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SUMMARY

Thyroglobulin (Tg) is a target autoantigen in autoimmune thyroid diseases, such as Graves’ disease
(GD) and Hashimoto’s thyroiditis. In a previous study we identified three 20mer Tg peptides bearing
epitopes of autoantibodies associated with GD (TgP15, TgP26 and TgP41: sequences 2339-2358, 2471—
2490 and 2651-2670 of human Tg, respectively). In the present study, we investigated the antigenicity of
the above peptides in experimental immunization with Tg, the immunogenicity of antigenic peptides
and the possibility of intramolecular B-cell epitope spreading during peptide immunization. For this
purpose, two rabbits were injected with human Tg in CFA six times, every three weeks. Two control ani-
mals were injected only with CFA. Testing of antisera and of affinity-purified antibodies, by ELISA
against the three peptides, revealed reactivity only to TgP41. This synthetic peptide was subsequently
administered to two rabbits, in its free form (100ug in CFA six times, every two weeks). A strong sero-
logical response was developed not only against TgP41, but also to intact human and rabbit Tg. Immu-
nization with TgP41 induced intramolecular B-cell epitope spreading, i.e. production of antibodies to
sites on Tg other than that corresponding to TgP41, as revealed by immunoadsorption and competitive
ELISA. Histopathological studies did not reveal any infiltration in thyroid glands. We conclude that
peptide TgP41 encompasses not only an epitope of disease-associated autoantibodies, but also a dom-
inant immunogenic epitope of experimentally induced Tg-specific antibodies, able to drive B-cell

epitope spreading.
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INTRODUCTION

Thyroglobulin (Tg) is a large homodimeric iodinated glycopro-
tein (2 x 330 kD) that serves as a precursor for the thyroid hor-
mones [1]. Autoantibodies to Tg are frequently detected in
autoimmune thyroid diseases, Graves’ disease (GD) and Hashim-
oto’s thyroiditis [2] and have been used as serological markers [3].
However, the pathogenic role of anti-Tg antibodies is still debat-
able [4,5]. Several researchers have characterized epitopes recog-
nized by anti-Tg autoantibodies or by induced anti-Tg antibodies
in animals, throughout the Tg sequence [6—10]. Mapping of sero-
logical epitopes on Tg has been usually performed using either
large recombinant peptides [6-9] or proteolytic fragments [10]. In
a previous study [11], we used small synthetic peptides to finely
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map autoepitopes on the C-terminal region of human Tg (hTg).
This portion of Tg is highly immunogenic; encompasses four of
the five pathogenic T-cell epitopes known in animal studies [12].
Moreover, this portion of Tg shares significant sequence homol-
ogy (28%) [13] with acetylcholinesterase (AChE), an enzyme of
the cholinergic synapses. Based on this structural homology,
autoantibodies cross-reacting with Tg and orbital muscle AChE
have been attributed a pathogenic role in thyroid eye disease
[14,15]. Three 20mer peptides from this region were identified,
preferentially recognized by autoantibodies in GD. These pep-
tides (TgP15, TgP26 and TgP41) are located at the segments
2339-2358,2471-2490 and 2651-2670 of human Tg (numbering of
mature protein, not including signal peptide) [16]. These were the
smallest Tg peptides known to bear B-cell epitopes, recognized by
either patient sera or induced anti-Tg antibodies. In particular,
one of these peptides, namely TgP26, was associated with thyroid
eye disease in GD patients [11].

Immunization of rabbits with peptides has been reported to
cause intramolecular B-cell epitope spreading in the case of
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autoantigens involved in systemic autoimmune diseases, such as
Ro60 [17], Sm B/B’ [18] and La (SSB) [19]. In the above cases,
administration of a self-peptide to experimental animals resulted
in the production of antibodies directed not only to the priming
peptide sequence on the protein autoantigen, but also to sites on
the protein not included in the peptide sequence. Intramolecular
epitope spreading is considered to be a mechanism of expansion
of the autoimmune response to numerous sites of a protein
autoantigen; the initial response to certain dominant epitopes is
followed by the production of antibodies directed to a multitude
of secondary or cryptic epitopes through intramolecular epitope
spreading [20,21]. Intramolecular epitope spreading has not been
reported so far for autoantigens, such as Tg, related to organ-
specific autoimmune diseases.

The aims of the present study were firstly, to check whether
the three autoepitope-bearing peptides, TgP15, TgP26 and TgP41,
are also targets of experimentally induced anti-Tg antibodies, sec-
ondly, to examine the immunogenicity and pathogenicity of anti-
genic peptides and finally, to investigate the possibility of
intramolecular epitope spreading in Tg, using immunogenic Tg
peptides.

MATERIALS AND METHODS

Reagents

Human Tg was purified from thyroid glands, obtained at opera-
tions, applying a well-established methodology [22]. Rabbit Tg
(rTg) was purified in the same way from rabbit thyroid glands.
The purity of the preparation was checked by SDS-PAGE
(sodium dodecyl sulphate-polyacrylamide gel electrophoresis),
under reducing and nonreducing conditions [23]. Anti-rabbit
immunoglobulin antibody coupled to alkaline phosphatase was
purchased from Sigma (St. Louis, Missouri, USA).

Synthetic peptides

The peptides TgP15, TgP26 and TgP41 (segments 2339-2358,
2471-2490 and 2651-2670 of hTg [16]; amino acid sequences:
QVAALTWVQTHIRGFGGDPR, PPARALKRSLWVEVDL
LIGS and PYEFSRKVPTFATPWPDFVP) were synthesized
with free N- and C-terminals, at >80% purity, according to stan-
dard solid-phase methods [24] by Genosys Biotechnologies
(Cambridge, UK). Peptide purity was assessed by analytical
HPLC and mass spectral analyses.

Immunizations
Experimentation on living animals was performed in accordance
with local ethical guidelines.

Two adult New Zealand White (NZW) rabbits (L46 and 1.47)
were injected subcutaneously with 2-5 mg of hTg, in Complete
Freund’s Adjuvant (CFA) (Sigma) six times, every three weeks.
Two control rabbits were injected only with CFA following the
same protocol. Two more adult NZW rabbits (L48 and L49) were
injected subcutaneously with 100 ug of TgP41, in CFA six times,
every two weeks. Animals were bled before immunization (stage
0) and 8-10 days after each administration (stages 1-6). Antisera
were stored at —70°C until use.

For histological examination of thyroid glands after adminis-
tration of TgP41 a different protocol was followed. Three adult
NZW rabbits were injected subcutaneously with 100 ug of TgP41,
in CFA. Three weeks later, animals were boosted with the same

peptide quantity and by the same route, in Incomplete Freund’s
Adjuvant (IFA). Two weeks later, boosting was repeated in the
same way. Two weeks after the last administration, the animals
were sacrificed and their thyroid glands were stored in 10% form-
aldehyde solution until histological examination.

Isolation of Tg-specific antibodies

Anti-Tg antibodies were isolated from total antiserum (L46, L47)
on a Tg immunoadsorbent (4 mg of Tg per ml of beads); purified
hTg was coupled to glutaraldehyde-activated polyacrylamide-
agarose beads Ultrogel AcA22 (IBF biotechnics, Villeneuve-la-
Garenne, France), as described previously [25]. Bound anti-Tg
antibodies were subsequently eluted from the immunoadsorbent
with 0-2 N HCl-glycine pH 2-2, at 4°C. After neutralization, con-
centration and dialysis against phosphate-buffered saline 10 mm
pH 7-4, containing 150 mM NaCl (PBS), the anti-Tg fraction was
stored in 50% glycerol, at —20°C. Antibody concentration was
determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories
GmbH, Miinchen, Germany).

Isolation of TgP41-specific antibodies

Anti-TgP41 antibodies were depleted from total antiserum on a
TgP41 immunoadsorbent (5 mg of TgP41 per ml of beads). TgP41
immunoadsorbent, was prepared by coupling the peptide TgP41
on CNBr-activated Sepharose 4B (Pharmacia, Uppsala, Sweden)
according to standard protocol provided by the manufacturer.
Anti-TgP41 antibodies were subsequently isolated and stored as
described for Tg-specific antibodies.

ELISA

Non-competitive ELISA Reactivity of (anti)sera and affinity-
purified antibodies was tested by ELISA as described previously
[26], with some modifications. Polystyrene plates Maxisorb
(Nunc, Roskilde, Denmark) were coated overnight at 4°C with Tg
or each of the peptides (10 ug/ml, 100 ul per well), in 0-1 M car-
bonate-bicarbonate buffer pH 9-6. Free binding sites were
blocked with PBS containing 0-5% gelatin (PBS-G) for 45 min at
37°C. Sera (diluted 1:100-1:12 500), or purified antibodies (0-08—
5 pg/ml) in PBS-G containing 0-1% Tween-20 (PBS-G-T), were
added to the wells in duplicates and incubated with immobilized
antigen for 90 min at 37°C. The plates were then incubated with
anti-rabbit immunoglobulin-alkaline phosphatase conjugate
(0-5 ug/ml in PBS-G-T) for 1 h at 37°C. After each step, the plates
were extensively washed with PBS containing 0-1% Tween-20.
The assay was completed by the addition of the enzyme substrate
p-nitrophenyl phosphate. The absorbance (optical density) of the
produced colour at 405 nm (ODys,,) Was measured using a
Dynatech MR5000 microplate reader (Dynatech, Chantilly, VA,
USA).

Competitive ELISA Binding of antisera or purified anti-Tg
antibodies to immobilized hTg was checked for inhibition [27] by
potential soluble inhibitors (hTg, control BSA, or peptides TgP41
and TgP26). The same procedure was followed as for non-
competitive ELISA with the difference that the serum or purified
antibodies (at dilution corresponding to 50% of maximum bind-
ing), had been preincubated with soluble inhibitor (Tg or BSA, up
to 1 nmol/ml and TgP41 or TgP26, up to 25 nmol/ml) for 90 min at
37°C, before being placed into Tg-coated wells. The results were
expressed as inhibition percent (%) plotted versus pmol/ml of
inhibitor.
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RESULTS

Reactivity to Tg peptides in experimental immunization with Tg
Rabbits L46 and L47, immunized with Tg, developed high sero-
logical response to Tg (data not shown). Antisera were also tested
for reactivity against the Tg peptides TgP15, TgP26 and TgP41
(segments 2339-2358, 2471-2490 and 2651-2670 of hTg [16]).
Figure 1 shows antipeptide reactivity of L46 and L47 antisera
from successive immunization stages. After testing serial serum
dilutions (data not shown), 1:100 dilution was selected, because at
this dilution, differences of antibody reactivity between preim-
mune and serial immune sera were maximized. From stage 2
onward, high reactivity was developed to TgP41, but not to the
other two peptides. Sera from control animals, injected only with
CFA, did not react with the above peptides or with Tg. Appar-
ently, TgP41 contains at least one epitope of Tg-specific antibodies
induced in experimental immunization with Tg. In rabbit L46,
reactivity to TgP41 peaks at stage 3 and then is gradually reduced,
whereas, maximum reactivity for L47 is observed at stage 5 and is
reduced at stage 6 (Fig. 1).

In order to definitely conclude that TgP41 bears Tg epitope(s)
recognized by induced antibodies, we tested whether anti-TgP41
antibodies recognize intact Tg. For this purpose, TgP41-specific
antibodies were affinity-purified from L46 antiserum at stage 6 on
TgP41 immunoadsorbent. Serum concentration of isolated
TgP41-specific antibodies was found to be 2-4 pg/ml (this quantity
represents approximately 0-5% of total Tg-specific antibodies).
Figure 2 shows that TgP41-specific antibodies were found to
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Fig. 1. Reactivity (ODygs,m) of antisera from rabbits 146 (a) and L47 (b),
immunized with Tg, in successive immunization stages at serum dilution
1:100 against TgP15 (@), TgP26 (L) and TgP41 (A).

specifically react with intact Tg. Consequently, TgP41 comprise at
least one epitope of Tg-specific antibodies induced in rabbits
immunized with Tg.

Serological response to TgP41 and to Tg in experimental
immunization with TgP41

The immunogenicity of TgP41 was further tested, i.e. whether
administration of this peptide induces the production of antibod-
ies that recognize both the peptide and intact Tg.

The serological response to TgP41 of rabbits L48 and 149,
immunized with TgP41, was tested by ELISA. Figure 3a shows
serum reactivity from successive immunization stages, at dilution
1:100 (this dilution was selected, because differences of antibody
reactivity between immunization stages (0-6) were maximized).
A strong response to TgP41 was exhibited after the second immu-
nization (stage 2).

The serological response of rabbits immunized with TgP41
was tested by ELISA against intact Tg. Antisera reactivity to hTg
is more significant than reactivity to rTg (Fig.3b,c). Antibody
response to both Tgs reached maximum reactivity at stage 5 for
both rabbits.

Reactivity of affinity-purified TgP41-specific antibodies to Tg
TgP41-specific antibodies were affinity-purified from antisera of
stages 3 and 6 (where high reactivity is detected) from the rabbit
L49. Antiserum antibody concentrations were 24-5 pug/ml from
stage 3 and 29-7 ug/ml from stage 6. Reactivity of TgP41-specific
antibodies was further tested against TgP41 (Fig. 4a), intact hTg
(Fig.4b) and intact rTg (Fig.4c). Reactivity of TgP41-specific
antibodies from stage 6 to TgP41 is slightly higher than that of
stage 3. On the contrary, reactivity to hTg of antibodies from stage
3 is higher than that from stage 6. Presumably, in the course of
immune stimulation, more antibodies to TgP41 are produced that
do not bind (or have lower affinity) to the corresponding
sequence on native hTg. TgP41-specific antibodies are also reac-
tive with rTg (mainly those from stage 3). This reactivity is lower
than that to hTg.

Evidence for intramolecular epitope spreading after
immunization with TgP41

L49 antisera from stages 3 and 6, before and after depletion of
TgP41-specific antibodies by immunoadsorption, were compared
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Fig. 2. Reactivity of purified TgP41-specific antibodies from Tg-immu-
nized rabbits, against hTg (M) and BSA () used as a control. ODygs,, is
plotted versus antibody concentration (ug/ml).
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Fig. 3. Antisera from TgP41-immunized rabbits, L48 (M) and L49 (OJ)
(serum dilution 1:100), were tested for reactivity to (a) TgP41, (b) hTg and
(c) r'Tg, from all immunization stages.

regarding their reactivity to TgP41 (Fig.5a,b) and to hTg
(Fig. 5¢,d). After depletion of TgP41-specific antibodies, reactiv-
ity to the peptide was found to be abolished. On the contrary,
after depletion of TgP41-specific antibodies, serum reactivity to
Tg, although reduced, remained significant. Similar results were
obtained by depletion of TgP41-specific antibodies from the
stages 3 and 6 of rabbit L48 (data not shown). This result demon-
strates that after depletion of TgP41-specific antibodies, antibod-
ies directed to other sites of Tg do exist in antisera (this is known
as intramolecular epitope spreading). This residual reactivity to
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Fig. 4. Affinity-purified TgP41-specific antibodies from antisera of stages
3 (M) and 6 (O) from the rabbit L49, were tested for reactivity to
(a) TgP41, (b) hTg and (c) rTg. ODyysm is plotted versus antibody
concentration.

Tg was inhibited by soluble Tg (approx. 90% inhibition at
1 nmol/ml soluble Tg), while no inhibition was detected by solu-
ble peptide TgP41 up to 25 nmol/ml (data not shown). This sug-
gests that reactivity to Tg, remaining after TgP41-specific
antibody depletion, is specific for Tg and is not an effect of non-
specific binding.

To definitely demonstrate the existence of antibodies
directed to sites on Tg not included in TgP41, an additional
experiment was performed. Tg-specific antibodies were purified
by affinity chromatography from sera of stages 3 and 6 of rabbit
149 (immunized with TgP41). Subsequently, it was checked

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 132:401-407
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Fig. 5. Comparison of antisera from stages 3 and 6 of rabbit L49 before (CJ) and after (M) depletion of TgP41-specific antibodies with
immunoadsorption, regarding their reactivity to TgP41 [(a) stage 3 and (b) stage 6] and to hTg [(c) stage 3 and (d) stage 6]. ODygspn is
plotted versus serum dilution. Serum reactivity of stage 0 ( O ) is plotted for comparison.

whether reactivity of these antibodies to immobilized Tg was
inhibited by soluble TgP41. For stage 3, inhibition reaches a pla-
teau not exceeding 30%, at 25 nmol/ml of inhibitor (Fig.6a),
whereas inhibition by soluble Tg reaches 100% at 1 nmol/ml
(Fig. 6b). Inhibition by TgP41 at stage 6, although higher than
that at stage 3, it reaches a plateau of approximately 60% at
inhibitor concentration of 25 nmol/ml (Fig. 6a). Inhibition by sol-
uble Tg at stage 6 approaches 100% at concentration 1 nmol/ml
(Fig. 6b). Since the peptide TgP41 is not capable of completely
inhibiting antibody reactivity to Tg, we conclude that antisera
contain antibodies directed to sites on Tg not included in TgP41
sequence.

Histological examination of thyroid glands after

administration of TgP41

The ability of TgP41 to cause experimental autoimmune thyroidi-
tis (EAT) in rabbits was investigated. The peptide was adminis-
tered to three rabbits following a protocol different from that
used for antibody production, in order to optimize thyroid lym-
phocyte infiltration. The animals were sacrificed and the thyroid
glands were histologically examined. No lymphocyte infiltration
was observed in these thyroid glands.

DISCUSSION

In a previous study [11] we identified three 20mer synthetic pep-
tides (TgP15, TgP26 and TgP41) from the C-terminal portion of
hTg that contained autoepitopes associated with GD. Those
peptides were the smallest peptides bearing Tg epitopes identified

so far, owing to the method used; epitope mapping with small syn-
thetic pin-bound peptides. Due to the large size of Tg, the iden-
tification of antigenic sequences on Tg, recognized by anti-Tg
disease-associated or induced after immunization, was accom-
plished so far using either large recombinant peptides [6-9] or
proteolytic fragments [10].

In the present study, TgP41 (a.a. 2651-2670 of hTg), was
found to also contain epitope(s) recognized by anti-Tg antibodies
induced in rabbits by Tg. Peptides TgP15 and TgP26 are not rec-
ognized by antisera, suggesting that they contain only epitopes
recognized by autoantibodies.

Tg epitopes defined by TgP15 and TgP26 do not overlap
with previously characterized Tg epitopes [6-10]. TgP41
sequence comprises an overlap of 14 residues with the sequence
2657-2748 of hTg, found previously to be recognized by a few
Hashimoto’s thyroiditis sera [10]. Moreover, it is encompassed
in the segment 2644-2730 of hTg, found to bear an epitope of
induced antibodies [7]. We cannot exclude the possibility that
the epitope included in that 87 amino acids long peptide coin-
cides with that defined by the 20mer peptide TgP41. TgP41 is
the smallest peptide known to bear a target of induced anti-Tg
antibodies.

TgP41 was also found here to contain a strongly immuno-
genic region of Tg; this peptide, when administered in rabbits, is
capable of inducing antibodies recognizing the peptide, as well as
native Tg. Of course, a portion of the antibodies recognizing the
peptide do not bind to native Tg. It is possible that antibodies are
produced directed to different sites on the 20mer peptide. Some
of these epitopes are possibly not recognized on native Tg,

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 132:401-407



406 A. Thrasyvoulides & P. Lymberi

100

F AR B

0-01 01 1 10 100 1000 10000 100000

Inhibition (%)

100
9
80
70 |
60 |-
50 |-
40 |
30 |
20
10}

0 . A m
0-00010:001 0-01 01 1 10 100 1000

Inhibitor concentration (pmol/ml)

Fig. 6. Inhibition of binding to hTg of purified Tg-specific antibodies from
stages 3 (M) and 6 (A) of rabbit L49 (immunized with TgP41) by soluble
(a) TgP41 and (b) hTg. Peptide TgP26 and BSA were used as control
(open symbols/broken lines).

presumably due to steric hindrance. It is remarkable that a small
peptide like TgP41 was capable of inducing antibody production
administered in rabbits free, not conjugated to a carrier mole-
cule. Small molecules, in most cases are administered in rabbits
conjugated to proteins or other types of carriers, such as, lysine
tree [28] or sequential oligopeptide carrier (SOC) [29]. This way,
additional epitopes are generated that can be recognized by
helper T-cells, which subsequently stimulate antibody producing
B-cells. Moreover, conjugation of a peptide to a carrier prevents
its fast degradation within the recipient [30]. Consequently,
TgP41 is strongly immunogenic, and possibly also includes a T-
cell epitope.

In the present study, administration of TgP41 to rabbits, at
least with our experimental procedure, did not result in the devel-
opment of EAT. It is known that EAT is not always induced in
rabbits, even if whole Tg is administered [31-33]. To ensure that
TgP41 contains a pathogenic epitope, studies in susceptible
strains of mouse are necessary.

In our study we concluded that experimental immunization
with TgP41 induces B-cell epitope spreading. Reactivity to
intact Tg, remaining after TgP41-specific antibody depletion, is
specific for Tg and is not an effect of nonspecific binding. This
residual reactivity to Tg is due to epitopes not encompassed in,
and not homologous to TgP41, since, it is not inhibited by
TgP41. During the course of successive immunizations with

TgP41, more antibodies accumulate that recognize TgP41
sequence in native Tg, in parallel with antibodies directed to the
‘spread’ epitopes. This is indicated by the result showing that
reactivity to Tg of purified anti-Tg antibodies from TgP41-
immunized animals was inhibited by soluble TgP41 more signifi-
cantly in stage 6 than in stage 3. Reactivity to ‘spread’ epitopes
in Tg seems to remain unaltered between stages 3 and 6, since
residual reactivity to Tg after depletion of TgP41-specific anti-
bodies is comparable between stages 3 and 6, although anti-Tg
reactivity is higher in stage 6. In the present study, B-cell
epitope spreading after peptide-immunization, was demon-
strated for the first time, for an autoantigen related to an organ-
specific autoimmune disease. However, epitope spreading has
often been reported for autoantigens associated with systemic
autoimmune diseases [17-19]. It has also been reported for
another thyroid antigen, thyrotropin receptor [21], but in that
case, animals were primed with the extracellular domain of the
protein and not with a small peptide. Intramolecular epitope
spreading is believed to result from the activation of antigen-
specific clones of helper T-cells capable of stimulating a series
of B-cells specific for several epitopes on the protein [20,34]. In
the case of immunization with a Tg peptide, intramolecular
epitope spreading, can be explained via involvement of nor-
mally circulating Tg [35] or Tg fragments that may be recog-
nized by anti-TgP41 antibodies and thus, create immune
complexes [36]. These complexes can be further processed and
give rise to antibodies directed to epitopes on Tg other than
TgP41. However, we cannot exclude the possibility that tran-
sient lesions, although not observed, appear in the thyroid
glands of TgP41-immunized rabbits, which could lead to release
of Tg. B-cells specific for the immunizing peptide TgP41 could
uptake Tg via surface immunoglobulins and, after processing,
present new determinants to T-cells. Stimulated T-cell clones
could, in turn, provide help to various B-cell clones specific for
other epitopes on Tg. These mechanisms presume that epitope
spreading is mediated by autologous Tg and that TgP41 encom-
passes an epitope located on the surface of Tg; indeed, calcula-
tion of Tg hydrophobicity profile confirmed the latter (data not
shown). Moreover, the experiments confirmed antisera reactiv-
ity to autologous Tg (rTg).

Our model suggests involvement of normally circulating Tg
in epitope spreading without tissue damage, in contrast to
hypotheses proposed by other researchers, where tissue damage
is a prerequisite for epitope spreading, either in T-cell-mediated
or antibody-mediated autoimmune diseases [20]. Although rab-
bit Tg sequence is unknown, TgP41 (human sequence) shares
75% identity with other known Tgs from several species
(bovine, porcine, mouse, rat). Presumably, the rabbit sequence
homologous to TgP41 shares epitope(s) with the human
sequence. Reactivity of TgP41-specific antibodies from stage 3
to 1rTg, confirmed cross-reactivity between TgP41 and the rabbit
Tg sequence, responsible for epitope spreading. The very low
reactivity of TgP41-specific antibodies from stage 6 to rTg can
be attributed to the accumulation of TgP41-specific antibodies,
during successive immunizations, that do not cross-react with
rTg.

To conclude, region 2651-2670 of hTg (peptide TgP41), con-
taining target(s) of autoantibodies and of antibodies produced
after experimental immunization with Tg, is capable of inducing
antibodies that bind to intact Tg and causing spreading of the
reactivity to other sites of Tg.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 132:401-407
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