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ABSTRACT

Autoimmune thyroiditis is a chronic disease chamazed by mononuclear cell
infiltration in the thyroid gland and production ahti-thyroglobulin (Tg) antibodies. In
this thesis, we have used the murine models of rerpatal autoimmune thyroiditis
(EAT) and iodide-accelerated spontaneous autoimmtiwreiditis (ISAT) to investigate

the immunoregulation of the disease.

In the EAT model, we have examined whether putati®A“-binding Tg epitopes,
located adjacent to cathepsin cleavage sites witmouse Tg would have
immunopathogenic properties. The peptides, p236@ p2439, elicited significant
proliferative T cell responses and production of2lland IFNy in recall assays using
lymph node cells from peptide-primed mice. Both tjglgs were pathogenic in CBA/J
mice after direct challenge with the peptide in C&#d by adoptive transfer of peptide-

primed lymph node cells into naive recipient hosts.

In the ISAT model, we have examined whether NOD*®/rocytes are highly prone to
iodide-mediated apoptosis since such an event dhadretically trigger ISAT in this
strain. Our data showed that NODHighyrocytes cultured with low Nal concentrations
had significantly higher apoptotic rates compared GBA/J thyrocytes. Increased
apoptosis was associated with an impaired confrokmlative stress mechanisms since

the expression of only two genes involved in ROSaimaism and/or anti-oxidant



function were upregulated in iodide-treated NOD"HByrocytes vs. 22 genes in iodide-
treated CBA/J thyrocytes. Next, we examined the umopathogenicity of the Tg
epitope, a.a. 2549-2560 (T4p2553) in NOD'H2mice. The epitope was
immunopathogenic in this strain after direct chajle with peptide in CFA. In ISAT,
peptide-specific proliferative responses were medrusing only cervical lymph node
cells (CLNC) from iodide-fed mice before the onsétthe disease. Also, selective
enrichment of CD4 IFN-y* T4p2553-specific cells was observed among CLNC and
intrathyroidal lymphocytes. T4p2553 was equallyedegable on dendritic cells from
CLNC regardless of iodide intake whereas spontam@dp2553-specific IgG responses
were not detectable. Our data identified for thestfitime a Tg T-cell epitope as a

spontaneous target in ISAT.

Lastly, we have examined whether a high salt dietexacerbate autoimmune thyroiditis
because previous studies by other groups had diegigisss diet as a predisposing factor
for autoimmune diseases in general. Our data shdhaidhigh salt intake failed to
significantly affect the incidence and severitySAT in NOD.H2* mice or EAT in Tg-
primed C57BL/6J and T4p2553-primed CBA/J mice redato mice on a normal diet.
No difference was detected at the Tg-specific lg@&ls between the two groups. These

data demonstrate that a high salt diet is notkafaistor for all autoimmune diseases.
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Chapter 1

Introduction & Overview

1.1.Thyroid gland and function

The thyroid is the largest endocrine gland in husramd it is located in the middle of the
neck. It consists of two lobes that are connectethb isthmus, normally located on the
second or third ring of the trachea. The thyroicc@snprised of follicles and a small

number of parafollicular calcitonin-producing celtte C-cells, which make up about
10% of the thyroid mass. The thyroid follicles awemposed of an outer layer of

epithelial cells called thyrocytes, while the imberof the follicle, the lumen, contains

thyroglobulin (Tg), a protein produced only by tbgytes. Tg acts as a prohormone for
the thyroid hormones thyroxine (T4) and triidothyiree (T3). T4 and T3 are eventually
secreted by thyrocytes into the bloodstream, falgwlg proteolysis in the thyrocyte

(Santisteban 2005).

The thyroid hormones are involved in the regulabérhe cellular metabolic rate, heart,
digestive and muscle function, brain developmerd Aone maintenance (Chi et al.
2013). Due to their crucial role in many biologiativities, the levels of the thyroid
hormones are regulated by a negative feedback (®aptisteban 2005). Disturbance of
this regulatory mechanism can lead to overprodoctio decreased production of the
thyroid hormones, causing the pathological condgio hyperthyroidism and

hypothyroidism, respectively.



1.2.Hashimoto’s thyroiditis

One of the most common causes of hypothyroidisithésautoimmune disease of the
thyroid gland called Hashimoto’s thyroiditis (HTF&drwell, Braverman 1996), also
known as lymphocytic thyroiditis or struma lymphdosa. HT, described for the first
time in 1912 by Dr. Hakaru Hashimoto (Hashimoto 2)91lis a chronic disease
characterized by thyroid infiltration of hematop@ie mononuclear cells, mainly
lymphocytes, plasma cells and macrophages, as agelby the presence of serum
antibodies (Abs) against Tg and thyroid peroxidd§PO) (Caturegli et al. 2014).
Intrathyroidally, lymphocytes can either form lyngath follicles resembling germinal
centers or come in close contact with thyrocytesi¢aliate their destruction (Caturegli et
al. 2014). Tissue injury can be mediated by cytmtdxcells or by cytokines release by T
cells (Weetman, McGregor 1994). Also, thyroid-sfecAbs can cause injury either
through complement activation (Chiovato et al. 1998 by ab-dependent cellular
cytotoxicity (Bogner et al. 1984). Patients with H&n display a wide spectrum of
clinical symptoms ranging from formation of gernlim@nters in the thyroid, fibrosis,
thyroid cell hyperplasia and/or enlargement oftthgoid gland (goiter), usually leading

to hypothyroidism (Weetman 1996).

HT can occur alone or in association with othepsminune diseases like type | diabetes
mellitus or Sjogren’s syndrome. Also, HT has beermoaiated with papillary thyroid

cancer in 0.5 to 30% of the cases (Caturegli e2@l4). The prevalence of HT is



reported as 8 cases per 1000 persons (Jacobsdn ¥19&) and it is 8 times more

frequent in women than men in white and Asian patohs (Caturegli et al. 2014).

So far, there is no cure for HT. Patients with higyooidism receive synthetic T4 orally,
the only effective drug available, daily for lifdn cases where severe cervical
compression has occurred or thyroid cancer is pissent with HT, thyroidectomy is
performed (Caturegli et al. 2014). Therefore, treait for HT deals only with the

symptoms of the disease and not with its pathogenes

1.3.Autoantigens in autoimmune thyroiditis

1.3.1 Thyroglobulin

Tg is a large dimeric glycoprotein with a molecufaass of 660 kiloDalton (kDa) and

comprises the most abundant protein of the thygtashd (~75% of the protein content)

(Vali et al. 2000). Tg is produced in the cytoplashthyroid epithelial cells and is stored

inside the follicular lumen at concentrations aghhas 500 mg/ml (Berndorfer et al.

1996, Herzog et al. 1992). Two known physiologicactions of Tg are: 1) to serve as a
scaffold protein for the synthesis of the thyrokrhones, T4 and T3; and 2) to store

available iodide.

Tg consists of two identical polypeptide chainsheatwhich has 2749 amino acids (a.a.)
(Carayanniotis 2003). This protein is highly conser among different species; the

identity between human and bovine is 77.3%, humath mouse 71.8% and 73.5%



between bovine and mouse (Vali et al. 2000). Therinal region of Tg (residues 1-
2170) contains three types of cysteine-rich rejpetittomains, type I, Il and Il with
unknown functions (Dunn J.T., Dunn A.D. 2000). Tiee | domain, about 60 a.a. long,
is repeated 10 times and may participate in Tgatkegion by reversible inhibition of
proteases (Molina et al. 1996). The type Il doma#+17 a.a. long, is repeated 3 times,
whereas the type Ill domain is repeated 5 timeg Ckerminal 250 a.a. segment of the
protein has a high content of tyrosine residuespaoed to the other regions. This part of
the protein shows a striking similarity to the emeyacetylcholinesterase, a member of
the type B carboxylesterase family (Dunn J.T., Dé&nD. 2000). Interestingly, the lack
of homology between the N- and C-terminal regionisvall as the difference in the size
of the introns between the two regions suggest ttheg may have been derived from
different genes that were either fused or condetsenerate the Tg gene (Mori et al.

1987).

The Tg gene in humans, mice, rats and cows isddoan chromosomes 8, 15, 7 and 14,
respectively (Dunn J.T., Dunn A.D. 2000). In humathe Tg gene spans 300 kb and
contains 48 exons, which are separated by intrbmartmus sizes, up to 64 kb (Mendive
et al. 2001). Expression of the Tg gene is highdgtricted to thyroid cells and is
controlled by the thyroid-specific transcriptiorcfars 1 and 2 as well as the paired-box
protein, via binding to the highly conserved proemotegion (Rubio, Medeiros-Neto
2009). Exogenous factors such as thyrotropin (TSkHulin and insulin-like growth
factor-1 have been shown to stimulate Tg gene ssme whereas factors such as

epidermal growth factor, interferon{IFN-y), tumor necrosis factat- (TNF-o) and



retinoic acid inhibit Tg gene expression (Dunn JOunn A.D. 2000). Interestingly, Tg
itself has been shown to limit expression of Tgnetl as TPO and the sodium iodide

symporter (NIS) gene in FRTL-5 cells (Suzuki et1#198).

The biosynthesis of Tg occurs within the cytoplasithyrocytes. The full length of the
Tg messenger RNA (mRNA) transcript is 8.7 kb (van @raaf et al. 2001) and is
translated on polyribosomes bound on the endoptasaticulum (ER) of thyrocytes
(Dunn J.T., Dunn A.D. 2000). The newly synthesizagtein undergoes several
posttranslational modifications, such as glycosytatsulfation, phosphorylation (Vali et
al. 2000), in different intracellular organellesfdre it acquires the proper dimeric
conformation and becomes stable. First, Tg monomersransported to the ER via their
19 a.a. signal peptide in the N-terminus. In thigaoelle, the first carbohydrates are
added to Tg and the protein undergoes dimerizatitm a number of enzymes such as
protein disulfide isomerase, peptydylpropyl isonseras well as molecular chaperones
facilitating the folding of the protein; misfoldegrotein is transferred back to the
cytoplasm for degradation. After formation of swldimers, Tg is transported to the
Golgi complex for incorporation of the final caryainates and sulfation of these units.
Phosphorylation of Tg also occurs in the cytoplashthyrocytes but the organelle in
which this modification occurs has not been defirftcthis stage, a stable form of Tg is
transferred via exocytotic vehicles to the apiaafface of the cells for iodination and

generation of thyroid hormones (Dunn J.T., Dunn A000).



Inside the lumen, iodination of Tg occurs in certgirosines (25-40 tyrosines out of 140
available) forming monoiodotyrosine (MIT) and diaigirosine (DIT) residues (Vali et
al. 2000). The iodination reaction is catalyzedTBO located at the luminal surface in
the presence of hydrogen peroxide. TPO catalyzesntnamolecular coupling of two
DIT leading to T4 formation or one DIT and a MiTaténg to T3 formation in Tg
(Arvan, Di Jeso 2005). The thyroid hormone reactienerates T4 or T3 at specific sites,
called acceptor or hormonogenic sites, while a dsfglanine is formed at the
iodotyrosine residue that contributed the outeg,ricalled donor site. It is unknown
whether intramolecular coupling occurs in an intin or interchain fashion or both. So
far, four major hormonogenic sites have been ifiedtin the Tg monomer; sites A, B, C
and D, located at the"52,554", 2,747 and 1,29% residue of Tg. In addition, three
minor sites, designated as G, N and R, may be gtatein certain species under variable
physiological conditions, i.e. iodide availabiligunn J.T., Dunn A.D. 2000, Arvan, Di

Jeso 2005).

After the thyroid hormones have been generatedinwilly, the protein is reabsorbed by
the thyrocytes and undergoes extensive proteotgsallow the release of T4 and T3
from its polypeptide backbone. Proteolysis of Taytstwithin the lumen by cathepsins B,
K and L allowing the solubilization of Tg and extedlular release of T4 (Friedrichs et al.
2003). Subsequently, thyrocytes take up Tg via ptee expressed on their apical
surface or by macropinocytosis or by a combinatibboth in endocytic vehicles (Dunn
J.T., Dunn A.D. 2000). These vehicles fuse withogmmes and degradation of Tg

continues. Lysosomal Tg proteolysis is a complescedure since many pH-dependent



enzymes have been reported to participate in tbeegs: the cysteine endopeptidases,
cathepsins B, L, H, S (Dunn et al. 1991, Nakaga@iataki 1984, Petanceska, Devi
1992), the aspartic endopeptidase cathepsin D (DDuann 1982) and the exopeptidases
dipeptidyl 1l and lysosomal dipeptidase | (Dunnaét 1996). Studies, however, have
highlighted the role of cathepsins B, L and D ingrgcessing, since specific inhibition
of all these proteolytic enzymes blocked the radezfsiodopeptides from rabbit?f] Tg
incubated with lysosomal extracts from human trdsddy 80-90% (Dunn et al. 1991).
Once thyroid hormones are released from Tg, theysacreted from the basal cell
membrane into the bloodstream. Intracellular Tggrdmants are deiodinated by an
iodotyrosine-specific deiodinase (Rosenberg, Goswl®W9) and iodide is either reused

for hormone synthesis or it enters the circulation.

Tg uptake by thyrocytes can follow an alternativethgvay mediated by megalin, a
receptor expressed on the apical surface of thyescylg internalized by megalin is
transported from the apical to the basal surfachefcell through transcytosis, avoiding
lysosomal processing (Marino et al. 2001). Tg sally released to the bloodstream
reaching concentrations of 5, 10 or 133 ng/ml imbos, mice and rats respectively
(Carayanniotis, Rao 1997). The presence of Tg eénctlculation shows that Tg is not a

sequestered antigen.



1.3.2. Thyroid peroxidase and thyrotropin receptor

TPO is a thyroid enzyme that catalyzes oxidationodfde, its incorporation to Tg as
well as the intramolecular coupling of MIT and Didading to T4 and T3 generation
within Tg. TPO is a glycosylated homodimer (~ 1@ak containing a heme group and it
is located at the apical membrane of thyrocytes L@dblan, Rapoport 2007).
Purification of TPO has been challenging, since thiiotein is not as abundant as Tg
within the gland TPO has been purified from human thyroid tissueaf@ocka et al.
1985) as well as expressed as recombinant proteihinese hamster ovary cells, insect
cells and yeast cells (Taurog 2000). Recently, moliBO was expressed in Chinese
hamster ovary cells after transfection with a plasmarrying complementary DNA
(cDNA) for full length TPO (Chen et al. 2010). TROinvolved in HT and anti-TPO Abs
are used as a serological marker for diagnosibetitsease since approximately 95% of
patients develop them, whereas these Abs are radlgcted in healthy individuals

(Catureqgli et al. 2014).

TSH, a critical factor for the function and surJivd thyrocytes can be sensed through
the TSH receptor (TSHR) localized to the basal mam of the epithelial cell. TSHR
contains a glycosylated extracellular region, agraembrane domain and an intracellular
carboxyterminal region. The extracellular domaintleé protein is connected to the
transmembrane region via the so called hinge re@Repoport 2000). Patients with

Graves' disease develop TSHR-stimulating and/oribitihg Abs that stimulate



overproduction of thyroid hormones leading to hyjpgroidism (Rapoport, McLachlan
2007). Abs against TSHR have also been reporteekist in HT patients (Weetman,

McGregor 1994).

1.4.Animal models of autoimmune thyroiditis

To advance the understanding of HT pathogenesisjaginmodels of the disease have
been developed to examine the therapeutic potasitiadrious treatments and to facilitate
the study of individual parameters contributinghe disease. In the field of thyroiditis,
there are two animal models: the model of expertaileutoimmune thyroiditis (EAT) in
which the disease is induced in animals; and théemnof spontaneous autoimmune
thyroiditis (SAT) in which the disease developsrpoeously. In this thesis, both models

have been used to examine mechanisms involveeimtinunoregulation of the disease.

1.5.Experimental autoimmune thyroiditis

1.5.1. Methods of induction

In 1956, Rose et. al. reported for the first timattrabbits immunized with whole thyroid
extract in Freund’s complete adjuvant (CFA) produtieyroid-specific Abs in their sera

and mononuclear cell infiltration was observedhait thyroid glands (Rose, Witebsky
1956). Using the similar approach, EAT was alsaigsdl in a variety of species; in mice
(Rose et al. 1971), monkeys (Rose et al. 1966)s ddgrplan et al. 1960), guinea pigs
(Terplan et al. 1960), rats (Jones, Roitt 1961) emdkens (Jankovic, Mitrovic 1963).

Most attention however has been given to mouse lnadeause of: a) the availability of



immunological reagents; b) the well known geneticsl availability of inbred mouse
strains; and c) the relative ease and cost-effeotiss of mouse breeding and
maintenance. In the following paragraphs, | wilcds on the parameters involved in

induction of EAT in mice.

EAT is induced in genetically susceptible mice eitlafter direct immunization with
thyroid autoantigens in adjuvant or after adoptitransfer of activated thyroid
autoantigen-specific T cells into naive recipiefiise most commonly used protocol for
direct induction of EAT uses Tg or Tg peptides hgrdaid autoantigen. Mice are
immunized with Tg in the presence of an adjuvanEAC(Rose et al. 1971) and
lipopolysaccharide (LPS) (Esquivel et al. 1977) #éne most commonly used but
muramyl dipeptide (Kong et al. 1985) and poly(A:(Bsquivel et al. 1978) have also
been shown to have adjuvant properties. EAT haslaen induced in C3H/Anf mice in
the absence of adjuvant by repeated immunizatiatis mouse Tg (mTg) (Eirehewy et
al. 1981). Furthermore, immunization with mTg caygted to anti-IA monoclonal Ab

(mADb) in the absence of adjuvant elicited Tg-specigG, but no thyroid lesions in

CBA/J mice (Balasa, Carayanniotis 1993).

Other autoantigens have also been used to dirgudlyce EAT in susceptible mice.
Porcine TPO in CFA induced EAT in C57BL/6 and C57TBLmice, whereas the strains
A/J, BALB/c, DBA, CBA, C3H and SJL were poor respens (Kotani et al. 1990).

Various TPO peptides were also found to be thytogdinic (Kotani et al. 1992, Ng,
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Kung 2006, Hoshioka et al. 1993). Lastly, EAT hasrbreported in BALB/c mice after
immunization with the extracellular domain of hum@BHR expressed as a fusion

protein with maltose-binding protein Eicoli (Costagliola et al. 1994).

For induction of EAT by the adoptive transfer piah splenocytes or lymph node cells
(LNC) from mTg-primed mice, aftdn vitro activation with mTg for a 72 hour period,
transfer thyroiditis to naive recipient animals g&y-Mullen et al. 1985). The recipient
mice developed equivalent or higher levels of EAmpared to mice directly immunized
with mTg in CFA or LPS (Braley-Mullen et al. 198%Adoptive transfer of EAT was
mediated by T cells because T lymphoblasts activate vitro by monolayers of
thyrocytes (Charreire, Michel-Bechet 1982), mTgesipe T cell clones (Romball,
Weigle 1987) or T cell lines (Maron et al. 19833 rey able to cause EAT in naive mice.
The adoptive transfer protocol has also been ugedessfully with Tg peptide-primed
cells that were further activatéd vitro with the immunizing peptide (Carayanniotis, Rao

1997).

A different type of EAT, called granulomatous EA¥as elicited by splenocytes from
mTg-primed mice, further activatad vitro with mTg and an anti-interleukin-2 (IL-2)
receptor Ab (Braley-Mullen et al. 1991). In thissea EAT was more severe than that
adoptively transferred by lymphocytes cultured onith mTg. Granulomatous EAT was
characterized by extensive follicular destructipresence of multinucleated giant cells

and proliferation of thyrocytes. Mice with granulatous EAT also had higher mTg
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specific-IgG responses compared to the group dpwejolymphocytic EAT (Braley-

Mullen et al. 1991).

1.5.2. The role of MHC genes in murine models of ER

To examine possible effects of H-2 haplotypes asteptibility to EAT, Vladutiu et. al.,
challenged thirty three mouse strains, expressihgdifferent H-2 haplotypes, with
thyroid extract in CFA and monitored EAT developmeh weeks after the first
immunization (Vladutiu, Rose 1971). Murine straiespressing the H*2and H-2
haplotypes were characterized as excellent resperaiiece they developed the highest
pathology index and thyroid-specific Ab titers. Miof the H-2 and H-Z type were
reported to be good and fairly good respondersexismly whereas mice with the H;2
H-2° and H-2 haplotypesvere characterized as poor responders (VladutiseR®71).
This study showed that gene(s) within the H-2 loodkience the induction of EAT.
Further work by Tomazic et al. mapped the majorcepsbility gene(s) for thyroiditis
between the K and A loci of the H-2 locus sinceast-2 recombinant mice expressing
the K and A alleles consistently developed thyroiditis at nratie to high levels
compared to other recombinant mice (Tomazic el@r4). Finally, the generation of
new suitable intra-H-2 recombinant strains of madlewed identification of theH-2A
gene as the principal gene controlling suscepyhib thyroiditis induction (Beisel et al.
1982). This finding was further supported by thet fdhat anti-H-2A mAb completely
prevented EAT when administered around the timénwhunization with Tg in CFA

(Vladutiu, Steinman 1987). The crucial involvemehthe H-2A locus in EAT induction
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was also shown by introduction of the* and As* genes, expressed in good responder
mice, to resistant (B10.M) or intermediate (B10.@yponder mice, which led to a
significant increase in the incidence and sevesityhyroiditis compared to wild type

(WT) control mice (Kong et al. 1997).

Other loci within the H-2 have been reported teeetffthe incidence and/or severity of
thyroiditis. For example, B10.A and B10.AQR micéfating at the K locus, developed
thyroiditis at 52% vs. 70 % incidence, respectiveljnese data suggested that the
presence of the Kallele in B10.A mice vs. the presence of thtakele in B10.AQR
mice lowered the incidence of the disease via dmawmn mechanism (Beisel et al.
1982). In addition, point mutations in the K locoisthe C57BL/6 mice were found to
increase the incidence of thyroiditis from 20% i \Wice to 79%, after challenge with
thyroid extract (Maron, Cohen 1979). However, thést were not confirmed by similar

work performed in the same murine background byreraroup (Beisel et al. 1982).

In an analogous manner, the presence of certaite®s- O, D" and ¥ - significantly
reduced the levels of thyroid infiltration, as caamgd to the levels of disease in good
responder mice (Kong et al. 1979). Also, the presarf the [ and D alleles in strains
expressing H2K genes was associated with lower anti-Tg Ab resgmrtean those
observed in the H¥2progenitor strain (Tomazic et al. 1974). Laterdis related the
involvement of major histocompatibility complex (MH class | genes in EAT induction

to production of cytotoxic T cells (Rose 2011) csiranti-K and anti-I mAb completely
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blocked the cytotoxic effects of mTg primed T cadis thyroid epithelial cellsn vitro

(Creemers et al. 1983).

The role of the E locus on EAT induction remainglaar since it has not been studied
extensively. Previous work with intra-H-2 recombihamice in the B10 background
showed that the ‘Emolecule was necessary for EAT induction in mié¢he H-Z type
after challenge with the Tg peptide (p2495-2511LFA (Chronopoulou, Carayanniotis
1993). However, the presence of thé rEolecule alone was not permissive for EAT
induction, because mice expressing the resistdnAK D alleles and the Emolecule
did not develop EAT. Findings from another studyowéd that introduction and
expression of the EESmolecule in B10.S mice led to a decrease in theritgof EAT
compared to WT B10.S mice, which arg &fter challenge with mTg in CFA or LPS
(Kong et al. 1997). In the same study it was shtvat the expression of a different E
molecule, B“Ep®in B10.RQB3 mice did not affect EAT susceptibilisuggesting that

different E alleles can have differential effectsEAT induction.

In humans, HT has been associated with the pres#resgtain human leukocyte antigen
(HLA) proteins like HLA-DR4 (Jenkins et al. 1992hdmpson, Farid 1985), HLA-DR5
(Farid et al. 1981, Thomsen et al. 1983, Weissal.€t980) and HLA-DR3 (Golden et al.
2005, Tandon et al. 1990). Since conflicting dataemeported regarding the association
of HT and HLA-DR3 (Hasham, Tomer 2012), more stadiave focused on this MHC

class Il molecule. To study its permissivenesshigdiditis induction, DR3 transgenic
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mice were generated in resistant B10.M mice in @bhsence of endogenous H-2A
molecules (Kong et al. 1996). DRBansgenic mice immunized with mTg or human Tg
(hTg) developed significantly higher levels of manolear cell infiltration compared to
DR3 mice that remained resistant to disease develop(Keng et al. 1996). These data
suggested that the DR3 molecule confers suscetytilbd thyroiditis induction. The
development of such HLA class Il transgenic mice hiowed the examination of the

role of HLA-DR and —DQ polymorphisms in suscepttpito EAT (Kong et al. 2007).

1.5.3. Pathogenic thyroglobulin epitopes in murinenodels of EAT

Immunologically, Tg has been reported to be thgdsr known autoantigen (van de
Graaf et al. 2001). So far, 25 pathogenic T celiopes within Tg have been uncovered
by different experimental approach&sgure 1.1) (Carayanniotis 2007). The majority of
the thyroidogenic peptides were identified by cotepiased algorithms predicting
putative MHC-binding Tg peptides (Caturegli et 97, Chronopoulou, Carayanniotis
1992, Li, Carayanniotis 2006, Verginis et al. 20BBnn et al. 2004). Other approaches
searched for the presence of common T cell epitbpeseen Tg and TPO (Hoshioka A
1993) or used T cell hybridomas to identify the imial epitopes recognized by the T cell
receptor (TCR) (Texier et al. 1992, Champion etl8P1). More recently, studies using
mass spectrometry identified Tg peptides elutednfldLA-DR-expressing cells from

patients with Graves'disease (Muixi et al. 2008aj¥et al. 2008b). None of the known

Tg peptides has been characterized as immunodomatmording to criteria set by
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Sercarz et al (Sercarz et al. 1993). The knownqggthic Tg peptides can be categorized

into three groups based on their iodide content.
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in their iodinated form; light blue: peptides which the presence of iodine has vari
effects on their pathogenicity; purple: pathogdmig-derived peptides; green: htgrivec
peptides found to be pathogenic in HLA-DR3 transgenice; gold:peptides containir

hormonogenic sites. Numbers show a.a. coordinatesut the leader sequence.
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A) Pathogenic peptides containing hormonogenissite

The first pathogenic Tg peptide was identified 891 by Roitt’s group (Champion et al.
1991). In that study, the “binding peptide (a.a. p2551-59) containing T4 asifion
2553 was reported to be recognized by two clonoaflyi distinct Tg autoreactive T cell
hybridomas, CH9 and ADA2. The presence of T4 in skquence was found to be
critical since replacement of T4 by any other &lacked the activation of both T cell
hybridomas. Subsequent studies showed that theet2peptide 2549-60 was able to
induce proliferative (Hutchings et al. 1992) andotytic responses (Wan et al. 1998) in
Tg-primed LNC and was able to cause lymphocytic t(Hings et al. 1992) and
granulomatous EAT (Braley-Mullen, Sharp 1997). Peetide p2549-60 was found to be
pathogenic in the HX2CBA/J (Hutchings et al. 1992, Braley-Mullen, Sha§97, Kong
et al. 1995), C57BR (Wan et al. 1997) as well a&A-SW and SJL (Wan et al. 1997)
strains of mice. Interestingly, p2549-60 is theyoily epitope so far that has been
characterized as subdominant, since LNC from hTgnog-primed mice proliferate in
its presencén vitro (Hutchings et al. 1992, Kong et al. 1995, Wanle1997). A second
Tg peptide, p1-12, containing T4 at position 5, &B® been reported to induce cytolytic
responses (Wan et al. 1998) and cause mild lympigottyyroiditis (Kong et al. 1995).
Not all epitopes containing T4 have a pathogeniemital, however. Peptides p2559-70
and p2737-48 with T4 at positions 2567 and 274€peetively, were not immunogenic

in the CBA/J background (Kong et al. 1995).
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The finding that autoreactive T cells are activatsd T4-containing peptides raised
guestions regarding the mode of interaction betwdenTCR and the peptide-MHC
complex. To address whether the four iodine atoritkinvT4 are involved in T cell

recognition, Kong'’s group generated an analog depif p2549-60 containing thyronine
(TO) instead of T4 at position 2553. TO retains tve-phenyl ring side chain of T4
without the four iodine atoms (Kong et al. 1995itetestingly, the TO containing peptide
was also found to be immunopathogenic in CBA/J nmickcating that the presence of

the four iodine atoms within T4 is not necessany Tocell activation at the polyclonal

level. In contrast, in the same study it was shéwat LNC from T4p2553-primed mice
were unable to proliferate vitro in the presence of the TO analog peptide wheteas t
showed a strong proliferative capacity against Teanalog. These data indicated the
presence of distinct T cell clones responding awlythe iodinated peptide. Similar
findings at the clonal level have been reportedther groups showing that T4p2553-
specific T cell hybridomas were activatéd vitro only in the presence of the T4
containing peptide whereas the TO analog was nowksttory (Dawe et al. 1996, Dai et
al. 2005). Data from these two studies also dematast that T4 was a critical residue for
contact with the TCR, since the presence of a Btifip Ab abrogated activation of the

hybridoma.

B) Pathogenic peptides containing iodotyrosyl reegd

Previous work in our laboratory has shown thatttinee peptides 1-p117 (a.a. 117-32), I-

p304 (a.a. 304-18) and 1-p1931 (a.a. 1931-45) wmwenopathogenic in CBA/J mice
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whereas the non-iodinated analogs p117, p304 a@8lpdere not even immunogenic in
the CBA/J background (Li, Carayanniotis 2006). Ha¢a from this study indicated that
the presence of iodine in these peptides incredssid pathogenic potential either by
favoring their binding to the MHC or by activatifigcell clones specific only for the

iodinated epitopes. More studies, however, showatlthe presence of an iodotyrosyl on
a Tg peptide can affect its immunogenicity in npléiways, i.e. it can either increase
(p179, a.a. 179-94), decrease (p2540, a.a. 254@5apt affect (p2529, a.a. 2529-45)
recognition by T cells at the polyclonal level (&i al. 2007). Similarly, at the clonal

level, a number of T cell hybridomas specific fbe tiodinated Tg peptide p179 or its
non-iodinated analog required the iodine atom @npéptide for their activation. Other
clones required the absence of the iodine atomyemiseactivation of a third group of

clones was independent of the iodine atom (Jiamd 007).
C) Pathogenic non-iodinated peptides.

Several studies have reported the pathogenicity noh-iodinated Tg peptides
(Carayanniotis 2007). The first identified peptifethis category was the 17-mer p2495
(a.a. 2495-2511), which was described to be thggedic in the high responder murine
strains SLJ, C3H and B10.BR (Chronopoulou, Caraipdisn 1992). Further work
revealed that this epitope contained two overlappiteterminants, the “Eand A-
restricted 2496-2504 and thef-festricted 2499-2507 (Rao et al. 1994). The epitop
2496-2504 directly induced thyroiditis in C3H andlL.Snice, whereas 2499-2507 caused

weak EAT in both strains (Rao et al. 1994). In 19@%ther group identified the 40 a.a.
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peptide (F40D), (a.a.1671-1710), as the porcine (3G6g) fragment that could be
recognized by a cytotoxic Tg-specific T cell hylanda (Texier et al. 1992). In the same
study it was shown that this peptide, located ateihd of the second third of Tg, was able
to cause EAT in CBA/J mice. In 1993, the epitop8®2743 was shown to be identical
between hTg and human TPO (hTPO) and its pathogem@s shown by adoptive
transfers of Tg-primed splenocytes previouslyitro activated with this peptide to naive
mice. Recipients developed EAT whereas the congraups receiving phosphate
buffered saline (PBS) or ovalbumin (OVA) had nortig infiltration (Hoshioka et al.
1993). In 1994, the peptide 2694-2711 was idewtibg algorithms as a putative T cell
epitope and it was shown to be pathogenic in SJten(Carayanniotis et al. 1994).
Further work showed that the major T cell determin@as spanning a.a. residues 2694-

2705 (Rao, Carayanniotis 1997).

Searching for putative "Abinding peptides by Altuvia’s algorithm (Altuvia al. 1994)
allowed identification of the following pathogenpeptides in CBA/J mice: 306-320,
1579-1591, 1826-1835, 2102-2116, 2596-2608 (Vesgatial. 2002) as well as 2529-
2545 and 2540-2554 (Li et al. 2007). Following mikr algorithm-based approach,
three HLA-DR3 binding peptides from hTg were fouttd be thyroidogenic in DR3
transgenic non-obese diabetic (NOD) mice; 2079-88es EAT consistently, whereas
the peptides 1518-32, 181-195 cause only weak BAyn( et al. 2004). A different
methodology allowed identification of the peptid@R-2359 from hTg as pathogenic in
AKR/J (Karras et al. 2003) and DR3 transgenic CY10BKarras et al. 2005) mice by

direct challenge. Initially, this epitope was foutadbe a target of Tg-specific B cells in
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patients with Graves’ disease. Recently, the pepti@©-423 from mTg was reported to
be pathogenic in & C57BL/10 mice (Brown et al. 2008a) and the pepli@&7-1692

from mTg in AE"and A'E" C57BL/10 mice (Brown et al. 2008b).

1.6.Antigen presentation in EAT

1.6.1. Dendritic cells

Most of the studies in autoimmune thyroiditis hdoeused on the role of dendritic cells
(DC) and thyrocytes as antigen presenting cellSQAPC reside intrathyroidally (Kabel
et al. 1988, Klein, Wang 2004, Voorby et al. 199f))tside of the follicles and in close
proximity to small capillaries (KAbel et al. 1988porby et al. 1990). Little is known
about the phenotype and function of resident D@gesitheir low frequency within the
gland has hindered more extensive studies (Simbak 2000). So far, only one group
has reported that the majority of intrathyroidakident DC are characterized as
CD11&"CD115CD8y cells, at a density of two cells per thyroid foléi (Klein, Wang
2004). Intrathyroidal DC were described to havenamature phenotype since there was
no expression of the CD40 and CD80 proteins (KléMang 2004), supporting findings
from previous work that resident DC are in an irtura state (Simons et al. 2000,
Croizet et al. 2000). Regarding the function ofatttyroidal resident DC, it has been
proposed that DC can inhibit the growth of thyresyvia secretion of interleukir3XIL-

1B) and interleukin-6 (IL-6) (Simons PJ 1998), whileyrocytes can promote the
immature state of DC via secretion of soluble fextdCroizet et al. 2001).

Immunologically, it has been suggested that inymatidal DC constitutively express Tg
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cryptic peptides on their MHC class Il moleculesnerated either after processing of Tg
fragments or from processed Tg that had been tytosed (Carayanniotis 2003). This is
supported by the fact that activated Tg peptideifipeCD4" T cells selectively home to
the thyroid after direct challenge of mice with pee in CFA or after adoptive transfer
of activated cells to naive mice. Under steadyestanditions, presentation of these Tg
peptides to naive T cells should lead to peripheiarance either due to the absence of
co-stimulatory signals on DC and/or low expresdexwels of peptides prohibiting T cell

activation (Carayanniotis 2003).

Under inflammatory conditions, however, the pregseotdanger signals can induce the
maturation and migration of intrathyroidal DC teetraining LN via the lymph. These
mature DC subsets can initiate immune respons#®iiN (Canning et al. 2003). This
concept has been supported by the finding thabtiedhyrocytes were able to stimulate
the maturation of bone marrow (BM) - derived DO vitro as reported by the
upregulation of MHC class Il, CD80, CD86 and CD46lecules (Li et al. 2006). Similar
stimulatory effects on DC were not detected inghesence of healthy thyrocytes. In the
same study, they also elicited Tg-specific Thl Brzkll responses as well as EAT (Li et
al. 2006). Findings from spontaneous models ofdiaytis indicate that during the early
stages of the disease there is a small increade inumber of DC intrathyroidally in the
BB-DP rat (Voorby et al. 1990), the NOD mouse (Mahyl. 1995) as well as in patients

with HT, compared to those in the normal gland (vesal. 2003).
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The crucial role of DC in initiation of thyroiditieas also been shown in other studies.
CBA/J mice, that do not develop spontaneously tijiis, developed the disease after
injections of mTg-pulsed DC. The control groupseieing either PBS or DC-depleted
splenocytes did not show any sign of infiltratianTg specific-Ab in their serum (Knight
et al. 1988). Similarly, DC pulsed with pTg stimieéld proliferative Thl responses of
pTg-primed CD4 T cells from B10BR mice. Also, these animals itgec
subcutaneously (s.c.) with DC pulsed with pTg ie #bsence of adjuvant developed
severe thyroiditis and anti-pTg 1gG2a Abs, compdrtednimals receiving unpulsed DC

(Watanabe et al. 1999).

Besides initiation of the disease, DC are also dblesuppress the development of
thyroiditis via activation of Tg-specific regulayoil cells (Treg). After treatment with
TNF-a in vitro, BM-derived DC become semimature i.e. express hegkls of MHC
class Il and co-stimulatory molecules, but theyndb secrete proinflammatory cytokines
(Menges et al. 2002). TNé&-treated DC were showin vivo to activate interleukin-10
(IL-10)-producing Tg-specific cells that had a riegary phenotype and suppressive
functionin vitro. Interestingly, repetitive injections of TNktreated DC pulsed with Tg
were able to suppress development of thyroiditisnioe challenged with Tg in CFA.
Similarly, CD4CD25 T cells isolated from mice injected with TNRreated DC pulsed
with Tg, suppressed the incidence and severity o B/erginis et al. 2005). In a similar
manner, it was shown that in granulocyte-macrophameny stimulating factor (GM-

CSF) treated mice, only the C®8DC subset acquired a tolerogenic phenotype and
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function (Ganesh et al. 2009x vivo analysis showed that this subset was able to
increase the frequency of FoxXp&ells as well as IL-10-producing cells in mTg-peidnT
cells in the presence of mTigvitro. CD8" DC from GM-CSF treated mice did not have
such a capacity. Interestingly, adoptive transfd@r<CD8x DC from GM-CSF treated
mice prevented EAT development in Tg-challengeden{@anesh et al. 2009). More
studies revealed that the OX40L and Jaggedl signalathways have a crucial role in

Treg expansion by GM-CSF BM-derived DC (Gopisettgle2013).

1.6.2. Thyrocytes

Thyrocytes have also been reported to have aneanfgesenting capacity within the
thyroid gland. It has been shown that I¥Nreated murine thyrocytes were able to
generate and express the T4p2553 peptide on tUméace as well as activate a T4p2553-
specific hybridoman vitro (Champion et al. 1991). Also, thyrocytes from @ats with
Graves’ disease, which were MHC class Il positiwere able to induce proliferative
responses of the HAL1.7 T cell clone in the preseaides ligand; the influenza strain A
haemagglutinin peptide p20 (Londei et al. 1984).dé&mnnormal conditions, thyroid
epithelial cells do not express MHC class Il molesyVoorby et al. 1990, Simons et al.
2000, Verma et al. 2000, Bonita et al. 2003), havethey become MHC class Il
positive under pathological conditions in humanscemand rats (Voorby et al. 1990,
Verma et al. 2000, Bonita et al. 2003, Hanafusal.e1983). This observation indicates
that they do not have a primary role as APC initfigal events triggering thyroiditis.

Also, work with transgenic mice expressing the Mel&ss I, I-A gene constitutively on
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thyrocytes showed that no SAT was detected in thageals, whereas there was only an
8% higher severity of the disease in transgenidWE.mice after immunization with Tg
in CFA (Kimura et al. 2005, Li et al. 2004). Thedeta clearly indicated that epithelial
cells expressing MHC class Il molecules alone atesaofficient to initiate autoimmunity.
However, the fact that they can present Tg peptideB cells indicates that thyrocytes

may participate in amplification of the autoimmuesponse.

1.7.Spontaneous autoimmune thyroiditis

SAT has been reported to occur in chickens - th@&bC Strain (CS) of White Leghorn
(Cole et al. 1968) and the Obese Strain (OS) (Withkal. 1974); rats — the Buffalo
(Hajdu, Rona 1969) and the BB/W strain (Sternthal €1981); dogs, monkeys and mice
(Bigazzi, Rose 1975). In the following paragraptiee murine models of SAT will be

discussed in detail.

The NOD mouse is an animal model for insulin dependliabetes mellitus. NOD mice,
expressing the H¥ haplotype, (K, AY, E°, D), usually develop diabetes at 60-80%
incidence in female and 20-30% in male animals @ksdn, Bluestone 2005). Besides
diabetes, NOD mice are prone to develop sialitimstatitis and SAT (Anderson,

Bluestone 2005). Lymphocytic infiltration in theytbid gland in NOD mice was initially

reported to occur with 18.5% incidence (Asamotalei986) Later studies showed that
the incidence of SAT in NOD mice varies among ddfe colonies but mostly ranges

from 5-25% (Many et al. 1995, Wicker et al. 199%nibtte et al. 1997, Hutchings et al.
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1999). Only one study has described very high emig of SAT, reporting that 90% of

10 day-old NOD mice develop the disease in thdorop(Bernard et al. 1992).

In regards to the presence of anti-Tg Abs in NORerdeveloping SAT, one group has
not detected them (Bernard 1992), whereas two ajlmups have reported a sporadic
presence of anti-Tg Abs in older NOD mice (Damett@l. 1997, Hutchings et al. 1999).
The incidence and severity of SAT in NOD mice isnparable for female and male mice
(Asamoto et al. 1986, Damotte et al. 1997, Bernaircal. 1992). Also, thyroiditis

incidence was not reported to be significantlyetiét in diabetic and non-diabetic NOD
mice (Damotte et al. 1997, Bernard et al. 1992)porting the concept that these two

diseases are precipitated by dinstict mechanisms.

The NOD.H2* strain is one of several NOD MHC congenic strahat were generated
by Dr. Linda Wicker’s group investigating the raé&the I-E MHC class Il molecule in
insulitis and diabetes development in the NOD bemkigd (Podolin et al. 1993).
NOD.HZ2" mice, expressing the H2haplotype, K, A¥, E°, D°, do not become diabetic
spontaneously or after treatment with cyclophosptian{Podolin et al. 1993), but
interestingly, they develop insulitis (Podolin &t H993), sialitis (Cihakova et al. 2009)
and thyroiditis (Wicker et al. 1995, Kolypetri et 2010, Braley-Mullen et al. 1999,
Burek et al. 2003, Weatherall et al. 1992). Onaugrbas reported a 50% incidence of
thyroiditis in their colony (Wicker et al. 1995, Bik et al. 2003, Weatherall et al. 1992).

A detailed kinetic analysis of SAT in our colonyshghown disease onset around 15
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weeks of age with SAT incidence increasing to 50%20-33-week old mice and
reaching 100% in one year old animals. The sevefitthe disease increases over time
but it can range from interstitial infiltration nfiltration index (I.1.)=1 - to extensive
infiltration (I.1.=4) even in one year old animalsur unpublished data). Interestingly,

similar findings have been reported by another gr@urek, Talor 2009).

1.7.1. The role of MHC genes in murine models of SA

The role of individual MHC genes in the developmehSAT has not been examined.
However, the importance of the H-2 locus on thesbia$ SAT arises from the fact that
NOD mice, H-2" haplotype, develop thyroiditis at a low inciden@nging from 5-25%
in different colonies (Many et al. 1995, Wicker &t 1995, Damotte et al. 1997,
Hutchings et al. 1999), whereas congenic NOD*Hgice, H-2* haplotype, develop
thyroiditis at 100% incidence by the age of oneryadd (Burek, Talor 2009). The high
incidence of SAT in the NOD.H2 strain has been related to the combined presence o
the A molecule with NOD non-MHC genes that are known tedjspose to
autoimmunity development (Wicker 1997). Howevee OD.HZ strain, carrying the
H-2¢ haplotype, has been reported to develop SAT &% (dncidence by the age of
almost 2 year old (Damotte et al. 1997). This iaths that additional genes within the H-
2 locus, other than the%Anolecule, contribute to thyroiditis developmentcBa gene
could beCeatl,which is tightly linked to the H-2 complex and hiasen reported to

control thyroiditis induction in NOD mice (Boulagd al. 2002).
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1.8. Links between iodine and thyroiditis developnet

lodine is a trace element that has a central rolényroid physiology since it acts as a
substrate for the formation of the thyroid hormqnE® and T4 and has a regulatory role
in thyroid function (Saller et al. 1998). lodineters the human body through the dietary
intake of milk and dairy products, fish, salt, sead, kelp, eggs and bread, drinking
water or iodine-containing drugs, food preservatiand vitamin preparations (Roti,

Uberti 2001).

After iodine enters the gastrointestinal tracisifirst converted to inorganic iodide and
then it is completely absorbed. Following absomptioodide circulates between the
plasma, red blood cells, intraluminal fluids of tlgastrointestinal tract and other
extracellular compartments (Saller et al. 1998 Ttajority of inorganic iodide is stored
within the thyroid gland (Saller et al. 1998). Bk=s the thyroid, iodide can also be found
in the salivary glands, mammary glands, colon dadgmta. Eventually, more than 90%
of the iodide is excreted from the body through kdneys (Cavalieri 1997). In the
thyroid, epithelial cells actively take up inorganodide via NIS present on their basal
membrane (Dai et al. 1996). Then, iodide is tramsteto the apical surface of the cell
due to its electrochemical gradient where iodideoxsdized by the enzyme TPO.
Subsequently, TPO catalyzes the iodination of Tg &me thyroid hormones are
generated (paragraph 1.5.1). Once T4 and T3 azased into the bloodstream, iodide is
removed from MIT and DIT and either is reused aerters the circulation (Dunn J.T.,

Dunn A.D. 2000, Cavalieri 1997).

29



The human thyroid gland requires p@ of iodine on a daily basis to remain in balance
(Burgi 2010). According to the World Health Orgaatinn, an adult should receive up to
150 pug of iodine per day, i.e. 3x the daily required @¢&/HO 2004), while the tolerable
upper level of iodine intake has been set to g@er day in the European Union and
1100ug per day in the United States (Burgi 2010). Thewam of iodine intake per day
varies among countries with different dietary clogggstics as well as among individuals
within the same country (Rasmussen et al. 2009)ekample, in populations consuming
seaweed and fish, like the Japanese, the averagarydiodide can reach up to 2-3
mg/day whereas in the United States, Canada artsl paEurope, the intake is around
500pug/day (WHO 2004). At an individual level, increasedine supply has been related
to chronic treatment with iodine-rich drugs like iadarone, a medication used to treat
cardiac arryhtmia, which releases 9 mg of iodine geey during its metabolism (Roti,
Uberti 2001). Despite several studies (Roti, Ub2a01, Burgi 2010) it still remains
unclear whether high iodine ingestion is well tated over long time periods but reports
have described a relation between increased inc&deh autoimmune thyroiditis and
high iodine intake in different countries like BilgCamargo et al. 2007), China (Teng et
al. 2008), Japan (Konno et al. 1994), Argentinaréda et al. 1985), United States

(Weaver et al. 1966) and Switzerland (Hedinger 1981

Similar observations have been described in anm@dels of autoimmune thyroiditis.

An iodide-rich diet was reported to increase thedence and severity of thyroidits in CS

30



chickens (Bagchi et al. 1985), Buffalo rats (Cohéfeetman 1988), BB/W rats (Allen et
al. 1986), NOD mice (Verma et al. 2000, Hutchieg®l. 1999, Vecchiatti et al. 2013)
and NOD.H2* mice (Hutchings et al. 1999, Kolypetri et al. 20Bbaley-Mullen et al.

1999, Burek, Talor 2009, Rasooly et al. 1996, Teh@l. 2009). Similar observations
have been reported in iodide-deficient goitrousenfiglany et al. 1995, Mahmoud et al.
1986) and hamsters with hyperplastic goiters (5di859). In contrast, high iodide intake
did not induce SAT in SJL (Li, Carayanniotis 2000BA/J (Hutchings et al. 1999,
Braley-Mullen et al. 1999, Li, Carayanniotis 20&f)d Biozzi (Hutchings et al. 1999)
mice. So far, the mechanism whereby iodide afféicysoiditis development remains

unknown.

1.9. lodide-accelerated SAT in NOD.H¥ mice

In 1996, a study from Dr. Rose’s laboratory showrat addition of 0.05% Nal in the

drinking water of six to eight week old NOD.Mamice for 8 weeks accelerated the
incidence and severity of SAT (ISAT) compared te-agatched mice drinking normal

water (Rasooly et al. 1996). The main charactestidSAT were: 1) mononuclear cell

infiltration in the thyroid glands of fifteen ouf 85 mice and 2) increased levels of anti-
Tg-specific Abs in their sera. In the control grotige thyroid gland of only one out of 20
mice had a pathology index of 4, whereas none efahimals developed Tg-specific
Abs. Interestingly, serum levels of the thyroidhone T4 were similar in iodide treated
and control mice, indicating that the iodide ridletddid not induce hypothyroidism in

this strain as previously shown in SJL mice (Liy&@nniotis 2007). This observation in
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combination with the fact that the incidence of theease in female and male mice was
comparable, represent the two main differences detwthe human disease and this

animal model of thyroiditis.

Notably, many groups have confirmed the findingscdbed by Rasooly et. al.
(Hutchings et al. 1999, Kolypetri et al. 2010, BsaMullen et al. 1999, Burek, Talor
2009, Teng et al. 2009, Oppenheim et al. 2003, }aga et al. 2007) and have tried to
shed more light into the pathway leading to ISABemn A kinetic analysis of the disease
in NOD.HZ2" mice has shown that the first signs of thyroidltirgftion become evident
after 2 weeks of Nal administration and become npoogninent after prolonged iodide
intake (Bonita et al. 2003, Kolypetri et al. 201Braley-Mullen et al. 1999).
Immunohistochemical data have shown that CBAda” T cells are the first immune
cells infiltrating the gland (Verma et al. 2000,r%a et al. 2003, Yu et al. 2001). During
this time point, few or no macrophages and no D@atural killer (NK) cells have been
detected in the thyroid lobes (Yu et al. 2001), kehs the presence of B cells has been
reported by one group (Yu et al. 2001) but not cordd by others (Bonita et al. 2003).
After prolonged iodide administration, 4 to 8 weeds increased number of CD£DS8'

T and B cells has been detected in the gland witd'T cellsbeing the predominant
type of infiltrating cell (Bonita et al. 2003, Yu al. 2001). At these stages of the disease
macrophages, DC and NK cells are also present énthiyroid (Yu et al. 2001).
Interestingly, the presence of such an inflammagmyironment in the thyroid glands of
iodide-fed mice is chronic and remains unchangezh efter 23-24 weeks of treatment

(Braley-Mullen et al. 1999, Teng et al. 2009). Af#2l weeks of iodide administration,
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when extensive infiltration is present in the thgroelectron microscopy analysis has
shown that thyrocytes have been described to havegla number of lysosomes
containing lipofuscin granules, peroxisomes as vesl mitochondrial swelling and
dilatation of the rough endoplasmic reticulum comegao cells from control mice (Teng
et al. 2009). Also, signs of apoptosis and nectogie been reported in thyroid epithelial

cells from iodide-fed animals at this stage (Tehagle2009).

In the serum, Tg-specific IgG Abs become detectalfler 2-3 weeks of high iodide
administration, reaching their maximum level 10Méeks later (Kolypetri et al. 2010,
Braley-Mullen et al. 1999). The main subclasse$gtkpecific Abs have been identified
as 1gG2a, 1gG2b and IgG1 (Hutchings et al. 199@d8+Mullen et al. 1999, Rasooly et
al. 1996). Tg-specific IgM have also been deteatethe sera of iodine-fed and control
mice (Rasooly et al. 1996), but IgM binding to Tgpaared to be non-specific (Braley-
Mullen et al. 1999). In older animals, 7 to 12 nienbld, 1gG responses against mouse
but not hTPO have been reported in iodide-treatetlcantrol mice by one group (Chen
et al. 2010), whereas other studies were unabldetect them (Verma et al. 2000,
Rasooly et al. 1996). The fact that TPO-specific Abe detected at late stages of ISAT
implies that TPO may not be the autoantigen triggeinitiation of the autoimmune

cascade in NOD.H% mice.

1.9.1. The role of T cells in ISAT development
The involvement of T cells in ISAT development l@en examined mostly by depletion

studies (Verma et al. 2000, Hutchings et al. 1¥38Jey-Mullen et al. 1999, Nagayama
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et al. 2007, Yu et al. 2006). MAb-mediated depletid CD4 cells during or at the end
of the iodine administration period led to minim@l no thyroiditis development in
NOD.HZ2" mice compared to control mice receiving a rat ig&ype control Ab. This
supports the view that CDZ cells are necessary for the development and essgm of
ISAT (Braley-Mullen et al. 1999). Depletion of CD¥ cells during the first weeks of
iodine supplementation also decreased ISAT devedopnbut when CDBcells were
depleted at the end of iodine supplementation dethe treatment was ineffective. This
suggests that CO8T cells have an important role only in the initat of ISAT (Verma

et al. 2000, Braley-Mullen et al. 1999).

The involvement of another T cell subset, COB25 Treg cells, in ISAT development
remains unclear as shown by studies following diffé approaches (Nagayama et al.
2007, Yu et al. 2006, Ellis et al. 2013). Admirasion of anti-CD25 mAb to NOD.H2
mice 4 days before initiation of iodide-rich diedlto increased severity of ISAT and
higher production of anti-Tg Ab titers compared tmtreated age-matched mice
(Nagayama et al. 2007). These data indicated tBa'CD25" Treg cells can suppress
ISAT development. In contrast, Yu’s group reportieat administration of anti-CD25 Ab
to NOD.HZ2" mice 10, 17 and 24 days after birth led to leseeelSAT after 8 weeks of
Nal supplementation compared to mice receiving @bnat Ig (Yu et al. 2006). Also,
elimination of Treg by thymectomy at 3 days of afy@ not affect ISAT incidence in
iodine-fed mice compared to nonthymectomized cdémtioe indicating that Treg cannot

inhibit ISAT in NOD.H2" mice (Yu et al. 2006). In another study, the saymsup
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reported that CD28 NOD.HZ" mice which have reduced numbers of CEaxp3 cells

in the spleen and cervical LN (CLN) compared to WOD.H2 mice, developed
significantly higher levels of ISAT compared to Whlice (Ellis et al. 2013). Also,
adoptive transfer of CO&oxp3 cells to CD28 NOD.HZ2*mice reduced the severity of
thyroiditis after 7 weeks of high iodide diet. Slani observations were not reported in
CD28" mice receiving the same number of CBdxp3 cells or CD28 mice that did
not receive any cells (Ellis et al. 2013). Thestadapported the view that Treg cells are
involved and have the capacity to suppress ISAGomirast to the opposite conclusions
reached earlier by the same group. The involveroéftreg cells in ISAT progression
was indicated by studies showing that splenocytas fodide-fed animals for 8, 12 and
16 weeks had significantly lower percentages of TIBPR5 Foxp3 cells and Foxp3

MRNA expression compared to mice receiving nornakw(Xue et al. 2011).

NKT cells have also been implicated playing an &tie role in ISAT development in
NOD.HZ2" mice. NOD.H2* mice have been reported to contain unusually highbers

of NKT cells in their spleens, compared to age-imadc BALB/c mice (Burek et al.
2003), and Tg-specific T cell lines generated freptenocytes of iodine-fed NOD. 2
mice possess characteristics of NKT cells i.e. gphesence of DX5 marker on their
surface as well as the expression afl¥-h281 (Sharma et al. 2011). Stimulation of these
cell lines with Tg was shown to be CD1d-restricéedl led to production of interleukin-
12 (IL-12), interleukin-4 (IL-4), IFNy, TNF-a and IL-10. Adoptive transfer of these T

cell lines to iodide-pretreated NOD.M2recipients increased the production of Tg-
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specific Abs and cellular infiltration in the thydoglands, compared to the control group,
indicating that NKT cells may have a pathogeni@riol ISAT. However, transfer of the
same T cell lines to NOD.H2 mice drinking normal water did not lead to thyit
development, suggesting that NKT cells cannotatetiSAT in this strain. Their role is
most likely exerted by cytokine release in the peery, since transferred NKT cells did

not migrate to the thyroid glands of NODHz2ecipient mice (Sharma et al. 2011).

Another T cell subset that may be involved in 1S@dvelopment is Th17 cells (Horie et
al. 2009). It has been shown that intrathyroidadregsion of IL-17 as well as IFNat
the mRNA level was significantly higher in NOD.M2mice after 4 and 8 weeks of
iodide administration compared to control mice.djlsplenocytes from iodine-fed mice
were reported to have an increased number of Thid/ Ehl cells compared to
splenocytes from the control group, suggesting ithdine administration is related to an
increased generation of both Thl7 and Thl cellserdstingly, IL-17 knockout
NOD.HZ2" mice were characterized by a significantly lowecidence and severity of
infiltration as well as lower titers of Tg-specifigG Ab compared to WT NOD.H2
mice after 8 weeks of iodine administration (Haeteal. 2009). However, another study
by the same group, suggested that Thl cells al@alde to induce thyroiditis (Horie et
al. 2011). In this paper, they depleted the Trelp éom IL17" and IFNNR” NOD.HZ*
mice, which are known to be resistant to ISAT, axdmined ISAT symptoms after 8
weeks on 0.15% Nal water. In Nal treated/Treg-depdldL17 knock out mice, where

only Th1l cells were present, ISAT symptoms were garable to symptoms in WT mice
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whereas, Nal treated/Treg-depleted yR¥nock out mice had minimal ISAT. These data

implied that Th1l cells alone are able to inducedkdtis in this strain.

1.9.2. Antigens targeted by T cells in ISAT

NOD.H2™ mice produce high titers of anti-Tg-specific Ahsridg early stages of ISAT
suggesting that Tg-specific helper T cells havenbeeeviously activated. So far,
however, studies have reported lack of or low datde spontaneous T cell reactivity to
mTg or to the Abinding Tg peptides 1-p117, I-p179, I-p1931, I-g95 I-p2540, p226,
p1l579, p1826 and p2026 using splenocytes after281,42 and 56 days of iodide
administration (Verma et al. 2000, Kolypetri et 2010, Braley-Mullen et al. 1999).
Also, proliferative responses against Tg were reiected using thyroid draining CLN
cells (CLNC) before ISAT onset - after 7 days alide administration (Kolypetri et al.
2010). Only one group so far has reported, butshotvn, significant T cell responses to
Tg in iodine-treated and untreated NOD™Hghice (Rose et al. 1999, Rose et al. 1997).
These observations outline a paradox between tinedaince of Tg-specific IgG Abs and
the low spontaneous T cell reactivity to Tg in NGI2™ mice, in a similar manner to

insulin in NOD mice (Kaufman et al. 2001).

To provide an explanation for this paradox, it veaggested that T cell responses are
directed against a “modified form” of Tg. Accorditmythis premise, excess iodine intake
may lead to formation of highly iodinated Tg (I-Tghich is more immunopathogenic

than Tg with normal iodine content (Verma et alO@0Burek, Rose 2008, Rose et al.
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2002) as previously shown in the EAT model (Champat al. 1987, Dai et al. 2002,
Sundick et al. 1987). However, work from our laltorga showed that Tg preparations
from NOD.HZ2" B cell deficient mice, designated as NOR,Kirinking water with or
without Nal, had comparable iodide content, sugggghat the NOD.H¥ background
does not favor generation of I-Tig vivo after high iodide intake (Kolypetri et al. 2010).
Furthermore, in the same study it was shownithaitro, mildly iodinated Tg (24 iodine
atoms/monomer) was not preferentially recognized by B cells compared to normal
Tg (14 iodine atoms/monomer). This demonstrates tthea high iodine content of Tg
does not enhance its antigenicity in NOD™4@ice and contrasts with previous results in
the NOD.H23* model indicating that iodine can affect the antigey of Tg at the B and

T cell level (Barin et al. 2005).

Significant proliferative T cell responses again§PO were observed using splenocytes
from iodide-fed mice as well as splenocytes fromtem 11 to 12 month old mice that
had already developed spontaneous thyroid lesidesr(a et al. 2000). These data have
not been confirmed by other groups so far. A cam@bout these findings is that the
murine T cells may be cross-reactive to epitopesidoonly in hTPO and not present in
murine TPO (MTPO). To exclude this possibility, theliferation assays should be

performed using mTPO.
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1.9.3. The role of B cells in ISAT development

B cells have a crucial role during the onset araymssion of ISAT in NOD.H¥ mice.

B cell-deficient NOD.HY mice, designated as NODuK develop minimal thyroid
infiltration after 8 weeks of iodide supplementati@ompared to WT NOD.H?2 mice
(Braley-Mullen, Yu 2000). In the same study, thesence of B cells was necessary
during the first 4 weeks after birth for optimalAB development. B cell depletion using
either an anti-lgM mAb during the first 3 weekseafbirth (Braley-Mullen, Yu 2000) or
an anti-CD20 — present on all mature B cells - nmAB-3 week old mice (Yu et al. 2012)
resulted in minimal ISAT development compared t@enieceiving an isotype control

mAD.

A key role has also been attributed to B cells myrthe progression of ISAT in

NOD.H2* mice (Yu et al. 2008). Seven to 10 week old mezeiving three injections of
an anti-CD20 IgG2a mAb during an 8-week periodoafide-rich diet developed reduced
ISAT symptoms compared to mice receiving an isotgpetrol Ab (Yu et al. 2008).

Interestingly, anti-CD20 IgG2a mAb was able to ®EUSAT symptoms even when its
administration started 5 weeks after Nal treatmente., in mice that had already
developed ISAT symptoms at that time point (Yu le2808). In this experiment, anti-
CD20 treatment decreased the infiltration of B @rxklls as well as the formation of T-B
cell clusters in the thyroid gland compared to dkafrom mice receiving the isotype

control mAD.
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B cells may also have a pathogenic role after tinéitration into the thyroid gland since
they have been reported to interact with CO4cells to form structures resembling
germinal centers in the thyroid (Yu et al. 2001). récent study focused on the
intrathyroidal B cells in iodide-fed WT NOD.H2mice (Hong, Braley-Mullen 2014).
This group reported that the majority of infiltragi B cells are follicular B cells
expressing high levels of the costimulatory moleddD80 and reduced levels of CD24,
compared to splenic follicular B cells. The authak this paper concluded that
infiltrating B cells are more mature than splenicdlls. They also reported that thyroidal
B cells were able to produce proinflammatory cytels, TNF-a and IL-6, whereas they

did not express the marker CD138 suggesting tlegtwrere not plasma cells.

Even though the B cell requirement for thyroiditteevelopment has been well
documented, the function of B cells during the et stages of the disease remains
poorly understood. Data from studies so far supth@tdea that B cells may be required
during early stages of life for optimal ISAT deveioent, because they act as APC
during the maturation of T cells (Braley-Mullen, ¥Y000). This concept was supported
by the fact that when lethally irradiated mice wegeonstituted with BM precursors from
B cell deficient mice, minimal ISAT developed (BrgtMullen, Yu 2000). However,
transfer of BM precursors from B cell deficient miand B cells in recipient mice
resulted in ISAT development at comparable levelsodide-fed WT mice. These data
implied that B cells may be necessary as APC fer alstivation or maturation of

autoreactive T cells early in life (Braley-Mulleyiu 2000).
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The production of IgG Abs by B cells seems to havesecondary role in ISAT
pathogenesis. This premise was supported by thdinfinthat passive transfer of
NOD.H2" derived Tg-specific IgG to B cell-depleted NOD'¥ithice having an iodide-
rich diet did not elicit disease, indicating thag-3pecific IgG production alone cannot
lead to ISAT development. Similarly, irradiated HAINOD.Ku™" mice, after
reconstitution with B cells, were able to producgi-dg IgG but did not develop ISAT
(Braley-Mullen, Yu 2000). The secondary role ofibodies in ISAT development was
described in experiments with nitrophenyl (NPL)eeeptor transgenic NOD.f2mice
(Yu et al. 2006). These transgenic mice, expressithg NPL-specific B cells that cannot
secrete 1gG, develop mild thyroiditis after Nal adistration and anti-CD25 treatment
was shown to exacerbate ISAT symptoms (Yu et all6R0Thyroids of anti-CD25
treated NPL transgenic mice were characterizedhéytesence of NPL-specific B cells,
CD4+ and CD8+ T cells. These data suggested thatadsport of B cells to the thyroid
is independent of their specificity and the productof IgG and 2) lymphocytic
infiltration is independent of the production of-$gecific IgG Abs. Thyroid-infiltrating
B cells participate in the formation of germinahtezs within the gland but their function

still remains unknown (Hong, Braley-Mullen 2014).
1.10. Effects of iodide on thyroid epithelial cells

One of the mechanisms whereby iodide may initiat@atoimmune cascade in animals

or humans is through thyrocyte death, i.e., theeg®ion of an inflammatory
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environment. Indeed high doses of iodide causeoitiyepithelial cell death in several
animal species (Many et al. 1995, Teng et al. 28@@chi et al. 1995, Li, Boyages 1994)
or human thyroid follicles (Many et al. 1992) kx vivoandin vitro studies.Ex vivo
work examining the structure of the BB/W rat thgrgland after 12 weeks on moderate
(3 x 10° M) or high (3 x 10 M) iodide intake showed that thyrocytes had uncdeeg
ultrastructural changes compared to cells from robnhice (Li, Boyages 1994). In
thyrocytes from iodide-treated rats, swollen mitatiria as well as dilatation of rough
ER were evident under electron microscopy. Alscsuawlation of lipid droplets,
condensation of chromatin, nuclear disintegratiaryolysis) and nuclear fragmentation
(karyorrhexis) were observed in the iodide-treagealip, whereas in the control group,
thyrocytes were intact and only a few showed dilataof the ER and mitochondrial
swelling (Li, Boyages 1994). Similar observatiomwé been reported in NOD.FMamice
after 8 to 24 weeks of iodide administration (10¢+ 2 x 10° M) (Teng et al. 2009), in
the OS chickens 12 hours after an intraperitongatiion of 250ug of iodide (Bagchi et
al. 1995) and NOD mice after 96 days of high iodidkake (10 mg/day) (Many et al.
1995). The interpretation of these findings hasnbthat iodide may have a direct toxic

effect on the thyrocytes of these animals.

In vitro work has further supported the concept that iodale directly induce thyrocyte
death. In several studies, primary thyroid cellgshyroid cell lines were cultured in the
presence of different concentrations of iodidedtineate the rate of cell death. The range

of iodide concentrations is wide, starting from®1 (Lehmann et al. 2006, Langer et al.
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2003), since the physiological iodine plasma lewets estimated to be 10 for mice
(Bernstein 2007, Taurog A. 1946) and humans (Mangl.e1992), to 18 M being the
highest concentration (Yao et al. 2012, Golsteingbnt 1996). Studies using relatively
low iodide concentrations (f810° M) have been performed with porcine (Langer et al.
2003) and human (Lehmann et al. 2006) thyroid di@8. Specifically, intact porcine
follicles were cultured with 2 x 10M or 2 x 10° M potassium iodide for 8, 24 and 72
hours. The percentage of apoptotic cells was estiinas 4.18% + 1.8% and 4.27 +
2.68% for both doses after 8 hours of potassiundetteatment whereas the incidence
of apoptosis in untreated follicles was 1.14 + @R fter 24 and 72 hours, the number
of apoptotic cells in the treated group remained¢hanged. Interestingly, levels of
necrosis in the culture were not affected by thesence of potassium iodide (1.13 +
0.59). These data indicated that iodide was ableatse apoptosis and not necrosis in
porcine thyroid follicles (Langer et al. 2003). 3an observations have been reported
using human thyroid follicular cells (Lehmann et 2006). Incubation with 5 x 10M
and 1 x 10 M potassium iodide increased the rate of apopttsid.3% and 5.8%,
respectively, compared to the untreated group waithapoptotic rate of 3.38%. Despite
the fact that the above studies were performedgukiw iodide concentrations, in an
effort to model thein vivo conditions, the conclusions were weakened by thalls

differences detected in the apoptotic rate betvieemodide-treated and untreated groups.

Studies using high iodide concentrations @2 M) have been performed with a rat

thyroid cell line, the FRTL-5 (Yao et al. 2012, Giglin, Dumont 1996), a human cell line
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derived from fetal thyroid cells after infection IBymian virus 40, the TAD-2 (Vitale et
al. 2000), as well as human thyroid follicles (Maay al. 1992) and primary dog
thyrocytes (Golstein, Dumont 1996). Studies shoted TAD-2 cells cultured with 5 x
102 M Kl for 24 or 48 hours underwent morphologicabnhes, as observed under the
light and fluorescence microscope and exposed hiosgholipid phosphatidylserine on
their cell surface, as detected by Annexin-V stainiDNA fragmentation had also
occurred as demonstrated by gel electrophoresigalé/iet al. 2000). All the above
observations were signs of apoptotic cell deaththieumore, KI treated TAD-2 cells
were reported to produce high intracellular levetsreactive oxygen species (ROS)
compared to KCI treated cells as well as lipid petes. Since the apoptotic pathway
triggered by iodide in this cell line was not kngwinwas also examined whether iodide
treatment affected the expression levels of p5832BBcl-XL and Bax proteins — known
to be involved in the mitochondrial apoptotic pa#tywInterestingly, no change in the
expression levels of these proteins was shown bgté&ke blot analysis, suggesting that
iodide-mediated apoptosis in TAD-2 cells does nmtgquire upregulation of these

proteins (Vitale et al. 2000).

The iodide doses reportedly required to affect iitgbof FRLT-5 cells have been
controversial. One study reported that their reétiiability was significantly decreased
when Kl was added to the culture at®100% M for 24 hours, as compared to that of
untreated cells (Yao et al. 2012). As early as @r$after exposure to Tor 10°M Ki,

there was a significant increase in the productbmitochondrial superoxide, but no
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damage to the cell membrane. After 4 hours, a fsogmt release of mitochondrial
cytochrome c to the cytosol was reported in thédiedreated group and damage of the
cell membrane was indicated by increased lactateydiegenase activity in the
supernatant. DNA fragmentation became evident &#tenours of treatment with T0or
102 M (Yao et al. 2012). Another study reported thafTEF5 cells were susceptible to
iodide-induced cell death only whendM of KI was used (Golstein, Dumont 1996), but

specific pathways were not examined.

Effects of high iodide concentrations on the vidypibf cultured primary thyroid cells
have been also examined. Human thyroid folliclesurated with 18 M Nal for 24
hours were reported to undergo approximately 10%sases whereas cells treated with
10” M Nal contained only 4% necrotic cells (Many et #992). These data suggested
that high iodide doses have a toxic effect on huthgroid cells. In contrast, primary dog
thyrocytes incubated with FOM Nal for 24 or 48 hours did not exhibit any sigsfscell

death compared to cells cultured only with medi@olétein, Dumont 1996).

The majority of the studies described above haperted apoptosis as the most prevalent
mode of iodide-induced cell death. The moleculdhyway of iodide-induced apoptosis in
thyrocytes has not yet been identified and it maydtfferent between primary thyroid
cells and cell lines. So far, however, a cruciapstor the induction of iodide-induced
apoptosis has been reported to be the organificafiecodide by TPO since two inhibitors

of TPO, methimazole and propylthiouracil, can adioibdide-induced apoptosis in TAD-
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2 cells and human thyroid follicles (Many et al.929 Vitale et al. 2000). Organified
iodide can then be incorporated into lipids andigins to form iodocompounds. Many
studies have focused on the role of a certain ipdbl 6-iodo-5-hydroxy-8, 11, 14-
eicosatrienoic acid-lactone §-lactone) in apoptosis of thyrocytes (Gartner 20@8)
lactone has been isolated from porcine thyroiddigl$ (Dugrillon et al. 1990) as well as
human thyroid tissue from patients with Grave'sdse treated with high doses of iodide
(Dugrillon et al. 1994). It has been shown thahkotline and-lactone induce apoptosis
in porcine (Langer et al. 2003) as well as humamaild follicles (Lehmann et al. 2006)
and the thyroid carcinoma cell line B-CPAP (Gartredr al. 2010) through the
mitochondrial pathway. Unfortunately, no more dstabout this signaling cascade in

thyrocytes is known.

1.11. Other environmental factors affecting thyroidtis

Autoimmune thyroiditis is influenced by the inteaplbetween genetics and environment
and many exogenous factors contribute to the dpusdat of the disease (Saranac et al.
2011). For example, high iodine intake has beeatedlto increased incidence and/or
severity of thyroiditis in humans and in animal ratsd (Ruwhof, Drexhage 2001) as
discussed in detail in paragraph 1.8. Seleniumciggity has also been reported to
contribute to the pathogenesis of thyroiditis Ve tgeneration of oxidative stress in
thyrocytes (Kohrle et al. 2005). Environmental ptdhts like polybrominated or
polychlorinated biphenyls have also been relatedxidative stress generation in the

thyroid gland and disease development (Saranad. €20&1). Also, the presence of
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infections agents lik¥ ersinia enterocoliticaa Gram-negative coccobacillus (Strieder et
al. 2003), hepatitis C virus (Testa et al. 2006a as drugs like amiodarone (Roti,
Uberti 2001), interferoms, interferonf (Schuppert et al. 1997) and stress (Tsatsoulis

2006) have been linked to thyroiditis induction.

Recently, high salt diet (HSD) has been reportedbéo an environmental factor
contributing to the development of autoimmunity (\Wual. 2013, Kleinewietfeld et al.
2013). Specifically, it was shown that NaCl pronsotiee differentiation of Th17 cella
vitro andin vivo via the induction of the serum glucocorticoid lgedal (SGK1) followed
by expression of the interleukin-23 receptor (ILRJ3Wu et al. 2013, Kleinewietfeld et
al. 2013). Also, these two studies reported thaDHSn exacerbate experimental
autoimmune encephalomyelitis (EAE) since C57BL/@anichallenged with the myelin
oligodendrocyte glycoprotein (MOG) peptide 35-550RA, developed higher scores of
the disease when they received a sodium-rich dietpared to the control group on
normal diet. The increased severity of the disees® related to increased frequency of
Th17 cells infiltrating the CNS. These studies edishe question of whether this
mechanism would apply to other autoimmune disealse<hapter 6, we examined
whether HS diet can exarcebate autoimmune thymwidding 3 animal models of the

disease.
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sites. In Chapter 5, Karen Carayanniotis, the research assistant in laooratory,
generated the NOD.H2derived T cell hybridoma clone KC1. Drs. ShofiuatRnan and
Paris E. Georghiou from the Department of Chemjstdemorial University of
Newfoundland as well as Drs. Vassiliki Magafa andulP Cordopatis from the
Department of Pharmacy, University of Patras, wesponsible for synthesis of F-moc
L-T4. In Chapter 6, Dr. Bruce Van Vliet from the Division of BioMedit Sciences,
Faculty of Medicine, Memorial University of Newfodiand, monitored the water intake
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in design of the experiments, data analysis andigeed comments and suggestions
during manuscript preparation. Dr. Edward Randeiht the Division of Laboratory
Medicine, Faculty of Medicine, Memorial Universitf Newfoundland provided us the

serum aldosterone Kkit.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Animals

NOD.H2™ mice, originally derived by Dr. L.Wicker (Merck baratories, Rahway, NJ),
were kindly provided to us by Dr. H. Braley-Mull€dniversity of Missouri, Columbia,

MO). The mice were bred and maintained under sigeg#thogen-free conditions in the
animal facility of the Faculty of Medicine, Memaridniversity of Newfoundland. Both

male and female mice were used and they were ageé- sax-matched in each
experiment. Female CBA/J and C57BL/6J mice werechmased from the Jackson
Laboratory (Bar Harbor, ME) and were used at 6-&kseof age. All experimental
procedures were reviewed and approved by the AnDaae Committee at Memorial

University of Newfoundland.

2.1.1. Generation of NOD.H2".Foxp3™ mice.

NOD.H2*.Foxp3™ mice were generated in our colony by crossing red®d.Foxp3™®
mice, kindly provided by Dr. C.A. Piccirillo (McGilUniversity, Montreal, Quebec) with
female NOD.H2* mice. Female mice from the F1 progeny were backe® to male
NOD.H2* mice. Offsprings of these matings (BC1 mice) weenotyped for the
presence of Foxf§3 allele by PCR using the following set of primefsrward: 5'-
A A.GTTCATCTGCACCACCG-3, reverse: 5-TCCTTGAAGAAGAGGTGCG-3..

Also, in the same reaction tube, amplification ofiaternal control gene was performed
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with the following set of primers: forward: 5-CTAGCCAC AGAATTGAAAGATCT-

3’, reverse: 5-GTAGGTGGAAATTCTAGCATCATCC-3'. PCR as performed for 35
cycles under the following conditions: 94° C for $€conds, 60° C for 1 minute and 72°
C for 1 minute. PCR products were analyzed on &la8arose gel and had a size of 173
bp for the gfp product and 324 bp for the interc@htrol product. BC1 mice were also
genotyped for expression of the I2r H-27 haplotype by staining peripheral blood
cells with Phycoerythrin (PE)-conjugated® KK® and isotype control mAb (BD
Pharmingen, Mississauga, ON, Canada) and analysirfigw cytometry. To exclude the
possibility of intra-MHC recombination, peripheralood cells from K homozygous
mice were stained with a Fluorescein isothiocyarfBt&C)-conjugated I-AmAb (BD
Pharmingen), cross-reactive to ¥Aut not I-A molecule and were found to be negative
for the 1-A% expression. BC1 mice, homozygous for tht #lele and expressing the
Foxp3™ allele were intercrossed. Female mice homozygouthe Foxp3P allele were
identified by PCR analysis using the primers: fadva 5'-
GCCTCTGACAAGAACCCAATG-3’ and reverse 5-
CTGGTCCCTAGAAGTTCTGAG-3'. Amplification was perfored at 94° C for 30
seconds, 65° C for 1 minute and 72° C for 1 mirfiote85 cycles. The PCR products had

a size of 133 bp for the WT Foxp3 allele and 852dsthe Foxp3™ allele.
2.1.2. Special diet

NOD.H2* and NOD.H2* Foxp3™ mice received 0.05% Nal water starting at 6-8 seek

of age for the indicated time period. CBA/J and BEBJ mice were on a special diet as
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described by Kleinewietfeld et al. (Kleinewietfedtl al. 2013). The high salt diet groups
received a combination of salt-enriched chow (4%CN&eklad TD.92034) and water
supplemented with 1% NaCl. Control mice receivedgular sodium diet (0.49% NacCl,
Teklad TD.96208) and deionized distilled water ¢atdaved before distributionad
libitum. The commercial rodent chow had a natural ingredimse containing wheat,
corn, soy and alfalfa; (w/w) 19% protein; 48% cdnpdrates; 5.2% fat; 0.9% Ca; 0.8%
K. Water intake was monitored weekly and is expdsss grams consumed per mouse

per day.

2.2. Antigens and peptides

Tg was purified from frozen thyroid glands of ICRicen (Bioproducts for Science,
Indianapolis, IN) or CD1 mice (Charles River, Queb@anada) by gel filtration. Briefly,
thyroid glands were homogenized in PBS buffer, pHsontaining 16 M leupeptin, 16

M pepstatin and IOM phenylmethanesulfonylfluoride (Sigma Aldrich, Sbuis, MO).
Extracts were centrifuged 3x at 16,000 g for 10utes and supernatant was loaded to a
Sepharose CL-4B (Amersham Biosciences AB, Uppsa¥geden) column. Fractions
were collected and their optical density was deieech at A=280 nm by
spectrophotometry (Life Science UV/Vis spectrophmter, Beckman Coulter, Bu
730). Based on the elution profile of the supemtatthe fractions forming the second
peak of the chromatogranFigure 2.1) were pooled, dialyzed 3x in distilled water
concentrated to 1-2 mg/ml (Amicon, Millipore Corption, Bedford, USA), lyophilized

in Speedvac and stored at -20° C. OVA was purch&sed Sigma. The Tg peptides,
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(557-568), FLVFLQRAVSVP, p557; (771-781), QNGDGQERA, p771; (1822-1832),
SDFPGDMATEL, p1822; (2369-2380), DVASIHLLISRP, pZB6 (2439-2450),
NILNDAQTKLLA, p2439; were synthesized by Biosyntlednc. (Lewisville, Texas)
and were used at >85% purity. F-moc L-T4 was predwas previously described (Kong
et al. 1995, Adamczyk et al. 1994)he 12 mer Tg peptide T4p2553 (a.a. 2549-2560),
STDD(T4)ASFSRAL was synthesized at the University Ratras, Greece, and at
Biosynthesis, Inc (Lewisville, Texas, USA) at >9Q8arity. The 19mer OVA peptide
(322-340), CISQAVHAAHAEINEAGRY, was synthesized #he Alberta Institute
(Edmonton, Alberta, Canada) and the purity was 7R peptides were blocked with an

acetyl group at the N-terminus and with an amidrigrat the C-terminus.
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Figure 2.1
Thyroid glands from 20 ICR mice were homogenize®BS buffer, pH=7, as described
in Materials and Methods. The thyroid extract wasged through 8&epharose CL-4B
column and its elution profile is shown abovée box indicates the elution volume of
free Tg. The fractions within the box were poolatlalyzed in distilled water,

concentrated to 1-2 mg/ml and lyophilized. Samplese kept at -26C until use.
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2.3. Cell lines and tissue culture

The TA3 cell line, kindly gifted by Dr. L. GlimchegiHarvard University, Cambridge,
MA) and provided by Dr. T. Watts (University of Tamto, Ontario, Canada), was
produced by fusion of B cells from CAF1 mice wittetM12.4.1 BALB/c B lymphoma
(Allen et al. 1985). The IL-2 dependent CTLL-2 datle, purchased from the American
Type Culture collection, was cultured in medium @emented with 10% supernatant
from Concanavalin A-activated rat spleen cells.a8lll lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologidsyitrogen, Grand Island, NY),
supplemented with 10% Fetal Calf serum (FCS) (PAghdratories, Ontario, Canada),
20 mM HEPES buffer, 2 mM L-glutamine, 100 U/ml patin, 100 pg/ml streptomycin
(all from Life Technologies) and 5 x M 2-mercaptoethanol (Sigma). The NOD'¥4#2
derived T4p2553-specific T cell hybridoma KC1 wanerated following a modified
procedure (Perkins et al. 1991). Briefly, NOD"nice were immunized with 100 nmol
T4p2553 peptide in CFA emulsion. Nine days latesirdng LN were collected and
single cell suspensions were prepared in DMEM srpphted with 10% FCS. Cells
were cultured in the presence of X T4p2553 for 4 days and subsequently were fused
with BW5147% B cells, kindly provided by P. Marrack (National JstwiMedical and
Research Center, Denver, CO) in a 1:1 ratio inptlesence of polyethylene glycol 1500
(Roche Diagnostics GmbH, Mannheim, Germany). Aftes fusion step, cells were
cultured in the presence of hypoxanthine-aminoptgrymidine containing DMEM
supplemented with 20% FCS for 7-21 days followed &y10-day culture in

hypoxanthine-thymidine containing DMEM supplementsidh 20% FCS. Cells that
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survived the selection procedure were cultured MEM supplemented with 10% FCS
and their specificity was tested as described belodp2553-specific T cell hybridomas
were cloned by limiting dilution at 0.3 cells/weiting red blood cells (RBC) as feeder

cells.

2.3.1. Primary thyrocyte culture

Thyroid cells were isolated and cultured accordioga modified method (Jeker et al.
1999). Thyroid lobes from mice were aseptically oged from the trachea, cut into
small fragments, teased apart and material froeetigitands was placed in 1 ml DMEM
digestion medium (Gibco, Life Technologies, Graskid, NY, USA) containing 1 unit
/ml of collagenase type | (Sigma-Aldrich, St. LquiO) and 1.2 units/ml of dispase |
(Sigma). Enzymatic digestion was performed at 37fo€ 45 minutes followed by
vigorous pipetting. The cells were then washed éwand were re-suspended in F-12
Nutrient Mixture (HAM) culture medium (Invitrogerupplemented with BB Nu-
Serum IV Replacements (BD Biosciences, Bedford, MAA) (diluted 2.5 x), glycyl-L-
histidyl-L-lysine acetate salt (2 ng/ml final), satastatin (10 ng/ml), TSH (10 mU/ml)

and Nal (luM) (all from Sigma).

To ascertain purity, thyrocytes were cultured ascdbed above in 8-well chamber slides
(Nalge Nunc International, Rochester, NY, USA) gsinaterial from three NOD.H2
thyroid glands per well. On day 10, cells wereséixwith acetone for 10 min at -20° C,
washed, and subsequently were placed in PBS comall®% FCS for 20 min at room

temperature (blocking step). Then, cells were iatedh with Tg-specific antisera
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from iodide-fed NOD.H? mice or antisera from control CBA/J mice (1:20 tidn) for

1 hour. The cells were then washed 3x and incubaittda secondary FITC-labeled goat
anti-mouse IgG (Jackson Immunoresearch LAboratowWsst Grove, PA, USA) for 30
min. Cells were again washed 3x and one drop of WASHIELD Hard-Set Mounting
Medium with DAPI (Vector Laboratories, Burlingam@A, USA) was added to each

well. Fluorescent cells were viewed using a CaikZ Axiolmager Z.1 microscope.

2.4. T cell hybridoma activation / inhibition assay

Specificity of T cell hybridoma KC1 was examined dny activation assay in which L0
TA3 cells and 19T cell hybridomas were cultured in wells of a 96iwsate in the
presence of titrated amounts of T4p2553 and Tgtifstaconcentration 100 nM). After
24 hours, supernatant from wells was removed andLiR content was assessed upon
incubation with the IL-2 dependent CTLL cells. CTldroliferation was measured by
[*H] thymidine incorporation. MHC restriction of KOias examined by an inhibition
assay. 10TA3 cells and 10T cell hybridomas were cultured in the presenc@ohM
T4p2553 and 1(g/ml of anti-A or anti-influenza A nucleoprotein (NP) mAb, puedi
as previously described (Verginis et al. 2002),rdmsbitors. Percent of inhibition was
calculated as follows: [1-(cpm in the presence é&bpcpm in the absence of mAb)] x

100.

2.5. Immunizations and T cell proliferation assays
CBA/J and NOD.H?* mice were challenged s.c. at the base of theuailthe dorsal side

of the neck with 100 nmol of peptide or 10§ of Tg in 100ul CFA emulsion (with
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Mycobacterium butyricum; Difco LAboratories). Aftaine days, the inguinal, branchial
and axillary LN were isolated and single cell suspens were prepared in DMEM
supplemented with 10% FCS, 20 mM HEPES buffer, 2 iglutamine, 100 U/ml
penicillin, 100pg/ml streptomycin and 5 x PM 2-ME (Sigma-Aldrich, St. Louis, MO).
After centrifugation and washing, 4 x“1€ells/well were cultured with or without titrated
amounts of peptide (0.5-28M), Tg or OVA (1uM) in flat-bottom 96-well plates and
were incubated for 4 days at 37° C in a 10%,8D% air-humified incubator. Eighteen
hours prior to harvesting, Ci of [°H] - thymidine (6.7 mCi/mmol; Perkin Elmer,
Boston, USA) was added to each well. The cells wemvested using a Classic Cell
Harvester (Skatron Instruments) and radioactiviag\wneasured using the LS6500 Multi-
Purpose Scintillation Counter. Stimulation indexl.Swas defined as: cpm in the

presence of Ag/cpm in the absence of Ag.

2.6. Spontaneous T cell proliferation assays

For assessment of spontaneous T cell prolifera@GhMN and spleens were removed from
NOD.HZ2" mice after 7, 11 and 15 days of iodide treatm®imtgle cell suspensions were
prepared in HL-1 medium (Lonza, Walkersville, MDSA) supplemented with 100 U/ml
penicillin/streptomycin, 2 mM glutamine and 5 x°LM 2-ME and were cultured at 4 x
10 cells/well in the presence of 1@/ml T4p2553, 2Qug/ml Tg, 20pug/ml OVA for 3
days at 37° C, in a 5% GQncubator. During the last eighteen hourspQi [*H]
thymidine (Perkin Elmer, Boston, MA) was added tacte well. Then, cells were

harvested and radioactivity was measured as descabove.
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2.7. Detection of IgG responses by enzyme-linked munosorbent assay (ELISA)
Serum IgG antibodies specific for Tg or Tg peptidese detected by a two-step ELISA,
as previously described (Kolypetri et al. 2010)ieBy, wells of polyvinylchloride plates
were coated overnight with 10 pg/ml Tg opg/ml Tg peptide in carbonate buffer, pH=
9.6 and blocked with 0.1% bovine serum albumin BSHor 1 hour. Serum samples,
diluted in PBS/Tween 20 containing 0.1% bovine sealbumin, were added to wells for
1 hour and specific ab binding was assessed withllkadine phosphatase-conjugated
goat anti-mouse IgG Ab (Jackson Immunoresearch k#bdes, Inc., West Grove,
Pennsylvania). After 20 minutes, conversion of gaeitrophenyl phosphate substrate
(Sigma) into the p-nitrophenol product was detesdify light absorption at 405 nm

using a Vmax plate reader (Molecular Devices, Sualey CA).

2.7.1. Detection of cytokines in the culture supeatant

The presence of IL-2, IFN-and IL-4 in the culture supernatant of LNC aft&r lburs
was assessed by sandwich ELISA via extrapolatiom tandard curves generated using
known amounts of murine recombinant IL-2, IkFNand IL-4 (BD Biosciences, San
Diego, CA), according to the manufacturer's indtits. Light absorbance was
measured using a Vmax plate reader at 450 nm. &teetibn limits were 4 pg/ml for IL-

2, 40 pg/ml for IFNy and 8 pg/ml for IL-4.
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2.7.2. Detection of aldosterone in mouse serum.
Serum aldosterone was assessed by RIA (Coat-a-cAlddsterone kit TKAL1,

Siemens) according to the manufacturer’s instrastio

2.8. EAT induction and histological assessment

EAT was induced in mice either directly or upon piilee transfers oin vitro activated
cells. CBA/J and NOD.H? mice were immunized s.c. with 100 nmol of peptide
emulsified in CFA and three weeks later were chaiel with 50 nmol of the same
peptide in incomplete Freund’s adjuvant (IFA). Ch7/& mice were immunized s.c.
with 100pg of Tg in 100ul of CFA and three weeks later were boosted witlug0f Tg

in IFA. EAT was assessed two weeks after the lasllenge. Induction of EAT by
adoptive transfer was conducted as previously desti(Rao et al. 1999). Briefly, LNC
isolated from donor CBA/J mice, previously challedgs.c. with 100 nmol of peptide in
CFA, were incubated for 72 hours in the presenc25qgiM of the appropriate peptide.
After harvesting and washing, 2 x “idells in 200ul of PBS were administered i.p. into
syngeneic recipients and EAT was evaluated 14 diags. Fixation, embedding in
methacrylate and sectioning of thyroids were pentat as previously described (Rao et
al. 1999). The sections were stained with hemaboxghd eosin and were scored for
thyroid pathology as follows: 0, no infiltration; &4mall interstitial infiltration; 2, one or
two foci of inflammatory cells; 3, diffuse infiltteon of 10-40% of total area; 4, extensive

infiltration, 40-80% of total area and 5, extensivitration over 80% of total area.
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2.9. Microscopic detection of apoptosis

Cells from 10 thyroid glands were added into 18lsvef black 96-well plates (Costar
#3603, Corning Incorporated, NY, U$Aand were cultured for 10 days at 37° C, 5%
CO,. Medium was changed one day later and then ewng day. On day 9, the plates
were centrifuged and cells were washed 2x to remmoveadherent, floating cells. Then,
various concentrations of Nal (Sigma) opldl camptothecin (Sigma) were added to the
cells for 24 hours. Apoptosis was assessed byF#ilI-FLICA™ in vitro Poly Caspases
kit (Immunochemistry Technologies, Bloomington, MNSA), which utilizes a 3-
aminoacid sequence (VAD) sandwiched between -cafhmrgscein (FAM) and
fluoromethylketone (FMK). The FAM-VAD-FMK reagenepetrates the cell membrane
and binds irreversibly to activated caspases 4, 8, 6, 7, 8 and 9. During the last five
minutes, propidium iodide and Hoechst 33342 wes® added to the wells. After
extensive washing (10x), live cells were observedlen an inverted Carl Zeiss
AxioObserver A.1 microscope. Images were capturgdgua Zeiss AxioCam MRM3
camera with Zeiss Axiovision 4.8 Software. At 1e880 cells per group were counted

and analyzed by the ImageJ 1.41 Software (NIH, USA)

2.10. Expression analysis of apoptosis and oxidagisstress related genes by Real-

Time PCR

The expression of 168 genes involved in apoptatit @xidative stress-related pathways
was measured by the mouse Apoptosis and Oxidatiresss PCR arrays (Qiagen

Sciences, Maryland, USA). Thyroid glands from 80INB2™ and 80 CBA/J mice were
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isolated and cultured as described above. On dalyyBocytes were incubated with or
without iodide (4 x 18 M final concentration) for 24 hours. Then, the eunatant of
cultured thyrocytes was removed and the cells vigsed by the addition of Trizol
(InVitrogen). The aqueous phase was mixed with guelkevolume of 70% ethanol and
subsequently the sample was transferred to an BiNggis column (Qiagen). The RNA
was purified following on-column DNase treatmentN@®e-free DNase set, Qiagen)
according to the manufacturer's instructions. RNAIrify was quantified by
spectrophotometry at 260/230 nm and 260/280 nnogafihe cDNA was transcribed
from 1 pg total RNA per group using the Rirst Strand Kit (Qiagen,) in a total volume
of 222 pl. Next, 102 pl of cDNA (equivalent to u§ RNA) were mixed with 1350 pl
RT? SYBR Green Mastermix and RNase-free water in al tgolume of 2700 pl.
Twenty-five pl of this PCR components mix were atltte each well of the RiProfiler
PCR Array and quantitative PCR was performed usingStepOnePlus Applied
Biosystems cycler. The cycling conditions were® @5for 10 min for activation of
HotStart DNA Taq Polymerase followed by 40 cycléslenaturation at 95C for 15 s
and annealing at 8C for 60 s. A dissociation (melting) curve analysiss performed to
verify PCR specificity. Each 96-well plate containprimers for 84 pathway-related
genes and 5 housekeeping genes whereas 7 wellgirmht reverse-transcription
controls, positive PCR controls and genomic DNAtaarination control. For each gene
of interest, the difference\Cr) between its € value and the averager @alue of the 5
housekeeping control genes was calculated. For pachwise set of samples to be

compared, the difference iNCr values was calculated a8ACt = ACt (exp) - ACy
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(control) and the fold-change of target gene exgioeswas calculated as”2<". Fold

change values of <1 are expressed as negativesseéfold change.

2.11. Purification of DC from spleen and CLN

To obtain DC, spleens and/or CLN were digested Wwitlerase TM research grade (1.67
Winsch units/ml RPMI) (Roche Applied Science, Quelizanada) for 30 minutes at 37°
C. After a gentle pipetting, cell suspensions wessed through a nylon mesh to remove
undigested material, washed, and then incubated RBS supplemented with 5% FCS
and 5 mM EDTA, pH 7.2, for 5 minutes to disrupt DCe¢ell complexes. After an
additional wash, splenic cells were treated withCRBsing buffer (Sigma) while CLNC
suspensions were passed through Lympholyte M (GadgrBurlington, ON, Canada) to
remove RBC and debris. The cells were resuspemdB8$ containing 0.5% BSA and 2
mM EDTA and DC were positively selected using antiuse CD11c-coated magnetic
beads and MACS columns according to the manufatsurestructions (Miltenyi Biotec,
Auburn, CA, USA). The purity of the CD11population was >93%, as confirmed by

flow cytometry.

2.12. Purification of thyroid infiltrating lymphocy tes.

Intrathyroidal lymphocytes (IL) were obtained frdi NOD.H2* mice drinking 0.05%
Nal water for 35 days. Thyroids were treated witt80U/ml Liberase TM research grade
(Roche Applied Science) in serum-free RPMI -164@ion@ for 45 minutes at 37° C.

Undigested material was mechanically disrupted ipgting and passing through a 35-
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um diameter nylon cell strainer (BD Discovery LAbwamMMississauga, ON, Canada).

Lymphocytes were separated using Lympholyte M.

2.13. Flow cytometry and intracellular cytokine staning.

CD4" cells were purified from CLNC and/or spleens usimgmouse CD%4 T cell
enrichment kit (StemCell Technologies, Vancouvean&la). Subsequently, they were
cultured at 2 x10cells/well in HL-1 medium with splenic DC (4 x “6ells/ well) and
antigen in 96 flat-bottom well plates for 4 daysuribg the last 6 hours, pg/ml of
Brefeldin A (Sigma) were added to the wells. Ahistng steps were performed &tGk
FcR were blocked with anti-mouse CD16/32, (clone éBiosciences, San Diego, CA)
for 15 min and subsequently incubated with an FEbBGjgated anti-CD4 mAb or
isotype control (BD Biosciences, Mississauga, OQojatanada) for 30 min. After three
washing steps, cells were fixed in 2% paraformajdehand permeabilized with 0.5%
saponin in PBS + 2% FCS. Then, staining using a®idgated anti-mouse IFNand

the isotype control mAb was performed (BD Biosces)dor 30 minutes at 4° C.

2.14. Statistical analysis

Statistical significance was assessed by the noempetric Mann-Whitney test or by a

one-tailed unpaired Student’s t-test using the GiPapol Prism 4 Software.
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CHAPTER 3

Identification of pathogenic T cell epitopes neathepsin cleavage sites in

thyroglobulin

Kolypetri P., Jiang H., Carayanniotis G.

This work was published i.Immunol. 2013; 190:1466-1471
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3.1. Abstract

EAT, induced in mice after challenge with Tg, iolum to be under the genetic control
of the H2A locus. Because cathepsins are known to influenceeqytic processing of
Tg in vivo, we examined in this study whether putative K®#ding Tg epitopes,
located near cathepsin cleavage sites within mage immunopathogenic properties.
Cathepsin L, B, and D cleavage sites in mTg wesglipted based on homology with
known cathepsin cleavage sites in rabbit Tg. Wel wse algorithm-based approach to
identify H2A® - binding motifs within 20-a.a. residue segmentf@eeht to cathepsin
cleavage sites, and five 12-mer peptides encomppaisese sequences were synthesized.
Two of them, p2369 (a.a. 2369-2380) and p2439 @189-2450) were immunogenic,
eliciting significant proliferative T cell resporsesing LNC from peptide-primed mice
and production of IL-2 and IFM-in recall assays vitro. Both peptides induced EAT
upon direct challenge of CBA/J mice with peptidedRA and by adoptive transfer of
peptide-primed LNC into naive recipient hosts, beither peptide was characterized as

dominant.
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3.2. Introduction

EAT, a model of HT in humans, is induced in miceeathallenge with Tg in adjuvant
(Rose et al. 1971, Esquivel et al. 1977). Succéssfuction of EAT is characterized by
infiltration of mononuclear cells in the thyroidagid, follicular cell destruction and
production of Tg-specific Abs (Weetman, McGregor94p Early studies have
delineated the importance of the MHC region in EAduction (Vladutiu, Rose 1971)
attributing the genetic control of the diseaseh®H2A locus inH2* mice (Beisel et al.
1982, Kong et al. 1997). EAT is considered to b&-eell mediated disease (Braley-
Mullen et al. 1985, Romball, Weigle 1987, Marorakt1983, Vladutiu, Rose 1975) and
CD4' T cells play a pivotal role in the initiation addvelopment of the disease (Flynn et

al. 1989).

Tg, the most abundant thyroid protein, is produmgthyrocytes and then is exported and
stored in the follicular lumen (Dunn J.T., Dunn A.B000). Since its discovery as an
autoantigen in 1956 (Roitt I.M. et al. 1956), 25 Pgthogenic epitopes have been
identified using a variety of approaches (Carayeatisi2007). A common strategy
involved the use of computer algorithms to deliegaitative MHC-binding Tg peptides
(Caturegli et al. 1997, Chronopoulou, Carayannidi#92, Li, Carayanniotis 2006,
Verginis et al. 2002, Flynn et al. 2004) wheredsentimethods employed cloned T-cell
hybridomas as screening tools (Texier et al. 199%2ampion et al. 1991), elution of

human MHC-bound peptides (Muixi et al. 2008a, Mugtial. 2008b) or focused on
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searching for T-cell epitopes shared between Tg EHPO (Hoshioka et al. 1993). All

known Tg pathogenic peptides have fallen underetizaegories: a) iodinated peptides
containing iodotyrosyls; b) peptides encompassingmonogenic sites; and c¢) non-
iodinated peptides scattered throughout the Tg ontde (Carayanniotis 2007).

Interestingly, none of them has been charactergedlominant according to criteria
established by Sercarz et al. (Sercarz et al. 1998) large molecular size of Tg (660
kDa in its dimeric form) and the lack of posttraiginal modifications on candidate
synthetic peptides have been mentioned as twolgessiasons to account for this rather

paradoxical finding (Carayanniotis 2003, Carayatisid007).

The large size of the Tg molecule affords it twanmfanctions: 1) Tg acts as a scaffold
to allow the formation of T3 and T4 by intramolemutoupling of iodotyrosines, and 2)
Tg provides a substrate for selective endoproteobieavages that may facilitate the
release of these hormones (Dunn et al. 1991, @egttél. 1992, Rousset et al. 1989). The
cleavage sites most likely represent conservedertkexposed regions of the primary
structure and occur within sequences that disrbetQ@ys-rich, tandem repeats of Tg
(Gentile, Salvatore 1993). Limited digestion of@blg by human cathepsins B, D and
L has identified major cleavage sites (Dunn ell@01) that are near those observed after
digestion with different enzymes, supporting thewithat the lysosomal degradation of
Tg is governed by the intrinsic susceptibility oitge of its regions to various proteases
(Gentile, Salvatore 1993). With the rationale tthegt presence of an enzymatic cleavage

site near an epitope is a factor enhancing its imodaominance (Sercarz et al. 1993), we
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have searched in this report for pathogenic T egilopes localized in the proximity of
mTg sequences homologous to those encompassimgtiinepsin cleavage sites in rabbit
Tg. We have looked for ¥binding motifs within 20-a.a. residue segmentsegijit to the
homologous murine cathepsin cleavage sites. The umopathogenicity and
immunodominance of 12-mer peptides encompassirgg thtifs were examined in this

study.
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3.3. Results

3.3.1. Prediction of H2Abinding peptides in mTg.

Because cathepsin L, B, and D cleavage sites bitrdlg have been previously described
(Dunn et al. 1991), we identified the homologouessiin the mTg sequence. Four
cathepsin L cleavage sites in mTg were identifieth wihe P’1 residue at a.a. positions
2388, 2451, 2490 and 265¥aple 3.J). In a similar manner, a.a. 531, 795 and 2486 were
defined as P’1 residues for cathepsin B, and &8, %833, 2467, and 2642 as P’1
residues for cathepsin D. We then searched foptésence of Abinding motifs within

20 a.a. residues from the above sites by scanhimgnTg sequence (Kim et al. 1998)
with an algorithm described by Altuvedt al (Altuvia et al. 1994). This approach allowed
us to delineate five peptide$able 3.2 encompassing such motifs: 2 peptides (a.a. 557-
568 and a.a. 1822-1832) were found near 2 putatatbepsin D cleavage sites, 2
peptides (a.a. 2369-2380 and a.a. 2439-2450) neathepsin L cleavage site, and 1
peptide (a.a. 771-781) near a cathepsin B cleasage The relative position of these
mTg peptides vis a vis the location of the putatbathepsin cleavage sites is shown

schematically irFigure 3.1.
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Table 3.1.Possible cathepsin L, B and D cleavage sites ig mT

Endopeptidase 4P1 sequence P'-P}.1sequence P} residue nd.
Cathepsin L QLFR _ KALLMGGSALS 2388
KLLA VSGPFHYWGPVVDGQ 2451
LIGG SQDDGLINRA 2490
FSRK A.A.EFATPWP 2657
Cathepsin B RVVG NFGFKVNLQENQDAL 531
REVA SRNFSLFLQ 795
KVDL LIGGSQDDGLINRA 2486
Cathepsin D FLVS SLLELPEFLVFLQR 550
ATEL ESPVDITQVI 1833
DGQY LRELPSRRLKRPL 2467
FSNF IRSGNPNYPHEFS 2642

®A.a. coordinates are based on the cDNA- derivedasce of mTg by Kinet al (Kim et al.
1998)

® Homologous rabbit Tg residues identified by Datral. (Dunn et al. 1991) are underlined.
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Table 3.2.Amino acid co-ordinates and sequences of mTg peptided in the study.

Peptide Putative
denotatio cleavage site P’

Amino acid

: Motif-containing sequence
coordinate?

557-568 FLVFLQRAVSVP p557 552 (cathepsin D)
771-781 QNGDGQELTPA p771 795 (cathepsin B)
1822-1832 SDFABVMATE L p1822 1833 (cathepl3)n

2369-2380 DVASIHLLISRP p2369 2388 (cathepsin L)
2439-2450 NILNDAQTKLLA 339 2451 (cathepsin L)

& A.a. coordinates are extrapolated from the mTgiesece according to Kirat al (Kim

et al. 1998) and do not include the leader sequdruee additional peptides were
identified by this methodology but were not usethia study for technical reasons:
p1838-1849 had a solubility problem; p2467-247Tiedra proline within a motif
sequence; and p2490-2504 was overlapping signtficaith the previously identified
pathogenic T-cell epitope 2495-2504 (Rao et al4)99

® The underlined sequences represéenbifding motif A: [DEHNQ]-{NQ}-X-[ILTV]-
X-{FHWY}-[ACFILMTVWY]; and the sequences in bold peesent A-binding motif B:
[CDEHNQY]-{DE}-X-[ILTV]-[DEHQN] where [] represeris inclusion and
{}represents exclusion of the indicated amino a@tthis position; X denotes any amino

acid (Altuvia et al. 1994).
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Figure 3.1
Relative position of Tg peptides (shown in blueg¢dign this study vis a vis the location
of putative cathepsin L, B and D cleavage siteso{es) in mTg based on homology to
known cleavage sites in rabbit Tg (Dunn et al. J9%Eptides were identified by the
presence of Abinding motifs within 20 a.a. from the cleavageesj after scanning the
mTg sequence with the computerized algorithm diesdrby Altuviaet al (Altuvia et al.

1994).
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3.3.2. Assessment of Tg peptide immunogenicitynamdinodominance

To examine the immunogenicity of the Tg peptides,callenged CBA/J mice s.c. with
100 nmol of each peptide. Inguinal, axillary andrwhial LNCs were collected 9 days
later and cultured in the presence of the immugiziaptide. Peptides p2369 and p2439,
induced significant specific LNC proliferation coarpd to undetectable responses to
control peptide p1579{gure 3.2A), indicating that these Tg peptides contain egsop
that elicit T cell responses in CBA/J mice. To exarthe immunodominance of T cell
determinants contained in these peptides, we ctgdle CBA/J mice with 10Qg of Tg

in CFA and 9 days later, LNCs were collected antuced in the presence of Tg or free
p2369 or p2439. As shown kigure 3.2B, LNCs from Tg-primed mice responded to Tg
but failed to respond to equimolar (0.2 - QM range) concentrations of free peptide,
with responses remaining undetectable at peptideerdrations as high as 4BM.
Conversely, LNCs from peptide-primed mice respondeditro to the immunizing
peptide but did not respond to Tigidure 3.2C), indicating that p2369 and p2439 do not
contain dominant T cell epitopes. The cytokine pidobn profile of peptide-reactive
LNCs from p2369- and p2439-primed CBA/J mice showedretion of IL-2 and IFN-
(Figure 3.3), but no IL-4 detection (data not shown), suggesthe activation of Thl
cells. No cytokine secretion was detected uporudaly the above peptide-primed LNCs

with the unrelated p1579 peptide control (not shpwn
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Figure 3.2
Secondary proliferative respondasvitro of LNC from: A) peptide-primed CBA/J mice
in the presence of pM of the immunizing peptide or p1579 control. Datarevobtained
from full peptide titration curves (0.5 — 2pM) and are representative of four
independent experiments; B) Tg-primed CBA/J miceairegf Tg or equimolar
concentration (1uM) of the peptide antigen shown; C) Peptide-prir@&A/J mice in the
presence of 1M of the immunizing peptide or Tg. Data show theam&.I. of triplicate

wells £ S.D.
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Figure 3.3
Cytokine profile of Tg peptide-reactive LNC as detmed by sandwich ELISA after 48
hour culture in the presence of 281 of the respective peptide shown. IL-2 (A) and {FN
y (B) concentrations were extrapolated from standanes. Cytokine production in
response to p1579 peptide control was at backgrteveds (17-22 pg/ml for IL-2 and <

40 pg/ml for IFNy). Results represent the mean values of triplicegiés + S.D.
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3.3.3. Assessment of Tg peptide pathogenicity.

CBA/J mice were subsequently challenged with p2868) or p2439 (n=7) in CFA and
3 weeks later were boosted with the same peptidé-An Two weeks after the last
immunization, thyroid glands were histologicallyaexined for EAT development. Both
peptides were pathogenic inducing EAT with low desice (4/8 mice with EAT after
challenge with p2369 and 2/7 mice with EAT aftealtdnge with p2439) and severity
(mean LI.) ranging from 0.4-0.6[able 3.3. Thyroiditogenicity was confirmed when
adoptive transfer of p2369-specific effector cafied naive hosts induced EAT in 3/5
mice with mean I.I. = 0.6, and that of p2349-speatlls elicited EAT in 6/6 mice with
mean I.I. = 1.5 Table 3.3. In contrast, neither peptide induced peptidessipelgG

responses (data not shown).
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Table 3.3.EAT induction by Tg peptides in CBA/J mice.

Direct induction of EAT Adoptive transfer of EAT
LI LI
Peptide| 0| 1| 2 Iblv?tﬁfEmAi_(l:_e I\/:.elf';m Peptide| O 1| 2 Iblv?tﬁfEmAi_(l:_e Mean L.I.
p2369 | 4| 3] 1 4/8 0.6 p2369| 23 3/5 0.6
p2439 | 5| 1] 1 217 0.4 p2439| Q3| 3 6/6 1.5

2CBA/J mice were challenged s.c. with 100 nmol efitidicated peptide and 3 weeks later

boosted with 50 nmol of the peptide in IFA. Thy®idere removed 2 weeks after the last

immunization as described in Materials and Methods.

PTwelve CBA/J mice were challenged s.c. with 100 hafdhe indicated peptide. Nine days

later LNC were collected and culturgdvitro with 25uM peptide for 72 hours. Next, cells

were transferred i.p. into syngeneic recipients{€e per group) and thyroids were collected 14

days later.
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3.4. Discussion

In this study, we have used sequence homology cosmpa to correspond known
cathepsin L, B and D cleavage sites in rabbit Tgni® et al. 1991) with their
counterparts in the mTg sequence, and we examineether putative Abinding
peptides located near these cleavage sites woulk henmunodominant and
immunopathogenic properties in CBA/J mice. Our alscribe two new thyroiditogenic
Tg epitopes, p2369-2380 and p2439-2450, located theacathepsin L cleavage sites
2388 and 2451, respectively. Interestingly, thgsiéopes are clustered close to known
immunopathogenic Tg epitopes p2494-510 (Chronopgularayanniotis 1992), p2495-
503 and p2498-506 (Rao et al. 1994) in mTg and @B in hTg (Karras et al. 2003,
Karras et al. 2005) at the C-terminal region of ldnge Tg molecule. Recent work by
Tomer’'s group (Jacobson et al. 2009) examining liigests by individual human
cathepsins L, B and D identified cleavage sites tteaones described by earlier work of
Dunn et al. with rabbit Tg in 7 out of 11 caseswvghan Table 1. Also, it is interesting
that work with mTg digests by Dedieu et al. (Dedétwal. 2011) has confirmed that the
a.a. sites 2368-71 (ADVA motif) and a.a. 2410-14.(ao-ordinates do not include the 20
a.a. leader sequence), located at the start oroneadentified peptides, are very sensitive
to proteolytic attack. That study revealed that@it of the 11 cleavage sites shown in
Table 1 were near to or overlapping with the N-terminipaiptide fragments solubilized
from mouse thyroid lobe extracts. These, as webtasier (Gentile et al. 1992, Gentile,
Salvatore 1993) findings give support to the notiwett the Tg substrate(s) recognized by

proteolytic enzymes within thyrocytes may be comsdramong species.
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The rationale that immunodominant epitopes ardylike be found near proteolytic sites
was based on earlier work with antigens such asdgenlysozyme (Schneider et al.
2000) and myelin basic protein (Manoury et al. 208@derton et al. 2002). However,
the immunodominant peptide(s) in mTg remain elusage neither of p2369/p2439
appeared to be generated by the processing oftimdg in vivo or in vitro. The

paradoxical finding that no one of the 27 (inclugithis study) known pathogenic Tg
peptides exhibits clear immunodominant behaviomstefrom using an arbitrary

definition since, by convention, we expect sucheptiple to be generated following

processing of intact Ag in peripheral APC. Paramsetevolved in this process can be
categorized at two levels: 1) The level of the $wabs; and 2) the level of the APC

involved.

At the level of the substrate, it has been sugdesiat the large size of Tg (consisting of
two identical subunits of 330 kDa) may prohibit thaantitative yield of any given
average (2 kDa) candidate peptide following Tg pssing in peripheral APC
(Carayanniotis 2003, Carayanniotis 2007). Also,unexments for post-translational
modifications of epitopes such as glycosylationpgghorylation or iodination are not
usually been taken into account by the screenisgyas(Carayanniotis 2007). A third
view argues that the relevant peptidic substrateAfeC (intrathyroidal or peripheral) is
not intact Tg per se, but rather Tg fragments ssddrom thyrocytes. In this case, the

epitopes under consideration could be dominantjyessed due to an alteration of the
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immunodominance hierarchy in the shorter Tg fragmenhis is a plausible explanation,
given that only very small amounts of intact Tg a&ecreted from the basolateral
membrane of thyrocytes during transepithelial tpans (transcytosis) — a process
mediated by megalin which protects Tg from lysoslodegradation (Marino et al. 2001).
This process competes with the main proteolytitwway of Tg in lysosomes which is
orchestrated to maximize hormone recovery undexganen of limited proteolysis. In

this regard, working with SDS-PAGE bands of moubgrdid extracts comprising

proteins with molecular masses lower than 250 KRsalieuet al identified 174 different

peptides corresponding to Tg fragments (Dedied. &0d4.1). Thus, although the relative
amounts of intact Tg vs Tg fragments in the sedrpeptidic repertoire are not known, it
is conceivable that Tg fragments may be the maibstsate of relevance in the
aetiopathogenesis of disease. Unfortunately, a &#hdd peptidic repertoire” that could

be used in studies of immunodominance of given Ppgopes remains obscure. Tg
degradation is a complex process, starting with dbkibilization of stored Tg from

covalently cross-linked globules by cathepsins B Bnlimited digestion by cathepsins K
and L for extracellular T4 liberation (in the lumeand final re-entry into endo-

lysosomes for complete proteolysis by several lysad enzymes (Friedrichs et al.
2003). In addition, several proteases may act imnced, and their activities may be
influenced by their subcellular location (Jordansak 2009) or by protease-resistant
segments (type 1 repeats) of Tg itself (Molinalel 896, Mihelic, Turk 2007, Gentile et

al. 2004).
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At the level of APC, DC - intrathyroidal or withityroid-draining LN - are likely to be
the primary cells involved in the MHC-class |l peasation of Tg peptides derived from a
Tg fragment substrate. Proteolytic action within #lerived APC would be distinct from
that occurring within thyrocytes as cathepsin L &hediate the late stages of invariant
chain degradation (Nakagawa et al. 1998, Nakagawh #999, Riese et al. 1998, Shi et
al. 1999). A developing immune response would frtomplicate the regulation of this
process, since IFY is known to enhance the role of cathepsin S ahithincathepsin L
activity in APC (Beers et al. 2003, Guncar et @99). As a consequence of an
inflammatory response, thyroid epithelial cells Idbalso become APC — once they
acquire antigen-presenting capability through Mduced MHC class Il upregulation
(Londei et al. 1984, Bottazzo et al. 1983) — andl sets of Tg peptides, endogenously
processed in thyrocytes may be recognized by aatbve T cells. In this regard, work
with human T cell clones, derived from thyroid trites and specific for TPO epitopes,
has supported the notion that thyrocytes as APGeptea different TPO peptide
repertoire from that obtained by the processingthef exogenous antigen in blood

mononuclear cells (Quaratino et al. 1996).

In this and earlier work, the recognition of atptga of Tg peptides by pre-activated
specific effector T cells that home to the thyroadter adoptive transfer in the mouse
EAT model, formulates two important corollariesrsEj it clearly argues that these
epitopes must be intrathyroidally expressed undeady-state conditions, perhaps on

resident DC (Voorby et al. 1990). This view is sogipd by data published by Unanue’s
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group in autoimmune diabetes which show that D&lets of Langerhans constitutively
presen3 cell-derived peptides bound to class Il MHC molesyCalderon et al. 2008,
Calderon, Unanue 2012). Constitutive presentatiom ‘@onstellation” of Tg peptides to
the immune system may contribute to the maintenaricperipheral tolerance which
could be abrogated by conditions that favor theegation of effector cells in the
periphery. Second, for unknown reasons, the pradyiwi peptides such as 2369-2380
and 2439-2450 to proteolytic cleavage sites mayilittete their processing and
presentation on MHC class Il antigens without nsaely promoting their destruction by

exopeptidase activity.

In view of the above, it is remarkable that tramhtal methods of epitope mapping applied
to the large mTg molecule in the field of mouse Edve identified peptides that may
have biological relevance to the pathogenesis ofdruautoimmune thyroid disease. For
example, a large homologous segment of the mTgopattic peptide p2495-2511,
initially identified by an algorithm searching fée presence of mouse MHC-binding
motifs (Chronopoulou, Carayanniotis 1992) was elutem DR molecules in thyroid
samples from patients with Graves’ disease (Muixiak 2008a), and overlapped
significantly with a hTg peptide obtained after eion with human cathepsin B
(Jacobson et al. 2009). Also, diverse screeninghogeiogies have independently
resulted in the delineation of identical pathoggreptides. For example, the pathogenic
mTg peptide 179-194 that was initially identifienr fencompassing an“Ainding motif

flanked by a Tyr residue (Li et al. 2007), was suhgently found to be a major
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thyroiditogenic peptide in the A-E+ transgenic mlodé EAT (Brown et al. 2008a).
These examples strongly suggest that, currentéyetis no single best methodology for
the continuing discovery of pathogenic Tg peptides that any clinical implications

stemming from the EAT data will slowly emerge asnam studies progress in the future.
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CHAPTER 4

Apoptosis of NOD.HZ thyrocytes by low concentrations of iodide is

associated with impaired control of oxidative stres

Kolypetri P., Carayanniotis G.

The main body of this work was accepted for pulilozain Thyroid,on March 24, 2014
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4.1. Abstract

Enhanced iodide intake in NOD.Manice accelerates the incidence and severity of SAT
(ISAT) via an unknown mechanism. A plausible hymsik is that iodide-induced
apoptosis of thyrocytes can create imbalances tigeamc load and/or disruption of
immunoregulatory mechanisms that facilitate actoraof autoreactive T cells in CLN
draining the thyroid. We have examined whether N@¥ thyrocytes, exposed to low
Nal concentrationsn vitro, are more susceptible to apoptosis compared tdites
from CBA/J mice which are resistant to ISAT. We éalso looked, at the transcriptional
level, for differential activation of genes invotven apoptosis or oxidative stress
pathways that may account for potential differen@esiodide-mediated apoptosis
between NOD.H¥ and CBA/J thyrocytes. We report that NODfthyrocytes, cultured
for 24 hr at very low (4-8 uM) concentrations ofINexhibit high levels (40-55%) of
apoptosis, as assessed microscopically followirajnisty with fluorescent caspase
inhibitors. Similar treatment of thyrocytes from &8 mice which are resistant to ISAT
yielded significantly lower (10-20%) apoptotic rateExpression analysis by real-time
PCR using arrays of apoptosis- and oxidative strelased genes showed that Nal intake
upregulates the expression of 22 genes involveRI(®s metabolism and/or anti-oxidant
function in CBA/J thyrocytes whereas only two okdk genes were upregulated in
NOD.H2" thyrocytes. Among the set of overexpressed gemees those encoding TPO
(Tpo (5.77 fold), glutathione peroxidase&px2, Gpx4, GpX7 (2.03 — 3.14 fold),
peroxiredoxins RPrdx1, Prdx2, Prdxp(2.27 - 2.97 fold), superoxide dismutaseSbd2

(3.57 fold), thioredoxin 1TxnJ) (2.13 fold) and the uncoupling proteins 2 andJ8(2,
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Ucp3d (2.01-2.15 fold).The results demonstrate that an impaired contrabxdative
stress mechanisms is associated with the observiggh susceptibility of
NOD.H2" thyrocytes to Nal-mediated apoptosis and suggesh#ibuting factor for the

development of ISAT in this strain.
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4.2. Introduction

The NOD.H2* mouse strain has been well established as an aniodel for the study
of SAT. This strain was originally made in 1993itwestigate potential effects of H-2
region genes on diabetes but it was serendipitoiesigd to develop only insulitis and
not diabetes (Podolin et al. 1993) and a much higiedence (50%) of SAT vs. 5% in
NOD mice (Wicker et al. 1995, Burek, Rose 2008)e Tigh incidence of SAT in this
strain, carrying th&®, A E°, D haplotype, has been attributed in part to the ¢oetb
presence of the ¥molecule which is permissive for thyroiditis devateent (Kong et al.
1997) and NOD non-MHC genes that are known to ppedie to autoimmunity (Wicker
1997). SAT appears after 15 weeks of age and it&lence and severity increase
progressively with time. However, when 6-8 wk olOB.HZ™ mice are placed on
drinking water containing 0.05% Nal, SAT becometed&ble as early as 2 weeks after
the initiation of the dietary regimen and plateavithin 4-8 weeks. The discovery of
ISAT in NOD.H2“ mice complements similar earlier observations lrdiditis
induction by iodide in NOD mice (Hutchings et a@9B, Vecchiatti et al. 2013), BB/W
rats (Allen et al. 1986) and OS chickens (Bagchalet1985). These animal models
strongly suggest the interplay between dietaryifenmental) and genetic factors in the
activation of an autoimmune response and are likeelgvolve processes similar to those
that precipitate development of autoimmune thyt@dand hypothyroidism in humans
following excessive iodine intake (Konno et al. 49%arkou et al. 2001, Bournaud,

Orgiazzi 2003).
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Intrathyroidal infiltration by mononuclear cells caproduction of Tg-specific IgG Abs
have been well established as the cardinal symptomtSAT in NOD.HZ2* mice
(Hutchings et al. 1999, Braley-Mullen et al. 19%8sooly et al. 1996) but the early
events whereby iodide triggers the autoimmune cksecamain unknown. Thyrocytes
actively take up iodide through the function of tNal symporter (Provenzano et al.
2009) and is well known that their exposure to highcentrations of iodide can induce
their apoptosis or necrosis vivo (Bagchi et al. 1985, Teng et al. 2009, Li, Boyages
1994, Chen et al. 2011), or vitro (Many et al. 1992, Lehmann et al. 2006, Yao et al.
2012, Vitale et al. 2000). A plausible hypothessthat iodide-induced apoptosis of
thyrocytes can create imbalances in antigenic &vatlor disruption of immunoregulatory
mechanisms that facilitate activation of autoraeci cells in CLN draining the thyroid.
In this report, we have examined whether NOD‘HRyrocytes, exposed to low Nal
concentrationsn vitro, are more susceptible to apoptosis compared t@diies from
CBA/J mice which are resistant to ISAT (Li, Carayetis 2007). We have also looked,
at the transcriptional level, for differential a@tion of genes involved in apoptosis or
oxidative stress pathways that may account forrgatiedifferences in iodide-mediated

apoptosis between NOD.E2and CBA/J thyrocytes.
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4 .3.Results

4.3.1. Establishment of primary thyroid epitheliegll culture and assessment of

apoptosis

Single cell suspensions from NODH2hyroid glands were prepared and cultured for 10
days in complete Ham F-12 medium promoting epigthedell growth, as described in
Materials and Methods. Using a two-step immunofigcence assay with FITC-labeled
goat anti-mouse IgG, it was shown that over 98%hef grown cells were thyrocytes
since their cytoplasm was positively stained byralglobulin-specific 1gG antibodies
(Figure 4.1A) but remained unstained by normal serum Ig8&gyre 4.1B). In
preliminary experiments, apoptosis of thyrocytestured in the presence of various Nal
concentrations, was assessed with the FAM-FUft# vitro Poly Caspase kit which
uses a reagent that penetrates the cell membrahediads irreversibly to activated
caspases. With this method, we could readily enatedrealthy Figure 4.1C) vs. early
or late apoptotic thyrocytes-igure 4.1D, B). Necrotic thyrocytes were identified by

staining with propidium iodideHigure 4.1F).
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Figure 4.1

Establishment of primary mouse thyrocyte cultumes assessment of Nal-induced apoptosis.
NOD.H2" thyrocytes were expanded in culture for 10 daybtaeir purity was assessed by
a two-step immunofluorescence assay using FITCddbgoat anti-mouse 1gG, as described
in Materials and Methods (A) Thyrocytes incubated with NOD.Pf2serum containing high
titers of Tg-specific 1gG; (B) thyrocytes incubatedth control serum from healthy CBA/J
mice. Appearance of NOD.H2thyrocytes following exposure to apoptotic/neaatiimuli.

(C) Healthy thyrocytes (blue staining of nucleushwifoechst 33342)(D) Early apoptotic
thyrocyte cultured in 1M Nal (green fluorescent staining of cytoplasmhaWRAM-FLICA
poly caspase reagent); (E) late apoptotic thyrocytaured in 10 M Nal (cytoplasmic stain
with FAM-FLICA and propidium iodide); (F) necrotibyrocyte following exposure to 90%

ethanol for 30 sec (cytoplasmic stain with propdiiodide).
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4.3.2. Low concentrations of iodide induce difféi@napoptosis in NOD.H? vs CBA/J
thyrocytes.

The effect of iodide on NOD.H2thyrocyte viabilityin vitro was initially tested within a
large range of final Nal concentrations P16 10° M). Nal was added to 9-day cell
cultures for 24 hours and subsequently apoptosss miaroscopically assessed with the
FAM-FLICA assay by counting 300 cells from cultusgseach Nal concentration in five
independent experiment&igure 4.2). It was found that the background apoptosis of
thyrocytes grown in the absence of Nal was relftivegh (27.12 = 3.1) (percentage
mean +/- SEM) and that exposure t6°M Nal significantly increased the percentage of
total apoptotic cells to 58.34 £ 6.3, (p= 0.021)islevel of apoptosis remained relatively
constant over the 10-10° M Nal range and was comparable to that observiuirfimg

a 12 hour treatment of thyrocytes withud1 camptothecin (59 = 3.6). The number of
necrotic cells in all cultures was negligible. O tasis of these initial data we selected
the 1 x 10 — 1.6 x 1¢ M Nal range to compare NOD.as CBA/J thyrocytes in terms
of their susceptibility to iodide-induced apoptaosiisce CBA/J mice do not develop ISAT
following high Nal intake. As shown ifigure 4.3 in the absence of Nal, NOD.F2
thyrocytes showed a background apoptotic rate ab®1+ 4.00 which was not
significantly higher than that observed in theresponding CBA/J cell culture, (11.5
0.5, p = 0.128). However, increasing Nal conceiaing induced higher apoptotic rates
in NOD.HZ2™ thyrocytes, peaking at 54.45 + 5.45 at 8 ¥ M Nal. In contrast, over the
same molar range of Nal, CBA/J thyrocytes exhibiietdl apoptotic cell levels which

were not significantly higher than those of thetooin(no Nal) cultures. The percentage
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of necrotic cells in all cultures was negligibleo{rshown) and never exceeded 3.4%.
Possible osmotic effects were excluded because aftposure to equimolar NaCl
concentrations, apoptotic cell rates did not riseva background values (not shown).
These data demonstrated that, at low Nal concémedin vitro, NOD.HZ™ thyrocytes
are more sensitive to iodide-mediated apoptosis @RA/J thyrocytes which appeared

to be unaffected by the Nal treatment.
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Figure 4.2
Death of cultured NOD.H? thyrocytes following 24 hour treatment with thelirated
concentrations of Nal or camptothecin control (1,26luM). Apoptosis or necrosis was
microscopically assessed by examination of at [@@@tcells per group after staining as
described. The data indicate mean + SEM of 5 expis. The statistical significance
between the untreated controls and the Nal-tregti@abs assessed by a paired t-test was

as follows: Nal 1§ M, p=0.019; Nal 18 M, p=0.001; Nal 18 M, p=0.021.
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Figure 4.3

NOD.H2™ thyrocytes are highly sensitive to iodide-induegdptosis. Day 9 NOD.H2
and CBA/J thyrocyte cultures were exposed to théecated final Nal concentrations for
24 hours. Total (early and late) apoptotic cellsenmicroscopically viewed and counted
as described in Figure 1, using the FAM-FLICA assa@liree hundred cells were
examined per group and data represent percent agi®pmean = SEM of two
independent experiments. The percentage of neaeli in all cultures never exceeded
3.4%. Statistical significance was determined Iyatailed unpaired t-test. * p = 0.051,

** 1 = 0.025.
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4.3.3. Analysis using apoptosis PCR arrays

To further investigate the iodide-mediated apopgtopathway, we looked at the
expression of 84 apoptosis-related geggpéndix 1) by real time PCR using a mouse
Apoptosis PCR array. We first examined whethernthmber or the relative constitutive
expression of pro-apoptotic genes was higher in MO vs. CBA/J thyrocytes. Within

a set of 35 apoptosis-promoting genes, signifiexpression differences were observed
at eight genes, with two genesnf and TnfSF1( showing higher expression and six
genes (raf 2, Trp73, Card 10, Casp 9, DffandCasp§ showing lower expression in
NOD.H2" vs. CBA/J/ thyrocytesTable 4.1). Conversely, within a set of 26 apoptosis-
inhibiting genes, significant expression differeneeere observed at four genes, with one
gene Naip2 showing higher expression (3.29-fold) and thremey Nme5, Cidea,
BCI2110 showing lower expression in NOD.M2vs. CBA/J/ thyrocytesTable 4.1).
These data did not support the view that NO['?f‘I—tByrocytes intrinsically express a
clear apoptosis-promoting profile at the gene tapson level, as compared to CBA/J

thyrocytes.

Next, we examined the effects of Nal on gene tndpison rates in thyrocytes from each
strain. After nine days of culture, cells were tegawith 4 x 1¢ M Nal and RNA from
these - and from untreated thyrocyte controls - @dracted 24 hours later. Surprisingly,
in NOD.H2" thyrocytes only the pro-apoptotic gebek (BCL-2 related ovarian killer
protein), showed significant alteration in its eegsion as it was completely suppressed

(> - 500-fold) Appendix 1). Interestingly, expression of several genes bleédng in the
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Bcl-2 family, and various caspases and their attirgawas not significantly affected by
the iodide treatment. In Nal-treated CBA/J thyresytthere was mild downregulation of
five pro-apoptotic genesAbll, Dffb, RipK1, Casp9, Card L@&nd three anti-apoptotic
genes Bcl210, Atf5, 1110 vs. the untreated controlagpendix 1). Only 1 pro-apoptotic
gene Tnfsf1Q was upregulated (2.36-fold). Taken together,dalgeta suggested that the
apoptosis-enhancing effect of Nal, differentiallpserved in NOD.H¥ vs. CBA/J
thyrocytes inFigure 3, could not be clearly attributed to factors opegatat the

transcriptional level of the genes tested.

96



Table 4.1. Differential expression of apoptosis-related gandsOD.HZ2" and CBA/J thyrocytes

Fold change

RefSeq Symbol Description (NOD.H2“4/CBA/J) a

Apoptosis promoting genes

NM_013693 Tnf Tumor necrosis factor 3.04
NM_009425 Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 2.95
NM_009422 Traf2 Tnf receptor-associated factor 2 -2.01
NM_130859 Card10 Caspase recruitment domain family, member 10 -2.89
NM_015733 Casp9 Caspase 9 -3.03
NM_007859 Dffb DNA fragmentation factor, beta subunit -4.01
NM_009811 Caspb Caspase 6 -23.85
Apoptosis inhibiting genes
NM_010872 Naip2 NLR family, apoptosis inhibitory protein 2 3.29
NM_080637 Nme5 Non-metastatic cells 5, protein expressed in (nucleoside-diphosphate kinase) -2.00
NM_007702 Cidea Cell death-inducing DNA fragmentation factor, alpha subunit-like effector A -2.57
NM_013479 Bcl2110 Bcl-2-like 10 -2.66

A fold change> 2.00 (upregulation) ang -2.00 (downregulation) was considered significant.
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4.3.4. Analysis using oxidative stress PCR arrays

Enhanced iodide-induced apoptosis in NOB"HByrocytes could be triggered by high
levels of ROS that has been reported to be detentéldyrocytes of this strain in the
absence of Nal (Sharma et al. 2008). To examinethgheNal-treated or control
NOD.HZ" thyrocytes have a defect in the expression of geaticipating in ROS
metabolism or anti-oxidant defense mechanisms mgath overproduction of ROS, we
performed analysis using an oxidative stress PGRyaiThe constitutive expression
levels of 84 oxidative stress-related genAppendix 2), was initially compared between
control thyrocytes from the two strains. Significaxpression differences were observed
at only four genes involved in ROS metabolism, wittee genesNcfl, Ncf2zand Ccl5)
showing higher and one geruox1) showing lower expression in the NODHgroup
(Table 4.2. On the other hand, NOD.2thyrocytes significantly overexpressed three
genes Gpx2, Cygb, and Mpand underexpressed one gefR@ncqg associated with anti-

oxidant function Table 4.2.

When the effects of Nal on oxidative stress-relagahe transcription rates were
examined in thyrocytes from each strain, the resuitre striking. In CBA/J thyrocytes,
Nal upregulated the expression of 22 genes involwethti-oxidant defense mechanisms
and ROS metabolism whereas the same treatmentgsteexpression of only two of
these genes@px2 glutathionine peroxidase 2, ariigol, NADPH dehydrogenase,

quinone 1) in NOD.H¥ thyrocytes Figure 4.4). This gene set comprised several
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peroxidases, with the main effect observed Wiplo, (5.77-fold change). In contrast, Nal
mildly upregulated the expression of only one géwexol,NADPH oxidase organizer
1) (2.09-fold change) and downregulated the express two gene€ygh (cytoglobin)

(-2.17-fold) andKrtl, (keratin 1), (-3.7-fold) in NOD.H? cells. These results strongly
suggested that an impaired capacity to mobilizeemdés with anti-oxidant function
might explain in part the observed susceptibilifyNDD.H2™ thyrocytes to apoptosis

induced by low concentrations of Nal.
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Table 4.2.Differential expression levels of oxidative stresdated genes in NOD.¥2and CBA/J
thyrocytes

Fold change
RefSeq Symbol Description (NOD.H2"/
CBA/J)?
Genes encoding proteins involved in ROS metAbolism
NM_01087¢ Ncfl Neutrophil cytosolic factol 4.52
NM_01087" Ncf2 Neutrophil cytosolic factor 2.8¢
NM_01365: Cclt Chemokine (-C maotif) ligand ! 2.4C
NM_00109929 Duox1 Dual oxidase -2.74
Genes encoding proteins with anti-oxidant function

NM_03067" Gpxz Glutathione peroxidase 2.8¢
NM_03(20¢ Cygk Cytoglobir 2.51
NM_01082- Mpo Myeloperoxidas 2.0C
NM_00798! Fanc Fanconi anemia, complementation grot -4.78

A fold change>2.00 (upregulation) and -2.00 (downregulation) was considered significant.
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Figure 4.4
Differential expression of oxidative stress-relatgmhes in iodide-treated NOD.M2and
CBA/J thyrocytes. Thyroid cell suspensions fromNOD.H2* and 80 CBA/J thyroid
glands were cultured in vitro for 9 days. On day &,10° M Nal was added to wells and
RNA was isolated 24 hours later. cDNA was usednirDaidative Stress PCR array and

analyzed by real time PCR. Fold charg2.00 or< - 2.00 was considered significant
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4 4. Discussion

The goal of this study was to examine whether NOI¥Hhyrocytes exhibit high
sensitivity to Nal-induced apoptosis with the vighat this might provide an early trigger
in ISAT development in this mouse strain. Work wiltyrocytes from_euthyroid mice
and relatively low doses of Nal could modelvivo processes of protracted increased
dietary iodine intake in healthy people and in tregard, this approach differs from
numerous previous studies which have describedli@tiduced cell death in thyrocytes
from goitrous animals (Ruwhof, Drexhage 2001). @ata showed that NOD.f¥2
thyrocytes, cultured for 24 hours in the presente4-8 x 10° M Nal, underwent
apoptosis at very high rates (40 — 55 %) wheremdasi treatment of thyrocytes from
CBA/J mice — which are resistant to ISAT (Li, Caagiotis 2007) — did not raise
apoptosis above background levels. To our knovdedgch high levels of apoptosis
induced by very low concentrations of iodidevitro have not been previously reported.
Previous studies with porcine (Langer et al. 2008)human (Lehmann et al. 2006)
thyroid follicles have shown pro-apoptotic effeofsodide in the 2-5 x18 M range but
the observed apoptotic rates were low (4-5%). Uguary high levels (10 - 102 M) of
iodide have been used to induce significant cealtldén thyroid cell lines such as FRTL-
5 cells (Yao et al. 2012, Golstein, Dumont 19963\D¥F2 cells (Vitale et al. 2000) or
human thyroid follicles (Many et al. 1992). To atae extent, variances in apoptotic
rates reported by various studies may be due taigbeof different assays of apoptosis

measurement or even the animal species examindsté®o Dumont 1996).
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In this study, the enhanced Nal-induced cell dedthNOD.HZ™ thyrocytes cannot be
attributed to necrosis since the levels of necrcgits in all groups did not exceed 3.4%.
The irreversible binding of the fluorescent inhibitFAM-VAD-FMK to activated
caspases 1,3,4,5,6,7,8 and 9 precludes specuddimut the possible apoptotic pathways
involved, e.g. the participation of inflammasome \activation of caspase-1 or the
apoptosome followed by activation of caspase-97(ledtal. 2013). Given the extent of
apoptosis observed microscopically, it was sumpgidhat the Nal treatment was found
not to up- or down-regulate any genes in the apimpgene array involved in the intrinsic
and extrinsic apoptotic pathways as well as in asspand DNA damage response
cascades, strongly suggesting that this processdispendent of regulation at the
transcription level and it is executed by proteaheady present in the cell. This finding
is in agreement with data from a previous studywshg that increasing concentrations of
cycloheximide, a protein synthesis inhibitor, diot ilock the apoptosis of the iodide-
treated thyroid cell line, TAD-2 (Vitale et al. 200 Expression of p53, Bcl-2, Bax and
Bcl-XL genes has also been reported to remain urggthat the protein level after 12, 24
and 48 hours of Kl treatment of TAD-2 cells (Vitaé¢ al. 2000) while gene array
analysis in NIS/TPO modified lung cancer cells Blaswn that iodide-induced apoptosis
did not alter significantly the expression levefsath apoptosis-related genes excpgfl
andsurvivin(Zhang et al. 2003). In our study, the apoptoticegarray data derived from
NOD.H2* and CBA/J thyrocytes at the basal (non Nal-treaséate Table 4.1) did not
provide clear evidence that NOD.M2 thyrocytes exhibit an intrinsic defect favoring

induction of apoptosis since simultaneous mild ewgrunder- expression of apoptosis-
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promoting or inhibiting genes was detected in thgdcytes from both strains. It remains
open whether the iodolipid-lactone which has been isolated from porcine tidyro
follicles (Dugrillon et al. 1990) as well as humémyroid tissue from patients with
Graves’ disease treated with high doses of iodzigg(illon et al. 1994) has an active
role in the apoptosis mechanism operating in oatesy. Both iodine and-lactone have

been reported to induce apoptosis in porcine (Lamgeal. 2003) as well as human
thyroid follicles (Lehmann et al. 2006) and in tigroid carcinoma cell line B-CPAP

(Gartner et al. 2010) through the mitochondriahpaty.

Thyroid epithelial cells are constantly exposedROS because they produce large
amounts of HO, required for iodination of Tg. Since high levels ROS can lead to
oxidative damage, thyrocytes have protective mdshas to control the intracellular
levels of ROS (Schweizer et al. 2008, Smyth 20D8¥ects in these regulatory networks
have been proposed to underlie the spontaneousiditis onset in OS chickens (Bagchi
et al. 1990). NOD.H¥ thyrocytes, either in the basal state or afterosupe to 13 M
Nal in vitro, have previously been reported to overexpress RO& mpared to control
BALB/c and B10.A thyrocytes (Sharma et al. 2008ur @ata suggest that the high
sensitivity of NOD.H2* thyrocytes to apoptosis, induced by low levelNad in vitro,
may be, in part, due to an impairment in the updagpn of anti-oxidant activity. 22 out
of 84 oxidative stress-related genes in the arfaywed mild (2.01 — 3.57-fold) but
significant overexpression in CBA/J thyrocytes whiwvere resistant to apoptosis.

Highest overexpression (5.77-fold) was observedh Wit Tpo gene. This contrasts with
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findings from previous studies reporting either effect of iodide treatment ofpo
expression (Li, Carayanniotis 2007, Leoni et al020Kawashima et al. 2013) or even
downregulation of this expression (Morand et al020Muller et al. 2011) in thyroid
cells or lines. The reasons for this discrepaneyugiclear but may be due to the different

protocols used.

Among the set of overexpressed genes encodingipsotéth anti-oxidant function were
several glutathione peroxidasespk2, Gpx4, GpX7and peroxiredoxinsPrdxl, Prdx2,
Prdx5 as well asSod1(superoxide dismutase 1) amgnl (thioredoxin 1) (Schweizer et
al. 2008). Interestingly, increased expressionGpix2 Txnl but not Gpx4 has been
previously reported in the rat PCCL3 thyroid celfer iodide treatmeni vitro (Leoni et
al. 2008, Leoni et al. 2011). Other identified gemeere: a) th&cp2, Ucp3 encoding the
uncoupling proteins 2 and 3, located in the inngochondrial membrandJcp2 mainly
functions to attenuate mitochondrial productionR®S (Pi et al. 2010) whereakp3
seems to protect mitochondria against lipid-induoeidative stress (Liu et al. 2013); b)
Ngol, (NAD(P)H dehydrogenase, quinone 1, encoding axifetation enzyme that
catalyzes reduction in quinines (Nioi et al. 2003k) Park7 (Parkinson’s disease
associated protein) encoding a protein that stsliNrf2, the master regulator of
antioxidant genes (Clements et al. 2006) and piotatochondria from oxidative stress
(Ma 2013); d)Fthl encoding the iron-storing protein ferritin thatmnnizes oxidative
stress (Hintze, Theil 2005); &erpinblbencoding an inhibitor of neutrophil serine

proteases, with a strong anti-inflammatory actiyPplytarchou et al. 2008); f) the ROS
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responsive geneg€cl5, encoding the chemokine (C-C motif) ligand 5 aRemb5
encoding the proteasome subunit, beta type 9ilg) encoding a protein involved in
oxygen transportation with a described antioxidanttion in cardiac muscle (Flogel et
al. 2004); h)Fmo2 encoding a NADPH-dependent enzyme involved inakidation of
various xenobiotics (Gornicka et al. 2011);Txnip, encoding a protein inhibiting the
function of Txnl and promoting induction of ROS ggation (Spindel et al. 2012). Of
particular interest was the upregulation of theeginf2 (p67") (neutrophil cytosolic
factor) expression in CBA/J thyrocytes, encodingubunit of the ROS-generating
NADPH oxidase since it has been similarly repottechcrease in iodide-treated BALB/c
thyrocytes but not in iodide-treated NOD¥izhyrocytes (Sharma et al. 2008). In the
iodide-treated NOD.H? group, the expression of two gen&@px2 and Nqol, with
antioxidant function was upregulated as welNaxol, encoding for a cytosolic subunit
of NADPH oxidase. Significant downregulation wasetved in the expression Kft1,

a ROS responsive gene a@ggh encoding an oxygen transporter with an antioxidan
function in neuronal cells (Li et al. 2007). Siribe apoptotic fate of a thyrocyte lies on
the balance between ROS production and cataboliese data imply that activation of
several genes encoding proteins with anti-oxidamiction plays a main role in the

differential apoptosis observed in our study.
The high sensitivity of NOD.H? thyrocytes to apoptosis induced by low concerurgti

of Nal in vitro may have important implications for the mechanigpsrating in ISAT

development. Apoptotic cascades in thyrocytes cdagddtriggered by iodide and not
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result simply by mononuclear cell infiltration dfe gland, as described in other studies
(Teng et al. 2009). The physiological iodine plaskaaels in mice (Bernstein 2007,
Taurog A. 1946), as well as in humans (Many e1892) are estimated to be in the’10
M range and it has been reported that when th@éoiditake is very high, e.g. 20 mg/day
in some Japanese populations, the plasma iodinenceease 100-fold (Many et al. 1992,
Nagataki 1974, Suzuki 1980). It is thus conceivdbé the pro-apoptotim vitro effects

of Nal on NOD.H?* thyrocytes shown in the present study might réfisicnilar
processes in ISAT when mice are placed on 0.05%riNahter (3 x 10 M) for several
weeks. The increased apoptotic death of NOP#Brrocytes in combination with the
defective clearance of apoptotic cells by macrophadat has been described in NOD
mice (Maree et al. 2008, O'Brien et al. 2006) - possibly present in NOD.H2mice -
could lead to an antigenic overload in thyroid dirag LN and activation of thyroid
antigen specific T cells as shown in the NOD systeimglund et al. 1999, Turley et al.

2003).
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CHAPTER 5

The thyroxine-containing thyroglobulin peptide (2849-2560) is a target

epitope in iodide-accelerated spontaneous autoirartiwroiditis

Panayota Kolypetri, Karen Carayanniotis, ShofiuniRan, Paris E.

Georghiou, Vassiliki Magafa, Paul Cordopatis, Ged@arayanniotis
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5.1. Abstract

Enhanced iodide ingestion is known to acceleragartbidence and severity of disease of
SAT (ISAT) in NOD.HZ2* mice. CD4 cells are required for the development and
maintenance of ISAT but their target epitopes ramaiknown. In this study, we show
that the previously identified Tg T-cell epitopeaa2549-2560), containing T4 at a.a.
position 2553 (T4p2553), induces thyroiditis as Iwad strong specific T and B cell
responses in NOD.H2mice. In ISAT, activated CO4T cells specific for T4p2553 are
detected before the disease onset in thyroid-dr@i@LNC only in mice placed on
iodide-rich diet and not in age-matched controfs.atidition, selective enrichment of
CD4" IFN-y" T4p2553-specific cells is observed among CLNC HndT4p2553 was
equally detectable on DC obtained vivofrom CLNC of Nal-fed or control mice
suggesting that the iodide-rich diet contributesthie activation of autoreactive cells
rather than the generation of the autoantigenidoppi Furthermore, spontaneous
T4p2553-specific IgG are not detectable within 8teong Tg-specific autoantibody
response. These data identify for the first timiegal-cell epitope as a spontaneous target

in ISAT.
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5.2. Introduction

NOD.HZ2" mice are well known to develop SAT at a much higheidence than the H-2
congenic NOD strain (Wicker et al. 1995, Hutchiregsal. 1999, Braley-Mullen et al.
1999, Burek et al. 2003, Wicker 1997), while theynain free of diabetes (Podolin et al.
1993). In this model, addition of 0.05% Nal in tdenking water has been found to
accelerate both the incidence and the severityAdf @Vicker et al. 1995, Hutchings et
al. 1999, Kolypetri et al. 2010, Braley-Mullen dt 4999, Burek, Talor 2009, Wicker
1997, Rasooly et al. 1996, Teng et al. 2009), pliog opportunities to study the
interplay of genetics and environment in the pregi@en of autoimmune disease. ISAT is
characterized by mononuclear cell infiltration bé tthyroid and strong serum IgM and
IgG responses to Tg (Braley-Mullen et al. 1999, ddirigs et al. 1999, Kolypetri et al.
2010, Rasooly et al. 1996, Burek, Talor 2009, Tengl. 2009). Immunohistochemical
staining studies have suggested that the thyraiitially infiltrated by CD4 and CD8

T cells (Verma et al. 2000, Bonita et al. 2003, &fwal. 2001) and depletion experiments
have shown that CD4cells are required for the development and maariea of ISAT
(Hutchings et al. 1999, Braley-Mullen et al. 1999Yeak proliferative responses of
thyroid-draining CLNC to Tg have been observed atious time points after the
initiation of the Nal diet regimen (Kolypetri et.aR010) but the target epitopes
recognized by CD4T cells, during the initial stages of the autots@ccascade in ISAT,
remain unknown. Since in NOD.Ff2mice (K, A%, E°, D functional MHC class II
antigens are limited only to%Anolecules, such epitopes are expected to be rezabhy

AX-restricted CDA T cells.
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Tg is the most abundant protein in the thyroid dland encompasses man§:mstricted

T cell epitopes which can elicit EAT when administe into mice with adjuvant
(Carayanniotis 2011). In NOD.!2mice developing ISAT, we have not been previously
able to detect proliferative splenic cell responseseveral Arestricted pathogenic T
cell epitopes, 56 days following the initiationioflide supplementation (Kolypetri et al.
2010). To address the concern that thyroid antgpaeific T cells may not be detected in
the periphery during later stages of the diseasause they might have already migrated
into the thyroid, we have in this study examinetigam-specific responses of CLNC in
the initial stages of ISAT, and of IL during theuese of disease. Our attention was
focused on the Mrestricted Tg peptide p2549-2560 containing T4pasition 2553
(T4p2553) because it can induce lymphocytic (Huighi et al. 1992) as well as
granulomatous EAT (Braley-Mullen, Sharp 1997) aad be seen as a target by class I-
restricted cytotoxic T cellg vitro (Wan et al. 1998). Furthermore, T4p2553-specific T
cell clones can be activatédvivo following mouse challenge with intact Tg (Hutchsng
et al. 1992). The results show that T4p2553 caimineunopathogenic in NOD.H2mice
and comprises a target epitope in ISAT recognizedgontaneously emerging CD#

cells.
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5.3. Results

5.3.1. T4p2553 is an immunopathogenic epitopedrN®D.H2* strain

To examine the immunogenicity of T4p2553 in NOD'H5-8 week old mice were s.c.
challenged with 100 nmol of peptide in CFA. Nineysldater inguinal, branchial and
axillary LNC were pooled and tested for recall msges against various antigeins
vitro. Strong proliferative LNC responses were deteatetthe presence of @M (S.I. =
9) and 10uM of T4p2553 (S.l. = 15) whereas background respongere obtained
against Tg or OVARigure 5.1A). When NOD.H2* mice were challenged with 1Q@y
of Tg in CFA for 9 days, weak (S.I. = 2-3) but sfgrant proliferative LNC responses
were observed against T4p2553 but the responsegtatsélf or OVA remained at
background levelsHigure 5.1B). To assess the pathogenicity of T4p2553, eighgkwe
old NOD.H2" mice (n=10) were primed with 100 nmol T4p2553 iRACfor 3 weeks
and further boosted with 50 nmol of the same pepitidiFA for 2 weeks. Control mice
(n=8) were similarly sensitized with 58y and boosted with 2hg OVA. Histological
examination of the thyroids showed mononuclear icdiltration in 10/10 mice of the
experimental group (mean I.I. = 2.1) which was sigantly higher than that observed in
only 2/8 OVA-challenged controls (mean I.I. = 0.3B)gure 5.1C, D. The collective
data demonstrated the immunopathogenic properfiekeoT4p2553 T-cell epitope in

NOD.H2* mice during a time interval (8-13 weeks) in whAT is minimally present.
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Figure 5.1

T4p2553 is an immunopathogenic epitope in NOD*Hmice. Recallin vitro
proliferative assays of LNC from mice s.c. challeddor 9 days with A) 100 nmol of
T4p2553 in CFA (n=4), or B) 10Qag of Tg (n=4), followed by a 4 day LNC culture in
the presence of the indicated antigens. Data sheannstimulation index + SEM of
triplicate wells and they are representative of experiments; C) EAT development in
NOD.H2™ mice after challenge with 100 nmol T4p2553 (n=4050ug OVA (n=8), as
described in Materials and Methods. Statisticahificance was calculated by the Mann-
Whitney test; D) Representative mononuclear céiltiation of the thyroid (I.I. = 3) in

NOD.HZ2" mice challenged with 100 nmol T4p2553 (Magnifioatix100)
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5.3.2. Accumulation of T4p2553-specific T cellthyroid-draining CLNC and in the
thyroid.

Next, we proceeded to determine whether T4p2558Hspd cells could be detected
within thyroid-draining CLNC before the ISAT ons&OD.HZ* mice were placed on
Nal/H,0 diet for 7, 11 and 15 days and redallvitro assays against T4p2553 were
performed at each time point using CLNC or splerglls. As shown irFigure 5.2A,
strong CLNC responses (S.I. = 8) against T4p25b8,nbt against Tg or OVA, were
detected after 11 days of Nal intake whereas th&lCltesponse from control mice
placed on a regular diet remained at backgrouneldevDay 7 or day 15 responses to any
of the antigens tested were undetectable (datahwtn). Furthermore, day 11 T4p2553-
specific responses of splenocytes were weak andigofificantly different between the
experimental and control group&igure 5.2B), indicating selective enrichment of

antigen-specific T cells in the thyroid-draining laxd not in the periphery.

The presence of activated T4p2553-specific T dell€LNC of iodide-fed mice was
further examined by intracellular cytokine stainit@ days after the diet initiation. CD4
T cells were purified from CLNC and cultured witplenic DC as a source of APC, in
the presence of antigen. Culture with T4p2553 atgi a significantly higher number of
IFN-y-producing cells from CLNC of iodide-fed mice vetbontrols (13.21% vs 6.22%)
(Figure 5.20). This difference was not evident in cultures eaminhg the OVA peptide
(322-340), as an antigen contréligure 5.20). In contrast to CLNC-derived cells, the
percentage of splenic CD4FN-y" cells responding to either peptide did not differ

significantly between iodide-fed and control mi¢gglre 5.2D). Lastly, 35 days after
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the initiation of the dietary regimen, intracellulaytokine staining of thyroid-IL showed
a small but significant difference in the perceetary CD4 IFN-y* IL responding to
T4p2553 vs OVA peptide (10.22% vs 7%)jidure 5.2F). Overall, these data strongly
suggested that an iodide-rich diet led to an earyichment of activated T4p2553-
specific cells in CLNC as well as in lymphocytidiltnates of the thyroid during ISAT

development.
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Figure 5.2

T4p2553 is a natural T-cell target in ISAT. Re@absays of A) CLNC and B) splenocytes
from Nal-fed or control NOD.H? mice (n=4) against the antigens shown, 11 dags aft
the initiation of the dietary regimen. Antigen centrations were: 2(ig/ml Tg, 20ug/mi
OVA or 10 pg/ml T4p2553. Cell proliferation was measured By-thymidine
incorporation at 72 hours of culture. Data represka mean + SEM of quadruplicate

wells from six out of 10 independent experimentswhich response was detected.
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Intracellular cytokine staining of CD4cells, purified from C) CLNC and D) spleen,
previously cultured (2 x PO/well) with splenic CD11t cells (4 x 1&well) in the
presence of 2@g/ml T4p2553 or OVA peptide for 4 days. In the l&shours, Sug/ml
Brefeldin A was added to wells and the intracetieoduction of IFNy by was assessed
by flow cytometry. Data are representative of thegperiments. (p value= 0.0012). E)
Percentages of IFN- CD4" cells (mean + SEM) within thyroid- IL after 35 dapf
enhanced Nal intake. Lymphocytes were culturecheéfdresence of 10g/ml T4p2553
or OVA peptide and Sug/ml Brefeldin A for 5 hours prior to staining. Ratre
representative of two experiments. (p value= 0.(Bpw cytometric analysis was

performed on gated lymphocytes and samples weranrduaplicates.
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5.3.3. T4p2553 is detected on DC isolated fromaiydraining CLNC

To test whether enhanced iodide intake would prengeneration of T4p2553 on DC in
lymphoid tissue, we generated KC1, a T4p2553-sigetif-2-secreting T cell hybridoma
clone, as a detection tool. The KC1 clone was s&defor its sensitivity as it responded
to as little as 12 nM T4p2553 in culture, but iesmgly, remained unresponsive to
intact Tg in the 100-200 nM rangEigure 5.3A). KC1 activation was strongly inhibited
by an A-specific mAb but not by a control mAb specific fiofluenza NP, confirming
presentation of T4p2553 in the context of the mMolecule Figure 5.3B). A low but
significant activation of KC1 was equally detectafdllowing its co-culture witlex vivo
obtained DC from Nal-fed or control mice 12 dayserfthe initiation of the dietary
regimen Figure 5.3C). These data suggested a constitutive presentép#s53 on DC

in thyroid-draining CLNC.
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Figure 5.3
T4p2553 is constitutively present on DC from CLN&) T4p2553-specific reactivity of
the KC1 hybridoma clone cultured {1@ell) with the antigens shown and TA3 cells
(10°/well) as APC. Activation was measured by IL-2 s¢ion and the use of the IL-2
dependent line CTLL; B) Inhibition of KC1 activatidy blocking mAbs specific for'A
or influenza A NP (at 1@g/ml) in the presence of 25 nM of T4p2553 and TA8scas
APC. Data show the mean = SEM of triplicate welfsl aare representative of two
experiments; C) Detection of T4p2553 on CDldells purified from CLNC of iodide-
fed or control mice, 12 days after the initiationtloe iodide-rich dietEx vivo obtained
CD11¢ cells (1 x 1&well) were cultured with KC1 (5 x f@wvell) for 24 hours and
activation was assessed by a CTLL proliferatiorapaséddition of exogenous T4p2553
yielded ~ 45,000 cpm. Data represent the mean + $BM 4-6 wells/group and are

representative of four experiments. P values (*G00, ** = 0.0003).
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5.3.4. In ISAT, T4p2553-specific B cells do nottgbuate significantly to the Tg
autoantibody repertoire

Following challenge with T4p2553, 6-8 week old N®R™ mice mounted strong
peptide-specific as well as Tg-specific serum Ig&ponses, as assayed by ELISA
(Figure 5.4A) suggesting localization of the T4p2553 epitopetlos surface of the Tg
molecule. The response was not due to spontaneodagtion of anti-Tg IgG since anti-
Tg or anti-T4p2553 IgG responses were not detelctedVA-challenged age-matched
mice (data not shown). In contrast, in mice devielppISAT, T4p2553-specific
serological IgG responses were not detected aie4@ or 60 days on the Nal/water diet
despite the presence of anti-Tg IgG Abs at thase tintervals Figure 5.4B, C, D.
These results indicated that, in NOD"/ighice developing ISAT, T4p2553-specific 1gG

does not comprise a detectable portion of the Tgaatibody repertoire.
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5.4. Discussion

Our findings show that direct challenge of NOD™H@hice with the Tg peptide T4p2553
generates EAT with 100% incidence and significavesity (mean I.I. = 2.1). Previous
studies described either weak EAT induction afiezadl challenge with T4p2553 (Kong
et al. 1995) or disease induction only after ad@ptransfer of T4p2553-specific T cells
(Hutchings et al. 1992, Braley-Mullen, Sharp 19R@ng et al. 1995), perhaps reflecting
differences in the protocols and the mouse str@BA(J vs NOD.H2% used.In vivo
priming with intact Tg or Tg peptide allowed fortdetion of subsequent T4p2553-
specific, proliferative LNC responsasvitro, confirming earlier findings by other groups
(Hutchings et al. 1992, Braley-Mullen, Sharp 19Ra@ng et al. 1995). In that regard, it is
surprising that deliberate challenge of NO Irhice with intact Tg in CFA does not
yield detectable recall responses to Tg itselfsThas also been observed with 52-week
old NOD.HZ2Y mice, i.e. at a time that SAT is fully developedngublished
observations), while weak splenic Tg-specific Tl ce$ponses are obtained in ISAT (day
28 and 42 of the dietary regimen) at a time whestreng spontaneous Tg-specific 1gG
response is clearly evident (Kolypetri et al. 2010hese results are reminiscent of
observations in diabetes where insulin-specificell iesponses are difficult to detect in
NOD mice, either spontaneously or after immunizaijaufman et al. 2001, Mohan et
al. 2010, Hurtenbach, Maurer 1989) despite thegmas of anti-insulin autoantibodies
(Yu et al. 2000). Unresponsiveness to the intatbaigen in this system has been
attributed to possible generation of suppressols celediating dominant tolerance

(Jaeckel et al. 2004). It is noteworthy that T4@28pecific T cells are unlikely to
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undergo negative selection pressure in the thyreaause thymic cells do not synthesize
T4, although they express truncated mRNA isoforrhsI @ that encode this peptide
sequence (Li, Carayanniotis 2005). The T4 moietthwie four bulky iodine atoms
forms an integral part of theXA'4p2553 complex because anti-T4 Abs are known to

block T-cell recognition of this peptide (Dai et 2005).

In this study, we report for the first time thadefined Tg epitope is a natural target of the
spontaneous T-cell response in ISAT. Our previowability to detect spontaneous
splenic T cell responses to known pathogenic Tgtigep in later stages of ISAT
(Kolypetri et al. 2010) prompted us to search fatogeactive T cells in thyroid-draining
LN in early stages of the disease, i.e. before tayf the Nal/water dietary regimen,
when the first signs of ISAT appear in our coloWye observed selective enrichment of
T4p2553-specific, proliferative or CD4FN-y" T cells in CLNC - but not in the spleen —
only in mice receiving Nal for 11-12 days. Proldeve CLNC responses were
undetectable at earlier time points (day 7) propahle to the low frequency of the
peptide-specific T cells, and later time pointsy(d&) perhaps due to their exiting from
CLNC and homing to the thyroid. Early detectionaativated autoreactive T cells in
CLNC, i.e. the thyroid-draining LN, is analogousthat seen in diabetes where C4hd
CD8' T cell priming in pancreatic LN occurs before theset of insulitis in NOD mice
(Hoglund et al. 1999, Zhang et al. 2002, Gagneratillal. 2002). The presence of
T4p2553-specific T cells within thyroidal infiltreg, also suggests recognition of this

peptide ligand on thyrocytes — which are known poegulate MHC class Il expression
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after IFNy treatment (Champion et al. 1991) or peptide reitmgnon intrathyroidal

resident DC (Voorby et al. 1990).

The detection of T4p2553 on DC obtained vivofrom CLNC of either iodide-fed or
control mice suggests their constitutive presentéABC that is independent of iodide
intake. We have previously hypothesized that T4(32&Bd several other defined Tg
peptides with pathogenic potential comprise partaofccryptic self” that must be
intrathyroidally expressed on resident DC undeadyestate conditions since they are
recognized in naive animals by pre-activated sjgeeifector T cells that home to the
thyroid and initiate tissue damage (Carayannioli®3}. Detection of T4p2553 on DC
from CLNC suggests that either intrathyroidal D@rgimg this peptide migrate to CLNC
or the peptide is transferred to CLNC through thmaghatic drainage. This process may
contribute to peripheral tolerance mechanismsittetivate autoreactive T cells through
anergy or active suppression (Carayanniotis 20@8)alogous findings have been
reported in diabetes by Unanue’s group in which ©®1icells from pancreas or
pancreatic LN were shown to constitutively predest-egg lysozyme (HEL) peptides in
mice expressing the HEL gene under the insulin ptem(Calderon et al. 2008).
Constitutive expression of tissue-specific antigensh as the HK*-ATPase protein
(Scheinecker et al. 2002) or foreign antigens sashthe simian virus 40 T antigen
(Forster, Lieberam 1996), the influenza virus heghatgnin (Morgan et al. 1999), or
OVA (Kurts et al. 1997) by DC in draining LN hasdpeproposed to promote peripheral

tolerance (Steinman et al. 2000).
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Our findings indicate that high iodide intake doed promote T-cell autoreactivity to
T4p2553 through enhanced generation of this pepidBC. Analogous data have been
reported with a HEL peptide-specific T cell hybnda that was equally activated by DC
from normal or streptozotoxin-treated IP-HEL mic@alderon et al. 2008, Calderon,
Unanue 2012). Furthermore, in the NOD system itbeen previously shown that beta
cell death, either induced by streptozotoxin ongfarred by injections of dead cells in
the pancreas, promotes the activation of the gyamis BDC2.5 CD4and 8.3 CD8T
cells in pancreatic LN (Turley et al. 2003, Zhangat 2002). Since NOD.H?
thyrocytes are highly sensitive to iodide-mediasgdptosis (Kolypetri et al. submitted
for publication), it can be argued that apoptosisid trigger autoreactivity by inducing
tolerogenic DC to adopt an immunogenic phenotypkaasbeen shown in other systems

(Rovere et al. 1998).

At the B cell level, T4p2553 priming induced stropgptide-specific IgG responses in
NOD.HZ2" mice, as previously seen in the CBA/J strain (Kehgl. 1995). Other groups
have reported low or undetectable immunogenicity 4152553 in CBA hosts (Hutchings
et al. 1992, Braley-Mullen, Sharp 1997) perhapslectihg dose and route of
administration differences in peptide delivery. ®igng anti-Tg responses observed in
T4p2553-primed NOD.H? mice were not detected in age-matched mice chgsfin
with OVA, indicating that they are not spontanegugtnerated but rather reflect access

of the T4p2553 site on the surface of the Tg madkeby peptide-specific IgG. In view of
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this, the lack of spontaneous IgG response to T3®2m ISAT was surprising,
demonstrating that existing T4p2553-specifc B céhes do not contribute to the Tg
autoantibody repertoire that characterizes ISATisT$uggests that Tg-specific 1gG
response is driven against other immunodominarglBepitopes or by Tg fragments that
lack the T4p2553 sequence. Nevertheless, T4p25&dfgpB cells could bind to and
internalize intact Tg, playing an APC role, as jpoesly suggested in the NOD.M2

model (Braley-Mullen, Yu 2000).

In conclusion, this study identifies for the fitshe a Tg T-cell epitope as a spontaneous
target in ISAT. It also highlights the fact thatioe, as a dietary element that accelerates
an autoimmune process, becomes itself an integrabp a target self-epitope recognized
by pathogenic T cells. Our ability to activate amenitor autoreactive T cells of a
defined specificity provides a new read-out systémn study effects of immune
intervention in this animal model. It also genesatew opportunities for the construction
of TCR-transgenic mice in this model which will beseful in studies of

immunoregulation.
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CHAPTER 6

High salt intake does not exacerbate muauteimmune thyroiditis

Kolypetri P, Randell E, Van Vliet BN, CarayannioGs

This work was accepted for publication@tinical and Experimental Immunology, on

Feb 15, 2014
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6.1. Abstract

Recent studies have shown that high salt intakeezkates EAE and have raised the
possibility that a HSD may comprise a risk factor dutoimmune diseases in general. In
this report, we have examined whether a HSD regiroenld exacerbate murine
autoimmune thyroiditis, including SAT in NOD.ff2mice, EAT in C57BL/6J mice
challenged with Tg and EAT in CBA/J mice challengéth the Tg peptide (2549-2560).
The physiological impact of high salt intake wasnftoned by enhanced water
consumption and suppressed aldosterone levels| istrains. However, the high salt
treatment failed to significantly affect the inambe and severity of SAT or EAT or Tg-
specific IgG levels, relative to control mice mained on a normal salt diet. These data
demonstrate that high salt intake does not exaterdatoimmune thyroiditis in three
experimental models indicating that a HSD is notisk factor for all autoimmune

diseases.
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6.2.Introduction

Recently, two independent studies have reportedathdSD can exacerbate the severity
of EAE in mice, as compared to the level of seyatéveloped in mice fed a normal diet
(Wu et al. 2013, Kleinewietfeld et al. 2013). Théselings were fascinating as well as
intriguing in view of the fact that data generatey the World Health Organization
(WHO) do not support a direct correlation betwealh istake and prevalence of multiple
sclerosis in humans (Croxford et al. 2013, Elli@dtpwn). Nevertheless, the reported
dramatic exacerbation of EAE in mice on HSD, haghlghted the possibility that
increased salt intake may aggravate clinical symptan individuals genetically
predisposed to MS and most importantly, has rateedquestion whether HSD might

represent a risk factor for the development of o#utoimmune diseases.

In this report, we have examined potential HSD &tffeon the development of
autoimmune thyroiditis in mice. The experimentadida was made to monitor incidence
and severity of disease in three mouse modelshiénag been used extensively to study
pathogenetic mechanisms analogous to those opgratitdT in humans. In the first
group, we used NOD.H2mice which are known to develop SAT with age (Kmlii et

al. 2010, Braley-Mullen et al. 1999, Burek et &03). In the second and third groups,
we asked whether mild forms of EAT, induced aftealtenge with thyroid antigen in
adjuvant, could be exacerbated by concomitant igh intake. To this purpose, we
challenged C57BL/6 mice with Tg and CBA/J mice, hwthe known pathogenic Tg

peptide (2549 — 2560) containing T4 at amino aasitpn 2553 ((T4)2553) (Champion
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et al. 1991, Hutchings et al. 1992). We also meadol g-specific serum IgG responses

as an index of autoreactivity in all strains.
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6.3. Results and Discussion

Following placement of NOD.H2, C57BL/6 and CBA/J mice on HSD (n=10, per strain)
or control diet (n=10 per strain), water intake wagsnitored weekly over the 5-week
observation period, as an index of response talidgtary regimen (Veress et al. 1995).
Mice on HSD showed a highly significant increasevater intake with average (mean +
S.E.) daily consumption rates 15.5 £ 0.71, 9.1 & @Gnd 7.3 + 0.2 g/mouse for
NOD.H2* C57BL/6 and CBA/J strains, respectively, whilentrol values ranged
between 3.2 — 4.3 g/dd¥figure 6.1a) At the end of the study period, the effectiveness
of the HSD was further assessed by measuremerdromsaldosterone levels to check
for the high salt-induced suppression reportedthgrs (Kim et al. 2008, Makhanova et
al. 2008). A profound suppression of serum aldosiemwas observed in the experimental
vs. the control groups in all strains: 13 vs. 3@Ing in NOD.HZ2", 13 vs. 254 pg/ml in
C57BL/6, and 21 vs. 386 pg/ml in CBA/J mid¢adure 6.1b).

NOD.H2* mice, developed by Dr. L. Wicker and colleagues Studies on diabetes
(Podolin et al. 1993), were chosen as a first anmmlel for our study because it is the
only mouse strain known to develop SAT at an ingireaincidence and severity with
age. In our colony, the first signs of spontanethysoiditis appear in 12-14 week-old
male or female mice (Kolypetri et al. 2010) andbatweeks of age, practically all mice
exhibit SAT of advanced severity and seropositifay Tg-specific IgG (unpublished
observations). While thyroiditis incidence and s#yemay differ among various
colonies, analogous age-dependent effects on SA& Ibeen reported by others (Braley-

Mullen et al. 1999, Burek et al. 2003). In this@gpour aim was to test whether HSD,
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initiated at the early stages of SAT, would infloenthe development of disease. As
shown inTable 6.1 placement of 12 week-old NOD.M2mice on HSD for five weeks
did not significantly raise the incidence (6/10 9£10) or severity (I.1.= 1.3 vs. 1.6) of
SAT vs. those of the controls. In addition, theswo significant increase in the number

of mice spontaneously developing 1gG antibodiesgdFigure 6.19.

In a second series of experiments, we followedettgerimental design of Wu et al (Wu
et al. 2013) and Kleinewietfeld et al (Kleinewiddfeet al. 2013) by placing C57BL/6
mice on the same high salt regimen (4% NaCl in ¢hidd NaCl in drinking water) that
exacerbates EAE in this strain and a similar peabdbservation (5 weeks). An added
attractive feature was that, in the field of EATjststrain is well known to develop
relatively low levels of thyroiditis after challeagvith Tg in adjuvant (Vladutiu, Rose
1971), thus favoring investigation into possibldamcing effects of high salt intake on
pathology in this model. The results showed thdietary regimen of high salt, continued
throughout the period of antigenic challenge, dud increase the EAT incidence (9/10
vs. 6/10) or mean severity (I.I. = 1.2 vs. 0.9) #sat of the controlsTable 6.1).
Moreover, strong, but not significantly differeng-Epecific IgG responses were detected
in both the high salt and control groupsgure 6.19.

In a third experimental model, we challenged theTEAsceptible strain CBA/J
(Vladutiu, Rose 1971) with the 12-mer T-cell epa#o@4)2553 of Tg (Champion et al.
1991, Hutchings et al. 1992) at doses that are lynihthogenic. Mice in the

experimental group were placed on HSD during tes8k induction phase of EAT. The
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high salt regimen had again no significant effetttex on the incidence (6/10 vs. 4/10) or
mean severity (I.I. = 0.9 vs. 0.5) of disea$al{le 6.1). The (T4)2553 peptide elicited a
Tg-specific IgG response of similar relative strigngn both groups, which was, as
expected, lower than that obtained in C57BL/6 mioeunized with intact TgRigure

6.10.
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Figure 6.1

Effects of HSD vs. control diet (CD) on physiologii@nd immunological parameters in
mice developing autoimmune thyroiditis. (a) Waiaiake (g/day) in mice placed on
HSD or CD for 5 weeks expressed as mean + SE aksan=10 per group). Asterisks
denote statistical significance assessed by at tpesalues for all groups <10 (b)
Serum aldosterone levels measured by RIA at theokBdveek observation period. Five
samples were run for each experimental and comprolp, with each sample being
pooled from two randomly selected mice within augroThe data represent the mean +
SE values in each group and asterisks denotetgtaltisignificance assessed by a t-test
(p<0.036 for NOD.HY* p<10*for C57BL/6 and CBA/J). (c) ELISA-based Tg-specific
lgG responses from individual mouse sera, obsespedtaneously (NOD.H?2 mice) or
after antigenic challenge as described in Mateiaald Methods (C57BL/6 and CBA/J
mice). Serum dilutions for the assay were 1:25N@D.H2" 1:50 for C57BL/6 and
1:100 for CBA/J mice. Data represent the mean + 8diical density values of triplicate

wells.
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Table 6.1.Thyroiditis incidence and severity in NOD.M2C57BL/6 and CBA/J mice

o Thyroiditis
Strain NaCl & Immu_nlzmg _ Severity (score) p value®
antigen Incidence Mean
0|1 2| 3| 4
°NOD.H2" + - 6/10 4| 1| 4 1 13 0.63
- - 9/10 1 5 2/ 1 1 1.6 '
4 C57BL6/J + Tg 9/10 1 7| 1] 1 1.2 0.39
- Tg 6/10 4l 4] 1] 1 0.9 '
°*CBA/J + T4p2553 6/10 4 3 3 0.9 0.35
- T4p2553 4/10 g 3 1 0.5

@Mice received normal chow and waset libitumor chow containing 4% NaCl and water containing 1%
NaClad libitum over a 5 week period, as described in section 2.1

®) Statistical significance was assessed by the neampetric Mann-Whitney test.

® Each group consisted of 5 female and five male ki thyroiditis-prone NOD.H? mice.

9 Female C57BL/6J mice (n= 10 per group) were s.allehged with 10Qug Tg in CFA and the
experimental group was simultaneously placed on H3idee weeks later, all mice receiveds0Tg in

IFA. EAT was determined 5 weeks after the initialigenic challenge.

®) Female CBA/J mice (n = 10 per group) were s.c.lehged s.c. with 100 nmol of T4p2553 peptide in
CFA and the experimental group was simultaneouslygal on HSD. Three weeks later, all mice received
50 nmol of the same peptide in IFA. EAT was deteedi5 weeks after the initial antigenic challenge.
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The focus of the current work was to examine thesith that there is a tangible link
between HSD and autoimmune disease other than HEAHg mouse models of
autoimmune thyroiditis. The data provided demomstsérongly that dietary salt does not
promote either antigen-induced or spontaneous ithyaotoimmune disease. The report
that C57BL/6 mice on high salt intake develop eweanEAE after challenge with an
encephalitogenic MOG peptide in CFA (Wu et al. 20K @inewietfeld et al. 2013) is in
apparent contrast with our finding that deliveryaathyroiditogenic molecule (Tg) to the
same strain via the same route and under the sighesélt conditions does not lead to
enhanced EAT. To the extent that the studies of &/wal. (Wu et al. 2013), and
Kleinewietfeld et al. (Kleinewietfeld et al. 2013)ave assigned a pivotal role to
pathogenic Th17 cells for the exacerbation of EAl, data suggest that either a) Th17
cells are not as critical in EAT/SAT developmentira&AE, or b) additional pleiotropic
physiological, hormonal and metabolic factors, geged by HSD, mediate EAE

exacerbation in a unique manner that is not neagsdaplicated in EAT/SAT.

EAT and SAT are well known to be mediated by Thilscgru et al. 2002) — but a role
for Th17 cells in pathogenesis remains possibkerleukin 17 (IL-17)° NOD.H2* mice
have been reported to exhibit reduced iodide-acatele SAT and diminished Tg-specific
titers as compared to WT controls, while intrathgab cytokine mRNA analysis has
suggested the presence of both Thl and Th17 cellsyioidal lymphocyte infiltrates of
WT NOD.HZ2* mice (Horie et al. 2009). In humans, an incredssgliency of Th17 cells

has been reported in the peripheral blood of pttieith HT (Figueroa-Vega et al. 2010,
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Qin et al. 2012, Shi et al. 2010) or autoimmunedldydisease (AITD) (HT and Graves’
disease) (Nanba et al. 2009, Hayashi et al. 20@®)tehas been recently suggested that T
cell derived-leptin may contribute to the increageduency of Th17 cells in HT (Wang
et al. 2013). Associations of single nucleotideypwrphisms in AITD have been
described for the IL-23R gene in Japanese (Bah 2089) and for the IL-17A and IL-
17F genes in Chinese populations (Yan et al. 2M@yever, since 1L-17 is produced by
several cell types including CD&ells andyd T cells (Hirota et al. 2011, Ivanov et al.
2006, O'Shea, Jones 2013), association data fréimnbouse and human studies may not
necessarily reflect a cause-and-effect relationdb@pwveen Th1l7 cells and thyroid
pathology. Lastly, it is noteworthy that even ir ghivotal EAE studies (Wu et al. 2013,
Kleinewietfeld et al. 2013), exacerbating effedt$18D on disease were demonstrable in
WT mice during the first twenty days of the dietaegimen. When monitoring continued
until day 25 in one of the studies, no significdifterences between HSD and control
groups were found (Wu et al. 2013). In the workspreed here, while no significant
effects on HSD on EAT were observed using a wealidgished 5 wk disease induction
protocol, we cannot exclude the possibility thathhsalt intake might have had transient,
non-sustained effects on EAT that were not appaafet 5 weeksAlso, we cannot
exclude the possibility that the effects of hight satake on thyroiditis could reach

statistical significance if a larger sample sizanslyzed.

Regardless of the mechanism involved, our datalgle@monstrate that excess salt in

diet should not be expected to be an environmeigialfactor that broadly influences
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induction of autoimmune disease. Enhanced salkenis. accompanied by fluid, ionic
and hormonal changes including suppression ofghmfangiotensin system (de la Sierra
et al. 1996, van der Meer, Netea 2013) which califferentially influence autoimmune
responses depending on the anatomical site ancatietatatus of the target organ. The
planning of clinical trials to investigate low-sattiets for treating or preventing
autoimmune disease should proceed with cautiomdakto account relevant data from

diverse animal model studies.

138



SUMMARY AND FUTURE DIRECTIONS

The thesis describes studies on the immunoregalaticautoimmune thyroiditis using
murine models of EAT, SAT and ISAT. In this secti@nbrief summary of, and future

directions related to each chapter are outlined.

Chapter 3

We examined whether immunopathogenic and/or immamaaiant Tg epitopes could be
located adjacent to proteolytic sites using the Eabddel. We predicted possible
cathepsin B, D and L cleavage sites in mTg and deatified H2-A binding motifs
adjacent to the proteolytic sites. Peptides encassipg these motifs were synthesized
and two of them, p2369 (a.a. 2369-2380) and p2438. 439-2450) located close to
cathepsin L cleavage sites, were found to be immpathmgenic but not
immunodominant in CBA/J mice. This finding raisdx thumber of pathogenic, cryptic

peptides to 27.

Hypothesis #1: Tg epitopes, previously defined as/gtic’, become dominant after

processing of Tg fragments by DC.

The reasons behind the inability to identify a doamt Tg epitope are unknown. A
plausible hypothesis is that Tg epitopes, previpudéntified as cryptic, may become
immunodominant after processing of Tg fragmentbelathan intact Tg. To test this

premise, intact Tg will be partially digested waathepsins B and L and the reaction will
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be irreversibly blocked by a cysteine protease bibbi. Tg fragmentation will be
confirmed by SDS-PAGE. The protein solution will theen subjected to reverse phase
HPLC and the fractions will be pooled and concaattaBM-derived DC from CBA/J
mice will be incubated with titrating amounts oétiig fragment concentrate or intact Tg
(as negative control) or a known free cryptic Tgtme such as T4p2553 (as positive
control). Peptide-primed T cells or peptide-specihi cell hybridomas will be added to
the wells and their activation will be used as admut system. As additional control,
chloroquine-treated DC will be used to exclude gossibility that the peptide binds
exogenously to the MHC molecules. If our hypothésisorrect, we expect to detect T
activation in the presence of the Tg fragment cotreée but not in the presence of intact
Tg.

Pitfalls: Inability to detect a T cell response kkbbe attributed to: a) wrong choice of
epitope to test the concept. In this case, thererpat can be repeated with other kwown
pathogenic Tg peptides; b) epitopes generated pifteressing of Tg fragments may be

expressed at levels below the required T cell atiow threshold.

Hypothesis #2: Tg epitopes, previously defined@aggtic’, are constitutively generated

and expressed on DC within the thyroid gland.

Previous studies have shown that Tg peptide-aetivat cells selectively home to the
thyroid after direct challenge of mice with peptideCFA or after adoptive transfers to
naive recipients. These observations made us hgpiath that cryptic Tg peptides are

constitutively generated and expressed on intrattigt DC. To address this concept,
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intrathyroidal DC will be sorted from SJL fresh thgyte suspensions via anti-CD11c Ab
staining. Then, DC will be cultured with Tg peptidemed T cells or Tg peptide-specific
T cell hybridomas without the addition of exogengeptide for 72 hours. The peptide
used in this design will be a randomly chosen Typtit epitope in the first experiment
but the presence of 4 more cryptic epitopes wilkkamined using the similar design. As
additional control, in some wells exogenous peptidle be added. T cell proliferation
will be assessed by thymidine uptake and the ptomlucof IL-2 and IFNy in the
supernatant will be examined by sandwich ELISA.€ll bybridoma activation will be
assessed by the proliferation of CTLL cells. If detect significant T cell proliferation or
activation in the absence of exogenous peptide wwatld indicate that this cryptic
peptide was generated and expressed on the soifaxe.

Pitfalls: a) A large number of animals, as thyrdiohors, will be required because the
intrathyroidal DC vyield is low; b) T-cell activatiomay not be observed if Tg peptides
are endogenously generated on DC at levels ingarftico trigger a T cell response

vitro.

Chapter 4

We showed that iodide-treated NOD'Hi2hyrocytes undergo apoptosis at significantly
higher levels than CBA/J thyrocytes and that wa®eated with an impaired control of
oxidative stress mechanisms. Since the majoritghef molecular events involved in
iodide-mediated apoptosis remain unknown, the ¥ahg experiments could be

performed.
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Hypothesis #1: The mitochondrial pathway is invdivie the early stages of iodide-

induced apoptosis of NOD.¥%thyrocytes.

Previous studies have reported that mitochondr@iavolved in the early events of
apoptosis triggered by high iodide doses in FRTtebs (Yao et al. 2012). To examine
whether this organelle participates in the inig&lents in iodide-induced apoptosis of
NOD.H2"thyrocytes, we will perform a kinetic analysis bétproduction of superoxide
as well as the release of apoptogenic factors froitochondria. Thyrocytes from
NOD.H2* and CBA/J mice will be cultured for 9 daiysvitro. On day 9, 4 x I®&M Nal

or medium will be added to the wells and 2, 4, @ &nhours later, the cells will be
stained with MitoSOX Red, a mitochondrial superexicshdicator and they will be
analyzed by flow cytometry. As additional contraklls will be stained only with
propidium iodide to verify the integrity of the mberane. If our hypothesis is correct, we
expect to detect an increased production of mitodhal superoxide after 2-8 hours in
iodide-treated NOD.H? thyrocytes compared to all control groups. Furtiee, we
will examine the release of the proteins cytochramend apoptosis-inducing factor in
the cytoplasm. Cells will be treated with or withaux 10° M Nal for 2, 4, 6 and 8
hours. Then, thyrocytes will be lysed and centefdigo separate the cytosolic and
mitochondrial fractions. The concentration of cytmme c in the cytosolic and
mitochondrial fractions will be estimated by an BRI kit while the presence of
apoptosis-inducing factor will be examined by Wastaot analysis. If our hypothesis is

correct, we expect increased concentrations ofocoriEoth proteins to be detected in the
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cytoplasm during the first 2-8 hours after iodideatment. The data will indicate the
involvement of mitochondria during early stagesafide-mediated apoptosis but they
will not answer whether the mitochondrial changes the cause or the effect of the

apoptotic cascade in iodide-treated thyrocytes.

Hypothesis #2: NOD.H? thyrocytes are highly susceptible to iodide-mextisdpoptosis

due to defective expression and/or function oftthascription factor Nrf-2.

The nuclear factor erythroid 2 (Nrf-2) is a bastgion-leucine zipper-type protein that
acts as the master regulator of genes involvedtiroxidant defense mechanisms (Uruno
et al. 2013). Under normal conditions, Nrf-2 tighthteracts with the adaptor protein
Keap-1 in the cytoplasm, facilitating ubiquitinatioand degradation of Nrf-2 by
proteasomes (Ma 2013). Under stress conditionstrefghiles or ROS can interact and
modify the cysteine residues of Keapl, leadingaofarmational changes in the Keapl-
Nrf-2 complex. These changes allow Nrf-2 to escapy#osolic degradation and
translocate to the nucleus where it induces theessppon of itself as well as of several
genes with anti-oxidant function or ROS metabol@®fia 2013). The Nrf-2 anti-oxidant
signaling pathway has been shown to have a critmal in the survival of mammary
epithelial cells (Gorrini et al. 2013) and prot@eancreaticB-cells from ROS-mediated

damage (Yagishita et al. 2014).

In Figure 4.4, the expression of 10 Nrf-2 regulated gertesd(l, Gpx2, 7, 4, Prx1, 2, 5,

Park7, Fthl and Ngol (Ma 2013) was significantly upregulated in CBAKyrocytes
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whereas only 2 Nrf-2 regulated gen&pk2, Ngo) had higher expression in NOD.}2
thyrocytes after iodide treatment. To examine waethere is a defect in the expression
levels of Nrf-2 in NOD.H2* mice, NOD.H2* and CBA/J primary thyrocytes will be
cultured for 9 days. On day 9, cells will be treatdth 4 x 10° M Nal or medium for 24
hours. Then, mRNA will be isolated from all grougpwd the expression levels of the Nrf-
2 will be analyzed by gPCR. If there is a defedhatexpression level, then we expect to
detect significantly higher levels of Nrf-2 mRNA mession in the CBA/J vs the
NOD.H2" thyrocytes after iodide treatment. Our findingslwiso be examined at the

protein level by Western blot analysis.

To examine whether there is a defect in the reguiadf the Nrf-2 protein, its interaction
with the protein Keap-1 will be examined under naknand stress conditions by
immunofluorescence staining. Thyrocytes from battaiss will be cultured with or
without 4 x 10° M Nal for 24 hours and then cells will be fixedaised with a FITC-
conjugated anti-Nrf-2, PE-conjugated anti-Keapl matd DAPI and they will be
analysed by immunofluorescence microscopy. If dgaulation of the Nrf-2 protein in the
iodide-treated NOD.H¥ group is defective then we expect to detect thefvoteins co-
localized in the cytoplasm whereas in the iodigatied CBA/J group the Keapl protein
will be in the cytoplasm and the Nrf-2 will havedpetranslocated to the nucleus. The
pitfall in this approach is that Nrf-2 may transdte to the nucleus in iodide-treated
NOD.H2™ thyrocytes but still have an impaired capacityegulate the transcription of

genes due to strain-specific polymorphisms in thie2Nprotein.
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Hypothesis #3Ex vivodetection of iodide-induced apoptosis of NOD'HRPyrocytes.

Previous studies in the NOD mouse have highlightet spontaneous apoptosis in
pancreatic sections has been difficult to dete@ tuthe rapid clearance of apoptotic
cells as well as their low frequency even at paales (4-13%) (Mathis et al. 2001). To
examine if in our model, administration of iodidekr diet could cause a significant
increase in the number of apoptotic thyrocytes withe gland to allow their detection,
we will perform the following experiment. Six togéit week old NOD.H¥ and CBA/J
mice will be placed on normal or 0.05% Nal contagnwater for 2-10 days and a kinetic
analysis of apoptosis on a daily basis will be genied using the NIR-FLIV®' 690.
FLIVO™ is a cell-permeable tracer that circulates throughthe body and binds
irreversibly to activated caspases. Apoptotic cedls be visualized using live animals in
a whole animal imager or thyroid glands can beatsal and cell suspensions analyzed by
fluorescence microscopy or flow cytometry to quigntine number of apoptotic cells. If
our hypothesis is correct, we expect to detecgmifsctant number of apoptotic thyrocytes
in glands from iodide-treated NOD.Pfanice compared to all control groups.

Pitfalls: The difference in the number of apoptotells between the iodide-fed and

control group may be small and not reach statissigaificance.
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Chapter 5

We have reported that the Tg peptide T4p2553nataral T cell target recognized at
early stages - before ISAT onset - in NODHghice. This observation as well as the
generation of the T4p2553-specific T-cell hybridoohane KC1 are quite advantageous
for further studies in the NOD.t2model. Cloning of the VJ and VDJ sequences of the
TCR of the KC1 hybridoma clone will allow us to atruct the KC1 TCR transgenic
mouse in the NOD.H? background. The existence of such a transgenicsenail help

us overcome the problem of the low frequency oBpeeific T cells and facilitate the
design of our experiments as in the NOD system lith BDC2.5 and 8.3 TCR

transgenic mice.

Our data have also shown that even though T4p2%&3datected on the surface of CLN
DC regardless of iodide ingestion, spontaneousliTacévation against the peptide was
recorded only in CLNC of mice receiving iodide-riciet. This observation made us
speculate that a high rate of iodide-induced amiptof thyrocytes (as described in
Chapter 4) inside the gland may have altered tHerdgenic function of DC to

immunogenic leading to T cell activation in the idinag lymph nodes. To shed more
light on the events triggered by iodide that lead tcell activation in CLN, we will test

the following hypotheses:
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Hypothesis #1: lodide-mediated apoptosis of thyviegyabrogates the tolerogenic

phenotypeof tissue-draining migratory DC.

The tissue-draining LN contain two groups of DCeTitN-resident DC - plasmacytoid,
CD8', CD8 DC- as well as the tissue draining migratory DCD103 and CD11b DC
that have migrated to the nodes from the drainssué (Miller et al. 2012). Recent
studies have shown that the tissue-draining, mogyaDC, have a crucial role in
peripheral tolerance induction through the actoranf Treg cells (Yamazaki et al. 2008,
Idoyaga et al. 2013). Interestingly, the molec@gnature of this DC subset - which is
not shared with LN-resident DC - has been idertifiy the Immunological Genome
Consortium (Miller et al. 2012). Under steady stategratory DC express immune
response-dampening molecules likgh8 (encoding TGH3-activating integrin38) and
Socs2(encoding a TLR-responsive molecule that reguldteselease of cytokines from
DCs) whereas under inflammatory conditions theyesgCxcl10, Ccl3, Cxcl9, 116, Il1b,

and ll1a(Miller et al. 2012).

To test hypothesis #1, we will follow an vitro and anin vivo approach. In thén vitro
experiment, NOD.H? thyrocytes will be cultured with titrating conceations of Nal
for 24 hours. During this incubation period, ceNdl become apoptotic as shown in
Chapter 4. Then, thyrocytes will be washed anducedt for 1, 2 and 3 days with
syngeneic migratory DCs (or resident DC as contqmsified from pooled LN (cervical,
brachial, axillary, inguinal) as described by (Millet al. 2012). Additional control

groups will include migratory or resident DC cu#dreither with medium alone (steady
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state DC) or with poly (I:C) (activated DC). Subsently, CD11¢ cells will be
recovered and their cDNA will be analyzed by remlet RT-PCR using appropriate
primers for the above-mentioned genes. If our Hyg&is is correct, we expect that
migratory DC incubated with apoptotic thyrocytedlweduce expression dfgh8 and
Socs2while they will increase expression of genes emgpthe inflammatory molecules

described above.

In thein vivo approach, six to eight week old NODHi2nice will be placed on Nal
containing water or normal water for 7-9 days at.a time point before the onset of
ISAT. Migratory DC and control resident DC from CCNwill be isolated and mRNA
will be used for Real-Time PCR analysis. CorrespomndCs from thyroid-non draining
LN (inguinal) will be used as controls. If our hypesis is correct, we expect that only
migratory DC from CLNC of mice on iodide-rich diefll have reduced expression of
Itgh8 andSocs2and increased expression of genes encoding tlaenimfatory molecules

described above.

Hypothesis #2: The migratory CD11DBC is the APC subset carrying the T4p2553 from

the thyroid to CLN.

Previous studies in the NOD mouse have suggestd ttell antigens are transported
from the pancreas to the pancreatic LN by DC befioselitis onset. Interestingly, the
relevant DC subset was characterized as CiR&16CD8« (Turley et al. 2003). In

our system, the majority of intrathyroidal DC haveeen characterized as
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CD11&"CD115CD8« cells (Klein, Wang 2004). To examine whether A8 subset
carries the T4p2553 peptide from the thyroid to @eN, migratory CD103 migratory
CD110, resident CD&", CD8x DC subsets will be purified from the CLN of 6-8 ake
old NOD.H2" mice. These subsets of DC will be cultured for Iurs with the
T4p2553-specific KC1 T cell hybridoma without admlit of exogenous T4p2553.
Activation of the hybridoma will be assessed byith@ production in a CTLL assafx
vivo obtained migratory and resident DC subsets frgmott-non draining (inguinal) LN
will be used as additional controls. In some cel$yexogenous p2495 will also be added
as positive control. If our hypothesis is corragg expect to detect significant T cell
activation only in the presence of migratory CD1tell from CLN. These data will
indicate that this subset only expresses the T4p25%logenously on its surface. These
data would also imply that this is the DC subsatsporting the peptide from the thyroid
to CLN. The pitfall in this design is that if T4p25 is transferred via the lymph to the

CLN and not by a specific DC subset then it shdadgresent in resident DC as well.

Hypothesis #3: Tolerogenic semimature DC pulsetl Wtp2553 can suppress ISAT

Previous studies from our laboratory have shownttiiarogenic semimature DC pulsed
with Tg can activate CO£ED25 Treg cells and suppress EAT (Verginis et al. 2005)
Studies with  NOD mice have shown that tolerogeni€, Dpresenting a single

autoantigenic peptide (mimotope), can activate TIBR5 Treg cells and suppress

autoimmune diabetes (Tarbell et al. 2004). To eramvhether tolerogenic DC pulsed
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with only one Tg epitope, the T4p2553, can suppi8#€l via activation of Treg in

NOD.HZ2" mice, the following experimental design will belésted.

NOD.H2"™ bone marrow cells will be cultured for 9 daystie presence of GM-CSF and
TNF-a (40 ng/ml) or LPS (lug/ml) or medium will be added for an additional I#gurs
of culture. Non adherent cells will be examined BE generation based on CD11c
expression, and they will be monitored for phenmtypxpression of MHC class I,
CD80, CD86, and CD40 molecules. Sandwich ELISA i@ Bulture supernatants will
test for the levels of IL-12, IL{3, and IL-6 secretion. TNE-treated DC would be
expected to acquire a semi-mature phenotype hiceeased expression of MHC class I,
CD80, CD86, and CD40 molecules compared to DC geée@ronly with GM-CSF as

well as low levels of IL-12, IL-f8, and IL-6 secretion compared to LPS-treated DC.

To assay the tolerogenic function of TRreated DC in vivo, DC will be pulsed with
T4p2553, intact Tg or ovalbumin (antigen control) & hours, treated with TNé&-for 24
hours, and then adoptively transferred i.v. intive®-8 wk old NOD.H2* mice in three
injections (days 0, 2 and 4, 3®1¢ells/mouse). On day 0, mice (n= 10) will be pthoa
Nal/H,0 for 28 days to develop ISAT while a control growjll be placed on normal
diet. Additional controls will be CBA/J mice thataeive T4p2553-pulsed tolerogenic
DC to suppress T4p2553-induced or Tg-induced EAST peeviously (Verginis et al.

2005). If TNFa-treated, semi-mature Tg-pulsed or T4p2553-puls€ll thrn out to
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suppress ISAT in NOD.H?2 mice, this will support the view that Tg-specifind/or

T4p2553-specific Treg cells exist in this strain @an be expanded by this protocol.

To seek evidence that CB@D25 T cellsfrom mice injected with Tg- or T4p2553-
pulsed DC have the characteristics of the Tregstaiket, the expression levels of CD25,
CD62L, Foxp3 and glucocorticoid-induced TNF rece@ITR) in CD4CD25 and
CD4'CD25 T cells will be examined by flow cytometry. Treglldunction will be tested
by mixing experiment# vivo or in vitro. The induced CDL D25 Foxp3 cells will be
purified by flow cytometry and their putative supgsive function will be testad vitro
as described (Yamazaki et al. 2008). CFSE-labetiedonder CD4CD25 T cells from
WT NOD.HZ™ mice will be stimulated with anti-CD3 mAb and spieAPCs. In these
wells, titrated numbers of Treg cells — purifiedrfr mice injected with Tg, T4p2553 or
ova pulsed DC - will be added and 3 days later, E&tBution will be analyzed by flow
cytometry. Evidence of suppressive functiorvitro will prompt the design of adoptive
transfer experiments to ascertain whether this pagmulation from Tg- and/or T4p2553-
pulsed DC can prevent ISAT development. To this &M CD25 Foxp3 cells will be
purified from mice injected with Tg, T4p2553 or O\pAllsed DC. Treg cells or PBS will
be transferred to naive recipients and one day matee will start receiving iodide-rich
diet for 28 days. Thyroids will be removed at thmel ef this 28 day period. Additional
control groups will include mice that will receil@eg cells from all groups but they will

be administered normal water for 28 days.
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Hypothesis #4: Spontaneous T cell activation adaitier Tg epitopes can be detected in

CLN during the initial stages of ISAT.

Previous studies in EAT have identified severahpgenic A-binding Tg peptides in
CBA/J mice. To examine whether these peptides 1I#p I-p179, [-p304, 1-p1931, I-
p2529, 1-p2540 and their non-iodinated analogs @arayanniotis 2006, Li et al. 2007)
as well as the peptides p306, p1579, p1826, p2Ai?p2596 (Verginis et al. 2002) - are
recognized by CD4CLNC after Nal admininistration in NOD.¥2mice, the following
experiment will be performed. CD4ells will be purified from CLN and splenocytes 7,
11 and 15 days after initiation of the iodide-ridiet and their proliferative responses
against the peptide panel described above willelsgetl. Splenic CD11ccells will be
used as APC. CD4cells from CLN and splenocytes of mice on a norwaider diet will
be used as controls. If our hypothesis is correet, expect to detect significant

proliferative responses against other Tg epitopdgia CLN of iodide treated mice.

Chapter 6

We examined whether HSD exacerbates autoimmuneitliys using three animal

models of the disease. Our data showed that thasene significant difference in the
incidence and severity of thyroiditis between angman high salt and normal diet as
previously shown in the EAE model (Wu et al. 20K&inewietfeld et al. 2013). This

study however, raised the question of whether Tbdlls have a pathogenic role in
thyroiditis, a concept that has not been studiettrestvely before. To examine this

concept, we will make use of a TCR transgenic SXuse model specific for the
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pathogenic Tg peptide p2495 (LINRAKAVK) (a.a. 249503) that was generated in our
laboratory. The p2495-specific TCR was obtainedmfrethe A-restricted T cell
hybridoma clone 9.13 which secretes IL-2 upon djgeactivation with p2495. The VJ
and VDJ sequences of the 9.13 TCR were cloned acminjected into fertilized (B6 x
SJL) F1 oocytes. Successful production of a feftilexder was followed by backcrossing
to SJL for 10 generations and subsequent brotstgrsmating. 9.13 TcR transgene-
positive mice were further crossed with SJL Ramice (kindly provided by Dr. V.
Kuchroo), and via selective breeding, 9TI3R-positive Rag progeny 9.13 T/R) mice

were obtained. The 9.13 T/Rvill be used as donors of naive T cells.

Hypothesis #1: p2495-specific Th17 cells are togenic in SJL mice.

Previous studies have shown that EAT and SAT ardiatedl by Thl cells (Yu et al.
2002, Stafford, Rose 2000). In the ISAT model hosveit was reported that IFi}Nand
IL-17 mRNA were detected in thyroidal lymphocytdilinates of WT NOD.H2* mice.
Also, IL-17"- NOD.HZ2" mice were reported to have reduced ISAT symptdtusié et

al. 2009). To examine whether Th1l7 cells are pahmgin autoimmune thyroiditis,
CD4" T cells from 9.13 T/R mice will be purified from spleen and LN and wile
further sorted as naive CD&D25 CD62L" CD44° T cells. These naive cells will be
cultured in the presence of anti-CD3/CD28 microlsefmt 4 days under Th1l7 or Thl
skewing conditions. The Th17 skewing conditions ldanclude addition of IL-23 alone
(McGeachy et al. 2007) or IL-23 +IL-6 +IB1(Lee et al. 2012, Singh et al. 2013) in the

wells to generate highly pathogenic Thl7 cells adl ws IL-23 + IL-6 +TGF31
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(Ghoreschi et al. 2010) to generate the classitdl7Tcells. The Thl conditions will

include addition of IL-12 and anti-IL-4 Ab.

After the 4-day culture, mRNA will be purified anlde expression levels ¢f17a, IlI-
171, Ifn-g, 1I-21, 1I-22, 1I-23r, 1I-4, 1I-10, Tbx® (encodes T-betRorc (encodes ROR),
Csf2 (encodes GM-CSF)}oxp3 and Gata3 will be analyzed by gPCR to confirm the
differentiation towards the Th17 or Thl lineages@lthe presence of IL-17, GM-CSF,
IL-22, IFN-y, IL-4 and IL-10 at the protein level will be vaetl by intracellular cytokine
staining. Once we have confirmed ftinevitro differentiation towards the Th17 lineage,
cells will be adoptively transferred i.v. to WT SJ&cipient mice and EAT will be
examined 2-3 weeks later. As positive control, migéreceive similarly treated T cells
skewed towards the Thl lineage i.v. If our hypohés correct, we expect that at least
one group ofin vitro Th17 differentiated cells will be thyroidogenic 8LJ mice. A
pitfall in this approach is that Th17 may converilhl cellsin vivodue to plasticity. To
examine this possibility, thyroidal T cell infilties will be stained, gated on CD¥b4"
cells, a subset expected to be enriched with 9.X2IE, and analyzed by intracellular

cytokine staining for IL-17 and IFN-production.
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In summary, our studies on the immunoregulatioautbimmune thyroiditis examined:

1) The immunopathogenicity and/or immunodominaoicputative A-binding epitopes
located close to possible cathepsin B, D and Lvelga sites in mTg. Two new
immunopathogenic but cryptic Tg peptides, p2369 aAd39 were identified. This
increased the number of known pathogenic Tg epstape27 and we proposed possible
explanations for the inability to find a dominamitepe in Tg; 2) The effect of iodide on
the apoptosis of NOD.I—W?thyrocytes. Our data showed high susceptibilitj)xlﬁ)‘D.HZ“4

vs CBA/J thyrocytes to iodide-induced apoptosisolvhwas associated with an impaired
control of oxidative stress mechanisms in the iedigated NOD.H? group. These
results suggested that iodide-mediated apoptosiN@D.HZ™ thyrocytes may be the
trigger of ISAT onset in this strain; 3) The eff@ftiodide on the spontaneous activation
of thyroid-antigen specific T cells in iodide-fedimals. Activated T4p2553-specific T
cells were detected in CLN of NOD.M2mice before ISAT onset as well as in
intrathyroidal infiltrates. Our work identified fahe first time a Tg epitope, T4p2553, as
a spontaneous T cell target in ISAT providing opyioities for the construction of a TCR
transgenic system in this strain; 4) The role ghhsalt diet in autoimmune thyroiditis
development. Mice on a high salt diet did not depedignificantly higher levels of the
disease compared to mice on normal diet using tmegels of thyroiditis. These data
suggested that high salt diet is not a risk fadtmr autoimmune thyroiditis and

autoimmune diseases in general.
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Appendix 1. Gene expression profile of apoptosis-related gemislide-treated NOD.H2 and CBA/J

thyrocytes.
RefSeq Symbol Description Fold change (+ Nal /- Nal)
CBA/J NOD.H2"
NM_00959:« Abll C-Abl oncogene 1, nc-receptor tyrosine kina -2.07 -1.47
NM_01201¢ Aifm1 Apoptosi-inducing factor, mitochondric-associated 1.49 1.07
NM_00965: Aktl Thymoma viral prot-oncogene -1.69 -1.70
NM_009673 Anxab Annexin A5 -1.18 1.23
NM_009684 Apafl Apoptotic peptidase activating ¢aict -1.82 -1.29
NM_00746t¢ Api5 Apoptosis inhibitor -1.38 -1.04
NM_03069: Atf5 Activating transcription factor -2.26 -1.84
NM_00752: Bac BCL2-associated agonist of cell de 1.18 1.10
NM_009736 Bagl Bcl2-associated athanogene 1 1.18 -1.01
NM_01386: Bag: Bcl2-associated athanogen -1.11 -1.16
NM_00752: Bak1 BCL2-antagonist/killer -1.33 -1.14
NM_007527 Bax Bcl2-associated X protein -1.28 1.03
NM_00974( Bcll0 B-cell leukemia/lynphoma 1! -1.55 -1.18
NM_00974: Bcl2 B-cell leukemia/lymphoma -1.57 1.72
NM_00974. Bcl2als B-cell leukemia/lymphoma 2 related protein , -1.29 2 1.12
NM_009743 Bcl2I11 Bcl2-like 1 -1.61 -1.20
NM_013479 Bcl2110 Bcl2-like 10 -2.15 -1.51
NM_00975« Bcl2l11 BCL2-like 11 (apoptosis facilitatc -1.37 1.15
NM_00753° Bcl2I2 Bcl2-like 2 -1.73 -1.38
NM_00754- Bid BH3 interacting domain death agol -1.49 1.31
NM_007465 Birc2 Baculoviral IAP repeat-containing 2 -1.39 1.27
NM_00746« Birc3 Baculoviral IAPrepea-containing : -1.46 1.47
NM_00968¢ Birc5 Baculoviral IAP repei-containing ! 1.43 1.36
NM_016787 Bnip2 BCL2/adenovirus E1B interactingtpiho 2 -1.27 -1.03
NM_00976( Bnip3 BCL2/adenovirus E1B interacting protei -1.16 1.27
NM_00976: Bnip3l BCL2/adenovirus E1B interacting protei-like -1.38 1.15
NM_01677¢ Bok BCL2-related ovarian killer prote -4.06 -527.93
NM_130859 Card10 Caspase recruitment domain famigmber 10 -3.80 -1.07
NM_009807 Caspl Caspase 1 -1.50 -1.16
NM_00980¢ Caspl. Casjase 1 -1.29 1.05
NM_00980¢ Caspl- Caspase 1 1.69 -2.19°
NM_00761( Casp: Caspase -1.18 -1.08
NM_009810 Casp3 Caspase 3 -1.55 -1.21
NM_00760¢ Casp: Caspase 4, apoptc-related cysteine peptid: -1.23 1.27
NM_00981: Casp! Caspase -1.20 1.33
NM_007611 Casp7 Caspase 7 -1.22 1.03
NM_00981. Casp:i Caspase -1.33 1.45
NM_01573: Casp! Caspase -2.47 1.01
NM_01161: Cd4ac CD40 antige 1.12 1.99
NM_011616 Cd40Ig CD40 ligand -3.68° -1.92°¢
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NM_01161"
NM_009805

NM_007702
NM_009894

NM_009950

NM_01001
NM_02965:
NM_010044
NM_00785¢
NM_02323:
NM_010175
NM_00798"
NM_01017"
NM_00783¢
NM_010513
NM_010548
NM_01071:
NM_01073¢
NM_01194¢
NM_008562
NM_00867(
NM_01087:

NM_008689

NM_080637
NM_17272¢
NM_030152

NM_01113(
NM_011563
NM_023258
NM_00906
NM_01369:
NM_020275

NM_008764

NM_011609
NM_009425
NM_01161-
NM_00942:
NM_00942:
NM_011632
NM_01164(
NM_173578

Cd7c CD70 antige
Cflar CASP8 and FADD-like apoptosis redor
. Cell deatl-inducing DNA fragmentation factor, alp!
Cidea s
subunit-like effector A
. Cell deatlinducing DNA fragmentation factor, alpl
Cideb o
subunit-like effector B
CASP2 and RIPK1 domain containing adaptor with ful
Cradd :
domain
Dad1 Defender against cell deat
Dapk1 Death associated protein kinas
Dffa DNA fragmentation factor, alpha snibu
Dffb DNA fragmentation factor, beta subt
DiAblo Diablo homolog (Drosophil
Fadd Fas (TNFRSF6)-associated via demttauh

Fas Fas (TNF recepr superfamily member

Fas Fas ligand (TNF superfamily, membe
Gadd45 Growth arrest and DN-damag-inducible 45 alph
Igflr Insulin-like growth factor | recept
1110 Interleukin 10
Lhx4 LIM homeobox protein
Ltbr Lymphotoxin B receptt
Mapk1 Mitoger-activated protein kinase
Mcll Myeloid cell leukemia sequence 1
Naipl NLR family, apoptosis inhibitory proteir
Naipz NLR family, apoptosis inhibitory proteir
Nuclear factor of kappa light polypeptide gene emiea in
Nfkb1l
B-cells 1, p105
Non-metastatic cells 5, protein expressed in (nucle-
Nme5 . .
diphosphate kinase)
Nod1 Nucleotide-binding oligomerization domain containin
Nucleolar protein 3 (apoptosis repror with CARD
Nol3 :
domain)
Polt Polymerase (DNA directed), b
Prdx2 Peroxiredoxin 2
Pycard PYD and CARD domain containing
Ripk1 Receptor (TNFRSI-interacting serir-threoninekinase .
Tnf Tumor necrosis fact
TnfrsflOb ~ Tumor necrosis factor receptgrerfamily, member 10b
Tnfrsfilb Tumor necrosis factor receptor sgperfamily, menitidr
(osteoprotegerin)
Tnfrsfla Tumor necrosis factor receptgresfamily, member la
Tnfsf10 Tumor necrosis factor (ligand)esdamily, member 10
Tnfsflz Tumor necrosis factor (ligand) superfamily, memh#
Trafl Tnf recepto-associated factor
Traf2 Tnf recepto-associated factor
Traf3 Tnf receptor-associated factor 3
Trp52 Transformation related protein
Trp53bp: Transformation related protein 53 binding prote

-1.58°
-1.68

1.19
1.07

-1.43

1.31
-1.69
-1.74
-2.13
-1.03
-1.81
-1.61
-1.44°
-1.57
-1.74
-2.67
-3.68°¢
-1.94
-1.35
-1.83
-17.00 °
1.27

-1.55

-1.43
-1.22
1.19

-1.16
1.08
1.02

-2.11
1.23

-1.59

-1.76

-1.34
2.36
-1.22
1.34
-1.43
-1.63
-1.26
-1.51

-1.18
-1.25

1.76
1.19

1.24

1.41
-1.00
-1.07

1.61

1.16
-1.08

1.09
-1.92°¢

1.09
-1.17
-1.83
-3.48
-1.27

1.03
-1.46
-1.67

1.02

1.02

1.79
-1.08
1.04

1.02
1.20
1.31
-1.09
-1.18
1.14

-1.26

-1.24
1.22
1.08
1.10
1.18

-1.20
1.12
1.04
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NM_01164: Trp62 Transformation related protein -1.62

NM_011642 Trp73 Transformation related protein 73 -2.10°
NM_00968¢ Xiap X-linked inhibitor of apoptos -1.62
NM_00739: Actb Actin, bet: -1.22
NM_00973! B2m Bete-2 microglobulir 1.56
NM_008084 Gapdh Glyceraldehyde-3-phosphate dehpdhiase 1.03
NM_01036¢ Gust Glucuronidase, be -1.14
NM_00830: Hsp9(Abl Heat shock protein 90 alp (cytosolic), class B membe -1.15

1.57
1.06
-1.16
-1.36
1.41
-1.33
1.12
1.14

For certain indicated genes expression analysisneasnade possible due to: (a) nonspecific

amplification of the product as indicated by thdtmg curve analysis; (b) a high threshold cycle

(30-35 cycles) in both control and test samplest @) an undetermined threshold cycle i.e.

greater than the defined cutoff (35 cycles) in bmmhtrol and test samples.
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Appendix 2. Gene expression profile of oxidative stress-relggues in Nal-treated NOD.Ff2

and CBA/J thyrocytes.

Fold change
RefSeq Symbol Description (+ Nal /- Nal)
CBA/J  NOD.H2"™
NM_00965- Alb Albumin -2.43° -3.31°
NM_02871" Als2 Amyotrophic lateral sclerosis 2 (juvenile) homo
-1.42 -1.19
(human)
NM_00967¢ Aox1 Aldehyde oxdase -1.34 1.37
NM_00746: Apc Adenomatosis polyposis ¢ 1.04 1.02
NM_00969¢ Apoe Apolipoprotein E 1.80 1.34
NM_01986:¢ Atr Ataxia telangiectasia and rad3 rele 1.09 1.24
NM_ 00980« Ca Catalas 1.42 1.14
NM_01365: Cclt Chemokine (-C motif) liganc5 2.26 1.17
NM_01689: Ccs Copper chaperone for superoxide dismt 1.38 -1.18
NM_00779¢ Ctst Cathepsin | 1.23 -1.27
NM_00780¢ Cybe Cytochrome -245, alpha polypeptic 1.29 1.08
NM_03020¢ Cygk Cytoglobir 1.47 -2.19
NM_00103952 Dnmz Dynamin : -1.01 -1.82
NM_00109929 Duox1 Dual oxidase 1.48 -1.17
NM_15306¢ Ehdz EH-domain containing 1.28 -1.77
NM_00794¢ Epx Eosinophil peroxida: -1.91° -1.07°
NM_00794¢ Erccz Excision repair cro-complementing rodent reps
.. . -1.11 -1.60
deficiency, complementation group 2
NM_00108122 Ercct Excision repair cro-complementing rodent reps
.. . 1.25 -1.18
deficiency, complementation group 6
NM_00798! Fanc Fanconi anemia, complementation grot -1.09 -1.20
NM_01888: Fmoz Flavin containing monooxygenas 2.07 -1.13
NM_01023¢ Fthi Ferritin heavy chain 2.05 -1.02
NM_01029! Gclc Glutamat-cysteine ligase, catalytic subt 1.47 1.22
NM_00812¢ Gclm Glutamat+-cysteine ligase, modifier subu 1.69 1.28
NM_00816( Gpx1 Glutathione peroxidase 1.76 -1.07
NM_03067" Gpxz Glutathione peroxidase 3.14 2.55
NM_00816: Gpxa Glutathione peroxidase 1.64 -1.56
NM_00816: Gpx4 Glutathione peroxidase 2.03 -1.04
NM_01034: GpxE Glutathione peroxidase -1.07° 2.34°
NM_14545: Gpx€ Glutathione peroxidasé 1.74° 2.57°
NM_02419¢ Gpx7 Glutathione peroxidase 2.64 -1.04
NM_01034- Gsl Glutathione reducta 1.69 -1.06
NM_00818( Gs: Glutathione syntheta 1.48 -1.05
NM_02955! Gstk1 Glutathione -transferase kapps 1.72 1.12
NM_01354: Gstp! Glutahione ¢transferase, pi 1.81 1.08
NM_01044: Hmox1 Heme oxygenase (decycling 1.99 1.20
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NM_01047
NM_01049°
NM_02629

NM_00100994
NM_01697:
NM_00847:
NM_08042(
NM_01359:
NM_01082:
NM_01087¢
NM_01087"
NM_02241
NM_01092’
NM_17220:
NM_01576(
NM_17220:
NM_ 02798
NM_00870
NM_02056¢
NM_01103¢
NM_01156:
NM_00745:
NM_01676:
NM_01202:
NM_00745:
NM_01117(
NM_01118
NM_00896¢
NM_01119¢
NM_00902(
NM_05821
NM_00912’
NM_17305:

NM_ 13408k
NM_01143:
NM_01367:
NM_01143
NM_01101¢
NM_ 02968
NM_00941°
NM_01166(
NM_02371¢
NM_01576:
NM_01371:
NM_15316:
NM_01167:

Hspal.
Idh1
Ift172
1119
122
Krtl
Lpo
Mb
Mpo
Ncfl
Ncf2
Ngh
Nos:
Nox1
Nox4
Noxal
Noxo1l
Ngol
Parki
Prdx1
Prdxz
Prdx:
Prdx
PrdxEt
Prdxe
Prng
Psmb!
Ptgs:
Ptgs:
Rag:
Recql¢
Scd:
Serpinbll

Slc38a:
Sod!
Sod:
Sod:

Sgstm:
Srxnl
Tpao
Txnl

Txnip

Txnrd]

Txnrdz

Txnrdz
Ucpz

Heat shock protein 1
Isocitrate dehydrogenase 1 (NADP+), sol
Intraflagellar transport72 homolog (Chlamydomon:
Interleukin 1¢
Interleukin 2:
Keratin 1
Lactoperoxidas
Myoglobin
Myeloperoxidas
Neutrophil cytosolic factor
Neutrophil cytosolic factor
Neuroglobit
Nitric oxide synthase 2, ilucible
NADPH oxidase
NADPH oxidase
NADPH oxidase activator
NADPH oxidase organizel
NAD(P)H dehydrogenase, quinon
Parkinson disease (autosomal recessive, early)of
Peroxiredoxin
Peroxiredoxin
Peroxiredoxin
Peroxiredoxin
Peroxiredoxin
Peroxiredoxin
Prion proteil
Proteasome (prosome, macropain) subunit, betas
Prostaglandi-endoperoxide synthas:
Prostaglandi-endoperoxide synthas:
Recombination activating gen
RecQ protei-like 4
Stearoy-Coenzyme A desaturas
Serine (or cysteine) peptidase inhibitor, clad:
member 1b
Solute carrier family 38, membe
Superoxide dismutase 1, solu
Superoxide dismutase 2, mitochonc
Superoxide dismutase 3, extracell
Sequestosome
Sulfiredoxin 1 homolog (S. cerevisii
Thyroid peroxidas
Thioredoxin :

Thioredoxin interacting prote
Thioredoxin reductase
Thioredoxin reductase
Thioredoxin reductase

Uncoupling protein 2 (mitochondrial, proton cary

1.96
1.86
1.03
-1.03"
2.16°
1.09°?
1.02°
2.01
3.20
1.28
2.96
1.38
-1.05°2
2.30°
1.92
411°
1.42
2.89
2.49
2.97
2.43
1.82
1.91
2.27
1.91
1.48
2.18
1.42
1.37
1.08
1.53
1.92

2.87

1.19
3.57
1.38
1.20
1.18
1.22
5.77
2.13
2.62
1.63
1.93
1.41
2.01

1.02
1.05
-1.33
1.02°
-1.22
-3.64
2.57°
-1.49
-1.40
-1.77
-1.03
-1.94
-5.40°
1.26 °
-1.54
2.97°
2.09
2.37
-1.03
1.12
-1.03
1.02
-1.16
-1.03
-1.17
-1.21
1.04
-1.31
-1.30
1.91
-1.55
-1.12

1.08

-1.39
1.02
-1.35
-1.56
1.20
1.04
1.65
1.40
1.40
-1.26
-1.09
-1.21
-1.24
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NM_00946- Ucps Uncoupling protein 3 (mitochondrial, proton car) 2.15 -1.67

NM_01170: Vim Vimentin 1.88 -1.21
NM_01172¢ Xpa Xeroderma pigmntosum, complementation grouj 1.51 -1.00
NM_00739: Actb Actin, bet: -1.10 -1.36
NM_00973! B2m Bete-2 microglobulir -1.19 1.31
NM_00808:« Gapdt Glyceraldehyd-3-phosphate dehydrogen 1.27 -1.16
NM_01036¢ Gust Glucuronidase, be 1.03 1.21

NM_00830: Hsp90ab Heat shock protein 90 alpha (cytosolic), class Bniver 1.00 1.00
1 : :

For certain indicated genes expression analysisvabsiade possible due to: (a) nonspecific
amplification of the product as indicated by thdting curve analysis; (b) a high threshold cycle
(30-35 cycles) in both control and test samplesd; (@han undetermined threshold cycle i.e.

greater than the defined cutoff (35 cycles) in bmmhtrol and test samples.
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