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ABBTRACT

Experimental autoimmune thyroiditis (EAT) induced in mice
or rats with thyroglobulin (Tg) emulsified in complete
Freund's adjuvant (CFA) has been a model system to understand
the immunopathogenesis of Hashimoto's thyroiditis (HT).

I have demonstrated, by the immunotargeting approach, that
adjuvant-free challenge of mice with small doses of mTg
conjugated to monoclonal antibodies (MAbs) specific for class
II MHC (I-AY) expressed on APC, induces an mTg-specific IgG
response in CBA (H-2%) but not in B6 (H-2°) mice. Priming of
CBA mice with mTg conjugated to an irrelevant MAb (control)
did not elicit an autoimmune response. Despite the induction
of an nTg-specific IgG response, mononuclear cell infiltration
of the thyroid was not detected in CBA mice thus indicating a
clear divergence in the requirements for autoantibody (AAb)
production and the requirements for disease. These findings
may help elucidate the role of various APC subsets in
autoimmunity and facilitate study of the initial events that
trigger autoreactivity outside a CFA-induced granuloma csite.

Investigation in rats of the immunopathogenicity of a
17mer homologous (rat) Tg peptide, rTgPl (2495-2511), revealed
that TgPi-priming of F334, WKY and WF rats elicits lymph node
cell (LNC) proliferative responses to the peptide in vitro

without concomitant specific primary IgG responses. LNC
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proliferative assays demonstrated that specific cD4' T cells
recognize TgPl in the context of class II MHC and that TgPl
contains cryptic T cell epitope(s). Strong TgPl-specific IgG
responses were not observed despite the presencz of EAT in
rats. These results provide the first evidence that a self-Tg
peptide, TgPl, is immunopathogenic in rats. In contrast to
17mer TgPl, examination in rats of the immunopathogenicity of
an 18mer rTg peptide, rTgP2 (2695-2713) revealed that TgP2-
priming of rats induced specific LNC proliferative responses
in F344, WKY but not in WF rats, although concomitant specific
IgG responses were elicited in all three rat strains.
Thyroiditis was readily induced in F344 rats both by direct
challenge with TgP2 and by adoptive transfer with TgP2-
specific T cells (CD4*, CD8", TCR a/B') indicating that
peptide-induced rat EAT is a CD4* T cell-mediated discase.
Specific T cells recognize TgP2 in the context of class II
molecules in an MHC-unrestricted fashion and TgP2 contains
non-dominant T cell determinants. The TgP2-specific IgG (day
28) readily binds intact rTg and such binding could be
abrogated by free peptide indicating the absence of
"determinant spreading". These results indicate that TgP2 is
pathogenic in rats but differs in its immunogenicity from that
of TgPl.

Class II' rat thyrocytes (IFN-y treated), to address

their putative APC function in TgP2-mediated EAT, were
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examined by testing their ability to present endogenous Tg
epitope to the TgP2-specific cloned T cells. Both unpulsed
or peptide pulsed class II' thyrocytes failed to activate the
hybridoma (assessed by IL-2 release) suggesting that
thyrocytes by themselves do not function as APC in vitro. The
findings that both glutaraldehyde fixation and irradiation of
spleenocytes abolished their capacity to present TgP2 leading
to activation of the 8F7-5 hybridoma raised the possibility
that thyrocytes may be deficient in the expression of certain
costimulatory molecules. These findings have implications for
understanding Ag-presentation in thyroid autoimmunity.

Examination of the relative serological immunodominance
of the pathogenic TgPl and TgP2 peptides revealed contrasting
findings. Priming of F344 rats either with homologous or
heterologous Tgs did not elicit TgPl-specific IgG responses
indicating the non-dominance of TgPl. In contrast, homologous
Tg-priming elicited TgP2-specific IgG response. The
immuncgenicity of the TgP2 epitope(s) on heterologous Tgs
varied dramatically, being highest on bovine Tg, intermediate
on mouse Tg and undetectable on human and porcine Tgs although
peptide-specific IgG readily cross-reacted with Tgs of various
species. Epitope analysis of heterologous Tg-primed sera
revealed that TgP2-reactivity is directed to distinct B
epitopes within TgP2. These data provide the first evidence

in EAT that variable immunodominance may partially explain why
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distinct Tg epitopes are recognized by MAbs in various
species/Tg combinations and may have implications in

serological screening of pathogenic Tg epitopes.
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CHAPTER 1

Introduction

Recently, Rose and Bona (1993) put forward the following
criteria to establish whether a disease is actually autoimmune
in origin: (1) induction of T cell and antibody (Ab) responses
to the self-antigen(s), (2) identification of Abs and T cells
within the lesions of the target organ, (3) transfer of
disease to syngeneic animals by either lymphocytes or Abs, (4)
reproduction of similar autoimmune disease in experimental
animals by immunization with autoantigen(s) or its synthetic
peptides, and (5) transfer of disease by lymphocytes
(collected from patients affected with autoimmune disease) to
severe combined immunodeficient (SCID) mice. Autcimmune
thyroid disease (AITD) in humans fulfils many of the above
criteria.

AITD is an organ-specific autoimmune disorder which
affects approximately 5% of the human population (Weetman and
McGregor, 1984a). The thyroid gland is the target organ that
is affected in AITD. Based on the spectrum of clinical
manifestations, AITD is classified into Hashimoto's
thyroiditis (HT) or Graves' disease (GD). HT is a chronic form
of autoimmune thyroiditis characterized by hypothyroidism,
autoantibodies (AAbs) to thyroglobulin (Tg) and thyroid

peroxidase (TPO), infiltration of thyroid with lymphocytes,
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monccytes, and plasma cells and the formation of germinal
centres leading to destruction of thyroid follicles (Weetman
and McGregor, 1994). On the other hand, GD is characterized
by chronic and excessive stimulation cf thyroid gland by
“tihyroid stimulating antibodies" (TSAb) to thyroid stimulating
hormone receptor (TSHR) simulating the effects of thyroid
stimulating hormone (TSH) leading to hyperthyroidism (Zakarija
et al, 1980; Weetman and McGregor, 1994). Frequently, high
titers of AAbs to Tg and TPO are also detected (Mullins et al,
1995). Histological examination of GD thyroids revealed that
thyroid follicles are small and are lined by both
hypertrophied and hyperplastic columnar epithelium. In
addition, a marked loss of colloid with neo-follicle formation
and infiltration with lymphocytes and plasma cells which form
aggregates or follicles have also been observed.

The initial triggering events and subsequent
immunopathogenic mechanisms leading to AITD in humans are not
yet fully understood. This is partly because the mechanisms
of abrogation of natural tolerance to self-antigen(s) are not

well understood. of the of

AITD was further complicated because the analysis of molecular
structure of thyroid antigens (Tg, TPO and TSHK) was slow. In
addition, this was technically difficult because most of the
autoantigens (TPO and TSHR except Tg) occur at very low
concentrations and their purification is extremely laborious.

To study the immunopathogenic mechanisms of HT, various animal
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nodels have been developed (Section 1.2.1). On the other hand,
to study the immunopathogenic mechanisms of GD, good animal
models have not yet been established. However, recent efforts
focused in that direction have shown promising results

(Costagliola et al, 1994; Hidaka et al, 1995).

1.1 Thyroid gland and thyroid antigens

our ing of the i is of human

thyroid disease has been dramatically improved in the last few
years due to major developments in recombinant DNA and T cell
cloning technology. A few of the autoantigens that are

thought to be responsible for AITD have now been

zed. The i has been shown to be

directed against three distinct thyroid Ags: Tg, TPO, and
TSHR. Recently, Two thyroid Ags, a 70 kDa (Chan et al, 1989)
and a 64 kba (Dong et al, 1991) molecules, have been shown to
be the additional target Ags in GD. More recently, Na'/I’
cotransporter has been identified as a potential autoantigen
in HT (Raspe et al, 1995). It has been well established that
Tg and TPO are recognized by autoreactive T- and B-cells in HT
patients, whereas TSHR is recognized by autoreactive T- and B-
cells in GD patients (Weetman and McGregor, 1994). The
presence of AAbs to Tg and TPO has also been described in many
GD patients (Mullins et al, 1995). At present, whether or not

the expression of heat shock proteins (HSP) in the thyroid
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(Heufelder et al, 1992) will serve as additional targets
remains conjectural. Before describing the molecular
structure of thyroid antigens: Tg, TPO and TSHR, I will

discuss the salient features of the thyroid gland.

1.1.1 Normal Thyroid gland

The thyroid gland (the term thyroid comes from Greek
meaning oblong shield) consists of two lobes connected by an
isthmus wrapped around the trachea in the anterior compartment
of the neck. It is the largest of all the endocrine glands.

The thyroid is of i le discrete follicle:

clustered together. The cells lining the follicles produce
thyroid hormones, triiodothyronine (T3) and thyroxine (T4).
These hormones are stored in the lumen of the follicles for
subsequent controlled release. In humans, the gland begins to
sy thesize thyroxine from about the third month of fetal life.
The follicles are filled by a structureless semifluid protein,
the colloid, which contains Tg. The gland is highly vascular
and is essential for growth of the body and physical and

mental well-being.

1.1.2 Thyroglobulin (Tg)
79 is a homodimeric 660-kDa glycoprotein and serves as a

for the biosy is of thyroid hormones. Tg is

available in large quantities. It is synthesized by thyroid
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epithelial cells (TEC) or thyrocytes. Tg is iodinated (0.3-
0.5% of the molecule) and phosphorylated (10-12 phosphate
groups/molecule) (reviewed in Charreire, 1989). Tg is stored
as colloid in the lumen of thyroid follicles and is an
extracellular glycoprotein (Vassart et al, 1975). Tg reenters
TEC in the form of colloid droplets.

Tg that reenters TEC has been shown to undergo
proteolysis under the influence of lysusomal enzymes
(cathepsins B, D, and L) resulting in the generation of Tg
peptides (Dunn et al, 1991). In that study, the authors
identified three cleavage sites for the enzymes Cathepsin B,
D, and L. The Tg peptide fragments thus generated have been
shown to contain three of the four major hormonogenic sites.
The authors suggested that generation of these smaller Tg
peptides is one of the steps in the biosynthesis of thyroid
hormones. Thyroid hormones form at discrete sites within the
Tg. Four hormonogenic sites in Tg have been identified
(Fassler et al, 1988). Two of these sites occupy terminal
location in the polypeptide chain: Site A, the major T4-
forming site, near the NH2-terminus corresponding to human
residue 5, and site €, the major T3-forming site,
corresponding to human residue 2746 near the COOH-terminus.
Sites B and D are more internal. These two sites correspond

to human residues 2553 and 1290.
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Production of thyroid hormones involves the iodination of
tyrosine (Tyr) residues within the Tg molecule by TPO.
Enzymatic iodination of Tg has revealed that both initi=l
iodine concentration and native structure of Tg influence the
hydrolysis of Tg (Lamas et al, 1986). It has been shown that
when Tg is highly iodinated, three out of four hormonogenic
sites localized at the COOH-end of the molecule, are most
susceptible to proteolysis (Marrig et al, 1982; Dunn et al,
1983; Lejeune et al, 1983). In contrast, excessive iodination
of Tg has been shown to inhibit the hydrolysis of Tg and
subsequent thyroid hormone secretion (Bagchi et al, 1985b:
Becks et al, 1987).

The follicular activity and Tg production are under the
physiological control of TSH. TSH is released from pituitary
gland in a typical "feedback" manner when the serum levels of
T3 and T4 are decreased. Transcription of Tg is under the
positive control of TSH which is probably mediated by cyclic
AMP (cAMP) following TSH binding to TSHR (Van Heuverswyn et
al, 1985). It has been suggested that TSH and its cAMP signal
are not the primary policemen directing the Tg synthesis, but
rather that this is controlled by insulin-like growth factor-1
(IGF-1) i.e., TSH/cAMP may amplify and regulate more than
they initiate the Tg synthesis (Santisteban et al, 1987). It
has been shown that Tg contains approximately 120 Tyr

residues. Only 25-30 of these Tyr residues are available for
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iodination and only 8 residues can couple to synthesize
hormone.

The primary structure of bovine Tg (bTg) (Mercken et al,
1985a), of human Tg (hTg) (Malthiery and Lissitzky, 1987) and
of a part of rat Tg (rTg) (Musti et al, 1986) derived from the
sequence of their complementary DNA (cDNA) have been reported.
Comparison of their primary a.a. sequences indicated that Tgs
of various species are highly conserved. The presence of
structural differences near the thyroxine-forming sites has
been demonstrated using MAbs to Tgs (Chan et al, 1986).
Availability of Tg in large quantities has made easier to
establish animal models for studying the immunopathogenesis of
HT. It should be mentioned here that although the molecular
structure of Tg molecule has been known for a while, the
putative autoantigenic T- and B-cell epitopes largely remain

undefined. This was mainly because of its large size.

1.1.3 Thyroid peroxidase (TPO) or Microsomal antigen (Mic Ag)

Since the first description of a "thyroid microsomal
antigen" (Mic Ag) by immunofluorescent studies using sera from
patients with AITD (Trotter et al, 1957), the precise
molecular nature of this autoantigen remained elusive for
decades. Mic Ag is expressed at low levels in the thyroid.
It has now been shown by immunochemical and biochemical

studies that Mic Ag is identical to TPO in that the reactivity
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of TPO was immunoprecipitated by sera containing anti-
microsomal Abs (anti-Mic Abs) and, conversely, TPO was able to
absorb anti-Mic Abs (Czarnocka et al, 1985; Portmann et al,
1985). The identity between TPO and Mic Ag was once again
confirmed using MAb specific for Mic Ag (Portmann et al,
1988). It is well documented that purified TPO protein is
visualized on gel electrophoresis as a doublet of
approximately 107 kD and 100kD (Czarnocka et al, 1985; Kajita
et al, 1985). The TPO is involved in two important steps in
the biosynthesis of the thyroid hormone: Iodination of Tyr
residues on Tg, and intramolecular coupling of iodotyrosines,
leading to the formation of T3 and T4 (DeGroot and
Niepomniszcze, 1977).

The TPO enzyme has been shown to be expressed on the cell
surface (apical membrane) of the TEC (Khoury et al, 1981;
Chiovato et al, 1985). On the other hand, the possible
expression of the TPO on the basal membrane of the TEC
(Hanafusa et al, 1984), a region normally exposed to the
effectors of the immune system, has been a matter of
considerable debate (Khoury et al, 1984). TPO is a
transmembrane glycoprotein and contains 5 potential
glycosylation sites (for a review, see Banga et al, 1991).
The complete nucleotide sequence of pig TPO (PTPO) CDNA that
codes for a 926 a.a. protein has been reported (Magnusson et

al, 1987). Three different groups independently reported the
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nucleotide sequence of human TPO (hTPO) cDNA, which codes for
a 933 a.a. protein (Kimura et al, 1987; Magnusson et al, 1987;
Libert et al, 1987). The nucleotide sequence of cDNA for rat
TPO (rTPO) was also reported (Derwahl, 1989). The analysis of
molecular structure of TPO and its availability in recombinant
forms hastened the progress in understanding the

s of i thyroid disease and will be

discussed later.

1.1.4 Thyroid stimulating hormone (T8H) receptor (TSHR)

TSHR is expressed in very low abundance on TEC (10°-10*
receptors/cell) (Rees Smith et al, 1988). Knowledge of TSHR
at the molecular level began when Parmentier et al (1989)
isolated a dog TSHR cDNA (cDNA) from a thyroid cDNA library.
Simultaneously, cDNA clones for a human (Nagayama et al,
1989; Libert et al, 1989; Misrahi et al, 1989) and for a rat
(Akamizu et al, 1990) TSHRs were reported.

The TSHR is a 120 kDa glycoprotein consisting of 764
amino acids including a 20mer signal peptide. The molecular
weight of the N-terminal TSHR is approximately 84.5 kbDa
(Nagayama and Rapoport, 1992). The extracellular region (398
amino acids) of TSHR of human, dog, and rat bears 85-90% a.a

homol . The /intracellular C-terminal

half of the TSHR consits of 346 amino acids with 7 hydrophobic

transmembrane segments. It has been shown that TSH does not
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bind chinese hamster ovary (CHO) cells transfected with a TSHR
CDNA in which the N-terminal a.a. 38-45 sequence is deleted or
substituted suggesting that a.a. 38-45 sequence is important
in TSH binding (Wadsworth et al, 1990). Recently, using
mammalian cells transfected with deletion mutants of TSHR
cDNA, it has been shown that amino acids at positions 390,
385, 301 of the N-terminal (extracellular) TSHR are involved
in TSH binding (Kosugi et al, 1991). It has also been shown
that TSH interacts with multiple discrete regions of TSHR
since anti-peptide Abs of distinct specificities inhibit the
binding of TSH to its receptor (Dallas et al, 1994). The
extracellular region of TSHR has also been shown to be
important in signal transduction (Nagayama et al, 1991). By
site-directed mutagenesis of the TSHR cytoplasmic regions, a
10mer (441-450) sequence of the cytoplasmic loop of C-terminal
TSHR has been shown to be important in cAMP generation

(Chazenbalk et al, 1990).

1.2 Experimental autoimmune thyroiditis (EAT)

EAT is an animal model for HT and has been widely used
for decades to elucidate the mechanisms of self-tolezrance and
of immunopathogenesis in buman thyroid disease. EAT is
characterized by autoreactive T- and B- cell responses, a
marked mononuclear cell infiltration of the thyroid gland, and

the occurrence of circulating Abs to thyroid Ags (Rose et al,
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1971).

There are four main EAT models. The first model depends
on immunization with thyroid antigens (Ags) in the presence or
absence of adjuvants, whereas the second model depends on the
manipulation of the T cell population either by thymectomy and
irradiation (Tx-X) or by treatment with Abs to T cells. In
the third model, the disease spontaneously develops in
experimental animals and the fourth model involves
xenografting of thyroid tissue from HT patients into ScCID

mice.

1.2.1 EAT induction in various species

EAT has been induced in various animal species by
immunization with crude thyroid extract or Tg emulsified in
complete Freund's adjuvant (CFA). Initially, it was not
possible to decide whether establishment of autoimmune
response to thyroid Ags is responsible for the development of
thyroid lesions or is merely a non-pathogenic consequence of
tissue destruction. This ambiguity in thyroid autoimmunity
was resolved when EAT was induced for the first time in
rabbits by subcutaneous (s.c.) immunization into four footpads
with CFA emulsion containing syngeneic thyroid gland
homogenate (Witebsky and Rose, 1956; Rose and Witebsky, 1956).
On the other hand, challenge of rabbits with CFA emulsion only

did not result in the development of an immune response to
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thyroid Ags. The authors demonstrated the presence of AAbs to
thyroid Ags by complement fixation, precipitation, and
hemagglutination (HA) tests. These pioneering studies have
provided the first evidence that thyroid Ag(s) is the target
Ag in thyroid autoimmunity.

Later, EAT was induced in various species: rats (Jones
and Roitt, 1961), guinea pigs (Mc Master et al, 1961), dogs
(Terplan et al, 1960), and mice (Rose et al, 1971). The
thyroid disease induced in these various species closely
resembles the characteristic features of HT in humans in terms
of lesions generated, T-cell and Ab responses and genetic
makeup. However, the pathological changes induced by active
immunization with crude thyroid extract in CFA differ in
certain respects from that of HT. In EAT, assessment of
hypothyroidism by thyroid hormone production has rarely been
done. These animals often develop severe mononuclear cell
infiltration of the thyroid and subsequent hypothyroidism due
to their thyroid gland destruction, but do not contain the
germinal centres in the thyroid that is a hallmark of human
HT.

One may wonder why induced EAT has been widely used to
study the immunopathogenesis of HT when the latter disease
develops spontaneously in humans. The answer to this question
is multifaceted. EAT induced with thyroid Ags will allow the

researchers to study the regulation of the immune response at
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the levels of both the central lymphoid and target organs, the
kinetics of the disease development, T- and B-cell responses,
analysis of the respective specificities and functions of
lymphocyte subsets found during thyroiditis, and the site of
initial priming and the inductive signals required to induce
thyroiditis. However, it should be noted that EAT induced
under controlled experimental conditions is quite different
from that found in spontaneous thyroid disease in humans
because in the latter the triggering events in terms of the
immunogen, the site of initial-priming and the site of chronic
immunization remain a black-box. Nevertheless, EAT studies
have provided valuable information concerning the nature of
autoantigens, initiation, progression, and immuno-pathogenesis

of autoimmune thyroiditis (Charreire, 1989).

1.2.1.1 EAT induction with thyroid Ags using adjuvants

In to a disease,

induction of EAT with thyroid Ags in susceptible strains of

mice and rats often requires the use of a potent adjuvant. It

is that infl 'y induced by the complete
Freund's adjuvant (CFA) emulsion may have an influence on the
pathological manifestations of the disease. Even then, CFA
has been the adjuvant of choice to induce EAT in various
species. However, CFA has been shown to induce undesirable

effects such as a chronic inflammatory response at the site of
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injection (Wiedmann et al, 1991; Yamanaka et al, 1992).

EAT was induced in mice for the first time with Tg + CFA,
employing inbred mice of various strains (Vladutiu and Rose,
1971a). These authors demonstrated variations in the onset of
Ab production: the strains that had delayed onset of Ab
response showed little or no mononuclear cell infiltiation of
the thyroid, whereas the mouse strains that had rapid onset of
Ab production showed extensive mononuclear infiltration of the
thyroid.

In addition to CFA, various other adjuvants have also

been used to the icity of Tg and to induce

EAT. These adjuvants include incomplete Freund's adjuvant
(IFA) (Esquivel et al, 1977; Vladutiu and Rose, 1972), silica
(Rose et al, 1965), alhydrogel (Twarog et al, 1970), latex
particles (Esquivel et al, 1977), lipopolysaccharide (Esquivel
et al, 1977), polyadenylic-polyuridylic acid complex (Poly
A:poly U) (Esquivel et al, 1978). Horeover, adjuvants such as
Bordetella pertussis (Twarog and Rose, 1969), Legionella
pneumophilia (McMaster et al, 1986) and muramyl dipeptide
(MDP) (Kong et al, 1985) have also been used either to enhance
the immunogenicity of Tg or to accelerate the onset of
autoimmune thyroiditis. It should be noted that the response
of a given mouse strain to mTg varies depending upon the type
of adjuvant used. For example, the use of LPS, a weak

adjuvant, for EAT studies has demonstrated a distinction
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between inbred mouse strains in terms of both Ab titer and
thyroid pathology (Esquivel et al, 1977). More interestingly,
Tg-induced EAT persists transiently in mice (Braley-Mullen et
al, 1994a) possibly due to induction of regulator cells (CD8"
T cells). In that study, it has been shown that depletion of
cp8* T cells in the recipient mice exacerbated severity of
thyroid lesions whereas their presence resulted in the
resolution of thyroid lesions.

EAT was induced for the fiwst time in Lewis rats by
injecting intradermally at the base of the tail with CFA
emulsion containing either Tg or thyroid extract (Jones and
Roitt, 1961). In that study, the antigenic challenge of rats
was done on day 0 and 21. The rats were examined for EAT
characteristics on various time points after the first
injection itself. It was found that injection of rats with
two doses of Tg (on days O and 21) increases the severity of
the thyroiditis compared with a single injection of Tg on day
0. Subsequently, Twarog and Rose (1969) demonstrated that
injection of Lewis rats with CFA emulsion containing
homologous thyroid extract followed by concomitant injection
of Bordetella pertussis organisms (Pertussis vaccine) induces
marked thyroiditis. In contrast, thyroids collected from rats
that received CFA emulsion containing rat thyroid extract only
showed minor thyroid lesions. In that study, the importance

of CFA was also highlighted in its ability at enhancing the
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