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ABSTRACT Graves disease is a common form of human
autoimmune thyroiditis. It shares many pathological features
and HLA associations with other, less easily studied, organ-
specific autoimmune conditions such as insulin-dependent di-
abetes mellitus, and hence it is also a useful model for under-
standing these other diseases. We have previously shown that
thyroid-infiltrating T cells in Graves disease that have been
recently activated in vivo specifically recognize autologous
thyroid epithelial cells. However, the autoantigens involved
were not defined. In this study, we have made use of antigen-
independent T-cell cloning techniques to show that at least
three different thyroid antigens, three different epitopes on a
single antigen, and two HLA class II elements are involved in
this recognition process in a single individual. This demon-
strates that T cells that are present and activated at the site of
a human autoimmune disease may show considerable hetero-
geneity in their recognition of autoantigen on the target tissue.
This contrasts with the limited heterogeneity recently reported
in some animal models and has potentially important implica-
tions for both our understanding of the autoimmune process in
humans and the design of immunotherapies to reverse it.

The thyroid is the commonest target for organ-specific au-
toimmunity in humans. Graves disease is a form of thyroid
autoimmunity characterized by lymphocytic infiltration of
the thyroid and stimulation of the gland by anti-thyrotropin
(TSH) receptor autoantibodies resulting in thyrotoxicosis (1).
Frequently, high titers of autoantibodies to other thyroid-
specific proteins, including thyroglobulin (Tg) and the thyroid
microsomal antigen (TMA; ref. 2), are seen as well. The
cDNAs for all three autoantigens have now been cloned
(3-5), and the TMA has been shown to be identical with the
tissue-specific enzyme thyroid peroxidase (TPO), which is
required for the biosynthesis of thyroid hormones (6).
Thyroidectomy is often performed as part of treatment for

the overproduction of thyroid hormones in Graves disease.
This provides large quantities of tissue for in vitro study. The
lymphocytic infiltrate of the thyroid has been shown to
contain a high proportion of T cells (7). Also, the autoanti-
bodies to the TSH receptor, Tg, and TMA seen in patients'
sera, the majority ofwhich are produced in the gland itself (8),
are ofthe IgG isotype and often ofhigh titer. Their production
is therefore likely to be dependent on T-cell help (9). Fur-
thermore, the target epithelium in the disease has been shown
to aberrantly express HLA class II antigens (10), as well as
adhesion molecules (11) and cytokines (12) required for
antigen presentation to T cells. As a result, studies of
autoantigen recognition by T cells in the thyroid in this

disease may be expected to contribute key elements to our
understanding of the autoimmune process involved.
We (13), and subsequently others (14, 15), have studied T

cells from thyroidectomy specimens of multiple patients with
autoimmune thyroiditis. A high proportion of the in vivo
activated [interleukin 2 (IL-2) receptor-expressing] T cells
present in these specimens show specific reactivity to autol-
ogous thyroid epithelial cells (TECs) in the absence of
additional antigen-presenting cells (APCs) (13-15). In con-
trast, T cells derived from the peripheral blood of the same
patients show no such response (16). This recognition of
TECs is known to be HLA class II-restricted (13, 16), but the
antigens involved have not been defined.

In the current study, we selected a single patient with
"typical" HLA type (B8, DR3) and active disease at the time
of thyroidectomy for more detailed analysis. A large number
of thyroid-infiltrating T-cell clones and lines were generated
from this individual by our antigen-independent protocol
(17). This panel of in vivo selected T cells was then screened,
without prior exposure to antigen in vitro, for reactivity with
a broad collection of thyroid antigens and peptide epitopes.
We have thus been able to confirm at the molecular level that
thyroid-infiltrating T cells are very highly selected for rec-
ognition of antigens expressed exclusively in this tissue.
More important, we have been able to study the range of
T-cell specificities involved in this recognition process. Such
information is not only likely to contribute to our understand-
ing of the pathogenesis of autoimmune disease but is also
needed to assess whether the highly selective anti-T-cell
immunotherapies developed in animal models (18, 19) will be
applicable in humans.

MATERIALS AND METHODS
Patient. Infiltrating mononuclear cells were extracted from

the thyroidectomy specimen of a 26-year-old woman (CX81)
with persistently relapsing Graves disease. Her HLA type
was A1,2; B8,37; DR2,3; DRw52; DQ2,6; DP2,4. She had
high titers of both anti-TMA (1:6402) and anti-TSH receptor
(66.8% inhibition of TSH binding) antibodies. Anti-Tg anti-
bodies were not detected.

Antigens. Microsomes of Chinese hamster ovary (CHO)
cells expressing whole recombinant human TPO were pre-
pared as described (20) and used at 25 ,ug/ml (total protein)
in proliferation assays in the presence of autologous APCs.
Untransfected CHO cell microsomes at the same protein

Abbreviations: APC, antigen-presenting cell; EBV, Epstein-Barr
virus; IL-2, interleukin 2; PBL, peripheral blood leukocyte; SI,
stimulation index; TEC, thyroid epithelial cell; Tg, thyroglobulin;
TMA, thyroid microsomal antigen; TPO, thyroid peroxidase (-
TMA); TSH, thyrotropin.
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concentration were included as a control in all cases. Pooled
tryptic fragments of highly purified human Tg were a gift of
I. Roitt (Middlesex Hospital, London) and were used at 50
pug/ml.

Synthetic peptides of TPO were synthesized manually by
solid-phase coupling of fluoren-9-ylmethoxycarbonyl amino
acid residues with the RaMPS multiple peptide synthesis
system (DuPont/NEN). Full-length TPO is 933 amino acids.
Twenty-eight sequences containing T-cell motifs according
to the algorithms of Rothbard and Taylor (21) and/or DeLisi
and Berzofsky (22) were selected and synthesized [residues
are numbered from the amino terminus (4)]: 62-75, 84-99,
111-131, 116-131, 188-204, 203-216, 212-228, 234-250, 313-
327, 403-417,414-428, 425-440,437-450,461-477,473-484,
488-504, 514-529, 535-551 (NP-7), 556-572, 572-583, 591-
607, 616-631, 632-645 (B6), 670-686, 694-716, 712-727,
724-734, 756-772. Peptides were used at 10 ug/ml.

Epstein-Barr Virus (EBV)-Transformed B Cells. B cells
from the patient's peripheral blood were transformed with
EBV (EBV81 cells) according to the protocol of Neitzel (23).
EBV-transformed B cells of known haplotype were kindly
provided by J. Bodmer (Imperial Cancer Research Fund) for
use in HLA restriction analysis.

Culture and Cloning of T Cells. Thyroid-infiltrating mono-
nuclear cells were obtained from the nonadherent population
released by enzymatic digestion of the surgical specimen (13,
16). After 1 week of culture (RPMI 1640/10%o human serum)
in the presence of IL-2 (20 ng/ml, Ajinomoto), cells were
expanded for a further week with irradiated (4500 rads; 1 rad
= 0.01 Gy) autologous peripheral blood leukocytes (PBLs),
anti-CD3 monoclonal antibody OKT3 (30 ng/ml), and IL-2 as
described (17). Cells were then cloned by limiting dilution
(0.3 cell per well; ref. 17). Further expansion and mainte-
nance of all clones was achieved by restimulation with
OKT3, IL-2, and HLA-unmatched irradiated PBLs every 1-2
weeks. At no time were clones exposed to specific antigen,
except in proliferation assays. Assays were performed at the
end of the cycle and a minimum of 5 days after the last
exposure to IL-2.
Where indicated (see below), thyroid-infiltrating T-cell

lines initially expanded independently of antigen (OKT3/
IL-2) were later submitted to selection using TPO-derived
peptides. Peptide (10 tg/ml) was presented by irradiated
(16,000 rads) EBV81 cells at a T cell/APC ratio of 1:1. After
7 days, IL-2 was added. Cells were assayed 7 days later and
then maintained by weekly addition of IL-2 and restimulation
with peptide every 2 weeks.

Proliferation Assays. Assays of antigen recognition were
performed over 3 days in triplicate in round-bottomed mi-
crotitration wells. Ten thousand T cells (clone or line) were
washed once and added to 2-5 x 104 irradiated autologous
PBLs or EBV81 cells together with the appropriate antigen.
[3H]Thymidine [Amersham; 1 ,uCi (37 kBq)] was added for
the final 6 hr before harvesting and scintillation counting (16).
For proliferation assays with peripheral blood, 105 mononu-
clear cells isolated from heparinized whole blood by buoyant
density centrifugation (Lymphoprep, Nycomed) were incu-
bated in triplicate in round-bottomed microtitration wells
with appropriate antigen for 5 days before incubation with
[3H]thymidine and harvesting as for thyroid-derived cells.
Autologous TECs were obtained following enzymatic diges-
tion of the thyroid and used in proliferation assays as de-
scribed (13, 16). The stimulation index (SI) was calculated as
(total cpm with T cells, APCs and antigen - cpm with T cells
and APCs alone)/cpm with T cells and APCs alone.

RESULTS
TEC Recognition by T-Cell Lines from the Thyroid Infil-

trate. Uncloned T-cell lines were derived from this patient's

thyroid tissue on multiple occasions by usingOKT3 and IL-2.
Such lines showed reactivity to intact autologous TECs (Fig.
1), as we have seen previously with other patients (13, 16).
These lines also showed reactivity to a microsomal prepara-
tion from CHO cells expressing recombinant human TPO but
showed no response to microsomes from control, untrans-
fected CHO cells (Fig. 1) or to tetanus toxoid (data not
shown). This provided an initial indication that at least some
of the T cells present in the infiltrate that responded to TECs
might be specific for TPO.

Recognition of Thyroid Proteins by T-Cell Clones. To ana-
lyze the response of the thyroid infiltrate at the level of
individual T cells, the expanded infiltrate was cloned at
limiting dilution (0.3 cell per well) by our antigen-independent
protocol. A panel of 33 clones derived in this way was
simultaneously tested for reactivity to TEC, TPO, and pooled
tryptic fragments of human Tg (Table 1). The clones sepa-
rated into four groups: those responding to TPO (e.g., c2.12
and c2.27; 46% of clones), those responding to Tg (c2.7; 3%),
those responding to TECs but not TPO or Tg (e.g., c2.1 and
c2.5; 36%), and those showing no significant proliferation in
response to any of these antigen preparations (e.g., c2.11;
15%) (Table 1). This suggests that T cells recognizing at least
three different thyroid-specific antigens were simultaneously
present in the thyroid of this individual. Two of the antigens
involved have been identified (TPO and Tg); the remainder
are present on TECs but not on autologous PBLs (Table 1).
Twelve out of 15 of the TPO-reactive clones also showed

significant proliferation ([3H]thymidine incorporation) in re-
sponse to autologous TECs (SI >2.0 (e.g., c2.23; Table 1).
This provides direct evidence that TECs can present an
endogenous autoantigen, in this case TPO, to T cells. The
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FIG. 1. Proliferation of uncloned thyroid-infiltrating T cells,
expanded in the absence of antigen, to TECs and TPO. Lines A and
B were derived on separate occasions with OKT3 plus IL-2. PBLs,
irradiated autologous PBLs (APCs) plus T cells; Con micros, un-
transfected CHO microsomes added; TPO micros, microsomes of
TPO-transfected CHO cells added; TECs, autologous TECs, either
1.3 x 104 (TECs 13,000) or 6 x 103 (TECs 6000) per well, plus T cells
in the absence of added antigen or APCs. Data are the means of
triplicate cultures, and error bars show the standard errors of the
mean.
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Table 1. Response of thyroid-infiltrating T-cell clones to
thyroid antigens

[3H]Thymidine incorporation, cpm

Con TPO Speci-
Clone APCs TECs micros micros Tg ficity
2.8 128 3,622 155 2,913 17 TPO
2.9 125 1,538 67 1,412 87 TPO
2.12 432 3,142 214 6,852 163 TPO
2.23 90 14,558 62 2,414 156 TPO
2.25 97 2,271 59 1,210 88 TPO
2.26 127 1,257 72 2,649 111 TPO
2.27 91 1,926 84 11,189 95 TPO
2.28 95 3,444 95 2,901 131 TPO
2.30 94 2,554 74 2,541 86 TPO
2.33 86 7,538 87 1,914 86 TPO
2.34 159 3,386 73 6,038 143 TPO
2.35 87 2,018 64 1,184 83 TPO
2.36 127 1,973 69 5,893 99 TPO
2.40 280 2,308 61 4,762 142 TPO
2.14 87 1,773 147 263 146 (B6)*
2.7 139 1,343 91 510 89,003 Tg
2.1 112 32,667 118 83 % TECs
2.5 171 26,398 85 100 126 TECs
2.10 115 2,093 62 228 100 TECs
2.22 162 20,724 84 115 113 TECs
2.24 116 45,918 51 100 103 TECs
2.32 85 2,065 75 96 119 TECs
2.37 85 3,204 65 532 191 TECs
2.38 78 2,149 64 190 86 TECs
2.39 67 3,816 79 290 149 TECs
2.41 169 57,961 94 167 148 TECs
2.41 131 45,992 232 133 110 TECs
2.11 137 945 71 105 113 None
2.13 251 1,193 148 722 134 None
2.17 97 1,272 70 95 103 None
2.29 108 817 60 103 79 None
2.31 111 1,257 86 115 131 None
Clones were derived without exposure to antigen prior to screen-

ing. Results are expressed as mean [3H]thymidine incorporation
(cpm) in triplicate cultures. Standard errors were <15% of the mean.
Similar results were obtained in two or more experiments. Specific-
ity: clones were considered reactive if the response to a particular
antigen was >1000 cpm and represented a SI of >2.0. APCs were
irradiated autologous PBLs. TECs were used at 104 per well. Control
and TPO microsomes (micros) were as in Fig. 1. [3H]Thymidine
incorporation of TECs alone was 562 ± 136 cpm.
*Clone c2.14 reacted to a peptide epitope of TPO (see Table 3).

remaining three clones (c2.9, c2.14, and c2.26) and the
Tg-reactive clone (c2.7) did show some proliferation above
background in response to TECs, although this did not reach
a SI of >2.0 in the in vitro system used. Eighty-five percent
of the clones showed significant proliferation in response to
thyroid-derived antigens and/or TECs, demonstrating the
highly thyroid-specific nature of the in vivo activated T cells
present at the disease site in this individual.

Recognition ofTwo Separate Epitopes ofTPO. The response
of thyroid-infiltrating T cells to a single thyroid antigen, TPO,
was studied in greater detail. Twenty-eight synthetic peptides
corresponding to putative T-cell motifs in the TPO sequence
were prepared. These were used to screen uncloned, thyroid-
derived T cells expanded in the absence of antigen (OKT3/
IL-2). Low-level reactivity to two epitopes-NP-7, TPO
residues 535-551 (SI = 4.8), and B6, residues 632-645 (SI =
1.4)-was seen (Fig. 2A). The responses to the two peptides
could be separated and amplified by growth for 4 weeks in the
presence of either NP-7 or B6 (SI 208.6 and 22.7, respec-
tively, Fig. 2B). This confirms that these regions do indeed
contain two distinct, noncrossreactive epitopes of TPO rec-
ognized by thyroid-infiltrating T cells.
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FIG. 2. Response of uncloned thyroid-infiltrating T cells to two
peptide epitopes [NP-7 (residues 535-551) and B6 (residues 632-
645)] of TPO before and after antigen selection. Additions to prolif-
eration assay wells are shown below the bars. Con, T cells alone;
APCs, EBV81 cells were added; NP-7 or B6, peptide was added to
T cells plus APCs. (A) Infiltrating T cells expanded with OKT3 and
IL-2 only. (B) Infiltrating T cells after selection with peptide NP-7
(solid bars) or peptide B6 (striped bars). Results are expressed as in
Fig. 1.

HLA Class II Restriction of TPO Epitopes. The peptide-
specific T-cell lines described above (Fig. 2B) were used to
examine the HLA restriction elements involved in the re-
sponse of thyroid-infiltrating T cells to TPO-based peptides
NP-7 and B6. A panel of homozygous EBV-transformed B
cells of known haplotype was employed for this purpose.
Table 2 shows that the two epitopes were restricted by
different HLA class II elements: B6 was restricted by DQ2,
while NP-7 was recognized in the context of DP2 or DQ6.

Clonal Frequencies of NP-7 and B6 Recognition: Evidence
for Further TPO Epitopes. To obtain an estimate of the
relative frequency of reactivity to the TPO epitopes NP-7 and
B6 in the in vivo activated thyroid-infiltrating population, a
large panel of clones derived independently of antigen
(OKT3/IL-2) was studied. Results of positive clones are
shown in Table 3. Six out of 81 clones showed reactivity to
NP-7, accounting for 18% of the TPO reactivity in this panel,
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Table 2. HLA restriction of T-cell lines specific for TPO peptide
epitopes NP-7 and B6

HLA type Response, SI

EBV line A B DR DRw DQ DP NP-7 line B6 line

EBV81 1,2 8,37 2,3* 52 2.6 2,4 67 22
AHB 1 8 17* 52 2 4 0.2 6.4
STEINLIN 1 8 17* 52 2 3 0 30
RSH-D 30,68 8,38 18* 52 4 1 0 0
IBW9 33 65 7 53 2 1 0.2 40
FPF 1 35 11 52 6 2 148 0
ARNT 2 38,39 13a 52 6 2,3 18 NT
WT46 32 44 13b 52 6 2 11 NT
WT52 11 22 14b 52 5 4 0 NT
EFI-ND 1,2 7,37 10 5 NT 0.5 NT

TPO peptide-selected T-cell lines are as in Fig. 2B. SI values show
the response of T cells to the peptide used for their selection. HLA
types of EBV-transformed B cells used as APCs are shown. EBV81
was derived from the patient's own PBLs. Significant responses are
shown in italic. NT, not tested.
*DR3 has been subdivided into DR17 and DR18. The patient has not
been DR17/18-subtyped.

and 1 of 57 clones responded specifically to B6, correspond-
ing to 4% ofthe total TPO-specific reactivity (see Table 3 and
legend). However, 22 clones showed reactivity to TPO but
not to either of these two epitopes (e.g., c2.33 and c2.91,
Table 3). This indicates that thyroid-infiltrating T cells rec-
ognize at least three and probably more separate TPO
epitopes in this patient. We have identified two of these
(residues 535-551 and 632-645), accounting for around a
quarter of the response to TPO. No response to either of
these two epitopes was seen with peripheral blood-derived T
cells from the same patient (Table 3).
Some of the less highly reactive peptide-specific clones

(cl.75, cl.104, c2.14) did not show a significant response to
the whole TPO preparation (Table 3), and in all cases the
response to TPO microsomes was considerably lower than
the response to the optimal concentration of peptide (10
gg/ml, Table 3). This suggests that the TPO content of this
preparation was suboptimal for the stimulation of these T
cells. Unfortunately, higher concentrations could not be used
because of nonspecific inhibition by CHO cell proteins (data
not shown). Peripheral blood T cells responded to both

Table 3. Response of thyroid-derived T-cell clones and PBLs to
two peptide epitopes of TPO and TPO microsomes

[3H]Thymidine incorporation, cpm

Control TPO
T cells APCs NP-7 B6 micros micros Specificity
cl.43 82 17,173 NT 654 2,121 NP-7
cl.75 346 2,544 NT 84 151 NP-7
cl.104 68 5,015 NT 44 260 NP-7
cl.105 599 4,455 NT 172 1,028 NP-7
c2.72 364 61,298 212 254 3,336 NP-7
c2.73 605 54,116 362 360 2,976 NP-7
c2.14 157 125 14,560 133 213 B6
c2.33 148 161 181 202 6,183 TPO
c2.91 183 193 207 573 4,415 TPO
PBLs 753* 797 619 14,824 9,534 None

Clones were derived without prior exposure to antigen. Responses
of all peptide-reactive clones are shown with those of two repre-
sentative clones responding to TPO microsomes but not NP-7 or B6.
Results and criteria for a significant response are as in Table 1.
Thirty-four of 81 clones screened against NP-7 and 25 of 57 clones
screened against B6 responded toTPO microsomes (data not shown).
APCs were irradiated autologous PBLs or fixed EBV81 cells. NT,
not tested.
*PBLs alone, with no added APCs.

transfected and untransfected microsomes, indicating a re-
sponse to CHO-derived proteins and masking any specific
response to TPO. No response to control (untransfected)
microsomes was seen at any time with thyroid-derived T
cells, a further indication of their selected specificity (Fig. 1,
Tables 1 and 3).

DISCUSSION
T cells present in the thyroid ofthe patient CX81 were shown
to recognize at least three separate autoantigens expressed in
this tissue. Two of these antigens have been identified (Tg
and TPO) and are known to be exclusive to the thyroid. The
frequency of in vivo activated clones specific for tissue
antigens was striking (85%), confirming at a molecular level
that infiltratingT cells are very highly selected for recognition
of these antigens. The low frequency of Tg-specific cells
identified (3%) compared with TPO reactivity (46%) is con-
sistent with the undetectable level of anti-Tg autoantibodies
but very high titers of anti-TMA antibodies in this patient's
serum. In view of the central role of anti-TSH receptor
(agonist) antibodies in Graves disease (1) and the high level
of these antibodies in this patient, the most likely candidate
for at least part of the large non-Tg/non-TPO reactivity to
TECs seen in this individual (36% of clones) is the TSH
receptor itself.
We have also examined the response of thyroid-infiltrating

T cells to a single thyroid antigen, TPO, at the peptide epitope
level. Infiltrating T cells were shown to recognize at least
three distinct epitopes of TPO presented in the context of at
least two separateHLA class II elements. The location oftwo
of these epitopes has been identified (residues 535-551 and
632-645). No response to these epitopes Was seen with the
patient's peripheral blood T cells (Table 3), further empha-
sizing the degree of antigenic selection in the thyroid. It is of
interest that none of the HLA restriction elements involved
with the presentation of the TPO epitopes defined here was
DR3, the HLA class II element that has been most frequently
associated in epidemiological studies with increased suscep-
tibility to Graves disease (1) and that was also present in this
individual. This contrasts with the view that the basis for
genetic associations between HLA elements and autoim-
mune disease is the requirement of these elements in pre-
sentation of autoantigen. Our observations may indicate (i)
that the epidemiologically associated HLA element is more
concerned with repertoire selection in the thymus than with
antigen presentation in the target organ or (it) that epitopes in
addition to those identified here play a greater role in disease
pathogenesis.
Marked heterogeneity ofautoantigen recognition by T cells

at the site of disease was observed in this study. This was
manifest at three levels: the number of proteins recognized,
the number of epitopes on a single protein involved, and the
number of HLA restriction elements used. Although no
general conclusions can be made from analysis of a single
individual, such heterogeneity is consistent with the range of
autoantibody specificities known to be present in this disease
(24, 25) and the lack of oligoclonality observed in T-cell
receptor usage in this (26) and other (27) autoimmune dis-
eases. On the other hand, it contrasts sharply with the limited
repertoire of pathogenic T cells reported in some induced
models of autoimmunity-most notably, murine experimen-
tal allergic encephalomyelitis (18). In addition, it is not
immediately reconcilable with the concept that autoimmunity
is due to a crossreactive response to a single epitope present
on an infectious agent (28). Heterogeneous recognition of
autoantigen also poses a challenge to the development of
highly targeted anti-T-cell immunotherapies in humans. Such
therapies have been possible in induced animal models of
autoimmune disease, because of the limited heterogeneity of
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pathogenic cells involved (18, 19). Clearly, further studies of
the kind seen here are urgently needed to resolve these
important issues.
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