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Abstract

 

The amino acids encoded at the junctions of T cell receptor
(TCR) V and J genes directly interact with MHC bound
peptides. However, the regulation of the human TCRBJ
gene repertoire has been difficult to analyze, because of the
potentially complex number of BJ gene rearrangements. To
overcome this problem, we developed a PCR-ELISA method
to study BJ gene expression, and compared peripheral T
lymphocytes from 12 pairs of monozygotic twins, including
6 rheumatoid arthritis (RA) discordant pairs, and 5 nor-
mals. Analyses of the TCRBV5, 13 and 17 gene families,
which have been reported to be increased in RA patients,
showed: (

 

a

 

) the three TCRBV transcripts have common fea-
tures of BJ gene usage; (

 

b

 

) TCR transcripts from each
TCRBV family display a distinctive BJ gene profile, which
is displayed better by CD4

 

1

 

 than CD8

 

1

 

 lymphocytes; (

 

c

 

) the
BJ gene repertoires of monozygotic twins are more similar
than those of unrelated individuals; and (

 

d

 

) the inflammation
of RA does not induce specific changes in the genetically de-
termined pattern of BJ expression. These results indicate
that the frequency of expression particular TCRBV-TCRBJ
recombinants in human lymphocytes is controlled geneti-
cally, and is maintained despite the presence of a chronic in-
flammatory disease. (

 

J. Clin. Invest.

 

 1996. 98:1594–1601.)
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Introduction

 

The expressed T cell receptor (TCR) consists of a 

 

a

 

 and 

 

b

 

, or 

 

g

 

and 

 

d

 

 chain heterodimer. More than 95% of peripheral T lym-
phocytes express TCR 

 

ab

 

 chains. The TCR variable regions of
functional 

 

a

 

 and 

 

b

 

 chains are constructed by rearrangement of
variable (V), diversity (D) (

 

b

 

 chain only), and joining (J) gene
segments with additional noncoding (N) regions (2, 3). Previ-

ous studies of the expressed TCRBV

 

1

 

 gene repertoires in pe-
ripheral blood lymphocytes (PBL) showed that they are con-
trolled genetically (4), and primarily by HLA (5). These results
may be explained by the direct interaction of the first and sec-
ond complementarity determining regions (CDR1 and CDR2)
of the TCR with MHC molecules during lymphocyte develop-
ment. However, TCRBJ gene products are part of the third
complementarity determining region (CDR3),

 

2

 

 which is thought
to make contact with MHC bound peptides (6, 7). Thus, one
might expect that the adult peripheral lymphocyte TCRBJ
gene repertoire would be more dependent on environmental
antigenic stimuli than the BV gene repertoire.

The regulation of human TCRBJ gene expression has not
been extensively studied. In order to discern the relative im-
portance of genetic and environmental effects on TCRBJ rep-
ertoire formation in outbred human populations, it is neces-
sary to compare the expression of multiple different TCRBJ
recombinants in a large number of related individuals. Previ-
ously, we developed a method to analyze the BV gene reper-
toire by PCR-ELISA (4). Here, we have modified this ap-
proach to study TCRBJ gene expression by PBL from 12 pairs
of monozygotic twins, including 6 pairs of twins discordant for
rheumatoid arthritis (RA). Because monozygotic twins share
identical genetic backgrounds, differences in their TCRBJ rep-
ertoires must be due to environmental or stochastic factors. If
a systemic autoimmune disease, such as RA, was triggered by
a single potent environmental stimulus, the peripheral T lym-
phocyte TCRBJ repertoire might be skewed. In contrast, an
antigenic peptide would not necessarily expand T cells with
specific TCRBV gene products, that interact primarily with
the MHC backbone.

Surprisingly, our results show that TCRBJ expression is
controlled genetically. Even a chronic autoimmune syndrome
such as RA has little influence on the overall pattern of
TCRBJ expression.

 

Methods

 

Samples. 

 

Six pairs of healthy monozygotic twins (A1-A2, B1-B2, C1-
C2, D1-D2, E1-E2, F1-F2), six pairs of monozygotic twins discordant
for RA (G1-G2, H1-H2, I1-I2, J1-J2, K1-K2, L1-L2; underlined were
affected twins), and five healthy individuals (M, N, O, P, Q) were
studied. Their ages ranged from 23–65 yr (mean age: 37.7). Monozy-
gosity was confirmed by PCR amplification of genomic DNA with
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five pairs of oligonucleotide primers for variable number of tandem
repeats (VNTR) (8) or by finger print analysis with anonymous
probes. RA was diagnosed according to the American College of
Rheumatology criteria (9). All patients were seropositive for rheuma-
toid factor and had active synovitis at the time when their blood sam-
ples were collected. HLA-DR haplotypes of RA patients were DR4/
10 in G1-G2, DR4/9 in H1-H2, DR2 in I1-I2, DR2/11 in J1-J2, DR4 in
K1-K2, and DR3/7 in L1-L2.

 

Oligonucleotides. 

 

The oligonucleotides used for the PCR-
ELISA assay are shown in Table I. BV5s, 13s, and 17s were
TCRBV5, 13, and 17 specific sense PCR primers, respectively. BTN-
BC1 was a TCRBC gene-specific anti-sense PCR primer. BTN-BC2
was used to generate a standard curve for ELISA. BTN-BC1 and
BTN-BC2 were labeled with biotinylated phosphoramadite (Clon-
tech, Palo Alto, CA) at their 5

 

9

 

 ends. BJ1.5c was a TCRBJ1S5-spe-
cific anti-sense primer used to amplify junctional regions of
TCRBV17S1J1S5 transcripts.

The TCRBJ specific oligonucleotides (BJ1.1p-BJ2.7p) used for
hybridization are shown in Table I. During the rearrangement of BD-BJ
gene segments, BJ genes are truncated to variable lengths at the 5

 

9

 

ends. We analyzed 268 rearranged TCRB transcripts which were pub-
lished previously or cloned in our previous studies, to determine the
maximal length of the deletion. All BJ probes specified 3

 

9

 

 parts of BJ
genes which were never truncated by rearrangement.

 

Separation of cells. 

 

PBL from one pair of healthy monozygotic
twins (B1-B2) and two pairs discordant for RA (G1-G2, H1-H2) were
separated into CD4

 

1

 

 and CD8

 

1

 

 T cell subsets. 5–10 

 

3

 

 10

 

6

 

 PBL were
stained with FITC-conjugated anti-CD4 monoclonal antibody (mAb)
(T4; Coulter, Miami, FL) and PE-conjugated anti-CD8 mAb (T8;
Coulter). CD4

 

1

 

 and CD8

 

1

 

 T cell subsets were separated using a fluo-
rescence activated cell sorter (EPICS Elite Flow Cytometer;
Coulter). Purity of the separated cells was estimated to be 

 

.

 

 97%.

 

cDNA preparation and PCR. 

 

PBL were separated by Ficoll-
Hypaque gradient centrifugation. Total RNA was prepared from to-
tal PBL, sorted CD4

 

1

 

 and CD8

 

1

 

 T cells, using TRIzol (Life Technol-
ogies Inc., Gaithersburg, MD). First strand cDNA was synthesized
using oligo-dT primers and Superscript II reverse transcriptase (Life
Technologies Inc.). 10 ng cDNA was amplified by PCR in 100 

 

m

 

l of 10

 

Table I. Oligonucleotides Used for PCR-ELISA Assay

 

Name Sequence

 

BV5

 

s

 

CAG AGA AAC AAA GGA AAC TTC
CCT GGT CGA

BV13

 

s

 

CAA GGA GAA GTC CCC AAT
BV17

 

s

 

TTT CAG AAA GGA GAT ATA GCT 
GAA GGG TAC

BTN-BC1 biotin-TGT GGG AGA TCT CTG CTT C
BTN-BC2 biotin-ACG CGT CGA CTT CTG ATG

GCT CAA ACA CA
BJ1.5c TGG AGA GTC GAG TCC CAT CA
BJ1.1p ACA AGG CAC CAG ACT CAC A 
BJ1.2p TTC GGG GAC CAG GTT AAC C
BJ1.3p AGA GGG AAG TTG GCT CAC T
BJ1.4p CAG TGG AAC CCA GCT CTC T
BJ1.5p TGA TGG GAC TCG ACT CTC C 
BJ1.6p GAA TGG GAC CAG GCT CAC T
BJ2.1p GCC AGG GAC ACG GCT CAC C
BJ2.2p AGA AGG CTC TAG GCT GAC C
BJ2.3p CCC AGG CAC CCG GCT GAC A
BJ2.4p CGC CGG GAC CCG GCT CTC A
BJ2.5p GCC AGG CAC GCG GCT CCT G
BJ2.6p GGC CGG CAG CAG GCT GAC C 
BJ2.7p GCC GGG CAC CAG GCT CAC G

Figure 1. TCRBJ gene 
frequencies of periph-
eral T lymphocytes from 
six pairs of healthy 
monozygotic twins, six 
pairs of monozygotic 
twins discordant for 
RA, and five normal in-
dividuals. (A) BJ gene 
repertoire of TCRBV5 
transcripts. (B) BJ gene 
repertoire of BV13 tran-
scripts. (C) BJ gene rep-
ertoire of BV17 tran-
scripts.

 

mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl

 

2

 

, 0.001% gelatin,
200 

 

m

 

M dNTP, and 5 U Taq DNA polymerase (Boehringer-Mann-
heim Biochemicals, Indianapolis, IN). The PCR was performed with
BV specific primers (BV5s, BV13s, or BV17s) and BTN-BC1. The cy-
cling program was: 94

 

8

 

C for 1 min, 60

 

8

 

C for 2 min, and 72

 

8

 

C for 3 min
for 35 cycles, followed by a final extension for 10 min. The PCR prod-
ucts were purified using mini-columns (Wizard PCR Preps; Promega
Corp., Madison, WI).

For testing cross-hybridization of the 13 BJ-gene-specific probes,
we used 13 different TCR clones, each of which contained a different
BJ recombination. These clones were ligated with pT7Blue T-Vector
(Novagen, Inc., Madison, WI). The BJ gene regions were amplified
with corresponding BV gene specific primers (10) and BTN-BC1.

To compare labeling and hybridization efficiencies of the probes,
the three nucleotide sequences recognized by BJ1.1p, BJ1.2p, and
BJ1.4p were arbitrarily selected, and tandemly inserted into the
multi-cloning site of pBluescript II SK

 

1

 

 (Stratagene Inc., La Jolla,
CA). The insert was PCR amplified with a biotinylated T7 primer
and a T3 primer, and used for hybridization with the labeled probes.

 

Analysis of TCRBJ gene repertoires. 

 

The method to analyze
TCRBJ gene repertoires was adapted from the PCR-ELISA tech-
nique used to analyze BV genes (4). The PCR products were immobi-
lized onto streptavidin-coated 96 well ELISA plates. The BJ-specific
probes were labeled with digoxigenin at 3

 

9

 

 ends and placed into the
wells. Three molar tetramethylammonium chloride (TMAC) was
added to the hybridization solution (150 

 

m

 

l of 5 nM solution of each
digoxigenin labeled sense-strand oligonucleotide probe, 0.1 M so-
dium phosphate buffer [pH 6.8], 1 mM EDTA, 5X Denhardt’s solu-
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tion, and 0.6% SDS). In this buffer, the dissociation temperature of
each BJ specific probe depends mainly on length and not on nucle-
otide composition (11). All probes had the same length so that the
use of TMAC ensures equal hybridization efficiency of the 13 differ-
ent probes. The hybridization was at 52

 

8

 

C for 90 min. The plates were
washed once with warmed (52

 

8

 

C) TMAC wash solution (3.0 M
TMAC, 50 mM Tris-HCl [pH 8.0], and 0.2% SDS) and twice with 6X
SSC and 0.1% sodium 

 

N

 

-lauroyl sarcosinate.
After the wells were washed, the plates were incubated with anti-

digoxigenin antibodies labeled with peroxidase (Boehringer-Mann-
heim), and reacted with tetramethylbenzidine microwell peroxidase
substrate (Kirkegaard & Perry Laboratories, Inc., Gaithersburg,
MD). The absorbance values were recorded at 450 nm with a micro-
plate reader (Molecular Dynamics, Menlo Park, CA). For generating
a standard curve, serial dilutions of BTN-BC2 labeled with digoxige-
nin at the 3

 

9

 

 end was applied onto the plates, and treated the same

way. According to the standard curve, the absorbance values were
transformed to concentrations with Deltasoft II software (Biometal-
lics, Inc., Princeton, NJ). The frequency of each BJ gene usage was
calculated by dividing the concentration of each BJ gene by the total
concentration of BJ genes.

 

Analysis of junctional region sequences. 

 

Junctional regions of
TCRBV17S1J1S5 transcripts were amplified from PBL cDNA of one
pair of healthy monozygotic twins and one healthy individual, using
BV17s and BJ1.5c primers. The amplification conditions were the
same as for the BJ gene repertoire analysis. The PCR products were
purified with minicolumns and directly ligated with pT7Blue T-Vec-
tor. The TCR junctional region sequences of the recombinant clones
were determined with an automated sequencer (model 373A; Ap-
plied Biosystems, Inc., Foster City, CA).

 

Statistical analyses. 

 

Multivariate cluster analyses of the TCRBJ
gene repertoire data were performed by Ward’s method, including

Figure 2. Cluster analysis of TCRBJ 
gene repertoires. From all BJ gene rep-
ertoire data, the distance of every com-
bination of two BJ gene repertoires was 
calculated by Ward’s method and City-
block (Manhattan) distance. All calcu-
lated distances, divided by the maximum 
distance, are shown as a dendrogram. 
(A) BJ gene repertoires of TCRBV5 
transcripts. (B) BJ repertoires of BV 13 
transcripts. (C) BJ repertoires of BV17 
transcripts. Listed below are the identi-
fications of the donors.

Figure 3. Representative TCRBJ gene 
repertoires of PBL from monozygotic 
twins. (A) BJ gene repertoires of 
TCRBV5 transcripts of two pairs of 
monozygotic twins. (B) BJ repertoire 
of BV13 transcripts. (C) BJ repertoires 
of BV17 transcripts. A1 (s) and A2 
(d) are healthy monozygotic twins. G1 
(n) is RA affected and G2 (m) is 
healthy twins.
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the determination of city-block (Manhattan) distances, using Statis-
tica 3.0 (Biometallics Inc., Tulsa, OK).

To compare the TCRBJ gene repertoires of two subsets of do-
nors, the Euclidean distance (square root of the sum of the squares of
the difference of each BJ gene frequency) was calculated as an indica-
tor of the discordance of the two BJ gene repertoires. 

 

P

 

-values were
determined with the Mann-Whitney U test, using the StatView 4.0
(Abacus Concepts, Inc., Berkeley, CA).

 

Results

 

Specificity and reproducibility of the TCRBJ gene repertoire
analysis. 

 

The TCRBJ locus contains six BJ1 and seven BJ2
gene segments. Oligonucleotide probes used for the TCRBJ
specific oligonucleotide hybridization had to specify 3

 

9

 

 non-
deletable regions of BJ genes. The probes were homologous
(maximal homology 84%), and their GC/AT contents were di-
verse. We used a 3M TMAC hybridization solution to equalize
the hybridization efficiencies of the probes (11).

To test cross-hybridization of the oligonucleotide probes,
we probed 13 different TCR gene clones, each of which con-
tained a different BJ gene rearranged with a BV gene. Each
probe specifically hybridized to the corresponding BJ gene,
and no cross-hybridization was observed under the conditions
used for the study (data not shown).

To compare labeling and hybridization efficiencies of the
probes, we generated DNA which included arbitrarily selected
BJ1.1p, BJ1.2p, and BJ1.4p recognition sequences in tandem.
The DNA was PCR amplified with biotinylated primers. Then,
various amounts of the products were hybridized with labeled
BJ specific probes in the ELISA format. The variations of the
concentrations determined with different probes were less
than twofold (data not shown).

In the PCR-ELISA method, TCR transcripts with specific
BV genes were amplified with BV-specific sense and BC-spe-
cific antisense primers. The sequences of the BJ gene segments
did not influence PCR priming. Thus, different BJ genes
should be amplified at the same efficiency and the BJ reper-
toire should not depend on the number of PCR cycles. In or-
der to confirm this prediction, we amplified the TCRBV13
transcripts from a single PBL cDNA sample with three differ-
ent programs (27 cycles, 30 cycles, and 35 cycles), and deter-
mined BJ gene usage. The TCRBJ gene repertoire from three
different PCR cycles showed the same BJ gene usage pattern
(data not shown). The maximum disparity of the BJ gene fre-
quencies was 4.8% and the mean difference was 2.0%.

 

TCRBJ gene repertoires of expressed TCR with TCRBV5,

13, and 17 genes. 

 

TCRBJ gene expression, in association with
TCRBV5, 13, and 17 family genes, was examined in PBL from
six pairs of healthy monozygotic twins, six pairs of monozy-
gotic twins discordant for RA, and five normal individuals (to-
tal of 29). The BV5, 13, and 17 gene families were selected, be-
cause of previous reports indicating that the frequencies of T
cells with BV5, 13, and 17 gene products were more abundant
in synovial fluid and/or PBL from RA patients (12, 13).

The TCRBJ gene frequencies of all 29 donors are depicted
in Fig. 1 

 

A–C

 

 (TCRBV5 transcripts, BV13 transcripts, and
BV17 transcripts, respectively). The BJ gene usage of all three
TCRBV family transcripts shared common features. In all BV
family transcripts, BJ2 cluster genes were used more than BJ1
cluster genes, and the BJ2S1 gene was used most frequently. In
contrast, the BJ1S4, BJ1S6, BJ2S4, and BJ2S6 genes were
rarely used. The same usage patterns were conserved for
TCRBV3, 4, 6, 14, and 15 transcripts (data not shown).

Nevertheless, as is shown in Fig. 1, each TCRBV family
transcript had a distinctive BJ gene usage pattern. The
TCRBV5 gene combined with the BJ2S3 gene less frequently
than did other BV gene transcripts. The BV13-BJ2S1 combi-
nation was very infrequent. BV17 gene transcripts associated
with the BJ1S5 gene more frequently, and used BJ1S1 and
BJ2S7 genes less frequently, than predicted by chance. The
other BV gene families also had distinctive BJ gene usage pat-
terns (data not shown). In order to compare the similarity of
the BJ repertoires for each BV family, a multivariate analysis
was performed. The results of a cluster analysis (Ward’s
method and city-block [Manhattan] distances) are shown as a
dendrogram in Fig. 2. The 87 different BJ gene repertoires seg-
regated into three groups. 23 of the 29 BV5 repertoires fell
into one group, as did 27 of 29 BV13 repertoires, and 27 of 29
BV17 repertoires. The results show that the TCR transcripts
from each BV gene family have a distinctive pattern of BJ
gene expression in periphery.

 

Genetic control of TCRBJ gene repertoires. 

 

To analyze ge-
netic effects on the TCRBJ gene repertoires of PBL, we com-
pared the BJ gene repertoires of monozygotic twins with those
of unrelated pairs. Representative results of one healthy twin
pair (A1-A2) and one pair discordant for RA (G1-G2) are
shown in Fig. 3. The BJ gene repertoires of the monozygotic
twins were strikingly similar for all three TCRBV family tran-
scripts. As an indicator of discordance between two given BJ
gene repertoires, we used Euclidean distance (square root of
the sum of the squares of the difference of each BJ gene fre-
quency). The values for monozygotic twins were significantly
smaller than those of unrelated individuals (

 

P

 

 

 

,

 

 0.05) in all

Figure 4. Comparison of TCRBJ gene repertoires of 
monozygotic twins and unrelated subjects. Euclidean dis-
tance (root of the sum of the squares of the differences of 
each combination of BJ gene repertoires) was calculated 
as an indicator of discordance. The whiskers contain the 
areas from the 10th to 90th percentile, boxes contain the 
area from the 25th to 75th percentile, and horizontal bars 
in the boxes indicate median values: (A) TCRBV5, (B) 
BV13, and (C) BV17.
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three BV families (Fig. 4 

 

A–C

 

). Thus, the monozygotic twins
had significantly more similar BJ gene repertoires than did un-
related individuals. The results show that the pattern of BJ
gene expression in PBL is genetically controlled, and that the
distribution depends on the exact genetic background.

To assess the influence of RA on peripheral TCRBJ gene
repertoires, we compared the Euclidean distances between
healthy twins with those between RA discordant twins. The BJ
gene repertoires of PBL from RA discordant twins were statis-
tically no more discordant than those of the healthy twins (me-
dian Euclidean distances of healthy monozygotic twins were
0.124 in TCRBV5 transcripts, 0.087 in BV13, and 0.119 in
BV17; those of RA discordant monozygotic twins were 0.095
in BV5, 0.116 in BV13, and 0.124 in BV17). Furthermore, no
specific changes in the BV-BJ gene combination usage were
associated with RA.

 

TCRBJ gene repertoires of CD4

 

1

 

 and CD8

 

1

 

 T cell subsets.

 

Each TCRBV family transcript of peripheral T lymphocytes
had a distinctive BJ gene usage pattern. To better understand
the biases, we analyzed the TCRBJ gene repertoires of CD4

 

1

 

and CD8

 

1

 

 T cell subsets from a pair of healthy twins (B1-B2)
and two pairs of RA discordant twins (G1-G2, H1-H2). The
BJ gene frequencies of three pairs of monozygotic twins (total
of six) are depicted in Fig. 5 

 

A–F

 

 (TCRBV5 transcripts of
CD4

 

1

 

 T cells, BV13 transcripts of CD4

 

1

 

, BV17 transcripts of
CD4

 

1

 

, BV5 transcripts of CD8

 

1

 

, BV13 transcripts of CD8

 

1

 

,
and BV17 transcripts of CD8

 

1

 

, respectively). The TCRBJ
gene repertoires of CD4

 

1

 

 T cells showed the same biases as
those of total PBL. The BV5-BJ2S3 and BV13-BJ2S1 combi-
nations were less frequently used, and BV17-BJ1S5 combina-
tion was more frequently used. Cluster analysis (Ward’s
method and city-block [Manhattan] distances) of the total of
18 different BJ gene repertoires of CD4

 

1

 

 subsets segregated
into three groups. Four of six BV5 repertoires fell into one
group, as did all of six BV13 repertoires, and all of six BV17
repertoires (data not shown). On the other hand, the BJ gene
repertoires of CD8

 

1

 

 T cell subsets were more divergent among

the twins, and were often dominated by a small number of BV-BJ
combinations (depicted by arrows in Fig. 5). Multivariate anal-
ysis failed to segregate the BV-BJ groups because of the ob-
served sporadic expansion, that was observed in both healthy

Figure 5. TCRBJ gene frequencies of 
CD41 and CD81 T cell subsets of pe-
ripheral lymphocytes from a pair of 
healthy monozygotic twins and two 
pairs of monozygotic twins discordant 
for RA. (A) BJ gene repertoire of 
TCRBV5 transcripts of CD41 T cell 
subset. (B) BJ repertoire of BV13 tran-
scripts of CD41. (C) BJ repertoire of 
BV17 transcripts of CD41. (D) BJ rep-
ertoire of BV5 transcripts of CD81. (E) 
BJ repertoire of BV13 transcripts of 
CD81. (F) BJ repertoire of BV17 tran-
scripts of CD81. Closed circles (d) are 
RA affected, and open circles (s) are 
healthy subjects.

Figure 6. The junctional nucleotide sequences of TCRBV17S1J1S5 
transcripts. A1 and A2 are a pair of monozygotic twins while M is an 
unrelated individual.
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and RA patients. No specific BJ usage profiles in CD41 or
CD81 population were associated with RA.

Nucleotide and deduced amino acid sequences of the TCR b
chain junctional regions of peripheral lymphocytes from
monozygotic twins. The studies described above demon-
strated that the TCRBV gene and BJ gene repertoires of hu-
man peripheral T lymphocytes are controlled genetically. To
discern any genetic effects on N-D-N sequences in the CDR3,
we amplified BV-BD-BJ junctional regions of TCRBV17-
S1J1S5 transcripts from a pair of healthy monozygotic twins
and a healthy individual. The amplicons were subcloned into
plasmids for nucleotide sequencing. Preliminary experiments
showed that identical clones appeared repetitively when TCR
transcripts were amplified from small numbers of cells. The
BV17S1J1S5 combination was selected because the BJ1S5
gene was used very frequently in BV17 gene transcripts. In ad-

dition, a specific primer for BJ1S5 gene amplification was
readily designed, since the BJ1S5 gene is not homologous to
the consensus BJ sequence.

14 recombinant clones from A1, 15 clones from A2, and 12
clones from M were randomly sequenced. The junctional re-
gions are shown in Fig. 6. The average lengths of the N-D-N
regions were 15.9 nucleotides in A1, 15.7 nucleotides in A2,
and 14.1 nucleotides in M. The N-D-N regions were similar in
length and nucleotide composition in all three repertoires.
TCRBD genes could not be precisely identified, because the
BD1S1 and BD2S1 genes are highly homologous (14), and the
39 and 59 ends were truncated during rearrangement. The de-
duced amino acid sequences of the CDR3 are shown in Fig. 7.
All sequences were unique. Hydrophobic amino acids ac-
counted for 24.7% of the CDR3 in A1, 24.4% in A2, and
27.0% in M. Acidic amino acids comprised 9.9% in CDR3 in
A1, 7.0% in A2, and 4.8% in M. Basic amino acids covered
17.3% of the CDR3 in A1, 8.1% in A2, and 9.5% in M. No nu-
cleotides or amino acid sequences or motifs of these TCR
junctional regions were shared between the monozygotic
twins.

Discussion

We examined the TCRBJ gene repertoires of peripheral T
lymphocytes from 12 pairs of monozygotic twins, including 6
pairs discordant for RA, and 5 healthy individuals. The
TCRBV5, 13, and 17 gene families were emphasized because
of the possible association with RA. The results revealed that
each BV gene family had a distinctive pattern of BJ gene us-
age. Moreover, the BJ gene distributions of monozygotic twins
were more similar than those of unrelated individuals. Hence,
the repertoire of BJ genes that form the CDR3 of the TCR
must be controlled by genetic factors.

RA could be a potent environmental factor in peripheral
TCR repertoire formation, because the T lymphocytes of af-
fected patients express activation antigens more frequently
than do normals (15, 16). Although all RA patients studied
had active disease, the TCRBJ gene repertoires of TCRBV5,
13, and 17 transcripts of circulating T lymphocytes from RA
discordant twins were no more different from those of healthy
twins. In other experiments, we also analyzed BV3, 4, 6, 14,
and 15 transcripts, which have been reported to be expanded
in the synovium of subsets of RA patients (13, 17–20), with
similar results (data not shown). Additionally, no unique
changes in peripheral BJ gene expression were found in total
PBL, CD41, or CD81 subsets from the RA patients. These re-
sults show that RA dose not induce biases in BJ usage by spe-
cific BV gene transcripts. However, because RA patients do
not necessarily have altered BJ gene usage in the same BV
family transcripts, disease-associated changes may not be dis-
closed by BJ gene repertoire analysis of populations. In this re-
gard, we have observed that the BV repertoires of RA discor-
dant twins vary more than those of healthy twins (Mizushima
et al. unpublished data).

Our data argue that the BJ repertoire is determined pri-
marily by genetic factors, and is not significantly altered by the
chronic inflammation of RA. Previous data, which implied
that RA patients had specific alterations in the peripheral
TCR repertoire (12, 21–23), derived from analyses of hetero-
geneous populations, rather than from formal twin studies, as
reported here. While it is still possible that HLA-dependent T

Figure 7. The deduced amino acid sequences of junctional regions of 
TCRBV17S1J1S5 transcripts.
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cell repertoire formation is a major factor in RA pathogenesis
(24), it is unlikely that TCR analysis alone can confirm this
supposition.

Although the TCRBJ gene repertoires of monozygotic
twins were more similar than those of unrelated subjects, BJ
gene usage obeyed common rules in all individuals. The obser-
vation that each BV gene family had a distinct pattern of BJ
usage agrees with earlier data derived from limited TCR se-
quence analyses (25). The genetically determined TCRBJ bi-
ases were well displayed by CD41 T cells but poorly by CD81

T cells. Clonal expansions in peripheral CD81 T cells have been
reported both in healthy individuals and in autoimmune dis-
ease patients, but have not been attributed to a specific envi-
ronmental stimulus (26–33). In this regard, the expanded tran-
scripts in the RA patients were not limited to specific BV-BJ
combinations.

The concordance of TCRBJ gene expression between
monozygotic twins could be due to allelic polymorphisms in
TCRB genes, MHC genes, and/or genes encoding self antigens
involved in T cell education in the thymus. It is likely that the
TCR conformations generated by specific BJ combinations fa-
vor surface expression of the receptor and/or optimal antigen
recognition. Antigenic selection is the most powerful force
driving the expansion of lymphocytes with unique TCRs. Per-
haps the BJ2S1 gene product generates a TCR that reacts effi-
ciently with antigens that are important for positive selection,
or that are commonly encountered in the environment. The
most common source of the peptides bound to the grooves of
MHC class II molecules in the thymus are cell surface mem-
brane proteins, including MHC molecules. Recently, Walser et
al. (23) reported that the frequencies of some BV-BJ combina-
tions correlated with HLA-DRB expression. To determine the
relative roles of MHC and TCR genes in the selection of BJ re-
combinants will require analyses of siblings concordant or dis-
cordant at the MHC and TCR gene loci.

Previous studies on the TCRBJ gene repertoires of human
PBL were carried out by random sequencing of TCR cDNA
(25, 34–39) and by PCR-Southern blot hybridization (40, 41).
The results of these early investigations agree with our deter-
mination that BJ2 cluster genes are more commonly used than
BJ1 cluster genes, that the BJ2S1 gene is used very frequently
and that the BJ1S4, BJ1S6, BJ2S4, and BJ2S6 genes are used
uncommonly. The concordance between the data supports the
conclusion that variations in probe labeling and hybridization
efficiencies do not significantly interfere with TCRBJ reper-
toire analyses.

Differences in the recombination signal sequences of BJ
genes may potentially influence the efficiency of BJ rearrange-
ment. Indeed, it has been reported that TCRBV3S1 gene ex-
pression level depends on the allele of the spacer region in the
BV3S1 gene recombination signal sequence (42). However, we
compared the heptamer and nonamer sequences of each BJ
gene with the consensus signal sequence (43), and found no
apparent influence on the pattern of BJ gene expression.

The present studies did not disclose any genetic effects on the
length, nucleotide, and amino acid composition of the N-D-N
junctional regions. These results were expected, because the N
regions are generated randomly during recombination. Whether
or not RA has an effect on N-D-N sequence diversity is still
unclear. However, pathogenic T cells from patients with sys-
temic lupus erythematosus frequently express TCR with N-D-N
regions rich in basic amino acids (44).

In summary, our analyses of the TCRBJ gene repertoires
of 12 pairs of monozygotic twins and five healthy individuals
by PCR-ELISA indicate that the expression of particular BJ
recombinants is under genetic control. The TCRBJ repertoire
remains stable despite the chronic inflammatory stimuli of RA.
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