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To afford the greatest possible immune protection, candidate human immunodeficiency virus (HIV) vaccines
must generate diverse and long-lasting CD8� T lymphocyte responses. In the present study, we evaluate T-cell
receptor V� (variable region beta) gene usage and a CDR3 (complementarity-determining region 3) sequence
to assess the clonality of epitope-specific CD8� T lymphocytes generated in rhesus monkeys following vacci-
nation and simian-human immunodeficiency virus (SHIV) challenge. We found that vaccine-elicited epitope-
specific CD8� T lymphocytes have a clonal diversity comparable to those cells generated in response to SHIV
infection. Moreover, we show that the clonal diversity of vaccine-elicited CD8� T-lymphocyte responses is
dictated by the epitope sequence and is not affected by the mode of antigen delivery to the immune system.
Clonal CD8� T-lymphocyte populations persisted following boosting with different vectors, and these clonal
cell populations could be detected for as long as 4 years after SHIV challenge. Finally, we show that the breadth
of these epitope-specific T lymphocytes transiently focuses in response to intense SHIV replication. These
observations demonstrate the importance of the initial immune response to SHIV, induced by vaccination or
generated during primary infection, in determining the clonal diversity of cell-mediated immune responses and
highlight the focusing of this clonal diversity in the setting of high viral loads. Circumventing this restricted
CD8� T-lymphocyte clonal diversity may present a significant challenge in the development of an effective HIV
vaccine strategy.

The induction of cytotoxic T lymphocytes (CTL) is an issue
of central importance in human immunodeficiency virus type 1
(HIV-1) vaccine development (3, 9, 11, 27, 32, 39, 42, 46, 64).
Candidate HIV-1 vaccines must generate not only functionally
robust, but also clonally diverse and persistent, CD8� T-lym-
phocyte responses. If a population of CTL recognizes multiple
epitopes of HIV-1, the likelihood of viral mutation at a single
epitope allowing this mutant virus to escape from recognition
by effector T cells is limited (8, 53). Moreover, clonal diversity
within populations of CTL that recognize the same epitope is
also important, as the existence of CD8� T lymphocytes with
multiple T-cell receptors (TCRs) capable of recognizing a sin-
gle HIV-1 epitope sequence will further minimize the chance
that a viral epitope sequence variant will go unrecognized (17,
35, 36). In fact, broad, polyclonal CTL responses have been
shown to confer immune protection and suppress viral repli-
cation in the setting of persistent viral infections (25, 51). Thus,
in primate immunodeficiency virus infections, it is hypothe-

sized that clonally diverse CD8� T-lymphocyte responses can
diminish chronic viral replication, further reducing the gener-
ation of mutant viruses (7).

In addition to inducing a clonally diverse CTL response,
candidate HIV-1 vaccines must also elicit long-lasting CTL
populations. However, generating such cell populations may
ultimately prove challenging, as T-cell persistence in vivo is
limited by many factors. Specifically, persistence is restricted by
homeostatic mechanisms that limit T-lymphocyte division,
clonal deletion of CD8� T lymphocytes through activation-
induced cell death, and clonal exhaustion leading to loss of
T-cell function, all of which have been described in the setting
of persistent antigenic stimulation (1, 5, 13, 18, 20, 23, 24, 38,
43, 50, 55, 60, 62, 65, 67, 69). HIV-1-specific CD8� T lympho-
cytes, in particular, can be highly activated during the primary
immune response and are consequently especially prone to
apoptosis (6, 45). Since HIV-1-specific CD8� T lymphocytes
may rapidly disappear following early infection or may un-
dergo clonal exhaustion during chronic infection, it is impor-
tant to determine the extent to which vaccine-elicited CTL
populations can expand and persist following primate immu-
nodeficiency virus infection.

Although polyclonal, persistent CD8� T-lymphocyte re-
sponses have a crucial role in suppressing viral replication and
limiting HIV-1 pathogenicity, a dearth of information exists on
the diversity and persistence of clonal populations of primate
immunodeficiency virus epitope-specific CTL induced by vac-
cination. While vaccine studies have explored the epitopic
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breadth and magnitude of CD8� T-lymphocyte responses elic-
ited by vaccination with plasmid DNA, live recombinant viral
vectors, and various prime/boost strategies, the clonality of
vaccine-elicited epitope-specific T-lymphocyte populations has
not been systematically evaluated (4, 10, 16, 49, 52–54, 63). In
the present study, we examine the clonality of epitope-specific
CD8� T lymphocytes, first following vaccination and then fol-
lowing viral challenge in the rhesus monkey/simian-human
immunodeficiency virus (SHIV) model. We demonstrate a re-
markable persistence of clonal CD8� T-lymphocyte populations
after vaccination and infection, as well as transient clonal focusing
associated with the period of intense antigenic stimulation during
acute infection with a pathogenic SHIV, SHIV-89.6P.

MATERIALS AND METHODS

Animals. The rhesus monkeys used in this study were maintained in accor-
dance with the guidelines of the Institutional Animal Care and Use Committee
for Harvard Medical School and the Guide for the Care and Use of Laboratory
Animals (25a). Monkeys were screened for the presence of the Mamu-A*01 allele
using a PCR-based technique as previously described (30, 32). DNA sequence
analysis was performed on all potential positive samples to confirm identity with
the established Mamu-A*01 sequence (37).

Immunizations and viruses. All vaccinated monkeys described in this study
were first immunized with plasmid DNA consisting of the minimal 9-amino-acid
major histocompatibility complex class I restricted epitopes p11C (CTPYDIN
QM), p41A (YAPPISGQI), and p68A (STPPLVRLV) in tandem. Following a
series of immunizations with this DNA plasmid, monkeys 90-98, 95-98, 128-97,
and 135-97 were boosted with live recombinant modified vaccinia virus Ankara
(rMVA) constructs and 6 months later were boosted again with live recombinant
adenovirus (rAd) serotype 5 constructs. These vaccine constructs expressed sim-
ian immunodeficiency virus mac239 (SIVmac239) Gag-Pol and HIV-1 Env.
Monkeys 196-97 and 132-97 were boosted only with live recombinant vaccinia
virus (rVV) expressing SIVmac239 Gag-Pol and HIV-1 Env. Following these
prime/boost immunizations, monkeys 90-98, 128-97, and 196-97 were challenged
with nonpathogenic SHIV-89.6, while monkeys 95-98, 132-97, and 135-97 were
challenged with pathogenic SHIV-89.6P (57, 58). The unvaccinated monkeys
153, 146, 144, and 134 were also infected with SHIV-89.6P (52).

Antibodies, tetramers, and peptides. Antibodies used in this study were di-
rectly coupled to fluorescein isothiocyanate (FITC), phycoerythrin-Texas red
(ECD), or allophycocyanin. The following monoclonal antibodies were used:
ECD-conjugated anti-CD8� (clone 7PT3F9; Beckman-Coulter), ECD-conju-
gated anti-CD8�� (Beckman-Coulter), FITC-conjugated anti-CD3 (clone FN18;
BioSource International, Camarillo, CA), or FITC-conjugated anti-CD3 (clone
SP34; BD PharMingen, San Diego, CA). Mamu-A*01/p11C/�2m (SIVmac Gag),
Mamu-A*01/p41A/�2m (HIV-1 Env), and Mamu-A*01/p68A/�2m (SIVmac
Pol) tetramer complexes were prepared as previously described (2, 21, 31, 40).
Phycoerythrin-labeled ExtrAvidin (Sigma) was mixed stepwise with biotinylated
Mamu-A*01–peptide complexes at a molar ratio of 1:4 to produce the tetrameric
complexes. Gag p11C (CTPYDINQM), Env p41A (YAPPISGQI), and Pol p68A
(STPPLVRLV) peptides were obtained from QCB/Biosource (Hopkinton, MA).
Lyophilized peptides were dissolved in a minimum volume of dimethyl sulfoxide
(Sigma-Aldrich, St. Louis, MO), diluted to a stock peptide concentration of 15
mg/ml in water containing 5 mM dithiothreitol (Sigma-Aldrich), and then frozen
at �80°C in aliquots. Before use, the peptides were diluted to a working
concentration in RPMI 1640 medium (Mediatech, Herndon, VA) supple-
mented with glutamine, 12% fetal calf serum, penicillin, streptomycin, and
gentamicin.

Flow cytometry. Peripheral blood mononuclear cells (PBMC) cultured in the
presence of p11C, p41A, and p68A peptide and interleukin-2 were harvested on
days 10 to 14 and separated over a Ficoll layer (Ficoll-Paque Plus; Amersham-
Pharmacia Biotech, Uppsala, Sweden). The cultured cells were stained with
Mamu-A*01/p11C/�2m, Mamu-A*01/p41A/�2m, or Mamu-A*01/p68A/�2m
tetramer for 30 min at room temperature. The cells were then stained with a
mixture of anti-CD3 and anti-CD8 monoclonal antibodies for 30 min. Samples
were analyzed on a FACSCalibur flow cytometer (BD Biosciences). We have
previously shown that the TCR repertoire of such in vitro-stimulated lympho-
cytes is indistinguishable from that of freshly isolated lymphocytes in both
breadth and magnitude (35). Therefore, the clonality of these in vitro-expanded
lymphocyte subpopulations is representative of the cells in vivo.

Generation of cDNA. RNA was extracted from Mamu-A*01/p11C/�2m,
Mamu-A*01/p41A/�2m, and Mamu-A*01/p68A/�2m tetramer-binding CD8�

T-lymphocyte populations according to the instructions supplied with the
RNeasy Mini Extraction kit from Qiagen (Valencia, CA). cDNA was then syn-
thesized from the extracted RNA as outlined in the Super Smart PCR cDNA
synthesis kit from Clontech Laboratories (Palo Alto, CA). Briefly, the single-
stranded cDNA reaction was catalyzed using Moloney murine leukemia virus
reverse transcriptase with the 3� Smart CDS Primer II A and Smart II A
oligonucleotide primers provided in the Super Smart cDNA synthesis kit. Pre-
amplified double-stranded cDNA libraries were made using 10- to 25-cycle PCR
amplification, utilizing the 5� PCR Primer IIA primer and reagents also provided
in the Clontech kit. The optimal number of cycles of preamplification was
determined by performing a test run in the presence of SYBR Green to deter-
mine the maximum number of PCR cycles that could be performed in the
log-linear amplification range (35).

Primers and sequencing. Primers used for the real-time PCR assay and for
spectratyping (Table 1) were ordered through Biosource International, manu-
factured by Keystone Labs (Camarillo, CA), and purified by high-performance
liquid chromatography. The real-time TaqMan probes were synthesized at Bio-
search Technologies, Inc. (Novato, CA), and purified by high-performance liquid
chromatography. Primers specific for the variable and constant regions of the
TCR � chain were designed from rhesus monkey TCR sequences obtained from
GenBank and generated by our own laboratory.

Quantitative PCR. cDNA derived from each sample was equally distributed
into 48 individual PCR mixtures. Each reaction mixture contained a sense V�

TABLE 1. Real-time PCR assay and spectratyping primers

Primera 5�–3� sequence

VB1Q(2) ......................................GAGAGAGCAAAAGGAAACATTCTTG
VB2Q............................................CTCCACTCTGACAGTGACCAATG
VB3Q............................................AGGAGCGCTTCTCCCTGATT
VB4Q............................................CGCCCAAACCTAACATTCTCA
VB5(A)Q .....................................TCTCAGGGCGCCAGTTCT
VB5(B.1)Q...................................CTGAATGTGAGCGCCTTGTTG
VB5(B.1var)Q .............................GCTGAATGTGAGTGCCTTGTTG
VB5(B.2)Q...................................CTATAGCTCTGAGCTGAATGTGAA
VB5(B.3)Q...................................GCCAGTTCCGTGACTATCATCA
VB6(A)Q .....................................CCAGAGTTTCTGACTTACTTCAATTATC
VB6(B)Q......................................ACTTACTTCAGTTATGAAGCTCAACA
VB6(C)Q......................................CCTTTATTGGTACCGACGGACT
VB6(D)Q .....................................TTACTTCCAGAATGATGCTCAACG
VB6(E)Q......................................GTGTGATCCAATTTCAGGTCATACC
VB6(F)Q......................................ATTTACTTCCAAGGCACGGGTA
VB7(A)Q .....................................GTTAAGAAGCCGCCGGAGA
VB7(B)Q......................................AAGAACGGGCTGAAAACAACA
VB7(C)Q......................................CCGCCGGAGCTCATGTTTG
VB8Q(2) ......................................AACAAGTCTCCGATAGATGATTCAG
VB9(A)Q .....................................AGTTCCATATCGCTTCTCACCTAAG
VB9(B)Q(2).................................GCTCATTTAAATCTTCACATCAAGTCTG
VB9(C)Q......................................TTTCAAATCGCTTCTCACCTGAC
VB10Q(2) ....................................TGGAGATCCAGTCCACAGAGT
VB11Q..........................................GAGATTTTTCCTCTGAGTCAACAGTCT
VB12.1Q.......................................TTACTCATATGGTGTTGAAGACACTGA
VB12.2Q.......................................CATTACTCATATGGTGTTCCAGACACTA
VB12.3Q.......................................GAGAAGTCCCCGATGGCTATG
VB13(A)Q ...................................CCCCGATGGCTACAATGTCA
VB13(C.1)Q.................................GTCCCCAATGGCTACAATGC
VB13(C.2)Q.................................ACAGTGTCTCCAGATTAAACAAAAC
VB13(C.3)Q.................................ATTCATTACTCAGCTACCGAGGA
VB14Q..........................................CGTCTCTCGAAAAGAGAAGAGGAAT
VB15Q..........................................ATACAGTGTCTCTCGACAGGAACAG
VB16Q..........................................GAGTCCGGTATGCCCAACA
VB17Q..........................................AATCCTTTCCTCTCACTGTGACATC
VB18Q(2) ....................................GTTTTCTGCTGAATTTCCCAAAGA
VB19Q..........................................CAAGAAACGGAGCTGCACAA
VB20Q..........................................CCAGGACAGGCGGTTCAT
VB21.3Q.......................................CTGCAGAGAGGCTCAAAGGAGTA
VB22(A.1)Q ................................TGAAATATTTGAAGATCGATTCTCAGTC
VB22(A.2)Q ................................CTCAGACAAGTCTGAAATGTTCGAT
VB22(B.1)Q.................................AGTTTCTGGTTTACTTCTATAATGGTGA
VB22(B.2)Q.................................CCTTCTATAATGGTAAGATCTCAGAGC
VB23Q..........................................TCAGTGACTATCATTCTGAACTGAACA
VB24Q..........................................TCCAGGAGGCCAAACACTTCT
VB25Q(2) ....................................CCCCCCAAATTCACCCTGTAG
C Beta QProbe............................TGTTCCCACCCAAGGTCGCTGTG
C Beta/R ......................................GATCTCTGCTTCTGATGGCTCAA

a Primers specific for rhesus monkey TCR� chain variable and constant re-
gions.
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family-specific primer, an antisense C�-specific primer, and the TaqMan C�
probe. PCRs were carried out using Sure-Start Taq (Stratagene). The real-time
PCR was carried out for 50 cycles on an MX4000 QPCR machine (Stratagene)
under the following conditions: 95°C for 10 min and 50 cycles of 95°C for 10 s,
58°C for 30 s, reading of fluorescence, and 72°C for 30 s. Background values for
this V� quantitative PCR assay were, on average, 2.2% of the total number of
copies in a series of reactions. Thus, we chose 5% as the threshold for consid-
ering a particular V� (variable region beta) gene family as contributing to the
effective V� repertoire of an epitope-specific CD8� T-cell response.

Spectratyping. Identified V� families in each cDNA sample were assessed for
CDR3 (complementarity-determining region 3) profiles through Genescan-
based spectratyping (44, 68). cDNA generated for use in the quantitative PCR
assay was used as a template for second-round PCRs utilizing individual V�
primers and a 5�-6-carboxyfluorescein (FAM)-labeled C� primer (Biosource
International Inc., Camarillo, CA). The cDNA was amplified for 30 cycles in a
Perkin Elmer 9600 GeneAmp PCR system under the following conditions: 95°C
for 10 s, 57°C for 30 s, and 68°C for 60 s, with a final 10-min extension at 68°C.
Multiple dilutions of each reaction product were mixed with a ROX-500 size
standard and run on an ABI 3730xl sequencer. Data were analyzed for size and
fluorescence intensity by using Genemapper software, version 3.7 (Applied Bio-
systems). In conjunction with the CDR3 length display from the spectratype
analysis, further cloning using the pGEM T-easy system (Promega) and sequenc-

ing using the C� antisense primer allowed the determination of CDR3 lengths
and sequence. These CDR3 lengths were expressed as predicted numbers of
amino acids spanning the portion of the variable, diverse, and joining segments.

RESULTS

TCR V� repertoires of epitope-specific CD8� T lymphocytes
in vaccinated and SHIV-infected Mamu-A*01� rhesus mon-
keys. We were interested in exploring the clonal diversity of the
virus-specific CD8� T lymphocytes generated by either vacci-
nation or infection with a pathogenic primate immunodefi-
ciency virus. We initiated these studies by examining the TCR
V� repertoires of Gag p11C and Env p41A epitope-specific
CD8� T-lymphocyte populations in four Mamu-A*01� rhesus
monkeys following plasmid DNA prime/rMVA boost vaccina-
tion and in four other Mamu-A*01� rhesus monkeys chroni-
cally infected with SHIV-89.6P. p11C and p41A tetramer-bind-
ing CD8� T-lymphocyte populations were sorted from the

FIG. 1. TCR V� repertoires of epitope-specific CD8� T lymphocytes generated by vaccination are as diverse as those induced in response to
pathogenic-SHIV infection. PBMC were isolated from monkeys vaccinated with a plasmid DNA prime/rMVA boost regimen (135-97, 128-97,
95-98, and 90-98) and from monkeys infected with SHIV-89.6P (134, 144, 146, and 153). These cells were stimulated in vitro with p11C or p41A
peptide and then stained and sorted with p11C or p41A tetramer, respectively. cDNAs synthesized from the RNAs extracted from these
tetramer-binding CD8� T-lymphocyte populations were used to determine V� repertoires. The V� repertoires of p11C (A) and p41A (B) tet-
ramer-sorted CD8� T lymphocytes from vaccinated monkeys and p11C (C) and p41A (D) tetramer-sorted CD8� T lymphocytes from infected
monkeys are shown.
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PBMC of vaccinated and infected monkeys to a purity of at
least 98% and assessed for their expression of 46 V� gene
families. The TCR V� repertoires of both the p11C and p41A
epitope-specific CD8� T-lymphocyte populations generated by
vaccination and in response to SHIV-89.6P infection were
quite diverse (Fig. 1). We compared the median number of V�
families that represented more than 5% of the total V� rep-
ertoire within epitope-specific CD8� T lymphocytes in vacci-
nated and infected monkeys using the Mann-Whitney test. The
numbers of V� families contributing more than 5% of the total
V� repertoire in p11C and p41A tetramer-sorted populations
were not significantly different in vaccinated monkeys from
those in infected monkeys (Fig. 2). A comparison of the num-
bers of V� families that contributed more than 10% of the
total V� repertoire confirmed this result (data not shown).
Thus, plasmid DNA/rMVA vaccination induced a SHIV
epitope-specific CD8� T-lymphocyte response with V� gene
usage not significantly different in diversity from that gener-
ated in response to SHIV-89.6P infection.

Moreover, we observed a similar bias toward V� 13 family
usage (specifically, V� 13A, 13C.1, 13C.2, and 13C.3) in p11C
tetramer-binding CD8� T lymphocytes in both vaccinated and
infected monkeys (Fig. 1A and C). Interestingly, V� 13 family
members were also used by the p41A epitope-specific CD8�

T-lymphocyte populations, with three of four vaccinated mon-
keys and all four infected monkeys demonstrating V� 13 family
expression in their TCR repertoires. Additionally, we observed
V� 3 expression in p41A tetramer-binding CD8� T-lympho-
cyte populations in two of four vaccinated and two of four
infected monkeys (Fig. 1B and D). Taken together, these re-
sults suggest that plasmid DNA/rMVA vaccination induced a
SHIV epitope-specific CD8� T-lymphocyte response with a
V� family gene usage comparable to that generated in re-
sponse to a pathogenic SHIV infection.

Persistence of clonal p11C and p41A epitope-specific CD8�

T-lymphocyte populations. Having defined a portion of the
virus-specific CD8� T-lymphocyte TCR V� repertoire gener-
ated by DNA plasmid prime/rMVA boost vaccination, we
sought to determine whether the clonal CD8� T-lymphocyte
populations generated by this vaccination persisted in these
monkeys following a boost 6 months later with rAd immuno-

gens. p11C and p41A tetramer-binding CD8� T-lymphocyte
populations were sorted from PBMC of the vaccinated mon-
keys 1 month after rMVA and 1 year after rAd vaccination and
assessed for their expression of 46 V� gene families. The TCR
V� repertoires of both the p11C and p41A epitope-specific
CD8� T cells were almost identical post-rMVA and post-rAd
immunization, suggesting that most of the clonal populations
of virus-specific CD8� T lymphocytes persisted following the
rAd boost (Fig. 3). In monkey 135-97, V� 7B, 9A, 13A, 13C.2,
and 13C.3 were represented in the p41A epitope-specific
CD8� T lymphocytes but were overshadowed by the over-
whelming use of V� 2 in that response (92% of the V� rep-
ertoire following rMVA immunization) (Fig. 3H). Moreover,
the detection of these V�-expressing CD8� T-lymphocyte pop-
ulations for more than 2 years in these monkeys suggests that
the CD8� T-lymphocyte populations generated by this vacci-
nation strategy persisted.

To further examine clonal persistence in these epitope-spe-
cific CD8� T lymphocytes, we evaluated the clonality of
epitope-specific CD8� T lymphocytes from vaccinated mon-
keys 90-98 and 128-97 by examining the CDR3 regions of their
V� regions using spectratyping and sequencing. The spectra-
type analysis revealed that the CDR3 lengths of all highly
represented V� families employed by p11C and p41A epitope-
specific CD8� T-lymphocyte populations were indistinguish-
able following plasmid DNA prime/rMVA boost and following
rAd vaccination (Fig. 4). Furthermore, cloning and sequencing
of CDR3 regions revealed that there was identical J� family
usage by these CD8� T-lymphocyte populations following
rMVA and following rAd immunizations (Fig. 5). D region
sequences were also identical or nearly identical in the major-
ity of cases. These data provide compelling evidence that
clonal p11C and p41A epitope-specific CD8� T-lymphocyte
populations elicited by plasmid DNA/rMVA vaccination per-
sisted following rAd vaccination.

TCR V� repertoires of epitope-specific CD8� T lymphocytes
in vaccinated Mamu-A*01� rhesus monkeys challenged with
nonpathogenic and pathogenic SHIVs. Having shown that
clonal p11C and p41A epitope-specific CD8� T-lymphocyte
populations elicited by plasmid DNA/rMVA vaccination per-
sist following rAd boost, we sought to determine whether these
clonal vaccine-elicited CD8� T lymphocytes would also persist
following infection with SHIV. Moreover, we wanted to com-
pare the effects of infection with a nonpathogenic and a patho-
genic SHIV in shaping the TCR repertoires of vaccine-elicited
CD8� T lymphocytes. To accomplish this, we challenged three
of the vaccinated monkeys (90-98, 128-97, and 196-97) with the
nonpathogenic SHIV-89.6 and the other three vaccinated
monkeys (95-98, 132-97, and 135-97) with the pathogenic
SHIV-89.6P. p11C, p41A, and p68A tetramer-binding CD8� T
lymphocytes were sorted from PBMC isolated from each of
these monkeys at 4 and 19 weeks following infection and as-
sessed for their expression of 46 V� gene families. The V�
repertoires of the vaccine-elicited, epitope-specific CD8� T-
lymphocyte populations were then compared to the repertoires
generated following viral infection. V� families that repre-
sented more than 5% of the total V� repertoire within
epitope-specific CD8� T lymphocytes met the threshold for
positivity for the presence of a V� population.

Strikingly, in the three monkeys infected with nonpathogenic

FIG. 2. The median number of V� families that contributed more
than 5% of the total V� repertoire were compared using the Mann-
Whitney test in p11C (A) and p41A (B) tetramer-sorted CD8�

T-lymphocyte populations from each of the vaccinated and infected
monkeys illustrated in Fig. 1.
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SHIV, the V� repertoires of the p11C, p41A, and p68A
epitope-specific CD8� T lymphocytes generated following rAd
(90-98 and 128-97) or rVV (196-97) boost remained, for the
most part, the same after challenge at weeks 4 and 19 (Fig. 6).
During the periods of acute and chronic SHIV-89.6 infection,
p11C epitope-specific CD8� T lymphocytes from monkey
90-98 expressed V� 5 and 13. In weeks 4 and 19, monkey
128-97 used predominantly V� families 12.3 and 13; V�5-
specific populations were absent in week 4 but present again in
week 19. Monkey 196-97 used V� families 3, 13A, and 16. At

weeks 4 and 19 postchallenge, both monkeys 90-98 and 196-97
used members of the V� 13 family in their p41A epitope-
specific CD8� T lymphocytes, with monkey 90-98 additionally
using V� 6A and monkey 196-97 also using V� 2 and 5.
Monkey 128-97 used V� 13C.2 and 23 in its p41A epitope-
specific CD8� T-lymphocyte populations. All three monkeys
exclusively used V� 23 in their p68A-specific CD8� T lympho-
cytes following rAd or rVV vaccination and following infection
with SHIV-89.6.

In contrast to these findings, TCR V� repertoire changes

FIG. 3. TCR V� repertoires of p11C and p41A epitope-specific CD8� T-lymphocyte populations elicited by plasmid DNA/rMVA vaccination
persist following rAd vaccination. PBMC isolated from vaccinated monkeys 90-98, 95-98, 128-97, and 135-97 1 month after rMVA and 1 year after
rAd vaccination were stimulated in vitro with p11C and p41A peptides; stained with p11C or p41A tetramer, respectively; and then sorted. cDNAs
synthesized from the RNAs extracted from these tetramer-binding CD8� T-lymphocyte populations were used to evaluate V� repertoires. Shown
are p11C-specific (A to D) and p41A-specific (E to H) CD8� T lymphocytes.
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were observed in the vaccine-elicited epitope-specific CD8� T
lymphocytes in PBMC of monkeys following pathogenic-SHIV
infection. After challenge with SHIV-89.6P, the clonal CD8�

T-lymphocyte response that was generated following rAd

(95-98 and 135-97) or rVV (132-97) vaccination became more
focused at week 4 and then more complex again at week 19.
This transient clonal focusing was apparent in the TCR V�
repertoires of p11C epitope-specific CD8� T lymphocytes in
all three evaluated monkeys and in the TCR V� repertoire
of the p41A-specific CD8� T lymphocytes in monkey 135-97
(Fig. 7).

Specifically, in monkey 135-97, rAd vaccination generated
p11C-specific CD8� T lymphocytes with TCRs using V� 10,
12.3, 13A, 13C.1, 13C.2, and 17. Four weeks following chal-
lenge with SHIV-89.6P, only p11C epitope-specific CD8� T
lymphocytes using V� 12.3 and 13C.2 were still detected in this
animal. A new SHIV-89.6P-induced p11C-specific CD8� T-
lymphocyte population using V� 19 was also present at week 4
in this monkey’s PBMC. Interestingly, at week 19 following
challenge, V� 2, 10, 13A, 13C.1, 17, and 20 expression was
observed in the p11C-specific CD8� T lymphocytes. However,
no V� 13C.2 expression was detected in PBMC from this
monkey at week 19 following challenge, although V� 13C.2
was the predominant V� gene employed by TCR of p11C-
specific CD8� T lymphocytes in week 4 PBMC from this mon-
key (Fig. 7C).

A focusing of TCR V� gene usage was also apparent in the
p41A epitope-specific CD8� T lymphocytes from monkey
135-97 following pathogenic-SHIV infection. Vaccine-elicited
epitope-specific CD8� T lymphocytes employing V� 7B, 9A,

FIG. 4. TCR CDR3 lengths of highly represented V� families of
p11C and p41A epitope-specific CD8� T-lymphocyte populations are
the same following plasmid DNA/rMVA and rAd vaccinations. cDNAs
generated for use in real-time PCR V� quantitation for monkeys 90-98
and 128-97 served as templates for second-round PCRs employing
family-specific V� primers and a 5�-FAM-labeled C� primer. An ali-
quot of the reaction product was run on an ABI 3730xl, and CDR3
profiles were analyzed using Genemapper 3.7 software. x axes, CDR3
lengths (amino acids); y axes, relative fluorescence intensities.

FIG. 5. TCR J� family usage is identical in p11C and p41A epitope-specific CD8� T lymphocytes following rMVA and rAd vaccinations.
Second-round PCRs used for spectratyping analysis of epitope-specific CD8� T-lymphocyte CDR3 regions from monkeys 90-98 and 128-97 served
as templates for a third-round PCR to provide material for cloning and sequencing. CDR3 sequencing was done using the C� reverse primer.
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FIG. 6. TCR V� repertoires of vaccine-elicited p11C, p41A, or p68A epitope-specific CD8� T-lymphocyte populations do not change following
infection with a nonpathogenic SHIV. PBMC from monkeys (Mm) 90-98 (A), 128-97 (B), and 196-97 (C) were isolated 4 (wk4 pi) and 19 (wk19
pi) weeks following SHIV-89.6 infection. The lymphocytes were cultured in vitro with p11C, p41A, or p68A peptide; stained with tetramers; and
sorted. cDNA synthesized from the RNA extracted from these tetramer-binding CD8� T-lymphocyte populations was used to evaluate V�
repertoires.
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FIG. 7. TCR V� repertoires of p11C and p41A epitope-specific CD8� T lymphocytes focus transiently following infection with a pathogenic
SHIV. PBMC from monkeys (Mm) 95-98 (A), 132-97 (B), and 135-97 (C) were isolated 4 (wk4 pi) and 19 (wk19 pi) weeks following SHIV-89.6P
infection. The lymphocytes were cultured in vitro with p11C, p41A, and p68A peptides; stained with tetramers; and sorted. cDNA synthesized from
the RNA extracted from these tetramer-binding CD8� T-lymphocyte populations was used to evaluate V� repertoires.
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and 13C.2 focused to epitope-specific cells employing V� 13A
at week 4 postinfection. At week 19, we observed the reemer-
gence of p41A-specific CD8� T lymphocytes using V� 9A and
13C.2 gene families seen following rAd immunization, as well
as the emergence of CD8� T lymphocytes using V� 2 and 3
(Fig. 7C).

Similarly, expression of V� 9A, 12.3, 13C.2, 17, and 22 in
vaccine-elicited p11C-specific CD8� T lymphocytes of monkey
132-97 dramatically focused to expression of primarily V�
13C.2 immediately following infection with SHIV-89.6P. This
monkey also had p11C-specific CD8� T lymphocytes using V�
13C.1 in its PBMC for the first time from week 4. By week 19,
the analysis of p11C-specific CD8� T lymphocytes expressing
V� 9A, 12.3, 13C.2, and 17 reemerged, and new clones using
V� 3, 13A, and 19 emerged as well.

However, there did not appear to be a focusing of V� gene
family use by vaccine-elicited p41A epitope-specific CD8� T
lymphocytes in monkey 132-97 following SHIV-89.6P infec-
tion. Rather, a shift was seen from predominant usage of V�
13A following rVV boost to usage of V� 2 at week 4 following
infection. By week 19, however, V� 2, 9A, 10, and 13A were
expressed by p41A-specific CD8� T lymphocytes, similar to
what was generated following rVV immunization (Fig. 7B).

There was also a focusing of V� gene families used in p11C
epitope-specific CD8� T lymphocytes of monkey 95-98 follow-
ing SHIV-89.6P challenge. V� 10-, 13A-, and 13C.2-expressing
populations generated following rAd vaccination focused pre-
dominantly to V� 10- and 13A-expressing populations at week
4 following infection. Epitope-specific CD8� T lymphocytes
expressing V� 10, 12.3, 13A, and 13C.2 were detected at week
19 after challenge. p41A epitope-specific CD8� T lymphocytes
in monkey 95-98 did not exhibit focusing of V� gene family use
at any time following infection, as V� 12.3, 13A, 13C.1, and
13C.2 were expressed following rAd vaccination and following
infection (Fig. 7A).

TCR V� repertoires of p68A epitope-specific CD8� T lym-
phocytes from all three monkeys infected with pathogenic virus
showed predominantly V� 23 usage following rAd vaccination
and at weeks 4 and 19 after SHIV-89.6P infection (Fig. 7).

After observing focusing at the level of TCR V� expression
4 weeks postinfection, we assessed whether focusing was also
seen at the level of the TCR V� CDR3 length and sequence.
We performed spectratyping to evaluate CDR3 lengths in
highly represented V� families in both p11C and p41A
epitope-specific CD8� T lymphocytes from 4 weeks postinfec-
tion in the three Mamu-A*01�-vaccinated rhesus monkeys
challenged with pathogenic SHIV-89.6P (monkeys 95-98, 132-
97, and 135-97). In lymphocyte populations from monkey 135-
97, focusing was observed at the level of CDR3 length in both
p11C- and p41A-specific CD8� T lymphocytes. Specifically, in
p11C-specific CD8� T lymphocytes, the three V� 12.3 CDR3
lengths generated following rAd immunization focused into a
single CDR3 length at week 4 after infection, and the four V�
13C.2 CDR3 lengths generated following rAd also focused into
a single CDR3 length. In p41A-specific CD8� T lymphocytes,
three V� 9A CDR3 lengths generated following rAd immuni-
zation focused into a single CDR3 length at week 4 after
infection, while four V� 13A CDR3 lengths generated follow-
ing rAd focused into two distinct CDR3 lengths (Fig. 8). Taken
together, these data suggest that there can be a clonal focusing

of vaccine-elicited, epitope-specific CD8� T lymphocytes as
assessed by TCR V� repertoires and CDR3 lengths following
infection with SHIV-89.6P.

DISCUSSION

In the present study, we show that vaccine-elicited epitope-
specific CD8� T lymphocytes are as diverse as those induced
by SHIV-89.6P infection and that these clonal CD8� T-lym-
phocyte populations persist. Moreover, our data indicate that
the clonality of these epitope-specific T lymphocytes tran-
siently focuses in response to intense SHIV-89.6P viral repli-
cation.

Interestingly, as shown in Fig. 1 and 2, CD8� T-lymphocyte
clonal diversity, as measured by the numbers of V� genes
expressed within both p11C and p41A-specific CD8� T-lym-
phocyte populations, was not significantly different in monkeys
that were vaccinated versus those infected with SHIV-89.6P.
This was surprising, as one might expect a chronic infection
with a SHIV to elicit a greater breadth of TCR clonality within
epitope-specific CD8� T lymphocytes than would be generated
by a prime with the Mamu-A*01-restricted epitopes p11C,
p41A, and p68A. Thus, the vector in which the SHIV viral
antigens were presented to the immune systems of these mon-
keys, either as a whole virus or as epitope sequences engi-
neered into rMVA, rAd, or rVV vectors, did not affect the
clonal diversity of their epitope-specific CD8� T-lymphocyte
responses. Furthermore, in the vaccinated monkey cohort, the
clonal make-ups of epitope-specific CD8� T-lymphocyte pop-
ulations were almost identical in monkeys vaccinated with plas-
mid DNA/rMVA and in monkeys following vaccination with
rAd (Fig. 3). It is, of course, formally possible that the initial
exposure to these viral proteins limited the clonal constituents
of subsequently stimulated epitope-specific CD8� T-lympho-
cyte responses—a mechanism reminiscent of “original anti-
genic sin.” This mechanism could explain why the clonality of
these responses following plasmid DNA immunization per-
sisted after live recombinant vector boosting and subsequently
after virus infection. However, the observation that the diver-
sities of clones seen in these epitope-specific CD8� T-lympho-
cyte populations were comparable in monkeys only vaccinated
and in unvaccinated monkeys that were infected with SHIV-
89.6P suggests that clonal diversity is dictated by the epitope

FIG. 8. Focusing is apparent at the CDR3 level of p11C and p41A
epitope-specific CD8� T-lymphocyte populations following pathogen-
ic-SHIV infection. cDNAs generated for use in real-time PCR V�
quantitation for monkey 135-97 following SHIV-89.6P infection served
as templates for second-round PCRs employing family-specific V�
primers and a 5�-FAM-labeled C� primer. An aliquot of the reaction
product was run on an ABI 3730xl, and CDR3 profiles were analyzed
using Genemapper 3.7 software. x axes, CDR3 lengths (amino acids);
y axes, relative fluorescence intensities.
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sequence, not the mode of antigen delivery to the immune
system.

Since a large body of investigative work supports the premise
that persistent immune stimulation can lead to the exhaustion
of clonal T-lymphocyte populations, it is of critical importance
to understand whether CD8� T-lymphocyte clones can still be
detected in the setting of ongoing primate immunodeficiency
replication. Others have shown that individual clonal popula-
tions of CTL are maintained in chronically HIV-1-infected
individuals (15, 19, 28, 66); however, the frequency of clonal
T-cell persistence has not been evaluated. The present study
demonstrates that, as a rule, clonal CD8� T-lymphocyte pop-
ulations persist in the setting of ongoing primate immunode-
ficiency virus infection. In fact, in all monkeys that were vac-
cinated and subsequently infected, persistence of particular
clonal populations of T lymphocytes was documented for
greater than 4 years. The only major vaccine-elicited CD8�

T-lymphocyte clone that was present following the initial vac-
cination but did not persist at week 19 following infection was
V� 13C.2 in monkey 135-97. Previous studies from our labo-
ratory and others have shown that during HIV-1 infection,
there can be death of CD8� T-lymphocyte populations; thus,
this lymphocyte population expressing V� 13C.2 may have
undergone apoptosis between weeks 4 and 19 of infection (32).
It is further assumed that vaccine-induced clonal populations
of CD8� T lymphocytes will expand rapidly on exposure to
replicating virus to contain the spread of that virus. Previously,
epitope-specific CD8� T-lymphocyte populations generated
through vaccination were shown to persist following challenge
with primate immunodeficiency viruses, although the clonality
of those responses was not evaluated. The results of the cur-
rent study clearly show that vaccine-induced epitope-specific
CD8� T-lymphocyte clones expand and persist in the face of
replicating virus. While we have not evaluated the functional
integrity of these clonal T-lymphocyte populations in the
present study, we have recently shown that prior vaccination
protects the functional integrity of epitope-specific CD8�

T-lymphocyte populations following a pathogenic-SHIV chal-
lenge (1).

The clonal focusing observed in epitope-specific CD8� T
lymphocytes in monkeys infected with pathogenic SHIV-89.6P
and the absence of this focusing in those monkeys infected with
nonpathogenic SHIV-89.6 may reflect the markedly different
properties of these two viruses. First, SHIV-89.6 infection does
not lead to CD4� T-lymphocyte loss, while SHIV-89.6P infec-
tion can lead to profound loss of naı̈ve CD4� T lymphocytes.
Since CD4� T lymphocytes are needed for the generation and
persistence of antigen-experienced CD8� T lymphocytes (26,
33, 56, 59, 61), it is possible that the loss of CD4� T lympho-
cytes in the SHIV-89.6P-infected monkeys may have led to a
diminution of CD8� epitope-specific T-lymphocyte popula-
tions during the first weeks following infection. Second, the
SHIV-89.6P-infected monkeys had significantly higher viral
loads than the SHIV-89.6-infected monkeys. In SHIV-89.6P-
infected monkeys, peak viral loads were 3 log units higher and
set point viral loads were 1 log unit higher than in the SHIV-
89.6-infected monkeys. High viral loads have been implicated
in the ablation of CD8� T-lymphocyte populations (22, 29).
Apoptosis of CTL can increase with increasing antigen load,
and this CD8� lymphocyte death occurs shortly after initial

infection. Thus, high viral loads can contribute to the deletion
of virus-specific CTL during the primary viral infection in the
presence of high viral burden (14, 23, 60). Moreover, consis-
tent with the observations of the present study, a more clonally
restricted epitope-specific cell population has been observed in
CD8� T lymphocytes responding to pathogenic HIV-1 than in
those responding to the less pathogenic HIV-2 (12, 34, 47).
Thus, taken together, these data support our observations in
the SHIV-89.6/89.6P model and suggest that differences in
primate immunodeficiency virus infections can affect the clonal
breadth of CD8� T-lymphocyte responses to the viruses.

The clonal focusing within the epitope-specific CD8� T-
lymphocyte populations may have important implications for
the control of pathogenic primate immunodeficiency viruses
during primary infection. In considering that viral escape from
CTL has been described in the SIV/rhesus monkey system as
early as 4 weeks postchallenge (41), particularly high levels of
viral replication in association with clonal CD8� T-lymphocyte
focusing during this early period may increase the likelihood of
viral escape from CTL (48). Overcoming this limitation of the
number of clonal CD8� T lymphocytes available to control
viral replication early in infection may be a significant chal-
lenge in designing an effective cell-mediated HIV-1 vaccine.
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