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The association between HLA-B*2705 and the immune control of human immunodeficiency virus type 1
(HIV-1) has previously been linked to the targeting of the HLA-B*2705-restricted Gag epitope KRWIILGLNK
(KK10) by CD8� T cells. In order to better define the mechanisms of the HLA-B*2705 immune control of HIV,
we first characterized the CD8� T-cell responses of nine highly active antiretroviral therapy (HAART)-naïve
B*2705-positive subjects. Unexpectedly, we observed a strong response to an HLA-B*2705-restricted Pol
epitope, KRKGGIGGY (KY9), in 8/9 subjects. The magnitude of the KY9 response was only marginally lower
than that of the KK10-specific response (median, 695 versus 867 spot-forming cells [SFC]/million peripheral
blood mononuclear cells [PBMCs]; not significant [NS]), and viral escape mutants were observed in both KY9
and KK10, resulting from selection pressure driven by the respective CD8� T-cell response. By comparing
inhibitions of viral replication by CD8� T cells specific for the Gag KK10, Pol KY9, and Vpr VL9 HLA-B*2705-
restricted epitopes, we observed a consistent hierarchy of antiviral efficacy (Gag KK10 > Pol KY9 > Vpr VL9).
This hierarchy was associated with early recognition of HIV-1-infected cells, within 6 h of infection, by KK10-
and KY9-specific CD8� T cells but not until 18 h postinfection by VL9-specific CD8� T cells. There was no
association between antiviral efficacy and proliferative capacity, cytotoxicity, polyfunctionality, or T-cell re-
ceptor (TCR) avidity. These data are consistent with previous studies indicating an important role for the
B*2705-Gag KK10 response in the control of HIV but also suggest a previously unrecognized role played by the
subdominant Pol-specific KY9 response in HLA-B*2705-mediated control of HIV and that the recognition of
HIV-infected cells by CD8� T cells early in the viral life cycle may be important for viral containment in
HIV-infected individuals.

Current human immunodeficiency virus (HIV) vaccine strat-
egies are focused on emulating the protective effect observed
for HIV-infected individuals carrying alleles such as B*2705 by
inducing the virus-specific CD8� T-cell responses that are
thought to be responsible for delaying or preventing disease
progression. Understanding why such alleles confer protection
facilitates a rational approach to vaccine design. It has been
hypothesized that the slow progression to AIDS exhibited by

HLA-B*2705-positive (HLA-B*2705�) HIV-infected individ-
uals is due to the immunodominant B*27-restricted CD8�

T-cell response toward the p24 Gag epitope KRWIILGLNK
(KK10) (Gag residues 263 to 272). Escape from this epitope
typically occurs late in infection and is associated with rapid
progression to AIDS (14, 16). The commonly selected muta-
tion R264K abrogates CD8� T-cell recognition but also con-
fers a substantial fitness cost to the virus, and the selection of
compensatory mutations is required to restore viral replicative
capacity (19, 29, 30). This has prompted the hypothesis that
CD8� T-cell responses that can drive escape mutations that
reduce viral fitness are a contributing factor in the immune
control of HIV, either by promoting the outgrowth of a viral
quasispecies with a lower replicative capacity or by delaying the
selection of escape mutations, both of which may slow the
onset of AIDS (11, 21, 25).
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To better understand how CD8� T cells can be most effec-
tive against HIV, recent studies have directly assessed the
antiviral activity of CD8� T cells via the viral suppression of
HIV-infected CD4� T cells during coculture. Such studies
indicated that Gag-specific CD8� T cells have a higher potency
for viral suppression than Env-specific CD8� T cells (10),
supporting previous data indicating that broad CD8� T-cell
targeting of Gag epitopes was associated a with lower viral set
point and, hence, slower progression to AIDS (20). A recent
study of simian immunodeficiency virus (SIV) suggested that
the protective effect of Gag-specific CD8� T cells is mediated
by the early presentation of Gag epitopes, processed from the
viral Gag protein from incoming virions during infection,
which can sensitize target cells for lysis by Gag-specific CD8�

T cells within 6 h of infection (26, 27). In addition, it was
proposed previously that the ability of CD8� T cells to secrete
multiple cytokines may also be an important correlate of im-
mune protection (6), and a further recent study demonstrated
a more polyfunctional cytokine profile of Gag-specific B*2705-
KK10 CD8� T-cell responses than those of other HIV-specific
CD8� T-cell responses (1). The ability of CD8� T cells to
proliferate in response to the cognate epitope peptide has also
been associated with immune control (1, 12). Other studies
demonstrated the importance of lytic granule loading of CD8�

T cells for the effective elimination of HIV-infected cells (6,
22). However, the induction of a Gag KK10-specific CD8�

T-cell vaccine response in a B*2705-positive vaccinee did not
protect against rapid progression following subsequent HIV-1
infection (5). This anecdotal case suggests the possibility that
HLA-B*2705-associated immune control of HIV-1 may not be
dependent on the Gag KK10-specific CD8� T-cell response
alone.

Since current vaccine strategies hope to induce a protective
effect, such as that observed for HLA-B*2705� HIV-infected
individuals, the study of the functional and phenotypic char-
acteristics of B*2705-specific CD8� T cells provides an oppor-
tunity to redefine the proposed correlates of immune protec-
tion essential for rational vaccine design. In this study we
analyze three different specificities of HLA-B*2705-restricted
CD8� T cells from chronically HIV-infected individuals in
order to directly compare antiviral activity with potential cor-
relates of immune protection, including the kinetics of viral
inhibition, cytokine profile, granzyme production, proliferative
capacity, and cytotoxicity.

MATERIALS AND METHODS

Study subjects. Nine antiretroviral therapy-naïve HLA-B*2705-positive study

subjects with chronic HIV infection were recruited from the Royal Berkshire

Hospital, Reading, United Kingdom; Northampton General Hospital, North-

ampton, United Kingdom; Wycombe Hospital, High Wycombe, United King-

dom; and Churchill Hospital, Oxford, United Kingdom. This study was approved

by the Oxford Research Ethics Committee, and all subjects gave formal written

consent. High-resolution HLA typing was undertaken with genomic DNA. We

examined HLA and HIV integrase sequence data from 582 chronically HIV-

infected, antiretroviral-naïve individuals from the British Columbia HAART

Observational Medical Evaluation and Research (HOMER) cohort (97.5%

HIV-1 subtype B) (9). In addition, integrase sequences were determined for nine

HLA B*27� HIV subtype B-infected subjects who were recruited during acute/

early infection and were analyzed for incidence and the time course of escape.

These patients were recruited a median of 72 days following the estimated date

of infection, and the median follow-up time was 36 months (8).

ELISPOT assay. Gamma interferon (IFN-�) enzyme-linked immunospot

(ELISPOT) assays were performed as previously described (3), using optimally

defined epitopes and 18-mer overlapping peptides (OLP) with the number of

input cells/well ranging from 30,000 to 100,000. The number of specific spot-

forming cells (SFC) was calculated by subtracting the mean number of spots in

the negative-control wells from the number of spots counted in each well. The

magnitude of epitope-specific responses was calculated as SFC per million cells.

The B*2705 peptides screened were as follows: KK10 (KRWIILGLNK) for Gag

p24, GY10 (GRRGWEALKY) for Env gp160, VL9 (VRHFPRIWL) for Vpr,

KV10 (KRQDILDLWV) for Nef, IK9 (IRLRPGGKK) for Gag p17, and KY9

(KRKGGIGGY) for Pol integrase (Int).

HLA restriction. Determination of HLA restriction was performed as previ-

ously described (18). Briefly, a panel of Epstein-Barr virus (EBV)-transformed

B-cell lines (BCLs) was matched through individual HLA class I alleles with the

effector CD8� T cells being tested. The peptide of interest and a control mock

peptide were independently incubated with each BCL for 60 min at 37°C, washed

four times in phosphate-buffered saline (PBS), and incubated with the effector

cells for 5 h in the presence of brefeldin A (10 �g/ml). Cells were stained for

surface and intracellular markers using antibodies against CD8 (Alexa Fluor

750), CD3 (PE-Texas red), CD19 (Pacific Blue), and macrophage inflammatory

protein 1� (MIP-1�) (fluorescein isothiocyanate [FITC]) and then acquired by

fluorescence-activated cell sorter (FACS) analysis (BD LSRII). The optimal

epitope was defined by an IFN-� ELISPOT assay using truncations of the

predicted epitope as previously described (18).

KY9 escape variant recognition. B*2705-associated viral polymorphisms lo-

cated within the Pol epitope KY9 were analyzed for their effect on epitope

recognition by KY9-specific CD8� T cells. HLA-matched BCLs were peptide

pulsed for 1 h with log10 dilutions of peptide. BCLs were then washed four times

with PBS and incubated with effector CD8� T cells at a ratio of 1:1 in the

presence of CD107a antibodies (phycoerythrin [PE]), brefeldin A (10 �g/ml),

and Golgi Stop (BD Golgi Stop protein transport inhibitor) for 6.5 h at 37°C in

a 5% CO2 incubator. Cells were then harvested and stained for intracellular and

extracellular antibodies, including MIP-1� (FITC), CD8 (Alexa Fluor 750), CD3

(Alexa Fluor 700), CD19 (Pacific Blue), and the Live/Dead marker (Pacific Blue)

and then acquired immediately by FACS analysis (BD LSRII). This was per-

formed using KY9-specific CD8� T cells from three different individuals.

T-cell receptor (TCR) avidity and MHC-I peptide binding affinity. The func-

tional avidity of epitope-specific CD8� T cells was investigated by log10 serial

peptide titrations in an ELISPOT assay and defined as the peptide concentration

that resulted in 50% maximum (50% inhibitory concentration [IC50]) IFN-�

production, calculated with Graphpad Prism software, version 5.0a. Major his-

tocompatibility complex class I (MHC-I) peptide binding affinity was quantified

as previously described (17).

Cell lines. The HIV-1-permissive U937 cell line transfected with the HLA-

B*2705 gene was a gift from Paul Bowness (Oxford). The cells were cultured in

RPMI medium supplemented with 10% fetal calf serum (FCS) (HyClone), 2 mM

L-glutamine, 100 U/ml penicillin, 100 �g/ml streptomycin, and 0.5 mg/ml Gene-

ticin and split every 2 to 3 days. Tetramer-enriched CD8� T-cell lines were

cultured by sorting tetramer-positive cells from peripheral blood mononuclear

cells (PBMCs) by magnetic separation using anti-PE microbeads (Miltenyi Bio-

tec). The flowthrough fraction was peptide pulsed (20 �g/ml) for 1 h at 37°C,

irradiated (30 Gy), washed once in 1� PBS, and cultured with the tetramer-

positive fraction at a ratio of 100:1 in H10-10 medium (RMPI medium supple-

mented with 10% human serum, 10% natural T-cell growth factor [TCGF;

Helvetica Healthcare], 2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml

streptomycin). Every 10 days following the initial setup, the tetramer-positive cells

were fed by using peptide-pulsed, irradiated, autologous PBMCs or BCLs at a ratio

of 1:1 and irradiated feeder PBMCs from three healthy HIV-seronegative donors.

Tetramer-positive CD8� T-cell lines of �97% specificity were consistently observed.

Purified PBMCs were isolated from whole blood of HIV-infected individuals by

Ficoll-Hypaque density gradient centrifugation and cryopreserved until required.

Virus preparation. Viral stocks were generated by electroporation cotransfec-

tion of a plasmid carrying the 5� half of the HIV-1 NL43 strain (p83-2) and a

plasmid carrying the 3� half of the genome of HIV-1 NL43 (p83-10eGFP) (25, 33)

in MT4 cells. The cell-free supernatant was harvested before peak infection

(�85%), as measured by the percentage of green fluorescent protein-positive

(GFP�) cells, and stored at 	80°C. The 50% tissue culture infective dose

(TCID50) was determined for each viral stock on MT4 cells by using a method

described previously by Sacha et al. (27).

Twenty-four-hour viral inhibition assay. Viral inhibition during the first 24 h

after infection was assessed using a previously described method (27). Viral

stocks of HIV-1 were purified through a 20% sucrose cushion immediately prior

to use. The purified virus was magnetized with ViroMag beads (Magnetofection
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ViroMag R/L; Ozbiosciences), and U937 target cells were synchronously in-

fected, according to the manufacturer’s instructions, at a multiplicity of infection

(MOI) of 1. Briefly, U937 target cells were incubated with the magnetized virus

for 15 min in the presence of a magnetic field and then washed three times in

PBS. The synchronously infected U937 target cells (1 � 106 cells) were then

cocultured with tetramer-enriched CD8� T cells (�97% specific) at an effector/

target (E/T) ratio of 1:4 in �1 ml of medium at 37°C. At specific time points, cells

were harvested, stained with antibodies specific for CD4 (allophycocyanin

[APC]) and CD8 (peridinin chlorophyll protein [PerCP]), and then fixed in 2%

formaldehyde. Cells from all time points were processed together to stain for

intracellular Gag p24 (PE). Cell data were acquired immediately by FACS

analysis (BD FACSCalibur). Each CD8� T-cell effector tested was run in qua-

druplicate and repeated at least twice in independent experiments.

Seven-day viral inhibition assay. Viral inhibition was assessed by using a

coculture 7- to 10-day assay as previously described (35). Briefly, U937 target

cells were infected with HIV-1 at an MOI of 0.02 TCID50/cell for 4 h at 37°C,

washed four times with PBS, and resuspended in H10-10 medium (RMPI me-

dium supplemented with 10% human serum, 10% [Helvetica Healthcare], 2 mM

L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin) and plated at 1 �

106 cells per well in a 24-well plate. Effector cells were then added at a ratio of

1:100 or as otherwise specified to a total of 2 ml of medium. On days 1, 3, 5, and

7, 1 ml of coculture supernatant was removed and replaced with fresh medium.

The removed supernatant was stored at 	80°C for later p24 antigen quantitation

by a standard quantitative enzyme-linked immunosorbent assay (ELISA) (com-

mercial kit) (Innotest HIV antigen monoclonal antibody [MAb]; Innogenetics).

Each well was run in triplicate. The use of modified U937 monocyte target cells

in the virus inhibition assays was done according to a protocol described previ-

ously (35), with the MOI and target cell numbers selected to provide the optimal

viral growth rate and the E/T ratio selected to maximally resolve differential

antiviral effects of the respective antigen-specific CD8� T cells.

CFSE proliferation assay. CFSE (carboxyfluorescein succinimidyl ester) pro-

liferation assays were performed on tetramer-specific CD8� T cells using a

previously described method (34). Briefly, cells were resuspended in prewarmed

PBS with 0.1% bovine serum albumin (BSA), and CFSE was added to a final

concentration of 10 �M. Cells were incubated at 37°C for 10 min, quenched with

10 ml ice-cold R10 medium, incubated for 5 min on ice, and then washed three

times in fresh R10 medium. Autologous BCLs were peptide pulsed (20 �g/ml)

with specific and mock peptides independently for 1 h at 37°C, irradiated (30

Gy), washed once in 1� PBS, and cocultured with the CFSE-labeled cells at a

ratio of 1:1 in H10 medium. The cultures were fed twice during the following

week, and on day 7, the cells were harvested and stained with surface antibodies

against CD38 (APC), CD3 (Alexa Fluor 700), CD8 (Alexa Fluor 750), CD19

(Pacific Blue), and the Live/Dead marker (Pacific Blue). Cell data were imme-

diately acquired by FACS analysis (BD LSRII).

Cell stimulation/preparation for polyfunctional assessment and effector phe-

notype assessment. PBMCs from HIV-infected B*2705-positive subjects were

thawed and rested overnight at 37°C in R10 medium. For stimulation for poly-

functional assessments, 0.5 � 106 to 1 � 106 PBMCs or tetramer-enriched CD8�

T cells were incubated in 200 �l R10 medium in the presence of 2 �g/ml of

specific peptide, 15 �l of anti-CD107a antibodies, brefeldin A (10 �g/ml), Golgi

Stop (BD Golgi Stop protein transport inhibitor), CD49d, and CD28 (1 �g/ml)

(BD Biosciences) for 6.5 h at 37°C in a 5% CO2 incubator. Negative controls

were obtained in the absence of peptide. For effector phenotype assessments,

between 1 � 106 and 2 � 106 PBMCs or tetramer-enriched CD8� T cells were

stained with pretitrated concentrations of tetramers (conjugated to APC) for 20

min at room temperature (RT). Negative controls were obtained by using mis-

matched tetramers and isotype controls. Cells were stained with antibodies for

surface markers and intracellular markers and then immediately acquired by

FACS analysis (BD LSRII).

Flow cytometric cytotoxicity assay. Matched (HLA-A 0101/0301, HLA-B 2705/

5701, and HLA-C 0202/0602) and mismatched (HLA-A 3001/0201, HLA-B 4201/

3501, and HLA-C 0401/1701) B-cell targets were labeled with Cell Tracker violet

(catalog number C10094; Invitrogen) to final concentrations of 5 �M and 0.32

�M, respectively, according to the manufacturer’s protocol. Briefly, cells were

resuspended in R10 medium supplemented with Cell Tracker violet dye and

incubated at 37°C for 30 min. The supernatant was then replaced with fresh R10

medium and incubated for a further 30 min at 37°C. Finally, the cells were

washed twice in R10 medium and pulsed with 50 �g/ml peptide for 1 h at 37°C

in 5% CO2. After incubation, B-cell target cells were washed four times in R10

medium, cocultured in triplicate with effector tetramer-specific CD8� T cells

titrated at E/T ratios ranging from 2:1 to 1:40, and incubated for 5 h at 37°C in

5% CO2. After incubation, cells were washed with PBS and stained with anti-

human CD3 (ECD), CD8 (Alexa Fluor750), and CD19 (APC) surface antibodies

and immediately acquired by FACS analysis (BD LSRII). Using FlowJo soft-

ware, version 8.8.6, target cells were gated in the Pacific Blue channel for high (5

�M) and intermediate (0.32 �M) violet to establish a ratio between HLA-

matched and HLA-mismatched target cells by real cell counts. CD8� effector

cells were gated separately in the APC-Cy7 channel to count the actual number

of effecter cells added and thereby obtain a more precise ratio of effector cells to

target cells present within the same sample. Wells with no effector CD8� T cells

added served as a control for the expected ratio (ER) between HLA-matched

and HLA-mismatched target cells. All E/T ratios were determined in triplicate.

Percent specific killing was calculated by using the following formula: percent

killing 
 {[(ER � number of mismatched cells) 	 number of matched cells]/

(ER � number of mismatched cells)} � 100%.

Antibody staining. Cell surface staining with antibodies for extracellular mark-

ers was performed at room temperature for 20 min. The cells were washed in

PBS and then fixed in 2% paraformaldehyde or Fix/Perm buffer (BD Bio-

sciences). Intracellular antibody staining was then performed at room tempera-

ture for 20 min by using the saponin-containing buffer Perm/Wash (BD bio-

sciences). Cells were washed in PBS and resuspended in a stabilizing fixative (BD

biosciences) before acquisition by FACS analysis.

Flow cytometry. Soluble biotinylated monomeric peptide MHC-I (pMHCI)

proteins were produced as described above. Multimerization was performed by

the gradual addition of Extravidin–R-PE (Sigma) or streptavidin-APC (Caltag

Laboratories) to aliquots to a total pMHCI/streptavidin molar ratio of 4:1.

Specifically, pMHCI tetramers for B*2705-KK10, B*2705-KY9, and B*2705-

VL9 were synthesized and tested on CBA beads (BD) coated with anti-HLA

antibodies (gift from Paul Klenerman). Directly conjugated and unconjugated

antibodies used were CD19 (Pacific Blue), human CD3 (Pacific Orange), mouse

anti-human CD4 (Qdot 605) clone 53.3, mouse anti-human CD8 (Qdot 655), and

a Live/Dead fixable violet dead cell stain kit (all from Invitrogen); CD14 (Pacific

Blue) (Caltag Laboratories); anti-human CD8a (APC-Alexa Fluor 750) clone

RPA-T8 and anti-human CD127 (PE-Cy5) clone eBioRDR5 (from eBioscience);

anti-human interleukin-2 (IL-2) (APC), mouse anti-human granzyme B (FITC),

mouse anti-human CD107a (PE), and tumor necrosis factor (TNF) (Alex Fluor

700) clone MAb11 (all from BD biosciences); CD3 (ECD) (from Beckman

Coulter); IFN (PE-Cy7) clone 45.B3, CD3 (Alexa Fluor 700) clone UCHT1,

CD107 (PE), and mouse IgG1 isotype control (FITC) (all from BD Pharmin-

gen); mouse IgG1 isotype control (PE) and anti-hMIP1b/CCL4 (FITC) (from

R&D Systems); CD38 (APC), CD8 (PerCP), and CD4 (APC) (SK3) (from

Becton Dickinson); perforin (PE) clone B-D48 (from Diaclone); anti-human

CD45RA (Alex Fluor 700) clone H100 (from Biolegend); and HIV Gag p24

(PE) clone KC57-RD1 (from Coulter Clone). Cells were analyzed on a standard

FACS instrument (LSRII equipped with blue, red, and violet lasers; BD Bio-

sciences) or on a FACSCalibur instrument as stated above. The data files were

analyzed by using FlowJo software (version 8.2; TreeStar, Inc.). Multifunctional

data were analyzed with PESTLE software (version 1.6.2) and SPICE software

(version 4.2.3; obtained from M. Roederer, National Institutes of Health, Be-

thesda, MD).

Statistical analysis. Calculations of the mean viral slope were determined with

Excel (Microsoft) by using the LOGEST function and were converted to natural

logs for data shown in Fig. 5 and Table 1. The variation in mean viral inhibition

by the effector cells, determined by calculating the effect on the slope of viral

growth, was evaluated by using a Student’s t test. The statistically significant

variation in the mean viral inhibition in the 24-h assay was determined by analysis

of variance (ANOVA) and Dunnett’s multiple-comparison posttest. All statisti-

cal analyses were performed by using Prism 5.0a software (GraphPad).

RESULTS

Definition of a B*2705-restricted Pol epitope, KRKGGI

GGY. B*2705-positive HIV-infected subjects characteristically
produce a strong and sustained dominant CD8� T-cell re-
sponse to the p24 Gag epitope KRWIILGLNK (KK10) (Gag
residues 263 to 272) during chronic infection (16). In an initial
analysis of the other CD8� T-cell responses generated by HI
V-infected B*2705-positive subjects, we observed that the
B*2705-restricted epitope in Pol integrase, KRKGGIGGY
(KY9) (Pol Int residues 901 to 909), is also frequently targeted
in B*2705-positive subjects with chronic HIV infection (Fig. 1
and data not shown). Although not tested using individual
optimal epitope peptides, IFN-� ELISPOT responses to two
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additional HLA-B*27-restricted epitopes, identified in a re-
cent study via a prediction program (28), ARRNRRRW (Rev
residues 37 to 45) and NRWQVMIVW (Vif residues 3 to 11),
were detected using an overlapping peptide panel. We here
formally confirmed the KY9 epitope to be an optimal HLA-
B*2705-restricted epitope, consistent with a recent study which
predicted this epitope and also demonstrated a high frequency
of responders (28).

To begin to assess the contribution of KK10, KY9, and other
HLA-B*2705-restricted epitopes to the well-described im-
mune control displayed by B*2705-positive HIV-infected sub-
jects, we tested the recognition of KK10, KY9, and four other
previously described B*2705-restricted HIV-1 epitopes (see
Materials and Methods), initially by an IFN-� ELISPOT assay,
in nine subjects expressing HLA-B*2705. These nine subjects
were antiretroviral therapy naïve, had a median viral load of
10,000 copies per ml, and had median CD4 cell counts of 490
cells/mm3 (data not shown). In contrast to previous studies that
have emphasized the immunodominance of the KK10 epitope
(16), KK10 was targeted no more frequently than KY9 (by 8/9
subjects in each case) (Fig. 1D) and overall not at a signifi-
cantly greater magnitude (median, 867 versus 695 SFC/million
cells, respectively; P 
 0.438 by a Student’s t test) (Fig. 1E).
The Vpr epitope VRHFPRIWL (VL9) (Vpr residues 31 to 30)
was recognized by 45% of subjects (n 
 4), and the p17 Gag
epitope IRLRPGGKK (IK9) (Gag residues 19 to 27) was rec-
ognized by 33% of subjects (n 
 3). The other two B*2705-
restricted epitopes studied, GRRGWEALKY (GY10) (Env
gp160) and KRQDILDLWV (KV10) (Nef), were recognized
by none of the nine study subjects tested here.

B*2705-KY9-specific CD8� T cells select viral escape mu-

tations. To determine whether KY9-specific CD8� T-cell re-
sponses in B*2705-positive HIV-infected individuals impose
sufficient pressure on the virus to drive the selection of escape
mutants, we analyzed the viral sequences in the region of this
epitope (Pol HXB2 residues 901 to 909) from the previously
described HOMER cohort (n 
 582) (Fig. 2). We found that
viral polymorphisms at positions 2, 3, and 8 of the KY9 epitope
(HXB2) (Pol residues 902, 903, and 908) were statistically
significantly enriched in the B*2705-positive individuals com-
pared to the B*2705-negative individuals (Fig. 2A). Further-
more, these viral polymorphisms all significantly reduced
epitope recognition (Fig. 2B). The marked increase in the
dissociation constant (Kd) resulting from the R902K and
G908E substitutions (at positions 2 and 8 of the KY9 epitope)
indicates �100-fold and �7-fold decreases in variant epitope
binding, respectively, to HLA-B*2705 compared to the wild
type (Fig. 2C).

Since the KK10 R264X mutation has been linked with the
precipitation of progression to AIDS in B*2705-positive sub-
jects, we compared the kinetics of selection of KY9 and KK10
escape mutations (Fig. 2D). A longitudinal analysis of HIV
Gag and Pol sequences from nine B*2705-positive acutely in-
fected individuals from a previously described cohort (8) dem-
onstrated the escape rates at the sites described above within
KK10 (at Gag position 264 [Gag-264]and Gag-268) and KY9
(at Pol-902, Pol-903, and Pol-908), respectively. As described
above, the L268X KK10 variant has a high escape rate, with all
subjects here showing mutations by 2 years postinfection. The
G908E KY9 variant typically emerged soon after the R264X
KK10 mutation, which arises late (14, 16), although in one
instance, the selection of G908E preceded that of R264X.
These sequence data suggest therefore that both the KY9 and
the KK10 responses are imposing selection pressure on the
virus at the same time, indicating that KY9 may contribute to
the HLA-B*2705-mediated immune control of HIV.

Gag- and Pol-specific CD8� T cells can inhibit HIV-infected

targets earlier than Vpr-specific CD8� T cells. To further
assess the contribution of the KK10- and KY9-specific CD8�

T-cell responses to HLA-B*2705-mediated control of viral rep-
lication, we utilized in vitro viral inhibition assays. We sought to
evaluate the contribution of the most commonly targeted
B*2705 epitopes in the subjects studied, Gag KK10, the Pol
epitope KY9, and the Vpr epitope VL9, to immune control in
B*2705-positive HIV-infected individuals by comparing the
antiviral activities of epitope-specific CD8� T cells. Peptide–
MHC-I recombinant tetramers were used to generate antigen-
specific CD8� T-cell populations (�97% epitope specific in all
cases [data not shown]) for B*2705-KK10 (Gag), B*2705-KY9
(Pol), and B*2705-VL9 (Vpr), respectively, derived from five
B*2705-positive HIV-infected individuals. We then investi-
gated how rapidly these CD8� T cells could eliminate synchro-
nized HIV-infected U937 target cells transfected with HLA-
B*2705 by measuring the reduction of Gag p24� cells at 3- to
6-h intervals in the first 24 h of infection, analyzing CD8� T
cells from three different study subjects in each case (Fig. 3).
An illustration of the gating strategy is shown in Fig. 3A. The
Gag KK10- and Pol KY9-specific CD8� T cells could recog-
nize and eliminate infected cells early after infection, signifi-
cantly reducing the percentage of p24� cells, compared to the
control, virus-infected, HLA-B*2705-expressing target cells
with no CD8� T cells added, by the first 6 h postinfection
(mean reduction � standard deviation [SD] of 26.3% � 9.6%
and 26.5% � 16.8%, respectively) (Fig. 4). The Vpr VL9-
specific CD8� T cells, however, had no significant effect at 6 or
12 h postinfection, and elimination of infected cells was not

FIG. 1. Magnitude of B*2705 epitope-specific CD8� T-cell responses and restriction of a B*2705 Pol epitope. (A) OLP and B*2705 optimal
peptide IFN-� ELISPOT responses from subject R039. OLP 265 contains the B*2705 peptide binding motif: Arg at P2 and a hydrophobic or
positively charged residue at the C terminus. (B) Peptide-pulsed BCLs, matched at each HLA allele to the HLA type of the donor subject, were
incubated with a KY9-specific CD8� T-cell line cultured from PBMCs from the donor subject. Only the HLA-matched BCLs and the autologous
BCLs elicited a response measured by the production of MIP-1� by intracellular cytokine staining. (C) Truncations of the predicted epitope were
titrated in serial log dilutions in an IFN-� ELISPOT assay and run in triplicates. Error bars show standard errors of the means (SEM). The epitope
with the lowest 50% effective concentration (EC50) value is confirmed as the optimal epitope. (D) PBMCs from nine HIV-infected B*2705-positive
subjects were screened by IFN-� ELISPOT assay for the recognition of six known B*2705 epitopes (see Materials and Methods). Responses of
�80 SFC per million cells are shown. (E) Median IFN-� SFC per million PBMCs for KK10 (n 
 9) and KY9 (n 
 9) were compared. A Student’s
t test was performed (P 
 0.438).
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detected until 18 h postinfection (mean reduction � SD of
20.16% � 15.38%).

To confirm that the elimination of virus-infected B*2705-
expressing U937 target cells was MHC-I dependent, we per-
formed all experiments with an HLA-mismatched control
HLA-B*5701 KAFSPEVIPMF (KF11) (Gag residues 162 to
172)-specific CD8� T-cell population (Fig. 3D and 4). We
observed no non-HLA-restricted inhibition at the time points
shown, with the notable exception of 24 h postinfection (Fig.
4E). However, this nonspecific inhibition was not seen when
the frequency of GFP� cells was examined (Fig. 4F). These
data represent four independent experiments using tetramer-
enriched epitope-specific CD8� T cells from three separate
patients, with each one run in quadruplicate during each ex-
periment. The data consistently show that the Gag KK10- and
Pol KY9-specific CD8� T cells elicit antiviral activity earlier
than Vpr VL9-specific CD8� T cells. Despite this temporal
difference in viral inhibition, the Gag KK10-, Pol KY9-, and

Vpr-VL9-specific CD8� T cells all displayed potent antiviral
activity by 24 h postinfection (mean reductions � SD of
70.1% � 3.4%, 58.2% � 8.4%, and 58.5% � 11.6%, respec-
tively) (Fig. 4E), with the Gag KK10-specific CD8� T cells
eliciting the strongest effect.

Gag KK10-specific CD8� T cells display more-potent anti-

viral activity. We further tested the antiviral activity of the
B*2705-specific CD8� T cells in a 7-day viral inhibition assay
designed to approximate more closely the in vivo situation of a
low infectious dose, in this case with supernatant p24 antigen
monitored as a marker of viral spread. Viral spread was de-
termined by best-fit analysis with an exponential curve of the
slope of p24 measurements taken during the exponential
growth phase (7). These data, as described above, demonstrate
a hierarchy of potency in which the KK10-specific CD8� T
cells are significantly more effective than the Pol KY9-specific
CD8� T cells, and the Vpr VL9-specific CD8� T cells are the
least effective (Table 1 and Fig. 5). However, all three CD8�

FIG. 2. KY9 escape mutations. (A) DNA sequences from 557 chronically clade B-infected subjects were analyzed for the presence of amino
acid variations located within the newly restricted B*2705 Pol integrase epitope KY9. (B) KY9-specific CD8� T cells were tested for recognition
by intracellular cytokine staining of peptide-pulsed HLA-matched BCLs using the KY9 variants. Data shown in the graph are representative of
three independent experiments using CD8� T cells cultured from three different subjects. (C) Kd values (nM) show the binding affinity of the KY9
peptide and variants for the B*2705 molecule. (D) Longitudinal sequences from nine acutely clade B-infected subjects were analyzed by using a
Kaplan-Meier plot to estimate the escape rate of B*2705-associated escape mutations located in Gag KK10 and Pol KY9.
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T-cell specificities inhibited viral replication at the higher E/T
ratios tested, with a dose-dependent effect (Table 1, Fig. 5, and
data not shown). This hierarchy mirrors the temporal inhibi-
tion observed for the 24-h inhibition assay, suggesting that

early inhibition events indeed have longer-term effects on viral
dissemination.

B*2705-restricted CD8� T cells display a polyfunctional

profile irrespective of epitope specificity. We next investigated

FIG. 3. Gag- and Pol-specific CD8� T cells elicit antiviral activity by 6 h postinfection. U937 cells transfected with HLA-B*2705 were
synchronously infected with HIV-1 NL4-3GFP by Magnetofection. Gag- and Pol-specific tetramer-enriched CD8� T cells can recognize and
eliminate HIV-infected cells by 6 h postinfection. Vpr-specific tetramer-enriched CD8� T cells recognize and eliminate HIV-infected cells after
18 h postinfection. (A) Gating strategy to show productively infected (p24� CD4�/	) cells. By 24 h, the infected cells downregulated CD4. (B to
E) Percentages of infected U937 cells, as measured by intracellular p24 at 3- to 6-h intervals in the presence and absence of tetramer-enriched
CD8� T cells from the same individual as indicated in figure. D also shows HLA-mismatched, KF11-specific, tetramer-enriched CD8� T cells from
subject R039. All time points were run in quadruplicates, and error bars show SEM.
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FIG. 4. Gag-, Pol-, and Vpr-specific CD8� T cells display a consistent hierarchy of antiviral activity. U937 cells transfected with HLA-B*2705
were synchronously infected with HIV-1 NL4-3GFP by Magnetofection. Gag-, Pol-, and Vpr-specific tetramer-enriched CD8� T cells from three
different B*2705� subjects were cocultured with infected cells at an E/T ratio of 1:4. Inhibition was calculated as the percentage of p24� cells in
the presence of tetramer-enriched CD8� T cells relative to that in the presence of no tetramer-enriched CD8� T cells. Inhibitions from Gag
(KK10)-, Pol (KY9)-, and Vpr (VL9)-specific CD8� T cells from three different individuals were grouped together according to time point and
CD8� T-cell protein specificity. Data represent quadruplicates from four independent experiments for Gag-, Pol-, and Vpr-specific CD8� T cells
from three individuals. Error bars show standard deviations. Statistical analysis was performed by using one-way analysis of variance and Dunnett’s
multiple-comparison posttest, comparing all columns to data for no CD8� T cells. At the 24-h time point (E), statistical analysis was performed,
comparing all columns to data for mismatch CD8� T cells due to nonspecific inhibition by mismatched B*5701-KF11-specific CD8� T cells.
Statistical significance was observed despite nonspecific inhibition. At 24 h, gating on GFP� cells was possible, to calculate the level of infection
compared to that with no CD8� T cells (F). *, P � 0.01; **, P � 0.001; ***, P � 0.0001; NS, not significant.
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whether the observed differences in viral inhibition between
the Gag KK10-, Pol KY9-, and Vpr VL9-specific tetramer-
purified CD8� T cells might result from the differential ex-
pression of certain chemokines or cytokines. We assessed the
abilities of these CD8� T cells to produce the effector cyto-

kines and chemokines IFN-�, TNF-, MIP-1�, and IL-2 and to
release cytotoxic factors by monitoring the expression of the
degranulation marker CD107a upon antigen stimulation. We
assessed both ex vivo B*2705-restricted epitope-specific
PBMCs from HIV-infected subjects (n 
 18 responses; n 
 7

TABLE 1. Inhibitory effect of B*2705-specific cytotoxic T lymphocytes on viral spreada

CTL
specificity

E/T ratio of 1:100 E/T ratio of 1:1,000

Viral spread (mean ln
slope � SEM)

Significance (P value)
compared to no CTL

Viral spread (mean ln
slope � SEM)

Significance (P value)
compared to no CTL

No CTL 1.08 � 0.02 1.40 � 0.06
Mismatch 1.09 � 0.04 NS 1.43 � 0.009 NS
Gag KK10 0.650 � 0.04 �0.001 1.10 � 0.02 �0.01
Pol KY9 0.793 � 0.007 �0.001 1.23 � 0.05 NS
Vpr VL9 0.923 � 0.06 NS 1.24 � 0.04 NS

a P values were calculated by using ANOVA and Bonferroni’s multiple-comparison test (NS, not significant). ln slope is the natural log of the slope taken during the
exponential growth phase. CTL, cytotoxic T lymphocytes.

FIG. 5. Gag-, Pol-, and Vpr-specific CD8� T cells were tested for their effects on viral spread in a 7-day viral inhibition assay. (A and B) U937 cells
were infected at an MOI of 0.02 with HIV-1 NL4-3 and cocultured with tetramer-enriched CD8� T cells at an effector-to-target (E/T) ratio of 1:100 (A
and C) and 1:1,000 (B and D). The supernatant was harvested every 2 to 3 days, and the p24 level was quantified by ELISA. Vpr VL9-specific CD8�

T cells from subject R035, Pol KY9-specific CD8� T cells from subject R039, Gag KK10-specific CD8� T cells from subject R039, and the HLA-
mismatched Gag KF11-specific CD8� T cells from subject R039 were tested. Each was run in triplicate. The shaded area shows data points taken from
within the exponential growth phase used to calculate the slope of viral spread. Error bars show SEM. (C and D) The natural log slope of viral spread
was calculated for each cell line as described in Materials and Methods. The mean values � SEM are shown. Results were compared by using ANOVA
and Bonferroni’s multiple-comparison test. *, P � 0.01; **, P � 0.001; ***, P � 0.0001. Mean viral spread � SEM and P values are shown in Table 1.

VOL. 84, 2010 EARLY ANTIVIRAL ACTIVITY OF CD8� T CELLS 10551



subjects) (Fig. 6A) and the tetramer-purified epitope-specific
CD8� T cells expanded in culture (n 
 9 responses; n 
 5
subjects) (Fig. 6B). Neither ex vivo nor tetramer-purified Gag
KK10-specific CD8� T cells exhibited superiority in functional
profile (Fig. 6A and B). Indeed, there were no more multi-
functional cells (�3 functions) in the Gag KK10-specific CD8�

T cells analyzed than in Pol KY9- and Vpr VL9-specific CD8�

T cells. Similar findings were made whether ex vivo epitope-
specific PBMCs or tetramer-purified CD8� T cells were eval-
uated. In addition, proliferation data from the tetramer-puri-
fied CD8� T cells showed that B*2705-restricted CD8� T cells

of different epitope specificities exhibited comparable prolif-
eration profiles. Indeed, all epitope-specific CD8� T cells dis-
played a high degree of proliferation upon antigen stimulation,
with a mean for divided cells of 81.2% (range, 70.0% to 92.3%)
(data not shown).

Cytotoxic capacity of B*2705-restricted CD8� T cells is in-

dependent of epitope specificity. We further investigated the
functional profile of B*2705-restricted CD8� T cells by com-
paring the cytotoxic capacities of the Gag-, Pol-, and Vpr-
specific tetramer-enriched CD8� T cells. The direct-killing
ability of tetramer-enriched epitope-specific CD8� T cells (ef-

FIG. 6. Functional assessment of B*2705-restricted epitope-specific CD8� T cells. B*2705-specific CD8� T cells ex vivo (A) and B*2705-specific
tetramer-enriched CD8� T cells (B) were tested for effector function in response to stimulation with a specific peptide. Pie charts represent
background-adjusted multifunctional behavior (one to five functions; CD107a, TNF-, MIP-1�, IFN-�, and IL-2) of tetramer-enriched B2705-
KK10-specific CD8� T cells (n 
 3) and B2705-KK10-specific CD8� T cells ex vivo (n 
 7), tetramer-enriched B2705-KY9-specific CD8� T cells
(n 
 3) and B2705-KY9-specific CD8� T cells ex vivo (n 
 7), and tetramer-enriched B2705-VL9-specific CD8� T cells (n 
 3) and B2705-VL9-
specific CD8� T cells ex vivo (n 
 4). The complete combinations of responses for all tetramer-enriched CD8� T cells (A) and ex vivo CD8� T
cells (B) are shown in the bar charts according to epitope specificity, with each bar showing the mean percentage of cells displaying a particular
combination. The bar charts are grouped by number of functions (numbers under colored bars, which are matched by color to the pie charts).
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fector) was measured using a cytotoxicity assay, which uses
peptide-pulsed BCLs (targets) to sensitize target cells for lysis.
We observed no difference in the killing capacities of the tet-
ramer-purified CD8� T cells of different epitope specificities at
any of the E/T ratios tested (Fig. 7A). In view of a previous
study that highlighted the importance of lytic granule content
in determining CD8� T-cell efficacy in HIV infection (22), we
also determined the cytotoxic granule content of the different
epitope-specific tetramer-purified CD8� T cells by examining
the proportion of cells expressing granzyme B and perforin.
The mean fluorescence intensities (MFIs) of granzyme B and
perforin of tetramer-purified CD8� T cells from a total of five
different subjects were compared, and no differences were ob-
served between the different B*2705 epitope specificities (Fig.
7B to D). In addition, the tetramer-purified CD8� T cells
expressed the same effector memory (CD45RA	 CCR7	) and
intermediate differentiated (CD45RA	 CD127	) phenotypes
irrespective of specificity (data not shown). Further analysis of
the B*2705 epitope-specific CD8� T cells showed that, mea-
sured directly ex vivo, these CD8� T cells express an effector

memory phenotype (CD45RA	 CCR7	) similar to that of the
tetramer-purified cells (data not shown). Notably, all the
B*2705 tetramer-specific CD8� T cells measured directly ex

vivo expressed low levels of perforin (data not shown). How-
ever, overall, no statistically significant differences were ob-
served between the different epitope specificities for the ex-
pression of the memory and differentiation markers CD45RA,
CCR7, and CD127 or the expression of granzyme B and per-
forin. Thus, we found no differences in the cytotoxic killing
capacities of the Gag-, Pol-, and Vpr-specific tetramer-purified
CD8� T cells and, hence, no correlation between killing ca-
pacity and the observed hierarchy of inhibition of virally in-
fected cells by these epitope-specific CD8� T cells.

TCR binding avidity does not predict antiviral efficacy. Fi-
nally, comparisons of the TCR binding avidities of the ex vivo

and tetramer-enriched B*2705-restricted epitope-specific
CD8� T cells showed no significant differences between the
Gag KK10-specific CD8� T cells and the other B*2705
epitope-specific CD8� T cells tested (Fig. 8). A comparison of
the MHC-I binding affinities of the three B*2705-restricted

FIG. 7. Assessment of direct-killing abilities and cytotoxic markers for B*2705 epitope-specific CD8� T cells. (A) The direct-killing ability of
tetramer-enriched B*2705 epitope-specific CD8� T cells (effector) was measured by using a cytotoxicity assay, which uses peptide-pulsed BCLs
(target) to sensitize target cells for lysis. Tetramer-enriched CD8� T cells specific for Gag KK10 and Pol KY9 from three subjects and specific for
Vpr VL9 from one subject were analyzed at different E/T ratios. (B) The mean fluorescence intensity (MFI) was used to determine the granzyme
B and perforin contents of the different epitope-specific CD8� T cells using a mismatched tetramer and isotype controls as the background. (C
and D) Tetramer-enriched CD8� T cells from different subjects, specific for Gag KK10 (n 
 3), Pol KY9 (n 
 4), and Vpr VL9 (n 
 3), were
analyzed for granzyme B and perforin content.
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epitope peptides studied here, Gag KK10, Pol KY9, and Vpr
VL9, showed that the Gag KK10 peptide does not bind with
substantially greater affinity to the B*2705 MHC-I molecule
than the Vpr VL9 peptide (Kd of 13 nM versus 32 nM, respec-
tively). However, we observed that the Pol KY9 peptide had a
weaker binding affinity than both the Gag KK10 and Vpr VL9
peptides (Kd of 162 nM).

Thus, the superior inhibition of the Gag KK10-specific
CD8� T cells was not reflected by their polyfunctional cytokine
profile, proliferation profile, or cytotoxic capacity or by their
TCR binding avidity or MHC peptide binding affinity.

DISCUSSION

We focused on HLA-B*2705-restricted HIV-specific CD8�

T-cell responses to investigate further the association between
HLA-B*2705 and slow progression in HIV infection and to
test the hypothesis that qualitative differences exist between
B*2705-restricted Gag-specific CD8� T cells and non-Gag-

specific CD8� T cells in the control of viral replication. Unex-
pectedly, we observed frequent targeting of a newly restricted
HLA-B*2705-restricted epitope in Pol (KY9) in B*2705-posi-
tive subjects. Escape mutants were selected in this epitope as
well as in the well-studied Gag KK10 epitope, suggesting that
the Pol KY9 response may contribute to the immune control
that is associated with HLA-B*2705. By comparing the abilities
of Gag KK10, Pol KY9, and Vpr VL9 CD8� T cells to inhibit
viral replication, we observed a consistent hierarchy of efficacy
from Gag KK10-, Pol KY9-, and Vpr VL9-specific CD8� T
cells, respectively, in descending order. This was related to the
kinetics of the CD8� T-cell inhibition of virus-infected HLA-
B*2705-expressing targets but not to any other marker of
CD8� T-cell functional activity measured in this study. These
functions included the CD8� T-cell proliferation capacity, cy-
tokine profile, granzyme and perforin content, killing capacity,
and TCR avidity. These data suggest that antiviral CD8� T-cell
efficacy is related not to these individual functions that do not
differ in this study significantly by epitope specificity but to
consistent epitope-specific differences in the kinetics of CD8�

T-cell-mediated viral inhibition.
These data are consistent with several previous cohort stud-

ies in which Gag-specific CD8� T-cell activity, measured by an
IFN-� ELISPOT assay, was shown to be associated with a low
viral set point (15, 20, 37) and also corroborate a recent study
of Gag- versus Env-specific CD8� T-cell-mediated virus neu-
tralization in which Gag-specific CD8� T cells elicited stronger
antiviral activity (10). Analysis of multiple profiles of CD8�

T-cell activity in this study suggests a plausible mechanistic
explanation for the observed superior antiviral capacity of
Gag-specific CD8� T cells. A previous study of SIV showed
that Gag- and Pol-specific CD8� T cells can recognize and
eliminate SIV-infected targets cells by 6 h postinfection
through the early presentation of Gag and Pol epitopes pro-
cessed from the incoming virions (26, 27). These data from the
SIV macaque model are consistent with the findings presented
here, which show that Gag KK10- and Pol KY9-specific CD8�

T cells have a significant effect on viral inhibition as early as 6 h
postinfection compared to VL9-specific CD8� T cells, which
did not elicit effective antiviral activity until 18 h postinfection.

Previous studies suggested that the highly functional HIV-
specific CD8� T cells, maintained by HIV nonprogressors,
constitute a direct correlate of a successful immune response
capable of eliciting viral control (6). However, we observed no
difference in the polyfunctional profiles of Gag KK10-, Pol
KY9-, and Vpr VL9-specific CD8� T cells to account for the
hierarchy of the efficacy of viral inhibition. These data are
consistent with more recent studies suggesting that the poly-
functional profile of HIV-specific CD8� T cells may be linked
to antigen presentation and sensitivity and is not a direct cor-
relate of protective immunity (2, 31).

In addition, the avidity of the different B*2705 epitope-
specific CD8� T cells did not correlate with effective viral
suppression in this study, supporting previous studies that sug-
gested that the suppression of HIV replication by CD8� T cells
depends more on antigen specificity than functional avidity
(36). In support of recent studies of lytic granule loading (4,
22), we observed an increase in the granzyme and perforin
contents of tetramer-enriched B*2705-specific CD8� T cells
cultured in vitro compared to granzyme and perforin levels

FIG. 8. Avidity of B*2705 epitope-specific CD8� T cells. (A) Func-
tional avidities of B*2705 epitope-specific CD8� T-cell responses
within the same individual (subject 0145088RI) were compared. Serial
log dilutions of specific peptides were titrated, in triplicate, in an IFN-�
ELISPOT assay with PBMCs or tetramer-enriched CD8� T cells.
Error bars are SEM. EC50 values were calculated by using Graphpad
Prism software (version 5.0a). (B) PBMCs from six subjects were
analyzed in total; six had KY9 responses, six had KK10 responses, two
had IK9 responses, and two had VL9 responses (filled data points).
Tetramer-enriched CD8� T cells from five different subjects were
analyzed (open data points). Log EC50 values for all subjects were
plotted, and the median values were compared.
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measured directly from ex vivo CD8� T cells (data not shown).
However, although superior lytic granule loading was previ-
ously associated with CD8� T-cell responses from nonprogres-
sors (22), we did not observe any differences in granzyme and
perforin contents between the epitope-specific B*2705-re-
stricted CD8� T cells studied here to explain the differences in
effective viral suppression. Together, these data suggest that
the different epitope-specific B*2705-restricted CD8� T cells
analyzed in this study have similar functional and cytotoxic
killing capacities and that the observed differences in antiviral
activity can be attributed to the different kinetics of epitope
presentation, with the Gag KK10- and Pol KY9-specific CD8�

T cells eliciting earlier antiviral activity than Vpr VL9-specific
CD8� T cells.

Although consistent differences were observed in this study
between the Gag KK10-, Pol KY9-, and Vpr VL9-specific
CD8� T cells in their ability to inhibit viral replication in vitro,
the extent to which these differences are significant in vivo is
unknown. Viral sequencing from longitudinal sampling may
not allow escape within different B*27 epitopes to be distin-
guished temporally and, therefore, their individual impact to
be assessed by viral load changes (Fig. 2D) (32). Also, it is
problematic to demonstrate an effective individual CD8� T-
cell specificity in vivo because analyses are confounded by
many other factors, including other HLA-B*27-restricted and
non-B*27-restricted CD8� T-cell responses and other non-
CD8� T-cell immune responses. In addition, interpretations of
functional data from cultured CD8� T cells must be under-
taken with caution, since functional characteristics may change
during culture. Indeed, where possible, assays were run in
parallel using both ex vivo and cultured CD8� T cells to high-
light substantial functional changes. Also, highly purified
(�98%) antigen-specific T-cell populations were used for
these studies, in preference to the study of individual CD8�

T-cell clones that might arguably be less representative of the
situation in vivo. Furthermore, viral inhibition monitored in
this study in the U937 transformed monocytic cell line may not
equate to that in primary HIV-infected CD4� T cells. The
observed differences in viral inhibition between the different
epitope specificities, although remarkably consistent, and sup-
porting previously reported observations (36), were relatively
small, particularly between KK10 and KY9. On the basis of
these experiments, it might not necessarily be the case that
HLA-B*2705� individuals would fail to contain HIV in the
absence of a KK10-specific response, since the KY9-specific
response appears itself to be relatively efficacious. Alterna-
tively, the KK10- and KY9-specific responses may act in tan-
dem to direct effective viral suppression in vivo, since both
responses elicit early inhibitory activity in vitro and were
present in comparable magnitudes and dominances when mea-
sured ex vivo in this cohort. A previous vaccine study using a
recombinant canarypox virus vector expressing gp120, gp41,
Gag, and protease successfully induced a strong “protective”
B*2705-KK10-specific CD8� T-cell response in a B*2705-pos-
itive uninfected individual. However, following subsequent in-
fection, the vaccinee also developed rapid viral escape in the
KK10 epitope and progressed to AIDS much more quickly
than would have been expected for an unvaccinated B*2705-
positive subject (5). The development of rapid viral escape in
the context of a dominant viral epitope was previously reported

for a TCR transgenic mouse model for lymphocytic chorio-
meningitis virus (LCMV) (24); however, a broader response
prevented the selection of escape mutants (23), supporting the
data presented in this study suggesting that the protective
effect of HLA-B*2705 is not mediated through the KK10
epitope alone.

The lack of clear KK10 immunodominance observed in the
study subjects evaluated here was unexpected. However, all
these subjects were highly active antiretroviral therapy
(HAART) naïve, and viral sequencing showed that none of the
seven subjects analyzed had accumulated the R264K escape
mutation and the associated S173A compensatory mutation,
which have been shown to precede progression to AIDS in
B*2705� HIV-infected subjects (14, 16, 19). These subjects
therefore appear representative of untreated B*2705� HIV-
infected subjects in chronic infection.

By comparing different epitope-specific CD8� T cells from
within the same subject and by comparing B*2705-restricted
epitope-specific CD8� T cells between subjects, we have con-
trolled for factors such as viral load while also testing the
consistency of our findings. However, it will be useful in further
studies to extend this analysis to other HLA alleles and to
include more Gag, Pol, and non-Gag/Pol epitopes for analysis
to assess whether the findings in this study are consistent across
a broad spectrum of HLA-restricted CD8� T cells. It would be
especially useful to study HLA alleles that direct dominant
CD8� T-cell responses against non-Gag epitopes and sub-
dominant responses against Gag epitopes. A recent study in-
dicated that viral control is due to the epitope targeted by
CD8� T-cell responses rather than the restricting HLA allele
and that these are located mostly in conserved regions (13),
consistent with the data presented here suggesting that Gag
and Pol epitopes are beneficial. However, the protein rele-
vance of these responses needs further evaluation, since only
one epitope from each protein was analyzed in this study.

It has been suggested that B*27-KK10-specific CD8� T cells
are responsible for the long-term nonprogression of B*27�

patients. Here we have identified a previously unreported
CD8� T-cell response in B*27 patients that may also have a
critical role in preventing the onset of AIDS. We have shown
that polyfunctionality, proliferative capacity, TCR avidity, and
killing capacity are not predictors of potent viral inhibition.
Instead, we suggest that the early presentation of Gag and Pol
epitopes gives subjects who make CD8� T-cell responses
against these epitopes a kinetic advantage, being able to elim-
inate virally infected cells before viral dissemination. Early
presentation and the elimination of virally infected cells com-
bined with epitopes from conserved regions in which escape
mutations are not well tolerated may be the key to the long-
term nonprogression observed for patients with the protective
HLA-B*2705 allele.
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