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uring acute HIV infection, CD8⫹ T cells with the capacity to kill HIV-1-infected cells and secrete IFN-␥
emerge, as plasma viremia peaks and then declines (1–
3). Corresponding activities of CD8⫹ CTL (4) appear in rhesus
macaques with acute SIV infection, and their essential role in control of plasma viremia has been clearly established (5, 6). Intense
monitoring of plasma HIV-1 RNA measurements in our patients
over the first year of infection demonstrated that, after viremia
peaks, and usually within 6 –9 mo, the viral load stabilizes to a
set-point level (7, 8), which has prognostic significance with respect to subsequent disease progression (9). Although neutralizing
Abs conceivably can prevent spread of HIV-1 into target cells,
their activities are largely diverted toward binding hypervariable
epitopes, which dampen their antiviral effectiveness (10). Clearly,
the presence of HIV-1-specific CD4⫹ Th activities is associated
with viral containment, but these responses are either not commonly detected, functionally impaired, or occur at very low levels
during acute infection (9, 11). Moreover, they can serve as natural
targets for infection (12) and frequently require early intervention
with combination antiretroviral therapy to sustain responsiveness
(9, 13). Thus, HIV-1-specific CD8⫹ T cells are the leading candidates to assume the major responsibility for controlling HIV-1
infection during acute infection, and we, along with other researchers, have sought to understand how this is accomplished.
Several investigations have shown that the breadth and specificities of HIV-1-specific CD8⫹ T cells identified during acute
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infection have characteristics that may be distinct from those during chronic infection (14 –17). In a comprehensive analysis of class
I MHC-restricted responses to the entire HIV-1 genome among 21
patients with primary infection, we found that the epitopic specificities are narrower in acutely infected patients and broader in
those examined after several months of infection (17). Furthermore, some of the strongest responses induced during early infection were directed toward epitopes within regulatory and accessory
proteins such as Tat, Vpr, and Nef, whereas those presenting at
later time points were more likely to recognize Gag and other
structural proteins in addition to Nef (4, 17). Of note, the total
frequency of HIV-1-specific CD8⫹ T cells was not correlated with
the contemporaneous viral load. Thus, these findings suggest that
the functionality of the acute response, rather than the total quantity, is more likely to determine the antiviral efficacy.
Recent studies in the macaque model of SIV infection (18) and
in the chimpanzee model of hepatitis C (19) have emphasized the
occurrence of viral-specific CTL that induce viral escape during
acute infection, and its potential impact on the disease outcome. In
the case of SIV infection, an immunodominant Tat-specific CTL
consistently induced viral escape in Mamu-A*01-positive rhesus
macaques (20, 21). These CTL were highly avid, recognizing very
low Ag concentrations for functional activity. These responses
were consistent with previous findings indicating that CTL with
greater avidity were more likely to control murine viral infections
(21) and in human studies were more apt to destroy tumor-bearing
target cells (22).
Although viral escape mutations have been described in acute
HIV-1 infection (23), there have been no studies examining the
contribution of CTL recognizing early expressed genes during
acute infection and the disease sequelae following viral escape. In
this study, we focused on two patients who demonstrated Tatspecific CD8⫹ T cells during acute infection, and we followed
their responses longitudinally. Our results clearly demonstrate that
Tat-specific, IFN-␥-secreting T cells can exert immune pressure
resulting in viral escape early in HIV-1 infection, and that maintenance of viral set point was associated with new HIV-1-specific
CD8⫹ T cell responses of continuously evolving specificities.
0022-1767/03/$02.00
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Induction of HIV-1-specific CD8ⴙ T cells during acute infection is associated with a decline in viremia. The role CD8ⴙ effectors
play in subsequently establishing viral set point remains unclear. To address this, we focused on two acutely infected patients with
the same initial Tat-specific CD8ⴙ response, analyzing their CD8ⴙ T cell responses longitudinally in conjunction with viral load
and sequence evolution. In one patient initiating treatment during acute infection, the frequencies of Tat-specific CD8ⴙ T cells
gradually diminished but persisted, and the Tat epitope sequence was unaltered. By contrast, in the second patient who declined
treatment, the Tat-specific CD8ⴙ T cells disappeared below detection, in conjunction with Gag-specific CD4ⴙ T cell loss, as plasma
viremia reached a set point. This coincided with the emergence of an escape variant within the Tat epitope and an additional Vpr
epitope. New CD8ⴙ T cell responses emerged but with no further associated decline in viremia. These findings indicate that, in the
absence of treatment, the initial CD8ⴙ T cell responses have the greatest impact on reducing viremia, and that later, continuously
evolving responses are less efficient in further reducing viral load. The results also suggest that T cell help may contribute to the
antiviral efficiency of the acute CD8ⴙ T cell response. The Journal of Immunology, 2003, 171: 3837–3846.
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Materials and Methods
Study subjects
Study subjects were participants of a large natural history study at the
University of Washington Primary Infection Clinic. The estimated duration
of infection was defined as the time from the onset of signs and symptoms
consistent with an acute retroviral syndrome (7, 24, 25). These patients
were monitored clinically and virologically every week for the first month
and at intervals of 1–3 mo thereafter. At most of these time points, PBMC
(26) were purified and cryopreserved for the immunological and virological analysis performed in this study. The University of Washington and
Fred Hutchinson Cancer Research Center Institutional Review Boards approved the study, and all subjects provided written informed consent for
participation in the study.

Viral load, T cell subset, and HLA analysis

IFN-␥ ELISPOT assay
Cryopreserved PBMC were thawed at 37°C and cultured overnight in medium (RPMI 1640-HEPES/10% FBS supplemented with L-glutamine, and
penicillin/streptomycin). The frequency of IFN-␥-secreting cells within
whole PBMC or after depletion of CD4⫹ T cells using anti-CD4 Ab-coated
micromagnetic beads (Miltenyi Biotec, Auburn, CA) was measured by an
ELISPOT assay following overnight stimulation with overlapping 15- to
20-mer peptides or the defined optimal peptide (8- to 11-mer) described
previously (17). The peptides were synthesized either by the Biotechnology
Center at the Fred Hutchinson Cancer Research Center or were kindly
supplied by the National Institutes of Health AIDS Reference and Reagents
Program. They were used at a final concentration of 2 g/ml in the standard
screening assay, or as indicated in the peptide titration experiments. We
define dominance according to the relative frequency of IFN-␥-secreting
cells to a given epitope in contrast to others recognized by the same individual. Functional avidity refers to the effective peptide concentration eliciting 50% of the peak IFN-␥ response in the ELISPOT assay.

Viral sequence analysis
Total cellular RNA was purified from 1–2 ⫻ 106 cryopreserved PBMC
using the RNeasy mini-kit (Qiagen, Valencia, CA). The HIV-1 sequences
were amplified by standard RT-PCR using SuperScript II reverse transcriptase and Platinum Taq polymerase (Invitrogen, Carlsbad, CA). The cDNA
was amplified by PCR over 35 cycles (30 s at 94°C, 15 s at 55°C, and 1 min
at 72°C). The Tat epitope sequences were amplified using the primer set
Tat-5⬘ (GAAATGGAGCCAGTAGAT) and Tat-3⬘ (TCTTCCTGC
CATAGGAGA). The vpr (and tat) region was amplified using the primer
set Vpr-5⬘ (AAGCCACCTTTGCCTAGT) and Tat-3⬘. The PCR products
were cloned into the pT-Avd vector according the manufacturer’s protocol
(BD Biosciences, Clontech, Palo Alto, CA). Plasmids from individual
clones were isolated and sequenced using T7 forward and reverse primers
with ABI Prism Big Dye Terminator Cycle sequence reagents (Applied Biosystems, Foster City, CA). Computational analysis of obtained sequences was
performed using database and software package from National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST/) and Los
Alamos HIV database (http://hiv-web.lanl.gov/content/index).
51

Cr release cytolytic assay

HIV-1-specific cytolytic activities were determined ex vivo (direct analysis) and following stimulation with the epitopic peptide in a chromium
release assay (30). Briefly, cryopreserved PBMC were thawed and incubated overnight with RPMI 1640-HEPES medium containing 10% human
serum. After depletion of CD4⫹ T cells, the enriched CD8⫹ T cells were
used as effector cells. Autologous EBV-transformed B-lymphoblastoid
cells (B-LCL)3 (31) were incubated with mock or 2 g/ml specific peptide
for 90 min at 37°C. After washing twice with medium, the B-LCL were
labeled overnight with 50 Ci/ml [51Cr]sodium chromate (PerkinElmer
3
Abbreviations used in this paper: B-LCL, B-lymphoblastoid cell; SI, stimulation
index; EIA,enzyme immunoassay; SFC, spot-forming cell; WT, wild type.

Life Sciences, Boston, MA), washed three times, and used as target cells.
Effector and target cells were mixed at various E:T ratios, and after a 5-h
infection, 51Cr release was determined from the culture supernatant. In the
stimulated assay, the PBMC were cultured at 37°C with 5% CO2, with 10
g/ml peptide added at day 0. On day 1, 20 U/ml IL-2 (Chiron) was added.
On days 3, 5, 8, one-half of the medium was replaced with fresh medium
containing 20 U/ml IL-2. On day 10, responding T cells were tested in the
51
Cr release assay with peptide-pulsed, 51Cr-labeled B-LCL targets. The
percentage of specific lysis was calculated as follows: (mean experimental
51
Cr release ⫺ mean spontaneous 51Cr release) ⫻ 100/(mean total 51Cr
release ⫺ mean spontaneous 51Cr release).

Lymphocyte proliferation assay
Freshly isolated PBMC were seeded at 105 cells per well in 96-well roundbottom plates. Cells in RPMI 1640 medium containing 10% human AB
serum were stimulated for 6 days at 37°C in quadruplicate with no Ag, 20
g/ml Candida, 1 g/ml tetanus toxoid (Connaught Laboratories, Toronto,
Ontario, Canada), 5 g of baculovirus control protein, and 5 g/ml recombinant HIV-1MN gp160 or HIV-1LAI p24 (Protein Sciences, Meriden,
CT). On day 5, cells from each well were labeled with 1 Ci of [3H]thymidine (PerkinElmer Life Sciences), and washed and harvested 16 h later.
The [3H]thymidine incorporation was measured (TopCount; Packard Instrument, Meriden, CT) and expressed as mean cpm ⫾ SE. The stimulation
index (SI) was calculated as the quotient of the mean cpm of stimulated
cultures divided by mean cpm of unstimulated cultures. Responses with an
SI of ⬎4 and a mean cpm of the stimulated culture of ⬎2000 were considered positive.

Results

CD8⫹ T cell responses during acute infection
In our cross-sectional study of T cell responses to all HIV-1 proteins during primary HIV-1 infection, we identified 2 of 21 patients
whose CD8⫹ T cells recognized a common Tat epitope (17). The
demographic characteristics, clinical and virological responses
during acute infection, and antiretroviral treatment regimen are
shown for these two Caucasian males in Table I.
Patient 1362 presented 8 days after onset of symptoms associated with acute HIV-1 infection, and HIV-1 serological testing
revealed a negative enzyme immunoassay (EIA) and plasma
HIV-1 RNA of 8.2 ⫻ 106 copies/ml. The first positive EIA was
measured on day 22. This patient refused antiretroviral therapy
throughout the course of the study. Patient 1408 sought care from
his primary care physician 3 days after onset of symptoms. At that
time, his sera scored negative in an HIV-1 EIA, but his plasma
reportedly contained ⬎5 ⫻ 105 copies/ml of HIV-1 RNA. He was
subsequently enrolled in the University of Washington Primary
Infection Clinic on day 14, and by that time, HIV-1 EIA revealed
seroconversion and plasma HIV-1 RNA of 1.2 ⫻ 106 copies/ml.
Patient 1408 also exhibited CD4⫹ T cell depletion to 397 cells/l
at study entry (Table I). Twenty days after the onset of acute retroviral symptoms, patient 1408 initiated antiretroviral therapy and
continued treatment throughout the course of this study.
In the initial screening by IFN-␥ ELISPOT assay, both patients’
CD8⫹ T cells recognized the 15-mer Tat8 (Table II). To define the
optimal Tat epitope, we tested the PBMC for recognition of overlapping 8- to 12-mers within Tat8 (Table II). The 8-mer CCFHCQVC (Tat CC8), unusual in containing four cysteine residues,
was identified as the optimal epitopic peptide: it contained the
fewest amino acids, stimulated the highest response in both patients (Table II) and was recognized with the greatest frequency at
low peptide concentrations (Fig. 1, A and B). The EC50, the effective peptide concentration eliciting 50% of the peak IFN-␥ response, was 212 nM for patient 1362 and 701 nM for patient 1408.
The Tat CC8 peptide was restricted by the class I allele C*1203
(17), the only common allele shared by these two patients (Table
I). Notably, we observed differences between the two patients’ T
cell response to peptides containing amino acids flanking the optimal epitope (Table II).
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Plasma HIV-1 viral RNA was determined by quantitative branched-DNA
(27) assay (Chiron, Emeryville, CA) (28) and/or RT-PCR assay (Roche
Molecular Systems, Branchburg, NJ) (27), having sensitivities of 500 and
50 copies/ml, respectively. Peripheral blood CD4⫹ and CD8⫹ T cell counts
were determined by flow cytometry using consensus methods (27) and
expressed as cells per microliter. HLA typing was performed at the Puget
Sound Blood Center (Seattle, WA) by sequence-specific primer PCR as
previously described (29).

CD8⫹ T CELLS AND HIV-1 ESCAPE IN ACUTE INFECTION
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Table I. Demographic, clinical, and virological profile of the study subjects

Subject

Class I HLA Typing

Days of Infection at
Enrollmenta

Plasma HIV-1
RNAb (copies/ml)

CD4⫹ T Cell Countsb
(cells/l)

Treatmenta

Patient 1362:
Caucasian male,
24 years old

A*0201/2501
B18/51
C*0102/1203

8

8.2 ⫻ 106

876

None

Patient 1408:
Caucasian male,
33 years old

A3/26
B7/3801
C*0702/1203

14

1.2 ⫻ 106

397

Day 20: initiated lamivudine,
stavudine, indinavir, and
hydroxyurea
Day 47: hydroxyurea stopped
Day 101: indinavir replaced
with efavirenz

a
b

The day of infection is defined as the day of the onset of acute retroviral symptoms.
Measurements at enrollment.

Cytolytic activities of CD8⫹ T cells
⫹

To determine whether the HIV-1-specific, IFN-␥-secreting CD8
T cells were also capable of cytolysis, we tested effector T cells
obtained from patient 1362 on day 34 and from patient 1408 on
day 20 after infection for lysis of autologous targets expressing the
epitopes defined above in a 51Cr release assay. After stimulating
PBMC with the epitopic peptides for 10 days, we were unable to
detect lysis of B-LCL targets expressing Tat CC8 peptide by effectors from either patient (Fig. 1, C and D) and expressing Env
MW9 by effectors from patient 1408 (D). However, PBMC from
patient 1362 exhibited low-level specific lysis of Vpr EI9-express-

Table II. Fine mapping of the CD8⫹ T cell epitope in HIV-1 Tat
recognized by patients 1362 and 1408 during acute infection
IFN-␥ SFC/106 PBMCa
Peptide

Tat CC8
Tat7
Tat8
Tat8-K12
Tat8-K11
Tat8-K10
Tat8-K9
Tat8-K8
Tat8-C11
Tat8-C10
Tat8-C9
Tat8-CF8
a
b

Sequence

CCFHCQVCb
CYCKKCCFHCQVCFI
KCCFHCQVCFITKAL
KCCFHCQVCFIT
KCCFHCQVCFI
KCCFHCQVCF
KCCFHCQVC
KCCFHCQV
CCFHCQVCFIT
CCFHCQVCFI
CCFHCQVCF
CFHCQVCF

Patient 1362

Patient 1408

1017
115
195
290
195
10
45
0
0
65
0
0

905
15
100
125
20
10
10
ND
0
80
0
ND

Positive responses are shown in bold.
The CC8 epitope is located between aa30 and 37 in Tat (HIV-1HXB2).

ing targets (Fig. 1C). Next, we determined whether virus-specific,
differentiated, and activated effector cells were present during
acute infection. A direct, ex vivo CTL assay, without prior stimulation and proliferation of the effector cells, was performed using
the CD4⫹ T cell-depleted fraction of previously cryopreserved
PBMC as effectors. Both Tat- and Vpr-specific direct lysis by effectors was detected in patient 1362. As shown in Fig. 1E, cytolysis was evident only at very high E:T ratios (160:1 and 800:1). By
contrast, Tat- and Env-specific lytic activities by patient 1408 T
cells ex vivo were not demonstrated (Fig. 1F). Thus, the earliest
antiviral CD8⫹ effector responses were more readily demonstrated
ex vivo by IFN-␥ secretion rather than cytolytic activities.
Mutation within CD8⫹ T cell epitopes during acute infection
leads to viral escape in patient 1362
To determine the extent to which the initial Tat- and Vpr-specific
responses in patient 1362 exerted immune pressure on HIV-1, we
analyzed the evolution of these responses and the epitope sequences. As shown in Fig. 2 and detailed in Tables III and IV, the
two initial codominant responses were present as early as day 8
and were fully expanded by day 34 of infection. On day 34, both
the Tat CC8 and Vpr EI9 epitopic amino acid sequences in all
clones were 100% identical with the index HXB2 sequence (Table
V). The clonal Tat sequences had the same synonymous mutation
at the last codon in comparison with the HXB2 sequence, CysTGC
instead of CysTGT, and the Vpr sequences included a synonymous
mutation at the ninth codon, IleATA instead of IleATT.
However, at subsequent time points, the Tat- and Vpr-specific
CD8⫹ T cell responses began to wane, and after day 298, they
were no longer detectable (Fig. 2, Table IV). Examination of sequences encoded by tat on day 51 (Table V) revealed that 30% of
the clonal sequences remained unchanged, while 40% had a mutation at the third residue, changing from PheTTT to Leu (F3L); and
20% had a mutation at the seventh residue, changing from ValGTT
to SerAGT (V7S). The codon usage for the F3L mutation was split
in a 3:1 ratio between LeuCTT and LeuTTA. The mixed population
of wild-type (WT), F3L-, or V7S-containing clones were observed
on day 156 as well, with frequencies of 46, 38, and 15%, respectively. On day 259, 94% of the analyzed clonal sequences had the
F3L mutation in the Tat epitope, and this mutation was present in
100% of the clones sequenced at day 1037 (Table V). At both later
time points, all F3L mutations used the LeuTTA codon. Thus, mutation within the Tat epitope occurred as early as day 51 and became fixed after day 259.
To determine whether the mutations in the viral epitopes enabled the virus to escape the specific T cell response, we examined
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An additional CD8⫹ T cell response was induced during acute
infection in both patients. In patient 1362, a codominant Vpr-specific CD8⫹ T cell response was identified (17), which was fine
mapped to the 9-mer EAVRHFPRI (Vpr EI9) and restricted by
HLA B51. The frequency of the Vpr EI9-specific response at day
34 of infection was 2872 IFN-␥ spot-forming cells (SFC)/106
PBMC with an EC50 value of 17.8 nM, which was ⬃12 times
lower than the Tat-specific response (Table III). Patient 1408 recognized a subdominant B38-restricted Env-specific epitope MW9
(MHEDIISLW) with an EC50 of 163 nM, which was considerably
lower than the dominant Tat CC8 response of 701 nM (17). Thus,
the functional avidity of the Tat-specific responses in both patients
was lower than the responses to the high-frequency Vpr-specific
(patient 1362) or low-frequency Env-specific (patient 1408)
responses.
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the ability of PBMC, obtained on day 34 after infection, to recognize and secrete IFN-␥ when stimulated overnight with peptides
corresponding to the mutated epitope and the WT epitope sequences. No significant IFN-␥ SFC were detected when PBMC
were stimulated with the mutated Tat F3L and V7S epitopic peptides at any concentration up to 10 g/ml, in contrast to clear
dose-dependent responses to Tat CC8 (Fig. 3A). We also tested
patient 1408’s PBMC collected 20 days after infection for recognition of the F3L mutant peptide. Although this patient’s T cells
recognized the HLA Cw12-restricted Tat CC8 epitope and se-

creted IFN-␥, no IFN-␥ SFC were detected when stimulated with
the F3L mutant peptide (data not shown). Thus, both mutations in
the Tat CC8 epitope, F3L and V7S, abolished the specific CD8⫹
T cell response.
Likewise, we examined sequence alterations in the Vpr epitope
after acute infection. On day 51, 50% of the clonal sequences of
the Vpr EI9 epitope recognized by CD8⫹ T cells in patient 1362
were unchanged (Table V). Of the remaining five clonal sequences, three had a mutation at the ninth codon, changing from
IleATA to ThrACA (I9T), one had a mutation at the first codon,

Table III. HIV-1-specific class I-restricted CD8⫹ T cell epitopes recognized by patient 1362

Epitope (Position)

Amino Acid Sequence

Class I MHC
Restriction

SFC/106
PBMCa

EC50
(nM)b

Day First
Detected

Vpr E19 (aa 29 –37)
Tat CC8 (aa 30 –37)
Pol T18 (aa 128 –135)
Gag EW10 (aa 71– 80)
Nef YY9 (aa 135–143)
Gag QW11 (aa 13–23)
Env RL9 (aa 557–565)
Gag VL8 (aa 36 – 43)

EAVRHFPRI
CCFHCQVC
TAFTIPSI
ETINEEAAEW
YPLTFGWCY
QAISPRTLNAW
RAIEAQQML
VIPMFSAL

B51
Cw12
B51
A25
B18
A25
B51
Cw1

2872
1017
2140
1118
2450
528
775
795

18
212
11
70
48
398
491
23

8
8
51
51
155
155
482
482

Peak frequency of CD8⫹ T cell response measured in IFN-␥ SFC per 106 PBMC.
Functional avidity determined in IFN-␥ ELISPOT assay and expressed as the 50% effective peptide concentration in
nanomolar value.
a
b
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FIGURE 1. Secretion of IFN-␥ and cytolysis of Tat-specific CD8⫹ T cells. Serially diluted whole and truncated peptides spanning the Tat protein aa
29 – 43 were tested for recognition by PBMC collected on day 34 from patient 1362 (A) and on day 20 from patient 1408 (B). Tat-specific responses were
quantified in an IFN-␥ ELISPOT and expressed as IFN-␥ SFC/106 PBMC with SE, after subtracting the no-peptide control. The IFN-␥ SFC frequency was
15 per 106 PBMC from wells containing PBMC stimulated with no peptide. Specific cytolysis was determined using PBMC from the same time points after
10 days of peptide stimulation (C and D) or ex vivo without peptide stimulation (E and F). PBMC from patients 1362 (C) and 1408 (D) were stimulated
with the Tat CC8 (f) or Vpr EI9 (F) peptides; PBMC from patient 1408 (D) were stimulated with the Tat CC8 (f) or Env MW9 (䉬) peptides. The
percentage of specific lysis was determined using autologous B-LCL targets pulsed with the indicated peptide (f, F, 䉬) or no peptide (䡺, E, 䉫) at various
E:T ratios. In the direct cytolysis assay, the percentage of specific lysis by CD4-depleted effector cells from patients 1362 (E) and 1408 (F) was determined
using autologous B-LCL pulsed with the indicated peptide or no peptide as target cells.
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changing from GluGAA to LysAAA, and one had a mutation at the
eighth position, changing from ArgAGG to TypTGG. By day 259, 86%
of the clonal sequences had the I9L mutation, switching the ninth
codon to LeuCTA, whereas 17% remained unaltered. On day 1037, all
of the 15 clones analyzed exhibited the I9L mutation (Table V). Thus,
mutation occurred concurrently within both the Tat and Vpr epitopes.

Table IV. CD8⫹ T cell responses to Tat and Vpr wild-type and mutant
peptides in patient 1362
IFN-␥ SFC/106 PBMCa
Tat
Time (Days)

Control

8
22
29
34
51
155
190
298
482
487
671
760
821
1027

30
185
5
11
70
140
25
43
79
89
8
78
45
25

b

Vpr

CC8

F3L

V7S

EI9

I9T

I9L

65
295
360
1028
259
435
265
140
0
80
30
0
38
37

ND
ND
0
44
126
165
ND
70
0
73
15
0
48
28

ND
ND
ND
44
237
110
ND
73
0
45
23
0
50
40

165
ND
ND
2883
1009
835
945
228
42
123
48
0
128
28

ND
ND
ND
1150
926
148
615
168
25
110
30
0
68
30

ND
ND
ND
1372
548
340
ND
68
0
55
10
0
48
23

Positive T cell responses, determined by IFN-␥ ELISPOT assay (⬎50 IFN-␥
SFC/106 and 2-fold of the no-peptide control), are shown in bold. Measurements
shown have background subtracted and those below background are indicated as zero.
b
No-peptide control in the same ELISPOT assay.
a

Similarly, we examined the Vpr mutant epitopic peptides for
recognition by PBMC from patient 1362 isolated from day 34 of
infection in the IFN-␥ ELISPOT assay. The I9L and I9T mutant
Vpr peptides were still recognized using the standard 2 g/ml
peptide concentration (Fig. 3B). However, when these peptides
were used to stimulate in serially diluted concentrations and contrasted with the WT peptide Vpr EI9, the functional avidity of the
mutant I9L peptide was reduced 33-fold, and that of the mutant
I9T peptide was reduced 17-fold (Fig. 3B). Of note, the I9L mutation was first noted at day 259 but became fixed at the day-1037
time point (Table V). These findings demonstrate the evolution
from partial escape to complete escape within the Vpr epitope.
The Tat and Vpr epitope sequences were analyzed from the same
PCR-amplified cDNA clone, so that by examining the combined genotype at these two loci, we were able to determine whether the mutations in Tat CC8 and Vpr EI9 occurred independently. Analysis of
the 10 available sequences at day 51 after infection, the earliest time
point when mutations were seen within both epitopes, revealed numerous combinations of WT and mutations: TatWT/VprWT (2 clones),
TatWT/VprR8W (1 clone), TatF3L/VprWT (1 clone), TatV7S/VprWT (2
clones), TatF3L/VprI9T (2 clones), TatF3L/VprE1L (1 clone), and
TatV7S/VprI9T (1 clone). Thus, in individual clones, the WT genotype
occurred at the tat gene locus together with mutation at the vpr gene,
and vice versa. These results indicate that mutations at Tat CC8 and
Vpr EI9 developed and were selected for independently.
Lack of Tat escape mutation in patient 1408
We analyzed the Tat CC8 epitope sequence in RNA of PBMC
obtained from patient 1408 at five time points after infection (Table V). On days 20 and 76, the amino acid sequences of CC8
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FIGURE 2. Longitudinal analysis of plasma viral load, CD4⫹ T cell counts, and HIV-1-specific CD8⫹ T cell responses in patient 1362. Plasma HIV-1
RNA (copies per milliliter; blue square and line), CD4⫹ T cell counts (cells per microliter; pink square and line), and class I MHC-restricted CD8⫹ T
responses (IFN-␥ SFC/106 PBMC; colored bars) are shown for the indicated days after onset of acute retroviral symptoms (x-axis). At days 29 and 259,
the Vpr-specific responses were not tested. The asterisk indicates the time points of viral-epitope sequence analysis.
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Table V. Longitudinal sequence analysis of the Tat and Vpr epitopes
Patient ID/
Epitope

Sequence

Clonal
Frequency

34

CCFHCQVC

10/10 (100%)

51

---------L----------S-

3/10 (30%)
4/10 (40%)
3/10 (30%)

156

---------L----------S-

6/13 (46%)
5/13 (38%)
2/13 (15%)

259

---------L------LY----

1/18 (6%)
16/18 (89%)
1/18 (6%)

1037

--L-----

15/15 (100%)

34

EAVRHFPRI

12/12 (100%)

51

--------------T
------WK-------

5/10 (50%)
3/10 (30%)
1/10 (10%)
1/10 (10%)

259

-------L
--------

6/7 (86%)
1/7 (14%)

1037

-------L

15/15 (100%)

Time (Days)a

1362
Tat

1408
Tat

a

20

CCFHCQVC
------A-

8/9 (89%)
1/9 (11%)

76

--------

11/11 (100%)

243

--------

2/2 (100%)

296

--------S------

7/8 (88%)
1/8 (12%)

333

--------

10/10 (100%)

Sampling time, indicated by days after infection.

epitope were 89 and 100%, respectively, identical with the index
HXB2 sequence, although at the nucleotide level, the sequence
differed from the HXB2 strain at the last cysteine codon (a synonymous mutation from TGT to TGC). On day 20 and before
treatment, one clone displayed a mutation from ValGTT to AlaGCT
at position 7. All clonal sequences subsequently analyzed over the
course of 1 year were unchanged, with the exception of one clone
sequenced from PBMC RNA obtained on day 296, which demonstrated a CysTGC to SerTCC mutation at the second residue. These
results indicate that, in contrast to patient 1362, patient 1408 exhibited no viral escape within the identical Tat epitope in association with viral suppression following antiretroviral treatment.
Evolution of the CD8⫹ T cell response
We next examined the course of infection and control of viremia
in association with the initial and subsequent CD8⫹ T cell immune
response mounted by the two patients. Longitudinal time points
were assessed for recognition of HIV-1 epitopes by IFN-␥ ELIS-

FIGURE 3. Mutations in Tat and Vpr epitopes lead to viral escape from
CD8⫹ T cell immunity. In patient 1362, the CD8⫹ T cell responses following overnight stimulation of Tat (A) and Vpr (B) peptides were quantified by the IFN-␥ ELISPOT assay. Cryopreserved PBMC collected at day
34 were incubated with synthetic peptides at the indicated concentrations
and analyzed in duplicate. Ag-specific responses are shown as mean SFC/
106 PBMC with SE, after subtracting the no-peptide control. The IFN-␥
SFC frequency was 10 per 106 PBMC from wells containing PBMC stimulated with no peptide. f, WT epitope peptides. E, ‚, ƒ, Mutant peptides.

POT assay, again using peptides spanning the entire coding region
of the HIV-1 genome. The patterns of viral load, CD4⫹ T cell
counts, and HIV-1-specific CD8⫹ T cell responses are shown in
Figs. 2 (patient 1362) and 4 (patient 1408).
Patient 1362 exhibited an ⬃100-fold decline in viremia within
the first 3 wk of infection, falling from 8.2 ⫻ 106 to 8.8 ⫻ 104
copies/ml at day 22 (Fig. 2) in conjunction with a prompt rise in
CD4⫹ T cell counts. These alterations occurred in association with
the induction and expansion of the Tat-specific and Vpr-specific
responses, first identified on day 8 after onset of acute symptoms
(35 and 135 IFN-␥ SFC/106 PBMC, respectively) and peaking at
day 34 (1017 and 2872 IFN-␥ SFC/106 PBMC, respectively). Only
minimal reduction in viral load ensued (7.8 ⫻ 104 on day 51), and
notably, over the subsequent 3 years of infection, the patient maintained a mean level of 8.3 ⫻ 104 copies/ml, which was similar to
the initial nadir (Fig. 2 and data not shown). The CD4⫹ T cell
counts stabilized in parallel with the viral load over the remaining
years of study (Fig. 2). It is noteworthy that, by day 51, 70% of the
Tat epitope variants and 50% of the Vpr epitope variants had already escaped (Table V), and these were either no longer (Tat) or
only partially recognized (Vpr) by the specific CD8⫹ T cells (Fig.
3). Moreover, the frequencies of IFN-␥ SFC recognizing the WT
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Tat and Vpr epitopes were markedly diminished by day 51 (Fig.
2). Thus, the viral load set point was established very early in this
patient, and based on the temporal events, this was clearly associated with the potent antiviral activities of the Tat- and Vpr-specific CD8⫹ T cells.
At day 51 after infection, when escape variants of the acute
Tat-CC8 and Vpr-EI9 were first observed in patient 1362 (Table
V), new class I MHC-restricted CD8⫹ T cell responses were identified that were directed against epitopes in Pol and Gag. The Pol
epitope TI8 (TAFTIPSI), a previously described HLA-B51-restricted epitope, was recognized by CD8⫹ T cells with IFN-␥ SFC
frequencies of 328/106 PBMC and an EC50 value of 11 nM (Table
III). The Pol-specific response expanded, reaching 2140 SFC/106
PBMC at day 155 after infection. Of note, the Pol-TI8 response is
more avid than both acute responses, and the most avid response
in this patient (Table III). The Gag-specific response was directed

to the A25-restricted Gag-EW10 epitope (ETINEEAAEW) with
an EC50 of 70 nM.
The CD8⫹ T cell responses continued to broaden, recognizing as
many as six epitopes that could be identified with use of peptides
based upon HIV-1HXB2 (Fig. 2, Table III). At day 155 after infection,
new responses were directed to the B18-restricted Nef YY9 (YPLT
FGWCY) epitope and A25-restricted Gag QW11 (QAISPRTLNAW)
epitope. At day 482 after infection, we detected new responses to the
B51-restricted Env RL9 (RAIEAQQML) epitope and the Cw1-restricted Gag VL8 (VIPMFSAL) epitope (Table III). Thus, the dominance of the CD8⫹ T cell response shifted from the Tat CC8 and Vpr
EI9 responses during acute infection to the Pol TI8 response at day
155, and then to the Nef YY9 response at day 482 and beyond (Fig.
2). Of note, of the six class I alleles from patient 1362, only the
A*0201 allele failed to present any HIV-1-specific epitopes in both
acute and chronic infection (Table III).

FIGURE 5. Analysis of HIV-1-specific lymphocyte proliferation in patient 1362. Lymphocyte proliferation was measured using freshly isolated PBMC
after stimulation with the control Ag, Candida, tetanus toxoid, HIV-1 p24 or gp160 Ags in quadruplicate at the indicated days after infection. Cell division
was labeled by [3H]thymidine incorporation and is shown as mean cpm ⫹ SE (A). The SI was calculated as the quotient of the mean cpm of stimulated
cultures divided by the mean cpm of unstimulated cultures (B). The SI to the baculovirus control protein was ⬍2 at all time points tested.
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FIGURE 4. Longitudinal analysis of plasma viral load, CD4⫹ T cell counts, and HIV-1-specific CD8⫹ T cell responses in patient 1408. Plasma HIV-1
RNA (copies per milliliter; blue square and line), CD4⫹ T cell counts (cells per microliter; pink square and line), and class I MHC-restricted CD8⫹ T
responses (IFN-␥ SFC/106 PBMC; colored bars) were analyzed at the indicated days after onset of acute retroviral symptoms (x-axis). The arrow along
the x-axis indicates initiation of antiretroviral therapy, and the asterisk designates the time points when viral-epitope sequence analysis was performed.
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The clinical course in patient 1408 was quite different from that
in patient 1362. Plasma viremia had fallen to ⬍106 copies/ml when
patient 1408 initiated combination antiretroviral therapy at day 20
(Fig. 4). His plasma viral load fell to 66 copies/ml at day 165, and
suppression was maintained at a mean of 55 copies/ml over the
subsequent 2 years. His CD4⫹ T cell count rose to 724 cells/l at
day 76 and persisted to levels of ⬎500 cells/l throughout the 2
years of study. His dominant Tat-specific response, detected as
early as day 14 and at a very high frequency of 2580 IFN-␥ SFC/
106 PBMC, fell ⬃3-fold before therapy, and then continued to fall
over the first 180 days of infection in conjunction with viral suppression by antiretroviral therapy (Fig. 4). Thus, the Tat-specific
CD8⫹ response was detectable at all of the time points tested, but
the frequencies paralleled the reduction in viral load. The Envspecific response to the MW9 epitope was detected at several acute
and early time points, but all at very low frequencies. No responses
to additional epitopes were detected during chronic infection.

We were unable to detect by ELISPOT ex vivo IFN-␥-secreting
CD4⫹ T cells that recognized HIV-1 peptides in either patient
(17). However, to understand the potential role of CD4⫹ T cells in
providing help for the CD8⫹ T cell effector responses, we also
prospectively assessed the lymphoproliferative responses in these
two patients, using freshly isolated PBMC obtained during the
course of infection. The cells were stimulated with recombinant
HIV-1 p24LAI and gp160MN, as well as recall Ags, Candida and
tetanus, and proliferation was contrasted with the controls, baculovirus protein and medium alone. In patient 1408, HIV-1 p24specific lymphoproliferation was detected only at days 76 and 597,
with SIs of 11 and 19, respectively. No response to gp160 was
detected at any time point (data not shown). In patient 1362, in
addition to responses to both recall Ags, Candida and tetanus, a
positive p24 Ag lymphoproliferative response (SI ⬎ 4) was observed at days 34 and 51, with SIs of 35 and 9, respectively. No
response to gp160 was detected at any time point (Fig. 5). Of note,
the p24-specific lymphoproliferative responses in patient 1362
were demonstrated concomitantly with the acute Tat- and Vprspecific CD8⫹ T cell responses and during the period of viral load
stabilization. Moreover, these CD8⫹ and CD4⫹ T cell responses
fell in parallel after the set point was established.

Discussion
We demonstrate that, as HIV-1 replicates at prodigious levels in
two patients with acute retroviral symptoms and before seroconversion, CD8⫹ T cells undergo clonal expansion and differentiation sufficient for detection by day 8 of infection. The acute effector response, narrower in specificity than the later responses,
correlated most directly with the reduction of plasma viremia over
the ensuing 2–3 years of infection in the absence of therapy. The
clinical presentation of the two patients analyzed in detail was
similar, and CD8⫹ T cells in both recognize the same early expressed HLA Cw12-restricted Tat epitope. Their course of infection diverged when one initiated antiretroviral therapy (patient
1408) and the other (patient 1362) did not. Treatment that suppressed viremia protected against immune escape, whereas without
treatment, viral escape mutations arose within the same epitope.
These findings are the first to demonstrate escape mutations in
nonstructural HIV-1 proteins such as Tat, and bear resemblance to
the findings in macaques in which Tat-specific CTL exert strong
immune pressure during acute SIV infection (20). In addition, the
evolution of the Tat-specific responses in the two patients suggest

that escape is likely to occur when viremia is prolonged, such as in
the absence of treatment, rather than when treatment is initiated
during acute infection.
We cannot fully elucidate the extent to which factors other than
IFN-␥-secreting CD8⫹ T cells contribute to the lowering of plasma
viremia during acute infection. Viremia may fall as a consequence
of a lack of available target cells due to CD4⫹ T cell depletion (32,
33), but the strength of this effect relative to immunity is unlikely
to contribute a significant role in this cohort (33). However, with
respect to acquired immunity, the CD8⫹ T cell IFN-␥-secreting
cells were the predominant effector responses during the period of
rapid reduction in viremia. Also, the cytolytic capacity of the ex
vivo effectors was less robust than IFN-␥ secretion, which may to
some extent be influenced by the in vitro assay used for detection
as well as ongoing terminal differentiation and apoptosis. Gag p24specific lymphoproliferative responses, but not IFN-␥-secreting
CD4⫹ T cells, were detected on days 34 and 51, but not at later
time points. We have shown that CD4⫹ T cells are the predominant subset that proliferate to Gag p24 Ag (34, 35). These HIV1-specific CD4⫹ T cells may provide the help that is relevant for
successful CD8⫹ effector activities during acute infection. Thus,
our findings, backed by evidence that depletion of the early CD8⫹
T cells in rhesus macaques leads to abrupt increases in SIV replication (5, 6), provide the best support to date that the CD8⫹ T
cells, particularly when strengthened by CD4⫹ T help, mediate
initial control of viremia.
Perhaps the most significant finding is that the viral set point,
established early (⬍2 mo) in patient 1362, coincided with the
emergence of the Tat escape mutation and altered recognition of
the Vpr epitope. The set-point HIV-1 RNA copy number was ⬃2
log10 lower than observed during initial viremia. Once the viral set
point was established, escape within Tat and Vpr heralded in new
CD8⫹ T cell immune responses recognizing epitopes within later
expressed structural proteins. It is curious that, despite the broadening of the epitopic repertoire following escape within Tat and
Vpr, the viral load did not appreciably further diminish in patient
1362. This suggests that the earliest CD8⫹ T cell response is the
most effective, and those that ensue altogether have no better, if not
reduced, antiviral effectiveness. These findings lend support to the
hypothesis that the earliest responses are in fact the most favored
responses, because they have the greatest antiviral activities. This
issue is of great relevance in designing vaccines that rapidly curb
viral replication upon exposure. Eliciting CD8⫹ T cell responses
representative of those recognized during initial infection, which
demonstrate the greatest antiviral efficiency, may thus provide a
greater benefit in vaccine protection against infection or disease.
It is noteworthy that we found no striking differences in the SFC
frequencies during acute, in contrast to later, infection in the absence of antiretroviral treatment. Thus, the absolute numbers of
Ag-specific CD8⫹ T cells are unlikely to correlate with the greatest
antiviral effectiveness, although there may be some threshold number needed for this function. Others have argued that the efficiency
of acute virus control may correlate with the functional avidity of
the TCR interaction with the antigenic peptide complexed with
MHC. The Vpr EI9-specific response in patient 1362 was the most
avid response during acute infection (EC50 ⫽ 18 nM). The acute
Tat CC8 response was less avid (EC50 ⫽ 212 nM), but viral escape
mutations developed in both epitopes at the same time, 51 days
after infection (Table V). Moreover, the later responses recognizing Pol TI8, Gag VL8, and Nef YY9 epitopes had EC50 values
comparable (11, 23, and 48 nM) to the Vpr EI9-specific response
in patient 1362. Thus, the functional avidity of the CD8⫹ T cell
responses in this patient was not the key determinant for the timely
order of CTL epitope recruitment. This indicates that viral escape
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trol of virus replication, as has been shown in recent studies of
responses in EBV infection (44, 45) and in selected responses in
HIV-1 infection (46). Moreover, it may be beneficial in acute infection to be able to elicit responses to epitopes restricted by less
common HLA molecules, because those restricted by more common ones may have already undergone mutation within the transmitting strain, which may or may not influence fitness. This is
relevant to the underrepresentation of HLA A2-restricted CD8⫹ T
cell responses observed in patient 1362 and reported during acute
infection (16, 17), in contrast to the more frequent detection of
A2-restricted responses among patients during chronic infection
(16, 47– 49).
In conclusion, our findings indicate that the greatest impact on
the control of viremia during acute HIV-1 infection is linked to the
initial CD8⫹ T cell response, bolstered by CD4⫹ T cell help, and
subsequent responses in the absence of treatment appear to provide
no further reduction in viral load. These results indicate that the set
point established following acute infection may be intimately
linked to the efficiency of the acute CD8⫹ T cell effectors. Understanding mechanisms to preserve the earliest responses without the
necessity of lifelong therapy and to induce these responses with
preventative vaccines are essential to controlling the HIV-1
epidemic.
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from the acute response is not restricted to highly avid responses,
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An alternative explanation for the relative efficiency of viral
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likely to confer changes in viral fitness. The Vpr EI9 epitope is part
of the N-terminal amphipathic ␣ helix, which is required for virion
incorporation, nuclear localization, stability, and oligomerization
(36 –38). As reported previously in an in vitro study, mutation of
Ile37 to Gly (I9G in corresponding EI9 epitope numeration) did not
affect Vpr functions in virion incorporation, nuclear localization,
and protein stability (39). By contrast, the Tat CC8 epitope is located in the cysteine-rich domain of Tat that is essential for the
transactivation of HIV-1 long terminal repeat (40). A single amino
acid mutation from Phe32 to Ala (F3A in the corresponding CC8
epitope designation) resulted in a 5- to 20-fold reduction of the
transactivation activity of Tat protein in a long terminal repeatreporter gene assay (41). Assuming the F3L mutation identified in
patient 1362 has a similar impact on Tat transactivation as the F3A
mutation, the immune pressure and subsequent viral escape may
have inflicted severe consequences on the replicative capacity of
HIV-1. Studies to examine this possibility are in progress. Of note,
analysis of the HIV sequence database reveals that Leu at position
3 of Tat CC8 epitope is surprisingly frequent among B clade isolates (http://hiv-web.lanl.gov). Of the total 39 available sequences,
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region of the Tat protein is a major target of CTL immune pressure
and the F3L escape mutation has accumulated during the HIV
pandemic.
In contrast to patient 1362, no viral escape within the Tat
epitope occurred in patient 1408, which is likely the consequence
of early intervention with antiretroviral therapy and the resulting
rapid reduction of viral load. The kinetics of viral load and Tatspecific CD8⫹ T cell frequencies provide clear evidence for the
contraction of the immune response when viral replication is suppressed. These events lend strong support to the potential benefit of
early treatment intervention, which protects the host from immune
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likely to impart the greatest or most efficient antiviral immunity. In
addition, therapeutic intervention can preserve CD4⫹ T help,
which can maintain the CD8⫹ T cell responses, as we and others
have shown (42, 43).
Further studies are needed to understand the distinct properties
of the acute T cell response that confer antiviral activities. We can
speculate that recognition of epitopes within early expressed proteins such as Tat and Vpr may provide an advantage in rapid con-
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