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Elite controllers (EC) of human immunodeficiency virus type 1 (HIV-1) maintain viremia below the limit of
detection without antiretroviral treatment. Virus-specific cytotoxic CD8* T lymphocytes are believed to play a
crucial role in viral containment, but the degree of immune imprinting and compensatory mutations in EC is
unclear. We obtained plasma gag, pol, and nef sequences from HLA-diverse subjects and found that 30 to 40%
of the predefined HLA-associated polymorphic sites show evidence of immune selection pressure in EC,
compared to approximately 50% of the sites in chronic progressors. These data indicate ongoing viral repli-
cation and escape from cytotoxic T lymphocytes are present even in strictly controlled HIV-1 infection.

Human immunodeficiency virus type 1 (HIV-1)-infected
persons who control viremia to below the limit of detection
(<50 RNA copies/ml plasma) without therapy have been
called elite controllers (EC) (3-5, 25, 28). Understanding the
mechanisms responsible for successful viral control should
contribute greatly to understanding HIV-1 pathogenesis and
vaccine development.

Current evidence supports the notion that virus-specific cy-
totoxic T lymphocytes (CTLs) play a crucial role in controlling
AIDS virus replication (1, 17, 18, 20, 27-32). Many studies
have indicated that broad Gag-specific CTL responses are as-
sociated with lower plasma viral loads and better clinical out-
comes (14, 19, 28, 33). However, viral escape from CTLs is
commonly seen in AIDS virus infection (1, 10, 15, 21, 29).
Recently, we reported that the replication capacity of chimeric
viruses encoding gag-protease derived from EC was signifi-
cantly reduced, associated with distinct HLA class I alleles in
EC (26), suggesting that escape mutations from alleles en-
riched in EC diminish viral replicative fitness. However, to
date, no population studies have examined the extent to which
HLA-associated mutations, indicative of CTL escape muta-
tions, are present in viruses from EC. In this study, we evalu-
ated HLA-associated mutations in HIV-1 protein sequences
(54 Gag, 41 reverse transcriptase [RT], and 39 Nef) derived
from plasma viruses from EC and compared these to se-
quences obtained from untreated chronic progressors (CP)
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similarly obtained from North America (567 Gag, 392 RT, and
686 Nef) (7, 9). The median plasma viral load of CP was
120,000 (interquartile range, 42,000 to 310,000) RNA copies/
ml. These studies were guided by a comprehensive list of HLA-
associated polymorphisms in HIV-1 clade B defined in a
cohort of more than 1,200 individuals by phylogenetically
informed methods (7-9, 16). Our objective was to define the
relative extent of polymorphisms in circulating plasma viruses
from EC that could be attributed to HLA class I selection
pressure, namely, putative CTL-driven mutations. Since there
is bias in the distribution of HLA class I alleles between EC
and CP (28), we report results in terms of the proportion of
HLA-associated polymorphic sites within a given individual’s
autologous HIV sequence exhibiting the predefined specific
HLA-associated polymorphisms. For each subject, the total
number of predefined HLA-associated polymorphic sites in
autologous viral sequences was determined and divided by the
potential number in the context of their specific HLA class I
allotype.

As shown in Fig. 1A, the proportion of putative CTL escape
sites observed in EC was substantial in the Gag, RT, and Nef
proteins (37.5%, 30.8%, and 42.1%, respectively) but still sig-
nificantly lower than that observed in CP (0.375 versus 0.500
[P < 0.0001], 0.308 versus 0.400 [P < 0.0001], and 0.421 versus
0.533 [P < 0.0001}, respectively). The proportion of HLA-
associated mutations remained high in EC even after HLA-
B57 subjects were removed (Fig. 1B).

We repeated the analysis limited to HLA-associated sites
inside (within =3 amino acids [aa]) published (Los Alamos
National Database) or predicted (Epipred tool; Microsoft Re-
search) CTL epitopes. Limiting the analysis to these sites has
been used as an indication of mutations that are likely to
directly affect escape from CTLs (9, 23), as opposed to com-
pensatory mutations, which are usually observed more distant
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FIG. 1. Comparisons of the proportions of HLA-associated mutations between EC and CP. The mean and standard error of the proportion
of sites with defined HLA-associated polymorphisms at which mutations were observed are shown. (A) Proportion of total HLA-associated sites
at which mutations were observed in all of the subjects. (B) Proportion of total HLA-associated sites at which mutations were observed in non-B*57
subjects. (C) Proportion of HLA-associated sites falling within predicted CTL epitopes at which mutations were observed (inside epitopes and =
3 aa) in all subjects. (D) Proportion of HLA-associated sites outside of predicted CTL epitopes (outside of predicted epitopes and =3 aa) at which
mutations were observed in all subjects. (E) Proportion of total HLA-associated sites at which mutations were observed in Gag subunits in all

subjects.

from the epitope (6). In this analysis, the proportion of HLA-
associated mutations remained high in EC (Fig. 1C).
Intriguingly, significant differences in HLA-associated poly-
morphisms between EC and CP were also evident in regions
outside of CTL epitopes in all three proteins, with even stron-
ger P values (Fig. 1D), which may suggest the presence of
fewer compensatory mutations among EC. Thus, accumulation

401

of compensatory mutations may also characterize disease pro-
gression (6). The high proportion of HLA-associated muta-
tions in EC was seen regardless of the Gag subprotein (pl7,
p24, or p15) (Fig. 1E).

We next compared the proportion of HLA-associated poly-
morphisms present in the Gag and Nef proteins on an HLA-
allele-specific basis. RT was excluded because of the small
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FIG. 2. Proportions of HLA-associated mutations in the Gag and Nef proteins by individual HLA class I alleles. The mean and standard error
of the proportion of sites with defined HLA-associated polymorphisms at which mutations were observed are shown. HLA class I alleles present
in more than four EC are shown. (A) HLA-A-associated mutations in the Gag protein. (B) HLA-B-associated mutations in the Gag protein.
(C) HLA-C-associated mutations in the Gag protein. (D) HLA-A-associated mutations in the Nef protein. (E) HLA-B-associated mutations in the

Nef protein. (F) HLA-C-associated mutations in the Nef protein.

numbers of HLA-associated polymorphisms identified. A high
proportion of allele-specific mutations were observed in EC
regardless of the HLA class I allele type in both the Gag and
Nef proteins (Fig. 2). Of importance, for the majority of the
alleles, EC viruses carried numbers of allele-specific mutations
comparable to those of CP viruses. However, a significantly
lower proportion of HLA-associated polymorphisms was ob-
served in EC compared to CP for certain alleles, including
HLA-A03, A30, B15, B27, Cw06, and Cw07 in Gag and for
HLA-B57, Cw07, and Cw12 in Nef (Fig. 2A to F).

We next repeated this analysis for HLA-B57, which is over-
represented in EC and is associated with a large number of
HLA allele-specific polymorphisms (28), allowing sufficient
numbers to evaluate mutations inside and outside of epitopes
separately (Fig. 3). B57 EC viruses tended to encode a smaller
proportion of B57-associated changes inside predicted CTL
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epitopes in Gag than did B57 CP viruses; however, the differ-
ence did not reach statistical significance (P = 0.0569) (Fig.
3A). Such a trend was not seen for the Nef protein (P =
0.3046). As suggested by our earlier analyses, we observed
significant differences in the frequency of B57-associated poly-
morphisms occurring outside of predicted CTL epitopes be-
tween EC and CP for both Gag and Nef (P = 0.0029 and P =
0.0355, respectively, Fig. 3B). Assuming that B57-associated
changes outside of predicted CTL epitopes represent com-
pensatory mutations, these data further indicate that the
frequency of compensatory mutations may help to explain
significant differences in the clinical disease course between
B57 EC and B57 CP and may help explain why simple
within-epitope sequence analysis has not shown any associ-
ation (24). This model is consistent with recent results dem-
onstrating the impact of escape and compensation on viral
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FIG. 3. Comparison of proportions of B*57-associated mutations
between EC and CP. The mean and standard error of the proportion
of HLA-associated sites at which mutations were observed are shown.
(A) Proportion of B*57-associated sites falling within predicted B*57
CTL epitopes (inside epitopes and = 3 aa) at which mutations were
observed in the Gag and Nef proteins. (B) Proportion of B*57-asso-
ciated sites outside of predicted B*57 CTL epitopes (outside of pre-
dicted epitopes and *3 aa) at which mutations were observed in the
Gag and Nef proteins.

replication capacity for the HLA-BS57-restricted Gag epitope
TW10 (6).

These results add considerably to currently available data (2,
4) in that they are based upon a substantially larger number of
EC viral sequences and include multiple coding regions, they
assess putative escape from CTLs in the context of multiple
HLA class I alleles, they make direct comparison to CP viruses,
and they use EC plasma viral sequences rather than proviral
sequences, the latter of which do not represent actively repli-
cating viruses in vivo in EC.

Why is it that escape from CTLs occurs in the context of
such profound control of viremia? There are several feasible
explanations. Firstly, CTLs targeting epitopes without escape
may be contributing to the prevention of breakthrough viremia
in EC. A few studies have suggested that subdominant CTL
responses have an important role in controlling viremia (12,
13). Secondly, impaired viral pathogenicity due to CTL escape
mutations may play a major role in controlling viremia. Recent
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studies demonstrating reduced viral replication capacity by
HLA-B57 CTL escape mutations and recovery by putative
compensatory mutations that occur outside of epitopes sup-
port this explanation (6, 22). As expected, we saw a stronger
difference in the number of B57-associated mutations outside
of predicted HLA-BS57 epitopes than inside them. The role of
compensatory mutations in HIV-1 disease progression remains
unclear in non-B57 subjects. However, we also observed
greater differences between EC and CP in the proportion of
HLA-associated changes outside of CTL epitopes rather than
within epitopes in B57-negative subjects (data not shown),
suggesting that this mechanism might be applied to patterns of
escape and disease progression for non-B57 alleles. Thirdly, de
novo CTL responses targeting escape variants may contribute
to the prevention of breakthrough viremia. Recognition of
escape variants by HIV-specific CTLs has been reported (4,
11), yet the association with disease outcome is unknown.
Finally, as observed in a different cohort in which individuals
who subsequently achieved a low virus set point had experi-
enced high viremia during the acute phase (our unpublished
data), there is the possibility that a certain level of escape from
CTLs is introduced during acute/early infection regardless of
the subsequent viral set point. Similarly, there might be a
concern that a longer duration of infection in EC than in CP
increased the chance of viral evolution in EC regardless of the
cause of viremia control. However, the important finding here
is that, despite frequent evidence of escape from CTLs, viremia
is still under control in EC. This suggests that escape per se is
not necessarily detrimental, perhaps because of fitness con-
straints imposed.

There are limitations to the present study. HLA-associated
polymorphisms outside of predicted CTL epitopes may repre-
sent false-positive associations, peptide processing mutations,
or escape mutations in as-yet-undefined epitopes, so it will be
important to investigate these mutations with larger cohorts
and improved approaches to differentiate compensatory mu-
tations from CTL escape mutations. Another limitation is that
the list of HLA-associated polymorphisms used here was gen-
erated based upon viral sequences derived from chronic pro-
gressive infection and may have missed unique escape muta-
tions present only in EC, if such mutations occur. Finally, the
allele-specific mutations observed here are interpreted to be
escape from CTLs, yet this has not been shown experimentally.
Indeed, current assays using synthetic peptides to sensitize
target cells in order to evaluate escape from CTLs are of
limited value, since they do not assess potential impacts on
antigen processing and presentation. Since these HLA allele-
specific mutations are observed in plasma virus, the most likely
interpretation is that they represent escape, but infection of
cells with mutated viruses will be required to fully resolve this
issue.

In conclusion, despite viral loads of <50 RNA copies/ml, EC
plasma viruses display a substantial number of HLA-associated
polymorphisms regardless of HLA class I allele types, indicat-
ing that viral escape from HIV-specific CTLs is common in EC.
Further studies will be important to reveal the mechanisms of
viremia control despite apparent escape from CTLs in persons
who are able to maintain durable control of HIV infection.
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TEIZHERT 5 Z LIIATRTH Y, NREHET S
EHUTANVAESEMLTL 5. Lo T, BRI
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R (CTL) EEICEELZREZ LTWAH I LAVRE S
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%, i, HIV Controllers& i 5 X952k b,
ZDI5h, B, BHAOMFE YA VAEERT, RHEE
F LT (50-75 RNAcopies/mL)IZE T, HHba ¥ b
O—)VTE5HD%FIFIZ, HIV elite controllers(EC)
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BIETOREREOBELHAIN TV A,

EE 513, SOALLEDECH S, HAHE (5~35mL)
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KBEOT—FITHHH, EHLDIN0HTEIS
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DHMAEDLED, ECTEVWEHEETROLNLZ LEH
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THIROMEBEEFER TV S LHE SN TWAY,
Pereyrablid, IL2¢ A v —gxuv v d
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bAs, HIVREFERHCD4REMETHIRL 0 ¥k & IL-25Wh
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ELT, BWIHEEEEZ MR- TV B RERN D 5.
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HIV- 1 £ Mg EH TH I (Cytotoxic T
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FELREZRSLLTVWAI LR, 3IZav k¥ 2
PELRTWE, MEDoi2iR, HUIRT I, &
HREHIZBVWT, E—2709 A4 VAEMET LiGD
% EIZIZARRC, HIVRENCTLREBE NS LD
B2 EY EHAOIA X4 N ARREET)
Tix, HICDSHIAEDIXRSIZE YCTL2MiBEE 5 L,
MDD A NABSEMT 22 L BESNTHR2Y,
— R BMHIVEREEICBWT, ZoMfHy [ V2R
BLMHBETAREZNNT A —F —DBRRIIFEEIS

KHY, ZTTENLEBATLHREAORBITI 2.
KHEERIZW S &, BwliFy A VAE, H5VIdHER
EITOBELEETLINE LT, OCaghkEKCTL
ETANAT 4y PARR, QCDSEHEHTHIBO 2 1)
T4, EHRBETFONE. UTIZ, ERICECEMRIC
LB %2843 5.

DGaghFBMCTLE Y I IWL X T4y hX R

HIVY X7 DH b, Gaghilkd EREZCTLOEKNT
HHZ L, HLOBRILTHLHIZSATWEY, EC
WZBIFAMETE, 207 V—FHREEOKERTH
HLTWaYP, ECTik, HLA-B27H 5 W IIB57%2 %
BLTWBRENREL, ThHDT7 Y IVikGag (BiC
Capsid) # Y X7 HIZCTLZE b =72 HF o Tw»
22D U Lids, ZOHERBIIECIKBI AR
FHLAGG T L ahiFcidanwa dSbhoT
w5,

HIVOMEERZEIRZ LS —FANRT L, ZOBWw
BRI, HIVOMICHEZ AL OWBWEREDOFRRE &
boTwab, HIVERNREICLY 74 L AITER
EXPhbe, HIVRESIERZHEEL, BREL
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IRy —TERDOEPITIE, T4 NVADOEREE (7 4
v AR REBETERZ OB HEENTVS, ECO
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5, (HFEEBNICELLAIAr —TERD—DIZ, W
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AR L7z & 912, ECH¥ gag-protease® b OF X 5
TANVAZIERICEE L-BEREZ R LN, &6%
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TOYANABZERL TWAEHETIIADONED o
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TBY, ZhififendysfunctioniCBEEL, €0V
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5T, BREERVWRELLTWAREADEE,LD LN
v, BREEZHOIMREOV LD TH HNK
(Natural Killen)#la oL 7% —Td» HKIR
(Killer Immunoglobulin-like Receptor) DfFED 7 V)
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receptor C# AKIR3DL1D4FEN 7 ) v L HLA-Bw4-
80I% & HICHOBEORADET LBV EFWE
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BFEL T L2, HLA-Bw4-80Iid, # d protective?s
HLABS7#&ATWS, LA oT, CTLIZX 5%
Blzinz, —ZBOHLA-BS7THME CTiE, NKHAZIZ &
BHIANABELES LTS HEEREYNHS. EC
BT AT, 20 \OERAECIZH W T, HLA-
Bw4-80LiZ17 AIZED b 748, KIR3DS1Z o Tw
TeBI2ALP»BLT, WA TWitEIR, Lol
PINTH o bFHESRTWEY, b Xy,
KIR3DSHZEBATIIM R 7 UV TH 5 72 DFFMId B
LS, Akltd, chopPr)y—harbo—y
WHETREWS EIEHLATHS. LALENS, &
PRPHRICRE TV EERDS, TOBDOEY FKRA ¥

I ANABORBIELSES L TR EEZOLNT

Wh7, 5%, BREEROMENFEEL 2-5TK
A5 Lz,
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1k, ECTIRETREEICHURT, FRIEDPo2Z
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L 7z ADCC (antibody-dependent cell cytotoxicity) %,
I0A®D Y P a—5 (<400 RNA/copies/mL) & &
ANABEHLOBTHBL:EZS, 2 ba—-5T
i3, ADCCHERICE o2 L2 HEL TS,
SHRIVBEORE LGN TOMBILETHS ).

: al.))

ZZHBUE, ECRBLTEK ORI ENTH S
2, BHRLALLDCHEOHB L -BFEIIROH» 5T
Wi, HLADNA 7 A %825 L) 2RFIZR-
PO RVWITEBENE L, FRLFNDelite controldSE
o7 F, HEVIIEROBFEOIVER—T a3 D
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