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ABSTRACT Nonobese diabetic (NOD) mice spontaneously
develop a T-cell-mediated autoimmune disease that is similar in
many respects to insulin-dependent diabetes mellitus in hu-
mans. T-cell clones that specifically recognize pancreatic islet
cell antigens can be derived from NOD mice, and most of these
have been diabetogenic upon transfer to healthy recipients. We
report herein the sequences of the T-cell receptor a and .l
chains from four NOD-derived, islet-specific clones. The se-
quences are quite heterogeneous-in the junctional regions,
specifically-so there seems to be little hope for treating this
disease with specific anti-T-ceDl receptor reagents. This result
contrasts with the strikingly restricted junctional region se-
quences reported for the receptors on clones derived from mice
with experimental allergic encephalomyelitis, another T-cell-
mediated autoimmune disease. We discuss possible explana-
tions for this difference.

The precise molecular and cellular events leading to the
development of T-cell-mediated autoimmune diseases have
remained mysterious. Yet, our understanding of these mal-
adies has advanced significantly over the past several years,
and this increased comprehension has already led to propos-
als for new therapeutic strategies.

Experimental allergic encephalomyelitis (EAE) provides a
good example. Injection of myelin basic protein (MBP) into
certain mouse strains provokes a disease with many of the
characteristics of multiple sclerosis in humans (for reviews,
see refs. 1 and 2). MBP-reactive T cells can be cloned from
diseased animals, and these are often capable of inducing
EAE in naive recipients. When the T-cell receptors (TCRs)
from Au-restricted, MBP-reactive clones were sequenced,
they were found to be surprisingly homogeneous, using
essentially only two V, and two Vr segments and only a
limited set of J segments (V, variable; J, joining) (3, 4).
Consequently, treatment with the appropriate anti-Vs mono-
clonal antibody (mAb) could prevent (3, 4) or even reverse (3)
disease, and immunization with the appropriate V or J
region-derived peptides could vaccinate against EAE (5, 6).
These findings have evoked much enthusiasm for anti-TCR-
based therapeutic strategies, but one must ask how general
they will prove to be.
We have addressed this question by sequencing TCRs from

islet-specific T-cell clones derived from nonobese diabetic
(NOD) mice. This strain spontaneously develops a disease
with many similarities to human insulin-dependent diabetes
mellitus (for review, see ref. 7). The implication ofT cells in
this disease is now indisputable, and it is possible to isolate
clones that specifically recognize islet cell antigens and that
promote diabetes on transfer to healthy recipients. We dem-
onstrate that, in contrast to the situation with EAE, the

receptors on such clones are quite heterogeneous, suggesting
that specific anti-TCR reagents may not be of much use in
disease treatment.

MATERIALS AND METHODS
The islet-specific T-cell clones have already been described
(8-10).

Details of the sequencing method will be reported else-
where (S.C., unpublished data). Briefly, cytoplasmic RNA
was prepared from 0.2-1.3 x 107 cultured cells by the
standard Nonidet P-40 lysis technique. This RNA was con-
verted to cDNA by oligo(dT)-primed reverse transcription,
and TCR a- or 1-chain sequences amplified by two or three
rounds of the PCR according to the strategy illustrated in Fig.
lA using the oligonucleotides listed in Fig. 1B. For the f3
chain, the first amplification was performed with an equimo-
lar mixture of three degenerate V region oligonucleotides at
the 5' end-NK121, NK122, and NK123-and a constant
region oligonucleotide-MQ284-at the 3' end; the second
amplification was with the same set of degenerate oligonu-
cleotides at the 5' end and MS175 at the 3' end. For the a
chain, the first amplification was performed with an equimo-
lar mixture of three degenerate V region oligonucleotides at
the 5' end-NW36, NW37, NW38-and a constant region
oligonucleotide-NJ108-at the 3' end; second and third
amplifications were with the same set of degenerate oligo-
nucleotides at the 5' end and NJ109 or NJ110, respectively,
at the 3' end. The PCR products were digested with Sph I and
EcoRI, enzymes for which recognition sequences had been
incorporated via the primers used in the last round of PCR
amplification-underlined sequences in Fig. 1B. The digested
material was migrated on an agarose gel, the bands corre-
sponding to specific products were cut out and eluted, and the
purified fragments were cloned into an M13mpl9 vector.
Recombinant M13 plaques were detected by filter hybridiza-
tion using OE7 as a probe for the ,B chain and OE6 for the a
chain. Positive clones were sequenced by the dideoxynucle-
otide chain-termination method.

Elaborate precautions were taken to prevent sample con-
tamination, a major problem of PCR-based techniques. All
solutions were aliquoted, and aliquots were used only once.
Aside from customary negative controls, a mock sample was
processed along with each set of experimental samples-
from the initial PCR through the screening of M13 plaques.
This control ruled out contamination at any stage along the
way.

RESULTS
Islet-Specific Clones. The An"x-restricted, islet-specific

T-cell clones have been described (8-10). They were derived

Abbreviations: NOD, nonobese diabetic; EAE, experimental aller-
gic encephalomyelitis; MBP, myelin basic protein; TCR, T-cell
receptor; mAb, monoclonal antibody; V, variable; J, joining.
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NK121
NK122
NK123

4-4-~~ 4- -

OE7 MS175 M0284

V J C

B

NK121~~~~~~cS-~CGCTGAGCTCCTG^CTGGGT TNK121 5'-GTCCTGACCTCGCATGCCA A G T TGGTAc_3'

NK122 5'-GTCCTGACCTCGCATGCCCAT A jAAAA ATGGTA C3'

NK123 5 -TCGCTGATCI _CC TGGTAT 31ATTAGG AAATC

(X
NW36
NW37
NW38

4-

0E6 NJA1O NJ109 NJ108

V J C

A G
NW36 5'-GTCCTGACCTCGCATGCTTCA-TACCCTCCCCTGGTAT_3

- j-CCCTATT TTG C

T ANW37 5'-GTCCTGACCTCGCTATGCTTTCcTcTGGTAT-3'
TGGGG5CC G A TNW38 5 -TCGCTGAG, AA T~GGT~3

M0284 5 '-AGCACACGAGGGTAGCCTT-3'

MS175 5' -GACAGAACTTTGAATTCCTCTGCTTTTGATGG-3'

OE7 5 '-GGAGTCACATTTCTCAGATCC-3'

NJI08 5'-GGCCCCATTGCTCTTGGAATC-3'

NJI09 5'-CGGCACATTGATTTGGGAGTC-3'

NJI10 5'-TCTCGAATTCAGGCAGAGGGTGCTGTCC-3'

OE6 5 -CACAGCAGGTTCTGGGTTCTG-3'

FIG. 1. Sequencing strategy. (A) Placement of oligonucleotides. Products of reverse transcription of T-cell RNA were amplified by the PCR.
NK121, -122, and -123 and NW36, -37, and -38 are degenerate oligonucleotides derived from the V regions of all 8 and a chains, respectively.
They served as the 5' primer for all amplification. For the 13 chain, the 3' primers for the first amplification was MQ284 and for the second
amplification it was MS175. For the a chain, the 3' primers were NJ108, -109, and -110, successively. The bar across some of the oligonucleotide
arrows indicates an artificial restriction enzyme site introduced to facilitate cloning. OE7 and OE6 are the oligonucleotides used to screen for
,8- and a-chain clones, respectively. (B) Oligonucleotide sequences. The sequences of the oligonucleotides in A are presented. The NK and NW
oligonucleotides are mixtures created during synthesis. The underlined bases are the artificial restriction enzyme sites.

from spleen and lymph node preparations from newly dia-
betic, 3- to 5-month-old NOD mice and have been carried
continuously on syngeneic islet cells and antigen presenting
cells. Most of them-BDC 2.5, 5.2, and 6.9-have been
demonstrated to be diabetogenic upon transfer into nonirra-
diated very young NOD mice (ref. 10; K.H., unpublished
data); BDC 4.12 has not yet been tested. All four are CD4+.
The clones have all been analyzed with a panel of specific

anti-Vp mAbs (K.H., unpublished data). BDC 2.5 and 6.9
were labeled with an anti-V,4 antibody, and BDC 5.2 was
labeled with an anti-V136 reagent. None of the mAbs in the
panel reacted with BDC 4.12.
TCR Sequences. To obtain a complete description of the

TCR a and 8 chains expressed by each clone, we sequenced
mRNA transcripts by PCR technology. For each cell line, at
least six a and nine p transcripts were analyzed, usually
derived from several independent RNA preparations and
PCR amplifications.
The sequences of the in-frame p8-chain J regions are pre-

sented in Fig. 2A. Two of the T-cell clones express a TCR
bearing the V,4 V region; otherwise there appear to be no
shared sequence features. (BDC 4.12 also had an out-of-
frame V112 transcript.)
The sequences of the in-frame a-chain J regions are shown

in Fig. 2B. Two of the clones express TCRs with V regions
that are Val3 family members and two other TCRs use the
same Ja region. Otherwise, the clones display very hetero-
geneous TCRs, bearing quite different V and J regions. The
BDC 2.5 and BDC 4.12 V, sequences have not been de-
scribed previously (they belong to the Val and V,,13 families,
respectively), so we present them more fully in Fig. 2C. (BDC
2.5 and 5.2 also had out-of-frame V.1 and Va8 transcripts,
respectively.)

We also analyzed several of the other clones described
previously (8-10) as well as some that have not been de-
scribed. Unfortunately, firm assignments ofTCR usage could
not be made for any of these: some clones yielded exactly the
same a- and 8-chain sequences as BDC 6.9, which is not
surprising given that they were isolated from the same line;
others, presumably not fully clonal, gave rise to several
different sequences, precluding unambiguous assignments.
Among the latter, we found productively rearranged V,1, -6,
-8.2, -8.3, -12, and -15 V regions. While inconclusive for the
assignment of TCR usage, these data do serve to further
emphasize the TCR heterogeneity we observed.

DISCUSSION
The TCR sequences described in this study are derived from
T cells implicated in insulin-dependent diabetes mellitus.
Their most noteworthy characteristic is their heterogeneity:
no common features appear in the J regions of either the a or
,p chain (except perhaps for a paucity of charged amino
acids). This finding is in concert with the preliminary immu-
nohistological studies of H. Kikutani and T. Kishimoto
(personal communication) showing that the islets of young
NOD mice contain T cells that use diverse TCR V9s. How-
ever, it is in contrast to a previous claim that the TCRs of a
set of islet-specific T-cell clones predominantly bore V05 V
regions (14), as determined by staining with an anti-V95 mAb,
leading to the conclusion that diabetogenic T cells preferen-
tially use V,95' TCRs. However, this conclusion has already
been questioned because of results from transgenic mouse
experiments (15). And Kikutani and Kishimoto (personal
communication) have found that treatment ofNOD mice with
anti-V,05 mAb does not eliminate disease. While the data
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A

BDC 2.5 V114 ..PDDSATYFCASSQGGTTNSDYTFGSG.. J01.2

BDC 4.12 VP19 .. LTDSAVYFCASSLGTGDEQYFGPG. . J02.6

BDC 5.2 V0 6 ..KNEMAVFLCASSPPDSYAEQFFGPG.. J02.1

BDC 6.9 VP 4 . .PDDSATYFCASSQGLGWAETLYFGSG.. J12.3

C VaBDC2.5

5 UT region --
5.. CGTTGCTGTCGCCGTTGCTGTCGCCTTTTTGCTGGCTTGAAGTGTGAATCTTCAGTGAAA

=_Leader sequence
Im H S L H V S L V F L N L Q L G CV

AGAGTAATGCATTCCTTACATGTTTCACTAGTGTTCCTCTGGCTTCAACTAGGTGGGGTG
Va BDC2. 5

S S[r E K V Q Q S P E S L T V P E G A M
AAGCGCCAGGAGAAGGTACAGCAGAGCCCAGAATCTCTCACAGTCCCAGAGGGAGCCATG

A S L N C T I S D S A S Q S I W W Y Q Q
GCCTCCCTCAACTGCACTATCAGCGACAGTGCTTCTCAGTCCATCTGGTGGTACCAACAG

B
OC

VaBDC2.5 ..PSDSAVYLCAASLAGSWQLIFGSG.. JaTA28

VaBDC4.12 . .PEDSAIYFCAASTTGGADRLTFGKG.. JaTA80

Val2 . .LRDAAVYYCIVTASSGSWQLIFGSG.. JaTA28

Val3.1 ..PGDSAMYFCAASAVGYKLTFGTG.. JaTA72

VaBDC4.1 2

W Y K Q E A G K G L H F V I D I R S N V
5'.. TGGTACAAGCAAGAAGCTGGAAAGGGTCTCCACTTTGTGATAGACATTCGTTCAAATGTG

D R K Q S Q R L I V L L D K K A K R F S
GACAGAAAACAGAGCCAAAGACTTATAGTTTTGTTGGATAAGAAAGCCAAACGATTCTCC

L H I T A T Q P E D S A I Y F C A A S
CTGCACATCACAGCCACACAGCCTGAAGATTCAGCCATCTACTTCTGTGCAGCAAGC. .3

N P G K G P K A L I S I F S N G N K K E
AATCCTGGGAAAGGCCCCAAAGCACTAATATCCATATTCTCTAATGGCAACAAGAAAGAA

G R L T V Y L N R A S L H V S L H I R D
GGCAGATTGACAGTTTACCTCAATAGAGCCAGCCTGCATGTTTCCCTGCACATCAGAGAC

S H P S D S A V Y L C A A S
TCCCATCCCAGTGACTCCGCCGTCTACCTCTGTGCAGCGAGC. .3

FIG. 2. Sequences of TCRs from islet-specific T-cell clones. The protein sequences of the 8 (A) and a (B) chains were derived from the
nucleotide sequences. Only the CDR3 regions are presented. The underlined amino acids are from V- and J-region nucleotides. The following
sources were used: V,919, ref. 11; Va13.1, ref. 12; all others, ref. 13. In C, we present more fully the sequences of the a chains for BDC 2.5
and BDC 4.12 because we have not found them in the literature.

obtained so far clearly indicate heterogeneity in diabetogenic
TCRs, the sample size is too small to detect partial prefer-
ences for the use of some V regions. It is possible that V,94,
or members of the Val3 family, may be used more often in
diabetogenic T cells than in bulk T cells. Similarly, although
we find no homologies in amino acids at the V-J joints,
analysis of a much larger number of clones may reveal subtle
patterns of amino acid distribution within the CDR3 loops of
a or /3 chains.
The pronounced heterogeneity of islet-specific T lympho-

cytes in NOD mice is strikingly different from the near-
homogeneity of MBP-specific T cells in mice sick with EAE,
at least those of the H-2" haplotype (3, 4). In the latter
disease, almost all T-cell clones reactive to MBP expressed
one of two Vps (Vp8.2 or Vp13) and one of two Vas (Va2.3 or
Va4.2); in addition, these clones used a very restricted set of
J segments, especially in their a chains. This near-
homogeneity allowed the prevention (3, 4) or reversal (3) of
EAE by treatment with an anti-Vp8 mAb as well as vacci-
nation against the disease by injection with V- or J-region-
derived peptides (5, 6). These results have provoked consid-
erable enthusiasm for anti-TCR-based strategies as general
palliatives for T-cell-mediated autoimmune diseases. How-
ever, it should be kept in mind that EAE is not a perfect model
for such diseases in general or for multiple sclerosis in
particular: it is induced experimentally by injecting large
doses of a single peptide or protein antigen, and thus it might
be expected to involve an unusually limited repertoire of
autoreactive T cells. Indeed, although a preliminary report
described a very restricted Va usage in brain lesions of

multiple sclerosis patients (16), a more complete study has
revealed much more diverse TCR profiles (17).
NOD, diabetes on the other hand, is a spontaneously

arising malady and therefore is more representative of nat-
urally occurring autoimmune diseases. Our results suggest
that specific anti-V1 reagents may not prove of much thera-
peutic value in these diseases-at least in insulin-dependent
diabetes mellitus. Admittedly, the T-cell clones we examined
were isolated from newly diabetic animals; hence, they were
well into disease progression, when one would not be sur-
prised to see a broad attack on islets by secondarily recruited
T cells. In fact, the four clones studied here do not all appear
to recognize the same islet-cell antigen (9). It is possible that
disease-initiating T lymphocytes isolated at the earliest stages
of islet infiltration might have a more limited repertoire and
thus might be more prone to anti-Vp intervention. Unfortu-
nately, however, the diagnosis ofhuman diabetes is also very
late in the disease, when essentially all of the insulin-
producing islet cells have already been destroyed, so at
present, therapy aimed at disease-initiating lymphocytes
appears not to be feasible.

In the end, the antigens that are the target for autoimmune
attack will probably be found to behave similarly to classical
foreign antigens. Reports have appeared describing foreign
antigens that elicit T cells expressing restricted Vas (18, 19)
or restricted combinations ofV s and Vps (20-23); there have
also been many examples of antigens eliciting heterogeneous
populations of T cells (24-26). The effectiveness of anti-V13
reagents for treating T-cell-mediated autoimmune diseases
will no doubt depend on which category the target antigen
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falls into, and this could vary from disease to disease, as well
as fluctuate with disease progression.
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