
Variable influences of iodine on the T-cell recognition of a single
thyroglobulin epitope

Introduction

Excessive iodine intake has been associated with the inci-

dence of autoimmune thyroiditis in clinical and experi-

mental studies.1–7 The mechanisms underlying this

association remain unknown but they may be, at least in

part, related to the immunogenicity of thyroglobulin

(Tg), the only molecule that incorporates iodine in vivo

to facilitate the synthesis of the thyroid hormones tri-

iodothyronine and thyroxine.8 Tg represents up to 75%

of the total protein in the thyroid gland9 and it is the

major thyroid autoantigen causing experimental autoim-

mune thyroiditis (EAT), a T-cell-mediated disease10–12

that is considered to be a model for Hashimoto’s thy-

roiditis in humans.13,14

Several studies have supported the view that the iodine

content in Tg, which varies according to dietary intake,

can influence its immunogenicity.15–17 For example,

iodine-deficient Tg fails to induce EAT in mice15 and

BB/W rats17 and conversely, highly iodinated Tg is more
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Summary

We have previously shown that iodotyrosyl formation within certain

innocuous thyroglobulin (Tg) peptides confers on them immunopatho-

genic properties. In this report, we generated a panel of T-cell hybridoma

clones specific for the immunogenic 16 mer Tg peptide p179 (amino acids

179–94) or its iodinated analogue (I-p179), with a view to examining the

effects of a single iodine atom at the Y192 amino acid residue on T-cell

recognition. We found that the peptide p179 was subdominant, and its

binding to both Ak and Ek molecules was not significantly influenced by

iodine. T-cell receptor (TCR) engagement was unaffected by the bulky

iodine atom in two clones that responded to both analogues but it was

sterically hindered in two other clones that recognized only p179. One

clone was reactive only to I-p179, suggesting that the iodine atom is an

integral part of its TCR ligand. Truncation analysis localized the deter-

minant seen by all clones within the 11 mer peptide p184 (amino acids

184–194), suggesting that the cross-reactive clones were not activated by a

minimal epitope lacking Y192 and that the negative influence of iodine

was not the result of a flanking residue effect. These results demonstrate,

at the clonal level, variable influences of a single iodine atom on the

recognition of a single Tg peptide. Iodination of tyrosyl-containing,

immunopathogenic Tg peptides may have unpredictable effects at the

polyclonal level, depending on the extent of iodination at the particular

site, and the relative number or effector function of autoreactive T-cell

clones that are switched on or off by the neoantigenic determinant.

Keywords: autoimmunity; iodination; T-cell epitope; thyroglobulin; thy-
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Abbreviations: aa, amino acid; CFA, Freund’s complete adjuvant; EAT, experimental autoimmune thyroiditis; FBS, fetal bovine
serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL-2, interleukin-2; LNC, lymph node cells; MHC, major
histocompatibility complex; RT-PCR, reverse transcription–polymerase chain reaction; S.I., stimulation index; Tg, thyroglobulin;
hTg, human thyroglobulin; mTg, mouse thyroglobulin; p179, mTg peptide (179–194); I-p179, iodinated analogue of p179;
I-p304, iodinated analogue of mTg peptide (304–318); p1826, mTg peptide (1826–1835); p2496, mTg peptide (2496–2504).
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immunogenic than normal Tg and elicits severe EAT.16,18

Removal of iodine, and presumably hormone, from the

human Tg (hTg) fragment 2513–2713 was also reported

to convert an immunogenic epitope that is localized

within this region into a tolerogenic one.19 Iodination has

been shown to enhance Tg immunogenicity in two ways:

(1) by formation of neoantigenic determinants encompas-

sing either hormonogenic or iodotyrosyl-containing

sites,20–22 and (2) by alteration of Tg processing, resulting

in generation of non-iodinated but pathogenic cryptic

epitopes.18,23 We have previously reported that iodotyro-

syl formation can render certain innocuous Tg peptides

(p304, p117 and p1931) immunopathogenic.21 Additional

results, however, have suggested that iodotyrosyl forma-

tion can have variable effects on the immune recognition

of other Tg peptides, i.e. it can increase, decrease or not

alter their established immunogenicity.21 In this study, we

have used as a model antigen the mouse Tg (mTg) pep-

tide p179 [amino acids (aa) 179–194] for two interesting

reasons: (1) an overlapping peptide analogue (aa 181–

195) has been reported to result from the natural process-

ing of hTg in HLA-DR3-transgenic mice,24 and (2) the

iodinated analogue I-p179, carrying an iodotyrosyl at

position Y192, elicits stronger proliferative T-cell

responses than p179, but remains, unexpectedly, mildly

pathogenic as p179 (Li et al. submitted for publication).

Therefore, we aimed to examine if p179 could be simi-

larly generated following the in vivo processing of mTg

and, in addition, investigate at the clonal T-cell level, the

effects of a single iodine atom on T-cell recognition of

p179 that may account for the immunopathogenic beha-

viour of the iodinated analogue.

Materials and methods

Animals, antigens and antibodies

Female CBA/J (H-2k) mice purchased from Jackson

Laboratories (Bar Harbor, ME) were used in experiments

at 6–8 weeks of age. The following mTg peptides were

synthesized at 80–90% purity: p179, I-p179, I-p304 (aa

304–318) (Dalton Chemical Laboratories Inc., Toronto,

Canada),21 p2496 (aa 2496–2504) (Alberta Peptide Insti-

tute, Edmonton, Canada)25 and p1826 (aa 1826–1835)

(Sigma-Genosys, The Woodlands, TX).26 All truncated

peptides (> 90% purity) were synthesized at Biosynthesis,

Inc. (Lewisville, TX). All peptides were blocked with an

N-terminal acetyl group and a C-terminal amide group.

F-moc-3-iodo-tyrosine was used for the synthesis of all

iodinated peptide analogues. The mTg was purified from

frozen thyroids of outbred ICR mice (Bioproducts for

Science, Indianapolis, IN) by passing thyroid homogen-

ates through a Sepharose CL-4B column, as previously

described.27 Tg concentrations are expressed as the molar-

ity of the monomeric form. Monoclonal antibodies

(immunoglobulin G2a) specific for Ak (10-3.6.2),28 Ek

(14-4-4s)29 and influenza A nucleoprotein (H16-L10-

4R5)30 were purified by protein G–Sepharose 4 Fast Flow

affinity chromatography (Amersham Biosciences, Uppsala,

Sweden) from culture supernatants of cell lines (American

Type Culture Collection, Manassas, VA).

Proliferation assay of antigen-specific lymph node cells

Mice were immunized subcutaneously with 100 nmol Tg

peptide or 100 lg mTg in complete Freund’s adjuvant

(CFA; with Mycobacterium butyricum; Difco Laboratories,

Detroit, MI). Nine days later, the inguinal, brachial, and

axillary lymph node cells (LNC) were cultured

(5 · 105 cells/200 ll/well) in Dulbecco’s modified Eagle’s

minimal essential medium supplemented with 10% heat-

inactivated fetal bovine serum (PAA Laboratories, Etobi-

coke, Ontario), 20 mM HEPES buffer, 2 mM L-glutamine,

100 U/ml penicillin, 100 lg/ml streptomycin (all from

Gibco) and 5 · 10)5
M 2-mercaptoethanol (Sigma Chem-

ical Co., St Louis, MO) (complete medium) for 4 days

with or without antigen. Eighteen hours before harvest-

ing, 1 lCi methyl[3H]thymidine (PerkinElmer, Boston,

MA) was added to each well. Cell harvesting and radioac-

tivity counting were performed as previously described.26

The stimulation index (S.I.) is defined as [counts per

minute (c.p.m.) in the presence of antigen]/(c.p.m. in the

absence of antigen).

Generation of peptide-specific T-cell hybridoma clones

Interleukin-2 (IL-2) -secreting T-cell hybridomas were

generated following a modified method described by Per-

kins et al.31. Briefly, CBA/J mice were challenged subcuta-

neously with 100 nmol p179 or I-p179 in 100 ll of

phosphate-buffered saline/CFA emulsion and 9 days later,

draining LNC were collected and 4 · 106 cells/ml were

cultured in the presence of 20 lM of the respective pep-

tides. After 3 days, the stimulated cells were fused by

polyethylene glycol at a 1 : 2 ratio with the BW5147a–b–

variant,32 a gift from P. Marrack (Howard Hughes Med-

ical Institute, Denver, CO). Hybridomas appeared after

7–10 days of culture, and were successively passaged

through hypoxanthine–aminopterin–thymidine-containing

medium and hypoxanthine–thymidine-containing med-

ium, and then into complete medium. Peptide-specific

hybridomas were cloned by limiting dilution at 0�3 cell/

well in medium with 20% fetal bovine serum and 1%

syngeneic red blood cells as feeder cells.

Activation assay of T-cell clones

Hybridoma clones (105 cells/well) were cultured with

LK35.2 cells (H-2Ak/d, H-2Ek/d)33 (105 cells/well) in the

presence of relevant antigen. After 24 hr of incubation,
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100 ll supernatant was transferred from each well into

new plates and stored at ) 70� for at least 2 hr. The

release of IL-2 into the culture supernatant was assessed

by measuring the proliferation of the IL-2-dependent

cytotoxic T cells (CTLL-2), as described previously.34

T-cell clones 10C1 (Ak-restricted, I-p304-specific)21 and

8F9 (Ek-restricted, p2496-specific)25 were used in the

competitive inhibition assays.

Reverse transcription–polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted from 5 · 106 cells using TRIZOL

reagent (Invitrogen, Carlsbad, CA) following the manufac-

turer’s instructions. First-strand cDNA synthesis was

performed using a commercial kit (Amersham Bioscience,

Buckinghamshire, UK) in a 33-ll reaction solution con-

taining 5 lg total RNA. The RT-PCR reaction mixture

contained: 1 · PCR buffer, 1�5 mM MgCl2 (both from Invi-

trogen), 0�2 mM of each dNTP (Gibco-BRL), 2 ll cDNA

template, 20 pmol of each primer, 2�5 U Taq polymerase

(Invitrogen) and RNase-free water (Sigma) to 100 ll final

volume. Forward primers for Vb families, a reverse primer

for Cb35 as well as primers for glyceraldehyde-3-phosphate

dehydrogenase (GAPDH)36 were synthesized by the GSD

Center for Biomaterials (Toronto, Canada). Amplification

was performed in 35 cycles (1 min denaturation at 95�,

1 min annealing at 55� and 1 min extension at 72�) on a

Perkin Elmer DNA thermocycler (Cetus, Norwalk, CT)

preceded by a 5-min denaturation step at 94� and followed

by a 10-min extension step at 72�. The PCR products were

visualized by electrophoresis on 1�5% agarose gels contain-

ing 0�5 lg/ml ethidium bromide.

Results

p179 contains subdominant epitope(s)

We first tested whether the Tg peptides p179 and I-p179

contained dominant T-cell epitope(s). CBA/J mice were

immunized with 100 lg mTg emulsified in CFA and

9 days later, draining LNCs were cultured in the presence

of mTg or free peptides. Tg-primed LNCs responded

strongly against mTg (S.I. ¼ 2�9–8�2 in the 0�01–1 lM

range), weakly to higher concentrations of p179 (S.I. ¼
3�2 ± 0�3 at 27 lM), but failed to respond to equimolar

amounts of I-p179 (Fig. 1a). Conversely, in vivo priming

with 100 nmol p179 elicited strong recall responses to the

priming peptide (S.I. ¼ 3�6–14�7 in the 0�6–5 lM range)

and a weak but significant response (S.I. ¼ 4�3–5�5) to

equimolar amounts of mTg in vitro (Fig. 1b). A prolifera-

tive LNC response was not detected against the control

Tg peptide p2496 in any of the assays (data not shown).

These data support the view that p179 encompasses sub-

dominant T-cell determinant(s).

Iodination of p179 does not influence major
histocompatibility complex (MHC) binding

The Tg peptide p179 was initially identified as a site of

putative pathogenic epitope(s) because it contains an Ak-

binding motif.37 Subsequently, it was found that p179

also has an Ek-binding motif (Fig. 2a) and that in bulk

cultures the majority of T cells recognize p179 as well as

I-p179 in the context of Ek (Li et al. submitted for publi-

cation). To determine whether iodination of p179 can

influence its binding to MHC, we used two hybridoma

clones: the Ek-restricted 8F9 clone, specific for the Tg
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Figure 1. p179 contains a subdominant epitope. CBA/J mice (three

mice per group) were challenged with either Tg (a) or p179 (b).

Antigen-specific proliferation of LNCs, in the presence of Tg (h),

p179 (s) or I-p179 (d) was examined 9 days later. Data show the

mean ± SD of S.I. values of triplicate wells and are representative of

two or three experiments. Background c.p.m. varied from 3499 to

5653.

(a)

(b) (c)

0·1

12·5 80

p179

p179 (a.a. 179–194) NTTDMMIFDLIHNYNR

I-p179

p1826

p179

I-p179

p2496

60

40

20

10

7·5

5

2·5

0
1 10 100 100101 1000

[Inhibitor] (µM)C
T

LL
 p

ro
lif

er
at

io
n 

(c
.p

.m
./1

03 )

[Inhibitor] (µM)

Figure 2. Iodine modification of p179 does not significantly alter its

MHC-binding properties. (a) Amino acid sequence of p179 indica-

ting the Ak-binding (underlined) and Ek-binding (bold) motifs.

(b) Activation of the Ek-restricted clone 8F9 by its p2496 ligand

(25 nm), in the presence of the inhibitor peptides p179 and I-p179.

The Ak-restricted Tg peptide p1826 was used as a negative control.

(c) Activation of the Ak-restricted clone 10C1 by its I-p304 ligand

(0�15 lm), in the presence of increasing concentrations of the inhib-

itor peptides p179 and I-p179. The Ek-restricted Tg peptide p2496

was used as a negative control. IL-2 secretion by the activated T-cell

hybridomas was assessed by CTLL proliferation.
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peptide p2496,25 and the Ak-restricted 10C1 clone, speci-

fic for the Tg peptide I-p304,21 to examine their activa-

tion by their cognate ligands in the presence of p179 or

its iodinated analogue in a competitive inhibition assay.

This pair of peptides inhibited 8F9 activation equally well,

suggesting equivalent binding affinities to Ek (Fig. 2b).

Similarly, both analogues strongly inhibited 10C1 activa-

tion but this effect was noticeable at high competitor pep-

tide concentrations (125 lM), with the I-p179 showing a

slightly higher, although not significantly different, inhibi-

tion (Fig. 2c). The inhibitory effect was specific because it

was not detected at equimolar concentrations of control

peptides (Fig. 2b,c). These results indicate that the addi-

tion of an iodine atom to the Y192 residue does not sig-

nificantly alter the MHC-binding properties of p179.

Variable effects of iodine on T-cell recognition
at the clonal level

To examine the possible effects of the iodinated Y192

on T-cell recognition, we generated a panel of T-cell

hybridoma clones: 1E7, 2D5 and 2H2 clones were

obtained from p179-primed LNC, whereas 4A11 and

1B3 clones were generated from I-p179-primed LNC.

Within the first set, it was found that 1E7 and 2D5 were

activated only by p179 and that the incorporation of

one iodine atom to Y192 abrogated the engagement of

their receptor (Fig. 3a,b). In contrast, clone 2H2 was

activated by both p179 and I-p179, suggesting that the

presence of iodine had a neutral effect on its T-cell

receptor (TCR) engagement (Fig. 3c). Within the second

set, clone 4A11 was activated only by the I-p179 ana-

logue within the 1–125 nM range, demonstrating that the

iodine atom was critical for TCR recognition (Fig. 3d).

On the other hand, clone 1B3 showed a preference for

the iodinated analogue but remained reactive to p179,

indicating that the iodine atom was not an integral part

of its ligand (Fig. 3e). The monoclonal antibody-medi-

ated blocking assays confirmed that all the above clones

were Ek-restricted with the exception of 2D5, which is

Ak-restricted (data not shown). Furthermore, RT-PCR

analysis showed that 1E7 utilized Vb10, 4A11 utilized

Vb4, while 2D5, 1B3 and 2H2 utilized Vb2 gene famil-

ies. These results supported the clonal nature of these

hybridomas and further suggested that there may be no

strict segregation of Vb family use according to the fine

TCR specificity (Fig. 4).

Examination of fine specificity of hybridoma clones
by truncation analysis

To investigate whether the fine specificity of the above

clones was linked to recognition of distinct determinants

within the aa 179–194 sequence, we performed truncation

analysis using the peptide panel shown in Fig. 5(a). The

clones 1E7 and 2D5, which reacted only against the p179

analogue (pep.7), were found to respond to the 11 mer

Tg peptide p184 (pep.5, aa 184–194) but remained un-

responsive to the iodinated analogue I-p184 (pep.2)

(Fig. 5b,c). In contrast, the clone 2H2 responded to both

11 mer analogues (pep.2 and pep.5) (Fig. 5d). Conversely,

the clone 4A11 recognized only I-p184 (pep.2), not p184

(pep.5) (Fig. 5e), whereas clone 1B3 responded to both

p184 and I-p184 analogues (Fig. 5f). No clone was activa-

ted by either pep.3 or pep.6, suggesting that R194 is a

critical residue. These results established: (1) that the

R194 residue is the C-terminal residue of the minimal

epitope recognized by all clones, and (2) that the cross-

reactive clones 2H2 and 1B3 recognize an epitope that

contains the Y192, i.e. they can tolerate the presence of

the bulky iodine atom in this position.
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Figure 3. Variable influences of a single iodine atom on TCR recog-

nition. Hybridoma clones 1E7 (a), 2D5 (b) and 2H2 (c) were gener-

ated from p179-primed LNCs and clones 4A11 (d) and 1B3 (e) were

generated from I-p179-primed LNCs. The LK35.2 cell line was used

as APC. Data represent mean ± SD of c.p.m. for triplicate wells.
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Vb-specific primers. M, markers; B, blank control; G, GAPDH.
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Discussion

Tg is the only self antigen that stores iodide and organi-

fies it in the form of iodotyrosyl or iodothyronine

residues. This post-translational modification varies

according to the environmental supply of iodine and has

immunological consequences because of formation of

neoantigenic determinants. For example, thyroid-infiltra-

ting T cells have been characterized to be elicited by Tg

peptides containing hormonogenic sites20,38 or iodotyros-

yls.21 Iodine can also have variable influences on Tg pep-

tides of known immunogenicity because it can increase,

decrease or not alter their antigenic and immunogenic

behaviour.21 In this context, we have described in a paral-

lel study that iodine enhances the immunogenicity of the

p179 peptide with no apparent effects on its pathogenicity

(Li et al. submitted for publication). These observations

and the previous finding that processing of hTg in HLA-

DR3 transgenic mice generates the overlapping peptide

181–195,24 prompted us to examine how iodine influen-

ces recognition of p179 at the clonal T-cell level.

Our results demonstrate that processing of mTg in vivo

or in vitro seems to weakly prime p179-specific T cells,

confirming its subdominant nature. However, mTg-

primed LNC do not react against I-p179, suggesting that

mTg does not harbour the iodinated analogue under

steady-state conditions. So far, subdominant Tg T-cell

epitopes have been localized within seven Tg peptides:

(179–194), (418–432), (1518–1532) (2079–2093), (2340–

2359), (2549–2560) and (2695–2713).24,39–41 Subdomi-

nance has been defined by the capacity of peptide-primed

T cells to occasionally respond to intact Tg in vivo or

in vitro but at molar concentrations much higher than

those required for activation by free peptide. Identifica-

tion of a dominant Tg epitope that can activate mTg-

primed LNC at concentrations equimolar to those of intact

Tg remains elusive, and it is uncertain to what extent a

330 000 molecular weight Tg monomer can be quantita-

tively processed in vitro to yield any given peptide with an

approximately 150-fold smaller molecular mass.39,41

The I-p179 analogue binds to Ak or Ek molecules

almost as well as p179, yet the presence of one iodine

atom at Y192 can exert extremely variable influences at

the clonal T-cell level. Clones 1E7 and 2D5 must repre-

sent subsets of T cells whose fine specificity is negatively

impacted by iodine, presumably through a steric hin-

drance effect. Conversely, the absence of iodine abrogates

completely the reactivity of clone 4A11, which probably

represents T-cell subsets that are monospecific for the

neoantigenic determinant. These cells will be elicited fol-

lowing animal challenge with I-p179, and they may even

occur at a frequency higher than p179-specific T cells to

account for the higher immunogenicity of I-p179. How-

ever, they are not expected to contribute to EAT if I-p179

is not constitutively expressed in normal Tg. Their puta-

tive effector function would be demonstrable only when

increased ingestion of iodine might promote iodination

of the Y192 residue, but experimental evidence for this

hypothesis is currently lacking. Lastly, the cross-reactive

receptors on clones 2H2 and 1B3 may be expressed on

effector T cells in EAT elicited by either analogue, and

may account, to a large extent, for the mild thyroidito-

genicity of p-179 and I-p179.

The truncation analysis data mapped the minimal epi-

tope recognized by all clones within the 11 mer p184

(184–194) peptide. The R194 residue comprises the C-ter-

minal aa residue of this epitope because its removal abro-

gates the reactivity of all clones. Although the N-terminal

end of the minimal epitope has not been formally

assigned, this sequence differs only at two aa positions

(I185–V185 and N191–S191) from the homologous thy-

roiditogenic sequence in hTg.24 The data also demonstrate

that the cross-reactivity of clones 2H2 and 1B3 cannot be

explained by recognition of an identical minimal epitope

lacking Y192. Instead, these findings argue for the pres-

ence, within the normal receptor repertoire, of TCR cap-

able of tolerating the bulky iodine atom regardless of

whether the initiating stimulus is p179 or I-p179.

Under steady-state conditions, only five out of 132

tyrosyls in a dimeric hTg molecule with 0�5% iodine con-

tent adopt, on average, the form of mono-iodotyrosyl resi-

dues.42 As mentioned above, the present studies with

mouse Tg do not support the view that the Y192 residue is
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one of them, in agreement with biochemical investigations

reporting on the localization of mono-iodotyrosyls in Tg

subjected to very low levels of iodination.43 Earlier in vitro

studies have indicated that only 12–15 Tyr residues can be

available for non-enzymatic iodination in native Tg44 but it

remains unknown whether thyroperoxidase-mediated iodi-

nation of Tg in vivo, over long periods of enhanced dietary

iodine intake, may yield different results. Interestingly, the

peptide p179 is localized within a non-repetitive sequence

that disrupts the cysteine-rich motifs of tandem repeats on

the N-terminal side of Tg, namely within a 40-residue

insert of motif 1�3. It has been suggested that these inter-

vening, non-repetitive sequences may represent solvent-

exposed regions of Tg that may be inherently sensitive to

proteolysis.45 In addition, the asparagine N179 is a con-

firmed glycosylation site that contains galactose but no

fucose, representing either a hybrid oligosaccharide struc-

ture or a complex oligosaccharide moiety.46

In conclusion, the current data support the view that

iodination of Tg may have pleiotropic effects on Tg-react-

ive T-cell clones. Any given iodinated neoantigenic deter-

minant may turn on some autoreactive T cells

but simultaneously switch off others specific for the non-

iodinated analogue. Thyroiditogenicity may be deter-

mined by the combined net effect of this modification at

the polyclonal level. Overall, highly iodinated Tg may

become more immunopathogenic than normal Tg

because of: (1) the creation of iodinated neoantigenic

peptides that preferentially activate monospecific or cross-

reactive thyroiditogenic T cells; and/or (2) generation of

non-iodinated but cryptic pathogenic peptides generated

by altered processing of Tg in antigen-presenting cells.18

The potential role of each category of determinant in the

development of clinical disease remains to be elucidated.
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