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1. SUMMARY

The site of type D (chondroitin 6-sulfate) oligosharide unit addition to human
thyroglobulin (hTg) was localized. Furthermore, hBgd its fractions endowed with
chondroitin 6-sulfate oligosaccaride units (hTg-C&)d devoid of it (hTg-Cy were
compared, with respect to their ability to indueperimental autoimmune thyroiditis (EAT)

in CBA/JH-2) mice, by subcutaneous administration, in theges of complete adjuvant.

HTg was chromatographically separated into hTg-@8 laTg-CS molecules, on the
base of their uronic acid content. In an ample nemdf hTg preparations, the fraction of
hTg-CS in total hTg ranged from 32.0 to 71.6 petc®&y exploiting the electrophoretic
mobility shift and metachromasia conferred by chotid-6-sulfate upon the products of
limited proteolysis of hTg, chondroitin 6-sulfateasvfirst restricted to a carboxy-terminal
region, starting at residue 2513. A single chortdrd-sulfate-containing nonapeptide was
isolated in pure form from the products of digestad hTg with endoproteinase Glu-C, and
its sequence was determined as being LTAGXGLREdues 2725-2733, X being Ser2729
linked to the oligosaccharide chain). In @nvitro assay of enzymatic iodination, hTg-CS
produced higher vyields of 3,55 -triiodothyronineT3j (171%) and 3,5,3',5-
tetraiodothyronine (T4) (134%), than hTg-C8nfractionated hTg behaved as hTg-CS. Thus,
chondroitin 6-sulfate addition to a subset of hTgleoules enhanced the overall level of T4
and, particularly, T3 formation. Furthermore, ti®iedroitin 6-sulfate oligosaccharide unit of
hTg-CS protected peptide bond Gly2713-Lys2714 frproteolysis, during the limited

digestion of hTg-CS with trypsin.

Although immunization with all forms of hTg was acepanied by thyroid cell damage,
as judged from the increase of T4 in blood, a higlegree of mononuclear infiltration of the

thyroid was associated with unfractionated hTgcamparison both with hTg-CS and with



hTg-CS. Thus, it appears that both hTg subfractions dmutied to the immunopathogenic
potency of unfractionated hTg, as neither one mdyred fully the histological picture
associated with the latter. Significant differeneesre observed also upon restimulatian
vitro of splenic lymphocytes obtained from mice immudize vivo with the different forms
of hTg. Restimulationn vitro with hTg-CS of splenocytes from mice immunizedhwihe
same antigen was followed by low-level, dose-depangroliferation and IFN-production,
whereas cross-stimulation with hTg-G8 the same cells was followed by proliferatived an
secretory responses of even lower degree. On teg band, restimulatiom vitro with hTg-
CS of splenocytes primenh vivo with the same antigen was followed by higher-ledelse-
dependent increases of IRNproduction, accompanied by proliferative responsesow
degree and inversely related with the antigen dadde cross-stimulation with hTg-CS of
the same cells was followed by dose-dependentasess both of proliferation and IRN-
production, of the highest level observed in thigdg. Similar results were obtained when
splenocytes, primenh vivo with hTg-CS, were restimulated with purified glycopeptide hTg-
CSgp, containing the chondroitin 6-sulfate unitf bat with its non-glycosylated, synthetic
homologue. These data indicate that hTg-@8s more effective than hTg-CS in priming
autoreactive T lymphocytes, recognizing thyroidéog epitopes shared between murine and
human Tg, whereas hTg-CS was a stronger inducerabferation of antigen-sensitized T
cells. Moreover, different molecular signals, irthg structural determinant(s) associated
with the chondroitin 6-sulfate chain, were requjredaddition to epitope recognition, for the

activation of T cell proliferation, together witkN-y production.

These findings provide insights into the molecutaechanism of regulation of the
hormonogenic efficiency and of the T4/T3 ratio ifghand may bear important implications
in the processing and presentation of hTg as anaatigen, and in the mechanisms of

activation of Th-1-mediated and cytotoxic lymphacyesponses involved in EAT.



2. INTRODUCTION

2.1. Generalities on autoimmune thyroid disease (AD)

Autoimmune thyroid disease (AITD) is quite commarfifecting 2% of females and
0.2% of males (Jacobson et al., 1997). Chronicismmaine thyroiditis is the most frequent
cause of acquired hypothyroidism with goitre iniredsufficient areas. It may present with or
without goitre, and may progress from euthyroidisim rarely, hyperthyroidism, to
hypothyroidism with goitre (Hashimoto’s thyroiditi$iT) or atrophic thyroiditis (primary
mixoedema). Graves’ disease (GD) is characterizedditre and thyrotoxicosis, although
hypothyroidism can develop in the course of theeakg. Infiltrative ophthalmopathy and
dermopathy are associated in 50 and 10% of casspectively. Both conditions are
characterized by thyroid infiltration with T lympbytes, proliferative responses of T
lymphocytes against thyroid autoantigensvitro, and production of autoantibodies against
human thyroglobulin (hTg), thyroperoxidase (hTPQ@pd thyroid-stimulating hormone

receptor.

2.2. Genetic factors in AITD

AITD develops as a result of complex interactiorstwieen multiple susceptibility
genes, and environmental and endogenous factorst(ide et al., 2003). Epidemiological
evidences for a genetic predisposition include fahglustering, and the higher prevalence in

females and concordance rate in monozygotic vetmygjotic twins (Brix et al., 2000; Brix



et al.,, 2001). Family-based studies indicated thkabe of GD to HLA genes (extended
haplotype DRB1*0304-DQB1*02-DQA1*05Q1region 6p21) (Heward et al., 1998) and
CTLA-4 (2933), (Vaydia et al., 1999) confirming kar associations. The role played by
polymorphicHLA-DR andHLA-DQ genes in the development of autoimmune thyroiditis
response to hTg was demonstrated in murine EATintogducing the permissive transgenes
HLA-DRA /DRB1*030XDR3) andDQA1*0301/DQB1*0302DQ9) into class II-deficienH-
2AB mice (Wan et al., 2002). Microsatellite-based, lehgenome linkage studies indicated
additional susceptibility loci, such &8TD-1 (6p),hTg (8q), and region 10q for HT and GD,
loci GD-1 (14q),GD-2 (20q) and region 7q for GD, and locd3-2 (12q) for HT (Tomer et
al., 2003). The association and linkage of lfig gene with AITD was confirmed by direct
analysis of chromosomal region 8924 (Tomer et28lQ2). Thus, some AITD susceptibility
genes may be immune-modifying genes, which increthge general susceptibility to
autoimmunity (e.g. HLA, CTLA-4), while others may bhyroid-specific (e.ghTg (Tomer

et al., 2002).

2.3. Experimental autoimmune thyroiditis (EAT)

Experimental autoimmune thyroiditis (EAT), a moaé¢lHashimoto’s thyroiditis, can
be induced in mice witthaplotypeH-2° andH-2* by immunization with mouse Tg (mTg) or
human Tg (hTg) in complete Freund’s adjuvant (CBAJipolysaccharidéRose et al., 1971).
EAT is characterized by infiltration of thyroid bywononuclear cells, production of specific
antibody andn vitro cell proliferative responses against Tg. EAT 1B eell-mediated disease
that can be transferred from mice with immunizedgnid syngeneic hosts, by injecting mTg-
specific T-cell clones and cytotoxic T lymphocyt€P4+ cells play a dominant role in EAT

(Flynn et al., 1989). The analysis of the T celkkegtor \3 gene repertoire of thyroid-



infiltrating T cells, after immunization with Tg @doptive transfer of mTg-primed T cells,
showed the clonal expansion o33+ T cells (Matsuoka et al., 1994; Nakashima et al
1996). Also the characterization of mTg-primed TIlsce expanded in vitro with
staphylococcal enterotoxin A, demonstrated the lireraent of \13+ and \B1+ T cells in
subsequent thyroiditis transfer (Wan et al., 2001helper type-1 responses are crucial for
thyroiditis development, as underscored by the inepgainduction of EAT in interleukin-12-
deficient C57BL/6 mice (Zaccone et al., 1999) bBgdhe association between tiféN- )y gene
deletion and the marked reduction of anti-mTg Ig&id IgG2b production, and thyroid
infiltration with T, B and plasma cells in spontane autoimmune thyroiditis (SAT) (Yu et
al., 2002). Anti-Tg antibodies may also contribtdghe pathogenesis of murine autoimmune
thyroiditis. A selective correlation was found beem the activity of EAT and the levels of
anti-idiotypic antibodies to a mAb (3B8G), recogng a thyroiditogenic tryptic fragment of
pTg (Tange et al., 1990). Moreover, some murine mi&ilitated the internalization of mTg
by a murine B-cell hybridoma in vitro, and eitheppressed or enhanced the presentation of
the non-dominant pathogenic epitope 2549-2560 ¢bai., 1999). In NOD-H-Z mice, the
levels of mTg-specific IgG1 and IgG2b autoantibedmoduced correlated closely with the
severity of SAT (Braley-Mullen et al., 1999). Mokew, B cell-deficient NOD-H-% mice
developed minimal SAT, and B cell function could e replaced by anti-mTg antibodies

(Braley-Mullen et al., 2000).

2.4. Genetic regulation of susceptibility to EAT

The development of EAT is under the influence o kholecules of murine major
hystocompatibility complex (Vladutiu, 1989; Beisal al., 1992). High susceptibility strains

include C3HH-2) and SJLA-29), while BALB/C(H-2%) and B10H-2°) are relatively



resistant. Non-obese diabetic mice (NGBR®"), a strain susceptible to diabetes, are also
prone to develop SAT, even though at a very lowe maith aging (Damotte et al., 1997).
However, in NODH2") transgenic mice, which express tHe2A" allele, diabetes does not
develop, while thyroiditis occurs at a much higfrequency and is accelerated and enhanced
by the addition of iodide to drinking water (Bral®ullen et al., 1999). In the context of the
“high-responder” haplotypkl-2%, the regiorH-2A of theH-2 complex is the major regulator
of the susceptibility to EAT (Biesel et al., 1988yen though the regiomsandD of theH-2
complex also have influence (Kong et al., 1979).e Thrimary response of mouse
lymphocytes to epithelial syngeneic thyroid ceflsinder a similar control by thé-2 region,
and their proliferation seems to be triggered bg tecognition of products of theA
subregion (Salamero and Charreire, 1983a and 1988bjefore, the recognition of a limited
number of thyroiditogenic epitopes of mTg and hfygHLA-restricted T lymphocytes seems
pivotal in the development of EAT. Apparently, Haolecules are able to present T cell

thyroiditogenic epitopes shared by mTg and hTg.

By using mice characterized by recombination witi@H-2 region, differences in the
genetic influence on the induction of EAT by thylitegenic peptides of Tg have been
observed, in comparison with EAT induction by whdlg which is under strong influence by
H-2A¥ products. The rat Tg peptide TgP1 causes EAT avitiimilar genetic pattern as entire
Tg: B10.BR and C3H{-2) and SJLK-29 mice are susceptible, while BALB/B{2%) are
partially resistant and B18(2°) are resistant. At variance from EAT inductionibtact Tg,
EAT induction by TgP1l (2495-2511), within the sysidae haplotypeH-Z", requires the
expression of H-2E products, while the2D region does not seem to have influence. Such
divergences probably reflect differences in antigeocessing and presentation between Tg
and its peptides. The role of H-2E molecules in phesentation of peptides such as TgP1

could be masked, if most thyroiditogenic Tg epitopeereH-2A%restricted. Moreover, the



non-immunodominant peptide TgP1 could be displabgdother peptides of Tg in the
interaction with H2-E molecules, or, alternativeiy, may not be generated by antigen
presenting cells (APC), in the course of Tg protsig, whereas it may be generated and
presented by intrathyroidal MHC class |- or clakgdsitive cells (Chronopoulou et al.,
1993). Subsequently, it has been demonstratedhiba&496-2504 nonamer was the minimal
T-cell epitope in TgP1 and could be presented withe context of the non-isotypic H-2E
molecules of C3H{-2) mice and H-2Amolecules of SJIH-2°) mice (Rao et al., 1994). On
the other hand, the genetic pattern of mouse stibd#p can vary, depending on the
pathogenic epitope: rTg peptide 2696-2713 (TgPAsed EAT in SJIH-2°) mice, but not in

C3H or B10.BRH-2Y), BALB/c(H-2%, and B10H-2") mice (Carayanniotis et al., 1994).

Last, the role of polymorphic gendé4LA-BR1 (DRJ in the development of EAT
following Tg immunization has been addressed ukib§-DR andHLA-DQ transgenic mice:
immunization ofHLA-BR1*0301(DR3)}ransgenic mice with mTg or hTg resulted in severe
thyroiditis, while transgenic mice expressikiA-BR1*1502(DR2)gene were resistant to
EAT (Kong et al., 1996). The introduction of the2Ed transgene into B16(2") or MHC
class Il-negativeAb’ mice, both resistant to EAT, conferred upon thessceptibility to EAT

induced by bovine, porcine or human Tg, but notineufg (Wan et al., 1999).

2.5. Structure and function of human thyroglobulin(hTg)
The Tg gene: structure and evolution

The hTg gene is located on chromosome 8 and ihésad the gratest genes known,
encompassing 42 exons and spanning more than I00z3@ pairs (Baas et al., 1986). About

two-thirds of Tg at its amino-terminal side con$ttandemly repeated cysteine-rich motifs
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of various kinds. This portion of thieTg gene probably derives from duplication of an
ancestral unit made of four exons. Subsequent @hemassing-over events, and the partial
“exonization” of some introns and the loss of sale@thers, seem to have resulted in the
present structure. The carboxy-terminal third ofif jomomlogous with acetylcholinesterase
and appears to have been originated from the djait of an ancestral gene, in common
with a superfamily of esterases (Takagi et al.,11%Qejci et al., 1991). Thus, Tg appears to
be made of two mojetes, an amino-terminal one aondrboxy-terminal one, with different

evolutionary histories, both being able to suppimetbiosynthesis of thyroid hormones.

Structure of hTg

The full-length sequence of the hTg mRNA has beeterchined from overlapping
cDNA clones (Malthiéry and Lissitzky, 1987). It csts of 8448 nucleotides, including an
untranslated send, an open reading frame, and wamtranslated '3end, and encodes a
polypeptide of 2767 amino acids. The first 19 res&l probably represent a hydrophobic
signal sequence and are absent from the matureiprethich is composed of 2748 residues
and has an expected Mr of 302,773. Two-thirds efft sequence at its amino-terminal side
consist of tandemly repeated motifs. The type-1lifmet 60-70-residue long, contains 6
cysteinyl residues, and is repeated 10 times. Vpe-2 motif consists of 14 to 17 amino
acids, 2 of which are cysteines, and is repeatemn8s at the center of Tg. Five type-3
repeats, subdivided into three subtype-3a repeats, 8 cysteines each, and 2 subtype-3b
repeats, with 6 cysteines each, follow in altenmtrder. The type-1 motif is homologous
with a cystein-rich motif of the invariant chain sasiated with the class Il major
histocompatibility antigen (McKnight et al., 1989he sequence of 570 amino acids at the
COOH-terminus of Tg shows a high degree of simyafup to 60% in some regions) with

those of the members of a superfamily of lipasesl asterases, including the
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acetylcholinesterase dforpedo californicahuman serum cholinesterase, and others (Takagi
et al., 1991; Krejci et al., 1991Mature hTg is anixture of both non-covalent and covalent

omodimers, having a molecular mass of 330,000.
Post-translational modifications of hTg: glycositat

Carbohydrate contribute about 10 per cent of the rhgss. Two kinds of
oligosaccharide units (A and B) are attached bgagylamine linkages to asparagine residues
of Tg. High-mannose A units contain a variable neam{y-9) of mannose residues antil2
acetylglucosamine residues. Complex B units conBaimannose residues and a variable
number ofN- acetylglucosamine, galactose, fucose, and sialit @sidues (Arima et al.,
1972). Human Tg also contains C and D oligosacdbaunits. C units are linked to serine
and threonine by O-glycosidic bonds and contaimagakamine; D units are chondroitin-6-
sulfate-like oligosaccharides linked to serine andtain a repeating unit of glucuronic acid
and galactosamine, plus xylose, galactose, andtsuEpiro et al., 1977). 90 per cent of the
[*°S]-sulfate incorporated into human Tg is equally itisted in: a) biantennary B units,
containing galactose-3-sulfate, and tri- and tatreennary B units containing galactose-3-
sulfate andN-acetylglucosamine-6-sulfate; b) chondroitin-6-sigfbke D units (Spiro and

Bhoyroo,1988; Schneider et al., 1988).
Post-translational modification of hTg: iodinatioswlfation and hormonogenesis

lodoamino acids in hTg include monoiodotyrosine TMI3,5-diiodotyrosine (DIT), and
the hormones 3,%-triiodothyronine (T3) and 3,5,5-tetraiodothyronine (thyroxine, T4).
Under normal conditions, the iodine level rangesmrl0 to 40 moles of iodine atoms per
mole of Tg. MIT, DIT and T4appear to be in a precursor-product relationshighé same
order. For an iodine content of 0.5 per cent of Tgeweight (25 moles of iodine atoms per

mole of Tg), 2.5-3 moles of T4 and less of thandleof T3 are formed per mole of human

12



Tg. T3and T4are formed in Tg via the iodination of specific dgyl residues and the
subsequent transfer of an iodophenoxyl group frofdoaor” iodothyrosine, which provides
the outer ring, to an “acceptor” iodothyrosine, @hprovides the inner ring. The main T4-
forming site of Tg has been located at tyrosined_&egune et al., 1983). T4 formation in
human Tg appears to involve tyrosine 5 as the @ocspe and tyrosine 130 as the donor site
(Marrig et al., 1991). T4 is also formed at tyr@&sn2553 and 2567 (Lamas et al., 1989).
Dehydroalanine residues have been identified atraépositions of Tg from various animal

species, including Tyrl1375 of bovine Tg (Gentile@le, 1997).

Several observations lead to the conclusion tleafNH,- and COOH-terminal regions
of Tg represent autonomous hormone-forming doma&inmautation in amino acid 296 of Tg,
resulting in premature termination and goitre intdbugoats, determined the production of
two NHp-terminal fragments, with masses of 40,000 and B2,However, these were
capable of effiient thyroid hormone production,tive presence of iodide supplementation
(Veenboer and de Vijlder, 1993). Thyroid hormonesravalso efficiently formed by the
vitro iodination of a carboxy-terminal fragment of raj flused to Staphylococcal protein A

(Asuncion et al., 1992).

2.6. Immunopathogenic epitopes of Tg and EAT

The recognition of a certain number of conserveitbpps of mTg and hTg bii-2
and H-2>restricted T lymphocytes seems at the base ofdthelopment of murine EAT
(Simon et al., 1986). Their current inventory i®wh in Table 1. The epitopes recognized by
autoreactive T cells are essentially linear in rgtas their reactivity was independent of
polypeptide fragment size, and insensitive to tterdenaturation and reduction (Shimoio et

al., 1988). By using two mTg-autoreactive T celbhgiomas, reacting selectively with T4-
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containing tryptic peptides of hTg, peptide 2551525with T4 at position 2553, was
identified among a set of synthetic peptides, cedt®n the four hormonogenic sites of hTg
(Champion et al., 1991). Such a strategy was addpteause iodinated mTg was capable of
inducing EAT and activating selectively autoreaetivcells in CBA /X-2AY mice, whereas
iodine-poor mTg only triggered the production ofianTg autoantibodies (Champion et al.,

1987).

However, peptide 2549-2560, with T4 at position 25&rmed T4(2553), stimulated
proliferative responseis vitro and the adoptive transfer of EAT by T cells, prihie vivo
either with the same peptide or with mTg, but wasapable of direct EAT induction
(Hutchings et al., 1992). Homologous peptides viytiosine or deiodinated T4 at position
2553 also failed to elicit proliferative T cell pgmses (Dawe et al., 1996). In contrast, others
reported that in CBA /B{-2A) mice, synthetic hTg peptide 2549-2560, with timjme (TO)
at position 2553, was able to induce proliferatigsponses and activate the transfer of EAT
by peptide-primed or mTg-primed lymphonode cellsl(s), although with lower efficiency
than peptide 2549-2560 with P553 (Kong et al., 1995). On the other hand, pepiidl?2,
containing T4 at position 5, this being the maimnh@nogenic site in Tg, elicited only mild
thyroiditis and weakly stimulated mTg-primed, but peptide-primed, LNCs to proliferate
and adoptively transfer EAT (Kong et al., 1995; Waral., 1997). The observation that the
peripheral blood T cells of patients with chroniat@mmune thyroiditis were equally
responsive to hTg with variable iodine contentsyeseto limit the immunopathogenic role of
Tg iodination (Shimojo et al., 1988). However, iisMater reported that T cells from patients
with chronic thyroiditis and normal controls prelifited in response to minimally iodinated,
but not iodine-free hTg (Rasooly et al.,, 1998). ifedent, non-iodinated peptide of hTg,
spanning residues 1672-1711, named F40D, inducell IBACBA/J mice. It was partly

homologous with a tryptic pTg peptide, which act®dha cytotoxic T cell hybridoma derived
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from the LNCs of pTg- or hTg-primed mice (Texierat, 1992) Two peptides of rat Tg
(rTg), identified by using predictive algorithmsyduced strong secondary proliferative
responses by peptide-specific LNCs. Rat Tg pep#d66-2512 (TgP1l, p2495) caused
extensive EAT in C3H{-2) and SJLK-2% mice (Chronopoulou et al., 1992). The nonamer
2497-2505 was the minimal T-cell epitope in TgPad @ould be presented within the
context of the non-isotypic H-2Eand H-2& molecules. Instead, epitope 2500—2508, which
was restricted to the H-Zfand H-2A& molecules, induced only weak EAT and did not €lici
proliferative responses in either strain of micadqret al., 1994). The rTg peptide 2696-2713
(TgP2, p2695) caused only focal EAT by direct irtthrcin H-2A° mice, and extensive EAT
by the adoptive transfer of peptide-specific LNCs haive syngeneic recipients
(Carayanniotis et al., 1994). A major immunopathge -cell epitope was localized in the
rTg peptide 26962707, while its human homologuigh the substitutions Glu2703Ser and
Thr2704Ser, caused only focal thyroiditis by themd/e transfer of LNCs, and did not
stimulate secondary T-cell respongewitro (Rao et al., 1997). Another hTg peptide (2730-
2743), selected because of its partial homology wéquence 118-131 of hTPO, activated
only the adoptive transfer of EAT by mTg-primed L&l(Hoshioka et al., 1993). All the
epitopes described were non-dominant, as none hlast@ prime in vivo LNCs that could
proliferate or transfer EAT to syngeneic hosts,ruptmulation with intact Tgn vitro. Only
peptides 2496-2512 and 1672-1711 caused extenaiVédEdirect induction, whereas most
of them activated in vitro the transfer of EAT jpgptide-specific LNCs. Peptides 2496-2512
and 2696-2713 could not stimulate in vitro hTg-mdrLNCs, either. However, when SJL
(H-2°) mice were immunized with maximally iodinated m{lglg, containing more than 60
iodine atoms per Tg monomer), they developed mexere EAT, and the behaviour of
peptide 2496—-2512 changed to dominant, as thowtjhaton enhanced the presentation of a

cryptic epitope, which, in turn, activated restiagtoreactive T cells. I-Tg-primed LNCs
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proliferated strongly in vitro against peptide 249612, and so did a peptide-specific T cell
hybridoma, activated with I-Tg-pulsed splenocyteai(et al., 2002). On the basis of previous
observations (Duthoit et al., 2000; Dunn et al83)9it is possible that mTg fragmentation
and the exposure of cryptic epitopes had occurhedy during the incorporation of non-
physiological iodine levels into mTg in vitro. Abf the above peptides induced peptide-
specific antibody responses, but only peptides 288680 withT4(2553) and 2496-2512
induced the formation of anti-hTg antibodies (Katigal., 1995; Wan et al., 1997; Rasooly et
al., 1998; Texier et al., 1992; Chronopoulou anda@anniotis, 1992). A recent search,
conducted by using an algorithm fo-Binding motifs in mTg, identified five additional
immunogenic, non-iodinated and non-dominant epgpméich induced the proliferatian
vitro of peptide-primed, but not mTg-primed, LNCs (Tale Four of them (peptides 306—
320, 1579-1591, 1826-1835 and 2596—2608) induagdmiéd or mild EAT directly, and all
induced EAT of low to moderate grade, by the ad@ptransfer of peptide-primed LNCs.
Peptides 2102-2116 and 2596-2608 elicited peppdeHsc antibodies that did not react
with intact mTg (Verginis et al., 2002). Finallyn® (or more) non-dominant T-cell epitope(s)
was (were) found in peptide 2340-2359 of hTg, whiohtained several“tbinding motifs.
This elicited mild to moderate EAT by direct sutamgous challenge in complete Freund’s
adjuvant in AKR/J mice, and specific proliferati@ed secretory responses by peptide-primed,
but not hTg-primed, LNCs in vitro. Peptide-prime®Cs did not respond to intact hTg,
either (Karras et al., 2003). Notably, this peptictencided with a peptide (2339-2358,
TgP15) recognized by Tg-reactive B cells in GD guats (Thrasyvoulides et al., 2001) (see
Table 1 and Fig. 1). More recently, hTg p2340 hasnbfound able to induce EAT HLA-
DR3transgenic mice, suggesting that it could be mteseby DR3 molecules in patients with
Hashimoto’s thyroiditis and participate in the deypenent of the disease (Karras et al.,

2005). The EAT-causing epitopes of Tg are listedable 1, while Figure 1 illustrates their
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location along the polypeptide chain of Tg, alsodlation with its repetitive organization and
with the epitopes recognized by human anti-hTg antibodies. Seven out of 13 epitopes
were located within the AChE-homologous domain, simdf these were comprised within a
fragment having a mass of 40,000, and startingsitine 2384, which was produced during
the iodination or the oxidation of hTigp vitro and in vivo, and was recognized by the
autoantibodies in the sera of AITD patients (Dutheti al., 2000; Duthoit et al., 2001).
Peptides 2102-2116 and 2696-2713 were also cordpnghin two cross-reacting tryptic
fragments of hTg, with masses of 23,000 and 15,8€dfing at residues 2089 and 2657,
respectively, and bearing HT-related B cell epiwg8aboori et al., 1995; Saboori et al.,
1999). Of particular interest was the coexistent&D-related B cell epitopes and EAT-
causing T cell epitopes in the 20-mer peptide 22398 (Thrasyvoulides et al., 2001;
Verginis et al., 2002). The remaining EAT-causingpiides lay in cysteine-rich regions,
namely repeats 1A.4, 3A.1 and 3B.1. The immunogghiz, non-dominant character of
these epitopes is compatible with the hypothesiginally put forth for Tg type-1 motifs,
that the cysteine-rich repeats of Tg may inhib#olyomal proteases (Molina et al., 1996) and
thus contain cryptic epitopes, which are not nolynalocessed and presented to the immune
system, and whose exposure may be responsiblédobreaking of peripheral tolerance to
hTg. Notwithstanding numerous studies, the diversit immunogenic and pathogenic
epitopes of hTg, and their location, are still ogennvestigation. All the EAT-related Tg
epitopes characterized so far, mostly on the bds@redictive algorithms, were non-
dominant. The detection of immunodominant epitapey be precluded by the limitations of
algorithm-based approaches (Verginis et al., 200Bg binding of peptide 2496-2512 to
nonisotypic H-2& and H-2E products illustrates the fact that the requiremefor the

presentation of peptides on MHC molecules may ekdseding motifs, by incorporating
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processing constraints (Rao et al.,, 1994). It canekpected that other determinants of

pathogenic importance will be identified in Tg by direct methods.
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Table 1— Immunopathogenic Tg peptides causing EAT in mice

EAT induction

Position Historical name Murine H-2 MHC Tg Direct Adoptive Tcell Abs Ref.
strain haplotype restriction responses
Kong et al.,
1-12@ T4(5) CBA k ND hTg + + + + 1995
Wan et al.,
1997
306-320”  p306 CBA k A mTg + + + —  Verginis et al.,
2002
1579-1591”  p1579 CBA k A mTg + + + —  Karras et al.,
2003
1672-1711¥  F40D CBA k ND hTg + ND ND + Karrasetal.,
2003
1826-1835” p1826 CBA k A mTg + + + —  Verginis et al.,
2002
2102-2116” p2102 CBA k A mTg - + + + Karrasetal.,
2003
2340-2359° p2340 AKR k B hTg + ND + + Karrasetal.,
2003
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2496-25129

2497-2508%
2500-2508%

2549-2560%

2596-2608

2696-27139

2696-2707Y

2730-2743

TgP1, p2495
2495-2511?

2496-2504Y
2499-2507

T4(2553)

p2596

TgP2, p2695
2695-2713%

2695-2706%

2730-2743

B10.BR,
C3H, SJL

C3H, SJL

C3H, SJL

CBA

CBA

SJL

SJL

CBA

ND

rTg

rTg
rTg

hTg

I+

I+

I+

ND

ND

ND

+(f0)

4+

ND

Chronopoulou
Carayannniotis
1994

Rao et al. 1994

Rao et al. 1994

Kong et al.,
1995
Wan et al.,
1997

Verginis et al.,
2002

Carayanniotis
et al., 1994

Rao and
Carayanniotis,
1997

Hoshioka et al.
1993

ND = not determined

@ Amino acid residues numbered as in the cDNA-deriseguence of hTg, according to Malthiéry and ti&si, 1987
® Amino acid residues numbered as in the cDNA-dersequence of mTg (Kim et al., 1998)
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© Amino acid residues numbered as in the cDNA-derseguence of hTg, as modified by van de Geaaf., 1997. Peptide 2340-2359
coincides with peptide 2339-2358 (TgP15) (Figuravhipse extremities were numbered according to NMéaltrand Lissitzky, 1987

@ Amino acid residues numbered as in the cDNA-derisequence of rTg (Hishinuma et al., 2000). Theeexities of these rTg peptides
were originally numbered as in the cDNA-derivedwsstge of hTg, according to Malthiéry and Lissitzk987

©® Antibodies cross-reacting with Tgs of various amlispecies

® By transfer of LNC primeth vivo and restimulateh vitro with the peptide

©@ By transfer of LNC primeth vivowith mTg and restimulateid vitro with the peptide
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Figure 1. Diagrammatic representation of hTg, showing the epbope-bearing peptides
recognized by human anti-hTg autoantibodies and thammunopathogenic peptides,
causing EAT in mice Tandem repeats of hTg are according to Malthawg Lissitzky,
1987, and Molina et al., 1996a. Repeated motifs @thdr parts of hTg are represented as
boxes filled as follows: black, type-1A repeatstihontal hatch, type-1B repeats; grey, type-2
repeats; upward right cross-hatch, type-3A repeddsynward right cross-hatch, type-3B
repeats; upward right narrow cross-hatch, AChE-Hogous domain; white, unrelated
sequences interrupting individual repeats and spaseparating tandem repeats. Spacer 1
indicates the region between type-1 and type-2atspencompassing residues 1191-1435.
Spacer 2 indicates the region between type-1B.2tymet3 repeats, encompassing residues

1546-1582. Spaces have been introduced for cladatween contiguous motifs and bear no

relationship to gene intron‘t’x, glycosylation site; , hormonogenic acceptand’ , donor
tyrosine (filled symbols represent those demoretra hTg, empty symbols those found in
other animal species). T cell- and B cell-relatpdape-bearing peptides are identified by the
amino acid numbers at their extremities, as in @dhland are represented as grey boxes on
top of the hTg diagram, whose lenght is proportidimathe polypeptide length. Peptides
whose C termini are based on presumptive estinretsdentified by their amino-terminal
residue number only, and are represented by gregsbaith broken C-terminal extremities.
Legend: a) chemically synthesized peptides; b)niergts produced by oxidative cleavage; c)
peptides obtained by chemical or enzymatic protsjyl) recombinantly expressed peptides.
Overlapping regions of different epitope-bearingtpmes are connected by vertical broken
lines (dotted lines for peptides with presumptivee@nini). Notice that the B-cell epitope-
bearing peptide 2339-58 and the T-cell epitopeibgaveptide 2340-59, whose extremities
were numbered as in the hTg sequences reportecaliffibty and Lissitzky, 1987 and van de

Graaf et al., 1997, respectively, actually coincide
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2.7. Chondroitin 6-sulfate oligosaccharide units ashimmune responses

A number of studies were focused on the role ofndnaoitin sulfate oligosaccharide
units in the modulation of immune responses. A spralportion of invariant chain molecules
(i), associated with class Il MHC molecules at sheface of antigen-presenting cells (APC),
is modified with the addition of chondroitin sukabligosaccharide units (li-CS). li-CS
dramatically enhances the ability of APC to stinbellanitogenic and allogeneic T cell
response, through the interaction with CD44 (Naago&t al., 1993). CD44, a transmembrane
glycoprotein, widely expressed on leukocytes, filasts, endothelial and epithelial cells, is
the principal cell surface receptor for hyaluroield), but recognizes also chondroitin 4- and
6-sulfate, although with lower affinity (Aruffo, 89; Sy, 1991). Its co-stimulatory role in T

cell activation is supported by a number of stud&smmer, 1995; Yashiro, 1998).

Serglycine, a family of secretory granule protecghs, modified with chondroitin-4
and -6 sulfate and expressed in lymphoid and mgelells, bind specifically CD44 and their
addition to cytotoxic T lymphocytes (CTL) clonesoprotes the release of cytokines and
proteases from secretory granules (Toyama-Sorimegtchli., 1997). CD44 also interacts with
aggrecan, a major component of bovine and ratlageti Such binding is dependent on
chondroitin sulfate-A and chondroitin sulfate-Celal chains of aggrecan. The interaction of
aggrecan with CD44 determines oligomerization of4@Dnolecules and the activation of
intracellular signaling (Fujimoto et al., 2001). @D also binds versican, a CS-bearing
proteoglican, expressed in fibroblasts, keratinegyand arterial smooth muscle cells in
kidney, skin, brain, and other tissues. The intewacccurs through the chondroitin sulfate-B

and -C side chains of versican (Kawashima et @D
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3. AIM OF THE STUDY

Tg is not only the molecular site of thyroid hormeoformation, but also a major
autoantigen, involved in the pathogenesis of thyreutoimmunity. Numerous post-
translational modifications contribute to the maoiec microheterogeneity of hTg. lodine
addition and hormone formation at specific sitegehthe most obvious effects on thyroid
function, but effects of glycosylation on the homeeforming efficiency at specific sites and
on the immunogenicity of Tg have also been cleatbcumented Mallet et al., 1995;
Fenouillet et al., 1986). HTg is modified with thddition of several kinds of oligosaccharide
units among which N-linked type A (high-mannosell agpe B (complex) units have been
characterized best, as to their composition andlilation (Arima et al., 1972; Arima and
Spiro, 1972; Yang et al., 1996). Among O-linkedgoBaccharide chains, type D units were
reported to be composed of a repeating disaccharidthe chondroitin 6-sulfate type,
attached to the polpeptide chain through a galgkgesine linkage region (Spiro, 1977; Spiro
and Bhoyroo, 1988; Schneider et al., 1988). Howetrer number and localization of type D
oligosaccharide units in the hTg molecule was stdldished. Several studies have suggested
the influence of oligosaccharide chains in the pssing and/or presentation of glycoproteic
antigens (Glant et al., 1998; Vlad et al., 2002nideh et al., 2003; Anderton, 2004), and the
involvement of chondroitin 6-sulfate oligosaccharidhains in the modulation of cellular
immune responses (Naujokas et al., 1993; Toyamian&ohi et al., 1997; Fujimoto et al.,
2001). Prompted by these observations, we set upletermine: 1) the number and
localization of chondroitin 6-sulfate oligosacclugrichain(s) in hTg, and 2) the influence of
post-translational addition of chondroitin 6-sueftanit(s) on the immunopathogenicity of

hTg in a murine model of experimental autoimmungdiditis.
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4. MATERIALS AND METHODS

4.1. Material

Thermolysin from Bacillus thermo-proteolyticus rokko (EC 3.4.24.4) and L-1-
tosylamide-2-phenylethylchloromethyl- (TosPhexCH) treated trypsin from bovine
pancreas (EC 3.4.21.4), endoproteinase Glu-C f8taphylococcus areuEC 3.4.21.19),
lactoperoxidase from bovine milk (EC 1.11.1.7), ghacose oxidase frorAspergillus niger
(EC 1.1.3.4) were purchased from Sigma-Aldrich @vjl ltaly), protease-free chondroitinase
ABC from Proteus vulgaris(EC 4.2.2.4) from Boehringer Mannheim (Milan, ¥al
aminopeptidase M from porcine kidney (EC 3.4.1a2) pronase frorStreptomyces griseus
from Calbiochem (San Diego, CA, USA). Sephacryl0®-8R, HiTrap™ Q Sepharose HR,
DEAE-Sepharose Fast Flow, and Sephadex G50 fine wbktained from GE Healthcare,
BioGel P-2 and electrophoresis products from Bia-Riaaboratories (Milan, Italy),
Immobilon P from Millipore (Vimodrone, ltaly), HPL@rade solvents from Carlo Erba
(Milan, Italy), bicinchoninic acid (BCA) Protein Aay Reagent from Pierce (Rockford, IL,
USA), diethyl-methyl-dibenzo-thiacarbocyanine (DMTC Stains Al™) from ICN
Biomedicals (Milano, Italy), solid-phase kits fadioimmunoassays of total T4 and T3 from

Medical Systems (Rio Torbido, Italy), other anatgtigrade chemicals from Sigma-Aldrich.

4.2. Purification of hTg and its chondroitin 6-sulfite-containing (hTg-CS) and
chondroitin  6-sulfate-devoid (hTg-CS-) subfractions by ion-exchange

chromatography on Hi-Trap™ Q-Sepharose HR (Q-1EC)
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HTg was prepared from thyroid tissue obtained froMformed euthyroid patients
hemilaryngectomized for non-thyroidal disease, apdtients undergoing subtotal
thyroidectomy for non-familial, simple or multinoldn goiter. HTg was prepared either by
extraction or by homogenization with an Omnimixesmogenizer, in 0.05 M sodium
phosphate, pH 7.2 (1 mi/g tissue), at 4 °C for Grhpfollowed by fractional precipitation
with 1.4-1.8 ammonium sulphate, 0.05 M THEI, pH 7.2, and gel filtration on Sephacryl S-
300 in 0.13 M NaCl, 0.05 M TridCIl, pH 7.4 (buffer A). In order to increase the
immunogenicity of hTg, poor-iodine hTg from goiteas iodinated enzymaticaliy vitro,
using 2ug/mL of bovine lactoperoxidase and 4 x°1® Kl, plus 0.23ug/mL of glucose
oxidase fromAspergillus nigeand 1 mMb-glucose, as the 4@, generating system, over 90
min at 25 °C. Under these conditions, the amountodfne incorporated into hTg was
regularly 0.5% (percent of hTg mass, corresponding5 moles of iodine atoms/mole of
hTg). Subsequently, hTg was dialyzed against pleisgbuffered saline (PBS), containing
136 mM NaCl, 6 mM NgHPQ,, 1,5 mM KHPO,, 3 mM KCI). Protein concentration was
estimated by measuring the absorbance at 280 ring as extinction coefficient of 10 ¢
for a 1% solution. The iodine content was measimed non-incinerative method, using L-

thyroxine as the standard (Palumbo et al., 1982).

HTg molecules containing type D (chondroitin 6-atef oligosaccharide units (hTg-CS)
were separated from the residual hTg moleculespidesf them (hTg-C3, by ion-exchange
chromatography on trimethylamino-substituted Q-%epse (Q-IEC), using 5-mL HiTrap™
Q-Sepharose HR columns (GE Healthcare), equiliretd®.025 M Tris/HCI, pH 7.4 (buffer
A). Up to 20 mg of hTg in buffer A, plus 0.05 M NaQvere applied to the column. After
washing with buffer A, a linear gradient from 01100% of buffer B (1.2 M NaCl in buffer A)
was developed in 24 min, at the flow rate of 2.5/mmh. 1-mL fractions were analyzed, or

stored at -80 °C until use. Areas under peaks walailated using the NIH Image software.
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In order to minimize contamination of hTg prepara with bacterial products, namely
endotoxins, both the head of the gel filtrationuooh and anion-exchange column were
provided with polyethersulphone ultrafiltration mierane Biomax, with 10 KDaltons pores
(Pellicon XL, Millipore). The concentration of bacial endotoxin in hTg preparations to be
used both for mice immunization and stimulating pyracytes proliferation, measured by
Limulus amebocytes lysatest, resulted <0.01 Endotoxin Units (EU)/mL. Wafionated

hTg, hTgCS and hTgCS have been concentrated by centrifugati Centriprep-30 to a

final concentration of 2.0 g/L and stored at -8Qfi@il use.

4.3. Compositional analysis of the fractions of th®-IEC of hTg

Uronic acids were assayed in Q-IEC fractions byrtteahydroxy-biphenyl mehod
(Blumenkrantz et al., 1973), using D-glucuronicda@-5 pg) as the standard. Duplicate
samples of 30-50(g of hTg were dialyzed against 0.01 M MHCO;, dried in speed vacuum
concentrator, and redissolved in 0.2 mL of,@Hn borosilicate Pyrex tubes. Samples were
processed by the addition of 1.2 mL of 0.0125 MBlg7+10 HO in HoSOy, followed, after
heating in boiling water bath for 5 min and coolmgice, by 0.02 mL of 0.15%hydroxy-
biphenyl in 0.5% NaOH, after which the optical alemce at 520 nm was read. Correction
for aspecific color development was provided byeplicate set of samples, which were
treated identically, except thathydroxy-biphenyl in the 0.5% NaOH reagent was tedit
Total neutral hexoses were assayed in duplicatglesmof 20-30Qug of hTg, by the anthrone
method (Spiro, 1966), using D-galactose (0480 as the standard. Sialic acid was assayed in
duplicate samples of 40-5Q@y of hTg, by the thiobarbituric acid method (Watrd863),
using N-acetylneuraminic acid (0-34g) as the standard. lodine was assayed in duplicate

samples of 30-20(g of hTg, using the method cited (Palumbo et 882).
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4.4. Enzymaticin vitro iodination of hTg and analysis of the iodine, T31d T4 content

HTg from goiters, with an iodine content not exaagdd.09% on a weight basis was
iodinated enzymaticallyn vitro. Bulk iodination of 20 mg of unfractionatedidp, at the
concentration of 0.45 g/L, was performed in 0.02"Wtazole/HCI, pH 7.0, using @g/mL of
bovine milk lactoperoxidase, 4 x 2Vl KI, 1 mM p-glucose and 0.1@ig/mL of glucose
oxidase from Aspergillus niger lodination was stopped with 0.05 M 2-mercapto-1-
methylimidazole (MMI). Comparative iodination of §T hTg-CS and hTg-CSwas
performed with 0.65 mg of each protein, under iahtconditions, except that 7.5 x 10/

Kl, and 0.21ug/mL of glucose oxidase were used. Aliquots ofr@dL.of hTg were withdrawn

at intervals of 5, 15, 30, 50, 70 and 90 min, sep@nted with MMI, dialyzed against 0.01 M
NH4sHCQO;, 0.005 M NaCl, and assayed in duplicate for proteontent, using the BCA
Protein Assay Reagent (Bio-Rad Laboratories) anthliecserum albumin as the standard, and
iodine content, as already described. For the assayd and T3, 10-15ug of hTg were
hydrolyzed at 37 °C with Pronase, at the enzymeatsate weight ratio of 1/1, in 0.2 mL of
0.1 M Tris/HCI, pH 8.0, 0.05 M MMI, to which 1fl of toluene were added. After 24 h,
aminopeptidase M was added, at the enzyme/substeght ratio of 1/10, and digestion
prolonged for 24 h at 37 °C, after which T4 and W&re measured by solid-phase RIA

(Medical Systems).

4.5. Limited proteolysis of hTg

HTg, at the concentration of 1 g/l in 0.05 M Tri€§H 0.1 M NaCl, pH 7.4, was

digested with thermolysin, at the enzyme/substnagight ratio of 1/50, at 30 °C for 80 min,
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or with TosPheCkCl-treated trypsin (henceforth referred to as tiryps at the
enzyme/substrate weight ratio of 1/100, at 30 %C2fd or 40 min. Proteolytic digestion was
stopped with 3 x 1®M antipain, 2 x 18 M aprotinin, 5 x 1¢ M benzamidine, 4 x TOM
leupeptin, 1 x 18 M tosyl-lysil-chloromethylketone, 2 x TOM phenyl-methyl-sulfonyl
fluoride, 5 x 100 M EDTA and, in the case of trypsin, soybean trypisihibitor, at the
inhibitor/enzyme weight ratio of 3/1. Thereafteoncentrated SDS-PAGE sample buffer was
added to a final concentration of 0.01 M Tris/H® 6.8, 1% SDS, 5% 2-mercaptoethanol
(v/v), 1.36 M glycerol, 0.0025% bromophenol blueddhe samples were heated in a boiling

water bath for 1.5 min and immediately subjecte8 is-PAGE.

4.6. Enzymatic digestion of chondroitin 6-sulfate ljyosaccharide units of hTg and hTg

proteolytic fragments with chondroitinase ABC

HTg or its proteolytic fragments in 0.1 M NaCl, 8.M Tris/HCI, pH 7.4 were
supplemented with equal volumes of 0.1 M Na acetate M Tris/HCI, pH 8.0, and 200
mU/mL of chondroitinase ABC frorRroteus vulgariswhich degrades chondroitin 4-sulfate
and 6-sulfate oligosaccharide chains into sulfalisdccharides, by hydrolizing the glycosidic
bonds between glucuronic acid and N-acetylgalaotosa sulfate in the repeating
disaccharide units. The protease inhibitors alreadigzated with regard to limited proteolysis
were added, when not already present. Samples nembated at 37 °C for 4 h, and then
subjected to precipitation in methanol/chloroforrater (Wessel and Fligge, 1984) and

immediately analyzed by SDS-PAGE.

4.7. Separation and identification of the product®f limited proteolysis of hTg
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Analytical PAGE of the digestion products in Trigxgne-SDS was performed, using
4-17% total acrylamide, 2.7%4,N-methylene-bis-acrylamide gradient gels. Molecutess
standards were: myosin (205,00@:galactosidase (116,000), phosphorylds€94,000),
bovine serum albumin (68,000), ovalbumin (45,00€grbonic anhydrase (30,000), and
soybean trypsin inhibitor (20,000). Two replicaseath gel were made. One was stained with
0.1% Coomassie Brilliant Blue (CBB) R-250 in 25%{v2-propanol, 10%(v/v) acetic acid,
destained in 25% (v/v) methanol, 10% acetic acide Dther was fixed in 25% (v/v) 2-
propanol, 10% acetic acid, thoroughly rinsed inldetdistilled HO, stained with 0.005%
diethyl-methyl-dibenzo-thiacarbocyanine (DMTCC)5608% formamide for 48 h, and finally
destained in 5% glycerol (v/v) in tap water (Dalntpet al., 1969). Bands were identified on
the basis of their mobilities, according to theailet characterization of their NHerminal
peptide sequences provided in a previous studyt{@esmnd Salvatore, 1993). Proteolytic
fragments to be identifiedx novowere separated by reducing or non-reducing SDSEAG
in 4-17% acrylamide gradient gels, and transfet@dolyvinylidene difluoride (PVDF)
membranes (Immobilon P, Millipore) by semi-dry ilag in 25 mM Tris, 10 mM glycine, at
the constant current of 0.8 mA/érfor 1 h. Membranes were rinsed in double-distilieD,
stained with 0.1% CBB R-250 in 50% methanol, anstalaed in 50% methanol, 10% acetic
acid. Bands were subjected to ptérminal peptide sequencing at the Protein Strectu
Laboratory, University of California, Davis. Pemidequences were aligned with the cDNA-

derived sequence of hTg (Malthiéry and Lissitzk§317).

4.8. Isolation and sequencing of glycopeptide hTg&gp

Fifty mg of hTg-CS were denatured and reduced im150f 0.3 M Tris/HCI, pH 8.0, 6

M guanidine/HCI, 1 mM EDTA, 10 mM dithiothreitolt 87 °C for 2 h. The reduced protein
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was carboxymethylated with a 5-fold molar excessgodbacetamide, with respect to total —
SH groups, at room temperature for 30 min in theék.dalkylation was stopped with excess
dithiothreitol. The sample was dialyzed agains6M) phosphate, pH 7.8, and digested with
endoproteinase Glu-C (protease V8) fr@taphilococcus aureusat the enzyme/substrate
weight ratio of 1/100, at 37 °C for 18 h. The saenphs adjusted with concentrated solutions
to 0.025 M TrisHCI, 0.1 M NacCl, 2.0 M urea, pH qluffer C), and loaded onto a 5-mL
HiTrap™ Q-Sepharose HR column, equilibrated in Haene buffer. After washing with
buffer C, a gradient was started, from 0 to 100%udfer D (1.2 M NaCl in buffer C) in 55
min, followed by 100% buffer D for 10 min, at thHew rate of 1 mL/min. One-mL fractions
were monitored for optical absorbance at 280 nnd, @onic acid content. A single uronic
acid-containing peak was subjected to size exalusiromatography on a 1.5-by-100-cm
column of BioGel P-2 (Bio-Rad Laboratories), in D.0A NHsHCOs;. An uronic acid-
containing peak, eluted in the void volume, wagpligized and further purified by gel
chromatography on a 0.5-by-40-cm column of Seph#&&0 fine (GE Healthcare), in 0.01
M NH4HCO;. One-mL fractions were monitored for peptide-retabptical absorbance at 220
nm and uronic acid content, and a single peptigel aronic acid-containing peak was
liophylized. An aliquot of it was subjected to hkerminal peptide microsequencing. Purity
was checked by PAGE in Tris-tricine-SDS, in a 16.5%%% C gel, containing 6.0 M urea
(Schagger and von Jagow, 1987), followed by semit@nsfer to Immobilon P (Millipore),
as already described, for 25 min. The membrane stamed with DMTCC in 50%

formamide, and destained in tap water.

4.9. Synthesis of a non-glycosilated peptide homgjlee of hTgCSgp
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A chondroitin 6-sulfate-devoid peptide homologue hdfg chondroitin glycopeptide
hTg-CSgp, with the LTAGSGLRE sequence, to be used aegative control for the effects
specifically due to the glycosidic unit of peptild€g-CSgp, was synthesized at AnaSpec, Inc.

(San Jose, California). The peptide was certiftedd endotoxin-free.

4.10. Isolation and characterization of tryptic fragment h4bisg by HPLC and

ElectroSpray Mass Spectrometry

The fragments obtained from the limited digestiér2@ mg of hTg with trypsin for 20
min, under the conditions described above, weredfrfom trypsin immediately after
digestion, by passage through a 10-mL column of BE¥epharose Fast Flow (GE
Healthcare), in 0.025 M Tris/HCI, pH 7.2. HTg fragnts were eluted with 0.15 M NaCl in
0.025 M Tris/HCI, pH 7.2, and desalted by gel délion on a 1.5-by-100-cm column of
BioGel P-2 (Bio-Rad Laboratories), equilibratedm@.01 M NHHCOs;. One-mg aliquots of
the fragments were fractionated by reverse-phadeCHRith a Vydac C-4 column (250 x 10
mm, 5um), equilibrated in 0.1% (v/v) trifluoroacetic adid H,O (solvent A), containing 2%
of 0.07% trifluoroacetic acid in acetonitrile (seitt B). After 2 min at 35% of solvent B, the
elution was conducted with a two-step linear gnadfeom 35 to 46% of solvent B over 35
min, and from 46 to 55.5% over the following 35 nilime flow rate was 1 mL/min. Fractions
were analyzed by SDS-PAGE in 4-17% total acrylangdmdient gels, under reducing and
non-reducing conditions. Corresponding peaks frepeated runs were pooled for further

mass spectrometric analysis.

ES mass spectra of peptide h4hiswere recorded with a PLATFORM mass
spectrometer (Fisons, Manchester, UK), equippetl a1t electrospray ion source. Samples

from the HPLC separation (30, 20 pmol) were injected into the ion source #bw rate of
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10 uL/min; the spectra were scanned at the speed sédf3can. Mass calibration was carried
out using the multiple charged ions from a sepaiat®duction of horse heart myoglobin
(average relative molecular mass of 16950.5). Tienfitative analysis was performed by
integration of the multiple charged ions of theginspecies. Molecular masses are reported
as average values. The mass signals recorded irsgbetra were associated with the
corresponding peptides, on the basis of the exgettelecular masses, using a dedicated

software.

4.11. Experimental animals

All the experiments were conducted using femalel2@veek-old, CBA/H-2) mice

genetically susceptible to EAT induction, purchagech Charles River.

4.12. Induction of EAT

On day 0, groups of 4-6 mice, were immunized s.ith 00 pug of hTg, hTgCS
hTgCS (2 mg/mL) in PBS, emulsified at 1:1 ratio @omplete Freund Adiuvant (CFA),
containing 3.5 mg/mLMycobacterium tuberculosiH37-RA, Difco Laboratories, Detroit,
Michigan). Ten 10 days later, mice were boosted with 50 ug of the same antigens in
Incomplete Freund Adiuvant (IFA). Six weeks aftee first immunization, mice were killed
under anesthesia. Blood from tale veins, spleen tagbid were immediately obtained.
Serum was separated and stored at -20°C, thyrdiéslavere fixed in 10% formalin and

lymphocytes were used for proliferation assays.
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4.13. Histological scoring of EAT

EAT was assessed by histological examination ofthiyeoid, using a modification of
the criteria adopted by Dai et al., 2005. Mononaicleell infiltration index was scored as
follows: 0 = no infiltration; 1 = interstitial acowulation of cells between two or three
follicles; 2 = one or two foci of cells at leasethize of one follicle; 3 = extensive infiltration,
10-40% of total area; 4 = extensive infiltratior)-80% of total area, and 5 = extensive
infiltration > 80% of total area. Each mouse wasigised the average infiltration index
observed from both thyroid lobes (at least 10 sestiper lobe were read and the average

infiltration index per lobe was scored).

4.14. Assay of T4 and T3 in serum

T4 and T3 concentrations in the serum of experialartimals were determined on 10-
100-pL serum samples, by usingolid-phase radio-immunometric assay kits (Medical
Systems), with reference curves ranging from 0.3.7opmoles for T4, and 30 to 920 fmoles

for T3.

4.15. Lymphocyte proliferation assays
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Spleens were aseptically collected (soon after riltieg) in 60-mm Petri dishes in 5
mL of RPMI medium, containing Na pyruvate, L-gluiaey 2x penicillin-streptomycin.
Splenocytes have been obtained through mechangralption of the spleen with the upper
extremity of a disposable syringe plunge and temnsfl to sterile 50 mL Falcon tubes,
resuspended by gentle pipetting, after the addafoanother 5 mL of medium, diluted 1/100
with PBS and counted with a Burker cell. After céangation, medium was aspirated and
cells were resuspended in complete medium coni2# fetal bovine serum (FBS), so to
obtain a cell density of 5xfOcells/mL. 100 puL aliquots of cell suspension (5X10
cells/10QuL/well) plus 80uL of complete medium were cultured for proliferatiassays in
flat-bottom 96-well plates and incubated at 371Cai5% CQ 90% air-humidified incubator
in absence or in presence of 2D of varying concentrations of antigen (0-84). 48 hours
after initiation of culture cell, supernatants weeenoved from single well and frozen at-80°
for cytokine assay. The remaining cells were celufor additional 16 hours, pulsed with
1pCi/well of [H% thymidine, harvested on glass-fiber filters andrited in Betaplate liquid
scintillation counter. All cultures were performedtriplicate, and results were expressed as
Stimulation Index (S.l.), defined as follows: cpm the presence of antigen/cpm in the

absence of antigen.

4.16. Detection of specific antibodies by ELISA

The levels of hTg, hTgCSand hTgCS-specific total 1gG, and IgG1, IgG2a &@3
were determined by ELISA, using serum from indigtmouse. The wells of 96-well plates

were coated with 1QQ. of a 1Qug/mL solution of hTg, hTg, hTgCSand hTgCS in 0.1 M

36



NaoHPO,, pH 9.6, and incubated overnight. After washirtg teactive sites were blocked
with PBS-10%FCS for 30 minutes. For total IgG measwents, 10QuL of serum diluted
1/6000 with 0.2% Tween 20 in PBS-10%FCS were added, plates were incubated for 2
hours at room temperature. After 4 washes, go@tnasuse biotin-conjugated Abs diluted
1/3000 were added for 1 hour. After 6 washes 1B0Avidin peroxidase was added for 30
minutes. The reaction was developed usighenylenediaminedihydrochloride (Sigma Fast
OPD) as the peroxidase substrate, and the abserla 50 was after 30 min in an ELISA
plates reader. IgG1 and IgG2a concentrations wetermined in a similar manner, using
goat biotin-conjugated, specific antibodies for Igénd IgG2a. Optimal dilutions of serum
(1/6000 and 1/5000 for IgG1l and IgG2a, respectjvelyd subclass-specific antibodies
(1/20000 and 1/500 for IgG1l and IgG2a, respectjvelgre determined in preliminary

titrations.

4.17. Cytokine assays

Cytokine production was determined in culture soptants. Assays of INFIL-4 and
IL-10 were performed by ELISA, using cytokine-sgieccapture and detection antibodies,
according to the manufacturer’s instructions (Pegmtn). Standard curves were generated for

each cytokine, by using known amounts of muriné=¢NIL-4 and rIL-10.

4.18. Statistical analysis
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Data are expressed as mean + SD, unless otherpgsified. Two-tailed Student’s,
Kruskal-Wallis and Mann-Whitney tests were employedstatistical analysis. A value of

< 0.05 was considered to be statistically significa
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5. RESULTS

5.1. A relevant fraction of hTg is regularly composd by hTg molecules provided with
uronic acid-containing, type D (chondroitin 6-sulfde) oligosaccharide units (hTg-

CS)

Type D (chondroitin 6-sulfate) oligosaccharide toohtaining hTg molecules were
separated from residual hTg molecules, using iaharge chromatography on
trimethylamino-substituted HiTrap™ Q-Sepharose HFE (Healthcare). The Q-IEC of 40
hTg preparations, mostly from simple and multinadgoiters but also from normal thyroids,
using a NaCl gradient from 0 to 1.2 mol/L in 0.05TWs/HCI, pH 7.4, regularly resulted in
the elution of two peaks (henceforth referred tpeaks Q1 and Q2, in elution order) at NaCl
concentrations (at the column head) of 0.49 + 04Cdnd 0.80 £ 0.01 M, respectively (Figure
2). In 18 chromatograms, the area of the Q2 peakd/drom 32.0 to 71.6% of total (mean,
52.8%; median, 51.7%). The hTg subpopulations Hapmarated were stable, and separation
was satisfactory for most practical purposes, asvahby pooling and rechromatography of
the two peaks (Figure 3, panel A). We traced chaitidr6-sulfate oligosaccharide units in
hTg fractions, by assaying their uronic acid contersing ametahydroxybiphenyl-based
method. Uronic acids were largely restricted in @2 peak, which thus coincided with a
fraction of hTg, marked by the presence of uromicl-gontaining, type D (chondroitin 6-
sulfate) oligosaccharide units (henceforth refertedas hTg-CS). Negligible amounts of
uronic acids in the Q1 peak possibly reflectedpgresence of hTg molecules with very short,
incomplete type D oligosaccharide chains (Figuem@ Table 2). The neutral hexose content
stayed constant or increased slightly, along theticel profile of several chromatograms,

while the sialic acid content showed no variatiomoderate changes in either sense.
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Figure 2 - Fractionation by ion-exchange chromatogaphy on HiTrap™ Q-Sepharose

HR (Q-1EC) of selected hTg preparations, and compasgonal analysis of the fractions.

Twenty-mg aliquots of hTg preparation atel A, Ma. (panel B, and D. panel Q, in
0.025 M Tris/HCI, 0.065 M NaCl, pH 7.4, were loadmtto a HiTrap™ Q-Sepharose HR 5-
mL column, equilibrated with 0.025 M Tris/HCI, pH47(buffer A). After washing with
buffer A, a linear gradient from 0 to 100% of bufie (1.2 M NaCl in buffer A), in 24 min, at
the flow rate of 2.5 mL/min, was applied (dashedtetb line). One-mL fractions were
monitored for protein content, by measuring theiaaptabsorbance at 280 nm (continuous
line), and carbohydrate content. Legend: neutrabses, mmol/L (hatched line) and % on a
weight basis[{l); uronic acidumol/L (dashed line) and mol/Tg ma# §; N-acetylneuraminic
acid (NANA), mol/Tg mol a). The analysis of a fraction every other threePBAGE under
native conditions, in a 4-9% total acrylamide geadigel stained with CBB R-250, is shown
on top ofpanels AandB. The analysis by SDS-PAGE, in a 4-9% total acrytengradient
gel stained with DMTCC, also shown on toppznel A evidences the metachromasia, on

going from the Q1 peak to the Q2 peak, along theasl profile of the Q-1EC.
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TABLE Il — Compositional analysis of selected hTg preparationsubjected to Q-IEC on

HyTrap™ Q-Sepharose HR

hTg hTg-CS, % Uronic Acid in Q2 peak lodine, % of
preparatiorf’ of hTg hTg mass
mmol/L® | mmol/hTg mof’ range”,
mmol/hTg mol
0.¢ 48.0 11.8 10.0 3.8-14.3 0.50
Ma. 38.9 3.9 7.0 3.9-14.0 0.12
T. 48.3 7.2 1.7 3.7-14.0 0.02
C. 51.2 7.5 7.3 2.8-14.2 0.45
D. 66.3 14.8 11.7 3.9-15.7 0.16
Mi. 71.6 20.9 15.6 3.1-23.8 0.16
Mi. Nod. ® 63.1 16.8 12.0 3.6-24.0 0.08
Mi. Nod. Q2 68.0 20.2 13.6 3.2-14.8 -
peak in ured

3 hTg preparations were named after the patienss (lame initial). All preparations were
from non-familial, simple or multinodular goitees¢cept preparation O.;

®) Values measured in the fractions with maximal girotoncentration in the Q2 peak;

° Indicates the uronic acid concentration rangesactbe span of peak Q2, starting from the
valley between peaks Q1 and Q2;

9 hTg preparation from normal thyroid tissue of athgroid patient, hemilaryngectomized
for a non-thyroidal disease,;

®) Preparation obtained from a large 2 x 3-cm collp@tiule, surrounded by apparently
normal thyroid tissue, of patient Mi.;

" Pooled fractions of the Q2 peak from the Q-IEChdfy preparation Mi. Nod. were
dissociated in 2.5 M Urea, 0.04 M Tris/HCI, pH %0 18 h at 20 °C, and then subjected
again to Q-IEC, using a gradient from 0 to 1.2 MONa 2.5 M urea, 0.055 M Tris/HCI,
pH 7.4.
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Instead, the number of moles of uronic acid per hiaje regularly exhibited a linear
increase across the fractions of the Q2 peak, spguthe range between 3 and 14 moles, in
several hTg preparations in which hTg-CS was betws® and 51% of total, but reaching
values of 24, in preparations more enriched witg-CB (Table II). In particular, preparations
Mi. and Mi. Nod. had elution profiles, in which shders in the trailing edge of the Q2 peak
indicated the presence of a secondary componeurtinglat 0.9 M NaCl (Figure 3, panel B).
We hypothesized that the complexity and extendeoh €§ uronic acid content of these Q2
peaks may reflect the coexistence of heterodimiefig-CS, with a single chondroitin 6-
sulfate-bearing subunit, and homodimeric hTg-CSil@&bfractions of the Q2 peak from the
Q-IEC of hTg Mi. Nod. were dissociated in 2.5 M ayr®.04 M Tris/HCI, pH 9.0, at 20 °C
over night, as previously reported (Veneziani et H98), and subjected again to Q-1EC, in
the presence of 2.5 M urea. As shown in figureghgb B, the hTg monomers produced by
the dissociation of hTg-CS in urea were separaténl peaks Q1 and Q2, eluting at NaCl
concentrations of 0.48 and 0.81 mol/L, respectiv@lgce again, uronic acids were restricted
largely in the Q2 peak, and their concentrationwat a linear increase from 3.2 to 14.8
moles/hTg mole across the peak span, as oppogkd ocrease from 3.6 to 24.0 moles/mole
of undissociated hTg-CS (Table II). The Q2 peaknoihomeric hTg-CS was superimposed
on the primary, leading component of the Q2 peakative hTg-CS, with no secondary
shoulder at the trailing edge. The Q2/Q1 ratio B§CS dissociated in urea was 2/1. These
data demonstrate that the native hTg-CS pool of MilgNod. included both an earlier-
eluting, heterodimeric subfraction, composed of nchroitinated and non-chondroitinated
monomers in the 1/1 ratio, and a later-eluting, bdmeric component, composed only of
chondroitinated subunits, and representing aboettbind of total hTg-CS. Thus, hTg-CS
regularly represented a relevant and, sometimesgopninant fraction of hTg. It was

microheterogeneous, conceivably because of thablarinumber of repeating disaccharide
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units per oligosaccharide chain, which is typidafjycosaminoglycans (Malsch et al., 1996).
In hTg preparations with the highest fractions ®H+CS, heterodimeric hTg-CS molecules
coexisted with homodimeric ones. Panels A and Bigufre 2 also show the PAGE, under
native conditions, of the Q-IEC fractions of hTgeparations O. and M., evidencing the
anodal shift, on going from the Q1 to the Q2 pedtke to the added negative charge of

glucuronic acid residues and sulfate groups ottiendroitin 6-sulfate unit(s).
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Figure 3 - Fractionation of selected hTg preparations by Q-IEC followed by

rechromatography of subfractions under various condions.

Panel A following the Q-IEC of 20 mg of hTg preparation, las specified under
Experimental Procedures and in the legend to Fithelfractions of the Q1 peak and the Q2
peak were reunited in separate pools, with theuskmh of three fractions at the valley
between peaks, dialyzed against buffer A, and pachwas subjected to rechromatography,
under identical conditions. The optical absorbaac@80 nm of the fractions of the Q-IEC
(continuous line), and of the rechromatographyh®f Q1 peak (dotted line) and Q2 peak
(dashed line) was monitoreBanel B following the Q-IEC of 20 mg of hTg preparation.M
Nod., the fractions of the Q2 peak were pooledyde against buffer A, dissociated in 0.04
M Tris/HCI, 2.5 M urea, pH 9.0 at 20 °C over niglas previously reported (30), and
subjected to Q-IEC, using a NaCl gradient from 0Lt®d mol/L in 2.5 M urea, 0.055 M
Tris/HCI, pH 7.4. Legend: optical absorbance at 280 of the fractions of primary Q-IEC
(continuous line), and Q2 peak rechromatographygh@a line); uronic acidumol/L of
primary Q-IEC (dense-hatched line) and rechromaialgy (loose-hatched line); uronic acid,

mol/Tg mol of primary Q-IEC« ) and rechromatographi/}.
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5.2. hTg-CS has a higher efficiency of T4 and, espally, T3 formation than hTg-CS,

and enhances the overall hormonogenic efficiency biTg

The proximity of Ser2729 to the preferential siteT8 formation (Ser2746) (Fassler et
al., 1988; Lamas et al., 1989) prompted us to ityate the possible influence of the
chondroitin 6-sulfate oligosaccharide unit(s) oe tiormonogenic function of hTg-CS, in
comparison with hTg-CSand unfractionated hTg. To this aim, iodine-plo®dg, hTg-CS and
hTg-CS from goiters (with no more than 0.09% of iodina,aweight basis) were iodinated
enzymaticallyin vitro, using 2pg/mL of bovine lactoperoxidase and 7.5 x°1@ Kl, 0.21
ug/mL of glucose oxidase fromspergillus nigeand 1 mMb-glucose, over 90 min at 25 °C
(Lamas et al., 1986). Figure 4 shows the mean ateoniiodine incorporated into hTg,
expressed as percent of the hTg mass, during 4dimese experiments, and the levels of T3
and T4 formed, as a function of iodine bound. Sim@mounts of iodine were incorporated at
plateau in hTg and hTg-CS, and slightly higher am®un hTg-CS (Figure 4, panel A).
However, the number of T3 mmoles (panel B) and Bles(panel C) synthesized per hTg-
CS mole were in the ratios of 1.70 and 1.34, raspeyg, with those synthesized per hTg-CS
mole. Instead, hTg and hTg-CS did no differ, astiierefficiency of formation of T3 and T4.
These data indicated that hTg-CS had a higherigfity of T4 and, especially, T3 formation
than hTg-CS and that the entire population of unfractionat@dy molecules benefited from
this property of hTg-CS. This conclusion was supgbby the observation that no significant
variations were observed in the yields of T3 andamong the different fractions of various
preparations of hTg, which were first iodinatedaasvhole, and then subjected to Q-IEC.
These included hTg from normal subjects, physiaalty iodinatedin vivo (Figure 5, panel
A), and hTg from patients with goiter, which haddargone low-level iodinatioim vivo

(Figure 5, panel B), or enzymatic iodinatiorvitro (Figure 5, panel C).
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Figure 4 - Enzymatic in vitro iodination and analysis of the hormone-forming eitiency

of hTg, hTg-CS and hTg-CS

lodine- and hormone-poor hTe §, and subfractions hTg-C@) and hTg-CS[{), prepared
by Q-IEC, at the concentration of 0.45 g/L in ONM2midazole/HCI, pH 7.0, were iodinated
enzymaticallyin vitro, using 2ug/mL of bovine lactoperoxidase, 7.5 x1®1 Kl, 0.21 pg/mL

of glucose oxidase fromspergillus nigerand 1 mMbD-glucose, over 90 min at 25 °C. At
times indicated, aliquots were removed, dialyzeairegi 0.01 M NHHCO3;, 5 mM NacCl, and
the iodine content was assayed and expressed @snpef the protein content on a weight
basis Panel A. After digestion with Pronase and aminopeptiddée as described in
Experimental Procedures, T3gnel B and T4 Panel Q were also assayed by
radioimmunoassay. Points represent mean + S.E.Mesaf 4 experiments. For the sake of

clarity, S.E.M. are indicated only for hTg-CS anthkCS.
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Figure 5 - lodine and hormone content of fractions of the Q-IEE of selected hTg

preparations, iodinated both physiologically andn vitro.

The three hTg preparations shown were subject&@HeC, and the fractions obtained were
analyzed for their iodine&), T3 (® ) and T4 (0) content, as described under Experimental
ProceduresPanel A physiologically iodinated hTg preparation O.,nfranormal thyroid
tissue, containing 0.50% iodine (w/wBanel B low-iodine, goitrous hTg preparation Ma.,
containing 0.12% iodine (w/wpRanel G low-iodine, goitrous hTg preparation P., contagni
0.09% iodine (w/w), was iodinated enzymaticailty vitro to the iodine content of 0.45%

(w/w), and subsequently fractionated by Q-IEC.
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5.3. Limited proteolysis indicates that the chondritin 6-sulfate oligosaccharide unit(s)

of hTg-CS are restricted in the carboxy-terminal denain, downstream Thr2513

We were able to differentiate hTg-CS from hTg-@E SDS-PAGE gels, by staining
with diethyl-methyl-dibenzo-thiacarbocyanine (DMTEL(Stains All™, ICN). This dye was
reported to stain mucopolysaccharides metachroalgtiand, particularly, chondroitin
sulfate purple, while staining proteins red (Bademl., 1972). In fact, fractions in the Q1
(hTg-CS) peak were stained pink red with DMTCC, welas those in the Q2 (hTg-GPeak
were stained purple (Figure 2, panel A). Side-ldgsiomparison of the two peak fractions
revealed also a subtle cathodal shift in hTg-CShBoetachromasia and the mobility shift
were abolished by digestion with 200 mU/mL of chanithase ABC, at 37 °C for 4 h, prior
to SDS-PAGE (Figure 6, panel A). In order to idBnthe chondroitin 6-sulfate-containing
region(s) of hTg, the Q-IEC fractions of hTg wengbjected to limited digestion with
thermolysin and trypsin, using DMTCC as a probee photeolytic fragments, separated by
reducing SDS-PAGE, corresponded exactly to thosaracherized previously by NH
terminal peptide sequencing (Gentile and Salvatt®83), and were identified on the base of

their mobilities. Figure 6, panel B shows the SDSSE of the digestion products of

fractions 29, 40, 48, and 56 of hTg preparationM@n thermolysin. Bands K2, h5r. and

h7t. exhibited metachromasia and a cathodal shift, eledent was inversely related with

the fragment apparent mass, on going from fra@®nn the Q1 peak, to fractions 48 and 56,
in the Q2 peak. This is in keeping with the notibat peptides with high negative net charges
bind lower than average amounts of SDS, and exlubiér than average mobilities in SDS-
PAGE (Pitt-Rivers and Ambesi-Impiombato, 1968). &Xed pattern was apparent in fraction
40, in the valley between the Q1 and Q2 peaks. Bbémges were reverted by digestion of

the proteolytic fragments of fraction 48 with chooitinase ABC, prior to SDS-PAGE, while
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no changes were brought about in fraction 29 (KEidghrpanel C). Inspection of the flow-
diagram of the limited proteolysis of hTg with thelysin revealed that fragmentsh2
h5r. and h#%_ were all located at the carboxy-terminal side ©fhand shared the region

downstream Leul831 (Figure 7, panel A).

On the other hand, a diffuse band (h§g$Swith an average apparent mass of 41000,

appeared among the tryptic fragments of hTg, onggbiom fraction 29 to fraction 40. It was
stained purple with DMTCC, but was inapparent ie tel stained with CBB R-250. Its
intensity of staining and apparent mass increasedjoing from fraction 40 to 56 (Figure 6,
panel D), in keeping with the increase of the uwaatid content revealed by the analysis of

the Q-IEC fractions along the Q2 peak (Figure 2 &able I11). Upon digestion of the tryptic
fragments of fraction 48 with chondroitinase AB@Gnld h8C%r was replaced by a well-
focused band (h8Cfg), with an apparent mass of 36000, which was stlaiblee with CBB
R-250, and red with DMTCC. No changes were caugethbndroitinase ABC in fraction 29
(Figure 6, panel E). Band h8G®& was prepared by limited tryptic digestion of 0.9 f

hTg-CS, followed by chondroitinase digestion, redgcSDS-PAGE and transfer to PVDF.
NH.-terminal peptide microsequencing revealed a sisgtpience (TSSKTA), corresponding

to hTg residues 2513-2518 (Malthiéry and Lissitzk9387) (Table 1ll). The flow-diagram of
the proteolysis of hTg with trypsin shows the carpterminal location of peptide h8-GS

in keeping with the results with thermolysin (Figuf, panel B). Because the Ntérminal
sequence of peptide f8was identical with one of two sequences previofsiynd in band
h4rr (Gentile and Salvatore, 1993), we determined @ilscssequence of band 4 obtained
from hTg-CS. As expected, two sequences were foane,starting at the residue 1 of hTg

(h4rRr), and another at residue 2513 (h4R)s(Gentile and Salvatore, 1993). Thus, of two
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peptides, both starting at residue 2513, one (hg®8ontained chondroitin 6-sulfate
oligosaccharide unit(s), while the other (h4hisdid not. Inspection of figure 6, panel D
reveals that the increase of staining intensitparid h8-C%g, on going from fraction 40 to
56, was paralleled by a decrease of intensity ofdd@4r, in keeping with the finding that
heterodimeric hTg-CS, yielding peptides h8tg&nd h4bisgg, co-existed with homodimeric

hTg-CS, yielding only peptide h8-&S in the late part of the Q2 peak (Figure 3, p&)el
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Figure 6 - SDS-PAGE under reducing conditions of selected fréions from the Q-IEC of
hTg, with and without limited proteolysis with thermolysin or trypsin, and/or digestion

with chondroitinase ABC.

Panel A fractions corresponding to the Q1 peak (#29) @2dpeak (#48) of the Q-IEC of
hTg preparation O., analyzed before (-) and after digestion with 200 mU/mL of
chondroitinase ABC (ABC), in a 4-13% total acrylaenigradient gel stained with DMTCC.
The positions of chondroitinase ABC (ABC), and marbovine serum albumin (BSA), are
indicated.Panel B digestion products of the fractions indicatedwifiermolysin (TL), at the
TL/hTg ratio of 1:50, pH 7.8 and 30 °C for 80 mimpalyzed in replicate 4-17% total
acrylamide gels, stained with CBB R-236f{) and DMTCC (ight). Fragments produced are
marked at right, in accordance with ref. 21. Fragtmeexhibiting cathodal shifts and
metachromasia, on going from the Q1 to the Q2 pastkmarked in purpléanel G results
of further digestion with chondroitinase ABC of thmteolysis products of fractions #29 and
#48 with thermolysinPanel O digestion products of the fractions indicatedhwitypsin
(TR), at the TR/hTg ratio of 1:100, pH 7.8 and & fbr 40 min.Panel E further digestion

with chondroitinase ABC of the proteolysis produotsractions #29 and #48 with trypsin.

Band h8CSr is circled. In all panels, molecular mass stanslarg marked at the left side of

the gels.
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Figure 7 - Flow-diagrams of the limited proteolysisof hTg with thermolysin (Panel A

and trypsin (Panel B) (modified from Gentile and Salvatore, 1993).

Each bar represents a peptide, with the peptidebaumbove the bar, the apparent relative
molecular mass below at right and the amino-tertmggidue number below at left, according
to Gentile and Salvatore, 1993. Fragments of hTgu@#ch exhibited metachromasia upon
staining with DMTCC and cathodal shifts, with resipt their counterparts from hTg-CS

were drawn gray. Their apparent relative molecuofasses, both before and after digestion

with chondroitinase ABC (ABC), are indicated. Crbsdching of bars h4 and h3gr

indicates that, under the digestion conditions eygd, the corresponding peptides were not

visible any more in the gels shown in Fig. 6.
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TABLE Il — NH,-terminal microsequence analysis of tryptic peptids of hTg-CS and hTg
The phenylthiohydantoin derivatives detected by BPanalysis for subsequent cycles of
Edman degradation are shown. Amino acid residuegdicated using the single-letter code,

while the numbers that follow the residues areyibkls in picomoles.

Cycle hTg-CS hTg
hérg @ h8-CSrr hérrnr®
h4rr h4bisrr Sequence 1 Sequence|2
1 N 9 T 8 T T 70 T -
2 | 13 S 3 S S 35 A 12
3 F 21 X - S S 29 F 6
4 E 11 K 6 K K 19 Y 5
5 X - T 5 T T 26 Q 6
6 Q 8 A 7 A A 39 A -
7 F 19 L 8
8 Y 9 Q 5
9 Q 17 N 5
10 A 20 S 8
11 L 14 L -
12 Q 12 - -

¥ h4rg was obtained by digestion of hTg-CS with trypsah,the enzyme/substrate weight
ratio of 1/100, at 30 °C for 40 min, followed by SBIPAGE of the fragments in a 4-17%
total acrylamide gel, under reducing conditiong] alectrophoretic transfer to PVDF;

®) h8-CSrr was obtained from hTg-CS as indicated fordhdwith the difference that
proteolysis with trypsin was followed by digestianth 200 mU/mL of chondroitinase
ABC of Proteus vulgarisin 0.1 M Na acetate, 0.1 M Tris/HCI, pH 8.0, @€ for 4 h;

9 h4rrnr Was obtained by digestion of unfractionated hTgthwirypsin, at the
enzyme/substrate weight ratio of 1/100, at 30 °C2f® min, followed by SDS-PAGE of
the fragments in a non-reducing 4-16.5% acrylamg#d, and transfer to PVDF.
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5.4. A single chondroitin 6-sulfate oligosaccharidanit is linked to Ser2729 of hTg-CS

Fifty mg of hTg-CS were reduced and carboxymetlegawith iodoacetamide, as
described in Experimental Procedures, and hydrdlyz#h endoproteinase Glu-C from
Staphylococcus aureuat the enzyme/substrate weight ratio of 1/1000.06 M phosphate
buffer, pH 7.8, at 37 °C for 18 h. Digestion protuwere subjected to Q-IEC on a 5-mL
HiTrap™ Q-Sepharose HR column, using a gradiennffbl to 1.2 M NacCl in 0.025 M
Tris/HCI, 2.0 M urea, pH 7.4, in 55 min, at thewWlgate of 1 mL/min. Most of the protein
was discarded in the flow-through, while a uniquenic-acid containing peak, having
negligible absorbance at 280 nm, was eluted inatieeportion of the gradient (Figure 7, panel
A). This was subjected to size exclusion chromaiplgy on BioGel P-2 (size exclusion limit
of 1800 relative mass units), in 0.01 M MHCO;, which yielded an uronic acid-containing
peak in the void volume. Its further purificatiory Isize exclusion chromatography on
Sephadex G-50 fine, in 0.01 M NHCO;, monitored at 220 nm, is shown in panel B of
figure 8. Of two peaks resolved, only one containgdnic acid. NH-terminal peptide
microsequencing of this material revealed a singl@nogeneous nonapeptide with the
LTAGXGLRE sequence, corresponding to residues 2728 of the cDNA-derived
sequence of hTg (Malthiéry and Lissitzky, 1987), b¢ing Ser2729 linked with the
chondroitin 6-sulfate oligosaccharide unit. Thigoglpeptide will be henceforth referred to as
hTg-CSgp. The comparison between the sequenceuswiirg Ser2729 and @nsensugor
the recognition of core protein serine residue®Jby-D-xylose:proteoglycan core protea
D-xylosyltransferase, deriving from the alignmen&afchondroitin 6-sulfate attachment sites
from 19 proteoglycan core proteins (Brinkmann et #097), revealed a 90% concordance,
provided that two insertions of 3 and 2 residuesevadlowed (Figure 9)Electrophoresis of
hTg-CSgp in a 16% polyacrylamide gel in Tris-trei8DS, followed by transfer to a PVDF

membrane, stained with DMTCC, revealed an intenseiachromatic band, with the typical,
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diffuse migration of glycosaminoglycans (Dahlbetgak, 1969; Naujokas et al., 1993), and

an apparent molecular mass of 13,000-20,000 (Figupanel C).
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Figure 8 - Isolation and purification of the chondmitin 6-sulfate-containing glycopeptide

hTg-CSgp.

Panel A the products of digestion of 50 mg of carboxymgktted hTg-CS with
endoproteinase Glu-C were loaded onto a 5-mL Hi™M&p-Sepharose HR column in 0.025
M Tris/HCI, 0.1 M NaCl, 2.0 M urea, pH 7.4, and teld with a gradient from 0.1 to 1.2 M
NaCl; one-mL fractions were monitored for proteiontent, by measuring the optical
absorbance at 280 nm, and uronic acid conteawel B size-exclusion chromatography on
Sephadex G-50, in 0.01 M NHCQO;, of the uronic acid-containing peak eluted in Wo&d
volume of the size-exclusion gel chromatographyBowGel P-2 (not shown) of the uronic
acid-containing fractions of the Q-IEC shownpanel A one-mL fractions were monitored
for peptide content, by measuring the optical diimoce at 220 nm (continuous line), and
uronic acid content (dotted linePanel G Analysis of the purity of glycopeptide hTg-CSgp,
by electrophoresis in a 16% polyacrylamide gel ims-Tricine-SDS (Schagger and von
Jagow, 1987), and electrophoretic transfer to a P\fembrane, stained with DMTCC.
Molecular mass standards (myoglobin cleavage ptsdaied glucagon from Sigma Marker

Kit MW-SDS-17S).
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(a:E,D; b: G, E, D)

Figure 9. Diagrammatic representation of the localizatiord astructure of the type D
(chondroitin 6-sulfate) oligosaccharide unit of hTde cDNA-deduced amino acid sequence
of hTg, from residue 2710 to residue 2748, is regméed in single-letter code (Malthiéry and
Lissitzky, 1987). Black circles with white lettegmmark the sequence found for the purified
glycopeptide hTg-CSgp (with the exclusion of Se@7@&hich appeared as a blank). A
diagram of the chondroitin 6-sulfate oligosaccharighit attached to Ser2729 is shown.
Legend: Xyl, xylose; Gal, galactose; GluA, glucumacid; GalNAc, N-acetylgalactosamine.
A consensussequence for the recognition of core protein geniasidues by UDB-
xylose:proteoglycan core proteifi-D-xylosyltransferase (37) is aligned with the hTg
sequence, and concordances are indicated. Theitegoo$ tryptic cleavage between residues
2713-2714 and 2744-2745, and the preferentiab$ile3 formation at Tyr2746 (Fassler et al.,

1988; Lamas et al., 1989), are also evidenced.
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5.5. The chondroitin 6-sulfate oligosaccharide uniof hTg-CS protects peptide bond

Lys2713-Gly2714 from proteolysis

Next, we seeked explanation for the difference betwthe apparent molecular masses

of peptides h8C$%r (36,000) and h4big (29,000), by determining the carboxyl terminus of
the latter. Although, in the experiments describbdve, peptide h4big co-migrated with
h4rr in reducing SDS-PAGE, previous observations inddahat the homologous peptide

bllr of bovine Tg was obtained free of co-migrating cspg under non-reducing

conditions, as it was the only fragment not boundthe others by disulfide bridges
(Veneziani et al., 1998). In fact, non-reducing SBEXSGE of the tryptic fragments of hTg

yielded only two bands, instead of several banés smder reducing conditions (Figure 10,

panel B). NH-terminal microsequencing of band{i4r, transferred to PVDF, revealed the

same sequence as peptide h4gistarting at residue 2513, together with traces seéquence
starting at residue 2517 (Table Ill). Therefores products of limited digestion of hTg with
trypsin, at the enzyme/substrate weight ratio @D@/ at 30 °C for 20 min, were subjected to
RP-HPLC in the absence of reduction, using a Vydatcolumn (250 x 10 mm, m) and
an acetonitrile gradient (Figure 10, panel A). Neducing SDS-PAGE of the resulting peaks

revealed band h4.nr in peak 2. Upon reduction, this band exhibiteddhme apparent mass

as peptide h4dbig (Figure 10, panel B). The mass of peptide hgbiwas determined by

ES/MS. The results (Table 1V) defined a peptidehwriigged amino- and carboxy-terminal
ends (residues 2511-2513 and 2712-2713, respeggtiaetl a high-mannose oligosaccharide
unit, composed of 2 N-acetylglucosamine and 8 mra@nose residues, linked to Asn2562, in
agreement with previous data (Rawitch et al., 19689 et al., 1996). ES/MS analysis of

HPLC peak 1 also revealed a mass value corresppiainTg peptide 2714-2744 (Table V).
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Thus, peptide h4bjg was truncated at Lys2713, whilst peptide bond Z{Gly2714 was

protected from proteolysis in peptide h8sgSwhich included Ser2729, with its bound

chondroitin 6-sulfate unit. A tryptic site also lagtween Lys2744 and Thr2745 (Figure 9).
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Figure 10 - Isolation of the carboxy-terminal tryptic fragment h4bisrg of hTg.

Panel A reverse-phase HPLC of the non-reduced produdisiitéd tryptic digestion of hTg.
One-mg aliquots of the digestion products of hTthwiypsin, at the enzyme/substrate weight
ratio of 1/100, at ph 7.8 and 30 °C for 20 min, evéactionated with a Vydac C-4 column
(250 x 10 mm, 5um) equilibrated in 0.1% (v/v) trifluoroacetic acid water (solvent A),
containing 2% of 0.07% TFA in acetonitrile (solvd)t The column was developed with the
gradient of solvent B indicated by the dotted I(see under Experimental Procedures for
details). One-mL fractions were collected, and naed for peptide content, by measuring
the optical absorbance at 220 nm (continuous liawaq, uronic acid content (dotted line). The
main peaks are numbereBanel B Analysis in SDS-PAGE of the mixture of tryptic
digestion products of hTg (Tot), and of peaks 2 arad the HPLC shown ipanel A,in a 4-

17% total acrylamide gradient gel, under reducind aon-reducing conditions, as indicated.

Bands h4r and h4r.\g are indicated. Molecular mass standards are matkeght.
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TABLE IV — Analysis by ES/MS of selected peaks of the RP-HPLGh a Vydac C-4

column of the products of digestion of hTg with trysin
hTg was digested with trypsin, at the enzyme/sabstveight ratio of 1/100, at 30 °C for 20
min. One-mg aliquots of the fragment mixture weefionated, in the absence of reduction,
by reverse-phase HPLC, using a Vydac C-4 columf &50 mm, 5um). and corresponding
peaks from repeated runs were pooled and driedrumttegen for subsequent analysis by
ES/MS, as described under Experimental Procedures.

HPLC Measured mass” Theoretical  Peptide? Post-translational

peak? (mean * SD) mass® modifications®

1 3204.0 £ 0.3 3204.1 2714-2744 -

2 242969+ 1.5 24296.3 2513-2712 GIlcNAc2-Man8
244222 £4.9 24424 .4 2513-2713 GIcNAc2-Man8
24458.6 £ 1.7 24458.4 2513-2712 GIcNAc2-Man9
24587.7£1.9 24586.6 2513-2713 GIlcNAc2-Man9
24510.2+1.1 24509.5 2511-2712 GIlcNAc2-Man8
24671.3+£4.9 24671.7 2511-2712 GIcNAc2-Man9
24797.5+4.0 24799.8 2511-2713 GIcNAc2-Man9

A Numbers refer to the peaks of the chromatogram showig. 10, panel A;

b)Average relative molecular masses (mean = S.Dgindd by integrating the multiple peaks
corresponding to each molecular species, diffeanty in the total number of charges,
measured by ES/MS;

° Numbers indicate the amino acid residues at theemmities of each peptide, numbered
according to Malthiéry and Lissitzky, 1987;

Y Masses calculated on the basis of the cDNA-derbegfience of human Tg (Malthiéry and
Lissitzky, 1987), taking into account the post-#siational modifications indicated,;

® Composition of the N-linked high-mannose oligosacite unit linked to Asn2562
(Rawitch et al., 1968; Yang et al., 1996).
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5.6. Immunization of CBA/J(H-2¥) mice with either hTg-CS or hTg-CS did not
reproduce fully the histological picture associatedwith immunization with

unfractionated hTg

Next, we compared the ability of hTg, hTg-CS andgtdS to induce EAT in
CBA/J(H-2) mice. Groups of 4-6 animals were immunized wii® fig of each antigen, in
50 pL of PBS, emulsionated with 5aL of CFA and administered subcutaneously in the
dorsal region. A second dose of §Q of antigen, in incomplete Freund’s adjuvant, was
administered 10 days later, by the same route. iirpatal animals were sacrificed 4 weeks
later, by excess anesthesia, and the thyroids eeakiated histologically, as described in
detail in Materials and Methods. Typical aspectthgfoid infiltration with mononuclear cells
obtained following the immunization with the thraetigens are shown in Figure 11, 12 and
13, respectively. Histological scores are repoitedable V. Thyroiditis developed in all
experimental groups of mice; however, the most ree\seores were observed in mice
immunized with unfractionated hTg. Instead, the ummation with both hTg-CS and hTg-
CS resulted associated with lower scores of EAT. Thusppears that both hTg subfractions
contributed to the immunopathogenic potency of actfonated hTg. No thyroid infiltration

was seen in control mice.
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Table V — Histological EAT score, indicating the severity oimononuclear infiltration of
thyroids of CBA/J(H-2%) mice immunized with the different forms of hTg

The EAT score was calculated, using a modificatdérthe criteria adopted by Dai et al.,
2005: 0 = no infiltration; 1 = interstitial accunation of cells between two or three follicles; 2
= one or two foci of cells at least the size of dwlécle; 3 = extensive infiltration, 10-40% of
total area; 4 = extensive infiltration, 40-80% offal area, and 5 = extensive infiltration > 80%
of total area. Each mouse was assigned the avaméitjetion index observed from both
thyroid lobes (at least 10 sections per lobe wesuated and the average infiltration index

per lobe was scored). Data are referred to thrperarents (n = 17).

Immunizing agent EAT Score

% of animals

35 35 24 6 0
Unfractionated hTg

41 35 24 0 0
hTg-C6S

53 29 12 6 0
hTg-C6S
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Figure 11 — Typical histological pictures of monondlear infiltration of the thyroid.
The thyroid sections shown were prepared from CBA/Zk) mice immunized with hTg (A),

hTg-CS (B), and hTg-C$C)
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5.7. Immunization with hTg, hTg-CS and hTg-CS is associated with thyroid cell

damage

Significant tissue damage in all groups of immudizanimals accompanied the
immunization, as judged by the increased level3dbin serum, compared to control mice
(2.4 £ 0.8 mg/L), without any significant differemdetween mice immunized with hTg,
hTgCS, and hTgCYFigure 12). Instead, serum levels of T3 wereimateased in immunized
mice, in comparison with control mice (87.3 = 1Bd/L). These findings could reflect the

limited extent of intrathyroidal deiodination of Td T3 in mice.

30

20 -

T4 ug/dL

10 |

Figure 12 — Serum T4 levels in CBA/J(H-9 mice immunized with: = hTg; O hTg-CS;

m hTg-CS, and~ control animals.

71



72



5.8. Proliferative responses and IFN¢ production by splenic lymphocytesin vitro are

maximal after immunization of mice with hTg-CS and restimulation with hTg-CS

The T cell responses toTg, hTgCS, hTgCSand to glycopeptide hTgC6Sgp were
tested on splenic lymphocytes taken at the timsacfifice from mice immunized with hTg,
htg-CS and hTg-C$S and cultured for 72 h in the absence or preseavfcalifferent
concentrations of antigens. Panel A of Figure I8\&hthe results of the restimulationvitro
of the splenic lymphocytes of each one of the thegperimental groups with the same
antigen respectively used for immunization. Resals expressed in terms of stimulation
indices (SI). Panels B and C, on the other handwshe results of the cross-stimulation of
the splenic lymphocytes from the three experimegtalups with hTg-CSand hTg-CS,
respectively. Panels D-F show the results of tlsayss of INFy production measured in the
supernatants of the cell cultures, whose stimulaiindices are shown in panels A-C,
respectively. An inspection of panels A and D réwvehat the restimulation with hTg-CS of
splenocytes from mice immunized with the same entiggas followed by low-level, dose-
dependent proliferative responses, accompaniedrdgyoptional IFNy production, whereas
restimulation with hTg-CSof splenocytes primeuh vivo with the same antigen was followed
by higher-level, dose-dependent increases of yi¥aduction, accompanied by proliferative
responses inversely related with the antigen déselly, a mixed response characterized the
restimulation with hTg of hTg-primed splenocyteswhich a dose-dependent production of
IFN-y and a non-monotonic trend of cell proliferatioeaking at the dose of il§/mL, were
observed. Altogether, these data showed a dissotiaétween T cell proliferation and IFN-
y production. The former was more pronounced in hiigipd splenocytes restimulated with
the same antigen (with the exclusion of the doséugfmL), while the latter reached the

maximum levels in the culture supernatants of nrmo@unized and restimulated with hTgCS
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. On the other hand, the cross-stimulaiioritro with hTg-CS of splenocytes primeit vivo
with hTg or hTg-CS was followed by a similar patteof proliferative and secretory
responses, although lower in level, as observed ugstimulation with the respective
immunizing agents (panels B and E). Instead, hTggtighed splenocytes exhibited strong,
dose-dependent responses to the cross-stimulaitbrhvg-CS, both in terms of proliferation
and IFNy production; similar, albeit milder responses waserved in mice immunized with
hTg and restimulated with hTg-CS (panels C andJf)the whole, maximal and concordant
T cell proliferation and INF+ production were recorded following cross-stimwatiwith
hTgCS of splenocytes from mice immunized with hTgG&reover, a dissociation between
INF-y production and T cell proliferation was seen whd@gCS-primed lymphocytes were

restimulatedn vitro with the same antigen.

Furthermore, Figure 14 shows the results obserpeth westimulationin vitro of the
splenic lymphocytes obtained from mice immunizedivo with the different forms of hTg,
cultured in the presence of purified hTgC6Sgp (fmae and C) or its synthetic, non-
glycosilated homologue with the LTAGSGLRE sequefmanels B and D). Restimulation
with hTgC6Sgp of hTg-CSrimed lymphocytes was accompanied by dose-depénde
proliferative responses and proportional INfroduction. At variance, synthetic peptide
LTAGSGLRE, bearing the same peptide sequence a€®3gp, but devoid of carbohydrate
chains, was not able to elicit either proliferativesponses or cytokine production.
Glycopeptide hTgC6Sgp also induced proliferatiaut, fiot INFy production, of splenocytes

from control mice, possibly owing to aspecific ngémic properties.
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Figure 13 (previous page) — Proliferative responsg@anels A-C) and IFNy production
(panels D-F) by splenic lymphocytes from CBA/J(H-2k mice immunized and
restimulated in vitro with the various forms of hTg. The responses are shown of mice
immunized with:m hTg; O hTg-CS; m hTg-CS and restimulated with the same antigen used

for immunization (A, D), hTg-CYB, E) or hTg-CS (C, F).
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Figure 14. Proliferative responses (panels A, B) anlFN-y poduction (panels C, D) by

splenic lymphocytes of CBA/J(H-£) mice immunized with: m hTg; O hTg-C6S; m hTg-
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C6S and restimulatedin vitro with the hTgC6Sgp glycopeptide (A, C), or the syihietic,

non-glycosylated homologue 2725-2733 LTAGSGLRE (B).
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5.9. IgG2a antibody responses of immunized mice paliel thyroid histological disease

scores

We also investigated the effects of hTg, hTgCS BmdCS- on the production of
antibodies of the IgG class (Figure 15) and for Igé&d IgG2a subclasses (Figure 16).
Immunization with hTg, hTgCS and hTgC&used the production of comparable serum
levels of total IgG and IgG1l. Instead, the levelsigiz2a against all three antigens were
maximal in the animals immunized with unfractiomatelrg. Mice immunized with hTgCS
produced levels of IgG2a almost as high, while lineest levels of IgG2a were found
following hTgCS immunization. These findings seem to indicate that presence of the
chondroitin 6-sulfate was essential for the dewalept of Th-1-polarized responses to hTg,

as judged from IgG2a production (Snapper et ab31.9

2,5

Control hTg hTg-CS hTg-CS
Immunizing Ag
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Figure 15 — Concentrations of IgG againstm hTg; O hTg-CS; m hTg-CS in the sera of

CBA/J(H-2%) mice immunized with each one of the three antigen
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Figure 16 — Concentrations of IgG1 (A) and IgG2a (Bagainst: m hTg; O hTg-CS; =

hTg-CS in the sera of CBA/J(H-%) mice immunized with each one of the three antigen
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6. DISCUSSION

The present study documents that type D (chondr6isulfate) oligosaccharide chains
are a main source of microheterogeneity of hTgndpeegularly found in a significant, and
sometimes predominant fraction of hTg molecules. M&veloped an ion-exchange
chromatographic method, which permitted us to sgparhondroitin 6-sulfate-containing hTg
molecules (hTg-CS) from residual hTg molecules @€R8). By exploiting the changes of
electrophoretic mobility and staining propertieparted by chondroitin 6-sulfate chains upon
the fragments deriving from the limited proteolysfshTg, we were able to restrict the search
for chondroitin 6-sulfate-containing regions of hilbga carboxy-terminal peptide, starting at
Thr2515. Subsequent purification, from the products digestion of hTg-CS with
endoproteinase Glu-C, of a homogeneous, glucuraaid-containing nonapeptide, whose
sequence corresponded to residues 2725-2733 arel fadystantial homology with a
consensussequence for the recognition of core protein sermesidues by UDB-
xylose:proteoglycan core protefap-xylosyltransferase, permitted us to establish B292as
the sole site of chondroitin 6-sulfate additionhifig. The presence of two insertions in this
peptide, with respect to theonsensussequence, is in keeping with the observation that
proteins which are not modified quantitatively wahondroitin sulfate, such as aggrecan and
type IX collagen, have recognition sequences féosgftransferase that match tbensensus
sequence less well than those of proteins, suddikasin, which are modified quantitatively
(Brinkmann et al., 1997). Spiro reported previously presence of O-linked oligosaccharide
units in hTg, containing from 7 to 11 moles of glanic acid and N-acetylgalactosamine, 1

mole of xylose, 2 moles of galactose and up to diemof sulfate per mole of serine residues
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(Spiro, 1977). She suggested that hTg may contagnamondroitin sulfate unit per protein
monomer. Subsequently, Schneideal. showed that the repeating disaccharide units wofere
the chondroitin 6-sulfate kind (Schneidsral,, 1988). However, none of them conclusively
established the number of type D oligosaccharidgnsh nor their localization in hTg. Our
data demonstrate that hTg-CS molecules containnglesichondroitin 6-sulfate unit per
polypeptide chain, which is usually made of a uaganumber of repeating disaccharide
units. By taking into account that, in hTg prepeanag with the highest content of hTg-CS,
heterodimeric hTg-CS molecules, containing a sirgjflendroitin 6-sulfate-bearing protein
subunit, coexisted with homodimeric hTg-CS molesuleontaining up to 24 moles of
glucuronic acid per hTg mole, the maximum numberregeating disaccharide units in

chondroitin 6-sulfate chains of hTg is not in exxet12.

We also show that hTg-CS has a higher efficiencyhofmone, particularly T3,
formation than hTg-CS and that all molecules in unfractionated hTg fierfem this
property of hTg-CS. The relatively greater advaatagnferred by chondroitin 6-sulfate
addition upon T3, with respect to T4 formation, dhd proximity of Ser2729 to the site of
preferential T3 formation at Tyr2746, suggest tthed effects of the chondroitin 6-sulfate
oligosaccharide chain in hormonogenesis may emt@fmolecular interactions between the
carboxy-terminal domains of both hTg-CS and hTg-@®lecules. Thus, chondroitin 6-
sulfate addition seems to constitute an ergononmechanism, by which post-translational
modification of a fraction of hTg molecules infleaws the overall hormone-forming
efficiency of hTg. The regulation of the T4/T3 mtin thyroid secretion is crucial for
achieving and maintaining physiological concentradi of active thyroid hormone (T3) in
blood, and is finely tuned by multiple mechanisalspf which are under the control of TSH.
A prominent mechanism is the intrathyroidal coni@rsof T4 to T3, especially in severe

iodine deficiency, through the action of a thyraadiothyronine 5'-deiodinase (Ishii, 1983).
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Enhanced T3 release from Tg under hyperstimulabprirSH results also from increased
proteolysis at the COOH-terminus of Tg by cathe@i(Dunn, 1991). However, the T4/T3
ratio is regulated first at the biosynthetic lewell’'g, which decreases in experimental animals
given TSH (Fassler, 1988). In several animal spgestedied, Tyr5 is the main site of T4
formation in Tg (Lejeune, 1983; Rawitch et al., 298984; Dunn et al., 1987; Fassler et al.,
1988), while Tyr2746 represents the site of prefeaé T3 formation (Dunn et al., 1987;
Fassler, 1988; Lamas, 1989; Marriq, 1983). In rabbd guinea pig Tg, TSH stimulated T3
formation at tyrosine 2746, and decreased T4 sgighat tyrosine 5. The diminished T4
formation at the amino terminus was mediated byTiBE-stimulated maturation of N-linked
oligosaccharide chains linked to Asn91 from thehnkgannose to the complex type (Mallet,
1995). Should the addition of chondroitin 6-sulfakain to hTg be also controlled by TSH, a
common mechanism, mediated by TSH-dependent matidits of the composition and
number of N-linked and O-linked oligosaccharideinkan Tg, could account for the changes
in hormonogenic efficiency at both Tg termini, atiag the overall ratio of T4 over T3
formation. For hormone release to occur, Tg mushtegnalized into thyroid follicular cells
by fluid-phase pinocytosis, followed by degradatodrinTg in lysosomes. A part of Tg, which
is internalized via the endocytic receptor megatiypasses lysosomes and is transcytosed
across cells and released from basolateral membriate the bloodstream (Marino, 1999,
2000). A heparin-binding region of rat Tg, andhtamologous region of hTg, encompassing
residues 2469-2483, are involved in Tg binding tegalin (Marino, 1999a), which is
facilitated by accessory interactions with hepdike- molecules (heparan-sulfate
proteoglycans) on the surface of thyroid cells (k@r1999b). Experiments are in progress to
establish whether chondroitin 6-sulfate units ifeter with hTg binding to megalin. In FRTL-
5 cells, Tg molecules with a low hormone contertfarvored over those with a high hormone

content for megalin-mediated transcytosis, whitlerefore, appears to promote lysosomal
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degradation of hormone-rich Tg, by diverting hormgooor Tg from lysosomes (Lisi, 2003).
Conceivably, chondroitin 6-sulfate addition to hTig, addition to improving the yield of

active hormone, may also prevent the non-produatiteznalization of hTg by transcytosis.

Furthermore, we have identified two sites, nameygd713-Gly2714 and Lys2744-
Thr2745, in the vicinity of the site of chondroiasulfate addition, which were amenable to
cleavage, during the limited proteolysis of hTghwirypsin. The data that we present
document that the former, at least, was proteat@ma proteolysis in hTg-CS, but not in hTg-
CS molecules. The influence of the C6S oligosacclarihain on the proteolytic
susceptibility of the extreme carboxy-terminal oegiof hTg could have important
implications in modifying the processing and preéagan of hTg by antigen-presenting cells
(APCs) and in the ability of hTg to function asautoantigen, particularly because the site of
chondroitin 6-sulfate addition to hTg is localizedthin an epitope-rich region, harboring
several T cell-related epitopes, capable of causSilag in genetically susceptible mice, and B
cell-related epitopes, recognized by circulatingpantibodies of patients with AITD (Gentile,
2004). On the other hand, the effects of N-linked &-linked glycosylation on the activity of
proteolytic enzymes involved in antigen processiag,well as on the affinity of epitope
binding to MHC or T-cell receptor molecules, haweeib reviewed (Anderton, 2004). To
determine whether the addition of oligosaccharicét «6S to hTg would modify its
immunopathogenicity, we used intact hTg, hTgCS bhmdCS to induce EAT in CBA/J
susceptible mice. By using this animal model, wavjated evidence that the presence of C6S
oligosaccharide unit modulates the immunopathogproperties of hTg. In fact, although,
both subunit are able to provoke thyroid damagejudged from serum KTincreases,
hTgCS immunization was accompanied by a less severeoithglr mononuclear cell
infiltration compared to hTgCS. However, neithereofully reproduced the histological

picture associated with unfractionated hTg. Apptyerihe two isoforms possess distinct
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molecular pathogenic determinants necessary toirotii@ full development of the organ
disease. This initial conclusion has been confirbgdestimulation experiments of splenic
lympocytes. Restimulation with hTg-CS of splenosyl®m mice immunized with the same
antigen was followed by low-level, dose-dependertliferative responses, and IRN-
production, whereas restimulation with hTg-@®splenocytes primenh vivo with the same
antigen was followed by higher-level, dose-depehd&creases of IFN+- production,
accompanied by proliferative responses inverselgted with the antigen dose. Thus, an
evident dissociation between INBroduction and T cell proliferation has been rdedrafter
restimulation with hTgCSof splenic lymphocytes from mice immunized withe teame
antigen. To this respect, it has been reportedniyalin basic protein (MBP)-reactive T cells
may express variable pattern of cytokine productamwd proliferation in a model of
experimental autoimmune encephalomyelitis, depenfliom dose and type of antigen. In
particular, encephalitogenic peptide MBP (68-88)mstated considerable amounts of
INFy by MBP-reactive T cells in the absence of cell ifgohtion (Sun et al., 1995), when
stimulated with suboptimal dose of antigen. Otheptjgles may have capacity to induce IL-4
production, but not proliferation of the respondecells (Evavold and Allen, 1991; Allen et
al., 1994). Further studies demonstrated that aodn of T helper cells to a threshold
required for INFy or IL-2 production or proliferation is not requiréo achieve induction of T
helper cell effector functions (Brown et al., 1990n the other hand, a model of Thl cell
activation has been already described, which reguiwo types of signals: one for cytokine
production and a separate one other for prolifera(Sommer et al., 1995). These findings
further illustrate the complexity of T-cell-medidteautoimmune diseases; a same T cell
population may express distinct immune functiompesaling on the degree they are activated,

by the quality and quantity of antigens available.
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Interestigly, we also observed that vitro cross-stimulation with hTg-CSof
splenocytes from mice immunized with hTg-CS wadofeéd by a similar pattern of
proliferative and secretory responses, althougletaw level, as observed upon restimulation
with hTg-CS. Instead, cross-stimulation with hTg-CS of splemes primedin vivo with
hTg-CS was followed by maximal., dose-dependent increbs#s of proliferative responses
and IFNy production. These data indicate that hTg-8Snore effective than hTg-CS in the
priming of autoreactive T lymphocytes, recognizgig@red autoepitopes between murine and
human Tg, whereas hTg-CS is a stronger inducerddifgration of antigen-sensitized T cell
clones. In keeping with these conclusions, arestimlar results obtained when splenocytes
primed in vivo with hTg-CS, were restimulated with purified glycopeptide hT&gp,
containing the chondroitin 6-sulfate unit, but mwith its synthetic, non-glycosylated
homologue peptide. It is clear that a diversity noblecular signals, including structural
determinant(s) associated with the chondroitin I6ate chain, are required for the
concomitant activation of T cell proliferation an&N-y production, possibly via the
interaction with specialized T cell subsets. Amathg implications of our results the
possibility of using an immunizing protocol in whignice primed with hTgCSare cross-
stimulated with hTgCS appear very promising asoitld lead to a more severe thyroiditis
compared to that induced with unfractionated hTgyally mild and focal., and therefore
more resembling to human thyroiditis. This modalldarepresent an appropriate tool in the
hands of the researchers to better understand dlhelac and molecular mechanisms of

chronic autoimmune thyroiditis.

The observation that hTgCB more effective than hTgCS in priming autoresetl
cells is in agreement with the role of oligosacalarchains on the activity of proteolytic
enzymes involved in antigen processing, as wetirathe affinity of epitope binding to MHC

or T-cell receptor molecules. (Anderton, 2004).liked mono- and disaccharides in tumor-
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associated glycoprotein MUC1 were not removed duprocessing by dendritic cells (Vlad,
2002). They restricted the repertory of epitopexdpced and/or presented in a site-specific
manner, either by limiting the accessibility of sifie cleavage sites to cathepsin L (Hanisch,
2003), or by preventing epitope recognition by ptjpke-specific T cell hybridoma. However,
they could also enrich the epitope repertory, asesof the disaccharide-substituted peptides,
presented by dendritic cells, were able to prime @aactivate specific T cell clones (Vlad,
2002). N-linked oligosaccharide chains also inkithithe generation of a self epitope from
glutamate receptor subunit 3, by limiting extragklt cleavage by granzyme B (Gahring,
2001), and the endosomal generation of cytotoximplyocyte-specific epitopes from
influenza A nucleoprotein (Wood, 1998). As for gigaminoglycan chains, a keratan sulfate
chain was reported to mask an arthritogenic T egifope in the G1 domain of aggrecan, a
high density proteolycan of human adult cartilagdereas the enzymatic depletion of
multiple chondroitin sulfate side chains generatiedters of chondroitin sulfate stubs, which
activated specific B cells to function as APCshr tlevelopment of T cell responses (Glant,
1998). The chondroitin 6-sulfate chain of hTg ipected to inhibit the processing of hTg
peptide 2730-2743, among several peptides knowthiar immunopathogenic properties in
CBA mice. Although incapable of direct EAT inductiothis peptide, bearing partial
homology with sequence 118-131 of human thyropeiase, stimulatedn vitro strong
proliferative responses and the adoptive transfeEAT by splenic lymphocytes of CBA
mice immunized with mouse Tg (Hoshioka, 1993). ©O#w@topes may be abrogated by the
chondroitin 6-sulfate chain of hTg, whose generatequires cleavage at or in the vicinity of
Ser2729, within a range which includes, on the anside, the Lys2713-Gly2714 peptide

bond.

The probability that the chondroitin 6-sulfate umfluence the immunopathogenic

properties of hTg is augmented by the documentdectsf of chondroitin sulfate
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oligosaccharide units on cellular immune respon8esmall percentage (2-5%) of invariant
chain (li) molecules associated with class Il MHGlecules are modified with the addition of
a single chondroitin sulfate chain at Ser 291 hla form, they remain associated with class Il
molecules at the surface of APCs (Sant, 1985; Mill®88), where they act as accessory
molecules in antigen presentation, facilitating ithteractions between APCs and T cells, and
greatly enhancing class ll-dependent allogeneic mitdgenic T cell responses. Such an
effect occurs through interaction of 1i-CS with GDén responding T cells, as it can be
inhibited both by anti-CD44 antibodies, and by &ble form of CD44 (CD44Rg), which
binds 1i-CS directly (Naujokas, 1993). Treatmenspleen cells with xyloside, which inhibits
glycosaminoglycan addition, interferes with thaitigen-presenting capabilities (Rosamond,
1987). It was suggested that l[i-CS may allow statiah of memory T cells, which express
high levels of CD44 (Butterfield, 1989), by APC &gthat either are lacking other types of
co-stimulatory molecules, or only express themra#ig initial encounter with T cells
(Naujokas, 1993). CD44, a broadly distributed tra@sbrane glycoprotein, is the principal
cell surface receptor for hyaluronan (HA), but guaes also chondroitin 4- and 6-sulfate,
although with lower affinity (Aruffo, 1990; Sy, 199 Among various carbohydrates, it can
be modified by chondroitination. Its co-stimulatopje in T cell activation is supported by a
number of studies (Sommer, 1995; Yashiro, 1998)eadwer, monoclonal antibodies directed
against CD44 at the surface of cytotoxic T lymphesywere able to trigger cytolytic activity
in a TCR-independent manner (Seth, 1991). Serglycsmall proteoglycans stored in
secretory granules of hematopoietic cells, actithee CD3-dependent release of cytokines
and proteases from CDA44-positive CTL clones (Toy&woamachi, 1995), by interacting
with CD44 through their chondroitin 4-sulfate andfate side chains (Toyama-Sorimachi,
1997). Moreover, CD44 binding to aggrecan, a majoteoglycan of the cartilage matrix,

through the chondroitin 4- and 6-sulfate side chaihthe latter, can trigger oligomerization
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of CD44 molecules and activation of intracellulagnaling (Fujimoto, 2001). Expression of
CD44 in an active form, which is capable of hyahan binding and primary adhesion, can be
induced by antigen stimulation of the TCR (DeGréadel997a), and is required for
extravasation of activated T Ilymphocytes and motexyto sites of inflammation
(DeGrendele, 1997b; Stoop, 2002; Weiss, 1998)ebhsad CD44 expression ensues also B
cell activation (Camp, 1991). The number of cirtaiga T cells showing functional activation
of CD44 expression is increased in patients witstespic lupus erythematosus and arthritis
(Estess, 1998), and administration of anti-CD44baxlies inhibits inflammation in murine
models of inflammatory bowel disease and of collagend proteoglycan-induced arthritis
(Pure, 2001). For these reasons, CD44 has raisecbsh as a marker of disease activity or a
target for therapeutic intervention in autoimmunsedses. Different effects of the CD44
stimulation in different cell types depend on thB4@ isoforms involved, which vary by the
insertion of variant exon products between exonn8 & of the CD44 standard isoform
(CD44s) (Ponta, 2003). Both CD44v6 and CD44v7 aemsiently up-regulated during
lymphocyte activation, the former being mainly eegsed on T cells, and the latter on a
fraction of CD4 cells, B cells and monocytes. Antibodies to CD4#sl CD44v7 inhibit
antigenic and mitogenic T and B cell responses,Jevantibodies to CD44v6 selectively
inhibit T cell responses (Seiter, 2000). Both nateydelayed-type hypersensitivity reactions,
although by different mechanisms. Blockade of threnr prevented activation of CD8ells
and secretion of IL-2 and IFNMfrom CD4 and CDS$ cells, whereas blockade of the latter
apparently interfered with the delivery of signfitem monocytes, resulting in decereased IL-
12 secretion by B cells, and increased IL-10 seunrddly B and CD4+ cells (Seiter, 2000).
Finally, cross-linking of CD44v6, but not CD44s, oproted TCR/CD3-independent
proliferation of T lymphoma cells, accompanied hy2l production and activation of MAP

and SAP kinases (Marhaba, 2005).
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Finally, the close clinical and temporal assocratietween Graves’' hyperthyroidism
and thyroid-associated ophthalmopathy (TAO) letheoohypothesis that the latter is the result
of an autoimmune response directed against oneooe wrbital autoantigens that are also
present within the thyroid. Much effort has beereclied at identifying target cells and
mapping critical epitope(s) on autoantigens thepldlyy. Candidate antigens, besides the TSH
receptor, have included Tg (reviewed in ref. Pr&kaha2003). Some Authors detected Tg in
orbital tissues in patients with TAO, and hypothedi that transfer of Tg to orbital tissues
might occur via thyroid-orbit connections evidendeyl radioisotope-based lymphography
(Marino, 2001). Tg was found to be predominantlgalized in fibroadipose tissue (Lisi,
2002). The same Authors proposed that the abilithy to bind to GAGs, including
chondroitin sulfate B and C, may mediate its |lazion in orbital tissues, where it may
function as the target of immune responses orilyirditected towards the thyroid (Marino,
2003). Metachromatic GAGs accumulate in thyroideagged ophthalmopathy and
dermopathy (Prabhakar, 2003). Edematous conneptvinysial tissues of patients with
TAO are composed predominantly of hyaluronan anondloitin sulfate (Kahaly, 1998).
Accumulation of GAGs, together with adipose tisedpansion, is also apparent in the fatty
connective tissue of the posterior orbit (Hufnade&l84). UDP-glucose dehydrogenase, the
enzyme which catalyzes the conversion of UDP-glecodJDP-glucuronate, was induced by
proinflammatory cytokines in orbital fibroblastsp{&er, 1998). In our opinion, the presence
of an integral GAG chain in a subpopulation of hiiglecules may represent a more direct
mechanism, by which autoaggressive responses tewdigl may spread to connective tissue
antigen with shared GAG chains, particularly in #neent that the synthesis of both be
guantitatively and/or qualitatively disregulated Ipathogenic stimuli. Proving such an

hypothesis will require the fine structural chaesization of the chondroitin 6-sulfate chains
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of hTg and of the GAGs of orbital connective tissuend the demonstration of cross-reacting

autoantibodies and/or T cell clones in the tisarelor blood of patients with TAO.

In conclusion, in dozens of hTg preparations exaahirmostly from goiters, hTg-CS

was constantly found, its abundance varying brodiyn 31 to 72%. The presence of a

single chondroitin 6-sulfate chain linked to Ser7@ hTg influenced significantly the

hormone-forming efficiency of hTg, the proteolytazcessibility of its carboxy-terminal

domain, and its immunopathogenic capacity in CBA/a{) mice, by a complex mechanism.

1)

2)

3)

4)

5)

6)

Further work will be aiming to determine:

the physiological limits of hTg-CS abundancéiry;

the regulation of the synthesis of chondroitisufate chains of hTg, with particular
regard to the role of TSH, and the possible adaptde of changes in hTg-CS
abundance in the presence of iodine deficiency ntrerited defects of hormone
synthesis and/or secretion;

the possible correlations between variationshef hTg-CS/hTg-CSratio and thyroid
function. It is our opinion that a systematic invgation could shed light on the
pathogenesis of thyroid disease, particularly AITD,;

the effects of the immunization of CBAHI) mice, using hTgCSfor priming, and
hTgCS for boosting, in comparison with the use mfactionated hTg for both; such a
protocol may lead to a fuller-blown form of EAT aadetter model of AITD;

the effects of the immunization of CBAHI) mice with hTg peptide 2714-2744,
containing peptide bonds which are protected frootgolysis in hTgCS, and, perhaps,
epitopes whose processing by APCs is inhibitedligrGS;

the effects of the stimulation with hTgCSgp aftaeactive T cell clones from

CBA/J(H-2) mice immunized with the various forms of hTg,ngssuch techniques as
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gene microarrays, 2-D proteome analysis and diftetemRNA display, and paying

particular attention to the activation of signansduction cascades.
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