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Original Research Article
Reactivity against the flavine adenosine nucleotide (FAD) cofactor of
bacterial enzymes may explain positive flavoprotein antibody tests
in patients without ophthalamopathy

Shorttitle: Mitochondrial antibodiesin TAO

Key words; succinatedehydrogenasedimethylglycine dehydrogenasesarcosine
dehydrogenaseFAD, Graves’ disease thyroid-associatedophthalmopathy,
Hashimoto thyroiditiseyemuscle, autoimmunity

Abstract

Background: We have re-visited a possible role of autdaodies targeting a "64&Da
musclemembrane proteinin the pathogenesi®f thyroid-associatedbphthalmopathy
(TAO). This antigen was identified as the flavopiot(Fp) subunit of mitochondrial
succhate dehydrogenaséSDH). We have addressedhe possibility that "molecular
mimicry” reactionsagainst SDH can bexplained bycross reactivity against the
FAD cofactor used by this and othermitochondrial enzymes includingbacterial
sarcosinelehydrogenaséSarcDH).

Methods. Serum antibodies against SDH, SarcDHlimethylglycine dehydrognase
(DMGDH) and FAD tested, irpatients with TAO, Graves’ Hyperthyroidism
(GH) including 11 patients whodevelopedophthalmopathyfollowing treatnent of
their hyperthyroidsm, and control subjectsby enzyme-linked immunosorbent assay
(ELISA) in a prospective study.

Results: Serafrom 85% of patientswith active TAO and 37% with eye muscle
involvement contained antibodes which reacted withSDH only, compared ta37%

with Hashimoto's thyroiditis, 29% with typg diabetes,28% with GHand in 32% of
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normal subjects (Table2). Conversely, positive oesps against SDH coule explained
by reaction against the FAD cofactor in over 56fsubjects withoubphthalmopathy, but
in only 32% of patients with active eye muscle aniimation. Anti-FAD antibodies were
detected in all 11 patients (78%) in which 6 pasewnith GH who developed
ocular myopathy after beginning anti-thyroid drdgerapy and in 5 out dhe 6 who
developed congestive ophthalmopathy.

Discussion: Because of the wide distribution of mitochondeakzymes in nature there
are likely to be many opportunities fdeveloping crosseactive antibodies (“molecular
mimicry”) reaction in tests for anti-Fp antibodiesspecially in patients with organ
specific or multisystemautoimmunity.

Conclusion: Because antibodies targeting mitochondrial enzynkgsand FAD are
unlikely to be pathogenic, as the antigens araaaftular. Future studies should focus on

either the role as a marker of ophthalmopathy trepts with Graves’ hyperthyroidism.
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INTRODUCTION

Although the identities ofthe principal target antigens and thenechanism
underlyingthe close associationfahe ophthalmopathy withthyroid autoimmunityare still
unclear 3 there is considerable evidence for eye muscle inflammation serum
autoantibodiesagainstone or more eye muscle antigens are detected ingtbhat
majority of patients with thyroid-associateghhthalmopathy(TAO) “® Eye muscle
membraneroteinsof 63-67 kDa mol. wt. (MW) are the best markersplithalmopathy
in paients with thyroid autoimmunity®®. Of these, the flavoprotein (Fp) subunit of
mitochondrial succinate dehydrogenase (SDH)and the skeletal muscle protein
calsequestrir>® are most closelyassociatedwith active eye muscle inflammation.
SDH comprises two Fpubunits,two iron/sulphur subunitsaandthe covalently bound
cofactor flavine adenosine dinucleotide (FAB}*. Although serum antibodies
against Fp in purified beef heart SDH are clossboaiated with eye muscle disease
in  patients with Graves’ hyperthyroidism, and pcedits development following
treatment with anti-thyroidirugs the antibodiesare also detected in about 20% of
patients withHashimoto thyroiditis and typd diabetes mellitus and in 10-20% of
healthy, apparently normal, subjects®. The explanation for such presum&eise
positive" reactions is not known, but may reflect cross iegygt with bacterial
enzymes or physiologic antibody formation secondarymuscle or liver cellamage.
Indeed, Ottoet al. ** found antibodies against the mitochondrial maeixzymes
dimethylglycine dehydrogenase (DMGDH) and sarcosi@leydrogenasé€sarcDH) in sera
from patients with dilated cardiopathy and myodiasdand showedhat the reactive site

was the FAD cofactor’®> We therefore tested sera from patients with tidyro
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autoimmunity with and without ophthalmopathy, aocdntrol subjects, for antibodies
against SDH, DMGDH, SarcDH areAD.
CLINICAL SUBJECTS AND METHODS
Clinical subjects

Patients’ demography and clinical details are showtable 1. We studied;
() 47 patients with ophthalmopathy associated wihaves hyperthyroidism, 32
females and 15 males aged 28-77 (mean age 50 gmg nfwhom were being
treated with corticosteroids at the time of stuadf, whom 20 hadactive
ophthalmopathy with eye muscle involvement of <m@nths duration and 27
stable disease of > 12 months duration (ii) 26epasi with Gravesyperthyroidism
without ophthalmopathy or orbital ultrasound eviderfor eye muscle enlargement, 22
females and 4 males aged 24-65 (mean age 43 yr)wham 14 were studied
prospectively; in these latter patient's blood wdrawn initially then at approx. 3
monthly intervals for up to 24 months (iii) 30 jests with Hashimoto thyroiditis
without ophthalmopathy, 25 females and 5 males &#f£d66 (mean age 43 yr) (iv)
14 patients with type | diabetes mellitus, 7 fersaéend 7males, aged 14-66 (mean
age 27 yr) and (v) 37 healthy subjects, 25 femaed 12males aged 22 - 53
(mean age 39 yr) with no personal or family histoof thyroid disease,
ophthalmopathy or other autoimmune disease, agateniThe diagnosesf Graves’
hyperthyroidism, Hashimoto thyroiditis and type Ilaletes mellitus were made
according to standard clinical criteria and conédrby appropriate laboratory testing.

Informed written consent was obtained from all gatis and normal subjects studied.
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I solation of purified beef succinate dehydrogenase
Succinate dehydrogenase was solubilized by peweortreatment of
succinate coenzyme Q oxidoreductase (Complex Ithefrespiratory chain)hich

had been isolated from beef heart mitochondriaessribed previously .

I solation of purified DM GDH and sarcDH

SarcDH, prepared from rat liver mitochondria ascdesd previously*!, was
diluted in -10 mM KPO4 buffer, pH/, containing 100 mM KCI and 1mM azide.
DMGDH, prepared from rat liver mitochondria as désed previously "® was
diluted in 10 mM HEPES, pH,containing 100 mM KCI and 1 mM azide. On gé¢ie
enzymes were shown to be > 90% pure. FAD was psechdrom Sigma (Stouis,
MO).
Enzyme-linked immunosorbent assay

The method has been described in previous pulditatirom this laboratory®.

Tests were performed in triplicate, in 96 well pkt The optimal concentration of

purified SDH, DMGDH and SarcDH, and FAD, was four'nnl,preliminary“Checker
board" assays; to be 1 pg/ml for each enzyme afatiws andoptimal serum dilution
was 1/50. The second antibody was an alkaline pgtadape labeled goat anti-human
IgG (or IgGl, 1gG2, IgG3 or IgG4 in the case of IgGbclasses) diluted 1/1500. As
control, we used phosphate buffered saline (PBS)ead of antigen, serum or
secondary antibody. Results were expressed asabpeasity (OD) at 410 nM and a

positive test taken as an OD > mean + 2SD for algd® normal subjects.
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Statistical analysis

Prevalences of serum autoantibodies against mitabfad enzymes and FAD

were analyzed statistically usir)g2 tests with Yeats correction for smallmbers. For all
tests a P value of < 0.05 was considered to befisigmt.
RESULTS

Firstly, we tested for antibodies against the nmtowrial enzymes SDH,
DMGDH and SarcDH, and FAD, a cofactor used by tlen®ymes, in serum from
patients with TAO, GH without ophthalmopathy, Hasbto thyroiditis, type |
diabetes mellitus and normal subject®y ELISA. We found a wide range of
reactivity against mitochondrial enzymes and FADalhstudy groups (Tabl®).
Antibodies reactive against all 3 enzymes and FA®emdemonstrated in 10% of
patients with active TAO and eye muscle diseaséy @2h stable ophthalmopathy,

33% with Hashimoto's thyroiditis, 29% with type ihloetes, in 78% of patients with

GH and in 32% of normal (Table.2) 2()test, P < 0.001vs. normal for SDH group and P =
Not Significantvs. normal for all other groups). patients with active TAO and eye muscle
involvement demonstrating positiveactivity to one or more enzymes, or FAD, reatyivi
was against only one enzyn®DH, 11 patients) (Table 3) in 65% of cases (P.09Dvs.
normal), compared to 50% in patientsth stable TAO (SDH, 6 patients; P = Not
Significant), 33% in Hashimoto's thyroiditis (SDH patients), 40% in GH (SDH, two
patients), 14% in patients with type ldiabetes (SDhe patient; P = Not Significant)
andin 31% of normal subjects (SDH, 4 subjects), (Table

Considering reactivity against SDH, sera from 85%patients with active TAO

contained antibodies which reacted with SDH onlgmpared to 37% wittHashimoto
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thyroiditis, 29% with typel diabetes, 28% with GH and 32% of normal subjects
(Table2). These differences were significant, comg&o normal, only for patients with
active TAO (X test, P < 0.001) Conversely, positive responseisig8DH in subjects
without ophthalmopathy could be explained by reactiagainst theFAD cofactor
(rather than Fp) in over 50% of cases, but in oty of patients withactive
ophthalmopathy. No serum contained antibodies agdaIGDH only.

Next, we tested for antibodies against FAD and [BHran serum samples
taken over a period of up to 24 months from 12guési with newly diagnosed
Graves’ hyperthyroidism that developed ophthalmiopdabllowing treatment with
anti-thyroid drugs. These sera had been previotedted for anti-Fp antibodies. Six
of the 12 patients developed ocular myopathy, eefiras; diplopia, eyenuscle
dysfunction and marked eye muscle volume increasebaerved by orbitalltrasound,
with or without congestive changes, from 1 %2 - 6nthe afterbeginning treatment
and 6 developed severe congestive ophthalmopatityndreye muscle dysfunction
and no or only minimal eye muscle volume increaserbital ultrasound, after 4 1/2
- 10 months. All sera were tested in a single assthe end of the study.

Anti-FAD antibodies were detected in all 6 patienddo developed eye
muscle dysfunction during treatment with anti-thgiralrugs, whichwas before the
onset of diplopia and eye muscle dysfunction in@&llAnti-FAD antibodies were
also detected in 5 out of the 6 patients who deexlo connectivetissue
inflammation but no eye muscle disease, and predlithe ophthalmopathyp 3 of
them. There was no dose correlation with anti-Hibadies in thesgatients (Fig

1A and 1B).
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We also measured anti-SarcDH antibodies in somih@fpatients; levelwere
generally lower than for anti-SDH antibodies andvals lower than for anti- FAD
antibodies. Anti-SarcDH antibodies were detectefbrieethe onset oéye symptoms
in one of the 3 patients who developed ocular migpabut in none of the two who
developed congestive ophthalmopathy (results nawsh MeanOD values for each
antibody at each time point are shown in Fig 1A d4Bd

Finally, we measured the IgG subclasses of antdsodieactive against SDH in
representative positive sera from patients withvacTAO and eye muscli@volvement (n
= 14) and normal subjects (n=8), in ELISA using idgG subclass-specific second
antibodies. Whereasintibodies were mostly of the 1gG3 (42%) and 1gGA2%)
subclasses in patients willAO, they were mainly of the IgGl (50%) and IgGX%%q)
subclasses in normaubjects. These differences were significant foGagand lgG4
antibodies (P < 0.05, P05, respectively) but not for IgG1l or IgG3 anties.

DISCUSSION

Although many different eye muscle antigens ar@gazed byautoantibodies
in serum from patients with TAO, the Fp subunit ofitochondrial succinate
dehydrogenasthe "64 kDa protein”, was the first of those todb®wn to be closely
associated witbphthalmopathy.

The concept of molecular mimicry has been accepged possible mechanism of
antibody generation against common antigdis.address the possibility that "molecular
mimicry" reactivity in patients and control subjctwith no clinical evidence for
ophthalmopathy reflected targeting of the FAD ctdaavhichis covalently bound to

SDH and other mitochondrial enzymes, we tested derum antibodies reactive
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against SDH, DMGDH, SarcDH and FAD in patients witAO, and control subjects.
We showed that positive responses against SDH dmeilexplained by reacticaagainst
the FAD cofactor in over 50% of patients withaghthalmopathy but in only 32% of
patients with active ophthalmopathy and eye musolelvement (Table 2). In patients
with  GH who developed ocular myopathy congestive ophthalmopathy following
treatment, detection of anti-FAD antibodies precetlee eye disorder in 11 out of 14
cases (Table 2).

To summarize the main results, while we foundvide range of reactivity
against mitochondrial enzymes and their FAD cofaabcall study groups, sera from
65% of patients with active TAO and eye muscle imement contained antibodies
which reacted with SDH only, compared to 38#%th Hashimoto thyroiditis, 14%
with typeldiabetes, 40% with GH and 31% radrmal subjects (Table 3). Conversely,
positive responses against SDH in subjects withophthalmopathy could be
explained by reaction against the FAD cofactor ver®0% of cases, but in only
10% of patients with active ocular myopathy. Ingatiswith GH tested serially, anti-
FAD antibodies were demonstrated in all 6 out & €hpatients who developed ocular
myopathy, and in 5 out of the 6 who developedgestive ophthalmopathy, while low
levels of anti-SarcDH antibodies wedetected in one out of 3 and none out of two,
respectively, of these patients.

In patients with GH who develop ophthalmopathy, thepespance of anti-FAD
antibodies most likely reflects release of mitoated enzymes and FAD fromlamaged
eye muscle cells and orbital fibroblasts, wherea#ti-Fp antibodies seem the

specifically associated with eye muscle necrosis.
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Bacterial SarcDH and mammalian DMGDH share sequesinglarities, including
the covalent type of FAD attachment to a histidiesidue of the enzym&? Itis
likely that many subjects are exposed to bacteRAD and that in patients with
autoimmune disorders such as typdiabetes and Hashimoto thyroiditejtoantibodies
are additionally produced against different epitomegn FAD and themitochondrial
enzymes following their release from damaged ialed thyroid cells, respectively, in
support of the notion of different reactivity sité#s the SDH protein, anti-SDH
antibodies in patients with TAO were mainly of tlg&3 and lgG4ubclasses whereas,
in normal subjects giving positive tests againsHSihey weremainly of the IgG1l and
IgG2 subclasses. The fairly high prevalence of -BADD antibodies in healthy
control subjects (32%), some of whom gave a histoirynon-specific inflammatory
disorders recent musculo-skeletal trauma or pastitwentinfections, may be explained
by reactivity against FAD or enzymes released frgaletalmuscleor by cross-
reactivity againstFAD or SacDH in bacteria. Anothelikely cause ofsensitization
to mitochondrial enzymes, ipatients with autoimmunity, isimmunemediated
skeletalmusclecell necrosisFor example,we have recentlyshown that 5 out ob
patiens with myasttenia gravis had serum antibodiesactive against SDH",
although we did not test these serdor reactivity against FAD orother
mitochondrial enzymes.

In conclusion becauseof the wide distribution of mitochondrial enzymes in
nature tlere are likely to be many opportunities fordeveloping cres reactive
antibodies which could give a "molecular mimicry" eaction in tests foranti-Fp

antibodies, espmlly in patients with organ specific or multisystem autoimmunity.
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On the other handn patientswith GH studied prospectively anti-Fp antibodies
appear to be specific markers for eyemuscle fiber necrosis Although the
significance of antibodies targeting mitochondrisdnzymesand FAD, and indeed
those antibodies reactive with the eye muscle pratalsequestrin are unclear they
are unlikely to be thecauwse of tissuedamagen TAO. Future studieshould focus
on the cellulareactions against Fp and calsequesivinich are expectedto be the

primaryevent in thedevelopment otheeye muscleomponent of ophthalmopathy.

Disclosure: The authors declare that they have no conflictmgrests.
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Table 1. Demographics and available clinical detafi patients with thyroid autoimmunity,

control patients with type 1 diabetes and normhbjesis

Total | Female | Male Age(year)

Mean ag

(year)

eTreatment

TAO? 47 32 15 28-77

50

None

GH® 26 22 4 24-65

43

None

HT? 30 25 5 22-66

43

None

T1D® 14 7 5 14-66

27

None

Normal 37 25 12 22-53

39

None
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261
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264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282

With steroids or immunosuppressive drugs
°TAO = Thyroid-associatedphthalmopathy
3 GH = Graves hyperthyroidism

* HT = Hashimoto thyroiditis

> T1D = Type 1 diabetes
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Table 2. Serum antibodies against mitochondriayer@®sand FAD in patients

with TAO, thyroid autoimmunitywithout ophthalmopathy antype | diabetes,

andhealthy subjects.

GROUP SDH SarcDH DMGDH? FAD'
TAO®; active+ | 17 (85%) 6 (30%) 4(20%) 2 (10%)
EM’ disease| p < 0.000%

(n=20)

TAO; stable,| 10(37%) 4 (15%) 6 (22%) 6 (22%)
chronic

(n=27)

GH’ 4 (28%) 2 (14%) 4(28%) 11 (78%)
(n=14)

HT™ 11(37%) 12(40%)' 10(33%) 10 (33%)
(n=30) ’

Type ] 4(29%) 2 (14%) 4(29%) 4 (29%)
diabetes

(n=14)

Norma (n=37) [12(32%) 9 (24%) 6 (16%) 6 (32%)

9.

© N o g A~ w D PRP

SDH = Succinatedehydrogenase

SarcDH = Sarcosine dehydrogenase

DMGDH =Dimethylglycinedehydrogenase

FAD = Flavine adenosinelehydrogenase

TAO = Thyroid-associatedophthalmopathy

No. (%) reactivewith thatenzyme/FADIn ELISA

EM = eye muscle

Statistical analyses refer to differences betweahepts groups andormal
assessedsingx” testswith Yeatscorrection for smathumbers.

GH = Graves hyperthyroidism

10.HT = Hashimoto thyroiditis

13



326 Table3. Spectrum of antidy reactivity against mitochondrial enzymes and

327 FAD in patients with TAO, thyroid autoimmunity without

328 ophthalmopathy antype |diabetes, anthealthysubjects, giving positive

329 reactivity againsbne or moremitochondrialenzymesr FAD.

330

Target Acute Chronic GH HT Type 1 Normal
antigen TAO+ EM | TAO diabetes

disease

one 11( 65%)1 | 6 (50%) 2(40%) 6 (33%) 1(14%) 4 (31%
enzyme p <0.002

one 0 (0%) 1(8%) 0 (0%) 1(5%) 2 (29%) 1(8%)
enzyme +
FAD

2enzymes | 2(13%) 0 (0%) 2 (40%) 2(11%) 0 (0%) 2 (15%)
2 enzymes| 0 (0%) 2 (16%) 0 (0%) 0(0%) 1(14%) 0 (0%)
+ FAD

3 enzymes | 2 (13%) 1(8%) 1(12%0) 0 (0%) 0 (%) 1(8%)
3enzymes |2 (13%) 3 (25%) 0 (0%) 7(39%) 1(14%) 5(38%)
+FAD p<0.05

FAD only | 0(0%) 0 (0%) 0 (0%) 0(0%) 0 (0%) 0 (0%)
Number 17 12 5 18 7 13
31

332 1. No.(%) reactivein ELISA

333 2. Statistical analyses refdéo differences betwen patients groupsand normal
334 assessedising X2 tests withYeatscorrectionfor smdl numbers.

335
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341
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343

344
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Optical Density (OD) at 410 nm
Optical Density (OD) at 410 nm

0.0-

SarcDH

Fig. 1 Serum Levels of antibodies against FAD (glacblumn), SDH (open column)
and SarcDH (black column) in patients with Gravlagperthyroidism studied
prospectively following treatment, measured in eneyinked immunosorbemissay.
The results are expressed as mean OD at 410 nkA) bre levels in 6 patientwho
developed eye muscle disease. In (B) are level$ ipatients who developed
congestive ophthalmopathy but no evident eye mustikease. The hatched
horizontal line, at 0.200 OD, is the upper limit nbrmal, for all 3 antigens,
calculated as mean + 2SD for a panel of 8 age exdnaitched normal subjects tested

concurrently.
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