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Thyroid peroxidase and the induction of autoimmune thyroid disease
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SUMMARY

Animal models of autoimmune thyroid disease are associated with thyroglobulin (Tg) as autoantigen
whereas in man the autoimmune response to microsomal antigen/thyroid peroxidase (TPO) appears
to play a major role in thyroiditis. Consequently, we have compared the ability of TPO and Tg to
induce thyroid autoantibodies and thyroid damage in mice known to be susceptible (CBA/J) or
resistant (BALB/c) to thyroiditis induced using murine Tg. Groups of three to five mice were
immunized twice using Freund’s complete adjuvant with 80-100 ug highly purified porcine (p) TPO,
pTg, rat (r) Tg, human Tg, bovine serum albumin (BSA) or BSA+0-2 ug pTg (the level of Tg
contamination of TPO). Four weeks after immunization with TPO, plasma from CBA/J (but not
BALB/c) mice contained IgG class antibodies which bound to TPO-coated tubes in the presence or
absence of excess Tg (and could therefore be clearly distinguished from Tg antibodies) but there was
no evidence of thyroiditis in either strain of mice. In contrast, in CBA/J mice immunized with rTg
and, to a lesser extent in mice that had received pTg, thyroid tissue was infiltrated with lymphoid cells
and/or neutrophils and antibodies to pTg (but not pTPO) were present. Our observations
demonstrate that induction of TPO antibody alone is insufficient to lead to thyroiditis in CBA/J mice.
Further, these studies emphasize the complex interactions between MHC and different thyroid

antigens in the processes leading to thyroid destruction.
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INTRODUCTION

Animal models of autoimmune thyroiditis are usually charac-
terized by the development of antibodies to thyroglobulin (Tg),
either spontaneously as in obese strain (OS) chickens (reviewed
by Wick et al., 1985) and BB rats (Like, Appel & Rossini, 1987)
or following immunization with thyroid preparations in adju-
vant as in mice (reviewed by Kong, 1986). Autoantibodies to
cellular antigens such as thyroid microsomal antigen appear to
be rare in these animals, although they have been reported in
some OS chickens (Khoury e? al., 1982) and in Rhesus monkeys
immunized with autologous thyroid preparations (Kite, Argue
& Rose, 1966). In contrast, thyroid microsomal antibodies
occur frequently in human autoimmune thyroid disease and
observations in vivo and in vitro suggest that their presence is
closely associated with thyroid destruction and the development
of hypothyroidism (Buchanan et al., 1962; Forbes et al., 1962;
Khoury et al., 1981; Hirota et al., 1986).

Until recently, relatively little was known about microsomal
antigen other than its location on the apical membrane and in
the cytoplasm of thyroid epithelial cells (Roitt er al., 1964,

Correspondence: Dr S. M. McLachlan, Endocrine Immunology
Unit, Department of Medicine, University of Wales College of Medi-
cine, Heath Park, Cardiff CF4 4XN, Wales.

thyroid peroxidase antibody thyroglobulin

182

thyroglobulin anti-

Khoury et al., 1981; Fenzi et al., 1982; Khouri, Bottazzo &
Roitt, 1984) However, it has now been shown that the
microsomal antigen is the enzyme thyroid peroxidase (TPO)
(Czarnocka et al., 1985). TPO is a 100-kD glycoprotein (Banga
et al., 1985; Czarnocka et al., 1985; Kajita et al., 1985) and the
complete gene and amino acid sequences of human and porcine
(p) TPO have recently been determined (Libert et al., 1987;
Kimura et al., 1987; Magnusson et al., 1987).

We now describe an investigation to determine whether
immunization with purified pTPO leads to thyroiditis in mice.
Since the ability to induce thyroiditis with Tg is related to the
presence of certain MHC antigens, we used CBA/J mice (strain
H-2k) and BALB/c mice (strain H-2d) which are ‘high’ and ‘low’
responders, respectively, in terms of the pathology of the
thyroid lesion produced following immunization with murine
Tg (Vladutiu & Rose, 1971; Kong, 1986). Further, we compared
the effects induced by immunization with pTPO and Tg from
different species (pig, rat and man) on thyroid pathology and the
nature of the autoantibodies.

MATERIALS AND METHODS

Antigens
TPO was prepared from deoxycholate solubilized porcine
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thyroid microsomes using affinity chromatography based on
monoclonal anti-pTPO antibodies (Ohtaki et al., 1982; Czar-
nocka et al., 1985). The final product had a specific activity of
approximately 300 U/mg of protein when the guiacol method of
Hosoya & Morrison (1967) was used to determine enzyme
activity and the method of Bradford (1976) to determine protein
concentration. The preparations contained trace amounts of Tg
(0-2% as determined by radioimmunoassay).

Tg from porcine and human thyroid tissue homogenates was
purified by ammonium sulphate precipitation (Derrien, Michel
& Roche, 1948; Valenta et al., 1968) followed by gel filtration on
sephacryl S-400. Rat and mouse Tg were the gift of Dr N.
Parrish, Department of Immunology, Middlesex Hospital
Medical School, London. Bovine serum albumin (BSA, Sigma
Chemical Co., Poole, UK) was used as a control antigen.

Mice and Immunization protocol

Female CBA/J (H-2k) and BALB/c (H-2d) mice were purchased
from the Clinical Research Centre (Harrow, UK) and used at
approximately 7 weeks of age. Mice were immunized subcuta-
neously in the neck region on two occasions, 7 days apart, using
pTPO or pTg, rat (r) Tg or human (h) Tg diluted in 150 mm
NaCl to give a final concentration of 20, 80 or 100 ug protein in
0-2 ml of a 1:1 emulsion in Freund’s complete adjuvant (FCA,;
Sigma). Control immunizations included BSA at 20 or 100 ug,
BSA (100 ug) containing 0-2 ug pTg (to control for the level of
Tg contaminating TPO) and saline, all in FCA. Prior to
immunization, an aliquot of blood (approximately 1 ml) was
collected from the tail vein of each mouse into heparinized tubes
to provide pre-immunization plasma samples. Mice were killed
3 weeks after the second immunization; blood was collected
from the axillary vein into heparin and both thyroid lobes were
removed for histopathology studies.

Analysis of serum antibodies
IgG class antibodies to TPO were measured by a solid-phase
radioimmunoassay as follows: duplicate 250-ul aliquots of
plasma diluted 1:250 in 20 mm tris-HCI, 150 mm NaCl, 0-5%
BSA (pH 7-5) were added to tubes coated with pTPO (10 ug/ml
pTPO in 0-1 M NaHCO;, pH 9-2, overnight at 4°C). After
incubation for 2 h at 37°C, the tubes were washed twice in serum
diluent and 500 ul of affinity purified anti-mouse IgG (Sigma)
labelled with 2 (specific activity 10 uCi/ug; 50 000 ct/min per
tube) were added. After further incubation overnight at room
temperature and washing, the tubes were counted for !5I and
the results expressed as % binding of total ct/min added. Since
even highly purified TPO contained a trace amount of Tg
(0-2%), the assay was performed on untreated plasma and
plasma pre-incubated overnight at 4°C with pTg at a final
concentration of 500 ug/ml Tg. A similar assay using pTg-
coated tubes was used to assess the level of pTg autoantibodies.
In addition, IgG class Tg antibodies were measured by
ELISA in plasma as previously described for hTg autoantibo-
dies (McLachlan et al., 1982) using ELISA plates coated with
pTg, hTg or rTg and goat anti-mouse IgG conjugated to
horseradish peroxidase (Sigma). Plasma samples were assayed
at serial ten-fold dilutions from 1:100 to 1:100000 and the
results reported as the optical density (OD) at 492 nm.
Preliminary studies to determine whether antibodies to
pTPO cross-reacted with murine TPO were carried out by
indirect immunofluorescence on cryostat sections of murine and

porcine thyroid tissue frozen in liquid nitrogen. Tissue sections
(6 um thick, two sections/slide) were incubated for 20 min at
room temperature with plasma (diluted 1:10 in phosphate-
buffered saline, PBS) from mice immunized with 2 x 100 ug
pTPO or pTg. The slides were washed in PBS, exposed to goat
anti-mouse IgG conjugated to fluorescein (Becton Dickinson,
Oxford, UK) diluted 1:10 in PBS, washed again, mounted using
uvinert (Gurr, BDH, Poole, UK) and viewed under u.v. light
with a Leitz Ortholux II microscope. Positive controls included
murine monoclonal antibodies to pTPO and pTg (assessed
against porcine thyroid tissue). Negative controls included
plasma from untreated mice and from mice immunised with Tg
or BSA.

Histopathology of thyroid glands

When mice were killed, blocks of tissue, including both thyroid
glands, were removed and fixed in formol saline and serial
sections, prepared from paraffin wax-embedded material,
stained with haematoxylin and eosin. In one experiment,
cryostat sections were prepared from thyroid lobes frozen in
liquid nitrogen.

Statistical analysis
The significance of differences was assessed using unpaired or
paired Student’s t-test as appropriate.

RESULTS

Immunization with a low dose of pTPO

In CBA/J mice immunized twice with a low dose of pTPO (20
ug), antibody binding to pTPO-coated tubes was significantly
inhibited by excess pTg (P <0-001, paired t-test) as in plasma
from mice immunized with 20 ug pTg (P <0-001, Fig. 1a) and
similar results were obtained for BALB/c mice (Fig. 1b, P <0-03
for TPO and P <0-003 for Tg). These observations suggested
that the antibody binding to TPO-coated tubes was predomin-
antly directed against Tg contaminating the TPO.

The presence of pTg antibodies in CBA/J and BALB/c mice
immunized with pTPO was confirmed by radioimmunoassay
(using Tg-coated tubes) and by ELISA (Table 1, experiment a).
More Tg antibody was induced in mice immunized with 2 x 20
ug pTg than with 2x20 ug pTPO as shown by significantly
higher levels of binding to pTg-coated tubes and ODs in ELISA
(Table 1, unpaired z-test, P<0-05-0-001).

Antibody responses in mice immunized with high and low doses of
TPO

On the basis of the above experiment, a pilot study was carried
out in which groups of three to five animals were immunized
twice with high (80 ug) or low (20 ug) doses of pTPO or pTg.
CBA/J mice which received 2 x80 ug pTPO developed anti-
bodies which bound to TPO-coated tubes in the presence and
absence of excess Tg (Fig. 2a, paired #-test, not significant). A
lower level of binding was observed in CBA/J mice immunized
with 2 x 20 ug TPO and, as in the previous study, this binding
was inhibited by Tg (P <0-03). The levels of binding by plasma
from CBA/J mice immunized with either 2 x 20 or 80 ug pTg
were high, comparable with those in 80-ug-TPO-treated ani-
mals, but the binding was inhibited by excess Tg (P <0-001, Fig.
2a). Immunization of BALB/c mice with high or low doses of
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Fig. 1. Inhibition of IgG class antibody binding to thyroid peroxidase (TPO) coated tubes by excess thyroglobulin (Tg) in plasma from
(a) CBA/J and (b) BALB/c mice, immunized twice with 20 ug porcine TPO or Tg in Freund’s complete adjuvant (FCA). Control mice
were untreated (Un.) or immunized with saline in FCA.

Table 1. IgG class antibodies to porcine thyroglobulin (Tg) measured by radioimmunoassay
(RIA) and ELISA in CBA/J and BALB/c mice immunized twice with low or high doses of
porcine thyroid peroxidase (TPO) or porcine TG in Freund’s complete adjuvant (FCA)

Tg antibody

RIA ELISA
% '2-anti IgGbound OD 492 nm n

(a) Immunization with low antigen doses

CBA/J
TPO (20 ug) 355435 033+009 5
Tg (20 ug) 51-6+0-3t 096+0-07F 5
Saline 3-5+0-8 0001000 5
BALB/c
TPO (20 png) 25:6+4-5 0124003 5
Tg 20 (ug) 44-5+4-3* 0-541+0-09t 5
Saline 54422 0-00+0-00 5
(b) Immunization with low and high antigen doses
CBA/J
TPO (20 pug) 39-1+2-8 032+004 3
(80 ug) 46:2+0-8 0-53+0-06 3
Tg (20 ug) 53-54+0-7* 0-83+0-05f 5
(80 ug) 51-0+1-0t 0-80+0-03* 5
Saline 2-7+0-4 0-00+0-00 3
BALB/c
TPO (20 png) 39-5+29 0231001 3
(80 ug) 384417 0-16+0-:04 3
Tg 20 ug 55-9+0-8* 0-641+0-03+ 4
80 ug 56:0+0-5t 0-75+£0-02f S
Saline 46116 0-:00+0-03 3

Low antigen doses, 20 ug; high antigen doses, 80 ug.

Control mice received saline + FCA. Results are mean £ s.e.m. for groups of three to five
mice (n) in plasma diluted 1:250 for RIA and 1:1000 for ELISA.

Values significantly higher than those obtained for mice immunized with 20 or 80 ug TPO:
* P<0-05; t+ P<0-001; } P<0-001 (unpaired Student’s r-test).
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Fig. 2. Comparison of IgG class antibody binding to thyroid peroxidase (TPO) coated tubes, with or without excess thyroglobulin (Tg),
in plasma from (a) CBA/J and (b) BALB/c mice, immunized twice with high doses (80 g, closed circles) or low doses (20 ug, open
circles) of porcine TPO or Tg. Full squares, mice immunized with saline + Freund’s complete adjuvant (FCA).
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Fig. 3. Induction of thyroid peroxidase (TPO) antibody activity which
was not inhibited by excess thyroglobulin (Tg) in plasma from CBA/J
mice immunized twice with 100 ug porcine (p) TPO but not in mice
immunized with porcine, human (h) or rat (r) Tg, or BSA containing 0-2
ug pTg. Control mice were immunized with BSA (2 doses of 100 ug)
only.

TPO or Tg resulted in antibody binding which was inhibited by
500 ug/ml Tg (P <0-02-0-01, Fig. 2b).

The inhibition by Tg of plasma binding to TPO-coated tubes
was incomplete and the lack of inhibition in the case of plasma
from CBA/J mice immunized with 80 ug Tg (Fig. 2a) could
conceivably have been due to the presence of very high levels of
Tg antibody. Therefore Tg antibody levels were investigated in
more detail by ELISA. Both CBA/J and BALB/C mice
immunized with Tg (2 x 20 or 80 ug) had significantly higher
levels of Tg antibodies than did mice immunized with 2 x 80 ug
pTPO (unpaired #-test, P <0-05-0-001) as shown in Table 1 for
plasma diluted 1:1000 (experiment b). Further, Tg antibody
activity in ELISA was reduced to 15-20% by absorption with

100 pg/ml Tg in sera diluted 1:1000 but only 45-70% in sera
diluted 1:100 (data not shown).

Overall, therefore, the observations in Fig. 2 and Table 1
(experiment b) suggest that in CBA/J (but not BALB/c mice)
immunization with 2 x 80 ug (but not 20 ug) pTPO induces the
development of antibodies to pTPO which can be clearly
distinguished from those to pTg. Therefore further experiments
were restricted to CBA/J mice using a high dose of pTPO.

Immunization of CBA|J mice with high doses of pTPO or pTg,
hTg or rTg

CBA/J mice immunized twice with 100 ug pTPO developed TPO
antibodies as shown by plasma binding to TPO-coated tubes in
the presence or absence of Tg (Fig. 3, paired t-test, not
significant). In contrast, mice which received 2 x 100 ug pTg
developed antibody which bound to a comparable extent to
TPO-coated tubes in the absence of pTg but to a significantly
lower extent (P <0-001) in its presence. Immunization with two
doses of 100 ug hTg or rTg generally induced lower levels of
antibody binding to pTPO-coated tubes and this binding could
also be inhibited by Tg (P <0-001 for both antigens). A similar
pattern of binding, inhibitable by Tg (P <0-05) developed in
mice immunized with 0-2 ug pTg+ 100 ug BSA (to control for
Tg contamination of TPO), but the levels were much lower and
more variable than in plasma from mice immunized with 100 ug
of pTg, hTg or rTg (Fig. 3).

Although CBA/J mice appeared to develop TPO antibodies
following immunization with pTPO, thyroid glands from those
animals showed only low levels of lymphoid infiltration,
comparable with those in mice receiving BSA. Lymphoid
infiltrates were also minimal in BALB/c mice immunized with
2 x 80 ug TPO. In contrast, extensive lymphoid and/or neutro-
phil infiltration and thyroid destruction was evident in CBA/J
mice which were immunized twice with 2 x 100 ug rTgandto a
lesser extent in mice which received 2 x 100 ug pTg (data not
shown).

In studies using indirect immunofluorescence on sections of
murine and porcine thyroid tissue, it was not possible to
determine conclusively whether antibodies to pTPO cross-
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Fig. 4. IgG class thyroglobulin (Tg) antibody activity to Tg from different species in plasma (diluted 1:1000) from CBA/J mice
immunized twice with 100 ug porcine, rat or human Tg; with 100 ug porcine thyroid peroxidase (TPO), 0-2 ug Tg + 100 ug bovine serum
albumin (BSA); or 100 ug BSA alone. Antibody activity was measured by ELISA using plates coated with porcine, human, rat or
murine Tg and the results are expresed as the mean OD (492 nm) +s.e.m. for groups of five mice. ¢, undetectable.

reacted with murine TPO. Background levels of fluorescence
were relatively high, reducing the contrast between positive and
negative results. However, fluorescent labelling of the apical
borders of murine thyroid follicles was observed using plasma
from one CBA/J mouse immunized with 2 x 100 ug pTPO and
similar labelling was seen in porcine thyroid tissue with plasma
from a second CBA/J mouse. These patterns, although of lower
intensity, resembled those obtained using a murine monoclonal
antibody raised against pTPO. In contrast, plasma from mice
immunized with Tg interacted with material in the thyroid
follicle and plasma from control mice (untreated or immunized
with BSA) stained the basement membrane.

Comparison of Tg antibody reactivity to pTg, hTg or rTg

Tg antibody reactivity to Tg from different species was investi-
gated in sera diluted 1:100, 1:1000 and 1:10000 using ELISA
plates coated with pTg, hTg, rTg or mouse Tg. In mice
immunized with Tg from these three species, striking differences
were observed and the results for plasma diluted 1:1000 are
shown in Fig. 4. The highest levels of activity against pTg were
observed in mice immunized with 100 ug pTg and much lower
levels were present in mice immunized with 100 ug hTg or rTg.
Similarly, immunization with 100 ug hTg induced greater
amounts of antibody to hTg than did immunization with 100 ug
pTg or rTg and comparable observations were made for mice
immunised with rTg, namely high levels of reactivity to rTg in
rTg-treated animals and lower levels in mice which received 100
ug pTg or hTg. Mice immunized with pTPO had only small
amounts of activity against pTg (and virtually none against rTg
or hTg) and these levels were almost identical to those observed
in mice treated with 0-2 ug Tg+ 100 ug BSA—the level of Tg
contaminating the TPO preparation. The pattern observed for

antibody activity against mouse Tg was similar to that obtained
for rTg, with the highest levels being observed in mice immu-
nized with rTg (Fig. 4).

DISCUSSION

Immunization with two doses of 80-100 ug (but not 20 ug)
highly purified TPO in FCA induced IgG class antibody to
pTPO in CBA/J mice but not in BALB/c mice. In some
instances, immunization with pTPO led to the production of
antibodies cross-reactive with lactoperoxidase and horseradish
peroxidase as judged by solid-phase assays and Western blotting
(Nakajima, Petersen & Rees Smith, 1988) and similar cross-
reactivity has been observed between human autoantibodies to
TPO and lactoperoxidase, myeloperoxidase and horseradish
peroxidase (Banga et al., 1989).

Although autoantibodies to TPO were readily detectable in
CBA/J mice, lymphoid infiltration of the thyroid and epithelial
cell damage was minimal. In contrast, in CBA/J mice immu-
nized with rTg, as well as in some animals which received pTg,
lymphoid and/or neutrophil infiltration and thyroid destruction
was evident as observed by others (reviewed by-Kong, 1986).
Our inability to induce thyroiditis (as opposed to TPO autoanti-
bodies only) in CBA/J mice by immunization with pTPO could
have been due to one of the following four factors:

(i) Inappropriate immunization schedule. Several
approaches have been used to induce thyroiditis with Tg
including different routes of antigen administration and adju-
vants other than FCA (Kong et al., 1985). The approach we
followed, namely subcutaneous immunization with TPO in
FCA on day 0 and day 7, has been used in a number of studies
for Tg, and thyroiditis can be demonstrated 28 days after the
initial injection (Romball & Weigle, 1987).
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(ii) A lack of cross-reactivity between the relevant epitopes
on porcine and murine antigens. Homologous TPO may be
more effective in inducing thyroiditis than heterologous TPO in
mice, as suggested by the minimal thyroid damage induced by
human microsomal antigen compared with autologous thyroid
fractions in Rhesus monkeys (Andrada, Rose & Kite, 1968).

In a comparison of Tg antibody cross-reactivity in mice
immunized with pTg, rTg or hTg we observed high levels of
antibody to the immunizing Tg and lower levels of antibodies
reactive with Tg from the other species, although antibody
reactivity against rTg and mouse Tg were comparable. Similar
observations were made by Tomazic & Rose (1976) using
mouse, rabbit and human Tg in high (C57Br/cd) and low (C57/
BL/10) responder mice. Further, in a panel of 10 murine
monoclonal antibodies produced by immunization of CBA/Ca
(H-2k) mice with mouse Tg, all antibodies cross-reacted with
rTg but only two recognized Tg from other species including
humans (Champion et al., 1987). Despite the lower levels of
antibody to mouse/rat Tg in animals immunized with porcine
rather than rat Tg, we observed mild thyroiditis in mice
immunized with pTg and these observations are in agreement
with other studies using rabbit or hTg (Tomazic & Rose, 1976),
pTg (Salamero et al., 1987) and bovine Tg (Romball & Weigle,
1984). Therefore, it seems unlikely that the absence of any
thyroid damage could be attributed solely to the use of pTPO.
Further, our preliminary studies using immunofluorescence
suggest that antibody activity to murine TPO was induced.

(iii) Failure to induce cytotoxic T cells and/or delayed-type
hypersensitivity (DTH) response. It is conceivable that the
immunization schedule we followed and the use of pTPO may
not have induced either cytotoxic T cells, which appear to play a
role in experimental murine thyroiditis (Creemers, Rose &
Kong, 1983) or DTH responses, which may contribute to
thyroid destruction in OS chickens (Wick et al., 1985).

(iv) Inappropriate mouse strain. Recently Kotani et al.
(1988) reported that pTPO induced thyroiditis in C57/B16 (H-
2b) but not in mice of strains H-2k or H-2d (including CBA/J
and BALB/c). Overall, therefore, it seems likely that a major
factor in our inability to induce thyroiditis using pTPO was the
selection of an inappropriate mouse strain.

In their studies, Kotani er al. (1988) observed that the
development of thyroiditis in C57/B16 mice did not appear to be
clearly related to TPO autoantibody levels. Further, although
the MHC was important in determining thyroiditis, other
genetic factors (not necessarily associated with immune re-
sponses) were involved. These observations, together with the
results of our study, emphasize the complex nature of the
interactions between MHC and different thyroid antigens in the
processes leading to thyroid destruction. In addition, they are
consistent with the role of at least three genetic loci in the
development of spontaneous thyroiditis in OS chickens (Wick et
al., 1985).

The nature of the thyroid lesion induced experimentally with
Tg is variable, even within the susceptible H-2k strain. A
granulomatous thyroiditis, resembling de Quervain’s thyroiditis
develops in CBA/J mice whereas lymphocytic thyroiditis,
resembling Hashimoto’s thyroiditis, occurs in C3H mice
(Imahori & Vladutiu, 1983). Detailed analysis of Tg-specific cell
clones derived from a single mouse strain (CBA/CAJ) demon-
strated that some clones induce thyroid infiltrates characterized
by lymphoid cells, whereas others induce polymorph infiltrates

(Romball & Weigle, 1987). The preliminary report by Kotani et
al. (1988) suggests that thyroiditis induced by TPO in C57/B16
mice closely resembles Hashimoto’s thyroiditis. Consequently,
detailed studies of T cell responses to TPO, including prolifer-
ation and cytoxicity against thyroid-specific antigens on thyroid
cells could be carried out at different time intervals following
TPO immunization. Observations of these T cell responses, and
their relation to the presence of TPO autoantibodies, are likely
to contribute substantially to our understanding of the mecha-
nisms involved in autoimmune thyroid destruction in humans.
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