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Dominant epitope-specific CD8� T-lymphocyte responses play a central role in controlling viral spread. We
explored the basis for the development of this focused immune response in simian immunodeficiency virus
(SIV)- and simian-human immunodeficiency virus (SHIV)-infected rhesus monkeys through the use of two
dominant (p11C and p199RY) and two subdominant (p68A and p56A) epitopes. Using real-time PCR to
quantitate T-cell receptor (TCR) variable region beta (V�) family usage, we show that CD8� T-lymphocyte
populations specific for dominant epitopes are characterized by a diverse V� repertoire, whereas those specific
for subdominant epitopes employ a dramatically more focused V� repertoire. We also demonstrate that
dominant epitope-specific CD8� T lymphocytes employ TCRs with multiple CDR3 lengths, whereas subdomi-
nant epitope-specific cells employ TCRs with a more restricted CDR3 length. Thus, the relative dominance of
an epitope-specific CD8� T-lymphocyte response reflects the clonal diversity of that response. These findings
suggest that the limited clonal repertoire of subdominant epitope-specific CD8� T-lymphocyte populations
may limit the ability of these epitope-specific T-lymphocyte populations to expand and therefore limit the
ability of these cell populations to contribute to the control of viral replication.

It is well established that dominant epitope-specific CD8�

T-lymphocyte responses play a central role in controlling viral
replication, while subdominant epitope-specific responses con-
tribute minimally to effective antiviral immunity (1, 15, 19, 24,
28, 32, 42, 46, 52). This is dramatically illustrated in human
immunodeficiency virus (HIV)/simian immunodeficiency virus
(SIV) infections, where it has been demonstrated that a loss of
a single dominant epitope-specific CD8� T-lymphocyte re-
sponse can abrogate effective control of virus replication, lead-
ing to uncontrolled viremia and death (4, 39). Moreover, al-
though dominant epitope-specific CD8� T lymphocytes exert
sufficient immunologic pressure to select for HIV/SIV escape
variants, subdominant epitope-specific CD8� T lymphocytes
do not impose enough immune pressure to select for such
mutations. These findings have led to the suggestion that
CD8� T-lymphocyte-based vaccines for HIV would be most
effective if the vaccines increased the breadth of epitope-spe-
cific CD8� T-lymphocyte responses, effectively increasing the
number of epitopes of the virus that are recognized as domi-
nant. In order to shape the development of strategies that will
accomplish this, we sought to elucidate the basis for establish-
ment of epitope dominance hierarchies in CD8� T-lymphocyte
responses.

A number of mechanisms have been proposed to explain
why CD8� T-lymphocyte responses are so focused and hierar-
chical (11, 44, 53). Studies have reported associations between

epitope dominance hierarchies and limitations in the infected
cell’s ability to process certain peptides, the relative binding
affinities of epitope peptides for the major histocompatibility
complex (MHC) class I molecule, and T-lymphocyte competi-
tion for as-yet-undefined molecules (18, 30, 35, 37, 45, 48, 53).
However, these various proposed mechanisms do not explain
the intense immune pressure mediated by dominant epitope-
specific CD8� T-lymphocyte responses and therefore may pro-
vide only a partial explanation for the phenomenon of epitopic
immunodominance.

Dominance hierarchies of CD8� T-lymphocyte epitopes
have been defined in nonhuman primate models. Rhesus mon-
keys expressing the MHC class I molecule Mamu-A*01 that
are chronically infected with SIV or the chimeric simian-hu-
man immunodeficiency virus (SHIV) develop CD8� cytotoxic
T-lymphocyte responses directed against a Gag epitope (p11C)
and a Pol epitope (p68A) (2, 16, 25, 29). The magnitude of
these epitope-specific CTL responses can be measured in pe-
ripheral blood using tetramer-binding and functional assays
(16, 25). Consistently, these infected monkeys develop strong
responses to p11C and very weak responses to p68A (6, 8, 47).
Similarly, SIV- or SHIV-infected rhesus monkeys expressing
the MHC class I molecule Mamu-A*02 generate strong re-
sponses against the Nef epitope p199RY and much weaker
responses against another Nef epitope, p56 (34). Interestingly,
both Nef epitopes share similar lengths and terminal amino
acid sequences. Genetically selected rhesus monkeys infected
with SIV/SHIV therefore provide a powerful model for explor-
ing the basis for CD8� T-lymphocyte epitope immunodomi-
nance hierarchies.

Since each T-lymphocyte clone expresses a unique T-cell
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receptor (TCR), the definition of the TCR repertoire em-
ployed by an epitope-specific T-lymphocyte population pro-
vides a useful approach for determining the clonality of these
cells (14, 49). We have employed this strategy to explore the
contribution of clonality to the relative dominance of CD8�

T-lymphocyte epitopes in SIV-infected monkeys. In these stud-
ies, we show that the distinction between epitope dominance
and subdominance in these infected monkeys reflects the
clonal diversity of the CD8� T-lymphocyte responses to those
epitopes.

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 (32a). Monkeys were screened for the presence of the Mamu-A*01 and
Mamu-A*02 alleles using a PCR-based technique as previously described (22,
26). DNA sequence analysis was performed on all potential positive samples to
confirm identity with the established Mamu-A*01 and Mamu-A*02 sequence
(29). The Mamu-A*01� monkeys were vaccinated with plasmid DNA followed
by recombinant poxvirus immunogens and challenged with SHIV-89.6P (41).
The Mamu-A*02� monkeys were vaccinated with plasmid DNA followed by
recombinant adenovirus immunogens and challenged with SHIV-89.6P (43) or
were naı̈ve monkeys infected with SIVmac251 (34).

Antibodies, tetramers, and peptides. Antibodies used in this study were di-
rectly coupled to fluorescein isothiocyanate (FITC), phycoerythrin (PE)-labeled
Texas red (ECD), or allophycocyanin. The following monoclonal antibodies
(MAbs) were used: ECD-conjugated anti-CD8� (clone 7PT3F9; Beckman
Coulter), ECD-conjugated anti-CD8�� (Beckman Coulter), FITC-conjugated
anti-CD3 (clone FN18; BioSource International, Camarillo, CA), or FITC-con-
jugated anti-CD3 (clone SP34; BD PharMingen, San Diego, CA). Mamu-A*01/
p11C, C-M/�2m (SIVmac Gag), Mamu-A*01/p68A/�2m (SIVmac Pol), Mamu-
A*02/p199RY/�2m (SIVmac Nef), and Mamu-A*02/p56/�2m (SIVmac Nef)
tetramer complexes were prepared as previously described (2, 16, 25, 33). Phy-
coerythrin-labeled ExtrAvidin (Sigma) was mixed stepwise with biotinylated
Mamu-A*01/peptide or Mamu-A*02/peptide complexes at a molar ratio of 1:4 to
produce the tetrameric complexes. Gag p11C (CTPYDINQM), Pol p68A (STP
PLVRLV), Nef p199RY (YTSGPGIRY), and Nef p56 (YTYEAYVRY) pep-
tides were obtained from QCB/Biosource (Hopkinton, MA). Lyophilized pep-
tides 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 �70°C in
aliquots. Before use, peptides were diluted to a working concentration in RPMI
1640 medium (Mediatech, Herndon, VA) supplemented with glutamine, 12%
fetal calf serum, penicillin, streptomycin, and gentamicin.

Flow cytometry. Peripheral blood mononuclear cells (PBMCs) cultured in the
presence of 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). Cultured cells or whole-blood specimens were stained with
Mamu-A*01/p11C, C-M/�2m, Mamu-A*01/p68A/�2m, Mamu-A*02/p199RY/
�2m, or Mamu-A*02/p56/�2m tetramer for 30 min at room temperature. Cells
were then stained with a mixture of anti-CD3 and anti-CD8 antibodies for 30
min. Cultured cells were fixed in 1% formaldehyde. Whole-blood specimens
were lysed using a Coulter Immunoprep reagent system and a Q-prep worksta-
tion (Beckman-Coulter) before being fixed in 1.5% formaldehyde. Samples were
analyzed on a Coulter EPICS XL-MCL located in a dedicated biosafety level 3
area (Beckman Coulter) or a FACSCalibur flow cytometer (BD Biosciences).

Peptide binding assay. Peptide binding assays for Mamu-A*01-restricted pep-
tides were performed by measuring inhibition of the iodinated p11C analog
peptide (ATPYDINQM) or iodinated p68A native peptide (ATPPLVRLV)
binding to 721.221 cells that express the MHC class I molecule Mamu-A*01.
Similarly, peptide binding assays for Mamu-A*02-restricted peptides were per-
formed by measuring inhibition of the iodinated p199RY native peptide (YTS
GPGIRY) or iodinated p56 native peptide (YTYEAYVRY) binding to 721.221
cells that express the MHC class I molecule Mamu-A*02. Cells (2 � 106) were
incubated overnight at 26°C with 3 �g of human �2 microglobulin per ml.
Iodinated peptides (at 1.5 � 105 cpm) and serial half-log dilutions of unlabeled
test peptides were then incubated with washed cells for 4 h at 20°C. Cells were
then washed three times, and the radioactivity of the cell pellet was measured
with a scintillation counter. The concentration of test peptide required for

inhibition of binding of the index peptide by 50% was designated the 50%
inhibitory concentration (IC50).

Generation of cDNA. RNA was extracted from Mamu-A*01/p11C, C-M/�2m,
Mamu-A*01/p68A/�2m, Mamu-A*02/p199RY/�2m, and Mamu-A*02/p56/�2m
tetramer-binding CD8� T-lymphocyte populations according to the instructions
supplied with the RNeasy Mini extraction kit from QIAGEN (Valencia, CA).
The integrity of the RNA was confirmed using an Agilent 2100 bioanalyzer.
cDNA was then synthesized 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 by 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. Preamplified double-stranded cDNA libraries were made by a 10-
to 20-cycle PCR, utilizing the 5� PCR primer IIA primer and reagents also
provided in the Clontech kit. The optimal number of cycles of preamplification
was found by performing a test run in the presence of SYBR green to determine
the maximum number of PCR cycles that could be performed in the log-linear
amplification range.

Primers and sequencing. Primers used for the real-time PCR assay and for
spectratyping (see data at http://www.viralpath.org/Portals/0/Supplementary_Figure_1
.jpg) were ordered through Biosource International, manufactured by Keystone Labs
(Camarillo, CA), and purified by high-performance liquid chromatography. The
real-time Taqman probes were synthesized at Biosearch Technologies, Inc. (Novato,
CA) and purified by high-performance liquid chromatography. Primers specific for
the variable and constant region of the TCR � chain were designed from rhesus
monkey TCR sequences obtained from GenBank and our laboratory. The specificity
of each of the primer pairs was confirmed by gel electrophoresis and sequencing of
PCR products.

Quantitative PCR. Briefly, cDNA derived from each sample was equally dis-
tributed into 34 individual PCR mixtures which contained a sense V� 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 55 cycles on an MX4000 QPCR machine (Stratagene) using
the following cycling program: 95°C for 10 min followed by 55 cycles of 95°C for
10 s and 58°C for 30 s, followed by reading of fluorescence, and then 72°C for
30 s. To confirm the results of V� family expression, the identified V� families
in each cDNA sample were assessed for complementarity-determining region 3
(CDR3) profiles through Genescan-based spectratyping.

Spectratyping. CDR3 profiles were analyzed by Genescan-based spectratyping
(38, 54). cDNA generated for use in the quantitative PCR assay was used as
template for second round PCRs utilizing individual V� primers and a 5�-6-
carboxyfluorescein-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. One microliter of each reaction product was mixed with deionized
formamide and a TAMRA-500 size standard and then electrophoresed on a 5%
acrylamide gel on a 377 DNA sequencer (Applied Biosystems). Data were
analyzed for size and fluorescence intensity by using Genescan software version
3.1 (Applied Biosystems). Further cloning of PCR products into the pGEM-T
Easy vector (Promega) for sequencing, in conjunction with the CDR3 length
display, allowed for the prediction of CDR3 lengths. These lengths were ex-
pressed as predicted numbers of amino acids spanning the portion of the VDJ
joining segments.

RESULTS

Tetramer staining and SHIV peptide binding affinities for
MHC class I. The frequency of SIV and SHIV epitope-specific
CD8� T lymphocytes was measured in PBMCs of seven
Mamu-A*01� and Mamu-A*02� rhesus monkeys by staining
with Mamu-A*01/peptide or Mamu-A*02/peptide tetramers
(25) (Fig. 1A and B). Consistent with our prior observations,
the p11C-specific CD8� T-lymphocyte populations in fresh
peripheral blood of Mamu-A*01� monkeys varied between
1.03 and 17.53% of total CD8� T lymphocytes, while the p68A-
specific populations varied between 0.03 and 0.37%. In the
Mamu-A*02� monkeys, p199RY-specific CD8� T-lymphocyte
populations varied between 2.36 and 9.31%, while p56-specific
populations varied between 0.02 and 0.43% of total CD8� T
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lymphocytes. Thus, p11C and p199RY are dominant and p68A
and p56 are subdominant epitopes.

To evaluate the mechanism underlying the immunodomi-
nance hierarchy of these epitopes, we assessed the relative
binding affinities of these epitope peptides for the Mamu-A*01
or Mamu-A*02 molecules (3). Interestingly, the binding af-
finities of both the dominant and subdominant epitope pep-
tides for the MHC class I molecules that present them to
CD8� T lymphocytes were comparable at the IC50 (Fig. 1C
and D). We have previously shown that Mamu-A*01-re-
stricted epitope peptides are processed and presented
equivalently when the immune system is exposed to these
peptides via a polyepitope DNA vaccine (47). Thus, differ-
ences in viral epitope peptide binding to MHC class I mol-
ecules do not explain the dominance hierarchy of the
epitope-specific CD8� T-lymphocyte populations.

Evaluation of V� TCR repertoires by quantitative PCR. We
then sought to examine the contribution of clonal diversity to
determining the magnitude of these epitope-specific CD8�

T-lymphocyte responses. We did this by evaluating the TCR
repertoire of each epitope-specific CD8� T-lymphocyte popula-
tion, reasoning that each distinct TCR present in a cell population
represents a distinct CD8� T-lymphocyte clone. Since only a
small number of the available anti-human TCR �-chain family-
specific monoclonal antibodies cross-react with rhesus monkey
TCRs (www.bidmc.harvard.edu/display.asp?node_id � 3770), we
were unable to use cell staining and flow cytometric analysis to
determine TCR usage. Therefore, we employed a PCR-based
approach to assess the TCR repertoire of these rhesus monkey
cell populations. Based on data generated through extensive
sequencing of rhesus monkey TCR �-chain cDNAs (7, 9, 12,
27), we developed a series of 34 forward primers specific for
�-chain variable region (V�) gene families and subfamilies (see

data at http://www.viralpath.org/Portals/0/Supplementary_Figure_1
.jpg). These primers, when paired with a single reverse primer
designed to hybridize to the proximal portion of the � constant
chain region (C�), yielded PCR products of 200 to 300 bp. A
hybridization site for a single fluorescent TaqMan probe was
placed between the primer binding sites, within the conserved
C region.

Two-step amplification of cellular RNA does not bias the
TCR repertoire. For analysis of V� gene usage in selected
T-lymphocyte populations, poly(A)� cDNA was prepared
from total cellular RNA of those cells. This cDNA was pre-
amplified for 10 to 15 cycles using a universal primer. The
optimal number of cycles of preamplification was found by
performing a test run in the presence of SYBR green to de-
termine the maximum number of PCR cycles that could be
performed in the log-linear amplification range. This informa-
tion allowed us to select amplification conditions that would
not distort quantitation of the relative abundances of individ-
ual cDNA species. Preamplified cDNAs were then used as
templates for real-time PCR analysis using the V�-specific
primers and probes.

To verify that this two-step amplification did not significantly
bias the apparent TCR repertoire of a lymphocyte population,
we used this approach to measure the copy numbers of a
cellular RNA (TCR � chain) and an exogenously added kana-
mycin control RNA (13). Total cellular RNA extracted from
rhesus monkey CD8� T lymphocytes was evenly divided
among eight tubes, and 102 to 109 copies of kanamycin RNA
were added to the tubes. Separate cDNA synthesis reactions
were performed on each sample, and all samples were individ-
ually preamplified, with the number of cycles determined by
the previously described SYBR green test run. These pream-
plified samples were then analyzed using the TCR �-chain and
kanamycin probes (see data at http://www.viralpath.org/Portals
/0/Supplementary_Figure_1.jpg). As shown in Fig. 2A and B,
the detection assay was linear over the entire range of kana-
mycin RNA concentrations tested. Moreover, the threshold
cycle number for detection of TCR � was the same in each
sample.

Next, we varied the amount of cellular RNA in each sample
while keeping the amount of exogenously added kanamycin
RNA constant. Because these samples contained different
amounts of cellular RNA, the optimal number of preamplifi-
cation cycles for each sample, determined by the SYBR green
analysis, differed as well. As expected, the detection threshold
cycle for kanamycin in samples that initially contained smaller
starting amounts of RNA (and therefore required more cycles
of preamplification) was lower than the detection threshold
cycle for samples containing higher starting quantities of RNA
(Fig. 2C). Importantly, however, the threshold cycle for the
TCR � chain was approximately the same in each sample (Fig.
2D), indicating that differential preamplification had, in effect,
corrected for differences in the total starting RNA in each
reaction. In subsequent studies, we used cell numbers that
would yield quantities of cellular RNA in the same range as
those tested in the studies shown in Fig. 2C and D. In addition,
whenever possible, we prepared cDNA from equivalent num-
bers of cells rather than relying upon differential preamplifi-
cation to normalize input RNA.

FIG. 1. Immunodominant and subdominant SIV/SHIV epitopes
have similar peptide binding affinities for MHC class I. (A) Peak
tetramer responses for the dominant p11C and subdominant p68A
epitopes in SIV-infected Mamu-A*01-positive rhesus monkeys.
(B) Peak tetramer responses for the dominant p199RY and subdomi-
nant p56 epitopes in SIV-infected Mamu-A*02-positive monkeys.
(C) Binding affinities of p11C and p68A for Mamu-A*01. (D) Binding
affinities of p199RY and p56 for Mamu-A*02.
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Peptide-stimulated tetramer-sorted PBMCs are a subset of
the total CD8� T-lymphocyte population. We next sought to
analyze the TCR repertoires of populations of dominant and
subdominant epitope-specific CD8� T lymphocytes isolated by
flow cytometric sorting from tetramer-stained PBMCs of SIV-
or SHIV-infected Mamu-A*01� and Mamu-A*02� rhesus
monkeys. We reasoned, however, that determination of the
repertoires of subdominant epitope-specific cell populations
that are found at very low frequencies in peripheral blood
might present a major technical challenge. To obtain sufficient
CD8� T-cell lymphocytes specific for a subdominant epitope
to analyze their TCR repertoire reliably, the CD8� T-lympho-
cyte subpopulation in a PBMC sample might be expanded by in
vitro stimulation with epitope peptide prior to staining with
tetramer and cell sorting. However, this approach could pos-
sibly bias the detected TCR repertoire. Peptide-stimulated
cells might also yield cDNA of greater complexity than un-
stimulated lymphocytes and thus obscure the contribution of
rare cell populations to the epitope-specific T-cell response. To
explore these possibilities, we compared the TCR V� reper-
toire of fresh p11C tetramer-binding CD8� T lymphocytes,
which could be obtained in sufficient numbers in PBMCs with-
out resorting to in vitro peptide stimulation, to that of p11C-
stimulated CD8� p11C tetramer-binding CD8� T lymphocytes
from the same PBMC sample. As shown in Fig. 3A, only very
minor differences in the V� repertoires were detected. The
cDNA copy percentages of the most frequently employed V�
subfamilies were as much as 1 or more orders of magnitude
greater than those of the other subfamilies, and the patterns of

these peaks did not vary between cDNA generated from fresh
and peptide-stimulated cells. A similar study was not done to
compare TCR repertoires of freshly sorted and in vitro-ex-
panded subdominant epitope-specific CD8� T-cell popula-
tions because insufficient RNA was available from the freshly
sorted cells to carry out the analysis. To determine whether the
pattern of V� usage in p11C-specific CD8� T lymphocytes was
merely a reflection of the pattern of V� usage in the aggregate
CD8� lymphocyte population, we compared the repertoires of
p11C-stimulated CD8� T lymphocytes with those of unstimu-
lated total CD8� T cells. In studies of PBMCs from two mon-
keys (Fig. 3B and C), the V� repertoires of these p11C-specific
CD8� T lymphocytes represented a distinct subset of the en-
tire CD8� T-lymphocyte V� repertoire.

FIG. 2. Two-step amplification of cellular RNA does not bias the
detected TCR repertoire. (A and B) Total cellular RNA extracted from
CD8� T lymphocytes was evenly divided among eight tubes, and 102 to
109 copies of kanamycin (KAN) RNA were added to the tubes. Separate
cDNA synthesis reactions were performed on each sample, and all sam-
ples were individually preamplified, with the number of cycles determined
by the previously described SYBR green test run. These preamplified
samples were then analyzed using the TCR �-chain and kanamycin
probes. CT, cycle threshold. (C and D) Various amounts of cellular RNA
were used in five separate preamplification reactions, while the amount of
exogenously added kanamycin was kept constant in each reaction. The
number of cycles was again determined by a SYBR green test run. R2

values calculated from the linear regression of panels A and C are 0.9889
and 0.9637, respectively. CREq, cell RNA equivalent.

FIG. 3. p11C-stimulated tetramer-sorted PBMCs are a distinct
subset of the total CD8� T-lymphocyte population. (A) Real-time
PCR V� quantitation of total peripheral blood cDNA generated from
fresh p11C tetramer-sorted PBMCs and from 12-day p11C-stimu-
lated, p11C tetramer-sorted PBMCs. (B and C), V� repertoire
analysis from two monkeys (CJ2P and 134, respectively) of fresh
sorted CD8� T lymphocytes and 12-day p11C-stimulated, p11C
tetramer-sorted PBMCs.
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Subdominant epitope-specific populations have a restricted
V� repertoire. We then analyzed the TCR V� repertoires of
dominant and subdominant epitope-specific CD8� T lympho-
cytes of a cohort of chronically infected Mamu-A*01� and Mamu-
A*02� rhesus monkeys. As shown in Fig. 4A and C, the reper-
toires of the dominant p11C and p199RY epitope-specific CD8�

T lymphocytes from each monkey included a number of different
V� gene families. An assessment of the V� gene usage by the
dominant CD8� T-lymphocyte populations of six different
Mamu-A*01� and five different Mamu-A*02� monkeys showed a
predominance of V�13 family usage, a feature of the p11C-spe-
cific CD8� T-lymphocyte repertoire that we have previously de-
scribed (10). In addition, several less frequently used V� gene
families were represented in the repertoires of these dominant
epitope-specific cells. Although the patterns varied between the
different monkeys, a preference for the use of V�3, -10, -12.3, and
-21 was evident. In contrast, the subdominant p68A- and p56-
specific CD8� T-lymphocyte repertoires from all of the monkeys
tested were strikingly limited. In fact, the repertoire was almost
identical for every monkey with the same MHC class I haplotype
that was studied, consisting almost entirely of V�23 in the p68A-
specific populations and V�9 in the p56-specific populations (Fig.
4B and D). Therefore, the dominant epitope-specific CD8� T
lymphocytes were comprised of clones employing a much greater

diversity of V� genes than the subdominant epitope-specific
CD8� T lymphocytes.

V� families of CD8� T lymphocytes specific for subdomi-
nant epitopes have a restricted CDR3 length. We then further
examined the diversity of the TCR repertoires of these domi-
nant and subdominant epitope-specific CD8� T-lymphocyte
populations. Simply measuring the contribution of a particular
V� family or subfamily to the epitope-specific repertoire may
underestimate the true diversity of the repertoire, since CDR3
diversity is not detected by this approach. We therefore eval-
uated the diversity of the TCR repertoires of these CD8�

T-lymphocyte populations by examining the CDR3 lengths of
the V� genes using spectratyping (38) (Fig. 5) and sequencing
(Fig. 6 and 7). Analysis of the CDR3 length polymorphisms of
V�23 and V�9 in the cDNA derived from p68A-specific and
p56-specific CD8� T lymphocytes, respectively, revealed a strik-
ing uniformity of CDR3 lengths (Fig. 5B and D). In contrast,
almost all V� spectratypes for the dominant p11C and p199RY
epitope-specific CD8� T-lymphocyte populations showed sub-
stantial diversity of CDR3 lengths (Fig. 5A and C). In addition to
this spectratyping, clones were generated and sequenced from
these same cDNAs from two of the Mamu-A*01� and two of the
Mamu-A*02� monkeys (Fig. 6 and 7). As seen in the spectratyp-
ing analyses, sequencing of the CDR3 regions of the TCR � genes

FIG. 4. CD8� T-lymphocyte populations recognizing dominant Mamu-A*01- or Mamu-A*02-restricted epitopes consist of a diverse V�
repertoire, while those recognizing subdominant epitopes have a more restricted V� repertoire. (A) Mamu-A*01-restricted p11C-specific
T-lymphocyte V� repertoires. (B) Mamu-A*01-restricted p68A-specific T-lymphocyte V� repertoires. (C) Mamu-A*02-restricted p199RY-specific
T-lymphocyte V� repertoires. (D) Mamu-A*02-restricted p56-specific T-lymphocyte V� repertoires.
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of the CD8� T lymphocytes specific for subdominant epitopes
had a strikingly restricted length: in the case of p68 V�23, 13
amino acids, and for p56 V�9, 16 amino acids. For V� genes
employed by the dominant epitope-specific CD8� T lymphocytes,
CDR3 sequences were of variable lengths.

These findings therefore indicate that the subdominant
epitope-specific CD8� T lymphocytes were comprised of a very
limited number of clones with highly constrained CDR3 re-
gions, while the dominant epitope-specific CD8� T lympho-
cytes were comprised of a diversity of clones with considerable
variability in their CDR3 regions. This striking difference be-
tween the subdominant and dominant epitope-specific CD8�

T-lymphocyte populations suggests that the relative dominance
of an epitope may be determined, at least in part, by the
diversity of CD8� T-lymphocyte clones that can recognize that
epitope peptide/MHC class I molecular complex.

DISCUSSION

In the present study, we show that CD8� T-lymphocyte
populations specific for dominant epitopes are characterized

by a diverse V� repertoire, whereas those specific for subdomi-
nant epitopes employ a more focused V� repertoire. We also
demonstrate that dominant epitope-specific CD8� lympho-
cytes utilize TCRs with multiple CDR3 lengths, whereas sub-
dominant epitope-specific cells utilize TCRs with a more re-
stricted CDR3 length. Thus, the relative dominance of a viral
epitope reflects the clonal diversity of the CD8� lymphocyte
response to that epitope.

This analysis of CD8� T-lymphocyte TCRs has focused en-
tirely on the diversity of the � chain. Although the � chain of
the TCR certainly contributes to the diversity of the overall
CD8� T-lymphocyte response, this contribution is difficult to
evaluate. There are a large number of human and rhesus mon-
key V� gene families. In fact, more V�-chain sequences than
V�-chain sequences have been defined. Thus, an exhaustive
evaluation of both V� and V� gene usage by TCRs that rec-
ognize a single epitope would be a very large undertaking (31).
Of greater importance, CD8� T lymphocytes can express more
than one � chain. Whereas a single T lymphocyte expresses

FIG. 5. Spectratyping analysis reveals CDR3 diversity within rep-
resented V� families of CD8� T-lymphocyte populations specific for
dominant Mamu-A*01- and Mamu-A*02-restricted CD8� T-lympho-
cyte epitopes and a single CDR3 length for V� families of CD8� T
lymphocytes specific for subdominant epitopes. Shown are spectratyp-
ing results for representative V� families found in (A) p11C-specific,
(B) p68A-specific, (C) p199RY-specific, and (D) p56-specific CD8�

lymphocyte populations.
FIG. 6. TCR V� CDR3 sequences of CD8� T lymphocytes specific

for the Mamu-A*01-restricted p11C and p68A epitopes. CDR3 se-
quences are arranged in order of corresponding J� families. a.a, amino
acids.
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one unique TCR � chain, up to 20% of human T lymphocytes
express two distinct � chains (17, 21, 36). Because of this, a
substantial fraction of the expressed � chains in an epitope-
specific T-lymphocyte population may not be used in epitope
recognition. Therefore, in order to analyze the contribution of
the V� repertoire, it would be necessary to define the � chains
that are consistently coexpressed with the � chains, a challeng-
ing technical problem. We have, therefore, assumed in the
present study that a T-lymphocyte population with a single V�
sequence represents a distinct clone of cells.

Epitope-specific T lymphocytes undergo clonal expansion
following exposure to their cognate epitope peptides. The
mechanisms that regulate the magnitude of this expansion in
vivo are not fully understood, but there is evidence to suggest
that, once triggered to divide, each clone is programmed to
undergo a fixed number of cell divisions (40, 50). The relative
dominance of a particular epitope-specific T-lymphocyte pop-
ulation may therefore reflect the number of CD8� T-lympho-
cyte clones that can recognize that epitope in the immunolog-
ically naı̈ve individual. Epitopes such as p68 and p56 may be
subdominant because the germ line-encoded TCR �-chain se-
quences of rhesus monkeys capable of generating TCRs able to
recognize such epitopes are limited in number. It is also pos-
sible that T lymphocytes bearing � chains that might recognize
these epitopes are negatively selected during thymic matura-
tion. By whichever mechanism, the present data suggest that
only limited numbers of clones of naı̈ve epitope-specific CD8�

T lymphocytes can expand to form cell populations that rec-
ognize a subdominant epitope.

The striking CDR3 diversity in the CD8� T lymphocytes
that recognize the dominant epitopes and the lack of CDR3
diversity in those cells that recognize the subdominant epitopes
suggest another possible factor that differentiates dominant
from subdominant epitopes. Since TCRs with CDR3 regions
that differ in both length and sequence can recognize a dom-
inant epitope, it is possible that the peptide/MHC class I com-
plexes that comprise dominant epitopes have a three-dimen-
sional conformation and charge distribution that is particularly
conducive to the engagement of a diversity of TCRs (51). On
the other hand, because of the extreme limitations in length
and sequence in the CDR3 regions of TCRs that recognize
subdominant epitopes, the conformation and charge distribu-
tion of the peptide/MHC class I complex of these subdominant
epitopes may be particularly idiosyncratic and therefore can
bind only using a very limited number of TCRs. Structural
assessment of these peptide/MHC class I complexes will be
needed to evaluate these possibilities.

A diversity of clonal cytotoxic T-lymphocyte (CTL) popula-
tions with subtly different recognition specificities for the same
viral epitope peptide/MHC class I complex may confer optimal
immune protection against HIV-1 or SIV replication. We have
previously shown that while two different CTL clones can rec-
ognize the same dominant Gag epitope of SIV, each of those
clones has a different capacity to recognize closely related
mutant sequences of that dominant epitope (6). The likelihood
of HIV/SIV immune escape at a particular epitope through
mutation should therefore be diminished if the T-lymphocyte
response to that epitope is highly polyclonal. Thus, the greater
the diversity of the TCRs recognizing a particular epitope
sequence, the smaller the chance that an epitope sequence
variant will go unrecognized.

Immunologic pressure exerted by CD8� T-lymphocyte pop-
ulations on a dominant epitope of HIV/SIV will, however,
ultimately induce virus mutational escape from immune rec-
ognition at that epitope (5, 20). Despite the clonal diversity of
the p11C and p199RY epitope-specific CD8� T-lymphocyte
populations, escape from CD8� T-lymphocyte recognition
eventually occurs, resulting first in a change in the virus qua-
sispecies in the infected individual and then in the loss of these
dominant epitope-specific responses. Such escape events have
been associated with rapid clinical deterioration and death in
infected monkeys and humans (4, 23).

This observation has led to the suggestion that vaccination to
increase the magnitude of CD8� T-lymphocyte responses
against subdominant epitopes may transform them into dom-
inant epitope-specific responses, enhancing control of viral
replication during acute infection and facilitating subsequent
immune control in the event that there is a mutational escape
from CTL recognition at another epitope. However, our
present findings suggest that the limited clonal repertoire of
subdominant epitope-specific CD8� T-lymphocyte popula-
tions may limit the ability of these epitope-specific T-lympho-
cyte populations to expand and therefore limit the ability of
these cell populations to contribute to the control of viral
replication.

FIG. 7. TCR V� CDR3 sequences of CD8� T lymphocytes specific
for the Mamu-A*02-restricted p199RY and p56 epitopes. CDR3 se-
quences are arranged in order of corresponding J� families. a.a, amino
acids.
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