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Summary

 

Autoimmune thyroiditis in humans has been linked to excess iodine intake. A
causative relationship between dietary iodine and thyroiditis has been clearly
established in animal models of thyroiditis, including the NOD.H2

 

h4

 

 mouse
strain, which develops enhanced thyroiditis spontaneously after supplemen-
tation of drinking water with sodium iodide. To assess the mechanisms by
which iodine may contribute to disease pathogenesis, we have purified
hypoiodinated thyroglobulin (Lo-I Tg) from the thyroids of mice fed methi-
mazole and potassium perchlorate. This preparation contained only a trace of
iodine and was poorly reactive to monoclonal antibody 42C3, which has been
shown previously to distinguish hypoiodinated from normal Tg. A cloned T
cell line 2D11 from a diseased NOD.H2

 

h4

 

 mouse proliferated in response to
normal Tg, but not to Lo-I Tg. Serum antibodies from NOD.H2

 

h4

 

 mice with
thyroiditis were poorly reactive to Lo-I Tg. To determine that these changes
were due specifically to iodine content, Lo-I Tg was reiodinated 

 

in vitro

 

. Reio-
dination of Lo-I Tg partially re-established the reactivity of NOD.H2

 

h4

 

 serum
antibodies. The data demonstrate that the reactivity of thyroglobulin-specific
antibodies and certain T cells are dependent on the iodine content of thyro-
globulin. These findings suggest that iodine contributes to autoimmune thy-
roiditis in the NOD.H2

 

h4

 

 mouse by directly enhancing the antigenicity of
thyroglobulin.
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Introduction

 

Environmental factors such as infection or diet may trigger
autoimmunity in genetically predisposed hosts; however, lit-
tle is understood about how these factors may interact with
self-antigens to promote an autoimmune response. One
such antigen, thyroglobulin (Tg), is well defined as a major
autoantigen in chronic lymphocytic (Hashimoto’s) thyroidi-
tis (HT) in humans and its animal model counterpart,
experimental autoimmune thyroiditis (EAT). Tg is a large
(

 

~

 

660 kDa), highly glycosylated homodimeric molecule
integral to thyroid hormonogenesis. The iodination of
selected tyrosyl residues as precursors for the two iodothy-
ronine thyroid hormones thyroxine (T

 

4

 

) and triiodothyro-
nine (T

 

3

 

) is essential to its endocrine function.
Circumstantial evidence suggests a causal link between

increased iodine intake and enhanced risk for HT in some

patients [1,2]. In studies on human patients with HT,
antibody and T cell reactivity to Tg were reduced in rela-
tion to reduced iodine content of the Tg molecule [3–6].
The susceptibility of rodent models, such as the diabetes-
prone Bio-Breeding rat, to autoimmune thyroiditis can be
attenuated by manipulation of host iodine metabolism
[7,8].

The NOD.H2

 

h4

 

 strain is a recently developed model useful
for dissecting the relationship between iodine and thyroidi-
tis. Derived from the autoimmunity-prone non-obese dia-
betic (NOD) mouse strain, NOD.H2

 

h4

 

 mice spontaneously
develop autoimmune thyroiditis over time, a process signif-
icantly accelerated and enhanced by supplementation of
dietary iodine [9,10]. Because these experiments exclusively
used younger mice, between 16 and 18 weeks of age at the
time of killing, we further wanted to determine if iodine sup-
plementation has the same effect on older mice.
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The NOD.H2

 

h4

 

 strain presents an attractive opportunity by
which to explore the mechanism of iodine in enhancing
autoimmunity. One possible mechanism by which iodine
may contribute to thyroiditiogenesis is by direct modification
of the Tg molecule; increased iodination of Tg may generate
novel epitopes that are recognized with greater affinity than
antigenic determinants that lack iodine. If the antigenicity of
mouse thyroglobulin (mTg) is enhanced by iodination, then
mTg deficient in iodine content should be poorly immuno-
genic. As a corollary, re-establishing the iodine content of
hypoiodinated mTg should restore its antigenicity.

The goal of these studies was to assess the reactivity of the
autoimmune response in the NOD.H2

 

h4

 

 mouse model to
preparations of Tg differing in iodine content. Antibody
reactivity and T cell proliferation to poorly iodinated (Lo-I)
Tg were markedly reduced. Antibody reactivity could be
restored partially by 

 

in vitro

 

 reiodination (Re-I) of Tg. These
data support the conclusion that humoral and cellular
immune responses against Tg in the NOD.H2

 

h4

 

 mouse are
dependent on the presence of iodine on the Tg molecule.

 

Materials and methods

 

Reagents and antibodies

 

Monoclonal antibodies (mAbs) 42C3, 121B2 and 156A6
were supernatants of murine hybridomas raised against
human Tg (huTg) but shown to be cross-reactive to mouse
Tg (mTg) [11]. mAb 42C3 reactivity is iodine-dependent, as
it does not recognize huTg from an endemic thyroid goitre
with an undetectable iodine content [12]. Furthermore, the
binding to huTg could be inhibited competitively by T4 or
T3, but not non-iodothyroxine (T0) [12]. 121B2 and 156A6
binding to Tg is not I-dependent [3].

The antigenic specificity of mAb 42C3 has been described
previously [3,12]

 

.

 

 The reactivity of mAb 42C3 crosses species
specificity, indicating that it recognizes a conserved epitope
on the Tg molecule. Furthermore, it does not react to other
iodinated control proteins such as bovine serum albumin
iodinated 

 

in vitro

 

, indicating that iodination is insufficient
by itself to cause reactivity to this antibody [12].

 

NOD.H2

 

h4

 

 mice

 

Animals were housed in the JHU Animal Services conven-
tional facilities operated under the guidelines of the Ameri-
can Association for the Accreditation of Laboratory Animal
Care (AAALAC). Founder mice were the gift of Dr Linda
Wicker (Merck Laboratories, Rahway, NJ, USA). Thyroiditis
was assessed by resection of thyroid after euthanasia and his-
tological grading as described previously [9]. Briefly, 5 

 

m

 

m
haemotoxylin and eosin-stained thyroid sections were
graded by the following scale according to the approximate
area of histological infiltration: 0 

 

=

 

 no disease; 1 

 

=

 

 1–20%;
2 

 

=

 

 20–30%; 3 

 

=

 

 30–50%; 4 

 

>

 

 50%.

 

Purification of mTg

 

Mouse Tg was purified as described previously [5]. For the
Lo-I protein, thyroids were collected from mice given
drinking water supplemented with 0·05% (w/v) methima-
zole (Sigma, St Louis, MO, USA) and 1·0% (w/v) potas-
sium perchlorate (Sigma) for 5 weeks. A total of 120 Lo-I
and 300 normal (Norm-I) thyroid glands were resected
and homogenized into phosphate buffered saline (PBS)
containing protease inhibitors. Debris was removed by cen-
trifugation and supernatant was applied to a 1·6 

 

¥

 

 88 cm

 

2

 

Sephacryl S300 column equilibrated to PBS at a flow rate
of 0·3 ml/min.

 

Iodine content assay and 

 

in vitro

 

 iodination

 

The iodine content of each preparation was assessed as pre-
viously described [5]. Briefly, 5 

 

m

 

g of protein were hydroly-
sed in concentrated H

 

2

 

SO

 

4

 

. Organified iodine was displaced
by 1 mM bromide and the change in OD

 

405

 

 in a ceric ammo-
nium sulphate/sodium arsenate redox reaction plotted
against a standard curve. For 

 

in vitro

 

 reiodination of Lo-I Tg,
four iodobeads (Pierce, Rockford, IL, USA) were primed in
1·5 mM potassium iodide (Sigma) and added to 600 

 

m

 

g of
Lo-I or Norm-I Tg for 30 min at room temperature with
continuous gentle agitation. Supernatants were dialysed
against four changes of PBS [3], and the product was desig-
nated Re-I Tg.

 

SDS-PAGE and Western blot

 

Protein, 17 

 

m

 

g, was loaded into a 4–15% Tris-HCl gradient gel
(Bio-Rad, Hercules, CA, USA) in denaturing, non-reducing
loading buffer and run at 50 V for 3·5 h. Gels were either silver-
stained (Pierce) or transferred onto Hybond-ECl nitrocellu-
lose (Amersham Biosciences, Piscataway, NJ, USA) at 300 mA
for 1 h at 4

 

∞

 

C, blocked overnight in PBS 

 

+

 

5% non-fat dry milk
at 4

 

∞

 

C, washed in PBS 

 

+

 

0·05% Tween-20 and incubated with
either 1 : 1000 gt 

 

a

 

-mTg or 1 : 500 with 42C3 hybridoma
supernatant. Goat anti-mTg was identified with 1 : 500 rabbit
anti-goat IgG-biotin (KPL, Gaithersburg, MD, USA) and
42C3 identified by goat anti-mouse IgG-biotin (Sigma). Both
were revealed with 1 : 1000 extravidin–peroxidase (Sigma)
and developed in 3,3

 

¢

 

-diaminobenzidine (Sigma).

 

Enzyme-linked immunosorbent assay (ELISA)

 

To evaluate the quantity of Tg in each preparation, microti-
tre plates were coated with each mTg at a concentration of 1

 

m

 

g/ml and probed using a goat antibody against mouse Tg,
followed by washing and secondary incubation with poly-
clonal rabbit anti-goat Ig (KPL) secondary antibody conju-
gated to biotin followed by extravidin–peroxidase (Sigma).
3,3

 

¢

 

,5,5 Tetramethyl benzidine dihydrochloride (TMB)
(KPL) was added as substrate and the plate was incubated for
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5 min. The reaction was stopped with 0·18 M H

 

2

 

SO

 

4

 

 and the
OD was read at 450 nm in a 96-well plate reader (Dynex,
Chantilly, VA, USA).

To determine the reactivity of monoclonal antibodies to
the Tg preparations, microtitre plates were coated with Lo-I,
Re-I and Norm-I as above and probed by mAbs 42C3, 121B2
and 156A6 supernatants diluted 1 : 100 in PBS followed by
biotinylated goat 

 

a

 

-mouse Ig (Sigma) secondary, then extra-
vidin–phosphatase (Sigma). Substrate 

 

p

 

-nitrophenyl phos-
phate (pNPP) (Sigma) was added, incubated for 20 min and
stopped with 3 M NaOH.

To determine Tg antibody levels in serum, maxiSorp
96-well plates (Nalge Nunc, Rochester, NY, USA) were
coated with 1 

 

m

 

g/ml of Lo-I, Re-I and Norm-I, then
blocked with 1% bovine serum albumin (BSA) (Sigma).
Sera diluted in PBS were incubated with each prepara-
tion, washed and incubated with either 1 : 750 rabbit anti-
mouse IgG1 (ICN, Irvine, CA, USA) or 1 : 1000 rabbit
anti-mouse IgG2b (ICN). OD

 

405

 

 was read after develop-
ment with pNPP incubated for 30 min and stopped with
3 M NaOH.

 

T cell generation and proliferation

 

T cell lines were generated in our laboratory from spleno-
cytes following multiple rounds of stimulation with mTg. A
CD4

 

+

 

 line, 2D11, was selected as an mTg-specific represen-
tative clone [13]; 1 

 

¥

 

 10

 

4

 

 cells in 200 

 

m

 

l of complete RPMI-
1640 were stimulated with 450 ng of mTg in triplicate. After
48 h at 37

 

∞

 

C in 5% CO

 

2

 

, cells were pulsed with 1 

 

m

 

Ci of [

 

3

 

H]-
methyl thymidine (Amersham) for 18 h. Incorporated spe-
cific radioactivity was measured by a,-scintillation counter
(Wallac, Finland).

 

Statistics

 

Statistical tests are used as noted, as examined by Microsoft
Excel (Microsoft, Redmond, WA, USA) for Students’ 

 

t

 

-test or
Sigma Stat (Jandel Scientific, San Rafael, CA, USA) for
Mann–Whitney 

 

U

 

-test or Fisher’s exact test.

 

Results

 

Iodine accelerates and enhances thyroid disease of 
NOD.H2

 

h4

 

 mice

 

In order to determine whether iodine accelerates the course
or exacerbates the severity of thyroid disease in older ani-
mals, thyroid disease was compared in iodine-treated mice
and age-matched untreated mice over a span of age ranges.
As seen in Table 1, iodine-fed NOD.H2

 

h4

 

 mice developed
thyroid disease with earlier onset, greater prevalence and
increased severity compared to age-matched untreated
NOD.H2

 

h4

 

 animals.
Untreated mice developed thyroid infiltrates over time

with steadily increasing prevalence and severity. However,
the prevalence of thyroid histopathology failed to become
completely penetrant in untreated NOD.H2

 

h4

 

 animals, even
in mice older than 1 year. The untreated mice that did
progress to disease developed thyroid infiltrates with histo-
pathological characteristics similar to the disease of iodine-
fed NOD.H2

 

h4

 

 mice, including extensive mononuclear cell
infiltration and thyroid follicle disruption (data not shown).

In contrast, 8 weeks of dietary supplementation with
0·15% (w/v) sodium iodide in drinking water was sufficient
to induce 100% penetrant thyroid infiltration in mice as
young as 28 weeks of age at the time of killing (Table 1). Fur-

 

Table 1.

 

Prevalence and severity of thyroiditis in NOD.H2

 

h4

 

 in mice with increasing age

Age (weeks) Treatment

Total 

 

n

 

Affected Thyroid histopathology score (

 

n

 

) 

Severity 

 

U

 

-test†

 

n

 

% 0 1 2 3 4

 

<

 

 16 8 weeks 0·15% NaI 15 12* 80·0 3 12 0 0 0

16–23 21 18* 85·7 3 11 4 3 0

 

<

 

2 

 

¥ 

 

10

 

-

 

6

 

24–27 35 29* 82·9 6 12 9 7 1

 

<

 

2 

 

¥ 

 

10

 

-

 

6

 

28–35 8 8* 100·0 0 0 2 3 3 0·0037

 

>

 

 36 30 weeks 0·15% NaI 21 21 100·0 0 4 5 2 10

 

<

 

 16 Untreated 2 0 0·0 2 0 0 0 0

16–23 19 1 5·3 18 1 0 0 0

24–27 18 3 16·7 15 3 0 0 0

28–35 9 4 44·4 5 2 1 0 1

36–47 44 17 38·6 27 12 3 0 2

48–55 49 18 36·7 31 8 1 3 6

 

>

 

 55 23 13 56·5 10 6 2 0 5

NOD.H2

 

h4

 

 mice were either untreated or given drinking water supplemented with NaI for the dose and treatment regimens given prior to killing.

Untreated mice represent spontaneous disease development in NOD.H2

 

h4

 

 animals. Mice were killed at the ages indicated and thyroid histopathology

was assessed. Statistical analysis of disease prevalence was performed by Fisher’s exact test; *significant difference (

 

P 

 

<

 

 0·05). †Statistical analysis of

disease severity was performed by Mann–Whitney 

 

U

 

-test rank sum comparison of iodine-treated mice against untreated mice of comparable age.
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thermore, the prevalence of thyroid infiltration was increased
significantly in the animals fed with 0·15% NaI at all ages
studied, compared to untreated mice (

 

P

 

 

 

<

 

 0·03). Treatment
with lower doses of iodine, 0·05% (w/v) for 16 weeks also
resulted in a significantly more prevalent disease (

 

P

 

 

 

=

 

 0·042).
Together, these data indicate that dietary iodine supplemen-
tation induces thyroid disease in NOD.H2

 

h4

 

 mice by acceler-
ating the onset of thyroid infiltration.

Furthermore, iodine supplementation enhanced the
severity of disease in NOD.H2

 

h4

 

 mice. By comparing the area
of thyroid infiltration between iodine-treated animals and
age-matched untreated mice, disease severity was increased
in the iodine-treated animals at all ages studied. Severe thy-
roid histopathology of Grades 3 or 4 was seen in NOD.H2

 

h4

 

mice less than 35 weeks of age treated with sodium iodide.
This disease appears to advance in severity with age. In con-
trast, only a single untreated control mouse of comparable
age progressed to severe Grade 4 disease (Table 1). Mann–
Whitney 

 

U

 

-test comparison of the thyroid histopathology
scores shown in Table 1 demonstrate a statistically significant
increase in the severity of thyroid lesions in the iodine-
treated mice, compared to untreated (

 

P

 

 

 

<

 

 0·005). Taken
together, these findings indicate that iodine induces autoim-
mune thyroid disease in NOD.H2

 

h4

 

 mice by accelerating the
onset of disease and enhancing the prevalence and severity of
disease.

 

Preparation of Lo-I and Re-I Tg

 

Poorly iodinated (Lo-I) Tg was purified from the thyroids of
mice given drinking water supplemented with methimazole
and potassium perchlorate to block the uptake and organi-
fication of intrathyroidal iodine. Controls were given normal
water and normal (Norm-I) Tg purified from their thyroids.
The iodine content of each preparation is presented in Fig. 1.
The iodine content of Lo-I Tg was 5% that of Norm-I Tg.

Lo-I Tg was reiodinated 

 

in vitro

 

 as described in Materials
and methods. Re-I Tg had a markedly increased iodine con-
tent relative to Lo-I Tg, approaching 85% of Norm-I Tg
(Fig. 1). Free iodide was not detected in any of the three Tg
preparations (data not shown).

 

Analysis of Lo-I, Re-I and Norm-I Tg

 

To investigate the properties of mTg with different iodine
contents, each sample was analysed by reducing sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot. A major band corresponding to

 

>300 kDa was visible in all three preparations by silver stain
and blotting with polyclonal goat anti-mTg (Fig. 2a, top and
middle), showing that the mTg was not fundamentally
altered by the treatments. Probing mTg with mAb 42C3
demonstrated an iodine-dependent reactivity; Norm-I Tg
displayed a major band of > 300 kDa whereas Lo-I Tg did not
(Fig. 2a, bottom). Notably, Re-I Tg could not be visualized

by immunoblotting with mAb 42C3, possibly because the
limit of detection by 42C3 is not sufficiently sensitive to visu-
alize the reiodinated Tg.

We verified that the Re-I Tg partially recovered its immu-
noreactivity by an ELISA technique described below. To
explore further the immunoreactivity of mTg in each prep-
aration, all three preparations were immobilized to microti-
tre plate wells at equivalent concentrations. Goat anti-mTg
antibodies confirmed comparable concentrations of mTg in
each preparation by ELISA. At multiple dilutions of anti-
body, Lo-I, Re-I and Norm-I Tg were equally reactive to
the goat anti-mTg antibodies (Fig. 2b). The mTg-coated
microtitre plates were then probed with 42C3 as well as two
other mAbs (121B2 and 156A6) developed in a manner sim-
ilar to 42C3, and also cross-reactive to mTg. In contrast to
42C3, 121B2 and 156A6 do not recognize T3 or T4 and do
not require iodine for binding. All three mAbs demonstrated
decreased binding to poorly iodinated (Lo-I) mTg relative to
normal Tg (Fig. 2c). This decrease in reactivity is as great as
10-fold in the case of 42C3 (Fig. 2c). Upon in vitro iodina-
tion of Lo-I mTg (Re-I), 42C3 reactivity was partially
restored; 42C3 reactivity to Re-I Tg was fourfold greater than
to Lo-I Tg. (Fig. 2c). The iodine-dependence of 42C3 reac-
tivity appears to be similar for mouse Tg as for human Tg.

In contrast, 121B2 and 156A6 showed decreased reactivity
to Re-I Tg. The decreased reactivities of 121B2 and 156A6 for
mTg may be explained in terms of epitope topography. It has
been reported that poorly iodinated forms of Tg are confor-
mationally altered [14]. The relatively poor reactivity of
121B2 and 156A6 with Lo-I mTg supports this conclusion.
In vitro reiodination may not have been sufficient to restore
the conformation of the Lo-I mTg molecule to its native
form. As the 121B2 and 156A6 epitopes are not normally

Fig. 1. Normal (Norm-I) and poorly iodinated (Lo-I) mTg were puri-

fied from mouse thyroids. Lo-I Tg was reiodinated in vitro (Re-I). The 

change in OD405 over 1 min was plotted against a standard curve to 

attain values of atoms of iodide per molecule of mTg. Data are repre-

sentative of three independent experiments.
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iodinated, in vitro iodination may also have further altered
epitopes by iodination of tyrosyl residues, shown by Saboori
et al. [12]. Taken together, these data support the hypothesis
that reiodination of Tg re-establishes some epitopes, such as

those recognized by 42C3, but eliminates others, such as
those seen by 121B2 and 156A6 [3,12].

Reactivity of NOD.H2h4 antibodies to Lo-I, Re-I & 
Norm-I Tg

We investigated whether antibodies from mice with iodine-
induced thyroiditis would preferentially recognize iodinated
forms of thyroglobulin. The reactivity of serum autoanti-
bodies from diseased NOD.H2h4 mice to each Tg preparation
was determined. Lo-I, Re-I and Norm-I Tg were immobi-
lized to microtitre plate wells, and incubated with sera from
animals with thyroiditis. We speculated further that antibod-
ies from mice with iodine-induced disease might be more
dependent on the iodine content of Tg than antibodies from
mice with spontaneous disease. Therefore, we included two
groups of NOD.H2h4 mice with thyroiditis. One group of
animals had developed autoimmune thyroiditis spontane-
ously by 1 year of age. A second group of younger animals
developed the accelerated, enhanced thyroiditis induced by
excess iodine intake. Both groups of animals were selected
for severe disease, and were comparable in histopathological
severity (data not shown). The control group consisted of
mice that had failed to develop disease, despite advanced age
or iodine supplementation. Isotype-specific secondary anti-
bodies were used to examine the subclass specificity of the
antibody response against mTg.

In all diseased animals, shown in Fig. 3, IgG1 and IgG2b
antibodies preferentially recognized Norm-I Tg relative to
Lo-I (P < 0·035). Animals with either spontaneous or iodine-
induced thyroiditis had significantly greater antibody levels
than non-diseased animals, as would be expected
(P < 0·015). However, animals with iodine-induced thyroidi-
tis appeared to have significantly greater antibody responses
to normally iodinated Tg than animals with spontaneous
thyroiditis (P = 0·05) (Fig. 3a,b). IgG1 antibodies to reiodi-
nated Tg demonstrated a similar reactivity pattern: sera from
animals with either form of disease were significantly more
reactive to Re-I Tg than were sera of non-diseased animals
(P < 0·05). Notably, sera from animals with iodine-induced
thyroiditis had significantly greater reactivity to Re-I Tg than
sera from animals with spontaneous thyroiditis (P < 0·05)
(Fig. 3c), again suggesting that the development of antibody
responses in NOD.H2h4 thyroid disease is directed to newly
iodinated epitopes of Tg.

Proliferation of cloned cell line 2D11 in response to mTg

Several cloned CD4+ T cell lines were generated from
NOD.H2h4 mice with iodine-induced disease [13]. One of
these cloned lines, 2D11, was shown to proliferate with high
specificity for mTg. This line was selected to see if it could
distinguish Lo-I Tg from Norm-I Tg. Line 2D11 demon-
strated a specific proliferative response to Norm-I Tg, rela-
tive to medium and ovalbumin. However, 2D11 failed to

Fig. 2. Analysis of poorly iodinated (Lo-I), poorly iodinated Tg reiod-

inated in vitro (Re-I) and normal (Norm-I) mTg. (a) Silver stain (top 

panel) and immunoblots of the proteins probed with a goat antibody 

against mouse Tg (middle panel) or a monoclonal antibody 42C3 (bot-

tom panel). (b) Relative evaluation by enzyme-linked immunosorbent 

assay (ELISA) of the quantity of Tg in each preparation using a goat 

antibody against mouse Tg. (c) Tg preparations probed by monoclonal 

antibodies 42C3, 121B2 and 156A6. The epitope binding of 42C3 is 

iodine dependent, while those of 121B2 and 156A6 are not.
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proliferate in response to equivalent concentrations of Lo-I
Tg (Fig. 4). Thus, 2D11 is not only specific for mTg, but dis-
criminates according to the iodine content of the Tg.

Discussion

The hormonogenic role of thyroglobulin is well described;
its autoantigenic properties less so. Evidence in human dis-
ease and animal models suggest that the autoantigenicity of
thyroglobulin in predisposed individuals may be modulated,
even triggered, by its state of iodination. Epidemiological
evidence in human disease suggests an association between
increased dietary iodine intake and autoimmune thyroiditis
in Argentine, Icelandic and Chinese populations [15–18].

Such an association may be significant from a public health
perspective, due to the popularity of salt iodization pro-
grammes throughout the world. Increased iodine intake
through iodinated medication may also have a causative rela-
tionship with autoimmune thyroiditis. Iodized oil treatment
of non-toxic goitre has been shown to correlate with
increased prevalence of autoimmune thyroid disease, as has
amiodarone, a common iodine-containing anti-arrhythmic
drug [19,20].

In vitro studies of human Hashimoto’s thyroiditis (HT)
have suggested that the role of iodine in autoimmune thyroid
disease may involve its influence on the antigenicity of thy-
roglobulin. Our laboratory has demonstrated previously
that peripheral blood lymphocytes from HT patients, typi-
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Fig. 3. Reactivity of sera from NOD.H2h4 against poorly iodinated (Lo-

I), poorly iodinated Tg reiodinated in vitro (Re-I) or normal (Norm-I) 

mTg. Microtitre plates were coated with Lo-I (�) or Norm-I (�) mTg 

at a concentration of 1 mg/ml. The reactivity of sera from NOD.H2h4 

mice (at 1 : 100 dilution) with iodine-induced (n = 11), spontaneous 

(n = 12) or no (n = 5) thyroiditis to each Tg was exposed by isotype-

specific secondary antibody conjugates for (a) IgG1 and (b) IgG2b. (c) 

Reactivity of NOD.H2h4 sera with Re-I Tg-coated microtitre plates 

probed by IgG1-specific secondary antibody conjugate. Animals with 

iodine-induced disease in this experiment began iodine-supplementa-

tion at 8–12 weeks of age, and were continued for 10 weeks. Animals 

with spontaneous disease were aged 52 ± 10 weeks and fed diets not 

supplemented with excess iodine. Data represent the mean of duplicate 

wells. Statistics are by two-tailed Student’s t-test.
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cally responsive to Tg, do not proliferate in response to
hypoiodinated human Tg from non-toxic goitrous thyroid.
Reiodination of this hypoiodinated huTg partially re-estab-
lished proliferation [6]. Similarly, the reactivity of serum
autoantibodies from HT patients to hypoiodinated huTg
was diminished, relative to normal huTg [3–5].

A causal relationship between environmental iodine and
autoimmune thyroid disease has been explored further in a
variety of animal models. In particular, several disease mod-
els have shown that manipulations of iodine metabolism
influence susceptibility to thyroiditis. Disease has been
shown to be enhanced upon iodine supplementation in the
BUF rat [21,22], the BB/W rat [7,8], the Cornell Strain
chicken [23,24] and, more recently, the NOD.H2h4 mouse
[9,10]. Conversely, thyroiditis is ameliorated by suppression
of iodine metabolism in the BUF and BB/W rats [8,22] and
the Obese strain chicken [25], and in experimentally induced
thyroiditis in mice [26].

The goal of this investigation has been to understand the
mechanisms underlying the contribution of iodine to thy-
roid autoimmunity. Iodine may induce changes in thyrocytes
that induce thyroid autoimmunity, as has been postulated
for the mechanism of iodine-enhanced thyroiditis in the
Obese strain chicken [27]. The findings presented here are
not inconsistent with this model. Alternatively, iodine may
contribute directly to the immunogenicity of thyroglobulin.
Iodination of Tg may generate novel epitopes that initiate
thyroiditogenesis.

Iodine treatment of other strains of mice induces little or
no thyroiditis. Thus, iodine is a prototype of an environmen-
tal risk factor that enhances disease in a genetically predis-
posed host. The data presented here article strongly support
the view that one action of iodine is to increase the autoan-
tigenic properties of thyroglobulin in NOD.H2h4 mice. These
findings do not exclude other activities of iodine that may

also contribute to disease, such as an increase in intrathyroi-
dal reactive oxygen intermediates [28] or increased adhesion
molecules [29].

Unfortunately, the primary immunodominant epitopes of
Tg remain unidentified. Several lines of study, primarily with
human Tg peptides in animal models, have identified patho-
genic subdominant peptides, some of which encompass
highly conserved hormonogenic tyrosyl residues. Studies
using peptides derived from pro-hormonogenic residues
from human Tg as immunogens in murine EAT have found
that iodination of several of these peptides enhanced EAT.
Champion et al. cloned two mouse I-Ak-restricted T cell lines
whose proliferation and IL2 release in response to mTg was
dependent on the iodination of antigen; these two cell lines
did not proliferate in response to poorly iodinated whole
mTg, very similar to our 2D11 line [30]. Later this group iden-
tified the iodine-dependent cognate peptide of both lines as
a highly conserved 9-mer inclusive of the pro-hormonogenic
2553 tyrosyl residue of huTg [31]. Kong et al. found that
lymph node cells from mice immunized with a 31-mer pep-
tide (a sequence including Champion’s 9-mer) transferred
disease to naive recipients [32]. This transfer was enhanced if
the immunizing huTg2549-2560 peptide was specifically iodi-
nated at the pro-hormonogenic 2553l-thyroxine residue.

Cross-recognition between iodinated and non-iodinated
peptide-stimulated cells showed a similar enhancement of
proliferation in response to peptide iodination [32]. There is
a lack of consensus in the literature as to whether highly con-
served pro-hormonogenic regions of the Tg molecule are
more important to thyroid pathogenesis than species-spe-
cific structural regions of the molecule [33–37].

It remains unclear whether the pathogenic mechanisms
underlying iodine-induced thyroiditis in the NOD.H2h4 mice
are the same as the truly spontaneous disease these animals
develop. Our finding that iodine supplementation of
NOD.H2h4 mice enhances disease well into maturity suggest
that iodine possesses immunomodulatory properties inde-
pendent of the underlying predisposition to autoimmunity
conferred by the NOD background of these mice. If iodine
were simply accelerating heritable autoimmune mechanisms
one might expect that, at later time-points, disease in
untreated mice would be indistinguishable from iodine-
treated animals. Our antibody and lesion severity data dem-
onstrate that iodine treatment enhances disease regardless of
the age of the animal.

By using hypoiodinated native Tg, we are able to assess
immunological responses not restricted to individual
epitopes. These data demonstrate that antibody and T cell
responses to Tg in the NOD.H2h4 mouse are dependent on
the iodination of Tg. These findings are consistent with the
conclusion that thyroiditis in the NOD.H2h4 mouse is
directed in part against iodinated epitopes of thyroglobulin
and suggest a direct role for iodine in enhancing the antige-
nicity of Tg. This hypothesis is supported further by the
finding that reiodination of hypoiodinated Tg partially

Fig. 4. Proliferative response of T cell-cloned line 2D11 to Lo-I and 

Norm-I mTg. 1 ¥ 104 cells in 200 ml of complete RPMI were stimulated 

with 450 ng of mTg for 48 h. The values represent means of triplicate 

wells. Concanavalin A (ConA) was used as a positive control.
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re-establishes its recognition by serum autoantibodies in
both spontaneous and iodine-induced models.

We sought to determine whether the epitopes recognized
by NOD.H2h4 mice were different depending on whether the
animals developed disease spontaneously with age or
induced by supplemented iodine intake. We hypothesized
that animals with iodine-induced disease preferentially rec-
ognize iodinated mTg. We also considered the possibility
that untreated animals with spontaneous thyroid disease rec-
ognize iodinated epitopes of thyroglobulin. To this end, we
produced several forms of mTg with differing iodine con-
tents. By comparing NOD.H2h4 mice with iodine-induced
disease to those with spontaneous disease we found that ani-
mals with iodine-induced disease direct their antibody
response against iodinated thyroglobulin more than animals
with purely spontaneous disease. Furthermore, reiodinating
hypoiodinated thyroglobulin reestablished antibody reactiv-
ity in the iodine-induced disease better than in the sponta-
neous disease. In addition, the finding that older NOD.H2h4

mice fed iodine have more severe disease than age-matched
controls shows that iodine treatment has lasting effect on the
course of disease.

Future directions of study intend to identify the epitopes
of thyroglobulin relevant to the thyroiditis of NOD.H2h4

mice. In particular, the iodine-dependent epitope of the
2D11 cloned line may prove to be of great interest. If 2D11
distinguishes iodinated from non-iodinated Tg, the possibil-
ity that this particular epitope includes a pro-hormonogenic
region of the molecule may yield information on the nature
of autoreactive specificity at a clonal level.
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