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Human immunodeficiency virus type 1 (HIV-1) elite controllers (EC) maintain viremia below the limit of
commercial assay detection (<50 RNA copies/ml) in the absence of antiviral therapy, but the mechanisms of
control remain unclear. HLA-B57 and the closely related allele B*5801 are particularly associated with
enhanced control and recognize the same Gag240–249 TW10 epitope. The typical escape mutation (T242N)
within this epitope diminishes viral replication capacity in chronically infected persons; however, little is
known about TW10 epitope sequences in residual replicating viruses in B57/B*5801 EC and the extent to which
mutations within this epitope may influence steady-state viremia. Here we analyzed TW10 in a total of 50
B57/B*5801-positive subjects (23 EC and 27 viremic subjects). Autologous plasma viral sequences from both
EC and viremic subjects frequently harbored the typical cytotoxic T-lymphocyte (CTL)-selected mutation
T242N (15/23 sequences [65.2%] versus 23/27 sequences [85.1%], respectively; P � 0.18). However, other
unique mutants were identified in HIV controllers, both within and flanking TW10, that were associated with
an even greater reduction in viral replication capacity in vitro. In addition, strong CTL responses to many of
these unique TW10 variants were detected by gamma interferon-specific enzyme-linked immunospot assay.
These data suggest a dual mechanism for durable control of HIV replication, consisting of viral fitness loss
resulting from CTL escape mutations together with strong CD8 T-cell immune responses to the arising variant
epitopes.

A subset of human immunodeficiency virus type 1 (HIV-1)-
infected persons who control viremia to below the limit of
detection (�50 RNA copies/ml plasma) without antiviral ther-
apy has been termed elite controllers/suppressors (EC) (2, 3, 6,
13, 32). Some of these individuals have been infected in excess
of 30 years, indicating prolonged containment of HIV replica-
tion, but the mechanisms associated with this extreme viremia
control remain elusive (13). Among EC, certain HLA class I
alleles are overrepresented, in particular HLA-B57, strongly
suggesting that HIV-1-specific cytotoxic T-lymphocyte (CTL)
responses restricted by these alleles may be crucial for viremia
control (16, 29, 32). However, to date, there has been no clear
explanation as to why some subjects can control viremia but
others cannot, even when carrying the same allegedly protec-
tive HLA alleles. Moreover, the characteristics of virus-specific
immune responses as well as the impact of viral escape muta-
tions on in vitro replicative fitness in persons with different
disease outcomes remain unclear.

Growing numbers of studies suggest that CTL targeting
Gag, particularly the p24 capsid protein, play an important role
in controlling viremia (7, 15, 22, 26, 32, 33, 38). Indeed, the
most protective HLA class I allele, B57, which is present in
over 40% of EC (32), restricts four immunodominant CTL
epitopes in the p24 capsid protein. Previous studies have failed
to find differences in the recognition of Gag epitopes or in
gamma interferon (IFN-�) responses to HIV proteins between
B57-positive (B57�) long-term nonprogressors and B57� pro-
gressors (28). Other studies have shown differences in the
frequency of polyfunctional CD8� T cells between B57� EC
and B57� progressors (5); likewise, differences in the fre-
quency of IFN-�/interleukin-2-producing CD8� T cells be-
tween controllers and progressors with protective HLA alleles
were reported (16). Recently, Bailey et al. reported that
plasma viruses in B57� EC can harbor CTL escape mutations
in the Gag protein, and in some cases these autologous variants
were recognized by CTL (3). However, since there were no
comparisons to progressors, it is unclear whether the viral
variants that were detected or the apparent de novo CTL
responses to the variant viruses are characteristic features
among B57� persons who maintain persistent control.

Of the four immunodominant Gag CTL epitopes restricted
by HLA-B57, TW10 (TSTLQEQIGW [Gag residues 240 to
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249]) is known to be the earliest target in acute infection (1, 11,
36), therefore likely playing an important role in defining the
plasma viral load set point. This epitope is also known to be
presented by the closely related B*5801 allele, which is also
associated with viral control (21). One of the most frequently
detected mutations within this epitope, T242N, is known to
occur rapidly and almost universally after acute infection in
persons expressing HLA-B57/B*5801 (11, 17, 23). The same
mutation has been shown to have a negative impact on viral
replication capacity (VRC) by both clinical observation and in
vitro experiments (8, 23, 25). Moreover, as plasma viral load
increases, compensatory mutations accumulate, restoring VRC
to some extent (8). Additional studies, predominantly with
children, indicated that some TW10 escape variants may be
targeted by specific immune responses (17). Together, these
data suggest a hypothesis to explain the diverse disease courses
among B57� subjects, namely, that a combination of fitness
cost by CTL escape from the TW10 response, variable accu-
mulation of compensatory mutations, and variable generation
of specific CTL responses to the new variant influence plasma
viral loads.

In this study, we investigated plasma viral sequences and
IFN-�-specific enzyme-linked immunospot (ELISPOT) assay
responses to autologous Gag TW10 sequences in HLA-B57/
B*5801-positive EC and compared these data to those ob-
tained from persons with detectable viremia. Our results indi-
cate that the TW10 T242N mutation does not differentiate
HLA-B57/B*5801 EC from those with viremia and that CTL
responses to this variant epitope are frequently detected in
both viremic and aviremic subjects. However, some rare vari-
ants within and flanking this epitope were observed exclusively
in HIV controllers, most of which not only reduced VRC but
also were recognized by specific CTL at a high magnitude.
These data suggest that the additive effects of both CTL-me-
diated selection for less fit viral variants and CD8 T-cell re-
sponses to the variant viruses contribute to strict viremia con-
trol in HLA-B57/B*5801-positive controllers.

MATERIALS AND METHODS

Study subjects. A total of 50 B57/B*5801-positive subjects were involved in
this study. Twenty-three were EC, 15 were viremic controllers (VC) (50 to 2,000
RNA copies/ml), and 12 were chronically infected untreated subjects with higher
plasma viral loads (chronic progressors [CP]) (median virus load, 14,500 RNA
copies/ml; range, 3,460 to 604,000 copies/ml). The definitions of EC and VC are
described in detail elsewhere (32). Briefly, controllers are defined as subjects
infected with HIV for at least a year and maintaining �50 (EC) or 50 to 2,000
(VC) RNA copies/ml without antiretroviral treatments. CP were defined as
subjects infected with HIV for more than a year, with plasma viral loads of
�2,000 RNA copies/ml without treatment. Written informed consent was ob-
tained from all participants. Plasma and peripheral blood mononuclear cells
(PBMC) were obtained by standard procedures and stored at �80C° and in
liquid nitrogen, respectively, until use.

Viral RNA isolation, genomic DNA isolation, PCR, and sequencing. Viral
RNA isolation from plasma and genomic DNA isolation were performed as
described elsewhere (30). Reverse transcription-PCR and DNA PCR were also
performed as described before (30). Multiple alignments of viral sequences were
made with ClustalW. Phylogenetic trees were drawn by the maximum likelihood
method (DNAml of PHYLIP, included in Bioedit software). Proviral sequences
which carried premature stop codons were eliminated from the analysis.

IFN-� ELISPOT assay. PBMC were plated in RPMI 1640 medium containing
10% serum at 50,000 to 100,000 cells/well. Tenfold serial dilutions of peptide
(range, 0.0143 to 14.3 �g/ml) were added to cells. Wash and detection steps were
performed by standard methods. Results were calculated as the number of
spot-forming cells (SFC) per million input cells after subtraction of the back-

ground. For the experiments at a fixed peptide concentration, 14.3 �g/ml of
peptide was used. A positive response was defined as over 50 SFC/million cells
after subtracting the background. The background was the average for three
negative control wells in each experiment and never exceeded 30 SFC/million
cells.

Mutagenesis and VRC assay. Mutant NL4-3 viruses were constructed by
site-directed mutagenesis, using a method described elsewhere (30). Briefly,
mutagenesis reactions were performed on a pUC19 plasmid backbone carrying
the SacI-SbfI fragment of NL4-3 (2,353 bp containing the entire gag gene).
Mutations were confirmed by sequencing the entire fragment. Fragments were
then ligated back into full-length pNL4-3. Viruses were obtained by transfecting
HEK293T cells with plasmid variants and were titrated using a Tat-driven green
fluorescent protein (GFP) reporter T-cell line (GXR cells) (9). Replication
capacity assays were performed in monoculture by infecting GXR cells with virus
(multiplicity of infection [MOI] � 0.002), and the proportion of GFP-positive
(GFP�) cells was measured up to day 8. The natural log slope of each replication
curve was calculated using the data from days 2 to 6, during which viruses grew
exponentially. All experiments were performed in duplicate or triplicate.

Viral competition assay. Viral competition assays were performed by coinfect-
ing mutant virus with NL4-3 vif synonymous mutant C, which carries synonymous
mutations in the vif gene (5321-C-T-C-G-C-5336 [HXB2 numbering]). These
mutations do not change the expressed protein but allow the use of a distinct
probe to distinguish this virus in competition assays. Two viruses were used to
infect GXR cells (0.25 million) in 100 �l of R10 Plus medium (RPMI 1640
medium [Sigma-Aldrich] containing 2 mM L-glutamine, 100 units/ml penicillin,
100 �g/ml streptomycin, and 10% [vol/vol] bovine calf serum [Atlantic Biologi-
cals]) in round-bottomed 96-well plates at a 1:1 ratio, maintaining a total MOI of
0.002 on day 2. After overnight infection, cells were washed twice with R10 Plus,
resuspended in 200 �l of R10 Plus, and cultured in new 96-well plates in order
to remove extra HIV RNA in the inoculum. Seventy microliters of supernatant
was harvested on days 2, 4, 6, and 8 and stored at �80°C. Viral RNA was
extracted using 96-well-format Charge-Switch (Invitrogen) following the manu-
facturer’s instructions. cDNA was synthesized using an AffinityScript cDNA
synthesis kit (Stratagene) and random primers in 20 �l of reaction mix. Real-time
PCR was performed by adding 25 �l quantitative PCR mix (12.5 �l of 2�
Brilliant multiplex quantitative PCR master mix [Stratagene], a 2 �M final
concentration of forward primer qVif F [GAAAGAGACTGGCATTTGGGTC
AGGG] and reverse primer qVif R [GATGAATTAGTTGGTCTGCTAGGTC
AGGG], 200 nM [final concentration] of TaqMan MGB probe, and reference
dye) to 96-well plates containing Charge-Switch. For each sample, two wells were
used to detect mutant NL4-3 and vif synonymous mutant virus separately. Taq-
Man MGB probe sequences were as follows: 6-carboxyfluorescein-ATAGCA-
CACAAG for mutant NL4-3 and HEX-ACAGTACCCAGGTCGA for vif syn-
onymous NL4-3. All samples from the same subjects were always run on the
same plate. Standard curves were drawn in each experiment, using known
amounts of pNL4-3 wild type and vif synonymous mutant proviral plasmid.

Statistical analysis. All of the comparisons for independent continuous vari-
ables were performed by the Mann-Whitney U test. All of the comparisons for
paired continuous variables were performed by the Wilcoxon matched-pair test.
Categorical data were compared using Fisher’s exact test. For all comparisons, P
values of �0.05 were considered significant.

Nucleotide sequence accession numbers. Some sequences from this study were
submitted to GenBank previously (30, 31), and the remainder were added under
accession numbers FJ387525 to FJ387541.

RESULTS

T242N escape mutation is frequently seen within the TW10
Gag CTL epitope in HLA-B57/B*5801-positive subjects. The
dominant early CTL response in persons expressing the pro-
tective allele HLA-B57 is directed against the Gag TW10
epitope, and the earliest escape mutation arising in persons
expressing B57 is a T242N mutation within this epitope (11).
This mutation confers a fitness cost, as wild-type virus has been
shown to outcompete the mutant after 10 to 20 days in culture
competition assays performed in vitro (25). The same epitope
is targeted by persons expressing HLA-B*5801, and the iden-
tical T242N mutation arises in those individuals. In order to
determine how frequently the T242N mutation is seen over the
range of viral loads in persons expressing HLA-B57/B*5801,
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we obtained plasma virus Gag sequences for 48 B57- and 2
B*5801-positive subjects. We included 23 EC and 27 subjects
with detectable viremia (15 VC and 12 CP). Since it is known
that there are discrepancies between plasma and proviral se-
quences in subjects with low plasma viral loads (3; our unpub-
lished data), we used only plasma viral sequences for all EC.
Plasma virus sequences were also used for viremic subjects,

except for four CP and two VC for whom only proviral se-
quences were available (see Materials and Methods).

As shown in Table 1, we found that 83% (10/12 sequences)
of CP and 87% (13/15 sequences) of VC viruses exhibited the
T242N escape mutation, whereas only 65% (15/23 sequences)
of EC viruses had this mutation. Although EC viruses har-
bored the T242N mutation less frequently, this did not reach

TABLE 1. TW10 epitope and its flanking sequences in B57/B*5801-positive subjects

Category Subjectc Difference from consensus B sequencea No. of sequencesb

Consensus B DRLHPV HAGPIAPGQM REPRGSDIAGT TSTLQEQIGW MTNNPP
CP PARC_CP002 -----A Q----P---I ----------- --N-----T- ------ Pop

BCP_001 N----- ----V----- ----------- --N------- ------ Pop
PARC_CP001 --T--X ----V----- ----------- --N------- --S--- Pop
PARC_CP006 ------ ----P----L ----------- --N------- ------ Pop
PARC_CP019 --M--- ---------- ----------- --N------- --S--- Pop
PARC_CP021 ------ Q---V----L ----------- --N-----A- --H--- Pop
PARC_CP025 -----X ----X----- ----------- --N------- --S--- Pop
PRLS12 ------ ----V----- ----------- --N------- ------ Pop
F7165 ------ ---------- ----------- --N-----A- ------ Pop
F719 ------ ---------- ----------- --N------- ------ Pop
BCP_002 ------ ---------L ----------- -------VQ- I----- Pop
PARC_CP038 ------ ----V----L ----------S ---------- --S--- Pop

VC BVC_002 ------ ----V----- ----------- --N-----A- ------ Pop
BVC_012 ------ Q---V----- ----------- --N------- --H--- Pop
BVC_004 ------ ---------- ----------- --N------- --S--- Pop
BVC_013 ------ P--------- ----------- --N------A ------ 3/11 clones

------ P--------I ----------- --N-----TR ------ 8/11 clones
BVC_005 --V--- Q---V----I ----------- --N-----A- ------ Pop
BVC_006 --V--- ---------- ----------- --------D- --H--- Pop
BVC_007 ------ ---------- ----------- --N-----A- ------ Pop
BVC_008 ------ ---------- ----------- --N-----A- I-S--- Pop
BVC_009 ------ Q---V----- ----------- --N------- --H--- Pop
BVC_014 ------ Q--------- ----------- --N------- --H--- Pop
BVC_010 ------ ---------- ----------- --N------- ------ Pop
BVC_015 ------ ---------L ----------- --N-----A- --H--- Pop
BEC 147 ------ ---------- ----------- --------D- --H--- Pop
BVC_003 --M--- ---------- ----------- --N-----A- ------ Pop
BVC_011 ------ ---------- ----------- --N------- --H--- Pop

EC BEC 5 ------ ---------L ----------- -------MA- I-H--- Pop
BEC 13 ------ ---------- ----------- --N-----A- ------ Pop
BEC 15 ------ ---------- ----------- --N------- --H--- Pop
BEC 24 ------ ----V----- ----------- --N-----T- ------ Pop
BEC 33 ------ ---------- ----------- --------A- I----- 3/5 clones

------ Q--------- ----------- -------MA- I----- 1/5 clones
------ Q--------- -G--------- -------MA- V----- 1/5 clones

BEC 36 ------ ---------- ----------- --N------- --S--- Pop
BEC 43 ------ ---------- ----------- --N-----A- ------ Pop
BEC 53 ------ ---------- ----------- -------LN- I----- 2/9 clones

------ ---------- ----------- --------N- I----- 7/9 clones
BEC 59 ------ ---------- ----------- --N------- ------ Pop
BEC 60 --M--- ---------- ----------- --N------- ------ Pop
BEC 62 ------ ---------- ----------V --N------- ------ Pop
BEC 63 ------ ---------- ----------- ---------- ------ Pop
BEC 65 -X---- ----X----- ----------- --N-----A- --H--- Pop
BEC 71 ------ ----V----- ----------- --N-----N- --G--- Pop
BEC 72 ------ Q--------L ----------- -------MT- I----- Pop
BEC 78 ------ P---V----L ----------- --N-----A- --H--- Pop
BEC 82 ------ ---------- ----------- --------D- --H--- Pop
BEC 90 ------ ---------- ----------- --------D- --R--- Pop
BEC 106 ------ ---------- ----------- --N-----A- ------ Pop
BEC 110 ------ ---------- ----------- --N------- ------ Pop
BEC 121 ------ ---------- ----------- --N------- ------ Pop
BEC 149 ------ ---------- ----------- --N------- --H--- Pop
BEC 105 ------ ----N----- ----------- --------A- --G--A Pop

a X, mixed amino acids (223I/A/V in PARC_CP025 and 223I/V in BEC65).
b Pop, population sequencing.
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statistical significance (P � 0.183), despite �1,000-fold differ-
ences in viral loads. We also examined each of the subjects for
evidence of three known upstream compensatory mutations
associated with the T242N mutation (H219Q, I223V, and
M228I), which restore viral fitness and are associated with an
increase in plasma viral load (8). Among those who expressed
the T242N mutation, there was a progressive increase in these
compensatory mutations with increasing plasma viral loads
(4/15 EC viruses, 6/13 VC viruses, and 6/10 CP viruses), but
these differences also did not reach statistical significance (P �
0.238; chi-square test). Moreover, grouping all viremic patients
together (VC and CP combined) and comparing them to EC
also did not show statistical significance (12/23 sequences ver-
sus 4/15 sequences; P � 0.182). However, among HIV control-
lers not expressing the T242N mutation, we noted additional
mutations compared to the consensus B sequence within and
surrounding this epitope that were not observed in persons
with chronic progressive infection.

The relatively high prevalence of TW10 mutations in EC,
VC, and CP indicate that there is significant pressure on the
TW10 epitope in persons expressing HLA-B57/B*5801, re-
gardless of plasma viral load. These data also indicate that the
T242N mutation and its compensatory mutations alone cannot
account for the differences in plasma viral load among HLA-
B57/B*5801-positive persons.

CD8 T-cell recognition of the autologous TW10 epitope.
Given that there was no significant difference between EC and
viremic subjects in the frequency of the T242N mutation, we

hypothesized that there might be differences in recognition of
the T242N mutant by CD8 T-cell responses. Indeed, the
T242N mutation has been shown to frequently be targeted in
children (17), indicating that this variant may be presented
effectively by the HLA class I allele. IFN-� ELISPOT re-
sponses to wild-type and T242N mutant epitopes were mea-
sured, and responses in EC were compared to those in viremic
subjects (VC and CP combined) (Fig. 1A). Limited numbers of
subjects tested responded to the wild-type TW10 peptide in
either group, and there was no statistically significant differ-
ence in the magnitude or frequency of positive responses be-
tween the groups (P � 0.766) (Fig. 1A and data not shown [for
frequency]). Since the lack of responses might be due to the
lack of the wild-type TW10 sequence in vivo, we also tested for
recognition of the Gag KF11 peptide as a control, since this
epitope has been noted to have few variations (12, 37). Here
we saw significant differences in the magnitude and frequency
of the IFN-� response to wild-type KF11, namely, viremic
subjects showed stronger responses than did EC (P � 0.0011)
(Fig. 1B and data not shown [for frequency]).

We next compared IFN-� ELISPOT responses to wild-type
TW10 peptides and autologous variant TW10 peptides in a
total of 38 subjects for whom autologous viral sequences,
PBMC, and corresponding variant peptides were available
(Table 2). For subjects from whom we obtained multiple se-
quences (BEC33 and BEC53) (Table 1), variants with the
largest numbers of mutations within TW10 were tested. On
average, responses to autologous variants were of significantly

FIG. 1. Comparison of IFN-� ELISPOT responses to wild-type and variant TW10 in EC and viremic subjects (VC and CP). The magnitudes
of IFN-� ELISPOT responses for randomly selected subjects are indicated in SFC per 106 PBMC. (A) Comparison of responses to wild-type TW10
peptide between EC (n � 33) and viremic subjects (n � 28). (B) Comparison of responses to wild-type KF11 peptide between EC (n � 29) and
viremic subjects (n � 25). (C) Pairwise comparison of responses to wild-type TW10 peptide and autologous variant peptides. (D) Comparison of
responses to autologous variant TW10 between EC (n � 19) and viremic subjects (n � 19). Only subjects with available sequences were involved
in the analysis for panels C and D.

2746 MIURA ET AL. J. VIROL.



greater magnitude than those to wild-type TW10 (P � 0.0179)
(Fig. 1C). Although we failed to see a statistically significant
difference in either the magnitude or the frequency between
EC and viremic subjects (Fig. 1D) (P � 0.0675 for the magni-
tude and P � 0.515 for the frequency), there was a trend
toward stronger responses to autologous variants in viremic
subjects, similar to what was observed for responses to the
highly conserved KF11 epitope.

These results indicate that CTL recognition of the autolo-
gous escape variants within the TW10 epitope occurs fre-
quently in HLA-B57/*5801-positive subjects but that simple
recognition of the autologous virus by CD8 T cells does not
explain the enhanced control of viremia.

Rare variants in the TW10 Gag CTL epitope are associated
with fitness defects and strong virus-specific CD8 T-cell re-
sponses. Although the T242N mutation and its associated com-
pensatory mutations were not significantly more frequent in
progressive infection, many of the HIV controllers studied
here had other mutations both within and downstream of the
TW10 epitope. A number of these mutants were seen only in
the absence of the T242N mutant, in particular a G248D mu-
tant that was seen only in two EC and two VC and was asso-
ciated with mutations at codon 252, where the consensus B
sequence has an asparagine (N). Other mutations rarely seen
in persons not expressing HLA-B57/*5801 or in CP included
dual mutations at positions 247 and 248, together with muta-
tions at position 250 and, on occasion, position 252 (Table 1).
Those that were unique to EC and VC particularly involved
positions 247 and 248 within the epitope and residues 250 and
252 downstream of the epitope (Table 3).

Since these mutations were rarely or never seen in the non-
B57/58 population or in persons with chronic progressive in-
fection, we first examined whether they shared common an-

cestors. A phylogenetic tree was constructed based on the
entire gag sequence. As shown in Fig. 2, the viruses expressing
rare mutations (shown in red) were scattered throughout the
tree, indicating that these did not arise from a common ances-
tor. The frequencies of these mutations in the setting of HLA-
B57/B*5801 and the fact that these mutations were rarely or
never seen in CP expressing HLA-B57/B*5801 or in persons
who did not express these alleles (Table 3) make it most likely
that these variants were selected in vivo after transmission.
These data indicate strong selection pressure and that this
pressure may force the virus down different mutational path-
ways in controllers from those in CP.

We next undertook to define the consequences of these
relatively unique mutations on VRC, as well as their recogni-
tion by autologous CD8 T cells. Mutant NL4-3 viruses were
generated by mutagenesis based on autologous viral se-
quences, including those in the C-terminal flanking region of
TW10. We chose for further analysis a subset of those viruses
that had rare mutations that were preferentially seen in the
context of HIV control. We compared VRC by measuring the
slope of the natural log of the percentage of GFP expression
from days 2 to 6, as previously described (Fig. 3A) (8, 9, 30, 34).
Because NL4-3 differs from the current consensus B sequence
at position 252, namely, consensus B has 252N but NL4-3 has
252H, we also engineered these mutations as indicated. NL4-3
with 252N displayed a slightly reduced replication capacity
compared to that of wild-type NL4-3, which is consistent with a
previous study (8) (Fig. 3A). We also used an IFN-� ELISPOT
assay and limiting peptide concentrations to determine the
effects of these mutations on T-cell recognition.

(i) G248D and 252H/R. One of the mutations within the
TW10 epitope, G248D, was observed only in EC (n � 2) and
VC (n � 2), not in any of the B57/B*5801-positive CP exam-
ined here, and it was seen in only 1 of 134 sequences from
non-HLA-B57/58 subjects in our cohort and in only 1 of 530
sequences from non-HLA-B57 subjects in a cohort with pro-
gressive infection from British Columbia, Canada (10). In each
of the subjects in whom we observed the G248D substitution,
it was seen in the absence of the T242N mutation (Table 1) and
was always accompanied by either an H or R at position 252,
downstream of the epitope. When the G248D/252H mutants
seen in an EC and two VC were constructed and tested, they
displayed 54% VRC compared to that of wild-type NL4-3. In
contrast, the same virus with T242N/G248A, a common variant
selected in persons with B57/B*5801 (23), did not differ in
VRC from the wild-type virus. Although the single T242N

TABLE 2. Autologous TW10 variants used for IFN-�
ELISPOT assay

Subject(s) Difference from
TSTLQEQIGW

15 subjects --N-------
12 subjects --N-----A-
BEC105 --------A-
BEC82, BEC90, BEC147, and BVC006 --------D-
BEC33 -------MA-
BEC53 -------LN-
BEC71 --N-----N-
BEC24 --N-----T-

TABLE 3. TW10 sequences in 134 B57/58-negative subjectsa

Codon
Substitution,b no. (%) of subjects

242 247 248 249 250 252

1 T, 129 (96.3) I, 128 (95.5) G, 106 (79.1) W, 134 (100) M, 133 (99.3) N, 76 (56.7)
2 N, 4 (3.0) V, 6 (4.4) A, 21 (15.6) R, 0 (0.0) I, 1 (0.75) H, 28 (20.9)
3 S, 1 (0.75) M, 0 (0.0) T, 6 (4.4) V, 0 (0.0) S, 28 (20.9)
4 L, 0 (0.0) D, 1 (0.75) Q, 1 (0.75)
5 N, 0 (0.0) G, 1 (0.75)
6 R, 0 (0.0)

a Thirty-one EC, 18 VC, and 85 CP.
b Boldface type indicates rare variants that were observed in HIV-1 controllers.
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mutant was not included in the current experiments, the VRC
of the T242N mutant was similar to that of the T242N/G248A
mutant in the exact same experimental setting (8). The mutant
with the G248D and 252R mutations, which was seen in a
single EC, displayed 74% VRC compared to wild-type NL4-3
(Fig. 3A). These findings were confirmed by a viral competi-
tion assay where the replication capacities of mutant viruses
were compared directly to that of wild-type NL4-3 in a head-
to-head manner (Fig. 4A and B).

Since the G248D mutation was always associated with an
additional position 252 mutation, we also made a mutant
NL4-3 virus with G248D mutation together with 252N muta-
tion, a combination that was never seen in vivo. As shown in
Fig. 3B, this mutant displayed only 24% of the replication
capacity of wild-type NL4-3, suggesting that 252H and 252R
act as compensatory mutations for the G248D mutation.

Unlike the G248T, G248A, and G248N mutations, none of
the subjects with the G248D mutation had the T242N escape
mutation. Therefore, we also made a mutant with T242N,
G248D, and 252H mutations, as well as one with the consensus
B amino acid residue 252N. Although all viruses were used at
the same MOI, these two mutants were extremely defective in
the replication capacity assay (Fig. 3B). These data suggest that
there may be mutually exclusive pathways to immune escape in
HLA-B57/B*5801-positive subjects, in that the G248D muta-

tion not only affects VRC but also may be incompatible with
the typical T242N escape mutation in B57/B*5801-positive
subjects.

We next examined the effects of these mutations on IFN-�
ELISPOT responses. Strong responses to the G248D TW10
variant peptide were observed in all four subjects in whom this
mutation was detected, and in each case these were stronger
than those to the wild-type TW10 peptide (Fig. 5A to D),
though the differences did not reach statistical significance with
this number of subjects (P � 0.125) (Fig. 6A). We also tested
responses to this variant peptide in other B57/B*5801-positive
subjects whose autologous viral sequences did not include the
G248D mutation (n � 26) (Fig. 6B), using the same concen-
tration of peptide. Only one subject showed a strong response
to the G248D variant as well as to wild-type TW10, but the
others showed low responses to the G248D variant as well as to
wild-type TW10 (P � 0.820).

Together, these data indicate that the G248D mutation af-
fects viral load by two mechanisms, namely, a reduction in viral
replicative capacity through the induced mutation and a strong
CTL response to the mutated epitope. Moreover, the data
suggest that the responses to the G248D mutation are not
simply due to cross-reactivity of previously existing TW10 re-
sponses but rather represent a type-specific response to the
G248D variant.

FIG. 2. Phylogenetic analysis of HIV-1 gag sequences in B57/B*5801 subjects. A maximum likelihood tree was drawn using a total of 129 entire
gag sequences, including consensus B, M ancestral, B ancestral, and some reference sequences for each clade. Red branches indicate 10
B57/B*5801-positive subjects with rare mutations in TW10. Consensus B, M ancestral, and B ancestral viruses are indicated in the figure.
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(ii) I247L/M, G248A/T/N, M250I/V, and 252N/H. A second
group of unusual mutations that were repeatedly detected in
EC but were not observed in progressors involved mutations
within the TW10 epitope at positions 247 and/or 248, together
with positions 250 and 252 in the epitope flanking region. The
I247M/G248T/M250I/252N mutant (from subject BEC72) dis-
played a lower replication capacity than did G248D variants
(Fig. 3A), and a viral competition assay strongly supported this
finding (Fig. 4C). Two subjects had I247M/G248A/M250I mu-
tants with a 252N/H variation (BEC33 and BEC5). Since bulk
Gag sequences from patient BEC33 showed mixed amino ac-
ids in this region, we obtained clonal sequences (Table 1).
This revealed three different populations, corresponding to
I247M/G248A/M250I/252N, G248A/M250I/252N, and I247M/
G248A/M250V/252N mutants (Table 1). The I247M/G248A/
M250V/252N mutant was extremely attenuated, since we could
not obtain viral stocks with a high enough titer for use in the
VRC assay, despite the fact that transfection of the proviral
plasmid was performed under exactly the same conditions as
those used for the other mutants. As shown in Fig. 3A, both the
I247M/G248A/M250I/252N and G248A/M250I/252N mutants
displayed reduced replication capacities (71% and 62% of
wild-type capacity, respectively). Therefore, all three mutants
for BEC33 were attenuated compared to the consensus B

sequence and wild-type NL4-3, and all of these mutants re-
sulted in a greater loss of VRC than did the typical T242N/
G248A mutations (Fig. 3A). The I247M/G248A/M250I/252H
mutant for patient BEC5, which had 252H instead of 252N,
displayed an improved replication capacity (Fig. 3A) but still
had a slightly lower VRC than the wild type (91%), sup-
porting the compensatory effect of the N252H mutation.
Adding the T242N mutation to the I247M/G248A/M250I/
252N and G248A/M250I/252N mutants made them more de-
fective, and we could not obtain high enough titers for use in
the VRC assay (data not shown), suggesting that this combi-
nation of mutations is incompatible with effective viral repli-
cation, as shown for the G248D mutation.

We next examined IFN-� responses to these autologous
variant peptides by ELISPOT assay, as described for the G248D
mutants. As shown in Fig. 5E, BEC33 showed stronger re-
sponses to the G248A variant of TW10 than to wild-type TW10
but failed to respond to the I247M/G248A variant. Therefore,
the I247M and G248A mutations likely represent mutations
that lead to escape from CD8 T-cell recognition but that in-
duce a considerable fitness defect with M250I and 252N mu-
tations. BEC5 also carried this variant (I247M/G248A), but the
PBMC from this subject had such high background levels that
valid data could not be obtained despite repeated experiments

FIG. 3. VRC of mutant NL4-3. The slope (days 2 to 6) of the natural log of the GFP expression percentage was calculated, and relative values
compared to wild-type NL4-3 are shown (means and standard errors of the means). Experiments were performed in either duplicate or triplicate.
(A) Relative VRC of mutant NL4-3 viruses compared to that of the wild type. (B) Compensation of fitness cost due to G248D mutation by 252H/R
substitution.
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using samples from different time points, so whether these
mutations also led to escape in subject BEC5 could not be
determined. However, summarizing the variants seen in
BEC33, one of the TW10 variants (G248A) with M250I/252N
mutations displayed reduced VRC and was also recognized by
CTL, and the other two variants (I247M/G248A with M250I/V
and 252N) appeared to escape from CTL responses but had
reduced VRC as well. However, the mechanism of strict vire-
mia control in BEC5 was unclear. Unfortunately, PBMC for
BEC72 (I247M/G248T) were not available for testing, but like-
wise the virus had an extremely reduced VRC.

The I247L/G248N/M250I/252N and G248N/M250I/252N mu-
tants from patient BEC53 also displayed reduced replication
capacities (79% and 35% of wild-type capacity, respectively)
(Fig. 3A). We observed positive IFN-� responses to the G248N
mutation alone or to the G248N mutation in combination with
the I247L mutation, and these responses were stronger than
those to wild-type TW10 (Fig. 5F). The introduction of the
T242N mutation rendered the viruses further defective, as
reflected in the fact that insufficient titers of these viruses could
be obtained (data not shown). Therefore, both of the TW10
variants for BEC53 not only displayed reduced VRC but also
were recognized by type-specific CTL.

(iii) T242N and G248T/N. Autologous viral sequence from
BEC71 contained T242N, G248N, and 252G mutations (Table
1). The presence of these mutations in an NL4-3 backbone
gave a comparable to slightly reduced replication capacity
compared to that of the wild type (85%) (Fig. 3A). Mutants
carrying the G248N/252G mutations and 252G substitution
alone displayed 89% and 72% of the replication capacity of the
wild type, respectively (data not shown). Although we did not
make a mutant with the G248N mutation alone, unlike the
mutations already discussed, the combination of this mutation

with the T242N mutation did not severely affect VRC, which is
probably the reason that this combination was seen in vivo.
Moderate IFN-� responses to the G248N variant, which were
stronger than those to wild-type TW10, but weak responses to
the T242N/G248N variant peptide were observed (Fig. 5G).
Therefore, the mechanism of strict viremia control in this case
was unclear.

Autologous viral sequence from subject BEC24 had T242N,
G248T, and 252N mutations. The G248T mutation was seen in
4.4% of non-B57/58 subjects and in a single case of a B57/
B*5801-positive CP (Tables 1 and 3). Therefore, it was not
necessarily specific for controllers. The T242N/G248T/252N
mutant in BEC24 was slightly less robust in replication capacity
(92% of wild-type capacity) (Fig. 3A). However, stronger
IFN-� responses to variant peptide (T242N/G248T) than to
wild-type TW10 were observed (Fig. 5H). Interestingly, all of
the variant peptides (T242N/G248X) were recognized in this
subject (Fig. 5H). We then examined whether this feature
characterizes CTL responses in B57/B*5801-positive EC. We
expanded the experiment to include 10 subjects (4 EC, 3 VC,
and 3 CP) who showed strong responses (�300 SFC/million
PBMC) to the T242N variant of TW10. All of them showed
similar responses to the T242N/G248X variant peptides (data
not shown). Therefore, the mechanism of viremia control in-
volving the variant in BEC24 is unlikely to be explained by
differences in recognition of autologous virus. One possibility
is that functional differences in variant-specific CTLs might
exist between controllers and progressors.

(iv) T242N, G248T, and W249R. Autologous viral sequence
from subject BVC013 (VC) contained T242N, G248T, and
W249R mutations. Codon 249 is the anchor position of TW10.
None of the viral sequences from other subjects had the
W249R mutation at this codon, regardless of HLA type (Ta-

FIG. 4. Viral competition assay. Relative replication capacities of mutant NL4-3 viruses were measured by competition assay (A, B, and C).
NL4-3 mutants and vif synonymous NL4-3 (containing synonymous mutations in the vif gene that allowed PCR-based detection of the reference
virus [see Materials and Methods]) were used at a 1:1 ratio to infect GXR cells. (D) Comparable replication capacities of vif synonymous NL4-3
and wild-type NL4-3 were confirmed. Representative data from duplicate experiments are shown.
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bles 1 and 3). Although we made a mutant proviral NL4-3
incorporating these mutations, we could not obtain sufficient
viral stock for the subsequent experiments, which indicated
that the virus containing these mutations was extremely defec-

tive. Since PBMC for this subject were not available, we were
not able to perform IFN-� ELISPOT assays to test variant
recognition.

In summary, many viruses from controllers, particularly EC,

FIG. 5. IFN-� ELISPOT responses to rare variant TW10 in HIV controllers. IFN-� ELISPOT responses to TW10 variant peptides in individual subjects
are shown. Backgrounds were subtracted. TW10 variants in boxes indicate autologous viral sequences. (A through D) Results for subjects with G248D mutations.
(E through H) Results for subjects with other rare mutations.
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carried rare variants of TW10 which compromised VRC
and/or were targeted by variant-specific CTL responses. How-
ever, although these mechanisms contributing to control were
frequently observed among HLA-B57/B*5801-positive con-
trollers, there was considerable heterogeneity in the fitness of
viruses evolving in vivo and the host responses to these vari-
ants, indicating a complex interplay between these factors
among individual subjects.

DISCUSSION

One of the strongest associations with durable “elite” con-
trol of HIV identified to date is expression of HLA-B57, but
the mechanisms of this control remain unclear. To address this,
we analyzed viral sequences within and flanking the immuno-
dominant and earliest targeted Gag CTL epitope, TW10, in a
large cohort of B57/B*5801� subjects, as well as immune re-
sponses to the autologous virus epitopes. Our results show that
the commonly selected mutation within this epitope that im-
pairs viral fitness, T242N, is more frequently observed in per-
sons with progressive infection. When T242N is the sole mu-
tation within TW10, compensatory flanking mutations that
restore VRC are frequently observed in viremic subjects but
are rare in EC. When the T242N mutation is absent in EC, rare
variants both within and flanking the TW10 epitope are de-
tected that result in a greater impairment of VRC and are also
frequently associated with strong type-specific CD8 T-cell re-
sponses. These data suggest a dual mechanism of immune
control in a subset of EC, involving CD8 T-cell-induced defects
in VRC together with strong CTL responses to the variant
viruses evolving in vivo.

The remarkable frequency of plasma virus mutations within
the TW10 epitope in viruses from EC reported here provides
clear evidence of immune selection pressures in EC viruses,
though it was unknown whether they had been exerted during
primary infection or were ongoing, as seen for neutralizing
antibodies in EC (24). Many of the mutations both within and
flanking the TW10 epitope were observed exclusively in B57/
B*5801� HIV controllers, and most of them have never been
reported. These mutations were also not seen in our local
cohort of HLA-B57/58-negative subjects, providing robust ev-
idence that these are being selected in the context of these
alleles. The exact pathways leading to these mutations are not
known. For example, codon usage for the G248D mutation was

not caused by hypermutation by APOBEC3G/F (data not
shown). Whether EC might have a distinct T-cell receptor
repertoire that accommodates this mutation will require addi-
tional study. Importantly, these rare variants not only affected
VRC but also were frequently recognized by variant-specific
CD8 T-cell responses. The potential impact of functional dif-
ferences in these responses to the different variants in terms of
cytokine secretion and ability to inhibit virus replication in
vitro should be addressed in future studies.

Our data also suggest that immune responses to and im-
mune escape from TW10 may play a dominant role in deter-
mining set point viral loads in B57/B*5801 EC, in that we saw
far fewer distinct associations among three other Gag epitope
sequences in these B57-positive subjects and viral control (data
not shown). The A146P mutation immediately preceding
ISPRTLNAW (ISW9; Gag147 to 155) is known to act as an
antigen-processing mutation but not to affect VRC (14). In the
present study, we observed no significant difference in the
frequency of A146P mutation between EC and viremic subjects
(19/26 versus 14/22 subjects; P � 0.543). KAFSPEVIPMF
(KF11; Gag162 to 172) is known to be targeted during chronic
infection (20, 21, 27, 29). Only three viremic subjects and four
EC showed variation within KF11, again with no significant
difference between aviremic and viremic subjects. Escape mu-
tations within a third Gag epitope, QW9 (QASQEVKNW;
Gag308 to 316), have never been reported, although E312D
mutation tends to occur in B*5701-positive subjects (28). In
our data set, there was no statistically significant difference in
the frequency of this mutation between viremic subjects and
EC (6/26 versus 5/22 subjects; P � 1.0).

Among the rare TW10 variants identified in this study, the
G248D variant was particularly interesting in that it was ob-
served only in the setting of in vivo HIV control and had
already been reported for an untreated B57/B*5801-positive
pediatric patient with a low plasma viral load (1,100 RNA
copies/ml) (17). Bailey et al. recently reported a B57� EC in
whom the G248D variant arose as plasma viral loads increased,
but the G248D variant was not recognized by CTL in that
subject (4). This case is of importance for two reasons. First,
the study confirms that this rare mutation can occur in the
setting of B57 in another cohort, and second, it shows a higher
level of viremia when the G248D variant is not targeted by the
autologous CTL response. On the other hand, we observed
strong IFN-� responses to this variant of TW10 in all of four

FIG. 6. IFN-� response to G248D variant TW10 in B57/B*5801-positive subjects. IFN-� ELISPOT assay was performed with a peptide
concentration of 14.3 �g/ml. (A) IFN-� responses in the four subjects whose autologous viral sequences contained the G248D mutation. (B) IFN-�
responses in the 26 subjects whose autologous viral sequences did not contain the G248D mutation.
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B57/B*5801� controllers presenting this mutation who were
suppressing viremia effectively. Taken together, the data sug-
gest that B57/B*5801� subjects who mount CTL responses to
this rare variant peptide can control viremia. Thus, although
this mutation reduced VRC in vitro, virus-specific CTL toward
this variant likely play an important role in controlling viremia
in vivo.

For other rare variants we observed in the present study, the
relative contributions of defective VRC, CD8 T-cell targeting
of the variant virus, and other potential mechanisms are not as
clear as for the G248D mutation. Mutations seen in two EC
(BEC33 and BEC53) affected VRC; specific CTL responses to
two of the three variant peptides for BEC33 and to both
variants for BEC53 were observed, as for the G248D variant.
However, the relative contributions to control of the variant-
specific CTL response to the mutant viruses or the in vitro viral
fitness cost itself are unclear. Although IFN� ELISPOT data
could not be obtained for BEC72 and BVC013, the replication
capacity of mutant NL4-3 containing these autologous TW10
variants was profoundly compromised. It is possible that vari-
ant-specific CTL responses are detected in these persons, but
we were not able to confirm this experimentally due to a lack
of appropriate samples. Note that, as for mutations seen in
BEC71 and BEC5, not all rare variants in TW10 affected VRC.
Thus, despite these data indicating a dual mechanism of con-
trol involving a combination of CTL-induced escape mutations
that impair VRC together with a response to the variant virus,
there clearly are additional factors that are likely to be involved
in the heterogeneous outcome of infection.

The mechanisms by which the mutations described here
impact VRC might be mediated through interactions with cy-
clophilin A (8, 34). The T242N escape mutation in TW10 was
reported to make the virus more dependent on cyclophilin A
(8). In addition, compensatory mutations in the cyclophilin A
binding loop, which is just upstream of TW10 (18, 19), were
shown to recover the loss of replication capacity by making the
viral capsid independent of cyclophilin A (8). Therefore, atyp-
ical mutations in the TW10 epitope observed in the present
study may affect the interaction between cyclophilin A and
capsid as well. Indeed, some of the variants were accompanied
by H219Q mutation, which is one of the compensatory muta-
tions for T242N escape (Table 1) (8). Looking at the down-
stream region of TW10, an amino acid change at codon 252
seems to act as a compensatory mutation for escape mutations
in TW10, which was also suggested in a previous study (8). In
the current study, we clearly show that 252H/R mutations
improve VRC loss by the G248D mutation. Although we do
not know the mechanism for the loss of VRC by G248D mu-
tation or the compensation by 252H/R, there is an interesting
study regarding HIV-2 and cynomolgus monkey Trim5	. A
single amino acid change at codon 120 of the HIV-2 capsid,
which corresponds to codon 253 of HIV-1 Gag, determines the
sensitivity to cynomolgus monkey Trim5	 (35). Therefore, the
in vitro fitness cost of escape by G248D mutation and com-
pensation by 252H/R could be associated with the sensitivity of
HIV-1 capsid to human Trim5	. This hypothesis could also
apply to the in vitro fitness cost of one of the mutants in BEC33
(I247M/G248A/M250I/252N) and its recovery by 252H muta-
tion (BEC5) as well. Further studies are warranted to reveal the

mechanism of fitness cost and compensation for these rare mu-
tations seen in B*57/5801-positive EC.

The presence of replication-impaired viruses in plasmas of
HIV controllers raises an important additional question, i.e.,
why do such viruses not mutate back to a wild type that is
better fit? There are several feasible explanations. One is that
wild-type virus may be controlled more strongly by wild-type-
specific CTL than variant viruses are controlled by variant-
specific CTL. IFN-� ELISPOT assay also does not measure the
strength of individual clonal populations of CTL but merely
quantitates the number of memory cells. As shown in a previ-
ous study, the magnitudes of responses measured by IFN-�
ELISPOT assay are likely driven by in vivo antigen loads (32).
Therefore, stronger IFN-� ELISPOT responses to variant pep-
tides do not necessarily mean that variant-specific CTL sup-
press viral replication in vivo better than do CTL specific for
the wild-type virus. Another possible explanation is that there
might be few or no actively replicating wild-type viruses in
these EC during the chronic phase of infection, but rather
these might be archived completely after acute infection.
Moreover, the extremely low viral loads in EC reduce the
chance that variant viruses will acquire additional mutations
required to revert to the wild type or develop compensatory
mutations to enhance viral replication.

In conclusion, a large fraction of B57/B*5801� HIV-1 con-
trollers carry rare unique mutations in the TW10 Gag CTL
epitope, affecting both VRC and inducing specific CTL re-
sponses. These dual mechanisms of immunologically selected
mutations that impair in vitro virus fitness, which are also
targeted by variant-specific CTL responses, likely contribute to
strict viremia control in these cases. Despite these findings
shining light on durable immune control, much remains un-
clear. Although these differences were seen in the majority of
subjects examined, they clearly are not necessary for control, as
some B57/B*5801-expressing EC had entirely wild-type viruses
at TW10. Moreover, the mechanisms of control in persons with
other HLA types have yet to be defined, indicating that further
studies will be necessary to define additional determinants
accounting for durable containment of HIV.
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