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Abstract

Background: T-cell immunity is thought to play an important role in controlling HIV infection, and is a main target for HIV
vaccine development. HIV-specific central memory CD8+ and CD4+ T cells producing IFNc and IL-2 have been associated
with control of viremia and are therefore hypothesized to be truly protective and determine subsequent clinical outcome.
However, the cause-effect relationship between HIV-specific cellular immunity and disease progression is unknown. We
investigated in a large prospective cohort study involving 96 individuals of the Amsterdam Cohort Studies with a known
date of seroconversion whether the presence of cytokine-producing HIV-specific CD8+ T cells early in infection was
associated with AIDS-free survival time.

Methods and Findings: The number and percentage of IFNc and IL-2 producing CD8+ T cells was measured after in vitro
stimulation with an overlapping Gag-peptide pool in T cells sampled approximately one year after seroconversion. Kaplan-
Meier survival analysis and Cox proportional hazard models showed that frequencies of cytokine-producing Gag-specific
CD8+ T cells (IFNc, IL-2 or both) shortly after seroconversion were neither associated with time to AIDS nor with the rate of
CD4+ T-cell decline.

Conclusions: These data show that high numbers of functional HIV-specific CD8+ T cells can be found early in HIV infection,
irrespective of subsequent clinical outcome. The fact that both progressors and long-term non-progressors have abundant
T cell immunity of the specificity associated with low viral load shortly after seroconversion suggests that the more rapid
loss of T cell immunity observed in progressors may be a consequence rather than a cause of disease progression.
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Introduction

With an estimated 3 million human immunodeficiency virus

(HIV)-related deaths each year, an effective treatment for HIV is

urgently needed. Highly active antiretroviral therapy (HAART)

results in significant suppression of HIV viral load, but is unable to

eradicate the virus from the body, has severe side effects and may

lead to resistance. An alternative option to prevent HIV infection

and progression to acquired immunodeficiency syndrome (AIDS)

might be therapeutic or prophylactic vaccination.

It is generally accepted that CD8+ T cells play an important role

in controlling HIV replication. The fact that i) the decline in viral

load in acute infection coincides with the peak in HIV-specific

CD8+ T-cell numbers [1,2], ii) depletion of CD8+ T cells in

macaques results in higher viral load [3–5], and iii) escape

mutations have frequently been observed in CTL epitopes [6–9],

points to a role for these cells in the control of HIV infection.

Therefore, an important line of HIV vaccine development focuses

on the generation of cell-mediated immune responses. Although

prevention of HIV infection by CD8+ T cells may be unrealistic, a

T cell-based vaccine might limit early viral dissemination and

immune damage by controlling HIV more effectively during initial

infection, thereby leading to slower progression to AIDS [10].

Although there is evidence that CD8+ T cells control HIV, the

mechanism by which these cells can do so is still poorly

understood. Consequently, it is not known what functions will

be required of vaccine-induced CD8+ T cells to protect against

progression to AIDS. At present, virus-specific CD8+ T cells are

mostly quantified using the IFNc ELISpot assay when evaluating

potential therapeutic and prophylactic vaccines [11,12]. IFNc is a

well known anti-viral cytokine, which is readily produced and

secreted by CD8+ T cells upon recognition of viral peptides

presented on HLA class I molecules. It has been shown that IFNc
production by HIV-specific CD8+ T cells correlates with tetramer
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staining (which visualises the presence of specific T cells regardless

of their function) and anti-viral cytotoxicity as measured by

chromium release assays [11]. A high number of HIV-specific

IFNc producing CD8+ T cells has been associated with low viral

load and sustained CD4+ T-cell counts [13–15]. Studies in HIV-

infected individuals who seem able to control viremia without

treatment have shown that these individuals have maintained

highly functional T cells. Their HIV-specific CD8+ T cells are able

to produce multiple cytokines (i.e. IFNc, IL-2, TNFa) and are able

to proliferate and degranulate upon in vitro peptide stimulation

[13]. Production of IL-2 by CD8+ T cells is necessary for

proliferation and differentiation into effector T cells. In contrast to

long-term non-progressors, central memory CD8+ T cells capable

of producing IL-2 are only rarely detected in viremic individuals

progressing rapidly to AIDS [13], suggesting that IL-2 production

plays an important role in CD8+ T cell function. Interestingly Gag,

but not Env, specific responses were reported to correlate with low

viral load [16,17].

Cross-sectional studies have shown a striking relation between

functional CD8+ T cells and low viremia [13,14,18], although

others did not find such an association [19,20]. Longitudinal

studies performed in limited numbers of patients indicate however

that in most untreated HIV-infected individuals, progression to

AIDS occurred despite the presence of broadly directed cytokine-

producing HIV-specific CD8+ T cells early in infection, suggesting

that these cells are deleted or become functionally impaired as

HIV infection progresses [21,22]. Based on these data we have

proposed that exhaustion of early HIV specific CTL because of

chronic T cell activation and turnover may be directly related to

disease progression [23].

Studies evaluating the role of CD8+ T cells in HIV infection thus

far are often limited by small numbers of patients and/or a cross-

sectional nature. To reveal the effect of HIV-specific CD8+ T cells on

progression to AIDS, we therefore investigated in a large prospective

cohort study whether the frequency of HIV-specific cytokine-

producing CD8+ T cells approximately one year after seroconversion,

when the viral set point has been established [24,25], has a prognostic

value for the rate of HIV-disease progression.

Materials and Methods

Patients
Ninety-six participants of the Amsterdam Cohort Studies on

HIV-1 infection and AIDS with a known date of seroconversion

were selected based on availability of cryopreserved PBMC

approximately one year after seroconversion (median 12.3

months, range 0.3–20.4). Follow-up time was censored at July

1st 1996, ensuring that none of the subjects received highly active

anti-retroviral therapy (HAART). Median follow-up to AIDS

diagnosis or censoring was 82.7 months (range 14.9–153.9). Forty

of the 96 participants (42%) progressed to AIDS during follow-up.

Details on inclusion criteria, enrolment and baseline characteris-

tics of ACS participants can be obtained at www.amsterdamco-

hortstudies.org. Informed written consent was obtained from all

participants and the study was approved by the Medical Ethical

Committee of the Academic Medical Center.

Intracellular cytokine staining after antigenic stimulation
Intracellular cytokine staining was performed as previously

described [26]. In short, cryopreserved PBMC were thawed,

aliquoted at 26106 cells per ml in round bottom tubes and stimulated

with a Gag-peptide pool (15mers with 11 overlap, final concentration

of the individual peptides was 2 mg/ml, HXB2, NIH AIDS Research

and Reagent program, Bethesda, Maryland, United States) in the

presence of co-stimulation (2 mg/ml aCD28 (Sanquin Reagents,

Amsterdam, The Netherlands) and 2 mg/ml aCD49d (Pharmingen,

San José, California, United States)) for 6 hours at 37uC, 5% CO2.

As a positive control, cells were stimulated with a combination of

PMA and Ionomycin (Sigma-Aldrich, Zwijndrecht, The Nether-

lands). After one hour, Brefeldin A (Becton Dickinson (BD), San José,

California, United States) was added. After fixation and permeabi-

lisation (permeabilisation reagents, BD) cells were stained for

20 minutes at 4uC with aCD3-PerCP, aCD4-APC, aIL-2-PE and

aIFNc-FITC monoclonal antibodies (BD), after which cells were

fixed in Cellfix (BD) and flow cytometry was performed. First,

lymphocytes were gated based on forward scatter and side scatter.

Next, cytokine production (IFNc, IL-2) was measured in CD3+

CD42 T cells. At least 300.000 events were acquired and the data

was analysed using the software program CELL Quest (BD).

Frequencies of IFNc and IL-2 producing cells were reported after

subtraction of the frequencies in medium controls. Absolute numbers

per volume blood were calculated by multiplication of the fraction of

cytokine-positive CD8+ T cells with the absolute CD8+ T-cell count

per microliter of blood.

Statistical analyses
The effect of HIV-specific cytokine-producing CD8+ T cells for

progression to AIDS was tested using Cox proportional hazards

analyses and Kaplan-Meier survival curves. Individual markers were

first tested univariately. In multivariate analyses, each marker was

adjusted for plasma HIV-1 RNA and CD4+ T-cell counts [27].

Additionally we adjusted for Ki67 or CD38 expression by CD4+ T

cells, or co-expression of CD38 and HLA-DR on CD8+ T cells, all

markers known to be predictive for progression to AIDS [28].

Statistical analyses were performed using SPSS 12.0.1 (SPSS Inc,

United States) and R 2.5.1 (R Development Core Team (2007),

Austria).

Results

Patient characteristics
In this prospective cohort study, 96 participants of the

Amsterdam Cohort Studies on HIV-1 infection and AIDS (ACS)

with a known date of HIV-1 seroconversion were included. Since

we aimed to investigate the potential prognostic effect of functional

CD8+ T cells early after HIV infection, we analysed the capability

of Gag-specific CD8+ T cells to produce cytokines upon in vitro

stimulation of T cells sampled approximately one year after

seroconversion in each individual (median 12.3 months post

seroconversion, range 0.3–20.4 months post seroconversion), when

the viral set point has been established. HLA class I typing was

performed for all study participants. This revealed no selection of

the HLA alleles known to be associated with either faster (e.g.

HLA-B35) or slower (e.g. HLA-B27, HLA-B57/5801) progression

to AIDS (Table 1). Detailed information on the distribution of

HLA alleles in this cohort has been reported before [29]. Follow-

up time was censored at July 1st 1996, ensuring that none of the

study participants received HAART. Median follow-up to AIDS

diagnosis or censoring was 82.7 months (range 14.9–153.9

months). Forty of the 96 participants (42%) progressed to AIDS

during follow-up. Table 1 shows an overview of the characteristics

of our study population.

Cytokine secretion profiles after stimulation with an
overlapping Gag-peptide pool

To test if the presence of HIV-specific cytokine-producing

CD8+ T cells approximately one year after seroconversion was

associated with AIDS-free survival, we measured the number and

HIV-Specific CD8+ T Cells
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percentage of IFNc and/or IL-2 secreting CD8+ T cells after in

vitro stimulation with an overlapping Gag-peptide pool

(Figure 1A). We examined IL-2 production because its autocrine

production is especially important for CD8+ T cell responses in the

setting of diminished CD4+ T-cell help [30], and IFNc because it

is the last cytokine to be lost during chronic antigen stimulation

[31], and because IFNc production is the primary read-out of

immunity induced by T cell based vaccines currently under study

[32]. One year after seroconversion, CD8+ T cells capable of

secreting cytokines after stimulation with the Gag-peptide pool

could be detected in almost all individuals, although at greatly

varying levels. As can be seen from Figure 1B, HIV-specific CD8+

T cells predominantly secrete IFNc, but also IL-2 production is

frequently observed in our cohort early after HIV infection. The

range of responses observed (IFNc range 0–2.27%, mean 0.41%;

IL-2 range 0–0.98%, mean 0.05%; IFNc+IL-2 range 0–0.20%,

mean 0.04%) were comparable to previously reported results by us

and others in treatment-naı̈ve patients [13,30,33].

To investigate a possible correlation between in vitro cytokine

production and AIDS-free survival time, the frequency of single

IFNc producing (Fig. 2A), single IL-2 producing (Fig. 2B) and

double IFNc+IL-2 producing (Fig. 2C) Gag-specific CD8+ T cells

was plotted against the AIDS-free survival time of the study

participants. No correlation could be found for any of the three

cytokine profiles with AIDS-free survival time (all p-values .0.05,

Pearson correlation test). Furthermore, no correlation was

observed between IL-2 and/or IFNc producing Gag-specific

CD8+ T cells and set point HIV RNA load (Fig. 2D–F).

No prognostic value of HIV-specific CD8+ T cells for AIDS-
free survival

To investigate the potential prognostic value of cytokine-

producing CD8+ T cells for AIDS-free survival more accurately

we utilized Kaplan-Meier survival curves. For all three cytokine

profiles (e.g. single IFNc, single IL-2 and IFNc+IL-2) we first

categorized each study participant in one of three equally-sized

groups corresponding to the level of production of the specific

cytokine (low, intermediate or high) relative to the overall study

population. One year after seroconversion, neither the absolute

number of single IFNc producing (Fig. 3A), nor of single IL-2

producing (Fig. 3B) nor of double IFNc+IL-2 producing (Fig. 3C)

Gag-specific CD8+ T cells were significantly associated with

AIDS-free survival time. Similar results were obtained using

percentages of cytokine-producing CD8+ T cells instead of

absolute numbers to correct for potential fluctuations in CD8+

T-cell counts (data not shown).

To exclude the possibility that factors known to be predictive for

progression to AIDS might mask an effect of cytokine-producing

HIV-specific CD8+ T cells, we also performed multivariate

analyses using Cox proportional hazard analysis. When adjusted,

respectively, for HIV-1 RNA load, total CD4+ T-cell counts, Ki67

expression on CD4+ T cells, and/or the activation status of CD4+

or CD8+ T cells, high numbers of cytokine-producing Gag-specific

CD8+ T cells one year after seroconversion were again not

associated with slow disease progression (Table 2).

Alternatively we analyzed CD4+ T-cell decline as a surrogate

marker for HIV-disease progression, via a random effects model

for repeated measurements. This confirmed the finding that CD8+

T-cell responses measured approximately one year after serocon-

version are not associated with the time to AIDS (data not shown).

Finally, we analyzed whether a combination of relatively high

CD4+ and high CD8+ T-cell responses one year after seroconver-

sion was associated with slow progression to AIDS. This revealed

that individuals whose CD4+ and CD8+ Gag-specific T-cell

response were in the highest tertile had a tendency for prolonged

AIDS-free survival. This result was not significant, however, which

might be due to the low number of individuals who met these

criteria (n = 11, data not shown).

Discussion

It has been suggested that strong CTL responses might be

capable of controlling HIV replication in individuals with a long-

term non-progressive disease course. In the present study we did

not find any prognostic value of cytokine-producing HIV-specific

CD8+ T cells measured approximately one year after seroconver-

sion for progression towards AIDS, although at least two previous

studies have suggested that high frequencies of HIV-specific T cells

are associated with subsequent long-term non-progression [34,35].

These studies were, however, based on very small numbers of

patients and focused on only a limited number of HIV-1 epitopes.

Moreover, the prospective approach taken in the current study has

the advantage of little or no selection bias since it comprised all

seroconvertors of the ACS and involved the largest patient group

reported in prospective natural history studies thus far.

We quantified Gag-specific CD8+ T cells to investigate their

prognostic value for AIDS-free survival. The individuals included

in this study were infected in the late nineteen-eighties in

Amsterdam, The Netherlands, therefore, we decided to use an

overlapping peptide pool based on Gag sequences from the in

1983 isolated reference strain HXB2. There is always a risk of

missing responses when using peptides that are not based on the

autologous sequence. However, it has been shown that a large

proportion of all T cell responses detected using autologous

peptides was detected using consensus sequences as well [36].

Although one could argue that different results might have been

found if peptide pools derived from other proteins of HIV had

been used, we think this is not very likely. An overwhelming

amount of data has suggested that Gag-specific CD8+ T-cell

responses are most important in containing HIV infection.

Kiepiela et al have shown a clear negative correlation between

the number of epitopes targeted in Gag and HIV viral load, which

was not seen for other HIV proteins [16]. The likelihood of

progression to AIDS has been shown to be largest in patients who

lack Gag-specific CTL [17], and the dominant CTL epitopes

targeted in individuals with HLA alleles associated with slow

disease progression (i.e. HLA-B27 and HLA-B57) have been

shown to be derived from Gag [37–39]. Recently, Borghans et al

Table 1. Patient characteristics.

Median (range)

Time of analysis (months after sc) 12,3 (0,3–20,4)

CD4 counts (cells/ml) 605 (260–1690)

CD8 counts (cells/ml) 730 (260–3640)

Plasma RNA load (copies/ml) 29.500 (400–310.000)

Follow-up until AIDS/censoring (months) 82,7 (15–154)

Frequency of HLA class I alleles:

HLA-B35 16.9% (Caucasian population 18.6%)

HLA-B27 6.1% (Caucasian population 8%)

HLA-B57/5801 7.3% (Caucasian population 11%)

AIDS 40 (42%)

doi:10.1371/journal.pone.0002745.t001
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have shown that the latter HLA alleles have an intrinsic preference

to present Gag P24-derived epitopes, in contrast to other HLA

alleles not associated with low viral load and slow disease

progression [40]. Thus, Gag-specific CD8+ T-cell responses are

implicated and would be the first to show an effect. Even using this

potentially important protein we did not observe an association

with AIDS-free survival. We cannot rule out the possibility,

however that, in the early phase of chronic HIV infection,

responses to early HIV-1 proteins dominate and might in part

determine viral set point [41].

One could argue that measuring CD8+ T-cell responses one

year after seroconversion might not be early enough to reveal a

possible cause-effect relationship between HIV-specific cellular

immunity and disease progression. However, since i) at that time

all individuals have established their viral load set point and the

immune system has largely rebounded from the initial effects of

Figure 1. Cytokine secretion after stimulation with the overlapping Gag-peptide pool. (A) a representative FACS staining example. (B) an
overview of the cytokine secretion profiles for the total study population. Each dot represents a single individual and the median is shown as a bar.
doi:10.1371/journal.pone.0002745.g001
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acute infection, ii) measuring CD8+ T cell responses too early after

seroconversion might lead to false negative responses since it has

been shown that the magnitude of the HIV-specific CD8+ T cell

response is much lower in primary infection than in the chronic

phase [42], iii) immunization of nonhuman primates with T-cell

inducing vaccines resulted in a reduction of the viral load set point

and delayed disease progression after SIV challenge [32,43], and

iv) almost all evidence for cellular protective immunity and

Figure 2. No correlation between cytokine producing CD8+ T cells and AIDS-free survival time or set point HIV RNA load. Numbers of
IFNc+ (A), IL-2+ (B) and IFNc+IL-2+ (C) Gag-specific CD8+ T cells were plotted against the follow-up time in months for each study participant.
Furthermore, numbers of IFNc+ (D), IL-2+ (E) and IFNc+IL-2+ (F) Gag-specific CD8+ T cells were plotted against the set point HIV RNA load for each
study participant. No difference was observed between individuals followed until AIDS diagnosis (open squares) and censored individuals (closed
squares). Correlations were calculated using Pearson correlation tests.
doi:10.1371/journal.pone.0002745.g002

Figure 3. Gag-specific cytokine-producing CD8+ T cells have no prognostic value for progression to AIDS. Numbers of IFNc+ (A), IL-2+

(B) and IFNc+IL-2+ (C) Gag-specific CD8+ T cells were categorized in three groups corresponding to the level of production of the specific cytokine
(low, intermediate or high) relative to the overall study population and analyzed univariately using Kaplan-Meier survival curves. Similar results were
obtained using percentages of cytokine-producing CD8+ T cells instead of absolute numbers to circumvent potential fluctuations in CD8+ T-cell
counts (data not shown).
doi:10.1371/journal.pone.0002745.g003
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correlation with viral load was obtained much later in infection,

we believe that one year after seroconversion is the most reliable

time point to reveal the cause-effect relationship between HIV-

specific cellular immunity and disease progression if it exists.

Although most individuals have been sampled between 8 and 16

months after infection, the range of sampling goes from as early as

one month after infection till as late as twenty months after

infection in our cohort. When we plotted the time after

seroconversion that we sampled the individual patients against

the number of HIV-specific CD8+ T cell capable of secreting

cytokines (either IFNc, IL-2, or both), we did not find any

correlation what so ever (all p-values .0.17, Pearson correlation

test, data not shown). Therefore, it appears that the exact time of

sampling after seroconversion was not critical.

Our finding that the frequency of cytokine-producing HIV-

specific CD8+ T cells one year after seroconversion has no

prognostic value for the rate of disease progression does not imply

that HIV-specific CD8+ T cells do not contribute to control during

HIV infection. Their role in controlling viral load in both acute

and chronic HIV infection has been firmly established [44–46].

Furthermore, rapid progression towards AIDS has been observed

when CTL escape mutations arise in the HLA-B27 restricted

KK10 epitope in Gag, highlighting the immune pressure CD8+ T

cells can have on the virus [47,48]. Our present study shows,

however, that regardless of subsequent clinical outcome, high

frequencies of cytokine-producing CD8+ T cells can be found

shortly after seroconversion.

We have previously reported a lack of prognostic value of the

number of HIV-specific CD4+ T cells producing IFNc, IL-2, or both,

one year after seroconversion [49]. It might be that individuals whose

CD4+ and CD8+ Gag-specific T-cell response are particularly high

have a tendency for longer AIDS-free survival. In the present study

this holds true for only a small fraction of HIV-infected individuals, so

it cannot explain the wide spectrum in HIV disease progression rates

observed in untreated HIV infection. If neither CD4+ nor CD8+

HIV-specific T cells are associated with the rate of HIV-disease

progression, the question remains what distinguishes individuals who

progress rapidly or slowly to AIDS, and why typical progressors lose

their functional HIV-specific CD8+ T cells faster compared to

individuals with a long-term non-progressive disease course. It cannot

be ruled out that other functions of CD8+ T cells than IFNc or IL-2

production [13] or differences in avidity of the CD8+ T-cell repertoire

may determine the clinical outcome of HIV infection. Since both

progressors and long-term non-progressors have abundant T cell

immunity of the type associated with low viral load early in infection,

the more rapid loss of T cell immunity observed in progressors may

be a consequence rather than a cause of disease progression, for

which systemic immune activation might be a likely candidate [50].

Systemic immune activation may gradually exhaust memory and

naive T cells, both HIV-specific as well as non-HIV-specific. This is in

agreement with the finding that the set point immune activation level

has been shown to predict progression to AIDS independently of viral

load [28,51]. Non-immune mechanisms have also been reported,

such as expression of a human endogenous retroviral element

recently found to be in linkage disequilibrium with HLA-B5701, the

HLA class I allele most strongly associated with slow disease

progression [52].

Recently, it became apparent that a CD8+ T cell-inducing

vaccine has failed in a phase IIB clinical trial [53]. The trial was

suspended after interim analysis had shown that the vaccine did

not protect the trial participants against HIV infection, and even

more important, participants who had received the vaccine and

became HIV infected did not have a lower viral load set-point

despite having robust CD8+ T-cell responses to the vaccine

components (Gag, Nef and Pol) after vaccination. Although

disappointing, these data are in line with our finding that the

presence of high numbers of cytokine-producing HIV-specific

CD8+ T cells does not guarantee a better clinical outcome.

Table 2. Cox Proportional Hazard analyses of cytokine-producing HIV-specific CD8+ T cells.

Hazard ratio (95% CI)

# Casesa Univariate
Multivariate 1b

adjusted
Multivariate 2c

adjusted
Multivariate 3d

adjusted
Multivariate 4e

adjusted

# Gag IFNc+ CD8+ T cells/mlf

Low 26 1 1 1 1 1

Intermediate 26 1,41 (0,648–3,069) 1,48 (0,674–3,259) 1,42 (0,635–3,166) 1,48 (0,672–3,251) 1,56 (0,701–3,474)

High 25 1,21 (0,539–2,705) 1,35 (0,593–3,052) 1,28 (0,553–2,952) 1,24 (0,539–2,863) 1,31 (0,570–2,990)

# Gag IL-2+ CD8+ T cells/mlg

Low 26 1 1 1 1 1

Intermediate 27 1,52 (0,707–3,250) 1,49 (0,694–3,181) 1,45 (0,664–3,160) 1,43 (0,660–3,108) 1,36 (0,623–2,947)

High 26 1,00 (0,429–2,330) 1,02 (0,437–2,397) 1,05 (0,446–2,449) 1,08 (0,457–2,532) 0,97 (0,410–2,279)

# Gag IFNc+&IL-2+ CD8+ T cells/mlh

Low 25 1 1 1 1 1

Intermediate 25 0,76 (0,341–1,710) 0,85 (0,373–1,910) 0,86 (0,378–1,956) 0,85 (0,375–1,916) 0,81 (0,358–1,853)

High 25 0,81 (0,369–1,784) 0,92 (0,400–2,125) 0,90 (0,387–2,093) 0,98 (0,419–2,289) 0,88 (0,380–2,057)

aBecause of missing data on the covariates of the multivariate model it is possible that a subject was excluded from the analyses.
bAdjusted for viral load (continuous) and CD4+ T-cell count (continuous).
cAdjusted for viral load (continuous), CD4+ T-cell count (continuous) and %Ki67+CD4+ T cells (2 categories).
dAdjusted for viral load (continuous), CD4+ T-cell count (continuous) and %CD38+CD4+ T cells (2 categories).
eAdjusted for viral load (continuous), CD4+ T-cell count (continuous) and %CD38+HLA-DR+CD8+ T cells (2 categories).
fRanges: low 0–840 cells/ml, intermediate 872–2886 cells/ml, high 3016–87724 cells/ml.
gRanges: low 0–58 cells/ml, intermediate 58–141 cells/ml, high 177–7840 cells/ml.
hRanges: low 0–104 cells/ml, intermediate 104–248 cells/ml, high 250–1387 cells/ml.
doi:10.1371/journal.pone.0002745.t002

HIV-Specific CD8+ T Cells

PLoS ONE | www.plosone.org 6 July 2008 | Volume 3 | Issue 7 | e2745



Acknowledgments

The Amsterdam Cohort Studies on HIV-1 infection and AIDS, a

collaboration between the Amsterdam Health Service, the Academic

Medical Center of the University of Amsterdam, Sanquin Blood Supply

Foundation and the University Medical Center Utrecht, are part of the

Netherlands HIV-1 Monitoring Foundation and financially supported by

the Netherlands National Institute for Public Health and the Environment.

The Gag-derived overlapping peptide pool (15-mers with 11 overlap,

HXB2) was obtained through the NIH AIDS Research and Reference

Reagent Program, Division of AIDS, NIAID, NIH. We thank Linda

Dekker and Suzanne Jurriaans for processing of patient samples and

providing viral load data.

Author Contributions

Conceived and designed the experiments: FM. Performed the experiments:

CAJ IMDC. Analyzed the data: IS JAMB DvB. Wrote the paper: IS JAMB

DvB FM. Advised on statistical analysis and commented on the

manuscript: RBG.

References

1. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, et al. (1994) Temporal

association of cellular immune responses with the initial control of viremia in

primary human immunodeficiency virus type 1 syndrome. J Virol 68:

4650–4655.

2. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB (1994) Virus-specific

CD8+ cytotoxic T-lymphocyte activity associated with control of viremia in

primary human immunodeficiency virus type 1 infection. J Virol 68: 6103–6110.

3. Jin X, Bauer DE, Tuttleton SE, Lewin S, Gettie A, et al. (1999) Dramatic rise in

plasma viremia after CD8(+) T cell depletion in simian immunodeficiency virus-

infected macaques. J Exp Med 189: 991–998.

4. Matano T, Shibata R, Siemon C, Connors M, Lane HC, et al. (1998)

Administration of an anti-CD8 monoclonal antibody interferes with the

clearance of chimeric simian/human immunodeficiency virus during primary

infections of rhesus macaques. J Virol 72: 164–169.

5. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, Simon MA, et al. (1999)

Control of viremia in simian immunodeficiency virus infection by CD8+
lymphocytes. Science 283: 857–860.

6. Phillips RE, Rowland-Jones S, Nixon DF, Gotch FM, Edwards JP, et al. (1991)

Human immunodeficiency virus genetic variation that can escape cytotoxic T

cell recognition. Nature 354: 453–459.

7. Koenig S, Conley AJ, Brewah YA, Jones GM, Leath S, et al. (1995) Transfer of

HIV-1-specific cytotoxic T lymphocytes to an AIDS patient leads to selection for

mutant HIV variants and subsequent disease progression. Nat Med 1: 330–336.

8. Borrow P, Lewicki H, Wei X, Horwitz MS, Peffer N, et al. (1997) Antiviral

pressure exerted by HIV-1-specific cytotoxic T lymphocytes (CTLs) during

primary infection demonstrated by rapid selection of CTL escape virus. Nat

Med 3: 205–211.

9. Price DA, Goulder PJ, Klenerman P, Sewell AK, Easterbrook PJ, et al. (1997)

Positive selection of HIV-1 cytotoxic T lymphocyte escape variants during

primary infection. Proc Natl Acad Sci U S A 94: 1890–1895.

10. Johnston MI, Fauci AS (2007) An HIV vaccine–evolving concepts. N Engl J Med

356: 2073–2081.

11. Gotch F, Holmes H, Imami N (2005) The importance of standardisation of

laboratory evaluations in HIV vaccine trials. Microbes Infect 7: 1424–1432.

12. Berkley SF, Koff WC (2007) Scientific and policy challenges to development of

an AIDS vaccine. Lancet 370: 94–101.

13. Betts MR, Nason MC, West SM, De Rosa SC, Migueles SA, et al. (2006) HIV

nonprogressors preferentially maintain highly functional HIV-specific CD8+ T

cells. Blood 107: 4781–4789.

14. Migueles SA, Laborico AC, Shupert WL, Sabbaghian MS, Rabin R, et al.

(2002) HIV-specific CD8+ T cell proliferation is coupled to perforin expression

and is maintained in nonprogressors. Nat Immunol 3: 1061–1068.

15. Pantaleo G, Koup RA (2004) Correlates of immune protection in HIV-1

infection: what we know, what we don’t know, what we should know. Nat Med

10: 806–810.

16. Kiepiela P, Ngumbela K, Thobakgale C, Ramduth D, Honeyborne I, et al.

(2007) CD8+ T-cell responses to different HIV proteins have discordant

associations with viral load. Nat Med 13: 46–53.

17. Riviere Y, McChesney MB, Porrot F, Tanneau-Salvadori F, Sansonetti P, et al.

(1995) Gag-specific cytotoxic responses to HIV type 1 are associated with a

decreased risk of progression to AIDS-related complex or AIDS. AIDS Res

Hum Retroviruses 11: 903–907.

18. Edwards BH, Bansal A, Sabbaj S, Bakari J, Mulligan MJ, et al. (2002)

Magnitude of functional CD8+ T-cell responses to the gag protein of human

immunodeficiency virus type 1 correlates inversely with viral load in plasma.

J Virol 76: 2298–2305.

19. Betts MR, Ambrozak DR, Douek DC, Bonhoeffer S, Brenchley JM, et al. (2001)

Analysis of total human immunodeficiency virus (HIV)-specific CD4(+) and

CD8(+) T-cell responses: relationship to viral load in untreated HIV infection.

J Virol 75: 11983–11991.

20. Addo MM, Yu XG, Rathod A, Cohen D, Eldridge RL, et al. (2003)

Comprehensive epitope analysis of human immunodeficiency virus type 1

(HIV-1)-specific T-cell responses directed against the entire expressed HIV-1

genome demonstrate broadly directed responses, but no correlation to viral load.

J Virol 77: 2081–2092.

21. Lee SK, Xu Z, Lieberman J, Shankar P (2002) The functional CD8 T cell

response to HIV becomes type-specific in progressive disease. J Clin Invest 110:

1339–1347.

22. Klein MR, van Baalen CA, Holwerda AM, Kerkhof Garde Sr, Bende RJ, et al.
(1995) Kinetics of Gag-specific cytotoxic T lymphocyte responses during the

clinical course of HIV-1 infection: a longitudinal analysis of rapid progressors
and long-term asymptomatics. J Exp Med 181: 1365–1372.

23. Miedema F, Klein MR (1996) AIDS pathogenesis: a finite immune response to
blame? Science 272: 505–506.

24. Geskus RB, Prins M, Hubert JB, Miedema F, Berkhout B, et al. (2007) The HIV

RNA setpoint theory revisited. Retrovirology 4: 65.

25. Henrard DR, Phillips JF, Muenz LR, Blattner WA, Wiesner D, et al. (1995)

Natural history of HIV-1 cell-free viremia. JAMA 274: 554–558.

26. Jansen CA, De Cuyper I, Steingrover R, Jurriaans S, Sankatsing SU, et al.

(2005) Analysis of the effect of highly active antiretroviral therapy during acute
HIV-1 infection on HIV-specific CD4 T cell functions. AIDS 19: 1145–1154.

27. Mellors JW, Munoz A, Giorgi JV, Margolick JB, Tassoni CJ, et al. (1997) Plasma
viral load and CD4+ lymphocytes as prognostic markers of HIV-1 infection.

Ann Intern Med 126: 946–954.

28. Hazenberg MD, Otto SA, van Benthem BH, Roos MT, Coutinho RA, et al.

(2003) Persistent immune activation in HIV-1 infection is associated with
progression to AIDS. AIDS 17: 1881–1888.

29. Klein MR, Keet IP, D’Amaro J, Bende RJ, Hekman A, et al. (1994) Associations

between HLA frequencies and pathogenic features of human immunodeficiency

virus type 1 infection in seroconverters from the Amsterdam cohort of
homosexual men. J Infect Dis 169: 1244–1249.

30. Zimmerli SC, Harari A, Cellerai C, Vallelian F, Bart PA, et al. (2005) HIV-1-

specific IFN-gamma/IL-2-secreting CD8 T cells support CD4-independent

proliferation of HIV-1-specific CD8 T cells. Proc Natl Acad Sci U S A 102:
7239–7244.

31. Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R (2003)

Viral persistence alters CD8 T-cell immunodominance and tissue distribution

and results in distinct stages of functional impairment. J Virol 77: 4911–4927.

32. Shiver JW, Fu TM, Chen L, Casimiro DR, Davies ME, et al. (2002) Replication-
incompetent adenoviral vaccine vector elicits effective anti-immunodeficiency-

virus immunity. Nature 415: 331–335.

33. Kostense S, Vandenberghe K, Joling J, van Baarle D, Nanlohy N, et al. (2002)

Persistent numbers of tetramer+ CD8(+) T cells, but loss of interferon-gamma+
HIV-specific T cells during progression to AIDS. Blood 99: 2505–2511.

34. Pontesilli O, Klein MR, Kerkhof-Garde SR, Pakker NG, de Wolf F, et al. (1998)
Longitudinal analysis of human immunodeficiency virus type 1-specific cytotoxic

T lymphocyte responses: a predominant gag-specific response is associated with
nonprogressive infection. J Infect Dis 178: 1008–1018.

35. Ogg GS, Kostense S, Klein MR, Jurriaans S, Hamann D, et al. (1999) Longitudinal
phenotypic analysis of human immunodeficiency virus type 1-specific cytotoxic T

lymphocytes: correlation with disease progression. J Virol 73: 9153–9160.

36. Draenert R, Verrill CL, Tang Y, Allen TM, Wurcel AG, et al. (2004) Persistent

recognition of autologous virus by high-avidity CD8 T cells in chronic,
progressive human immunodeficiency virus type 1 infection. J Virol 78:

630–641.

37. Klein MR, van der Burg SH, Hovenkamp E, Holwerda AM, Drijfhout JW, et al.

(1998) Characterization of HLA-B57-restricted human immunodeficiency virus
type 1 Gag- and RT-specific cytotoxic T lymphocyte responses. J Gen Virol 79

(Pt 9): 2191–2201.

38. Goulder PJ, Tang Y, Pelton SI, Walker BD (2000) HLA-B57-restricted cytotoxic

T-lymphocyte activity in a single infected subject toward two optimal epitopes,
one of which is entirely contained within the other. J Virol 74: 5291–5299.

39. Nixon DF, Townsend AR, Elvin JG, Rizza CR, Gallwey J, et al. (1988) HIV-1
gag-specific cytotoxic T lymphocytes defined with recombinant vaccinia virus

and synthetic peptides. Nature 336: 484–487.

40. Borghans JA, Molgaard A, de Boer RJ, Kesmir C (2007) HLA Alleles Associated

with Slow Progression to AIDS Truly Prefer to Present HIV-1 p24. PLoS ONE
2: e920.

41. van Baalen CA, Guillon C, van Baalen M, Verschuren EJ, Boers PH, et al.

(2002) Impact of antigen expression kinetics on the effectiveness of HIV-specific

cytotoxic T lymphocytes. Eur J Immunol 32: 2644–2652.

42. Dalod M, Dupuis M, Deschemin JC, Goujard C, Deveau C, et al. (1999) Weak
anti-HIV CD8(+) T-cell effector activity in HIV primary infection. J Clin Invest

104: 1431–1439.

43. Barouch DH, Kunstman J, Kuroda MJ, Schmitz JE, Santra S, et al. (2002)

Eventual AIDS vaccine failure in a rhesus monkey by viral escape from cytotoxic
T lymphocytes. Nature 415: 335–339.

HIV-Specific CD8+ T Cells

PLoS ONE | www.plosone.org 7 July 2008 | Volume 3 | Issue 7 | e2745



44. Jin X, Bauer DE, Tuttleton SE, Lewin S, Gettie A, et al. (1999) Dramatic rise in

plasma viremia after CD8(+) T cell depletion in simian immunodeficiency virus-
infected macaques. J Exp Med 189: 991–998.

45. Matano T, Shibata R, Siemon C, Connors M, Lane HC, et al. (1998)

Administration of an anti-CD8 monoclonal antibody interferes with the
clearance of chimeric simian/human immunodeficiency virus during primary

infections of rhesus macaques. J Virol 72: 164–169.
46. Schmitz JE, Kuroda MJ, Santra S, Sasseville VG, Simon MA, et al. (1999)

Control of viremia in simian immunodeficiency virus infection by CD8+
lymphocytes. Science 283: 857–860.

47. Goulder PJ, Phillips RE, Colbert RA, McAdam S, Ogg G, et al. (1997) Late

escape from an immunodominant cytotoxic T-lymphocyte response associated
with progression to AIDS. Nat Med 3: 212–217.

48. Kelleher AD, Long C, Holmes EC, Allen RL, Wilson J, et al. (2001) Clustered
mutations in HIV-1 gag are consistently required for escape from HLA-B27-

restricted cytotoxic T lymphocyte responses. J Exp Med 193: 375–386.

49. Jansen CA, De Cuyper I, Hooibrink B, van der Bij AK, van Baarle D, et al.

(2006) Prognostic value of HIV-1 Gag-specific CD4+ T-cell responses for

progression to AIDS analyzed in a prospective cohort study. Blood 107:

1427–1433.

50. Grossman Z, Meier-Schellersheim M, Sousa AE, Victorino RM, Paul WE

(2002) CD4+ T-cell depletion in HIV infection: are we closer to understanding

the cause? Nat Med 8: 319–323.

51. Jansen CA, van Baarle D, Miedema F (2006) HIV-specific CD4+ T cells and

viremia: who’s in control? Trends Immunol 27: 119–124.

52. Altfeld M, Addo MM, Rosenberg ES, Hecht FM, Lee PK, et al. (2003) Influence

of HLA-B57 on clinical presentation and viral control during acute HIV-1

infection. AIDS 17: 2581–2591.

53. Vaccination and enrollment are discontinued in phase II trials of Merck’s

investigational HIV Vaccine Candidate. In: Press release from Merck and the

HIV Vaccine Trials Network. WA: Whitehouse Station NJ and Seattle, 2007.

HIV-Specific CD8+ T Cells

PLoS ONE | www.plosone.org 8 July 2008 | Volume 3 | Issue 7 | e2745


