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We longitudinally measured T-cell receptor transcript frequencies of human immunodeficiency virus type 1
(HIV-1) specific cytotoxic T lymphocytes (CTL) in an individual with rapidly progressive disease and high
levels of viremia. CTL clones elicited during acute HIV-1 infection were present at the time of death, despite
absent functional CTL responses, arguing against clonal deletion as a mechanism for the decline of CTL
responses observed during HIV-1 infection.

Virus-specific cytotoxic T lymphocytes (CTL) appear in
acute human immunodeficiency virus type 1 (HIV-1) infection
coincident with control of the initial intense burst of viral
replication (4, 13). Evidence that these CTL expansions are
oligoclonal is supported by studies demonstrating major oligo-
clonal or monoclonal expansions of CD81 T cells having a
predominant Vb usage (17). In HIV-1 infection, some of these
Vb expansions have been shown to contain HIV-specific CTL
(17), but the long-term fate of these cells has not been deter-
mined. Despite the appearance of these early robust immune
responses, in most individuals there is a decline in CTL func-
tion as the disease progresses (6, 12). Clonal exhaustion, re-
sulting in physical deletion of CTL clones from chronic expo-
sure to high levels of antigen, has been proposed as a
mechanism for the decline in CTL activity seen during HIV-1
disease progression (15, 18).

Moskophidis et al. (15) have shown that the presence of
rapidly replicating, noncytopathic lymphocytic choriomeningi-
tis virus throughout the lymphoid system in acute murine in-
fection can initiate large expansions of antiviral CTL followed,
after a short period of anergy, by clonal deletion. Pantaleo et
al. (18), by using CDR3-specific PCR to demonstrate a rapid
disappearance of two expanded clonotypes, suggested that
clonal exhaustion occurred during acute HIV-1 infection in
two humans. Whether the decline in CTL function seen in
late-stage HIV-1 disease is because CTL clones, elicited during
early stages of disease, undergo clonal exhaustion in the face of
a chronically elevated antigen burden remains to be seen.

We have quantitated the magnitude and duration of indi-
vidual HIV-1-specific CTL expansions based on the molecular
analysis of CTL clones obtained by limiting dilution assays.
Using oligonucleotide probes complementary to the unique

CDR3 region of CTL clones, we evaluated the T-cell receptor
(TCR) transcript frequencies in peripheral blood in the
chronic stages of disease in an intermediate progressor and
during acute- and late-stage disease in an individual with rap-
idly progressive infection.

Longitudinal tracking of TCR transcripts in PBMC of a
chronic HIV-1-infected subject. To determine the fate of indi-
vidual CTL clonal frequencies during chronic stable infection
we first longitudinally tracked CTL clones in subject 115, an
individual with chronic stable disease and persistent functional
CTL responses. Subject 115 was known to have been HIV-1
positive since 1987 and had been started on antiretroviral ther-
apy (zidovudine, lamivudine, and indinavir) in July 1996. CTL
clones were isolated and maintained by limiting dilution clon-
ing performed on either fresh or thawed cryopreserved periph-
eral blood mononuclear cells (PBMC) (21). Table 1 summa-
rizes the HLA restriction, epitope recognition, and TCR Vb
gene usage of four CTL clones isolated from this individual.
The method used for sequencing the TCR of CTL clones has
been previously described in detail (11).

For each longitudinal time point of interest, total RNA was
isolated from 5 3 106 cryopreserved PBMC. Two types of
cDNA libraries were constructed from the RNA. The first
library, representing all rearranged TCR transcripts obtained
from the subjects’ cDNA, was generated by anchored PCR
(14). The second cDNA library of clone-specific Vb transcripts
was generated by using the respective Vb primer and a TCR
b-chain constant region primer (5) for PCR amplification. The
Vb-specific primers used have been described previously (11).

Colonies were picked from each library and transferred to
nylon membranes (Colony/Plaque Screen [137 mm], NEF-
978Y; NEN Life Science Products, Boston, Mass.). Denatured
membranes were hybridized with Vb- or CDR3-specific biotin-
labeled oligonucleotide probes. Hybridization conditions were
stringently optimized, and membranes were developed accord-
ing to the manufacturer’s specifications (Tropix, Bedford,
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Mass.). The CDR3-specific probes had 100% specificity and
greater than 99% sensitivity on test membranes gridded with
positive and negative controls. Controls for the entire proce-
dure were run in parallel, and positive and negative colonies
were sequenced for confirmation.

The library containing total PBMC TCR transcripts by an-
chored PCR was probed with an oligonucleotide specific for
the Vb region of interest to obtain the frequency of clone-
specific Vb-chain transcripts among all TCR b-chain tran-
scripts. The library containing only TCR transcripts of this
particular Vb was then probed with an oligonucleotide probe
specific to the CDR3 region of the relevant CTL clone to
obtain the frequency of clone-specific CDR3 sequences among
the Vb amplified transcripts. The final clone-specific frequency
among all TCR transcripts was obtained by multiplying these
two frequencies. Five hundred to 1,500 colonies of PBMC or of
the Vb of interest were probed.

Four individual CTL clones from subject 115, an individual
with chronic stable HIV-1 infection, had frequencies ranging

from 130 to 40,000 transcripts/million PBMC over 6 years of
longitudinal follow-up extending from years 6 to 11 of the
disease course (Fig. 1). These translate into clonal frequencies
ranging from 0.012% of the total T-cell population for clone
115 p175b at 9 years postinfection to 3.78% of the total T-cell
population for clone 115 M21 at 6 years postinfection. Fre-
quencies of individual clonal responses varied by up to 100-
fold, but all responses persisted during the time of longitudinal
follow-up in the presence of ongoing detectable viremia and
during almost 2 years of follow-up on highly active antiretro-
viral therapy (HAART) during which viral load remained be-
low the limits of detection by commercial RNA PCR (,50
copies/ml). The measured transcript frequencies were detected
at frequencies 2 to 5 logs higher than the limit of detection for
the assay (Fig. 1).

To validate the reproducibility of our Vb and CDR3 probing
techniques we also did a series of spiking experiments. The
HIV-specific clone 115 M21 was mixed with either PBMC from
an HIV-1-seronegative subject or with an unrelated CTL clone
at frequencies ranging from 0.1 to 10%. The frequencies ob-
tained for this clone with this method were linear over this
range (R 5 0.95 and P 5 0.003). When seronegative PBMC
were probed with two CDR3 region probes from two separate

FIG. 1. Longitudinal CTL TCR clone transcript frequencies in a
chronically infected subject. Longitudinal CTL transcript frequencies
of CTL clones M21, E15, D87, and p175b from chronically infected
subject 115. CTL clones M21 and E15 recognize the B14 restricted Env
epitope 588K (ERYLKDQQL). Clone D87 recognizes the B14 re-
stricted Env variant epitope 588Q (ERYLQDQQL). Clone p175b
recognizes the A2 restricted p17 Gag epitope SL9 (SLYNTVATL).
The black arrow indicates the time of institution of antiretroviral
therapy in subject 115. For each time point the longitudinal limit of
detection of the assay is shown for the least prevalent clonotype. The
limit of detection at a particular time point for a clonotype is defined
by the following formula: (1/total PBMC TCR b-chain transcripts) 3
(1 CTL clone CDR3 transcript/all Vb transcripts). The diversity re-
gion-specific probes are identified in footnote a of Table 1. CDR3
region-specific biotin-labeled probes designed for each individual
clonotype were 27 to 30 nucleotides in length and spanned the Db
region with some overlap of the adjacent Vb and Jb regions.

TABLE 1. Summary of HLA restriction, epitope recognition, and TCR b gene usage of CTL clones obtained from subject 115

CTL clone Sequence Epitope/position HLA
restriction

TCR; Vb gene usage

Vb CDR3 Jb

115 M21a ERYLKDQQL gp41/584–592 B14 4 VKDGA 1.2
115 E15a ERYLKDQQL gp41/584–592 B14 4 VEDWGGAS 2.1
115 D87 ERYLQDQQL gp41/584–592 B14 8 ALNRVD 2.1
p175b SLYNTVATL p17/77–85 A2 5 FDS 2.7

aPreviously described CTL clone sequences (10, 11). CDR3 region-specific biotin-labeled probes designed for each individual clonotype were 27 to 30 nucleotides
in length and spanned the Db region with some overlap of the adjacent Vb and Jb regions. The diversity region-specific probes used for subject 115 were the following:
115 M21 Db (AGC GTG AAG GAC GGG GCT GGC), 115 E15 Db (AGC GTT GAA GAT TGG GGC GGA GCG AGC TCC), 115 D87 Db (GCT AGT GCC CTC
AAC AGG GTC GAT GAG CAG), and 115 p175b.33 Db (TGC GCC AGC AGC TTT GAC AGC GAG CAG TAC). Sequence data for CTL clones 115 D87, 115
p175b, 18030 D23, and 15160 ETA49 are available from GenBank under accession numbers AF272739, AF272740, AF272741, and AF272742.

TABLE 2. TCR b-chain sequences of B7 restricted Env (gp41/843-
851)-specific CTL clones isolated longitudinally from rapid

progressor subject 053ia

CTL cloneb
TCR b gene usage Date

isolatedc
No. of sequences/

no. of colonies screenedVb CDR3 Jb

53i#2 6S1 WAASS 2.7 2/93 12/12
53i.#9 6S1 WAASS 2.7 2/93 10/10
53i.#14 6S1 WAASS 2.7 2/93 10/10
53i.B2.34 6S1 WAASS 2.7 2/93 7/8
53I.B2.72 6S1 WAASS 2.7 2/93 10/10
53i.B2.89 16S1 ERSPPGD 2.1 2/93 9/9
53i.B2.95 16S1 ERSPPGD 2.1 2/93 8/8
53i.C26 16S1 ERSPPGD 2.1 7/93 9/9
53i.J56 14S1 PTAAG 2.1 2/96 13/13

a The biotin-labeled diversity region-specific probes used for subject 053i were
the following: CDR3 B1 clonotype, AGC AGC TTA TGG GCG GCA AGC
TCC TAC GAG; CDR3 B2 clonotype, CAA GAA CGT TCC CCA CCG GGG
GAT GAG; and CDR3 B3 clonotype; AGC AGT CCC ACG GCC GCC GGT
GAG CAG. Sequence data for CTL clones 53i.B2.72, 53i.C26, and 53i.J56 are
available from GenBank under accession numbers AF272743, AF272744, and
AF272745.

b CTL clones recognize the peptide sequence IPRRIRQGL.
c2/93, 7/93, and 2/96 represent 3, 8, and 39 months, respectively, after patient

presented with acute HIV-1 infection syndrome.
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HIV-1-specific CTL clones, no positive colonies were detected,
despite detectable colonies for the corresponding Vb.

Comparison of CTL TCR transcript frequencies to persis-
tent functional CTL responses in chronic HIV-1 infection. In
order to address the relationship between transcript frequen-
cies and functional CTL assays, gamma interferon (IFN-g)
enzyme-linked immunospot (ELISPOT) assays and peptide-
stimulated limiting dilution precursor frequency assays were
performed on the four clones from subject 115.

Precursor frequencies of HIV-1 epitope-specific CTL were
estimated by performing limiting dilution on freshly isolated
PBMC followed by in vitro stimulation with peptide-pulsed
autologous PBMC and irradiated PBMC from an HIV-1 sero-
negative donor, as previously described (10, 11). Cells secret-
ing IFN-g in an antigen-specific manner were detected using a
standard ELISPOT assay, as previously described (2, 3, 16, 20).

The frequencies of spot-forming cells (SFC) obtained by the
IFN-g ELISPOT assay and peptide-stimulated CTL precursors
(CTLp) were comparable and, in general, lower than the cor-
responding CTL TCR transcript frequencies measured at each
time point for the four clones (Fig. 2). The functional re-
sponses and the transcript frequencies persist in the absence of
therapy and also after nearly 2 years of continuous viral sup-
pression (Fig. 2). These studies indicate that clonal CTL re-
sponses, once generated, persist over time. This occurs even

when HAART results in a decline in viral load to below the
limits of detection and suggests that a new steady state of
memory CTL is achieved, as has been described for the chronic
phase of other persistent viral infections (1, 16, 22). These
comparative studies provide a reference range for the TCR
transcript frequencies when CTL functional responses are
present in an individual.

Evaluation of the fate of clonal CTL responses over the
course of rapidly progressive infection. The above data do not
address the fate of clonal responses generated in acute infec-
tion, nor do they address the fate of such responses over the
entire course of infection when functional CTL responses are
eventually lost. To address these issues, we evaluated an indi-
vidual (subject 053i) with rapidly progressive HIV-1 disease
who had been identified with acute HIV-1 infection, developed
AIDS 13 months after seroconversion, and died within 4 years
of infection (8).

Previous studies had shown that this individual had both
strong in vivo activated CTL responses and in vitro stimulated
memory CTL responses narrowly directed against a dominant
B7 restricted epitope in Env, gp41 IPRRIRQGL, and a sub-
dominant B7 restricted epitope in Pol, SPAIFQSSM (8). These
functional responses were lost with disease progression. No
sequence variation occurred within the targeted epitopes (8).
Clones specific for the Env epitope were generated 3, 8, and 39

FIG. 2. Comparative analysis of transcript frequency, SFC per million and CTLp per million PBMC, in subject 115 for CTL clones M21, E15,
D87, and p175b. Frequencies of CTL transcripts per million PBMC are longitudinally compared to CTL responses measures by IFN-g ELISPOT
assay as SFC per million and compared to CTLp frequencies measured by peptide-stimulated precursor frequency assay for CTL clone M21 (a)
and CTL clone E15 (b), clones which recognize the B14 restricted Env epitope ERYLKDQQL, CTL clone D87 (c), which recognizes the variant
epitope ERYLQDQQL, and CTL clone p175b (d), which recognizes the A2 restricted Gag epitope SLYNTVATL. The black arrow indicates the
time of institution of antiretroviral therapy.
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months after presentation with acute HIV-1 infection. TCR
cDNA libraries generated from PBMC obtained at two time
points, during seroconversion at 3 months (February 1993) and
just prior to death at 45 months (August 1996), were screened
with CDR3-and Vb-specific probes to quantitate the frequency
of these clones in the circulation.

At 3 months after presentation, seven IPRRIRQGL-specific
CTL clones isolated were analyzed for TCR gene usage (Table
2). The majority population of CTL clones isolated from this
time utilized Vb 6 and Jb 2.7 in their b-chains and had the
TCR b CDR3 sequence WAASS, a clonotype designated
CDR3 B1. The minority population had b-chain sequences
matching the IPRRIRQGL-specific CTL clone isolated at 8
months with the CDR3 sequence ERSPPGD, a clonotype des-
ignated CDR3 B2. The CDR3 sequence for the clone isolated
at 39 months is PTAAG, a clonotype designated CDR3 B3.

These clonotypes exhibited varying degrees of expansion
over the course of the illness (Table 3). With regard to the first

clonotype, Vb 6 constituted 10.99% of all TCR transcripts at
seroconversion and the CDR3 B1 clonotype was 32.26% of all
Vb 6 transcripts. The overall clonotype frequency was 3.54%
(1 of 28) of all TCR transcripts, indicating an expansion of a
single effector clonotype specific for the dominant CTL re-
sponse during acute HIV-1 infection. At 45 months, the time
of death, when no in vivo activated CTL activity was detected,
this clonotype was still present at a fairly high frequency of
0.18% (1 of 547) of PBMC transcripts. The second clonotype,
CDR3 B2, isolated 8 months after presentation, constituted
87.2% of all Vb 16 transcripts at seroconversion and repre-
sented 4.29% (1 of 23) of all TCR transcripts in PBMC. At the
time of death, the CDR3 B2 clonotype was 2.6% of Vb 16
transcripts, yielding a persistent but lower clonotype frequency
of 0.0063% (1 of 15,873) of all TCR transcripts. The third
clonotype, CDR3 B3, constituted 1.5% of Vb 14 and 0.12% (1
of 833) of all TCR transcripts at the time of seroconversion. At
the time of death this clonotype made up 2.11% of Vb 14, with
a clonotype frequency of 0.02% (1 of 5,618) of T cells. Figure
3 graphically summarizes the longitudinal CTL transcript fre-
quencies of clonotypes CDR3 B1, CDR3 B2, and CDR3 B3 in
subject 053i at seroconversion and at the time of death.

Our results indicate that once clonal CTL responses are
established, they persist in vivo, both in settings of persistent
high-level viremia and when HAART lowers viremia to unde-
tectable levels. These studies also extend an earlier study of
rapidly progressive infection (8), demonstrating that identical
clones generated in acute infection persisted over the course of
infection and were still present, albeit at lower levels, at the
time of death despite the loss of these epitope-specific CTL
functional responses over time. Since no sequence variation
occurred within the targeted epitope (8), and yet the CTL
response declined, the data suggest both an in vivo defect in
the ability to expand to a cognate stimulus and weak immune
selection pressure mediated through some CTL responses.

We have demonstrated the cytolytic activity of the Vb ex-
pansions identified in acute HIV-1 infection by isolating func-
tional CTL clones from these expansions in infected persons.
In the CTL clones we studied at seroconversion, we found that
the frequencies of the expanded CDR3 B1 and CDR3 B2
clonotypes were 3.54 and 4.29% of PBMC and that the fre-
quencies of the respective expanded Vb 6 and Vb 16 were

FIG. 3. Longitudinal transcript frequencies of CTL clonotypes of
the rapid progressor. Longitudinal transcript frequencies of clonotypes
CDR3 B1, CDR3 B2, and CDR3 B3 in the PBMC of the rapid pro-
gressor at 3 months (

�
�) (February 1993, the time of seroconversion)

and 45 months (
���
���
���) (August 1996, the time of death) after acute ret-

rovirus infection.

TABLE 3. Summary of the number of positive colonies obtained out of total number of colonies screened after hybridization of PBMC and
Vb-specific cDNA libraries with biotin-labeled Vb- and CDR3-specific probes used for calculation of logitudinal TCR frequences

in the rapid progressor at seroconversion and at the time of death

CTL clone (Vb) Date PBMC
probed (mo/yr)a

Vb transcripts/total
PBMC TCR (b-chain)

transcripts (%)

CTL clone CDR3
transcripts/all Vb
transcripts (%)

CTL clone CDR3
transcripts/total PBMC
TCR transcripts (%)b

Limit of
detection

(%)c

CDR3 B1 (6) 2/93 155/1,400 (10.99) 271/840 (32.26) 1/28 (3.54) 0.00008
8/96 21/828 (2.55) 78/1,096 (7.2) 1/547 (0.18) 0.00011

CDR3 B2 (16S1) 2/93 41/840 (4.88) 1,402/1,608 (87.2) 1/23 (4.29) 0.00007
8/96 2/828 (0.24) 21/804 (2.6) 1/15,873 (0.0063) 0.00015

CDR3 B3 (14S1) 2/93 85/1,072 (7.93) 8/536 (1.5) 1/833 (0.12) 0.00017
8/96 7/828 (0.85) 17/804 (2.11) 1/5,618 (0.02) 0.00015

a 2/93 and 8/96 represent seroconversion and time of death, respectively.
b Values in this column are the products of the multiplication of the values in the previous two columns.
c (1/total PBMC TCR b-chain transcripts) 3 (1 CTL clone CDR3 transcript/all Vb transcripts).
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10.99 and 4.88% of PBMC. Our data demonstrate that the
composite frequency of three CTL clones specific for the same
B7 restricted epitope was 7.95% of PBMC at the time of acute
HIV-1 infection. These data indicate that early CTL expan-
sions can be large but still may be insufficient to maintain viral
control.

These studies also provide strong evidence that CTL clonal
deletion is not the predictable result of persistent high-level
viremia in late-stage HIV-1 infection. In murine lymphocytic
choriomeningitis virus infection, despite the induction of vig-
orous CTL responses during initial antigen exposure, exposure
to high levels of antigen can lead to clonal exhaustion as a
result of excessive stimulation provided by the persistence of
elevated viral antigen (15). Additionally, Gallimore et al. and
Zajac et al. have shown that in some situations where there is
excessive antigen, antigen-specific cells detected by tetramers
may have a diminished capacity to produce IFN-g and lytic
activity in vitro (7, 22). Our data support the possibility that
clonal deletion of CTL may not predictably occur in late-stage
HIV-1 disease, pointing rather to an inability of CTL clones to
expand and retain functional activity for the cognate epitope.
At least one explanation for this would be a lack of adequate
T helper cell function, since there is an association between
CTL and T helper cell magnitude (9, 19). Since the method
described here discriminates among clones based on the CDR3
region, it can unambiguously define the magnitude of clonal
responses and should thus be helpful in defining the relation-
ship between clonal CTL responses and disease progression.
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