
INTRODUCTION

Graves’ disease (GD) is a common autoimmune condition [1] in
which thyroid stimulating antibodies (TSAB) mimic the action of
thyrotropin (TSH). Since both the growth and function of the
thyroid are controlled by TSH [2], TSAB lead to hyperthyroidism
and diffuse goitre. The target of the autoimmune response in GD
[3] is the thyrotropin receptor (TSHR). The majority of patients
with GD have some degree of ocular involvment that is self
resolving, but 3–5% of patients develop thyroid eye disease
(TED), an autoimmune condition that requires intervention [4].

The main clinical features of TED are proptosis, conjunctival
injection, chemosis, diplopia, corneal ulceration and, in extreme
cases, loss of sight due to compression of the optic nerve.These
signs and symptoms can be explained by the increase in volume
of the orbital contents by three mechanisms: (1) oedema; (2) pro-
duction of hydrophilic glycosaminoglycans (GAG) and (3) hyper-
trophy of the adipose tissue by adipogenesis [5]. The first two
induce expansion of the extra-ocular (EOM) muscles, which are
greatly enlarged in TED, and have been the focus of investiga-
tions to identify the autoantigen in TED and the link with the
thyroid gland.

AUTOANTIGENS IN TED

A variety of methods, including screening EOM expression
libraries [6] and Western blotting [7], have identified a number of
potential antigens, e.g. the flavoprotein subunit of mitochondrial
succinate dehydrogenase [8] and extracellular matrix proteins [9].
A 64-kD protein ‘D1’ or tropomodulin, which is expressed in
thyroid and EOM but not skeletal muscle, was isolated from a
thyroid expression library [10]. Other investigators have studied
the orbital connective tissue and adipose compartments and iden-
tified a 23-kD protein present in orbital fibroblasts as a potential
TED autoantigen [11]. In fact fibroblasts are a prime suspect for

the target of the autoimmune response, not only in TED but also
in another extra-thyroidal manifestation, pretibial myxoedema
(PM). In this context, it has been reported that immunoglobulins
from GD patients stimulate the production of ICAM-1 from GD
fibroblasts but not normal fibroblasts [12]. This highlights the
presence of fibroblast antibodies in the circulation of GD patients
and also a difference in the response to these antibodies between
normal and GD fibroblasts. Finally the similarity between thy-
roglobulin (TG), an autoantigen in Hashimoto’s thyroiditis, 
and acetylcholinesterase (ACHE) led to the proposal that a
TG/ACHE shared epitope could provide the link between the
thyroid and the orbit [13]. TED sera were shown to bind to the
neuromuscular junction [14] in vitro but, as in all of the preceed-
ing examples, even though a proportion of TED patients’ sera
were found to contain antibodies, their presence did not correlate
with disease activity.

A plausible alternative is that the antigen in GD, the TSHR,
also has a role in the pathogenesis of TED. This would require
the presence of the TSHR, or a cross-reactive protein, in the orbit
and evidence for autoreactivity to the receptor in all patients with
TED. From the clinical standpoint, TED is usually found in GD
patients having the highest titres of TSAB, although patients with
euthyroid eye disease have also been described [15]. We have
recently found antibodies, detectable by flow cytometry, which
bind to the receptor but are not TSAB, in some patients with
euthyroid TED [unpublished observations].

Prior to the molecular cloning of the TSHR, TSH binding
sites, TSH mediated adenylate cyclase activity and TSH induced
lipolysis had been reported in orbital and other fat depots in
rodents [16–19]. Results for human tissues were more contro-
versial with some authors failing to show TSH binding to extra-
thyroidal tissues [20] whilst others demonstrated low [21] or
high-affinity binding [22] to human adipocyte membranes and
TSH induced lipolysis in the neonate which is virtually extin-
guished by 10 years of age [23].

The application of molecular methods has led to the confir-
mation of many of the earlier functional studies. In rodents,
adipose tissues from several locations have been shown to express
TSHR transcripts [24] and a functional TSHR was cloned from
rat fat cDNA [25]. Receptor expression was shown to be associ-
ated with differentiating preadipocytes [26] whilst the TSHR tran-
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scriptional control in these cells is different from that observed in
the rat thyroid cell line, FRTL5 [27].

In man, recent Northern blotting data have revealed clear
TSHR transcripts in infant abdominal fat but the levels are 
substantially reduced in the equivalent adult tissue [28]. In 
human disease, several methods, including RT-PCR [29], 
liquid hybridization analysis [30] and Northern blotting [31] have
indicated that TSHR transcripts may be present in the orbit. 
Conclusions are sometimes conflicting, and arise because of
methodological constraints/differences, e.g. analysing tissues 
following a period in culture vs. tissue ex vivo, the use of primers
able to detect TSHR variant transcripts, and amplification of 
contaminating genomic DNA [32]. In this context, in earlier
studies (reviewed in [32]) we found no evidence for full-length
TSHR transcripts in orbital tissues but these did not include
orbital fat. We have demonstrated TSHR transcripts in a single
specimen of orbital fat, from a patient with TED, by Northern
blotting [31] when signals in normal orbital and abdominal fat
were at the limit of detection.

In recent studies, immunocytochemistry (ICC) using a mono-
clonal antibody to the membrane spanning region of the TSHR
has demonstrated immunoreactivity for the receptor in orbital
fibroblasts in culture and a small number of TED tissue specimens
ex vivo [33]. A recent study from the same group suggests that
functional receptor expression is induced by differentiation [34],
although only orbital preadipocytes were investigated. Two more
recent reports have demonstrated that the TSHR is induced
during adipogenesis, irrespective of the depot [35,36] implicating
either a further antigen to explain the orbital restriction or that
the mechanisms operating in TED are systemic. The latter has
been suggested previously following the measurement of urinary
GAG secretion in TED patients, secretion that seemed excessive
to be exclusively a product of the orbit [37]. However, no evi-
dence for widespread fibroblast activation was found in GD
forearm biposies assessed for mucin deposition when compared
with samples from PM patients [38].

ANIMAL MODELS

From early in the twentieth century attempts were made to
develop animal models that recapitulated the signs and symptoms
of TED. The first work, in which exophthalmos was convincingly
due to an increase in the volume of the orbital contents rather
than to a nervous mechanism, is probably that of Smelser in 1936
[39], who administered pituitary extract to guinea pigs. All ani-
mals lost weight, had signs of thyroid hypertrophy and some had
slight exophthalmos. When he repeated the experiment, but with
the addition of thyroidectomy, the majority developed extreme
exophthalmos and a 40% increase in the weight of the orbital con-
tents was observed, when compared with noninjected thyroidec-
tomized controls, predominantly in the orbital fat and lacrimal
gland. The orbital tissues were examined histologically and found
to be oedematous and infiltrated by lymphocytes and an eosin
stainable mucopolysaccharide.

Some success in modelling GD and TED has been achieved
by transferring TSHR primed T cells to naive syngeneic recipi-
ents. We have used unfractionated T cells and a CD4 + enriched
population with the in vivo TSHR priming step performed using
the extra-cellular domain of the receptor produced as a maltose
binding protein fusion (ECD-MBP) in bacteria or genetic immu-
nization (see below). In both cases in vivo priming was followed

by an in vitro priming period using ECD-MBP. In BALBc and
NOD recipients of syngeneic receptor primed T cells, both strains
of mice displayed thyroiditis but with very different histological
features [40]. In the BALBc mice, B cells and immunoreactivity
for interleukin (IL)-4 and IL-10 were found but in the NOD mice
there were very few B cells and immunoreactivity for interferon
(INF)-g, indicating the Th2 and Th1 nature of the induced disease,
respectively.

In more recent experiments the mouse orbits have also been
examined [41]. All of the NOD recipients of primed and non-
primed cells, displayed normal histology with intact well orga-
nized muscle fibre architecture. BALBc orbits of primed (but not
nonprimed) T cells appeared strikingly different. The muscle
fibres were disorganized and separated by periodic acid Schiff
positive oedema. There was accumulation of adipose tissue and
infiltration by immune cells, especially mast cells. These changes
were observed in almost 70% of the BALBc recipients of recep-
tor primed cells and did not correlate with thyrotropin binding
inhibiting immunoglobulin (TBII) or thyroxine (T4) levels.
However, orbital changes were observed only in mice having the
most severe thyroiditis with 25–30% of the gland occupied by
interstitium which also correlated with the most skewed Th2
response, B:T cell ratio 1·6–1·9 and IL-4:INF-g ratio >2·5.

Similar results were obtained by genetic immunization of
NMRI outbred mice [42]. 9/30 males displayed signs of hypo-
thyroidism with reduced T4 and 5/29 females developed 
stable hyperthyroidism with circulating TSAB accompanied by
increased thyroxine but undetectable TSH. In addition, Th2 thy-
roiditis and orbital changes, including infiltration by mast cells and
macrophages, were induced. Analysis of the MHC haplotype of
the mice revealed that they were predominantly H2q, irrespective
of whether disease had been induced or not. This highlights the
importance of non-MHC genes in the development of GD and
also TED, and a number of further conclusions can be derived:
the induction of a TED-like disease using TSHR cDNA or primed
T cells is further support for this antigen being an important target
in TED, as well as in GD, and demonstrates that a Th2 auto-
immune response to the receptor can result in TED.

TH2 INVOLVEMENT

Perhaps the most convincing evidence for the Th2 nature of GD
and TED is a human model happened on by chance. In patients
with multiple sclerosis (MS) treated in vivo with a monoclonal
antibody to CD52, >95% of their circulating T lymphocytes were
eliminated and there was considerable amelioration of their
disease. Eighteen months after this treatment, T cell numbers had
returned to 35% and B cells to 180% of pretreatment values but
12/34 patients had developed GD with TSAB [43]. The deviation
from Th1 to Th2, although beneficial for MS, was permissive 
for GD and stresses the importance of balance in maintaining
appropriate immune responsiveness.

Additional support for the Th2 skew of TED comes from the
positive correlation of levels of soluble CD30 (sCD30) with TBII
activity and it has been suggested that sCD30 could be used as a
marker to indicate when to complete antithyroid drug therapy
[44]. Part of the TNF/nerve growth factor superfamily, sCD30 
is preferentially expressed and secreted from Th2 cells. Cross-
linking has expansion and effector functions particularly on B
cells while blocking promotes Th1 phenotype cells developing
[45]. In contrast, studies of T cell clones derived from TED
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patients indicate a predominance of Th1 type autoreactivity in
early stages of the disease but a Th2 predominance as the condi-
tion develops [46,47]. The culture conditions could influence the
clonal phenotype, and ex vivo analysis of cytokines in orbital
tissues by RT-PCR has found a Th2 spectrum [48].

One feature of Th2 reactivity, the participation of mast cells,
has been shown to induce prostaglandin synthesis and GAG pro-
duction in human orbital fibroblasts, at least in vitro [49,50]. Mast
cells have been reported in human TED biopsies [48] but their
precise role warrants further investigation. Furthermore increases
in circulating IgE, which could activate mast cells [51] and stem
cell factor, a mast cell growth factor [52], have been reported in
GD. We have been able to demonstrate IgE antibodies binding
directly to the TSHR in a small number of GD patients with TED
(unpublished observation) using flow cytometry. Interestingly IgE
production by B cells requires T-cells, however, mast cells are
capable of stimulating B-cell IgE production via their expression
of CD154. This activates CD40 on B cells and is dependent on IL-
4 [53]. IL-4 production by mast cells has also been demonstrated
to augment fibroblast proliferation via cell-cell adhesion [54].

As will be discussed below, smoking is a major risk factor for
TED and when cells from the mast cell lineage were exposed to
cigarette smoke in vitro, the release of several cytokines includ-
ing IL-4, IL-5, IL-10 and IL-13 and TNFa was induced. IL-4 and
IL-13 induce class switching to IgE whilst TNFa is a major TED
cytokine implicated in several aspects of pathogenesis [55].

CELLULAR MECHANISMS

The activity of cytokines marshals the recruitment of inflam-
matory cells to the orbit and their subsequent responses. A wide
range of techniques has been used in the examination of the
limited number of surgical specimens that are available for
research investigation. The cellular protagonists as alluded to 
previously are lymphocytes, macrophages, mast cells and fibro-
blasts/preadipocytes. From an initial standpoint that IFNg, TNFa
and IL-1 are the primary effectors [56] have evolved the follow-
ing mechanisms.

Facilitating entry of lymphocytes and monocytes to the orbit
requires activation of adhesion molecules. In situ demonstration
of ICAM-1, ELAM-1, VCAM-1 and LFA-3 on blood vessels and
vascular endothelium from TED orbits has been linked with in
vitro fibroblast production of ICAM-1 and LFA-1 stimulated by
IFNg, TNFa and IL-1 [57]. The expression of ICAM-1, ELAM-
1, VCAM-1 and leucocyte integrins CD11a-c is greater in early
disease in perimysial connective tissue and vascular endothelium
in TED [58].

Chemoattractants implicated include IL-6, IL-8, IL-16,
RANTES and monocyte chemotactic protein (MCP)-1. IL-16 is
important for T-cell trafficking, acting as a ligand for CD4 + cells.
IL-16 production is believed to follow RANTES production and
both are responsible for T-cell trafficking in orbital and thyroid
fibroblasts [59]. Such activity is induced by IL-1b simulating a
pathological state. The IL-16 promolecule is cleaved by caspase 3
and is basally expressed by lymphocytes and stored preformed in
mast cells. Similarly IL-6, IL-8 and MCP-1 chemokine production
is induced by proinflammatory cytokines from orbital fibroblasts
[60,61]. The CD40/CD154 costimulatory pathway has been
demonstrated to have a potential role in IL-6 and IL-8 expres-
sion. T cells and mast cells express the CD154 ligand which 
activates the TNFa-related CD40 receptor that is up-regulated 

on orbital fibroblasts stimulated by INFg [60]. CD154 triggers
nuclear mobilization of NF-kB that in turn has binding sites
within the promoter regions of IL-6 and IL-8.

Once in the orbit, specific antigen presentation to T cells is
suggested to occur via the major histocompatibility complex
(MHC) class II HLA-DR antigen [62]. IFNg can induce orbital
fibroblast expression of HLA-DR [60,63]. Antigen intracellular
processing and presentation may also be facilitated by expression
of heat shock proteins (HSP) present in TED orbital and pretibial
fibroblasts [62,64].

As discussed previously, fibroblastic activation follows via one
of two divergent routes (denoting a heterogeneous population).
One engages in prostanoid synthesis and GAG production
[65,66]; in the other, the preadipocyte undergoes an inflammatory
mediated program of adipogenesis [67]. In the former both 
production of hyaluronan and prostaglandin E2 (PGE2) via
prostaglandin endoperoxidase H synthase-2 (PGHS2) can be
stimulated by CD40/154 activation [68] and as for IL-6 and IL-8
expression, these are linked to NF-kB translocation. PGE2 is a
determinant for B cell maturation, mast cell activation and 
the phenotypic bias of Th0 lymphocytes to become Th2, and the
interruption of CD40 activation may represent a specific site for
therapeutic intervention [69].

SMOKING AND TED

When examining the environment for factors that exacerbate
TED, smoking has turned out to be firmly associated and the risk
appears to be immediate and direct given that current and not
lifetime smoking is the most significant factor [70]. The effects of
smoking on TED are summarized in Table 1. A cohort of newly
diagnosed GD patients showed smokers had a 1·3 fold increase
in symptomatic ophthalmopathy with objective measurements of
proptosis and diplopia being 2·6 and 3·1 times more common,
respectively. An assumed effect of smoking increasing tissue
hypoxia was tested and it was shown in hypoxic conditions that
TNFa, INFg and IL-1 stimulated GAG production by orbital
fibroblasts to a greater extent than in basal oxygen conditions
[71]. The effect was greater in orbital than dermal fibroblasts.
These effects are at a local tissue level as serum IL-1b, TNFa (and
IL-6, IL-6R and IL-1RA) are not affected by smoking [72].

Both TED patients and healthy smoking female controls have
elevated levels of antibodies to HSP72 but the levels of antibody
seem not to be linked with the severity of ophthalmopathy and
are of doubtful significance other than as a marker of autoimmune
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Table 1. Summary of the effects of smoking in TED

Current smoking habits have the greatest influence on proptosis,
diplopia and symptomatic ophthalmopathy [70]

Smoking induced hypoxia promotes fibroblast production of 
glycosaminoglycans [71]

Nicotine increases orbital fibroblast expression of HLA-DR [76]
Mast cells production of IL-4,5,10,13 and TNFa is induced by cigarette

smoke [55]
High levels of anti HSP antibodies are not linked to severity of

ophthalmopathy [79]
Low levels of sIL-1RA in TED smokers is not a reproducible finding

[73–75]
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Fig. 1. Summary of the steps involved in the initiation of TED. (1) T cells recognize TSHR on orbital fibroblasts. (2) Activated mast cells
aid fibroblast activation, stimulate a Th2 response and (3) stimulate TSAB production. (4) Fibroblast activation results in the production
of proinflammatory mediators and adhesion molecules with the preadipocyte fraction undergoing differentiation and increasing TSHR
expression that heightens TSH/TSAB sensitivity. The resultant inflammation and adipogenesis produce the clinical manifestations of TED.
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susceptibility [73]. Initially it was demonstrated that TED
smokers had lower levels of soluble IL-1 receptor antagonist (sIL-
1RA) and were therefore less able to neutralize the inflammation
generated by IL-1 which indicated a less favourable therapeutic
response [74]. These findings have not been supported by follow
up studies and therefore remain slightly ambiguous [75,76].
Another in vitro study has examined the role for the cigarette
smoke constituents of tar and nicotine on orbital fibroblasts and
found that HLA-DR expression occurs only in the presence of
INFg [77]. The enhanced potential for antigen presentation in
smokers could increase their susceptibility.

CONCLUDING COMMENTS

We may be coming closer to a hypothesis that can ultimately be
proved regarding the very earliest steps initiating orbital auto-
immunity in TED. Whether or not the TSHR is the antigen of
TED, TED is exquisitely sensitive to TSHR stimulation either
from TSH or TSAB. This stimulation is mediated via a functional
extrathyroidal TSHR present on small numbers of preadipocytes
available for recruitment into adipogenesis or on those actively
differentiating. A crucial trigger occurs locally within the 
orbit that sets in motion activation of mast cells and fibroblasts
that initiates the adhesion molecule, chemokine, cytokine and

prostaglandin cascade that results in fibrotic and adipogenic
orbital remodelling that has been characterized as above. The
trigger may be that TSAB or TSH drives an otherwise gentle
turnover of orbital predipocyte differentiation to a point where
products (such as glycosphingolipids [78] or via c-kit and CD40)
are transferred to mast cells causing resident mast cell activation.
The presence of antibodies to glycolipids has been demonstrated
in Graves’ patients but has received little attention [79]. Alterna-
tively it may be circulating IgE antibody mediated effects via 
mast cell Fc receptors that are the priming orbital trigger. There-
fore our lines of investigation into TED are broadening with 
a view to understanding inflammatory mediated adipogenesis.
The steps involved in the initiation of TED are summarized in
Fig. 1.

The clinical presentation of TED is varied but a significant
proportion of patients have fat volume expansion without muscle
enlargement. Whether this represents the most extreme end of a
Th2 response and those with myopathy a more Th1 fibrotic effect
remains unanswered.
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