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Preservation of T Cell Proliferation Restricted by Protective

HLA Alleles Is Critical for Immune Control of HIV-1

Infection1

Helen Horton,*‡ Ian Frank,* Ruth Baydo,* Emilie Jalbert,* Justin Penn,* Sean Wilson,*

John P. McNevin,* Matthew D. McSweyn,* Deborah Lee,* Yunda Huang,†

Stephen C. De Rosa,*§ and M. Juliana McElrath2*‡§

HIV-1-infected persons with HLA-B27 and -B57 alleles commonly remain healthy for decades without antiretroviral therapy.

Properties of CD8� T cells restricted by these alleles considered to confer disease protection in these individuals are elusive but

important to understand and potentially elicit by vaccination. To address this, we compared CD8� T cell function induced by

HIV-1 immunogens and natural infection using polychromatic flow cytometry. HIV-1-specific CD8� T cells from all four unin-

fected immunized and 21 infected subjects secreted IFN-� and TNF-�. However, CD8� T cells induced by vaccination and

primary infection, but not chronic infection, proliferated to their cognate epitopes. Notably, B27- and B57-restricted CD8� T cells

from nonprogressors exhibited greater expansion than those restricted by other alleles. Hence, CD8� T cells restricted by certain

protective alleles can resist replicative defects, which permits expansion and antiviral effector activities. Our findings suggest that

the capacity to maintain CD8� T cell proliferation, regardless of MHC-restriction, may serve as an important correlate of disease

protection in the event of infection following vaccination. The Journal of Immunology, 2006, 177: 7406–7415.

H
uman immunodeficiency virus-1 infection induces a vig-

orous host immune response that is critical in controlling

viral replication, but this response ultimately fails in

most individuals. Among those who remain disease-free for de-

cades, known as long-term nonprogressors (LTNP),3 several MHC

class I alleles, notably HLA-B27 and -B57, occur at a higher fre-

quency in comparison to HIV-uninfected control populations (1–

3), implicating an antiviral role for class I MHC-restricted CD8�

T cells that is mediated through cytolytic destruction of infected

cells. Indeed, CD8� T cell depletion studies in SIV-infected rhesus

macaques (4) and the extensive literature on viral escape from

CD8� T cells (5–8) support the view that this arm of the immune

system exerts pressure on the virus. However, it is clear that the

magnitude of the CTL response alone is not sufficient for control-

ling viral replication. Thus, distinct functional properties of mem-

ory CD8� T cells are likely to be critical for abetting HIV infec-

tion, and our findings in this study demonstrate that maintaining

proliferative capacity may be a key factor in conferring efficient

antiviral T cell immunity, particularly among HLA-B27 and B57

nonprogressors.

The ability of CD8� T cells to proliferate is coupled to their

perforin expression, which presumably enables them to kill HIV-

1-infected cells (9). Of note, the proliferative capability of CD8�

T cells is impaired in individuals with HIV-1 disease progression

but maintained in LTNP (9), and CTL from LTNP also show

strong cytolytic activity (10, 11). Although loss of proliferative

capacity in HIV-specific CD4� T cells occurs early in infection

(12, 13), only recent evidence indicates that CD8� T cells by 1

year of infection become similarly impaired (14). At present, it is

unclear whether this is a consequence of sustained high levels of

viremia and/or or of the nature of the response induced by specific

MHC-restricted epitopes. If the former, then vaccines that induce

partial protection to HIV-1 infection by lowering setpoint viremia

may also preserve CD4� T cell memory and allow memory CD8�

T cells to maintain proliferative capacity. If the latter, then it would

be important to design preventive vaccines that target responses to

certain epitopes that preferentially evoke more durable immunity

over time. Thus, eliciting CD8� T cell responses before infection

by immunization could potentially circumvent or delay the prolif-

erative defect, permitting vaccinated persons, like LTNP, to be

relatively spared from HIV-1 disease progression. We had the op-

portunity to address these issues in CD8� T cell responses among

HIV-1-uninfected vaccine recipients and HIV-1-infected patients

with early, chronic and nonprogressive disease.

Materials and Methods
Vaccines

Subjects 039-076, 039-080, and 039-022 received recombinant canarypox
vaccine (vCP1452) developed by Aventis Pasteur. This vaccine contains
sequences encoding HIV-1 Gag (LAI), envelope gp120 (MN) linked to the
transmembrane portion of gp41 (LAI), protease (LAI), and a synthetic
polynucleotide encompassing several known human CTL epitopes from
Pol (LAI) and Nef (BRU). Subject M00724 received three priming immu-
nizations with a DNA HIV-1 Gag in alum formulation followed by a boost
with recombinant adenoviral vaccine encoding HIV-1 Gag (Ad5) devel-
oped by Merck Research Laboratory.
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Table I. Demographic and clinical profile of study population

Vaccine Recipients (HIV-1 uninfected)

Subject

Vaccine (number of
immunizations prior

to assay)

Interval
between last

immunization
to assay (days) Ethnicity Agea Risk factorb Class I HLA type

M00724 DNA in alum (3) 525 Caucasian 27 Heterosexualc A*0301, A*0201/59-60/64

Ad (1) B*0702/15, B*1501/71/75/79

039-076 vCP1452 (3) 14 Caucasian 30 Heterosexualc A*0301, A*3301/03

B*1402, B*0704

039-080 vCP1452 (4) 14 Caucasian 35 Bisexualc A*0301, A*2902

B*1402, B*4403

039-022 vCP1452 (4) 105 Caucasian 24 Heterosexualc A*0301, A*0101

B*1302, B*1501

HIV-1-Infected Individuals (vaccine naive)

Subject

Interval between
HIV-infection to

assay (years) Ethnicity Agea Risk factorb Class I HLA type
Plasma HIV-1 RNA

(copies/ml)

Nonprogressor
SNONP0001 14.9 African-American 36 MSM A*3002, A*6802 �50

B*5703

Cw*1802

SNONP0008 16 Caucasian 38 MSM A24, A01 �50
B57, B37

Cw06

SNONP0010 15 Caucasian 53 MSM A26, A01 �50
B57, B49

Cw06, Cw07

SNONP0013 11 Caucasian 33 MSM A03, A31 �50
B38, B27

Cw02, Cw12

SNONP0022 19.9 Caucasian 49 MSM A*0301, A*3101 �50
B*2705, B*5701

Cw*0102, Cw*0602

SNONP0023 15.9 Caucasian 32 MSM, blood
transfusion

A03, A02 �50
B18, B13

Cw06, Cw07

SNONP0024 16.3 Caucasian 56 MSM A*0201/59/60, A*1101 �50
B*3501/40/42, B*5701

Cw*0401, Cw*0602

SNONP0002 13 Caucasian 48 MSM A*0201, A*2402 792d

B*2705, B*1501

Cw01, Cw03

SNONP0036 14 African-American 39 MSM A*2301/04/07/08, A*3002 7,210
B*1402, B*5703

Cw*0802, Cw*1802

Chronic infection
SNONP0014 19.2 African-American 55 MSM A*0301, A*6802 8,000

B*5702, B*5301/05

Cw*1401, Cw*1802

SNONP0015 15.6 Caucasian 41 MSM A*0201, A*3201 24,448d

B*2705, B*1501

SNONP0011 16.8 Caucasian 52 MSM A02, A01 �50e

B57, B44

Cw05, Cw06

SNONP0005 17.4 Caucasian 54 MSM A*0101, A*6601 114e

B*5201, B*5701

Cw*0602, Cw*1202

SNONP0020 14.7 Caucasian 47 MSM A03, A02 57,795
B13, B07

Cw06, Cw07

SNONP0033 18.2 Caucasian 40 MSM A*0101, A*0201/59/60 40,620e

B*5701, B*4001/36/38

Cw*0304, Cw*0602/03

CHPIC1094 6.6 Caucasian 30 MSM A03, A29 86,204
B35, B44

Cw04, Cw16

SAC13 16.3 Caucasian 50 MSM A*0201/59-60, A*0301 �50e

B*0702, B*4402/19/22-24

Cw*0501, Cw*0702

(Table continues)

7407The Journal of Immunology
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Subjects

Twenty-one HIV-1-seropositive individuals were evaluated in this study: 4
in early infection (defined as within the first 700 days of infection), 10
LTNP (defined as HIV-infected �10 years, viral load �10,000 copies/ml,
and sustained CD4 counts in the absence of antiretroviral therapy (ART)),
and 7 chronically infected (defined as HIV-infected �5 years, viral load
�10,000 copies/ml or declining CD4 counts in the absence of ART). In
addition, 4 HIV-seronegative volunteers who had received potential HIV-
1-vaccine candidates were evaluated. The subjects were recruited and en-
rolled at the HIV Vaccine Trials Units (vaccine responders/LTNP) and the
University of Washington Primary Infection Clinic. The appropriate Insti-
tutional Review Boards approved the studies, and volunteers provided writ-
ten consent.

Peptides

HIV-1 15-mer peptides, overlapping by 11 aa and spanning the entire
HIV-1 proteome, were used to identify which epitope specificities were
recognized by each infected individual. The sequences of Gag, Pol, and Tat
were based on HIV-1HXB2; the Env peptides were based on HIV-1MN and
Nef peptides were based on HIV-1BRU (�http://hiv-web.lanl.gov�). Addi-
tionally, 8- to 11-mer corresponding to the described class I HLA-restricted
CTL epitopes were also tested according to an individual’s HLA type. In
cases where PBMC were limiting, PBMC were only tested against known
CTL epitopes that corresponded to the individual’s HLA type. Anaspec
synthesized the Gag, Nef, Env, and Pol peptides, and the Shared Resources
Center at the Fred Hutchinson Cancer Research Center synthesized the Tat
peptides. The National Institutes of Health AIDS Research and Reference
Reagent Program provided all other peptides.

IFN-� ELISPOT

Cryopreserved PBMC were thawed and rested overnight at 37°C before
use at 200,000 PBMC/well in IFN-� ELISPOT assays (BD Biosciences)
following the manufacturer’s guidelines. Peptides were used at a final con-
centration of 1 �g/ml. PHA-P (1 �g/ml; Murex) served as a positive con-
trol, and medium alone wells served as a negative control. Positive re-
sponses were designated when the number of spot-forming cells were twice
background and at least 50 spot-forming cells/106 PBMC. For functional
avidity measurements, standard IFN-� ELISPOT was performed with the
indicated peptides at dilutions ranging from 40 �g/ml to 6.4 � 10�4 �g/ml.
The regression curves were drawn with the Sigmoidal Fit tool in the Origin
6.0 software.

Ex vivo polychromatic flow cytometry

PBMC were washed in R10 and rested overnight. The next day, cells were
washed and stimulated for 6 h in the presence of brefeldin A (10 �g/ml)
with either staphylococcal enterotoxin B (1 �g/ml; Sigma-Aldrich) as a
positive control, HIV-1 peptides (1 �g/ml each peptide/sample), or no

peptide as a negative control. CD107a-PECy5 was added 15 min before
stimulation. Intracellular staining was performed using standard techniques
(BD Biosciences; cytokine flow cytometry protocol) using previously ti-
trated Ab reagents. GolgiStop (BD) was used in addition to BFA in panels
with anti-CD107a Ab. Anti-CD3-APCCy7, -CD8-PerCPCy5.5, -IFN-�-
PE-Cy7, -IL-2-PE, -TNF-�-allophycocyanin , and -CD107a-PECy5 mAbs
were supplied by BD Biosciences and BD Pharmingen. Data acquisition
was performed on an LSRII flow cytometer (BD Biosciences), collecting
100,000–200,000 lymphocyte gated, or 10,000–40,000 CD8� events per
sample, and analyzed with FlowJo software (Tree Star). Positive responses
were designated when the percentage of bright cytokine�CD8� T cells
was twice that of the negative control. All data shown are background
subtracted.

CFSE labeling

PBMC were labeled with 1.25 �M CFSE (Molecular Probes) for 8 min in
the dark at 37°C, and free CFSE was quenched with 100% 4°C FCS for 1
min. Labeled cells were washed before in vitro culture with 2 �g/ml HIV-1
peptides for 5 days. As a positive control, the cells were stimulated with 30
ng/ml anti-CD3/1 �g/ml anti-CD28 mAbs. Proliferation was measured as
the percentage of CFSElowCD8� T cells.

Tetramer staining

RK9/A3-PE or -allophycocyanin-labeled tetramers were provided by the
National Institutes of Health AIDS Research and Reference Reagent Pro-
gram (Bethesda, MD) or the Fred Hutchinson Cancer Research Center
Shared Resources facility. Tetramer concentration was optimized before
experiments described in this study and were then used for surface staining
of ex vivo PBMC or cultured CFSE-labeled cells.

Viral sequence and analysis

Total cellular RNA was purified from 5 to 10 � 106 cryopreserved PBMC
using the RNeasy minikit (Qiagen). The HIV-1 sequences were amplified
by standard RT-PCR using SuperScript II reverse transcriptase and Plati-
num Taq polymerase (Invitrogen Life Technologies). The cDNA was am-
plified by PCR over 35 cycles (30 s at 94°C, 30 s at 58°C, and 1 min at
72°C). The Gag epitopic region of interest, with the exception of Gag
RLRPGGKKK, was amplified using the primer set Gag 5� (TCAGTAT
TAAGCGGGGGAGA) and Gag 3� (CCTTGTCTTATGTCCAGAATGC).
The Gag epitope RLRPGGKKK was amplified using the primer set RK9 5�
(TAGCGGAGGCTAGAAGGAGA) and RK9 3� (AACAGGCCAGGAT
TAACTGC). The PCR products were cloned into the TA cloning vector
for sequencing according to the manufacturer’s protocol (Invitrogen Life
Technologies). Plasmids from individual clones were isolated using
QIAprep Spin Miniprep Kit (Qiagen) and sequenced using T7 forward and
reverse primers with ABI Prism Big Dye Terminator Cycle sequence re-
agents (Applied Biosystems). Computational analysis of obtained se-
quences was performed using database and software package from

Table I. (Continued)

HIV-1-Infected Individuals (vaccine naive)

Subject

Interval between
HIV-infection to

assay (years) Ethnicity Agea Risk factorb Class I HLA type
Plasma HIV-1 RNA

(copies/ml)

Early infection
CHPIC1238 23.1 mo Caucasian 45 MSM A03, A01 3,999e

B07, B14

Cw*0702, Cw*0802

CHPIC1396 2 mo Caucasian 39 MSM A03, A01 8,199e

B08, B35

CHPIC1596 0.7 mo Caucasian 36 MSM A*0301, A*2601 260,605
B*3801, B*3503

Cw*0401, Cw*1203/04

SAC12 19.2 mo Caucasian 42 MSM A*0301, A*2402/32/34-38 65,100
B*0702, B*1501/32

Cw*0303, Cw*0702

a Age at time of assay sample.
b MSM, Men having sex with men.
c Low HIV-1 risk reported prior to enrollment.
d Viral load not measured on day of T cell assay; entry represented the mean plasma HIV-1 RNA measured two time points before and after

the T cell assay date (�103 days).
e Participant-initiated ART. Participant is or has been on ART.

7408 B27/57-RESTRICTED T CELLS PROTECT IN HIV-1 INFECTION
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FIGURE 1. Proliferative HIV-1-

specific T cell responses measured by

flow cytometry. a, RK9-specific CD8�

T cell responses in HIV-1-uninfected

immunocompetent vaccine recipients

and HIV-1-infected individuals. Top

panel, Percentage of ex vivo RK9

tetramer�CD8� T cells. Middle panel,

Percentage of ex vivo RK9-specific

IFN-��CD8� T cells. Bottom panel,

Percentage of CFSElowIFN-��CD8� T

cells after culture with RK9 peptide for

5 days, and restimulation with RK9

peptide for 6 h. �, Denotes that no

clinical information was available at

sample date. The mean of available

clinical information is presented. Data

from NP14 were collected from 13.9

years postinfection when this individual

was classed as a LTNP. b, Vaccinee T

cell responses (left two columns) vs T

cell responses from an HIV-infected in-

dividual (last two columns) after 5 days

in vitro culture in either medium (No

Stimulation) or RK9 peptide. All cul-

tured cells were restimulated with either

no peptide (top panels) or RK9 peptide

(bottom panels) for 6 h for measure-

ment of INF-�. All cultured cells were

restimulated with either no peptide (top

panels) or RK9 peptide (bottom panels)

for 6 h for measurement of IFN-�. c,

CFSE labeling and tetramer staining

from a vaccinee (top panels) and a

HIV-1-infected individual (bottom pan-

els). PBMC were cultured in medium

alone (left column) or RK9 peptide

(right column). All data shown are

gated on CD3�/CD8� lymphocytes.

7409The Journal of Immunology
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ExPASy Proteomics Server (�http://us.expasy.org/�) and Los Alamos HIV
database (�http://hiv-web.lanl.gov/content/index�).

Statistical methods

All statistical analyses were performed using either Jmp version 5.0 or SAS
version 8.2 software (SAS Institute). Correlations between tetramer, cyto-
kine secretion, degranulation, avidity, and proliferative capacity were per-
formed by nonparametric Spearman � analysis. The statistical significance
for the comparison between groups was performed using the nonparametric
one-sided Wilcoxon-signed rank test.

Results
Induction of HIV-1 Gag-specific CD8� T cells by vaccination

and infection

Because HIV-specific T cells can secrete IFN-� regardless of

proliferative or cytolytic activities (9, 15), we used the IFN-�

ELISPOT assay to first identify and define epitope specificities of

CD8� T cell responses in vaccinated and infected subjects, whose

demographic and clinical profiles are outlined in Table I. CD8� T

cells from four HLA-A3� HIV-1-uninfected vaccine recipients

recognized the same single A3-restricted HIV-1 epitope, RLRPG

GKKK (RK9) (data not shown). This Gag epitope, commonly

recognized by CD8� T cells from HLA-A3� HIV-1-infected indi-

viduals (16) was also seen by CD8� T cells from 11 patients in our

study: 4 with LTNP, 3 with chronic progressive disease, and 4 with

early infection (Table I and data not shown).

Using MHC/peptide tetramer staining and CFSE labeling, we

compared A3-restricted, RK9-specific T cell responses in the 4

vaccinees to those in the 11 HIV-1-infected individuals; Fig. 1a

summarizes the findings, and Fig. 1b depicts representative exam-

ples. Vaccine-induced, ex vivo RK9-specific T cells from HIV-1-

uninfected subjects were able to bind tetramers (Fig. 1a, top panel;

percentages of tetramer-positive cells ranged from 0.05 to 1.3%)

and secrete IFN-� (Fig. 1a, middle panel, and Fig. 1b) when they

encountered RK9 (Fig. 1a). Similarly, RK9-specific T cells from

HIV-infected individuals, regardless of viral load, were able to

bind tetramers ex vivo as well as secrete both IFN-� (Fig. 1a) and

TNF-� (data not shown).

We further defined the range of functionality among the mem-

ory RK9-specific CD8� T cells. Among 15 RK9-specific T cell

responders analyzed (Fig. 1), the percentage of tetramer-positive

cells correlated with the percentage of CD8� T cells secreting

IFN-� (Spearman’s correlation coefficient (�): 0.78; p � 0.001).

The percentage of IFN-�-secreting RK9-specific T cells that also

secreted TNF-� varied from 21 to 100% (median 	 84%). More-

over, between 29 and 100% of these cells (median 76%) were able

to degranulate, as measured by CD107a expression (17) in re-

sponse to RK9 (data not shown). There was no significant linear

correlation found between proliferation capacity of CD8� T cells

and their ability to secrete IFN-� (�: �0.08; p 	 0.79) and/or

degranulate (�: �0.15; p 	 0.60) (see below).

Proliferative capacity of HIV-1-specific CD8� T cells

We next stimulated PBMC with the RK9 peptide for 5 days and

examined by flow cytometry the ability of CD8� T cells to pro-

liferate by loss of CFSE staining and to maintain IFN-� secretion

by intracellular expression. The RK9-specific CD8� T cells from

the 4 vaccinees were capable of expansion and IFN-� secretion

(Fig. 1a, lower left panel, and b, lower middle panel). By contrast,

CD8� T cells from most infected subjects (7 of 11, infected for a

median of 5,357 days), including LTNP, failed to proliferate, as

evidenced by the near absence of CFSElow IFN-�-secreting T cells

(Fig. 1a, bottom panel, and b, lower right panel). However, it is

noteworthy that 4 of the 11 infected individuals (CHPIC 1238,

1396, 1596, and SAC12) possessed RK9-specific T cells that were

able to proliferate (last column, Fig. 1a). These were subjects re-

cruited during primary infection, and their T cells were assayed

within 2 years of HIV infection (median 317 days) (Table I). These

results indicate that vaccines can induce CD8� T cells recognizing

epitopes commonly seen during natural infection, and they can

proliferate when exposed to their cognate Ag, unlike those found

during chronic infection. Moreover, the acquisition of the CD8� T

cell proliferative defect occurs later in infection rather than early.

We observed that T cell expansions in HIV-infected individuals

were not significantly correlated with the initial frequency of RK9-

specific T cells, as measured by tetramer staining on day 0 (�:

�0.37; p 	 0.18; Fig. 1a). To understand the fate of the CD8� T

cells following in vitro RK9 stimulation, we examined those from

a vaccinee and a LTNP in comparison to those from parallel cul-

tures in medium alone. As shown in Fig. 1c, following RK9 stim-

ulation, almost all proliferating cells from the vaccinee were tet-

ramer-positive cells. By contrast, LTNP tetramer-positive cells

were present in the medium alone culture, but proliferating tet-

ramer-positive cells were not detected in the culture stimulated

with RK9 (Fig. 1c).

Effect of MHC restriction on epitope-specific proliferation

In this study, we demonstrate that RK9-specific CD8� T cells from

LTNP, similar to chronic progressors, lacked proliferative capacity

(Fig. 1a, bottom panel). However, Migueles et al. (9) showed that

T cells from LTNP can proliferate, whereas those from progressors

cannot. We sought to reconcile these different findings. Of note,

Migueles et al. (9) focused primarily on bulk HIV-1-specific

CD8� T cell responses (i.e., the total T cell response against HIV-

infected CD4� T cells), whereas we focused on CD8� responses

at the epitopic level. Although some epitope-specific data were

shown by Migueles et al. (9) using tetramer technology, they did

not examine the differences between proliferative ability of T cells

restricted by “protective” vs “nonprotective” HLA alleles within

each individual. We hypothesized that T cells specific for different

epitopes function differently to chronic stimulation, and that LTNP

possess T cells that recognize additional epitopes that can prolif-

erate upon stimulation.

To address this issue, CD8� T cells from several HIV-infected

individuals were tested again for recognition of both the RK9

epitope as well as other HIV-1 epitopes (summarized in Table II).

As shown in Fig. 2a, within the same subject there were 38 times

more CFSElowCD8� T cells restricted by MHC alleles associated

with nonprogression (HLA-B27 and -B57) than restricted by

HLA-A3 (NP13 and NP14), suggesting that T cells restricted by

HLA-B27/-B57 have a greater proliferative capacity than T cells

restricted by non-B27/-B57 alleles. To show that proliferative re-

sponses were not biased by the initial frequency of epitope-specific

T cells, the data are also shown as fold expansions (calculated by

dividing the percentage of CFSElowCD8� T cells by the ex vivo

percentage of IFN-��CD8� T cells. To ensure that fold expan-

sions were not over inflated by very low frequency responses, ex

vivo IFN-�� responses below 0.05% CD8� T cells were set at

0.05% (Fig. 2b). We extended this analysis to an additional 10

subjects who possessed HLA-B27 or -B57 but not HLA-A3 (sum-

marized in Table II). These findings confirm that HLA-B27 or B57-

restricted T cells have greater proliferative ability than HIV-spe-

cific T cells restricted by alleles that have not been associated with

nonprogression (representative examples shown in Fig. 2a; all data

shown in Fig. 2c; p 	 0.006 for B27 vs other alleles, and p 	 0.002

for B57 vs other alleles). Within each individual, the median per-

centage of CFSElow of the B27/B57-restricted responses were sig-

nificantly greater than the maximum percentage of CFSElow of the

non-B27/B57-restricted responses ( p 	 0.03). We compared the
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median B27/57-restricted responses to the maximum of the non-

B27/57-restricted responses because within individual compari-

sons in HLA-B57�, individuals are confounded by the fact that the

majority of HIV-specific responses are restricted by HLA-B57, as

has been reported previously (18), and, thus, very few HIV-1-specific

responses are non-B57-restricted. However, this finding serves as a

Table II. Comparison of epitopic HIV-specific CD8� T cell responses in LTNP and chronically infected individuals

Subject
Class I
HLA

HIV-1
Epitope

Percentage of CD8� T Cellsa

EC50 (�M)IFN-�� IL-2� TNF-�� CD107a� CFSElow

Nonprogressor
SNONP0001 B57 Nef KAAVDLSHF 0.14 0.05 0.12 0.07 0.04 ND

B57 Gag ISPRTLNAW 0.49 0.20 0.47 0.44 0.79 0.0008
B57 Gag KAFSPEVIPMF 0.38 0.22 0.47 0.63 3.38 0.606
B57 Gag TSTLQEQIGW 0.20 0.17 0.39 0.47 2.51 0.193
B57 Pol IVLPEKDSW 0.07 0.07 0.27 0.43 4.52 2.202
B57 Nef HTQGYFPDWQ 0.12 0.04 0.38 0.48 3.41 3.48

SNONP0008 A24 Gag KYKLKHIVW 0.19 0.06 0.17 0.22 0.25 ND
B57 Gag ISPRTLNAW 0.24 0.11 0.21 0.15 0.87 0.075b

B57 Gag TSTLQEQIGW 0.17 0.08 0.17 0.09 0.32 0.053b

B57 Pol IVLPEKDSW 0.25 0.12 0.19 0.14 0.44 0.018b

SNONP0010 A26 Gag EVIPMFSAL 0.16 0.01 0.15 0.14 1.48 0.007b

B57 Nef YFPDWQNYT 0.14 0.02 0.19 0.12 0 ND
B57 Gag ISPRTLNAW 0.07 0.02 0.09 0.05 1.59 0.172b

B57 Gag KAFSPEVIPMF 0.28 0.06 0.27 0.17 11.02 0.133b

B57 Pol IVLPEKDSW 0.00 0.00 0.00 0.00 1.08 ND
SNONP0013 A03 Gag RLRPGGKKK 0.67 0.28 0.55 0.75 0.13 0.125b

A03 Nef QVPLRPMTYK 0.07 0.03 0.05 0.11 0.1 ND
B27 Gag IRLRPGGKK 0.23 0.02 0.28 0.91 4.93 0.961b

B27 Gag KRWIILGLNK 0.52 0.14 0.48 0.46 0.51 0.012b

SNONP0024 B35 Nef YPLTFGWCY 0.12 0.05 0.11 ND 0 0.002
B35 Gag NSSKVSQNY 0.02 0.01 0.02 ND 1.03 0.458
B57 Gag QASQEVKNW 1.59 0.61 2.67 ND 0.09 0.528
B57 Gag ISPRTLNAW 1.63 0.58 0.81 ND 22.06 1.255
B57 Pol IVLPEKDSW 0.08 0.04 0.08 ND ND 0.131
B57 Nef HTQGYFPDWQ 0.73 0.29 0.59 ND ND 0.148

SNONP0002 A02 Pol ILKEPVHGV 0.07 0.02 0.05 0.01 0.51 0.011
A24 Env RYLKDQQLL 0.16 0.01 0.10 0.10 0.45 0.008
B27 Gag GLNKIVRMY 0.31 0.05 0.24 0.50 21.76 0.999
B27 Pol LVGKLNWASQIY 0.04 0.01 0.05 0.06 2.46 0.031
B27 Gag IRLRPGGKK 0.15 0.01 0.09 0.41 8.24 11.05
B27 Gag KRWIILGLNK 1.76 0.12 1.35 1.22 3.95 0.377

SNONP0036 A30 Gag RSLYNTVATLY 0.12 0.00 0.09 0.14 4.69 0.393b

B14 Gag DRFYKTLRA 2.83 0.06 1.68 2.94 7.39 0.059b

B14 Env ERYLKDQQL 0.26 0.01 0.21 0.20 0.37 0.011b

B57 Gag ISPRTLNAW 1.25 0.02 1.00 1.21 3.44 0.014b

B57 Gag KAFSPEVIPMF 2.80 0.12 2.27 2.67 7.19 0.015b

B57 Gag TSTLQEQIGW 0.01 0.00 0.00 0.02 25.35 0.497b

B57 Pol IVLPEKDSW 0.00 0.00 0.00 0.00 32.15 0.943b

B57 Nef HTQGYFPDWQ 0.44 0.01 0.34 0.61 21.85 4.327b

Chronic
SNONP0015 A02 Gag SLYNTVATL 0.48 ND 0.62 0.82 0.43 ND

A02 Pol ILKEPVHGV 0.17 ND 1.01 0.18 0.94 0.007b

B15 Gag GLNKIVRMY 0.18 ND 0.17 0.29 1.72 0.343b

B15 Pol LVGKLNWASQIY 0.20 ND 0.23 0.24 0.85 1.77b

B27 Gag IRLRPGGKK 0.02 ND 0.04 0.08 0.34 0.039b

B27 Gag KRWIILGLNK 0.05 ND 0.50 0.10 0.22 0.229b

SNONP0011 B57 Gag KAFSPEVIPMF 0.20 ND 0.08 0.18 0.14 0.182
SNONP0005 B57 Gag QASQEVKNW 0.04 0.00 0.03 0.01 0 0.090b

B57 Gag KAFSPEVIPMF 0.27 0.03 0.22 0.25 0.04 0.016b

B52 Gag RMYSPTSI 0.06 0.01 0.03 0.05 0.02 0.007b

SNONP0020 A02 Gag SLYNTVATL 0.63b 0.02b 0.58b 0.56b 0.07 0.14
A03 Gag RLRPGGKKK 0.24b 0.01b 0.21b 0.26b 0.03 0.087

SNONP0033 A02 Pol ILKEPVHGV 0.20 0.07 0.13 0.07 0.54 0.002b

B40 Gag IEIKDTKEAL 0.09 0.01 0.01 0.06 0.05 0.0005b

B57 Nef YFPDWQNYT 0.77 0.05 0.11 0.80 1.26 0.143b

B57 Gag ISPRTLNAW 0.57 0.17 0.39 0.37 3.54 0.659b

B57 Gag KAFSPEVIPMF 0.17 0.10 0.02 0.23 0.7 0.047b

B57 Pol KTAVQMAVF 0.29 0.11 0.09 0.20 0.26 0.159b

SAC13 A03 Gag RLRPGGKKK 0.07 0.04 0.06 0.11 0 0.09
A02 Gag SLYNTVATL 0.48 0.14 0.44 0.48 0 0.122
A02 Pol ILKEPVHGV 0.07 0.03 0.04 0.01 0.2 0.003

SNONP0014 A03 Gag RLRPGGKKK 0.94 0.00 0.54 0.89 0.21 0.039
A03 Pol AIFQSSMTK 0.09 0.00 0.06 0.11 0 0.24
A03 Nef QVPLRPMTYK 0.16 0.00 0.04 0.42 0.02 0.338
B53 Gag QASQEVKNW 0.15 0.00 0.08 0.09 0.08 0.149
B57 Gag KAFSPEVIPMF 2.44 0.07 0.61 1.99 0.71 0.019
B57 Gag TSTLQEQIGW 0.00 0.00 0.00 0.00 3.4 5.091
B57 Pol KTAVQMAVF 0.00 0.00 0.00 0.02 1.85 105.03
B57 Pol IVLPEKDSW 0.00 0.00 0.00 0.00 1.68 ND
B57 Nef HTQGYFPDWQ 0.00 0.00 0.00 0.00 0.85 0.353
B57 Gag ISPRTLNAW 0.33 0.00 0.11 0.24 0.05 0.004

a Frequency of ex vivo IFN-��, IL-2�, TNF-��, and CD107a� expressing CD8�CD3� T cells after 6-h stimulation, and frequency of CFSElowCD8�CD3� T cells after
in vitro culture for 5 days with cognate peptide.

b PBMCs from alternate draw dates were assayed: SNONP0008 at at 5432 dpi, SNONP0010 at 5317 dpi, SNONP0013 at 5696 or 3925 dpi, SNONP0036 at 5258 dpi,
SNONP0015 at 5624 dpi, SNONP0005 at 6599 dpi, SNONP0020 at 5310 dpi, and SNONP0033 avidity assays at the same time point as CFSE (6796 dpi) or at 6816 dpi.
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strong indication that the maximum proliferation occurs from the

B27/B57-restricted responses. Similar to the RK9-specific responses,

IFN-� secretion correlated with TNF-� secretion (� 	 0.84; p �

0.0001), IL-2 secretion (� 	 0.65; p � 0.0001), and degranulation as

measured by CD107a expression (� 	 0.87; p � 0.0001). There was

no correlation between secretion of any of the cytokines/degranulation

and proliferative ability of the epitope-specific T cells (� 	 0.09, p 	

0.48 for IFN-�; � 	 0.15, p 	 0.22 for TNF-�; � 	 0.07, p 	 0.58

for IL-2; and � 	 0.19, p 	 0.13 for CD107a).

In HLA-B57� LTNP individuals, CD8� T cells recognized a

median of four (mean, 4.4) HIV-1 B57-restricted epitopes. Within

each individual, there was always at least one B57-restricted re-

sponse that proliferated strongly. However, not every B57-re-

stricted T cell proliferated equally well (representative examples in

Fig. 2, a and/or b, and Table II). There was no specific pattern

indicating which particular B57-restricted epitope would prolifer-

ate best in each individual. Moreover, proliferative dominance

for a given B57-restricted epitope varied among individuals

(Table II). These data suggest that eventual induction of repli-

cation-defective responses may, in part, explain why some

B57� individuals eventually progress to disease. Indeed, our

data, when stratified by disease status (B57� LTNP vs B57�

chronic progressors), show that B57-restricted T cells in LTNP

expand more than those from individuals who are not control-

ling infection ( p 	 0.05; Table II).

To determine whether differences in proliferative ability

could be due to differences in true cognate epitope recognition

in vivo compared with that being presented in vitro, we se-

quenced autologous virus in seven individuals (Table III). The

data show that differences in proliferative ability cannot be ex-

plained by differences in true cognate epitope in vivo compared

with that being presented in vitro, because there are examples of

FIGURE 2. Proliferative capacity of HIV-specific T cell responses measured by percentage of CFSElowCD8� T cells after in vitro culture with peptide.

a, Responses in four different individuals. Each bar refers to a different epitope specificity restricted by a distinct class I MHC allele. Sequences of the

defined epitopes are listed below the figure. b, Same data as a but viewed as fold expansion, which was calculated by dividing the percentage of

CFSElowCD8� T cells by the ex vivo percentage of IFN-��CD8� T cells. To ensure that fold expansions were not over inflated by very low frequency

responses, ex vivo IFN-�� responses below 0.05% CD8� T cells were set at 0.05%. c, Comparison of percentage of CFSElow of HLA-B27 and -B57-

restricted T cell responses to those restricted by other alleles (including HLA-A02, -A03, -A24, -A26, -A30, -A68, -B07, -B14, -B15, -B35, -B40 and B53).
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T cells that did not proliferate when the autologous peptide

sequence was identical with the sequence used for in vitro stim-

ulation (SAC13 RK9 A3-restricted and SL9 A2-restricted re-

sponses, NP33 IL-10 B40-restricted response, NP20 SL9 A2-

restricted response, and NP13 RK9 A3-restricted response).

Furthermore, there were instances where T cells proliferated

even though the majority of their autologous viral sequences

possessed mutations (SAC12 RK9 A3-restricted response,

NP36 RY11 A30-restricted response, and NP33 IW9 B57-re-

stricted response).

Potential mechanism to explain differential ability of T cells to

maintain proliferation

Our observation of the loss of proliferative ability but mainte-

nance of cytokine secretion is reminiscent of activation-induced

nonresponsiveness (AINR), which has been described in murine

models of tumor immunity (19 –21) and tolerance induction

(22). Because AINR can be thought of as a mechanism of pe-

ripheral tolerance, it is logical to assume that mechanisms that

contribute to tolerance induction will contribute to the induction

of (or resistance to) AINR. High-avidity TCRs are less prone to

tolerance induction than low-avidity TCRs (23). Therefore, we

measured functional avidity of T cells that proliferate vs those

that cannot proliferate to determine whether maintenance of

proliferative ability (resistance to AINR) is due to TCR avidity.

The EC50s are shown in Table II. Using this method of func-

tional avidity measurement (IFN-� secretion at decreasing cog-

nate peptide concentrations), there is a correlation between

avidity and proliferative ability (� 	 0.50, p � 0.0001 for all

individuals; � 	 0.63, p 	 0.0001 for LTNP vs 0.37; p 	 0.05

Table III. Autologous viral sequencing of epitopic regions recognized by HIV-specific CD8� T cells in

seven individuals

Autologous Viral Sequencing of Region Encompassing the A3-Restricted RLRPGGKKK Epitope

PID PID autologous sequencea

Clonal
frequency

Proliferation
capacityb

Sac12 RLRPGGRKQ 12/32 �
RLRPGGKKK 5/32
RLRPGGNKK 3/32
RLRPGGKKR 2/32
RLRPGGNKN 2/32
RLRPGGRKK 2/32
RLRPGGSKK 2/32
RLRPGAKKK 1/32
RLRPGGKKQ 1/32
RLRPGGRKR 1/32
RLRPGGKKN 1/32

C1396 RLRPGGKKK 16/16 �
NP13c

RLRPGGKKK 5/6
RLRPGGKKQ 1/6

NP20 RLRPGGKKR 3/6
RLRPGGKKQ 1/6
RLRPGGKKS 1/6
WLRPGGKKR 1/6

SAC13 RLRPGGKKK 10/10

Autologous viral sequencing of regions encompassing other HIV-1 epitopes

PID HxB2 sequence
MHC

restriction
PID autologous

sequence
Clonal

frequency
Proliferation

capacityc

NP36 RSLYNTVATLY A30 RSLYNTVATLY 1/9 �
TSLYNTVATLY 8/9

B57 ISPRTLNAW 9/9 �
ISPRTLNAW B57 KAFSPEVIPMF 7/9 �
KAFSPEVIPMF RAFSPEVIPMF 2/9
TSTLQEQIGW B57 TSTLQEQIGW 8/9 �

TSNLQEQIGW 1/9
NP20 RLRPGGKKK A3 RLRPGGKKR 3/6

RLRPGGKKQ 1/6
SLYNTVATL A2 RLRPGGKKS 1/6

WLRPGGKKR 1/6
SLYNTVATL 5/11
SLYNTVAVL 5/11
SLYNTIAVL 1/11

SAC13 RLRPGGKKK A3 RLRPGGKKK 10/10
SLYNTVATL A2 SLYNTVATL 12/12

NP33d
IEIKDTKEAL B40 IEIKDTKEAL 7/7
ISPRTLNAW B57 LSPRTLNAW 7/7 �
KAFSPEVIPMF B57 KAFSPEVIPMF 7/7 �

a Bold typpe indicates amino acid differences compared to index peptide.
b IFN-��CFSElowCD8� 2� background, and �0.2% is designated �.
c CFSElowCD8� 2� background, and �0.2% is designated �.
d Virus sequenced 98 days (NP13) and 103 days (NP33) prior to CFSE assay date.
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for chronically infected individuals). Surprisingly, this result

suggests that lower avidity T cells may be able to proliferate better

than higher avidity T cells because the correlation is positive.

Discussion
Our findings provide an explanation for the observed association

between HLA-B27/-B57 and control of HIV-1 infection. We show

that HIV-1-specific T cells restricted by these alleles are able to

maintain proliferative capacity after prolonged chronic infection.

These data build on the study reported by Migueles et al. (9) who

showed that HIV-1-specific CD8� T cells from LTNP can prolif-

erate, whereas those from chronically infected individuals cannot.

This previous report on proliferative potential of HIV-1-specific

CD8� T cells focused on bulk T cell rather than epitope-specific

responses. However, we have shown that, even within individuals

who are controlling infection, not all HIV-1-specific T cells main-

tain proliferative capacity, and that this is dependent on their spec-

ificity and HLA restriction. It is interesting to speculate that in-

duction of tolerance in HIV-specific T cells may contribute to, and

be predictive of, HIV-1 disease progression. Interestingly, NP8

was the only LTNP whose B57-restricted T cells had poor prolif-

erative ability (Table II). This individual was classified as a LTNP

when these assays were performed. However, within 1 year of this

time point, his CD4 counts declined and he has subsequently

started ART.

Our data suggest that, during chronic infection, HIV-1-specific

T cells possess different proliferative capacities regardless of their

ability to secrete IFN-�, TNF-�, IL-2, or their ability to degranu-

late (as measured by CD107a expression). Surprisingly, we found

no correlation between proliferative ability and IL-2 production in

epitope-specific CD8� T cell responses in contrast to data pro-

duced by Zimmerli et al. (24). However, the correlations by Zim-

merli et al. (24) were performed on proliferation/IL-2 secretion of

bulk HIV-specific responses, not at the epitope-specific level. An-

other recent report measuring IFN-�, MIP-1�, CD107a, TNF-�,

and IL-2 has suggested that CD8� T cells from LTNP have a

higher degree of functionality in that they retain these five func-

tions, whereas progressors do not (25). Our data suggest that mea-

surement of IFN-�, TNF-�, IL-2, and CD107a does not discrim-

inate at the epitope-specific level between CD8� T cells that can

proliferate and those that cannot. Because we have shown that,

within the same individual, CD8� T cells with different epitopic

specificities have differential proliferative ability, it is not possible

to show these differences by measurement of bulk HIV-specific

CD8� T cell responses. This may explain why Betts et al. (25)

were not able to show functional differences between CD8� T

cells when stratified by HLA-B57 status.

Because proliferative capacity is associated with perforin con-

tent (9) and viral control in murine models (26, 27), replication-

competent T cells (B27/57-restricted) may have greater ability to

control HIV-1. This may explain why these alleles are associated

with protection from disease progression. Furthermore, induction

of replication defects may be considered as a form of peripheral

tolerance. Thus, our findings may also explain why B27 and B57

are often associated with autoimmune disease (28–30). In this

case, if T cells restricted by these alleles are resistant to replicative

defects, they may also be more resistant to peripheral tolerance.

Induction of replicative defects may also be involved in lack of

control of other chronic viral infections, and we would predict that

HLA-B27 and -B57 would be advantageous in these settings. In-

deed, HLA-B27 has recently been associated with clearance of hep-

atitis C infection (31).

The replication-defective responses described in this study are

reminiscent of the effector memory (TEM) population described in

the murine lymphocytic choriomeningitis virus model. This model

suggests that virus-specific CD8� T cells progress through a linear

maturation process from naive (TN)3 effector (TE)3 TEM3 cen-

tral memory (TCM) (26, 27). These studies also showed that virus-

specific CD8� TE and TEM cells are less efficient at controlling

re-exposure to virus than TCM cells. The major difference in these

populations was the ability of TCM to proliferate in response to

re-encountering cognate Ag, whereas both TE and TEM cells

lacked proliferative potential (26, 27). It is possible that the TEM

population described in murine models and the replication-defec-

tive populations described in this study are, in fact, one and the

same. From the murine model, it would be predicted that HIV-1-

specific B27/B57-restricted T cells (which are resistant to replica-

tive defects) would be more effective at controlling viral infection

than HIV-1-specific T cells that are susceptible to replicative

defects.

The inverse correlation between T cell avidity (as determined by

EC50 measurement) and ability to proliferate suggests that lower

avidity T cells may be able to resist proliferative defects. Thus, we

hypothesize that the low abundance of HIV-1 Ag present in LTNP

will lead to constant stimulation of high-avidity T cells, eventually

causing them to undergo replicative failure. Low-avidity T cells

will not be stimulated under these conditions of low Ag load and

will, therefore, be spared from replicative defects. When HIV-1 Ag

load increases (for example, when escape from T cell responses

occurs), both high- and low-avidity T cells will be constantly stim-

ulated and undergo replicative defects. This process may explain

why some B57� individuals eventually progress.

Finally, our study provides evidence that memory CD8� T cells,

restricted by nonprotective alleles such as HLA-A3, induced by

vaccination in seronegative immunocompetent individuals are

functionally similar to T cells restricted by alleles associated with

protection. Maintenance of proliferative capacity in this instance is

likely due to the lack of prolonged chronic stimulation seen in the

context of vaccination. If vaccines induce immune responses that

can effectively control viral load to very low levels, HIV-specific

T cells, regardless of MHC restriction, may be spared from toler-

ance (or at least delay onset of tolerance). We would predict that

maintenance of proliferative ability would result in a disease

course that is similar to LTNP. Larger scale vaccine trials are

underway to evaluate immunogens designed to elicit class I-re-

stricted CD8� T. Thus, it will be important to understand whether

vaccine-induced HIV-1-specific T cell immunity, although not suf-

ficient to protect against infection, can function more efficiently by

resisting replicative defects. We predict that HIV-1-specific T cells

that maintain proliferative capacity following infection may prove

to be an important correlate of disease protection and vaccine

efficacy.
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