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The primary immune response to Epstein Barr virus (EBV) is characterized by striking proliferation
of EBV-specific CD8* T cells. In this study we have investigated the clonal composition and functional
properties of the cells mediating this primary response and have analyzed the mechanisms that con-
trol the downregulation of the primary response and the selection of memory cells. We show that
massively expanded T-cell clones often dominate the primary antigen-specific T-cell response. Despite
the enormous extent of expansion, the virus-specific T cells express high levels of intracellular per-
forin and are potently cytotoxic. They are, however, functionally heterogeneous in their ability to
secrete proinflammatory cytokines, with subpopulations of the antigen-specific T cells being hypore-
sponsive. The primary response is closely regulated, and the majority of cells are programmed to die
via a cytokine-rescuable pathway, leaving only small populations of memory T cells surviving. Com-
parison of the clonal composition of primary and memory responses in vivo shows that the clones
that dominate the primary response are relatively heavily culled during the downregulation of the

primary response and the establishment of T-cell memory.

J. Clin. Invest. 106:1251-1261 (2000).

Introduction

Recent studies have shown that the primary CD8* T-cell
response to a foreign antigen may be characterized by
massive proliferation of antigen-specific T cells (1-4). As
the levels of antigen fall, many of these T cells die. Small
numbers remain within a memory pool and mediate the
response to further exposure to the antigen (1, 3-5).
Detailed understanding of the composition and func-
tional properties of primary immune responses, the
mechanisms that control their ultimate downregula-
tion, and the factors affecting the selection of surviving
pools of memory T cells is, however, lacking.

We have addressed these issues in the context of the
in vivo CD8" T-cell response to primary infection with
Epstein Barr virus (EBV) in humans. Primary infection
with this virus may cause acute infectious mononucle-
osis (IM) (glandular fever), an illness characterized by a
T-cell lymphocytosis. In previous studies we have
shown that this lymphocytosis includes large popula-
tions of EBV antigen-specific CD8* T cells (4, 6). The
biological importance of the striking primary CD8" T-
cell response to this virus has been controversial, how-
ever, because the functional characteristics of the
expanded populations of antigen-specific T cells have
not been analyzed previously. Indeed, studies from
murine models of infection suggest that, under certain
circumstances, large populations of antigen-stimulat-
ed CD8" T cells may be deficient in effector function (2,

7). In this study we have investigated both the clonal
composition and the functional properties of the anti-
gen-specific CD8" T cells that mediate the in vivo pri-
mary immune response to two immunodominant epi-
topes from EBV. The results show that primary
antigen-specific CD8* T-cell responses may be charac-
terized by the selective expansion of dominant T-cell
clones. While these T cells show potent cytotoxic effec-
tor function, many are hyporesponsive with respect to
cytokine or chemokine secretion.

The primary immune response does ultimately control
infection with EBV, although the virus persists in a latent
form within the B-cell pool (8). The fall in virus load is
associated with a fall in the numbers of circulating EBV-
specific CD8" T cells (4). The mechanisms that control
the decline of primary T-cell responses in vivo remain
controversial (9-12). Activated T cells potentially may die
via several different pathways (9, 13-18), and the relative
importance of apoptosis induced by death receptors, by
release of cytochrome ¢ from mitochondria, or by alter-
native pathways (7) is unclear. We have investigated the
mechanisms by which the EBV-specific T cells that medi-
ate the important primary response to the virus might
die after a fall in antigen load. The results suggest that
the cells are primed to die via a mitochondrial/cytokine
rescuable pathway of death.

Relatively small numbers of antigen-specific T cells
survive the downregulation of the primary immune
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response in vivo. These cells are detectable, however,
using human leukocyte antigen/peptide (HLA/pep-
tide) tetrameric complexes within samples of PBMCs
taken from donors 1 year after primary infection. Infec-
tion with EBV therefore provides a natural system in
which one can analyze T-cell selection during the devel-
opment of memory by comparing the composition of
invivo “primary” and “memory” populations of T cells
specific for a given epitope in the same individual. Sev-
eral previous studies have addressed the question of T-
cell selection during the evolution of memory (19-26).
Many studies support the idea that the repertoire of
antigen-specific memory T cells simply reflects that of
the antigen-specific primary T cells (20, 24, 26). How-
ever, conclusions drawn from other studies have con-
flicted with this hypothesis (19, 21, 25). Here we show
that, in the context of a naturally occurring and per-
sistent viral infection in humans, the in vivo memory
response is not a clear reflection of the in vivo primary
response in that clonotypes that are massively expand-
ed during the primary response are preferentially culled
during the evolution of T-cell memory. The work high-
lights the importance of the nature of the primary
response in influencing long-term immunological
memory and sheds light on the pathways by which
memory T cells might differentiate.

Methods

Synthesis of HLA/peptide tetrameric complexes. Soluble
HLA/peptide tetrameric complexes were produced as
described previously (4, 27). Briefly, recombinant class
I heavy chain or $2 microglobulin was expressed in
Escherichia coli cells transformed with the appropriate
plasmids. Expression of the heavy chain was limited to
the extracellular domain, and the sequence was modi-
fied by the addition of a COOH-terminal biotinylation
site. The complexes were refolded in vitro, biotinylated,
and then recovered by fast-performance liquid chro-
matography (FPLC) purification and ion exchange
chromatography. Tetramers were made by mixing the
biotinylated protein complex with streptavidin-phyco-
erythrin (streptavidin-PE) (Sigma-Aldrich Co., Poole,
United Kingdom) at a molar ratio of 4:1. For this study
we constructed tetramers of HLA-A2 complexed with
the GLCTLVAML peptide and of HLA-B8 complexed
with the RAKFKQLL peptide. The specificity of the
tetramer binding was confirmed as described previ-
ously (4, 6). Further control experiments showed that
these two tetramers bound equally well to fresh or
frozen preparations of cells and that they did not bind
to CD56* natural killer (NK) cells.

Peptides. Two peptides representing epitopes from EBV
lytic cycle proteins were synthesized by Alta Bioscience
(University of Birmingham, Birmingham, United King-
dom). GLCTLVAML is an HLA-A2-restricted epitope
from an EBV early protein encoded by BMLFI (28), while
RAKFKQLL is an HLA-B8-restricted epitope from an
EBV immediate-early protein encoded by BZLF1 (29).

Patients. Fourteen HLA-A2* and 10 HLA-B8* individ-

uals were identified during the acute stage of IM. The
diagnosis was confirmed by an EBV-specific latex
agglutination test. Samples of peripheral blood were
taken at the time of diagnosis and 1 year later.

Isolation and fractionation of lymphocyte preparations.
Peripheral blood (3 ml) was incubated with red-cell
lysis buffer (Gentra Systems Inc., Minneapolis, Min-
nesota, USA) to obtain leukocytes for use in prelimi-
nary staining experiments to rapidly identify individu-
als with populations of HLA-A2/GLCTLVAML or
HLA-B8/RAKFKQLL tetramer-reactive T cells. Mean-
while, PBMCs were separated from the remaining 45
ml of peripheral blood using Ficoll-Hypaque density-
gradient centrifugation and were used immediately for
experiments or were cryopreserved.

Tissue typing. HLA-A2* and HLA-B8* donors were
identified rapidly by the preliminary experiments to
detect populations of CD8" T cells that reacted with
the HLA-A2/GLCTLVAML or HLA-B8/RAKFKQLL
tetrameric complexes within samples of peripheral
blood. In addition, genomic DNA was extracted from
peripheral blood cells using a Puregene kit (Gentra Sys-
tems Inc.) and this was used in PCR reactions using a
panel of HLA allele-specific primers in order to for-
mally tissue type all donors. Al HLA-A2* and HLA-B8*
donors had been identified correctly on the basis of
appropriate reactivity of CD8* T cells with the
tetrameric complexes.

Analysis of T-cell receptor repertoire. Samples of PBMCs
were stained with one of a panel of mAb’s specific for
the human T-cell receptor (TCR) variable (V) chains.
Cells were washed and stained with a FITC-conjugated
anti-mouse or anti-rat mAb, as appropriate (DAKO
Corp., Carpinteria, California, USA), then with PE-
labeled HLA/peptide tetrameric complex, and subse-
quently with a tricolor-conjugated anti-CD8 mAb (Cal-
tag Laboratories Inc., Burlingame, California, USA).
Cells were analyzed on a FACScalibur using CellQuest
software (Becton Dickinson, Oxford, United King-
dom). Gates were set to include the live lymphocyte
population. The BV2 mAb was found to interfere with
the binding of the HLA-A2/GLCTLVAML tetramer in
some patients, therefore results obtained using this
mADb were omitted from the analyses.

Sequence analysis of TCR V B chains. Samples of PBMCs
were stained with the relevant HLA/peptide tetrameric
complex and with anti-CD8 mAb. The CD8" T-cell pop-
ulation of cells that reacted with the tecramer were sort-
ed on a Becton Dickinson cell sorter. The mRNA was
extracted from the sorted cells using Tri-Reagent
(Sigma-Aldrich Co.) and used in first-strand cDNA syn-
thesis. The cDNA was used as a template in PCR reac-
tions using a 3' C B-chain primer CGTTTGTCGTCGAC-
CTGCTTCCCATTCACC and a 5' V B-chain primer as
described previously (6). The sequences of the V region
primers were as follows: BV7, CTG AAT GCC CCA ACA
GCT CTC; BV11, ACA GTC TCC AGA ATA AGG ACG; BV22,
TCATTT CGT TTT ATG AAA AGA TGC. The DNA product
was purified and cloned into a pGEM-T Easy Vector
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(Promega Corp., Madison, Wisconsin, USA), according
to the manufacturer’s instructions. After transforma-
tions of E. Coli (strain JM 109), plaques containing
inserts were sequenced using an automated sequencer.

Ex vivo cytotoxicity assays. PBMCs from IM patients were
used as effectors in classical chromium-release assays to
detect antigen-specific cytotoxicity, as described previ-
ously (30). HLA-matched PHA blasts, prepulsed with a
2-UM concentration of GLCTLVAML or RAKFKQLL
peptide, were used as target cells. Control experiments
were performed in the absence of peptide.

Flow cytometry to detect surface Fas and intracellular per-
forin, Bcl-2, cytokine, and chemokine expression. For analy-
sis of surface Fas expression, PBMCs were stained with
tetramer and anti-CD8 mAD as above, then washed and
stained with 0.25 pg anti-Fas/FITC mAb (DAKO Corp.)
on ice for 30 minutes.

For analysis of intracellular perforin or Bcl-2 expres-
sion PBMCs were stained with tetramer and anti-CD8
mADb and were fixed by incubation with 200 pl of 4%
paraformaldehyde on ice for 30 minutes. The samples
were then washed twice in a PBS buffer containing 0.1%
saponin and 1% FCS (permeabilization buffer) and
incubated for 30 minutes on ice in the presence of 0.5
Mg anti-perforin/FITC mAb (Ancell Corp., Bayport,
Minnesota, USA), 0.5 Pg anti-Bcl-2 mAb (DAKO Corp.),
0.5 pg anti-IgG2b/FITC-negative control mAb
(PharMingen, San Diego, California, USA), or anti-
CD3/FITC mAb (DAKO Corp.) diluted in 100 pl per-
meabilization buffer.

For analysis of intracellular cytokine or chemokine
expression, PBMCs were incubated at room tempera-
ture for 30 minutes with the appropriate tetramer in
RPMI supplemented with 10% FCS (R10). Cells were
washed and incubated at a concentration of 2 x 10°
cells/ml in R10 supplemented with 50 U/ml rIL-2
(Sigma-Aldrich Co.) (R10/IL-2), or in a 10-UM solution
of GLCTLVAML or RAKFKQLL peptide diluted in
R10/IL-2, or with autologous lymphoblastoid B cells
(at a ratio of 1:1), which had been prepulsed with 10
UM GLCTLVAML or RAKFKQLL peptide in R10/IL-2
in V-bottomed 25-ml-capacity universal containers, at
37°C in the presence of 5% CO; for 6 hours. Experi-
ments using peptide-pulsed autologous B-cell lines as
a stimulant were, by necessity, performed using cryop-
reserved PBMCs. Brefeldin A (Sigma-Aldrich Co.) was
added to the cultures at a final concentration of 5
Mg/ml after the first hour of incubation. Cells were
then washed, stained with saturating amounts of anti-
CD8/tricolor mAb (Caltag Laboratories, Inc.), fixed in
4% paraformaldehyde (Sigma-Aldrich Co.), washed in
permeabilization buffer, and stained with 0.5 g of
anti-IFN-y/FITC mAb (PharMingen), 0.5 Ug
anti-macrophage inflammatory protein-1 B (MIP1
B)/FITC mADb (R&D Systems, Abingdon, United King-
dom), 0.5 Ug anti-IgG1/FITC-negative control mAb
(PharMingen), or with an anti-CD3/FITC mAb
(DAKO Corp.) diluted in 100 pl permeabilization
buffer, for 60 minutes on ice.

For all experiments analysis was performed using a
FACScalibur and CellQuest software. Lymphocytes
were gated by forward and side-angle light scatter. In
each experiment, cells stained with anti-CD3 and
anti-CD8 were used to identify the CD8" subset of T
cells that expressed CD3 and the markers set to allow
analysis of this subset.

Cell-culture and death-inhibition assays. PBMCs from IM
patients were incubated at a concentration of 10°
cells/ml in R10 in round-bottomed 96-well plates for
30 hours at 37°C in 5% CO,. To assess the effects of a
Fas-Fc fusion protein (31) and a DRS5-Fc fusion protein
(32) on cell death, R10 was supplemented with the rel-
evant fusion protein at final concentrations of 100
ng/ml and 500 ng/ml, respectively. To assess the effects
of cytokines on cell death, R10 was supplemented with
rIL-2 (Sigma Chemical Co.) at a final concentration of
50 U/ml, or with rIL-7 or rIL-15 (both from Sigma-
Aldrich Co.) at final concentrations of 100 ng/ml.

Flow cytometry to assess cell death. To assess survival of
antigen-specific T cells PBMCs were stained with the
appropriate tetrameric complex at room temperature,
washed in R10, and stained with an anti-CD8/tricolor
mAb (Caltag Laboratories Inc.), washed, resuspended
in PBS, and analyzed by FACS. After 30 hours in cul-
ture, a population of lymphocytes with reduced for-
ward scatter was identifiable. These lymphocytes were
stained with propidium iodide and therefore consisted
of dead or dying cells with increased membrane per-
meability. Region 2 was set to include these cells while
region 1 was set to include the live lymphocyte popula-
tion. The frequency of live tetramer-reactive T cells
within the lymphocyte population was calculated as
percentage of tetramer-reactive T cells in R1/total cells
in R1 plus R2. The same regions were used to analyze
PBMC:s at time points 0 and 30 hours. Levels of TCR
and CDS8 expression by tetramer-reactive T cells could
be analyzed within the R1 and R2 gates.

To analyze phosphatidyl serine exposure PBMCs were
stained as above with tetramer and anti-CD8 mADb.
They were then washed in HEPES buffer and incubat-
ed in annexin V labeling solution (Roche Diagnostics,
Lewes, United Kingdom) according to the manufac-
turer’s instructions. Samples were diluted in the
HEPES buffer and analyzed by FACS.

To analyze DNA fragmentation PBMCs were stained
as above with tetramer and anti-CD8 mAb. An in situ
cell-death detection kit adapted for FACS was used to
identify cells containing DNA-strand breaks according
to the manufacturer’s instructions (Roche Diagnostics).

Results and Discussion

T-cell selection during primary immune responses in vivo. In
the first phase of the study we analyzed the clonal com-
position of the in vivo, primary, CD8"* T-cell response
to two dominant epitopes from EBV in order to deter-
mine whether such responses were polyclonal or oligo-
clonal and to ascertain whether the same or similar
clonotypes were used by different individuals. We used
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Figure 1

BV7S1 use by HLA-B8-restricted RAKFKQLL-specific T cells in patient
NS21 during the primary response to EBV. PBMCs taken from patient
NS21 during primary EBV infection were stained with TCR V region-spe-
cific mAb’s, with an anti-CD8 mAb, and with the B8/RAKFKQLL
tetrameric complex. (a) Twenty-eight percent of the CD8" T cells react
with the B8/RAKFKQLL tetrameric complex; (b) 18% of CD8* T cells
express the TCR BV7S1 chain; (c) 57% of B8/RAKFKQLL tetramer-reac-
tive T cells express BV7S1. (d) The overall CD8" TCR repertoire of
patient NS21 (filled bars) is distorted with an expanded population of
CD8* T cells expressing BV7S1. The mean TCR repertoire of a panel of
21 young control individuals is shown (open bars) for comparison.

HLA/peptide tetrameric complexes to analyze the HLA-
B8-restricted response to the RAKFKQLL epitope from
the BZLFI-encoded protein (29, 33) and the HLA-
A2-restricted response to the GLCTLVAML epitope
from the BMLFI-encoded protein (28, 33) in ten HLA-
B8* individuals and 14 HLA-A2* individuals with IM.
We found clear populations of CD8" T cells reactive
with the HLA-B8/RAKFKQLL tetrameric complex in
all HLA-B8* individuals, with frequencies ranging from
10 to 45% CD8" T cells and of CD8* T cells reactive with
the HLA-A2/GLCTLVAML tetrameric complex in the
HLA-A2* individuals with frequencies ranging from 2
to 11% CD8* T cells. The TCR repertoire of CD8" T
cells reactive with the tetrameric complexes was ana-
lyzed in all the patients using a panel of TCR V
region-specific mAb’s. Results from an HLA-B8*
patient with IM (patient NS21), are shown in Figure 1.
Twenty-eight percent of CD8" T cells reacted with the
HLA-B8/RAKFKQLL tetrameric complex (Figure 1a).
This patient’s overall CD8* TCR repertoire was abnor-
mal with 18% of CD8* T cells expressing BV7S1 (in
healthy individuals a mean of 1.9%, SD 0.93%, CD8" T
cells express BV7S1; Figure 1, b and d). The expanded
population of BV7S1* CD8* T cells was composed of
cells reactive with the HLA-B8/RAKFKQLL tetrameric
complex and accounted for 57% of all CD8" T cells
mediating the primary immune response to this epi-
tope (Figure 1c). T cells expressing BV12, BV16,
BV21S3, and AV2S2 accounted for smaller fractions of

the primary immune response to RAKFKQLL in this
individual (data not shown). We sorted the B8/RAK-
FKQLL tetramer-reactive T cells from PBMCs from
patient NS21 and derived the sequences of the TCR 3
chains of the BV7S1-expressing T cells. These were
oligoclonal (Table 1), with only two different sequences
being identified from ten transcripts. Both of these 3
chains used BJ2S5 and showed similarities in the pre-
dicted amino acid sequences of the CDR3 regions.
These results formally confirm the hypothesis that
even very large distortions of the CD8* TCR repertoire
observed in patients with IM are due to clonally/oligo-
clonally expanded populations of EBV-specific T cells.

Results of analysis of the TCR repertoire of T cells
mediating the primary immune response to the RAK-
FKQLL or GLCTLVAML epitopes in four further
donors are shown in Figure 2 and Tables 2, 3, and 4.
The primary immune response to the HLA-B8-restrict-
ed RAKFKQLL epitope in patient NS52 (comprising
40.2% CD8" T cells) was dominated by T cells express-
ing BV22, used by 24.2% of B8/RAKFKQLL-reactive T
cells. BVS, BV7, BV14, and BV9 were used by smaller
populations of B8/ RAKFKQLL-reactive T cells (Figure
2a). In patient NS60 the primary response to the HLA-
B8-restricted RAKFKQLL epitope was dominated by T
cells expressing BV7S1, accounting for 12.3% of the
total RAKFKQLL-specific response (which comprised
33% CD8"* T cells; Figure 2b). We sorted the B8/RAK-
FKQLL tetramer-reactive T cells from this donor and
found that the sequences of the BV7S1-expressing T
cells were oligoclonal during the primary response
(Table 2). In patient NS33 the primary response to the
GLCTLVAML epitope (comprising 11% CD8 T cells)
was dominated by T cells expressing BV11, which
accounted for 27.2% of the response (Figure 2c). Analy-
sis of the [ chain sequences of this expanded popula-
tion of BV11-expressing CD8* T cells suggested that it
was clonal/oligoclonal in composition (Table 3). In
patient NS60, 56.3% of the HLA-A2-restricted GLCTL-
VAML-specific T cells mediating the primary immune
response to this epitope (comprising 6.6% CD8* T cells)
expressed BV22. Again, this was clearly a clonal/oligo-
clonal population of cells (Table 4).

The estimates of frequency of given clonotypes with-
in a V 3 subset obtained using the method described,
may be distorted by different levels of TCR mRNA
expression within different responding T cells and can-

Table 1
Sequences of BV7S1 chains expressed by T cells specific for the HLA-
B8-restricted RAKFKQLL epitope in patient NS21

Frequency BV chain CDR3 region BJ chain
7/10 7S1 CAS SQVQGVGETQY FGPG BJ2S5
3/10 7S1 CAS SQVEGQETQY FGPG BJ2S5

B8/RAKFKQLL tetramer-reactive T cells were sorted from PBMCs taken from
patient NS21 while he was suffering from IM. The sequences of the TCR 3
chains of the expanded population of BV7S1* CD8" T cells were derived.
These were oligoclonal.

1254 The Journal of Clinical Investigation |

November 2000 |

Volume 106 | Number 10



Tab

le 2

Sequences of BV7S1 chains expressed by T cells specific for the HLA-
B8-restricted RAKFKQLL epitope in patient NS60

Frequency BV chain CDR3 region BJ chain
Primary

8/15 7S1 CAS SPGTGEGYEQY FGPG BJ2S7
2/15 7S1 CAS SPGQGTGYEQY FGPG BJ2S7
1/15 7S1 CAS SPGQGAGYEQY FGPG BJ2S7
1/15 7S1 CAS SPGQGEGYEQY FGPG BJ2S7
1/15 7S1 CAS SQGRGVYEQY FGPG BJ2S7
1/15 7S1 CAS SQLAGVSEQY FGPG BJ2S7
1/15 7S1 CAS SQVQAVGELF FGEG BJ2S2
Memory

5/15 7S1 CAS SPGTGEGYEQY FGPG BJ2S7
4/15 7S1 CAS SPGQGAGYEQY FGPG BJ2S7
4/15 7S1 CAS SPGQGEGYEQY FGPG BJ2S7
1/15 7S1 CAS SQEGQLSYEQY FGPG BJ2S7
1/15 7S1 CAS SQEPAGITYEQY FGPG BJ2S7

B8/RAKFKQLL tetramer-reactive T cells were sorted from PBMCs taken
from patient NS60 while he was suffering from IM and 1 year later. The

sequ
Thes

ences of the TCR 3 chains of the BV7S1* CD8* T cells were derived.
e were oligoclonal.

not, therefore, be absolute. However, the overwhelming
dominance of certain clonotypes in the above examples
allows for a high degree of confidence in these results.

The TCR use of the dominant populations of T cells
mediating the primary HLA-B8-restricted response to
the RAKFKQLL epitope or the HLA-A2-restricted
response to the GLCTLVAML epitope was not highly
conserved between donors (22, 34). Nevertheless, BV7,
BV22, and BV6SS were commonly used by relatively
large populations of T cells recognizing the RAKFKQLL
epitope and BV22 and BV14 were commonly used by
relatively large populations of T cells recognizing the
GLCTLVAML epitope in several different donors.

Despite the presence of large clonal/oligoclonal
expansions of antigen-specific T cells, the HLA-
B8/RAKFKQLL and HLA-A2/GLCTLVAML
tetramer-reactive T cells in any individual used a vari-
ety of TCR V segments, highlighting the diversity of
the T cells that may recognize a given HLA/peptide
complex (Figure 2). The reason for the selective expan-
sion of certain clonal/oligoclonal populations of anti-
gen-specific T cells in the face of a diverse repertoire
of potentially reactive T cells remains unclear. Certain
clonotypes may be present at relatively high frequen-
cy before EBV infection, perhaps because of biases
during TCR gene rearrangement (35) or because some
clonotypes have been expanded previously by a dif-
ferent but cross-reactive antigen. Some clonotypes
may be exposed to antigen earlier or more frequently
during the course of infection or may proliferate more
efficiently in response to antigen stimulation. The lat-
ter may reflect differences in the biophysical proper-
ties of the interaction between different TCRs and a
given HLA/peptide complex or differences in the phe-
notype of the responding T cell.

Expanded populations of EBV-specific CD8" T cells from
patients with IM are potent cytotoxic effectors and express per-
forin constitutively. While the above analysis shows that

striking antigen-driven clonal proliferation occurs dur-
ing primary EBV infection, evidence that such massive-
ly expanded populations of CD8* T cells function effi-
ciently as effector cells has been lacking. We therefore
analyzed the cytotoxic potential of the large popula-
tions of EBV-specific T cells found in patients with IM.
Results from two donors, NS30 and NS28, are shown in
Figure 3. In patient NS30, 6.6% CD8" T cells (equivalent
to 2.9% total PBMCs) reacted with the HLA-A2/GLCTL-
VAML tetrameric complex (Figure 3a) while in patient
NS28 23.0% CD8+ T cells (equivalent to 8.0% total
PBMCs) reacted with the HLA-B8/RAKFKQLL
tetrameric complex (Figure 3a). PBMCs from these
patients were used ex vivo as effectors in cytotoxicity
assays. PBMCs from patient NS30 lysed target cells pre-
pulsed with the HLA-A2-restricted GLCTLVAML pep-
tide epitope at effector/target (E/T) ratios as low as 25
PBMCs/1 target cell (Figure 3b). This is equivalent to an
E/T ratio of 0.7 HLA-A2/GLCTLVAML tetramer-reac-
tive T cells/1 target cell. Likewise, PBMCs from patient
NS28 lysed target cells prepulsed with the HLA-
B8-restricted RAKFKQLL peptide epitope at E/T ratios
as low as 15 PBMCs/1 target cell (Figure 3c). This is
equivalent to 1.2 HLA-B8/RAKFKQLL tetramer-reac-
tive T cells/1 target cell. The levels of cytotoxicity shown
by these antigen-specific T cells mediating a primary
immune response in vivo were therefore very similar to
levels one would expect from an antigen-specific T-cell
clone grown in vitro. Consistent with their cytotoxic
potential, EBV antigen-specific T cells from patients
with IM expressed high levels of intracellular perforin
(Figure 3d). The capacity to kill target cells expressing
immediate-early (e.g., BZLFI-encoded) and early (e.g.,

Table 3

Sequences of BV11 chains expressed by T cells specific for the HLA-

A2-restricted GLCTLVAML epitope in patient NS33

Frequency BV chain CDR3 region BJ chain
Primary

15/15 11 CAS SGDWGSYEQY FGPG BJ2
Memory

15/15 11 CAS SGDWGSYEQY FGPG BJ2

S7

S7

A2/GLCTLVAML tetramer-reactive T cells were sorted from PBMCs taken
from patient NS33 while he was suffering from IM and 1 year later. The
sequences of the TCR [ chains of the BV11* CD8* T cells were derived.

These were all identical.

Table 4

Sequences of BV22 chains expressed by T cells specific for the HLA-

A2-restricted GLCTLVAML epitope in patient NS60

Frequency BV chain CDR3 region BJ chain
Primary

10/10 22 CAS SRQDVYEQY FGPG BJ2S7
Memory

9/9 22 CAS SRQDVYEQY FGPG BJ2S7

A2/GLCTLVAML tetramer-reactive T cells were sorted from PBMCs taken
from patient NS60 while he was suffering from IM and 1 year later. The
sequences of the TCR [ chains of the BV22* CD8* T cells were derived.

These were all identical.
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Figure 2

The TCR repertoire of CD8* T cells specific for EBV antigens during
the primary and memory immune responses. PBMCs taken from
donor NS52 (a), donor NS60 (b), donor NS33 (c), and donor NS60
(d), during primary EBV infection (black bars) and 1 year later
(hatched bars), were stained with a panel of TCR V region-specific
mAb’s, with the B8/RAKFKQLL tetrameric complex (a and b), or
with the A2/GLCTLVAML tetrameric complex (c and d), and with an
Ab specific for CD8. The TCR V-region use of CD8" T cells reacting
with the relevant tetrameric complex is shown. The frequency (% of
CD8"* T cells) of RAKFKQLL-specific T cells during primary infection
and 1 year later in donor NS52 was 40.2% and 4.4%, respectively,
and in donor NS60 was 33% and 4.3%, respectively. The frequency
of GLCTLVAML:specific T cells during primary infection and 1 year
later in donor NS33 was 11% and 5.5%, respectively, and in donor
NS60 was 6.6% and 1.3%, respectively.

BMLFI-encoded) proteins expressed during the initial
phases of EBV replication will be an important mecha-
nism by which CD8* T cells control EBV infection.

Subpopulations of EBV-specific CD8" T cells from patients
with IM express IEN-Y and MIP1 3 after stimulation with
antigen. To investigate the functional properties of the
expanded populations of CD8" T cells still further and,
in particular, to ascertain whether this degree of anti-
gen-driven proliferation was associated with loss of
effector function, we analyzed expression of cytokines
and chemokines, including IFN-yand MIP1 3, by anti-
gen-specific T cells mediating the primary immune
response to EBV in patients with IM. These EBV anti-
gen-specific T cells did not express detectable levels of
intracellular IFN-y constitutively but a minority
(0-30%) did express low levels of MIP1 {3 when ana-
lyzed ex vivo. Thus IFN-y was not detected when
PBMCs from HLA-A2* donors with IM (NS120 and
NS122) were incubated in the absence of added anti-
gen (Figure 4, a and e). Virtually none of the HLA-
A2/GLCTLVAML-reactive T cells from donor 120
expressed MIP1 3 constitutively (Figure 4b) although
26% of these cells from donor 122 showed low-level
expression of this chemokine ex vivo (Figure 4f). After
stimulation with the appropriate peptide, subpopula-
tions of the antigen-specific T cells were able to secrete
IFN-y and/or MIP1 B. In donor NS120, 72% HLA-
A2 /GLCTLVAML-reactive T cells stained positively for
IFN-y, and 86% of the cells stained positively for MIP1
[ (Figure 4, c and d). The frequency of antigen-specif-
ic T cells that secreted these cytokines/chemokines was
always less than 100% and could be as low as 30%.
Increasing the concentration of added peptide to
greater than 10 UM or adding anti-CD28 mAb to the
cultures did not affect the results. Even when peptide-
pulsed autologous lymphoblastoid B-cell lines (LCLs)
were used to stimulate PBMCs, clear populations of
antigen-specific T cells failed to secrete IFN-y or MIP1
(3. In patient 122, after stimulation of PBMCs by LCLs
prepulsed with 10 UM GLCTLVAML peptide, only 33%
and 69% of HLA-A2/GLCTLVAML tetramer-reactive
T cells expressed detectable intracellular IFN-y and
MIP1 (3 respectively (Figures 4, g and h). The EBV-
transformed LCL also express other EBV antigens,
explaining the secretion of IFN-yand MIP1 3 by CD8*
T cells that do not react with the HLA-A2/GLCTL-
VAML tetramer in these assays.

The experiments show clear functional heterogene-
ity within the antigen-specific T-cell pool during the
primary immune response. We were unable to detect
secretion of IL-4 by the cells after stimulation, sug-
gesting that failure to secrete IFN-y did not reflect a
Tc2 phenotype (data not shown). The most likely
explanation is that the non-cytokine-secreting cells
were functionally “exhausted” or “anergic”, perhaps
reflecting recent or recurrent stimulation in vivo (2,
7). In support of this we have found recently that the
majority of the clonally expanded population of V3
22-expressing, HLA-A2/GLCTLVAML tetramer-reac-
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tive, CD8" T cells in patient NS60 did not express
IFN-y after stimulation with GLCTLVAML peptide in
vitro (data not shown). High antigen dose, chronicity
of infection, and a lack of CD4* T-cell help may be
implicated in such a loss of effector function. The
development of large populations of functionally
compromised cells during a primary viral infection
may delay effective control of infection and is poten-
tially dangerous. There are, however, additional or
alternative explanations for functional heterogeneity.
The cells that do not secrete cytokines may be in an
early state of differentiation and have yet to gain full
effector function. Lastly, such cells might be a part of
a distinct population that does not gain full effector
function during the primary response but that does
differentiate to form a future memory population.
Whatever the explanation, this work shows that an in
vivo primary response is not composed of a homoge-
nous population of functional effector cells and that
investigation of such responses using tetramers alone
or cytokine assays alone will give an incomplete or
misleading picture.

The majority of EBV antigen—specific T cells from patients
with primary EBV infection are programmed to die. We went
on to determine the fate of the antigen-specific CD8" T
cells that mediated the primary response to EBV in our
patients and to investigate mechanisms that might be
involved in the downregulation of the response and the
establishment of T-cell memory. Analysis of PBMCs
from our patients 1 year after primary infection showed
a fall in the overall number of CD8* T cells (mean of
4.8-fold) together with a fall in frequency within the
contracted CD8" T-cell compartment of RAKFKQLL-
specific T cells in HLA-B8* donors to between 2.7 and
7.3% CD8" T cells and of GLCTLVAML-specific T cells
in HLA-A2* donors to between 1.3 and 5.5% CD8* T
cells. In one donor this was equivalent to the loss of
95% of the antigen-specific T cells present in peripher-
al blood during the primary response. The death of
most antigen-specific T cells mediating the primary
response is a critical immunoregulatory mechanism
whereby an optimally responsive peripheral T-cell
repertoire is reestablished after infection. To investigate
susceptibility to death of antigen-specific T cells medi-
ating a primary response after a fall in antigen load, we
incubated PBMCs from IM patients for 30 hours in
R10 in vitro in the absence of added antigen or cytokine
stimulation. The majority of EBV antigen-specific T
cells taken from individuals suffering from primary
EBV infection died during 30 hours in culture (Figure
5a). Over this time these cells exposed phos-
phatidylserine at the surface, downregulated TCR and
CD8, and fragmented their DNA. These experiments
show that the majority of these antigen-specific cells
are programmed to die rapidly by apoptosis. Impor-
tantly, in control experiments we found that the major-
ity (75-95%) of EBV antigen-specific CD8* T cells from
healthy EBV seropositive donors survived 30 hours in
these culture conditions (Figure 5a).
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Cytotoxicity of EBV-specific T cells during the primary immune
response. (a) PBMCs from donor NS30, an HLA-A2* individual with
IM, and donor NS28, an HLA-B8* individual with IM, were stained
with an A2/GLCTLVAML or a B8/RAKFKQLL tetrameric complex
and with an anti-CD8 mAb. The frequency (%) of CD8" T cells that
stain with the tetrameric complex is shown. PBMCs from these two
patients were used as effector cells in chromium-release assays.
PBMCs from donor NS30 caused specific lysis of target cells pre-
pulsed with the GLCTLVAML peptide (b), and PBMCs from donor
NS28 caused specific lysis of the targets prepulsed with the RAK-
FKQLL peptide (c). PBMCs from the HLA-B8* donor were stained
with the B8/RAKFKQLL tetrameric complex, with anti-CD8, and
then were fixed, permeabilized, and stained for intracellular perforin
expression. Perforin expression on CD8* T cells was bimodal with
57% of CD8* T cells being perforin bright. All the HLA-B8/RAK-
FKQLL tetramer-reactive T cells were perforin bright. The FL-1
threshold was set using a FITC-conjugated IgG2b control mAb.

The EBV antigen-specific T cells from patients with
IM express the death receptor Fas (data not shown). We
cultured PBMCs from patients with IM in R10 for 30
hours in the presence and absence of Fas-Fc fusion pro-
tein. Fas-Fc did not protect antigen-specific T cells
from patients with IM from death (Figure S5b),
although it did prevent the death of Fas-expressing
Jurkat cells induced by the Fas ligand-transfected IA12
cell line. Thus the interaction between Fas ligand and
Fas is not required for the death of the antigen-specif-
ic T cells primed in vivo. A DRS-Fc fusion protein like-
wise failed to protect antigen-specific T cells from
patients with IM from death (Figure Sb), suggesting
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that the interaction between TNF-related apoptosis-
inducing ligand (TRAIL) and its receptors (18, 32, 36)
is also not required for the death of these cells.

We went on to analyze the second major pathway of
apoptotic death, the pathway characterized by release
of cytochrome ¢ from mitochondria. Bcl-2 protects
cells from apoptosis and exerts its effect predomi-
nantly on cells dying via the mitochondrial pathway
of death (37). We found that Bcl-2 is often downregu-
lated within the antigen-specific T cells from patients
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Figure 4
Cytokine secretion by EBV-specific T cells during the primary immune
response. PBMCs from HLA-A2* individuals with IM (NS120 and
NS122) were stained with the HLA-A2/GLCTLVAML tetrameric com-
plex. PBMCs from NS120 were then cultured in vitro for 6 hours in
the absence (a and b) or the presence (c and d) of 10 uM GLCTL-
VAML peptide in R10 supplemented with rIL-2. PBMCs from NS122
were cultured in vitro for 6 hours in the absence (e and f) or presence
(g and h) of an autologous lymphoblastoid B-cell line (at a ratio of
1 B cell/1 PBMC) prepulsed with 10 uM GLCTLVAML peptide in R10
supplemented with rlL-2. Brefeldin A was added to the cultures after
the first hour. Cells were surface-stained with an anti-CD8 mAb,
fixed, permeabilized, and stained for intracellular IFN-y (a, ¢, e, and
g) or MIP1 3 (b, d, f, and h). Only CD8* T cells were included in the
analyses. The frequency (%) of tetramer-reactive T cells that stained
positively with mAb’s specific for IFN-y or MIP1 B is shown.

with IM (data not shown), suggesting that the cells
might be susceptible to death via a mitochondrial
pathway. Cytokines that signal through the common
Y chain can rescue cells from death mediated via this
pathway (38, 39). We therefore cultured PBMCs from
IM patients in the presence and absence of IL-2, IL-7,
and IL-15. These cytokines improved survival of anti-
gen-specific T cells (Figure 5¢) and protected against
all features of cell death, including TCR and CD8
downregulation, DNA fragmentation, and changes in
cell permeability and size. Thus, in the absence of
antigen or exogenous cytokines, the majority of anti-
gen-specific T cells from patients with IM are pro-
grammed to die via a mitochondrial/cytokine res-
cuable pathway of apoptotic death.

T-cell selection during the evolution of memory in vivo.
Small populations of EBV-specific T cells do survive
the downregulation of the immune response in vivo
and form a memory population of T cells. We wished
to define the relationship between the T cells that
mediated the strong primary response to EBV and
those that survived to mediate the long-term memo-
ry response, in the hope that such an analysis would
help elucidate the pathway by which T-cell memory
develops. In five HLA-B8* and five HLA-A2" patients
we compared the TCR repertoire of T cells specific for
the RAKFKQLL and GLCTLVAML epitopes in sam-
ples of PBMCs taken during the primary immune
response with that of T cells specific for these epi-
topes in samples of PBMCs taken 1 year later. Results
from four donors are shown in Figure 2. The BV22-
and BV7-expressing T cells that dominated the pri-
mary response to the RAKFKQLL epitope in patients
NS52 and NS60, respectively, were less dominant
within the memory response. Likewise, the expanded
populations of BV11- and BV22-expressing T cells
that dominated the primary response to the GLCTL-
VAML epitope in patients NS33 and NS60 were sub-
dominant in the memory response to this epitope.
There were therefore clear differences between TCR
use of antigen-specific T cells mediating the primary
and memory responses, with the TCR V B chains
selected most strongly, in a given individual, during
the primary immune response to an EBV antigen,
being relatively less dominant within the memory
pool of T cells specific for the same antigen and with
different TCR V chains being used instead. Notably,
where the relative frequency of T cells expressing a
particular BV chain rose in the memory, compared
with the primary response to a given epitope, calcula-
tions of the numbers of antigen-specific T cells using
that BV chain based on the fall in the total numbers
of CD8" T cells and the fall in frequency of the epi-
tope-specific T cells within the CD8" T-cell compart-
ment, showed that the absolute numbers had fallen.

The possibility that the loss of dominant peaks with-
in the TCR repertoire of the memory population is an
artifact resulting from increased nonspecific binding of
tetramer to T cells in PBMCs from the follow-up sam-
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ples compared with the primary samples is unlikely.
Control experiments performed using these tetramers
have confirmed their specificity (4, 6) and, in particular,
have shown that they do not bind significant popula-
tions of T cells in PBMCs from healthy EBV-seronega-
tive individuals (4, 6, and data not shown).

In some individuals we found that relatively few of
the antigen-specific T cells reacted with our panel of
TCRV region-specific mAb’s, suggesting that TCRs
using other variable chains (e.g., BV4) might be impor-
tant components of the response.

We wanted to know whether the clonotypes that
dominated the primary response had effectively been
deleted (high zone tolerance) (23, 40, 41) or whether
they were present, albeit at much lower frequency. We
therefore sorted B8/ RAKFKQLL-reactive T cells from
donor NS60 and A2/GLCTLVAML-reactive T cells
from PBMCs taken from donors NS33 and NS60 1
year after primary infection and derived the sequences
of the TCR [ chains of the BV7S1-, BV11-, and BV22-
expressing T cells (respectively) within the relevant anti-
gen-specific T-cell population. We found that the reper-
toire of BV7Sl-expressing T cells mediating the
memory response to RAKFKQLL in donor NS60 was
similar to that of the BV7S1-expressing T cells mediat-
ing the primary response (Table 2). Likewise, we found
that the small populations of BV11- and BV22-express-
ing T cells involved in the memory response to the
GLCTLVAML epitope in patients NS33 and NS60
included T cells expressing B chains identical to those
found in the primary response (Table 3 and Table 4).
The results therefore show that the clonotypes that had
been massively expanded during the primary response
in these donors were still detectable in the memory
response, albeit at much lower frequencies. Thus, while
these clones have been heavily culled during the estab-
lishment of memory, we do not find evidence in these
individuals to support the idea that the dominant com-
ponents of the response have actually been deleted.

The results we report differ from those described by
previous investigators. The majority of studies investi-
gating the relationship between primary and memory
T-cell responses have concluded that the repertoire of
cells that mediates these responses is similar or identi-
cal and that memory T cells are selected stochastically
from the primary population (20, 22, 24, 26). There are
also studies that support the hypothesis that, in some
circumstances, further clonal selection may occur, per-
haps on the basis of TCR affinity or specificity, in the
presence of persistent or recurrent exposure to antigen
(19, 21, 25). Other reports suggest that deletion of T
cells mediating the primary response may occur, result-
ing in long-term failure to control antigen load (2, 40,
41).Itis possible that a limited form of deletion, involv-
ing only certain clones, may explain results from yet
further studies that show that the clonal compositions
of primary and memory responses may be different
(23). The conflicting results may reflect differences in
the experimental systems used and differences between

CD4* and CD8"* responses. In murine studies, analysis
of TCR use of ex vivo populations of antigen-specific T
cells has been limited by difficulties in obtaining suffi-
cient cells from a mouse on two different occasions. In
studies of human T-cell responses, investigation of the
relationship between primary and memory responses
has relied heavily on analysis of antigen-specific T-cell
clones derived from peripheral blood at two different
time points and is therefore subject to biases intro-
duced by in vitro culture conditions. Furthermore,
much of the work has focused on responses where TCR
use of antigen-specific T cells is restricted and con-
served between donors (19, 20, 24). Such responses are
relatively unusual and conclusions derived from the
study of these responses may not be widely applicable.
The major advantages of this study are that we have
been able to analyze the repertoire of antigen-specific
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Death of antigen-specific T cells taken from patients with primary EBV
infection. (a) PBMCs from HLA-A2* (NS80, NS81, NS97) and HLA-
B8*(NS51, NS100) individuals with IM and from HLA-A2* (C1, C3,
C4) and HLA-B8* (C2, C5) healthy EBV-seropositive individuals were
cultured for 30 hours in R10. The frequency of live CD8* T cells that
reacted with the HLA-A2/GLCTLVAML or HLA-B8/RAKFKQLL
tetrameric complexes as a proportion of the total lymphocytes was cal-
culated at 0 hours and 30 hours. Survival (%) of the tetramer-reactive
T cells at 30 hours is shown. (b) PBMCs from an HLA-A2* (NS80) and
HLA-B8* (NS51) individual with IM were cultured in R10, in R10 in the
presence of 100 ng/ml Fas-Fc fusion protein, orin R10 in the presence
of 500 ng/ml DR5-Fc fusion protein for 30 hours. Survival (%) of the
tetramer-reactive T cells is shown. (€) PBMCs from an HLA-A2" (NS97)
and HLA-B8* (NS100) individual with IM were cultured in R10, in R10
in the presence of 50 U/ml rlL-2, 100 ng/ml rIL-7 or 100 ng/ml rIL-15.
Survival (%) of the tetramer-reactive T cells is shown.
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T cells in vivo during primary and memory responses
in the same donors in the context of a natural antigenic
challenge. The use of TCR V chain-specific mAb’s in
conjunction with HLA/peptide tetrameric complexes
has allowed us to quantify subpopulations of antigen-
specific T cells, and the use of V region-specific PCR
performed on ¢cDNA from sorted populations of
tetramer-reactive CD8* T cells has allowed us to analyze
the clonality of the responses in some detail. The
results show that the repertoire of the memory
response may be constrained by the relative depletion
of T-cell clonotypes, which have preferentially expand-
ed during the primary response.

Models for the development of T-cell memory. The differ-
ences we observed between the composition of pri-
mary and memory responses shed light on the possi-
ble pathway by which T-cell memory is established.
Many theoretical models for the development of T-
cell memory have been proposed. Three of these are
shown in Figure 6. The first model involves parallel
but separate pathways of differentiation for primary
and memory cells, with T cells mediating the primary
and memory responses being derived from different
naive T cells (Figure 6a). This model predicts that the
TCR use of the primary and memory populations of
cells would not be closely related. Our study clearly

shows that the same T-cell clones are involved in pri-
mary and memory responses to antigen in vivo and
argues strongly against this type of model. The second
is a form of linear differentiation model (Figure 6b).
Naive T cells are stimulated to differentiate into a pri-
mary population. During the downregulation of the
primary response, memory cells are selected from the
expanded primary population. The selection of cells
entering the memory pool might be stochastic or
might be based on affinity or specificity. This type of
linear differentiation model would predict that the
TCR use of primary and memory cells would be close-
ly related (identical if selection were stochastic and
increasingly restricted in memory if continuing selec-
tion on the basis of affinity or specificity occurred).
We did find clear similarities between TCR use by
antigen-specific T cells involved in the primary and
memory responses in vivo. However, the repertoire of
the memory population of cells did not precisely
reflect that of the primary population, and we did not
observe narrowing of the repertoire of responding
cells. The model therefore needs to be modified to
take into account the relative depletion of the domi-
nant primary clonotypes in memory. This can be done
in the context of a branched differentiation model
where one proposes the existence of an intermediate
cell type, which we have referred to here as the “core
cell population.” We suggest that these cells are anti-
gen experienced and have the capacity to divide vig-
orously to form an “expanded primary population”,
which then dies, and also to differentiate into a mem-
ory population, which survives (Figure 6¢). Massive
expansion of a particular clone during the primary
response would deplete the core cell population of
that clonotype such that it would be under-repre-
sented in memory. In some cases this process might
actually result in the loss of a clonotype from the
memory population (physical exhaustion). Further
studies are required to define the phenotypic and
functional properties of the putative core cell popu-
lation. However, the functional heterogeneity we
observed in the primary response in vivo would be
consistent with the idea that T cells in different states
of differentiation (e.g., core cells and a more highly
differentiated “expanded population”) might con-
tribute to the primary population. The model would
also be consistent with other work suggesting that
only a subgroup of cells present during a primary
immune response is destined to survive into memory
(42) and that the requirements for induction of full
effector or memory function may be different (43).

In conclusion, this study provides the most detailed
analysis to date of the clonal composition, functional
properties, and downregulation of the primary
immune response to a natural virus infection. The
work highlights the extraordinary potency of the pri-
mary cytotoxic T-cell response and sheds light on fac-
tors that influence the downregulation of the response
and the development of T-cell memory.
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