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Abstract

The ophthalmopathy associated with Graves™ hyvperthvroidism (GH) and
Hashimoto's thyroiditis is an autoimmune-mediated inflammartion of extraocular
muscle and orbital connective tissue. The association of thyvroid-associated
ophthalmopathy (TAQ) with autoimmune thyroid disease (ATD) can be explained
by the expression on thyroid and eye muscle of shared or cross-reactive Ag(s)
targeted by autoimmunity. The best candidate for such Ag(s). at present, are 64
kDa membrane molecules. When incubated with cultured human eve muscle.
thyroid. and skeletal muscle cells in vitro. autoAbs in TAO patient sera
immunoprecipitated a 64 kDa Ag from the first two tissues. but not from skeletal
muscle. In dot blot experiments using D1 fusion protein. a fragment of a cloned
64 kDa protein. autoAbs were detected in the sera of 47% of patients with TAO
and 57% of those with GH without ophthalmopathy but in only 5% of normal
subjects. Short random fragments (100 to 200 bp) of 1D cDNA. a cloned 64 kDa
protein. were cloned and expressed in E. coli as fusion proteins using the pUEXI
vector. Four antigenic peptides recognized by TAO sera were cloned and
sequenced. When a panel of sera was screened for recognition of each peptides.
sera from TAO patients reacted to one or more peptide significantly more
frequently than sera from normal controls. A quantitative reverse transcriptase
polymerase chain reaction (RT-PCR) methodology was used to investigate the
tissue distribution of 1D mRNA and quantitate the levels of expression of
transcripts of this specificity from a variety of human tissues. Expression of 1D
was highest in thyroid and eye muscle, consistent with a high level of expression
of this protein in these tissues. These studies indicate that 64 kDa proteins are
expressed in eye muscle and thyroid. and that autoAbs reactive with the Ag(s) are

present in the early stages of thyroid eye disease.
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Résume

'ophtalmopathic  associce avec [hyperthyroidisme de Graves et
I'hypothyroidisme (maladie d'Hashimoto) est une inflammation autoimmune des
muscles oculaires et des tissus conjonctifs de Toeil. L'association entre
I'ophtalmopathie associée avec le thyroidisme (OAT) et les maladies autoimmunes de
la thyroide peut étre expliquée en proposant I'existance d'un ou de plusieurs antigénes
similaires trouvés sur la surface des cellules provenant de la thyroide et des muscles
oculaires qui sont ciblés par un processus autoimmun. Présentement. l'antigéne qui
répond le plus précisément a ce critére est une molécule membranaire de 64
kilodaltons. Les patients atteints dOAT ont des anticorps sériques capables de vent
rcconnaitre et de se lier a une molécule de 64 kilodaltons trouvée sur la surface de
cellules en culture provenant des muscles oculaires et de la thyroide mais pas de
cellules derivées des muscles squelettiques. Des autoanticorps réagissant avec la
protéine D1. un fragment de la protéine de 64 kilodalton, sont détectés par la technique
de l'immunodot blot dans le sérum de 47% de patients avec OAT, 57% des patients
avec hyperthyroidisme de Graves sans ophtalmopathie et dans le sérum de seulement
5% de personnes normales. Quatre morceaux d'ADN qui codent pour des €pitopes
antigéniques ont été clonés d'une librairie composée de petit morcaux d'ADN générés
au hazard (100 a 200 bases) a partir de 'ADN complémentaire 1D correspondant a la
protéine de 64 kilodaltons. Les séra de patients atteints dAOT ont réagi plus
fréquemment avec les peptides dérivées de ces quatres morceaux d'ADN, que les séra
d'un groupe témoin. La distribution et la quantité d' ARN messager spécifique pour 1D
ont été analysées dans une variété de tissus humains par la technique quantitative de la
reverse polymerase chain reaction. Les tissus avec la quantité la plus élevée dARN
messager 1D furent les muscles oculaires et la thyroide. Ces résultats démontrent que

la protéine de 64 kilodaltons est exprimée sur la surface des cellules des muscles

i



oculaires et de la thyroide et que les autoanticorps qui reconnaissent cette moléeule

sont présents durant les premiéres phases des maladies autoimmunces thyroidicnnes.
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collection of manuscripts published or to be published. It must include a
general abstract. a full introduction and literature review and a final overall
conclusion. Connecting texts which provide logical bridges between
different manuscripts are usually desirable in the interests of cohesion,

It is acceptable for theses to include as chapters authentic copies of papers
already putlished. provided these are duplicated clearly on regulation thesis
stationery and bound as an integral part of the thesis. Photographs or other
materials which do not duplicate well must be included in their original
form. In such instances. connecting texts are mandatory and supplementary
explanatory matenal 1s almost always necessary.

The inclusion of manuscripts co-authored by the candidate and others is
acceptable but the candidate is required to make an explicit statement on
who contributed to such werk and to what extent, and supervisors must
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the task of the Examiners is made more difficult in these cases. it is in the
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Candidates following this option must inform the Department before it
submits the thesis for review.”
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CHAPTER1

GENERAL INTRODUCTION



1. INTRODUCTION

The ophthalmopathy associated with Graves' hyperthyroidism and
Hashimoto's thyroiditis is an autoimmune-mediated inflammation of extraocular
muscle and orbital connective tissue. Although the disorder has many names
(Table 1). the most appropriate is "thyroid associated ophthalmopathy (TAQ)"
which emphasizes that the disorder is not unique to Graves' disease (Wall, 1991:
Pervos and Kendall-Taylor, 1992). TAO symptoms range from discomfort and lid
retraction to disfiguring proptosis (eve protrusion). diplopia (double vision) and
blindness (Werner. 1969: Gamblin et al.. 1983).

The lack of specific diagnostic signs and corroborating laboratory tests
makes it difficult to ascertain the precise prevalence of TAO in patients with
autoimmune thyroid disorders (ATD). Of patients with ophthalmopathy. about 85%
have associated Graves' hyperthyroidism (GH), 10% have Hashimoto's thyroiditis
(HT) and the rest have thyroid immunologic abnormalities in the absence of the
classic clinical features of HT or GH. This latter condition is called "euthyroid
Graves' disease” (Salvi et al., 1990; Beck. 1989; Jacobson and Gorman, 1984).
Therefore most. if not all. patients with TAQO have an autoimmune thyroid
disorder.

There is also a close temporal relationship between the onset of ATD and
TAO. In more than two thirds of patients, hyperthyroidism and ophthalmopathy
occur within two years of each other (Gorman, 1983). About 10% of TAO patients
have disease manifestation severe enough to consider the use of anti-inflammatory
or immunosuppressive drugs. The other 90% have mild to moderate disease, with
symptoms that usually disappear once the thyroid problem has been treated
(Nordyke et al.. 1983. Wall, 1991). Any hypothesis about the etiology and

[£8]



pathogenesis of TAO must explain the unique relationship of ophthalmopathy with
ATD.

There is increasing evidence for the possibility that ATD and TAQ share
pathogenic mechanisms (Weetman. 1991: Wall et al.. 1990). The hyvpothesis upon
which the work for this thesis is based is that the mechanism underlving the
association of ATD with TAO is cross-reactivity between a shared thyreid and
orbital tissue antigen (Ag). development of autoimmunity directed at a molecule
present in one tissue would. therefore. increase the likelihoed that the other tissue
will also become a target for autoimmune attack. Several thyroid and orbital muscle
Ags have been identified as targets for autoantibodies (autoAbs) in patients with
TAOQ. The precise role of these cross-reactive tissue Ags in the pathogenesis of
ATD and TAO and in the association between these two autoimmune phenomena 1s

an area of intense investigation.
2. THE THYROID AND THYROID ANTIGENS
2.1 Normal thyroid gland

In the adult. the thyroid gland weighs approximately 10 to 20 g. The normal
thvroid gland is a bilobed structure with a connecting isthmus which overlies the
second or third cartilaginous rings of the trachea. It has a nich vascular and
lymphatic supply (Feind. 1978: Komorowski and Hanso. 1988). The thyroid gland
is composed mainly of thyroid follicular cells (thyroid epithelial cells). arranged in
follicles bound together by a thin sheath of connective tissue (Dumont et al., 1992).
The main component of the thyroid is a clear proteinaceous colloid which is stored

inside the thyroid follicles. Normal thyroid function is essential for proper growth

)



and mctabolism. Its absence 1s especially severe in infants and young children. in
whom arrested physical and mental development can occur.

Normal function of the thyroid gland 1s under the control of the
hypothalamic-anterior pituitary-thyroid axis. and is regulated through a negative
feedback loop (Brownstein, 1974: Larsen. 1982). Thyrotropin-releasing hormone
(TRH). a tripeptide synthesized in the hypothalamus, acts to promote the release
and synthesis of Thyrotropin (thyroid-stimulating hormone. TSH) by binding to the
TSH secreting cells in the adenohypophysis (Brolin. 1947: Jackson. 1982). TSH
binds to its receptor on thyroid epithelial cells which respond in a variety of ways.
including secretion of thyroid hormone and thyroid gland growth (Wetzel et al..
1963: Knopp et al.. 1970: Lamy et al.. 1986). Thyroid hormones in turn inhibit the
synthesis and release the TSH from the pituitary. Therefore as the secretion of
thyroid hormone decreases. TSH secretion increases. which results in an activation

of thyroid function and growth (Aizawa et al.. 1978 Caldwell et al.. 1983).

2.2 Thyroid antigens

There are three distinct and well characterized thyroid autoAgs to which
autoAbs are commonly detected in the serum of patients with ATD: 1)
thyroglobulin (Tg). ii) thyroid peroxidase (TPO formerly named microsomal
antigen) and iii) TSH receptor. AutoAbs to the TSH receptor are believed to be
pathogenic in Graves' disease (Volpé. 1990). Abs to TPO and Tg are more closely
associated with HT (Salvi et al.. 1988). Their role in thyroid disease pathogenesis

is not well defined.

2.2.1 Thyroglobulin and anti-thyroglobulin antibodies



Thyroglobulin is the major protein component of the follicular colloid. ttis a
prohormone from which thyroid hormones (Thyroxine. T4: Triiodothyronine, T3)
are formed. Tg is composed of two identical subunits each with a molecular weight
(MW} of 330.000 (Kondo et al.. 1985). Tg was considered to be a "sequested
antigen” until the presence of low levels in normal human serum was demonstrated
by radioimmunoassay (RIA) (Van Herle et al.. 1973 Roitt and Torrigiani. 1967).
Tg is a secretery product of the thyroid gland and produccd only by this organ
(Ericson. 1983).

Roitt et al. (1936) first demonstrated the presence of Ab to Tg in the serum
of patients with HT. Significant titers of anti-Tg Abs are found by hemagglutination
in 70% of patients with HT. in 30% of those with Graves' discase and in 2 small
percentage of patients with thyroid carcinoma and other thyroid disorders
(Pinchera et al.. 1979). There is evidence for molecular similarity between T and
major histocompatibility complex (MHC) class 1l associated invariant chain (Koch
et al.. 1987) and muscle acetylcholinesterase (AChE) (Schumacher et al.. 1986;
Ludgate et al.. 1986). However. anti-Tg antibodiecs are not likely to play a role in
the pathogenesis of TAOQ. since such autoAbs are not associated with this

autoimmune disease (Salvi et al.. 1990: Bresler et al.. 1990).

TPO is a membrane bound hemoprotein enzyme (Taurog et al.. 1970). active
only in the presence of H20> (Magnusson et al., 1987). TPO plays a key role in
thyroid hormone biosynthesis by catalyzing both iodination of tyrosyl residues and
coupling of iodotyrosyl residues in Tg to form T3 and T4 (Taurog ét al.. 1974).

lodination and the initial phase of thyroid hormone secretion occur at or ncar the



apical microvilli of follicles (Wetzel and Spicer. 1965: Nagasaka et al.. 1971
Nakagawa ct al.. 1985).

Microsomal Ag was described more than three decades ago. Sera from
paticnts with thyroid autoimmunity often reacted to microsomal antigen. an easily
denatured protein present on the surface and in the cytoplasm of thyroid cells
(Belyavin and Trotter. 1959). Recently. human sera reactive to this Ag were shown
to precipitatc human TPO prepared from thyroid tissue (Portman et al.. 1985)
Monoclonal Abs developed to microsomal Ag cross-reacted with TPO (Portman et
al.. 1988). Comparisons of assays for Ab to microsomal Ag and to TPO have
revealed a high correlation between assavs for the two molecules (Mariotti et al..
1990). The microsomal Ag is now known to be TPO (Czarnocka et al.. 1983).
Cloning and sequencing of a cDNA for a full length human TPO mRNA revealed a
3048 bp open reading frame encoding a protein of 935 amino acids with a MW of
103.026 dalton (Kimura et al.. 1987 Magnusson et al.. 1987).

Nohno et al. demonstrated that autoAbs to TPO can inhibit the enzyme
activity of this molecule as ineasured by iodide uptake assays (Kohno et al.. 1986).
Genomic DNA studies showed that patients homozygous for a frameshift mutation
in the TPO gene presented with congenital goiter (Abramowicz et al.. 1992). So.me
anti-TPO Abs with ability to fix complement can mediate killing of cultured thyroid
ccll monolayers of cultured thyroid cells (Strakosch et al.. 1982). Anti-TPO Abs
have been detected in virtually all patients with HT, in most patients with Graves’
disease. but much less in frequently in these with other thyroid disorders (Volpe.
1990). There is no evidence that TPQ autoAbs are involved in the pathogenesis of
TAO (Amino et al.. 1976: Salvi et al.. 1990).

2.2.3 TSH receptor and TSH receptor antibodies



In 1956. a serum factor with thyroid-stimulating activity. distinet from TSH.
was 1dentified in the serum of patients with hyperthyroid Graves' discase. It was
named long-acting thyroid stimulator (LATS) (Adams and Purves. 1936). LATS is
a thyrotd-stimulating autoAb which can mimic most, if not all. the effects of TSH.
It ¢can bind to the TSH receptors located on the membrane of follicular cells
(Doniach. 1960: Dumont. 1971) and thereby upregulate thyroid function by
inducing the release of thyroid hormones T3 and T4 (Hinds et al., 1981). With the
cloning of the human thyroid TSH receptor (Libert et al.. 1989 Nagavama ¢t al..
1989). the pathogenic role of LATS or TRAD in Graves' discase was characterized
(see section on Graves' disease 2.3.2).

Further study of Graves' disease by Adams and Purves led them 1o suggest
that presence of LATS was more often associated with the eyve changes of this
disorder than with the hyperthvroidism (Adams and Purves. 1937). Subsequent
studies have been unable to demonstrate a correlation between LATS and TAO
(Pinchera et al.. 1965: McKenzie and McCullagh. 1968: Atta et al.. 1990).
Although some clinical studies showed a higher prevalence of TRAD positivity in
patients with TAO. no correlation between the Ab titer and the severity of the
ophthalmopathy was found (Bonnyns et al.. 1968). Chang et al. (1990) compared
the level of TRAD with orbital computerized tomography (CT) findings in untreated
patients with Graves' disease and found no association between TRADb and

ophthalmopathy, More work is needed to clarify the relationship between TRAD
and TAO.

2.3 Autoimmune thyreid disorders

2.3.1 Hashimoto's thyroiditis (HT)



HT is the name given to a wide spectrum of clinical and pathologic findings.
ranging from absence of signs and svmptoms to severe hypothyroidism. from an
enlarged thyroid (goiter) to an atrophic gland. from scattered clusters of thyroid
infiltrating lymphocytes to extensive chronic thyroid inflammation. The diagnosis
of HT is generally based on the presence of hypothyroidism or goiter. but it may be
based on the detection of thyroid Abs or on the results of histologic studies
(Ladenson. 1991). Various circulating anti-thyroid Abs (Woolner et al.. 1959
Greenberg. 1970) and other immune phenomena are associated with HT. including
in sitn immune complex deposition and basement membrane changes in the gland
(Shamsuddin and Lane. 1981: Pfaltz and Hedinger. 1986). induced expression of
MHC class Il Ags on the thyroid epithelial cells (Hanafusa. 1983: Aichinger et al..
1985) and presence of circulating anti-TPO Abs and/or Anti-Tg Abs in morc than

90% of patients (Ladenson. 1990).
2.3.2 Graves' disease

Graves' disease is defined by hyperthyroidism associated with a diffusely
hyperplastic goiter resulting from production of an Ab directed against the TSH
receptor. The term hyperthyvroidism  means sustained thyroid hyperfunction
associated with maintenance of increased thyroid hormone biosynthesis and
release from the thyroid g]zfnd (Braverman and Utiger. 1991). It is now clear that
the hyperthyroidism of Grave's disease is caused by TRAb. After binding to the
TSH receptor. this Ab acts as a TSH agonist. stimulating adenylate cyclase activity
and cAMP generation (McKenzie. 1958: Zakarija et al.. 1985: Smith et al.. 1988).
The symptoms of hyperthyroidism include nervousness. sweating. intolerance to
heat. rapid heart beat. fatigue. weight loss with increased appetite. muscle

weakness. tremor and diarrhea (Trzepacz et al.. 1989). The extra thyroidal features



of this disorder include not only ophthalmopathy but also localized myxedema
(pretibial myxedema) and thyroid acropathy (clubbing of the digits and swelling of

the end of the long bones) (Nixon and Samols. 1970; Elte and Hensen, 1983),

3. ORBITAL TISSUES AND THYROID-ASSOCIATED OPHTHALMOPA-
THY

3.1 Normal eve muscle

The human orbit contains seven muscles: the four rectus muscles (the
superior. the medial. the inferior and the lateral rectus). the two oblique eve
muscles (inferior and superior oblique). and the levator palbebrac superioris
muscles. The levator muscle controls the movements of the upper evelid: the other
six govern eye movements. The extraocular muscles are surrounded by a fibrous
connective tissue sheath (Spencer and Porter. 1988).

There 1s clear evidence that extraocular muscles are antigenically and
functionally distinct from other skeletal muscles (Kaminski ct al. 1990)
Extraoculor muscles develop from neuroectoderm while skeletal muscle develops
from mesoderm (Gans and Northcutt. 1983: Sevel. 1986). Eve muscles express a
unique myosin heavy chain (Wierczorck et al.. 1985) and distinct tropomyosin
isoforms compared with those of skeletal muscle (Briggs et al., 1988). Eye muscle
has a higher innervation ratio and a higher metabolic activity than skeletal muscle
and exhibits a variety of ultrastructural characteristics distinct from skeletal muscle

(Martinez et al.. 1977; Ringel et al., 1978 ).

3.2 Eye muscle in TAO patients



On gross examination. the extraocular muscles from patients with TAO are
2-8 times larger than normal. dark red and edematous. Histologically. numerous
signs of inflammation can be observed in eye muscle from TAO patients including:
numerous inflammatory cells (lvmphocytes. neutrophils and plasma cells).
mucopolysaccharide infiltration. some damage and degeneration of muscle fibers.
(Mulvany. 1944: Tengroth. 1964: Havard. 1979: Trokel and Jakobiec. 1981: Wall
et al.. 1993). These inflammatory changes in the extraocular muscles lead to
marked muscle thickening and thus ophthalmopathy.

The expression of Heat shock protein (HSP) in orbital tissue has also been
reported.  Using cultured fibroblasts from different parts of the body. the 70 kDa
HSP was found to be more abundant in retroorbital fibroblasts than in fibroblasts
from other sites in patients with TAO (Heufelder et al.. 1991). Based on this
observation. Heufelder et al. postulated that HSP expression on orbital fibroblasts
may be pathogenic in TAO. In eve muscle tissue sections from TAQO patients
stained for expression of MHC Ags and HSP. the eve muscle fibers and other
interstitial cells expressed both class Il MHC Ag and HSP-72 while eye muscle
from normal subjects do not. (Hiromatsu et al.. 1986: Hiromatsu et al.. 1993:
Hiromatsu et al.. 1994). Although the significance of expression of HSP on orbital
tissues is not clear (McGregor. 1992). MHC class Il Ags play a role in presenting
Ag to the immune system and thus can participate in immune and autoimmune
responses. The expression of these cell surface glycoproteins is normally restricted
to B lymphocytes. macrophages. dendritic cells and other antigen presenting cells
(APC). In ATD. thyroid follicular cells express MHC Il molecules, while thyroid
tissue from normal individuals do not (Hanafusa et al.. 1983). This observation led
Bottazo et al. (1983) to propose a primary role for MHC class 11 Ag expression in
induction of thyroid autoimmunity in humans. According to this hypothesis. the

aberrant expression of MHC class 11 Ag could permit recognition of autoAgs by
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"intolerant” helper T cells. thus triggering autoAb production. More recent evidence
from various sources suggests. however. that MHC class 11 Ag expression is
secondary to organ destruction (Iwatani et al.. 1986: Khoury. 1987: Voorby et al..
1990: Margolese et al.. 1994). Aberrant expression of this molecule can be
important in aggravating and maintaining an autoimmune process through the
presentation of tissue specific Ags to the immune systermn. The observation of MHC
class IT Ag and HSP on the surface of eve muscle cells in TAO patients supports the
contention that eye muscle is a target of an autoimmune reaction in this disorder.

About 40-90% of patients with Graves' disease will have some ocular
manifestation (Jones et al.. 1969: Sridama and DeGroot. 1989: Enzmann et al..
1979: Burch and Wartofsky. 1993). which can be either overt or occult. The ocular
manifestations are commonly divided into two types: those characterized by 1)
protrusion and ii) infiltrative processes (Table 2). CT and ultrasonographic
examinations demonstrate marked enlargement of extraocular muscles. particularly
the medial rectus. in most patients with GH (Enzmann et al.. 1979: Wiersinga ct al..
1989: Trokel and Jakobiec. 1981). Table 3 summarize the characteristic features of
TAO seen by CT (Char. 1990) .

3.3 History

Many theories have been proposed to explain the development of TAO. The
first mention of hvperthyroid patients with associated ophthalmopathy appeared
in the medical literature over 200 years ago. Parry (1825) was the first to describe
an association between diffuse goiter and eye signs. Graves (1835) was the first to
propose the thyroid as having an important role in the etiology of TAO. Von
Basedow (1840) was the first to provide a complete description of the clinical

ophthalmological features now known as TAO (Wemer, 1972). Some early

11



explanations for the occurrence of the clinical finding of exophthalmos (eve
protrusion). characteristic of TAO include: 1) orbital muscle laxity with venous
congestion (Cooper. 1849) and 1i) orbital edema (Thomson. 1923). These
explanations have since been shown to be inaccurate (Dobyns. 1950). Based on
data obtained from experiments on dogs. Bemard (1852) concluded that cervical
autonomic sympathetic stimulation was the cause of thyroid ophthalmopathy.
McLean and Norton (1958) have since demonstrated that this is not the case for
human thyroid eve disease.

Today. most researchers believe that TAOQO is an autoimmune disorder - a
conclusion based on a great deal of direct and indirect evidence (Perros and
Kendall-Taylor, 1992: Gorman and Bahn. 1989; Weetman. 1992: Wall et al.. 1993:
Boucher et al. 1992 Volpé. 1993). Firstlv. most if not all patients with
ophthalmopathy have associated ATD (Salvi et al.. 1991). Secondly. the orbital
tissuc of TAO patents is infiltrated by lymphocytes and immunocompetent
mononuclear cells (Trokel and Jakobiec. 1981: Campbell. 1984: Weetman et al..
1989). Thirdly. therapeutic interventions known to modulate immune responses
such as immunosuppressive agents (Werner. 1966: Guy et al.. 1989: Kendall-
Tavlor et al. 1988: 1992: Weetman et al.. 1983: Prummei et al. 1989).
plasmapheresis (Glinoer et al.. 1986: Dandona et al.. 1979; Atabay et al.. 1993) and
focal irradiation (Beierwaltes. 1953: Lloyd and Leone, 1992) have successfully
treated patients with TAO without surgical intervention. Fourthly. TAO is often
assoctated with other autoimmune disorders including insulin dependent diabetes
mellitus (Metz et al.. 1982). rheumatoid arthritis (Wall et al., 1981). pernicious
anemia (Furszyfer et al.. 1971) and myasthenia gravis (Spoor et al.. 1980; Mornex
and Orgiazzi. 1980). Fifthly. TAO has the classical markers of an autoimmune
process. including circulating autoAbs and sensitized T lymphocytes reactive with
orbital Ags (Wall et al.. 1993: Boucher et al.. 1992),



3.4 Etiology and pathogenesis of TAO

Many theories have been proposed to explain the association of ATD,

particularly Graves' hyperthyroidism. with ophthalmopathy.

3.4.1 Pituitary factors in TAO

One of the classical long standing theories proposed to explain the
mechanism underlyving for the association of TAO with ATD is that TSH. a TSH
derivative. or an exophthalmos-producing substance (EPS) of pituitary origin but
distinct from TSH. may in combination with “abnormal serum immunoglobulin
(1g)” from patients with TAQO. lead to ophthalmopathy (Bolonkin ¢t al.. 1975). The
evidence for this hypothesis included the observations that i) the TSH molecule is
exophthalmogenic in experimental animals (Winand and Kohn. 1970). ii} the TSH
molecule can be partially digested with pepsin into a fragment with
exophthalmogenic activity but not thyroid-stimulating ability (Kohn and Winand.
1971). iii) this cleavage product. together with TSH. can induce exophthalmos and
the biochemical changes characteristic of exophthalmos in a guinea pig model of
exophthalmos (Winand and Kohn. 1973) and iv) a gamma-glcbulin from the sera of
exophthalmic patients increased the in virro binding of TSH and the TSH derived
exophthalmogic factor to the cell surface of guinea pig retro-orbital tissues (Winand
and Kohn. 1972).

Evidence against a role for pituitary derived factor(s) in TAO pathogenesis
is now overwhelming. It is well known that. in hyperthyroid TAO patients. TRAb
stimulates thyroid function leading to increased circulating levels of T4 and T3.

These thyroid hormones in turn suppress TSH secretion resulting in low TSH levels



in blood (Volpé. 1990). The low level of circulating TSH observed in hyvperthyroid
TAO patients does not support a role for this molecule in the development of
ophthalmopathy' in humans. In addition. pituitary factors are implicated in causing
exophthalmos in the guinea pig animal model by targeting the retrobulbar
Harderian gland of these animals. Since humans do not possess such a structure it is
unlikely that the experimental observations of Winand and Kohn are applicable to
human TAO (Jacobson and Gorman. 1984). Moreover. further studies have failed
to support the notion that TSH or pituitary factors play an important role in the

pathogenesis of human TAQ (Davies et al.. 1978: Waring et al.. 1986).

3.4.2 Thyroglobulin and TAO

Another theory proposed to explain the association of TAO with ATD was
based on the work of Kniss et ai.. They postulated that Tg from hyperplastic thyroid
acim leaked into regional lymphatics and was transported to cervical lymph nodes.
Anti-Tg Abs were then produced which resulted in the formation of immune
complexes. According to this hypothesis. Tg in immune complexes adhered to eye
muscle and subsequently a series of immunological events were triggered including
muscle cell injury. release of cellular protein. histamine release. leukocyte
attraction and sensitization of lymphocytes to muscle antigens which could result in
a variety of tissue lesions (Kriss. 1970: Konishi et al.. 1974: Kriss et al.. 1973).

The work of other investigators supports the presence of Tg in normal eve
muscle. Mullin et al. (1977) demonstrated that the specific involvement of eye
muscles in patients with TAO was due to patients’ lymphocytes responding to Tg
or a Tg derivative on eve muscle by delayed type hypersensitivity as assessed by
quantitation of a particular lymphokine. migration inhibition factor (MIF). Another

obsenvation supporting a role for Tg reactivity in TAQ is the presence of significant
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sequence similarity between portions of Tg and AChE. a muscle protein. Ludgate ot
al. wdentified an epitope shaied between Tg (between residues 2376 and 2404) and
Torpedo-AChE (between residues 206 and 294) recognized by sera from patients
with ATD (Ludgate et al.. 1989). However. levels of Abs to this cpitope(s) in the
seta of patients with ATD did not correlate with the presence of eve discase.

Little evidence exists at present for a role for Tg as a shared thyvroid-eve
muscle Ag whose targeting by the immune system underlies the association of ATD
with TAO. Evidence against a role for Tg and anti-Tg Abs in TAO pathogenesis
include the fact that there is no correlation between the presence of TAO and levels
of free Ta. Ab bound Tg or anti-Tg Abs (Brohee et al.. 1979: Yamamoto ¢t al.
1983). Furthermore. anti-Tg Abs are found more frequently in patients with HT
than in those with GH. but less than 5% of patients with HT have TAO (Salvi et al..
1991). Moreover. the presence of Tg on eve muscle has not been confirmed by

some investigators (Kodama et al.. 1982).
3.4.3 Thyroid and orbital tissue cross-reactivity

The observed association between ATD and TAO in the same individuals
suggests that these two autoimmune disorders share some kind of pathogenic
mechanism. While the nature of immunologic links between the two autoimmune
disorder is not clear the existence of shared antigenic determinants present on
thyroid and eve muscle tissue targeted by an autoimmune response initially limited
to one of these tissues could explain the association (Wall et al.. 19953).

This putative shared Ag could be an identical protein found in both thyroid
and orbital muscle or different molecules bearing an epitope(s) seen as the same by
auto-reactive T cells or autoAbs (Schlomchik et al.. 1990:; Vincent et al.. 1987).

Antigenic cross-reactivity as the mechanism underlying the association between
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two organ specific autoimmune disease 1s not a new concept. The laboratory of
A.L. Notkins produced a number of monoclonal Abs. obtained by fusion of
lymphocytes from patients with autoimmune endocrinological diseases and mouse
mycloma cells. which reacied with Ags in multiple organs (Haspel et al.. 1983:
Satoh et al.. 1983). They suggested that multiple-organ reactive Abs may in part
explain  thc  association of organ-specific  autoimmune disease in
polyendocrinopathies with an autoimmune basis. There is good evidence that the
association of insulin dependent diabetes mellitus in patients with stiff man
svndrome 1s due to the presence of autoreactivity to glutamic acid decarboxylase
(GAD). an Ag found on 1slets and 1n brain neurons (Baekkeskov et al.. 1990). Abs
from patients with TAO have been found to recognize a 64 kDa Ag on both thyroid
and eye muscle (Salvi et al.. 1988: Dong et al.. 1991).

Evidence for the existence of Ags shared between the eve muscle and the
thyroid and of autoimmunity against such shared antigens in patients with TAO
has come from several laboratories (Hiromatsu et al.. 1988: Dong et al.. 1991).
Hiromatsu et al. reported the presence of cvtotoxic Abs in the sera of TAQ patients
reactive with eve muscle and thyroid cells. This Ab could be absorbed by pre-
incubation of patients’ sera on monolayers of thyroid cells and eve muscle cells. but
not unr¢lated cells (Hiromatsu et al.. 1988). Miller et al. (1986) showed by ELISA
that TAO patients’ sera contained Abs reactive with both thyroid and eve muscle
membrane Ags. By Western blotting. sera from TAQ patients bound a protein of
approximately 64 kDa present in several tissues including eye muscle, thyroid.
other skeletal muscle. orbital connective tissue and pancreas (Salvi et al.. 1988).
Absorption experiments demonstrated that the 64 kDa Ag reacting with Abs in
TAO patients’ sera. was expressed in eye muscles and thyroid but not in brain.
spleen or smooth muscle (Wall et al.. 1990). Another 64 kDa protein. recognized

by sera from patients with ATD. called 1D. was cloned by Dong et al. from a
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thyroid ¢cDNA expression library (Dong et al.. 1991). By Northern blotting 1D
appeared to be expressed only in thyroid and eve muscle tissue and not in skeletal
muscle. A purified beta-galactosidase fusion protein containing D was recognized
by Abs from paticnts with TAO and ATD (Tanaka et al.. 1992. Zhang et al..
1992b).

3.5 Cellular autoimmunity in TAO

While autoAbs of a particular spectficity are a hallmark of TAQ. the role of
cellular autoimmunity in TAO is not well defined. T cell reactivity to orbital Ags in
patients with TAQ has been studied using several assavs and peripheral blood
mononuclear cells (PBMC) as a source of T cells (How et al.. 1987). One such
assay is the MIF test where patients” PBMC are mixed with orbital Ag: if PBMC
recognize Ag they release MIF. Munro et al. (1973) demonstrated that lymphocytes
from all 135 patients with TAO tested responded positively to a crude human eye
muscle Ag(s) preparation. Because the Ag preparation used in this study was not
purified. it was not possible to know to which Ag the TAO patients’ T cells reacted.
When partially purified Ag(s) were substituted in the MIF test. "Tg" was found to
stimulate a positive MIF response (Mullin et al.. 1977). Another assay measuring T
cell reactivity. the leukocyte procoagulant activity assay (LPCA). is based upon the
cellular collaboration between lymphocytes and monocytes (Schwartz. 1985: How
et al.. 1990). Stimulation of T cells by an appropriate Ag results in production of a
lymphokine(s) which induces monocytes to elaborate LPCA. Cohen et al. (1992)
demonstrated that PBMC from patients with TAO elaborated significantly higher
levels of LPCA in response to eye muscle cytoso! than PBMC obtained from

normal healthy subjects.
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Antibodv-dependent cell-mediated cytotoxicity (ADCC) directed at eve
muscle may be a mechanism for tissue damage in TAO. This form of cell killing is
mediated by killer (K) cells (closely related to NK cells) and a specific Ab. In
ADCC a target cell Ag is bound by specific Ab and then the K cell lyses the target
through interaction of the Fc portion of the Ab (Bogner et al.. 1987). A significant
positive correlation was noted. in TAQ patients, between the specific lysis of
cultured eve muscle cells and the degree of eye muscle involvement (Hiromatsu et
al.. 1987). Sera from TAO patients also supported killing by ADCC of thyroid
cells. skeletal muscle cells but not orbital fibroblasts or endothelial cells (Zhang et
al.. 1989: Hiromatsu et al.. 1989).

T cell proliferation has also been used to examine recognition of orbital
tissue Ags bv T cells from TAO patients (Wall et al.. 1978: Tanaka et al.. 1992).
Approximately 33% of TAO patients. 5% of patients with GH or HT without
evident eve disease. and no normal subjects have PBMC which proliferate

following stimulation with the D1 fusion protein (Tanaka et al.. 1992).

3.6 Humoral autoimmunity of TAO

3.6.1 Antibodies to orbital tissue antigens

Although eye muscle is generally reported as being the most likeliest target
tissue for autoimmune attack in TAOQ, there is also some evidence for autoreactivity
with orbital connective tissue Ags and the lacrimal gland. By Western blotting
Bahn et al. (1989) identified. in the sera of patients with GH. Abs against a 23 kDa
protein on fibroblasts and proposed a possible pathogenic role for these Abs.
However. since the reactivity of these Abs against retroorbital fibroblasts was no

different from that against fibroblasts from other parts of the body. and because
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these Abs were found in GH patients with or without ophthalmopathy. the
pathogenic role of Abs of this specificity in TAO is suspect.

Although several eve muscle reactive autoAbs can be detected in the sera of
TAO patients by a varety of assays. including ELISA (Kodama ct al.. 1982:
Kendall-Taylor. 1984: Miller et al.. 1986). immunofluorescence (Mengistu et al.,
1986). protein A binding (Faryna et al.. 1985). SDS-PAGE and Western blotting
(Salvi et al.. 1988). little is known about the molecular structure. subcellular
distribution. tissue specificity. or function of these autoAgs.

In 1982, Kodama et al. demonstrated. by ELISA. that an Ab reactive with a
partially purified soluble eve muscle Ag was detected in the serum of 74% of
patients with active TAO (Kodama et al.. 1982). Subsequently the presence of eve
muscle Abs was confirmed by other studies (Atkinson et al.. 1984: Faryna ct al.,
1985: Ahmann et al.. 1987). Cyvtotoxic Abs directed against eyve muscle cell surface
Ag(s). as measured by ADCC. were identified in the sera of 50-40% of patients
with early stage ophthalmopathy. One cytotoxic Ab reacted against a thyroid cell
surface Ag. different from TPO. and cross-reacted with an eve muscle Ag
(Hiromatsu et al.. 1988). This cytotoxic Ab could be absorbed by eve muscle and
thyroid tissue. but the target Ag to which it reacted remains to be identified. By
Western blotting. Abs in the sera of patients with TAO that bound to eye muscie
membrane Ags of various sizes. namely 55 kDa. 64 kDa and 95 kDa. werc also

detected (Zhang et al.. 1989: Salwvi et al.. 1991).
3.6.2 64 kDa thyroid/ eye muscle autoantigens.

The hypothesis upon which this thesis is based is that the mecchanism
underlying the association of TAO with ATD is the expression on the thyroid and

eye muscle of a shared or cross-reactive Ag targeted by autoimmunity. The best
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candidate for such an Ag at present is a 64 kDa membrane molecule which is 1)
expressed on eye muscle and thyroid and 1) recognized by Abs in the sera of a
large proportion of TAQ patients and ii1) recognized only rarely by Abs in the sera
of normal individuals. While the role of this molecule in the pathogenesis of TAO
is not clear, the presence of Abs to this antigen has been very useful as a diagnostic
tool (Miller A et al.. 1992; Zhang et al.. 1992b: Zhang et al.. 1992c).

Salvi et al. were the first to report the presence of Abs to a 64 kDa eye
muscle membrane Ag which were detected in 50% of patients with TAO. Abs of
this specificity were also detected in 20% of patients with GH without evident eye
disease. but not in normal subjects (Salvi et al.. 1988). When the presence of Abs to
this 64 kDa Ag was correlated with disease stage. sera from 75% of patients with
carly. severe. TAO contained Abs of this specificity. Anti-64 kDa Abs were
detected in 33% of patients with GH with no apparent eve disease and in 17% of
patients with HT with no eve disease but were not detected in patients with
nonautoimmune thyroid disorders or in sera from the 25 normal subjects included
in this survey (Salvi et al.. 1991).

Sera from TAQ patients contained autoAbs able to immunoprecipitate a 64
kDa molecule from human eve muscle and thyroid but not from skeletal muscle. A
proportion of these sera and all sera from patients with ATD without
ophthalmopathy also immunoprecipitated a distinct 66 kDa molecule from skeletal
muscle (Zhang et al.. 1992a). These results were confirmed by Hiromatsu et al.
(1993) by quantitative Western blotting. Using rat tissue membrane preparations.
Hiromatsu et al. showed that TAO sera reacted strongly with a 64 kDa protein in
eve muscle. and weakly with a €6 kDa protein in skeletal muscle.

The 64 kDa Ag expressed by human eve muscle. thyroid and skeletal muscle
was further characterized by two-dimensional (2-D) gel electrophoresis and

Western blotting (Boucher et al. 1994). Pretreatment of eluted 60-70 kDa



solubilized membrane Ag from eve muscle. skeletal muscle and thyroid with N-
glycosidase F. to eliminate charge heterogeneiny resulting from givcosvlation
differences. changed the pl and MW of the molecules from each of these tissucs
recognized by TAO sera. The thyroid/eve muscle 64 kDa molecules recognized by
TAO sera were shown to be glvcoproteins and to be different in cve muscle and
thyroid based on their distinct pl. The glycoprotein from skeletal muscle recognized
by TAO sera appeared to have a higher MW (66 kDa) and a pl different from the
Ag in eve muscle and thyroid recognized by the same sera. Trypsin digestion of
size separated (60-70 kDa). eluted material from these three tissues prior to
isoelectric focusing and Western blotting generated a fragment of about 30 kDa in
the three tissues which was recognized by Abs in TAO sera (Boucher et al.. 1991
Boucher et al.. 1992).

Dong et al. (1991) studied a 64 kDa thyroid/eve muscie Ag. They cloned a
64 kDa Ag from a thyroid cDNA expression library by screening with a pool of
sera from HT patients. The full length 572 amino acid protein, corresponding to a
MW of 63-64 kDa. was called 1D and a 98 amino acid fragment of this protein was
named DI1. Using D1 as a probe in Northern blotting of polv(A)* RNA from
various tissues revealed 3.9kb transcripts in normal human thyroid and cxtraocular
muscle. but not skeletal muscle. D! affinity-purified autoAbs bound to a molecule
of 64 kDa by Western blotting of human thyroid tissue (Dong et al.. 1991).

Based on computer analysis 1D is predicted to consist of a short
transmembrane segment. an intracellular domain where D1 is situated. and a longer
extracellular domain (Ludgate. personal communication: Zhang et al.. 1992d).
Bernard et al. (1994) screened a panel of sera from patients with and without
ophthalmopathy for the presence of Abs reactive with the full-length 1D molecule.
Chinese hamster ovary (CHO) cells transformed with 1D and untransformed CHO

cells were stained with the serum panel by immunofluorescence. Results obtained



by immunofluorescence were compared with those obtained by immunoblotting
with 1D transformed or untransformed CHO solubilized cell membrane.
Approximately 40% of patients with TAO had detectable serum antibodies to 1D.
in both tests. The greatest prevalence of Ab reactivity was for patients with GH
without evident eye disease where 70% reacted with 1D transformed CHO cells by
immunofluorescence. This suggests that antibodies to the 1D protein may be an
carly marker of ophthalmopathy in patients with GH. Although 1D and the 64 kDa
Ag have a similar size. tissu¢ distribution and are recognized by autoAbs in TAO
patients. their identity remains to be confirmed by amino acid sequencing of
purified human 64 kDa eve muscle or thyroid antigen and comparison with that
deduced for 1D.

-

3.6.3 Antigenicity of 1D antigen

The availability of a full length ¢cDNA clone for 1D permits an examination
of its antigenic make up by epitope mapping technology. In order to understand the
molecular and cellular basis for the pathogenesis of TAO. 1t is important to identify
the antigenic segments on 1D recognized by the auto-Abs in TAO patients. The
precise identification of the antigenic epitope(s) of molecules recognized by the
immune svstem has the potential to aid in the diagnosis and prognosis of disease.
and identification of targets for immunomodulation (Horsfall et al.. 1991: Momburg
¢t al.. 1993).

The immune response to external and internal Ags involves specific
receptors on T and B cells (Bona. 1991). Antigenic determinants, or epitopes. are
the portions of antigenic molecules that are recognized by Abs or T cell receptors
(TCR). The determinants which interacts with Ab or TCR Ag binding sites can

consist of either amino acids which are continuous (linear) in the primary sequence
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of protein. or of amino acids which are discontinuous (assembled) in the primary
sequence. but are brought together as a results of the folding of the protein to s
native. functional. shape (Benjamin et al., 1984: Jemmerson. 1987).

Recognition of Ag by T cells usually requires processing of antigen into
short linear peptides for presentation. The consensus of opinion is that peptides of
less than 12 (about 8-9) amino acids can bind to TCR when presented in the
context of the appropriate MHC molecule (Jardetzky et al.. 1991: Hunt ¢t al.. 1992;
Stern et al.. 1994: Jardetzky et al.. 1994). Information on the nature of the protein
epitopes recognized by B cells is more complex. Based upon molecular modeling
of Abs reacting with Ags. the majority of B-cell epitopes are thought to be
conformational (Blundell et al.. 1987). Various approaches have been used to
locate Ab binding sites (epitopes) in proteins. including studies of binding to
protein fragments or synthetic peptides (Kazim and Atassi, 1980: Geysen et al.
1987). binding to variant or mutated forms of antigen (Urbanski and Margoliash.
1977: Peterson and Seed. 1987) and proteolyvtic cleavage (Sheshberadaran and
Payne. 1988). A library of peptides expressed in an expression vector would
provide an unlimited supply of peptide fragments. By this method. the clucidation
of both linear and conformational epitopes are possible. although at present this
technique is mainly used for B-cell epitopes (Mehra et al.. 1986. Prigent ct al.,
1990: Cenani et al.. 1992).

If a specific ¢cDNA is inserted into an expression vector. the corresponding
peptide is directly synthesized by the infected cell as a fusion protein (Stanley and
Luzio. 1984). This fusion protein consists of a bacterial polypeptide linked to a
eukaryotic polypeptide. The fusion protein is detected with Ab directed to the
protein expressed by the inserted sequences. beta-galactosidase is a commonly used
carrier protein (Mole and Lane. 1989). Analysis of polyclonal Abs using libraries

of random DNA fragments expressed in E. coli provides a rapid mecthod for
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mapping their binding sites. Such a system has been successfully used in the
mapping of important protein Ags (Scandella et al.. 1988: Henry et al.. 1990:
Prigent et al.. 1990: Libert et al.. 1991). In essence the method is the same as using
overlapping swvnthetic pcptides. except that the size of the peptide can be made
larger. allowing a more native fold of the protein (Laver et al.. 1990). Synthesis as a
fusion protein with E. coli beta-galactosidase may have an additional stabilizing

effect (Stanley ¢t al.. 1987),



Table 1. Synonyvms used to describe thyroid-associated ophthalmopathy*

Graves' ophthalmopathy- Thyroid exophthalmos

Von Basedow’s ophthalmepathy Exophthalmi ophthalmopathy
Dysthyroid ophthalmopathy Exophthalmic ophthalmoplegia
Endocrine ophthalmopathy Progressive exophalmos
Thyroid ophthalmopathy Endocrine orbitopathy
Thyroid myopathy Dvsthyroid orbitopathy
Endocrine exophthalmos Ophthalmic Grave' disease
Endocrine eve lesion Malignant exophalmos

*Perros C and Kendall-Taylor P (1992)



Table 2. Abridged classification of ocular changes of Graves' diseasc*

Class Definition
0 No signs or symptoms
I Only signs (upper evelid retraction and stare with or

without evelid lag or proptosis): no symptoms

2 Soft-tissue involvement (symptoms and signs)
3 Proptosis

4 Extraocular muscle involvement

5 Corneal involvement

6 Sight loss (optic nerve involvement)

*Char DH (1990)



Table 3. Computerized tomography findings in

Thyroid-associated aphthalmopathy*

Enlarged extraocular muscle: tendonous
insertion often spared
Normal orbital fat
Occasionat slight bowing of medial wall
Occasional inferior rectus enlargement on
axial scan: simulates an orbital tumor
Occasional optical compression of the optic
nerve by enlarged extraocular muscles
Rare lacrimal gland enlargement
Absence of
Orbital masses
Vascular engorgement

Sinus involvement

*Char DH (1990)



CHAPTERI

Restricted tissue reactivity of autoantibodies to a 64 kDa eye muscle

membrane antigen in thyroid-associated ophthalmopathy

PREFACE

The association observed between autoimmune thyroid disease (ATD) and
thyroid associated ophthalmopathy (TAQO) suggests that these two autoimmune
disorders share a pathogenic mechanism.

AutoAbs to a 64 kDa human eye muscle and thyroid membrane protein had
previously been demonstrated in the sera from patients with TAO by Western
blotting. This Chapter demonstrates that several tissues could neutvalize the ability
of sera from TAO patients to detect a 64 kDa Ag from eye muscle in Western
blots. In a separate set of experiments sera from TAO patients were used to
immunoprecipitate labeled cell membrane molecules expressed on primary cell
cultures established from several tissues. This approach revealed that sera
recognized a 64 kDa molecule on thyroid and eyve muscle membrane and a 66 kDa

Ag on skeletal muscle membrane.



ABSTRACT

We studied the tissue specificity of eve muscle (EM) membrane-reactive
autoantibodies detected in the serum of patients with thyroid-associated
ophthalmopathy (TAO). In preliminary studies. such antibodies were shown 10
react. in sodium dodecyi sulfate-polyacrylamide gel electrophoresis and Western
blotting. with human thyroid (THY) and other human skeletal muscle (HSMD
membrane antigens. We carried out absorption with human EM (HEM). THY . and
HSM membranes of sera from patients with TAO and autoimmune thyroid discase
without ophthalmopathy which reacted with one or more of 55-, 64-, and 95-kDa
antigens in pig eye muscle (PEM) membrane in immunoblotting. the majority of
which were also cvtotoxic to HEM cells in an antibodyv-dependent cell-mediated
cytotoxicity assay. In Western blotting. serum antibodies reactive with PEM
membrane antigens of 35, 64. and 95 kDa were cross-absorbed by HEM. THY.
and HSM but not by spleen or brain membranes and showed some species
specificity. being absorbed by pig and human. but not bovine. EM membrancs.
When incubated with cultured HEM. THY. and HSM cells in vitro. autoantibodics
in TAO sera immunoprecipitated a 64-kDa antigen from the first two tissues. but
not from HSM. suggesting a specific binding to autoantigenic epitopes in HEM
and THY'. Sera from patients with TAO as well as those from patients with thyroid
autoimmunity without ophthalmopathy immunoprecipitated a ~66-kDa protein.
shown to be distinct from the 64-kDa antigen. The restricted immunological cross-
reactivity of antibodies to a THY and HEM 64-kDa membrane antigen is
discussed in the context of the association of ophthalmopathy with thyroid
autoimmunity, Further experiments are needed to show whether autoantibodies to
the 64-kDa eye muscle and thyroid shared antigen are cytotoxic. and thus likely to

play a major role in the pathogenesis of the eye disease, or just markers of the
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orbital autoimmunec process.
INTRODUCTION

The extraocular muscle is considered to be the main target of the
autoimmune reactions of thyvroid-associated ophthalmopathy (TAO) (1-3).
although there is also evidence for immunological reactions against orbital
connective tissue antigens (4. 5) and the lacrimal gland (6). The identity and
significance of the principal eve muscle antigens are. at the present time.
unknown.

Eyve muscle (EM) antibodies were first detected in the serum of patients
with TAO using an enzyme linked immunosorbent assay (ELISA) incorporating a
monoclonal antibody-purified soluble EM antigen (7). Human EM (HEM)
membrane-specific antibodies could not be identified by ELISA since nonspecific
binding to HEM was found in the serum of normal subjects (8. 9). HEM cell
surface reactive cytotoxic antibodies have been detected in the serum of TAO
patients by an antibody-dependent cell cytotoxicity (ADCC) assay (10) which. by
absorption on various tissue monolayers. were shown to cross-react with human
thyvroid (THY') and skeletal muscle (HSM) cell surface antigens (11).

Recently. we identified. by sodium dodecy! sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting. autoantibodies to a HEM
membranc antigen of 64 kDa (12) and to pig EM (PEM) membrane antigens of 53.
64. and 95 kDa in approximately 50% of patients with TAQO (13). Antibodies
reactive with the 64-kDa antigen most closely correlated to the principal clinical
features of ophthalmopathy (13). Serum from TAQO patients was also shown to
react in immunoblotting with a protein of 64 kDa in THY (12). and subsequent

reports of absorption experiments by ELiSA and immunoblotting have confirmed



that HEM-reactive antibodies cross-react with THY membranes (14, 15).

Until now. serological studies from various laboratories. including our ow:.
(8. 153. 16). have invariably shown cross-reactivity of EM antibodics with HSM
membrane antigens arguing against the existence of EM-specific autoantigens and
the corresponding antibodies in the serum of patients with TAO (17, 18). In the
present study we performed cross-absorption experiments. by Western blotting, to
investigate the extent of tissue cross-reactivity of EM autoantibodics in TAO. We
have also carried out immunoprecipitation of HEM. THY. and HSM ccll
membrane antigens with sera from TAQ patients which contain (i) antibodies to
the 64 kDa EM antigen and (ii) antibodies which are ¢ytotoxic to HEM celis in
ADCC. We confirm the existence of a 64-kDa membrane autoantigen which is a
target for HEM and THY cross-reactive antibodies in TAO and. by
immunoprecipitation. we demonstrate its specific expression on HEM but not

other HSM membranes.
MATERIALS AND METHODS

Sera from the following groups of patients were studied: (i) TAO: nine
patients. seven women and two men. aged 32-63 (mean age 50 years) of whom
eight had associated Graves' hyperthyroidism and one had no apparent thyroid
disease ("euthyroid Graves' disease”). The ophthalmopathy was active in seven
cases and was "burnt out” in two cases. and its duration ranged from 6 months to
20 years. The clinical appearance of the eve disease was arbitrarily graded as mild
(two cases). moderate (three cases). and severe (three cases). Since this work was
not designed to study the prevalence of immunological parameters in TAQ.
previously reported by our group (13), TAO patient sera were selected on the basis

of the detection of antibodies reactive with one or more recognized EM antigens in



immunoblotting. or of cytotoxic antibodies to EM cells in an ADCC assay. or
both. (i1) Autoimmune thyroid disease without evident eve disease: six patients.
five women and one man. aged 25-78 (mean age 46 vears). of whom five had
Hashimoto's thyroiditis and one had Graves' hyperthyroidism. Five normal
subjects. three women and two men, aged 23-62 (mean age 40 years). in whom
serum EM antibodies were not detected. were studied as controls. A summary of
the clinical details of the patients. and of their serum reactivities in Western

blotting and ADCC. 1s given in Table 1.

Antigen preparation

Normal HEM. spleen. and brain were obtained at autopsy less than 6 hr
after death. Normal HSM and THY tissues were obtained. fresh. at operation. Pig
and bovine EM were obtained. fresh. from animals used for surgical research. All
tissues were kept frozen at - 70°C until processing. Batches of pooled autopsy and
surgical specimens were prepared in order to minimize variations between
experiments. Tissues were thawed in phosphate-buffered saline (PBS) containing a
cocktail of protease inhibitors [aprotinin. phenvimethylsulfonyl fluoride (PMSF).
benzamidine. e-aminocaproic acid. orthophenanthroline] rinsed of blood. cleaned
of adipose tissue then minced with scissors. and homogenized in a Polyvtron
mechanical blender. For the preparation of membrane fractions homogenates were
first centrifuged at 400g for 15 min in order to remove whole cells. debris. and
nuclei. then the supernatant was centrifuged at 100.000g for 30 min. The final

pellet was retained as the "membrane fraction” and stored until used.

SDS-PAGE and Western Blotting
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SDS-PAGE was performed according to the method of Laemmli (19) using
an 8% separating gel and a 4% stacking gel in a mini-gel apparatus (Bio-Rad
Laboratories, Richmond. CA). PEM membrane was applied at a concentration of
100 pg protein in 30-pl aliquots per well and run under reducing conditions. In
each experiment melecular weight (MW) standards (Bio-Rad Laboratories) were
included. The gel was run at 100 V for 60 min then transferred onto nitrocellulose
paper at 100 V for 60 min in transfer buffer (0.02 mol Tris, 0.2 mol glvcine, 20%
methanol: pH 8.3). The strip with protein MW standards was stained with amido
black and destained with 5% methanol and 7% acetic acid. Filter strips containing
PEM merabrane were blocked in 3% gelatin in Tris-buffered saline (0.2 mol Tris-
HCL. 0.09 mol NaCl: pH 7.4) (TBS) at 37°C for 60 min. Strips were washed for 30
min in Tween-TBS (TBS. 0.5% Tween 20) and then incubated with absorbed or
nonabsorbed serum. diluted 1:25 in 1% gelatin in TBS. for 2 hr at 37°C. TBS
instead of serum was used in control strips. The paper was then washed with
Tween-TBS and incubated with an alkaline phosphatase (AP)-conjugated anti-
human IgG (v chain specific) antiserum diluted 1:1500 in 1% gelaun TBS for 2 hr
at 37°C. Strips were again washed with Tween-TBS and developed with 5-bromo-
4-chloro-3-indolyl phosphatetoluidine and p-nitro blue tetrazolium chloride (Bio
Rad Laboratories) for 15 min. Finally, strips were washed in distilled water for 5
min to remove excess substrate. In order to evaluate the accuracy of MW
assignment to bands we performed several experiments where biotin-conjugated
MW standards were electrophoresed adjacent to the antigen. These filters were
stained with appropriate sera and then incubated with a biotin F(ab'), fragment of a
goat anti-human lgG + IgM antiserum, diluted 1:1000. After washing the filters
were incubated with AP-conjugated streptavidin diluted 1:700 and developed as

described above.
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Absorption

Liquid phase absorption of serum antibody activity was carried out by
incubating serum samples in small test tubes with increasing concentrations (0-6
myg/ml) of PEM. THY. HSM and other membranes. After overnight incubation at
4°C. supernatants were collected and tested. in quadruplicate and in the same
assay. for antibody activiry against PEM membrane in immunoblotting. Results
were expressed as persistance or loss of reactivity (identified as bands) to EM

antigens of 35, 6. and 95 kDa.

Cell culture and immunoprecipitation

HEM. THY. and HSM cell cultures. obtained from several donors. were
prepared as described previously (11). Briefly. 8.5-10 x 107 cells were incubated at
4°C for 50 min with 1 ml freshly prepared 1 mmol N-hydroxy-succinimidobiotin
(NHS-d-Biotin. Sigma. St. Louis. MO). After extensive washing with PBS. 1 mi of
Nonidet-P40 (NP-40) buffer (1% NP-40. 1 mmol EDTA. 50 mmol Tnrs-HCl. 150
mmol NaCl, pH 8.0) and 10 ul protease inhibitor [2 mg/ml PMSF in
dimethylformamide (DMF)] were added to the culture dish and incubated at 4°C
for 1 hr. The lvsed cells were centrifuged at 200g at 4°C for 10 min and the
supernatant was collected and further centrifuged in a microfuge at 13.000g. with
the resulting supernatant (NP-40 lysate) retained for immunoprecipitation. Each
0.5- to 1.0-ml NP-40 lysate was preabsorbed with normal human serum to block
nonspecific binding and was then incubated with patient or normal serum at 4°C
for 16 hr. The mixture was then transferred to a tube containing 25 pl 50% protein
A-Sepharose and centrifuged for 15 sec. After washing the pellets were run in a

standard SDS-PAGE. Proteins were then transferred onto nitrocellulose paper and.
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after blocking with gelatin. identified by cither horseradish peroxidase- or AP-

linked streptavidin conjugates.
RESULTS
Absorption experiments in immunoblotting

Sera were absorbed with the following two panels of tissuc membranes: (1)
PEM and membranes prepared from THY, HSM, human brain. and spleen and (it)
EM of human. porcine. and bovine origin. then tested for reactivity with PEM
membrane antigens in Western blotting. Absorption experiments were performed
many times with the same. and different. TAO sera with essentially the same
results, Data presented here are representative of these experiments. Control
experiments were performed many times using antibody-negative sera from both
patients with TAO and normals (results not shown). Immunoblotting of TAQ scra
on PEM membranes most often showed a strong reactivity at 64 kDa. sometimes
accompanied by weaker reactivities at 53 and 95 kDa. Reactivity with a 64 kDa
PEM antigen was. in all experiments, absorbed out by HEM. THY. and HSM
membranes, but not by spleen or brain membranes, used as control tissues. Figure
1 shows one such representative experiment carried out with the serum from a
patient with TAQ (Patient No. 8. Table 1). which reacts strongly with the 64 kDa
protein and more weakly with the 55 kDa protein. HEM. PEM. and THY
membranes almost completely absorbed the antibody activity and HEM absorbed
out the antibodies at lower protein concentrations than PEM, suggesting a denser
distribution of the autoreactive antigenic epitopes on the membrane of human
cells. In this experiment spleen membrane was used as a control iissue and did not

absorb out PEM antibody activity. PEM autoantibody reactivity at 64 kDa was
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Figure 1. Immunoblot analysis of 64 kDa antigen recognized by serum from
patients with TAO. SDS-polvacrylamide gel electrophoresis of pig cyve muscle
membranes and Western blotting with serum from a patient with thyroid-
associated ophthalmopathy (Patieat No. 8. Table 1) following liquud phase
absorption with membranes prepared from human eve muscle (lane 1. 0 mg'ml:
lane 2. 5 mg/ml) (A): thyroid (lane 1. 0 mg/ml: lane 2. 3 mg/ml: lane 3. 6 mg/ml)
(B). skeletal muscle (lane 1. 0 mg/ml: lane 2. 3 mg/ml: lanc 3, 6 mg/mi) (C):
spleen (lane 1. 0 mg/ml: lane 2. 3 mg/ml: lane 3. 6 mg/ml) (D): or pig eve muscle
(lane 1. 0 mg/ml: lane 2. 2 mg/ml: lane 3. 5 mg/ml: lane 4. 7 mg/ml (E). MW,
molecular weight standards. Serum dilution was 1/50. Pig eve muscle membrancs
(100 pg/well) were run in all lanes of A. B. C. D. and E. Strip (F) was run with
PBS.
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also invariably absorbed out by HSM membranes (Fig. 1) and by cardiae muscle
and other striated muscle as well (data not shown),

We then tested the same sera for EM species specificity. Sera were
incubated with membranes prepared from pig. human, and bovine EM and then
tested with PEM membranes i immunoblotting as above. Experiments were
carried out on the same serum shown in Fig. 1. The results are summarized in Fig.
2 which shows that the 64. 95. and 53 kDa rcactive antibodies had some species

selectivity being absorbed out by human and pig EM. but not by bovine EM.
Immunoprecipitation

The cross-reactivity of EM and striated muscle antigens supgested from
absorption experiments might irave been the result of poor specificity of the
immunoblotting technique used to test for PEM membrane-reactive autoantibodies.
Since HSM membranes might have absorbed 64 kDa-reactive antibodics as a result
of nonspecific antigen recognition. we decided to immunoprecipitate antigenic
membrane proteins from HEM. THY and HSM. using appropriately selected sera.
prior to separation in SDS-electrophoresis. A representative experiment of
immunoprecipitation of HEM membrane antigens is shown in Fig. 3. in which a 64
kDa protein is precipitated by the serum from three TAQ patients (Nos. 1. 2. and
3. Table 1) but not that from a normal subject (No. 20. Table 1). Two of these
patient sera also had cytotoxic antibodies to HEM cells in ADCC. While other less
reactive proteins of various molecular weights were precipitated from HEM by
these and other TAO sera. their specificity and significance are not known. Two of
the six patients with autoimmune thyroid disease without evident ophthalmopathy

(Nos. 10 and 11. Table 1) also immunoprecipitated a 64 kDa HEM membrane



Figure 2. Immunoblot analysis of species specificity of 64 kDa antigen
recognized by serum from patients with TAO. SDS-polvacrylamide gel
electrophoresis of pig eve muscle membranes and Western blotting with serum
from a patient with thyroid-associated ophthalmopathy (Patient No. 8. Table ).
following liquid phase absorption with eye muscle membranes prepared from
various species. namely pig (lane 1. 0 mg/ml; lane 2. 3 mg/ml; lane 3. 6 mg/ml)
(A). human (lane 1. 0 mg/mi: lane 2. 3 mg/ml: lane 3. 6 mg/ml) (B): or bovine
(lanc 1. 0 mg/mk: lane 2. 3 mg/ml: lane 3. 6 mg/ml) (C). Pig eye muscle
membranes (100 pg/well) were run in all lanes of A. B. and C. Strip (D) was run

with PBS. MW, molecular weight standards.
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Figure 3. Surface biotinylation and immunoprecipitation of 64 kDa antigen
from human eye muscle cells. SDS electrophoresis and Western blotting of
biotin-labeled human eye muscle membrane proteins immunoprecipitated by sera
from patients with thyroid-associated ophthalmopathy (Patient Nos. 1. 2. and 3.
Table 1} (lanes 1-3) and from a normatl subject (Subject No. 20. Table 1) (lane 4).
MW . molecular weight standards. The arrows indicate bands at 64 kDa in lanes 1-

-
I,
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antigen (not shown).

Figure 4 shows a representative example of immunoprecipitation of THY
membrane antigens. A 64 KDa protein was precipitated by the serum from two
TAO patiecnts (Nos. 1 and 7. Table 1). from one patient with Graves'
hyperthyroidism (No. 10, Table 1). and from two with Hashimoto's thyroiditis
without ophthalmopathy {Nos. 14 and 15). but not by the serum from a normal
subject (No. 19, Table 1). Thyroid peroxidase (110 kDa) was not precipitated by
cither of the Hashimoto patients’ sera. despite the fact that both had significant
(21:400) titers of antimicrosomal antibodies as measured in passive
hemagglutination. Interestingly. the two TAOQ sera used in this experiment (Nos. 1
and 7. Table 1) also immunoprecipitated a 64 kDa protein from HEM cell
membranes which. in the earlier absorption studies by immunoblotting. were
shown to react with a 64 kDa PEM and THY' shared membrane antigen (results not
shown). Immunoprecipitation of membrane proteins from HSM cells by the same
panel of sera from patients with thyroid autoimmunity with and without
ophthalmopathy was also carried out and is summarized in Fig. 5. Sera from TAO
patients (Nos. 1. 4. and 5, Table 1) as well as those from patients with autormmune
thyroid disease without eve disease (Nos. 12 and 13, Table 1) immuncprecipitated
a 66kDa protein, while normal sera did not (Nos. 16.17 and 18, Table 1). When
immunoprecipitated HEM and HSMN membrane proteins were electrophoresed in
ine same gel it is clearly seen that the 64 kDa HEM protein migrated distinctively

from a HSM protein of 66 kDa (Fig. 5).

DISCUSSION

Studies of the immunological mechanisms leading to the orbital

inflammatory changes of TAQ have provided evidence for the existence of shared
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Figure 4. Surface biotinylation and immunoprecipitation of 64 kDa antigen
from human thyroid cells. SDS electrophoresis and Western blotting of biotin-
labeled human thyroid membrane proteins immunoprecipitated by sera from
patients with thyvroid-associated ophthalmopathy (Pauent Nos. 1 and 7. Table 1}
(lanes 5 and 6). a patient with Graves' hyperthyroidism without evident
ophthaimopathy (Patient No. 10. Table 1) (lane 2). two patients with Hashimoto's
thyroiditis without ophthalmopathy (Patient Nos. 14 and 13, Table 1) (lanes 3 and
4). and a normal subject (Subject No. 19. Table 1) (lane 1). MW, molecular weight

standards. The arrow indicates bands at 64 kDa in lanes 2. 3. 5. and 6.
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Figure 5. Surface biotinylation and immunoprecipitation of antigens from
human eye and skeletal muscle cells. SDS electrophoresis and Western blotting
of human membrane proteins immunoprecipitated from skeletal muscle, by scrum
from a patient with Graves' hyperthvroidism without ophthalmopathy (Patient No.
12. Table 1) (lane 1) and from a normal subject (Subject No. 16, Table 1) (lane 2)
and eve muscle. by serum from a patient with thyroid-associated ophthalmopathy
(Patient No. 1. Table 1) (lane 3) (a): skeletal muscle. by serum from a patient with
thyroid-associated ophthalmopathy (Patient No. 4. Table 1) (lan¢ 1) and from two
normal subjects (Subject Nos. 17 and 18, Table 1) (lanes 2 and 3) (b): and skeletal
muscle. by serum from two patients with Graves' hyperthyroidism without evident
ophthalmopathy' (Patient Nos. 12 and 13, Table 1) (lanes 1 and 2) and from a

patient with thyroid-associated ophthalmepathy (Patient No. 5) (lane 3) (¢).
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thyroid and orbital tissue antigens. These include (i) an cpitope shared by orbital
connective tissue membrane and thyroglobulin (20} (i) a region of molecular
sequence homology shared by inyroglobulin and acetylcholinesterase (21), (ii1) the
possible existence of TSH receptors in orbital conncctive tissue (5). and (iv) a cell
surface thyroid and eye muscle shared antigen. different from thyroid peroxidase
(now recognized as the thyroid microsomal antigen). which is the target of
cyvtotoxic antibodies in ADCC (11).

From immunoblotting studies we reported serum antibodics reactive with a
64 kDa HEM membrane antigen in 50% of patients with TAO which also reacted
with orbital connective tissue and THY in a smaller proportion of cases (12).
These data raised the possibility that there may be an antigen(s) common to the
various tissues tested which could be a target(s) for cross-reactive autoantibodies
in the serum of patients with TAO. Cross-absorption experiments in the present
study provide clear evidence that the 64 kDa EM antigen. as wcll as antigens of 535
and 93 kDa. share epitopes with antigens found in THY membranes. as we also
described in a previous preliminary report (15).

Cross-reactivity of EM-reactive autoantibodies with other striated muscle
antigens has also been reported in studies from our laboratory (12. 13) and by
other investigators (8. 16). We have also performed studies with mouse
monoclonal antibodies which were shown to react. in ELISA. with EM antigens as
well as with antigens expressed on cardiac muscle and skeletal muscle membranes
(18). These findings are consistent with recent data reported by Weetman ¢/ /.
(17). who demonstrated sensitization of T and B cells to EM and skeletal muscle
antigens in patients with autoimmune thyroid disorders. The present absorption
data confirm that. as determined by standard electrophoretic separation of proteins

in SDS-polyacrylamide gels followed by Western blotting, autoantibodies in the
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serum of patients with TAQ react with EM and skeletal muscle membrane antigens
of 55. 64, and 95 k.

In order to analyze in more detail the molecular basis of striated muscie
antibody reactivity in TAO. we immunoprecipitated HEM and HSM membrane
proteins. The rationale for this was based on (1) the knowledge that a greater
specificity of antibody/antigen binding is obtained by selective in vitro labeling of
cell membrane proteins (22) and (ii) the fact that since SDS may alter or denature
cell membrane proteins, including target autoantigens, standard immunoblotting
may only detect a subset of antibodies present in the serum of patients with
autoimmune disorders. such as TAO. Our inability. in earlier studies (13). to
demonstrate a close correlation between the presence of cytotoxic antibodies, as
determined in ADCC assays. and reactivity to a 63 kDa EM antigen in
immunoblotting. 1s consistent with both observations. By labeling cultured HEM
cells in vitro and incubating with serum from TAOQO patients. we were able to
confirm that the principal antigen targeted by serum autoantibodies is a 64 kDa
membrane protein. In these studies most of the sera which bound to intact HEM
cells in virro were also cytotoxic to the same HEM cell targets in an ADCC assay.
Moreover. since a 64 kDa protein was also immunoprecipitated from THY cell
membranes. the possibility of a membrane antigen shared between HEM and
THY. which is the target for cytotoxic autoantibodies in TAQO. was again
suggested (15). For example. two of the cytotoxic sera which immunoprecipitated
a 64 kDa protein from both HEM and THY cell membranes were shown by
absorption and immunoblotting to cross-react with this protein in the two tissues.
On the other hand, in the present study. we were not able to immunoprecipitate
HSM cell membrane proteins of 64. 55, or 95 kDa by sera reactive with th:s
antigen(s) in EM membrane. Indeed. the 66 kDa protein precipitated from HSM

cell membrane by sera from patients with autoimmune thyroid disorders is
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unrelated to the presence of the eve discase. We have no direct molecular evidence
as 10 why. in absorption experiments carried out in immunoblotting, this HS\!
membrane protein absorbed out the activity of antibodies to a 64 kDa PEM
membrane antigen. although this may have been on the basis of alteration in the
expression of native autoepitopes on the membrane fractions by SDS treatment.
The fact that a few of the sera from patients with autoimmune thyroid discase
without ophthalmopathy precipitated similar proteins from HEM membranes may
indicate that these patients do. indeed. have an early or minimal eve muscle
involvement which was not evident at clinical examination.

The present work shows that the immunoprecipitation technique ts more
specific than immunoblotting in identifving proteins expressed on the membrane
of EM cells which are the specific targets for autoantibodies in the serum of
patients with TAO. The 64 kDa EM (and perhaps other) membrane antigen may
also be the target of those autoantibodies that are cytotoxic to HEM cells in ADCC
(11). although this is vet to be proven. The study also confirms the existence of
EM and THY antigen cross-reactivity. which may be the immunological basis for
the association of ophthalmopathy with autoimmune thyroid disease (23). Recent
evidence from the laborator_s; of Vassart and colleagues (24). of a 64 kDa protein
encoded for by a gene expressed in EM and THY membranes. but not HSM
membranes. confirms the present findings and substantiates our notion of restricted
immunological cross-reactivity as the basis for this association. Indeed.
preliminary collaborative studies (M. Salvi, J. R. Wall. and M. Ludgate
unpublished observation) have shown that the recombinant 64 kDa protcin is
bound in a dot blot assay by EM and thyroid cross-reactive sera. In conclusion. the
reactivity of 64 kDa EM autoantibodies in TAO is not organ-specific, as generally
accepted for potentiaily pathogenic antibodies in autoimmune disorders (25). but

restricted to a THY cross-reactive epitope(s) of the same MW (23). Finally. cross-
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reactivity of HEM and PEM autoantigens confirms the suitabiliny of PEM

membrancs for routine use in immunoblotting to detect serum autoantibodics

which are markers of TAQ,
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CHAPTER I

Antibodies in the serum of patients with autoimmune thyroid
disorders react with a recombinant 98 amino acid fragment
of a full length 64 kDa eye muscle membrane protein

which is also expressed in the thyroid

PREFACE

A 64 kDa eye muscle/thyroid membrane Ag could be detected by Abs in
TAO sera by several methods: Western blotting, immunoprecipitation and 2-D gel
clectrophoresis. At the early stage of a research project aimed at cloning the 64
kDa molecule recognized by sera from TAQ patients from human thyroid and eye
muscle cDNA libraries. a report appeared from the laboratory of Dr. G. Vassart
and colleagues at the IRIBHN. ULB, Brussels of the isolation of a cDNA encoding
a 64 kDa Ag cloned from a human thyroid cDNA expression library by screening
with a pool of sera from patients with ATD. The full length 572 amirio acid
protein. corresponding to a MW of 63-64 kDa. was called 1D and a 98 amino acid
fragment of this protein was named D1. Using D1 as a probe in Northern blotting
of mRNA from various tissues revealed 3.9 kb transcripts in normal thyroid and
eve muscle. but not skeletal muscle. D1-affinity purified autoAbs from TAO
patients bound to a molecule of 64 kDa human thyroid Ag by Westemn blotting.

The similarities between the 64 kDa molecule identified by Westen
blotting. immunoprecipitation and 2-D gel clectrophoresis by Dr. Jack Wall's
research group and the molecule encoded by 1D cDNA by Dr. G. Vassart's

research group were compelling enough at the time to encourage the development
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of collaborative projects aimed at elucidating the relationship between the two
molecuies and characterizing 1D further. The availability of a unique and well
characterized panel of sera from patients at various stages of ATD and TAO. at the
Thyroid studies Center of the Montreal General Hospital. would be essential for
correlating the presence of Abs specific for 1D with clinical findings. The
availability of a2 cDNA clone for 1D permitted expansion. expression,
manipulation and a level of characterization that could not be achieved with a

molecule for which a cDNA clone was unavailable.



ABSTRACT

We have tested sera from patients with autoimmune thyroid disorders with
or without ophthalmopathy for immunoreactivity. in a dot blot assayv. against a
recombtnant 98 amino acid fragment of a cloned 64 kDa protein. DL which 1s
expressed in human eye muscle and thyroid. in the form of a Lac Z fusion protein.
Tests were positive in 19 out of 40 patients with established thvroid-associated
ophthalmopathy (TAO). in 12 out of 21 patients with Graves' hyperthvroidism
(GH) without clinically evident ophthalmopathy. in 5 out of 10 patients with
thyroid autoimmunity and lid retraction but no other signs of ophthalmopathy. in 4
out of 23 patients with Hashimoto's thyroiditis (HT) without evident
ophthalmopathy and in 2 out of 18 patients with benign adenoma or multinodular
goitre, but in only 2 out of 37 normal subjects tested. SDS-polvacrylamide gel
electrophoresis and Western blotting for an antibody reactive with a 64 kDa
antigen in pig eve muscle membranes was also carried out on sera from patients
with TAO and GH. While immunoblotting for antibodies reactive with a 64 kDa
protein was more often positive in patients with TAQ. in whom 58% had serum
antibodies which reacted with a 64 kDa protein. this was not the case in patients
with GH without eve signs in whom the prevalence of positive immunoblot tests
was 35%. Overall there was a fairly close correlation between the two tests
although there were many exceptions. While the apparent discrepancy between
antibodies recognizing the human recombinant 98 amino acid peptide in dot blot
and those binding to a 64 kDa protein in pig eve muscle membranes in
immunoblot could be explained by the existence of more than one epitope on the
native protein. it is possible that the peptide D1. and the 64 kDa molecule are
different. Although the relationship of these antibodies to the ophthalmopathy is

uncertain, the hich prevalence of antibodies to the D1 fusion protein in patients
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with GH without evident ophthalmopathy (but who may have subclinical discase)
and in patients with thyroid autoimmunity with lid retraction, which many believe
to be an early stage of ophthalmopathy. raises the possibility that these antibodies
may be an early marker of the eve discase in patients with thyroid autoimmunity.
Further molecular studies will show whether D1, and the 63 kDa protein are the
same or different molecules while prospective clinical studies of these patient
groups will be necessary to determine the significance of the corresponding

antibodies.
INTRODUCTION

While it is generally accepted that thyroid-associated ophthalmopathy
(TAQ) is an autoimmune disorder (I. 2) the identity and nature of the target
antigen(s) is still poorly understood. Although many workers (1-5) favor the
extraocular muscle as being the principal site of the autoimmune reaction others
(6. 7) believe that the periorbital connective tissue is the more important target.
Various eve muscle-derived autoantibodies have been detected in the serum of
patients with TAO (3. 8-11) including those that are cytotoxic to cye muscle cells
in antibody-dependent cell-mediated cytotoxicity (ADCC) (12-16). Recent interest
in a 64 kDa eye muscle membrane antigen. which is the target of antibodies in
50% of unselected patients with TAO and in 74% of those with more recent
disease (17). has been reinforced by the isolation. from a normal human thyroid
¢DNA expression library. of a ¢cDNA clone (Dl) encoding a 98 amino acid peptide
which was also expressed in eyve muscle but not other skeletal muscle (18). This
peptide was shown to be a fragment of a full length 572 amino acid protcin
corresponding to a mol wt of 64 kDa (19). Although it has not be proven that the

cloned protein and that targeted by TAO sera in Western blotting are the samc.
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preliminary results from our laboratories suggests that this mav be the case
(Rodien. Wall. Ludgate unpuhlished observations). In the present study we have
tested scra from paticnts with TAO and those with autoimmune thyroid disorders
without evident ophthalmopathy for reactivity against Dl. in the form of a Lac Z
fusion protein. tn a dot blot immunoassay. We demonstrated high prevalences of
antibodies to the recombinant peptide in patienis with (TAO). Graves'
hyperthyroidism (GH) without chnically evident ophthalmopathy and in those with

thyroid autoimmunity associated with lid retraction .

MATERIALS AND METRODS

Clinical subjects

The following groups of patients and subjects were studied: Grouwp I:
Thyroid-associated ophthalmopathy. Nine males and 31 females aged 20-69 (mean
age 41 vr.). with established eve disease. 21 of whom had eye disease of less than
onc year's duration and 19 of more than one year in whom the inflammatory
changes were "bumt-out” in al cases. All patients were euthyroid. having been
trcated with radioactive iodine in 35 cases or by thyroidectomy in 3 cases. The
ophthalmopathy was associated with Graves' hyperthyroidism in 35 patients and
Hashimoto's thyroiditis in 5 patients all of whom were euthyroid on thyroxine
replacement therapy.

Group II: Graves hyperthyroidism. Six males and 15 females age 20-74
(mean age 38 yr.) in whom the diagnosis was based on hyperthyroidism. diffuse
goitre and detectable TSH receptor antibodies. All were euthyroid having been
treated with radioactive iodine in all cases and had no evident ophthalmopathy. CT

scans were not carried out in these patients.
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Group III: Lid retraction associated with tharoid autotmmunity. One man
and 9 women, aged 21-63 (mean age 39 vr.) with severe 1id lag and retraction but
no other evidence for established ophthalmopathy. Six of these patients. who had
Graves' hyperthyroidism in the past. were euthyroid on thyroxine replacement
treatment. In 4 patients the lid signs were associated with Hashimoto's thyroiditis.
diagnosed from the typical firm. irregular goitre. significant (=1/400) titers of
thyroid microsomal antibodies and aspiration needle biopsy evidence for
lymphocytic infiltration and Hurtle cells.

Ophthalmological examination was carried out on these patients at the
thyroid eve clinic by one of us (BA). Apart from variable degrees of lid retraction.
minor lid swelling and lag in all. there were no inflammatory changes or proptosis,
intraocular pressure was normal and eve muscle function full. CT scan. carried out
on 8 of these patients. was abnormal in 4 showing increased thickness of the
levator palpebrae/superior rectus muscle mass.

Group IV: Hashimoto's thyroiditis. Four men and 19 women aged 23-74
(mean age 45 vr.) with no evidence for established ophthahnopathy. all of whom
were euthyroid on thyroxine replacement therapy.

Group V: Non autoimmune thyroid disorders. Eighteen women aged 32-65
(mean age 46 yr.) with a single benign adenoma (5 patients). colloid nodular goiter
(7 patients). or multinodular goiter (6 patients). with no cvidence of thyroid
autommunity or ophthalmopathy.

Group VI: Normal subjects. Eight males and 32 females aged 25-60 (mcan
age 40 yr.) with no evidence of goitre or thyroid autoimmunity. no past history of
other autoimmune disorders and no family history of autoimmune thyroid discase

or other autoimmunity.
Antigens
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Pig eve muscle membranes (PEMM) were prepared as described in
previous publications from this laboratory (10. 17). Brefly. fresh pig muscle was
nbtained at sacrifice of normal pigs used for surgical research. Following
homogenization. cell debris and nuclei were removed by centrifugation at 3.000 g.
The supernatant from this step was centrifuged at 108.000g and the supernatant
discarded. The obtained pellet was washed three times in PBS. the protein
concentration determined and aliquots stored at -70°C until use in SDS-PAGE.

DI protein. the recombinant protein used as antigen in dot blot assay. was a
98 aminc acid peptide expressed as a Lac Z fusion protein by a ¢cDNA clone (DI)
obtained from screening 2 normal human thyroid ¢cDNA expression library in
lambda gt 11 with a pool of Hashimoto's thyroiditis patients sera. as described in
Refs 18 and 19. The expressed peptide. which corresponded to 294 base pairs of
DNA. was a novel peptide sharing no significant homologies with anyv other
protein entered into the EMBL DNA Databank release 22 or the Swiss-PROT
Protein Databank release 13 data bases. Clone affinity purified antibodies (Ig)
bound to 2 64 kDa human thyroid membrane protein in Western blotting. In
Northern blotting DI hybridized to a 3.9 kb transcript in poly (A+) mRNA
prepared from normal human thyroid and eye muscie but not other skeletal muscle.
When DI cDNA was used to probe the same thyroid library a cDNA encoding a
full length 572 amino acid protein, corresponding to a MW of 63-64 kDa. was
obtained (19). Recombinant DI peptide was prepared for dot blot assay as lysis
plaques (20.000-30.000 per filter) blotted onto the surface of 8x8 cm nitrocellulose
filters soaked in IPTG.

Control antigen



The control antigen was a Lac Z fusion protein expressed by a cDNA clone
encoding a fragment of the human beta pregnancy protein 1. isolated from a human

placental librany.
Dot blot

Nitrocellulose discs onto which had been blotted DI. or control. lvsis
plaques were cut into small wsadges. A single wedge was incubated with an
individual serum sample. Filters were incubated. in small covered petn dishes at
room temperature for 1 hr. with serum diluted 1:40. in Tris HCI 10mM pH 8: NaCl
150mM: NP40 0.05%: powdered milk 0.5% buffer. Following this step the filiers
were washed three times in buffer without milk then incubated with an anti-human
IgG-alkaline phosphate conjugate diluted 1:2000 in Tnis NaCl: 0.1% milk buffer.
at 37°C for 1 hr 15 min. After washing. substrates. 5-bromo-4chloro-3-inodolyi
phosphate toluidine and p-nitro blue tetrazolium chloride (BCIP/NBT) (Bio-Rad.
Richmond. CA) in 0.1 M NaCO3: 1.0 mM MgCl2 pH 9.8 (carbonate buffer). was
added and the reaction stopped with water. A positive reaction with the DI protein
was identified as a dark blue/black coloration of the plaques. In negative tests the
plaques stained a much lighter bluish color. Tests were read. blind. by two
observers and the final result expressed as positive (+. ++). borderline positive ()
or negative (-). Only react'vity of + or ++ was considered significant. Equal
numbers of randomized patient and normal <era were tested in each assay and each
serum was tested against both the DI protein and human beta pregnancy protein 1,

as negative control.

SDS-PAGE and Western blotting
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SDS-polyacrylamide gel electrophoresis (PAGE) was performed according
to the standard method of Laemmli (20) using an 8% separating and 4% stacking
gel in 2 mimi gel apparatus (Bio-Rad). PEMM was applied at a concentration of
100 pg protein in 30 pl aliquots per well and run under reducing conditions with
mercaptocthanol. In each experiment molecular weight (MW) standards (Bio-Rad)
were included. The gel was run at 100 V for 60 min then transferred to
nitrocellulose paper at 100 V for 60 min in transfer buffer (0.02 mol/l Tris: 0.2
mol/l glvcine: 20% methanol. pH 8.3). Filter strips containing PEMM were
blocked with 3% gelatin in Tris-buffered saline (0.2 mol/l Tris-HCL: 0.09 mol/l
NaCl. pH 7.4) (TBS). at 37°C for 60 min. Strips were washed for 30 min in
Tween-TBS (TBS. 0.5% Tween 20). then incubated with serum diluted 1:25 in 1%
gelatin TBS, for 2 hr at 37°C. TBS instead of serum was used in control strips.
The paper strips were then washed with Tween-TBS and incubated with an
alkaline phosphatase-conjugated anti-human IgG (y chain specific) anti-serum
diluted 1:1500 in 1% gelatin TBS. for 2 hr at 37°C. Strips were again washed with
Tween-TBS and developed with BCIP/NBT (Bio-Rad) for 15 min. Finally. strips

were washed in distilled water for 5 inin t¢ remove excess substrate.
Mner mcthods

-Serum levels of T4 and T3 were measured using commercial
radioimmunoassay kits. Antithyroid microsomal (thyroid peroxidase) and TSH
receptor antibodies were measured using commercial hemagglutination ("Thymune
M". Burroughs Welcome Ltd.. Beckenham, U.K.) and radio receptor assay

("TRAK". Henning Berlin Gmbh) kits, respectively.

Statistical analyses
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Prevalances of antibodies to the DI protein or a 64 kDa eve muscle
membrane protein in immunoblotting in patient and normal groups were analyvzed
statistically using X tests (2x2 contingency tables with Yates correction). or the

Fisher's exact test.
RESULTS

A tvpical dot blot assay for immunoreactivity with the DI fusion protein is
depicted in Figure 1. The results of assays carried out on sera from patients with
autoimmune thyroid disorders. with or without ophthalmopathy. patients with non-
immunological thyroid disorders and normal subjects are summarized in Table 1.
Dot blots were positive in 19 out of 40 (47%) patients with established TAO. 12
out of 21 (57%) patients with GH without evident ophthalmopathy. 5 out of 10
patients with GH or HT and lid retraction but no other manifestations of
ophthalmopathy. 4 out of 23 (17%) patients without ophthalmopathy. 2 out of 18
(11%) patients with benign adenoma or multinodular goiter and 2 out of 37 (5%)
normal subjects. The prevalances of positive tests were significantly greater than
that for normals for patients with TAQ. GH and thyroid autoimmunity with lid
retraction (Fisher's exact test at least P<0.05). but not for the other two groups
(P=NS) (Table 1).

The relationship between dot blot reactivity to DI and parameters of
ophthalmopathy in patients with established TAO was asscsscd. The prevalences
of positive dot blot tests In patients with clinical evidence for eye muscle
involvement [11 out of 23 (48%)] and in those without eye muscle disease
clinically [8 out of 17 (47%)] were similar and the difference was not significant

(X? test. P=NS). While tests were slightly more cften positive in patients with mild
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Figure 1. Representative dot blot immunoassay for autoantibodies reactive
with a2 recombinant 64 kDa antigen fragment. Dot blot immunoassay for
autoantibodies reactive with a recombinant 98 amino acid fragment of a 64 kDa
eye muscle membrane protein expressed in the form of a Lac z fusion protein.
A=strongly positive (++) (TAO serum): B=positive (+) (TAO serum): C=negative
(-) (normal serum). D=control phage (human beta pregnancy protein I) tested with

TAO serum.
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. Table 1. Immunoreactivity with 2 recombinant 98 amino acid fragment of 2 62 kDa protein in dot blot
assay of sera from dilferent groups of patients and normal subjects

Group Patients Po‘sitive
number Dot blot*

TAO 40 19(47%) p=<0.001
GH 21 12(57%) P=0.001
Thyroid 10 5(50%) p=<0.05
autoimmunity
+lid retraction
HT 23 4(17%) NS**
Goitre/single 18 2(11%) NS
nodule
Normals 37 2(5%)

. *Reactivity against D1, a recombinant 98 amino acid fragment of a 64 kDa eye muscle protein,

assessed as a color change of lytic plaques blotted onto nitrocellulose paper.
**NS=Not significant



eve disease [9 out of 16 (56%)] compared to those with severe disease [10 out of
24 (42%)]. this difference was not significant (P=NS). Finally. tests were most
often positive in patients with shorter duration eve disease [10 out of 14 (71°0)]
than in those whose serum had been tested more than one vear following diagnosis
[9 out of 26 (35%)]. but the difference just failed to reach statistical significance
(P=NS). (Results not shown).

Western blotting for reactivity with a 63 kDa antigen in crude PENMM was
also carried out on 60 of the sera from patients with GH or TAO. Those sera
giving the strongest reactions in dot blot usually also gave the strongest bands on
Western blotting. The correlation between the two tests is summarized in Table 2.
Overall the association between positive reactivity in dot blot and Western blot
was significant (Fisher's exact test. P<0.05). although there were many exceptions.
Thus while sera from 17 out of 24 patients with GH or TAO giving positive dot
blot tests gave positive Western blots with a 64 kDa PEMM antigen.
immunoblotting for reactivity with a 64 kDa antigen was also positive in 12 out of
36 patients giving negative dot blots. In paticnts with TAQ immunoblot was more
often positive (58%) than the dot blot assay while in patients with GH but no
evident eve disease the prevalence of positive reactivity to a 64 kDa antigen
immunoblotting was lower (35%). although differences were not significant

(Fisher exact test. P=NS (Table 3).

DISCUSSION

To summarize the main results we have demonstrated immunoreactivity
against a recombinant 98 amino acid fragment of a cloned human 64 kDa eyc
muscle protein which is also expressed in the thyroid (18), in the sera of 47% of

patients with established TAQ in 50% of a small group of patients with thyroid



Table 2. Correlation between dot blot assay and Western Blotting in all patients
with thyroid-associated ophthalmopathy or Graves' hyperthyroidism.

Dot blot Western blotting** Western blotling
assay* Positive (n=29) Negative (n=31)
Positive 17 7
(n=24)

P<0.01#
Negative 12 24
(n=36)

*Dot blot immunoreactivity against a 98 amino acid fragment of a 64 kDa protein.
**SDS-PAGE and Western blotting for reactivity against a 64 kDa protein in PEMM.
#Statistical analysis refers to difference between sera positive and negative groups.



Table 3. Correlation between dot blot assay and Western blotting in patients
with thyroid-associated ophthalmopathy and Graves' hyperthyroid.

Positive Positive
Group Western blotting* Dot blot**
TAO 23 (58%) 19 (47%)
(n=40)
GH p=NS#
(n=21) 8/20 (38%) 12 (57%)

*Band at 64 kDa in SDS-PAGE and Western biotting with PEMM.
**Immunoreactivity against D1 in an dot blot assay.
#Difference between TAO and GH assessed using Fisher's Exact test.
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autoimmunity and with lid retraction but no signs of progressive ophthalmopatin
and in 37% of those with GH without evident ophthalmopathy. In patients with
TAO. positive dot blot tended to be associated with mild eve disease of recent
onset although the correlations were not statistically significant. While there was a
fairly good overall correlation between the results of dot blot assavs and
immunoblotting for reactivity with a 64 kDa protein in PEMMI. there were many
exceptions: sera from a few patients with negative dot blot assays gave positive
reactivity In immunoblotting while. conversely. some patients with negative
immunoblots reacted with the 98 amino acid peptide fragment in dot blot. Since
the 98 amino acid neptide comprises less than one fifth the number of amino acids
of the full length 64 kDa molecule it is likely to contain less of the reactive
epitopes than the parent molecule and targeted by a lower proportion of scra.
Reactivity of the peptide fragment in a dot blot but negative immunoblot could be
explained by the existence of a family of antibodies reactive with the 64 kDa
protein some of which bind to an epitope(s) in the full length protein which is
destroved or denatured during SDS-PAGE.

Although it is not proven that the DI protein and the 64 kDa eye muscle
membrane protein which is targeted by TAO sera in immunoblotting (10, 17) are
the same molecule we believe this to be the case for the following reasons: (i) the
two proteins correspond to the same MW (ii) autoantibodies from patients with
thyroid autoimmunity, affinity purified by DI bind to thyroid membranes at the
same position, at 64 kDa. as unpurified antibodies (19). (iii) the pattern of
reactivity of whole serum and Di-affinity purified antibodies with a 64 kDa protein
in THY and eye muscle isolated by two dimensional (isoelectric focusing/SDS-
PAGE) gel electrophoresis are identical for patients with Graves' hyperthyroidism
with or without ophthalmopathy (Boucher e al.. submitted): and (iv) while there

are certainly discrepancies between immunoblot and dot blot results those sera
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giving the strongest reactivity with DI generally gave the strongest bands in
Western blot 1n the present study. In order to prove this one must microsequence
the 64 kDa protein obtained as swigle spot from two dimensional gel
clectrophoresis and compare with the sequences of DI. This work is in progress in
our laboratory.

A key finding from this study was the high prevalence of positive dot blot
tests in patients with GH without evident ophthalmopathy and in a small group of
thost with GH or HT associated with lid retraction. Similar findings in these
groups were reported for antibodies to a 64 kDa protein in Western blotting (17-
21). Since CT scanning was not carried out in patients with GH we cannot exclude
the possibility that these patients had ophthalmopathy at the time of study.
although eve muscie function was normal in all patients and they did not have
proptosis or increased intraocular pressure. The lid lag and retraction of our
patients were not duc to "sympathetic hypersensitivity™ since all were euthyvroid at
the time of study. The relationship between lid retraction and progressive
ophthalmopathy is not clear. Levator palpebrae superiors muscle inflammation.
manifested as lid retraction and lag may be: (i) a precursor of extraocular muscle
inflammation and therefore an early sign of TAO as suggested by others (22): (i1)
an isolated auto-immune-mediated myositis which could occur alone or in
assoctation with TAO: or (iii) a feature of TAO resulting from synkinetic activity
of the superior rectus muscle in overcoming inferior rectus restriction. or due to
enlargement and fibrosis of the levator muscle itself (23). Since the greatest
prevalences of antibodies to D1. were in patients with GH without eye disease and
in those with lid signs only. it will be necessary 1o carry out prospective studies of
these patients before a role of the antibodies in the pathogenesis of TAO can be
claimed. Despite uncertainty about their significance these findings do raise the

possibility that antibodies to D1. and those reactive with a 64 kDa eve muscle
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membrane protein mav appear early in the course of TAQO and be good markers for
the development of ophthalmopathy in patients with autoimmune thyroid
disorders. in particular Graves' hyperthyroidism .

Dong ¢ al. (19) showed. in Northern blotting. that the RNA message for
the DI peptide was expressed in eve muscle and thyroid but not other skeletal
muscle. We demonstrated earlier from extensive absorption experiments in
immunoblotting that a 64 kDa prctein was expressed in the eye muscle and thyroid
(24). In that study we were able to immunoprecipitate a 64 kDa antigen from intact
thyroid and eve muscle cells. but not from systemic skeletal muscle cells with sera
from patients with TAO suggesting that absorption with crude membrane fractions
may be less specific than Northern blotting and immunoprecipitation. Finally. n
recent studies. we have identified a single molecule corresponding to a MW of 64
kDa and isoelectric point of =6.9 in two dimensional gel electrophoresis of PENM
and human eyve muscle and thyroid membranes. but not human skeletal muscle
membranes (23). Cross-reactivity of autoantibodies with a 64 kDa protein antigen
expressed in eye muscle and thyroid could explain the very common association of

ophthalmopathy with autoimmune thyroid disorders (26).
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CHAPTER IV

Identification of antigenic epitopes of a 64 kDa antigen recognized

by the serum of patients with thyroid-associated ophthalmopathy
PREFACE

In Chapter Il we demonstrated immunoreactivity against the D1 fusion
protein in sera of 47% of patients with established TAO and in 37 % of those with
GH. a group of patients which may have early stage subclinical ophthalmopathy at
the ume of study. There was a good overall corrclation between reactivity of
patients sera by dot blot assay and by Western blotting for reactivity with a 64 kDa
protein in PEMM.

To further dissect the antigenicity of the 1D molecule. short random
fragments (100 to 200 bp) of 1D ¢DNA were cloned and expressed in E. coli as
fusion proteins using the pUEXI1 vector. The 1D fragment cDNA library was
screened with a pool of sera from patients with TAO in order to identify antigenic

peptides recognized by TAO autoAbs.



ABSTRACT

Recombinant DNA techniques were used to identify antigenic epitopes on a
64 kDa autoantigen expressed on human thyroid and eve muscie and recognized
by sera from paiients with thyroid-associated ophthalmopathy (TAQO). Random
fragments of full length 1D ¢DNA. which encodes the 64 kDa Ag. were cloned
and expressed in E, coli as fusion proteins. Antigenic peptides were detected by
colony blotting with sera from TAO patients and identified by sequencing the
corresponding cDNA inserts. Four antigenic peptides were characterized and
positioned with respect to the 1D amino acid sequence. One antigenic peptide (G-
8) was found to be close to the C terminal end of 1D and three others (G-2. G-4.
and G-3) were clustered at sites between amino acids 76-205. The
immunoreactivities of sera from 15 patients with TAO and 9 patients with Graves’
hyperthyroidism (‘GH) and 6 patients with Hashimoto's thyrc Jditis (HT). both
without clinical evidence of ophthalmopathy. were tested against the four peptides
and full-length 1D protein by Western blotting. Compared to normal subjects. sera
from TAO patients were found to react more often with at least one of the four
peptides or with full-length 1D protein [8 of 15 (55%)]. Sera from patients with
TAOQ also reacted more often with G4 and/or G-5 peptides than did those from

normal subjects [7 of 15 (47%) TAO sera versus 1 of 12 (8%) sera from normal

subjects]. Based on peptide amino acid sequences and the reaction pattern of the

serum panel 6 immunogenic epitopes were identified on the 1D molecule.

INTRODUCTION



Thyroid-associated ophthalmopathy (TAQ) is an autoimmune disorder
characterized by infiltration of the extraocular muscles and surrounding connective
tissue with ivmphocytes and other mononuclear cells (1. 2). Although the
mechanism for the association of ophthalmopathy with autoimmune thyroid
disease (ATD) is not fully understood. one possibility is the existence of shared or
cross-reactive antigen (Ag) expressed by thyroid and eye muscle such that
reactivity elicited to an Ag present on one tissue will be recognized on the other
tissue (3. 4). Although several eve muscle reactive antibodies {Abs) can be
detected in the sera of patients with TAO (5-8). at present. the best candidate for
such an Ag i1s a 64 kDa membrane molecule. which is expressed on both eve
muscle and thyroid. The 64 kDa molecule is recognized by Abs in the sera of
large proportion of TAO patients and only rarely by Abs in the sera of individuals
without TAO or ATD (9).

A c¢DNA, called 1D. which encodes a 64 kDa protein. has recently been
cloned by Dong et al. (10) from a thyroid cDNA expression library screened with
a pool of sera from Hashimoto's thyroiditis (HT) patients. The initial clone, called
D1 which encoded a 98 amino acid fragment of the full length protein. was used 10
rescreen the library from which the full-length 1D ¢cDNA was obtained (10). By
Northern blotting analysis 1D mRNA was shown to be present in human ecye
muscle and thyroid. but not skeletal muscle. Quantitative RT-PCR has been used
to identify and compare 1D mRNA expression in human tissues. 1D expression
was greatest in thyroid and muscle tissues. and found to be more abundant in cye
muscle than skeletal muscle (11). Using the D1 fusion protein as Ag in dot blot
experiments, Zhang et al. (12) demonstrated that 19 of 40 (48%) sera from TAO
patients, 4 of 23 (17%) sera from HT patients without evident ophthalmopathy.

and only 2 of 37 (5%) sera from normal subjects reacted with expressed D1 fusion
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protein. These results support the importance of 1D as an Ag targeted by the
immune system in TAQ patients.

We report here the identification and localization of peptides of 1D
recognized by sera from TAO patients. This was achieved by construction of a
sublibrary consisting of randomly cut 100-200 bp fragments of the 1D gene ligated
into the expression vector pUEX (13). Colonies resulting from the transformation
of Escherichia (E). coli with this ligation mixture were screened with a pool of
scra from patients with TAO. Immunoreactive peptides were identified by
sequencing the corresponding DNA inserts and positioning them within the 1D
protein structure. The recognition of these antigenic determinants by auto-Abs

from a pancl of patients with TAO and ATD was assessed.

MATERIAL AND METHODS

Human subjects

Human subjects were classified into several groups based on their disease
status. Group I included 2 males and 13 females aged 30-63 yrs (mean age 42 yrs)
with TAO and established eye disease: the ophthalmopathy was associated with
GH in 13 patients and HT in 2 patients. Group 2 included one male and 8 females
aged 21-59 yrs (mean age 38 yrs) with GH without evident ophthalmopathy:
diagnosis was based on hyperthyroidism. diffuse goiter, and detectable TSH
receptor Abs. Group 3 included one male and 5 females aged 26-61 yrs (mean age
39 yrs) with HT but with no clinical evidence of ophthalmopathy. Group 4
included 3 males and 9 females aged 23-62 yrs (mean age 41 yrs) with no evidence

of goiter or thyroid autoimmunity as normal controls.
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1D ¢cDNA fragment library construction

A 3.8 kb fragment containing full-length 1D ¢DNA was released from
ret11-1D by digestion with EcoRi (10). The 1D ¢DNA was purified by agarose
gel electrophoresis and electroelution. The 1D ¢DNA was fragmented by digestion
with DNase 1 under conditions precalibrated to produce fragments of
approximately 100-200 bp (14). A fraction of the digestion mixture was run on a
2.0% agarose gel 1o venfy the size of the randomly generated fragments.

Since it is essential that the resulting DNA fragments have blunt ends for
efficient adapter ligation. the 1D ¢cDNA DNase 1 digestion fragments were filled
with *p-dCTP using the Klenow fragment of E. coli DNA polymerase (15). Three
pmol of DNA fragments and 250 pmol of each adapter (adapter A: 53° GATCCG-
GCAACGAAGGTACCATGG: adapter B: 3CCATGGTACCTTCGTTGCCG)
were linked by T4 DNA ligase prior to fractionation on a 2.0% low-melting point
agarose gel (Havmerie et al.. 1986). The portion of the gel containing fragments of
100-200 bp was excised and then ligated into pUEX vector. Vector was prepared
by digesting 5 hg of pUEX (Amersham. Buckinghamshire. UK) with BamH]I
followed by ligation with 40 pmo! of adapters A and B by T4 DNA ligasc. E. coli
DH35a competent cells were then transformed with pUEX vector with or without
inserts. The size of the resulting cDNA inserts was confirmed by the polymerase
chain reaction (PCR) using 5 CCTGGAGCCCGTCAGTATCGGC and 3
CTAGAGCCGGATCGATCCGGTC primers. which bind to DNA immediately
flanking the BamHI cut site of pUEX (16).

Immunological screening of the 1D fragment library
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DH3¢ cells, transformed with the 1D ¢DNA fragment library. were plated
onto Luria Broth (LB. 10g Bacto-tnyptonl. 5g Bacto-veast extract. 3¢ NaCl/L)
agar and grown at 30"C. Confluent bactenial colonies were transferred to a
nitrocellulose filter (Millipore. Bedford. MA) and incubated for another 2 hr at
42°C. Each filter was put onto two sheets of Whatman 3MM paper previously
soaked in 5.0% SDS and heated for 15 min at 95°C. Filters were washed with
buffer (10mM Tris-HCL. pH 8.0: 150 mM NaCl: and 0.05% Tween 20. TNT) and
blocked with 3% skim milk power in TNT for 1 hr. The pool of TAO patients’
sera used for screening the fragment library was first preabsorbed to a filter grown
on DH3« cells transformed with wild tvpe pUEX containing no insert DNA, Afier
preabsorption. sera diluted 1:1000 were incubated with filters for 2 hr at 37°C.
Filters were washed 5 times in TNT buffer at 25°C for 15 min and incubated for
Thr at 25°C with alkaline phosphatase (AP)-conjugated anti-human IgG diluted 1:
3000. The filters were developed with 3-bromo-4-chloro-3-indolyl phospha-
tetoluidine (BCIP) and nitro blue tetrazolium chloride (NBT) substrates. Positive
clones were selected. subcloned and rescreened in the same way.

Positive clones were grown overnight in 5 m! of LB medium at 275 rpm at
37°C ovemight. 1.5 ml of the each culture was centrifuged for 15 sec at 13.000
rpm. Cells were resuspend in ice cold lysis buffer (glucose 50 mM: EDTA 10 mM:
25 nM Tris-HCL pH 8.0: and lysozyme 4mg/ml), After ethanol precipitation. the
nucleic acids were extracted with an equal volume of phenol-chloroform-isoamyl
alcohol (24: 24: 1). The supernatant was reprecipitated with 2 volumes of ethanol
and centrifuged. The pellet was resuspended in Tris-EDTA pH 7.6 (TE) buffer and
further purified by DNA-resin (CloTech. Palo Alto, CA).

Nucleotide sequencing of selected positive clones containing cDNA inserts
was performed by the dideoxynucleotidé chain termination method (17). using the

Sequenase sequencing kit (US Biological Cor., Cleveland. OH) with
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oligonucieotide  primers (3 GGGGATTGGTGGCGACGACTCCTGG &
CTAGAGCCGGATCGATCCGGTC). which bind to DNA tlanking the Bamill
cut site of the pUEX vector. Purified double-siranded plasmid DNA was denatured
with fresh NaOH (18) to generate a single-stranded template. Reaction products

were separated by elechrophoresis on a 6% acrylamide urea gel.

Polyacrylamide gel electrophoresis (PAGE) and Western blotting analysis of

positive clones

Bacterial colonies containing pUEX vector with inscrts of interest were
prepared for SDS-PAGE. Pesitive clones were grown in LB medium at 30°C to an
ODygqo of 0.4. The incubation temperature was then increased to 40°C for another 2
hr. The cells were harvested by centrifugation at 12.000g for I min. Pellets were
sonicated and resuspended in 1 mM phenylmethy!sulfonylfluoride (PMSF). The
bacterial extract was dissolved in electrophoresis sample buffer (50 mM Tris-HCI.
pH 6.8: 100 mM dithiothreitol: 2.0% SDS: 0.1% bromophenol blue: and 10%
glycerol). The samples were heated at 100°C for 3 min and centrifuged at 12.000g
for 1 min at room temperature.

SDS-PAGE was performed according to the method of Laemmli (19) using
an 7.5% separating and 4% stacking gel. Bacterial extracts containing fusion
protein were applied at a concentration of 20-50 mg of protein in a 30 pl volume
per track. High molecular weight (MW) standards (Bio-Rad, Richmond, CA) were
run simultaneously in each experiment. The gel was electrophoresed at 100V for
60-90 min and transferred onto nitrocellulose paper in transfer buffer (20 mM
Tris-HCI; 20 mM glycine; 20% methanol, pH 8.3). Filter strips containing fusion
protein were blocked with 3% milk power in Tris-buffered saline (200 mM Tris-
HCI; 90 mM NaCl, pH 7.4) (TBS) at 4°C overnight. Strips were washed for 30

s
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min in Tween-TBS (TBS: 0.5% Tween 20). and incubated with sample sera
previously absorbed with wild type pUEX fusion protein containing no insert (13),
The paper strips were then washed with Tween-TBS and incubated with an AP-
conjugated anti-human IgG (1: 3000) in TBS for 1 hr at 37°C. Strips were again
washed with Tween-TBS and developed with BCIP/NBT.

Expression of full-length 1D in pUEX

A 1780 bp fragment. containing full-length 1D ¢cDNA_ was released from a
Blueseript SK+ vector by digestion with Xho 1 and Bam HI. After purification.
the 1780 bp 1D ¢DNA was ligated with Xho 1 and Bam H1 digested pUEX vector.
Western blotting using 1D fusion protein reactive with sample sera was performed
as described above.
Statistics

The prevalences of positive immunoreactivity for sera from patients with
TAO. ATD and normal subjects to each antigenic peptide were compared using a
N7 test.
RESULTS
Analysis of antigenic determinants in 1D

The strategy developed by Mehra et al. (20) was used to define antigenic
determinants recognized by anti-64 kDa Abs in patients with TAQO. This approach

involved the preparation of a library of DNA fragments coding for short peptides
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by digesting 1D ¢DNA with DNasel in order to generate fragments in the 100 to
200 bp range. The resulting DNA fragments were first linked to adapters,
fractionated by size and inserted into the expression vector pUEN. Inserts of 100-
200 bp are expected to code for peptides of approximately 30 to 60 amino acids.
The library consisted of approximately 8 x 10° clones. all of which were screened.

In order to verify that DNase I digestion of 1D generated fragments of the
expected size. 36 clones were randomly selected and subjected to PCR. Twenty
five clones were found to contain inserts in the 100 to 200 bp range and no inserts
were detected in other clones (not shown). The first round of screening was carried
out with a pool of sera from four patients with TAO (Table 1), two of the whom
had Abs reactive with a 64 kDa human eve muscle membrane protein by Western
blotting. but did not react with the D1 fusion protein by ELISA (21) or dot
blotting. The other two sera reacted by ELISA and dot blotting with the D1 fusion
protein. but did not react with a 64 kDa human eve muscle membrane Ag by
Western bloting.

Four positive clones were isolated. sequenced and positioned on the 1D
nucleotide map by matching to the 1D ¢DNA sequence using Genetics GCG
program (Geneticc Computer Group. Madison. WL).  The 4 deduced
immunoreactive peptides were 36-52 amino acids long (Table 2). The
corresponding amino acid sequences were deduced from the 1D nucleotide
sequence. Immunoreactive peptides G-2 (residues 76-112), G-4 (residues 127-179)
and G-5 (residues 156-205) were all positioned to hydrophilic domains of the 1D
amino acid sequence. Immunoreactive peptide G-8 (residues 412-450) partially
overlaps with the D1 98 amino acid fragment (residues 426-524) and is located
near the C-terminus of the 1D molecule (Fig. 1).

Figure 2 shows the deduced antigenicity profile of the 1D 64 kDa protein.

The antigenicity profile is based on calculations of hydrophilicity. surface
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Table 1. Reactivity of TAO sera used to screen a 1D fragment library

. Patient No. D1-fusion protein# 64 kDa protein f
— - ]
- + _
| 3 _ +

#D1 is a2 98 amino acid fragment of 1D protein.
*Reactivity assessed by ELISA and immunoblot using D1 fusion protein as antigen.
**Reactivity assessed by Western blotting using solubilized eye muscle membrane as antigan.

81



. Table 2. Characteristics of 4 antigenic peptides of 1D thyroid/eye muscle antigen

Antigenic Number of Position in
peptides amino acids 1D amino acid sequence
G-2 36 76-112
G-4 52 127-179
G-5 49 156-205
G-8 38 | 412-450




Figure 1. Location and characteristics of 4 antigenic peptides in the nucleotide
sequence of 1D. The nucleotide sequence analysis of positive clones were
determined by dideoxynucleotide chain termination method. A is a schematic
representation of the nucleotide sequence of 1D and the corresponding location of
antigenic peptides G2, G4, G5. G8 and D1. B is a hydrophilicity plot of 1D and C
shows the surface probability of 1D deduced by Genetic GCG program (Genetic

Computer Group) based on nucleotide sequence of 1D.
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Figure 2. Predicted antigenicity profile for 1D, a 64 kDa protein. The
antigenicity profile is based on calculation of hydrophilicity. surface probability
and flexibility to predict the position of Ab binding sites by assigning an antigenic
index to amino acid regions. The regions predicted to have a high antigenic index
(21.2) are marked by elongated octagons. The Idcation of identified antigenic

peptides are indicated: G2. G4. G5 and G8.
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probability and flexibility to predict the position of Ab binding sites by assigning
an antigenic index to amino acids regions. There 1s a good correlation between the
positions of the antigenic peptides defined through scrzening and a high antigenic

index as predicted from the antigenicity profile.
Immunocharacterization of TAO sera

The immunoreactivity of sera from group 1 (n=13). group 2 (n=9). and
group 3 (n=6) patients and group 4 normal subjects (n=12) to the 4 1D peptides
was assessed. Following preabsorption to remove nonspecific and b-galactosidase
reactive Abs. each patient’s serum was incubated with nitrocellulose strips
containing each of the 4 size-separated 1D-B-galactosidase fusion proteins. The
Western blotting results are summarized in Tables 3 and 4.

Of the sera from group 1 patients (TAO). 3 of 15 (20%) reacted with G-2. 4
of 15 (27%) with G-4. 5 of 15 (33%) with G-5. and 2 of 15 (13%) with G-8 (Table
3). Of 12 normal subjects (group 4). none reacted with G-3 and only one reacted
with G-2. G-4. and G-8 fusion proteins by Western blotting (data not shown).
Fortv-seven % (7/15) of sera from group 1 patients reacted with G-4 and/or G-5
peptides compared with 8% (1/12) sera from group 4 normal subjects (p <0.05).
Sera from group 2 and group 3 patients tended to react with one or more of these
antigenic peptides more frequently than sera from normal subjects [4 of 9 (44%)
from group 2. 2 of 6 (33%) from group 3. and 1 of 12 {8%) from normal subjects:
p = not significant (N.S.)].

Western blotting of full-length 1D fusion protein was also carried out using
sera from the same panel of patients with TAO or ATD. Sera from these patients
had a tendency to be more reactive with 1D than those from normal subjects [6 of

15 (40%) group 1 patients. 4 of 9 (44%) group 2 patients, 2 of 6 (33%) group 3
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. Table 3. Reactvity of sera from group 1 patients with full length and 1D and 4 1D-denved antigenic

pepitices
Patient 10 G-2 G-3 G-5 G-
1D Group Diagnosis (1-572)* (76-112) (127-179) (156-203) (+12-350)
1 1 TAQ -=" -~ - .
2 1 TAD . . . .
3 1 TAO - . - . -
4 1 TAD - -
5 1 TAD - - . - -
6 ! TAQ - . . -
7 1 TAQ - - - .
8 1 TAQ - - + + + + -
1 TAO - . - -
10 1 TAO - . - -
11 4] TAQ - . . . .
12 1 TAQ .- . + - -
13 1 TAD . . . .
18 1 TAQ - - - . .
15 1 TAD - -
. *The corresponding 1D sequence position of each peptide is indicated in parentheses.

**.. + and ++ correspond 1o negative, positive and highly positive reaction by
Western blotting. respectively.



Table 4. Reactivity of sera from group 2 and 3 patients with full length 1D and 4 1D-derived
. antigenic peptides

Pauent 1D G-2 Ges G-5 G-8
10 Group Diagnesis [1-572)* {76-112) (127-179) (156-205) {+12-450)

16 2 GH . . . .
17 2 GH - - . - -
18 2 GH .- . - - -
19 2 GH - . . . .
20 2 GH - - - . .
2 2 GH . . . - .
22 2 GH - . . . ;
23 2 GH . . . . .
24 2 GH . . . - .
25 3 HT . . . . .
26 3 T . . . . .
27 3 HT - . . - -
28 3 HT . . . . .
29 3 HT . . . . .
30 3 HT -- - . . .
. *The corresponding 1D sequence position of each peptide is indicated in parentheses.

**., + and ++ correspond to negative, positive and highly peositive reaction by
Western blotting. respectively.



patients. compared to one of 12 (8%) normal subjects; p=N.S.]. Overall § of 13
(53%) group 1 patients. 4 of 9 (44%) group 2 patients, and 2 of 6 (33°0) group 3
patients reacted with either peptides or full-length 1D protein. Sera from group 1
patients reacted significantly more frequently with peptides and/or full-length 1D
protein than did those from normal subjects {group 1. 53%: group 4 $%: p
<0.023].

Several distinct patterns of reactivity were observed in sera from patients
with TAO and ATD. The majonty of sera recognized more than one
immunoreactive peptide and also reacted with the full-length 1D protein. On the
other hand. some sera (Table 3 #5 and Table 4 #22) reacted with full-length 1D
protein but no peptides. while others (Table 3 #2 and #9) reacted with peptides.
but not with full-length 1D protein.

The reactivity patterns of TAO and ATD patients” sera with the 4 1D
peptides reveal that each peptide contains at least one immunogenic cpitope.
Antigenic peptides G-4 {residues 127-179) and G-3 (residues 156-205) partially
overlap (Fig.1). Some sera reacted with both G-4 and G-5. while other sera reacted
with either G-4 or G-5 only (Tables 3 and 4). These results suggest that at least 3
epitopes are localized within the amino acid sequence 127-205: one between
amino acid 127 and 156 [recognized by sera from patients 1. 7, 20 and 27 (Tables
5 and 4)]: one between amino acid 156 and 179 (recognized by sera from patients
8. 9. 12 and 18): and one between amino acid 179 and 205 (recognized by sera
from patients 2, 6, 17, 21, 22 and 24).

Antigenic peptide G-8, a 38 amino acid peptide, partially overlaps D1, the
98 amino acid antigenic peptide (Fig.1) described by Dong et al. (1991). However
the serum panel did not react identically with G-8 and D1 (Table 5). All of the sera
reacting with G-8 also reacted with D1, while only a subset of 1D reactive sera

recognized G-8. Therefore. at least two epitopes appear to be located in the amino
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Table 5. Reactivity of some sera from group 1, 2 and 3 with G-8 and D1 antigenic peptides

Patient G-8 D1
1D Group Diagnosis (412-450)* (426-524)

1 1 TAO Sl +

2 1 TAO - +

3 1 TAO ++ +

4 1 TAO + -+ +

5 2 GH + +

6 2 GH ++ +

7 2 GH - -+

8 3 HT + +

9 3 HT - +

. *The corresponding 1D sequence position of each peptide is indicated in parentheses.

**-, + and ++ correspond to negative. positive and highly positive reaction respectively
of by ELISA to D1 and by Western blotting to G-8,
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acid 412-324 region. one berween amino acid 450 and 524 and onc between amino

acid 426 and 450 (Table 3).
DISCUSSION

The results presented here describe the identification of some of the
iminunogenic peptides of 1D, a 64 kDa Ag expressed by thyroid and eve muscle
that is recognized by sera from patients with TAO. Short random fragments (100-
200 bp) of 1D ¢DNA were cloned and expressed in E coli. cells as fusion proteins
using the pUEX vector. Four immunoreactive peptides recognized bv TAQ patient
sera were cloned and sequenced. Based on a model predicting antigenicity. all four
antigenic peptides are localized to areas of 1D that exhibit a high antigenic index.
When a panel of sera were screened for recognition of each peptide. sera from GH
(47%) and HT (33%) patients reacted to one or more peptides more frequently
than sera from normal controls (8%). Sera from patients with TAO reacted
significantly more often with peptides G-4 and G-5 than did those from normal
subjects.

To precisely identify the antigenic determinants. it is necessary to prepare a
large number of well-characterized peptide fragments or chemical derivatives from
the original protein Ag and to then test these derivatives for immunological activity
(22. 23). The use of recombinant ¢cDNA methodology to deduce amino acid
sequences that comprise specific antigenic determinants in a protein was originally
developed by Mehra et al. (20). In essence. the method i1s the same as using
overlapping synthetic peptide probes (24). with the exception that the size of the
peptide probe can be made longer. possibly allowing for a more native folding of

the resulting peptide.
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The pUEX plasmid 1s an expression vector that produces a b-galactosidase
hybrid protein (b-galactosidase plus foreign peptides). The presence of a
polvlinker in the reading frame greatly simplifies and increases the flexibility of
cloning, as compared with expression in lgt 11, which has only one restriction
enzyme cut site option. Since screening is carried out with specific Abs, only 1D
inserts in the correct reading frame are selected. The b-galactosidase is not
cnzymatically active but 1s important because it confers insolubility on the hybrid
protein. Recombinants with cDNA fragments of less than 400 bp express stable
hybrid proteins at levels comparable with those produced by the vector alone
(25%-40% of the total SDS-extractable protein). The insolubility of these hybrid
proteins protects them against proteolysis and facilitates their purification (25).

The goal of this study was to characterize the small antigenic peptides
recognized by autoAbs from patients with TAQ. Such antigenic peptides could
then be used as specific Ag in diagnostic tests (e.g. ELISA) for the detection of
antibodies to clinically relevant epitopes of the 64 kDa molecule. In this study we
characterized four such antigenic peptides recognized by sera from TAO and ATD
patients. In most cases. sera from patients with TAO recognized more than one
antigenic peptide, demonstrating that patients with TAO have a polyclonal
reactivity to the 1D protein. Some sera recognized only the full-length 1D fusion
protein. suggesting that some autoAbs require more conformational or
discontinuous antigenic determinants for recognition, react with parts of 1D that
were poorly expressed in the fragment library, or react with parts of 1D that were
not isolated from the fragment library.

One interesting finding in our study is that sera from patients with TAO
reacted significantly more often with G-4 and G-5 antigenic peptides (47%) than
did those from normal subjects (8%). These resuits show that Abs to the G4/G5
antigenic 1D peptides are associated with TAQ, It is interesting to note that the
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prevalence ot Abs of this specificiny in TAO 1s very similar to that of Abs reactive
with a 64 kDa eye muscle membrane protein by Western blotting (9. 26).

Natural historv studies reveal that most patients with HT will have no
clinical ophthalmopathy at anv stage of their discase. This observation is in
conmrast to the hyvpothesized role for Abs reacuve to 1D in TAO. Possible
explanation for this discrepancy include 1) the small sample size of the present
study and 2) the possibility that Abs to 1D are markers of a thyroid autoimmune
process rather than of ophthalmopathv. The role of these Abs in discase
pathogenesis should be resolved by a large prospective study of newly diagnosed
patients with GH and HT.

Sera from patients with GH without evident eve disease also had a high
prevalence (44%) of immunoreactivity to antigenic peptides of 1D. This
observation is in accord with a recent study which demonstrated that reactivity to
1D expressed by CHO cells is greatest (73%) in patients with GH without evident
eve disease (27). These results are consistent with the notion that such Abs may be
an early marker of ophthalmopathy in GH patients. It has been shown that
approximately 80-90% of patients with GH have ophthalmopathy. as determined
by the sensitive method of CT scanning of the extraocular muscle. at the time of
diagnosis of hyperthyroidism, even though clinical signs ophthalmopathy may be
minimal (28, 29). Since CT scanning was not carried out in these patients with
GH, we cannot exclude the possibility that these subjects had early stage
ophthalmopathy at the time of study, aithough none exhibited proptosis or
abnormal eye muscle function.

Two of the TAQO sera (Table 3, #7 and #12) used to screen the 1D
sublibrary reacted with the D1 fusion protein but not with a 64 kDa eye muscle
membrane protein by Western blotting. These sera did, however, react with full-

length 1D fusion protein. Serum #7 reacted with peptides G-2 and G-4, and serum
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#12 reacted with peptides G-4. G-5 and G-8. One of the sera (Table 3. £1) used to
screen the 1D sublibrary reacted with the 64 kDa protein of eve muscle membrane,
but did not react with D1 fusion protein. This serum was shown 1o recognize
peptides G-2, G-4 and full-length 1D fusion protein. Even though Abs against the
1D molecule and the 64 kDa eve muscle membrane protein are often present in the
sera of patients with TAQ., it is not known whether the two molecules identified by
different methods are the same. In fact. the pl of the 64 kDa protein was found to
be about 6.0-7.0 (30. 31) from 2-D gel electrophoresis and Western blotting of
human eye muscle and thyroid membrane while the pl of the 1D molecule,
deduced from Genetic GCG program (Genetic Computer Group). was 10.3 (Zhang
et al. unpublished observation). These observations suggest that they may be
different molecules. Microsequencing of the purified 64 kDa protein from eve

muscle membrane will resolve this issue.
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CHAPTER Y

Tissue distribution and quantitative of gene expression a 64 kDa
antigen recognized by the serum of patients with thyroid-

associated ophthalmopathy

PREFACE

Dong et al. used D1. a 298 bp 1D cDNA fragment. as a probe to study 1D
mRNA expression in different human tissues by Northern blotting. They
demonstrated a 3.9 kb transcript in thyroid and eve muscle. but not in skeletal
muscle. Ross et al. and our research team studied the tissue distribution of 1D
mRNA by the more sensitive RT-PCR. Both laboratories demonstrated that iD
mRNA could be amplified from several other tissues. Because amplification of
target DNA sequences by PCR is exquisitely sensitive and because this method
has the potential of amplifying a few copies of template into a detectable signal. no
conclusion could be drawn from these experiments regarding the comparative
abundance of specific 1D mRNA between tissues. These studies were repeated
with appropriate controls to exclude the possibility of amplification of non-
specific template in a manner which permitted quantitation of the levels of 1D
mRNA expression from various human tissues. This Chapter describes the use of a
quantitative RT-PCR 1o further investigate the tissue distribution of 1D mRNA and
quantitate the levels of expression of transcripts of this specificity from a variety

of human tissues.
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ABSTRACT

We have developed a competitive reverse transcriptase-polymerase chain
rcaction (RT-PCR) assay for the quantitation of 1D (a cloned 64 kDa protein)
mRNA levels in preparations of total RNA from variety of human tissues. This
competitive RT-PCR assay is based on coamplification of a competing 1D cDNA
internal template (pGEM-1D") and target cDNA. 1D specific mRNA was
quantitated in ten human tissues. The level of 1D transcript expression in these
tissues decreases in the following order: thyroid (5 pg/ug total RNA) > eye muscle
(3.2 pg/ug) > skeletal muscle (2.4 pg/ug) > ovary (2 pg/ug) > cerebellum (0.4
pg/ug). kidney (0.33 pg/ug). pancreas (0.27 pg/ug). spleen (0.22 pg/ug) and
thymus (0.19 pg/ug) > retina (0.016 pg/ug). The greater expression of _the 1D
molecule in thyroid and eye muscle supports the notion that this molecule may be
involved as a target of autoimmune attack in thyroid-associated ophthalmopathy
(TAO).

INTRODUCTION

Progressive inflammation of the extraocular muscles and the surrounding
orbital connective tissue occurs in most patients with Graves' hyperthyroidism
(GH) and in a small proportion of those with Hashimoto's thyroiditis (HT). This
condition is named Thyroid-Associated Ophthalmopathy (TAQ) (1). Of all
patients with TAO 85% have GH., 10% have HT and 5% have other thyroid
immunological abnormalities (2). A variety of eye muscle reactive autoantibodies
have been detected in the sera of patients with TAO (3, 4).

It has been hypothesized that the association of TAO with autoimmune

thyroid disease (ATD) is due to the expression of a shared or cross-reactive
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antigen (Ag) by thyroid and eve muscle. A 63 kDa membrane molecule has
emerged as the best candidate for an Ag underlving the association of TAO and
ATD. as it is expressed on both eye muscle and thyroid and is recognized by Abs
in the sera of a large proportion of TAQ patients and only rarely by Abs in the sera
of individuals without TAO or ATD (5).

A 64 kDa Ag expressed in the human thyroid and extraocular muscie has
been cloned by Dong et al (6). from a thyroid complementary deoxyribonucleic
acid (¢cDNA) expression library. The full length cDNA. named 1D. encodes a 572
amino acid protein, corresponding to a MW of 63-64 kDa. A 98 amino acid
fragment of this protein was named D1. The use of DI as a probe in Northem
blotting revealed 3.9 kb transcripts of poly(A)+ ribonucleic acid (RNA) from
normal human thyroid and ey muscle. but not skeletal muscle. The more sensitive
reverse transcriptase polymerase chain reaction (RT-PCR) methodology has been
used by Ross et al. (7) and by us (8) to investigate the tissue distribution of 1D
messenger RNA (mRNA). 1D amplification products were observed when eye
muscle, skeletal muscle, thyroid, and cardiac muscle RNA were used as the PCR
template.

This report describes the use of quantitative RT-PCR to further investigate
the tissue distribution of 1D mRNA and to quantitate the levels of expression in a
variety of human tissues. Our results demonstrate that 1D mRNA is expressed in
human thyroid, eye muscle, skeletal muscle. ovary. thymus, spleen, kidney,
cerebellum, pancreas and retina. The level of 1D transcript expression in these
tissues decreases in the following order: Thyroid (5 pg/ug total RNA) > eye
muscle (3.2 pg/ug) > skeletal muscle (2.4 pg/ug) > ovary (2 pg/ug) > cercbellum
(0.4 pg/ng), kidney (0.33 pg/ug), pancreas (0.27 pg/ug), spleen (0.22 pg/ug) and
thymus (0.19 pg/ug) > retina (0.016 pg/ug).
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MATERIALS AND METHODS

RNA isolation

Surgical specimens, placed in liquid nitrogen immediately after excision,
were the source of most of the human tissues used in this study. Tissues were
stored at -70°C until RNA extraction. Total RNA was isolated from human tissues
by the guanidine isothiocyanate method (9. 10). with the exception of pancreas,
thymus and retina RNA. which were obtained from ClonTech (Palo Alto. CA).
Briefly. frozen human tissues were homogenized using a Polytron in a denaturing
solution (4.0 M guanidine isothiocyanate; 0.2 mM b-2-mercaptoethanol; 42 mM
sodium citrate; 0.83% N-lauryl sarcosine). Nucleic acids were extracted with an
equal volume of a 24:24:1 (vol:vol:vol) phenol: chloroform: isoamyl alcohol
mixture. Foliowing centrifugation at 10,000 x g for 20 min the top aqueous phase,
containing RNA, was harvested and precipitated with an equal volume of
isopropanol. The resulting pellet was washed with 70% ethanol and dried. The
RNA pellet was then resuspended in diethylpyrocarbonate (DEPC)-treated water.
The purity and yield of total RNA were determined spectrophotometrically by
measuring absorbance at 260 and 280 nm. The integrity of the resulting RNA was
verified by formaldehyde agarose gel electrophoresis and viswalized under
ultraviolet (u.v.) light by staining of ribosomal RNA (rRNA) bands with ethidium
bromide (11). RNA was considered intact and therefore appropriate for use as a
template for cDNA synthesis and PCR if the 288 band of rRNA appeared to be
twice as intense as the 18S band (12).

CHO cells expressing 1D
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CHO.5 is a clonal population of Chinese hamster ovary (CHO) cells stably
expressing 1D. CHO.5 cells were cultured in F-12 nutrient medium supplemented
with 10% fetal calf serum (FCS). 100 units (U)ml penicillin. 100 ng/ml
streptomycin, 2.5 ug/ml amphotericin B. 200 pg/ml gentamycin, 2 mM L-

glutamine and 300 pg/ml neomycin. RNA extraction from CHO.5 cells was

performed as described above.

First strand cDNA synthesis

Reverse transcription was carried out using 4.0 pug of total RNA in a
volume of 30 ul containing 1.0 pg random hexamer primers (Promega, Madison.
WI), 1 mM deoxyribonucleoside triphosphates (dNTPs) (Promega). 20 U of
RNasin and 400 U of Moloney murine leukemia virus (MMLV) reverse
transcriptase (Promega). RNA was denatured at 70°C for 10 min and chilled on
ice. After incubation for 60 min at 37 C, the temperature was raised to 95 C for 5
min to inactivate the reverse transcriptase and then cooled to 4°C (13. 14).

To test the yield and efficiency of the reverse transcriptase reaction, 4.0 pg
CHO.5 total RNA was reverse transcribed as above. in the presence of 2-5 pCi
32p.dCTP. The reaction mixture was sampled prior to reverse transcription to
determine the total counts per minute (c.p.m) and trichloroacetic acid (TCA)-
precipitable c.p.m (background). After reverse transcription, the reaction mixture
was sampled for measurement of incorporated 32P-dCTP (15). The amount of
¢cDNA synthesized was calculated by multiplying the fraction of total dCTP
incorporated into TCA-precipitatable c.p.m by the number of nM of each dNTP in

the reaction and the average weight of the 4 ANTPs. The formula used to calculate



the cfficiency of reverse iranscription is: amount of cDNA synthesized

(pg)yamount of mRNA (ug) present at the start of the reaction x 100%.
Creation of competitive templates

Quantitative RT-PCR is based on the comparison of the amount of
template-specific PCR products generated following the simultaneous
amplification of cDNA derived from a particular tissue source and a known
quantity of competitive DNA template added to the same reaction tube.
Competitive template DNA for these experiments was prepared by digesting 20
mg of Agtl1-1D with 80 U EcoRlI for 2 hr. Digestion products were separated by
electrophoresis on a 1.2% low-melting point agarose gel. The band containing the
1.78 kb 1D fragment was excised from the gel. extracted and precipitated. EcoRI
digested 1D was then ligated into EcoRl digested dephosphorylated pGEM-7Zf
(Promega). Recombinant plasmids were transformed into competent Escherichia
(E) coli DH5a cells (BRL, Gaithersburg. MD) according to the protocol provided
by the manufacturer. Two to 4 ng of ligation mixture was incubated with 100 ml of
competent cells on ice for 30 min followed by a 45 sec heat shock at 42°C. S.0.C.
medium (2% bactotryptone; 0.5% yeast extract; 10 mM NaCl; 2.5 mM KCI; 20
mM MgCl-MgSO,: 20 mM glucose) was added to the transformed DH3Sa cells
and the cells were grown for 1 hr in a 37°C shaking water bath (225 rpm). One
hundred pl of transformed cells were then plated onto petri dishes of LB agarose
containing 100 mg/ml ampicillin and incubated for 16 hr at 37°C.

Resulting colonies were selected for mini-preparation of plasmid DNA. The
presence of 1D inserts in plasmid DNA prepared from these clones was screened
by PCR using the 5" (nucleotide 1174-1195) and 3" (1598-1619) forward and
reverse primers (Sheldon Biotechnology Center, Montreal, Quebec) deduced from

103



digested pGEM-1D was then ligated with a gel purified 120 bp Haclll weated
pBR322 DNA fragment. The ligation mixture was transformed into competent
DH3a cells as described above. The resulting colonies were screened by PCR
using the same 5’ and 3’ primers described above. A pGEM-1D subclone (pGEM-
ID") containing an insert of expected size (445+120 bp) was sclected for use as
the competitive internal control for quantitative PCR assavs (Fig. 1). pGEM-1D"
was grown for 16 hr at 37°C and DNA was extracted and purified by a plasmid
DNA 1solation kit (ClonTech). The DNA vield was determined by measuring the
absorbance at 260 nm and the size of the insert DNA was verified by agarose gel

electrophoresis.
PCR amplification

The PCR method is based on the repetitive cycling of three reactions
(denaturation. primer binding. and DNA synthesis). which vary only in incubation
temperature (16). The reagents required to amplify a target DNA include two
single-stranded oligonucleotide primers. designed to be complementary to known
sequences of the target DNA. the 4 ANTP. and the heat-stable enzyme Taq DNA
polymerase (17). The first step in the PCR procedure is heat denaturation of
double-stranded DNA, As the temperature is reduced. the two DNA primers
anneal to complementary sequences on opposite strands of the target DNA. The
next step is the actual synthesis of new complementary second strands of DNA.
which occurs through the extension of each annealed primer and is catalyzed by
Taq polymerase in the presence of excess dNTPs. After extension of the primers.
the cycle 1s repeated 25-35 times (18). The PCR products are analyzed by agarosc
gel electrophoresis.
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Figure 1. Design of an internal control for quantitating 1D expression. The
internal control (pGEM-1D") was made by inserting a 120 bp fragment into the

internal Espl restriction enzvme cut site of the pGEM-1D insert.
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DNA amplification was carried out in PCR buffer (10 mM Tris-HCI. pH
8.4, containing 50 mM KCI. 0.1 mg/ml gelatin and 2 mM MgCl,) supplemented
with 50 mM dNTPs. 0.25 uM each of the 5' and 3' specific primers. and 2.0 U of
Taq polymerase in a final volume of 50 ul. The mixture was overlaid with 50 pl
of mineral oil and amplified in sequential cvcles of 94'C for 45 sec. 60'C for 43
sec and 72 C for 2 min. All PCR components used in the reaction were tested for
possible contamination of DNA in a simultaneous PCR reaction. PCR of genomic
DNA derived from the tissues was negative. presumably because the primers span

one or more introns.
Analysis of amplified products

Two ul of each PCR sample was analyzed in parallel with pBR322 DNA
size markers (Boehringer Mannheim, Mannheim. FRG) by electrophoresis on a
1.8% agarose or 6 M urea-8% polyacryamide gel (PAGE). DNA bands were
visualized by staining with ethidium bromide followed by exposure to u.v. light.
Quantitation of the DNA bands was performed at a Bogen TC-1 Biology
Workstation. using Sigma#flot custom software (Sigma, St. Louis, MO). A high-
speed video camera was used to acquire a video image of the gel. with output
directly to a computer-based system for data analysis and storage. Ethidium
fluorescence associated with DNA bands in the gel was proportional to the amount
of DNA present. Bands of interest were selected on the video screen for analysis
and the integrated fluorescence intensity associated with each band determined by
computer. To compare the inter-assay results, the reaction yields (densitometric
units) were evaluated by comparing the intensity of the PCR product band with
that of the 500 bp pBR322 size marker used as a standard.
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RESULTS

Efficiency of reverse transcription

pGEM-1D" DNA. used as the internal control in these experiments was
already double-stranded and therefore was not subject to any of the factors that
affect efficiency of reverse transcription of mRNA inte ¢DNA prior to
amplification. The efficiency and reproducibility of this step was evaluated in
separate experiments using CHO.5 total RNA as template and conditions 1dentical
to those used to reverse transcribe tissue specific total RNA. Results from 6
experiments revealed that cDNA first strand synthesis had an efficiency of 46.2 £
6.9%. This value was subsequently used as a comrection factor for calculating
concentrations of 1D specific mRNA from human tissues from RT-PCR reaction
vields.

In order to evaluate the reproducibility of the competitive PCR step.
CHO.5 cDNA samples prepared as described above by reverse transcription. were
subjected to amplification at the same time and under the same condition used to
carry out competitive RT-PCR of human tissue specific total RNA. In 6
experiments, the concentration of 1D specific mRNA from CHO.5 was found to be

0.6 = 0.058 pg/mg total RNA (range 0.53 to 0.66 pg/mg total RNA).

Quantitative PCR coamplification of native 1D ¢DNA and pGEM-1D’

In order to define the relationship between the amount of template DNA
present at the start of the reaction and the quantity of amplified product present at
the end of the reaction, amplification of pGEM-1D" DNA was performed with
between 0.001 and 50 pg starting material for 28 cycles. The final quantity of
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pGEM-1D" specific product (563 bp) varied logarithmically in a dose dependent
manner over a range of 3 orders of magnitude with the amount of template
introduced at the start of the reaction (Fig. 2).

To determine the kinetics of coamplification of pGEM-1D" and prototypic
ID. 1.0 pg of pGEM-ID" and 0.4 ug of reverse transcribed CHO.5 RNA were
coamplified for up to 36 PCR cycles. The 2 bands of expected size (445 bp. 565
bp) increased in intensity with the number of amplification cycles (Figure 3). In
addition. the quantity of native 1D PCR product increased linearly up to cycle 28
and reached a plateau around cyvcle 30. Amplification proceeded. with the same
efficiency for both templates. through the exponential and nonexponential phases
to the plateau phase. This observation confirmed that despite a difference of 120
bp in size between the two templates. the product ratio of pGEM-1D"/native 1D
cDNA remained constant throughout the 36 cycles. Since the amplification
efficency was identical for both targets throughout the amplification process. the
amount of 1D-specific cDNA in cDNA from a defined amount of RNA from a
particular tissue can be determined by comparison with the amount of pGEM-1D"
product generated at any cycle number in the range examined. We chose to
amplify all subsequent reactions for 28 cycle. because amplification for this
number of cycles was in the logarithmic phase and highly sensitive to the quantity
of template available at the start of the reaction.

The effect of varying the ratio of prototypic 1D-specific CHO.5 ¢cDNA and
pGEM-1D" ¢DNA present at initiation of amplification is shown in Figure 4. A
constant amount of ¢cDNA (from 0.4 ng CHO.5 RNA) mixed with variable
amounts of pGEM-1D" (0.001 pg to 5 ng) were amplified for 28 cycles. The
results in Figure 4 demonstrate that as the concentration of the pGEM-1D’ present
at initiation increased the concentration of the corresponding PCR product (565
bp) increased, while that of the product from prototypic 1D mRNA from CHO.5
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Figure 2. Quantity of pGEM-1D" specific PCR amplification products varics
depending on the amount of template present at initiation of reaction. PCR was
carried out for 28 cycles. (a) Amplification products were electrophoresed on a
1.8% agarose gel and stained by ethidium bromide. Lane M. size markers (Haelll
digested pBR322): lane 1. control reaction without template: pGEM-1D" template
concentration at start of reaction: lane 2. 0.001 pg: lanc 3. 0.01 pg: lanc 4. 0.1 pg:
lane 3. 0.5 pg: lane 6. 1.0 pg: lane 7. 5.0 pg: lane 8. 50 pg. (b) Plot of quantitative
densitometry reading obtained by computer-based video image analysis of the gel
shown in (a), using procedures described in Materials and Methods. The mean *

SD valves of 4 separate experiments.
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Figure 3. Analysis of coamplification of CHO.5 ¢DNA and pGEM-1D" DNA
for varying cycle numbers. (a) CHO.5 ¢cDNA (svnthesized from 0.4 pg total
RNA ) and 0.1 pg pGEM-1D" were coamplified for 20 cycles, lane 1: 22 cveles.
lane 2: 24 cvcles. lane 3: 26 cyvcles. lane 4: 28 cycles, lane 3: 30 cycles. lane 6: 32
cycles. lane 7: 34 cycles. lane 8: 36 cycles. lane 9. Two pl of each reaction was
electrophoresed on a 1.8% agarose gel. DNA was stained by ethidium bromide.
Lane M contains sizec markers (Haelll digested pBR322): lane 10 a simultaneous
rcaction containing all the reagents presents in reactions amplified in lanes 1- but
without DNA template. (b) Plot of quantitative densitometry reading obtained by
computer-based video image analysis of the gel shown in (a). as described in

Materials and Methods. The mean + SD valves of 4 separate experiments.
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Figure 4. Analysis of coamplification of varying ratios of CHO.5 ¢cDNA to
pGEM-1D" DNA. Varving quantities of pGEM-1D" DNA were coamplified with
a constant amount of CHO.5 ¢cDNA (synthesized from 0.4 pg total RNA ). Two ul
of the reaction was electrophoresed on a 1.8% agarose gel. DNA was stained by
ethidium bromide. (a) Lane M. size markers (Haelll digested pBR322): lane 1.
control reaction without template: amount of internal control added to reaction:
lane 2. 0.001 pg: lane 3. 0.01 pg: lane 4. 0.04 pg: lane 5. 0.08 pg: lane 6. 0.1 pg:
lane 7. 1.0 pg: lane 8. 5x10' pg: lane 9. 5x10° pg: lane 10. 5x10° pg. (b) Plot of
quantitative densitometry' readings obtained by computer-based video image
analvsis of the gel shown in (a). using procedures described in Materials and

Methods. The mean £ SD valves of 4 separate experiments.
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cells (445 bp) decreased. Because both templates were amplified with similar
Kinetics and cfficency (see above). the concentration of pGEM-1D" yielding a
PCR product band of equivalent intensity to that from CHO.5 cDNA represents a
reaction where the initial quantity of 1D specific ¢cDNA was equai to that of

competing pGEM-ID” levels.

Analysis of 1D mRNA expression in various human tissues

Using this methodology mRNA specific for 1D was detectable in a variety
of human tissues. All PCR products were found to be the predicted size (445 bp)
on agarose gels. The specificity of these 445 bp amplification products was
verified by restriction enzyme digestion with Espl. which resulted in fragments of
the predicted size of 93 and 352 bp (Fig. 5). and Southern blotting with a 1D
specific probe (8).

First. 40 ng of reverse transcribed RNA from each tissue was subjected to
PCR in the presence of between 0.01 and 100 pg of pGEM-1D" DNA. This
permitted an estimanon of the quantity of pGEM-1D" DNA required to achieve
equivalence following coamplification with 0.2 to 0.4 pg of reverse transcribed
RNA from each tissue. Once this was determined. 0.2-0.4 pg of reverse
transcribed RNA from each tissue was coamplified with serial 2-fold dilutions of
pGEM-1D" DNA. which included the concentraticn yielding equivalence with that
tissue specific cDNA in the previous set of experiments. Figure 6 shows thyvroid
cDNA reverse transcribed from 0.4 pg total RNA coampiified with serial 2-fold
dilutions of pGEM-1D" ranging from 1.25-40 pg by PCR. As the amount of
pGEM-1D" increased. amplification of thyroid 1D-cDNA diminished. From this
analysis and taking into account an efficiency factor of 0.46¢ for the reverse

transcription step required to produce cDNA from thyroid mRNA. the amount of
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Figure 5. Espl digestion of 1D mRNA amplified by RT-PCR. PCR was
performed using procedures described in Materials and Methods and 10 ul PCR
products was digested with Esp 1. Digestion fragments were analyzed on (a) 1.8%
agarose gel and (b) 6 M urea 8% PAGE. Following clectrophoresis. DNA bands
were stained with ethidium bromide. (a) Lane 1. size markers (Haelll digested
pBR322): lane 2. Espl digested PCR products fragments. (b) Lanes 1. size markers
(Bgl I and Hinf 1| digested pBR328): lanc 2. size markers (Haelll digested

pBR322): lane 3. Espl digested PCR product fragments.
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Figure 6. Quantitation of thyroid 1D mRNA by competitive RT-PCR. Thvroid
cDNA (synthesized from 0.4 ug total RNA) and 2-fold senal dilutions of pGEM-
1D" were coamplified by PCR (see Materials and Methods). (a) Two ul of each
reaction mixture was electrophoresesed on a 1.8% agarose gel. DNA bands were
stained with ethidium bromide. Lane M. size markers (Haelll digested pBR322):
lane 1. control reaction without template: amount of pGEM-1D" DNA added to
each reaction: lane 2. 1.25 pg: lane 3. 2.5 pg: lane 4. 5.0 pg: lane 5. 10 pg: lane 6.
20 pg: lane 7. 40 pg. (b) Plot of quantitative densitometry readings obtained by
computer-based video image analysis of the gel shown in (a). using procedures
described in Materials and Methods. The mean = SD valves of 3 separate

expenments.
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ID specific mRNA in thyroid was deduced to be 3.0 = 0.28 pez/ug total RN A, Tlas
analysis was extended to eve muscle where the concentration of 1D specific RNA
was 3.2 £ 0.47 pg/ug total RNA. skeletal muscle (2.4 = 0.33 pg/ug total RNA),
ovary (2.0 £ 0.31 pg/ug total RNA), cerebellum (0.4 = 0.07 pgug total RNA).
kidney (0.33 £ 0.04 pg/ug total RNA). pancreas (0.27 £ 0.05 pguug total RNA)
spleen (0.22 £ 0.04 pe/ug total RNA). thymus (0.19 + 0.03 pg/ug total RNA), and
retina tissue (0.016 +0.003 pg/pg total RNA) (Fig. 7).

The concentration of 1D specific mRNA from total RNA for each of 10
human tissues was determined from 4 separate RT-PCR experiments. All of the
experiments included control reactions performed under identical conditions. using
CHO.5 RNA as template in order to evaluate reproductbility of first strand
svnthesis and the PCR steps from experiments to experiments. As noted above. the
average concentration of 1D specific mRNA in CHO.5 cells was found to be 0.6 £

0.038 pg/ug total RNA,

DISCUSSION

The use of reverse transcription followed by PCR (RT-PCR) enables the
amplification of individual RNA molecules. The high sensitivity of RT-PCR
makes it possible to detect mRNA of extremely low abundance (19. 20). Several
PCR-based approaches have been developed for quantitating DNA and RNA. One
of the original approaches used external heterologous standards. such as mRNA
species with a relatively similar level of expression from tissue to tissue (i.e. b-
actin or b.-microglobulin). These standards were amplified in separate reactions
and used different primers (21, 22). Such an approach to RNA/DNA quantitation

is semi-quantitative, at best, because kinetics for primer hybridization can vary,
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Figure 7. 1D specific mRNA levels in various human tissues. The concentration
of 1D specific mRNA from total RNA of 10 human tssues. RT-PCR was
pertormed as described in Materials and Methods. The bars represent the mean =
SD valves of 4 separate experiments and are numbered as follows: 1. thyvroid: 2.
skeletal muscle: 3. eve muscle: 4. ovany: 3. thvmus: 6. spleen: 7. kidneyv: 8.

cerebellum: 9. retina: 10. pancreas.

116



w <t m a1}
VNY [210} Bn/6d yNHW )

~—

10



thereby  influencing  amplification  efficiency. Moreover high copy number
templates, such as b-actin and others, amplify in a completely different manner
than low copy number templates and small pipetting differences between tubes can
dramatically affect PCR signals.

A more accurate method for quantitation of RNA/DNA by PCR involves
the addition of known amounts of an internal control to the amplification mixture
(23. 24). The use of an internal control that includes the same primer template
sequences as the target template makes it possible to determine. under identical
conditions. the absolute amount of target cDNA by allowing known amounts of a
competitive internal control to compete with the target for primer binding during
the amplification reaction (23).

This report describes the use of this method of competitive PCR for
quantitation of 1D specific mRNA in assessing the tissue distribution and quantity
of ID mRNA in a panel of human tissues. The competitive PCR is based on
simultancous amplification of two templates: 1D cDNA and a competing internal
control (pGEM-1D"). Because native 1D and pGEM-1D" ¢DNA templates are
present in the same reaction and bind the same primer set. any factors affecting
amplification have the same effect on both templates. As a consequence. the ratio
of PCR products reflects the ratio between the amount of pGEM-1D" and 1D
cDNA present at the start of the reaction. thus allowing the quantitation of native
ID ¢DNA in a given amount of RNA from the known amount of pGEM-1D".

Dong et al. (6) used D1. a 298 bp 1D cDNA fragment. as a probe to study
1D mRNA expression in different human tissues by Northern blotting. They
demonstrated an abundant 3.9 kb transcript in 5 mg poly (A)™ thyroid RNA and a
weaker signal of the same size in an equivalent amount of eve muscle mRNA. No
1D specific mRNA was detected in skeletal muscle. Ross et al. (7) studied tissue
distribution of 1D mRNA by the more sensitive RT-PCR. They demonstrated a
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weak signal for 1D mRNA expression in all of the tissues tested {eve muscle, eve
connective tissue. thyroid. kidnev. parathyroid. liver. lvmphocyvies. and uterus).
Amplification of target DNA sequences by PCR is exquisitely sensitive and this
method has the potential of amplifving a fow copies of template into a detectable
signal. Therefore under the conditions used by Ross et al. (7) and in earlier studies
from our laboratory (8). it was only possible to obtain qualitative resuits as to the
presence or absence of a particular nucleic acid species.

In this report. quantitative RT-PCR has been used to confirm and extend
these observations. 1D mRNA expression was detected in all human tissues tested
(thyroid. skeletal muscle. eyve muscle, ovary. thymus. spleen. kidney. pancreas.
cerebellum. and retina). Quantitation of 1D specific mRNA in these tissues was
performed on 4 separate occasions: the inter assay variability was 5-20%. 1D
expression was greatest in thyroid and muscle tissues. This transcript was more
abundant in eye muscle than skeletal muscle. This may explain why Dong et al. (6)
were able to detect 1D in thyroid and eve muscle but not in skeletal muscle by
Northern blotting. Approximately 10-fold less 1D specific mRNA was seen in
thymus. spleen. pancreas. kidney. and cerebellum. If levels of 1D mRNA reflect
levels of 1D-specific protein expression. the tissues with the greatest expression of
this protein are thyroid and eye muscle. the tv.o tissues targeted by autoimmunity
in TAO.

The abundance of 1D transcripts in thyroid and eye muscle compared with
other tissues not targeted in TAO. together with the presence of autoantibodies
specific for 1D in 47% patients with TAQ, 50% of ATD patients with lid
retraction. 17% of patients with HT. and 5% normal subjects, are consistent with
the c;oncept that 1D plays a role in the pathogenesis of TAO (26).

The expression of 1D mRNA in skeletal muscle is in agreement with results

obtained by immunoprecipitation of solubilized human skeletal muscle membrancs
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with sera from TAO patients (27). Two-dimensional gel electrophoresis and
Western blotting also revealed glvcoprotein molecules of 64 kDa in thyroid. eve
and skeletal muscle. These antigenically related molecules are all recognized by
sera from TAO patients but had different isoeletric points (28). The different
isoelectric points of 64 kDa antigen from these 3 human tissue sources could be
due to distinctive tissue specific glycosylation patterns or small differences in
amino acid sequence. The primer set used to amplify 1D specific ¢cDNA from
human tissues all yielded products of the same size and were therefore not
sensitive to putative tissue specific differences in 1D sequence accounting for
differing isoelectric points.

In summary. we developed an RT-PCR assay for the quantitation of 1D
mRNA expression in human tissues. Because this competitive PCR enables
quantitative determination of low abundance mRNAs, low level expression of 1D
mRNA in tissue such as retina can be quantitated. 1D specific mRNA can be
quantitated in all 10 human tissues tested and differs significantly from tssue to
tissue. The level of 1D specific mRNA is highest in thyroid (5 pg/ug total RNA)
and lowest in retina (0.016 pg/ug total RNA). The higher expression of 1D
molecule in thyroid and eye muscle is consistent with a high level of protein
expression in these tissues. The elevated levels of this autoantigen in thyroid and

eve muscle may in turn account for why both these tissues are targeted in TAO.
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Although the pathogenesis of TAO is unclear. recent studies have
contributed greatly to our understanding. At present cross-reactivity against
thyroid and eye muscle shared Ag(s) is the best explanation for the association of
TAOQ and ATD.

This thesis has studied the 64 kDa thyroid/eye muscle Ag(s) recognized by
Abs in the sera of patients with TAO. Abs specific for cross-reactive 64 kDa eye
muscle and thyroid molecules are assoctated with ophthalmopathy in patients with
thyroid autoimmunity. Two 64 kDa Ags have been identified by separate
approaches. One 64 kDa Ag was identified by Western blotting of thyroid/eye
muscle membrane Ags with autoAbs in the sera of patients with TAQ (Salvi et al.
1988). Another 64 kDa Ag. 1D. was cloned by Dong et al. (1991) from a thyroid
c¢DNA expression library by screening with a pool of sera from patients with ATD.
The overall objective of this thesis was to characterize the 64 kDa Ag(s), and
to define the prevalence of autoAbs directed at these malecules in patients with
TAO.

This objective was achieved by: 1) ldentifying eve muscle/thyroid
membrane 64 kDa Ag(s) by Western blotting and immunoprecipitation with sera
from TAO patients: 2) Assessing the ability of Ags expressed in different tissues to
adsorb Abs reactive with 2 64 kDa thyroid/eye muscle membrane Ag from TAO
patients” sera: 3) Analyzing the reactivity of sera from TAO and ATD patients to a
recombinant 98 amino acid fragment (D1) of 1D. a 64 kDa thyroid/eve muscle Ag.
by immuno-dot blot: 4) Comparing the reactivity of sera from TAO and ATD
patients to D1 fusion protein and solubilized 64 kDa eve muscle membrane Az by
Western blotting: 5) Assessing and quantitating the tissue distribution of 1D by
quantitative RT-PCR: 6) Identifying antigenic peptides of 1D: 7) Cataloguing
reactivity of sera from patients with TAO and ATD to each of these 1D antigenic

peptides.



The experimental observations upon which the work tor this thesis is based
15 the identification. by SDS-PAGE and Western blotting. of a 64 kDa Ag present
in human eye muscle ard thyroid membranes which is recognized by Abs in the
sera of approximately 50% of patients with TAO (Salvi et al.. 1988; Salvi et al..
1991). In Chapter 1I. we absorbed sera of TAO patients displaving this reactiviny
with a panel of tissues prior to using the sera in Western blotting to investigate
which tissues expressed cross-reactive Ag(s). In Western blotting experiments.
TAQO patents’ serum Abs reactive with a 64 kDa pig eve musciec membrane
(PEMM) Ag were absorbed by human eve muscle, thyroid. and skeletal muscle
but not by spleen or brain tissue. These observations demonstrated that human eve
muscle and thyroid expressed Ag(s) that shared immunclogical cross-reactivity
with each other and with a 64 kDa PEMM Ag recognized by sera from patients
with TAO.

AutoAbs in sera from TAO patients were incubated with biotin labeled
primary cultures of human eye muscle, thyroid and skeletal muscle cells prior to
solubilization and immunoprecipitation. A molecule of 64 kDa was
immunoprecipitated from eyve muscle and thyroid. but not skeletal muscle, These
experiments demonstrated that the 64 kDa Ag was present in the membrane of
living eye muscle and thyroid cells and was recognized by sera from TAO patients
in its integral cell membrane and native conformation.

In 1991 a ¢DNA encoding a 64 kDa Ag was cloned by Dong et al. (1991)
by screening a thyroid expression library with a pool of sera from patients with
ATD. The full-length 572 amino acid protein was named 1D and a 98 amino acid
fragment of this molecule was named D1. By Northem blotting the mRNA for 1D
was expressed in both thyroid and eye muscle, but not in skeletal muscle. DI
affinity-purified Abs from the sera of TAO patients bound to a 64 kDa protein in
human thyroid tissue by Western blotting. Although the identity of molecule
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encoded by this ¢cDNA and the 64 kDa molecule recognized by sera of TAO
patients by Western blotting was not confirmed. the similanty between the rwo
molecules was comnelling enough to obtain the 1D/D1 ¢DNA clones and to
initiate a research program based on its characterization. A panel of sera from
patients with TAO and ATD. followed in the Thvroid Studies Center of the
Montreal General Hospital. was available to screen for reactivity against D1 fusion
protein in a dot blot immunoassay. Immunoactivity against D1 was found in the
sera of 47% of patients with TAO and in 57% of patients with GH without evident
eve disease. In previous work. reactivity to the thyroid/eve muscle 64 kDa Ag
described by Wall et al. (1991a) was found in 30% of pauents with TAO and in
353% patients with GH (Salvi et al. 1991).

In order to explore the relationship between the 64 kDa thyroid/eve muscle
membrane molecule described by Wall et al. (1991a) and the 64 kDa thvroid/eve
muscle Ag encoded by the ¢cDNA cloned by Dong et al. (1991) a panel of sera
from TAO patients was screened both by Western blotting of PEMM and by dot
blot of D1 fusion protein. There was a good overall correlation between the results
obtained by dat blot assay and those obtained by Western blotting for activity with
a 64 kDa prote"n in PEMM. Sera from 17 patients with TAO or GH reacted with
64 kDa Ag(s) by both assays. However, sera from 12 TAO or GH patients with
negative dot blot assays reacted positvely by Western blotting while 7 patients’
sera negative by Western blotting reacted with the D1 fragments by dot blot.
Concordance in serum reactivity to these 2 molecules could be due to 1) shared
immunological cross-reactivity (or identity) between the 2 Ags or 2) the presence
of 2 populations of Abs m many sera from TAO/ATD patients, one of which
reacts with the 1D molecule the other reacts with the 64 kDa molecule described
by Wall et al. (1991a). The ability of at least some Abs in the sera of TAO/ATD
patients to bind a 64 kDa thyroid membrane molecule by Western blotting
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following affinity purification on D1 fusion protein suggests some immunological
cross-reactivity between the 2 Ags. Discordance in serum reactivity could be due
to several reasons: 1) The 98 amino acid D1 peptide comprises less than one fifth
of the total amino acid sequence of the tull-length 1D molecule and theretore may
express only a subset of the potentially immunogenic epitopes of the parent
molecule. This may explain why some sera reactive with the full-length 64 kDa
molecule did not react with D1. 2) Since PEMM rather than human cye muscle
membrane (HEMM) was used as the source of Ag in Western blotting. sera
reacting with D1. but not PEMM. may be recognizing a human specics specific
epitope not expressed in PENM.

To further dissect the antigenmicity of the 1D molecule. short random
fragments (100 to 200 bp) of 1D ¢DNA were cloned and expressed in E. coli as
fusion proteins using the pUEX1 wvector. Four antigenic peptides were
characterized and localized on the 1D molecule. Immunoreactive peptides G-2
(residues 76-112), G-4 (residues 127-179) and G-5 (residues 156-2035) were
positioned to hvdrophilic domains. Immonoreactive peptide G-8 (residues 412-
450) partially overlaps with the D1 fragment (residues 426-524) and is located
near the C terminal end of the full-length 1D molecule.

The immunoreactivities of a panel of sera from patients with TAO and ATD
were tested against these four peptides and the full-length 1D protein by Western
blotting. Several distinct reactivity patterns were observed in sera from patients
with TAO and ATD. The majority of sera recognized more than one
immunoreactive peptide and also reacted with full-length 1D protein. This
demonstrated that patients with TAO have a polvclonal reactivity to the 1D
protein, Two sera recognized only full-length 1D fusion protein suggesting either

that some sera contained auto-Abs which recognized more conformational or



discontinuous antigenic determinants. or reacted with parts of 1D that were not
selected from the fragment library.

Six epitopes were localized on the 1D molecule based on peptide amino
acid sequences and the reaction pattern of the serum panel against each peptide
(#1. residues 76-112: #2, residues 127-156: =3, residues 136-179: #4. residues
179-205; #5, residues 426-450: #6, residues 430-324). Sera from patients with
TAO reacted signmificantly more frequently with G-+ and G-3 peptides (47%) than
did those from normal subjects (8%).

An important observation from this study was the high prevalence of
positivity to the D1 molecule in sera from GH patients. It has been shown that
approximately 80-90% of patients with GH have ophthalmopathy. as determined
by CT scanning of the extraocular muscles, at the time of diagnosis of the
hyperthyroidism. even though ophthalmopathy may not be clinically evident. CT
scanning was not carried out in the group of GH patients whose sera were used in
this study. Therefore, although none exhibited proptosis or abnormal eye muscle
function they may. according to the findings of Wemer et al. (1974) and Enzmann
et al. (1979). have subclinical ophthalmopathy. 57% of patients with GH have Abs
that recognize D1 and 47% these patients have Abs to G4/GS5. If most of these GH
patients actually have subclinical/early stage ophthalmopathy Abs to D1 and
G4/G5 may be early markers for the development of ophthalmopathy. Antigenic
peptides such as G4 or G5 could be used as Ag in simple screening tests such as
ELISA to detect Abs to clinically relevant epitopes of the 64 kDa molecule and to
monitor patients with GH to determine the relationship between the presence of
such Abs and the development of ophthalmopathy.

The tissue expression of 1D was first studied by Norther blotting using D1
as a probe. Dong et al. (1991) demonstrated that 1D was expressed in human eye

muscle and thyroid but not skeletal muscle. More recent experiments carried out
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by Ross et al. (1993) and by us (1992) using the RT-PCR to investigate the tissue
distribution of 1D mRNA demonstrated 1D amplitication products when eve
muscle. thyroid. skeletal muscle and cardiac muscle RNA were used as PCR
template. Because of the extreme sensitivity of the PCR reaction and the methods
used. the possibility of amplification of nom-specitic template could not be
excluded.

In order to address this criticism and quantitate the level of 1D mRNA
expression in various human tissues. a quanntative RT-PCR assay was developed.
A competitive internal control for 1D mRNA amplification was designed and used
in these assays. Of the ten human tissues tested. 1D expression was highest in
thyroid and muscle tissues. This transcript was more abundant in ¢ye muscle than
skeletal muscle. This may explain why Dong et al. was able to detect 1D in thyroid
and eye muscle but not in skeletal muscle. Approximately 10-fold less 1D specific
mRNA was seen in thymus. spleen. pancreas. kidney and cerebellum. If levels of
1D mRNA reflect levels of 1D-specific protein expression. tissues with the highest
expression of this protein are thyroid and eye muscle, the two tissues targeted by
autoimmunity in TAO. From mRNA expression experiments 1D expression dose
not appear limited to eye muscle and thyroid. Since post transcription events may
influence the levels of protein expression from a given amount of mRNA. the
actual amount of 1D protein expression on various tissues awaits availability of 1D
specific Abs.

The mRNA was.extracted from eve muscle tissue (which contains eye
muscle cells, fibroblasts and other cells). A single retro-ocular target tissue may
not explain all of the eye manifestations of TAQ. Both eve muscle and fibroblasts
may be targets of autoimmune attack. It is possible that Abs to orbital Ags may be
secondary phenomena, while Ag specific T cell may mediate the primary damage.
Lessons learned from studying insulin dependent diabetes mellitus may be



applicable to autoimmunity in TAQ. In insulin dependent diabetes mellitus. T cells
are involved in b-cell killing and. Abs against islet cells were positive in 50-70%
new patients and were not play a role in the pathogenesis (Baekkeskov et al.
1990).

[t is not known as vet if 1D protein and the 64 kDa eve muscle membrane
protein identified by Western blotting are the same molecule. The following points
favor the possibility that the two molecules are identical. 1) The molecular weight
of both molecules is indistinguishable. 2) Both are expressed in thyroid and eye
muscle. 3) Both molecules were recognized by sera from about half of patients
with TAO and GH. by a smaller proportion of patients from HT. but rarely by sera
from normal subjects. 4) There is an overall tendency for concordance between
reactivity to the 64 kDa Ag bv Western blotting and that to D1 fusion protein by
immuno-dot blotting by individual TAO sera. 5) AutoAbs from patients with TAO
affinity-purified by D1 bind to a thyroid membrane molecule of 64 kDa by
Western blotting. Several points have emerged supporting the non identity of these
molecules: 1) Discordance in serum reactivity patterns to these molecules (species
source of Ag and fragment length of Ag must be taken into consideration in
interpreting these results) 2) Two-D gel electrophoresis and Western blotting of
human eye muscle and thyroid membrane reveal that the pl of the 64 kDa protein
was about 6.0-7.0 (Boucher et al. 1994; Wall et al. 1994) while the pI of 1D
molecule deduced from Genetic GCG program is 10.3. A definitive conclusion as
to the relatedness of these molecules must await microsequencing of the 64 KkDa
molecule detected by Western blotting in order to directly compare its amino acid

sequence with that deduced for 1D.
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CHAPTER V111

STATEMENT OF ORIGINALITY
SUGGESTIONS FOR FURTHER WORK
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1. Statement of originality

The following novel findings and observations have been reported in this thesis:

1). AutoAbs in sera from TAQ patients immunoprecipitated a 64 kDa membrane
Ag from cultured human eye muscle and thyroid cells demonstrating that sera
recognized antigenic epitope(s) present on these tissues in a conformation that was
known to be biologically relevant. These observations were the first direct
evidence that eve muscle and thyroid may be the common targets of autormmune

reactivity in TAO (Chapter 1I).

2). Results present in this thesis demonstrated for the first time that sera from
nearly half of patients with established TAO and in more than half of those with
GH (the majority of patients of this group may have subclinical ophthalmopathy’)
reacted with recombinant antigenic peptide of 2 cloned human 64 kDa eye
muscle/thyroid Ag. These results suggested that auto-Abs against the cloned 64
kDa Ag may be an early marker of the eve disease in patients with thyroid

autoimmunity (Chapter iIl).

3). A cDNA internal control “pGEM-1D" was created and a modified quantitative
RT-PCR technique was used to assess the tissue distribution and abundance of 1D
transcripts in various tissues. The abundance of 1D transcripts present in thyroid
and eve muscle compared with that in other tissues may explain why these two

tissues are targeted by autoimmunity in TAO.

4). Recombinant cDNA techniques were used to identify antigenic epitopes on 1D.

Random fragments of the full-length 1D cDNA were cloned and expressed in E.
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coli as fusion proteins. Four antigenic peptides which contain epitopes recognized
by auto-Abs from patients with TAO were identified. When a panel of sera was
screened for recognition of each peptide. sera from TAO patients reacted to one or
more peptides significantly more frequently than those from normal controls (33%e
sera from TAO patients versus 8%¢ of sera from normal controls: p<0.023). Forty
four percent of GH patients and 33% of HT patients also possessed Abs which

reacted with one or more 1D peptides.
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2. Suggestions for further work

I). The human ecve muscle and thyroid tissue 64 kDa protein identified by Dr. J.
Wall's research group by Western blotting should be purified and microsequenced.
Its sequence should be compared with that deduced for the 1D molecule in order
to provide direct evidence for identity. relatedness or absence of relatedness of

these molecules. This work is presently being carried out in Dr. Wall's laboratory.

2). 1D antigenic peptides or full-length 1D fusion protein could be used as Ag in
tests such as ELISA for detection of Abs to 1D. Prospective longitudinal study of
sera from patients with TAO and ATD using this methodology together with
clinical findings at follow up visits would further define the clinical significance of

autoAbs to 1D.

3). Monoclonal Abs specific for 1D and the 64 kDa protein identified by Western
blotting should be made and their reactivity compared on histological sections of
human eye muscle, thyroid and somatic skeletal muscles in order to determine

their pattern of reactivity in such tissues specimens.

4). 1D mRNA sense or anti-sense probe should be made. Such probes could be
used in in situ hybridization of human eye muscle, thyroid and somatic skeletal
tissues. This will confirm and more precisely define the expression and cellular

distribution of 1D in these tissues.
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