for the wild-type NLA4-3 virus.

As shown in Fig. 3A, chimeric viruses carrying gag-protease
derived from individuals who go on to become controllers
displayed significantly reduced replication capacities compared
to those from individuals who became noncontrollers (C-PI
versus NC-PI, 0.84 versus 0.98, P = 0.0003). Since many of the
NC-PI were diagnosed during the acute phase of infection
(AIEDRP group 1), whereas most of the C-PI were diagnosed
during early infection (AIEDRP group 3), there was a concern
that the observed difference might be a reflection of differences
between acute and early infection. Therefore, we repeated the
analysis, stratifying the 45 NC-PI into AIEDRP group 1 (acute,
n = 25) or group 3 (early, n = 20), but found no statistically
significant difference between them (0.95 versus 0.99, P =
0.23), whereas chimeric viruses carrying gag-protease from the
C-PI displayed significantly reduced replication capacities

compared to the replication capacities of viruses from acute
and early NC-PI (P = 0.005 and 0.0003, respectively) (Fig. 3B).
These data indicate that defects in viral fitness are strongly
associated with the ability to control viremia following primary
infection.

CTL escape mutations are present in viral sequences ob-
tained from the acute/early phase in the persons who subse-
quently become HIV controllers. We recently reported that
attenuation of the replication capacity of chimeric viruses car-
rying gag-protease derived from chronic elite controllers is as-
sociated with specific HLA class I alleles, indicating virus at-
tenuation due to immune selection pressure (45). Since we
observed the viruses in the C-PI to be attenuated, we next
examined plasma viral sequences for evidence of CTL-driven
escape mutations from the earliest available time point (me-
dian, 86 days, and range, 33 to 203 days post-EDI).

As shown in Tables 1 and 2, both C-PI expressing HLA-B57
(C-PI_01 and 11) harbored the B57-associated Gag T242N
escape mutation within the TW10 (TSTLQEQIGW, Gag
amino acids 240 to 249) epitope known to affect viral replica-
tion capacity (9, 22, 36, 40). One of the gag compensatory
mutations, 1223V, that is known to partially restore replication
capacity impaired by the T242N mutation (9) was observed in
C-PI_11, but none of these compensatory mutations was ob-
served in C-PI_01 (Table 2). The relative replication capacities
of chimeric NL4-3 viruses carrying gag-protease derived from
these individuals were substantially reduced (0.864 and 0.724,
respectively). Only one of the 45 NC-PI whose chimeric virus
was tested for replication capacity expressed HLA-B57. The
autologous viral sequence obtained at 59 days post-EDI exhib-
ited the fitness-impairing T242N mutation but also the H219Q
compensatory mutation, and the relative replication capacity
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TABLE 2. Plasma viral Gag protein sequences in 15 clade B-infected early controllers”

Mutation(s) in indicated part of Gag sequence”

— HLA-B57

analogue 133 PIVQNLQGQMVHQAISPRTLNAWVK 157 213 DRLHPVHAGPIAPGQMREPRGSDIAGTTSTLQEQIGWMTNNEPI 256
01 B5 = i cishwimai alivsismanmss 00 mEeEsEESEUBEABRIEFESEREES RGO N v o e s w6 s
02 None ... iiiee... [ PP B e o s e M E N R S REE RS s e eVess ol
03 None ... .......... e B b SMiE s mms s smme s e e emmie 4 e pmmest momE e e e e s ok A WE S
04 None s ilsenemwanas B eEE EEE eEs s SEEE s wsE s - (= . S....
05 None  ..... I....... Pocnnswsnoion  mmasss Qis Vivasssmas snmesusns PR G....
06 B*1517 ... P Q...V Lo e vsim w8 @ PR AiesHivus
07 B*S801 = e ememmascs [P B e E...S..A.
08 None = sessssssmawmas i RES ARG S TR N [P S....
10 None caciisssnssusa PLz vassmas #8 Wk ® R EEE 5SS HE R EEs 60 SwE 2 Sl na D
11 B57 N S Vs i s mis o 5 596 6 @B 6 & Niwins AowuS
12 None = ssasssmssnes S Vo e et e e AI......
14 None  ..... M....... S eEe REG EEA s BRAEEEEG ABEG HE GRE Y DOH S BEE B e e e
15 None ... . ..., Y O T I T I T T T T iR iR EOEE Sen
18 None  ..... M....... [ D [P N H
20 Noftle = = sowsssnwnsases Digsw mw » pms & s s simiots wime e s st g mie @ wwE N..... Aivinnnn

4 CTL epitopes restricted by HLA-B57 [IW9 (ISPRTLNAW) and TW10 (TSTLQEQIGW)] and major B57 footprint sites in sequences from the C-PI are underlined.

of the chimeric virus derived from this subject was slightly
reduced (0.852). Although this subject was categorized as an
NC-PI, the plasma virus load was only 3,680 RNA copies/ml on
day 59 post-EDI, indicating that viremia had been relatively
well controlled in this subject. Taken together, the replication
capacities of chimeric viruses carrying gag-protease obtained
during acute infection from HLA-B57-positive subjects ap-
peared moderately reduced, which might be attributable to the
typical fitness-impairing T242N escape mutation.

Evidence of transmitted CTL escape mutants from HLA-
B57* donors. Recently, it was reported that individuals who
acquired HIV from B57" donors have a better clinical course
at least during the first year of infection (15), suggesting that
the acquisition of attenuated viruses may benefit the recipient
even in the absence of the restricting protective allele. There-
fore, we investigated whether some C-PI might have acquired
viruses from donors expressing protective HLA alleles. Exam-
ining Gag protein sequences in the C-PI, we observed the
signature B57 escape mutation T242N that compromises rep-
lication capacity (9, 40) in two of the 5 C-PI who expressed no
other protective alleles (C-PI_10 and 20) (Tables 1 and 2), and
there was a trend of a higher frequency of the T242N mutation
in the C-PI than in the NC-PI (2/5 versus 4/47). The viruses in
C-PI_10 also exhibited the A146P/1147L signature escape mu-
tations within and flanking the B57 ISW9 epitope (Gag amino
acids 147 to 155) (20), adding further evidence that the viruses
were transmitted from a B57" donor. The A146P/1147L mu-
tations in conjunction with the T242N mutation have been
shown to further reduce viral replication capacity (8). The
relative replication capacity of the chimeric NL4-3 virus de-
rived from C-PI_10 was extremely reduced (0.546), but the
replication capacity of the virus derived from C-PI_20 was only
minimally reduced (0.928). For C-PI_10, follow-up samples
were available at 20 months after the EDI, but despite persis-
tent low-level virus production in vivo, no reversions of B57-
associated mutations (A146P/1147L/T242N) were observed
(data not shown). These data suggest that transmission of
viruses attenuated by CTL escape mutations in the HLA-B57*
donors may account for some of the C-PI and indicate that

transmitted CTL escape mutations may impair the replication
capacity and pathogenicity of HIV following transmission.

High frequency of drug resistance mutations in plasma viral
sequences in individuals who go on to become HIV controllers.
Viral fitness can be impaired by defects in other HIV genes. In
addition to gag sequences, we obtained plasma viral sequences
for other HIV genes from the C-PI (16 pol, 14 vif, vpr, and vpu,
14 partial envelope, 11 nef, and 14 rev and tat sequences);
however, similar to earlier studies of chronic elite controllers
(44), virus sequencing in this cohort revealed no gross viral
genetic defects (data not shown). Since selection pressures by
antiretroviral drugs are known to impair viral replication ca-
pacity as well, we looked for the presence of “major” resistance
mutations (as defined by the Stanford HIV Drug Resistance
Database) in autologous viral sequences obtained during the
acute phase of infection from the controllers and compared the
frequency of these mutations to their frequency in sequences
from noncontrollers.

Analysis of protease and reverse transcriptase (RT) se-
quences revealed a significantly higher prevalence of antiret-
roviral resistance mutations in C-PI (6/15 [40.0%]) than in
NC-PI (10/80 [12.5%]) (P = 0.018) (Fig. 4A), some of which
have been demonstrated to reduce viral replication capacity
(M184V, L210W, T215Y, etc.) (26, 27, 39, 59). Among indi-
viduals who went on to become controllers, we observed two
cases of protease inhibitor (PI) resistance mutations, 4 cases of
nucleoside analogue reverse transcriptase inhibitor (NRTI)
resistance mutations, and 3 cases of non-nucleoside analogue
reverse transcriptase inhibitor (NNRTI) resistance mutations
(Table 1). In addition, three of these cases exhibited multiclass
drug resistance, which was also significantly more frequent
than in NC-PI (3/15 versus 1/80, P = 0.012) (Fig. 4B and Table
1). Notably, excluding individuals expressing protective HLA
alleles, the frequency of individuals infected with drug-resis-
tant strains reached 60% among C-PI versus 8.5% in NC-PI
(6/10 versus 4/47, P = 0.0035) (Fig. 4C), and the frequency of
multiclass drug resistance strains reached 30% (Fig. 4D). Tak-
ing into consideration that resistance mutations can negatively
impact viral replicative capacity (17, 39, 56, 58), these results
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FIG. 4. Proportions of individuals diagnosed during acute/early phase and carrying viral strains with major drug resistance mutations (see
Materials and Methods) are shown. (A) Data for individuals infected with strains with major PI, NRTI, and NNRTI resistance mutations. (B) Data
for individuals infected with multiclass drug-resistant strains. (C) Data for individuals without protective HLA class I alleles infected with strains
with major PI, NRTI, and NNRTI resistance mutations. (D) Data for individuals without protective HLA class I alleles infected with multiclass

drug-resistant strains.

suggest that the transmission of drug-resistant variants contrib-
utes to viremia control during the early phase of infection in
these individuals. It is important to note that in the present
study, we analyzed replication capacity only for gag-protease
chimeric viruses and, thus, that resistance mutations within RT
were not evaluated. Among the total 60 viruses tested for
replication capacity, five viruses (2 from C-PI and 3 from NC-
PI) carried PI resistance mutations (Fig. 3A). Except for one
virus derived from an NC-PI, all displayed moderately to se-
verely impaired replicative capacities: the relative replication
capacities of viruses derived from the two C-PI were 0.760
(C-P1_03) and 0.575 (C-PI_04), and viruses from two of the
NC-PI carrying PI resistance mutations were moderately im-
paired (0.875 and 0.842).

Follow-up pol sequences were available 6 months later from
two C-PI, both of whom became viremic controllers (50 to
2,000 RNA copies/ml). No change in resistance profile was
observed in subject C-PI_06, whereas in subject C-P1_03, four
of the 9 initially documented RT resistance mutations
(M184V, L210F, and T215Y for NRTI and Y318F for NNRTTI)
(Table 1) reverted to the wild type (data not shown). However,
plasma viral loads remained low in both individuals.

In addition, we were able to obtain the plasma pol sequence
from subject C-PI_04, who became an elite controller despite
lacking protective HLA alleles but experienced virologic es-
cape after 4 years of infection (Fig. 1D). At that time, 2 of the
NRTI resistance mutations (K70R and L74I) had reverted to
the wild type, and the T215Y mutation partially reverted to
T215C/S when the plasma viral load rose to 1,300 RNA cop-
ies/ml around 5 years post-EDI. Although the L74I and T215Y
mutations are known to affect viral replicative fitness only
moderately (39), the K70R mutation in conjunction with the
M41L mutation strongly attenuates virus (30), suggesting that
these reversions may have contributed to the virologic escape
in this case.

DISCUSSION

Here, we demonstrate that viruses from persons who spon-
taneously control HIV following primary infection show im-
paired replicative capacity in the earliest stages of infection,
indicating that characteristics of the infecting virus have a
significant impact on viral set point and virus-host dynamics.
By constructing chimeric viruses expressing the gag-protease
region of patient isolates and inserting them into a laboratory
strain backbone, we show that viruses derived from persons
who are able to achieve viral loads of less than 2,000 RNA
copies/ml are attenuated compared to contemporaneous vi-
ruses derived from persons who go on to develop progressive
infection. Of subjects confirmed to be infected with clade B
virus, 12/15 (80%) were recipients of potentially attenuated
drug-resistant strains or viruses selected in B57" donors or
expressed protective HLA alleles that selected for less fit vi-
ruses (summarized in Table 1). Remarkably, two cases had
more than one factor: they expressed B57 analogues and were
infected with NRTI-resistant strains. Together, these data in-
dicate that viral dynamics in the earliest stages of HIV infec-
tion have a major impact on the course of disease.

In these persons who achieved viral control following pri-
mary infection, there was no enrichment of HLA alleles asso-
ciated with long-term control found in chronic-controller co-
horts. Instead, we saw enrichment for other factors that can
attenuate virus replication, including transmission of drug-re-
sistant strains and strains containing attenuating CTL escape
mutations. The surprising finding that HLA-B57 was not en-
riched among controllers after primary infection may be re-
lated to the fact that persons expressing this allele are less
symptomatic during acute infection and, thus, may have been
less likely to be recognized and recruited in the acute phase of
infection (1). Another important issue raised by this observa-
tion is the durability of control that is achieved early after acute
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infection. Indeed, one C-PI who achieved elite control status
but did progress later lacked protective HLA alleles. However,
the majority of persons without protective alleles were able to
persistently control viremia, in one case (C-PI_03) even after
reversion of some of the drug resistance mutations, suggesting
that early attenuation of virus may have sustained conse-
quences. Additional follow-up will be required to answer this
question.

The subjects in this study were largely selected from subjects
enrolled in the Acute Infection, Early Disease Research Pro-
gram, based on their ability to achieve controller status follow-
ing documented primary infection. The criteria consisted of at
least 1 year of viral loads of less than 2,000 RNA copies/ml,
used to define HIV controllers because this is a level at which
disease progression and transmission are much less likely (49).
Of the 18 individuals who went on to become HIV controllers,
6 eventually met the criteria for elite control, with viral loads
persisting at below 50 RNA copies/ml. Since one of the C-PI
who achieved elite control (C-PI_04) and two C-PI who be-
came viremic controllers (C-PI_02 and C-PI_03) later pro-
gressed, early control does not necessarily predict long-term
control. Of note, none of them expressed protective HLA
alleles, suggesting an important role of host genetics in even-
tual outcome.

Although we did not show any direct impact of individual
mutations observed here on viral replicative capacity, there are
several studies that demonstrate a fitness cost of PI resistance
mutations in particular (41, 42, 60) and of CTL escape muta-
tions within the Gag protein (9, 40, 53). Indeed, the viruses
from two of the B57" C-PI were carrying the T242N escape
mutation. In addition to these, we found putative B57 footprint
mutations in the individuals expressing HLA-B*1517 (C-
PI_06) and HLA-B*5801 (C-PI_07) that are known to cross-
present B57 TW10 epitopes (23, 36). The autologous viral
sequence for C-PI_06 did not have any of the typical signature
B57 footprint mutations A146P/I1147L/T242N but contained
the G248A mutation that is associated with HLA-B57. Uncom-
mon substitutions at the sites associated with HLA-B57
(A146N/1147TM) were also observed (Tables 1 and 2) (20, 36).
Likewise, none of the typical signature B57 mutations A146P/
11470L/T242N were seen in C-PI_07, but the autologous viral
sequence displayed a rare mutation (G248E) that has been
reported to be selected in B57™ subjects during primary infec-
tion (5). Although we do not have direct experimental evi-
dence of a viral fitness cost due to these mutations, substitu-
tions at these sites have been previously shown to impair viral
replication capacity (8, 46). Indeed, the relative replication
capacities of the chimeric NLA4-3 viruses carrying gag-protease
derived from these persons were reduced (0.887 and 0.658,
respectively). Taken together, viruses in these 2 C-PI express-
ing HLA-B57 analogues likely harbored allele-specific muta-
tions which might have contributed to compromised viral rep-
lication capacity.

We observed the typical HLA-B57 footprint mutation
(T242N) in plasma viral sequences in two of the C-PI express-
ing none of the protective HLA alleles, supporting previous
reports of better early clinical outcome of recipients who ac-
quired viruses from B57-positive donors (15). By analyzing
viral sequences in the rest of the C-PI, we found other muta-
tions within and flanking the TW10 epitope that had likely

J. VIROL.

been selected in B57" donors: autologous virus from C-PI_12
expressing the protective allele HLA-B51 had rare G248A/
M2501 mutations that were previously shown to be observed in
B57" chronic elite controllers and to impair viral replication
capacity in vitro (46), and the replication capacity of the gag-
protease chimeric NL4-3 virus derived from this person was
reduced (0.843). Another non-B57 analogue subject (C-PI_05)
harbored the B57 signature mutation A146P and a rare N252G
mutation in the flanking region of the TW10 epitope that had
been observed in a B57 elite controller and demonstrated to
affect viral replicative capacity (46). However, the replication
capacity of the chimeric NL4-3 virus for this person was not
appreciably reduced (0.943). These data suggest that there
were additional individuals who potentially acquired viruses
from B57-positive donors and went on to become controllers.

In the current study, we did not examine the function of the
reverse transcriptase or the impact of individual resistance
mutations on RT function, but there are a number of publica-
tions that also support the theory presented here (19, 26, 27,
30, 38, 39, 57, 59). For instance, the M184V mutation observed
in C-PI_03 and 14 is selected by lamivudine and is known to
strongly reduce viral replicative fitness (39, 59); the T215Y
mutation observed in C-PI_03 and 04 has a similar effect, albeit
moderately (26, 39), and in addition, the L210W mutation that
was observed in C-PI_03 and remained at the later time point
has been shown to have a strong negative impact on viral
replication capacity (27). Moreover, there was a report that the
number of NRTI resistance mutations inversely correlates with
viral replicative capacity (51), further supporting the idea that
viruses from the acute phase of infection carrying multiple
resistance mutations in some of the individuals who go on to
become controllers are attenuated.

While the difference in replication capacities of chimeric
viruses derived from the acute/early phase of infection in con-
trollers and noncontrollers was significant, chimeric viruses
derived from some controllers displayed only minimal reduc-
tions in replication capacity, suggesting that a better early
clinical course cannot be explained solely by attenuation of
Gag-Protease function. Impairment of HIV replication by mu-
tations in other genes, like nef deletions (16, 34), or by other
mechanisms may also be important. Therefore, it will be war-
ranted to investigate the function of other HIV proteins, in-
cluding RT and envelope, in future studies.

The hypothesis presented here, that viral attenuation affects
the course of disease following acute infection, has been pro-
posed previously (2, 35, 50) and is supported by other studies
showing that the transmission of escape mutations selected by
protective alleles in the donor provides a clinical advantage to
the recipient (15, 24). Moreover, a recent study of children
born to B57* mothers revealed reduced viral loads in the B57"
children despite the transmission of B57 CTL escape mutants
(54). In addition, there is a report of an inverse relationship
between plasma viral load and the number of genotypic resis-
tance mutations during primary infection (14). These data
strongly suggest that the transmission of less fit viruses due to
attenuating antiretroviral resistance mutations and CTL es-
cape mutations could result in a favorable clinical course in the
recipients, at least during the early phase of infection. It should
be noted that our findings might imply that the spread of
drug-resistant variants will increase the proportion of individ-
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uals who can control viremia in the early phase of infection;
however, further investigations are necessary in order to clarify
this point.

In conclusion, viruses obtained during the acute/early phase
of infection from persons who subsequently become control-
lers were attenuated. This observation can be partly explained
by the transmission of drug-resistant strains and/or CTL escape
variants from B57" donors or by de novo CTL escape muta-
tions in B57" recipients. During an average of 3 years of
follow-up, the plasma virus load remained stable in the major-
ity of subjects, even in one in whom apparent fitness-enhancing
reversions were observed. These data suggest that viral atten-
uation in acute infection may have a long-term impact on
control, but further longitudinal studies are warranted to re-
veal the role of viral fitness in long-term control of HIV-1
infection.
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The mechanisms underlying HIV-1 control by protective HLA class I alleles are not fully understood and
could involve selection of escape mutations in functionally important Gag epitopes resulting in fitness costs.
This study was undertaken to investigate, at the population level, the impact of HLA-mediated immune
pressure in Gag on viral fitness and its influence on HIV-1 pathogenesis. Replication capacities of 406
recombinant viruses encoding plasma-derived Gag-protease from patients chronically infected with HIV-1
subtype C were assayed in an HIV-1-inducible green fluorescent protein reporter cell line. Viral replication
capacities varied significantly with respect to the specific HLA-B alleles expressed by the patient, and protective
HLA-B alleles, most notably HLA-B*81, were associated with lower replication capacities. HLA-associated
mutations at low-entropy sites, especially the HLA-B*81-associated 186S mutation in the TL9 epitope, were
associated with lower replication capacities. Most mutations linked to alterations in replication capacity in the
conserved p24 region decreased replication capacity, while most in the highly variable p17 region increased
replication capacity. Replication capacity also correlated positively with baseline viral load and negatively with
baseline CD4 count but did not correlate with the subsequent rate of CD4 decline. In conclusion, there is
evidence that protective HLA alleles, in particular HLA-B*81, significantly influence Gag-protease function by
driving sequence changes in Gag and that conserved regions of Gag should be included in a vaccine aiming to
drive HIV-1 toward a less fit state. However, the long-term clinical benefit of immune-driven fitness costs is

uncertain given the lack of correlation with longitudinal markers of disease progression.

There is broad heterogeneity in the ability of HIV-infected
individuals to control virus replication, ranging from elite con-
trollers, who maintain undetectable viral loads without treat-
ment, to rapid progressors, who progress to AIDS within 2
years of infection (9, 22, 32). Many interrelated factors, includ-
ing host and viral genetic factors involved in antiviral immunity
and the viral life cycle, may partially account for the differences
in the course of disease progression (10, 11, 30, 41). The
complex interplay between host genetic factors and viral fac-
tors is exemplified by human leukocyte antigen (HLA) class
I-restricted cytotoxic T-lymphocyte (CTL) responses, which
exert considerable immune pressure on the virus, resulting in
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escape mutations that affect the interaction of viral and host
proteins, thereby influencing infection outcome.

The exact mechanisms by which some HLA class I alleles,
such as HLA-B*57 and HLA-B*27, are associated with slower
progression to AIDS, while others, such as B*5802 and B*18,
are associated with accelerated disease progression (6, 20, 42),
are unclear. The magnitude and/or breadth of HLA-restricted
CTL responses to the conserved Gag protein has been corre-
lated inversely with disease progression or markers of disease
progression in several studies (12, 21, 28, 31, 35, 43, 46), al-
though there are some exceptions (4, 16, 37), while preferential
targeting of the highly variable envelope protein (as occurs in
HLA-B*5802-positive individuals) correlates with higher viral
loads (21, 29). Protective HLA alleles restrict CTL responses
that impose a strong selection pressure on a few specific Gag
p24 epitopes, resulting in escape mutations (14) for which
fitness costs have been demonstrated either through site-di-
rected mutations introduced into a reference strain back-
ground (2, 8, 25, 38) or through in vivo reversion of these
mutations after transmission to an HLA-mismatched individ-
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ual (8, 24). Recent evidence suggests that Gag escape muta-
tions with a fitness cost, particularly those in p24, are a signif-
icant determinant of disease progression: the transmitted
number of HLA-B-associated polymorphisms in Gag was
found to significantly impact the viral set point in recipients
(although an associated fitness cost was not shown) (7, 15), and
in a small number of infants, decreased fitness of the transmit-
ted virus with HLA-B*5703/5801-selected mutations in Gag
p24 epitopes resulted in slower disease progression (33, 39).
Also, the number of reverting Gag mutations (thought to re-
vert as a consequence of fitness costs) associated with individ-
ual HLA-B alleles was strongly correlated with the HLA-
linked viral set point in chronically infected patients (26). A
recent in vitro study showed that HLA-associated variation in
Gag-protease, with resulting reduced replication capacity, may
contribute to viral control in HIV-1 subtype B-infected elite
controllers (27). Taken together, these studies suggest that
CTL responses restricted by favorable HLA alleles select for
escape mutations in conserved epitopes, particularly those in
Gag, resulting in a fitness cost to HIV and therefore at least
partly explaining the slower disease progression in individuals
carrying these alleles.

To date, many of the studies investigating the fitness cost of
Gag escape mutations and their clinical relevance have con-
centrated on escape mutations associated with protective HLA
alleles, have not assessed fitness consequences in the natural
sequence background (in the presence of other escape and
compensatory mutations), and/or have focused on a limited
number of patients. Most importantly, the majority of studies
have focused on HIV-1 subtype B. The present study is the first
to use a large population-based approach and clinically derived
Gag-protease sequences to investigate comprehensively the
relationships between immune-driven sequence variation in
Gag, viral replication capacity, and markers of disease progres-
sion in chronic infection with HIV-1 subtype C, the most pre-
dominant subtype in the epidemic. We assayed the replication
capacity of recombinant viruses encoding patient Gag-protease
in an HIV-1-inducible green fluorescent protein (GFP) re-
porter cell line and found associations between lower replica-
tion capacities, protective HLA alleles, protective HLA-asso-
ciated mutations, lower baseline viral loads, and higher
baseline CD4 counts. However, Gag-protease replication ca-
pacity did not correlate with the subsequent rate of CD4 de-
cline.

MATERIALS AND METHODS

Study subjects. The study subjects included 406 antiretroviral-naive individu-
als chronically infected with HIV-1 subtype C from the Sinikithemba cohort in
Durban, South Africa. These individuals were HLA typed to 4-digit resolution by
molecular methods (20). Viral load (Roche Amplicor assay, version 1.5) and
CD4 count (Trucount technology) measurements were obtained at study entry
(baseline) for all participants and at 3-month intervals thereafter for 339 of the
participants (20). At baseline, the median viral load of the cohort was 4.77 log,,
HIV RNA copies/ml (interquartile range [IQR], 4.15 to 5.27 log;, HIV RNA
copies/ml), and the median CD4 count was 340 cells/mm® (IQR, 238 to 477
cells/mm?). Over the subsequent course of study follow-up (the mean follow-up
time was 2.28 years per individual; IQR, 1.21 to 3.02 years), the median rate of
CD#4 decline was —30 cells/mm? per year (IQR, —73 to —3 cells/mm?> per year).
The median age of the study subjects at baseline was 31 years (IQR, 27 to 36
years), and 322 (79%) patients were female. Among the study participants, there
was no significant association between age, gender, and baseline viral load or
CD4 count as was reported previously (42), and therefore we did not control for
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these variables in analyses. Written informed consent was obtained from all study
subjects, and the study protocol was approved by the Biomedical Research Ethics
Committee of the University of KwaZulu-Natal.

Generation of Gag-protease NLA4-3 recombinant virus stocks. Patient Gag-
protease was isolated and inserted into an NLA4-3 backbone to generate recom-
binant viruses. Protease was included to maintain the important interaction
between Gag and protease, namely, cleavage of the Gag polyprotein by protease.
Viral RNA was isolated from plasma by use of a QlAamp Viral RNA Mini kit
from Qiagen (Valencia). Reverse transcription-PCR (RT-PCR) was performed
as previously described (27), using a Superscript III One-Step RT-PCR kit
(Invitrogen, Carlsbad, CA) and the following Gag-protease-specific primers: 5’
CACTGC TTA AGC CTC AAT AAA GCT TGC C 3' (HXB2 nucleotides 512
to 539) and 5" TTT AAC CCT GCT GGG TGT GGT ATY CCT 3’ (nucleotides
2851 to 2825). A second round of PCR was performed with 100-mer forward and
reverse primers that were exactly complementary to NL4-3 on either side of
Gag-protease, using a TaKaRa Ex Tag HS enzyme kit (Takara, Shiga, Japan).
Two 50-pl PCR mixtures were prepared for each sample, comprising 37 pl
diethyl pyrocarbonate (DEPC)-treated water, 5 pl 10X Ex Tag buffer, 4 ul of
deoxynucleoside triphosphates (ANTPs), 0.8 ul forward primer (10 pM), 0.8 pl
reverse primer (10 uM), 0.25 pl Ex Tag, and 2 pl RT-PCR product. Thermo-
cycler conditions were as follows: 94°C for 2 min; 40 cycles of 94°C for 30 s, 60°C
for 30 s, and 72°C for 2 min; and 72°C for 7 min. PCR products from two 50-pl
reaction mixtures were pooled, and 10 ul was set aside for sequencing. The
remainder was used in the generation of recombinant viruses. Gag-protease-
deleted pNL4-3 plasmid was prepared as previously described (27), and large
stocks of the plasmid were generated using a Plasmid Maxi kit (Qiagen, Valencia,
CA). The plasmid was digested for 2 h at 60°C immediately prior to cotransfec-
tion of 2 X 10° Tat-inducible GFP reporter GXR T cells (3) in R10 medium (800
wl RPMI-1640 [Sigma, St. Louis, MO] supplemented with 10% fetal bovine
serum [Gibco, NY], 2 mM L-glutamine [Sigma], 10 mM HEPES [Gibco], and 50
U/ml penicillin-streptomycin [Gibco]) with 10 pg digested plasmid and ~85 pl
Gag-protease PCR product via electroporation at 300 V and 500 wF (27).
Following a 1-h incubation at room temperature, GXR cells were transferred to
T25 flasks containing 4 ml of medium each. Five days later, 5 ml R10 medium
was added to each flask. The percentage of infected cells was monitored from day
12 onwards by flow cytometry on a FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA). Culture supernatants were harvested when approxi-
mately 30% of the GXR cells were infected and were stored in 1-ml aliquots at
—80°C for use in subsequent titration and replication assays.

Titration and replication assays. Titration of virus stocks and replication
assays were performed as previously described (2, 27, 38), using a multiplicity of
infection (MOI) of 0.003. The mean slope of exponential growth from days 3 to
6 was calculated using the semilog method in Excel. This was divided by the slope
of growth of the wild-type NL4-3 control included in each assay to generate a
normalized measure of replication capacity. Replication assays were performed
at least in duplicate, and results were averaged.

Sequencing of Gag-protease gene. The Gag-protease PCR product was diluted
1:15 in DEPC-treated water and population sequenced using Big Dye Termina-
tor ready reaction mix V3 (Applied Biosystems, Foster City, CA) and the fol-
lowing sequencing primers: 5' CTT GTC TAG GGC TTC CTT GGT 3' (nu-
cleotides 1098 to 1078), 5' CTT CAG ACA GGA ACA GAG GA 3' (nucleotides
991 to 1010), 5" GGT TCT CTC ATC TGG CCT GG 3' (nucleotides 1481 to
1462), 5" CAA CAA GGT TTC TGT CAT CC 3’ (nucleotides 1755 to 1736), 5’
CCT TGC CAC AGT TGA AAC ATT T 3’ (nucleotides 1981 to 1960), 5' TAG
AAG AAA TGA TGA CAG 3’ (nucleotides 1817 to 1834), 5 CAG CCA AGC
TGA GTC AA 3' (nucleotides 2536 to 2520), and 5' GGA GCA GAT GAT
ACA GTA TT 3’ (nucleotides 2331 to 2350). Sequences were analyzed on an
ABI 3130xl genetic analyzer (Applied Biosystems) and were visualized and
edited in Sequencher 4.8. Sequence data were aligned with the sequence of
HIV-1 subtype B reference strain HXB2 (GenBank accession no. K03455), using
a modified NAP algorithm (18), and insertions with respect to the HXB2 se-
quence were stripped from the sequences. A neighbor-joining tree was con-
structed from nucleotide sequences by using Paup 4.0 and was edited in Figtree
(http://tree.bio.ed.ac.uk/software/figtree/). Nucleotide differences between
plasma and recombinant virus Gag-protease sequences were quantified using
Highlighter (http:/www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter
.html). BioEdit 7.0 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) was used to
calculate the similarity of each sequence to the consensus subtype C Gag se-
quence from 2004.

Identification of HLA-associated polymorphisms. Statistical methods (de-
scribed in detail in reference 5) that correct for phylogenetic relatedness between
HIV sequences, amino acid covariation, and HLA linkage disequilibrium effects
were used to identify HLA-associated polymorphisms. Briefly, a maximum like-
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lihood phylogenetic tree was constructed for each gene, and a model of condi-
tional adaptation was inferred for each observed amino acid at each codon. In
this model, the amino acid is assumed to evolve independently down the phy-
logeny, until it reaches the observed sequences at the tree tips. In each host, the
selection pressure arising from HLA-restricted CTL and covariation between
HIV codons is modeled directly by a stochastic additive process. To identify
which factors contribute to the observed sequences, a forward selection proce-
dure is employed, in which the most significant association is iteratively added to
the model, with P values computed using the likelihood ratio test. Each observed
amino acid variant at each codon is evaluated in a binary fashion (presence
versus absence thereof). Multiple tests are addressed using ¢ values, the P value
analogue of the false discovery rate (FDR), for each P value threshold (40). The
FDR is the expected proportion of false-positive results among results deemed
significant at a given threshold. For example, at a g value of =0.2, we would
expect a false-positive proportion of 20% among identified associations.

Data analysis. Viral replication capacities were grouped according to the HLA
class I alleles expressed by the host. Analysis of variance (ANOVA) was used to
assess whether significant differences in replication capacities were observed
within expressed HLA-A, -B, and -C alleles. Then, for each individual allele (n =
5), Student’s ¢ test (or the Mann-Whitney U test in cases where the assumptions
of Student’s ¢ test were not met) was used to compare replication capacities of
viruses generated from persons expressing versus not expressing the allele in
question. The relationships between replication capacity and log viral load, CD4
count, rate of CD4 decline, number of HLA-associated polymorphisms, and
sequence similarity to the HIV-1 subtype C Gag consensus were assessed using
Pearson’s correlation (for normally distributed variables) or Spearman’s rank
correlation (for non-normally distributed variables). Viruses were also catego-
rized according to the 10th and 90th percentiles of the replication capacity data,
into low- and high-replication-capacity groups, respectively. Clinical and se-
quence parameters were compared between these groups, using Student’s ¢ test
(or the Mann-Whitney U test) or Fisher’s exact test (in the case of proportion
comparisons). The association between single amino acid residues in Gag-pro-
tease and the replication capacity was analyzed by Mann-Whitney U tests (uni-
variate method) and linear regression with a forward selection process (multi-
variate method). g values were calculated in both cases to account for multiple
comparisons (40). The significance cutoff for all analyses, unless indicated oth-
erwise, was a P value of <(0.05.

Nucleotide seq e i bers. Gag-protease sequences obtained in
this study are available in the GenBank database under accession numbers
HM593106 to HM593510.

RESULTS

Validation of generated Gag-protease NL4-3 recombinant
viruses. Gag-protease NL4-3 recombinant virus stocks from
406 subjects were generated in a median of 27 days (IQR, 23 to
32 days) following cotransfection of HIV-inducible, GFP-ex-
pressing T cells with Gag-protease-deleted NL4-3 plasmid and
clinically derived Gag-protease amplicons. To test whether re-
combinant viruses were representative of the original plasma
quasispecies, Gag-protease was resequenced from 40 randomly
selected recombinant viruses and compared with the original
plasma HIV RNA sequences. The median number of total
nucleotide differences between the recombinant virus se-
quence and the original plasma HIV RNA sequence (when
mixtures were not included as differences) was 0 (IQR, 0 to
1.5), resulting in an average nucleotide similarity of 0.99%
between pairs. The average number of nucleotide mixtures in
recombinant virus sequences was 21 (standard deviation
[SD] = 17), indicating somewhat reduced diversity (Student’s
t test; P = 0.0002) compared to that of the original plasma
sequences (mean = 35; SD = 36). Recombinant virus Gag
sequences closely clustered with respective plasma Gag se-
quences in a phylogenetic tree (see Fig. SA1 in the supplemen-
tal material). These data indicate that the Gag-protease re-
combinant viruses were representative of the original plasma
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FIG. 1. Distribution of Gag-protease NL4-3 recombinant virus rep-
lication capacities, normalized to the growth of wild-type NLA-3.

quasispecies. All further analyses were based on the original
plasma HIV sequences.

Assay variability. The replication capacities of Gag-protease
NL4-3 recombinant viruses were assayed in duplicate, inde-
pendently, in an HIV-1-inducible GFP reporter cell line. Rep-
lication capacity was defined as the slope of the increase in the
percentage of infected cells from days 3 to 6 following infec-
tion, normalized to wild-type NL4-3. Duplicate measurements
were highly concordant (Pearson’s correlation; r = 0.88 and
P < 0.0001). Accuracy of recombinant viral titers was achieved:
on day 3 of the assay, the mean % GFP-expressing cells was
0.65% (SD = 0.28%). Importantly, the observed variability in
day 3 readings did not influence viral replication capacity mea-
surements (Pearson’s correlation; » = 0.04 and P = 0.44).

Distribution of replication capacities of recombinant vi-
ruses. The NL4-3-normalized replication capacities of the re-
combinant viruses generated from the 406 cohort participants
approximated a normal distribution (mean = 0.62; SD = 0.1)
(Fig. 1). The replication capacities of the recombinant HIV-1
subtype C Gag-protease sequences inserted into the NL4-3
backbone were considerably lower than those of the wild-type
NLA4-3 control and 25 subtype B Gag-protease NL4-3 recom-
binant viruses, whose mean replication capacity normalized to
wild-type NL4-3 was 0.95 (SD = 0.13) (data not shown).

Association of recombinant virus replication capacities with
specific HLA types. Replication capacities of recombinant vi-
ruses were grouped according to HLA alleles expressed by the
host (Fig. 2). Overall, replication capacities varied significantly
between the different HLA-B alleles (ANOVA; P = 0.01) but
not between HLA-A or HLA-C alleles, suggesting that HLA-B
alleles have the greatest impact on Gag-protease-mediated
replication capacity. Relationships between specific HLA al-
leles and replication capacity were also observed, the strongest
of which was the association of HLA-B*81 with lower replica-
tion capacities (Student’s ¢ test; P < 0.0001). P values pre-
sented are uncorrected for multiple comparisons. Only the
association of HLA-B*81 with lower replication capacities
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FIG. 2. Associations between HLA alleles and replication capacities of Gag-protease NL4-3 recombinant viruses. (A to C) Graphs show the
mean (dot), median (vertical line), interquartile range (edges of boxes), and most extreme values (edges of whiskers) of replication capacities for
each different HLA allele for which n was =5. *, individual significant (P < 0.05) associations (Student’s ¢ test); **, associations that survive
Bonferroni correction for multiple comparisons. Overall P values (ANOVA) indicate the significance of differences in replication capacity between
alleles of each group. (D) Graph showing a significantly greater proportion (Fisher’s exact test) of individuals with protective HLA alleles
(HLA-B*57, HLA-B*5801, and HLA-B*81) in the group with the least-fit viruses (replication capacity of <0.5; n = 41) than in the group with the

fittest viruses (replication capacity of =0.74; n = 41).

would remain statistically significant following Bonferroni ad-
justment for multiple comparisons.

Besides HLA-B*81, other alleles that were associated with
low-replication-capacity recombinant viruses were HLA-
B*5801, HLA-A*0205 (Mann-Whitney U test; P = 0.05 and
P = 0.04, respectively), HLA-A*3009, and HLA-A*3001 (Stu-
dent’s ¢ test; P = 0.02 and P = 0.05, respectively). Due to tight
linkage between HLA-B*5801 and HLA-A*0205 (D' = 0.56
[23]), the allele driving the effect could not be identified.
Among 5 individuals with HLA-B*3009, 4 possessed HLA-
B*81, which likely explains the association of HLA-B*3009
with lower replication capacities.

Alleles associated with higher replication capacities were
HLA-Cw*0702 (Student’s ¢ test; P = 0.05) and HLA-Cw*0501
(Mann-Whitney U test; P = 0.001). Only 6 individuals in this

study possessed HLA-Cw*(0501, and all were linked to repli-
cation capacities above the 80th percentile of the data set
(>0.7). HLA-Cw*0501 is in linkage disequilibrium with HLA-
B*1801—S5 of 6 individuals with HLA-Cw*0501 also carried
HLA-B*1801—and could therefore partly contribute to the
disadvantage associated with HLA-B*1801 in subtype C infec-
tion (20).

In an additional analysis, the HLA types of the individuals
corresponding to the fittest recombinant viruses (=90th per-
centile of the data set, i.e., =0.74; n = 41) were compared to
the HLA types of individuals with the least-fit recombinant
viruses (10th percentile of the data set, i.e., =<0.5; n = 41).
Protective alleles were defined as those that were most strongly
associated with lower viral loads in HIV-1 subtype C-infected
individuals, namely, HLA-B*57, HLA-B*5801, and HLA-
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