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SUMMARY

E i 1 i hyroiditis (EAT) in mice induced by thyroglobulin
(Tg) and adjuvant has been studied as a model for Hashimoto's thyroiditis. The diseasc is
MHC-controlled and T-cell mediated but little is known about the nature and the
number of immunopathogenic Tg T-cell epitopes. In thisstudy, we attempted to define
such epitopes by testing Tg sequences, previously identified as potential T-cell epitopes
through the AMPHI and "tetramer motif” algorithms, in various strains of mice for both
immunogenicity and pathogenicity. From the three synthetic Tg peptides tested two
sequences, TgP1 and TgP2, were found to be pathogenic in classical high responder (H-
2k and/or H-25) mice. The third sequence, TgP3, was not pathogenic in mice of kb,d,s
haplotypes. All three sequences were immunogenic in mice because they induced

peptide-specific antibodies and/or T cells which were strain dependent. TgP1 and TgP2

were shown to domi d ) at both B- and T-cell levels.
Similarly, TgP3 was found to involve non-dominant B-cell epitope(s) although its
ability to be recognized by T cells was never tested. EAT induction with defined Tg T-
cell epitopes constitutes a system where the fine mechanisms leading to thyroid
autoimmunity can be extensively studied at both cellular and molecular levels. In an
approach to study these mechanisms using defined Tg peptides, we attempted to map the
H-2 region(s) responsible for EAT induction by TgP1. As in Tg-induced EAT, TgP1-
induced EAT was shown to be under the direct control of MHC-region productsand to
follow a pattern similar to Tg disease susceptibility. However, within the k haplotype,
expression of H-2E but not H-2A molecules was necessary for EAT induction.
Moreover, TgP1 was shown to elicit IgG specific antibodies which were reactive to
purified Tg in vitroand Tg stored in the lumen of normal mouse thyroids. This finding
may imply involvement of TgP1-specific IgG in EAT pathogenicity although such



involvement has not been further investigated in this study. In summary, the

lication of algorithms for prediction of Tg T cell-reactive sites was proved to be
successful and reliable, Defined immunopathogenic Tg T-cell epitopes can be used as

tools to study i lation in

ity and to design specific

immunotherapeutic strategies.
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CHAPTER 1
INTRODUCTION

1.1 THYROID GLAND AND CLINICAL AUTOIMMUNE THYROID
DISEASE

1.1.1 Thyroid gland
1.1.1.1 Localization and morphology

The thyroid gland is the largest and first endocrine gland to appear in the human
embryo. It begins its development during the fourth embryonic week, assuming its adult
position anterior to the trachea near the base of the neck by the seventh week (J.
Hansen, 1990). The adult thyroid derives its name from its shield shape configuration
(thyreoeidos: thyreos, shield; eidos, form), (B. Turlington, 1991). It is a bilobed structure
with the two lobes joined together by the isthmus which is a bridge of thyroid tissue that

runs anterior to the second and third tracheal rings (J. Hansen, 1990).

1.1.1.2 Physiology

The basic function of the thyroid is the prod: of two iodinated amii id
hormones, thyroxin (T4) and triiodothyronine (T3). These are passed into the
bloodstream affecting many metabolic processes by virtue of their actions on various

cells and tissues (B. Turlington, 1991; R. . S. Bayliss & W. M. G. Tunbridge, 1991).

Ab 1 of thyroid h duction and release result in thyroid disorders.

holosical

Thus, excessive or insufficient output of thyroid h result in the

and hyroid ly (B. Turlington, 1991).

hvroids

situation of I




1.1.1.3 Histology and ultrastructure

The thyroid gland is organized into spherical cyst-like structures called follicles
(reviewed in R. Ekholm & U. Bjorkman, 1990). The thyroid follicle is the primary unit
of the gland both in terms of structure and function because within its highly organized
cellular bi thesis and secretion of thyroid h take place.

A thyroid follicle consists of a lumen ded by a single layer of epithelial

cells (follicular or acinar cells) and is enclosed by a thin basal membrane (reviewed in R.
Ekholm & U. Bjorkman, 1990). The lumen is filled with a proteinaceous, viscous
solution, the colloid, which is retained at that location because tight junctions
(desmosomes) join the edges of follicular cells together, limiting its spread. The colloid
contains a mixture of proteins, mainly Tg, a 660 kilo-dalton (kDa) glycoprotein, which
isthe precursor of thyroid hormone, as well as other lower molecular weight iodoproteins

and albumin (L. J. DeGroot et al., 1984a). The shape of the follicular cells varies from

cuboidal to col depending on the status of the thyroid gland. The
apical or luminar surface of the follicular cellsis ch d by ill
which are f d to dopods after stimulation, thus increasing

considerably contact between follicular cells and the colloid. The basal surface of the
acinar cells borders on a capillary and is separated from it by a two layer basement
membrane (L. ]. DeGroot etal., 1984a).

A prominent characteristic of the follicular cells is their "polarity” (reviewed in R.
Ekholm & U. Bjorkman, 1990). This is expressed as differences in both the chemical
composition between the apical and basal (facing the extrafollicular space) plasma

t and the distrib of les within the follicular cells, The presence of

to the p of diffe

tight junctions between the follicular cells



in composition between the apical and basal plasma membrane because these tight
junctionsact as barriers inhibiting free diffusion of proteins and lipids (reviewed in R.
Ekholm & U. Bjorkman, 1990). Within the follicular cells, the cellular organelles follow
a certain distribution pattern; for example, the nucleus is situated in the basal or the
central part of the cell and secretory vesicles in the apical zone, Obviously such a cellular
polarity and organization evolved toassist certain functions, Within the follicular cells
there are two major processes operating in opposite directions. The first process involves
production and transportation of Tg to the follicular lumen and the second endocytosis
of iodinated Tg and production of thyroid hormones that are delivered at the basal
membrane,

d

A second less abundant cell popul isting of about 1% of the

thyroid epithelial cell mass, exists within the thyroid. This population is the
parafollicular or C cells (B. Turlington, 1991). C cells have no access to the follicular
lumen and are characterized by the production of the peptide hormone calcitonin (C. C.
Capen, 1991).

The thyroid gland is highly vascularized containing a network of inter- and intra-
follicular capillaries lying close to the follicular basement membranes (C. C. Capen,
1991). A network of lymphatics as well as nerve fibers that are mainly sympathetic and

10 y hetic, are also d d (L. J. DeGroot eral., 1984a).

1.1.1.4 Regulation of thyroid function through the hypothalamo-pituitary axis.

The maintenance of normal thyroid function is highly dependent on the tuned
interactions armong hypothalamus, pituitary and thyroid gland operating through a

[ system of h and i (I. R.McDougall, 1992a). The

t 1




principal modulator of thyrold hormone synthesis and release is thyroid stimulating
hormone (TSH), a glycoprotein of 28 kDa. Thyroid stimulating hormone is synthesized

and secreted by anterior pituitary cells called th hs. Thyroid stimulating hormone

exerts its effects after specific binding toa transmembrane receptor (TSH-R) expressed
by the follicular epithelial cells. Such binding activatesa receptor-linked adenyl cyclase
producing increased cAM P levels which in turn trigger intracellular productionof T3

and T4. Although several factors including h and i influence

TSH production and secretion, the levels of TSH are predominantly regulated by a
hypothalamic-derived factor called thyrotrophin releasing hormone (TRH).
Thyrotrophin releasing hormone is known to bind with high affinity to specific receptors

on th hs stimulating TSH production which sut ly triggers biosynthesis

and release of thyroid hormones. The circulatory levels of T3 and T4 in turn exert
negative feedback control on TSH production by virtue of their action on pituitary
thyrotrophs (P. R. Larsen, 1982).

1.1.2 Autcimmunityand the thyroid

1.1.21 Autoimmunity and autoimmune thijroid disease

The term " autoimmunity " is used to describe 2n immune response directed to “self”

| of an i A ding to the clonal selection theory, a primary

function of the immune system is self non-self discrimination (F. M. Burnet, 1969).
Burnet proposed that while Band T lymphocytes specific for foreign antigens are

selected to survive and mature tof cells, self- ive lymphocy

eliminated during their ontogeny via a process called clonal deletion (F. M. Burnet,



1959). Recent advances in immunology, however, have suggested autoreactivity to be a
normal {eature of the immune system as autoreactive clones are detected not only in
patients but also in healthy individuals (S. Avrameas, 1991). What keeps those
autoreactive clones from being autoaggressive? In other words what regulates the
autoreactive clones and prevents them from attacking self tissues? It is suggested that a
regulatory network exists within an organism that controls autoreactivity (L. R. Cohen
& D. B. Young, 1991; S. Avrameas, 1991). Disturbance of that fine balance, due for
example to environmental triggers such as infection, leads to uncontrolled autoreactivity
that is expressed in the form of an autoimmune disorder (1. R, Cohen, 1991; L. R. Cohen
& D. B. Young, 1991) .

Autoimmune disorders are classified as systemic or organ-specific
depending on distribution of the antigen towards which the autolmmune response Is
directed, and the number of tissues or organs in which autoaggression is observed (1. M.
Roitt eral,, 1992). Thyroid autoimmune disorders belong to the second category
because the immune response is dicected to antigens within the thyroid and the lesions

are restricted to the same organ. Autoimmune thyroid discases are defined as primary or

secondary d ling upon the exi of lymphocytes in the peripheral blood which
are specific for thyroid antigens. Primary thyroid disorders involve Hashimoto's
thiyroklitis (FIT) and i varieots and Graves' disease (GD) {Table 1.1). Those two
disorders have opposite manifestations in humans. HT is characterized by
hypothyroidism, high levels of TSI and low levels of thyroid hormones in the periphery.
GD is characterized by hyperthyroidism, low levels of circulatory TSH and high levels of
thyroid hormones. In spite of differences in their clinical appearance the-two disorders

share common features (reviewed in J. Charreire, 1989). For example, both diseases

aggregate in the same familics o even coexist in the same thyroid (reviewed in R, Volpé,



Table 1.1: Classi on imary autoimmune thyroid di . Vol

Primary i thyroid di
Autoimmune thyroiditis Graves' disease
Hashimoto's thyrmdith ( gomous )*
® Chronic ﬁbtou: thyroidit
. Lymphocytic iditis of childhood and adol
© Post-partum th

* Idiopathic myxoedenm (atrophic )

* Atrophic asy- iptomatic thyroiditis
® painless or silent thyroiditis (rare)

* prototype
® variants



1990). Similacly progression (rom one thyroid condition to the other has been reported.

L l ic infiltration and antibodics specific for Tg and thyroid peroxidase (TPO)
are observed in both HT and GD (reviewed in R. Volpé, 1990). Based on such features
it has been d that the underlyi i process is similar in both thyroid

disorders (L. J. DeGroot & J. Quintans, 1989). However, other investigators consider

them p but closely related autoi disorders mainly based on differences in

other genetic, immunologic, and clinical features (reviewed in R. Volpé, 1990). For
example, thyrotropin receptor antibodies are found in virtually all GD patients but they
are variably present in HT patients. Similarly, in cases where HT and GD occur in the
same families they tend to associate with the same haplotypes but when large
populations of HT and GD patients are studied the two thyroid disorders appear to
associate with different human leukocyte antigen (HLA) haplotypes (reviewed in R.
Volpé, 1990). For example, in Caucasians GD has been found to be associated with
DR3 and HT with DR5. HT has mostly been studied through the induction of an
analogue of the discase in mice (EAT). An overview of HT follows.

1.1.2.2 Hashimoto's thyroiditis

The term "struma lymphomatosa” was initially used in 1912 by a surgeon to
characterize the thyroid condition of four middle aged women with diffuse and massive
in(iltration of the thyroid gland (reviewed in P. E. Bigazzi & N. R. Rose, 1985). The
same thyroid condition was later called HT although the term is currently used generally

to describe the goitrous form of hyroiditis. Several other synonyms such as

chronic thyroiditis, lymphocytic thyroiditis, ly id goiter and

thyroiditis have been used to refer to the same pathologic condition (L. ). DeGroot etal.,



1984b). The term autoimmune thyroiditis is relatively broad, encompassing not only
HT but also several other less common variants which are slightly diffcrent in their
clinical appearance from the prototype (Table 1.1), (R. Volpé et al., 1990).

Although HT alfects all ages and both sexes, it is observed 9-25 times more
frequently in women than in men (I. R. McDougall, 1992b). The peak of disease
incidence is observed between 30 and 60 years of age although a juvenile variant occurs
in children and adolescents (Table 1.1), ( R. Volpé et al., 1973).

Clinically the disease is characterized by the presence of diffuse, painless enlargement
of the thyroid gland (thyroid gland weight ranges between 25-250 g), (V. A. LiVolsi,
1990) which is associated with euthyroidism, hypothyroidism o even in rare occasions
with hyperthyroidism (see section 1.1.1.2), (reviewed in P. E. Bigazzi & N. R. Rose,
1985). Evidence of humoral immunity to thyroid antigens s also observed accompanied
by characteristic histological changes of the thyroid.

“The autoimmune nature of the disease was initially demonstrated in 1956 by Roitt et
al. who were able to precipitate immunoglobulins from HT patients' sera reactive to
thyroid antigens and Tg (I. M. Roitt et al,, 1956). Approximately 40 years later, the

etiology of the discase is still obscure and the precise antigen involved in

itization of lymphocytes is undefined (R. Volpé, 1991). Candidates involved in

this process include Tg and TPO, the principal thyroid antigens to which most of the
antibody response is directed.

Serology: Antithyroglobulin (anti-Tg) antibodics have been demonstrated in the sera

of HT patients by a variety of methods such as indirect immunofluorescence, passive

1 {utinaci 1 and enzyme-linked i bent assay (ELISA).

Depending on the sensitivity of the method employed, Tg-specific antibodies have been

found in 55-90% of [1T paticents, but the antibody levels do not correlate well with



thyroid pathology (P. E. Bigazzi & N. R. Rose, 1985). Thus, the presence of anti-Tg
antibodies is not indicative of 11T since such antibodies have been observed in patients

with other thyroid disorders of i or i origin (GD,

multinodular goiter, thyroid carcinoma) as well as in 38% of healchy euthyroid
individuals (P. E. Bigazzi & N. R. Rose, 1985; T. Kohno er al., 1988). In addition,
several HT cases have been reported in the abscnce of circulatory anti-Tg antibodies (J.

R. Baker et al., 1988). C ly, anti-thyroid idase (anti-TPO) antibodies have

been found in virtually all HT patients, in most of those with GD, and less frequently in
those with other thyroid disorders (R. Volpé, 1991). A close association also exists
between anti-TPO antibody titers and histologic lesions of HT patienrs (H. Yoshida et
al., 1978). In addition many patients with thyroid autoimmunity lack Tg-specific
antibodies in the periphery, but have TPO-specific antibodies which closely relate to

their thyroid abnormalitics (A. R. Tanner et al., 1982). This suggests that TPO is the

principal initiati igen in human thyroiditis (H. Yoshida et al., 1978; reviewed
in R. Volpé, 1990). Although the importance of Tg in the initiation of human
thyroiditis is not conclusive it should not be underestimated for several reasons. First, in
HT patients seronegative for anti-Tg antibodies, it has been proposed that Tg-specific
antibody production is localized within the thyroid (S. R. Baker et al., 1988). Second,
an initial autosensitization to Tg might be followed by anti-TPO antibody production.
This concept is supported by Rose who detected anti-TPO antibodies after immunizing
animals with Tg (J. A. Andrada et al., 1968; N. R. Rose, 1988). Third, Tg and TPO
were shown to express common epitopes for both B (Y. Kohno et al., 1988; ]. Ruf et al.,
1992) and T cells (S. M. McLachlan & B. Rapoport, 1989; A, Iloshioka, 1993). In
other words TPO-specific lonal antibodies (MoAbs) d strongly with

Tg and vice versa (Y. Kohno et al., 1988). Similarly, LNC derived from animals



immunized with the Tg-P4 (2730-2743) peptide responded significantly to TPO and
TPO-P# (118-131) peptide (A. Hoshioka, 1993). Fourth, the principal triggering event
in the disease cascade could be based on Tg-specific T-cell reactivity with the antibody
having a marginal role in the discase process. Lvidence {rom experimental models
supports such a notion (see section 1.2.3.1). Finally in both spontaneous and
experimental models of thyroiditis, Tg was shown to be the principal autoantigen for the
disease etiopathogenesis (reviewed in G. Wick et al., 1986).

Although most of the antibody response is directed toward Tg and TPO, antibodies
to other thyroid antigens, such as thyroid hormones (reviewed in R. Volpé, 1990),
second colloid antigen (B. M. Balfour et al., 1961), a new autoimmune thyroid disease
related-antigen (ARTA-1) (H. Hirayu ct al., 1987) and other undefined thyroid surface
antigens have occasionally been observed (reviewed in R. Volpé, 1990). In addition,
there have been reports of HT patients whose sera were characterized by the presence
antibodies with thyroid growth stimulatory (H. A. Drexhage et al., 1980) or inhibitory
antibodies (H. A. Drexhage et al., 1981) that taight be responsible for the goitrous and
atrophic features respectively of autoimmune thyroiditis .

Histopathology: Histologically the thyroid gland exhibits invasion by mononuclear

cells and the accumulation of these cells leads to disruption of thyroid follicles and

damages the follicular & membrane. Occasionally, cl istic germinal

centers similar to those of secondary lymphoid organs are formed due to accumulation

within the follicular lumen of wainly 3 lymphocytes but also T lymphocytes and

macrophages (reviewed in P. E. Bigazzi & N. R. Rose, 1985). Thyroid follicles change
from normal to necrotic and gradually the thyroid parenchyma undergoes fibrosis.
Occasionally the thyroid epithelial cells appear swollen or oxyphilic due to accumulation

of numerous large-size mitochondria, Such cells are known as Hurthle or Askanazy's



cells. Since the thyroid gland is slowly damaged, a part of the thyroid parenchyma
cannot contribute to thyroid hormone synthesis and sceretion. If the damage is extensive

the patient expresses hypothyroidism. If, on the other hand, the thyroid gland

d k hvroid

is not ypothyroidism is not observed. In such cases, the gland

homeostasis is retained through the "healthy" functional part of the gland which

with duction of thyroid k under excessive TSH stimulation

(see section 1.1.1.4), (reviewed in P. Lautberg, 1990). In some patients, hyperthyroidism

is observed as a result of the of autoil thyroiditis and GD within the
same thyroid gland. Such a condition is known by the term “Hashitoxicosis” and is due
to the presence of anti-thyroid stimulating hormone receptor (anti-TSH-R) antibodies
that mimic the TSI eflect (sce section 1.1.1.4), (reviewed in R. Volpé, 1990). Anti-
TSH-R antibodies have been detected in approximately 26% of HT patients (S.
Atkinson et al., 1988). Their net effect on the thyroid clinical picture depends on the

thyroid follicular integrity since ive thyroid damage al hyperthyroidism (S.

Atkinson ctal., 1988).

HTis iated with other endocrine and docri i diseases.

More common endocri iations include, GD, insulin-d. dent diabetes mellitus

(IDDM) and Addison's disease (autoimmune adrenalitis). The most common non-

endocrine diseases associated with HT include peeniciow

mia, vitiligo, myasthenia
gravis and Sjogren's syndrome (reviewed in R. Volpé, 1990). The reason for such
associations is presently unknown. It is proposed that coexisting diseases might share
similar etiologies as, for instance, a defect in organ-specific suppressor T cells (reviewed
in R. Volpé, 1990). Such a defect has been implicated as an etiologic factor in both HT
(reviewed in R. Volpé¢, 1990) and IDDM (J. F. Bach, 1988), however, its relative

importance in coincidental disorders such as those mentioned above remains elusive.



Alternatively, coexisting diseases might associate with particular HLA polymorphisms.
For example, the form of IDDM that is related to autoimmune thyroid disease has been
related to HLA-B3 and Dw3 (reviewed in R, Volpé, 1990).

Even though the etiology of HT is still undefined it is considered to be a
multifactorial disease. Genetic, immunological and environmental risk factors have been
implicated in its pathogenesis, part of which will be discussed further in the following

sections. In the induced murine model of thyroiditis the disease is clearly T-cell

mediated and the antibody role is less i but in human thyroiditis the individual

contribution of humoral and cellular factors in the discase process are still untesolved.
Several immunological mechanisms have been proposed to operate in thyroid gland

histological changes. Those include dircct cytolysis of thyrocytes by cytotoxic T-cells

(G. W. Canonica et al., 1986); antibody-d dent cell mediated icity (ADCC)
by natural killer (NK) cells via interaction with immunoglobulin (lg) bound to
hyrocytes, 1 mediated cy icity via lormation of immune complexes on a

target cell, or direct injury of the gland by cytokines released by the infiltrated thyroid
(reviewed in A, P. Weetman, 1992). In spite of the proposed mechanisms the precise

sequence of events leading to thyrold damage is scill unknown.

1.1.3 Major thyroid autoantigens.

In primary autoimmune thyroid disorders most of the autorcactive response is

directed to three cardinal thyroid specific antigens, Tg, TPO and TSH-R. Although

ivity has been d: d toall three autoantigens in both HT and GD, the

etiopathogenic candidates of the [ormer disorder are thought to be Tg, TPO and for the

latter TSH-R. Autorcactive responses to other thyroid antigens such as the second



colloid antigen (B. M. Balfour er al., 1961), ATRA-1 (H. Hirayu er al., 1987), the 70
kDa (J. Y. C. Chan er al., 1989) and 65 kDa antigens (Q. Dong et al., 1991) have also

been reported however their fi in thyroid is undefined. Since

the present study focuses on Tg, i cellular distrib and physiological role
will be further discussed.
1.1.3.1 Thyroglobulin

Tg is a large homod gl i of a molecular mass of 660 kDa and

di £ of 198, Itis d of two 128 identical subunits, 330 kDa

each, joined through covalent (disulfide bond) or non-covalent linkage (reviewed in G.
Medeiros-Neto et al., 1993). The ability of Tg subunits to associate firmly via disulfide
bonds depends on their iod; level. Poorly iodinated Tg easily di into 128

subunits because the number of inter-chain disulfide bonds is low (reviewed in U.

Bjorkman & R. Ekholm, 1990).

Tgis hesized abundantly on rough by thyroid

follicular cells and is sub l d to the Golgi where it und

1 1 modifi such as gl and phophorylation. Finally the

molecule is secreted into the follicular lumen for iodination and storage. Tg composes
approximately 75-80% of total thyroid protein although the amount that is present in
the thyroid at any time depends on the functional status of the gland. Thus, the
hyperactive thyroid gland contains small deposits of Tg (A. J. Van Herle et al., 197%;
reviewed in U. Bjorkman & R. Ekholm, 1990).

Tg serves two fundamental purposes necessary for normal thyroid gland function.

First, within its protein matrix are incorporated tyrosine residues that facilitate iodine
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trapping. Following iodination the Tg tyrosyl residues form monoiodotyrosines (MIT)

and diiodotyrosines (DIT) that participate in the coupling reaction which results in
synthesis of thyroid hormones. Second, stored Tg consists of a pool of iodine and bound
thyroid hormones which are available for use upon demand (reviewed in G. Medeiros-
Neto eral., 1993).

Based on recombinant DNA technolegy it has been possible to derive the amino
acid (a.a.) sequence of human Tg (Y. Malthiery & S. Lissitzky, 1987), bovine Tg (L.
Mercken et al,, 1985) and part of rat Tg (R. DiLauro et al., 1985) from messager RNA
(mRNA). However, the mouse Tg (MTg) sequence is still undefined. High homology
between the primary structure of Tg from various species is observed. For example
human and bovine Tg exhibit 81% homology at the mRNA level (reviewed in G.
Medeiros-Neto et al,, 1993).

Analysis of the primary a.a. Tg sequence reveals internal homologies. Based on
those homologies, human Tg (HTg) is subdivided in four domains. The first internal
homology is a 10 (times) repeat of approximately 50 a.a. positioned in the A domain
between a.a. 29 and 1196. The second internal homology comprises 3 repeats of 15-17
residues each, localized in domain B of Tg between a.a 1436 and 1483, Finally the last
internal homology is situated in domain C of Tg and consists of a motif existing in two
subtypes and repeated five times between residues 1603 and 2186 (Y. Malthizry & S.
Lissitzky, 1987). The carboxy-terminal of Tg corresponds to domain D. It is composed
of approximately 600 a.a. and exhibits no internal homology (reviewed in G. Medeiros-

Neto et al., 1993). However it shows sequence similarity (28%) with about 90% of the

of acetylcholi from both t and i b (J. T. Dunn,

1991). Bovine Tg follows a similar pattem of internal homologies.
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Tg can trap, via tyrosine iodination, 90-95% of the iodine that is available for
protein binding (L. J. DeGroot et al., 1984c). Although it contains about 140 tyrosine
residues per mole, only 40 tyrosine residues are iodinated at an iodination level of 1%
(reviewed in U. Bjorkman & R. Ekholm, 1990). The iodine content of Tg in vivo varies
depending on the iodine intake by the thyroid, the species and the physiological
condition. In most mammals, it ranges from 0.2 to 1% per molecule which corresponds
to 10-50 atoms of iodine per mole of Tg. The normal physiological range of Tg-iodine
content in humans is 0.25-0.5% per molecule (reviewed in U. Bjorkman & R. Ekholm,
1990). The distribution of iodinated tyrosines on Tg varies with the level of iodination.
Among the iodinated tyrosines only a small part contributes to thyroid hormone
synthesis, e. g. in a 0.5% iodinated Tg molecule no more than one T4 residue is present
per molecule and T3 is present only in few of them. In cases of poor Tg iodination
where the iodine content is less than 0.1%, no T4 or T3 is present per Tg molecule (L. J.
DeGroot etal., 1984c). In HTg, four acceptor hormonogenic sites (sites converted to
thyroid hormones) have been demonstrated and are localized at the amino and carboxy
termini of the molecule, a feature that makes them easily accessible to thyroid proteases.
The hormonogenic sites have been mapped at positions 5, 2553, 2567 and 2746 of HTg
(Y. Malchiery & S. Lissitzky, 1987). Although no hormonogenic site has been observed
at the central part of the Tg molecule, it has been proposed that this portion influences
the Tg structure and is therefore extremely important for thyroid hormone formation.

Ten per cent of thyroglobulin's weight is made up of carbohydrates. All species

bohvd

two units, the poly chain and the complex chain. The
polymannose chain contains two N-acetylglucosamine residues and 5-9 mannose

residues that are linked to asparagine. The complex chain is also attached to an

residue and is d of a pol chain with three mannose residues



and various numbers of other peripheral sugars such as galactose, N-acetylglucosamine,
sialic acid and fucose (reviewed in U. Bjorkman & R. Ekholm, 1990). HTg contains
two additional carbohydrate units that are linked to the Tg core via serine or threonine
residues.

Low circulating Tg- levels ranging from 1 to 30 ng/mL have been detected in the sera
of many normal individuals. It is suggested that trace amounts of Tg, less than 1 ng/mL
and practically undetectable with current radioimmunoassays are present in virtually all
healthy subjects (A. J. Van Herle et al,, 1973). A rise in the circulatory levels of Tg

however was d d in cases of i thyroid disease or other thyroid

dysfunction such as thyroid carcinoma, subacute thyroiditis, etc. (G. Torrigiani et al.,

1969). In addition, d levels of Tg de d in the blood of neonates

and Tg- binding lymphocytes were present in healthy subjects before birth, suggestive of
the ability of T and B lymphocyres to tolerize to Tg in early life (A. ). Van Herle er al,
1973; reviewed in A. ]. Van Herle, 1990; L. M. Roberts et al., 1973). Similarly based on
sensitive assays, Tg-specific antibodies were detected in healthy individuals (36%
women and 15% men), (reviewed in L. J. DeGroot & J. Quintans, 1989). Moreover, B
cells derived from control subjects were triggered to secrete Tg-specific antibodies in vitro
suggesting that a low level of autoreactivity to Tg, ("normal autoreactivity"), exists in

healthy subjects.
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1.2 EXPERIMENTAL THYROID AUTOIMMUNITY- AN OVERVIEW

1.21 Animal models of autoimmune thyroiditis.

In an attempt to design p: ive and th ic strategies, early studies seeking to

elucidate the mechani derlying the path of thyroid disease,

were focused on animal models. Although animal models can only mimic the human
autoimmune condition to a certain extent, they are advantageous relative to their
human counterparts for several reasons. First, they provide a system where both the
immunologic and pathogenic features of thyroid disease can be studied under controlled

4

diti They can be ipulated by experi al that cannot be

employed in humans such as thymectomy, thyroidectomy, adoptive transfers of serum or
cells etc. They include species with short life spans so that the natural history of the
autoimmune process can be easily followed and detailed genetic studies can be easily

o

d. Finally they are d of inbred I and, in i large

numbers of animals allow valid statistical analysis.

No representative experimental model has been reported to date in GD but a variety

of both and induced i | models exist for HT. Spontaneous

thyroiditis arises naturally without i of any it 1 I thus

its etiopathogenic factor (s) is (are) unknown. Attempts to discern such factor(s) can be
hindered by the long interval that might intervene between the disease triggering event
and the full expression of its clinical signs. Induced thyroiditis, on the other hand,
develops after specific in vivo experimental manipulation. Induced models of thyroiditis
constitute more artificial analogues of human thyroid disease compared to spontaneous

models, however, they allow one to initiate the autoimmune process at a certain time



point and follow it from that point through its entire courss. Regardless of their nature
(spontaneous or experimental) animal models of autoimmune thyroiditis contribute
considerably to our understanding of the risk factors involved in thyroid autoimmunity

(see following sections).

1.2.1.1 Spontaneous animal models of thyroiditis

Spontaneous autoimmune thyroiditis (SAT) has been observed in several animal
species including chickens (reviewed in G. Wick et al., 1989), rats (A. Hajdu & G.
Rona, 1969 ; E. Sternthal et al., 1981), dogs (W, E. Tucker & V. C. Captain, 1962 ; W,
H. Beierwaltes & R. H. Nishiyama, 1968), monkeys (reviewed in P. E. Bigazzi & N, R.
Rose, 1975) mice (N. F. Bernard ct al., 1991) and mastomys (a desert rodent) (H. A.
Solleveld et al., 1982a).

“Chickens: The best studied model of thyroiditis that closely bl

the human autoimmune disorder, in clinical, histopathological, endocrinological and
immunological aspects, is the obese strain (OS) chicken (reviewed in G. Wick et al.,
1985). OS chicken is a white Leghorn line derived from hypothyroid Cornell strain
(CS) chickens by selective breeding. Initially hypothyroidism was observed in a small
core (<1%) of female CS chickens (R. K. Cole, 1966). After about 14 generations of
breeding the hypothyroid characteristics were expanded within the flock to such an
extend that approximately 100% of chickens exhibited severe hypothyroidism at the age
of 3-5 weeks regardless of their sex. Apart from hypothyroidism other additional features
of OS chickens include small body size, small combs, long silky feathers, lipaemic serum,
y to <200C

large sul and abd 1 deposits of fat,

and low fertility and hatchability.



Histologically OS chickens exhibit a thyroid picture very similar to that of HT
patients, ch d by lear infiltration of the thyroid by plasma cells, small
and large lymphoid cells and macrophages. B cells are often distributed between thyroid

follicles and acinar cells, a feature known as * lesis”. Although ch
germinal centers are observed, no Hurthle, giant cells or granulocytes are present in their

thyroids. Usually infiltration starts multifocally 1.2 weeks after hatching and expands

derably leading plete di ion of the thyroid follicular architecture after 3

h " 4 1

weeks when the hypothy ion is In ad d cases of

hypothyroidism some parts of the thyroids are characterized by fibrosis due to
proliferation of the connective tissue.

Serologically 90% of OS chickens are characterized by the presence of antibodies to
thyroid antigens including Tg (>65%), thyroid hormones and microsomal antigen
(26%). However no antibodies to the second colloid antigen are observed (G. Wick et

al., 1989; P. E. Bigazzi & N. R. Rose, 1975; G. Aichinger et al., 1984). Antibodies to

d

other non-thyroid i have also been d in the serum of OS
chickens (G. Aichinger et al., 1984) however, no lesions in other organs have been
reported.

Even though several spontaneous models of autoimmune thyroiditis exist, the OS
chicken model is the best studied to date for several reasons. It is the only model where
severe hypothyroidism develops that closely resembles the human disorder because it
develops naturally in the absence of any experimental manipulation (reviewed in W.
Wick et al., 1989). In contrast to other models of thyroiditis almost all animals develop
thyroid autoimmunity. Diseased animals can be clearly identified within the flock
because they exhibit overt clinical signs of hypothyroidism such as small body size, fat

deposits, etc. In birds there is a clear distinction between the B- and T-cell



compartment, therefore their immune system can be easily manipulated. Avian

erythrocytes are nucleated constituting a fent source of DNA for molecular

studies (G. Wick et al., 1989). The chicken embryo, once extramaternal, can be
accessed easily. A large number of offspring derived from the same parents are available,
facilitating statistical analysis.

Rats: There are two models of autoi hyroiditis in rats. The

first model was identified in 1969 by Hajdu and Rona who observed that inbred Buffalo
(BUF) male rats at 36 weeks of age exhibited spontaneous histological changes of their

thyroids comparable to those of HT (A. Hajdu & G. Rona, 1969). Thyroid lesions were

h

characterized by the presence of plasma cells and h . Similarly
to OS chickens, germinal centers were prominent within their thyroids whereas Hurthle

cells were absent. Further studies indicated that the histological alterations of BUF rats

were iated with a hypothyroid conditi i d by elevated and decreased levels
of TSH and T4 respectively (J. D. Kieffer et al., 1978).

The incidence of the disease was shown to be age-dependent rising from 14% at 12
wk of age to 48% at 30 wk (D. A. Silverman & N. R. Rose, 1971), and sex-dependent
with a female: male ratio of 3:1 (B. Noble et al., 1976). BUF rats appeared to be highly

1

to the devel of h is because, under certain
treatments such as subcutaneous injection with trypan blue, methylcholanthrene
Fainiaat

), neonatal th y etc., the disease incidence increased in

young animals (P. E. Bigazzi & N. R. Rose, 1975; D. A. Silverman & N. R. Rose, 1974).

Emol

a variety of h as indirect and tanned cell

‘hemagglutination tests, Tg-specific but not TPO-specific antibodies were detected in the
serum of those animals with extensive thyroid lesions but not in those with mild or

moderate thyroiditis (P. E. Bigazzi & N. R. Rose, 1975).
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A second model of i hyroiditis in rats is the Bio-breeding
IWorcester (BB/W) model (E. Sternthal et al., 1981). In addition to lymphocytic
thyroiditis, BB/W rats exhibit infiltration of the ic islets thus ituting a

spontaneous model for IDDM. The incidence of autoimmune thyfaiditis in this animal
model is quite high (59%) at the age of 8-10 months in both sexes. The prevalence and
intensity of the disease can vary considerably from 4.9% to 100% in different inbred
sublines which are selected on the basis of IDDM pathogenesis, suggesting that the two
hereditary autoimmune disorders are not tightly linked (R. Rajatanavin er al., 1991).
Regardless of the histological picture of the thyroid, estimation of the serum levels of T3,
T4 and TSH in BB/W rats indicates normal values suggesting that thyroid infiltration by
mononuclear cells is not extensive enough to result in thyroid failure (E. Sternthal et al.,
1981).
Dogs: Initial studies by Tucker etal. in 1962, d d lymphocytic thyroidi

to develop spontaneously in 16.2% of beagle dogs. The disease was equally prevalent in
males and females and, apart from the thyroid gland histological alterations, no other
clinical signs of thyroid dysfunction were reported (W. E Tucker & V. C. Captain,
1962). Histological examination of the thyroids revealed scattered foci and diffuse

infiltrates characterized by the presence of lymph plasma cells, h and

small numbers of neutrophils. Infiltrated cells were arranged in germinal centers and the

presence of eosinophilic epithelial cells (Hurthle cells) was prominent. In most beagle

d

dogs thyroid gland histological al ions were mild to thus resulting in

normal thyroid gland function. However in those animals with severe thyroid gland
changes, a decreased 131 [ uptake was observed (W. H. Beierwaltes & R. H. Nishiyama,
1968).
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Serologically, dog thyroiditis parallels the human disorder characterized by the

of antibodies to Tg, mi 1 and second colloid antigens (W. H.

Beierwaltes & R. H. Nishi 1968; G. . Mizejewski ec al., 1971).

Monkeys: Marmoset monkeys of the genus Callithrix develop chronic thyroiditis
(reviewed in P. E. Bigazzi & N. R. Rose, 1975). Monkeys of the genus Saguinus develop
thyroiditis occasionally. Chronic thyroiditis in marmoset monkeys exhibits a female
preponderance (female : male ratio 2:1). Thyroid glands are characterized by focal
collections of inflammatory cells or total replacement of the follicular architectute by
small and large lymphocytes and a few plasma cells. Follicles close to the infiltrated
areas are atrophic, filled with very little or no colloid. Frequently mononuclear cells are
present in the follicular lumen.

Serum derived from marmoset monkeys reacted weakly with rhesus monkey thyroid
extract in hemagglutination assays (reviewed in P. E. Bigazzi & N. R. Rose, 1975).

Mice: An analogous model to the BB/W rat that spontaneously develops diabetes
and lymphocytic thyroiditis was identified in mice. The NOD mouse exhibits
infiltration of both Langerhans islets and thyroid within the 1st and 2nd month of life
(N.F. Bernard et al., 1991). The incidence and severity of the disease were shown to be

) 4

B¢ and equally

lent in both sexes. No association of the disease with

diabetes has been reported. Autoantibodies to thyroid antigens develop in 35% of the
mice but are not reactive to Tg,

Preliminary studies have suggested that lymphocytic infiltration develops
spontaneously in the thyroids of double transgenic mice that express the transgene for
membrane-bound hen-egg lysozyme (HEL) under the control of rat Tg promoter and
HEL specific T-cell receptor (TCR) (S. Akkaraju et al., 1994). No signs of histological

thyroid abnormality are observed in single HEL transgenic animals or in normal H-2b



animals immunized with HEL or HEL peptides. In the same study, presence of auto-
antibodies to thyroid specific antigens was not assessed.

Mastomys: Lymphocytic thyroiditis without any other clinical signs of
hypothyroidism was observed in Praomys natalensis, a desert rodent commonly known as
mastomys (H. A. Solleveld et al., 1982a). The discase developed in 16% of males and
23% of females and was scrologically characterized by the presence of auto-antibodies to
second colloid antigen. Antibodies to Tg or TPO have not been reported (H. A.
Solleveld et al., 1982b). The thyroid infiltrate exhibited a diffuse or nodular pattern
occasionally associated wich cither follicular epithelial cell hyperplasia or follicular
distraction. Thyroid lesions were characterized by the presence of lymphecytes, plasma

cells, and few macrophages. No clear-cut germinal centers were observed.

1.2.1.2 Induced models of autoimmune thyroiditis.

A step forward in the development of experimental thyroiditis were the experiments
of Rose and Witebsky in 1956. Intradermal immunization of rabbits with isologous,
autologous or heterologous thyroid extract in complete Freund's adjuvant (CFA)
resulted in autosensitization and autoantibody pruduction (E. Witebsky & N. R. Rose,

1956; L. Witebsky & N. R. Rose, 1958; K. L. Terplan et al, 1960). Significant

1 1

1 changes,

to partial or of the thyroid
tissue by infiltrating mononuclear cells, were also observed in the thyroids of the
immunized animals (N. R. Rose & E. Witcbsky, 1956). EAT was later induced in a
variety of animal species such as guinea pigs (M. H. Flax, 1963), rats (R. S. Metzgar & J.
T. Grace Jr., 1961 ; H. E. H. Jones & I M. Roitt, 1951), monkeys (N. R. Rose et al.,

1966), dogs (K. L. Terplan et al, 1960), chickens (B. D. Jankovic & K. Mitrovic, 1963)
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and mice (R. S. Metzgar & ). T. Grace Jr., 1961; A. O. Vladutiu & N. R. Rose, 1972) by
injection of homologous or heterologous thyroid extract in adjuvant. In those studies,
the diagnosis of EAT was based on two criteria: the presence of mononuclear cell
infiltration within the thyroid of immunized animals and the existence of autoantibodies
specific for thyroid antigens. These two criteria, however, are not equivalent since
existence of anti-thyroid antibodies did not correlate well with the thyroid pathology
and, alternatively, thyroiditis could be observed in the absence of circulatory

autoantibodies (reviewed in N. R. Rose etal., 1965; reviewed in . Charreire, 1989).

Direct h of EAT inducti Sub studies were focused on the
identification of the cardinal factor within the thyroid extract that triggers the
autoimmune process. Initial observations in rabbits pointed to Tg (E. Witebsky et al.,
1958). Asin the initial studies, and based on the same animal model of EAT, thyroiditis
was induced after immuaization of the animals with heterologous Tg or chemically

modified homologous Tg in the absence of adjuvant (W. O. Weigle, 1965). Parallel

Tooical al taveloied

observations in rats indicated that thyroid h

in immunized animals when a highly purified Tg fraction prepared by ultracentrifugation
on sucrose density gradient was used for itnmunization instead of whole thyroid extract
(L. M. Roitt et al., 1965). The "light fraction" obtained through the same process,
corsisting of proteins with sedimentation constants less than 198, and comprising
microsomal and second colloid antigens, was not pathogenic (1. M. Roitt et al., 1965).
Analogous studies in mice indicated that thyroiditis develops after repeated
immunization of the animals with soluble Tg (M. Eirehewy et al,, 1981). Although all of
the above studies highlighted the principal role of Tg in the development of
autoimmune thyroiditis, recent studies in mice suggest that purified and trypsinized

porcine TPO (PTPO) (T. Kotani et al,, 1990) or the immunodominant PTPO peptide



which corresponds to 774-788 a.a. of PTPO, were also thyroiditogenic in H-2b mice (T.
Kotani et al,, 1992).

Thyroiditis via Tg i ization depends on the optimization of various
such as immunogenicity and quantity of the antigen (S. Shulman, 1971; J. Charreitc,
1989), the route of antigen administration, the immunization schedule and the time of
thyroiditis assessment.

Molecular modification of Tg: Various strategies have been employed in attempts to
increase the immunogenicity of Tg, such as immunization with native Tg in adjuvant or
immunization with both modified homologous or heterologous Tg either in a soluble
form or emulsified in incomplete Freund's adjuvant (IFA) (W. O. Weigle, 1965). A
variety of ways have been used for modification of homologous Tg such as heat-
denaturation, enzymatic digestion and haptenization (W. O. Weigle, 1965; W. O.
Weigle et al., 1969). Such treatments terminate the natural tolerance of an organism to
its own Tg, possibly via exposure of zntigenic determinants of the molecule that are
masked on native Tg and against which the T and B lymphocytes of the organism have
not been tolerized. An additional factor that affects Tg immunogenicity resides in the
procedure of Tg purification itself. Tg prepared by the ammonium-sulfate precipitation
method was more potent in inducing autoantibodies and thyroid lesions in rabbits than
that prepared by ultracentrifugation (N. R. Rose et al., 1965). However, both Tg
preparations were comparable in purity and identical immunochemically when assayed

1 hotesis and i 1 horesis. The discord: of the above results

by agar

€ i

has been d to changes in that the Tg molecule might have
undergone during purification by the ammonium-ulfate precipitation method and

which might have rendered it more immunogenic.
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Adjuvant: The nature of the adjuvant has also been shown to influence Tg
immunogenicity. CFA (N. R. Rose et al., 1971) and lipopolysacharide (LPS) (P. S.
Esquivel et al., 1977) were shown to be the most potent adjuvants in eliciting both anti-
Tg antibodies and thyroid lesions in mice. The role of CFA in enhancing Tg
immunogenicity could reside in its ability to produce a depot effect at the site of

where hilsand hages could be d and release their

Iysosomal enzymes, resulting in partial digestion of Tg. This process might increase its

immunogenicity (V. O. Weigle, 1969). Alternatively, the adjuvant could alter the

tisturh

mode of antigen resulting in in the clonal balance between

autcantigen specific helper and suppressor cells (see section 1.2.3.1), (N. R. Rose & E.
Taylor, 1991). Other adjuvants such as [FA (N. R. Rose et al., 1965; F. J. Twarog et al.,
1970 ), silica (P. S. Esquivel et al., 1977), alhydrogel (P. S. Esquivel et al., 1977),
pertussis vaccine (F. J. Twarog et al.,, 1970) and alum (W. O. Weigle, 1965) were
ineffective in inducing thyroiditis although some of those could elicit autoantibodies in
various species, suggesting that the induction of autoar  Jy and thyroid lesions rely on
distinct processes. The same coiclusion was drawn in a recent study in mice, in which
the natural toletance to Tg was abrogated by conjugation of the molecule to class I
MHC-specific MoAbs. Although this approach was successful in eliciting Tg-specific

ibodies in icall: ible mice, possibly via a mechanism that targets the

autoantigen on antigen-presenting cells (APC), it was ineffective in inducing thyroid

lesions (B. Balasa & G. C: is, 1993a). Anal ive approach for thyroiditi
induction which bypasses the necessity for Tg purification, and the possible alteration in
its structure which results in enh d ity, ployed by Okayasu and

Hatakeyama (1984). They produced thyroid lesions by implanting a fresh thyroid gland

within the peritoneal cavity or under the kidney capsule of mice and followed this with
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an intravenous injection of LPS. The induced autoi response was attributed to

the combined effects of antigen leakage into the circulation originating from necrotic
lanted thyroid ti nd polyclonal activation of B cells under the influence of LPS.
Ty-iodination: Both epidemiological snd snimal studi thiat fodk

may enhance Tg immunogenicity (J. Charreire, 1989). lodine-enriched Tg (containing
at least 60 iodine atoms/molecule) obtained from CS chickens, when injected
intravenously into normal birds in the absence of adjuvant, induced higher levels of
anti-Tg antibodies than those observed following immunization with iodine-deficient Tg
(<13 atoms of iodine/molecule), (R. S. Sundick et al., 1987). Analogous studies in mice
suggested that poorly iodinated Tg, although it could elicit antibodies in susceptible

strains, could neither be d by Tgspecific [.-Ak d Tcell hybride nor
did it result in significant thyroid lesions (B. R. Champion et al., 1987a). The
mechanism by which the iodine content of Tg affects immunogenicity is not clear. It has

been suggested that highly iodii d Tcell d i of Tg are thyroid ic (B.

R. Champion et al., 1992; K. Dawe et al., 1993). Alternatively, an increased level of Tg

iodination might modify its processing by APC resulting in presentation of novel Tg

epitopes that are not d after ing of poorly iodi d Tg (B. R. Champion
et al., 1987a; G. Carayanniotis etal., 19%4).
The assessment time of established EAT iscritical. Unlike HT, the disease is self-

limiting in several species. Rats d with h ! orh 1 thyroid

extract or purified Tg in CFA, developed thyroid lesions 2-4 weeks after immunization.
Three to five months later no signs of inflammatory cells in the thyroid were observed
(H. E. H. Jones & I. M. Roitt, 1961). Similarly, established EAT in a Rhesus monkey
underwent regression to such an extent that almost no indication of infiltrate was

visible within the thyroid 18 months after immunization and there was only a limited



degree of fibrosis. Therefore, absence of thyroiditis assessed at a certain time point does
notassure inability of a particular immunization regimen to trigger the disease cascade.

Indirect approach of EAT induction: Apart from direct immunization of animals
with Tg in adjuvant, an alternative approach to induce EAT is to increase the numbers
of Tg-specific effector cells. Thus thyroiditis has been induced indirectly in guinea pigs
(G. C. Sharp et al., 1974; H. Braley-Mullen et al., 1981), rabbits (R. M. Nakamura & W.
O. Weigle, 1967), rats (F. J. Twarog & N. R. Rose, 1970) and mice (H. Braley-Mullen,
1985; L. L. Simon et al., 1986) with transfer of splecn or lymph node cells (LNC)
derived from animals actively immunized with Tg in CFA and activated in vitro with Tg
or concanavalin A (con A) (I. Okayasu, 1985). Several studies attempted to isolate
homogeneous populations of these effector cells and characterize them. Based on those
studies, it was shown that EAT is a T-cell mediated disease since it could be adoptively
transferred to naive recipients with Tg-specific T lymphocytes generated either in vitro
by coculture with syngeneic thyroid epithelial cells (TEC) (J. Charreire & M. Michel-
Bechet, 1982) or in vivofrom animals with EAT (R. Maron et al., 1983; C. G. Romball
& W.O. Weigle, 1987).

Recent studies by Bruley-Mullen and colleagues have indicated that a severe form of

EAT, called granulomatous thyroiditis, is induced in naive recipients by adoptive
transfer of MTg-primed spleen cells activated in vitro in the pi f either anti-IL-2R
or anti-IFN-y MoAbs (H. Braley-Mullen et al,, 1991 ; S. ]. Stull et al,, 1992). Asin

lymphocytic EAT, CD4* cells are required for the transfer of granulomatous EAT.
Although the previous studies suggested that T cells were the fundamental effector

subset for mouse EAT, a recent study indicated that dendritic cells could also initiate

and maintain the thyroid autoimmune process. Small numbers of dendritic cells (105

cells) exposed to Tg either in vitroor in vivo could initiate autoantibody production and
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thyroid lesions in naive recipients (S. C. Knight et al., 1988). Even though dendritic
cells are not considered by themselves the ellector subset for mouse EAT, they may
provide a stimulus in the host for the production of autoreactive effector cells by
presenting MTg continuously in the periphery or in the target organ (P. ]. Kabel etal,

1988) and therefor ining the autoi ivati

An alternative approach for inducing EAT is through manipulation of the T-cell
subsets. Wistar rats subjected to thymectomy and whole body irradiation (5x200 rads)
spontaneously developed both thyroiditis and anti-Tg antibodies (W. ). Penhale et al,,

1973). Typical HT lesions and Tg-specific antibodies also developed ly in T-

cell depleted mice after adoptive transfer of cells depleted in CD5bigit T cells (S.
Sugihara eral, 1988). Subsequent cloning and characrerlzation of the clfector subsets
revealed CD5% CD4+T cells recognizing the antigen in the context of I-A (S. Sugihara
etal., 1993). Most of the clones were Tg-specific, supporting the concept of Tg as a
principal autoantigen, although some of them were reactive to a yet unidentified thyroid
component.

As stated previously, one of the advantages of animal models is the ability to

their immune envi in ways that cannot be employed in humans. In
the human condition, manipulation of immune system cells can only be performed in in

vitro studies and these approaches may correlate poorly or not at all with the clinical

condition. The ity of severe-combined i leficiency (SCID) and athymic

"nude” mice, provided tools for the study of human-derived thyroid tissue and

fE—

inan in vivo envi (reviewed in R. Volpé et al., 1993). Both SCID
and nude mice have certain features which enable them to accept xenogeneic grafts.
SCID mice are characterized by lack of mature B and T cells due to a genetic defect in

the function of the recombinase that is required for successful rearrangements of both
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the Ig and the TCR genes (reviewed in M. A, Duchosal, 1992; reviewed in R. Volpz er
al, 1993). Therefore they can accept both lymphoid cells and thyroid grafts from
human donors. Athymic nude mice can only accept human thyroid tissue xenografts
because, although they lack mature T cells, they do express sufficient numbers of B and
natural killer cells to lyse human lymphocytes (reviewed in R. Volpe etal,, 1993).

Among the models for induction of thyroiditis, the mouse model is the most

extensively studied. It is an llent model for i ic studies due to the

it

of its major b complex (MHC) and the great

lability of ic, intra H-2. binant and congenic mutant strains. Mice can

be easily handled and maintained in large numbers and at a lower cost than any other
animal developing EAT. There is an enormous variety of mouse-specific reagentssuch as
MoAbs specific for T- and B-cell surface markers which can be used in phenotypic and
functional analyses of the cells involved in immune reactions. The generation time in
mice is short, facilitating genetic studies (G. Wick et al., 1981). For these reasons the

mouse model was used in the current study.
1.22 Riskfactors in thyroid autoimmunity

Both animal and human studies suggest that autoimmune thyroiditis is a
multifactorial disorder. Early observations suggested that the disease is partly inherited
because of its coincidence in monozygotic twins and its tendency to cluster in families
(W. ]. Irvine et al, 1961; N. R. Farid, 1992). Because the coincidence rate of the disease
among identical twins was less than 100% it was evident that other non-genetic factors
also contributed to its pathogenesis. Therefore the disease was envisaged as the result of

an interplay between genetic and environmental factors. Genetic factors play a
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fundamental role because they are responsible for the dysregulation of the immune
system as well as the susceptibility of the target organ. Environmental factors such as
infectious agents and iodine intake are thought to act as iniciating or precipitating agents
leading Lt d individuals to the develop of thyroid

(see following sections).

1.22.1 Genetic background

The study of genetic factors in human autoimmune thyroid disease is a difficult task
because populations are heterogeneous and large family studies require several

to lete. In addition, the f of the disease at the population level

is low, therefore it is not easy to readily find significant numbers of patients to perform

such studies. Thus the hereditary of i thyroiditis has been
mainly addressed in animal models of the disorder (C. L. Burek & H. S. Bresler, 1990).
Such models have ibuted c: derably to our und ding of the number, the

nature and localization of genes that might be haplicated in the human disease. With

respect to findings from both induced and models of

thyroiditis, it is evident that the disease is multigenic and that both MHC and non-

MHC genes contribute to its pathogenesis.

Current advances in the genetic aspects of in

mice will be discussed further in the next two sections. The genetic factors of
spontaneous autoimmune thyroiditis in chickens, rats and humans will be addressed only

briefly since they are beyond the scope of this study.



1.2.21.1 MHC genes

Nuse: The fundamental role of MHC genesin EAT susceptibility was highlighted
by the pioneering work of Vladutiu and Rose, in 1971. Their study involved 33 inbred
strains ing 11 different haplotypes in which EAT was induced by direct

immunization with thyroid extract in CFA. Mice with different H-2 alleles were not

lassified as ders or ders but rather exhibited a graded degree of

susceptibility. Mice carrying the H-2k ¢ haplotypes were designated as excellent

responders, the H-24 strains were good, strains with H-20™ P were fairly good, whereas

1 .

H-2bd and H.2¥ were poor and very poor resp pectively. This cl ofa

given haplotype was based on the exi: of lear cell infiltration within the

thyrold and the extent of its follicular destruction. Crosses between good (H-29) and
poor (H-29) responders resulted in F1 hybrids that were also susceptible to EAT
suggesting that the feature of susceptibility was transmitted to the progeny as an
autosomnal dominant trait (A, O. Vladutiu & N. R. Rose, 1971a). In the same study,
congenic strains for the H-2 locus could be classified as good or poor responders
depending on their H-2 type. For example, the congenic strains C3H.SW (H-2b) and
C3H/He) (H-% ch d by the same back d genes but different H-2 alleles,

were classified as low and high responders respectively. Although the general pattern of

bility to EAT w: d by sub studies, d were
observed. For instance the H-29 haplotype represented by cue B10.Q strain was later
shown to exhibit a poor response to Tgalthough in the initial study of Viadutiuand
Rose: it had been designated as a good responder (K. W. Beisel et al., 1982a; K. W. Beisel

et al,, 1982b). The difference between initial and later results was attributed to
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differences in the Tg dose, the nature of the adjuvant (LPS vs CFA) and other non-
MHC gene influences (see next paragraph) (K. W. Beisel eral., 1982b).

Vladutiu and Rose addressed the cellular basis of H-2-linked susceptibility to
thyroiditis. They produced bone marrow chimeras by thymectomy, lethal irradiation and
reconstitution of the animals with either B cells, T cells or a combination of both subsets
(A. O. Vladutiu & N. R. Rose, 1975). They subsequently‘assessed the thyroid pathology
of chimeras derived from susceptible (H-2K, H-25) or resistant (H-29) strains following

Tei ization. Poor d ituted with T lymph either alone or in

combination with B cells derived from high responders resulted in pathology indices
markedly higher than the indices of animals reconstituted with poor responder T and B
lymphocytes. These studies suggested that the H-2-linked susceptibility to thyroiditis is
T-cell based. Analogous results were revealed by studies in which EAT was induced
after adoptive transfer of effector cells into naive animals (see section 1.2.1.2). Ir. those
studies, the disease was transferrable to normal i ipients by MTg-primed T
lymphocytes (H. Braley-Mullen er al., 1985; 1. Okayasu, 1985; W. V. Williams et al.,
1987), T-cell lines (R. Maron etal., 1983) ot clones (C. G. Romball & W. O. Weigle,

1987; 8. Sugihara et al., 1993) derived from donors carrying a susceptible H-2 genotype.

Similarly the ability of normal T I h to be primarily sensitized by syng

thyroid epithelial cells and to transfer thyroiditis to normal syngeneic donors was
dependent on their H-2 type (J. Salamero & J. Charreire, 1983a; J. Charreire J. & M.
Michel-Bechet, 1982).

The MHC expression of the thyroid gland itself was shown to influence susceptibility
to EAT, implicating a T-cell mediated damage of the target organ (A. Ben-Nun et al.,
1980). Susceptible (H-2kx H-2b) F1 hybrids implanted under the kidney capsule with

thyroids that had originated from the susceptible parent (H-2K) or resistant parent (H-



34

2b) strains and subsequently injected with Tg in adjuvant, exhibited H-2 restriction of
EAT susceptibility at the level of the implanted target organ. In other words, the
incidence of lesions was high (87%) in implants derived from EAT susceptible H-2k
haplotype and low (20%) in those originated from EAT resistant H-2b haplorype.
Similar results were obtained by Okayasu using a different EAT model where the disease
was induced by implantation of a thyroid gland under the kidney capsule and subsequent
injection of the animals 6 hours later with LPS (1. Okayasu, 1986), (see section 1.2.1.2).
In the same study, it was shown that the implanted thyroid gland, regardless of its origin
(poor or high responder) produced Tg of the same immunogenicity. This last result
contrasts with previous studies which reported that strain influenced the
immunogenicity of Tg. Purified Tg derived from the congenic strains B10.D2 (H-2¢)
and B10.Br (H-2K) which are low and high responders respectively, differed in its ability
to induce thyroid lesions and autoantibodies (V. Tomazic & N. R. Rose, 1976).

LA region control. From the previous studies, it is evident that EAT induction in
mice is under the genetic influences of MHC genes. Subsequent studies attempted to
localize the responsible locus for EAT susceptibility within the H-2 complex.
Preliminary reports based on intra-H-2 recombinant mouse strains which had been
derived from recombinations among H-2k H-2d and H-2b haplotypes positioned the
MTg response locus at the centromeric side of the H-2 region (V. Tomazic et al., 1974).
However, the lack of suitable intra-H-2-recombinant strains did not permit precise
localization of the susceptibility gene(s). Further studies, based on new intra H-2

recombinant congenic strains of B10 t d with various combinations of k, b, q

alleles at the K and /or I-A regions, further localized the disease susceptibility to the I-A
locus of the H-2 gene. This locus was called the Tg immune response gene (Ir-Tg) (K.

W. Beisel et al., 1982a). The significance of the I-A locus in EAT susceptibility was
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further highlighted by the study of Vladutiu and Steinman who were able to completely
prevent EAT induction in mice by treating the animals with anti-I.A MoAb either

before or at the time of antigenic challenge with Tg in CFA. Treatment with anti-I-A

MoADb after antigenic chall could not letely prevent disease development,
although it significantly reduced its severity (A. O. Vladutiu & L. Steinman, 1987).
Similar results supporting localization of EAT susceptibility to the I-A locus were
revealed by the study of Salamero and Charreire (1983b). These investigators developed
a system in which lymphocytes could be sensitized in vitro (primarily sensitization) by
thyroid epithelial cells. The primarily sensitized lymphocytes were characterized as CD4+
and were restricted to the I-A locus of the H-2 complex.

D-region influences: Although the [-A locus is the major predisposing locus in the
mouse EAT model, D and K genes can {urther modify its effect. Using four sets of
recombinant strains which were expressing s, k, d, b alleles at the [-A locus and identical
or differcnt alleles at the K and D loci respectively, it was demonstrated that the D-end
genes exert a regulatory effect on the disease process (Y. M. Kong e al., 1979).
However, the extent of this influence was highly dependent upon the origin of both Ir-
Tgand K-cnd as well as D-cnd genes. For instance, when the Ir-Tg gene had originated
{rom the good responder k and s strains and the 11-2D-end gene from the d strain, both
antibody levels and cellular infiltration were reduced. The greatest degree of thyroid
int..tration was observed when k or f alleles were expressed at the D-end locus. This
suggests that an interaction among the I-A, D and K region gene products controls the
outcome of the EAT phenotype. In the same study an attempt was made to study the
modulatory effect of D-end genes using low responder strains of b and d haplotypes.

However, in that case no clear-cut result could be discerned because the cellular



infiltration in low responder strains was minimal or nonexistent., It was suggested that

1 1 1

the effector

the D-end gene(s) of thyroid i

£ Genetic infl on EAT devel were also attributed to

K-region i

the K-region of the H-2 complex. Initial studies by Maron and Cohen suggested an
involvement of K-end genes in EAT incidence. Their conclusion was based on the use
of the B6,H-2%(Hz1) strain of the b haplotype in which the H-2K locus has undergone a
point mutation and instead of Kb expresses K Interestingly, it was shown that the

1 4

point mutation at the H-2K gene dalow strain to a high

Thus, HZ1 mutants developed thyroiditis with an incid similar to that observed in

the high responder C3H (H-2K) mice {R. Maron & I R. Cohen, 1979). Subsequent
studies by Beisel and colleagues re-examined a possible role of K-end genes in EAT
induction using a series of H-2Kb mutants. It was shown that mutational differences at
the K end gene in the absence of the high responder Ir-Tg (I-Ak) gene in the I-A
subregion of the H-2 complex had no effect on EAT susceptibility (K. W. Beisel et al.,
1982a). However, such an effect was clearly evident in strains carrying the high
responder k allele at the I-A locus of the H-2 complex. For instance the percentage of
animals with thyroid lesions in BI0.A (k k k d) and B10.AQR (q k k d) was 52% and
70% respectively implying modulation of the disease incidence by K-end genes (K. W.
Beisel etal., 1982a; reviewed in R. C. Kuppers et al., 1988).

The expression of H-2K in both thyroid gland and thymus was shown to be critical
for the EAT phenotype (R. Maron & L R. Cohen, 1980). The above conclusion was
based on experiments in which either (B6.C-H-2bw-x B6)F1 (A. Ben-Nun et al., 1980)
or (B6.H-2%x B6)F1 hybrids (R. Maron & L R. Cohen, 1980) received under their
kidney capsules thyroid gland implants derived from their respective parental strains.

Infiltration of the implanted target organ was dependent upon its expression of the H-2K



1

allele, implicating cytotoxic T cells in the effector phase of EAT. Similarly, implantation
of donor irradiated thymus in nude recipient (C3H/eB x B6) F1 mice and subsequent
immunization with Tg in adjuvant resulted in severe EAT only in the case where the
grafted thymus had originated from the high responder strain (R. Maron & L. R. Cohen,
1980).

Rat: The contribution of genetic factors in the rat model of EAT is more complex
and less understood than in the mouse model. From 13 inbred rat strains studied, no
clear association between the RT1 locus (MHC genes in rats) and EAT susceptibilicy
has been revealed (H. S. Lillehoj & N. R. Rose, 1982). However, in recent studies it has
been shown that MHC genes contribute substantially to the final outcome of the
disease. Using congenic PV'G rats that differ only at the RT1 locus, it was demonstrated
that animals carrying the RT1¢ haplotype were high responders whereas RT14and RT12
were poor responders (H. J. De Assis-Paiva et al., 1989).

Chicken: SAT in the obese strain chicken is a multigenic trait. Its pathogenesis is
based on three defects that are controlled by at least three genes or gene complexes.
Thus, a three-locus model has been proposed to explain the pattern of its inheritance
(reviewed in R. C. Kuppers et al., 1988 ; reviewed in G. Wick er al., 1989). The first
locus is MHC-associated and determines the immune response to Tg (M. D. Livezey et
al., 1981), whereas the other two are linked to non-MHC genes and are associated with
abnormalities in the thymus and the thyroid giand (see section 1.2.2.1.2). Birds with the
greatest incidence of SAT were shown to inherit all three loci, whereas those that carry
only the MHC susceptibility locus exhibited only a minor degree of thyroiditis (G. Wick
etal., 1985). The relationship between the B locus (MHC genes in birds) and SAT was
revealed by the study of Bacon and colleagues (L. D. Bacon et al., 1974). Assessment of

SAT development in homozygous birds carrying the B13, BS or BIS haplotype revealed
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extensive lymphoid infiltration in the thyroid glands of the B13and BIS animals and mild
in those with BS(L. D. Bacon et al., 1974; L. D. Bacon et al., 1976). Those initial results
were not verified by subsequent studies on an OS colony separated from the original
flock for almost 10 years, suggesting the existence of non-MHC genes in the regulation
of the SAT phenotype(reviewed in G. Wick et al., 1989). Taken together, the studies
show that the MHC-associated susceptibility in SAT is less clear than mouse EAT and
no information exists as to where the susceptibility locus resides within the B region
(reviewed in G. Wick eral., 1989).

Human: In human thyroiditis, attempts to identify, within the HLA complex, an
immuie response gene similar to the H-2A region of murine EAT have been unfruitful.

Although HLA iations with i thyroiditis have been observed, these

appear to be weak and inconsistent in different populations (A. P. Weetman, 1992 ; N.
R. Farid, 1992). Early studies revealed immunogenetic heterogeneity between the
atrophic and goitrous variants of autoimmune thyroiditis (see table 1.1). For instance
HT was associated with HLA-DR5 and primary myxoedema with HLA-DR3 (N. R.
Farid et al., 1981). In other studies, HT was associated with other alleles such as DR3
and DR4 (A. P. Weetman, 1992). All of these studies were based on the typing of
haplotypes by serological analysis, a method whose sensitivity depends directly on the
specificity of the typing reagents. Recent studies based on molecular typing by the

2

length poly: hism (RFLP) method have revealed a strong

with the DQw7 specificity, which i ded by the DQB1 and DQAL1 genes
rather than the DR locus (K. Badenhoop et al,, 1990). This last result was not

confirmed in other studies in which HT was associated with DQw2 (N. Tandon et al.,
1991) or was not associated with any of the alleles at the DQ or DR loci {A.

Mangklabruks et al., 1991; D. Jenkins et al., 1992). Since the relative risks associated
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with HLA markers are low the inconsistency of the above results could be due to ethnic
differences between the study populations.

What is the basis of an association between MHC and thyroiditis? It is well
established that both MHC class I- and class II-encoded gene products play a critical role
in T-lymphocyte activation. In both normal and autoimmune responses, T cells
recognize short antigenic sequences associated with MHC gene products that are
expressed on the surface of antigen presenting cells (reviewed in R. H. Schwartz, 1985).
Due to MHC-restricted T -cell recognition, MHC gene products may participate in
thyroic! autoimmunity via two pathways. First, certain MHC class II products might
favour the interaction with thyroiditogenic peptides. The resulting MHC-peptide
complexes might in turn be recognized by pathogenic T cells. Second, MHC class I
gene products expressed in the thymus might regulate the developmental selection
(positive or negative) of thyroiditogenic T cells during T-cell differentiation and
maturation in the thymus (reviewed in G. T. Nepom, 1991; reviewed in C. L. Burek &

H. S. Bresler, 1990).

1.2.2.1.2 Non-MHC genes

The contribution of non-MHC genes to the development of thyroiditis has been
assessed using congenic mouse strains carrying the same H-2 but different background
genes and employing mild immunization protocols such as injection of the animals with
MTgfollowed 3 hours later by LPS (K. W. Beisel et al., 1982b). Significant influences of
non-H-2 genes have been observed both on the severity and the incidence of thyroiditis
as well as the levels of Tg-specific antibodies. For example, using the B10, BALB.B,
C3H.SW and A.BY strains, all of which carry the H-2b haplotype, the following
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observations were made. First, strains carrying the C3H or BALB backgrounds exhibited

higher autoi to thyroglobulin than B10 and A strains. Second, the

highest antithyroglobulin titers and most severe lesions were found in the congenic
strain of C3H background. Similar results were obtained when the B10.BR, BALBK
and C3H/Anf strains of the high responder H-2K haplotype were compared. Other
studies based on the use of recombinant inbred and congenic strains suggested that the
Igh locus has an effect on the levels and the subclass distribution of anti-Tg antibodies
(reviewed in R. C. Kuppers et al., 1988). For example, following immunization of CBA-
Tu (Ighj) and CBA-Igh" congenic strains with MTg in CFA it has been shown that the
Ighb haplotype produces minimal levels of IgG2a MTg-specific antibody compared to
the Igh haplotype (reviewed in R. C. Kuppers eral., 1988).

The most informative model in which the non-MHC effects have been studied is the
OS model. In this animal model two additional factors contributing to SAT
susceptibility have been identified (see section 1.2.2.1.1), over and above MHC-
regulated immune responses. These are controlled by genes residing outside the B locus.
The first set of genes affects the function of the thymus by altering the balance of helper
and suppressor T-cell populations (reviewed in N. R. Rose et al,, 1980). It has been
d

proposed that the thymus of the OS chicken an ab 1 T-cell

This becomes apparent as the effector cells are released in the periphery early by the OS
thymus followed by a delayed release of the suppressor cells (reviewed in N. R. Rose et
al., 1980). Evidence for such a thymic abnormality comes from the experiments of
Jankobisiak and colleagues who carried out transplantation experiments between B-locus
matched normal or OS chickens (M. Jankobisiak et al., 1976). Under those conditions
skin graft rejection is due to differences at the minor histocompatibility antigens.

According to those i ly th ized OS, but not normal chickens
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exhibited an accelerated rejection of skin grafts. The last result suggested that in OS
chickens the effector cells are released carly to the periphery from the thymus, The

second set of genes act on the target organ ing its ibili

to

attack. The first indication of the exi of a primary al of the target organ
has been revealed from the experiments of Sundick and Wick (1974). The authors
injected OS embryos and newly hatched chicks with 1311 and they estimated 1311
uptake by their thyroids 20 hr later, 131 uptake in OS chicks was significantly higher
than that in outbred New White Leghorn (NWL) chickens. A subsequent study by
Sundick and colleagues proved that the elevated 1311 was an intrinsic property of the
thyroid and not an outcome of differences in the levels of TSH between OS and normal
chickens (R. S. Sundick et al., 1979). To date the nature of the vulnerability of OS
thyroid gland has not been determined. Apart {rom the increased rate of iodine uptake
by the OS thyroid several other factors have been proposed. First, an altered iodine
cotuposition of Tg could increase the immunogenicity of the molecule (reviewed in G.
Wick et al., 1989; sce scetion 1.2.1.2). Second, a primary aherrant expression of class Il
antigens by OS thyroid epithelial cells could trigger SAT development. Class Il antigen
expression by TEC in chickens is thought to be a secondary event of SAT induction
because class [l antigens are expressed only in the neighborhood of infiltrating T cells.
The latter observation suggests that aberrant class [ expression is induced by interferon
¥ (IEN-y) that is secreted by T cells invading the thyroid (reviewed in G, Wick etal.,
1989). In vitro studics, however, have shown cultured TEC from OS chickens to havea
lower threshold for the induction of MHC class I antigen expression with IFN-y than
cells from normal strains (reviewed in G. Wick et al., 1989). Finally a viral infection
might be responsible for the increased susceptibility of the OS thyroid to autoimmune

attack. L idence to support the latter possibility comes from recent studies showing that
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OS chickens are characterized by the presence of an endogenous virus, ev22, not found
in other strains tested (A. Ziemiecki er al., 1988; reviewed in G. Wick er al., 1989).
Other genetic factors, x-linked genes for example, could also contribute to disease

susceptibility (L. D. Bacon etal., 1981).

1.2.3 CONTRIBUTION OF THE IMMUNE SYSTEM

Attempts to explore the individual contributions of humoral and cellular factors in
EAT pathogenesis have been based mainly on two strategies. The first approach employs
adoptive transfer of cells or serum from diseased donors to healthy animals, a procedure
that can clearly discern the significance of cellular and humoral factors in EAT
development. The other method looks for associations between Tg-specific T-cell
responses or levels of Tg-specific antibodies and thyroid lesions, since such associations
could offer clues to the potential involvement of T cells or antibody in the disease
cascade.

Based on such methods, it was proposed that humoral and cellular factors combine
to produce the final picture of autoimmune thyroiditis (reviewed in P. E. Bigazzi & N.R.
Rose, 1985). However, the extent of their contribution to EAT pathogenicity varies,
depending upon the species studied and the immunization procedure employed for
thyroiditis induction (reviewed in A. O. Vladutiu, 1990). For example, in rabbits, close
association between humoral autoimmune responses and thyroid lesions has been found

(reviewed in P. E. Bigazzi & N. R. Rose, 1985). In contrast, in the rat, a significant

lation between thyroiditis and cell-mediated has been reported (H. S.
Lillehoj & N. R. Rose, 1982). In guinea pigs it has been suggested that cellular and
humoral factors combine to modulate both the incidence and the severity of EAT (G. C.
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Sharp etal., 1974). Evidence coming from the mouse model of EAT suggests that the

humoral or cellular ib may vary d ding upon the i ion regimen
used for thyroiditis indk . Thus in thyroiditis induced by immunization with
; 1 or self-altered Tg ( ized, heat d dor ically digested

Tg) it has been proposed that humoral factors have a predominant role but in EAT
induced by immunization with Tg in adjuvant, T cells play a predominant role (C. G.

Romball & W. O. Weigle, 1984).

1.2.3.1 Tecells

Each organism normally responds strongly to invading foreign substances but

exhibits an ive state, or to itsown i . In the past, self-
tolerance was attributed to the clonal deletion of autoreactive immunocompetent cells
(see paragraph 1.1.2.1). Since immune responsiveness to T-cell dependent antigens such
as proteins requires the collaboration of both B- and T- cell subsets, the state of
immunological tolerance to a self protein antigen could be achieved by clonal deletion
of both Band T cells or T cells alone. Initial studies in autoimmune thyroiditis suggested
that acquired immune unresponsiveness to Tg, an antigen found in relatively low leveis
in the circulation (G.Torrigiani et al., 1969), was a result of deletion of Tg-specific T
cells while the autoreactive B-cell subset remained unaffected (J. A. Clagget & W. O.
Welgle, 1974). This view was further supported by two lines of evidence. First, Tg-
reactive B cells (A. D. Bunkhurst et al., 1973) and anti-Tg antibodies (T. Kohno at sl.,
1988; reviewed in S. Avrameas, 1991) were identified in healthy subjects. Second, the
tolerant state of T-cell help could be overridden in mice using LPS together with the

immunizing antigen (P. S. Esquivel et al., 1977), or either foreign or altered-self Tg as
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immunogens (W, O. Weigle, 1965a). In the first case, the requirement for T-cell help
could be by-passed by polyclonal activation of the Tg-reactive B cells induced by LPS
whereas in the latter case, B cells ccw:!d receive help from cross-reactive T cells produced
against altered Tg determinants. Subsequent evidence suggests that clonal deletion of

Tg-reactive T cells was inad in explaining self.tol Te-reactive T cells not

only exist in good responder mice (P. S. Esquivel et al.,, 1978; M. Eirehewy et al., 1981;
S. Sugihara et al.,, 1988) but also play a substantial role in the regulation of the
autoimmune response (N. R. Rose et al., 1981). Since both Tg-reactive B and T cells
coexist in normal H-2 susceptible mice how is the tolerant state maintained? It was
hypothesized that regulatory systems exist, such as T-suppressor circuits (Y. M. Kong et
al., 1982; N. R. Rose et al., 1981) and idiotypic anti-idiotypic networks (M. Zanetti & P.
E. Bigazzi, 1981; C. Roubaty et al., 1990; B. Texier etal., 1992a) and that these control
the tolerant state (N. R. Rose et ai., 1980; N. R. Rose et al,, 1981; A. P. Weetman,
1992). The final outcome, abrogation of T-cell response or maintenance of immune
unresponsiveness to Tg, depends on a fine balance between the cell populations that
promote autoreactivity and those that control it (N. R. Rose et al., 1981; G. Wick,

1d 1

1985). Such regulatory hanisms can be o in exp y induced

thyroiditis either by employing strong antigenic stimuli such as immunogens in

1 ' i

dj orbyi the cell that mediate versus those that
suppress it (see section 1.2.1.2). T cells appear to have a prominent role in EAT
operating both as effector as well as regulatory cells.

Effector cells: Several lines of evidence both in vivoand in vitro are available to
indicate that T cells play a critical role as effectors in murine EAT. First, as already
discussed, the disease in mice is MHC-restricted and the cellular basis of that restriction

has been attributed to the T-cell subset (see section 1.2.2.1.1). Second, direct evidence
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supporting the critical role of T cells as effectors in EAT comes from adoptive transfer

experiments (see section 1.2.1.2). Furth hyroiditis was t d by
T-cell lines to both irradiated (550 rad) and nude mice, strongly arguing against the
participation of host B or T lymphocytes in the effector phase of the disease (R. Maron
& L. R. Cohen, 1980). Similarly, tre isfer of mouse Tg-sensitized, B-cell depleted
lymphocytes to either normal or B-cell depleted recipients resulted in thyroiditis. This
further suggests that the disease does not require either MTg-primed B cells or B cells
rectuited from the host to develop (H. Braley-Mullen et al., 1985; H. Braley-Mullen et
al., 1994). Third, nude mice actively immunized with either Tg emulsified in CFA (A.
O. Viadutiu & N. R, Rose, 1975) or soluble Tg followed by LPS (P. S, Esquivel et al.,
1977) did not develop EAT. Fourth, in vitro proliferative of Tg itized

lymphocytes to Tg constitute an early matker of subsequent EAT development. Thus, in
both mice and rats a close correlation was found to exist between the proliferative T-cell
responses and susceptibility to thyroiditis (I. Okayasu et al., 1981; H. S. Lillehoj & N.R.
Rose, 1982; L. L. Simon et al., 1985). Fifth, histological examination of mouse thyroid

P TR Sy

ymphocytes, using membrane i l

to define the nature of
the cell subsets included within the thyroid infiltrate, revealed T cells as the dominant
“Stbset. Although the numbers of T cells varied with time, they ranged from 27 to 50%
throughout the second and third week after immunization (P. Creemers et al., 1984). In
contrast, B cells in the thyroid were constantly below 5% during the same period, in

spite of their high levels (19-24%) in peripheral blood (P. Creemers e al., 1984).

Similar findings were revealed after in situ ination by tissue i fl of
thyroid sections originating from diseased animals (D. Conaway et al., 1987).
As soon as the importance of T cells in the induction of mouse thyroiditis was

demonstrated, interest was directed towards the identification of the effector T-cell
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subset(s) and elucidation of the mechanisms by which they miediate EAT. Such studies
however, required the isolation, phenotypic characterization and functional analysis of

the cell populations. The mouse model was the ideal animal system for those studies for

two reasons. First, it was technically feasible to phenotypically ct ize the different
mouse T-cell subsets (see section 1.2.1.2). Second, the identification of cell growth
factors and the advances in cellular cloning offered an opportunity to generate
homogeneous mouse T-cell populations and retain them in culture for long periods.
Taking advantage of the mouse system, i g ed to isolate h

Tg-specific T-cell lations by Tg-specific T-cell lines (R. Maron & L R.
Cohen, 1980; B. R. Champion et al., 1985), clones (C. G. Romball & W. O. Weigle,
1987; S. Sugihara et al., 1993) and hybridomas (). ]. Remy er al., 1989; D. C. Rayner et

al., 1987). Phenotypic analysis and use of those populations in functional assays
revealed that both helper and cytotoxic T cells participate in the effector phase of EAT.
However, T-helper (Th) cells also play an essential role in the induction of thyroiditis.
The contribution of Th cells as inducers /effectors was based on several observations.
First, the in vitro Lyt1*2 - T-cell proliferative responses to MTg represent early markers
of subsequent EAT induction (L. L. Simon et al, 1985). Secoud, Sugihara and
colleagues (1988) using adoptive transfer of T-cells depleted in a particular T-cell subset
as a model of EAT, have shown that Lye-14il L3T4bgxcells are required for thyroiditis
development. Third, EAT has been transferred to naive animals by Th clones derived
either from lymph node cells of actively immunized mice (C. G. Romball & W. O.
Weigle, 1987; Y. Hiyama et al., 1993) or from thyroid lesions of diseased animals (S.
Sugihara et al., 1993). Fourth, Lyt-1* cells have been found to be the predominant

subset by either b i fl of thyroid infiltrating lymphocytes (P.
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Creemers et al., 1984) or by in situ examination of thyroid sections derived from mice
with EAT (D. Conaway etal., 1987).

These lines of evidence clearly indicate that Th cells participate in the effector phase
of EAT, however, these are not the only subset involved. Evidence suggests that MTg-
sensitized cells either in vivo (P. Creemers et al., 1983; L. L. Simon et al., 1986; Y. M.
Kong et al., 1986b) or in vitro (]. Salamero & J. Charreire, 1985) exhibit cytotoxicity for

ic thyroid layers. These

y ic cells were shown to be class I-restricted
and they required the presence of Lyt-1+cells for their expansion and differentiation (P.
Creemers et al., 1983; Y. M. Kong et al.,, 1986b). Additional evidence supporting the

involvement of cytotoxic T cells in the effector phase of EAT comes from the study of

Ben-Nun and coll whod d in thyroid I i i s that
H-2 restriction of thyroid damage relied on the derivation of the transplanted thyroid
(A Ben-Nun et al., 1980), (see section 1.2.2.1.1). The modulation of disease severity by
H-2K and H-2D region products further argues for cytotoxic cell involvement in thyroid
damage (see section 1.2.2.1.1). Moreover, examination of the thyroid infiltrate at
various time points of EAT development revealed that the early predominance of Lyt-1*
cells was followed by an increase of Lyt-2* cells resulting in Lyt-1+: Lyt-2* ratios very
different from those in peripheral blood (P. Creemers et al., 1984). The significance of
both helper and cytotoxic T cells as effector cells in murine EAT was recently
reexamined (J. C. Flynn et al., 1989) using the adoptive transfer of MTy;-sensitized cells
as a method for EAT induction. The participation of the two T-cell subpopulations of
both donor and recipient mice was studied at various time points of disease activity by
selective depletion of respective populations with MoAbs. It was demonstrated that
L3T4 cells were the important cells for EAT induction, whereas both L3T4 and Lyt-2*

cells had an effect on the severity of the disease. The involvement of Th cells in the
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inductive and effector phase of EAT was further supported by the study of Stull and
coworkers, (1988). Using the same adoptive transfer system, they were able to prevent
orarrest EAT development in recipient mice by treating the donors or the recipients
with anti-L3T4 MoAb.

Regulatory cells: Evidence for tlie existence of regulatory cells that suppress the
development of autoimmune thyroiditis comes from both spontaneous and induced
animal models. Early studies in both OS chickens (G. Wick et al.,, 1970) and BUF rats
(D. A. Silverman & N. R. Rose, 1974) demonstrated the critical role of thymus-derived

cellsin thyroid itization. Neonatal th y of the animals i d the

incidence and/or severity of thyroid damage in both species. Analogous results were
revealed by Penhale and colleagues who developed a model of SAT in rats by neonatal
thymectomy and irradiation (W. ]. Penhale et al., 1973) without the requirement of

immunization with Tg (see section 1.2.1.2). Development of SAT, however, was

L din the th ized animals after itution with lymphoid cells from
syngeneic recipients. This suggests the presence of regulatory cells within the lymphoid
cell population (W. J. Penhale et al,, 1976). Similarly thymectomy of certain mouse
strains within the second to fourth day following birth resulted in SAT (A. Kojima et al.,
1976a). The full development of the disorder, however, could be prevented in the
thymectomized recipients by adoptive transfers of lymph node and spleen cells from old
mice or thymic cells derived from very young syngeneic donors (A. Kojima er al.,

1976b). To explain this d in the etfecti of thy y over time it was

hypothesized that regulatory cells appear in the thymus in early life but shortly after
birth migrate to the peripheral tissues where they participate in the regulation of
autoimmune responses (N. R, Rose et al., 1981). The presence of those regulatory cells

in the periphery of adult animals was demonstrated by recent studies of Sugihara and
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11 They induced thyroiditis in mice after depleting them of particular T-cell

subsets. The regulatory T-cell subset was shown to express the Lyt- 15 phenotype (S.
Sugihara etal., 1988; S, Sugihara et al., 1990).
Kong and coworkers, (1982) were able to induce artificial suppression in EAT

A,

mice after ipulation of the Tg latory levels. They treated mice

either with soluble deaggregated Tg or with TSH (M. Lewis et al, 1987). Both
treatments increased the circulatory Tg levels but via different pathways (exogenous or
endogenous). Immunological tolerance was expressed as reduced antibody titers, reduced
in vitro lymphocyte proliferation to mouse Tgand a low incidence of thyroid lesions.
The suppressive effect in both cases was attributed to an antigen-specific T-cell subset
bearing the CD4+CD8- phenotype and was shown to operate at the afferent phase of
EAT (Y. M. Kong etal., 1989; B. E. Fuller etal., 1993). The suppressive effect of both
the above treatments was long lasting, but differed in duration depending on the

ployed to in-uce that ion. For example, in animals treated with

soluble d d Tg the jon was d ble for at least 73 days post-

treatment whereas in animals treated with TSH it was detectable for only 66 days (B. E.
Fuller et al, 1993). On the basis of these studies it was hypothesized that suppressor cells
exist naturally in normal mice and elevation of the circulating Tg levels above a

treshold

results in their iation and ion (Y. M. Kong er al., 1989). Rose

and colleagues developed an in vitro system that permitted the assessment of the

suppressor effect of such regulatory cells. The test depended upon the ability of T cells,

derived from mice treated with d d Tg, to inhibit ibod duction by
syngeneic B cells in culture (N. R. Rose & E. Taylor, 1991). Regulatory cells were
detected in the thymus as well as in the spleen and were characterized phenotypically as

CD4-CD8*. Their existence is genetically controlled since absence of those cells was
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demonstrated in particular strains e.g. S]L. Their inhibitory effect was prominent not
only in vitro but also in vivo since they were effective in suppressing autoantibody
production in SCID mice (N. R. Rose & E. Taylor, 1991).

In summary, T cells play a critical role in both the induction, severity and
prevention of EAT. Peptide sequences exist (T-cell determinants or epitopes) that
associate with certain H-2 gene products. These peptide-MHC complexes stimulate
particular T-cell subsets. The final outcome, "health" or "disease", depends on which

peptides are d during Tg ing and on the functional role of the T cells

recognizing such complexes. If the clonal balance between effectors and regulatory cells

is disturbed, then autoimmunity is established.

1.2.3.2 Beells

Although the role of T cells in hyroiditis is well established the role of

B cells and their products is still controversial. The contribution of B cells in the disease

process has been clearly addressed in the chicken model of thyroiditis because, in that

Eoll

model, the B-cell effects can be elimi; d easily by ing such an
approach it was shown that the extent of B-cell influences in thyroiditis depends upon
the nature of the animal model to be studied. For instance, in the induced chicken
model of thyroiditis, neonatal bursectomy decreases EAT susceptibility only minimally
(B. D. Jankovic et al.,, 1965), whereas in the spontaneous model of OS chicken, it
reduces significantly both the frequency and the severity of SAT (G. Wick et al., 1970a).

In mice, the role of B cells in EAT has been studied in both actively immunized

animals (L. S. Rayfield et al., 1989; A. O. Vladutiu, 1989) and adoptively transferred

recipients with in vitro activated MTg-primed spleen cells (H. Braley-Mullen et al.,
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1994). In both cases, B cells were depleted by treatment of the inmunized animals or

the adoptively ferred recipi with MoALb ific for B-cell surface IgG. On the

basis of those studies it has been demonstrated that B cells are not essential for disease

induction although they havea prominent positive effect on the severity of the disease.
To explain B-cell influences on thyroiditis, two alternative and not mutually

exclusive hypotheses have been proposed. First, B cells might trigger or maintain the

disease cascade by virtue of their cffecti in

T cells at low Tg concentrations (A. K. Abbas et al., 1985). Second, the
immunoglobulins secreted by B cells could be pathogenic to the thyroid (see section
1.2.3.3). Lvidence supporting the first notion comes from the study of Hutchings and
colleagues, (1987). Using an invitro system, they demonstrated that in contrast to other
professional APC, Tg-primed B cells could trigger the activation of a Tg-specific T-cell
hybridoma at low concentrations of Tg. The in vivo relevance of such a system,

however, remains undefined.

1.2.3.3 Antibody

Evidence (rom humar studies suggests that both anti-Tg and anti-TPO antibodies
constitute markers of thyroid autoimmunity (reviewed in C. L. Burek & H. S. Bresler,
1990). The existence of these antibodies indicates predisposition to autoimmune
thyroiditis because discase has not been observed in their absence although their
presence is not always associated with a pathologic condition (scesection 1.1.2.2).

In animal models of thyroiditis the question of the role of antibody has been

addressed either directly by adoptive transfers of serum or indirectly based on
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correlations between autoantibody levels and EAT. On the basis of those studies, it has
been shown that mild thyroid lesions can be transferred by immune serum derived from
animals actively immunized with Tg in CFA in several species such as mice (A. O.
Vladutiu & N. R. Rose, 1971b; V. Tomazic & N. R. Rose, 1975), guinea pigs (T. Godal
&R. Karesen, 1967; G. C. Sharp et al., 1967) and rabbits (R. M. Nakamura & W. C.
Weigle, 1969; K. Inoue et al,, 1993b). In contrast, similar rransfers of homologous serum
in rats (N. R. Rose et al., 1973) and monkeys (1. M. Roitt & D. Doniach, 1958) have no
pathogenic effect in the thyroids of the recipient animals. Insome cases the successful
initial transfers of the lesions by immune serum have not been reproduced. For example,
Sugihara and colleagues, (1988) have failed to induce thyroid lesions by infusing

immune serum derived from diseased animals into "B mice"™™. Similarly, weekly

of serum ini ibodi

to Tg or to other thyroid antigens
into susceptible (H-2K) mice have failed to transfer lymphocytic thyroiditis (1. Okayasu,

1985).

bod

Correlations between ci titers and severity of EAT have not

been generally observed and whenever they were found, proved to be weak and species-
dependent. For example, in chickens (G. Wick et al., 1970a) a good correlation between
Tg autoantibody levels and magnitude of thyroid lesions has been observed, but in
rabbits (R. M. Nakamura & W. O. Weigle, 1967), guinea pigs (R. S. Metzgar & R. H.
Buckley, 1967), mice (A. O. Vladutiu & N.R. Rose, 1972; R. ]. Esquivel et al,, 1978),
rats (H. S. Lillehoj & N. R. Rose, 1982) and humans (reviewed in J. Charreire, 1989)
such a correlation has not been found. Thus no conclusion can be drawn with respect to

the importance of the antibody response in EAT pathogenesis because such a response

** B mice were generated by adult thymectomy and treatment  days later, with anti-thymocyte serum.
Three weeks later the mice teceived total body irradiation (850R ) and inmediate reconstirution with
syngeneic T-cell depleted bone marrow cells (S. Sugihara etal, 1988).
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may involve a wide variety of i lobulins in terms of ificity, affinity and
function. Thus, only a small portion of anti-Tg antibodies may contribute to tissue
injury (pathogenic) whereas the rest may be harmless to the thyroid ("bystander"),
(reviewed in A. O. Vladutiu, 1990). To address the humoral contribution in
autoimmune thyroiditis it is necessary to generate monoclonal or at least oligoclonal
antibodies specific for Tg and subsequently test the ability of these reagents to transfer
EAT. Initial attempts to transfer thyroiditis in mice using a mixture of eight different

MoAbs ing five classes and subcl of mouse i lobulins did not result

in discase (reviewed in A. O. Vladutiu, 1990). In subsequent preliminary studies
however, Guarnotta and colleagues succeeded in transferring thyroid lesions to mice by
MTg-specilic MoAbs of IgM or IgG1 class (G. Guarnotta et al., 1982). However, the
last results were not reproducible leaving the question of the humoral factors in EAT
induction unresolved.

* Based on the uncertainty of the previous studies concerning the role of anti-Tg
antibodies in the initiation of thyroid damage and on the well demonstrated ability of T
cells to mediate such an effect in various species (sce section 1.2.3.1), it is reasonable to
conclude that humaral factors may play a sccondary role in EAT pathogenesis, In fact,
anti-Tg antibodics appear to potentiate thyroid damage in several species. For example,
08 chickens of B4B* haplotype that normally develop mild thyroiditis, were severely
afflicted by the discase after treatment with serum containing a high titer of anti-Tg
antibody (). Jaroszewski et al., 1978). Similacly, the combined transfer of heterologous
Tg-specific antibodies and sensitized lymph node cells to guinea pigs augmented the
histological alterations in the thyroids of the recipient animals (G. C. Sharp et al.,
1974). Furthermore mice treated from birth with anti-IgM MoAb, a procedure that

decreases both the numbers of B lymphocytes and the circulatory levels of their secreted
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lobulins, and sub: ly i ized with Tg in CFA developed thyroid
lesions of reduced severity (A. O. Vladutiu, 1989).

Thyroid autoantibodies might induce tissue injury via two different pathways. First,
they may be cytotoxic for the thyroid by virtue of their ability to fix complement and
mediate thyroid damage either by immediate lysis of thyroid cells (see next paragraph) or
by repeated or continuous sub-lethal complement attacks (A. P. Weetman et al., 1990).
Second, they may confer specificity of thyroid damage by activating non-specific, Fc-
receptor bearing killer cells (antibody dependent cell cytolysis). In both cases, it is
required that the thyroid antibodies bind to the surface of TEC and form immune
fi

complexes with surface Tg, TPO or another yet und d surface thyroid

Lxpression of Tg on the L k of thyrocytes has been shown by in situ

tissue immunofluorescence in mice injected with rabbit anti-MTg antibodies (reviewed
in A. O. Vladutiu, 1990). In contrast, TPO is known to be expressed on the apical
surface of thyrocytes which, in an intact thyroid, is not accessible to either antibodies or

mononuclear cells (E. L. Khoury et af,, 1984; T. Hanafusa et al, 1984). Thyroglobulin -

1 1

anti-Tg complex have been d dby both i and

electron microscopy on the follicular bascment membrane in chickens (D. V. Kauz et al,,
1981), mice (J. A. Clagett et al., 1974) and humans (A. E. Kalderon & H. A. Bogaars,
1977). On the other hand, IgG depositions corresponding to TPO-anti-TPO immune
complexes have been rarely detected on the apical surface of thyroid cells of HT glands
(E. L. Khoury et al.,1984). This is not surprising if we consider that the {ollicular cells
are polarized and that the penetration of immunoglobulins to the apical surface is
obstructed by desmosomes (sce section 1.1.1.3),

Comple mediated icity: Compl mediated icity as a potential

hogenic mechanism in autoi thyroiditis has been only partially elucidared.
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Conflicting results have been reported in various species suggesting the existence of

bl

peci i in the effector mechanisms of tt ditis. Early studies in mice

dicated that the late I are not essential for EAT induction.

Thus, severe disease has been induced in mice deficient in the fifth complement

(C5-D) by jzation with heterologous Tg in the absence of adjuvant
(R.M. Nakamura & W. O. Weigle, 1968). In contrast, followinga similar approach in
rabbits using animals deficient in the sixth complement component (C6-D), it has been
shown that the severity of thyroiditis is considerably reduced (K. Inoue et al., 1993a).
Similarly in the rat, complement levels in the serum have been studied throughout the
course of disease development (N. R. Rose & Marie-F. Molotchnicoff, 1973). In those
animals, a drop in the complement levels correlates well with the severity of thyroid
lesions. In humans, Forbes and colleagues, (1962) first observed that serum from HT
patients is cytotoxic for autologous thyroid cells in culture (1. ]. Forbes et al,, 1962). The
in vivo relevance of such a cytotoxic effect must be of secondary importance in the

process of tissue injury because cytotoxic antibodies have been identified both in

individuals with overt h hyroidism and in euthyroid HT patients (L. Chiovato et al.,
1993).

Anti-Tg antibodies do not fix 1 This inability is not due to the

d of IgG subcl: with 1 fixation ies (L. C. P. De

Carvalho & I. M. Roitt, 1982; A. P. Weetman et al,, 1989) but is related to the

antigenic features of Tg. It hasbeen suggested that the antigenic sites are not distributed

close enough on the Tg molecule to facilitate complement activation (T. R. Adler et al.,
1984).

ADCC: Antibody-d d Il-mediated cy ity has been exclusivel

d with mi 1 antibodies (E. L. Khoury et al., 1981). As mentioned
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previously, Tg-anti-Tg immune complexes have been demonstrated on the basal surface
of the thyroid follicular cells in several species. However, inter-species variability has
been observed with respect to the ability of such antibodies to activate killer cells
bearing Fc receptors. For example, in both guinea pigs and OS chickens, antibodies
derived from diseased animals rendered homologous normal lymphocytes cytotoxic for
Tg-coated erythrocytes (B. Ringertz et al., 1971; G. Wick et al.,, 1981). Similarly, serum
from HT patients rendered Tg-coated chicken red-blood cells (E. A. Calder etal., 1973),
porcine thyroid cells (P. Rodien et al., 1992) or human thyroid cells (U. Bogner et al.,
1984) susceptible to lysis by normal human lymphocytes. In the last study, the cytotoxic
ly to thyroid mil 1 ibodies (U,
Bogner et al., 1984) although such a correlation was not observed in other studies (J.

Sack et al.,, 1986; P. Rodien et al., 1992).

effect in the serum was d

1.2.4 Mapping of the pathogenic Tg T-cell epitopes.

1.2.4.1 An overview of the existing knowledge of Tg Tcell epitopes.

Although a vast body of evidence is available to support the crucial role of T cells in
both the inductive and the effector stages of Tg-induced EAT, very little is known about
the precise mechanisms that generate and maintain it. Progress in that direction has
been hindered by both the antigeni 1 and distrib of Tg. Asa huge

macromolecule, Tg is likely to several antigeni (epitopes or T-cell
determinants) recognized by diverse T-cell populations which may function
1ly or lly. M , Tg 1 at low levels in the

bloodstream (G. Torrigiani et al, 1969), and infl the natural
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h blished to abrogate ivity such as

PP (see section
1.2.3.1) or inhibition via the idiotypic network (M. Zanetti & P. E. Bigazi, 1981; C.
Roubaty etal., 1990; B. Texier etal., 1992a). In the process of elucidation of the cellular

and molecular events leading to EAT, it was evident that a simplified system was

yin which the i latory effects (synsrgism or ) of diverse

T-cell subsets would be elimi. d, so that disease devel by a patt icTg T-

cell subset could be easily followed. Therefore, interest was focused on the mapping of
pathogenic T-cell sequences of Tg.

Despite extensive studies in the past decade, very limited information exists
regarding the number and nature of pathogenic T-cell epitopes. This is basically due to
the fact that the a.a. sequences of MTg are still undefined and the sequence of human,
bovine and part of rat Tg (RTg) only recently have become available (see section
1.1.3.1). 'In addition, Tg is a large and complex molecule and these features make the

of its antigenic i by biochemical methods a long and laborious

1t

process. Despite its huge size (see section 1.1.3.1) however, Tg is believed to include
only a small number of pathogenic T-cell epitopes. As a consequence of the MHC-
control of susceptibility to EAT, one would expect that only a few Tg peptides that bind
to the thyroiditis-associated allele and form MHC-peptide complexes that are recognized
by "self* T cells will be pathogenic (reviewed in C. A. Janeway, Jr., 1994).

In the process of mapping thyroiditogenic T-cell determinants of Tg, several
questions have been raised regarding their nature. Are they evolutionarily conserved
sequences? Do they differ in terms of antigenicity in high and low responder mice?
What is the nature of those epitopes with respect to antigenicity?

Evidence concerning the first question was presented by Kong and colleagues in the

beginning of the last decade and was sub: 1 firmed by other i




Early in vitro assays revealed that proliferative T cells having the potential to transfer
thyroiditis to normal syngeneic recipients or to display cytotoxicity for thyroid

L gnize shared d i HTgand MTg (Y. M. Kong et al., 1986b;
L. L. Simon et al., 1986). As with HTg, porcine Tg (PTg) and bovine Tg (BTg) could

also activate MTg-sensitized cells to transfer EAT (reviewed in R.C. Kuppers etal.,
1988). In analogous studies, M Tg T-cell lines, clones (C. G. Romball & W. O. Weigle,
1987) and hybridomas were shown to recognize epitopes on Tg that were highly
conserved throughout a large number of species (B. R. Champion etal., 1987b). Such
MT g-sensitized clonal populations could transfer thyroiditis to normal syngeneic
recipients after in vitro activation with MTg or BTg (R. Maron et al, 1983). On the
basis of these findings, it was proposed that pathogenic T cells recognize epitopes that
are evolutionarily conserved among different species.

Other studies were focused on the nature of Tg T-cell determinants recognized by

high and low responders. Both susceptible and resistant mice were primed withMTgor

HTg and the proliferati P f their sensitized lympt were tested in vitroto

both homol (MTg)and h 1 (HTg) Tg (L. L. Simon etal., 1985; Y. M.

Kong, 1986b). Proliferative T cells from high responders appeared to recognize both
pecies-specific d i and d shared between HTg and MTg.

Proliferative cells from low responders were directed only to species-specific
determinants. This latter observation suggested that T~cell clones recognizing shared Tg

determinants were absent from low responders. This hypothesis was not confirmed bya

.

recent study however, in which EAT was d to normal syngenei pients bya

T.cell line derived from a low responder (H-2b) strain (R. Zerubavel-Weiss etal., 1992).

The path ic T cells identified in this study ific for an epitope i

to both MTg and BTg (R. Zerubavel-Weiss et al., 1992) and had been generated after
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priming of H-2b mice with BT g and sub in vi of th itized T -cell
cloneswith MTg. In addition, EAT has been recently transferred to low responders bya
CD#* T-cell clone derived from H-2kb mice, by immunization with MTg in LPS and
activated in vitro with either MTg or BTg (Y. Hiyama etal., 1993). The pathogenic
clone is H-2b-restricted and responds in in vitro proliferative assays to both PTgand RTg.
On the basis of the above findings it is clear that evolutionarily conserved T-cell
epitopes of Tgcan be antigenic in both high and low responders. T cells recognizing
such epitopes are harmless to the thyroid of low responders either because the
frequencies of their precursors are low or because they are successfully suppressed by
regulatory systems (R. Zerubavel-Weiss et al., 1992) such as suppressor cells or anti-
idiotypic antibodies reactive with the TCR of the thyroiditogenic clone (B. Texier et al.,
1992a).

T-cell determinants have been classified as immunodominant, subdominant or
cryptic (reviewed in G. Gammon et al.,, 1987). A feature considered during the
classification of a certain epitope into one of these categories is its ability tostimulate in

vitro proliferation of T cells itized in vivo by the native protein. An

strongly sti the in vito proliferation of such cells

whereas a cryptic determinant fails to do so. Both immunodominant and cryptic

d can fully late T cells derived from mice that have been

d with the respective d i itself in adj Cryptic T-cell
determinants are further classified as "absolute” or "latent” epitopes. The term "absolute"

refers toa cryptic du whose in vivoadmi T cells

to the epitope itself but not to the native protein. Conversely, if the generated T cells
respond to both the epitope itself and to high doses of the native antigen, the cryptic

determinant is designated as "latent" (reviewed in E. E. Sercarz er al,, 1993). Between
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d d : dd 1 "subd

shecrypticand i an inant” category

exists. A subdominant determinant is one that induces proliferative cells responsive in
vitro to both the determinant itself and to the native antigen (reviewed in E. E. Sercarz

et al, 1993). T cells induced by immunization with the native antigen respond

inconsistently in vitroto the subd d din G. Gammon etal.,
1987).
In the th ditis field, the of di and cryptic Tg

determinantsin the disease process is unknown, because thyroiditogenic T-cell epitopes
on Tgare mostly undefined. Thus, in the last three years, interest has been focussed on
the mapping of such pathogenic T-cell epitopes of Tg based on two independent
strategies. The first strategy is based on the generation of MTg-specific T -cell hybridoma
clones and subsequent use of those clones as tools for screening for Tg T-cell epitopes
with thyroiditogenic potential. The second strategy uses computerized algorithms to

predict potential Tcell epitopes within the Tgsequence and the subsequent testing of

h, did: for thyroidi ity inanimals. The latter h hasbeen
previously used fully for identification of T-cell d i in other

dels such as that of i l i initis (EAU),(T.
M. Redmond eral., 1989). However, th ppeoach had not been employed in EAT

prior to this study, possibly because Tg is a huge molecule (1.1.3.1) and the useof a
singlealgorithm for identification of potential Tcell epitopes preselects a relatively large
number of candidate sequences.

Following the first approach, two Tg T -cell epitopes have been recently defined.
Thefirst epitope is a 9-mer peptide corresponding to amino acid 2551-2559 of HTgand
containing T4 at position 2553 (B. R. Champion et al, 1991). lts identification was
based on the use of CH9 and ADAZ hybridoma clones. Slight variability in the
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D of the two hybrid to Tg from various species suggested that the Tg
epitopes recognized by them are similar but not identical. Mozeover it wasshown that
both hybridomas responded to the Tg fraction carrying T4 and that their activation was
highly dependent on the iodination level of that fraction, suggesting that the pathogenic
T-cell epitope was localized at a hormonogenic region of Tg (reviewed in K. Dawe et al.,
1993). Since there are only four hormonogenic sites on Tg positioned at residues 5,
2553,2567,and 2746 (Y. Malthigry & S. Lissitzky, 1987), an array of 5 to 12-mer

overlapping synthetic peptides covering the four h ic sites was synth dand

each peptide was tested for its ability to activate the two hybridoma clones (B. R.
Champion etal., 1991), In thisway, the minimal T cell epitope was mapped to the C-
terminal of Tgincluding the residue 2553 (B. R. Champion et al., 1991). Although the
minimal sequence recognized by the hybridoma clones, which corresponds to a 9-mer
peptide, was ineffective in inducing thyroiditis after direct challenge, it generated
effector cells that, after in vitro activation, could successfully transfer thyroiditis to
normal syngeneic recipients (P. R. Hutchings eral, 1992). The second Tg T-cell epitope
(F40D) defined by the same strategy is a 40-amino acid sequence localized between
residues 1672 and 1711 of HTg (B. Texier et al, 1992b). This pathogenic sequence
constitutes a part of the <10 kDa porcine Tg tryptic digest fraction that wasshown to be
thyroiditogenic in CBA mice (). Salamero et al,, 1987). With the aid of a cytotoxic
hybrid HTC2 d by i ization of mice with PTg, it was shown that

syngeneic macrophages, pulsed with porcine Tg tryptic fragments containing the
pathogenic epitope, were lysed in a dose-dependent manner (reviewed in C. Bedin et al.,
1992). To identify within the 10 kDa fraction of PTg the sequence(s) responsible for
the activation of HTC2 cells the <10 kDa fraction of PTg was separated by 2D-gel

electrophoresis. Those products of el b is that could 1ly activate the
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HTC2 cells were collected and further purified by high-performance liquid
chromatography (HPLC). HPLC {ractions corresponding to the major peak that could
successfully activate the HTCZ cells were used for N-terminal sequencing. Following
the above procedure the highly hydrophobic sequence F40D was defined within the 10
kDa fraction of PTg, that could transfer minimal thyroiditis to CBA mice after direct
subcutaneous challenge (B. Texier et al., 1992b).

From the previous discussion it is evident that mapping of T-cell epitopes with the
aid of Tg-specific T-cell populations is a difficult task. First, the process of gencration of

T-cell clones is itsell long and laborious. Second, the technical dure that is

involved in the separation from among protein digests those {ragments that activate such

L

clonal lations and their are complex. Third, in the case of

immunization with MTg in mice (homologous system) an additional problem exists.
Trom our experience, we found it extremely dilficult to establish MTg-specific clonal T-
cell populations in mice possibly due to the suppressor mechanisms that operate
inhibiting the activation of autoreactive cells. Analogous observations have been
reported by other investigators (C. G. Romball & W. O. Weigle, 1984). In their study
It is highlighted that the T-cell response to a homologous T is markedly deficient
compared to the response to heterologous Tg. Finally MoAb induced by intact Tg will
only recognize immunodominant epitopes. Hence, cryptic epitopes can be missed by

such an approach. Since the individual signi of i domil and cryptic T-

cell epitopes in the spontancous discase process is completcly unknown, an alternative
strategy that can detect both types of determinants was explored. In the current study,

we attempted to define pathogenic epitopes of Tg based on the algorithm approach.
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1.24.2 Algorithm-based prediction of T—cell epitopes.

It has been well established that the binding of T cells to antigen involves a ternary
complex of protein antigen, MHC molecule and T-cell receptor. The antigen must be
proteolytically processed by an accessory cell such as macrophage, dendritic cell or B

cell. The d antigenic fr are sut ly d to T cells on the

surface of the accessory cell after association with an MHC molecule (reviewed in R. H.

Schwartz, 1985). The binding of the antigenic peptide on the MHC molecule probably

stabilizes its ion and allows its ition by the TCR leading to activation of
the T cell. The antigenic site has been postulated to form an amphipathic helical

structure ch ized by both hydrophilic (polar) and hydrophobic (apolar) portions

(C. DeLisi & J. A. Berzofsky, 1985). It has been proposed that the apolar face of such a

stabilizes via hydrophobic forces the i ion with the APC, whereas

the polar face confers specificity on the interaction with the TCR (C. DeLisi & J. A.

Berzofsky, 1985). Al ively, because amphipathic helical exhibit a natural

1

affinity for lipid

they may selectively late on the surface of APC in
numbers sufficient to saturate MHC molecules of low affinity thus increasing the
probability of activation of specific TCR (C. DeLisi & J. A. Berzofsky, 1985; reviewed in
J. A. Berzofsky, 1988). Amphipathic helicity might also render the structure less

ible to protein degrad and thus facili

the escape of the antigenic

d from fr ion during antigen ing (reviewed in ]. A. Berzofsky,

1988). Analysis of other antigenic properties of peptides recognized by Th cells revealed
a tendency to form o-helical conformations (J. L. Spouge er al., 1987). A peptide is
characterized as a-amphipathic when it adopts a helical conformation characterized by

one hydrophobic and one hydrophilic side. An analysis of 12 antigenic sites in 6
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proteins revealed that 10 of them were satisfying the o-helical hypothesis (C. DeLisi &

J. A. Berzofsky, 1985). Considering the predisposition of antigenic sites to form

PN

Margalit and coll. developed an algorithm that could

predict potential T-cell epitopes within protein sequences (H. Margalit etal., 1987). On

the basis of this al| hm, a program was lated desi d as AMPHI.

This can be used to screen for possible antigenic sites in any protein sequence. Such a

di £l

is based on the ing strategy. The amino acid sequence of a certain

protein is converted to a sequence of hydrophobicity values. The hydrophobicity

sequence is sut ly divided into overlapping blocks. The first block extends from

residue 1 to residue [ ( where /=7 or 11 a:a.), the second from 2 to [+1, etc. Block length [

of 7 and 11 a.a. corresponds to two and three turns of an o~-helix respectively. Each

hvdronhobi

block is tested for periodicity in ity to

whether or not it can

form an amphipathic helical structure. The final step is to distinguish between stable

and unstable amphipathic helices. After having predicted all the possible h 1

helical segments within a protein sequence, it is possible to grade them hierarchically in

terms of amphipathicity based on their amphipathic score. The hipathic score is the
sum of amphipathic indices of the blocks that compose a particular segment. Based on
the proposed algorithm, 18 out of 23 known immunodominant Th antigenic sites
located on 12 different proteins could be predicted (P<0.001) i.e. The ability of the
AMPHI algorithm to predict precisely the antigenic sites is limited to 75% (H. Margalit
et al.,, 1987). However a number of consideratio .s have to be kept in mind when

considering algorithmic analyses. For example, the algorithm may not be recognizing all

hipathi oral ly it could be producing false positive predictions.

Therefore, although based on this algorithm's results one may be tempted to conclude

. R L

ies cannot be

that an anti site is not the above




excluded. Therefore, once determined, further testing of the candidate peptides is
required because additional factors such as the genetic constitution of the animal and
the ability of the candidate peptide to be generated by antigen processing, etc.,
contribute to its antigenicity (reviewed in ]. A. Berzofsky, 1988).

In the process of searching for antigenic sites, Rothbard and Taylor analyzed the
primary sequences of 57 known helper and cytotoxic T-cell determinants in four
different proteins of human, mouse or guinea pig origin in an attempt to detect common
motifs. On the basis of this analysis, they formulated two patterns of consecutive
residues that could predict eight new helper and four cytotoxic T-cell epitopes (J. B.
Rothbard & W. R. Taylor, 1988). Their work stressed the importance of the side chain
contacts of an epitope for selective binding to the MHC. The first pattern is a four
residue motif composed of a charged residue or glycine, followed by two hydrophobic
residues and a polar residue or glycine. The second pattern is a pentamer motif composed
of the first three residues of the previous motif, followed by a hydrophobic residue or
proline ending with a polar residue or glycine. Within the 57 known T-cell epitopes
tested, the tetramer motif was identified in 46 (81%) whereas the pentamer in only 18
(32%). Although no physical interpretation has been given for those motifs it is
noteworthy that the tetramer motif corresponds to one turn of an amphipathic a-helix
(reviewed in J. A. Berzofsky, 1988).

Of the two algorithms mentioned previously the former characterizes many
determinants regardless of their MHC restriction whereas the latter characterizes
peptides that bind to a limited number of MHC alleles (reviewed in ]. B. Rothbard & M.
L. Gefter, 1991). Recent studies however, have focussed on the identification of specific
motifs that allow peptides to bind to certain MHC class Il alleles. In that regard,

structural motifs have been defined for both non-self peptide sequences that stimulate T
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cells in the context of MHC class Il alleles (J. Leighton et al., 1991; ]. L Krieger etal.,
1991) and for self peptide sequences acid-eluted from purified MHC class Il molecules
(R. M. Chicz et al.,, 1992; R. M. Chicz er al., 1993; H. Kropshofer et al., 1992; A. Y.
Rudensky et al., 1992). On the basis of those studies peptide binding motifs have been
reported for I-Ad (A. Sette et al., 1989), I.Ed (A. Sette et al., 1989 J. Leighton et al.,
1991), I-EX (). Leighton er al,, 1991), I-AS (A. Y. Rudensky er al,, 1992), 1-EP (A. Y.
Rudensky et al., 1992), I-AP (A. Y. Rudensky et al, 1992), DR1 (C. M. Hill et al., 1991;
H. Kropshofer et al., 1992; D. O'Sullivan et al., 1991; R. M. Chicz et al., 1992), DR2 (D.
O'Sullivan et al., 1991; R. M. Chicz et al.,, 1993), DR3 (]. Sidney et al,, 1992; R. M.
Chicz et al., 1993), DR4 (J. Hammer et al., 1993; R. M. Chicz et al., 1993; A. Sette et al.,
1993), DR7 (D. O'Sullivan et al,, 1991; R. M. Chicz et al,, 1993; ). I Krieger et al., 1991)
and DR11(). Hammer et al., 1993; D. O'Sullivan et al.,, 1991). Several strategies have
been employed to identify such allele-specific structural motifs. One common strategy
employed by several groups has involved the usage of analogue peptides containing

ingle-residue amino acid sut s “or binding to a particular class II molecule. Such

an approach aims to d ine the ph hemical ch that are required for

each residue within a peptide sequence in order to bind to an MHC-allele(]. Sidney et
al., 1992; D. O'Sullivan et al., 1991; A. Geluk et al., 1994). A modification of the above
h which allows fication of peptide binding with the MHC, has been the

production of analogues of class I binding peptides, substituted at each position wi(h_
long chain-biotinylated lysine. Through this approach it is possible to quantitate binding
of each biotinylated analogue to class II by using fluorescent avidin and flow-cytometry
(C. M. Hill et al, 1991). Alternatively, the characteristics of peptides binding to MHC
class II have been defined by analysing the binding of purified class Il molecules to

peptides displayed on a phage surface (). Hammer et al., 1992; ]. Hammer et al., 1993).
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For this purpose M13 peptide libraries have been produced by introducing
oligonucleotides that encode peptides to gene III of M13 phages and have been
subsequently screened for binding to a particular HLA class II allele. The structural
characteristics of peptides capable of binding to a given HLA allele have been revealed
after aligning the peptide sequences of those phages that bind to that allele. On the basis
of the above studies it has been shown that for a peptide to bind to a particular MHC
class I allele, a limited number of residues exist (anchor residues) that are critical for its
binding to that allele. The anchor residues' side chains are known to in.eract with
polymorphic pockets formed by the MHC allele (reviewed in C. A. Janeway Jr., 1994).
Since MHC class II allele-specific motifs were not available at the start of this
project, we preselected potential T-cell epitopes within the Tg molecule on the basis of
the AMPHI (H. Margalit et al.,, 1987) and the tetramer motif (]. B. Rothbard & W. R.
Taylor, 1988) algorithms. The outcome of such an approach will be described in the

next chapters,

1.24.3 of d versus | d epltopes in organ-

specific autoimmunity.

In the past, interest has been focussed on the identification of immunodominant Th
cell epitopes of autoantigens involved in organ specific autoimmunity. This is because
Th cells play a central role in the induction of such diseases and the majority of the
autoimmune response has been directed to Th determinants. Organ specific
autoimmunity to immunodominant T-cell epitopes has formed the basis for designing
specific therapeutic strategies (see section 1.2.4.4) to prevent or ameliorate

Cryptic d of: on the other hand, have been less
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studied because of the notion that those non-dominant epitopes have a relatively
insignificant effect on the induction of autoimmunity. This is the first report
demonstrating that pathogenic T cells specific for non-dominant determinants exist in
EAT. ible individuals. Anal findings have also been obtained in the
autoimmune model of EAU (W. J. Lipham et al., 1991). In that study it was speculated

that cells specific for non-dominant T-cell epitopes constituted a potential source of
“self"-reactive cells in the periphery of naive animals which could be transformed to
autoaggressive cells after activation by various elements such as cross-reactive infectious

agents, end or

8 or altered "self" antigen. The
experimental results of the Lipham group, in conjunction with recent reports suggesting
that tolerance is not induced to non-dominant T-cell epitopes when these are
components of conjugated peptides (F. Ria et al,, 1990) or intact proteins (R. Cibotti et
al., 1992), requires that the role of cryptic epitopes in autoimmunity (reviewed in E. E.
Sercarz etal., 1993) be re-examined.

There is considerable evidence to suggest that both the antigenicity and tolerogenicity
of Tcell epi i d by similar antigen ing and antigenic

mechanisms and it has been proposed that T cells recognizing non-dominant T-cell
epitopes escape tolerance because the latter are not sufficiently presented to reach the
tolerogenic level (G. Gammon & E. Sercarz, 1989). Evidence for such a claim comes

from the study of Sasamoto et al. (1993). In that study, the investigators attempted to

tolerize rats by injecting them i ly with either i domi or non-

dominant T-cell epitopes derived from i I inoid-binding protein

(IRBP). They subsequently tested the level of tolerance archieved, as expressed by lack
of development of E/A '), after injection of the respective epitopes in an antigenic form.

Following such an approach it has been shown that both immunodominant and non-



dominant T-cell epitopes are capable of inducing tolerance against themselves. In
contrast, when intact IRBP was used, tolerance was restricted to the immunodominant
epitopes. The lack of tolerance to non-dominant T-cell epitopes was attributed to their
insufficient presentation. In addition, using the same autoimmune model, it has been
shown that disease mediated by a non-dominant epitope cannot be inhibited by i.v.
immunization of the animals with an immunodominant epitope although such an
inhibition is observed when disease is induced by intact IRBP (Y. Sasamoto et al.,
1992). Finally, evidence coming from the mouse model of experimental autoimmune
encephalomyelitis (EAE) suggests that autoaggression evolves over time. In other words,
EAE mediated by intact myelin basic protein (MBP) or the immunodominant epitope

Acl-11 can spread both i lecularly to other i and i lecularly to

other epitopes, including the non-dominant determinants (P. V. Lehmann et al., 1992;
P. V. Lehmann et al., 1993). Reports such as these raise concerns regarding the

fficiency of specific i intervention that is based on the immunodominant

epitopes of an autoantigen.

1.2.4.4 Therapeutic implications of defined T-cell epitopes in organ-specific

autoimmunity.

As mentioned previously immunodominant T-cell epitopes of autoantigens have
been used as tools in the process of developing specific immunotherapy. The murine
model of EAE constitutes a reference model, in which a variety of specific approaches
that aim for the prevention or amelioration of the disease have been employed. Various
strategies have targeted each individual element of the trimolecular complex, namely

the pathogenic immunodominant epitope, the MHC allele to which that epitope binds



and the TCR recognizing the epitope-MHC complex. One strategy is tolerance

induction. Following, for example, tol induction with the i
determinant of MBP, Ac1.9, EAE has been inhibited in both neonatal (J. P. Clayton et
al., 1989) and adult animals (A. Gaur et al., 1992). Another strategy involves preventing
the pathogenic effect of an epitope by blocking the MHC molecule that accommodates
that epitope (L. Adorini et al., 1988). For example, based on the sequence of the
immunodominant determinant Acl-9 and taking into account the residues that are
critical for T-cell activation and MHC-binding, peptide analogs have been created with
high MHC-binding affinity that could successfully reduce the clinical signs of developing
EAE (J. L. Urban et al.,, 1989%; D. C. Wraith et al,, 1989). The peptide analogs varied
from slightly to completely different from the pathogenic epitope and their therapeutic
effects have been attributed both to their effectiveness in vivo to compete with the
pathogenic epitope for binding to the same MHC and to their inability to activate
autoreactive T cells. Another approach has focussed on the T-cell subset that recognizes

the i domi T-cell d i This approach requires that the TCR V@

usage recognizing the determinant-MHC complex is restricted. Evidence of restriction in
the TCR V genes has already been shown to exist in PL/] mice, an EAE-susceptible
strain. The majority of T cells recognizing the Ac1-9-MHC complex in that strain were
shown to employ the V8.2 segment (J. L. Urban et al.,, 1988). Taking advantage of this
restriction of the VP usage in encephalitogenic T cells, the onset o_f EAE has beep
successfully prevented in PL/] mice by selective depletion of those cells using an anti-
VB8 specific MoAb (H. Acha-Orbea et al,, 1988; J. L. Urban er al., 1988). Finally, a
long-lasting therapeutic effect has been achieved by vaccinating susceptible animals

with peptide sequences derived from the variable region of the B chain of the TCR and



thus he sub devel, of EAE o even reverting the clinical signs
of established disease (A. A. Vandenbark et al., 1989; M. D. Howell etal., 1989).

EAT therapeutic strategies such as these have been hampered by a limited
knowledge of pathogenic Tell epitopes. To employ those approaches, two requirements
must be satisfied. First, the number of pathogenic T-cell epitopes must be limited.
Second, the TCR usage of VP segments must be restricted. If a wide range of epitopes
and TCR-VP segments are used, strategies such as anti-Vp antibody therapy and
vaccination with TCR V chain peptides cannot be employed, because the deletion or
suppression of the large number of T-cell populations that would be required could lead

to general fon of the ized individual

1.2.5 Characterization of the Tg-specific antibody.

In the process of igating Tg-specifi ibodi

as risk factors in thyroid

auroimmunity interest has been focussed on the ch ization of their i logical
nature. Based on the fact that such antibodies exist in the serum of both patients and
healthy individuals (B. Guilbert et al., 1982; J. Ruf et al., 1985) it has been hypothesized
that Tg-specific antibodies might differ between the two, in terms of quality (IgG
subclass distribution pattern, affinity) and epitope specificity (M. Bouanani et al., 1989).
If this hypothesis is true, differences in the Tg-specific antibodies could be used_ as

diagnostic or prognostic markers to detect tt ditis in individuals with subclinical

hypothy. oidism or in siblings of diseased subjects.
In humans, a number of studies have been devoted to the determination of the
subclass distribution pattern of the Tg-specific antibody for several reasons. First,a

restricted subclass distribution pattern might be associated with an abnormal immune



response to antigenically altered Tg (reviewed in C. L. Burek & H. S. Bresler, 1990).
Second, a restricted pattern may indicate whether or not antibody-mediated mechanisms
are essential in the disease pathogenicity (see section 1.2.3.3). Finally, such a pattern
of those antibodies (N.
Fukuma et al., 1989). It has been shown that the IgG subclass distribution of Tg-specific
antibody is indeed icted. The relative i however, of individual IgG

might provide some evidence ding the epitope ifici

subclasses vary depending upon the patient sample studied (S. M. McLachlan er al.,
1987) and the method loyed for IgG subclass d ion (A. B. Parkes et al.,
1984; A. P. Weetman & S. Cohen, 1986; M. E. Devey et al., 1989; A. P. Weetman et al.,

1989). In mice, the Tg-specific IgG response has been compared in both susceptible and
non-susceptible strains (L. C. P. De Carvalho & 1. M. Roitt, 1982). No detectable
differences in the IgG subclass distribution pattern have been revealed that could
explain the striking differences in disease susceptibility between high and low responders
(L. C. P. De Carvalho & L M. Roitt, 1982).

Numerous stadies have d the binding specifi

of anti-Tg
directed to either homologous (MTg) or heterologous Tg (HTg) (reviewed in R. C.
Kuppers et al., 1991). Those studies have been based on two cardinal strategies. The
first strategy relies on the production of MoAbs specific for Tg. The fine specificity of
those antibodies is unknown but they can be classified into clusters of reactivity based
upon their ability to cross-inhibit binding of other MoAbs to Tg. MoAbs of the same
cluster are thought to recognize antigenic determinants close to each other on Tg,
whereas MoAbs of different clusters recognize Tg determinants distant from each other.
Employing cross-inhibition experiments between MoAbs and serum derived from

patients or normal individuals, it is possible to identify those clusters of reactivity that

R .

and those that d to natural ivity

are d with



Based on this approach, a limited number of antigenic B-cell determinants on both MTg
and HTg have been identificd whick, in contrast to T-cell determinants, are species
specific (B. R, Champion et al, 1987b). In fact, four to six determinants have been
found on HTg and five to eight on MTg but their precise amino acid sequence an;l
localization on Tg are unknown (reviewed in R. C. Kuppers et al,, 1991). Following a
modification of the approach described previously, Charreire and colleagues could define
aMoAb to Tg (3B8GY) that could bind to the thyroiditogenic 40-mer sequence F40D
(reviewed in K. Mignon-Godefroy et al, 199+4).

The second strategy attempts to define B-cell epitopes of Tg based on the primary

structure of the protein. To this end, human thyroid cDNA libraries were established

and subsequently screened for reactivity with hererel sera ining Tg-specifi
antibody. Following such an approach, Dong and colleagucs, (1989) have dem d
10 epitope-bearing of HTg ized by rabbit polyclonal sera although none

of them was recognized by patients' sera, Using the same method, other investigators
have identificd three immunodominant regions of Tg located at the extremities and the
central part of the molecule. In addition, sera derived from HT patients were shown to
react with two of those regions (M. Henry et al, 1990; Y. Malthidry et al, 1991; M.
Henry etal., 1992).

Although the methods described previously have contributed to the identification of

antigenic regions of T, they have certain limitations. The MoAb method can be used

only for the idei fonof i lomi B-cell determinants because the MoAbs

have dcen raised against intact Tg and therefore are directed to such epitopes. Moreover,
for those B-cell epitopes detected by MoAbs the amino acid sequence has not been
determined. In contrast to the MoAb method, the cDNA method recognizes only linear

pitope-bearing sequences. Any determinant which is conformational or dependent on
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postranslational modifications of Tg, such as glycosylation or iodination, can be missed.
The current study (see Chapter 8) provides an example of a defined, crypric, linear T-

cell epitope of Tg which has not been detected by previous methods.



CHAPTER 2

THESIS PROPOSAL AND RATIONALE

At the start of this project, the T-cell role in EAT pathogenesis was well established
but limited information (see section 1.2.4.1) was available regarding the number and
nature of the antigenic determinants on Tg recognized by such cells. Instead of
generating clonal populations to use them as tools in the identification of Tg T-cell sites
(see section 1.2.4.1), we sought to identify T-cell epitopes among Tg sequences that had
been predicted as potential T-cell sites through algorithms (see section 1.2.4.2).

Algorithm-based prediction of T-cell epitopes is a simple method and can be

ployed for the identification of p ially T-cell reactive in any protein
molecule whose primary a.a sequence is available. However, employment of such a
method does not assure that the identification of T-cell sites within a given molecule
will be successful. This is because other factors outside the determinaut site which affect
its processing and presentation are also critical (reviewed in G. Gammon et al., 1987). In
addition, in several cases T-cell cpitopes have been defined by the MoAb method that

lack MHC-binding motifs (T. Kotani etal., 1992).

ok 11 ifi

In the past, the al| h has been used for the id

of T-cell epitopes within protein molecules derived from various pathogens such as
parasites and viruses with the purpose of designing vaccines (reviewed in ]. A. Berzofsky
et al., 1987; reviewed in ]. A. Berzofsky, 1988). The same approach has also been

in autof ity, for the identifi

of Tcell sites within autoantigens such
as the achetylcholine receptor (R. Hohlfeld et al,, 1988) and IRBP (T. M. Redmond et

&L, 1989) which constitute the principal candid in myasthenta gravis

and EAU, respectively.
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Encouraged by these successes we proceeded to employ the same method for Tg,
the principal autoantigen in EAT (reviewed in J. Charreire, 1989) and most likely in
human autoimmune thyroiditis (reviewed in R. Volpg, 1990). Because the primary a.a
sequence of MTg was unknown, we used the known portion of RTg as a reference
molecule to predict such sites (see section 3.1) assuming that the differences in the a.a.
sequence between the two molecules would be minimal. Our assumption was based on
several observations. First, the Tg molecule is highly conserved among species (reviewed
in G. Medeiros-Neto et al.,, 1993). Second, the rat is close in phylogeny to the mouse
implying homologies between the two species. Third, it has been proposed that
pathogenic Tg T-cell epitopes are common throughout species (reviewed in R. C.
Kuppers et al, 1988; R. Maron et al., 1983; see section 1.2.4.1).

In the current study, Tg sequences identified as potential T-cell determinants
employing the AMPHI and " tetramer motif " algorithms (see section 1.2.4.2), were
tested in mice for both immunogenicity and pathogenicity. For this purpose various
mouse strains have been used, including susceptible (H-2k) and non-susceptible (H-
2bd) haplotypes to EAT. In analogy to immune responses to foreign or other self
antigens such as MBP (reviewed in E. Heber-Katz, 1994) it was assumed that mice of
different MHC haplotypes would respond to different Tg determinants. In addition, the

level of i icity for a given d i would be expected to vary among the

different mouse haplotypes depending upon the ability of that determinant to bind to

MHC, its availability after antigen ing, its ability to induce helper rather than

suppressor cells etc. (reviewed in L. Adorini eral., 1988).

What is the value of defining path ic Tg T-cell d ? It was envisaged

that identification of pathogenic Tg T-cell epitopes would provide a simplified model

compared to that of Tg, for the study of the disease at both the cellular and molecular



levels (see section 1.2.4.1). The knowledge obtained by those studies could further

faci of thei y isms that operate in human

thyroiditis and in i i ally. As reported previously (see section 1.1.2.2)

HT usually often occurs with other autoimmune discases such as IDDM, autoimmune

{ fict

ete. ing that these ditions share similar etiology. Since such

discases affect organs that are less accessible than the thyroid, conclusions revealed by
studies in autoimmune thyroiditis would be valuable in helping us understand other
organ-specific autoimmune discases. Based on that information, specific strategies of
{mmunointervention such as anti-Vj therapy and anti-clonotypic vaccination could be
designed (see scction 1.2.4.4). Since immunopathogenic Tg determinants are
evolutionarily conserved, pathogenic T-cell epitopes identified in the mouse system
might also be pathogenic in humans. Thus,an immunological response directed to such
epitopes might be a useful marker of thyroid autoimmunity in humans. In view of the

above, the specilic aims of this study were:

i) To test the algorithm-based preselected sequences (TgP1, TgP2, TgP3) in

fenetically diverse mice in terms of pathogenicity and antigenicity,

ii) To classify the thyroiditogenic sequences (TgP1, TgP2) with respect to their

1

asi i cryptic or subd

T-cell epitopes.

iii) To compare the MHC-restricti i f patl i with the

well established 1-A region control of Tg-induced EAT.
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iv) To test the nature of the MTg-reactive IgG that is induced after immunization

with the thyroiditogenic Tg pepride, TgP1.



CHAPTER 3

MATERIALS AND METHODS

3.1 PREDICTION OF T-CELL EPITOPES WITHIN RAT Tg.

Since the mouse Tg sequence is currently undefined and the Tg molecule is fairly
conserved among the species (see section 1.1.3.1), we based our searching for potential
T-cell sites on RTg which is phylogenetically cloze to the mouse molecule. The known
portion of RTg sequence, composed of 967 amino acids at the COOH terminal of the
molecule (R. Di Lauro et al., 1985), was screened by the AMPHI (H. Margalit et al.,
1987) and retramer motif (J. B. Rothbard & W. R. Taylor, 1988) algorithms. The
outcome of such screening by either algorithm is shown in the Appendices 1 and 2.
Data presented in Appendix 1 were obtained by the MacIntosh version of the AMPHI
program that was kindly provided to Dr. G. Carayanniotis by Dr. J. Berzofsky. Because
the number of potential T-cell epitopes predicted by each algorithm was large, it was

deci Yed to limit the list by selecting only those sequences predicted by both algorithms.

The selected were sut ly listed | hically based on the value of
theix amphipathic score. In table 3.1 the first five sequences characterized by the highest
amphipathic scores are shown, The sequences of table 3.1 have been provided by Dr. G.
Carayanniotis. From those, three peptides (TgP1, TgP2, TgP3), characterized by high
amphipataicity and encompassing one or more tetramer motifs, were further tested for

both immunogenicity and pathogenicity in mice (see following chapters) (Table 3.1).



Amphipathic Midpoint of SEQUENCE
score segment
674 404-432 DSFGQLQGGSQVVKVGTAWK VYQF[GVI!
39.6 918-934 A[kSF SL_LQTLKDADTK‘DAQLTKS *
388 770-783 SLEH. MFSBALE TRD F el
29.2 49-61 PEGA PV, VIVNT
28.1 856-867 'YFSNFIR! IPNYPH
25.6 720-729 Esi N
= “TgPz, "= YgP3, ™= Tg Pl sequences are deﬁned by the vertical lines, ¥

amphipathic segments according to the AMPHI program (H. Margalit et al.,1987).

Underlined, tetramer motif (). B. Rothbard & W. R. Taylor. 1968).

08



32 ANIMALS AND ANTIGENS

Female C57BL/10], S]L/}, C3H/He], BALB/c}, BI0.BR/SgSn}, B10.A, BIO.A(2R),
BID.A(4R), BLOA(5R) mice were purchased from the Jackson Laboratories, Bar Harbor,

ME and were used in experiments at 6-10 weeks of age.

Frozen thyroids of outbred ICR mice and Sprague-Dawley rats (Bioproducts for
Science, Indianapolis, IN) were used for the purification of MTg and RTg respectively
(see section 3.2.1). HTg was similarly purified from frozen human thyroids. BTg and
PTg and ovalbumin (OVA) were purchased ftom Sigma (St. Louis, MO). Tuberculin
purified protein derivative (PPD, Statens Seruminstitut, Denmark) was purchased from
Cedarlane, Ontaric, Canada, TgP1 (acetyl- GLINRAKAVKQFEESQG-amide), C-
TgP1-Y, TgP2 (acetyl-C(acetamide)SFWSKYIQTLKDADGAK-amide) and C-TgP3
(acetyl-C-TDDYASFSRALENATRDY-amide) were synthesized at >70% purity at the

Alberta Peptide Institute on an Applied Biosystems (Foster City, CA, USA) 430A
synthesizer using a general procedure for solid phase synthesis outlined by Erickson and
Merrifield, (1976) with modifications by Hodges et al., (1988). Briefly, hydrogen
fluoride cleavage of peptide resin was performed by stitring peptide resin at -5 °C for 1 hr
in HF: anisole: dimethylsulfide: p-thiocresol:peptide resin (10 ml:1 ml: 0.5 ml:0.2 ml: 1
g)- Peptide purity was determined by HPLC and a.a. analysis. All in vivo and most of the
in vitro experiments utilized TgP1 carrying an N-terminal cysteine and a C-terminal
tyrosine that were added to the sequence for cross-linking and labelling purposes
respectively. To exclude any possible effect on the antigenic potential of TgP1 created
by the presence of the two external to its sequence amino acids, we tested the
antigenicity at the B and T-cell level of TgP1 lacking those amino acids (see Chapter

8). Similarly, an N-terminal cysteine was added to TgP3 for cross-linking purposes.



3.2.1 Thyroglobulin purification

For MTg or RTg purification, (rozen thyroids of outbred ICR mice and rats were
homogenized in phosphate bulfer, pH 7.0 and the supernatant was centrifuged three
times at 16,000xg. Mouse Tg or RTg was obtained from the supernatant by gel filtration
using Sepharose CL-4B (Pharmacia, Baie d'Ur(&, Quebec, Canada). By this method, two
fractions of Tg were obtained designated as peak I and peak Il (sce Fig. 3.1). All the in
vivo and in vitro studies were carricd out using lyophilized material of the peak 11 fraction
of Tg, which corresponds to fractions 46-59 (fraction size: 80 drops). Pzak Il was shown

to overlap with the eluate of BTg (Sigma, St. Louis, MO) that had been used as

lecular marker to dardize the Sepl CL-4B column.

3.2.2 Heat denaturation of Tg

Heat-denatured Tg was produced according to a modified method of Shimojo et al.,

(1988) by boiling an aqueous Tg solution (Img/ml) for 30 min.

3.2,3 Purification of MoAbs

Hybridomas secreting MoAbs specific for I-AK [k 1, §, or s] (1gG2a) (V. T. Oictal,
1978), I-Ek (IgG2a) (K. Ozato ct al., 1980), Thy 1.2 (J. A, Ledbetter & L. A,
Herzenberg, 1979) and NP (influenza A nucleoprotein) (IgGZa) (J. W. Yewdell et al.,
1981) were purchased from ATCC (iockville, MD) and antibodies were purificd on
protein G-Sepharose affinity chromatography columns (Pharmacia, Baic d'Urfe, Quebec,

Canada). The columns were equilibrated with Tris-buffered saline, pH 8.6. The
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Figure 3.1: Elution profile of RTg from Sepharose CL-4B
column, RTg was purified from rat thyroid gland supernatants by
gel filtration as described in Materials and Methods. Peak 11 fraction
was shown to overlap with the eluate of commercially purified BTg
obtained from Sigma.



hybridoma supernatant was subsequently loaded to the column and the antibody was
eluted from the column using buffered saline at pH 7.2, 3.5 and 2.3. The (ractions
corresponding to the elution volume of the antibody were dialyzed against double

distilled water (ddH20) and were subsequently lyophilized and stored at -20.
3.3 EAT INDUCTION
3.3.1 Immunization
Mice were challenged subcutaneously (s.c.) at the base of the tail with 100 nmol of

Tg peptide (TgP1=218 pg, TgP2=206 yg, TgP3=224 pg) or 0.15 nmol (100ug) of MTg
in 100 pl of 1: 1 PBS/CFA (with Mycob ium butyricum, Difco Lat Detroit,

MI) emulsion. Three weeks later, they were boosted s.c. with 50 nmol of peptide or
0.075 nmol (50ug) of MTg in IFA. Two weeks after the second challenge mice were bled
from the retrobulbar sinus to obtain sera for ELISA assays and the thyroids were removed

and fixed in buffered formalin.

3.3.2 Adoptive transfer,

Adoptive transfers were d ding to a modifi of the protocol of

Hutchings et al. (1992). S]L donor mice were immunized with 50 nmol of TgP2 in 100
pl of CFA emulsion or 100 pl of CFA emulsion alone (controls). Ten days after
challenge, peptide-primed inguinal LNC were cultured in the presence of TgP2
(10pg/ml) whereas CFA-primed cells were incubated with con A (4 pg/ml). Three days

later, the cells were washed 3x with balanced salt solution (BSS) and transferred
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Intraperitoneally (i.p.) in BSS, to normal syngencic recipients at 2x107 cells/ animal.
Control animals were injected with CEA-primed cells activated in vitco with con A.
Fourteen days after transfer, recipient animals were bled to obtain sera and sacrificed.
Their thyroid glands were collected in buffered formalin, processed, histologically

examined and scored as described in the following paragraph.
3.3.3 Lvaluation of thyroid pathology

Fixed thyroid-glands were sectioned serially (80-100 sections/mouse). The sections
were stained with hematoxylin and eosin and scored” as follows: 0 = no infiltration; 0.5

= interstitial lation of in(l y cells distributed between two or more

follicles; 1 = one to two foci of inflammatory cells at least the size of one follicle; 2 =
extensive infileration, 10-40% of total area; 3 = extensive infiltration, 40-80% of total

arca; 4 = extensive infiltration, >80% of total area.
3.4 CELLULAR ASSAYS,
3.4.1 Proliferation Assays.

Mice ‘were s.c. immunized at the basc of the tail with Tg (50 pg) or TgP1 or TgP2
(50-100 nmol) emulsificd in CFA. Ten days later, the inguinal lymph nodes were
collected aseptically and single cell suspensions were prepared in RPMI 1640 medium
supplemented with 10% fetal bovine scrum (FBS) (Bioproducts for Science,

Indianapolis, IN), 20 mM HEPES buffer, 2 mM L-glutamine, 100 U /ml penicillin, 100

* The origin of the tissue was known to the reader.
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Chemical Co., St. Louis, Mo.). After centrifugation and washing, cells (¢ x 105/200
pliwell) were cultured with and without antigen in flat-bottomed 96-well microculture
plates and incubated for 4 days at 37 °C in a 5% CO2, 95% air humidified incubator.
At 18 hr before harvesting, 1 uCi of [3H]thymidine ([3H]TdR) (6.7 Ci/mmol, ICN

Radiochemicals, Missisauga, Ont.) was added to each well in 25 pl of medium. The cells

were h d using a semi; ic cell h (Skatron Inc. Sterling, VA) and
counted in a liquid scintillation counter (L53801, Beckman Instruments Inc.).
Stimulation index (SI) is defined as (cpm in the presence of antigen / cpm in the

absence of antigen).

342 Tell depletion

LNC (1.2x107/tube) were suspended in RPMI 1640 in the absence of serum. After
centrifugation and washing (2x), the cells were resuspended in 1 ml neat cuiture
supernatant containing Thy 1.2-specific antibody. The cells were incubated with the
supernatant for 30 min at room temperature. They were washed 2x in medium without
FBS and incubated with rabbit complement (1:10), (GIBCO) which had been
previously absorbed with mouse tissue including lymph nodes, spleen and thymus (see
section 3.5.4). After 60 min of incubation at 20 0C the cells were washed 2x with
medium without serum and resuspended in complete medium, LNC depleted in T cells

following this method were sut ly tested for proliferation to TgP1 or TgP2.

Controls included cells incubated in the presence of complement but no Thy 1.2-specific

MoAb and cells incubated with Thy-1.2-specific MoAb in the absence of complement.



87

3.4.3 Generation of antigen specific T—cell lines

4 m

to a modifi of the

Antigen-specific T-cell lines were
protocol of Champion et al. (1985). Mice immunized with 100 nmol of Tg-peptide were
sacrificed 8 days later, and their lymph nodes and spleens were collected in complete
medium (see section 3.4.1). The cells were washed twice and placed in flasks at
107cells/ml in the presence of 5% con A supernatant” and Tg-peptide (40ug/ml). The
cells were incubated for 11 days at 37 °C in a 5% CO2, 95% air-humidified incubator in
25 cm2 flasks standing in an upright position. By the end of the incubation period, the
viable cells were separated over Ficoll-Hypaque (see section 3.4.4) (Pharmacia,
Piscataway, New Jersey) and were restimulated with feeders and antigen for 13 days.

Tife

The cells were sub ly tested for ficity ina assay.

Restimulation of the cells: 2x106 viable T cells were placed in 25 cm? flasks with
2x107 mitomycin C- treated spleen cells (see section 3.7.1) and peptide (40pg/ml).

Test of specificity: T cells (2x105/ml) were placed in flat-bottomed 96-well
i plates with ycin C-treated spleen cells (2x107 /ml) and titrated-

concentrations of Tg-peptide (20ug/ml starting antigen concentration). The cells were
incubated for 4 days at 37 0C and their proliferative ability was d ined via the
[3HITdR uptake method (see section 3.4.1).

= derived from rat spleen cells cultured in vitro with 24 yg/ml con A for 3 days. Any
odditional con A fn th ddition of de prior to use.
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3.4.4 Separation of viable cells by Ficoll-Hypaque

The lymphocy ion was fuged at 300g (1200 rpm) and the obtained

pellet was resuspended in BSS. The cells were spun again under the same conditions
and resuspended in 4 ml of BSS, They were subsequently layered carefully over 3 ml of
Ficoll-Hypaque and were centrifuged at 400g (1400rpm) for 30 min. The interface layer
was collected and was suspended in 5 volumes of BSS. The cells were centrifuged at
200g (1200 rpm) for 10 min. The last step was repeated twice and the cells obtained
were resuspended in complete medium. Viability of the cells was assessed by the Trypan
blue exclusion test. Briefly, cells were resuspended ia trypan blue saline solution and
loaded to a haemocytometer. The numbers of unstained (viable) white blood cells and
stained (dead) cells were counted separately and the percentage of viable cells was

calculated as follows:

% viable cells= ——Dumberof viablecells 1999,

number of viable cells +number of dead celis
For greater accuracy in the estimation of viability the total cell number counted was not

less than 200 cells.
3.5 DETERMINATION OF ANTIGEN-SPECIFIC IgG RESPONSE
3.5.1 Enzyme-linked immunosorbent assay (ELISA).
Wells of polyvinyl chloride microtiter plates (Dynatech Laboratories, VA) were
coated overnight at 4 °C with 0.2 pg of Tg-peptide or 1 pg of Tgin 100 pl of carbonate

buffer pH 9.6. After washing, the wells were blocked overnight v:ch 0.1% BSA in PBS.

The serum samples were incubated for 1 hr with the antigen and after washing 3x with
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200 pl PBS-Tween (PBST), 100 ml of alkaline phosphatase-conjugated goat anti-mouse
14G (Sigma Chemical Co.) was added to cach well for 1 hr. The plates were washed 3x
with PBS-Tween and p-nitrophenyl phosphate substrate was added (1 mg/ml in 10%
dicthanolamine, 100 il Awell, 1 hr). Absorbance of the p-nitrophenolate product at 405

i was measured using a Titertek Plus reader,

3.5.2 Competition by TgP1 of TgP1-specific IgG binding to MTg.

Plates were coated with Tgand blocked with 1% BSA in PBS for Zhr. After washing
with 0.1% BSA in PBS, they were incubated with both immune serum (50 pl/well)
dertved from TgP Lprinied animals (1:200) and tiecated amounts of TgP1 or TgP2 (50
plhvell) for I he. The starting inhibitor concentration was 1.983 uM which corresponds
to 4.33 pg/ml of TgP1 or 4.08 g/ml of TgP2. The following steps were the same as

described in the previous section.

3.5.3 IgG- subclass determination

Establishment of standard curves for itation of individual IgG subcl within

cheserun detived fiom siosmal antinals (ses Fig 3,2) was performed by contng wells with
a goat anti-mouse IgG (Fab-specific, Spg/well) (M-6898, Sigma) followed by blocking
with 0.1% BSA in PBS. The wells were then incubated with titrated amounts of a
mouse immunoglobulin reference serum (ICN Biochemicals, Costa Mesa, CA, cat.no.

64-901) ining known ities of IgG subcl: Sut ly, the wells were

washed, and 100ul of neat rabbit anti-mouse IgG subclass-specific antibodies were added

for Lhr (Mouse Typer Sub-lsotyping Pancl, cat. no 172-2055, Bio-Rad Laboratories,
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Figure 3.2: Schema describing the procedure followed to make standard
curves for individual IgG subclasses.



Richmond, CA) followed by a wash (5x) with PBST. Then the wells were incubated
with a goat anti-rabbit [gG (H+L), alkaline phosphatase-conjugated antibody (Bio-Rad)
(1:2000) for 1 hr. The data were transformed to linearity using the log form of the von
Krogh equation (D. P. Stites et al., 1987) and antibody concentration values in the
experimental sera were extrapolated from points in the mid region of the straight lines
obtained for each IgG subclass (see Appendix 3). The experimental sera were tested on
MTg (1pg/100pl/well) at 1:128 dilution for detection of IgG1 or IgG2b, and 1:32 for
detection of 1gG2a or IgG3. These dilution points were found in preliminary

experiments to yield O.D. values within the appropriate region of the standard curves.

The sub: incub with rabbit anti IgG and AP-labelled goat anti-
rabbit were as described above.
3.5.4 Ab of rabbit 1 with mouse tissue

Absorption of rabbit complement with mouse tissue was performed according to a
modification of a protocol previously described (B. B. Mishell & S. M. Shiigi, 1980 ).
Lyophilized rabbit serum (GIBCO) was d ding to the f: 's

specifications with 3 ml of distilled water. The rﬁleens and lymph nodes from two
animals were removed and a single cell suspension was prepared in BSS. The cells were

washed twice and pell d. Three milliliters of d rabbit serum were

subsequently added to the pellet. The tubes were placed on ice for 30 min. They were
then centrifuged for 15 min at 250g (1100 rpm). The supernatant containing the

absorbed complement was filtered and aliquoted. Aliquots were kept in -70 0C.
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3.6 TISSUE IMMUNOFLUORESCENCE

Following a previously described protocol (T. I. Michalak et al.,1989), five -micron
thick cryostat sections were cut from normal S]L thyroid glands, previously frozen at -80
0C and embedded in Histo-Prep (Fisher Scientific, Fair Lawn, N]). The sections were
air-dried, fixed in cold acetone for 5 min at room temperature and hydrated in PBS.
Susequently, the sections were incubated with TgP1-primed S]L serum at 1:10 dilution
for 45 min at room temperature, followed by three washes with PBS. Control sections
were similarly incubated with normal SJL serum. Staining was performed with an
fluorescent isothiocyanyate (FITC)-conjugated, Fab-specific, goat anti-mouse IgG
antibody (Sigma) at 1:120 dilution for 30 min. The sections were again washed 3x with
PBS, and were mounted in 20% buffered glycerol prior to being examined for

immunofluorescence using a Leitz Diaplan microscope.
3.7 OTHER TECHNIQUES USED.
3.7.1 Treatment of cells with mitomycin C
The spleen-cell suspension was adjusted to 1-6x107/ml and incubated with 25 pg of
mitomycin C (Sigma, St. Louis, MO) per ml of cell suspension, for 20 min at 37 0c,

Throughout the incubation period the cells were protected from light. After incubation

they were washed 3x and used as antig ing cells in the ion of Tg-

peptide specific T-cell lines (see section 3.4.3).
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3.8 STATISTICAL ANALYSIS

i ol diffe

Within each strain,

between the i [ groups and a
control group of seven mice thar received adjuvant only and exhibited no infiltration,

de d by the Mann-Whitney U test (S. Siegel, 1956).




CHAPTER 4

IDENTIFICATION OF A THYROIDITOGENIC SEQUENCE WITHIN THE
THYROGLOBULIN MOLECULE!

4.1 SUMMARY

Tg-specific T cells are important in the induction of EAT, but the nature and the
number of the Tg T-cell epitopes involved in the disease process are unknown, Through
the use of computerized algorithms that search for putative T-cell epitopes,a 17-mer
peptide (TgP1) was identified within the known portion of the RTg sequence
(corresponding to amino acids 2495 to 2511 of the human Tg sequence) that inducsd
strong mononuclear cell infiltration of the thyroid in classic EAT-susceptible murine
strains such as SJL, C3H, and B10.BR and low or undetectable infiltration in EAT-
resistant strains such as BALB/c and B10. TgP1 appears to be phylogenetically conserved
{erelv homol

sinceitis to its bovine and differs at a single amino-

acid position from its human analogue. After priming with TgP1 in vivo, significant

proliferative T-cell responses to TgP1 in vitro bserved only with lymph from
susceptible (high responder) strains, thus correlating proliferative capacity with EAT
induction. TgP1-primed T cells did not respond to intact MTg or RTg in vitroand,
conversely, T cells primed in vivo with MTg or RTg did not respond to TgP1 in culture,

that TgPlis d of non-i domi Tecell d i TgP1

1 11 : .

was defined as a ically epitope as well, since in vivo

priming of all strains with MTg led to strong MTg-specific IgG responses but no TgP1-

1 Part of the results din this chapter has been published as: Ct lou E. and C:
hyrotd within the molecule. J Immunol.,

G. 1992.
Vol. 149: 1039-1044.
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specific responses in ELISA assays. This was not due to lack of immunogenic B-cell
determinants on TgP1, however, because peptide challenge of EAT-susce vtible strains
clicited TgP1-specific IgG that also cross-reacted with mouse, rat, human, bovine and
porcine Tg. The peak of TgP1 specific antibody response was reached 21 days after

priming and was dependent on the peptide dose used for immunization. The data

d that TgP1 deli i dominant but highly i
determinants at both the T- or B-cell level which may play an important role in the

development of autoimmune thyroiditis.
4.2 INTRODUCTION

Murine EAT, an analogue of HT in humans, is an inflammatory autoimmune disease
that can be induced by injection of MTg and adjuvant (J. Charreire, 1989). A crucial
role for EAT induction has been assigned to T cells since thyroiditis can be adoptively
transferred by MTg-specific T cells, CD4+T-cell lines, or clones (H. Braley-Mullen &
al., 1985; R. Maron et al., 1983; C. G. Romball & W. O. Weigle, 1987). EAT is
genetically controlled by the H-2 complex, and I-A is the main locus regulating EAT
susceptibility within the high responder H.2% haplotype (A. O. Vladutiu & N. R. Rose,
1971a;K. W. Beisel et al,, 1982a). These findings have indicated that MHC-restricted
recognition of a limited number of thyroiditogenic MTg peptides by T cells is a key
cvent in the development of the disease. No information exists, however, as to the

nature of such peptides, partly because M Tg has not been sequenced, and partly because

the 660-kDa molecular mass of the MTg b i di: the use of
techniques that could resolve this issue.

In chis study, an attempt was made to identify EAT-inducing epitopes by using a

1

synthetic peptide To stay phyl ically close to MTg, ion was
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focussed on the known portion of the RTg sequence, which consists of the last 967 a.a.
at the carboxyl-end of the molecule (R. DiLauro et al., 1985). The sequence was
screened by the "AMPHI" and "tetramer motif" algorithms (H. Margalit er al., 1987; J. B.
Rothbard & W. R. Taylor, 1988) for potential T-cell epitopes with the view to test
candidate peptides, identified by both algorithms, for their ability to induce EAT in vivo.
Through this approach, we are able to report here the identification of a 17-mer TgP1

that induces EAT, lates T-cell and elicits antibodies that

with Tg from various species.
4.3 RESULTS
4.3.1 TgP1is a conserved epitope and carries multiple MHC-binding motifs.

The rat TgP1 sequence (Fig. 4.1) is identical to its bovine counterpart (a.a. 2497-
2513) (L. Mercken et al., 1985) and differs at a single a.a. position from its human
analogue (a.a. 2495-2511) (Y. Malthiery & S. Lissitzky, 1987). This is suggestive of a
conserved sequence in phylogeny and renders it likely that TgP1 is identical to its
murine counterpart as well, constituting a self antigen in the mouse. TgP1 was initially
selected as a putative T-cell epitope site because it carries two "tetramer mortifs" (J. B.
Rothbard & W. R. Taylor, 1988) starting at positions 2495 and 2501 respectively, as
well as an amphipathic segment (2500-2509) with a relatively high amphipathic score of
25.6 (block length=11) (H. Margalit et al., 1987). In addition, TgP1 although it is

d by a lower hipathic index d to other (see table 3.1)
was selected as a candidate epitope because it lacks internal proline. Presence of proline
in the middle of TgP1 would rather favor a turn in the helix thus interrupting its
continuity (H. Margalit er al., 1987). TgP1 has structural characteristics of an MHC-

binding peptide according to recently described algorithms: it encompasses two
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BOVINE - - .- - (2497-2513)
HUMAN ---------------R- (2495-2511)

Figure 4.1: Primary amino-acid sequence of TgP1. Underlines,
Rothbard and Taylor tetramer motifs; short arrows, amphipathic
segment, according to the "AMPHI" program (amphipathic
score=25.6, block length=11); *, e or *, pairs of a.a. obeying the
MHC-binding motif of Hill et al., (1991); ¥, a.a delineate an
HLA-DRS8-binding motif (R. M. Chicz et al., 1993); long arrows, a.a.
in agreement with the I-E-binding motif of Leighton et al., (1991); -,
aa. identity between rat and bovine or human sequences at the
positions shown. All in vivoand in vitro studies of this chapter
utilized TgP1 carrying an N-terminal cystein and C-terminal
tyrosine that were added to the sequence for cross-linking and
labelling purposes respectively.

Table 4.1: Physicochemics] characteristics of TgP1S

Molecular weight (MW) 1,875

Isoelectric poim (p) 10.08
Halflife in

mumm.lhn xeﬂculocytes 30 hr
Half-life in

yeast >20 hr

Facherichiacoli 10 hr

Sp hemical o the

PHYSCHEM progmm of PCGENE (see section
3.1).

L6
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sequences with the motif of Hill eral. (1991), in which bulky hydrophobic amino acids
(11e2497 and Phe2506) ate separated by four residues from a small amino acid (Ala2502
and Gly2511 respectively), and contains an I.EKbindin,, motif according to the method
of Leighton et al. (1991), since two hydrophobic residues (Leu2496 and lle2497) are
separated by six residues from Lys2504 (Fig. 4.1). TgP1 also carries a motif of naturally
processed peptides bound to HLA-DR8 (11e2497-Lys2501), (R. M. Chicz et al., 1993).
An analysis of the TgP1 sequence using the PHYSCHEM program of PCGENE revealed
the physicochemical features of the which are listed in Tabie 4.1. The

algorithm used in this program to estimate the isoelectric point (pl) starts to calculate
the total charge (number of positive-number of negative groups) of a given peptide at
pH 7.0. If the total charge of a peptide at pH 7.0 has positive charge this is an
indication of existence on that peptide of protons that are not neutralized. Thus the pH
value is raised to 10.5 and the total charge is re-estimated. If the total charge at pH 10.5

is negative the pH value is dropped between 10.5 and 7.0 and the total charge is

d again. Thisp i up to that pH value where the total charge will
approach 0. That pH value is defined as pl. It should be noted, however, that the pl
estimation based on the primary a.a. sequence of a given peptid: is only an
approximation. This isbecause the charge of the a.a. side chains of one peptide can be
influenced by the environment such as solu;ion conditions, neighbouring a.a. residues in
threc dimensional space etc. The algorithm that estimates the half-life of a given
sequence is based on the "N-end rule" of Bachmair and colleagues (1986). Briefly, the
authors have shown that the identity of the N-terminal residue of a protein is critical in

determining its stability in vivo. It appears that the N-terminal residue is important in

the process of ubiquiti diated p 1 degradation. Employing site directed

15 Backiatiand. coll d b 1 "

proteins with
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different N-terminal amino acids. The beta-galactosidase proteins were shown to differ
in their half-lives in vivo, from more than 100 hr to less than 2 min depending on the
amino-terminal a.a. and on the experimental model used (yeast in vivo; mammalian

reticulocytes in vitro; Escherichia coli in vivo) (A. Bachmair et al,, 1986).

4.3.2 TgP1-induced EAT in mice exhibits a genetic pattern analogous to that
obtained after MTg challenge.

In preliminary studies, TgP1 was identified asbeing able to induce EAT in C3H (H-
2k) mice (Table 4.2). Subsequencly, high- and low responder strains were s.c. challenged
with TgP1 or MTg to test whether TgP1 mediated EAT was under similar genetic
control as EAT induced with intact MTg. The results (Fig. 4.2) demonstrated that TgP1

could induce signif 1 Itration of the thyroid in classic high responder
strains such as C3H and BLO.BR (H-2K) or S]L (H-25) (A. O. Vladutiu & N. R. Rose,
1971a). In contrast, after TgP1 challenge, no significant infiltration was observed in
BALB/c (H-24), and no infiltration at all was detected in B10 (H-2b) mice. Both of
4

these low strains exhibited low but signifi filtration indices after

challenge with M Tg, perhaps due to influences of other thyroiditogenic epitopes on

MTg. The dramatic diff in TgPl-induced infil between the H-2 congenic

strains B10.BR and B10 indicated that this process is under the direct control of genes
located within the H-2 complex, and analogous to the findings with native MTg (V.
Tomaric et al, 1974).

The EAT lesions induced by TgP1 varied in appearance ranging from small

. .

y foci, especially at low infiltration indices (Fig. 4.3 A, B), to diffuse

£:1

mononuclear cell infiltrates dby follicular d ion at higher
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Figure 4.2: EAT ind measured as inflltration index in individual mice from

different strains after challenge with TgPl or MTg. Immunization and histologic
assessuent of thyroid infiltration were performed as described in Materials and Methods.
p values were obtained by comparing infiltration in TgPl or MTg injected mice to
infiltration in mice injected with CFA-PBSonly (non-parametric Mann-Whitney U

test).
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Figure 4.3 A-D: TgPl-induced 1 infiltration of lear cells in the
thyroid. Thyroid infiltrate ranged from small foci with limited follicular distraction, A
(X250), B (X400) to extensive replacement of the thyroid with inflammatory cells C
(X250), D (X400). White arrows point to a giant follicle(C, D).
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levels. Occasionally, giant follicles with little colloid and surrounded by inflammatory

cells were obscrved (Fig. 4.3 C, D).

4.3.3 TgP1 elicits specific prolife e T-cell that late with EAT

induction.

To determine the immunogenicity of TgP1, mice were s.c. challenged at the base of
the tail with 100 nmol of peptide, and 10 days later the proliferative responses of their
inguinal LNC were determined. As shown in Fig. 4.4, vigorous responses were obtained

from lymphocytes of SJL, C3H and B10.BR strains that expressed the highest degree of

thyroid lear infiltration after TgP1 chall BALB/c lympl life d
less well, and B10 lymphocytes were letely ive to TgPl. LNC
liferation was al d after lymph with an anti-Thyl.2 MoAb plus

comtplement (C'), suggesting specific recognition of TgP1by T cells (Table 4.3). These
results confirmed the predictive value of the algorithms used for identifying the TgP1
sequence and revealed complete correlation between T-cell reactivity and

thyroiditogenicity of TgP1.

4.3.4 TgPl doesnot d T-cell d i

To test whether TgPlisan i ! epitope, we ined the capacity of
P! pacity

MTg-sensitized lymphocytes to recognize TgP1 as well as the capacity of TgP1-primed
lymphocytes to recognize intact Tg in vitro. To exclude that unresponsiveness might be
due to lack of TgP1 determinants within MTg, RTg was used in parallel, for in vivo

priming or in vitro testing of lymphocytes. As seen in Table 4.4, MTg-primed
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Figure 4.4: Proliferative LNC responses in mice of H-2 haplo to TgP1 (A) and OVA
(B‘)‘: Mice were s.c. immunized at the base of the tail with 100 nmol TgP1, and 10 days later the
inguinal lymph node cells were removed and incubated in the presence of either TgP1 (A) or
OVA (B) for 4 days in viro. [* H]TdR was added during the last 18h of culture. Background
means of quadruplicate wells were: SJL, 5034 cpm; C3H, 822 cpm; B10.BR, 3861 cpm; BALB/c,
1332 cpm, and B10, 595 cpm. SD values did not exceed 15% of the means.

901
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TABLE 4.3: Abrogation of TgP1- specific LNC proliferation by T-cell depletion,
TgP1 dose in vitro (ug/mal)
T 20 10
_ 35 +/- 0.7 {6.1)b 2.2 +1- 0.6 (3.9)
anti-Thyl.2 + C' 0.7 +/- 0.4 (1.2) 04 +/- 0.1 (0.6)
anti-Thyl.2 52 +- 0.5 (9.2) 4.3 +/- 12 (1.6)
(6] 86 +/- 1.6(15.2) 9.3 +/- 32 (16.4)

a TgP1-primed cells from S]L mice were ueated with Thy-1.2-specific
antibody plus d in Is and Methods.

bValues represent the comx103 means of quadruplicate wells. The values
in d to 1 indices. In the absence of
antigen cpm mean of quadruplicate wells was 567.
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TABLE 4.4: TgP1 d T-celld

Cell proliferation (stimulation index)d
Antigen Antigen conc. i R
- e -

MTe  RTg TePl
MTe 750 d = 1.3
75 54 2.3 12

.5 26 19 16

RTg 750 . - 16
75 31 17.8 11

5 21 14.6 L1

TgPL 750 12 . 115
75 2.0 13 25

15 13 09 10

2 In the absence of antigen, cpm means of quadruplicate wells
were: MTg-primed LNC = 6,725, RTg-primed LNC=7,257, TgP1-
primed LNC= 5,034

b SJL mice (4 mice/group) were primed s.c. at the base of the tail
with either 75 pg (0.11 nmol) of MTg or RTg, or 218 pg (100
nmol) of TgP1 in CFA. Ten days later their inguinal LNC were
stimulated in vitro with the indicated antigens and at the doses
shown. [SHJTdR was added at 72 hr of culture and the cells were
harvested 18 hr later (see Materials and Methods).

€ 750 nM of MTg or RTg corresponds to 495 pg/ml. 750 nM of
TgP1 corresponds to 1.6 jig/ml.

d (), not done.



109

lymphocytes from S]L mice responded significantly to MTg in culture but failed to
respond to TgP1 under equimolar (75 nM) or 10-fold higher concentration (750 nM).
Similarly, RTg-primed lymph ded strongly to RTg in vitro--perhaps due to

recognition of foreign (rat) determinants on Tg -- but did not yield detectable responses

to TgP1at 75 or 750 nM. U was not due to ient doses of TgP1 n
vitro because TgP1-primed lyrm.phocytes responded strongly to TgP1 at the highest dose
tested (750 nM). In addition, TgP1 primed lymphocytes did not react to any significant
extent with 75 nM MTg, a dose that was clearly stimulatory for M Tg-primed cells. Lack
of response to MTg was observed at 750 nM (Table 4.4) and at doses between 75 and
750 nM (data not shown), ing lack of ic stimulation rather than

suppressive effects at high antigen dose in vitro.

The question of immunodominance was further studied using instead of TgP1-
primed LNC, a TgPl-specific T-cell line, The T-cell line was generated from lymph
node and spleen cells derived from TgP1-primed mice. It was established after two
rounds of in vitrostimulation with TgP1 for a total of 24 days (see Materials and Methods).
The TgP1-specific line responded over a wide range of TgP1 (4.6uM to 0.07uM) in vitro
but failed to respond to MTg at doses ranging from 1.1uM to 0.018 uM (Fig. 4.5). These
results confirmed the findings of bulk cultures and further indicate the non-dominant

nature of T-cell d i deli d by the TgP1 sequen

4.3.5 TgP1 does not contain serols Iy 1 d but elicits
specific antibody responses that do not correlate with peptide-mediated EAT.

In vivo priming with MTg elicited strong MTg-specific IgG responses in all strains tested,
but failed to induce IgG cross-reactive with the peptide (Table 4.5), clearly indicating
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Figure 4.5: TgP1 is a non-dominant T-cell epitope.
TgPl-specific T-cell line was generated and tested for
specificity to either TgP1 or MT g as described in Materials
and Methods. Proliferative responses were assessed by PH]
TdR uptake for the last 18 hr of culture. TgP1, MTg starting
antigen concentranons were 10 pg/ml and 750 pg/ml

index was defined as (cpm in the
presence o(l antigen /cpm in the absence of antigen). Cpm
in the absence of antigen was 4540.




Q.D. (405 nm) of sera tested in vitro against?
Antigen MTg TePl
i /1,024 1/ /.
TgP1 B10 < 0.05 <0.05 <0.05 <0.05
B10.BR 0.66 041 139 1.00
C3H 056 0.16 0.88 0.38
SJL 0.33 0.14 1.50 119
BALB/c < 0.05 <0.05 075 0.52
MTg B10 1.25 121 <0.05 < 0.05
B10.BR 151 1.34 <0.05 < 0.05
C3H 1.34 0.80 <0.05 <0.05
SJL 1.39 113 <0.05 < 0.05
BALB/c 115 0.61 <0.05 < 0.05
CFA B10 <0.08 <0.08 <0.05 <0.05
B10.BR <0.08 <0.08 <0.05 <0.05
C3H <0.05 <0.05 <0.05 <0.05
SJL <0.08 <0.08 <0.05 <0.05
BALB/c <0.08 <0.08 <0.05 <0.05

@ Pooled sera from the mouse groups depicted in Fig. 4.2 were assessed for
antigen-specific IgG by ELISA as described in Materials and Methods. The
data were obtained from full titration curves and are expressed as means
of triplicate wells at the indicated dilutions of serum. Standard deviations
did not exceed 5% of the mean values.

b Mice were primed and boosted with the indicated antigens for EAT
induction as described in Materials and Methods.

jaes
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that TgP1 is not a serologically immunodominant epitope. This was not due to a lack of
immunogenic B-cell epitopes on TgP1, however, because after TgP1 challenge in vivo,
strong serologic anti-TgP1 responses were detected in the susceptible (high responder)
B10.BR, C3H and S]L strains (Table 4.5). EAT-resistant B10 mice that were
unresponsive to TgP1 in proliferative T-cell assays did not yield a peptide-specific
antibody response either, suggesting lack of TgPi immunogenicity in that strain.
Interestingly, BALB/c mice that were not significantly susceptible to EAT, and mounted

d anti-TgP1 proliferative T-cell showed signifi 1gG to
TgP1 (Table 4.5). This was not an effect of pooling the BALB/c sera because the six

BALB/c mice that did not exhibit mononuclear cell infiltration of the thyroid after
priming (Fig. 4.2) were found to be individually reactive to TgP1 in ELISA assays (Fig.
4.6). Such lack of correlation between TgP1-specific titers and EAT suggested that the
presence of circulating IgG specific for TgP1 is not pivotal in the induction of thyroid

pathology.

4.3.6 Influence of antigen dose and immunization time on the induction of TgP1-
specific IgG.

To examine the effect of antigen dose on the production of TgP1-specific IgG,
B10.BR mice were immunized twice one week apart with either 5 nmol (11pg) or 50
nmol (109 ug) of TgP1. The ability of those mice to produce TgP1-specific IgG was
subsequently tested by ELISA. As shown in Fig. 4.7 the two TgP1 doses tested were not
equally immunogenic. The end-titer point of TgP1-specific IgG in the sera of mice
primed with the 100 nmol regimen cannot be calculated precisely from the present

data, because the titer of that antibody wasstill significant even at the highest-tested
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O.D. 405 nm

6 8 10 12 14 16
Log, reciprocal serum dilution

Figure 4.6: Measurment of TgP1-specific IgG in BALB/c
mice. Sera from individual mice (see Figure 4.2) were tested
for reactivity to TgP1 by ELISA. Each symbol represents a
different animal and cach point the mean value of triplicate
wells at the indicated dilutions of the serum. SD did not
exceed 10% of the mean. Pooled sera from the same mice
excibited no reactivity to OVA. Valucs were less than 0.05 at
scrum dilutions ranging from 1/128 to 1/8192 (data not
shown).
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Figure 4.7: Dose response to TgPl measured as

TgP1-specific IgG. Pooled sera from B10.BR mice (3 mice
Igroup) immunized with two doses of either 50 nmol or 5 nmol
of TgP1 were tested for TgP1 specific antibodies by ELISA
(see Materialsand Methods). Each point represents the mean
of triplicate values. The standard deviation did not exceed
the 5% of the mean values.
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serum dilution (1/32,768). In approximation, however, it appears that the level of
TePl-specific 1gG in the sera of mice receiving the 100 nmol peptide regimen versus
thosc recciving the 10 nmol peptide regimen was at least a 10-fold higher.

To examine the cffect of time on the production of TgP1-specific Ig'G, C3H/He]
mice were immunized with 100 nmol of peptide and boosted one week later with 50
nmol of TgPL. Pooled sera (rom such animals were tested for the presence of TgP1
antibodies by ELISA, 21, 27 and 34 days after priming (Fig. 4.8). No clear difference

among the TgPl-specific IgG titers was obscrved at the three time points tested.

4.3.7 TgPl-primed sera ly with tt lobulins from varlous
species.
When TgPl-specific sera were examined for c ivity to MTg, signifl

responses were observed in sera from EAT-susceptible strains (B10.BR, C3H, and S]JL)
but not in EAT-resistant BALB/c mice (Table 4.5). TgPl-primed sera from B10.BR,
C3H and S]L mice also reacted variably with rat, human, bovine, and porcine Tg (Fig.

4.9). No response was detected against the control antigen OVA (Fig. 4.9). BALB/c

scra yielded detectable but, again, consistently low i to the above

Tg. Variability in binding possibly reflected influences of Tg tertiary conformation on

1o i ibility or interlc by post-translational modifications such as

glycosylation or phosphorylation {J. Charreire, 1989). These data demonstrate the

presence of serological determi del I by TgP1 on thyroglobulins from various

species and support the concept that TgP L expresses conserved epitope(s).
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Figure 4.8: TgP1-specific IgG activity in sera harvested
21, 27 and 34 days after immunization. C3H/Hej mice
(3 animals/group) were immunized with 100 nmol of
TgP1 and boosted one week later with 50 nmol of
peptide. Pooled sera from three animals were tested by
ELISA for binding to TgP1. Standard deviations did not
exceed the 5% of the mean. Pooled sera from the day 21
group did not bind to TgP2 or TgP3 (data not shown).
There was no specificity control for the other two groups.
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Figure 4.9: Cross-reactivity of TgP1-primed sera to Tgs from various species. Pooled sera

from the indicated strains of mice were used. Immunization protocols and the alkaline
phoshatase-based ELISA assay are described in Materials and Methods.
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4.4 DISCUSSION

The present {indings demonstrate for the first time the identification of a
thyroiditogenic peptide on the Tg molecule through the use of computerized algorichms
that predict the presence of T-cell epitopes within a protein sequence (H. Margalic et al,
1987; ). B. Rothbard & W. R. Taylor, 1988). Since EAT induced with intact Tg is
under MHC control (see section 1.2.2.1.1) only a few thyroiditogenic peptides must be
present within the large Tg molccule, The observation that TgPl-mediated EAT is
under similar MHC control suggests that TgPl is possibly onc of the main
thyroiditogenic sequences within Tg. The data parallel those from other experimental
autoimmune diseases which can be induced with defined autoantigenic T-cell epitopes
(M. Kronenberg, 1991). For example, in EAE, induced by direct immunization of the
animals with MBP H-2Y has been shown to be a susceptibility haplotype. In two inbred
strains carrying the H-2" haplotype the T-cell responses included pathogenic T cells

that were directed to the 1-9 a.a. N-terminal determinant of MBP (S. S. Zamwil et al.,

1986). Similarly in collagen-induced arthritis, i ion of rats with type Il collagen
induces T cells some of which are pathogenic and recognize a single 12 a.a epitope of
type Il collagen (M. Kronenberg, 1991). In this regard, small Tg fragments, generated by
proteolysis, have been isolated with the ability to induce EAT andlor stimulate T-cell
responses in vitro (D. K. Male etal., 1985; . Salamero er al., 1987). In one of those
studies the primary amino-acid sequence of a 40 amino-acid peptide (localized between
residues 1672 and 1711 of HTg has been determined (F40D), that could induce
minimal thyroiditis to CBA mice after direct subcutaneous challenge (B. Texier et al,
1992b). In addition, the Tg peptide (2549-2559) STDD(T4)ASFRAL containing T4 at
position 2553 was shown to be recognized by Tg-reactive T-cell hybridomas (B. R.

Champion et al., 1991). This peptide could not directly induce thyroiditis in CBA/)
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mice at doses ranging from 1-25 pg, but LNC primed in vivo and boosted in vitro with
peptide could transfer EAT in naive recipients (P. R. Hutchings er al., 1992). We have
also been unable to induce directly mononuclear infiltration of the thyroid in all strains
shown in Fig. 4.2 with the 18-mer peptide TDDYASFSRALENATRDY (2550-2567)
carrying a tyrosine instead of T4 at position 2553, by using 100 nmol peptide per mouse
and 4 mice per strain (see Chapter 8).

The observation that TgP1-specific T-cell proliferation was intense only with primed

lymph from EAT- ible strains is in with earlier studies that

correlated Tg-mediated EAT with T-cell proliferation to MTg in cultuse (L. L. Simon er
al., 1985)." e functional profile of the TgP1-specific proliferative T cells remains to be
established but it is reasonable to predict that they include Th cells pivotal in the
induction of TgP1-specific antibody. Studies with TgP1-specific T-cell clones will be
needed to map the minimal T-cell epitope(s) within the TgP1 sequence and to correlate
T-cell function and phenotype with epitope recognition (P. Parham, 1991).

The inability of LNC, primed with MTg or RTg in vivo, to recognize TgP1 in vitroat
peptide doses (750 nM) that are clearly stimulatory for TgP1 primed cells suggests that
TgP1 consists of domi Tecell ) (Tabie 4.3). In additional

experiments, higher peptide concentrations in vitro (up to 3 pM) did not increase
specific proliferation of MTg-primed cells. That TgP1 is not immunodominant can also
be supported by the observation that TgP1-primed LNC (Table 4.3) or a TgP1 specific
T-cell line (Fig. 4.5) from S]L mice can clearly proliferate against TgP1 in vitro; they fail
to do so against an equimolar dose of MTg (750 nM) which is stimulatory for MTg-
primed cells. This latter result has to be interpreted with caution, however, since it is not
known whether such a high dose of Tg can be quantitatively processed in vitroand to

what extent processing of the large Tg molecule can generate sufficient quantity of
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relevant peptide in vitro to activate specific T cells. Thercfore, although TgP1 appears

i d its classil ion as subdomi or cryptic (see section 1.2.4.1)
will be easier tc establish ively, once an i domi Tg epitope is
identified. The non-t d nature of TgP1 wasalso suggested by the lack of

TgPl-reactivity of MTg-primed sera, and is supported by the fact that TgP1 does not
overlap with epitope-bearing sequences on HTg that are known to be recognized by
heteroantisera (Q. Dong et al.,1989; M. Henry etal,, 1990; Y. Malthi¢ry eral, 1991).
The lack of TgP1 immunodominance raises the question of how TgPl-primed
lymphocytes recognize Tg in vivoin order to initiate the autoimmune pathogenic process

(H-25 is a susceptible haplotype after TgP1 challenge). In that regard, it can be

hypothesized that TgP1 is not a product of Tg processing by lymph node antigen-
presenting cells but is produced by thyroid proteases. Alternatively, partially digested Tg

fragments leaking from the thyroid into the circulation (J. Charreire, 1989; L. ).

DeGroot & ], Quintans, 1989) may be d diff ly from intact T'g by peripheral

antigen-presenting cells. Analogous hypotheses have been proposed about the role of

antigen on the of cryptic bue i hogenic peptides of the
retinal pzotein IRBP (W. ]. Lipham et al, 1991).

Recent studies of Dunn etal. on thyroglobulin processing by thyroidal proteases (A.
D. Dunn et al., 1991a) have revealed that cathepsins B and L isolated from human
thyroids can cleave rabbit Tgat P'y residues 2487 and 2490 respectively. This would
position TgP1 (N-terminal residue 2495) very close to the N-termini of 27-33 kDa

fragments of Tg (A. D. Dunn et al., 1991a) which p ally could enter the circul:

and be processed further in the periphery. Since there is high homology at the P4-Fy
sequences between rat, bovine and human Tg (A. D. Dunn et al.,, 1991a, R. DiLaurc et

al., 1985, L. Mercken et al., 1985, Y. Malchidry & S. Lissitzky, 1987), it would be



121

interesting to test whether limited MTg or RTg digestion with these enzymes would
generate immunogenic fragments recognized in vitroby TgP1-primed lytaphocyres. Itis
noteworthy that these cysteine endoproteinases along with cathepsin D account for most
or all lysosomal endopeptidase acivity found in human thyroid (A. D. Dunn et al.,
1991a, A. D. Dunn et al., 1991b) and that the TgPl-containing Tg fragments would

include a th ine-forniing site ding to humau residue 2553 (A. D. Dunn er

al., 1991a).

The induction of TgP1-specific [gG was unexpected since Tgl’1 was selected by the
algorithms only for its potential to bind to MHC antigens. The fact that BALB/c mice
mounted TgP1-specific IgG responses but exhibited minimal thyroid infiltration suggests
that the presance of antibody alone is not sufficient for EAT induction. This finding is
in agreement with earlier scudies indicating that Tg-specific antibodies are not necessary
for the development of murine EAT (reviewed in ]. Charreire 1989; A. O. Vladutiu,
1989; I. Okayasu, 1985 ; L. €. Rayfield et al,, 1989). Particularly intriguing, however, was
the cross-reactivity of TgP1-induced antisera with MTg, Cross-reactivity could be
completely inhibited by TgP1 in competitive inhibition assays and was independe at of
the tertiary conformation of Tg (Chapter 7) suggesting that cross-reactive IgG was not
induced secondarily to TgP1 challenge and was not directed to cther determinants on

the Tg molecule. These data impli ive B cells as possible antigen-

presenting cells in TgPl-mediated EAT. Even thoug". B cells are not obligatory in EAT
development (section 1.2.3.2), Tg-specific B cells have been shown to process and
present self-Tg to T cells (P. Hutchings et al., 1987) and they may precipitate or amplify
the disease cascade. Thus, if infectious agents could induce TgPl-reactive B cells
through "molecular mimicry" (M. B. A. Oldstone, 1987), priming of MTg-reactive T
forat ion of T-cell self tol through the

b

1is could ensue. Sucha
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induction of autoreactive B cells has been described by Lin et al. with studies on
cytochrome ¢ (R-H. Lin etal, 1991). In this regard, it would be worthwhile to examine
the role of TgP1-specific B cells in murine EAT and certainly the TgP1-reactivity of
both T and B cells in patients with autoimmune thyroid disease.

Recent studies confirmed the thyroiditogenic nature of TgP1 lacking the amino-
terminal cystein and carboxyl-terminal tyrosine in an autologous system (B. Balasa & G,
Carayanniotis, 1993b). In analogy to the mouse system, TgP1 induced thyroid
infiltration in three susceptible rat strains (WKY, F344, WF) and the incidence of
thyroiditis correlated well with the T-cell reactivity. The ability of TgP1 to induce
thyroid lesions in two different species was attributed to the presence of multiple MHC-
binding motifs (Fig. 4.1), a feature that enables TgP1 to bind to various MHC molecules.
The last trait in conjunction with the high komology of mouse and rat MHC and the
possible sequence identity of TgP1 between those species could explain its pathogenic
nature (B. Balasa & G. Carayanniotis, 1993b). Similarly to the mouse system, TgP1 was

shown to contain i domi T-cell epi because LNC derived from

rats after priming with either homologous (RTg) or heterologous (MTg or Hg) Tg
failed to respond in vitro to TgP1 although they responded significantly to their
corresponding antigen. Although no differences in the T-cell reactivity to TgP1 have
been observed between the mouse and the rat system, differences in the B-cell reactivity
do exist. The TgP1-specific antibodies generally have not been observed in rats and
wherever found were low and failed to react with RTg. To explain the apparent
differences in the antibody levels it 'vas proposed that mouse and rat immune scra

distinct B-cell d i on TgP1 (B. Balasa & G. Carayanniotis, 1993b).

Alternatively, because in the current study TgP1 has been used for immunizations, a part
formad by dimerization of the TgP1

of the antibody could be specific for
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amino-terminal cysteine. In view of the short length of TgP1 and the lack of use of

carrier-peptide conjugates for peptide coating during ELISA assays, dimerization of TgP1

might also increase its coating efficiency. Evidence ing both of the hypoth
stated above is provided in chapter 7. In addition, to explain the lack of reactivity of rat
immune sera derived from TgP1-primed animals with rat Tg in vitro, it has been
speculated that Tg might adopt a tertiary conformacion that renders the TgP1 epitope
non-accessible to TgP1-specific IgG (B. Balasa & G. Carayanniotis, 1993b).
Identification of additional EAT-inducing peptides will aid in our understanding of
the peptide-MHC interactions regulating thyroiditis and will afford detailed studies on
the heterogeneity of T-cell receptors recognizing such peptide-MHC complexes. The
feasibility of immunotherapies based on MHC-blocking peptide analogs or

icl pl ibodies will then be ily assessed.




CHAPTER 5

H-2Ek EXPRESSION INFLUENCES THYROIDITIS INDUCTION BY THE
THYROGLOBULIN PEPTIDE (2495-2511)!

5.1 SUMMARY

This study attempts to map the H-2 region(s) responsible for EAT induction using a
defined Tg peptide TgP1(2495-2511) and intra-H-2 recombinant mice. We find thar,
within the ible H-2K hapl H-2E is @ necessary for

EAT induction but it requires concomitant expression of H-2A and/or H-2K products.
Lack of H-2E d with loss of prolife LNC resp to TgPl in
vitro but does not affect the TgP1-specific IgG response. The loss of proliferative LNC

responses might not be due to the lack of proliferation of H-2E-restricted T cells but
rather of H-2A restricted cells whose proliferation depends upon the help of the former
cell population. These results contrast with earlier findings with Tg-mediated EAT that
have assigned a major regulatory role to the H-2AK region and may reflect processes

detectable only after challeng~ with thyroiditogenic peptides but not with intact Tg.
5.2 INTRODUCTION

EAT induced with Tg and adjuvant has been studied extensively in mice as a model of
HT (). Charreire, 1989). Early studies, involving 33 inbred strains of mice representing

1 Part of this chapter has been published as: Chronopoulou E. & Carayanniotis G. 1993, H-2Ek
expression influences thytoiditis induction by the peptide (2495-2511). I
Vol 38: 150-153.
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11 different H-2 haplotypes, correlated EAT with MHC genes (A. O. Vladutiu & N.R.
Rose, 1971a). Strains of the H-2k, H-25, or H-29 haplotypes appeared to be particularly
susceptible to the disease (good responders), whereas H-2b or H-2d strains were
relatively resistant (poor ders). The first i which add d EAT

induction in intra-H-2-recombinant mice mapped susceptibility within the centromeric
side of the H-2 complex (V. Tomatic et al., 1974). Further studies on Tg-mediated EAT
localized control of susceptibility in the H-2A region of the H-2k haplotype (K. W.
Beisel et al., 1982a). Genetic influences on EAT development have also been attributed
to the K or the D region of the H-2 complex (R. Maron & L. R. Coher:, 1979; A. Ben-
Nun et al., 1980; R. Maron & 1. R. Cohen, 1980; Y. M. Kong et al.,, 1979) and to non-H-
2 genes (K. W. Beisel etal.,, 1982b).

An important role for the induction of EAT has also been assigned to T cells (J.
Charreire, 1989). The primary response of mouse lymphocytes to syngeneic thyroid
epithelial cells was found to be under similar H-2 control as EAT susceptibility ().
Salamero & J. Charreire, 1983a) and prolife was attributed to i of l-A
region products (]. Salamero & J. Charreire, 1983b). The combined evidence that Tg-
mediated EAT is under H-2 control and that Tg-specific T cells are responsible for the
disease suggests that the large Tg molecule (MW=660 kDa) harbors only a limited
number of thyroiditogenic peptides that can be recognized by MHC-restricted T cells.

We have recently identified such a thyroiditogenic epitope (TgP1) localized at a.a.

2495-2511 of rat Tg (see Chapter 4). TgP1 is strikingly similar to Tg as far as three main

EAT criteria ate d: it induces lymphocytic infilt of the thyroid, it is

recognized by T cells, and it elicits IgG antibodies which cross-react with Tgs from
various species. Furthermore, it causes EAT with a genetic pattern analogous to that of
Tg-mediated EAT: B10.BR or C3H (H-2k) and S]L (H-25) mice are susceptible,
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BALB/c (H-2d) mice are relatively resistant and B10 (H-2b) mice are completely
resistant and immunologically unresponsive to TgP1. These similarities prompted us to
examine whether EAT mediated by the 17-mer TgP1 would also be controlled by

products of the H-2A region in a manner analogous to EAT caused by intact Tg.
5.3 RESULTS
5.3.1 I-E region products are critical for thyroiditis induction

Intra-H-2 recombinant mice with B10 background were challenged s.c. with 100
nmol TgPl in CFA andboosted s.c. 3 weeks later with 50 nmol peptide in IFA. EAT
induction was monitored five weeks after the first challenge, as previously described
(Chapter 4). All BL0.BR but no B10 mice developed EAT (Table 5.1) confirming our
earlier observation that this model of EAT is under direct H-2 control. All seven B10.A
and five out of six BI10.A(2R) mice were also .usceptible, suggesting that the H-2D
tegion does not control TgP1-mediated EAT within the H-2K haplotype. Interestingly,
B10.A(4R) mice that express H-2KK and H-2AK but not H-2Ek molecules were
completely resistant to the disease. This indicated that H-2EK expression is necessary for

the induction of lymphocytic infiltration. The presence of H-2EK molecules alone is not

sufficient for EAT susceptibility, however, since B10.A (5R) mice that express H-2Kb:
H-2Aband H-2Ek molecules are also resistant. These data indicate a possible synergism
or interaction between H-2EK-restricted and H-2KK. or H-2AK-restricted TgP1-specific
T cellsin the development of the disease. Evidence that H-2AK and H-2EK -restricted T
cells are being generated against TgP1 in vivo is presented in the section 5.3.4. In

addition, V. P. Rao and colleagues have isolated TgP1-specific clonal populations in the



TABLE 5.1: EAT induction by Tg peptide (2495-2511) in § H-2 t strains @

H:2 loci Infiltration index Mice
Swain K ABAe EB Ee D 0 05 1 2 3 4 with EAT
B10 b b ¥+ b 72 0 0 0 0 0 o7
B10.BR k k kk k 06 2 2 1 2 0 m
B10.A k k kkd 0 2 2 1 2 0 n
B10.A(2R) k k kk b 1 0 0 3 1 1 516
B10.A(4R) k k &Y¥Y-t'b5 17 0 0 0 0 0 o7
B10.A(5R) b b b k d 6 0 0 0 0 0 0/6
aR method of ization and scoring of lear cell infiltration of the thyroid

were as described in Meterials and Methods. For all strains, female mice were purchased from the
Jackson Laboratory, Bar Harbor, ME and were used at 7 weeks of age.

¥ not expressed on the cell surface

F No gene product.

Lt
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form of T-cell hybridomas, which are either H-2A or H-2E restricted (V. P. Rao er al.,
1994). On the other hand, a possible requi for H-2Kk ion is ibl

with the notion that H-2K product expression on the thyroid regulates EAT induction
within the H-2k haplotype (R. Maron & L R. Cohen, 1979; A. Ben-Nun et al., 1980;
R. Maron & L. R. Cohen, 1980).

5.3.2 Correlation between proliferation and susceptibility to thyroiditis.

The clearcut profile of EAT observed in the intra-H-2-recombinant mice (see table

5.1) allowed us to test whether peptide-specific prol ive T-cell !

with susceptibility. Mice from each strain were challenged s.c. at the base of the tail with
50 nmol TgP1 and, ten days later, fnguinal LNC were tested for proliferation to TgP1 in

vitro (see Materials and Methods). Data from two (Table 5.2) indicate that

only LNC from the susceptible strains B10.BR, B10.A and B10.A(2R) responded
consistuatly and significantly (S.L values >2.8) to the peptide in vitro. Among the
tesistant strains, B10.A(4R) and B10 mice that are H-2E- were unresponsive, whereas
B10.A(5R) that are H-LE* showed significant proliferation in one of the two
experiments. These observations support our earlier data indicating that strains of

various H-2 hapl ible to TgP1-mediated EAT, exhibit strong proliferative

T-cell responses to TgP1 in vitro (Chapter 4) and are analogous to findings with Tg-
mediated EAT (1. Okayasu et al., 1981).



H-2 region Expl Exp.2

Smin? ___KAED  None TePl PPD None TePl. PPD
BIO bbbb 140 +- 11 185 +/- 1.3(L3) 345 +- L3(25) 65 +-04 56 +-15(09) 175 +- 28(2.7)
B10.BR kkkk 2214/-21 92.1 4/- 0.7(42) 455 +/- 3.0(2.0) 5.3 +/- 02 14.9 +/- 3.9 (2.8) 350 +/- 45(6.3)
BIO.A kkkd 454-09 189 +- 17(42) 200 +- 18(45) ND< ND ND

BIOAQ@R) kkkb 74 +-04 438 +/- 63(59) 282 +/- 12(38) 110+ L8 357 +- 4.7(32) 357 +- 50 (3.2)
BIOAMR) kkbb 64 +-16 103 +-22(16) 546 +-32(66) 28+ 07 23+4- 06(08) 181 +- 15(54)

a Mice were primed s.c. at the base of the tail with 50 nmol TgP1 in CFA. Ten days later, the draining inguinal LNC were
cultured in triplicate wells wnh TgP1 (20 )nglml) or PPD (10 pg/ml) for 4 days. Tnnarcd tbymidlne (1 pCIIwell) was added
during the last 18 hr of culture. Cells were h on filters and incorp d in a scintillation

counter. Dataareobt:  d from full antigen ﬂmdon curves. No response was observed against OVA (not shown).

b The S1 is defined as described in Materials and Methods.

¢ notdone

671
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5.3.3 Correlation between TgPl-induced Tg-reactive antibody and EAT
susceptibility.

When the sera from mice shown in Table 5.1 were analyzed for the presence of
TgPl-specific IgG by ELISA, all strains responded strongly except for B10 mice that
were (Fig. 5.1A). N 3! therefore, exists between the presence of

TgPl-specific IgG and EAT susceptibility as previously reported with other strains
(Chapter 4). Interestingly, peptide-specific IgG cross-reacted with MTg only in the
susceptible B10.BR, B10.A and B10.A(2R) mice (Fig. 5.1B). Thyroglobulin binding
could be comipletely inhibited by free TgP1 (see Chapter 7). This finding suggests that
different strains recognize distinct serological epitopes on TgP1, some of which are
accessible by antibodies on native Tg, but it is not clear at present to what extent cross-

reactive antibodies contribute to EAT induction.

5.3.4 T cells recognize TgP1 in amociation with I-A- and I-E-region products.

To determine the MHC-restriction profile of the proliferative LNC in the H-2k
haplotype, C3H/He] (H-2K) mice were immunized with 50 nmol TgP1 and ten days later
their inguinal LNC were cultured in vitrowith TgP1 in the presence of anti--AK and
anti-l-EK or both MoAbs (Fig. 5.2). In control wells a MoAb specific for influenza A
nucleoprotein (anti-NP) was added. As shown in Fig 5.2, addition of 1-Ak.specific
MoAb inhibited the prol of LNC in a dose-dependent manner ing the

presence of TgP1-specific I-Ak.restricted cells. In contrast to the above result, addition
of I-Ek.specific MoAb inhibited the LNC proliferation completely at all doses tested.
The last finding was surprising,but it is likely due to the antibody-doses used for
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Figure 5.1: M of the 1 1| to TgPl in intra H-2

recombinant mice. A. IgG response to TgP1; B. IgG responses to mouse Tg.
Pooled sera (day 35) from the mice of Table 5.1 were used in an alkaline
ELISA as described in Materials and Methods.
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Figure 5.2: MHC-testriction of the in vitro LNC-
proliferative response in H-25(C3H/He]) mice. TgP1-primed

from 3 mice were cultured invitro for 4 days (sec
Materials and Methods) with the I-Akspecific (TIB 92), I-EX
-specific (HB 32) MoAbs or with a control antibody to
inlluenza nucleoprotein (11B 65). MoAb concentration
varied between 0.625 pg/ml to 20 pg/ml. TgP1 concentration
in vitro used was 10 pg/ml. In the absence of antigen the mean,
value of quadruplicate wells was 23,420 cpm. Anti-I-E
constantly blocks proliferation.
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blocking of LNC proliferation. Evidence to support the last speculation comes from a
recent study in which the same anti-1-EK specific MoAb has been used to block TgP1-
specific ition by an I-EX.restricted T-cell hybridoma clone (V. P. Rao er al.,
1994). In that study, the authors have shown that only anti-I-EK MoAL doses less than

Ipg/ml allow TgP1 recognition by the hybridoma clone. in this study, however, even an
antibody dose of 0.625 pg/ml could completely inhibit the proliferation of I-EX-restricted
cells. The above observation is striking because one would expect that a certain level of

proliferation would exist due to proliferation of I-AK-restricted cells. To explain the
lack of proliferation of LNC inhibited by I-EK-specific MoAb we could hypothesize that
1-AK cells, in order to proliferate in culture, require helper signals from L-EK cells, In
favor of that hypothesis are recent data showing that LNC restricted to the I-AK-binding
epitope of TgP1 do not proliferate (V. P. Rao et al,, 1994). To address synergisms
between different cell subsets in vitro, however, it is necessary to generate clonal
populations of TgP1-specific, H-2A- and H-2E- restricted cells. The blocking of TgP1-
induced LNC proliferation in vitroby -AX.- or I.EK.specific MoAbs was specific for the
antibodies used because LNC proliferation was not affected by a MoAb specific for
influenza A nucleoprotein. The present data suggest that TgP1 delineates sequences
recognized by T cells is the context of H-2AK and H-2EK molecules.

54 DISCUSSION

Our finding that H-2EK region products are critical in the development of TgP1-
mediated EAT is in apparent discrepancy with previous studies that show a strong H-
2Ak influence in EAT induction with intact Tg (K. W. Beisel et al., 1982a). Also no
effect of the H-2D region on peptide-mediated EAT was discerned in contrast to earlier
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data documenting influence of this region on Tg-mediated EAT (Y. M. Kong etal,,
1979). Two possibie explanations may account for our findings. First, if EAT-regulating

T-cell clones recognize the majority of Tg epitopes in the context of .24k, the

infl of H-2EK molecules in the ion of individual patl ic peptides such

as TgP1 may he masked when Tg is used for in vivo chall Similarly, it is conceivabl

that Tg epitopes other than TgP1 may be presented in the context of H-2D. This
concept neads to be tested with other Tg epitopes such as the ones that were recently
described causing EAT in H-2K mice (P, R. Hutchings ot al,, 1992; B. Texier et al.,
1992b). Second, TgPl-mediated EAT may differ significantly from Tg-mediated EAT in

antigen ing and i i TgP1 contains i d

determinants (Chapter 4), and it may be prevented from binding to E molecules by
higher-affinity Tg epitopes. Moreover, binding of Tg to A molecules via dominant

determinants may reduce the possibility of an adjoini lominant E restricted

determinant such as TgP1 to form a productive class Il ligands (H. Deng et al,, 1993).

Alternatively, TgP1 may not be d in vivo after ing of Tgby

professional APC. Instead, it might be | by thyroid proteases and lin
the context of class I or class I products on the thyroid glana where it would be
recognized by specilic T cells activated in the periphery by TgP1 and adjuvant. In
nature, TgP1-reactivity could be elicited via molecular mimicry of this peptide by
proteins derived from various pathogens, such as the rcovirus, which is known to cause
mouse thyroiditis (reviewed in Y. Tomer & T. F. Davies, 1993; J. Srinivasappa et al.,
1988).

The association of TgP1-specific reactivity with H-2E expression was surprising since

E molecules are known to control suppression of the immune response to protein
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antigens (C. N. Baxevanis et al., 1982; D. Oliveira et al., 1985) although responses to
synthetic polypeptides such as GLT are channelled through the E molecule (N. Ishii et

al., 1981). In nature several A*E- strains have been observed but not A“E*. Thus, it

was lated that Eand A molecul not functionall ival Recently, A-E+
mice were produced by crossing the Ex16 linc which carries an Ect transgene ona non-
MHC chromosome with the A line, that carries a mutated A gene (D. Cosgrove et
al., 1992). A and E molecules were equally capable of restoring the CD4+ cells in the
periphery, of promoting maturation of CD4+CD8- cells in the thymus, of permitting
efficient CTL generation and of reestablishing normal antibody production to T-cell
dependent antigens compared to class [I-deficient animals. The last result is in
agreement with this study and provides further evidence of EAT regulation by E

lecules, a feature previously assigned to A molecules. Such regulation may involve

TgPl-specific T cells recruited from subsets such as Tcrb-V10b* or Terb-V6+ T cells
that are known to be positively selected in H-2E* mice (K. Tomonari etal.,, 1992; H.R.

MacDenald et al., 1988). On the other hand, our data demonstrate that TgP1-mediated

EAT requires H-2E ion only within the ible H-2K haplotype since H-2E-
SJL mice do develop EAT and specific T-cell responses after challenge with TgP1 and
adjuvant (Chapter 4). It is, therefore, difficult to reconcile the present findings with
results from other experimental models such as the NOD mice which spontaneously

develop diabetes (S. Makino et al., 1980) and thyroiditis (N. F. Bernard et al., 1991).

Although such annot be made, it is hy to mention that our data
are in agreement with recent studies in IDDM. Early studies on the development of
insulitis and diabetes in NOD mice suggested that H-2E expression prevents rather than

h the i insulitis (H, Nishis etal, 1987). However, a recent

report in which I-E* F1 mice carrying a single dose of NOD-MHC in the NOD
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background were used, shows that I-E expression does not prevent development
insulitis or diabetes. In fact I-E* F1 mice developed insulitis and cyclophosphamide-
induced diabetes at 5-12 months (mo) of age. IDDM could also develop spontaneously
in those mice aged 9-17 mo (P. L. Podolin eral, 1993).

In this study it is shown that TgP1 is recognized in the context of both Ak and

EK molecul ing that it at least two distinct or overlapping T-cell

epitopes. This assumption has been confirmed in both the rat (B. Balasa & G.
Carayanniotis, 1993b) and the mouse system of TgP1-induced thyroiditis (V. P. Rao er
al., 1994). In the rat system, the TgP1-specific proliferation of LNC derived from strains
susceptible to EAT (F344, WF, WKY) was significantly blocked by MoAbs directed to
either RT1-B (I-A equivalent) or RT1-D (I-E equivalent) antigens. (B. Balasa & G.
Carayanniotis, 1993b). In addition, clonal populations in the form of T-cell hybridomas
have been obtained that recognize TgP1 in the context of I-Ak and I-EK molecules (V.
P. Rao et al., 1994). Two of those TgP1-specific hybridoma clones (4A2 and 4A12)
have been successfully used as tools to identify among truncated TgP1 peptides the
minimal thyroiditogenic epitopes within TgP1. As an outcome of that study TgP1 was
! EK- and AK-binding epitopes with a.a.
coordinates (2496-2504) and (2499-2507) respectively (V. P. Rao er al., 1994). Mice

shown to deli two

hall fevel "

to those

directly d by the I-E-binding epitope ped lesions equi
obtained after challenge with TgP1. The last finding suggests the I-E-binding epitope as
the main thyroiditogenic sequence within TgP1 (V. P. Rao et al., 1994) and explains
why TgP1l-induced EAT is under the control of EX genes (current study).

Our findings suggest that the I-E. d cell prolife

5.2). Several lati -an be made about the role of I-E icted cells. They might

isnot (Table

ussist in the development of a serological response to TgP1 or they may be helping in the
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activation of effector cells (I-A restricted ?). Further studies using clonal H-2A and H-
2E restricted T-cell populations are required to clarify their individual roles in disease

pathogenicity.



CHAPTER 6

DISTINCT GENETIC PATTERN OF SUSCEPTIBILITY TO THYROIDITIS
IN MICE INDUCED BY A NOVEL NON-DOMINANT THYROGLOBULIN
PEPTIDE (2695-2713)!

4.1 SUMMARY

EAT, induced by Tg and adjuvant, is MHC-controlled and dependent on Tg-
reactive T cells, but the immunopathogenic T-cell epitopes on Tg remain mostly
undefined. We report here the thyroiditogenicity of a novel rat Tg peptide (TgP2;
corresponding to human Tg amino acids 2695-2713), identified by algorithms as a site of
putative T-cell epitope(s). TgP2 causes EAT in S]L (H-25) but not in C3H or B10.BR
(H-2k), BALB/c (H-2d) and B10 (H-2b) mice. This reveals a new genetic pattern of

EAT susceptibility since H-2K mice are known to be high responders (susceptible) after

Tg challenge (see h 1.2.2.1.1). Following in vivo priming with TgP2, only T

1if. 1 sionificantl 1

cells from S]L mice and to TgP2 in vitro, whereas
TgP2-specific [gG was observed in all strains tested. Adoptive transfer of TgP2-primed

S]L LNC to naive i ients induced a " lear infiltration

of the thyroid, which was more extensive than that observed after direct peptide

hallenge. TgP2 is non-i d since priming of SJL mice with RTg did not

consistently elicit T-cell responses to TgP2 in vitro. Similarly, a TgP2-specific line
failed to proliferate to MTg in vitro at doses between 100 pg/ml to 10pg/ml. The data
support the notion that Tg epitopes need not be either iodinated or immunodominant in
1 Part of the results presented in this chapter has been publishedas: Carayanniotis G., Chronopoulou E.

&RaoV. P. 1994. Distinct genetic pattern of mouse susceptibility to thyroiditis induced with a novel
thyroglobulin peptide. Jmmunogenetics, Vol. 39:21-28.
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order to cause severe thyroiditis and that the genetic pattern of the disease they induce

can be distinct from that of Tg-mediated EAT.

6.2 INTRODUCTION

The delineation of defined pathogenic T-cell epitopes within the large Tg molecule
(homodimeric MW=660 kDa) remains a high-priority objective in EAT, an animal

of HT. Such k ledge can facilitate i 1 design at the clonal level

and will greatly aid in our understanding of the lation of EAT and the

human disease. Recent studies in this area have yielded fruitful results by means of two

hall

approaches: First, cloned T-cell hybrid d after with intact Tg,

and reactive with immunodominant determinants have been used to screen

lly derived Tg of d size or synthetic Tg peptides for T-cell

epitope mapping. With this method, the nanomeric Tg peptide 2551.2559, containing
T4 at position 2553, was characterized as a minimal T-cell epitope (B. R. Champion et
al., 1991), and it was subsequently shown that T cells reacting to this peptide could
adoptively transfer EAT to naive recipients (P. R. Hutchings et al., 1992). Also,
through the use of cytolytic T-cell hybridomas, a 40 a.a. sequence was identified from
the central, non-hormonogenic Tg region, which induced thyroid infiltration in mice
(B. Texier etal., 1992b).

Second, we have shown that the use of algorithms predicting T-cell epitopes within
a protein sequence (H. Margalit et al., 1987; . B. Rothbard & W. R. Taylor, 1988) can

be a successful alternative method for the identification of path ic Tg

With this approach we have identified a non-dominant 17-mer Tg peptide (a.a. 2495-
2511; TgP1) that induces EAT in mice (Chapters 4, 5) and rats (B. Balasa & G.
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Carayanniotis, 1993b), is recognized by T cells, and elicits IgG responses that cross-react
with Tgs from various species. Furthermore, TgP1 causes EAT in mice with a genetic
pattern similar to that of Tg-mediated EAT: H-2K and H-28 mice are susceptible, H.2d
mice are relatively resistant, and H-2b mice are completely resistant to EAT and
unresponsive after TgP1 challenge. In the present report, we have similarly used several
mouse strains to examine the immunogenicity and pathogenicity of a novel Tg peptide
(a.a. 2695-2713; TgP2), which was delineated by predictive algorithms as a putative site
of T-cell epitope(s).

6.3 RESULTS
6.3.1 TgP2 has features of MHC-binding peptides

Scanning data of the known portion of the RTg sequence (R. Di Lauro et al., 1985)
by the AMPHI (H. Margalit et al., 1987) and Rothbard and Taylor “tetramer motif" (J.
B. Rothbard & W. R. Taylor, 1988) algorithms strongly suggested the 18-mer peptide
TgP2 with the amino-terminal Cys2695 as a potential site for T-cell epitope(s). This
peptide is located very close to the carboxy-terminus of Tg (Fig. 6.1A), is mostly
conserved among the rat, cattle, and human Tg sequences (Fig. 6.1B), and, due to the
deletion of Ser2708 within RTg, it was assigned the coordinates of the human 19-mer
sequence 2695-2713, since the complete RTg sequence is unknown. TgP2 carries an
amphipathic segment (a.a. 2698-2712, amphipathic score 39.6, /=11) and a tetramer
‘motif starting at position 2700 (Fig. 6.1B). It also contains two sequences with an MHC-
binding motif (C. M. Hill et al,, 1991) in which the hydrophobic a.a. Ile2702 and
Leu2705 are four residues apart from the small a.a. Asp2707 and Gly 2711, respectively.
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Figure 6.1: A, The carboxy terminal 348 amino acids of human Tg (Y. Malthiery &
8. Lissitzky, 1987; single letter code; numbering does not include the 19-residue leader
sequence). It shows the relative positions (bold underlined) of : thyroiditogenic human

9mer (2551-2559) hyroxine instead of tyrosine at position 2553

id rat peptides

(P. Hutchings et al., 1992) and homol positions of th
TgP1 (a.a, 2495-2511) (Chapter 4) and TgP2 (2695-2713; present report). B, Primary

amino acid seq of TgP2 and 1! with its cattle and human

Underlined, tetramer motif (j. B. Rothbard & W. R. Taylor, 1988); short arrows,
amphipathic segment according to the AMPHI program (amphipathic score 39.6, [=11)
(H. Margalit et al., 1987); long arrows or , pairs of a.a. obeying an MHC-binding motif
(C. M. Hill et al., 1991); *, a.a. in agreement with an EK.binding motif (J. Leighton et
al., 1991); (-) identical a.a. between rat and cattle or human sequences; O, a.a.

deletion,



A.

2401 AAVISHERAQQQAIALAKEVSCPMSSSQEVVSCLRQKPANVLNDAQTKLL 2450
2451 AVSGPFHYWGPVIDGHFLREPPARALKRSLWVEVDLLIGSSQDDGLINRA 2500
2501 KAVKQFEESRGRTSSKTAFYQALQNSLGGEDSDARVEAAATWYYSLEHST 2550

2551 DD(T4)ASFSRALENATRDYFIICPIIDMASAWAKRARGNVEMYHAPENYGHG 2600
2601 SLELLADVQFALGLPFYPAYEGQFSLEEKSLSLKIMQYFSHFIRSGNPNY 2650
2651 PYEFSRKVPTFATPWPDFVPRAGGENYKEFSELLPNRQGLKKADCSFWSK 2700
2701 YISSLKTSADGAKGGQSAESEEEELTAGSGLREDLLSLQEPGSKTYSK 2748

0 Y ¢ i N

RAT CSFWSKYIQTLKDOADGAK
BOVINE - -- ------S--AS-- ET- (2697-2715)
HUMAN - -+ -----S8SS.. TS .. . .. (26952713)

it
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The positioning of the two aromatic a.a. Phe2697 and Trp2698, seven residues away
from Lys2706 also reveals an H-2EKbinding motif (J. Leighton etal, 1991). TgP2 also
carries two motifs that are observed in 50-80% of good DR-binding peptides. Those
motifs are composed of the aromatic residue Phe1697 and hydrophobic residue Ile1702

in position 1 followed ly by the harged and relatively small residues
1le1702 and A1a1709 in position 6 and the relatively hydrophobic residues Lys1705 and
Alal712 in position 9 (D. O'Sullivan et al., 1991) (see Fig 6.2). TgP2 also encompasses
binding motifs that are found in self peptides that are released from class Il HLA-DR1
(Ile1702-Ala2712) (H. Kropshofer et al., 1992), DR 3/DRw52 (Tyr2701-Thr2704) (R.
M. Chicz er al., 1993; A. Geluk et al., 1994), DR8 (lle1702-Lys2706) (R. M. Chicz et al.,
1993) and DR2a/DR2b molecules (Ile1702-Lys2713) (R. M. Chicz et al.,, 1993) (Fig.
6.2). Analysis of the TgP2 sequence via the PHYSCHEM program of PCGENE revealed
a list of physicochemical characteristics that are reviewed in Table 6.1. The estimation

of pl, and half-life in vivo for TgP2 were based on algorithms described in section 4.3.1.
6.3.2 TgP2 induces thyroiditis in H-22 but not H-2K mice

EAT induction was monitored in B10, B10.BR, S;L, C3H and BALB/c mice (eight
mice per group) primed and boosted with TgP2 us described in Table 6.2. Small but
quite distince foci of mononuclear infiltration of the thyroid (Fig. 6.3 A, C) were
observed in 6 of 8 S]L (H-25) mice, a strain commonly susceptible to Tg-mediated EAT
(A. O. Vladutiu & N. R. Rose, 1971a). Mice from the other strains did not exhibit
detectable infiltration of the thyroid (Table 6.2), including H-2K mice such as C3H and
B10.BR which are also known to be susceptible to Tg-mediated EAT. The split in
TgP2-mediated EAT between the s and k hapl was d and d




\J
*
N I T
rat TgP2 CSFWSKYIQTLKDADGAK (2695-2713)

Figure 6.2: TgP2 carries several DR-binding motifs. The numbers correspond
to the human TgP2 homologue. Shortarrows and «, DR-binding motifs
according to D. O'Sullivan et al.,, (1991). Long arrows, delineate a
DR3/DRw52-binding motif (R. M. Chicz et al., 1993; A. Geluk et al., 1994). *
aa in agreement with a DR2a/2b-binding motif (R.M. Chiczetal., 1993) 0,a. a
in agreement with a DR1-binding motif (H. Kropshofer et al., 1992). ¢, a.a
obeying an DR8-binding motif (R. M. Chicz et al., 1993)
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s o §
Molecular weight (MW) 2061
Isoelectric point (pI) 9.04
Half-life in vitro
mammalian reticulocytes 1.2he
Half-life in vivo
yeast >20 hr
Escherichia coli >10 hr
§ Physichochemical characteristics of TgP2
according to the PHYSCHEM program of
PCGENE (see section 4.3.1).
6.2: ction by v 0 aing @
Infiltration iudex?
H2 i
Strain hapl; 0 05 1 2 3 4 EAT
B10 b 8 0 0 0 0 0 08
BI10.BR k 8 0 0 0 0 0 08
SJL s 2 0 6 0 0 0 6/8
BALB/c d 8 0 0 0 0 0 08
C3H k 8 Q 0 Q... 0 0 038

a
Mice were challenged s.c. with 100 nmol TgP2 and three weeks later they were
boosted s.c. with 50 nmol of peptide.

b Lymphocytic infiltration of the thyroid was assessed five weeks after the
initial challenge as described in Materials and Methods.
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Figure 6.3 A-D: TgP2-induced mononuclear cell infiltration of the thyroid in S]L
mice. Thyroid sections were derived [rom animals either challenged directly with TgP2
[A(X250), C(X400)], or i.p. adoptively transferred with 2X107 syngeneic TgP2-specific
LNCIB(X250), D(X400)].
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that the classification of a strainas EAT-susceptible or resistant can differ significantly,

depending on whether intact Tgor individual Tg-peptidesare used.

6.3.3 TgP2 elicits i 1y prolife Tcell onlyin SJL mice

Mice from the above strains were subsequently challenged s.c. with 100 nmol TgP2
and ten days later, the proliferative response of primed inguinal LNC was determined in
vitro against TgP2. TgPland OVA wereused in vitro as antigen controls. Results from
three independent experiments (Table 6.3) show that only LNC from SJL mice

ded consistently and significantly to TgP2 in vitro, exhibiting S.1. values >2.2. The

response ific since back d prolife b d against TgP1 or OVA
(not shown). LNC from H-2k (C3H and B10.BR) or H-2b (B10) mice were not
activated by TgP2 in vitro, whereas LNC from H2d (BALB/c) mice responded in one of
three experiments (S.I. = 2.8). Treatment of S]JL LNC with anti-Thy 1.2 plus

but not with l or antibody alone, abrogated completely the

proliferative response (Table 6.4) suggesting that the responding cells were T cells.
6.3.4 TgP2 lsnot a dominant T-cell determinant.

Since sensitization to dominant T-cell epitopes occurs consistently after challenge
with the intact protein antigen in vivo (G. Gammon et al., 1987), we sought to
determine whether priming of SJL mice with RTg would lead toa detectable TgP2-
specific LNC reactivity in vitro. In three experiments, shown in Table 6.5, RTg-primed
lymphocytes responded strongly to RTg in vitrobut failed to respond to equimolar (0.1
and 0,01 pM) concentrations of TgP2 that were clearly stimulatory for TgP2-primed

cells (Exp. 4). In oneof the three experiments (Exp. 2) RTg-primed LNC responded to



TABLE 6.3 of LNC to TgP2 i +/- S0, /1000 (S.1) @

H2 Exp.l Exp.2 Exp.3
Smain  vegion Medium  TeP2  Medium  TeP?  Medium  TeP2
B10 b 334-04 54 4/-10(L7) 17 4-05 32 412 (18) 05401 10+/- 0.1(1.9)
B10.BR k 1.9 +/- 0.7 2.5 +/- 0.3(1.3) 144/- 05 1.6 +/- 05 (1.2) 024/ 01 04 +/- 0.1(1.8)
SJL s 214+ 33 986 4/ S8(44) 104415 174 4/ 42 (25) 164/ 12 168 4/ 34 (2.2)

c3H k135421 152 44 25(L1) 151 429 2L1 4 15(14) 024401 0140 (U8)

- - 0. /- L

@ Mice were primed s.c. at the base of the tail with 100 nmol TgP2 and ten days later inguinal LNC were cultured
in triplicate wells with TgP2 for 4 days (see Materials and Methods). Data are obtained from antigen titration
curves and denote the response to 1.2 pM TgP2 in vitro. Culture with OVA (20 pg/ml) or another
thyroiditogenic pepride of Tg (TgP1, 1.2 uM) yielded a background response (data not shown). The S.L, is
defined as described in Materials and Methods.

641
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BE a 20 10
s 16.0 +/- 2.3b (8.2) 147 +/- 3.1 (1.5)
anti-Thyl.2 + C' 0.3 +/- 0.09 (0.1) 0.4 +/- 0.1 (0.2)
anti-Thyl.2 43.3 +- 3.6 (12.2) 32,0 +/- 6.2(16.4)
(o4 31.1 +/- 5.0 (16.0) 28.3 +/- 0.3(14.5)

a TgPZ primed LNC fwm SJL mice were maxed with anti-Thy-1.2

y plus asi Is and Methods. Controls
included cells treated with either anti- Thy 1.2 antibody or complement
alone.

bValues represent the mean cpmx103 of quadruplicate wells. The values
in ion indices. In the absence of antigen
the cpm mean of quadruplicate wells was 1950.
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TABLE 65: TgP2 does not d T-cell d
Proliferati of inguinal LNC d as stimulation index b
Exp. Antigen used Autigen concentration
no. for challenge (M) in vitro
i vivo invitro 1 0l Qo1
1 RTg RTg ND¢ ND 57 35
Tgb2 11 10 13 L1
2 RTg RTg ND ND 225 116
TgP2 65 44 15 14
3 RTg RTg ND ND 244 223
Tgb2 09 07 08 13
4 TeP2 TeP2 112 107 58 28

a S]L mice were challenged s.c. at the base of the tail with 75 pgRTg
(Exp. 1-3) or 103 pg TgP2 (Exp. 4) in 0.1 ml complete Freund's
adjuvant/phosphate buffered saline emulsion, Tex days later, their
inguinal LNC were stimulated for 4 days in vitro as shown. In the
absence of added antigen in vitro, background cpm were: Exp. 1, 2423;

s Exp. 3,5,023; Exp. 4,1,713. 0.1 uM RTg =66 g/ml;
.21 pglml.

b Stimulation index: cpm in the presence of antigen/cpm in the
absence of antigen.

€ not done.
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10-100-fold higher concentrations of TgP2 in vitro. This suggested that TgP2 was not
adequately processed in RTg.

The dominance versus crypticity question for TgP2 was re-examined using a
TgP2 specific T-cell line generated from TgP2-specific cells which were derived from
both the lymph nodes and the spleens of mice 8 days after priming with TgP2. Briefly,
the TgP2-specific cells were stimulated in vitro twice with antigen and feeders and the
TgP2-specific T-line was selected after 24 days of in vitroculture, The TgP2-specific T-
cell line responded strongly to TgP2 in vitro but it failed to respond to MTg at doses
ranging between 0.151uM (100pg/ml) to 0.018 uM (12.5 pg/ml) (Fig 6.4). The inability
of the TgP2-specific T-cell line to respond to such doses of MTg was interpreted as
follows: First, the counterpart sequence of TgP2 on MTg might differ to such an extent
that it fails to activate the T-cell line. Although TgP2 is not highly conserved among
those species whose Tg a.a. sequence is available (Fig. 6.1B), this explanation is rather
implausible. Second, TgP2 might not be an immunodominant sequence of MTg. This
hypothesis is favored both by results obtained from bulk cultures (Exp. 1, 3, Table 6.5)
and by data obtained from a TgP2-specific T-cell hybridoma (6E10) (G. Carayanniotis et
al., 1994). Although the 6E10 T-cell hybridoma could strongly respond to TgP2 in vitro
it failed to respond to MTg- or RTg-pulsed APC suggesting that TgP2 is not generated in
vitro after MTg or RTg processing. The former data strongly indicate the non-dominant

nature of TgP2.

6.3.5 TgP2-primed LNC adoptively transfer EAT to nalve recipients

Donor mice were s.c. challenged at the base of the tail with 50 nmol TgPZ in CFA or
CFA alone, and ten days later their inguinal LNC were obtained and cultured in the

presence of TgP2 or con A. Three days later, TgP2-activated LNC were transferred i.p.
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—o— TgP2
14 —0— MTg
z
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Antigen concentration (uM)

Figure 6.4: Dose response curve of a TgP2-specific T-cell

he TgP2-specific line was generated as described in
Materials and Methodsand its ability to prolifeme invitro for
4 days to either MTg or TgP2 was tested in a thymidine
uptake assay. TgP2 and MTg starting concentrations were
20pg/ml (9. 7pM), and 100 pg/ml (0.15 uM ) respectively. In
the absence of antigen the mean value of quadruplicate wells
was, 6!
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tosix normal syngeneic recipients (2 x 107 cells/animal), whereas five control animals
received an equivalent number of LNC primed in vivowith CFA and stimulated in viero
with con A. Fourteen daysalter transfer, severe thyroiditis affecting almost 50% of one
or both lobes of the thyroid gland (Fig. 6.3 B, D) was observed in mice that received
TgP2-specific LNC (Table 6.6). No lymphocytic infiltration wasobserved in the control
animals. To ascertain that the cells transferring EAT were indeed TgP2-specific, a
portion of the cells that were transferred was left in culture for an additional day and
their ability to proliferate to TgP2 was assessed by [3H]-TdR uptake. To exclude the
possibility that the CFA-primed cells were dead at the time of transfer their ability to
proliferate to con A was also tested. TgP2-primed cells could strongly proliferate to
TgP2 (Table 6.7). Similarly, CFA-primed cells were strongly responsive in vitroto con
A suggesting that their inability to transfer thyroiditis was not due to reduced viability.
TgP2-specific 1gG was not detected in the sera of recipients with EAT (Fig. 6.5)
suggesting that antibody docs not play a significant role in the development of the EAT

lesions.

6.3.6 TgPl-specific 1gG ts with heat-d d but not intact
thyroglobulins.

Sera [rom all strains of Table 6.2, obtained at the time of thyroid gland removal (day
35), expressed high titers of TgP2-specific IgG antibody (Fig. 6.6). Thus, in several

strains, despite the absence of EAT and the lack of d ble TgP2-specific proli

T cells in vitro, TgP2 appeated clearly immunogenicat the level of the B-cell response.
In a subsequent assay, the time dependence for the developuent of such a response was
studied. Mice immunized with TgP2 as indicated in the legend of Figure 6.7, were

sacrificed at different time points (21, 27,and 34 days after priming) and the level of
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] b e i
el adostivel Infiltrati lex 8
Mice with
Invivo Invio 0 05 1.2 3% EAT
TgP2 + CFA TgP2 0 0 10 5 0 6/6
CEA copnA 5 0 0 0 0 0 0/5

2 Inguinal LNC were primed as shown and transferred i.p. into syngeneic
normal recipients. Thyroid glands were collected 14 days later and the thyroid
pathology was assesed as previously described (see Materials and Methods).
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invivo in Vi /ml) TeP2 con A
TgP2 10 109.5 +/-2.6 (7.9 NDb
5 105.8 +/-2.3 (7.6) -
2.5 110.9 +/-4.9 (8.0)
1.25 100.2 +/- 6.6 (7.2)
5 139 +-4.6
CFA 4 ND 74.4 +- 8.2 (8.9)
2 - 77.8 +- 6.4 (9.3)
1 - 60.3 +/- 4.4 (7.2)
0.5 - 42.3 +/- 8.7 (5.1)
- - 8.3 +/-1.5

@ SJL mice were immunized s.c. at the base of the tail with 50 nmol of TgP2 in
CFA or CFA/PBS. Ten days after priming, the inguinal LNC were cultured in
the presence of either TgP2 or con A. Proliferation was assessed by |3H]TdR
uptake (see Materialsand Methods).

b ot done.
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08 Sera from reciplents wreated with:
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Figure 6.5: Lack of TgP2-specific IgG retponses in recipient mice

doptively aferred wit primed lymph Pooled sera
from SJL mice (see Table 6.4) (day 14) were tested for TgP2-specific
antibodies by ELISA. Standard deviation did not exceed 4.5% of the

mean.
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Figure 6.6: Measurement of TgP2-specific IgG in the

sera of various mouse strains. Pooled sera (day 35)

fmm four mice of the indicated strains, assessed by

ELISA basedon alk:}hz ghosvhau?ls: Oll‘) values are
erioli o

dilutions of serum SD did not exceed 4% of the mean
values.
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Figure 6.7: TgP2-specific IgG activity in sera harvested 21, 27
and 34 days after immunization. C3H/Hej mice were immunized
with 100 nmol TgP2 and boosted one week later with 50 nmol of
peptide. Pooled sera from three animals was tested by ELISA (see
Materials and Methods) for binding to TgP2. Each point represents
the mean value of an assay in triplicate. Standard deviations did
not exceed 5% of the mean.
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TgP2-specific antibodies was determined by ELISA (Fig. 6.7). Interestingly, no

. 1. o 4

were

d in the sera of those mice at 21 or 27 days after
priming, although such antibodies were present in the serum on day 34. Based on the
previous findings, no direct correlation between the appearance of TgP2-specific

ibodies and EAT establish could be made, because the C3H/He] strain is
resistant to TgP2-induced EAT. When we examined the reactivity of TgP2-primed sera

from SJL mice against intact thyroglobulins from various species, cross-reactive IgG
responses were not observed (Fig. 6.8A). However, heat-denaturation of thyroglobulins
enhanced specific binding significantly (Fig. 6.8B), an outcome compatible with the IgG

response being directed against a linear Tg determinant.

6.4 DISCUSSION

In the field of EAT, genetic ibility as well as i latory mech

have been commonly studied using intact Tg as an immunogen (]. Charreire, 1989).
The valid assumption that EAT results from an autoreactive response to
immunodominant Tg determinants has led to intense efforts to map T-cell epitopes on
Tg, using cloned T-cell hybridomas that have been induced after challenge with the
intact protein (see section 1.2.4.1). At the same time, the use of predictive algorithms
has allowed us to identify two Tg peptides-(2495-2511, TgP1), (Chapters 4, 5) and
(2695-2713, TgP2), (the current chapter)-that elicit T-cell responses and cause severe

hyroiditis. M both peptides T-cell epitopes which are defined as

d This definition is based on the ot ion that these epitopes are not
consistently recognized by Tg-primed T cells and are not detected by peptide-specific T
cells during Tg-processing in vitro (see section 1.2.4.1). For example, Tg-processing by
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Figure 6.8: Reactivity of TgP2-specific IgG to intact and
heat-denatured Tg from various species. Pooled
TgP2-primed sera from four SJL mice STable 6.2) were tested
to intact (A) or heat-denatured (B) mouse, rat, human,
cattle or pig Tg. An alkaline-phosphatase-conjugated goat
anti-mouse IgG was used in the ELISA. OD values represent
means of triplicate wells. SD did not exceed 5% of the mean
vaiues.
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splenic cells reportedly generates the dominant peptide 2551-2559 recognized by the
CH9 hybridoma in vitro (B. R. Champion et al., 1991), but it does not create the TgP2
peptide that stimulates the TgP2-specific cloned T-cell hybridoma, 6E10 (G.
Carayanniotis et al., 1994). The lack of generation of TgP2 by splenic cells is also
evident from their inability to trigger proliferation of a TgP2-specific line at doses as
high as 100 pg/ml (Fig. 6.4).

Initial studies with TgP1 and TgP2 have yielded results that do not always conform
with observations made in Tg-mediated EAT. Thus, we have previously shown that, in

H-2K mice, EAT mediated by TgP1 requi ion of H-2EK determi (Chapter

5), whereas such a requirement has not been reported for Tg-mediated EAT. Also in the
present study, mice carrying the "classic" susceptibilicy H-2k haplotype do not develop
EAT after TgP2 challenge. It is possible that in the absence of intramolecular
competition with higher affinity peptides, individual non-dominant Tg epitopes exhibit
distinct MHC-binding and pathogenic properties. A haplotype classified as a low
responder (resistant) to Tg may appear susceptible when challenged with a Tg peptide
and alternatively, as shown here a high responder (susceptible) haplotype may not
respond to an individual pathogenic epitope. In fact, the inability of TgP2 to induce
EAT in H-2K mice could be due to the expression of I-E molecules that might exerta
protective role. I-E molecules could capture the determinant that is pathogenic in the
context of I-A molecules and thus abolish its pathogenic effect (H. Deng et al., 1993).
SJL mice, however, develop the disease because they lack expression of I-E molecules v
due to a deletion of the promoter of the Eat gene. Such a mechanism of abrogation of
has been postulated to operate in ic Ead NOD mice that are

d from IDDM (H. Nishi etal, 1987; T. Lund et al., 1990).
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To explain the lack of immunodominance of TgP2 we could speculate that its
thyroiditogenic effect is masked by other epitopes that bind with high affinity to the
MHC. An alternative explanation could be that TgP2 is not generated at all after Tg-
processing, although some data (Table 6.5, Exp. 2) do not favour this hypothesis.
Studies with rabbit Tg (A. D. Dunn et al., 1991a) have suggested that thyroidal
cathepsins D and L cleave Tg at positions 2643 and 2657, respectively, generating 15-22
kDa carboxy-terminal fragments that contain TgP2. Such fragments may leak from the
thyroid and could form better substrates for TgP2 generation by APC in vivo than Tg
provided exogenously to APC in vitro. The fact that EAT is observed after adoptive
transfer of TgP2-primed LNC strongly suggests that TgP2 is generated either in
intrathyroidal dendritic cells or in thyrocytes following degradation of Tg by thyroid

b

proteases. The latter h is will be further sub iated if TEC can be found to

present TgP2 directly to T cells.
At present we do not know whether the distinct genetic pattern of EAT, observed

with domi Tg epitopes, a new model of thyroiditis and, if so,

whether such a model mimics events that precipitate the human disease. Non-dominant
Tg peptides may contribute to the pathogenesis within the context of two main theories

of thyroiditis induction; namely, Tg iodi (R. S. Sundick et al.,, 1987).and infection

(J. Srinivasappa et al., 1988). Compelling evidence (B. R. Champion et al., 1987a; E R.
Champion et al., 1992; R. S. Sundick et al., 1987; B, R. Champion et al., 1991) suggests

that iodinati. h Tgi icity, but it is not yet clear whether this
enhancement results solely from the creation of dominant (and/or) iodinated T-cell
epitopes or involves novel (non-dominant?) epitopes as well. Such epitopes could be
generated if iodinated Tg offers new substrate sites for antigen processing (L. Lamas & S.

H. Ingbar, 1978; F. Fouchier et al., 1983). TgP2 contains a tyrosyl residue at position
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2701 but this is not one of the iodotyrosine sites identified in HTg (L. Lamas et al.,
1989). It is, therefore, unlikely that it constitutes a "donor" tyrosine during
hormonogenesis (R. DiLauro et al., 1985). As shown in chapters 4, 5, the current
chapter and other studies (B. Texier et al,, 1992b), Tg determinants do not need to be
iodinated in order to cause EAT. Those studies are:in agreement with the previously
observed induction of EAT in CBA mice with cells activated in vitro with T4-poor Tg
(reviewed in D. C. Rayner er al,, 1993). In the context of infection, non-dominant Tg
peptides may be recognized via molecular mimicry with proteins from various pathogens
such as the reovirus that causes mouse thyroiditis (. Srinivasappa et al., 1988) and
induces class Il expression on thyroid cells (D. S. Neufeld et al., 1989). They may also
cross react with proteins from microbial flora that predispose for thyroiditis (W. J.
Penhale & P, R. Young, 1988). Regardless of the etiology, the involvement of non-
dominant Tg epitopes in the development of thyroid pathology requires careful
consideration in view of recent evidence that demonstrates "spreading" of autoreactivity
from dominant to cryptic epitopes of autoantigens (P. V. Lehmann er al.,, 1992) and

1 inductionitol d

but not to

and cryptic epitopes of
an autoantigen (R. Cibotti et al., 1992).

The TgP2 sequence lies within a larger HTg determinant (a.a. 2644-2730) that was
previously reported (Q. Dong et al., 1989) to be recognized by rabbit antibodies but not
by sera from patients with thyroid disease. In contrast, screening of HTg fusion
fragments by rabbir antisera did not detect TgP2-containing determinants in another
study (M. Henry et al,, 1990). While it remains to be established whether the human
analog of TgP2 is recognized by antibodies or T cells from patients with thyroid disease,
priming of mice with homologous intact Tg does not elicit significant TgP2-specific IgG

(data not shown), whereas following challenge with TgP2, mouse sera cross-react
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detectably to denatured but not intact MTg, as shown in this study. These data suggest
that accessibility to the TgP2 epitope by antibodies may vary, depending on the nature
of the immunogen and the system of study used.

The presence of TgP2-specific IgG in mouse strains which do net exhibit T-cell
prolifcrative responses or EAT after TgP2 challenge suggests distinct epitope recognition

by Th cells that participate only in the induction of the serological response. Anal

data were obtained with the TgP1 sequence in intra-H-2 recombinant mice (Chapter 5).
In studies with the human (ibrinopeptide B in mice (L. B. Peterson et al., 1983) it has
been suggested thar the fine specificities of T-cell responses to peptide antigens are
different for helper and proliferating T cells. It has been postulated (T. R. Mossman &
R. L. Coffman, 1989) that this may reflect recognition of distinct determinants by Th1
and Th2 cells. Clearly, further studies with TgP2-specific clonal T-cell populations will
be needed to characterize the profile of Th cells involved in the generation of antibody

and to distinguish them (rom Th cells responsible for'the development of EAT.



CHAPTER 7
AUTOREACTIVE IG ELICITED IN MICE BY THE NON-DOMINANT BUT
PATHOGENIC THYROGLOBULIN PEPTIDE (2495-2511): IMPLICATIONS

FOR THYROID AUTOIMMUNITY !

7.1 SUMMARY

We have previously shown that mice chall d with the RTg peptide TgP1 develop
EAT and produce IgG antibodies that cross react with thyroglobulins from various
species (Chapter 4). It was not clear, however, whether such antibodies were TgP1-
specific or were induced secondarily, i.e. by autologous Tg released from the destroyed
gland, and therefore directed to determinants other than TgP1. In this report we
describe that, five weeks after priming with TgP1, the binding of serum IgG on native
Tg is completely inhibited by free peptide, suggesting lack of recognition of other
determinants on MTg. In addition, TgP1-induced but not MTg-induced IgG bound
better to heat-denatured than intact MTg, a result compatible with the recognition of a
linear epitope by the peptide induced antibodies. Comparison of the IgG subclass

distribution among MTg-induced vs TgP1-induced IgG did not reveal qualitative

difee bel

since all were d in the order IgG1> [gG2b> 1gG2a>

IgG3. Finally, TgP1-specific IgG reacted strongly with the follicular colloid in sections
of normal thyroids, indicating its potential to bind to native Tg in vivo. These data: [)
highlight TgP1 as the only, so far, Tg sequence known to generate both EAT and Tg-
1 Partof the data presented in this chapter has been published as: Chronopoulou E., Michalak T. 1. and

Carayanniotis G. 1994. Autoreactive IgG elicited in mice by the non-dominant but pathogenic
ﬂayroglnbulln peptide (2495-2511): Implications for thyrold autoimmunity. Clin. exp. Immunol., Vol.
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reactive IgG in mice and 2) do not provide evidence for an amplification of the Tg-

specific IgG response through the invols of end: igen in EAT.

7.2 INTRODUCTION

In earlier work we have reported that the Tg peptide 2495-2511 (TgP1) encompasses
non-dominant T-cell determinants and induces EAT in mice (Chapters 4, 5) and rats
(B. Balasa & G. Carayanniotis, 1993b). This 17-mer peptide was selected for EAT
induction because of its relatively high amphipathic score and the presence of amino-
acid sequence motifs that characterize T-cell epitopes (Chapter 4). It was unexpected,
therefore, to see that in mice, TgP1 elicited not only peptide-specific T cells but also IgG
antibodies that bound to MTg. This finding was demonstrable despite the fact that mice
challenged with MTg do not develop TgP1-specific IgG responses, strongly arguing
against TgP1 being a B-cell epitope as well (Chaprer 4).

An apparent correlation emerged, however, in that, following challenge with TgP1,
the titer of M Tg-reactive IgG was frequently high in mouse strains that developed EAT
(Chapters 4, 5). This titer was usually lower or undetectable in mice which, aftera
similar chall d no signs of lymph infil of the thyroid. One
interpretation we assigned to these data was that, following challenge with TgP1, EAT-

ik

susceptible-but not EAT-resistant strains elicited IgG reactive to a distinct TgP1

d i which was ble on MTg. An al ion, however,

could be that the MTg-reactive IgG did not originate from TgP1-reactive B cells but was
secondarily induced by self-Tg that entered the circulation as a result of thyroid damage.

In the present study we have tested the latter hypothesis by comparing the reactivity
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profile and subclass distribution of the MTg-specific IgG in the sera of susceptible mice

challenged with either TgP1 or intact MTg.

7.3 RESULTS

7.3.1 In TgPl-primed mice, Tg ive IgG antibodies do not
determinants other than TgP1.

In a competitive ELISA, pooled sera (day 35) from TgP1-primed (see legend toTable
5.1) or MTg-primed (legend to table 4.2) B10.BR mice were allowed to bind to MTg in
the presence of varying concentrations of free (soluble) TgP1. Asshown in Figure 7.1,
TgP1 concentrations higher than 0.22 yM completely inhibited IgG binding to MTg in

sera from TgP1-primed animals. Inhibition was TgP1-dose-d dent and specific

because it was not observed with another Tg peptide, TgP2 (a.a. 2695-2713) that causes
EAT in mice (see Chapter 6) (data not shown). These results demonstrated that TgP1-
specific IgG gained access to TgP1 on native Tg and was accountable for all the MTg-
specific reactivity in the sera of TgP1-primed mice. On the other hand, the peptide did
not inhibit IgG binding to MTg in sera of MTg-primed mice. This result confirms our
earlier observations (see Chapter 4) which demonstrated that challenge with intact MTg
does not elicit TgP1-specific IgG responses, thus defining TgP1 as a serologically non-

dominant epitope,



28] 0—0—p o000

0.6 I
g
2 o4 —e— C-TgP1-Y-primed
5 —O—  MTgprimed
[

0.2

0.0 —~

0001 0010 .01 1 1 10

TPl (inhibitor) (:M)

Figure 7.1: Competitive ELISA of serum IgG-binding to MTg using the
17-mer TgP1 as an inhibitor. Pooled sera (day 35) were obtained in
earlier studies from B10.BR mice primed with either C-TgP1-Y (see table
5.1) or MTg (see table 4.2). Wells were coated with 1 pg MTg/100 pl.
Each point represents the mean value of triplicate wells. Standard deviation
did not exceed 5% of the means. Similar results were obtained in four

teplicate assays and with pooled sera from two experiments.
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7.3.2 MTg-reactive IgG in TgP1-primed mice does not recognize conformational
epitope(s).

If M Tg-reactive IgG in TgP1-primed sera recognizes a linear epitope (TgP1), one
would expect this recognition not to depend on the tertiary conformation of MTg. To
test this, we utilized sera from C3H mice immunized with TgP1 or MTg (see legend to
Table 4.2) in order to compare their binding on intact vs heat-denatured MTg. Heat-
denaturation of MTg did not reduce the binding of TgP1-specific IgG to MTg, and in
fact, slightly increased it (Fig. 7.2A) probably because the partial unfolding of the
molecule allowed better access of this determinant to antibodies. It would be unlikely,

herefore, that a more d of Tg (e.g. red lkylation) would

abrogate binding of TgP1- specific IgG. In contrast, MTg-primed sera known to contain
1gG directed to conformational Tg determinants bound less well to denatured than
intact Tg (Fig. 7.2B). These data provide no evidence for the presence of "secondary" ’
IgC induced against confc 1 d i of end Tg during TgP1
challenge.

7.3.3 TgP1 and MTg elicit Tg-specific IgG with a similar subclass distribution
pattern.

Because of its cryptic nature and short length, the pathogenic TgP1 sequence might

the induction of Tg. ive IgG that could significantly differ in terms of
subclass distribution from the "conventional” IgG induced by intact MTgin EAT (see
section 1.2.5; N. Fukuma et al., 1989). To ascertain this, day 35 sera of high responder
B10.BR mice challenged either with TgP1 (see Table 5.1) or MTg (see Table 4.2) (7
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Figure 7.2: Heat-denaturation of MTg does not reduce the Tg-specific binding of serum IgG
from mice primed with C-TgP1-Y. Pooled sera (day 35) from C3H mice, primed in earlier
studies with C-TgP1-Y (Fig. 7. ZA) or intact MTg (Flg 1. ZB), were al]owed to react in an ELISA
assay against intact (MTg). or h d (dMTg) th Each point the
mean value from wells. Standard deviations did not exceed 5% of the means. O. D.
values are representative of data obtained in two replicate assays.
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mice per group) were analyzed for the IgG subclass profile of Tg-reactive antibodies using
an ELISA assay. As shown in Figure 7.3, all subclasses were represented in each group in
the order gG1> [gG2b> [gG2a>1gG3. However, TgP1-primed mice had, on average, a
10-50-fold lower concentration of Tg-reactive antibody (Fig. 7.3A) than mice primed

with the intact antigen (Fig. 7.3B). This i diffe was d ble with

all subclasses (IgG1: 9 vs 308 pg/ml serum; IgG2b: 1.2 vs 60 pg/ml serum; [gG2a: 0.2 vs
4.6 pg/ml serum; 1gG3: 0.2 vs 2.8 pg/ml serum) and was expected since the intact sell
antigen can present a larger number of serological epitopes on its surface than TgPL. In

addition, the observed diffe were not strain-d dent because

pooled TgPl-primed sera from S]L mice exhibited a similar pattern of subclass
distribution as MTg-primed sera (Table 7.1). The data, however, did not provide
evidence for restricted use of one or more IgG subclasses in the response to MTg after

mouse challenge with TgP1.

7.3.4 Priming with TgP1 induces IgG that reacts with the follicular colloid of

normal mouse thyroids

To confirm that Tg-specific IgG responses could be detected in an assay other
than ELISA, we used fluorescence microscopy to examine the binding of Tg-reactive
IgG on cryostat sections of normal SJL thyroids. After fixarion with acetone, the
sections were incubated with sera from TgP1-primed, TgP2-primed or normal S]L mice

and then incubated with FITC-conjugated goat anti 1gG. Sera from TgP1-

primed mice reacted strongly to the follicular colloid (Fig. 7.4 A) whereas TgP2-primed
or normal sera were non-reactive (Fig. 7.4 B, C). These results confirmed the ELISA

observations and the notion that TgPl.induced IgG can react with this peptide
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Figure 7.3: Subclass distribution of MTg-reactive IgG in the sera of B10.BR mice. Pooled
sera derived from mice that were primed in earlier studies with TgP1 (Table 5.1) or MTg (Fig.
4.2) were tested for subclass distribution by ELISA (see Materials and Methods). Each point
rtepresents the value from a single mouse (7 mice per group). The values are extrapolated from
a standard curve constructed as indicated in the Materials and Methods.
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TABLE 7.1: Subclas distribution of Tg reactive IgG in different strains
Antibody concentration (ug/ml)®

Source of
serum? Aginvivo _ IgGl IeG2b 1eGla IeG3
TgP1 894 b 122 0.23 0.16
R10.BR
MTg 308 60.3 4.62 2.82
TgP1 157 118 052 0.24
SL
MTg 652 53.56 10.34 411

@ Pooled sera (7 mice /group) from B10.BR and S]L mice of fig. 4.2 were used.

b Values represent the means of triplicate wells.
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Figure 7.4 A-C: Binding of S]L sera to sections of normal syngeneic thyroids as
indicated by immunofluorescence. Binding pattern of immune sera following in vivo
challeage with the 17.-mer TgP1 (A), TgPZ (B). (C) Binding pattern of normal S]L
serum (A, B, C X135).
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sequence on intrathyroidal Tg. In addition, the lack of reactivity of TgP2-sera with the
follicular colloid is compatible with che lack of binding of those sera to intact MTg in

ELISA assays (Fig. 6.8A).

7.3.5 C-TgPl.Y di affects its i icity at the B- but not the T-cell

level.

Asnoted in Materials and Methodsin all of the in vivo and in most of the in vitro
studies TgP1 carrying an amino-terminal cystein and a carboxy-terminal tyrosine (C-
TgP1-Y) has been used. These two residues, foreign to the original sequence of amino
acids, had been added for cross-linking and labelling purposes respectively. Sequences
expressing amino-terminal cysteine, such as C-TgP1-Y, have the potential to create
dimers that could affect the immunogenicity of the sequence at the B- and/or T- cell
level. To exclude this possibility for C-TgP1-Y, we tetted the ability of C-TgP1-Y-
primed cells to proliferate in vitro to either TgP1 or C-TgP1-Y (Table 7.2). These data
show that C-TgP1-Y-primed T cells can be equally well activated by both TgP1 and C-
TgP1-Y sequences. Therefore, dimerization of C-TgP1-Y does not affect the epitope
recognized by T cells on TgPl. To determine if the B-cell epitope is affected by
dimerization, we attempted to inhibit the binding of sera from C-TgP1-Y-primed mice to
C-TgP1-Y by either C-TgP1-Y or TgP1. In place of a negative control TgP2 was used as
an inhibitor (Fig. 7.5). Although C-TgP1-Y could completely inhibit such binding,
TgP1 produced a partial inhibition and TgP2 no inhibition at all. These results indicate
that while a part of the C-TgP1-Y specific antibody is directed to TgP1, another part is
directed to d i ted after dimerization of C-TgP1-Y.
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e . TgPl."
affect T-cell recognition of TgP1
Cell proliferation (mean cpm x103; S.1) @
Ag concentration
i il S . gx .X
10 138 (52)b 248 (5.5)
5 31 (68) 212 (6.0)
2.5 258 (56) 268 (5.9)
1.25 256 (56) 264 (5.8)
0.625 229 (50) 200 (44)

3 C-TgP1-Y specific T-cell line (s:e legend to fig.
4.5) was tested for reactivity in vitro to either TgP1
or C-TgP1-Y. Proliferative responses were assessed
by [3H|TdR incorporation. Cpm in the absence of
antigen was 4,577,

Values in

b Values Tepresent t (l\e mean of an assay in mphca(e
the
indices.
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Figure 7.5: Competitive ELISA of serum IgG-binding to C-TgP1-Y by TgP1.
Pooled sera from B10.BR mice of Table 5.1 immunized with C-TgP1-Y were
inhibited from binding to C-TgP1-Y by free C-TgP1-Y, TgP1, and TgP2.
Starting inhibitor concentration used was 36.64 M. Serum dilution used was
1/2048. Each point represents the mean of an assay in triplicate.
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7.3.6 C-TgP1-Y d infl its coating effici during ELISA asmcys.

In all the ELISAs described in Chapters 4 and 5, 2 pg/ml of C-TgP1-Y had been used
for microtiter-plate coating during the assays for C-TgP1-Y-specific antibody. In the
current experiment, pooled sera (day 35) from various intra H-2 recombinant strains
(Table 5.1) immunized with C-TgP1-Y were tested for binding to plates coated with 2
pg/ml of either TgP1 or C-TgP1-Y. Surprisingly, TgP1-primed serum bound strongly to
C-TgP1-Y and less strongly to TgP1coated plates (Fig. 7.6). To address whether the last
result was simply due to the presence of additional antibodies within the C-TgP1-Y

primed serum directed to neo-d i (see previous paragraph) or to ineffici

plate coating by TgP1, we set up the following assay. C-TgP1-Y primed scra from B10.A
mice were tested for binding to plates coated with increasing amounts of TgP1. As
shown in Fig. 7.7 the higher the concentration of TgP1 used, the better the binding of
C-TgP1-Y primed serum to TgP1. The last result suggests that the coating efficiency of
the two peptide forms varies.

7.4 DISCUSSION

EAT induction through the use of intact Tg in adjuvant implies initial recognition
of dominant epitopes by T or B cells during the immunopathological process. We have

recently shown, however, that, at least at the level of B cells, thyroid autoreactivity does

not have to start from of d d Tg. EAT. ibl

strains such as B10.BR, C3H or S]L, challenged with intact MTg, do not elicit [3G that
recognize TgP1 and yet TgP1 induces EAT and MTg-specific IgG in these animals.
Since blood Tg levels, normally in the range of 60-120 ng/ml in mice (M. Lewis et al.,
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Figure 7.6: Determination of C-TgP1-Y-specific IgG binding te C-TgP1-Y and TgP1. Pooled
sera from mice (7 animals /group) of Table 5.1 were tested for reactivity to C-TgP1-Y (A) and
TgP1(B) by ELISA as described in Materialsand Methods. Each point represents the mean value

of triplicate wells.
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Figure 7.7: C-TgP1-Y-specific IgG binding to
TgP1. Pooled sera from C-TgP1-Y-primed,
B10.A mice (see legend to Table 5.1) were
tested for binding to microtiter plates coated
with various concentrations of TgP1. ELISA
waesth g;rfarmed as described in Materialsand
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1987), could increase during thyroid disease (A. ]. Van Herle et al., 1979b) the
possibility was raised that following TgP1-induced EAT, MTg-reactive IgG was elicited
by endogenous Tg and directed to dominant Tg epitopes. The present data exclude this
possibility and assign all the MTg-specific IgG reactivity to TgP1 specific IgG.

The present results also highlight TgP1 as the only, so far, Tg sequence known to
elicit both EAT and Tg reactive IgG in mice. Other known pathogenic Tg peptides
either do not behave similarly (see Chapter 6, 8; B. Texier et al., 1992b), or have not
been tested for the above parameters (P. R. Hutchings et al., 1992). Autoreactive B
cells might be triggered against non-dominant Tg peptides such as TgP1 by cross-
reactive epitopes from bacteria (W. ]. Penhale & P. R. Young, 1988) or viruses (J.
Srinivasappa et al., 1988; T. Onodera & A. Awaya, 1990) linked to thyroid
pathogenesis, although dizect evidence for such events is still lacking. Once elicited,
these autoantibodies may play a role in the initiation or amplification of the discase
cascade via mechanisms such as ADCC (E. A. Calder et al., 1975) or immune complex
deposition (J. A. Clagett et al,, 1974) that have been suggested to participate in the
disease process. It should be emphasized, however, that in TgP1-mediated EAT, the
concomitant IgG response is not necessary for the development of thyroid lesions, since
the disease can be adoptively transferred by peptide-specific T cells to naive recipients
and it occurs in the absence of circulating autoantibody (V. P. Rao & G. Carayanniotis,
unpublished observations). Similar data have also been obtained with TgP2 (see
Chapter 6). Also, it remains to be seen whether transfer of serum containing TgP1-
specific IgG is sufficient to induce EAT.

The earlier detection (Chapter 5) of TgP1 specific, non-MTg-reactive IgG in strains
such as B10.A(4R) and B10.A(5R), that do not develop EAT after TgP1 challenge, can

be partly to ition of necd i since the TgP1 peptide used in
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initial studies carried an extrancous amino-terminal cystein and could be subject to

re 7.5. It is clear,

fon. Supporting evidence for this claim is shown in

dimeri

however, that the inal Cysand l Tyr residues in

TgP1 are not required for immunogenicity since the native 17-mer peptide can induce a
strong M Tg-specific IgG response in mice, as shown by the reactivity of immune S|L sera
to thyroid colloid (Fig. 7.4A ) and by specific IgG binding to MTg in ELISA tests (Fig.

7.2). Similarly the two amino acids extrancous to the sequence affect neither T-cell

reactivity (Table 7.2) nor patl icity because thyroid has been mapped to
nanomeric T-cell epitopes within the TgP1 sequence (V. P. Rao et al., 1994).

Five weeks after immunization, the subclass profile of the TgP1-specific IgG response
in mice is qualitatively similar to the one elicited by homologous Tg, showing

of all subel with a prepond of IgG1 (mean values>80% of the

total response) followed by IgG2b (mean values 10-20% of the total response). The data
are in good agrecment with previous findings of DeCarvalho and Roitt (1982) who
described, by RIA, a similar IgG subclass distribution in the autoantibody response to
homologous Tg in mice. Thus, the small molecular size and the non-dominant nature of
the pathogenic TgP1 peptide, are not features that predispose induction of specific IgG
with a limited subclass distribution. Our findings contrast with previous observations
that have suggested that the antibody response to defined determinants of HTg is
restricted to particular subclasses (N. Fukuma et al., 1989). The apparent contradiction
may reflect differences in the time point that the subclass distribution was studied and/or
the system studied (experimental vs spontancous). Although it is possiblz that this
subclass profile may change over time, evidence from HT patients indicates an
d subclass distribution of Tg-specific 1gG over 2 1/2-4 years (S. M.
McLachlan et al., 1987).
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Our data are in apparent contrast to the findings of Lou and Tung (1993) in
autoimmune oophoritis, whe found that a T-cell peptide of the zona pellucida

1 in ZP3 elicited ibodies to ZP3 determinants localized outside the

peptide (Y. Lou & K. S. K. Tung, 1993). This phenomenon was observed within 14 days

11 t

g ization, when itis is established, but it was als> detected as early

as day 7 after challenge when oophoritis is not present. It was interpreted to involve
endogenous ovarian antigen since it did not occur in ovariectomized mice immunized
with the ZP3 peptide and this peptide did not contain B-cell epitopes that could cross-
react with the native antigen. In our case, in EAT established 35 days after challenge
with TgP1{Chapter 4) such "amplification" is not cbserved although it is possible that it
might be detected at a later time. The differences in the experimental systems are too
numerous to allow an assessment as to why TgP1 cannot act in analogous fashion in
EAT. For example, the endogenous Tg levels may ot rise sufficiently during TgP1-
mediated EAT to facilitate induction of such a polyclonal B-cell response, or if they rise
they may have suppressive effects (M. Lewis et al., 1987; M. Lewis et al., 1992). It is

hy that in 1 t gravis (T-M. Yeh & K. A, Krolick, 1990),

rats immunized with a dominant T-cell peptide from acetylcholine receptor produce

ibodies of broad ificities (multiple against the protein antigen only if

they are subsequently challenged with acetylcholine receptor in saline. It remains to be
seen whether injection of whole MTg in mice primed with the non-dominant TgPl
peptide can lead to an amplified anti-Tg antibody response.

A final point highlighted by our data is that the pathogenic TgP1 sequence is likely
to be missed by methods employing mouse MoAbs for the identification of MTg-
epitopes associated with thyroid disease (reviewed in R. C. Kuppers et al., 1991; see

section 1.2.5). Such MoAbs are commonly derived using intact T3 as an immunogen
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and thus allow recognition only of dominant epitopes on MTg. A similar partial
assessment of determinants can be made on human Tg using heteroantisera induced by
intact HTg. Indeed, several patients' sera with high anti-HTyg titers do not inhibit the
binding of murine MoAbs to HTg (R. C. Kuppers et al., 1991). In addition, sera of
patients with autoimmune thyroiditis reactive with HT g may respond only to some (M.
Henry et al., 1990) or no (Q. Dong et al., 1989) h bearing HTg fra;

In this regard, it is noteworthy that TgP1 does not overlap with any of these fragments

(M. Henry et al., 1990; Q. Dong et al., 1989). Although the clinical relevance of TgP1
at both the T- or B-cell level remains to be established, our findings underline the
importance of the synthetic peptide approach in the daunting task of mapping

1 ic Tg d i A combi of the above techniques with the

and methodologies that ascertain MHC-bound epitopes

y of new al

may eventually allow a more rapid progress in thisarea.



CHAPTER 8

DISTINCTION BETWEEN IMMUNOGENICITY AND PATHOGENICITY IN
THYROIDITIS. IDENTIFICATION OF AN IMMUNOGENIC Tg SEQUENCE
THAT IS NOT PATHOGENIC,

8.1 SUMMARY

In the p f hing for Tg path

ic T-cell epitopes through the algorithm
approach, an 18-mer sequence, corresponding to a.a. 2500 to 2567 of HTg (TgP3), of the
RTg molecule, was found to be immunogenic but not pathogenic in mice. Genetic
analysis of the phenomenon using mice of various MHC haplotypes such as H-2, H-2k,
H-2b and H-29, revealed a complete absence of thyroid abnormality. The peptide was
clearly immunogenic in C3H, B10, B10.BR and BALB/c mice inducing TgP3-specific
IgG. TgP3 failed to elicit antibodies in S]L mice. It is not known whether the lack of
TgP3-specific IgG in S]JL mice is due to absence of TgP3-specific B cells, T cells or to
absence of both subsets. Sera derived from MTg-primed mice did not react significantly
in vitro with TgP3 indicating that the peptide is not an immunodominant sequence at

the B-cell level.
8.2 INTRODUCTION
In the last three years research has been focussed on the identification of Tg

pathogenic T-cell epitopes aiming to use them for studying immunoregulatory

mechanisms in thyroiditis (reviewed in K. Mignon-Godefroy et al,, 1994). In that
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regard, four Tg pathogenic ized by ive T-cells have been

defined to induce EAT in mice (Chapters 4, 5; B. Texier et al., 1992b; P. R, Hutchings,
1992). Among those pathogenic sequences the nanomeric Tg peptide 2551-2559
carrying T4 at position 2553 has been reported to generate effector cells and activate
them in vitro to transfer EAT in normal recipients (P. R, Hutchings et al, 1992).

In the current study, an 18-mer Tgsequence (TgP3) identified as a potential T-cell
site by the "AMPHI" and "tetramer motif" algorithms has been tested for pathogenicity

1

and antigenicity in vari ins of mice. TgP3 the

sequence reported previously but carries tyrosine instead of T4 at position 2553.

83 RESULTS

8.3.1 TgP3 encompasses several MHC-binding motifs.

TgP3 was selected as a potential T-cell epitope because it carries an amphipathic
segment (positions 2550 to 2565) with high amphipathic score of 38.8 (block length,
k11) and two tetramer motifs starting at positions 2552 and 2558, respectively. TgP3
has also characteristics of I-EX-binding peptides because it encompasses two hydrophobic
tesidues, Phe2556 and Ser2557, seven residues apart from Arg2567 (J. A. Leighton et al.,
1991). In addition, it contains one sequence that follows the motif of DR-binding
peptides (C. M. Hill et al., 1991), since the bulky hydrophobic amino-acid Phe2556 is
four residues apart from the small amino acid Glu2561. TgP3 encompasses a motif of
naturally processed peptides bound to the HLA-DR# allele (Phe2556-Thr2564), (R. M.
Chicz etal, 1993). A ison of the to TgP3 in other species

reveals a great homology (Fig. 8.1). Its human homologue is identical to TgP3 whereas
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Pty

RAT C-TDDYASFSRALENATRDY

BOVINE S - - - - ecoo oo o oo o oo (2552:2569)
HUMAN R - - .- - - - - - (2550-2567)

Figure 8.1: Primary amino-acid sequence of TgP3. Underlines, Rothbard and Taylor
tetramer motifs; short arrows, amphipathic segment, according to the "AMPHI" program
(amphipathic score=38.8, block length [=11); longarrows, a.a. in agreement with the
1-E-binding motif of Leighton et al., (1991); ¢, a.a obeying the motif of Hill et al.,
(1991); * ,a.a. delineate an HLA-DR4-binding motif (R. M. Chicz et al., 1993); -, a.a.
identity between rat, bovine or human sequences at the positions shown. TgP3 carries an
external to the sequence N-terminal cystein.

681
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its bovine counterpart differs at a single amino-acid position from the rat sequence

that TgP3 is a phyl ically conserved Tg In addition TgP3
carries a hormonogenic tyrosine at position 2553 (see Chapter 1), Screening TgP3 with
the PHYSCHEM program of PCGENE (see for details section 4.3.1) revealed other
physicochemical features of TgP3 which are listed in Table 8.1,

8.3.2 TgP3 does not induce lymphocytic infiltration in the thyroid of H-2 ki bdis
mice.

B10, B10.BR, C3H, S]L and BALB/c mice were primed s.c. at the base of the tail
with 100 nmol of emulsified TgP3 in CFA and boosted three weeks later with 50 nmol of
peptide in IFA. Control mice were similarly immunized with CFA/PBS. The thyroid

glands of the i d animals were ined histologically 3 weeks later for thyroid

infiltration and scored as described in Materialsand Methods. Under such conditions no
thyroid infiltration was observed in any of the strains examined (Table 8.2; Fig. A, B).
The thyroid architecture was similar to that obtained after immunization of the animals

with CFA/PBS (Fig. 8.2 C, D).
8.3.3. TgP3 is immunogenic in H-2KA mice but not in H-2? mice,

To address whether the lack of pathogenicity of TgP3 was due to lack of

i icity we d TgP3-specific antibodies in the d animals.

Pooled sera from the animals of Table 8.2 were tested for reactivity to TgP3 by ELISA
(see Materials and Methods). TgP3-specific antibodies were demonstrated in B10,
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TABLE 8.1; Ph h lch of TgP3 §
Molecular weight (MW) 2095
Isoelectric point (pl) 38
Half-life in vitro
mammalian reticulocytes 7.2hr
Half-life in vivo
yeast >20hr
Escherichia coli >10hr

§ Physicoct 1 of TgP3 ding to the

PHYSCHEM program of PCGENE (see section 4.3.1).

—_ Infiltracion index @
H ’
Stain hapl 0 05 1 2 3 4 FAT
B10 b 4 0 0 0 0 0 04
B10.BR k 4 0 0 0 0 0 o4
SJL s 4 0 0 0 0 0 o4
BALB/c d 4 0 0 0 0 0 4
CHb K 5 0 0 0 0 0 05

2 Mice were challenged s.c. with 100 nmol TgP3 and three weeks later they were
boosted s.c. with 50 nmol of peptide. Lymphocv!lc (nﬂlnaxlon of :he (hyrold was
assessed five weeks after the initial chall and
Methods.

b Mice came from a separate i I ization was perf: d as

described in &
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Figure 8.2 A-D: Lack of abnormalities in the thyroid of C3H mice after TgP3
immunization. Thyroid sections were derived {rom animals immunized with either

TgP3 A (X250), B (X400) or PBS/CFA, C (X250), D (X400).
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B10.BR, C3H, and BALB/c mice ing that TgP3 is i ic inall of the

above strains (Table 8.3). This last result provided indirect evidence that TgPJ is
recognized by T cells. TgP3 failed to induce antibodies in S]L mice. Whether this lack
of responsiveness to TgP3 is due to lack of T-cell help or to the absence of TgP3-specific
B cells is unknown since, given the absence of pathogenicity, T-cell responses to TgP3

were not tested directly.

8.3.4 TgP3 is not a serologically immunodominant epitope.

Because TgP3 is recognized by B cells, although it had not been selected as a B-cell

binding we d to d ine if it was an { domil B-cell

determinant, Pooled sera from the MTg-primed mice of Figure 4.2, were tested for
reactivity to TgP3 by ELISA. Optical densities of less than 0.05 were observed in all the
strains tested under conditions that produce strong reactions with MTg (Table 8.3).
These results indicate that TgP3 is not a serologically immunodominant epitope. Finally

TgP3-primed sera failed to react with MTg in ELISAs (Table 8.3).

8.4 DISCUSSION

Using the algorithm approach we could definean 18-mer TgP3 sequence within RTg
that failed to induce thyroid lesions in a variety of mouse strains. Lack of pathogenicity,
however, was not due to lack of inmunogenicity in the strains tested because the peptide
induced serological responses in the majority of those strains excluding SJL. Our
findings are in agreement with recent results obtained by Hutchings er al., (1992). Using

the nanomeric sequence beginning at Asp2551 and carrying T4 at position 2553 (see
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Antigen MTe¢ TeP3
g . . I
MTg BI10 159 134 <005 <0.05
B10.BR 1.65 148 <005 <0.05
C3He 1.39 119 <005 <0.05
SJL 1.52 1.21 <005 <0.05
BALB/ 1.24 0.96 <0.05 <0.05
TgP3 BIO <005 <005 1.22 0.98
B10.BR <005 <0.05 0.89 0.59
C3H <005 <005 0.85 0.37
SJL <005 <005 <005 <0.05
BALB/c <005 <005 116 0.75

2 Pooled sera from the mouse groups depicted in Table 8.2 were assessed for
antigen-specific IgG by ELISA as described in Materials and Methods. The data
were obtained from full titration curves and are expressed as means of
triplicate wells at the indicated dilutions of serum. Standard deviations did

not exceed 5% of the mean values.

b Mice were primed and boosted with MTg or TgP3 as described in Materials

and Methods.

€ Data come from a separate immunization.
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Figure 6.1A) they were able to activate lymph node cells in vitro to transfer EAT to
syngeneic animals. The presence of T4 was shown to be critical for the pathogenic
potential of the sequence because replacement of T4 with cystein or other amino-acids
sbrogated its thyroiditogenic cffects ( B. R. Champion et al., 1991; reviewed in K. Dawe
ct al.,, 1993). Since this nanomeric sequence is included within TgP3, our study is

consistent with the idea that iodination of that particular epitope is crucial for its

pahogenicity. The underlying mechanism by which iodination influences disease
pathogenicity in this case is possibly through {ormation of an immunodominant
determinane that is recognized by autoreactive T cells (reviewed in R. S. Sundick etal,
1992). Itis worthwhile to mention, however, that in our study we attempted to induce
EAT following the direct approach (see section 1.2.1.2). Following the same approach
and using the nanomeric sequence at doses ranging from 1 to 25 pg per animal,
Hutchings and colleagues failed to induce EAT in CBA/J mice. In the latter case lack of
thyroiditis could be attributed to the low antigenic dose used for immunization of the
animals. As shown in Chapters 4, 5, 6 an immunizing dose of 100 nmol which is
approximately 200 pg of Tg peptide was required for thyroiditogenicity.

The present study shows that S]L mice are non-responsive to TgP3. Since we have
not looked for T-cell responses in that strain we do not know whether unresponsiveness
is due to lack of B or T cells recognizing the epitope or to the inability of the epitope to
bind to class Il molecules of H-2° haplotype. Since TgP3 has been selected by two
algorithms chat identify T-cell sites on the basis of their intrinsic ability to form stable
MHC:-binding structures and do not take into account other factors such asthe MHC
alleles of the responding animal, the last explanation could be possible. For example
TgP3 docs not follow the motif found in natural peptides isolated and sequenced from I-

A¥ molecules (A. Y. Rudensky etal, 1992).
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TgP3 has been shown to induce strong serological responses in various strains,
although presence of TgP3-specific antibodies did not correlate with thyroiditis
induction. The last finding is compatible wizh results obtained by TgP1 (Chapters 4,5),
TgP2 (Chapter 6) and Tg (see section 1.2.3.3) and shows that antibodies cannot be
used as markers of subsequent disease development. To explain the lack of pathogenicity
of TgP3 in various strains several speculations can be made. First, TgP3 immunized
animals may lack effector T cells. Second, they may lack Th cells that assist in
thyroiditis induction. If that is the case, then the Th cells involved in the serological
response versus those that participate in the disease pathogenicity, may be distinct.
Third, TgP3 might not be expressed on the target organ asa product of Tg processing.

The present study d that TgP3 is serologically a domi B cell-

d i The domi t of TgP3 is further supported by the
study of Dong et al., who failed to detect TgP3 among the 10 epitope-bearing fragments
of HTg thatare known to be recognized by heteroantisera (Q. Dong et al., 1989).



CHAPTER 9

9.1 GENERAL OVERVIEW

Because T cells have been shown to play a crucial role in both induction and

regulation of EAT (see section 1.2.3.1),an unde ding of the fine mechanisms that

operate in thyroid disease can only be achieved by focusing on this cell subset. One
fundamental problem in that approach is to characterize those cells in terms of
specificity. Such a characterization is crucial for the designing of specific
immunointervention strategies. This problem can be tackled by two independent

strategies. The first method relies on the isolation of the autoreactive T cells and the

subsequent testing of their ivity with fr of the i
Alternatively, using defined T-cell epitopes, it is possible to isolate and characterize the
autoreactive T cells. This study has been based on the second approach. Using as tools
the AMPHI and "tetramer motif" algorithms, we were able to predict an array of
sequences within rat Tg with structural characteristics of MHC-binding peptides.
Among the candidate sequences, three were selected (see section 3.1) TgP1, TgP2, TgP3
and further tested in mice for both pathogenicity and immunogenicity. Based on the
findings of this study the following conclusions can be drawn. First, the algorithm
approach was successful in predicting T-cell sites but in several cases strain differences in
the immune response to a given sequence were observed. Those differences were not
d because the algorithms used for the identift of the T-cell epitopes had
bility of MHC melecules that might

not taken into d the allelic
influence the ability of the sequences to bind to the MHC. Moreover, various MHC

alleles could influence the development of T-cells specific for a given self sequence in
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the thymus by mechanisms of positive and negative selection. Second, although all three
sequences were immunogenic in mice as revealed by their ability to elicit serological
responses in various strains, only two of them (TgP1, TgP2) were pathogenic. This
suggests that TgP1- and TgP2-specific antibodies cannot be used as diagnostic markers of
mouse EAT and also that the Th cells that assist in the serological response versus those
that help in the autoimmune attack of the thyroid might be distinct. Third, using
defined T-cell epitopes to induce EAT, it is possible to investigate regulatory elements of
the disease that are not recognizable in EAT induced by intact Tg. For example, TgP1-
induced thyroiditis depends upon the control of I-E-region products whereas Tg-induced
EAT is controlled by I-A-region products. Moreover, it was shown that TgP1-specific
1gG which is elicited after immunization with TgP1 can bind to Tg stored in the
follicular colloid of normal thyroids. This finding might imply a role for TgP1-specific
1gG in EAT pathogenicity via mechanisms of ADCC or immune complex disposition.
Further studies, however, are required to clarify such a role. Fifth, the pathogenic

peptides TgP1 and TgP2 were ch ized as domi d i at both the

B- and T-cell levels. This last finding raises several questions. First, if the peptides

dormi 4

then how does EAT develop in mice? Second,

what is the importance of cryptic epitopes in ly-induced
thyroiditis in both animals and humans ? Although, we have not directly studied such

questions in the current study we now have the tools to address them.
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9.2 FUTURE DIRECTIONS.

This study provides an alternative, simplified .aodel for studying immunoregulatory
mechanisms in EAT (sce section 1.2.4.1). Such immunoregularoty studies require, at an
initial stage, generation of clonal T-cell populations specific for pathogenic epitopes of

Tg and their sut I Ty cion, MHC

restriction, TCR and adhesion molecule expression, and function. This is an essential

n fscsicl,

first step in the cellular i ions and the costimulatory
involved in the activation of thyroiditogenic T cells, For example, evidence derived from
the bulk cultures used in this study, suggests that TgP1 is recognized by both I-A-and I-
E-restricted cells (sce section 5.3.4). This has been confirmed by a recent study in which
I-A- and I-E-restricted clonal populations have been isolated in the form of T-cell
hybridomas (V. P. Rao et al., 1994). With the aid of I-A- and I-E-restricted T-cell
hybridomas and an array of truncated peptides of TgP1, it has been possible to define
within TgP1 the minimal sequences that activate the hybridoma clones, The pathogenic
and antigenic potential of I-A- and [-E-restricted epitopes has been then directly tested
in thyroiditis susceptible rrouse strains (V. P. Rao et al., 1994). The identification of the
minimal pathogenic sequences within TgP1 and TgP2 could be further used to address
questions concerning the types of cells that are involved in EAT. By means of gene
targeting technology it has been possible to distupt genes of immunological importance
such as the genes encoding interleukin-12 (IL-12), interleukin-4 (IL-4) (R. Kuhn et al.,
1991) and generate mutant strains of mice, "knock out" mice, that lack IL-12 and IL-4
respectively. Using such mice carrying the thyroiditis susceptibility haplotype and the
minimal pathogenic epitopes of TgP1 mentioned previously, it is now feasible to analyze

the importance of pathogenic TgPl-specific Th subset(s) in EAT pahogenesis by
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immunizing IL-12 and IL-4 "knock out" mice with the I-A and [-E-restricted T-cell
epitopes. An alternative approach that addresses the role of certain Th subsets and their
secreted lymphokines in EAT, is to use the minimal epitopes as tools for the gencration
of I-A- and I-E-restricted T-cell clones. Such clones can be used for functional assays
both in vivoand in vitro. For example, direct involvement of an individual Th subset in
EAT induction can be revealed by adoptive transfer of an individual, well characterized
T-cell clone to naive animals. Also, the involvement of a given T-cell clone in the
antibody response can be determined in vitro by using it as a helper for purified TgP1-
specific B cells,

Characterization of the MHC-restriction profile of the pathogenic Th clones and

their TCR ion would facili the lication of i i vention

approaches such as those described for the EAE model (see section 1.2.4.4). Previous

studics have shown that Tg-induced EAT can be p 1 in animals by "vaccination"

with irradiated Tg-specific T-cell lines (R. Maron et al., 1983) or a cytotoxic hybridoma
clone that is specific for the epitope F40D (C. Roubaty et al., 1990). In the latter case
protection has been attributed to the production of anti-idiotypic antibody that reacts
with the TCR of the cytotoxic T-cell clone (B. Texier et al., 1992a). Analogous
immunoregulatory studies can also be attempted with the non-dominant T-cell epitopes
described in this study. Whether or not specific immunotherapeutic strategies such as the
anti-VP therapy or anti-clonotypic vaccination can be employed in human thyroid
disease in still a matter of debate (reviewed in C. M. Dayan et al., 1992). The variables
in the human system are too numerous to allow predictions. For example, in humans the

T-cell specificities involved in the disease induction are still unknown, because the

immunogen and the site of i ization have not be d ined. In addition,

experimental manipulations such as adoptive transfers that would reveal information
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about the function of those cells cannot be employed in humans. Because the HLA
alleles are highly polymorphic in humans, they allow binding of several peptides some of
which might be pathogenic. Therefore, for one to employ successful immunotherapy in a
particular individual, it might be necessary to suppress several pathogenic clones or to
block more than one of the HLA alleles that are known to bind thyroiditogenic peptides.
In that regard, to design specific immunotherapy at the population level it is necessary to
identify the thyroid iated HLA hapl the path epitopes that bind to

them and the specific T-cell receptors that recognize the epitope-HLA complexes.

In the current study, we have shown that the expression of H-2E molecules is a
necessary but not sufficient requirement for EAT induction. It appears that other H-2
region products such as H-2K and/ or H-2A molecules are also involved in the disease
process. The last conclusion is based on the finding that B10.A(4R) mice expressing H-
2Kk and H-2AK but not H-2EK molecules were letely resistant to thyroidi
induction. B10.A(5R) mice that express H-2EK molecules but H-2AP and H-2KP were
hyroidi ting that H-2E ion is not sufficient for EAT
induction (see Chapter 5). A recent study, however, does not favor the above conclusion
(V. P. Rao et al., 1994). In that study, the apparent resistance of B10.A(5R) mice to
developing EAT, has been attributed to the expression of hybrid H-2E (EBb:Eck)

also resistant to

molecules which may not possibly be suitable heterodimers for TgP1 presentation. To
determine whether or not resistance of B10.A(5R) animals is indeed due to the
expression of a non-suitable E molecule and not to influences by H-2A and H-2K
molecules, it is necessary to generate B10.A(5R) animals that express the E[Sk transgene.
If a H-2E heterodimer derived from the susceptible haplotype is required, then EfK-
transgenic animals should develop thyroiditis. Alternatively, the same question can be

addressed by generaring B10 mice that express H-2EK molecules. Should these animals
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develop EAT, this would indicate that TgPl-induced EAT is regulated solely by H-2E
molecules,

TgPl and TgP2 are non-dominant T-cell determinants which whould
need,presumably, to be presented on the target organ in immunogenic form to be able to
exert their pathogenic effect. To test this idea one could establish TEC cultures that
originate from normal animals. TEC cultures that normally do not express class Il can be
transformed to class II* by IFN-y (S. A. Ebner et al., 1987) and can subsequently be used
as APC for the activation of syngeneic TgP1 and TgP2 specific T-cell hybridoma clones

in the absence of exogenously added peptide. This approach has been used previously for

the i domi i 1\ ic sequence that carries T4 (B. R. Champion
ecal., 1991).

We do not yet know if TgPl and TgP2 arc important in spontancously induced
thyroiditis in either animals or humans or if, in fact, these pathogenic sequences are
recognized by T cells of HT patients or by Band/or T cells of animals that spontancously
develop thyroiditis. Despite the lack of information in that direction, several
speculations can be made. First, because the immune response directed to the peptides is
MHC-dependent and the MHC genes are extremely polymorphic in humans, we expect
to find variability in the responsiveness to those epitopes among individuals. Second,a

sequence that appears as a cryptic epitope in an induced model of thyroiditis could be

i d

ina model, I dowmi or crypticity must
depend upon the antigenic factor that initiates the immunopathogenic process. In other
words, although in the mouse model of Tg-induced EAT, TgP1 and TgP2 sequences are
characterized as cryptic because other epitopes of Tg dominate the response, in
spontaneously induced autoimmune thyroiditis TgPl and TgP2 might be

immunodominant. Such a concept can be easily tested using one of the available
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animal models that develop SAT such as the NOD mouse or the OS chicken (see
section 1.2.1.1). If TgP1, TgP2 are immunodominant epitopes at the B-and/or the T-
cell levelina model of autoi hyroiditis, then antibodies and/or T

cells reactive to those epitopes should be found. Alternatively, rhe disease could start
from a cryptic sequence, if that sequence happens to be recognized by cross-reactive T
cells which are specific for an immuncdominant determinant cf a pachogen. In this
context, it would be interesting to test whether or not human MHC can bind TgP1 and
TgP2 and if human T cells specific for TgP! and TgP2 exist in the thyroid infiltrate of

patients with P y studies in our laboratory indicate

existence of TgP1 and TgP2-reactive IgG in patients with thyroid disease (G.
C: i blished ot i However existence of TgP1 or TgP2 specific

T cells has not yet been determined. We could also envisage that approaches such as
those of computer-assisted modeling for MHC class Il molecules would be valuable in
predicting the binding of epitopes such as TgP1 and TgP2 to various MHC class Il alleles
(E. L. Hucko etal,, 1993).

In the past, several attempts have been made to detect T-cell reactivity to Tgin the
peripheral blood of patients with thyroid disease (N. Shimojo et al., 1988; N. Fukuma et
al., 1990). Those studies were somewhat inconclusive for two reasons (reviewed in C.
M. Dayan etal., 1992). First, T-cell reactivity to Tg in the periphery has been detected
in healthy individuals as a part of the natural response. Second, since thyroiditis is not a
systemic autoimmune disorder, the profile of T-cell reactivity in the periphery may not
be representative of the situation in the target organ. Evidence supporting the latter
point comes from studies in which only T-cell clones from the thyroid (M. Londei et al,
1985) and not from the periphery (B. Grubeck-Loebenstein et al., 1988) of Graves'
disease patients could be activated by autologous TEC. It would be worthwhile to test if
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clonal T-cell populations derived from the thyroids of patients with autoimmune
thyroiditis can be activated in vitro by TgP1 or TgP2 and whether or not autologous TEC
can stimulate such cells in the absence of exogenously supplemented peptide. A positive
result would indicate a role for TgP1 and TgP2 in human disease.

It was formerly thought that the pathogenic epitopes on Tg must be limited. This
notion was based on the observation that Tg-induced EAT is MHC-restricted (see
section 1.2.2.1.1) and the conclusion that such a restriction profile could not be
observed if a large number of thyroiditogenic determinants were included in the
molecule. Our finding, do not favor this assumption because two of the three potential

T-cell epitopes tested were shown to be In terms of i icity, both

pathogenic T-cell epitopes were characterized as non-dominant. This isa result that one
could hardly get by chance. It seems likely that the huge Tg molecule harbors a large
number of cryptic, potentially pathogenic, T-cell epitopes and a limited number of

d thyroidi ic T-cell epit: In EAT induced by Tg

immunization, the effects of non-dominant epitopes could be masked by those of the
immunodominant T-cell epitopes towards which most of the autoimmune reactivity is
directed. Cryptic epitopes, however, could be of importance in the evolution of Tg-

induced EAT or in thyroiditis induced by infection or iodination. It would therefore be

and thy

toi igate, using i
epitopes such as the nanomeric thyroxin-containing sequence (P. R. Hutchings et al.,
1992) and TgP1, TgP2 (this study), whether the spreading of autoimmunity from
immunodominant to non-dominant T-cell epitopes, observed for EAE (P. V. Lehmann
et al., 1992; P. V. Lehmann et al., 1993; K. D. Moudgil & E. E. Sercarz, 1994) is also
found in EAT. If non-dominant epitopes are involved, then specific immunotherapy in

autoimmunity might not be effective when directed to immunodominant epitopes of an
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autoantigen only but might require that, for each hapl all the potential
epitopes be available.
It has been suggested that EAT induced by cryptic epitopes such as TgP1 and TgP2

might represent a model for the th ditis that devel ly after infection or

after increase of iodine uptake through the diet (see section 6.4). There are animal

models in which thyroiditis induction has been attributed to path such as the

reovirus type I (S. Srinivasappa et al., 1988), or to normal gastrointestinai flora (W. S.
Penhale & P. R. Young, 1988). In these models, one might test whether T or B cells
exist which are reactive to TgP1 and TgP2. This can similarly be tested in thyroiditis
models where dietary iodine has been shown to influence the incidence and/ or severity
of the disease (N. Bagchi et al., 1985; E. M. Allen etal,, 1986). In summary, TgP1 and
TgP2are tools for dissecting the mechanisms and cellular i ions of the

autoimmune response in both animals and humans.
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APPENDIX 1

PREDICTED AMPHIPATHIC SEGMENTS

MID POINTS ANGLES AS
OF BLOCKS

P 45-41 115.-130
49- 61 90.-130.
102-109 110.-135.
133-135 105.-105.
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P 881-890 85.-110. 233
P 894.904 80.-120. 4.1
918-934 95.-130. 39.6

938-940 80.-90. 4.9

KP 956-962 100.-105. 18.4

NO. OF PREDICTED BLOCKS 302
* indicates glycosylation site
P proline exists within the last 10 residues of the predicted segment

K isincluded at the N terminus of the predicted segment
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APPENDIX 2

Predliction of* i ichi b
Sequence a.a. position within RTg
EAPE 42-45
DMAT 48-51
ELFS 52.55
DITQ 58-61
HLFS 80-83
DIME 106-109
KLIS 185-188
GFFE 190-193
GFLN 208-211
GWYQ 259-262
DAPS 269-272
DVAH 310-313
GVVK 349352
EVLN 441-450
DATK 456-459
RTPT 470473
GVFG 538-541
EVAG 549-552
GLLD 555-558
GAFG 571574
DVAS 590-593
EVVS 649-652
HYWG 677-680
ELPS 690-693
GLIN 715-118
KAVK 21124
DYAS 172-115
RALE 778-781
HYPE 812-815
GYKS 842.845
KVMQ 854-857
KAAE 877-880

KYIQ 920-923
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A dix 3: Linear fe of standard curves for IgG subclasses. Standard

dividual [gG subcl: were blished as d bed in Materials and

curves for i
Methods (data not shown). The s-shaped subclass titration curves were subsequently
converted to straight lines according to the Von Krogh equation:

logx=logk+1/n logy/ 1-y,
where y is the O.D. of a subclass at a certain serum dilution expressed as a percentage of
the maximum O.D. obtained for that subclass and x is the antibody concentration

expressed in mg/ml of solution,
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APPENDIX 3
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