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Abstract

Early HIV-1 infection is marked by rapid evolution of both CD8þ T lymphocyte (CTL) epitope targeting and
viral sequences, while chronic infection demonstrates relative stability of these parameters. To examine the
interactions of changing CTL targeting and viremia in early infection, we assessed CTL targeting and viremia
levels in persons during early HIV-1 infection (estimated 15–271 days post-infection) who were placed on
effective antiretroviral therapy. Pre-therapy, CTL targeting of viral proteins varied between persons depending
on time after infection. Across individuals, increasing time after infection was associated with increasing Gag
and Pol targeting, suggesting increasing targeting of conserved sequences. The intensity of Gag targeting cor-
related to lower viremia levels, while Env targeting correlated to higher viremia levels during early infection.
This suggested that shifted targeting towards more conserved sequences is involved with the drop of viremia
during early infection, consistent with prior observations of correlation between Gag targeting and lower vi-
remia during chronic infection. After suppressive antiretroviral therapy, CTL targeting was generally static,
indicating that HIV-1 replication and evolution drives the evolution of CTL targeting in early infection. Overall,
these data suggest that early CTL targeting is directed towards more variable epitopes, causing escape and re-
targeting until more conserved epitopes are recognized stably in chronic infection. Circumventing this natural
history by pre-targeting CTL against more conserved epitopes with a vaccine could minimize the initial period of
viral escape and immune damage during acute infection, improving long-term containment of HIV-1.

Introduction

The CD8
þ

T lymphocyte (CTL) response against HIV-1
is likely a key arm of immunity that contributes to partial

control of viral replication within infected persons (reviewed
in Ref. 1). Notably, during acute infection the development of
virus-specific CTL temporally correlates to the drop in peak
viremia to a quasi-stable set-point,2,3 and experimental CD8
depletion in vivo in the SIV-infected macaque model causes
sharp rises in viremia.4–6 Such clinical observations have
suggested a key protective role of CTL in the pathogenesis of
infection, although the mechanisms for incomplete protection
compared to other viruses such as cytomegalovirus remain
unclear.

The targeting of CTL appears to be an important determi-
nant of CTL antiviral efficacy in vivo. Notably, several studies
have observed an inverse correlation between Gag-specific

CTL and level of viremia but a positive correlation for Env-
specific CTL,7–10 suggesting that targeting of Gag is generally
beneficial compared to targeting of Env. The mechanism is
unclear; Env-specific CTL can exert efficient suppression of
HIV-1 replication similar to Gag-specific CTL in vitro,11,12 al-
though some data suggest that circulating Env-specific CTL
generally may be impaired in function.13

CTL targeting has been noted to shift between acute versus
chronic HIV-1 infection.14 The reason for this evolution in
targeting is not clear, but it may be related to rapidly evolving
viral escape mutation that leads to decay of escaped CTL re-
sponses and subsequent replacement with other responses.15

After rapid flux in CTL responses and their targeted epitopes
during acute infection, chronic infection is marked by relative
stability of HIV-1-specific CTL responses and the epitopes
that they target.16 Given that peak viremia in acute infection
drops to a semi-stable ‘‘setpoint’’ in chronic infection, this
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suggests an interaction between evolution of the CTL re-
sponse and the changing degree of immune containment over
time.

We addressed two issues by examining a cohort of persons
who were identified to have acute HIV-1 infection and initiated
on combination antiretroviral therapy. First, we examined how
CTL targeting differs depending on time after infection, and
how the pattern of targeting correlates to changing viremia
level after infection. Given the inverse correlation of Gag
targeting to viremia in stable chronic infection, this addresses
the question of whether changing Gag targeting during acute
infection might contribute to changing viremia levels. Second,
we examined the impact of antiretroviral treatment on the
evolution of CTL targeting during acute infection. Because
antigen drives CTL expansion and persistence, this addresses
the hypothesis that changing CTL targeting is a response to
HIV-1 sequence evolution and escape.

Materials and Methods

Research participants

All subjects were men recruited through the Acute Infec-
tion and Early Disease Research Program (AIEDRP) through
Dr. Eric Daar’s Los Angeles site. All men were infected in the
Los Angeles area, where clade B HIV-1 is endemic. These
participants were enrolled under Cedars-Sinai Medical Cen-
ter and the Los Angeles Biomedical Research Institute at
Harbor-UCLA Medical Center IRB-approved protocols with
informed consent.

Clinical monitoring

Standard certified laboratory testing of plasma HIV-1 RNA
levels, peripheral blood CD4þ T cell counts, and other routine
monitoring tests were performed at the clinical laboratory of
Cedars-Sinai Medical Center.

Mapping of HIV-1-specific CTL responses

Viably-cryopreserved peripheral blood mononuclear cells
were utilized for interferon-g ELISpot assays screening for
CTL responses against the whole HIV-1 proteome as previ-
ously described.17–20 Briefly, CD8þ T lymphocytes were
polyclonally expanded using a CD3:CD4 bi-specific mono-
clonal antibody (kind gift of Dr. Johnson Wong, Harvard
Medical School) and interleukin-2 (NIH AIDS Research and
Reagent Repository). This approach was previously shown
to generate nonspecifically expanded CD8þ T lymphocytes
that are >95% pure, which maintain frequencies of HIV-1-
specific CTL that closely reflect those before expansion.17,21

Screening was performed with a library of peptides (NIH
AIDS Research and Reagent Repository), spanning Gag, Pol,
Env, Nef, Tat, Rev, Vpr, Vpu, Vif (catalog numbers 8116,
6208, 9487, 5189, 5138, 6445, 6447, 6444, 6446, all clade B
consensus sequences with the exception of Env). These pep-
tides were screened initially in 53 pools of 12 to 16 peptides
each. Triplicate negative controls included CD8þ T lym-
phocytes alone, and a positive control included CD8þ T
lymphocytes stimulated with anti-CD2/CD2R and anti-CD28
monoclonal antibodies (Becton Dickinson, San Jose, CA).
After counting with an automated ELISpot counting system
(Cellular Technologies Limited, Cleveland, OH), results
against each peptide pool were calculated as spot-forming
cells per million cells after subtracting the mean of the nega-
tive controls. Subsequent rounds of ELISpot screening were
performed to identify responses against single 15-mer pep-
tides. A spot forming cell (SFC) value of at least 50 per 106

CD8þ T lymphocytes that also exceeded two standard devi-
ations above the mean of the negative control wells was
considered positive for an individual peptide. Measurements
that exceeded 5000 SFC/106 CD8þ T lymphocytes (1000 SFC/
well) were rounded down to 5000/106 CD8þ T lymphocytes.
A recognized isolated (nonconsecutive) peptide was assumed

Table 1. Study Participants and Timing of CTL Assessments

Subject
Year

infected Sx
Last
SN

First
SP

Pre-Tx
CTL

Pre-Tx VL
(viremia,
RNA/mL)

Tx
start Tx ARV

First
post-Tx

CTL

Second
post-Tx

CTL

1 1999 Y 14 15 15 15 (500,000) 17 ZDV/3TC/NFV 106 182
2 1998 Y 14 25 19 19 (5,799,200) 21 D4T/3TC/IDV 98 180
3 1999 Y 14 19 19 19 (500,000) 25 D4T/3TC/ABC/NVP/HU 133 232
4 1998 N �24 24 30 30 (27,018) 31 D4T/3TC/NVP 102 186
5 1998 Y 15 17 37 34 (73,010) 37 D4T/3TC/Rit-SQV 111 230
6 2000 Y N/A 32 53 53 (141,697) 60 ZDV/3TC/ABC/NVP 153 231
7 1999 Y N/A 63 63 63 (1,731,500) 67 D4T/DDI/NFV 138 257
8 1999 Y N/A 97 128 128 (3,256) 149 ZDV/3TC/EFV 210 296
9 2000 N �9 9 135 162 (36,713) 163 ZDV/3TC/EFV 294 357
10 2000 Y 13 26 271 271 (72,790) 275 ZDV/3TC/EFV 355 421

For each participant, the timing of HIV-1 infection was estimated to be 7 days prior to symptoms consistent with acute HIV-1 infection
syndrome in association with documented (Subjects 1, 2, 3, 5, 10) or suspected seroconversion (Subjects 6, 7, 8), or the midpoint in the interval
between the last seronegative and first seropositive HIV-1 antibody test in persons who did not have symptoms (subjects 4 and 9). All values
are listed as days in relationship to this estimated time of infection. ‘‘Sx’’¼presence or absence of an acute flu-like illness consistent with acute
infection; ‘‘Last SN’’¼ time of last documented negative HIV-1 serology; ‘‘First SP’’¼ time of first documented positive HIV-1 serology; ‘‘Pre-
Tx CTL’’¼ time of PBMC collection for pre-treatment analysis of HIV-1-specific CTL responses; ‘‘Pre-Tx VL’’¼ time of last viremia
measurement before starting treatment; ‘‘Tx Start’’¼ time combination antiretroviral therapy was started; ‘‘Tx ARV’’¼ antiretroviral therapy
regimen (ABC, abacavir; D4T, stavudine; DDI, didanosine; EFV, efavirenz; HU, hydroxyurea; NFV, nelfinavir; NVP, nevaripine; Rit-SQV,
ritonavir-boosted saquinavir; 3TC, lamivudine; ZDV, zidovudine); ‘‘First Post-Tx CTL’’ and ‘‘Second Post-Tx CTL’’¼ times of CTL
measurements after starting therapy.
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to contain a single epitope region, while consecutive recog-
nized overlapping peptides were assumed to contain a single
epitope region.

Results

Timing and characteristics of the HIV-1-infected participants

Ten HIV-1-infected persons in the Los Angeles area were
identified based on documented HIV-1 seroconversion
and/or acute febrile illness consistent with acute HIV-1
infection with high levels of viremia and previously nega-
tive HIV-1 serology, and effective antiretroviral treatment
at varying time points after infection (Table 1). Eight of the
ten reported a clinical syndrome consistent with acute in-
fection, and plasma HIV-1 RNA testing and/or docu-
mented change in serostatus for HIV-1 supported the
diagnosis. In these individuals, the estimated date of in-
fection was set at 7 days prior to symptoms. Two other
individuals reported no acute illness, but were documented
to develop newly positive HIV-1-serologies within a win-
dow of less than 60 days; in these cases, the estimated date
of infection was set at the midpoint between their last se-
ronegative and first seropositive tests. Viremia levels (as-
sessed just before starting antiretroviral therapy) tended to
be higher in those persons who were more recently infected
(Fig. 1),consistent with high viremia during acute infection
and lower setpoint viremia during chronic infection. These
data were consistent with the known pattern of peak vire-
mia dropping to the setpoint during the transition between
acute and chronic infection occurring in the first few weeks
of infection. After institution of antiretroviral therapy, vi-
remia levels dropped to the limit of detection (50 RNA
copies/ml) in these subjects (Fig. 1).

Varying distribution of cellular immune targeting of HIV-1
proteins correlated to time after infection

HIV-1-specific CD8þ T lymphocyte (CTL) measurements
were assessed using peripheral blood mononuclear cells ob-
tained coincident with the viremia measurements before
starting antiretroviral therapy. By interferon-g ELISpot anal-

ysis using 53 pools of peptides spanning the entire proteome,
HIV-1-specific CTL responses were detectable in all persons
(Fig. 2A). Examining the targeting of these responses, the
distribution of protein targeting varied between individuals
(Fig. 2B). Comparing CTL protein targeting to the duration of
infection across persons, there were apparent patterns con-
sistent with changing targeting over time. The percentage of
the total CTL response (Fig. 3, top row) targeting Gag ap-
peared to be higher in persons with later infection. This cor-
relation was stronger when considering the sum of Gag and
Pol targeting. A similar pattern was seen for the absolute
number of epitope regions targeted (Fig. 3, bottom row).
These findings suggested a shift from CTL targeting towards
the most conserved proteins (Gag and Pol) within the first
year after HIV-1 infection.

Increased CTL targeting of Gag is associated with reduced
viremia in early HIV-1 infection

To assess whether reduction in viremia to setpoint during
early infection might be related to changing CTL targeting,
targeting was compared to viremia level across subjects. The
percentage of the total CTL response (Fig. 4, top row) targeting
Gag showed a negative correlation to viremia in these subjects,
while targeting of Env showed a positive correlation. In con-
trast to the pattern of changing targeting over time, Pol tar-
geting did not show a clear correlation to viremia, and
combined Gag–Pol targeting also was not better correlated.
Similarly, the absolute number of Env epitope regions targeted
was positively correlated to viremia, with a trend suggesting
lower viremia with broader Gag targeting (Fig. 4, bottom row).
Overall, these results suggested that the increasing Gag tar-
geting seen during early infection is correlated to dropping
viremia, while Env targeting has the opposite effect, and Pol
targeting appears to have little influence.

Suppressive antiretroviral therapy blunts the evolution
of CTL targeting in early infection

The effect of early suppressive antiretroviral therapy (re-
ducing viremia to <50 RNA copies/ml) on CTL targeting

FIG. 1. Baseline viremia levels and impact of antiretroviral therapy. For the 10 study participants, pre-treatment viremia
levels measured between 1 and 21 days of initiating treatment are plotted against the estimated time since infection (left
panel), and serial viremia levels are plotted against the time since starting combination antiretroviral therapy (right panel).

EVOLVING CTL TARGETING AND IMMUNE CONTROL OF HIV-1 393



was assessed. Longitudinal assessment of treated subjects
revealed that the percentage of CTL magnitude targeting
Gag, Pol Gag and Pol, or Env showed no consistent patterns
of change over time after treatment (Fig. 5),in contrast to the
data across subjects before treatment (Fig. 3). With a few
exceptions, the earliest treated persons generally showed flat
percentages of Gag, Pol, and Env targeting that did not
correspond to the increases in Gag and Pol and decrease in
Env targeting seen across individuals over time in the ab-
sence of treatment. These results suggested that reduced
viral replication on treatment halted the evolution of CTL

targeting in early infection, through the retardation of viral
sequence evolution.

Discussion

Although there is a temporal correlation of formation of
HIV-1-specific CTL responses to the decline of viremia from
its peak during acute infection,2,3 there is a significant lag
between the earliest detectable responses and the drop in vi-
remia to the setpoint seen during chronic infection. One ex-
planation could be that CTL magnitude takes time to build to

FIG. 2. Assessment of HIV-1-specific CTL targeting. Standard IFN-g ELISpot assays were performed using CD8þ T lym-
phocytes screened against 53 pools of peptides (consecutive 15-mer peptides overlapping by 11 amino acids, 16 or fewer per
pool) spanning the entire HIV-1 proteome. (A) Data are shown for baseline pre-treatment evaluations of subjects 4 and 8,
plotted as spot-forming cells (SFC) per million CD8þ T lymphocytes. Subsequent rounds of ELISpot were performed to
determine single recognized 15-mer peptides within peptide pools with positive responses (not shown). (B) CTL targeting
against each HIV-1 protein was determined by summing the SFC for all peptide pools spanning each protein, as a percentage
of total SFC against all peptide pools for all proteins. Color images available online at www.liebertonline.com/aid.
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sufficient levels to slow and then reduce viral replication.
Another explanation could be that the CTL response requires
time to adapt before viral replication can be effectively re-
duced. Supporting the second hypothesis, acute infection is
marked by frequent mutational escape in CTL epitopes.22–26

By the time of chronic infection, CTL targeting and epitope
sequences reach relative stability,16 because previously sub-
dominant CTL are now able to expand27 after the decay of
escaped CTL.24,28 Taken together, these observations suggest
that targeting of variable epitopes by early immunodominant
CTL allows viral escape from CTL antiviral activity, and that
eventual re-targeting of CTL against more conserved epitopes
reduces escape and leads to the quasi-stable setpoint inter-
action between CTL and viral replication.

In support of this scenario, our data demonstrate dimin-
ishing targeting of Env and increasing targeting of Gag and

Pol during the transition from acute to chronic infection. Env
is the most variable HIV-1 protein, while Gag and Pol are the
most conserved,29 suggesting that a shift from variable to
conserved epitope targeting is the mechanism for the ob-
served shifts in targeting and reduction of viremia achieved at
the end of early infection. This is consistent with the obser-
vation that targeting of Gag and Env are negatively and
positively correlated respectively to viremia during chronic
infection,7–10 and further implies that the degree of this tar-
geting evolution may be a determinant of the final setpoint
reached after early infection. Further evidence for this sce-
nario comes from the observation that antiretroviral therapy
interrupts this trend in CTL targeting; this implies that the
evolution of targeting is driven by the evolution of HIV-1.
This is consistent with prior data examining CTL responses in
persons receiving treatment in early infection.30 Thus, this

FIG. 3. Relationship of HIV-1-specific CTL targeting versus time after infection (before antiretroviral therapy). Top row: For
each of the indicated HIV-1 proteins or combinations of proteins, the percentage of targeted SFC compared to the total (as
depicted in Fig. 2) is plotted against the estimated time after infection of each subject. Significant correlations (linear re-
gression) included Gag ( p¼ 0.054) and GagþPol/Not Gag or Pol ( p¼ 0.020). Bottom row: the number of epitope regions
targeted within Gag, Pol, Env, Nef, and other proteins is plotted against the estimated time after infection for each subject.
Significant correlations (Spearman rank) included Gag ( p¼ 0.010), Pol ( p¼ 0.009), and GagþPol ( p¼ 0.005).

FIG. 4. Relationship of viremia to CTL targeting (before antiretroviral therapy). CTL targeting was compared to viremia
level at the baseline assessment performed 1–21 days before initiating therapy. As described in Table 1, baseline viremia level
(plotted in Fig. 1) and CTL (plotted in Fig. 2) measurements were assessed on samples from the same days, with the exception
of Subject 9 for which CTL assessment was 27 days earlier than viremia. Top Row: The protein targeting of CTL (percentage of
SFC versus total SFC) is plotted against viremia level. Significant correlations (linear regression) included Gag ( p¼ 0.038) and
Env ( p¼ 0.001). Bottom Row: The number of epitope regions identified in the indicated proteins or protein combinations is
plotted against viremia level. Significant correlations (Spearman rank) included only Env ( p¼ 0.009).
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bi-directional interaction is interrupted by antiretroviral ther-
apy that reduces viral replication and therefore viral mutation.

Although targeting evolves towards both the conserved
Gag and Pol proteins in acute infection, the major correlate of
immune control appears to be Gag and not Pol, in agreement
with correlations observed during stable chronic infection.7–10

This indicates that sequence conservation is not the only factor
in CTL efficacy. A potential explanation is the lower expres-
sion of Pol compared to Gag due to the ribosomal frameshift
required for Pol translation from the single gag-pol transcript;31

this can result in reduced levels of Pol compared to Gag epi-
topes32 and less antiviral efficacy of Pol-specific CTL.11,12

The delay in targeting conserved epitopes may have sig-
nificant ensuing repercussions for CTL efficacy in general.
Early immunodominance of CTL targeting more variable
epitopes may limit the ability to re-target efficiently against
more conserved epitopes due to ‘‘original antigenic sin’’,33 and
there likely is severe and poorly reversible total body deple-
tion of CD4þ helper cells through direct viral infection during
this early period of poor immune containment,34–36 leading to
lack of help to maintain CTL function.37 Thus, accelerating
this early evolution of CTL targeting, or pre-determining it by
vaccination, could offer an avenue to improve immune con-
tainment of HIV-1. Supporting this idea, protective HLA
types appear to be associated with early CTL targeting of
highly conserved epitopes similar to those targeted in chronic
infection, for which escape carries a high fitness cost.38

It should be noted that the antigenic unit of CTL is the
epitope, rather than whole proteins such as Gag and Env.
Thus, these observed trends for protein targeting and their
relationship to containment of viremia likely represent effects
of epitope properties and not necessarily the properties of the
whole proteins from which the epitopes are derived. Because
Gag is more conserved than Env overall, Gag epitopes on

average will be more conserved than Env epitopes, and thus a
selective pressure for more conserved epitope targeting will
manifest as an overall trend for more Gag-specific and fewer
Env-specific CTL. However, there are stretches of variable
sequences in Gag, and conserved sequences in Env29 and CTL
against these epitopes may be selected based on these prop-
erties rather than targeting of Gag or Env. Thus, while the
properties of epitopes may be influenced by the protein from
which they are derived, important functional characteristics
of epitopes such as sequence constraint may vary consider-
ably between epitopes from the same protein. This is sup-
ported by the observation that protective CTL epitope
targeting can be observed not only in Gag, but also in gen-
erally more variable proteins such as Vpr and Nef.39

Finally, it should be noted that the cross-sectional nature of
our study is a caveat to interpreting the evolution of CTL
targeting over time. With the relatively small numbers of
subjects studied, we cannot exclude the possibility that the
trends seen across persons could be due to random factors
such as differences in targeting associated with differing HLA
types between individuals, rather than changes in targeting
over time. Although our data are suggestive, detailed longi-
tudinal studies would be required to demonstrate time-
specific evolution of CTL targeting definitively.

In summary, early HIV-1 infection appears to be marked
by evolution of CTL targeting from less conserved to more
conserved proteins, and this is likely driven by viral escape
and CTL re-targeting. Shifting of targeting to more con-
served and highly expressed epitopes likely plays a role in
the eventual ability of the CTL response to reduce peak vi-
remia to a quasi-stable setpoint during early chronic infec-
tion. These data suggest that addressing this early process of
early escape from CTL could offer an intervention to im-
prove immune control.

FIG. 5. Impact of anti-
retroviral therapy on evolu-
tion of CTL targeting. For
each protein or protein com-
bination, CTL targeting is
plotted against estimated
time after infection. The solid
dots represent baseline val-
ues just before initiation of
treatment (plotted in Fig. 3),
and the connected lines rep-
resent two subsequent CTL
measurements after treat-
ment (at time points indi-
cated in Table 1).
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