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At birth, almost all human peripheral blood CD8 1 T cells express the costimulatory molecule CD28. With increasing age, the
proportion of CD81 T cells that lack CD28 increases. Because the Ag specificity of CD282CD81 T cells has not previously been
defined, we studied the contribution of CD282CD81 T cells to the memory CD81 CTL response against two human persistent
viruses, human CMV (HCMV) and HIV. From PBMC of healthy virus carriers we generated multiple independent CTL clones
specific for defined viral peptides and sequenced their TCRb-chains. We designed clonotypic oligonucleotides complementary to
eachb-chain hypervariable sequence and quantified the size of individual immunodominant CTL clones in PBMC. Some indi-
vidual CTL clones were very large, comprising up to 3.1% of all CD81 T cells in PBMC, and were generally maintained at a stable
level for months. Individual virus-specific CTL clones were consistently more abundant in purified CD282 cells than in the CD81

population as a whole. Because CD282CD81 cells as a population have been reported to proliferate poorly in response to mitogen,
we studied the function of these virus-specific CD282 CTL clones by quantifying the frequency of peptide-specific CTL precursors
using limiting dilution analysis. CD282CD81 T cells contained high frequencies of functional memory CTL precursors specific for
peptides of HCMV or HIV, generally higher than in the CD81 T cell population as a whole. We conclude that in asymptomatic
HCMV and HIV infection, human CD28 2CD81 T cells contain high frequencies of functional virus-specific memory CTL
clones. The Journal of Immunology,1999, 162: 7569–7577.

T he disulfide-linked homodimer CD28 on the surface of T
cells binds to members of the B7 family on APCs and
costimulates T cell activation (1). In humans, all thymo-

cytes and the vast majority of cord blood CD81 T cells express
CD28. The proportion of CD81 T cells that lack surface expres-
sion of CD28 increases with age, so that in adulthood, 25–50% of
CD81 T cells are CD282 (2). In advancing HIV infection,.50%
of CD81 T cells are CD282 (3–6). CD282CD81 T cells express
the adhesion molecules CD11a (LFA-1), CD54 (ICAM-1), and
CD58 (LFA-3), but do not express molecules associated with acute
activation, such as CD25, CD69, or HLA-DR (2). In redirected
cytotoxicity assays, freshly isolated CD282CD81 T cells are ca-
pable of TCR-mediated cytolysis, demonstrating that the TCR/
CD3 complex is functional and that these cells possess cytotoxic
activity (2). In healthy control donors and in HIV-infected sub-
jects, several investigators have observed that CD282CD81 T
cells show impaired proliferative responses to stimulation with mi-
togen in vitro (3, 5, 6), although it has been possible to generate
CD282CD81 T cell clones (2). CD282CD81 T cells tend to have
shortened telomeres (7). It has therefore been suggested that
CD282CD81 T cells may have impaired proliferative potential
and that some or all of these cells might be terminally differenti-
ated. The same TCR sequence can be found in both CD81CD281

and CD81CD282 cells, indicating that CD281 and CD282 cells
represent different states of differentiation of the same lineage (8),
but as yet the Ag specificity of CD282CD81 T cells has not been
determined.

To address the relationship between CD282CD81 T cells and
Ag-specific T cell memory, we studied human virus-specific
CD81 CTL, which play an important role in the control of human
persistent virus infections (9). CD81 CTL recognize viral peptide
Ag presented by MHC class I molecules on the surface of virus-
infected cells via the TCRab heterodimer that is generated during
thymic development by rearrangement of variable (V), diversity
(D), and joining (J) gene segments. Additional TCR diversity is
generated by imperfect joining of these segments, exonucleotide
nibbling at the joins, and addition of nongermline-encoded N-re-
gion nucleotides. The regions spanning the V-(D)-J joins constitute
the hypervariable CDR3 regions that interact with the middle of
the bound peptide and account for approximately 50% of TCR’s
interaction with peptide (10).

Following primary infection with the betaherpesvirus HCMV,3

the virus persists lifelong in a latent state in cells of the myeloid
lineage under the control of the immune system (11). In immuno-
compromised individuals, including patients with advanced HIV
infection, HCMV reactivation often causes serious disease (12).
We previously studied the HCMV-specific memory CTL response
of healthy, long term HCMV carriers and quantified high frequen-
cies of MHC-restricted HCMV-specific CTL precursors (CTLp) in
peripheral blood, a large proportion of which recognized the viral
tegument protein pp65. In most donors, the CTL response to this
protein was highly focused on a small number of epitopes within
pp65 (13). We analyzed the clonal composition of memory CTL in
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HCMV carriers by generating multiple independent peptide-spe-
cific CTL clones and sequencing the hypervariable VDJ region of
the TCRb-chain of each clone. We found that the strong memory
CTL response against a given viral peptide contains individual
CTL clones that had undergone extensive expansion in vivo (14).
In HIV infection there is a vigorous HIV-specific CD81 CTL re-
sponse that is temporally associated with partial control of viral
replication (15–17). During asymptomatic HIV infection, a high
frequency of HIV-specific memory CTLp is maintained in periph-
eral blood for years, but in advancing HIV disease the HIV-spe-
cific CTL response is impaired (18).

To determine the contribution of CD282CD81 T cells to Ag-
specific CTL memory, in asymptomatic carriers of HCMV and
HIV we generated multiple independent CTL clones specific for
defined peptides of HCMV and HIV and used the hypervariable
TCR b-chain sequence of each immunodominant CTL clone to
design a complementary oligonucleotide as a highly specific clo-
notypic probe. Using these probes we found large clone sizes of
individual CTL clonotypes in the CD282 subpopulation of periph-
eral blood CD81 T cells. We complemented these molecular stud-
ies by demonstrating high frequencies of functional virus-specific
memory CTLp within the CD282 subpopulation using limiting
dilution analysis (LDA).

Materials and Methods
Donors

Two healthy HIV-seronegative laboratory donors and three asymptomatic
HIV-infected subjects attending Addenbrooke’s Hospital (Cambridge,
U.K.) were studied. All donors were HCMV seropositive, as determined by
an IgG ELISA (Captia HCMV IgG immunoassay, Centocor, Malvern, PA).
MHC class I tissue types were determined by serological typing (Lympho-
type ABC-120, Biotest, Dreieich, Germany). The tissue types, CD41 T cell
counts, and plasma HIV RNA loads of the HIV-infected subjects were:
H0009 (A2 A24 B62 B27), CD4 count 400/ml, viral load 3,000 copies/ml,
no antiretroviral treatment; H0018 (A2 A3 B7 B44), CD4 count 390/ml,
viral load 1,700 copies/ml, no antiretroviral treatment; and H0045 (A11
A29 B8 B44), CD4 count 250/ml, viral load 10,000/ml, started antiretro-
viral treatment 07/97 after which viral load was,50 copies/ml. The tissue
types of the healthy HCMV carriers were: 005, A31 A33 B44 B35; and
011, A2 A23 B62 B44.

Viruses and cell lines

The recombinant vaccinia viruses used were vac pp65, vac gag, vac env,
and vac T7 as a negative control as previously described (13, 18). Lym-
phoblastoid B cell lines (LCL) were generated from PBMC by EBV trans-
formation (18).

Synthetic peptides

HCMV pp65 peptides were 17a (VFPTKDVAL, HLA-B35), 53 (DD-
VWTSGSDSDEELV, HLA-B35), 56 (TPRVTGGGAM, HLA-B7), 69
(NLVPMVATV, HLA-A2), and 72 (EFFWDANDIY, B12 (44)) (13). HIV
env gp120 peptides were 740.18 (TQACPKVSFEPIPIHYCAPA), 740.19
(PIPIHYCAPAGFAILKCNNK,HLA-A2),and7035.1 (AAEQLWVTVYY
GVPVWKEAT, HLA-A11). HIV Gag peptides were 703.3 (LRPG
GKKKYKLKHIV, HLA-A3) and 728 (KWILGLNKIVRMY, HLA-B27).
The Medical Research Council AIDS Reagent Project, U.K., provided all
HIV peptides.

Preparation of defined subsets of CD81 cells for LDA and
oligonucleotide probing

PBMC were prepared from fresh heparinized venous blood samples by
Ficoll-Hypaque (Lymphoprep, Nyegaard, Oslo, Norway) density gradient
centrifugation. CD161 NK cells were depleted using anti-CD16 IgM (Leu
11b; Becton Dickinson, Oxford, U.K.) and complement (13). For healthy
laboratory donors, CD41 cells were also depleted using anti-
CD4-conjugated MACS microbeads according to the manufacturer’s in-
structions (Miltenyi Biotech, Dreiech, Germany); enrichment for CD81

cells gave improved sensitivity for clonotype detection. An aliquot of
CD162 (CD42) cells was further depleted of CD281 cells using FITC-
conjugated anti-CD28 (Coulter, Luton, U.K.) and anti-FITC MACS
microbeads.

Negatively selected cells were washed once in PBS and resuspended in
RPMI 1640 supplemented with 10% human HCMV-seronegative AB se-
rum (Blood Transfusion Service, Addenbrookes Hospital), 10% FCS
(Myoclone, Life Technologies, Paisley, U.K.), 2 mML-glutamine, 105 IU
of penicillin/l, and 100 mg of streptomycin/l (referred to as RPMI-HuAB).
Aliquots of these cells were used as responder cells in LDA (see below),
for RNA extraction, and for flow cytometry.

mAbs and surface phenotyping

Vb-chain usage was determined by three-color immunofluorescence using
a panel of TCR-specific FITC-conjugated mAbs (the panel included Vb 1,
2, 3, 5.1, 5.2, 6.7, 7, 8.1, 11, 12, 13.6, 14, 16, 17, 19, 20, 21.3, 22 (Coulter);
and Vb 13.1/13.3 and Va2 (Serotec, Columbus, OH)) with PE-conjugated
anti-CD8 and peridinin chlorophyll protein (PerCP)-conjugated CD3 (Bec-
ton Dickinson). Other antibodies used were FITC-conjugated anti-CD28
(Coulter) and anti-CD4 (Becton Dickinson). The proportion of Vb1 cells
was determined by staining aliquots of cells with the relevant Vb-specific
mAb, PE-conjugated anti-CD28 and PerCP-conjugated anti-CD8 (Becton
Dickinson). The purity of the CD28-depleted lymphocyte populations was
high (median, 98.5%; range, 89.4–99.8%;n 5 21).

Generation of virus-specific CTL in LDA

The methodology of LDA used has previously been described in detail
(18). Replicate microcultures (n 5 18–27) of responder cells were set up
over an appropriate range of dilutions. APCs were autologous irradiated
peptide-pulsed PBMC in RPMI-HuAB medium supplemented with human
rIL-2 (Medical Research Council AIDS Reagent Project; final concentra-
tion, 5 IU/ml). On day 14, the cells in each individual well were divided
into five aliquots that were assayed for cytotoxicity against different radio-
labeled target cells in 4-h51Cr release cytotoxicity assays. Target cells
comprised autologous or MHC-mismatched LCL that had been infected for
18 h with vac pp65, vac gag, vac env, or vac T7 (multiplicity of infection5
10) and radiolabeled with51Cr (Amersham, Aylesbury, U.K.) for 45 min at
37°C. Peptide-pulsed target cells were prepared by first labeling LCL with
51Cr and then pulsing with 50ml of peptide (40mg/ml) for a further 30 min.
Target cells were washed three times and counted. The method of analysis
has been described previously (13, 18).

Derivation of formal single-cell clones and expansion of
clonally derived CTL microcultures

From selected LDA microcultures, formal single-cell clones were gener-
ated by subculture at 0.5 cells/well (14). Multiple independent clonally
derived CTL cultures were generated by mitogen restimulation of residual
cells from selected LDA microcultures at or below the dilution where
,50% of replicate microcultures showed peptide-specific killing (14); at
these low dilutions, individual LDA microcultures contained single pep-
tide-specific clones (our own unpublished observations). mRNA was ex-
tracted, and cDNA was synthesized as previously described (14).

TCRb-chain PCR amplification and sequencing

To determine TCRb-chain V region usage of CTL lines or clones, PCR
amplification and sequencing were performed using a panel of TCR Vb
primers and a Cb primer as previously described (14). The hypervariable
CDR3 region was defined by Kabat et al., starting at position 95 of Vb and
finishing at the phenylalanine of the motif FGXG within Jb (19). Sequence
data presented in Table I are available from EMBL/GenBank/DDBJ under
accession numbers AJ011545–AJ011556 and AJ010895.

Quantitative clonotypic analysis

To quantify an individual peptide-specific CTL clone in PBMC, we de-
signed a complementary oligonucleotide probe 15–20 nucleotides long
based on the TCRb-chain hypervariable NDN region and the ends of the
adjoining V and J regions. Such probes are highly specific for individual
CTL clonotypes, as reflected by very low binding of individual clonotypic
probes to amplified negative control cDNA (20) (Fig. 1A). mRNA was
extracted from CD16-depleted or CD16- and CD28-depleted cells, reverse
transcribed into cDNA, and amplified in duplicate using a Vb-specific
primer (14) and a Cb-specific primer. A positive control sample from the
formal single cell CTL clone and a negative control sample from the
pooled PBMC of four HCMV- and HIV-seronegative donors was also
amplified at the same time in duplicate using the same primers. Forty
microliters of each PCR product was separated on a 1.3% agarose gel. PCR
products were transferred overnight to a Zeta-Probe nylon filter (Bio-Rad,
Hercules, CA) using standard techniques (21). Blotting buffer was 0.6 M
NaOH/0.2 M NaCl. The filter was washed in 23 SSC and baked at 80°C
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for 30 min. It was then incubated in 15 ml of prehybridization buffer (7%
SDS and 0.25 M Na2HPO4) for 1 h at 10–15°C below the melting tem-
perature of the clonotypic probe. Fifteen picomoles of clonotypic probe
was end labeled with [g-32P]dATP using T4 polynucleotide kinase (Pro-
mega) as described by the manufacturer. The probe was separated from
unincorporated label using a Sephadex G-25 spin column (Amersham).
Hybridization was conducted overnight at 10–15°C below the melting tem-
perature of the clonotypic probe in hybridization buffer (7% SDS, 0.25 M
Na2HPO4, and 10% polyethylene glycol 8000). The filter was washed for
15 min three times in wash buffer (5% SDS and 20 mM Na2HPO4). The
amount of probe that had bound to each sample on the filter was quantitated
using an Instant Imager (Beckman, Palo Alto, CA). The filter was exposed
to x-ray film, stripped by soaking in 0.4 M NaOH for 30 min, and washed
in 23 SSC. It was then rehybridized with a TCRb-chain constant region
probe (AGATCTCTGCTTCTGATG) following the same protocol as that

described above. In each experiment it was possible to correct for differ-
ences in radioactive labeling of the clonotypic and constant region probes
by measuring the radioactivity of each probe bound to the positive control
sample as a reference standard (TCRb-chain sequences amplified from the
biologically derived CTL clone contain the unique hypervariable NDN
region and constant region in equal amounts). The proportion of clonotype
sequence within the total amplified TCR Vb sequence for a given popu-
lation of CD81 cells was calculated as follows: % of clonotype within
Vb-expressing cells5 100 3 ([cpm clonotypic probe/cpm TCR constant
probe for the T cell population of interest]/[cpm clonotypic probe/cpm
TCR constant probe for the positive control clone]).

We quantified cells that were Vb1 in the CD81 and CD41 populations
by flow cytometry using Vb-specific mAbs. Because the TCR mRNA from
CD41 cells has the effect of diluting the clonotype in the total TCR mRNA
preparation, we corrected for the proportion of Vb1 cells that were CD81.
The clone size within total CD81 lymphocytes could then be estimated
from the relative abundance of clonotype sequence within all sequences
encoding the same Vb segment multiplied by the proportion of the Vb1

CD81 cells within the total CD81 T cell population. For the example in
Fig. 1, the clone size per 106 CD81 T cells was therefore: % of clonotype
sequence within all Vb13.61 sequences3 1/(% of Vb13.61 cells that are
CD81) 3 % of Vb13.61CD81 cells in total CD81 cells 3 106.

Results
Identification of MHC-restricted HIV and HCMV peptides

We identified five CTL epitopes in HIV env or gag and determined
their MHC restriction (22). We identified five CTL epitopes re-
stricted by four different HLA alleles from HCMV pp65 and de-
termined their MHC restriction (13, 14).

The clonal composition of memory CTL specific for HIV gag
and env epitopes is highly focused

To determine how many different TCR Vb gene segments were
used by CTL specific to a given peptide, unstimulated PBMC and
peptide-specific bulk CTL lines (obtained by pooling the residual
cells from LDA microcultures that showed strong peptide-specific
killing) were studied by two-color immunofluorescence using
mAbs specific for defined Vb gene segments. In unstimulated
PBMC of donor H0009, 2.6% of CD81 T cells were Vb13.61, and
3.6% were Vb221. After stimulation with peptide 740.19,
Vb13.61 cells expanded to 84.6% of the CD81 population; only
0.1% were Vb221. After stimulation with peptide 728, 2.1% of
responder CD81 cells were Vb13.61, and 29.8% were Vb221.

We next analyzed the clonal composition of the peptide-specific
CTL response to identify how many different CTL clones contrib-
ute to the peptide 740.19-specific Vb13.61 CTL population. We
generated formal single cell clones and multiple independent,
clonally derived CTL cultures specific for HIV env and gag pep-
tides, and sequenced each TCRb-chain (Table I). In each of the
three HIV-infected subjects studied, the clonal composition of the
memory CTL responses to gag and env peptides was highly fo-
cused; for each donor, one predominant TCRb-chain nucleotide
sequence was detected in multiple, independently derived formal
CTL clones and clonally derived CTL cultures specific for a given
peptide. In donor H0009, six of six independent peptide 740.19-
specific CTL clones and clonal microcultures derived at two time
points had the same Vb13.61 TCR b-chain nucleotide sequence,
demonstrating that this CTL clone accounted for the large majority
of the peptide 740.19-specific memory CTLp in this donor. In the
same donor, gag peptide 728-specific CTL were also focused,
since both a CTL clone and the Vb221 cells within a peptide-
specific bulk CTL line had the sameb-chain sequence. Only 30%
of CD81 lymphocytes within the peptide 728-specific bulk CTL
line were however Vb221, indicating that other clones expressing
different Vb segments may be involved in the recognition of this

FIGURE 1. Quantitation of the in vivo clone size of donor H0009’s env
peptide 740.19-specific CTL clone 9A by clonotype probing.A, Probing
was conducted as described inMaterials and Methods. mRNA was ex-
tracted from CD16-depleted or CD16- and CD28-depleted PBMC, reverse
transcribed into cDNA, and amplified using a Vb13.6-specific primer and
a Cb-specific primer. PCR products were blotted onto a filter, which was
first probed using the labeled clonotypic probe (I). By stripping the filter
and reprobing with a conserved constant region-specific probe that detects
all TCRs (II), the relative abundance of clonotype sequence compared with
the total sequence within Vb13.6 was calculated. In the CD162 population
on 20/05/98, the percentage of clonotype sequence within all Vb13.6 se-
quences was 29%.B, The percentages of Vb13.61 cells were determined
by flow cytometry by staining an aliquot of CD16-depleted PBMC with
FITC-conjugated Vb13.6-specific mAb, anti-CD28-PE, and anti-
CD8-PerCP. In this example, on 20/05/98 in donor H0009’s CD16-de-
pleted PBMC, 77% of the Vb13.61 lymphocytes were CD81; 3.4% of the
total CD81 T cells were Vb13.61. By gating on CD282 cells, 100% of the
CD282 Vb13.61 lymphocytes were CD81; 6.3% of CD282 CD81 T cells
were Vb13.61. Therefore in the CD16-depleted population the clone size
was 0.293 1/(0.77)3 0.0343 106 5 13,000 cells of the clone/106 CD81

lymphocytes. In the CD16-CD28-depleted population the corresponding
clone size was 0.303 1/(1.0)3 0.0633 106 5 19,000 cells of the clone/
106 CD81 lymphocytes (calculation explained inMaterials and Methods).
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peptide. In donors H0018 and H0045, CTL specific for three different
HIV peptides were also highly focused. These results closely re-
semble our previous observation of clonal focusing of CTL specific
for peptides of pp65 in healthy HCMV carriers (14). In all donors
in the current study we also identified the clonotypes of immunodo-
minant CTL specific for given pp65 peptides (Table I) (14).

Large clone sizes of HIV and HCMV peptide-specific CTL
clones in CD282CD81 cells demonstrated using clonotype-
specific oligonucleotide probes

For each CTL clone, we designed a complementary oligonucleo-
tide based on the hypervariable region of the TCRb-chain. To
quantify each clone within the CD16-depleted or CD16- and
CD28-depleted cells, cDNA was synthesized, amplified using the
relevant Vb-specific primer, and blotted onto a filter that was
probed using the labeled clonotypic probe. By stripping the filter
and reprobing with a conserved internal probe that detects all
TCRs, the relative abundance of clonotype sequence compared
with the total sequence within that Vb family could be calculated.
From the relative abundance of clonotype sequence within the Vb
family, and the proportion of Vb1 cells in the CD81 population
(determined by flow cytometry), the clone size within the CD16-
depleted or CD16- and CD28-depleted T cell populations could be
estimated (Fig. 1).

We found very large clone sizes of individual CTL clones spe-
cific for pp65 peptides in both healthy HCMV carriers (Table II).
A single CTL clone comprised up to 1.4% of all CD81 T cells in
PBMC. The size of pp65-specific CTL clones generally remained
stable over time. HCMV-specific CTL clone sizes were similar or
increased in CD28-depleted CD81 cells compared with those in

nondepleted cells. In donor 011, the size of Vb171 pp65 peptide
69-specific CTL clone 11A was 1.5- to 3-fold greater in the
CD162CD42CD282 population than in the CD162CD42 popu-
lation when examined at four different time points (Table II). In
donor 005, the size of Vb201 pp65 peptide 17/18-specific CTL
clone 5A was also generally greater in CD282 cells, in this case
because of an increased percentage of Vb201 cells within the
CD282CD81 subpopulation; during the period of study, 14–20%
of all CD81 cells were Vb201, whereas within the CD282CD81

subpopulation, 28–38% of cells were Vb201.
In the HIV-infected subjects, the clone sizes of HIV-specific and

HCMV-specific CTL clonotypes were also generally stable over
time (Table III). In donor H0018, we identified three different pp65
peptide 56-specific CTL clonotypes, each of which used Vb6.4.
cDNA samples from different time points were amplified using the
Vb6.4-specific primer, and the PCR products were analyzed with
probes specific for each of three clonotypes (Fig. 2). The propor-
tion of clonotype 18D within Vb6.4-expressing cells was higher
than that of clonotype 18C, and both remained stable over time.
The proportion of clonotype 18B within Vb6.4-expressing cells
decreased significantly between 01/98 and 04/98, but remained
stable thereafter. Importantly, a very similar decrease in the rela-
tive size of this clonotype was observed within the CD28-depleted
population analyzed in parallel (Fig. 2). Clonotypes 18C and 18D
act as internal controls for this decrease because they have the
same Vb segment as clonotype 18B. In the HIV-infected subjects,
for both HIV-specific and HCMV-specific CTL clonotypes the
clone sizes were similar or increased in the CD28-depleted popu-
lations compared with those in undepleted cells (Table III).

Table I. Multiple independent peptide-specific CTL clones or microcultures had the same TCRb-chain nucleotide sequence

Donor Peptide
Clono-
type

Date of
Sample

CTL Clone/
Culture

% Specific Lysis

Vb Cb1 Peptide Control

H0009 env 740.19 9A 09/96 Clone 3.2 54 0 Vb13.6 CAS SYTLDNQPQH FG Jb1 Cb1
04/97 Culture 1 54 0 Vb13.6 CAS SYTLDNQPQH FG Jb1 Cb1

Culture 2 51 12 Vb13.6 CAS SYTLDNQPQH FG Jb1 Cb1
Culture 3 52 0 Vb13.6 CAS SYTLDNQPQH FG Jb1 Cb1
Culture 4 46 0 Vb13.6 CAS SYTLDNQPQH FG Jb1 Cb1
Culture 5 42 4 Vb13.6 CAS SYTLDNQPQH FG Jb1 Cb1

gag 728 9B 02/96 Clone 5.6 78 3 Vb22.1 CAS SLGSYEQY FG Jb2 Cb2
09/96 Bulk CTL line Vb22.1 CAS SLGSYEQY FG Jb2 Cb2

H0018 gag 703.3 06/96 Clone 4.6 70 0 Vb5.2 CAS TSGWGSYEQY FG Jb2 Cb2
18A 01/98 Culture 2 32 0 Vb13.1 CAS NLAPYEQY FG Jb2 Cb2

Culture 3 42 3 Vb13.1 CAS NLAPYEQY FG Jb2 Cb2
Culture 4 50 2 Vb13.1 CAS NLAPYEQY FG Jb2 Cb2

04/98 Culture 3 72 10 Vb13.1 CAS NLAPYEQY FG Jb2 Cb2
Culture 4 47 0 Vb13.1 CAS NLAPYEQY FG Jb2 Cb2

H0045 env 740.18 45A 01/97 Clone 1.1 62 2 Vb13.1 CAS RQGAPNQPQH FG Jb1 Cb2
04/97 Culture 2 36 0 Vb13.1 CAS RQGAPNQPQH FG Jb1 Cb2

Culture 5 32 0 Vb13.1 CAS RQGAPNQPQH FG Jb1 Cb2
45B Culture 1 34 0 Vb13.1 CAS SDPLNEAF FG Jb1 Cb1

Culture 3 34 0 Vb7
env 7035.1 01/97 Clone 1.1 55 1 Vb6 CAS SLGGLF FG Jb2 Cb2

04/97 Culture 4 32 0 Vb6 CAS GMTQY FG Jb2 Cb2
45C Culture 1 32 0 Vb6 CAS SFGELF FG Jb2 Cb2

Culture 2 45 15 Vb6 CAS SFGELF FG Jb2 Cb2
04/98 Culture 6 40 0 Vb6 CAS SFGELF FG Jb2 Cb2

Culture 8 57 2 Vb6 CAS SFGELF FG Jb2 Cb2

H0018 pp65 56 18B 01/98 Clone 1Ba 74 1 Vb6.4 CAS SHDRQGASSPLH FG Jb1 Cb1
18C Clone 2K 78 2 Vb6.4 CAS SHDREGGNSPLH FG Jb1 Cb1
18D Clone 1K 75 7 Vb6.4 CAS SERTGGSYEQY FG Jb2 Cb2

H0045 pp65 72 45D 01/97 Clone 2 74 0 Vb8 CAS SPIQGYYEQY FG Jb2 Cb2

a The TCRb-chain sequence of this clone has been reported elsewhere (14) and is shown here for comparison.
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CD282 cells from asymptomatic HIV-infected subjects contain
high frequencies of functional CTLp specific for HCMV and HIV
peptides

We measured the frequency of memory CTLp specific for gag,
env, and pp65 peptides in LDA, using as responder cells the CD16
(CD4-)-depleted PBMC or CD16 (CD4-)-CD28-depleted PBMC
that were used for simultaneous clonotype probing (Tables II and
III). The magnitude of MHC-restricted peptide-specific killing was
very similar in individual microcultures derived from either CD16-
depleted or CD16- and CD28-depleted responder cells (data not
shown). We confirmed that CTL generated by stimulation with
individual HIV or HCMV peptides could kill target cells infected
with recombinant vaccinia viruses that expressed the relevant
HCMV or HIV protein (data not shown) (22).

In healthy HCMV carriers, the frequencies of memory CTLp
specific to pp65 peptides were high and showed some variability
over time (Table II). In donor 011, the frequencies of CTLp spe-
cific for pp65 peptide 69 and for pp65 peptide 72 were signifi-
cantly higher in CD162CD42CD282 cells than in CD162CD42

cells. In donor 005, the frequencies of CTLp specific for pp65
peptide 17a and for pp65 peptide 53 were similar in both responder
cell populations.

For all three HIV-infected subjects, the LDA frequencies of
memory CTLp specific for gag, env, and pp65 peptides were main-
tained at a stable level over a period of up to 13 mo (Table III). We
found that the frequency of gag, env, or pp65 peptide-specific
CTLp in the CD28-depleted responder cells was generally similar
to or higher than the frequency of CTLp specific to the same pep-
tide in the undepleted population. In HIV-infected subject H0009,
CD162CD282 cells also contained higher frequencies of CTLp
specific to pp65 peptide 69 and gag peptide 728 than CD162 cells.
There were similar frequencies of peptide-specific CTLp in both
CD28-depleted and undepleted cells in subjects H0018 and H0045.

Simultaneous comparison of clone size of defined CTL
clonotypes and peptide-specific CTLp frequency

Tables II and III compare peptide-specific clone sizes and LDA
frequencies of peptide-specific CTLp at the same time point in the
same donor. The peptide-specific CTLp frequency measured in
LDA reflects an aggregate of the individual contributions of dif-
ferent CTL clonotypes that are capable of responding to a given
viral peptide in vitro. The contributions of particular immunodom-
inant clonotypes to the functional response in vitro can be esti-
mated from the proportion of responding peptide-specific micro-
cultures that contained the CTL clonotype. For example, pp65
peptide 69-specific clonotype 9C from donor H0009 was identified
in four independent peptide-specific microcultures on 04/97; sim-
ilar observations were made for other clonotypes in other donors
(Table III). Because this clonotype accounts for a large proportion
of the total peptide 69-specific CTL response in this donor, we
calculated the ratio of functional CTLp frequency: clone size as an
estimate of the cloning efficiency of the specific CTL clonotype. In
each cell population, these two values are, in fact, very similar; on
20/5/98, in the CD162 population, the size of clonotype 9C was
3800 clones/106 CD81 T cells, and the frequency of peptide-spe-
cific CTLp was 4300/106 CD81 T cells (Table III). Similarly,
within the corresponding CD162CD282 subpopulation, the size of
the clonotype was 14,000 clones/106 CD81 T cells, which was
comparable to the frequency of peptide 69-specific CTLp in LDA,
namely 12,000 CTLp/106 CD81 T cells. Where analyzed, for each
donor the same immunodominant clone made up a similar propor-
tion of all the peptide-specific clones in both the CD28-depleted
and undepleted responder CD81 cells (Tables II and III).T
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Other CTL clones (e.g., subdominant clonotype 45B identified
in one of four peptide-specific Vb13.11 microcultures; Table I),
whose sizes we have not quantified, also contribute to the func-
tional response observed in LDA. This is confirmed by the fact that
in donor H0009 the frequency of gag peptide 728-specific CTLp is
consistently greater than the clone size of 9B, and in donor H0045
the frequency of pp65 peptide 72-specific CTLp is greater then the
clone size of 45D (Table III), resulting in a CTLp:clone size ratio
in excess of 100%.

In general, the CTLp:clone size ratio was between 12–90%. In
the case of the highly focused peptide 740.19-specific CTL re-
sponse of donor H0009 (Table IA), the functional LDA frequency
was substantially lower than the clone size (CTLp:clone size ratio,
,7%). It is possible that this large clone genuinely had impaired
function or that in vitro culture was suboptimal, possibly because the
sequence of the env peptide 740.19 used to stimulate CTL in vitro
may have differed from the endogenous HIV viral sequence(s) in
H0009 that stimulated this clonal expansion in vivo.

Importantly, at each time point in each donor, the CTLp:clone
size ratio of CD28-depleted cells was very similar to that of the
undepleted CD81 T cell population as a whole, indicating that the
large virus-specific clones in the CD282 population maintain their
ability to function in vitro. The only exception was donor H0018,
in whom the CTLp:clone size ratio of gag peptide 703.3-specific
CTL was reduced in the CD282 population compared with that in
the undepleted population.

Discussion
To examine the contribution of CD282CD81 T cells to Ag-spe-
cific T cell memory, we characterized the strong memory CTL
responses against HCMV and HIV at the clonal level. We showed
that the sizes of individual virus-specific CTL clones can be very
large and that they are generally maintained at a stable level for
months. Individual peptide-specific CTL clones were consistently
more abundant in the purified CD282 cells. We have shown that
these expanded CD282 clones were functional in quantitative LDA.

We previously found that the CTL response to four different
HCMV pp65 peptides was highly focused; in general, the majority

of CTL clones specific for a defined pp65 peptide from any one
virus carrier used only one or two different TCR at the level of
nucleotide sequence (14). Here we found a high degree of clonal
focusing among memory CTL specific for a given HIV gag or env
peptide/MHC complex within each of three HIV-infected subjects.
Previous studies that have examined the clonal composition of the
CTL response to other persistent human virus infections within
individuals have observed a comparable degree of clonal focusing
(23). In a single HIV-infected subject, multiple independent CTL
clones specific for an HLA-B14-restricted env peptide derived at
different time points over the course of 36 mo used the same TCR
b-chain (24). Similarly, multiple independent CTL clones specific
to an HLA-B8-restricted EBV peptide derived from one virus car-
rier at one time point all used the same TCR (25). The CTL re-
sponses to different HTLV-1 peptides have also been observed to
be oligoclonal within individual donors (26).

In healthy HCMV carriers we previously measured very high
frequencies of CTLp specific for individual pp65 peptides by
LDA. Because the peptide-specific CTL response is highly focused
at the clonal level, this indicated that the large population of cir-
culating memory CTL against a given HCMV peptide contains
individual CTL clones that had undergone extensive clonal expan-
sion in vivo. Here, using the clonotype probing technique, we have
produced direct evidence confirming that individual HIV- and
HCMV-specific CTL clones can indeed be very large, sufficient to
permit reproducible quantitation of the size of individual CTL
clonotypes directly ex vivo independently of function. In this study
individual peptide-specific CTL clones generally accounted for
2–66% of all CD81 T cells that expressed the same Vb segment
as the clone; this corresponded to a clone size of between 0.15–
3.1% of all CD81 T cells. The clonotyping results also indicated
that individual CTL clone sizes were maintained at a relatively
constant level over time. In a healthy HCMV carrier, we found that
the size of a Vb171 pp65 peptide 69-specific CTL clonotype was
between 5,100–14,000 cells/106 CD81 T cells when measured on
four separate occasions over a 15-mo period (Table II). The sizes
of individual CTL clones derived from other donors were also
generally maintained with no more than a 4-fold change in clonal
size over the period of observation. In an HIV-infected subject,
one CTL clonotype showed a 7-fold reduction in size within
Vb6.41 cells, while the size of two other Vb6.41 clonotypes spe-
cific for the same peptide remained stable (Fig. 2). Because both
HIV and HCMV are persistent viruses characterized by sustained
or intermittent viral reactivation and Ag expression, repeated
exposure of virus-specific memory CTL to viral Ag in vivo over
time may lead to selective expansion and maintenance of large
memory CTL clones, possibly those that express certain high af-
finity TCR (27).

By clonotype probing of CD28-depleted cell populations, we
found large clone sizes of individual HIV-specific and HCMV-
specific CTL clones in CD282 cells. The clone size of HIV- and
HCMV-specific CTL clonotypes was similar or increased within
the CD282 population compared with that in undepleted CD81

cells in the HIV-infected subjects and in healthy HCMV carriers.
In normal adult donors, oligoclonal expansions of unknown Ag
specificity have previously been observed in CD81 T cells and in
particular within the CD282CD81 T cell subpopulation (28–36).
Our demonstration of large memory CD81 CTL clones that are
specific for HCMV and HIV within the CD282CD81 subpo-
pulation suggests that memory CTL specific for persistent viruses
may account for many of these hitherto unexplained oligoclonal
expansions.

In all three HIV-infected subjects, the LDA frequencies of func-
tional memory CTLp specific for gag, env, and pp65 peptides were

FIGURE 2. Quantitation of three CTL clonotypes specific for the same
pp65 peptide in a single donor. In donor H0018 we identified three CTL
clonotypes specific for peptide 56, all of which used Vb6.4 but had dif-
ferent hypervariable sequences (see Table I). We quantified the proportion
of each clonotype within Vb6.41 cells at three time points:A, in CD162

PBMC; andB, in CD162CD282 PBMC. Because no Vb6.4-specific mAb
is currently available, we were not able to calculate the absolute clonal
sizes.
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maintained at stable levels over a period of up to 13 mo. In healthy
HCMV carriers, the frequencies of memory CTLp specific to pp65
peptides were more variable. As shown in Table II, in some in-
stances the clone size of an individual peptide-specific CTL clone
was greater than the frequency of CTLp specific to the same pep-
tide, which indicates that not all the CTL clones detected by the
clonotype probing technique grew in LDA. It is recognized that the
functional response requiring clonal expansion in vitro in LDA
may underestimate the absolute number of Ag-specific cells as
determined by peptide/MHC class I tetramer staining (37). Tet-
ramer staining detects the aggregate of Ag-specific cells, but does
not distinguish between individual CTL clonotypes. In this study
we used clonotype probing rather than tetramer staining not only
because we wished to study memory CTL responses specific for
seven viral peptides restricted by five different MHC alleles, but
also because the clonotype probing technique provides a higher
level of resolution by allowing the study of the sizes of individual
peptide-specific CTL clones over time and the segregation of in-
dividual clones into different phenotypic subpopulations.

Other observers have suggested that CD282CD81 cells as a
population have impaired proliferative responses to in vitro mito-
genic stimulation with PHA, anti-CD2, or anti-CD3 mAbs or a
combination of the above (2, 3, 5, 6, 29, 33). In contrast, Gomez
et al. observed significant proliferation of the CD282CD81 pop-
ulation in anti-EBV and anti-influenza T cell lines generated from
PBMC of subjects responding to these viruses (38). Strong prolif-
eration of CD282CD81 cells from HIV-infected subjects was also
observed after in vitro restimulation with autologous blast cells
that may have expressed HIV Ag (39). The proliferation of
CD282CD81 T cells may therefore differ depending upon the con-
ditions of stimulation in vitro. It is possible that CD282CD81 cells
may be particularly susceptible to apoptosis upon stimulation with
mitogen (5, 40). In our experiments upon stimulation with autol-
ogous irradiated PBMC pulsed with specific peptide, single
CD282 Ag-specific memory CTLp were capable of undergoing at
least 12–14 divisions necessary for detection of short term CTL
clones in LDA. The frequency of gag, env, or pp65 peptide-spe-
cific CTLp within the CD28-depleted responder cells was similar
to or higher than the frequency of CTLp specific for the same
peptide in the undepleted responder cell population. From CD28-
depleted responder cells we derived functional CTL clones pos-
sessing the same TCRb-chain sequence as clones derived from
undepleted responder cells (data not shown), confirming that the
large virus-specific T cell clones within the CD282 population
also comprised functional cells. In four of the five donors, the
estimated cloning efficiency (the LDA response as a proportion of
peptide-specific CTL clone size) in the CD28-depleted population
was similar to that in the undepleted population (Tables II and III).
This indicates that the in vitro function of virus-specific
CD282CD81 CTLp was comparable to that of the CD81 T cell
population as a whole. It is possible that these CD282CD81 CTLp
may express other molecules that are capable of providing co-
stimulation in the absence of CD28, as appears to be the case in
CD28 knockout mice (41). Therefore, at least during the asymp-
tomatic phase of HIV infection, many virus-specific CD282CD81

CTLp were able to function in vitro, arguing against the suggestion
that these cells are terminally differentiated (5). However, it is
possible that during the course of advancing HIV disease, the func-
tion of virus-specific CD282 memory CTL clones may decline,
and we are addressing this question in longitudinal studies.

In conclusion, by molecular analysis we found large clone sizes
of individual virus-specific CTL clonotypes in CD282CD81 T
cells of subjects asymptomatically infected with HIV and/or
HCMV, and by functional assay we demonstrated that rather than

being terminally differentiated, CD282CD81 cells contain high
frequencies of functional virus-specific memory CTL clones.
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