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Abstract

To develop a model for endogenous thyroid autoantigen presen-
tation, we transfected EBV-transformed B lymphoblastoid cell
lines (EBV-LCL), established from patients with autoimmune
thyroid disease and normal controls, with cDNA for the human
thyroid autoantigen thyroid peroxidase (hTPO). hTPO-anti-
gen presentation to patient peripheral blood T cells was demon-
strated after stimulation in vitro for 7 d with irradiated hTPO-
transfected or untransfected autologous EBV-LCL. Anti-
hTPO-reactive T cells were subsequently cloned in the
presence of irradiated, autologous hTPO-transfected EBV-
LCL and IL-2. 10 T cell-cloned lines exhibited specific hTPO-
induced proliferation (stimulation indices of 2.1-7.9) towards
autologous hTPO-transfected EBV-LCL, and were subjected
to human T cell receptor (hTCR) V gene analysis, using the
PCR for the detection of V a and V 8 hTcR gene families. The
results indicated a preferential use of hTCRValand/orVa3
in 9 of the 10 lines. In contrast, \TCR V 8 gene family use was
more variable.

These data demonstrate a model for the endogenous presen-
tation of human thyroid peroxidase in the absence of other thy-
roid specific antigens. The high frequency of antigen-specific T
cells obtained from PBMC using this technique will facilitate
further studies at both the functional and hTCR V gene level.
(J. Clin. Invest. 1993.91:1567-1574.) Key words: autoimmune
thyroid disease « human thyroid peroxidase » human T cell re-
ceptor * polymerase chain reaction « Epstein-Barr virus B cells

Introduction

Both T and B lymphocytes have béen implicated in the etiology
of human autoimmune thyroid disease (AITD)' (1). It has
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1. Abbreviations used in this paper: AITD, autoimmune thyroid dis-
ease; APCs, antigen-presenting cells; CHO-hTPO, human thyroid per-
oxidase—expressing Chinese hamster ovary cells; EBV-LCL, EBV-
transformed B lymphoblastoid cell lines; hTCR, human T cell recep-
tor; hTPO, human thyroid peroxidase; phTPO-ECE, hTPO expression
plasmid; RAJI-hTPO, hTPO-transfected RAJI cells.
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been suggested that inappropriate antigen presentation may
occur in the context of MHC class II molecules newly ex-
pressed on thyroid epithelial cells in patients with autoimmune
thyroid disease (2-4), and we have demonstrated a thyroid
antigen-specific T cell response to autologous thyroid cells in
the absence of classical antigen presenting cells (5). The clonal
investigation of thyroid antigen-autoreactive T cell popula-
tions has demonstrated MHC restriction and both phenotypic
and functional heterogeneity of T cell clones infiltrating the
thyroid of patients with both Graves’ and Hashimoto’s diseases
(6-8). More recently, we have observed a restricted use of hu-
man T cell receptor (hnTCR) genes by intrathyroidal T cells
implicating a primary role for T cells in human thyroid au-
toimmune disease (9, 10).

At the clonal level, extensive analysis of human T cell
clones reactive with thyroid autoantigens has encountered sev-
eral practical limitations. Firstly, human T cell clones, espe-
cially those reactive to autoantigens such as human thyroglobu-
lin and human thyroid peroxidase (hTPO), have been difficult
to raise and propagate in vitro (6, 7, 11). Secondly, autologous
thyroid epithelial cells, the putative target cells, are always in
short supply. If available from surgical specimens, their num-
ber is limited and their survival in culture is shortlived; at-
tempts to obtain their immortalization have been only tran-
siently successful (12) or have been accomplished by somatic
cell fusion, thereby introducing nonautologous cellular compo-
nents (13, 14). Similarly, feeder cells in the form of autologous
PBMC may be available only in limited quantities. To over-
come these practical limitations, we have investigated autolo-
gous B lymphoblastoid cells, obtained through transformation
with EBV and transfected with the cDNA for hTPO, as poten-
tial antigen-presenting cells (APCs) for T cells derived from
patients with AITD. Such an approach offers several advan-
tages. Stably transfected EBV lines provide a potentially unlim-
ited supply of autoantigen presenting cells. Furthermore, EBV
cells frequently express high levels of MHC class II antigens at
their surface and are efficient APCs for exogenous antigens
(15). Studies have clearly demonstrated enhanced stimulation
of antigen-specific T cells when antigen-specific B cells were
used as APCs, thus underlining the importance of antigen pro-
cessing for efficient antigen presentation and recognition (16).
Perhaps most importantly, a model in which the antigen is
generated by the cell itself and handled as an endogenous pro-
tein in a potentially processed form, may closely mimick au-
toantigen presentation by the thyroid epithelial cell itself. Thus,
the system would differ qualitatively from conventional anti-
gen presentation systems using exogenous antigen. By the same
token, such autoantigen can be expected to be glycosylated in a
human form as opposed to recombinant preparations obtained
from nonhuman expression systems ( 17), and EBV lympho-
blastoid cells may be more apt to provide the second signal
than epithelial cells (18). Here we describe expression of the
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human thyroid autoantigen hTPO in EBV-transformed B lym-
phoblastoid cell lines (EBV-LCL) and their stimulation of au-
tologous T cells subsequently characterized for their T cell re-
ceptor.

Methods

Construction of pHEBo-hTPO. The human hTPO expression plasmid
(phTPO-ECE) was prepared as previously described (17) in a way
similar to the original report (19). The plasmid was digested with Scal
and then subjected to incomplete digestion with BamHI. A 4.2-kb par-
tial digestion product consisting of the region from Scal through the
BamHI site 3’ to the hTPO cDNA contained the 5’ portion of the
B-lactamase gene, the SV-40 origin of replication and early promoter,
the human thyroid peroxidase cDNA, and the SV-40 polyadenylation
site. This 4.2-kb fragment was isolated and then ligated to a 6.2-kb
restriction fragment from pHEBo (20) that had been obtained by di-
gestion of the plasmid with BamHI along with partial digestion with
Scal. Ligated DNA was transfected into competent Escherichia coli
(W3110), which were then screened for the presence of recombinant
plasmids containing an intact 8-lactamase (amp") gene. Plasmid DNA
isolated from ampicillin resistant colonies was subjected to restriction
digestion with HindIII, Smal, EcoRI, BamHI, and Xbal, or combina-
tions of these enzymes to confirm the proper size and orientation of the
hTPO cDNA. Plasmid DNA was prepared and purified two times by
cesium chloride density gradient centrifugation (Fig. 1).

Source of PBMC and their EBV transformation. PBMC were ob-
tained by Ficoll-Hypaque density gradient centrifugation according to
established methods (21). Donors (n = 2) included a patient with
Graves’ disease, as defined by clinical and biochemical hyperthyroid-
ism and the presence of thyroid-stimulating hormone (TSH) receptor
autoantibodies (80% inhibition, normal < 15%) (22) and high serum
hTPO antibody levels (ELISA index 1.47, normal < 0.2), and a patient
with autoimmune thyroiditis as defined by clinical hypothyroidism
and detectable levels of serum autoantibody to human thyroid peroxi-
dase (ELISA index 0.8). A normal donor was a laboratory employee
with no history of AITD. EBV-LCL were obtained by transformation
of PBMC using B95-8 supernatants (generously provided by Dr. P.
Casali, New York University) in combination with T cell suppression
using cyclosporin (2.9 ug/ml) (Sandoz Pharmaceuticals Inc., East
Hanover, NJ) (23).

Transfection of hTPO cDNA into B cells. Either Burkitt lymphoma
derived-RAIJI cells (American Type Culture Collection, Rockville,
MD) or EBV-LCL from normals or patients were grown in 15% FBS/
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Figure 1. Schematic diagram of construct pHEBo-hTPO conferring
hygromycin resistance, and a full length hTPO-cDNA sequence under
control of an SV40 promoter (see Methods).
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85% RPMI 1640 (with 25 mM Hepes buffer and L-glutamine) (Gibco,
Grand Island, NY) supplemented with 1% penicillin/streptomycin
(Gibco). Celis (10 X 10°) in log phase of growth were transfected via
electroporation using 20 ug of pHEBo-hTPO (Gene Pulser; Bio-Rad
Laboratories, Richmond, CA ) at 200 V. Transfected RAJI cells (RAJI-
hTPO) and control RAJI cells were selected using hygromycin B (400
ug/ml) (Calbiochem, La Jolla, CA). Resistant cells were cultured con-
tinuously in this medium. Patient and normal PBMC-derived EBV-
LCL were transfected using a similar technique but selected with in-
creasing hygromycin B concentrations from 100 to 200 ug/ml and
maintained at 200 pg/ml of hygromycin B. Control pHEBo-only
transfected cells were obtained using the same procedure. Control cul-
tures of untransfected cells all died within 4 wk after addition of hygro-
mycin.

Evaluation of hTPO mRNA expression. Total cellular RNA was
extracted from cell cultures using guanidinium thiocyanate and phenol
(RNAzol B; Cinna/Bioteck Labs International Inc., Friendswood,
TX) and stored in alcohol/saline. Northern blots (10 or 20 pg/lane)
were probed with a 32P-labeled 2.25-kb Xhol-Sstl restriction fragment
of hTPO cDNA (from clone phTPO-ECE). Thyroid tissue from a pa-
tient with Graves’ disease and hTPO expressing Chinese hamster ovary
(CHO-hTPO) cells (17) served as positive controls.

Evaluation of hTPO-antigen expression. Western blotting was per-

formed using reduced and denatured samples of transfected and con-
trol cells on a mini-gel apparatus (Miniprotean Apparatus; Bio Rad,
Richmond, CA) using standard techniques as previously described at
concentrations of 5-20 ug protein/lane (24). The filters were blocked
with 5% nonfat milk and incubated with 1 /100 dilution of a standard-
ized and pooled patient serum preparation (MS 12/89: anti-hTPO
standard) ( 17) or normal serum control. After washing, the filters were
incubated with ' protein A and subsequently exposed. For surface
analysis of hTPO antigen expression, cells were stained via indirect
immunofluorescence using high titer human polyclonal anti-hTPO
serum ( 1:100 dilution) or murine mAb to natural hTPO (no. 18AS2,
1:100 dilution; kind gift of Dr. B. Rees Smith, University of Wales,
Cardiff, UK) and FITC-labeled second antibody to human IgG (Sigma
Immunochemicals, St. Louis, MO) or mouse Ig (Cappel/Organon
Teknika, Durham, NC), respectively. A minimum of 2,000 fluores-
cent cells were analyzed on a three-decade logarithmic scale using laser
flow cytometry (Epics C; Coulter Electronics, Hialeah, FL).

Evaluation of HLA-class II expression in transfected EBV-LCL.
hTPO-transfected EBV-LCL and controls were stained using phycoer-
ythrin-conjugated 12 (anti-HLA-D/DR) mAb (Coulter Inmunology,
Hialeah, FL) and fluorescent cells were analyzed by laser flow cytome-
try (Coulter Epics C).

Assessment of PBMC reactivity to hTPO. Peripheral blood mono-
nuclear cells (1 X 10°/well) were incubated with 1 X 10* gamma irra-
diated (100 Gy), autologous, EBV lymphoblastoid cells (either un-
transfected or transfected with the construct pHEBo-hTPO) in quadru-
plicates for 7 d. The culture medium consisted of 10% human
heparinized plasma (derived from male donors) and RPMI 1640 (sup-
plemented as above). Tritiated thymidine (0.5 uCi = 18.5 kBq/well)
(New England Nuclear, Boston, MA ) was added for the last 18 h of the
cultures. Cells were then harvested (PHD cell harvester, model 200A;
Cambridge Technology Inc., Cambridge, MA ) and subjected to liquid
scintillation counting (model LS 3801, Beckman Instruments Inc.,
Fullerton, CA). For expansion after this initial 7-d period, additional
wells were set up in parallel at the same time and used for cloning.

Generation of hTPO-specific T cell lines. After the initial 7-d sensiti-
zation period, cells were seeded at 100/well in microwells of 96-well
tissue culture plates (Linbro; Flow Laboratories, McLean, VA) to-
gether with 1 X 10* gamma irradiated (100 Gy) autologous EBV-LCL
transfected with the construct pHEBo-hTPO. The medium was identi-
cal to the one used during the sensitization period but contained 10%
crude IL-2 (Lymphocult T; Biotest, Frankfurt, Germany). After 12 d,
the contents of wells demonstrating cell growth were transferred to
24-well plates (Costar, Cambridge, MA) with 1.25 X 10* 100 Gy
gamma-irradiated pHEBo-hTPO feeder cells and expanded for another



week, after which they were tested as single or pooled cultures for anti-
gen-specific proliferation. These cultures are referred to as lines, since
they were derived from cultures of = 100 cells/well. We then per-
formed a cloning procedure at 0.5 cells per well in Terasaki plates
(Robbins Scientific, Mountain View, CA) in a 20-ul volume with 1-2
X 10 autologous EBV-hTPO feeder cells. Cells were grown in these
wells for 12-14 d, after which they were transferred to 96-well plates
with 1 X 10* autologous, irradiated EBV-hTPO feeder cells. After 6 d,
the surviving cells were transferred to 24-well plates, expanded, and
tested as described below.

Testing of anti-hTPO reactivity. For the testing of sensitized bulk
cultures, as well as IL-2 expanded lines, T cells were examined for their
reactions to 100 Gy irradiated autologous pHEBo-hTPO transfected
EBV-LCL (0.4-1 X 10* cells/well), as well as untransfected EBV-
LCL, or against the pHEBo-(wildtype)-transfected EBV lymphoblas-
toid cell line as control. An average of 1.2 X 10* T cells per well were
stimulated over 2 d in triplicates or quadruplicates followed by the
addition of 0.5 uCi/well of tritiated thymidine for 18 h, after which
cells were processed for 8 liquid scintillation counting (see above).

T cell phenotyping. T cell lines with stimulation indices > 1.5 were
stained for cell surface markers CD4 and CD8 using monoclonal anti-
bodies T4 (phycoerythrin-coupled) and T8 (fluorescein isothiocyan-
ate-coupled) (Coulter Immunology) and dual fluorescence analyzed
by laser flow cytometry as described above.

T cell receptor analysis. Complementary DNA (cDNA ) transcripts
were prepared using oligo-dT priming and avian reverse transcriptase
(Life Sciences, Inc.) as described elsewhere (9, 25) and the cDNA,
synthesized from the equivalent of 1-5 ug total cellular RNA, was
stored in 200 ul sterile water. For the amplification of the hTCR,
mRNA transcripts, we used 18 different V « (9) and 21 V B (26)
oligonucleotide 5’ amplimers prepared using a DNA synthesizer (Ap-
plied Biosystems) and paired them with 3’ primers matched to Ca or C
B 1 constant region genes. The predicted size of the amplified PCR
fragments based on the individual V gene families was subsequently
used in the recognition of V gene family specific bands. For the PCR
reactions, 5 ul of denatured cDNA was amplified in a 25-ul final vol-
ume with 1 U Tag DNA polymerase, 0.3 ug of both primers, Tag
polymerase buffer, and with 1.5 mM of each ANTP. We carried out 35
cycles of amplification by using a step program (95°C, 1 min, 56°C, 2
min, and 72°C, 3 min ) followed by a 10-min extension at 72°C (model
PTC100 programmable thermal controller; M. J. Research Inc., Cam-
bridge, MA). Negative controls included tubes without cDNA. The
amplified products were subjected to electrophoresis on 1.5% agarose
gels with ethidium bromide and visualized under ultraviolet light.

hTCR V gene hybridization. To improve the sensitivity of fragment
detection and to examine the specificity of the PCR products the aga-
rose gels were transblotted onto nitrocellulose membranes (Hybond-C;
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Amersham Corp., Arlington Heights, IL), baked, and prehybridized as
described (9, 25). All blots were subsequently hybridized with a 32P-
gamma ATP-labeled oligonucleotide probe specific to the C a or C -1
regions and internal to the predicted hTCR products. Approximately 5
X 10° cpm/ml of probe was hybridized with each filter for 18 h at 42°C
in 6 X SSC, 1 X Denhart’s solution, 0.05% sodium pyrophosphate, and
transfer RNA. The filters were washed in 2 X SSC with 0.05% sodium
pyrophosphate at increasing temperatures (50°C, 60°C, and 70°C).
After each washing, the blots were exposed to x-ray film with an inten-
sifying screen at —80°C for 1-24 h.

Results

Human TPO gene expression in pHEBo-hTPO transfected
RAJI cells. We first transfected the Burkitt lymphoma cell line
RAJI using the construct pHEBo-hTPO, since high copy num-
bers of pHEBo had been reported in these cells after transfec-
tion (20). Total cellular mRNA, prepared from hygromycin
resistant RAJI cells, contained an abundant 3.7-kb hTPO
mRNA, as shown in Fig. 2. The hTPO mRNA was of similar
size and equally abundant to control CHO-hTPO cells and
absent from nontransfected RAJI cells. Natural \TPO mRNA
prepared from Graves’ disease thyroid tissue contained a
smaller 3.2-kb mRNA as described previously (19) because of
the lack of the additional 0.5-kb polyadenylation sequence de-
rived from plasmid pECE (not illustrated ) (27). Western blot-
ting of RAJI whole cell lysates was complicated by the presence
of a variety of (likely EBV-associated) immunoreactive bands
using pooled anti-hTPO positive sera (major bands at 68, 72,
and 96 kD) (Fig. 3). Nevertheless, a band at ~ 107 kD charac-
teristic of hTPO was seen with RAJI-hTPO cells but not with
control RAJI cells, and was similar to that seen in the control
CHO-hTPO cells that lacked the EBV-associated bands (Fig.
3). The surface expression of the hTPO antigen was confirmed
by laser flow cytometry which demonstrated hTPO on > 40%
of hygromycin resistant RAJI cells when detected with high
titer human polyclonal anti-hTPO (Fig. 4). However, no reac-
tivity with murine monoclonal anti-hTPO no. 18AS2 was seen
on the same RAJI-hTPO cells (Table I) suggesting that the
expressed protein differed from thyroidal hTPO.

Expression of hTPO in pHEBo-hTPO transfected normal
and patient EBV-LCL. Results of hTPO transfection studies
using normal and patient EBV immortalized B cells are sum-

Figure 2. (A) hTPO mRNA
expression in transfected cell
lines from patients with
AITD (lines ZIO-hTPO and
IAN-hTPO) as assessed by
Northern blot analysis. Un-
transfected lines were in-
cluded as controls. Trans-
fected cells are indicated by
+, and untransfected controls
are indicated by —. CHO-
hTPO (from reference 17)
and untransfected CHO cells
were included as controls.
The hTPO mRNA was 3.7
kb in both transfected patient

-t ty-—+ %

CHO RAJI

lines and CHO-hTPO. (B) hTPO-mRNA expression in transfected RAJI cells as assessed by Northern blot analysis. Untransfected and trans-
fected CHO cells (from reference 17), as well as untransfected RAJI cells served as controls. The hTPO mRNA was 3.7 kb in both CHO-hTPO

and RAJI-hTPO.
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Figure 3. This figure illustrates the detection of hTPO protein by
Western blot of RAJI-hTPO (whole cell lysate) using pooled human
anti-hTPO serum. Both RAJI-hTPO and CHO-hTPO reveal charac-
teristic protein bands at 100-110 kD. Additional bands in the RAJI
and RAJI-hTPO preparations likely represent reactivity with EBV
antigens. (Lane 4) Molecular mass markers, (lane B) RAJI (8.4 ug/
lane), (lane C) RAJI-hTPO (8.4 ug/lane), (lane D) RAJI-hTPO (5
ug/lane), (lane £) RAJI-hTPO (1.7 pg/lane), (lane F) RAJI-hTPO
(0.34 pg/lane), (lane G) RAJI-hTPO (0.17 pug/lane), (lane H)
CHO-hTPO membranes (10 ug/lane), (lane ) CHO-hTPO (whole
cell lysate) (2.8 ug/lane), and (lane J) control CHO membranes ( 10
ug/lane).

Table 1. hTPO gene expression in transfected EBV-LCL

marized in Table I. Three EBV-LCL were generated from
PBMC and successfully transfected with pHEBo-hTPO (one
patient with Graves’ disease (IAN), one patient with Hashi-
moto’s disease (ZIO), and one normal (KIM). One of the
patient lines was also transfected with the original plasmid
pHEBOo as a plasmid transfection control. Northern blot analy-
sis confirmed the presence of hTPO-specific mRNA in each of
the three lines transfected (Fig. 2). There again appeared to be
a difference in molecular size of both mRNAs (3.7 kb) com-
pared to natural h\TPO (3.2 kb). Analysis of mRNA expression
of these transfected EBV-LCL over time revealed considerable
variability in the degree of gene expression by each individual
line. For example, line IAN-hTPO expressed higher steady-
state levels of hTPO mRNA than line ZIO-hTPO (Fig. 2). In
the normal control cell line, KIM-hTPO, there was a time de-
pendent decline in hTPO mRNA (data not shown).

Antigen expression in the EBV-LCL was analyzed by West-
ern blotting technique using transfected and nontransfected
EBV-LCL. However, the presence of EBV antigens, detected
by the human antisera, made it difficult to illustrate the hnTPO
bands. Although 100-kD proteins were discernable it was not
possible to see hTPO protein fragments of differing sizes repre-
sentative of degraded hTPO (data not illustrated). However,
cell surface staining of normal and patient EBV-LCL trans-
fected with pHEBo-hTPO using both monoclonal and polyclo-
nal anti-hTPO revealed a heterogeneous picture of low level
hTPO-antigen expression ( Table I). While the polyclonal anti-
hTPO did not detect surface hTPO expression in these lines,
mAb 18AS2 detected hTPO molecule expression on 16% of the
IAN-hTPO cells (Fig. 4).

HLA-class II expression in hTPO-transfected EBV-LCL.
One potential effect of the transfected hTPO-containing con-

Surface hTPO
mRNA Western*
Human cell (kb) (kD) Poly-Ab M-Ab HLA-DR!

Burkitt lymphoma cells:

RAIJI-LCL — — 0% — —

RAIJI-hTPO 3.7 107 47% 0% —
Patient EBV-lymphoblastoid cells:

IAN-LCL — — 0% 0% 99%

IAN-hTPO 3.7 — 2% 16% 95%

IAN-pHEBo — — — —_ 87%

ZIO-LCL } — — 0% 0% —

ZIO-hTPO 3.7 — 1% 0% —
Normal EBV-lymphoblastoid cells:

KIM-LCL — — 0% 0% —

KIM-hTPO 3.7 —_ 3% 0% —
Control cells:

CHO-hTPO* 3.7 107 >90% >70% —

Thyroid 3.2 107 — — —

— Not done or undetectable.
* Using MS 12/89 anti-hTPO polyclonal serum.
* Enriched by flow cytometric cell sorting (17).

¥ Corrected for background. Percentages < 3% are within margin of tolerance of flow cytometer.
I Peak channels for IAN-LCL, IAN-hTPO, and IAN-pHEBo were 232, 173, and 150, respectively.
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Figure 4. Flow histogram demonstrating cell surface expression of
hTPO on transfected RAJI-hTPO cells and patient line IAN-hTPO.
(A) Background fluorescence with polyclonal anti-hTPO positive hu-
man serum on untransfected RAJI cells, ( B) Fluorescence measured
after labeling with polyclonal anti-hTPO positive human serum. More
than 50% of RAJI-hTPO cells expressed surface hTPO. On the patient
line IAN-hTPO, hTPO was detected on 16% of cells by indirect im-
munofluorescence using monoclonal anti-hTPO (#18AS2) (D), but
not on the untransfected line IAN (C).

struct on the EBV-LCL target cells was an enhancement of
HLA class II antigen expression. Such a consequence would
cause considerable difficulty in the interpretation of mixed
lymphocyte responsiveness and antigen presentation. In each
of the transfected EBV-LCL lines examined for HLA class II
expression using mAb 12, we found > 85% of the cells to be
positive. However, the intensity of HLA-DR expression on
both pHEBO-hTPO-transfected and pHEBO-construct-only-
transfected EBV-LCL cells was lower than on untransfected
EBV-LCL (Table I).

Anti-hTPO reactivity detected in PBMC. Primary cultures
of PBMC in the presence of irradiated autologous hTPO-trans-
fected and untransfected EBV-LCL were performed to mea-
sure both anti-hTPO reactivity and to enrich for cells with such
reactivity. Stimulation of T cell proliferation was induced by
exposure to transfected cells known to be expressing hTPO
antigen in primary cultures of patient IAN PBMC when com-
pared to EBV-LCL controls (Table II). No antigen-specific

Table I1. Stimulation Indexes (SIs) in EBV-LCL-hTPO-
Stimulated Cultures

Primary cultures

PBMC PBMC

Experiment Patient + EBV-LCL + EBV-LCL-hTPO SI
1 IAN 1,531+646 11,004+1,434 7.2
2 IAN 14,742+2,083 20,071+2,585 1.4
3 IAN 16,438+1,381 7,843+1,865 0.5
4 ZIo 33,318+3,118 24,923+2,848 0.7

Secondary Cultures

Experiment Patient Responders Number SI (range)
1 IAN Lines 15 1.6-8.7
2 IAN Cloned lines 4 2.8-7.1
3 IAN Cloned lines 6 2.1-3.3

Only secondary cultures with SI > 1.5 included. Culture time for
IAN-hTPO ranged from 9-16 wk after transfection.

proliferative response could be generated against the second
hTPO-transfected patient EBV-LCL which expressed only low
levels of nTPO mRNA (line ZIO-hTPO, Table II).

Generation of hTPO-antigen-specific T cell lines. 21 lines
derived from pHEBo-hTPO stimulated PBMC (from Graves’
patient IAN) were tested for reactivity against autologous un-
transfected and pHEBo-hTPO transfected EBV-LCL (IAN-
LCL). Specific reactivity (SI > 1.5) towards the hTPO-trans-
fected line was observed in 15 out of the 21 (71%) lines tested
(SI range 1.6-8.7, mean+SEM = 2.7+0.5) (Table II). Pheno-
typing of these hTPO-reactive T cell lines showed a mixture of
CD4+ and CD8+ T cells (mean+SEM CD4/CDS8 ratio
= 1.0+0.2, range 0.05-2.44), although one line showed a pre-
dominantly CD8+ phenotype (95% CD8+).

The T cell line with the highest stimulation index was tested
against both the untransfected and pHEBo-(wildtype )-trans-
fected autologous EBV-LCL (IAN-LCL and IAN-pHEBo-
only) as negative controls and against IAN-hTPO. Both con-
trols elicited only insignificant responses compared to the
hTPO-transfected EBV-LCL (IAN-hTPO) at a stimulator cell
concentration of 1 X 10* cells/well (Fig. 5). There was a small,
nonspecific increase in thymidine incorporation towards both
untransfected and pHEBo-(wildtype)-transfected EBV-LCL
at higher stimulator cell concentrations, indicating a minor
autologous mixed lymphocyte reaction component under
these experimental conditions (Fig. 5).

T cells were subsequently cloned (0.5 cells/well, two inde-
pendent limiting dilution experiments) after an initial 7-d cul-
ture of hTPO-antigen stimulated PBMC and 67 cloned lines
were derived. 22 lines developed sufficiently by day 26 for anti-
gen testing against autologous nontransfected and hTPO-trans-
fected EBV-LCL. 10 of the 22 cloned lines reacted significantly
to the hTPO antigen with SIs ranging from 2.1 to 7.9
(mean+SEM = 3.8+0.7) (Fig. 6). Thus, in two independent
experiments (numbers 2 and 3 in Table II), where there was no
specific reactivity in the primary cultures towards IAN-hTPO,
we found it possible to derive hTPO-specific T cells. 8 of the 10
cloned lines that we were able to analyze phenotypically dis-
played homogeneous phenotypes: seven were CD4+ pheno-
type and one expressed CD8 (Table III).

20000

4 -TPO (untransfected)

N\ -TPO (pHEBo)
B +TPO (pHEBo-HTPO)

15000 |

10000 |

5000 |

H-thymidine incorporation (cpm)

T cells: + + + -

Stimulators (x 10°): 1 5 10 10

Figure 5. Reactivity of T cell line (derived from patient IAN) against
autologous EBV-LCL cells that were either untransfected, transfected
with pHEBo (wild type construct) (hatched bars) or transfected with
pHEBo-hTPO (filled bars). Stimulator cell numbers per well are in-
dicated on the x axis. Mean+SEM thymidine incorporation by T cells
only was 320+28 cpm.
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Figure 6. Stimulation of 10 hTPO-reactive T cell-cloned lines (C)
(Table III) by untransfected autologous EBV transformed B cells
(hatched bars) and the same EBV-LCL cells transfected with the
pHEBo-hTPO construct (closed bars). Only responses with SI > 1.5
are plotted. CTR1 and CTR2 indicate thymidine incorporation by
stimulator cells only.

T cell receptor V gene use by hTPO-antigen—specific T cell
cloned lines. Analysis of 18 hTCR V aand 21 V (8 gene families
used by the 10 hTPO-reactive cloned T cell lines showed be-
tween one and four different hTCR V a and V 8 mRNA tran-
scripts (Table III). Such data indicated that the cultures were
likely to be lines not clones. Since only PCR fragments of the
correct predicted size were included, the multiple V genes were
not representative of incompletely spliced transcripts or tran-
scriptionally unproductive rearrangements. While 9 of the 10
linesused V « 1 and/or V « 3, there was no consistency in the
utilization of hTCR V 8 genes.

Discussion

We have described a novel approach to the study of autoanti-
gen-specific human T cells that used autologous EBV-LCL
transfected with cDNA for a human autoantigen. This ap-
proach differs elementarily from conventional antigen-present-
ing systems in which autoantigen or synthetic peptides are
added as external antigens to classical antigen-presenting cells.

In these latter systems, the presumptive pathway of antigen
processing is thought to involve the route of all exogenous anti-
gens with predominant involvement of MHC class II antigens
(28). In contrast, in the system we have described here, the
autoantigen was encoded by its transfected cDNA and gener-
ated endogenously. The fact that most T cell clones were CD4+
suggested that MHC class II was antigen presenting and there
now is ample evidence that such molecules can indeed facili-
tate such endogenous antigen presentation (29-32). Further-
more, this route of presentation may be the most likely way for
antigen to be presented to autoreactive T cells in autoimmune
disease (33). Future experiments will have to determine in a
more direct manner whether the endogenously produced
hTPO is presented after intracellular processing via the endoge-
nous pathway, or whether hTPO, once at the cell surface is
treated as an exogenous antigen by the EBV-LCL. The han-
dling of thyroid antigen by human thyrocytes for antigen pro-
cessing is thought to include such an endogenous route since
cloned T cells can interact directly with cloned thyrocytes in
the absence of other antigen presenting cells (5). The model
described here may allow further investigation of these pro-
cesses. It is also unknown at present whether there is a direct
contribution to antigen presentation by the T cells themselves
in the model described here (34) or whether these different
mechanisms for antigen presentation may be operative in com-
bination. In subsequent studies it should be possible to specifi-
cally block various processing pathways (35, 36) and deter-
mine their influence on T cell reactivity in the EBV-LCL
model.

Irrespective of the antigen-processing pathway(s) involved,
the endogenously generated hTPO has a number of additional
advantages. Being glycosylated by a human cell, although not a
thyrocyte, sets the recombinant hTPO used apart from other
recombinant preparations derived from CHO cells or other
expression systems (mammalian or nonmammalian) (17, 37).
This approach also avoids significant contamination with
other antigens (thyroidal or nonthyroidal) commonly found in
antigenic preparations from whole tissue, cells, or various ex-
pression systems (38, 39). Furthermore, the limited supply of
autologous (patient-derived) thyroid cells as a source of anti-
gen-presenting cells has been an important constraint on the
investigation of T cell/target cell interaction. However, with
the use of autologous, hTPO-presenting EBV-transformed lym-

Table II1. Characteristics of T Cell-Cloned Lines Reactive to IAN-hTPO

Thymidine incorporation* Phenotype
hTCR hTCR

Cloned lines Background TPO stimulated SI CD Percentage Va A}

1.2 322+43 1,525+50 4.7 — — 3,12 8, 18

1.5 370+38 1,052+27 2.8 8 47 3,7 14,17

1.6 405169 3,185+129 79 4 98 2,3,8,14 many

1.7 252+19 1,918+32 7.6 — — 6,8 12

2.1 227432 541+100 24 4 92 1 6

24 392+163 1,310+120 33 4 95 1,2,3 6,7

29 680+58 1,479+101 2.17 4 90 3,10, 15, 17 3,13,14,17

2.12 296+59 84319 2.8 4 83 1, 10 5,6,18

2.13 484+21 1,015+78 2.1 4 84 1,6 5,8

2.15 28110 610+17 2.2 4 84 1,3,15,17 2

* Data are given as cpm+SEM.
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phoblasts, we have now available immortal and autologous
thyroid antigen presenting cells. Unfortunately, the system is
not as stable or as constant as hoped and further efforts in this
direction are required.

The use of “professional” antigen-presenting B cells, in the
form of EBV-LCL, offers several unique immunological poten-
tial benefits: Firstly, EBV-transformed B cells frequently ex-
press high constitutive levels of HLA class II (and class I) anti-
gens in contrast to the need for thyrocyte HLA class II antigen
induction (7). This is important for antigen presentation itself
and should also further facilitate the identification of HLA
gene elements involved in actual hTPO presentation, as well as
identification of the self-peptides responsible. Secondly, the
high degree of constitutive expression of intercellular adhesion
molecule-1 (CD54) on EBV-LCL (40, 41) is likely to be an
integral part of antigen presentation in this system (42). The
recent finding of thyrocyte intracellular adhesion molecule-1
expression and T cell binding emphasizes the need for an ade-
quate APC model (41, 43-45). Thirdly, EBV B cells may be
better providers of the controversial second signal necessary to
enable a proliferative T cell response than epithelial cells (18).

Our previous experience, and that of other workers, in the
generation of thyroid-antigen—specific human T cell clones
from patients with AITD has always involved the utilization of
intrathyroidal T cells rescued from thyroid surgical specimens
(6-8). This was forced by necessity since PBMC were consis-
tently negative in cloning studies and this greatly limited the
patients who could be studied. Furthermore, clonal SIs were
relatively low compared to external antigen-reactive T cell
clones. Of particular concern was our inability to generate
clones to hTPO while we were able to obtain cells reactive to
thyroglobulin or intact autologous thyroid cells (7). This may
have been due to the nature of the membrane-bound hTPO
antigen which required detergent solubilization. Furthermore,
natural hTPO preparations are always contaminated by thyro-
globulin unless elaborate immunopurification steps are taken
(46, 47). Although human hTPO-reactive T cell lines with low
SIs have been reported, without excluding thyroglobulin reac-
tivity (38), the recent use of recombinant hTPO microsome
preparations has allowed the production of intrathyroidal hu-
man T cell clones that were highly reactive to hTPO (48) when
presented by conventional antigen presenting cells. Using
hTPO-expressing EBV-LCL, we were able to generate hTPO-
specific T cell lines directly from peripheral blood via what we
believe is most likely to be an endogenous processing route.
The lines showed a heterogeneous pattern of reactivity, and
allowed generation of a variety of cell characterization data,
including analysis of the T cell receptor V gene families used.
These initial studies demonstrated oligoclonality of the hTPO-
reactive cells with nine of the lines using and/or hTCR V « 1
and/or V a 3 gene families. The restriction to V a rather than V
B was further evidence of the importance of the V « chain in the
recognition of thyroid protein, as first suggested by our pre-
vious demonstration of restricted hTCR V « gene usage in
intrathyroidal T cells (9) and our subsequent demonstration
that this restriction may preferentially apply to V a compared
to V 8(10). The hTPO-reactive T cell lines expressed multiple
V gene family mRNA transcripts although they were all
“clones” by traditional immunological criteria. The data also
demonstrate the usefulness of V gene analysis in the definition
of “clonality.”

In conclusion, we have demonstrated the successful use of
autoantigen-transfected lymphoblastoid cell lines for the pre-
sentation of human thyroid peroxidase to autologous T cells
and the potential use of this system for the generation of hTPO-
reactive T cell lines and analysis of their T cell receptor V gene
use. This system should be applicable to the investigation of
other human autoimmune diseases where specific autoanti-
gens have been identified. The comparison between endoge-
nous versus exogenous processing of peptides in relation to the
T cell receptor structural elements will enhance our under-
standing of the molecular basis of autoimmune disease.

Acknowledgments

We thank Veronica Brennan for technical assistance, Andrew Pizzi-
menti for flow cytometry, and Peter Graves for technical advice. We
thank Dr. Bill Sugden for allowing us to use pHEBo.

This work was supported in part by Public Health Service grants
DK28242 and DK35674 from National Institute of Diabetes and Di-
gestive and Kidney Diseases to T. F. Davies, the Charles H. Revson
Foundation to A. Martin, a grant from Boots Pharmaceuticals, Inc., to
R. P. Magnusson, and by the Cancer Research Institute/A. & C.
Krassner Investigator Award to A. Ben-Nun. T. F. Davies is the Theo-
dore and Florence Baumritter Professor of Medicine, and A. Ben-Nun
is the incumbent Swig-Weiler Career Development Chair.

References

1. Davies, T. F., A. Martin, and P. Graves. 1988. Human autoimmune thy-
roid disease: cellular and molecular aspects. Bailliére’s Clin. Endocrinol. & Me-
tab. 2:911-939.

2. Bottazzo, G. F., R. Pujol Borrell, T. Hanafusa, and M. Feldmann. 1983.
Role of aberrant HLA-DR expression and antigen presentation in induction of
endocrine autoimmunity. Lancet. 2:1115-1119.

3. Piccinini, L. A., N. K. Goldsmith, S. H. Roman, and T. F. Davies. 1987.
HLA-DP, DQ and DR gene expression in Graves’ disease and normal thyroid
epithelium. Tissue Antigens. 30:145-154.

4. Piccinini, L. A., N. K. Goldsmith, B. S. Schachter, and T. F. Davies. 1988.
Localization of HLA-DR alpha-chain messenger ribonucleic acid in normal and
autoimmune human thyroid using in situ hybridization. J. Clin. Endocrinol.
Metab. 66:1307-1315.

5. Kimura, H., and T. F. Davies. 1991. Thyroid-specific T cells in the normal
Wistar rat. II. T cell clones interact with cloned Wistar rat thyroid cells and
provide direct evidence for autoantigen presentation by thyroid epithelial cells.
Clin. I ol. 1 pathol. 58:195-206.

6. Londei, M., G. F. Bottazzo, and M. Feldmann. 1985. Human T-cell clones
from autoimmune thyroid glands: specific recognition of autologous thyroid
cells. Science (Wash. DC). 228:85-89.

7. Mackenzie, W. A., A. E. Schwartz, E. W. Friedman, and T. F. Davies. 1987.
Intrathyroidal T cell clones from patients with autoimmune thyroid disease. J.
Clin. Endocrinol. Metab. 64:818-824.

8. Mackenzie, W. A,, and T. F. Davies. 1987. An intrathyroidal T-cell clone
specifically cytotoxic for human thyroid cells. Immunology. 61:101-103.

9. Davies, T. F., A. Martin, E. S. Concepcion, P. Graves, L. Cohen, and A.
Ben-Nun. 1991. Evidence of limited variability of antigen receptors on intrathy-
roidal T cells in autoimmune thyroid disease. N. Engl. J. Med. 325:238-244.

10. Davies, T. F., A. Martin, E. S. Concepcion, P. Graves, N. Lahat, W. L.
Cohen, and A. Ben-Nun. 1992. Evidence for selective accumulation of intrathy-
roidal T lymphocytes in human autoimmune thyroid disease based on T cell
receptor V gene usage. J. Clin. Invest. 89:157-162.

11. Martin, A., A. E. Schwartz, E. W. Friedman, and T. F. Davies. 1989.
Successful production of intrathyroidal human T cell hybridomas: evidence for
intact helper T cell function in Graves’ disease. J. Clin. Endocrinol. & Metab.
69:1104-1108.

12. Cone, R. D., M. Platzer, L. A. Piccinini, M. Jaramillo, and T. F. Davies.
1988. HLA-DR gene expression in a proliferating human thyroid cell clone
(12S). Endocrinology. 123:2067-2074.

13. Karsenty, G., M. Michel Bechet, and J. Charreire. 1985. Monoclonal
human thyroid cell line GEJ expressing human thyrotropin receptors. Proc. Natl.

Acad. Sci. USA. 82:2120-2124.
14. Martin, A., M. Platzer, and T. F. Davies. 1988. Retention of cyclic AMP

response to TSH in a cloned human thyrocyte /T cell hybridoma (HY2-15). Mol.
Cell. Endocrinol. 60:233-238.

Human Thyroid Autoantigen-specific T cells 1573



15. Issekutz, T., E. Chu, and R. S. Geha. 1982. Antigen presentation by
human B cells: T cell proliferation induced by Epstein Barr virus B lymphoblas-
toid cells. J. Immunol. 129:1446-1450.

16. Lanzavecchia, A. 1985. Antigen-specific interaction between T and B
cells. Nature (Lond.). 314:537-539.

17. Kendler, D. L., A. Martin, R. P. Magnusson, and T. F. Davies. 1990.
Detection of autoantibodies to recombinant human thyroid peroxidase by sensi-
tive enzyme immunoassay. Clin. Endocrinol. (Oxf). 33:751-760.

18. Mueller, D. L., M. K. Jenkins, and R. H. Schwartz. 1989. Clonal expan-
sion versus functional clonal inactivation: a costimulatory signalling pathway
determines the outcome of T cell antigen receptor occupancy. Annu. Rev. Im-
munol. 7:445-480.

19. Kaufman, K. D., B. Rapoport, P. Seto, G. D. Chazenbalk, and R. P.
Magnusson. 1989. Generation of recombinant, enzymatically active human thy-
roid peroxidase and its recognition by antibodies in the sera of patients with
Hashimoto’s thyroiditis. J. Clin. Invest. 84:394-403.

20. Sugden, B., K. Marsh, and J. Yates. 1985. A vector that replicates as a
plasmid and can be efficiently selected in B-lymphoblasts transformed by Ep-
stein-Barr virus. Mol. Cell. Biol. 5:410-413.

21. Boyum, A. 1968. Separation of mononuclear cells and granulocytes from
human blood. Scand. J. Clin. Lab. Invest. 21(Suppl. 97):77-89.

22. Rees Smith, B., S. M. McLachlan, and J. Furmaniak. 1988. Autoantibod-
ies to the thyrotropin receptor. Endocr. Rev. 9:106-121.

23. Zeevi, A., and R. J. Duquesnoy. 1985. Specificity of alloactivated human
T lymphocyte clones in secondary proliferation, cell-mediated lympholysis and
interleukin-2 rel J. I g (Oxf). 12:17-31.

24. Kendler, D. L., J. Rootman, G. K. Huber, and T. F. Davies. 1991. A 64
kDa membrane antigen is a recurrent epitope for natural autoantibodies in pa-
tients with Graves’ thyroid and ophthalmic diseases. Clin. Endocrinol. (Oxf).
35:539-547.

25. Ben Nun, A., R. S. Liblau, L. Cohen, D. Lehmann, E. Tournier Lasserve,
A. Rosenzweig, J. W. Zhang, J. C. Raus, and M. A. Bach. 1991. Restricted T-cell
receptor V beta gene usage by myelin basic protein-specific T-cell clones in multi-
ple sclerosis: predominant genes vary in individuals. Proc. Natl. Acad. Sci. USA.
88:2466-2470.

26. Wucherpfennig, K. W., K. Ota, N. Endo, J. G. Seidman, A. Rosenzweig,
H. L. Weiner, and D. A. Hafler. 1990. Shared human T cell receptor V beta usage
to immunodominant regions of myelin basic protein. Science (Wash. DC).
248:1016-1019. )

27. Ellis, L., E. Clauser, D. O. Morgan, M. Edery, R. A. Roth, and W. J.
Rutter. 1986. Replacement of insulin receptor tyrosine residues 1162 and 1163
compromises insulin-stimulated kinase activity and uptake of 2-deoxyglucose.
Cell. 45:721-732.

28. Lotteau, V., L. Teyton, A. Peleraux, T. Nilsson, L. Karlsson, S. L. Schmid,
V. Quaranta, and P. A. Peterson. 1990. Intracellular transport of class Il MHC
molecules directed by invariant chain. Nature (Lond.). 348:600-605.

29. Brooks, A., S. Hartley, L. Kjer Nielsen, J. Perera, C. C. Goodnow, A.
Basten, and J. McCluskey. 1991. Class Il-restricted presentation of an endoge-
nously derived immunodominant T-cell determinant of hen egg lysozyme. Proc.
Natl. Acad. Sci. USA. 88:3290-3294.

30. Jin, Y., W. K. Shih, and I. Berkower. 1988. Human T cell response to the
surface antigen of hepatitis B virus (HBsAg). Endosomal and nonendosomal
processing pathways are accessible to both endogenous and exogenous antigen. J.
Exp. Med. 168:293-306.

31. Jacobson, S., R. P. Sekaly, C. L. Jacobson, H. F. McFarland, and E. O.

1574 Martin, Magnusson, Kendler, Concepcion, Ben-Nun, and Davies

Long. 1989. HLA class II-restricted presentation of cytoplasmic measles virus
antigens to cytotoxic T cells. J. Virol. 63:1756-1762.

32. Weiss, S., and B. Bogen. 1991. MHC class Il-restricted presentation of
intracellular antigen. Cell. 64:767-776.

33. Adorini, L., J. Moreno, F. Momburg, G. J. Himmerling, J. C. Guery, A.
Valli, and S. Fuchs. 1991. Exogenous peptides compete for the presentation of
endogenous antigens to major histocompatibility complex class II-restricted T
cells. J. Exp. Med. 174:945-948.

34, LaSalle, J. M., K. Ota, and D. A. Hafler. 1991. Presentation of autoantigen
by human T cells. J. Immunol. 147:774-780.

35. Adorini, L., S. J. Ullrich, E. Appella, and S. Fuchs. 1990. Inhibition by
brefeldin A of presentation of exogenous protein antigens to MHC class II-
restricted T cells. Nature (Lond.). 346:63-66.

36. Reid, P. A., and C. Watts. 1990. Cycling of cell-surface MHC glycopro-
teins through primaquine-sensitive intracellular compartments. Nature (Lond.).
346:655-657.

37. Ludgate, M., and G. Vassart. 1990. The molecular genetics of three thy-
roid autoantigens: thyroglobulin, thyroid peroxidase and the thyrotropin recep-
tor. Autoimmunity. 7:201-211.

38. Fisfalen, M. E., L. J. DeGroot, J. Quintans, W. A. Franklin, and K.
Soltani. 1988. Microsomal antigen-reactive lymphocyte lines and clones derived
from thyroid tissue of patients with Graves’ disease. J. Clin. Endocrinol. & Metab.
66:776-784.

39. Roep, B. O., S. D. Arden, R. R. de Vries, and J. C. Hutton. 1990. T-cell
clones from a type-1 diabetes patient respond to insulin secretory granule pro-
teins. Nature (Lond.). 345:632-634.

40. Dustin, M. L., D. E. Staunton, and T. A. Springer. 1988. Supergene
families meet in the immune system. Immunol. Today. 9:213-215.

41. Martin, A., G. K. Huber, and T. F. Davies. 1990. Induction of human
thyroid cell ICAM-1 (CD54) antigen expression and ICAM-1-mediated lympho-
cyte binding. Endocrinology. 127:651-657.

42. Altmann, D. M., N. Hogg, J. Trowsdale, and D. Wilkinson. 1989. Co-
transfection of ICAM-1 and HLA-DR reconstitutes human antigen-presenting
cell function in mouse L cells. Nature (Lond.). 338:512-514.

43. Weetman, A. P, S. Cohen, M. W. Makgoba, and L. K. Borysiewicz. 1989.
Expression of an intercellular adhesion molecule, ICAM-1, by human thyroid
cells. J. Endocrinol. 122:185-191.

44. Weetman, A. P., M. Freeman, L. K. Borysiewicz, and M. W. Makgoba.
1990. Functional analysis of intercellular adhesion molecule-1-expressing human
thyroid cells. Eur. J. Immunol. 20:271-275.

45. Fowler, P. D., M. Tacker, G. S. Whitley, A. Meager, S. S. Nussey, and A. P.
Johnstone. 1990. Expression of intercellular adhesion molecule-1 (ICAM-1) on
human thyroid cell lines correlated with their binding of lymphoblasts. Mol. Cell
Endocrinol. 71:55-61.

46. Hamada, N., C. Grimm, H. Mori, and L. J. DeGroot. 1985. Identification
of a thyroid microsomal antigen by Western blot and immunoprecipitation. J.
Clin. Endocrinol. Metab. 61:120-128.

47. Czarnocka, B., J. Ruf, M. Ferrand, P. Carayon, and S. Lissitzky. 1985.
Purification of the human thyroid peroxidase and its identification as the micro-
somal antigen involved in autoimmune thyroid diseases. FEBS (Fed. Eur. Bio-
chem. Soc.) Lett. 190:147-152.

48. Dayan, C. M., M. Londei, A. E. Corcoran, B. Grubeck Loebenstein, R. F.
James, B. Rapoport, and M. Feldmann. 1991. Autoantigen recognition by thy-
roid-infiltrating T cells in Graves disease. Proc. Natl. Acad. Sci. USA. 88:7415-
7419.



