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Human immunodeficiency virus (HIV)-specific CD8 T-cell responses targeting products encoded within the
Gag open reading frame have frequently been associated with better viral control and disease outcome during
the chronic phase of HIV infection. To further clarify this relationship, we have studied the dynamics of
Gag-specific CD8 T-cell responses in relation to plasma viral load and time since infection in 33 chronically infected
subjects over a 9-month period. High baseline viral loads were associated with a net loss of breadth (P < 0.001) and
a decrease in the total magnitude of the Gag-specific T-cell response in general (P � 0.03). Most importantly, the
baseline viral load predicted the subsequent change in the breadth of Gag recognition over time (P < 0.0001, r2 �
0.41). Compared to maintained responses, lost responses were low in magnitude (P < 0.0001) and subdominant in
the hierarchy of Gag-specific responses. The present study indicates that chronic exposure of the human immune
system to high levels of HIV viremia is a determinant of virus-specific CD8 T-cell loss.

The design of potentially efficacious human immunodefi-
ciency virus (HIV) vaccines relies heavily on the identification
of correlates of protection of the adaptive immune response.
There is a wealth of evidence that an effective HIV-specific
CD8 T-cell response is likely to represent one such correlate.
The decline of acute-phase viremia is temporally associated
with the appearance of the HIV-specific CD8 T-cell response
(7, 21); particular HLA class I alleles are associated with spe-
cific mutations in the HIV proteome that may revert to the
wild-type sequence upon transmission to a new human host (4,
22); a high proportion of long-term nonprogressors express the
HLA class I allele B57 (2, 16), and specifically for these indi-
viduals it has been shown that the response restricted by this
class I allele can contribute to efficient control of HIV repli-
cation (22). In addition to these human studies, CD8 T-cell
depletion in the simian immunodeficiency virus-rhesus macaque
model results in increased plasma viremia and accelerated loss of
CD4 T cells during the chronic phase of infection (33).

During and shortly after the acute phase of infection, the
HIV-specific CD8 T-cell response broadens (1, 3, 9) but is
thought to remain relatively stabile during the chronic phase.
Responses targeting products encoded within the Gag and Nef
genes are among the most immunodominant (1, 6, 12, 24, 26).
The Gag-specific CD8 T-cell response may play a special role
in controlling viral replication, and it was first reported in 1995
that Gag-specific CD8 T cells may contribute to slowing down

progression to AIDS (32). In support of this finding, an inverse
correlation between the Gag-specific CD8 T-cell response and
the HIV load was demonstrated in several cohorts and for
different HIV subtypes (8, 12, 15, 16, 21, 26, 29, 33). Recent
reports have suggested that the breadth of the Gag-specific
T-cell response may play an important role in controlling the
viral load during chronic infection (13, 19). No such relation-
ship has been observed for Nef- or Env-specific CD8 T-cell
responses. Indeed, some studies have found that Nef or Env
responses are positively correlated with a high viral load (6,
19). Together, these results have led to controversy over which
gene products should be included in HIV vaccine formula-
tions.

To further clarify the relationship between the HIV-specific
CD8 T-cell response and disease progression, we have ana-
lyzed the dynamics of the Gag-specific T-cell responses in
relation to the plasma viral load and time since infection in 33
antiretroviral-untreated, chronically infected subjects. Longi-
tudinal follow-up of those individuals allowed us to prospec-
tively study changes in the frequency and magnitude of Gag-
specific T-cell responses in correlation with clinical parameters
(viral load and CD4 cell count) over a period of 9 months. The
present study adds important information to previous reports
about the relationship between the Gag-specific T-cell re-
sponse and the plasma viral load.

MATERIALS AND METHODS

Study subjects. The 33 individuals in this study are part of a larger, well
characterized high-risk HIV cohort of female bar workers enrolled in a prospec-
tive study of HIV type 1 (HIV-1) superinfection (HISIS) in the Mbeya region of
southwestern Tanzania (13, 14, 17, 30, 31). Between September and December
2000, 600 women were recruited after giving informed consent and each partic-
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ipant provided blood samples at enrolment and every 3 months thereafter for up
to 4 years. During the study, all participants received health care that included
treatment of all acute infectious diseases, screening for and treatment of sexually
transmitted diseases, and since 2003, cotrimoxazole prophylaxis for opportunistic
infections for women with CD4 T-cell counts below 200/�l. Since 2005, antiret-
roviral treatment has been available for all participants with AIDS-defining
symptoms or CD4 cell counts below 200/�l. During the course of this study, all
individuals were antiretroviral naive. HIV-1 status was determined with two
diagnostic HIV enzyme-linked immunoassays (Enzygnost Anti HIV1/2 Plus
[Dade Behring, Liederbach, Germany] and Determine HIV 1/2 [Abbott, Wies-
baden, Germany]). Discordant results were resolved with a Western blot assay
(Genelabs Diagnostics, Geneva, Switzerland). Plasma HIV-1 RNA levels were
measured with the Amplicor HIV-1 Monitor assay (Roche Diagnostics, India-
napolis, IN). In April 2003, 56 of the HIV-1-positive participants were enrolled
in the HISIS cytotoxic T-lymphocyte substudy. In 33 of these, Gag-specific T-cell
responses were determined at follow-up 12 (baseline) and follow-up 15 (9
months). This study was reviewed and approved by the ethics committees of all
partners, in compliance with national guidelines and institutional policies.

Synthetic peptides and peptide pools. Three sets of Gag peptides were used
throughout this study, and they consisted of 15-mer peptides overlapping by 11
amino acids of primary isolates 90CF402 (subtype A-Gag, AAB38823), DU422
(subtype C-Gag, CAD62240), and 98UG57143 (subtype D-Gag, AF484514). The
three Gag peptide sets were closely related to HIV-1 isolates from the Mbeya
region (data not shown), and the use of all three peptide sets afforded the most
sensitive detection of Gag-specific T-cell responses within this cohort (13). Pep-
tides were synthesized by 9-fluorenylmethoxy carbonyl chemistry and standard
solid-phase techniques with free amino termini. All peptides were �80% pure as
determined by high-performance liquid chromatography, mass spectrophotom-
etry, amino acid analysis, and N-terminal sequencing. Peptides were synthesized
at the Henry M. Jackson Foundation (Rockville, MD) by Anaspec Incorporated
(San Jose, CA) and the NMI (Tuebingen, Germany). Each of the three subtype-
specific peptide sets was then pooled into 11 peptide pools, each containing 11
consecutive peptides. Peptide pools corresponded to HXB2 amino acid number-
ing as follows: pool 1, amino acids (aa) 1 to 55; pool 2, aa 45 to 99; pool 3, aa 89
to 146; pool 4, aa 136 to 186; pool 5, aa 180 to 234; pool 6, aa 224 to 278; pool
7, aa 268 to 322; pool 8, aa 312 to 366; pool 9, aa 360 to 411; pool 10, 397 to 455;
pool 11, aa 445 to 500.

ELISPOT assays, determination of cutoffs, and quality controls. During fol-
low-ups 12 and 15 of the HISIS study, freshly isolated peripheral blood mono-
nuclear cells (PBMC; viability, �95%) were screened for HIV-specific T-cell
responses by stimulation with the overlapping peptide pools described above.
Gamma interferon (IFN-�) enzyme-linked immunospot (ELISPOT) assays were
performed with Nova-Red substrate (Vector, Burlingame, CA) as previously
described (25). Gag peptide pool responses with at least 70 spot-forming cells
(SFC)/106 PBMC and at least three times the negative control were scored as
positive.

Accurate analysis of the dynamics of T-cell responses is dependent on the
precise and sensitive quantification of the frequency of antigen-specific T cells
over the entire study period. The IFN-� ELISPOT assay, in combination with a
thorough quality control, was used to meet this goal. To avoid potential variation
of sample quality at any time point, all ELISPOT assays were performed with
fresh PBMC isolated within 6 h of the blood draw. A response was counted
positive when at least one of the three subtype-specific peptide pools covering
the same antigenic region was recognized. The background of the assay was
negligible (�20 SFC/106 PBMC) over the entire study period. In order to min-
imize cell-counting errors, the same person at all time points performed the cell
counting. The variability of the ELISPOT assay was measured over the 9-month
period with four batches of quality control PBMC recovered from the frozen
state and restimulated with a peptide pool containing optimal peptides from
cytomegalovirus, Epstein-Barr virus, and influenza virus (CEF peptide pool [8])
at �40 different time points and on one to five plates per time point. Figure 1
shows the number of spot-forming cells per well of the quality control sample
after restimulation with the CEF peptide pool. During the entire study, the mean
of all tests was 160 SFC/well and the standard deviation was 25.9. With this
estimate of variability, we defined a range over which we would consider a
measurement unchanged. Under a normal distribution, approximately 95% of
the samples will fall within 2 standard deviations (SD) of the mean; we used this
fact and the estimated SD of the mean of �16% for the quality control samples
to define a range of “unchanged” as within 32% of the original response. Re-
sponses that changed over the 9 months by more than 32% were considered to
have decreased or increased, whereas responses with changes of less than this
magnitude were considered to have stayed the same. Gag peptide pool responses

that fell below the threshold of 70 SFC/106 PBMC were counted as lost; newly
emerging responses were counted as “new.”

Statistical analysis. Data analyses were carried out with GraphPad Prism
software. Comparisons of two groups were performed with the Mann-Whitney
test. Comparisons of the magnitudes of responses at two different time points
were performed with the Wilcoxon signed-rank test. The linear relationship
between viral loads or CD4 cell counts and CD8 T-cell responses was determined
by linear regression analysis. The tests used for statistical analysis are mentioned
in the figure legends.

RESULTS

The Gag-specific T-cell responses decrease in magnitude
and breadth during the chronic phase of HIV infection. We
have studied the dynamics of antigen-specific T-cell responses
in relation to the time since infection and parameters of dis-
ease progression in 33 chronically HIV-infected women over a
9-month period. Table 1 summarizes the clinical characteristics
of the study subjects and the net changes in Gag-specific pool
responses. At baseline, the time since primary infection ranged
from 9 months to more than 3 years (n � 20, subjects already
infected at enrolment). The median viral load of all subjects
was 77,300 viral RNA (vRNA) copies/ml at baseline and in-
creased to 139,000 vRNA copies/ml (range, �400 to �750,000)
9 months later. The median CD4 cell count was 395 cells/�l
(range, 81 to 1,050) at baseline and slightly dropped to 349
cells/�l at 9 months (range, 18 to 957).

A total of 124 Gag-specific pool responses were analyzed
over a 9-month interval (Fig. 2), and wells with no detectable
responses were excluded. Over the 9 months, 22.6% of the
responses (n � 28) were lost and 24.2% of the responses (n �
30) were of decreasing magnitude, whereas 25.8% of the Gag-
specific responses (n � 32) stayed within �32% of the magni-
tude measured at the baseline. Increasing responses accounted
for 17.7% (n � 22) and newly emerging responses made up
only 9.7% (n � 12). Within the larger HISIS cytotoxic T-
lymphocyte cohort, 89% of the responses that were detected
with the IFN-� ELISPOT assay were previously shown to be
mediated by CD8� T cells (14). Together, these results indi-
cate that there is a marked decline in the magnitude and
breadth of the Gag-specific CD8� T-cell response during the
chronic phase of HIV infection.

FIG. 1. Variability of the IFN-� ELISPOT assay over the study
period and determination of cutoffs. Shown are the numbers of spot-
forming cells per well after stimulation of quality control (QC) PBMC
with the CEF peptide pool from more than 40 time points. Quality
control PBMC were recovered from the frozen state and rested over-
night before use. For determination of cutoffs, a total of 136 quality
controls during the 9-month interval were used.
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Loss of Gag-specific responses is associated with high base-
line viral loads. We next determined which parameters con-
tributed to the loss of HIV-specific T-cell responses. First, we
subdivided the 33 subjects into two groups—those who had
been HIV infected before the start of the HISIS study (group
1, n � 20) for at least 3 years at baseline and those who had
been infected for less than 3.0 years (group 2, n � 13). As
shown in Figure 3 the loss of pool-specific T-cell responses was
biased toward the subjects infected for more than 3 years (P �
0.06, Mann-Whitney test). Thirteen of 20 subjects within group
1 had a net loss in the breadth of detectable Gag recognition
after the 9-month period, 6 subjects responded with the same
breadth of recognition, and only 1 subject had an increase in
the breadth of Gag recognition. The biggest drops in magni-
tude for single pool responses were observed in four subjects
with viral loads continuously above 200,000 (data not shown).

In contrast, of 13 subjects infected for less than 3 years, only
3 lost breadth of Gag recognition, whereas the remainder of
the subjects responded with either increased breadth (n � 5)
or the same breadth (n � 5) of detectable Gag responses.
Together, these results suggest that the time since primary
HIV infection may be an important parameter associated with

FIG. 2. Decreasing frequencies of Gag-specific T-cell responses
during the chronic phase of HIV infection. Gag peptide pool responses
were detected at baseline and 9 months later with fresh PBMC and
pools of consecutive overlapping 15-mer peptides in an IFN-� ELISPOT
assay. The proportion of Gag pool responses that either remained the
same, increased in magnitude, were newly detected, were lost, or
decreased in magnitude after a 9-month interval is shown. The esti-
mated SD of the mean of �16% for the quality control samples was
used to define a range of “unchanged” as within 32% of the original
response. Responses that changed over the 9 months by more than
32% were considered as decreased or increased.

TABLE 1. Clinical characteristics of the subjects in this study

Subject HIV infection
during HISIS

Time infected
(mo) at
baseline

pVLa

at baseline
pVLa at

9 mo

Highest pVLa,b

during study
period

CD4 cell countc

at baseline
CD4 cell countc

at 9 mo

Breadth of
Gag pool

recognition at
baseline

Net change in
Gag pool

recognition

H398 Yes 33 261 �400 1,990 826 783 3 3
H278 Yes 18 1,350 6,300 6,300 1050 957 2 1
H561 Yes 9 4,810 22,900 43,400 524 318 3 0
H604 Yes 24 14,200 �400 14,300 919 829 3 1
H054 Yes 24 22,200 36,700 84,000 499 321 2 0
H558 Yes 18 31,400 180,000 180,000 478 376 3 0
H477 Yes 27 38,100 67,000 74,300 594 690 2 1
H189 Yes 9 46,300 43,200 185,000 424 429 5 �2
H304 Yes 30 69,200 241,000 728,000 350 584 1 1
H346 Yes 24 119,000 546,000 546,000 251 183 3 0
H123 Yes 33 174,000 202,000 533,000 395 472 4 �3
H390 Yes 33 284,000 609,000 609,000 231 307 4 0
H574 Yes 9 477,000 319,000 �750,000 312 193 2 �2
H064 No �36 6,460 7,070 9,220 340 494 7 0
H041 No �36 6,470 13,600 107,000 488 487 8 �2
H456 No �36 11,700 113,000 113,000 946 618 3 1
H070 No �36 22,500 57,100 57,100 376 391 4 0
H326 No �36 28,100 38,700 163,000 855 933 2 �1
H349 No �36 30,600 8,700 30,600 417 300 5 0
H575 No �36 39,600 449,000 602,000 81 68 1 0
H290 No �36 85,400 6,190 85,800 391 436 2 0
H048 No �36 98,300 112,000 706,000 312 218 3 0
H195 No �36 108,000 164,000 279,000 397 18 2 �1
H402 No �36 112,000 750,000 �750,000 209 112 3 �2
H325 No �36 128,000 174,000 355,000 422 189 3 �1
H572 No �36 134,000 193,000 193,000 120 72 4 �1
H314 No �36 182,000 187,000 257,000 565 730 5 �1
H446 No �36 258,000 750,000 �750,000 143 130 4 �1
H513 No �36 260,000 115,000 �750,000 339 282 4 �1
H134 No �36 425,000 426,000 426,000 468 457 5 �1
H149 No �36 746,000 750,000 �750,000 242 NDd 3 �2
H457 No �36 �750,000 �750,000 �750,000 348 237 4 �1
H075 No �36 ND 568,000 568,000 185 227 3 �1

a Number of vRNA copies per milliliter of plasma.
b Highest plasma viral load measured during the study period.
c CD4 cell count per microliter.
d ND, not done.
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decreasing breadth of recognition of antigenic regions within
Gag.

In 3 of the 13 subjects, the breadth of Gag recognition
decreased although they had been infected for less than 3
years. Two of these had been infected for only 9 and 12 months
at the baseline. Hence, other parameters may contribute to
declining HIV-specific T-cell responses during the chronic
phase of infection. A trait common to all three subjects was
a high steady-state plasma viremia, reaching 180,000 to
�750,000 vRNA copies/ml during the 9 months of this study,
suggesting that besides the time since primary infection, high
viral loads (and therefore antigenic loads) might be associated
with the loss of Gag-specific T-cell responses. Therefore, we
next compared the dynamics of breadth of recognition and
changes in absolute magnitude of the Gag-specific response
from subjects who at baseline had a viral load below (n � 18)
or above (n � 14) 100,000 vRNA copies/ml. Indeed, the dy-
namics of Gag-specific T-cell responses differed between the
two groups (P � 0.001, Fig. 4A). Twelve of 14 subjects with a
high viral load at baseline lost at least one Gag pool response.
Both subjects with high viral loads but no decline in the Gag-
specific breadth of T-cell recognition were infected for less
than 2 years. In stark contrast, the breadth of the Gag-specific

FIG. 3. The time since primary infection is associated with a de-
creasing breadth of Gag-specific T-cell recognition. Shown on the y
axis is the frequency of subjects who recognized either a greater or a
lesser number of Gag peptide pools 9 months after baseline. The white
bars represent subjects who were infected during the 3 years of the
ongoing study (n � 13). Subjects who were infected for more than 3
years (n � 20) are represented by the dark gray bars.

FIG. 4. Loss of Gag-specific responses is associated with high baseline viral loads. Shown is the net change in Gag pool response breadth (x axis)
(A) or the absolute changes in the magnitudes of Gag responses in subjects with a high (�105 vRNA copies/ml; n � 14, gray diamonds) or a low (�105

vRNA copies/ml; n � 18, black circles) baseline viral load (B); the median change is indicated. Gag-specific T-cell responses were detected after
restimulation with Gag peptide pools with an IFN-� ELISPOT assay and fresh PBMC as described in Materials and Methods. Responses that fell below
the threshold of 70 SFC/106 PBMC were counted as lost, and responses that newly emerged were counted as new. One subject was excluded because
of a missing baseline viral load value. Statistical analysis was done with the Mann-Whitney test (A) or the Wilcoxon signed-rank test (B).
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response only declined in 3 of 18 subjects, increased in 6
subjects, and stayed the same in 9 subjects with comparatively
low baseline viral loads. A similar trend between the two
groups was observed for changes in the absolute magnitudes of
the Gag responses detected at baseline and 9 months (Fig. 4B);
those of 11 of 18 subjects with low viral loads increased,
whereas those of the remaining 7 subjects decreased (P � 0.96,
Wilcoxon signed-rank test). In contrast, the responses of only
2 of 14 subjects with high viral loads increased, whereas those
of 12 of these subjects decreased in absolute magnitude (P �
0.03, Wilcoxon signed-rank test).

Together, these results suggest that high plasma viral loads
may contribute to a decrease in the breadth and magnitude of
the Gag-specific T-cell response.

The baseline plasma viral load predicts subsequent changes
in the breadth of Gag-specific recognition. To clarify the rela-
tionship between HIV disease progression and the HIV-spe-
cific T-cell response, we compared disease progression mark-
ers with the subsequent dynamics of HIV-specific T cells for
each study subject. Figure 5 shows linear regression analyses of
the plasma viral load (panel A) and CD4 cell count (panel B)
at baseline versus the change in the number of Gag peptide
pools recognized over the next 9 months. The baseline viral

load was inversely correlated and the baseline CD4 cell count
was positively correlated with the subsequent change in the
breadth of Gag-specific recognition (P � 0.0001, r2 � 0.41, and
P � 0.0032, r2 � 0.24, respectively). Interestingly, in one HLA
B5301-positive individual with a viral load of 182,000 vRNA
copies/ml, the immunodominant pool response targeting two
peptides within the highly conserved cyclophilin binding region
within p24 (one of them a B5301 epitope-containing peptide)
increased twofold, from 820 to 1,720 SFC/106 PBMC, whereas
one subdominant response targeting pool 7 (160 SFC/106

PBMC at baseline, data not shown) was lost. In this subject, the
Gag-specific T-cell response is narrowing despite an increase
in magnitude; this subject’s viral load remained unchanged. In
conclusion, these results demonstrate that classical disease
progression markers, the plasma viral load and CD4 cell count,
can partly predict subsequent changes in the Gag-specific T-
cell population.

The loss of responses predominantly affects subdominant
responses of low magnitude. A total of 17 subjects lost Gag-
specific responses. As shown in Fig. 6A, all lost responses were
mostly weak at baseline, with a median magnitude of 110
SFC/106 PBMC (range, 70 to 550 SFC/106 PBMC). Main-
tained responses varied but were mostly of higher magnitude,

FIG. 5. Inverse linear correlation between HIV disease progression markers at baseline and the subsequent loss of Gag-specific breadth in
T-cell recognition. Shown are the net change in the breadth of Gag-specific peptide pool responses over a 9-month interval (x axis) and the baseline
viral load (A) or the baseline CD4 cell count (B) for each subject (n � 33). For one subject, the baseline viral load was not determined. GraphPad
Prism software was used for the linear regression analysis.

FIG. 6. Lost responses are mostly weak and subdominant. Shown is a comparison of the magnitudes of responses that were either lost (n �
28) or maintained (n � 84) after a 9-month interval (A). The immunodominance hierarchy of lost responses within a subject is shown in panel
B. The y axis shows the percentage of subjects who lost responses (n � 17) that were defined as subdominant, if the same subjects had a response
with a greater magnitude. Two subjects lost all responses. The Mann-Whitney test was used for statistical analysis.
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with a median of 520 SFC/106 PBMC (range, 70 to 5,030
SFC/106 PBMC). Not surprisingly, the difference in magnitude
between lost and maintained responses was highly significant
(P � 0.0001). In order to study the immunodominance hier-
archy of lost versus maintained responses, we next compared
the magnitudes of Gag responses within subjects that had lost
at least one response (n � 17, Fig. 6B). Two of 17 subjects lost
all Gag-specific responses. In all of the remaining 15 subjects,
the lost responses were defined as subdominant responses be-
cause they maintained responses of higher baseline magnitude.
However, in 8 of these 15 subjects (7 with viral loads above
100,000 vRNA copies/ml) the loss of subdominant responses
was accompanied by a decreasing magnitude of the most im-
munodominant Gag response (data not shown). Hence, the
loss of only weak to medium responses is likely to be explained
by the short time period studied.

DISCUSSION

In the present study, we show that both the time since
primary infection and the viral load may influence the dynam-
ics of the HIV-specific T-cell response. Subjects who had been
infected for more than 3 years at baseline were more likely to
lose Gag-specific T-cell responses than were subjects infected
for shorter time periods. Most significantly, a high baseline
plasma viral load had an even more detrimental effect and was
strongly associated with a subsequent loss of Gag-specific T
cells, leading not only to decreasing frequencies of Gag-spe-
cific T cells but also to a reduced breadth of recognition.

The dynamics of the early HIV-specific CD8 T-cell response
are often characterized by a broadening in specificity from the
acute phase to the early chronic phase of infection (3, 9, 18,
34). The appearance of subdominant epitope responses may
partly compensate for the loss of recognition of immunodom-
inant epitopes after escape of the virus from CD8 T-cell rec-
ognition (11, 18). Our results suggest that during later stages of
HIV infection CD8 T-cell recognition of Gag narrows. Im-
mune escape of the virus from T-cell recognition by point
mutation of targeted epitopes may have contributed to the
decline seen in these patients. However, escape from T-cell
recognition is thought to be most pronounced during the acute
and early phases of infection and may subside over the course
of simian immunodeficiency virus and HIV infections (5, 23,
27, 29). Most importantly, high plasma loads and low CD4 cell
counts at baseline predicted the loss of subdominant Gag re-
sponses. This observation indicates that T-cell exhaustion due
to extended exposure of the immune system to high antigenic
loads may be an important factor in the depletion of HIV-
specific responses during later stages of this chronic disease
(36). Previous observations that HIV-specific CD8 T cells usu-
ally exhibit reduced proliferative capacities and are prone to
apoptosis further support this hypothesis (10, 28).

During chronic infection, a broad Gag-specific T-cell re-
sponse is associated with particular HLA class I alleles, low
plasma viral loads, and high CD4 T-cell counts (14, 19). Ad-
ditionally, a low median steady-state plasma viremia was found
for extended time periods after the acute phase in subjects that
targeted two specific regions of Gag (aa 1 to 75 and 248 to 500)
during later phases of chronic infection (14). Together, these
observations led to the hypothesis that the breadth of Gag-

specific recognition by CD8 T cells is important for viral con-
trol during chronic HIV infection. The results presented here
add additional information to these previous findings, and it is
possible that a broad Gag response could also be secondary in
individuals with low viral loads and slower disease progression.
Indeed, the observation that Gag-specific responses of high
magnitude can be initially mounted but wane during the course
of infection has been reported in HIV progressors with high
steady-state viremia (20, 35). Alternatively, both aforemen-
tioned hypotheses, in conjunction, may provide a supplemen-
tary model, a positive-feedback mechanism in which a high
viral load contributes to the exhaustion of the HIV-specific
CD8 T-cell response and therefore to diminished antiviral im-
munity. This, in turn, may lead to further increases in viral load
and ever-accelerated disease progression during late stages of
chronic HIV infection.

In conclusion, the chronic exposure of the human immune
system to high levels of HIV viremia is a determinant of virus-
specific CD8 T-cell loss. The breadth of the Gag-specific CD8
T-cell response is therefore at least partially reflective of an
effective and healthy virus-specific immune response and may,
at the same time, also contribute to the control of viral repli-
cation. Although technically challenging, it is therefore of great
importance to further dissect the mechanisms of the human
immune system that contribute to the establishment and main-
tenance of steady-state viremia during the acute and chronic
phases.
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