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Summary

To examine T cell receptor (TCR) diversity involved in the memory response to a persistent
human pathogen, we determined nucleotide sequences encoding TCR-a and -8 chains from
HLA-B8-restricted, CD8* cytotoxic T cell clones specific for an immunodominant epitope
(FLRGRAYGL) in Epstein-Barr virus (EBV) nuclear antigen 3. Herein, we show that identical
TCR protein sequences are used by clones from each of four healthy unrelated virus carriers;
a clone from a fifth varied conservatively at only two residues. This dominant selection of &
and f3 chain rearrangements suggests that a persistent viral infection can select for a highly focused
memory response and indicates a strong bias in gene segment usage and recombination. A novel
double-step semiquantitative polymerase chain reaction (PCR) procedure and direct sequencing
of amplified TCR cDNA from fresh lymphocytes derived from three HLA-B8 individuals detected
transcripts specific for the conserved B chain in an EBV-seropositive donor but not in two
seronegative donors. This report describes an unprecedented degree of conservation in TCR selected

in response to a natural persistent infection.

he TCR-a/ is a clonally distributed heterodimeric gly-

coprotein that interacts with immunogenic peptides
presented by class I or class I MHC molecules. TCR-« and
-B chains are derived through the rearrangement of variable
(TCRAV and TCRBV), diversity (TCRBD), and joining
(TCRA]J and TCRB]J) gene segments. These segments, in
combination with N region diversity in the junctional regions,
provide the variation necessary to recognize the wide range
of peptide’ MHC combinations (1). The hypervariable com-
plementarity determining region 3 (CDR3) spans the junc-
tional regions and can interact directly with peptide epitopes
(2). Despite the vast potential diversity of the TCR reper-
toire, receptors specific for certain epitopes preferentially use
particular gene segments (3, 4) although several receptors
specific for a given epitope usually exist, even within a single
individual. The fine specificity pattern of a TCR toward pep-
tide/MHC varies with differences in TCR primary structure,
particularly in the CDR3 hypervariable region (5). Thus,
different receptors that recognize a particular peptide/ MHC
will vary in afhinity and in antigenic crossreactivity. This sug-

gests the possibility of in vivo selection of a particular TCR
subset with optimal proliferative reactivity to pathogen and
environmental antigens.

The present study was designed to define the TCR diver-
sity in a long-term persistent infection, where the opportu-
nity for selection of T cell clones of maximal affinity might
be optimal. Epstein-Barr virus (EBV) is a y herpesvirus that
persists in humans as a latent infection of B cells under the
control of class I-restricted CD8* cytotoxic T lymphocytes
(CTL) (6). Here, we report the TCR-« and -8 chain sequences
of six CTL clones specific for an immunodominant HLA-
B8-restricted epitope within EBV nuclear antigen (EBNA)
3 (7). These clones, from five unrelated donors, show an un-
precedented degree of conservation for a specific TCR het-
erodimer. A degenerate primer complementary to transcripts
encoding the conserved TCR-8 chain CDR3 region was used
to monitor these EBV-specific CTL ex vivo. The conserved
TCR-f3 chain could be detected in peripheral blood mono-
nuclear cells (PBMC) from the EBV-seropositive, but not
from the two seronegative HLA-B8 donors tested.
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Materials and Methods

CTL Clones. 'To generate EBV-specific CTL clones, PBMC from
five healthy unrelated EBV seropositive donors, IM (HLA A1,Al1;
B8,B51), LC (HLA Al~; B8,B18), SC (HLA A1,A31; B8 B51),
AS (HLA At1; B8), or DD (HLA A1,A3; B8,B40), were stimu-
lated in vitro with autologous EBV-transformed lymphoblastoid
cell lines, and the activated T cells cloned in agarose (8). CTL clones
specific for an immunodominant HL A-B8-restricted epitope within
EBNA 3 (FLRGRAYGL, residues 339-347; hereafter referred to
as FLR) (7) were defined by CTL-CTL killing (9) in the presence
of peptide or by their capacity to specifically lyse autologous T cell
blasts pulsed with exogenous peptide.

Amplification of Rearranged TCRA and TCRB Sequences. Poly
A* RNA was extracted from 1-5 x 105 CTL using a QuickPrep
Micro mRNA purification kit (Pharmacia Biotech AB, Uppsala,
Sweden). First strand cDNA was synthesized from 500 ng of poly
A* RNA in a 20 pl volume using 10 pmol each of antisense
TCRAC-(Ca; 5'-GTTGCTCCAGGCCACAGCACTG-3') and
TCRBC-(Cy; 5'-TATCTGGAGTCATTGAGGGCGGGCA-3') gene
specific primers, 200 U of reverse transcriptase (MMLV RT
RNaseH ", Superscript II; GIBCO BRL, Gaithersburg, MD) ac-
cording to the reaction conditions recommended by the manufac-
turer. After 60 min at 45°C, 10 ul of H;O was added and the
RNA template hydrolyzed by the addition of 2 ul 6 N NaOH and
incubation at 65°C for 30 min. The cDNA was subsequently neu-
tralized by the addition of 2 ul 6 N acetic acid and excess primer
removed using a QIAquick-spin PCR purification kit (Qiagen Inc.,
Chatsworth, CA). The cDNA was concentrated by ethanol precipi-
tation and 4 pmol of the anchor (5'P-CACGAATTCACTATCGAT
TCTGGAACCTTCAGAGG-NH;3') was ligated to the 3’ end of
the cDNA in a 10 pul reaction volume according to the conditions
described by Troutt et al. (10). After anchor ligation, 50% of the
cDNA was used as a template for PCR amplification using 10 pmol
each of a primer complementary to the anchor (5'-CCTCTGAAG-
GTTCCAGAATCGATAG-3') and nested TCRAC-(C,2; 5'-GTC-
CATAGACCTCATGTCTAGCACAG-3') or TCRBC-(Cy; 5-ATT
CACCCACCAGCTCAGCTCCACG-3') gene-specific primers.
Amplifications were performed in 50 pl reaction volumes consisting
of 200 uM dNTPs and 2.5 U of Taq polymerase (Ampli Taq) using
a GeneAmp PCR 9600 system (all from Perkin-Elmer Cetus Corp.,
Norwalk, CT). Reaction mixtures were subjected to 35 cycles of
amplification followed by a 5 min final extension at 72°C. Each
cycle included denaturation at 95°C for 20 s, annealing at 60°C
for 40 s, and extension at 72°C for 40 s. PCR products were ex-
cised from 2.5% (1/2 x Tris-buffered EDTA) Nusieve GTG agarose
gels (FMC BioProducts, Rockland, ME) and purified using 8-aga-
rase I (New England Biolabs, Inc., Beverly, MA).

Nucleotide Sequencing. Nucleotide sequence analysis of recov-
ered DNA fragments was performed using a PRISM Ready Reac-
tion DyeDeoxy Terminator Cycle Sequencing Kit and a 373A DNA
sequencer (Applied Biosystems Inc., Foster City, CA). The nucleo-
tide sequences published in this report were also confirmed by di-
rect PCR amplifications from 1st strand cDNA using specific
TCRAV and TCRBV family primers (11).

Semiquantitative PCR Analysis of FLR-specific TCR-8 Gene Ex-
pression in Fresh Lymphocytes. Total RN A was extracted from 5 x
10° PBMC derived from EBV-seronegative donors PP (HLA
A1,24; B8,14) and WH (HLA Al-; B8,57) and seropositive donor
LC using an RNagents total RNA isolation kit (Promega Corp.,
Madison, WT). First strand cDNA was synthesized from 2 ug of
total RNA according to the abovementioned procedure. 200 ng
of 1st strand cDNA was used as a template for PCR amplification
using Cy3 and a TCRBV6 family-specific primer (5-GGCCTG-

2336

AGGGATCCGTCTC-3'). The amplified transcripts were resolved
on 4% Nusieve GTG agarose gels and purified using (3-agarase I
as described above. 10 ng of this material was used for a subsequent
round of PCR using 5 pmol each of a TCRBV6 family-specific
primer and either a degenerate primer complementary to the CDR3
region of the conserved B chain (Bcprs; 5-GTACTGCTC(G,A)-
TA(A,G,CT)GC-3") or Cy; for use as a standard for the calcula-
tion of the relative abundance of the product obtained with the
TCRBV6-Bcprs primer set. The amplification schedule was 94°C
for 20 5, 60°C for 20 s, and 72°C for 20 s. Amplifications were
performed in 25-ul reaction volumes and samples were removed
after 5, 10, 15, 20, and 25 cycles. The amplified products were sepa-
rated on a 4% agarose gel and transferred to nylon membranes
(Hybond N*, Amersham International, Little Chalfort, UK).
Specific sequences were identified by hybridization with *?P-labeled
CB and TCRBV6 probes at a concentration of 1-5 x 10% cpm/ml
in a mixture containing 6 x SSC, 5 x Denhardt’s solution, 0.5%
SDS, and 500 pg/ml herring sperm DNA. Hybridizations were
carried out at 42°C overnight. The membranes were washed using
a protocol consisting sequentially of two washes with 2 x SSC,
0.1% SDS and two washes with 0.1 x SSC, 0.1% SDS. All washes
were performed at 42°C. Specific DNA sequences were visualized
by autoradiography using Kodak X AR-films. Relative quantification
of the amplified products was performed using a Computing Den-
sitometer and ImageQuant software Version 3.3 (Molecular Dy-
namics, Inc., Sunnyvale, CA).

Results and Discussion

TCRA(V-J-C) and TCRB(V-D-]J-C) rearrangements ex-
pressed by FLR-specific CTL clones from IM (IM6), SC
(SC17), AS (AS1 and AS7), LC (LC13), and DD (DD1)
were identified using a modification of the single strand
ligation to single-stranded cDNA technique (10, 12) (Fig.
1; see reference 13 for nomenclature). All clones expressed
TCRAV481J14S3 (Fig. 1 A) and TCRBV6S3*2]257 (Fig. 1 B).
Comparison of these sequences with known or interpreted
germline V and J segment sequences (13-16) showed that
the o chain junctional CDR3 regions of IM6, SC17, AS1,
AS7, and LC13 encoded identical proteins and that codon
usage varied only in N regions. Analysis of nucleotide se-
quences encoding the 8 chain CDR3 regions showed that
clones IM6, SC17, and AS1 arrived at the same junctional
sequence by loss of nucleotides from TCRBD1. The glycine
codons in clones AS7 and LC13 were formed either by a por-
tion of TCRBD2 rearranged to TCRBD1 or by N region
addition. These clones have the same & and 3 chains gener-
ated by different rearrangement events. The junctional regions
of the o and B chains of clone DD1 were encoded mostly
by N region additions and differed from the other five by
a single amino acid change in the CDR3 region of each chain:
«110 (Ala — Ser) and 8115 (Leu — Ile) (Fig. 1).

To determine how these differences related to target rec-
ognition, the fine specificity of FLR-specific CTL clones LC13,
IM6, and DD1 was determined by using a replacement set
of peptides in which each residue within FLR was sequen-
tially replaced with all other genetically coded amino acids
(7). The three clones had identical reactivity patterns (data
not shown), except that DD1 did not tolerate the substitu-
tion of serine for glycine at position 8 (P8) of the parent pep-
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tide. The conservative changes in the TCR sequence of clone
DD1 may account for the intolerance of this clone to the
P8 (Gly — Ser) substitution in the replacement analysis.
We took advantage of the conserved FLR -specific TCR-a/8
heterodimer to synthesize a degenerate primer complemen-
tary to the TCRB CDR3 region, to monitor the FLR -specific
CTL ex vivo. Fresh PBMC were isolated from one HLA-B8
EBV-seropositive (LC) and two HLA-B8 seronegative donors
(PP and WH). A double-step PCR was performed in which
all TCRBV6 sequences were amplified in the first step. Semi-
quantitative PCR was employed in the second step using a
TCRBV6 family primer (TCRBV6) and a degenerate primer
complementary to the 3' end of the CDR3 region of the
conserved FLR-specific TCRB gene (Bcprs) coding for the
amino acid sequence QAYEQY (degenerate codon specification
underlined). Total TCRBV6 sequences were coamplified as
a standard for the calculation of the relative abundance of
the product obtained with the TCRBV6-fcpr; primer set.
Comparison of the normalized PCR profiles using a com-
puting densitometer revealed that a DNA band with the ex-
pected mobility of an amplified product encoding the con-
served TCR-3 chain could be detected in the EBV-seropositive
donor (LC) at levels at least 25-fold above those of the seronega-

I G Q A
atc ggt caa g

BD1 germline g gga cag ggg g¢
BD2 germline g gga cta gcg gga gdg ¢

Figure 1. Sequence analysis of TCR
variable regions. The nucleotide se-
quences are presented, and the one-letter
code designating the translated amino
acid is shown above the first nucleotide
in each codon: (A) & chain sequences;
(B) B chain sequences. The borders be-

ED + ¥ By287 tween TCR V, N, (D+N), and J
regions are based on known or inter-
Sadag cc tac gag cag tac preted germline sequences (13-16) and
. N ko ¥ are shown by gaps in the sequence.
95 Sag 3 cc tac gag cag tac  Framework cysteines are numbered ac-
¢ o a Yy E o ¥ cording to published TCRAV4S1 and
gacagyg cc tac gag cag tac  TCRBV653*a (13) deduced amino acid
¢ o a sequences. TCRBD-matching sequences
ge2g9 ©F £aC 999 A9 B2 are underlined. These 0t/ chain sequence
¢ Q a Y B @ ¥ data are available from EMBL/Gen-
gg cag g cc tac gag cag tac

Bank/DDBJ under accession numbers
126453/1.26454 (IM6); L26457/L26458
(SC17); L29035/129037 (AS1); L29036/
129038 (AS7); L26455/1.26456 (LC13);
and L.26451/126452 (DD1), respectively.

cc tac gag cag tac

tive donors (Fig. 2). Similar results were obtained with a
Bcprs primer coding for the CDR3 sequence GQAYE (data
not shown). Further extensions of the Bcprs primer were
not used because of the high level of degeneracy (12 x 4
x 2 x 4forI/L x G x Q x A) involved. Direct sequencing
of the PCR products showed that only one nucleotide se-
quence was amplified from donor LC, identical to that found
in the CTL clone LC13 (Fig. 1). This is in accord with a
preliminary study to this report in which 17 FLR-specific
CTL clones from donor LC, derived from three separate ex-
periments using different stimulation protocols, coded for
identical TCRB nucleotide sequences (our unpublished data).
Further amplification (35 cycles) of the TCRBV6-Bcprs
products from the EBV-seronegative donors PP and WH al-
lowed direct sequencing of the corresponding bands. In nei-
ther case was a coherent sequence derived for the N-(D)-N
region. A coherent sequence was obtained downstream of
this region from donor WH, but not from donor PP, indi-
cating a dominant CDR3 length component in the amplified
product, one amino acid longer than the conserved 8 chain.
The high level of specific product amplified in the EBV-
seropositive donor is consistent with the high precursor fre-
quency (up to 1/2,000; Burrows, S. R., D. J. Moss, R.

PP WH LC PCR products
- ] ' | - generated by

510152225 - 510152225 - 510152225 - primers: Figure 2. Semiquantitative analysis
A of the conserved FLR-specific 8 chain
TCRBV6 in HLA-B8+* donors PP, WH, and
—— P——— .o - LC. (A) Amplification of total TCRBV6
Chb3 sequences. (B) Amplification of con-
served FLR-specific § chain. Reactions
were terminated at the completion of
5, 10, 15, 20, and 25 cycles. (- ) denotes
B control reactions excluding template
el <« TCRBV6 that were terminated after 25 cycles of

Bcor3 amplification.

2337 Argaet et al.

Brief Definitive Report



Khanna, [. S. Misko, and V. P. Argaet, manuscript in prepa-
ration) of FLR-specific CTL in HLA-B8 donors, and pro-
vides strong evidence that these clones are reflective of the
circulating CTL population. The detection of the particular
B8 chain employed by FLR-specific CTL in PBL from an EBV-
seropositive donor, but not in two seronegative donors pro-
vides an exciting possibility of using PCR to directly mon-
itor FLR-specific CTL in individuals during primary infec-
tion or after vaccination with the peptide FLR.

This report describes an unprecedented degree of conser-
vation in TCR selected in response to a natural persistent
infection. We interpret these results in a model that invokes
restriction on the TCR repertoire not only (4) at the protein
level, shaped by positive and negative selection in the thymus
and by events occurring in the periphery as a result of chronic
immune stimulation, but also, (b) at the nucleic acid level
before thymic selection as indicated by the remarkable bias
among unrelated individuals toward identical dominant TCR
rearrangements.

Peripheral restimulation of CTL is thought to maintain
a life-long potent memory T cell compartment, a feature of
healthy virus carriers. In a persistent infection, dominant CTL
clones could arise from their preferential restimulation due
to higher affinity antigen receptors. Thus, EBV-specific CTL
with a high affinity TCR could respond to marginal antigen
concentrations on infected B cells, an important advantage
post convalescence when antigen is presumably limiting, Our
strategy does not address the issue of whether any or all of
the defined TCR components are essential to FLR reactivity,
in contrast to the demonstration that certain V@ chains are
obligate in some murine responses (17). Instead, we postu-
late that the TCR amino acid sequences defined here have
a high affinity for FLR/HLA-BS8, and that clones expressing
these receptors have asserted their dominance, according to
the balance of growth model (18), over lower affinity FLR-
specific clones that may have been stimulated during the pri-
mary response. Indeed, the two FLR-specific CTL clones from
donor AS coded for identical TCR-a/ heterodimers but
were generated by different rearrangement events as evidenced
by the use of different N-(D)-N regions in both chains. These
data strongly suggest that this TCR heterodimer combina-
tion is preferentially selected for interacting with FLR/HLA-
BS8. Selection has been shown in vitro since repeated stimula-
tion of T cell lines by antigen can lead to selection of certain
clonotypes (19). Moreover, recent evidence suggests that a
chronic infection with human immunodeficiency virus 1 can
sustain selectively expanded envelope-specific CTL clones that
express a limited TCR repertoire (20). Chronic restimula-
tion of T cells also presumably occurs in autoimmune dis-
orders where T cell responses have been shown to be either
oligoclonal or polyclonal (17, 21).

We have recently shown that CTL (such as those exam-
ined here) from B*4402- donors specific for FLR/HLA-B8
recognize non-EBV-infected cells from HLA-B*4402 donors,
presumably through a self-peptide in association with that
allele (22). In a subsequent study to the one presented here,
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we have shown that CTL recognizing FLR/HLA-B8 can
be raised from EBV seropositive HLA-B*4402 donors, but
these do not employ the same TCR sequences described in
this report (Burrows et al., manuscript in preparation). These
data indicate that the conserved TCR heterodimer defined
herein has not dominated simply because it is the only o/8
combination capable to recognizing FLR/HLA-B8 due, for
example, to structural constraints (23).

Our results differ with other studies that have shown vari-
able CDR3 regions or the usage of different « or 8 chain
rearrangements in T cells recognizing specific epitopes de-
rived from nonpersisting antigens (4). For instance, the human
TCR repertoire against defined influenza nuclear protein epi-
topes has been shown to be oligoclonal (23). Moreover, TCR
repertoires in mice are often examined in the short-term and
in response to high challenge doses of antigen (4). The former
precludes selection by chronic restimulation, while the latter
may encourage the growth of clones of lesser affinity. In terms
of the EBV model, such protocols are more likely to be rele-
vant to the primary response seen in acute infectious mono-
nucleosis, where a range of TCR may respond to the same
epitope. Indeed, a longitudinal study is in progress that is
designed to monitor the FLR-specific TCR repertoire in
HLA-B8 donors from an acute to a persistent phase of the
disease.

Estimates of the potential TCR-a/ 3 repertoire range from
10%5 to 10% based on random employment of N region
nucleotides and V, D and J elements (24, 25). Since the adult
human has ~10* lymphocytes, the finding of clones with
identical TCR in unrelated individuals must also involve a
bias in gene segment rearrangement. Contributions to bias
at this level have been demonstrated by nonrandomness in
V-] pairing, N region addition and CDR3 region length (26).
Also, the expression of a rearranged 8 chain before a chain
rearrangement may allow a process of “8 selection” (27) to
favor the survival of certain 3 chain sequences. We further
note that the five clones expressing identical TCR are almost
exclusively germline encoded in the 8 chain CDR3 region
indicating that these may be especially favored rearrangements.
TCRBV6S3 and TCRBJ2S7 gene segments have been shown
to be particularly common in adult peripheral blood (28, 29)
and based on these data, the TCRBV6S3J257 rearrangements
may account for up to 4% of B chains. As there are poten-
tially 5 x 107 different @ chains (24), the finding of iden-
tical TCRAV sequences in several individuals also strongly
suggests a bias in « chain rearrangement.

EBV is ubiquitous and related v herpesviruses are found
in all old-world primate species (30). Moreover, infection is
common prior to the onset of sexual maturity and is poten-
tially fatal in individuals with a defective CTL response who
are typically at higher risk of developing lymphoblastoid cell
line-like lymphomas. We favor, therefore, that a bias in the
production of specific TCR rearrangements has coevolved with
EBV and the MHC to facilitate a balanced virus-host rela-
tionship.

T Cell Receptors in a Persistent Viral Infection



rIL-2 was kindly provided by the Cetus Corporation.

This work was supported by grants from the National Health and Medical Research Council, Australia
and the National Institutes of Health (CA-52250).

Address correspondence to Dr. Victor P. Argaet, EBV Unit, The Bancroft Centre, 300 Herston Road,

Brisbane 4029, Australia.

Received for publication 9 March 1994 and in revised form 28 July 1994.

References

1.

10.

11.

12.

13.

14.

Hedrick, S.M. 1989. T lymphocyte receptors. In Fundamental
Immunology, 2nd edition. W.E. Paul, editor. Raven Press, New
York. 291-313.

. Jorgensen, J.L., U. Esser, B. Fazekas de St. Groth, P.A. Reay,

and M.M. Davis. 1992. Mapping T-cell receptor-peptide con-
tacts by variant peptide immunization of single-chain trans-
genics. Nature (Lond.). 355:224.

. Casanova, J.-L., and J.L. Maryanski. 1993. Antigen-selected

T-cell receptor diversity and self-nonself homology. Immunol.
Today. 14:391.

. Matis, L.A. The molecular basis of T-cell specificity. 1990. Annu.

Rev. Immunol. 8:65.

. Wither, J., J. Pawling, L. Phillips, T. Delovitch, and N.

Hozumi. 1991. Amino acid residues in the T cell receptor
CDR3 determine the antigenic reactivity patterns of insulin-
reactive hybridomas. J. Immunol. 146:3513.

. Khanna, R., S.R. Burrows, M.G. Kurilla, C.A. Jacob, LS.

Misko, T.B. Sculley, E. Kieff, and D.J. Moss. 1992. Localiza-
tion of Epstein-Barr virus cytotoxic T cell epitopes using recom-
binant vaccinia: implications for vaccine development. J. Exp.
Med. 176:169.

. Burrows, S.R., SJ. Rodda, A. Suhrbier, H.M. Geysen, and

D.J. Moss. 1992. The specificity of recognition of a cytotoxic
T lymphocyte epitope. Eur. J. Immunol. 22:191.

. Misko, 1.S., J.H. Pope, R. Hutter, T.D. Soszynski, and R.G.

Kane. 1984. HLA-DR-antigen-associated restriction of EBV-
specific cytotoxic T-cell colonies. Int. J. Cancer. 33:239.

. Burrows, S.R., A. Suhrbier, R. Khanna, and D.J. Moss. 1992.

Rapid visual assay of cytotoxic T-cell specificity utilizing syn-
thetic peptide induced T-cell-F-cell killing. Immunology. 76:174.
Troutt, A.B., M.G. McHeyzerWilliams, B. Pulendran, and
GJV. Nossal. 1992. Ligation-anchored PCR: a simple
amplification technique with single-sided specificity. Proc. Natl.
Acad. Sci. USA. 89:9823.

Panzara, M. A., E. Gussoni, L. Steinman, and J.R. Oksenberg.
1992. Analysis of the T cell repertoire using the PCR and
specific oligonucleotide primers. Biotechniques. 12:728.
Edwards, J.B.D.M.,, ]. Delort, and J. Mallet. 1991. Oligodeox-
yribonucleotide ligation to single-stranded cDNAs: a new tool
for cloning 5’ ends of mRNAs and for constructing cDNA
libraries by in vitro amplification. Nucleic Acids Res. 19:5227.
Clark, S.P., B. Arden, and TW. Mak. Human T-cell receptor
variable gene segment families. Immunogenetics. In press.
Moss, P.A.H., W.M.C. Rosenberg, E. Zintzaras, and ].I. Bell.
1993. Characterization of the human T cell receptor a-chain
repertoire and demonstration of the genetic influence on Vot
usage. Eur. J. Immunol. 23:1153.

2339 Argaet et al.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

Yoshikai, Y., S.P. Clark, S. Taylor, U. Sohn, B.I. Wilson, M.D.
Minden, and TW. Mak. 1985. Organization and sequences
of the variable, joining and constant region genes of the human
T-cell receptor ae-chain. Nature (Lond.). 316:837.

Toyonaga, B., Y. Yoshikai, V. Vadasz, B. Chin, and TW. Mak.
1985. Organization and sequences of the diversity, joining, and
constant region genes of the human T-cell receptor beta chain.
Proc. Natl. Acad. Sci. USA. 82:8624.

Acha-Orbea, H., D.J. Mitchell, L. Timmermann, D.C. Wraith,
G.S. Tausch, M.K. Waldor, S.S. Zamvil, H.O. McDevitt, and
L. Steinman. 1988. Limited heterogeneity of T cell receptors
from lymphocytes mediating autoimmune encephalomyelitis
allows specific immune intervention. Cell. 54:263.
Grossman, Z. 1984. Recognition of self and regulation of
specificity at the level of cell populations. Immunol. Rev. 79:119.
Gammon, G., J. Klotz, D. Ando, and E.E. Sercarz. 1990. The
T cell repertoire to a multideterminant antigen. Clonal heter-
ogeneity of the T cell response, variation between syngeneic
individuals and in vitro selection of T cell specificities. J. Im-
munol. 144:1571.

Kalams, S.A., R.P. Johnson, A.K. Trocha, MJ. Dynan, H.S.
Ngo, R.T. D’Aquila, J'T. Kurnick, and B.D. Walker. 1994. Lon-
gitudinal analysis of T cell receptor (TCR) gene usage by human
immunodeficiency virus 1 envelope-specific cytotoxic T lym-
phocyte clones reveals a limited TCR repertoire. J. Exp. Med.
179:1261.

Martin, R., U. Utz, J.E. Coligan, J.R. Richert, M. Flerlage,
E. Robinson, R. Stone, W.E. Biddison, D.E. McFarlin, and
H.F. McFarland. 1992. Diversity in fine specificity and T cell
receptor usage of the human CD4+ cytotoxic T cell response
specific for the immunodominant myelin basic protein peptide
87-106. J. Immunol. 148:1359.

Burrows, S.R., R. Khanna, J.M. Burrows, and D.J. Moss. 1994.
An alloresponse in humans is dominated by cytotoxic T lym-
phocytes (CTL) cross-reactive with a single Epstein-Barr virus
CTL epitope: Implications for graft-versus-host disease. J. Exp.
Med. 179:1155.

Bowness, P., P.A.H. Moss, S. Rowland-Jones, J.I. Bell, and
A.J. McMichael. 1993. Conservation of T cell receptor usage
by HL A-B27-restricted influenza-specific cytotoxic T lympho-
cytes suggests a general pattern for antigen-specific major
histocompatibility complex class I-restricted responses. Eur. J.
Immunol. 23:1417.

Lieber, M.R. 1991. Site-specific recombination in the immune
system. FASEB (Fed. Am. Soc. Exp. Biol) J. 5:2934.

Davis, M.M., and PJ. Bjorkman. 1988. T-cell antigen receptor
genes and T-cell recognition. Nature (Lond.). 334:395.

Brief Definitive Report



26.

27.

28.

Candéias, S., C. Waltzinger, C. Benoist, and D. Mathis. 1991.
The V517* T cell repertoire: skewed JB usage after thymic
selection; dissimilar CDR3s in CD4* versus CD8" cells. J.
Exp. Med. 174:989.

Godfrey, D.L, and A. Zlotnik. 1993. Control points in early
Tcell development. Immunol. Today. 14:547.

Rosenberg, W.M.C., P.A.H. Moss, and J.I. Bell. 1992. Varia-
tion in human T cell receptor V beta and J beta repertoire:

analysis using anchor polymerase chain reaction. Eur. J. Im-
munol. 22:541.

2340

29.

30.

Raaphorst, EM., E.L. Kaijzel, M.J.D. van Tol, J.M. Vossen,
and PJ. van den Elsen. 1994. Non-random employment of
Vbeta6 and Jbeta gene elements and conserved amino acid usage
profiles in CDR3 regions of human fetal and adult TCR beta
chain rearrangements. Int. Immunol, 6:1.

Kieff, E., and D. Liebowitz. 1990. Epstein-Barr virus and its
replication. In Virology. B.N. Fields, D.M. Knipe, R.M. Cha-
nock, M.S. Hirsch, J.L. Melnick, T.P. Monath, and B. Roiz-
man, editors. Raven Press Ltd., New York. 1889-1920.

T Cell Receptors in a Persistent Viral Infection



