Genetic immunization of outbred mice with thyrotropin
receptor cDNA provides a model of Graves’ disease
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We performed genetic immunization of outbred NMRI mice, using a cDNA encoding the human thy-
rotropin receptor (TSHr). All mice produced antibodies capable of recognizing the recombinant
receptor expressed at the surface of stably transfected Chinese hamster ovary (CHO) cells, and sera
from most of the immunized mice blocked TSH-dependent stimulation of cAMP accumulation in
cells expressing the TSHr. Five out of 29 female mice showed sign of hyperthyroidism including ele-
vated total T4 and suppressed TSH levels. The serum of these mice contained thyroid-stimulating
activity, as measured in a classic assay using CHO cells expressing recombinant TSHr. In contrast,
only 1 male out of 30 had moderately elevated serum total T4 with undetectable TSH values. The
hyperthyroid animals had goiters with extensive lymphocytic infiltration, characteristic of a Th2
immune response. In addition, these animals displayed ocular signs reminiscent of Graves’ oph-
thalmopathy, including edema, deposit of amorphous material, and cellular infiltration of their
extraocular muscles. Our results demonstrate that genetic immunization of outbred NMRI mice with
the human TSHr provides the most convincing murine model of Graves’ disease available to date.

J. Clin. Invest. 105:803-811 (2000).

Introduction

Graves’ disease is an autoimmune condition character-
ized typically by hyperthyroidism, thyroid hyperplasia,
and additional signs of ophthalmopathy, pretibial
myxedema, or acropachy. The pathophysiological
mechanisms responsible for thyrotoxicosis and thyroid
hyperplasia are relatively well understood: autoanti-
bodies directed against the thyrotropin receptor
(TSHr) activate it, which results in cAMP-dependent
stimulation of thyrocyte function and growth (1). The
immediate causes of the additional peripheral signs,
which can vary greatly in intensity, are less clear. One
current hypothesis holds that the TSHr expressed in
preadipocytes would be the antigen shared by thyro-
cytes and the affected peripheral tissues (2, 3), but the
issue remains highly controversial (4-6).

The central roles of the TSHr as the main autoanti-
gen and thyroid-stimulating autoantibodies (TSAbs) as
the immediate cause of hyperthyroidism are not dis-
puted. However, the mechanisms by which the TSAbs
do activate the receptor and their relation with autoan-
tibodies interfering with TSH binding (thyroid bind-
ing-inhibiting immunoglobulins [TBIIs]) or action
(thyroid stimulation-blocking antibodies [TSBADbs])
are still unclear (7). An animal model would be an
invaluable tool to explore the pathophysiology of
Graves’ disease. Unfortunately, no natural model is

available, and numerous attempts to create an experi-
mental model have met with complete failure or result-
ed in imperfect phenocopies (7, 8). Immunization of
inbred mice of various genetic backgrounds with TSHr
preparations (9-13), TSHr peptides (14), or expression
c¢DNA constructs (15) lead, in many cases, to the pro-
duction of anti-TSHr antibodies with TBII and TSBADb
activity. However, when observed, stimulatory effects
on thyroid function were marginal (13, 14, 16). Recent-
ly, an original immunization protocol using transfect-
ed fibroblasts coexpressing the TSHr and class I anti-
gen resulted in a proportion of the immunized mice
displaying hyperthyroidism and goiter (17, 18). How-
ever, the hyperplastic glands were devoid of lympho-
cytic infiltration, a hallmark of Graves’ thyroids.

In an earlier experiment, we used genetic immuniza-
tion of mice with a human TSHr cDNA construct in an
expression vector (15). When immunized in this way,
BALB/c mice mount a very strong response against the
receptor. Anti-TSHr antibodies recognizing the native
receptor at the surface of Chinese hamster ovary (CHO)
cells are readily observed in all mice, and both TBII and
TSBAD activities are present in their serum (15). How-
ever, in the only instance when it was observed, TSAb
activity was not associated with hyperthyroidism (15).
We reasoned that failure to develop hyperthyroidism
might be related to an inadequate genetic background
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Figure 1

Relation between total T4 and TSH in sera from female (a) or male (b) mice immunized with cDNA coding for human TSHr. T4 levels are expressed
in micrograms per deciliter, and TSH is expressed in nanograms per milliliter. Dotted lines show the limits of normal values. Filled circles correspond
to sera with an undetectable level of TSH (< 0.02 ng/mL). Open circles correspond to sera with a TSH level above 1.5 ng/mL.

of the mice. Accordingly, in this study we used the same
genetic immunization protocol with outbred NMRI
mice. We show that 1 out of 5 female mice developed
hyperthyroidism with circulating TSAb and thyroid
hyperplasia. Their glands displayed a lymphocytic infil-
tration characteristic of a Th2 reaction, and, in addi-
tion, extraocular muscles were dissected by edema and
a fibrotic amorphous material accompanied by
macrophages and mast cells. To our knowledge, these
mice constitute the closest model of human Graves’
disease presently available.

Methods
Animals used, immunization schedules, sampling. Two
groups of 6-week old NMRI mice [Ico:NMRI
(IOPS:Han)| were used (29 females, 30 males). These
mice were originally derived from Swiss mice
(19) and were maintained as nonconsan-
guineous in the Central Institute for Labora-
tory of Animal Breeding (Hanover, Ger-
many). According to available information,
they do not tolerate cross-grafting of skin.
On day 0 they were injected under Nembutal
anesthesia in the anterior tibialis muscle with
100 pg of pcDNAII-hTSHR in PBS. The
muscle had been injected S days earlier with
100 PL cardiotoxin (10 mM, purified from

Female mice
TSAb (pmoles/tube)

Figure 2

Relation between total T4 and TSAb (aand c¢) or TSBAb (b
and d) in sera from female (a and b) or male (c and d)
mice. Nonimmunized or immunized animals are indicated
by filled or open symbols, respectively. Open diamonds
correspond to sera with a undetectable TSH levels. TSAb
and TSBAb activities were measured using CHO cells
expressing the human TSHr as described in Methods.
Results are expressed as picomoles of cAAMP produced per
well (mean + range of duplicates).
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the venom of Naja nigricollis; Calbiochem, La Jolla, Cali-
fornia, USA). Injections were repeated 4 weeks and 8
weeks thereafter. Two groups of nonimmunized NMRI
mice were used as controls (6 females, 6 males). Blood
samples were obtained from the retro-ocular capillaries
of the right eye between the 10th and the 12th week
after the initial immunization, and all mice were sacri-
ficed after 16 weeks. For all determinations sera were
tested individually. Mice were handled and housed in
accordance with procedures approved by the local com-
mittee for animal well-being.

Genotyping of NMRI mice. The MHC haplotypes were
determined by PCR amplification of selected portions
of the A0 gene (exon 01, position 93 to 326 of Aad
allele) and Ef3 gene (3' intron 2, position 2161 to 2281
and 3’ intron 2 and 5’ exon P2, position 2161 to 2485,
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from EPd allele) followed by restriction or DNA
sequencing according to Saha and colleagues (20, 21)
and Peng et al. (22). DNA was extracted from the liver
of individual animals according to standard proce-
dures (23). The microsatellite in intron 2 of E gene,
(TGGA),.TAGA-TGGA-GGTA-(GGCA)s TGCA-GACA-
GCCTA, shows significant differences when compared
with the canonical H2q haplotype.

Flow cytometry. Flow cytometry analysis was per-
formed as described previously (15) with 2 pL of serum
on CHO cells expressing the hTSHR (JP19) (24) or con-
trol CHO cells. Results are expressed in arbitrary fluo-
rescence units (AFU).

Total T4 and TSH assays. Total T4 was measured with a
commercial kit (TT4; INCSTAR, Diasorin, Zaventem,
Belgium). TSH was measured using a sensitive, het-
erologous disequilibrium double-antibody precipita-
tion radioimmunoassay. This assay uses rat antiserum,
rat TSH labeled with 2], and a standard of mouse
serum TSH. The last named was derived from mice ren-
dered hypothyroid and contained 20 mU/mL (1 ng rat
TSH = 0.5 mU bovine TSH) (25).

Measurement of TSAb and TSBAb. TSAb and TSBAb
were measured using CHO cells stably expressing the
TSHr (JP26, ref. 24), as described previously (15).
Duplicate samples were assayed in all experiments;
results are expressed as picomoles of cAMP per well.

Light microscopy and immunobistochemistry. Mice were
exsanguinated by cardiac puncture under Nembutal
anesthesia. The extraocular muscle from the left eye
(opposite from the side used for blood sampling) and
the thyroid gland were removed and carefully dissected
from the surrounding connective tissue under the
microscope. The thyroid lobes were separated, dried on
a filter paper, and weighed. The extraocular muscles and
1 thyroid lobe were processed for light microscopy. They
were immersed for 2 hours in 2.5% glutaraldehyde in 0.1
M cacodylate buffer, postfixed for 1 hour in 1% osmium
tetroxide, and embedded in LX 112 resin. Sections (0.5
Mm thick) were stained with toluidine blue. The other
thyroid lobe was handled for immunohistochemistry. It
was inserted into a liver fragment, embedded in Tissue-
Tek, and rapidly frozen in isopentane cooled in liquid
nitrogen to generate cryostat sections. The frozen sec-
tions were subjected to immunoperoxidase staining
using different rat mADb’s specific for CD4* T cells, IL4-
producing T cells, IFNy-producing T cells, and B cells,
as described previously (10). The number of labeled cells
and follicular profiles were counted at a magnification
0f 250 in 10 microscope fields chosen at random.

Results

Previous studies have shown that virtually all BALB/c
mice immunized by intramuscular injection of human
TSHr cDNA constructs in an expression vector made
antibodies recognizing the native receptor (15). Most
displayed TSBAb and TBII activities in their serum, but
hyperthyroidism was never observed, even in the only
mouse with detectable TSAb (15). We reasoned that
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Figure 3

Relation between total T4 and thyroid weight for female (a) or male
mice (b) immunized with cDNA coding for the human TSHr. Open
diamonds correspond to the glands from animals with undetectable

TSH levels. Dotted lines show the limits of hormal values.

failure to produce effective stimulating autoantibodies
in this inbred strain of mice might be related to their
genetic background. Accordingly, we repeated the same
genetic immunization protocol, but instead of using
inbred animals, we used outbred NMRI mice. Fifty-
nine mice (30 males and 29 females) were immunized
(see Methods). They were individually analyzed (a) for
the presence of antibodies recognizing the TSHr, (b)
the levels of T4 and TSH in their sera, (c) the presence
of TSAb and TSBAD activities in their blood, (d) the
weight and histopathology of their thyroids, and (e) the
histopathology of their eye orbits.

Virtually all immunized mice make anti-TSHr antibodies.
When analyzed using flow cytometry with CHO cells
expressing the human TSHr (JP19 cells; ref. 24), the
sera from all immunized mice, except for 2 male mice
(number 9 and 14, see Table 1), were shown to contain
autoantibodies recognizing the native TSHr (Table 1).

Twenty percent of immunized females are hyperthyroid and
produce TSAD. A striking difference was observed between
total T4 levels measured in the serum of male and female
mice immunized with TSHr cDNA (Table 1). Seven out
of 29 female mice, but none of the 30 males, had levels
above the upper limit of normal (normal range defined
as mean * 3 standard deviations in control, nonimmu-
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Figure 4

(a) Semi-thin section of the thyroid from a control NMRI
mouse. X160. The follicles have a regular cuboidal
epithelial layer limiting a lumen homogeneously filled
with colloid. (b-e) Semi-thin sections of the thyroids
from immunized hyperthyroid NMRI mice. (b) The folli-
cles are heterogeneous. Some have a thickened irregular
epithelial layer limiting a dense lumen, whereas others
have a flat epithelium and an empty lumen. X130. (c)
Cloverleaf-shaped follicles (arrows) are indicative of an
active neofolliculo-genesis. x320. (d) Dense colloid
droplets are frequently observed in the thyroid cells
(arrowheads). Mast cells (arrows) are numerous in the
interstitium. x320. (e) The inflammatory infiltrate is very
extended among the heterogenous follicles. x320. (e-h)
Frozen sections of thyroids from immunized hyperthy-
roid mice. (f) CD4" T cells are clustered between the het-
erogenous follicles. X130. (g) Numerous B220* B cells
are observed. X130. (h) IL4*-producing T cells are also
scattered around the follicles. X130.

nized mice; see Table 1). This difference in incidence
between sexes was statistically highly significant (P =
0.0046, Fisher exact test). Seven female animals, includ-
ing S with a high T4, also displayed TSAD activity in their
serum. Serum TSH levels measured in the 5 animals with
both high T4 and TSAD activity (numbers 2, 8, 10, 20,
27) were undetectable, confirming their hyperthyroid
state. In contrast, serum TSH concentrations were with-
in the normal range in the 10 female animals with nor-
mal T4 in which sufficient amount of serum was avail-
able to perform the assay. Thus, it appears that the
majority of these mice were euthyroid. The 2 female mice
with the lowest T4 values (number 6 and 26, Table 1) had
normal TSH, suggesting that these animals were not
hypothyroid. In contrast, only a single male mouse
(number 12) displayed clear TSAb activity, and, although
the serum T4 concentration was in the normal range,
TSH was fully suppressed, suggesting subclinical hyper-
thyroidism. Another male mouse (number 19) was overt-
ly hypothyroid, with low T4 and high TSH levels (Table
1 and Figure 1b). Plotting of individual T4 values against
TSH (Figure 1) or TSAD (Figure 2) led to the clear iden-
tification of a subpopulation of mice that became hyper-

and Figure 2, a and c), a great proportion (> 75%), whether
male or female, had TSBAD in their serum (Table 1 and
Figure 2, b and d). It must be stressed that TSAb and
TSBADb measurements are not independent of each other;
each activity is potentially affected by the presence of the
other. Female mouse number 8, for instance, displayed
both TSAb and TSBAD activities. It is the balance between
the two activities that likely determines the hormonal sta-
tus of the animals. Female mouse number 27 was an
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Female mice hyparthyroid Female mice control
Figure 5

Number of infiltrating cells in the thyroid glands of the 5 hyperthyroid
mice (mice 2, 8, 10, 20, 27) in comparison with control mice (mice 30,
31,32,33): Bcells (B220), CD4 T cells, IL4-producing cells, INFy-pro-
ducing cells. Results are expressed as number of cells per 10 follicles.

thyroid upon immunization. The relation was particu-
larly striking in females (Figures 1a and 2a).
Whereas only the hyperthyroid mice had TSAb (Table 1

806 The Journal of Clinical Investigation | March2000 | Volume105 | Number6



example of almost “pure” TSAD activity leading to hyper-
thyroidism, whereas mouse number 6 had low T4 and dis-
played almost “pure” blocking activity.

Hyperthyroid mice have a goiter with a lymphocytic infiltra-
tion. The weight of the thyroid glands of the S hyper-
thyroid females was 18.6 £ 5.6 mg (mean * SD) as com-
pared with 5.6 = 0.4 in control nonimmunized animals
(P <0.001; Figure 3a). Plotting of the individual T4 val-
ues against thyroid weight led again to the clear identi-
fication of a subpopulation of hyperthyroid animals.
Again, this observation could be made only in females
(compare Figure 3a and 3b). In these hyperthyroid
mice, the thyroid morphology was considerably modi-
fied as compared with control mice (Figure 4a).

A first feature was the follicular heterogeneity. Some
follicular lumina looked empty, whereas others were
filled with dense colloid. The epithelia were either
made of very flat cells or of cylindrical cells with irreg-
ular apical poles protruding into the colloid space (Fig-
ure 4b). Signs of new follicle formation, with typical
cloverleaf-shaped follicles, were frequently observed
(Figure 4c), and the epithelial cells, whatever their
thickness, contained numerous and dense colloid
droplets, a sign of active endocytosis (Figure 4d).

A second important morphological feature was an
extended inflammatory infiltrate present throughout
the gland (Figure 4e). It was made mostly of mononu-
clear cells, among which numerous mast cells were
observed (Figure 4d). The infiltrate was constituted
mainly of CD4* T lymphocytes (Figure 4f) and B cells
(Figure 4g), which is indicative of a Th2 humoral
response. This was confirmed by the presence of
numerous IL4-producing T cells (Figure 4h).

In the thyroid glands of the 5 hyperthyroid female
mice, the mean number (+ SD) of B cells per 10 follicu-
lar profiles (10.5 + 0.7) was 5 times higher than in con-
trols (1.9 £ 0.15; P < 0.001). The mean number of IL4-
producing T cells (7.2 + 0.5) was also significantly
increased as compared with the controls (2.26 + 0.85; P
< 0.001). On the contrary, the number of IFNY-pro-
ducing cells remained low (2.63 + 0.90) and not differ-
ent from the controls (1.33 + 0.04; P > 0.05) (Figure 5).

Histopathology of the extraocular muscle. When compared
with control mice, extraocular muscles from hyperthy-
roid animals displayed histological modifications with
some characteristics of Graves’ ophthalmopathy (Fig-
ure 6). Muscular fibers were dissociated by edema and
accumulation of a lightly stained amorphous material,
probably made of glycosaminoglycans and, in some
places, by fibrous tissue. A cellular infiltrate was pres-
ent, made essentially of mast cells and macrophages, in
close vicinity to adipocytes. Immune T and B cells were
rare. These modifications were specific for the extraoc-
ular muscles. Other skeletal muscle from immunized
animals were strictly normal (Figure 7).

Determination of MHC haplotypes. The MHC haplotypes
of 24 mice, developing hyperthyroidism or not hyper-
thyroid, were determined by PCR amplification of
selected portions of the Ad and EP genes followed by

restriction or DNA sequencing (Table 1, and see Meth-
ods) (20-22). A total of 4 different haplotypes were
identified. The most frequent haplotype (v = 0.895)
resembles closely H2q, with an a1 segment displaying
minor variation in the coding sequence, when com-
pared with published H2q sequence (H2-I0q, Genbank
accession number K01925) (C-T at position 212,
changing a phenylalanine for a serine). In addition, the
microsatellite in intron 2 of the E[3 gene, also shows sig-
nificant differences when compared with the canonical
H2q haplotype (see Methods). The other haplotypes
resembled H2p (v = 0.063), H2w (or H2n) (v = 0.021),
and H2z (or H2u) (v = 0.021), according to published
criteria (20-22). In females, 4 out of the 5 hyperthyroid
animals were homozygous H2q/q, the fifth being het-
erozygous 112q/w or 112q/n). All immunized females

Figure 6

Semi-thin sections of extraocular muscles from immunized hyper-
thyroid NMRI mice. (a) The muscular cells, in transverse section, are
dissociated by an edema and a deposit of an amorphous material
(*) or by fibrous tissue (+). X250. The adipous tissue infiltrating the
muscle is made of cells of various size, often in association with mast
cells (arrows). (b) Higher magnification of the closed association of
adipocytes and mast cells (*) infiltrating the muscular cells, with
macrophages (arrows). X380. (c) Higher magnification of the fibrous
tissue made of elongated fibroblasts and collagen fibers, among
which mast cells (arrows) and macrophages are scattered. x380.
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Table 1
Individual haplotypes and values of the biological parameters observed in control and immunized mice

Immunized
Female FACS T4 TSH TSAb TSBAb Thyroid MHC
AFU pg/dL ng/mL pmoles/tube pmoles/tube weight (mg)
1 72 4.3 0.68 4.26 £0.55 7.55£0.11 nd
2 70 9.6 <0.02 12.22 + 0.64 10.10 £ 1.48 12.4 H2q/q
3 57 3.5 3.92+0.20 6.9+0.71 7.1 H2q/q
4 98 3.9 6.63 +1.03 7.05£0.60 4.7
5 11 5.1 3.26 £0.45 5.37+£1.01 nd
6 29 2.9 0.12 1.70+0.05 2.25+0.11 7.6
7 42 5.6 4.64 +0.89 4.91+£0.69 5.9
8 33 8.2 <0.02 13.43 £+ 0.90 7.85£0.04 19.3 H2q/q
9 107 3.4 2.69+0.18 4.46 £0.17 3.2
10 109 9.5 <0.02 10.34+ 1.07 9.63+0.76 24.4 H2q/q
11 55 5.4 2.44 +0.01 4.24 £ 0.60 4.6
12 129 4.5 0.25 1.90£0.07 3.3+0.13 7.4 H2q/q
13 120 5.7 4.26 £0.19 5.89+0.87 4.5 H2q/q
14 81 6.4 1.64 £0.14 3.83+0.83 S
15 111 4.5 0.48 2.77 £0.30 5.29+0.75 7.4
16 155 4.2 0.47 1.79£0.21 3.32+£0.48 8.8
17 51 3.4 2.48 £0.29 4.28 £0.27 4.4
18 59 5.5 532+1.17 3.8+0.31 12.8
19 33 4.6 2.49+0.04 3.05+0.04 nd H2q/q
20 43 7.6 <0.02 18.94+1.78 11.18 £0.83 13 H2q/(w/n
21 109 2.2 0.02 6.55+0.03 10.15£0.76 6.8 H2q/q
22 62 4.9 0.28 2.48 £0.02 3.81+0.39 nd
23 63 3.6 3.58+0.04 4.33 £0.47 5.9
24 57 2.5 0.07 2.79+0.14 4.25+0.25 5.1 H2q/q
25 101 4.5 0.23 2.46 £0.22 6.69 + 1.64 6.6 H2q/q
26 34 2.6 0.23 2.3+0.28 4.51+£0.17 16.2
27 84 8.6 <0.02 21.69 +£0.37 19.62 +2.84 23.9 H2q/q
28 52 3.8 4.39 £0.42 4.85+0.04 10.9
29 65 3.0 8.98 £0.94 6.2+1.63 7 H2q/q
Nonimmunized controls

30 5 nd 0.16 4.71£0.42 12.02+£1.19 5
31 S 4.0 0.25 4.35+£0.14 11.9+£1.13 5.9
32 4 3.9 0.34 3.63+0.13 11.59 £ 0.71 5.8
33 4 4.9 0.66 4.48 £0.08 12.51+£0.77 nd
34 5 4.0 0.38 4.91+0.86 12.43 £0.65 53
35 S 4.6 0.26 5.49£0.68 16.17 £ 0.94 nd

Norm 3-7A 2.9-5.6* 0.17-0.518 2.76-6.42A 7.67-17.87A 4.24-6.76"

808

that did not develop hyperthyroidism were H2q/q
homozygotes. In males, the single immunized mouse
with a suppressed TSH value was also H2q/q.

Discussion

Genetic immunization of outbred NMRI mice with the
human TSHr ¢cDNA led to a strong humoral response
in both sexes: virtually all mice displayed antibodies
capable of recognizing the native receptor in flow
cytometry, and most had detectable levels of TSBAb
activity in their serum (Figure 2, b and d). These results
parallel those obtained previously with BALB/c mice
(15) and confirm the efficiency of genetic immuniza-
tion as a means to obtain antibodies recognizing the

native structure of the receptor. With some exceptions
(26, 27), immunization with recombinant protein
preparations or peptides have yielded antibodies rec-
ognizing only (or preferentially) the denatured mole-
cule (7). A proportion of these antibodies were
endowed with TBII or TSBAD activities, which indicates
that linear epitopes exposed at the surface of the native
TSHr molecule are directly or indirectly implicated in
the recognition of TSH. A constant frustration regard-
ing all these experiments has been the absence of effec-
tive TSAb among the antibodies generated and the
paucity of symptoms suggestive of thyroid dysfunction
in the immunized animals.

There is evidence in humans that Graves’ disease is a
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Table 1 (continued)
Individual haplotypes and values of the biological parameters observed in control and immunized mice

Immunized
Male FACS T4 TSH TSAb TSBAb Thyroid MHC
AFU pg/dL ng/mL pmoles/tube pmoles/tube Weight (mg)
1 44 3.5 4.1+0.41 8.12£0.39 nd H2q/q
2 43 2.4 nd
3 48 2.1 6.27 £ 0.11 9.11+0.14 10 H2q/q
4 55 3.8 3.82+0.32 8.98 £ 1.11 10.4
5 nd 2.7 3.12+£0.03 6.69+0.01 10.6
6 63 2.3 4.27 £0.63 6.04 £ 0.06 9.8
7 26 2.0 5.2+0.35 11.10£1.74 5.4
8 39 1.0 0.68 3.16 £0.51 6.21 +£0.55 9.9
9 5 3.5 4.2+0.42 8.96 +0.26 4.5 H2q/q
10 66 3.9 2.6+0.5 6.37+0.26 nd
11 113 2.7 3.04+0.32 6.19£0.19 10
12 18 4.4 <0.02 18.69 + 0.47 12.66 +0.94 1s H2q/q
13 69 3.6 4.14+0.22 9.43+0.26 6.7
14 4 4.0 3.13+£0.16 7.09 £0.46 5.4 H2q/q
15 nd 2.8 3.75+0.29 8.38+0.12 7.8
16 117 2.7 4.52£0.39 8.85+0.69 7.6
17 67 2.5 3.16 £0.02 5.39+0.27 5.3
18 39 1.2 2.77£0.19 6.5+0.49 6.2 H2q/q
19 100 0.9 2.9 7.38+0.8 19.62+0.25 6.6 H2q/q
20 31 1.9 43+0.12 9.06 £0.61 5 H2p/(z/u)
21 17 1.3 0.29 nd
22 29 1.8 nd
23 23 1.8 0.73 2.48 +0.26 518 £0.32 9.2
24 54 2.6 0.13 9.73+1.66 13.17 £1.22 nd
25 64 5.5 1.75 2.13+£0.08 4.59+0.08 1.1
26 94 2.0 3.61+0.19 9.05+0.43 10.7
27 54 5.0 1.2 3.35+0.08 5.9+0.07 8.9 H2q/p
28 48 4.4 0.27 1.92+£0.17 5.89+£0.68 7.1 H2q/q
29 34 5.2 0.31 3.93+0.45 7.76 £0.66 5.9 H2q/p
30 38 1.5 6.45+0.71 7.4+0.82 5.8
Non-immunized controls

31 4 3.4 0.59 5.51+0.24 13.15+£0.42 6.4
32 4 2.7 0.42 6.56 £ 0.56 11.86 £ 0.61 6.1
33 5 3.9 0.63 6.37£0.77 13.53 +2.11 5.2
34 5 4.0 0.58 6.42 +1.30 13.40 +2.32 6.5
35 4 4.1 0.72 5.02+0.90 11.92+0.97 5.2
36 5 nd 0.4 5.04+0.47 11.82+£1.76 6.1

Norm 3-67 1.8-5.44 0.43-0.678 3.72-7.924 10.2-154 4.19-7.61A

ANormal ranges are defined as means * 3 SD for FACS, T4, TSAb, TSBAb, and thyroid weight. ENormal ranges are defined as means + SD for TSH. The values
from mice with undetectable TSH and positive TSAb activity are underlined. nd, not determined; AFU, arbitrary fluorescence units; norm, normal ranges.

multigenic/multifactorial disease (28). The observa-
tion that the concordance rate is higher in monozy-
gotic than in dizygotic twins is a strong indication for
a role of the genetic background (29). The relatively
low concordance rate in monozygotic twins (20-50%),
however, indicates that environment also plays an
important role (29). Except for association with cer-
tain MHC class II alleles, the genetic makeup required
for the development of Graves’ disease in humans
remains unknown. We reasoned that a TSAb response
in mice might be incompatible with the genetic back-
ground of the inbred strains that had been used up to
now. Together with the previous negative results, our
present observation that 1 out of 5 female NMRI mice

immunized with TSHr cDNA constructs produced
TSAbs, developed a goiter, and became thyrotoxic, sug-
gests that the genetic background is indeed a major
determinant of the ability to generate TSAbs. In addi-
tion, it indicates that the immune response triggered
against the human receptor initially generated anti-
bodies capable of recognizing the mouse receptor and
interfering with its normal function. This seems to be
the case both for stimulating antibodies (Figure 2a)
and for blocking antibodies (Figure 2, b and d). Inter-
estingly, there was no correlation between the amount
of anti-TSHr antibodies produced, as judged by flow
immunocytometry, and their TSAb or TSBAD activity
(Table 1), indicating that it is the quality of the
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Figure 7

(a) Semi-thin section of extraocular muscle from a con-
trol NMRI mouse. The muscular cells are tightly asso-
ciated to form a cylindrical bundle. x250. (b) Semi-
thin section of a thyroid from an immunized
hyperthyroid NMRI mouse. The muscular cells along
the thyroid do not show any modifications and form a
regular bundle. X130.
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response that matters for generation of TSAD.

The cause for the higher prevalence of Graves’ dis-
ease in females is unknown in humans. When associa-
tion of high T4, undetectable TSH, presence of TSAb’s
and goiter were used as diagnostic criterion for Graves’
disease, a statistically different prevalence was
observed between sexes in the present study (5/29 in
females versus 0/30 in males, P = 0.0237). This consti-
tutes an additional argument in favor of the relevance
of our model in relation to the human disease. It will
allow experimental exploration of the putative role of
male/female hormones in this phenomenon.

Our model presents similarities and differences to
that developed initially by Shimojo et al. (17, 18). In
this case, immunization involved injection of the
AKR/N mouse strain with syngeneic fibroblasts coex-
pressing the human TSHr and MHC class II antigen.
The result was that about 1 out of 5 mice developed
goiter and hyperthyroidism and had TSAb activity in
their serum. An important difference wirh our model
was the complete absence of lymphocytic infiltration
in the thyroid glands. The reasons for this difference
are not clear. They may reflect the different genetic
background of the mice and/or the immunization
protocol itself. Mice in the Shimojo model behave as if
a purely humoral response was involved, with its ori-
gin outside of the thyroid gland. On the contrary, in
the present study histopathology of the thyroid glands
displayed signs of active thyroiditis with many of the
characteristics found in human Graves’ disease. The
thyroid interstitium was extensively infiltrated by
immune cells. These include CD4* T cells, but mainly
cells characteristic of a Th2 humoral response, name-
ly B cells, IL4-producing T cells, and mast cells. Besides
the immune infiltration, thyroid follicles showed high-
ly heterogeneous signs of activity. In addition, prelim-
inary experiments indicate that the immunized mice
show variation over time of the relative proportion of
TSAb and TSBAD activities (not shown), a characteris-
tic also found in the human disease (1). Finally, clear
extrathyroidal manifestations were observed in the eye
orbits of the mice immunized according to the present

protocol. The ocular muscle displayed edema, accu-
mulation of amorphous material, and signs of fibro-
sis in their interstitium. Cellular infiltration included
mast cells and macrophages in the vicinity of
adipocytes, with few B or T lymphocytes. Interesting-
ly, eye signs have also been observed in experiments
where BALB/c mice were immunized by passive trans-
fer of T cells from animals immunized according to a
protocol similar to the present one (30). This suggests
that the genetic determinants required to develop
TSAb and hyperthyroidism and the extrathyroidal
signs of Graves’ disease may be different. It is an argu-
ment in favor of the pathophysiological relevance of
the present experiments as a model for the human dis-
ease and strengthens the link between immunization
against the TSHr and thyroid ophthalmopathy. An
open question is whether the TSH receptor gene needs
to be expressed within the eye orbit to trigger develop-
ment of Graves’ ophthalmopathy.

It is puzzling that both in our model and that of Shi-
mojo et al,, only 1 out of 5 female mice developed
hyperthyroidism after immunization. In this study, the
outbred nature of NMRI mice would provide a logical
explanation. However, our results demonstrate that the
genetic diversity of the NMRI strain at the MHC locus
is limited and does not correlate with the ability to
develop hyperthyroidism (Table 1). The majority of
mice, whether becoming hyperthyroid or not, were
homozygous for a haplotype resembling closely H2q.
Except, if genetic diversity at other non-MHC loci were
involved, it is thus equally tenable that all NMRI mice
would bear the susceptibility gene(s) and that the het-
erogeneity of the immunological response of individ-
ual mice would reflect differences in their personal
immunological history. In this respect it would be
interesting to explore the immunological response of
H2q/q homozygotes with a homogenous genetic back-
ground, as in DBA or SWR mice. If one excludes the
possibility of experimental causes, differences in the
environment and/or individual experiences of the mice
must be invoked in the case of the Shimojo model in
which inbred mice were used. It would be of interest to
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replicate both our study and that of Shimojo with ani-
mals housed under pathogen-free conditions.

The immunization protocol described in this study
constitutes, in our opinion, the closest animal model
presently available for Graves’ disease. It opens the way
to a series experiments that may help our understand-
ing of the pathophysiology of the human disease,
among these, generation of mAb’s with TSAD activity,
identification of susceptibility genes by segregation
analyses, study of the determinants responsible for the
bias in sex ratio, and tracking of the antigen(s) or mech-
anisms responsible for the eye disease.

While this study was being evaluated for publica-
tion, Kaithamana et al. reported generation of hyper-
thyroidism in BALB/c mice after immunization with
syngeneic M12 cells expressing TSHr or soluble puri-
fied extracellular domain of TSHr (31). Despite some
similarities to the present study, there was no men-
tion of eye signs.
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