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Evyoprotieg

H mopovca didaktopikn dtotpipr] ekmoviOnke otnv Pevpatoloyikn povadao Kot to epyactiplo
Pevpatoroyiog — Avosoroyiag g A’ Tlporaudevtikng ITaBoroywkng Kivikng g latpikng
YyoAg Tov EBvikod kot Kamodiotprokov [avemiompiov AOvov Katd v ¥povikn nepiodo
2019 — 2024 vrd v enifreym tov Kabnynt [Haboroyiag — Pevpatoroyiog kov ITétpov I1.
ZPNKAKT).

OLoKANp®VOVTOG TNV SIOOKTOPIKT LoL dtatpiPn Ba 0eda va uyoploTHom Lo GEPE ATOU®Y

7OV LoV £J€1EAV TOV OPOUO € aVTO TO GVVAPTACTIKO Ta&idl 6TOV KOGHO TG EPELVOC:

Apykd, tov Kadnynt [Haboroyiag — Peopatoroyiog I1étpo I1. Zenrdkn, tov emPAEnovia g
STpPmg oS, 0 omoiog petd To mépag TG laTpikng XyoAng, pov dvolEe dSamiata TIg TOPTES
TOV €PYACTNPIOL TOV, pe forBNcE Vo KAV® To TPOTA LoV PHOTO GTOV YMDPO TG EPELVOG KOl

arotelel Kot Oo amotedel TOV pévtopa Lov.

Tov Epgvvnm A’ Baciieto Zovdt and to EOviko Topvua Epevvov, o omoiog 6Aa avtd ta
YPOVIOL LoV HETEOMOE EKTOC OO TIG OVOIMOEIS YVADGELG TOV GTOV YMPo NG Broloyiag kot v
ayGmn TOL Yo TNV EMGTNUN, EVO Pprokdtay OAa avTd T Ypdvia anpOGKOTTO GTO TAEVPH LoV

BonBmvtag pe o kabe duokoria o avTd TO TALIOL.

Tov KaOnynm Iotoloyiag Baocileio ['opyovdn, o omoiog pe Tipnoce GUUUETEXOVTOG GE OLTN
mv  Tpued ZvpPovievtik] Emitponn kot pov emétpeye va PeAtiobd  mepetaipo

EMGTNLOVIKA, SIELPVLVOVTOG TIS SEEIOTNTES LLOV.

Tnv Kadnyntpue Pevpatoroyiog Mapia Tektovidoov, m omoio 6e OAN v O1dpKel NG
SwTpiPrg pov emédelEe 1OwiTEPO EVOLOPEPOV Y1O. TNV TPAOOO TMOV TEPOUATOV Kol UE

EMOKOJOUNTIKN KPLTIKN TNG O1e0puve ToVg opilovTeg Hov.

Tov Emikovpo Kabnyntm Pevpatoroyiag I'edpyro DpaykodAn, o omoiog pe Pondnoe
ONUOVTIKA OTNV OTPATOAOYNON TOV 0CHEVOV Kol HE TIS EMOTNUOVIKEG GUINTACEIS HOG

OLVEPOAE ONUOVTIKG GTO VO SOVAEY® OKOLO TTLO CKANPA KOl GLGTNLOTIKA.



Evyopiote emiong v kadnynqrpio Moavpoaydvn Kiewd kot tov kobnynm Avurepdmovro
Evdyyelo, ot omoiot pov ékava tnv T Kot d€YTNKAY Vo cuppetdoyovy otnv Emrtoapein

E&etaotikn Emitponn g dotpirig pov.

‘Eva. peyddo evyoplotd o@eih® va mo kot otlg ypappoteig g A’ Ilpomoudevtikng
[MaBoroyumng kKhvikng kot g Pevpatoroyikng Movadag g A’ Ipomaidevtikng [TaboAoyikng
Klvung, ot omoieg pe 1o yopdyero Kot tnv mpobupio Tovg oV mdvta dimia pov oe kibe

aVAYKT TOL TPOKLTTE.

Emiong, éva Eexwploto evyaptotd BEA® va T o€ GAOVG TOVG EIGTKEVUEVOVG KO ELOTKEVOLEVOVG
Pevpatordyovg g Pevpotoroyikng Movadag g A Iporardevtikng [TaBoroyikng Khvikng,
ot onoiot pe fondnoav EuUmpakta 6TV GTPATOAOYNON TOV 0cbevov. [dtépwc, Oa 0eia va
EVYOPLOTACM amd Kapoldg Tov petadddktopa Niko BAaydyiavvn kot tnv dddktopa Mapio
[Mommd, ot omoiot Nrav dimha pov oto epyactplo Pevpotoroyiag amd v TpdTn HéEP, LoV
oTaNKAY TPAYHOTIKG SITA OV, OTTOTE TOVG E1Y0 YUYOAOYIKE OVAYKN KO LITOP® Vo, T OTL

KEPOLGOL OLO VEOLG PIAOVG.

Evyopioto eniong 6Aovg Toug 0s0evels, ot 0moiot HEYTNKAY VO GUUUETEXOVY GTHV SOAKTOPIKN
a1 SotpPn) Ko amoteAoVoAY Kol o OTOTEAOVV TNYY| EUTVELGNG OV MG ETIGTHOVO KO MG

wTpo.

TéAlog, 10 mo peydro evyaploTd 0Peihm va T otV owkoyévela pov. H untépa pov EAEvn kot
N adepPn pov ABnvd, Bplokdtay mEvIo 6To TAELPO HOL GE OAN aVTN TNV OldPOUY| KoL e
vroompillav ovclaoTikd omote 10 ypewlopovv. H odvipoedg pov, Avva, cvvéPaire
KaBOPIoTIKA, OPOV LE TNV OVOYN TNG KOl TNV OYAmN TNG, LE EVOUVAUMVE OTIG O OVCKOAES
oTpoPEG avToL Tov Taldlon. Télog, o ekMmdV Tatépog Hov, AvOopéas, GTOV Omoio Kol
aPEPOVO VTN TNV dTptPr], NTav 0 KaBoploTikdg TapAyovTag, 0pOL TOPATPOVINS TO

TOPASELYILO TOV OO TNV TOLOIKY] OV NAIKIC, OV ELPVONCE TNV EMGTNLOVIKN TEPLEPYELQL.

AbMva, lavovdpilog 2024

[Havayudng lodvvng Ntovpog



Inmokparerog Opkog (apyaio EAANVIKA YADGGR)

‘Opvopt AmoAhovo intpov, kol AcokAnmov, kol Yysiav, kol [Tovakeov, kol
BeoV¢ mavTag TE Kol TAGNS, {6TOPOG TOLEVUEVOS, EMTEAEN TOMGEWY KATO SUVOULY
Kol kpiowv €unv Opkov toOvoe koi Euyypaenv tvoe. ‘HynoacBor pev tov
ABAEaVTA e TV TEYVNV TOOTNV (o0 YEVETN OV £0ToL, Koi Blov kotvdoacBat, Kai
rpe®V ypnilovtt petadootv momoachal, koi yévog T0 €5 wiTéon AdEAPOIG Toov
EMKPIVEEY APPETt, Kal O10AEEWY TNV TEXVTV TAvTNY, TV Xpnilwot pavBaver, dvev
woBod Kot Euyypaetis, mapayyering 1€ Koi AKponolog Koi ThHg AOUThg amaong
nabnolog petddooty momoachHor vioioi te €Uoiot, Kol Toiol ToD gue 0104E0vTog,
Kol poOntoict ouyyeypoUUEVOLol Te Kol MPKICUEVOLG VOU® INTPIK®, GAA® O
00dEVL.

Arontpoct te yproopal £r' OEEAEIN KAUVOVT®OV KATO OUVOLULY Kol KPIGY EUny,
gmi dOnAnoet 6 kai aokin eip&etv.

OV 0om 0& 0vOE Qdpupokov ovdevi aitnbeig Bavdoiuov, ovOE VEMNYNCOUL
EopuPovAinv tonvoe. Ouoimg 6& 000E yuvaiki TGOV POOPIOV dDG®. AYVAHC O
Kol 0Gimg dtatnpnom Piov TOV EUOV Kot TEQVNV TNV EUNV.

OV tepém 0& oVdE unv MOdVTaG, EKywpnom O¢ €pydtnoty avopact mpn&log
TNoOE.

'Eg oixiog 6& 0x6c0¢ v €0im, EoeAedooual €X' OQEAED] KAUVOVI®V, EKTOC EQV
ndong adiking Ekovsing Koi eBoping, Thg & AAANG Kol Appodiciov Epywv €l Te
YOVOIKEIMV COUATOV Kl AvOpD®V, EAEVBEPMV TE Kol S0VAMV.

A 0" Gv év Bepamein 1} 10w, 1 dxovow, 1j kai dvev Bepanning katd Plov avOpdTwV,
8 un xpf mote ExhoréecOat EEm, cryfoopar, ppnto yeduevog etvar T TolodTo.
‘Opkov p&v odv pot tovde émredéa motéovty, kol ufy Evyydovt, &l énavpacdor
Kol Piov kol téyvng do&alopéve mapd macty AvOpmTolS &g TOV aigl ypdvov.

Tapofaivovtt 8¢ Kol EMOoPKOVVTL, TAVAVTIO TOVTEWV.



Inmokparterog Opkog (amd000n 6T VEQ ELANVIKT] YADGOQ)

OpxiCopon 610 86 ATOAA®VA TOV 101TPO Kot 670 Bed AokAnmid kot otnv Yyeia
kol otnv [Havlkew ko emikaiovpevog ™ poaptupic OAwv v Bemv otL Oo
EKTEAEGM KOTA TN SVUVAUN KO TNV KPioT LoV TOV OPKO LTOV KOt T1 GUUP®VI
avt.Na Oeop® Tov SOACKAAD OV TNG WITPIKNG TEXVNG 100 LLE TOVG YOVEIG OV
KoL TNV Kovevo tov Bilov pov. Kot otav yperaletot ypnpota va popalopon poli
7OV T0l 01K pov. Na 0empd TNV 01KOYEVELL TOV AOEAPLO LLOV KOl VO, TOVG O100GKM
avtnV TV €LV av BEAovY va Ty pdbovv ywpig didaxtpa 1 GAAN GLHLE®VI.
Noa petadidom Toug kavoveg NOkNg, TNV TPoPopIKn 6100cKaATN Kot OLES TIC AALEC
WTPIKEG YVAGELS OTOVG YIOLG OV, GTOVG YOG TOL OOOKAAOL LOV KOl GTOLG
EYYEYPOAUUEVOLS LaONTEG TOL T PAV TOV WUTPIKO OPKO, AAANL GE KOVEVAY GAAO.
Oa ypnoponowd ™ Bepaneia yio va Bondncm tovg acheveic kot t dvvoun Kot
Vv kpion pov, oArd ToTE Yo va Ay ® 1 va adiknom. Ovte Ba dive Bavatneodpo
eapupoxko e kdmolov mov Oa pov 1o {nMoetl, ovte HBa Tov KAV o TETOL
VRLOOEIEN.

[Mapopoimg, 6ev Ba eumoTELT® GE £YKVO WEGO MOV TPOKAAEl Ektprwon. Oa
dltnpd ayvr] ko aomiAn kot 1 Con Kot v t€yvn pov. Agv Oa ypnoipomoum
VUGTEPL 0VTE GE OVTOVG Tov TAGYovY amd Abioom, aAAld Bo mapaywpd v
gPYOCia AT GTOVS EOIKOVS TNG TEXVNG.

Xe 6ca onitia myaive, 0o uraive yia va Bondncm tovg acbeveic kat Ba anéym
and omoladNTote EGKEUUEVN BAAPN Kal Oopd, Kot 10iwg amd YeveTnoleg TPAEELS
pe avopeg Kot yuvaikec, EhevBepoug kot dovriove. Kot 6ca tuoyov PAET® 1 akov®
KaTA TN Odpreln TG Oepameiog 1 Ko TEPA Amd TIG EMAYYEAUOUTIKES LLOV OGYOMEG
otV kofnpepwvr] pov Lon, avtd mov dev Tpémel va pofevtodv mapassm oev Oa
T0, KOWOTOl®, 0ewpavtog To OEpaTo oVTd HUGTIKA.

Av mpo ToV OpKO ALTO KO 0V TOV TTOPAP®, OG YOUP® TAVTOTE VIOANYEMG
avAapeEGo 6Tovg avOpmmovg yio ) {on Kot Yo TNV TELVN Hov. Av OU®G TOV

TopaPo Kol EMOPKNc®, o Tabw ta aviifeta.



The Hippocratic oath

I swear by Apollo Physician, by Asclepius, by Hygeia, by Panacea, and by all the
Gods and Goddesses, making them my witnesses, that [ will carry out, to the best
of my ability and judgment, this oath and this contract of honour. To hold my
teacher of this art (Medicine) equal to my own parents; to share with them (my
teacher) my life and when they are in need of money to share mine with them; to
consider their family equal to my siblings, and to teach them this art (Medicine),
if they want to learn it, without fee or any other contract; to impart precept, oral
instructions, and all my knowledge to my own children, my teacher’s children,
and to indentured pupils who have taken the physician’s oath, but to nobody else.
I will use treatment to help the sick to the best of ability and judgment, but never
to injure or perform any wrong-doing.

I will never administer a poison to cause anybody’s death even when asked to do
so, nor will I ever suggest such a course.

I will never give to a woman a pessary to cause abortion. I will keep pure and
honourable both my life and my art (Medicine).l will not perform surgery, not
even on sufferers from lithiasis, but I will leave this to the specialists.

In any homes that I enter, I will enter to help the sick, and I will abstain from all
intentional wrong-doing or harm,and I will never engage in any intercourse with
men or women, slaves or free.Whatever I shall see or hear in the course of my
profession, as well as outside of my professional life, if it should not be published,
I will never share it with anyone, holding it as a holy secret.

If 1 carry out this oath, and never break it, may I enjoy forever respect and
reputation among all people for my life and for my art; but if I break this oath and

forswear myself, may the opposite befall me.
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Sep;254:109693. doi: 10.1016/5.c1lim.2023.109693. Epub 2023 Jul 16. PMID:
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doi: 10.1016/j.jaut.2021.102755. Epub 2021 Nov 29. PMID: 34857436; PMCID:
PMC8713031.

9. Ntouros PA, Vlachogiannis NI, Pappa M, Nezos A, Mavragani CP, Tektonidou MG,
Souliotis VL, Sfikakis PP. Effective DNA damage response after acute but not chronic
immune challenge: SARS-CoV-2 vaccine versus Systemic Lupus Erythematosus. Clin
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22nd Annual Hellenic Conference of
Physical medicine and rehabilitation

28th Congress of the Hellenic Society of
Rheumatology, Athens, Greece.

17th European Geriatric Medicine Society
(EUGMS) Congress, Athens, Greece

3rd Lupus School of the Athens Lupus
Forum

European Geriatric Medical Society E-
congress, Covid-19: lessons and challenges
for health care for older adults.

Conference of the International Cell
Senescence Association (ICSA), “The bright
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26th Congress of the Hellenic Society of
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effective doctor to patient communication in
patients with chronic illness.

80  Cardiological = Congress  Eastern
Macedonia and Thrace, “Treatment of
Cardiological Diseases in 2017: The many-
sided contribution of imaging”

80 Annual Seminar in Electrolytes and acid-
base balance, Hellenic Society of Nephrology.
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EMEUNET - EMerging EULAR NETwork

Athens Medical Association
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List of abbreviations

Abbreviation

Explanation

UV-c
DDR
DDR/R
FA

SLE
SSc
ROS

RSS
RCS
NADPH

NADP
NOX
mTOR
Nrf2
AP-1
NF«xB

IL-2
IL-10
TNF-a
BER
AP site

Ultra violet radiation ¢

DNA damage response

DNA damage response and repair
Fanconi anemia

Rheumatoid Arthritis

Systemic Lupus Erythematosus
Systemic Sclerosis

Reactive Oxygen Species
Reactive Nitrogen Species
Reactive Sulfur Species
Reactive Chlorine Species

Reduced nicotinamide adenine dinucleotide
phosphate

nicotinamide adenine dinucleotide phosphate
NADPH oxidase

mechanistic Target of Rapamycin

nuclear factor erythroid 2—related factor 2
Activator protein 1

Nuclear factor kappa-light-chain-enhancer of
activated B cells

Interleukin-2
Interleukin-10

Tumor Necrosis Factor-a
Base Excision Repair
apurinic/apyrimidinic site

superoxide
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Abbreviation Explanation

*OH hydroxyl radical

H202 hydrogen peroxide 2

SSB Single-strand DNA break

DSB Double-strand DNA break

8-oxoGua 8-0x0-7,8-dihydroguanine

FAPyG 2,6-diamino-4-hydroxy-5-formamido-
pyrimidine

thymine glycol 5,6-dihydroxy-5,6-dihydrothymine

cytosine glycol ,6-dihydroxy5,6-dihydrocytosine

GSH Glutathione

GSSG- Glutathione disulfide

Met Methionine

Cys Cystein

GR GSH reductase

ALS amyotropic lateral sclerosis

HPLC high-performance liquid chromatography

LC-MS/MS liquid chromatography -tandem mass
spectrometry

pS3 Tumor protein P53

CDK-I cyclin-dependent kinase inhibitor 1

IkBs Inhibitors of kB

IL-8 Interleukin-8

MAPK mitogen-activated protein kinase

uRNA micro RNA

RANTES Regulated on Activation, Normal T Cell
Expressed and Secreted

MCP-1 Monocyte Chemoattractant Protein-1

CRP C-reactive protein

GWAs Genome-wide association studies

IRF-5 Interferon Regulatory Factor 5
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Abbreviation

MHC

IRF-7

EBV

IFN

TLR

RIG-1

MDA-5

cGAS

AW¥m,

ROI

PBL

DSB-R

RF

DSB-R

RF

anti-CCP
anti-Ro/ anti-SSA
anti-La / anti-SSB
ATM

lc-SSc
dc-SSc
EULAR
ACR
DAMPs
TGF-p
ECM
MDA
TAC

Explanation

major histocompatibility complex

Interferon Regulatory Factor 7

Epstein—Barr virus

interferon

Toll-like receptor

retinoic acid-inducible gene I

melanoma differentiation-associated protein 5
Cyclic GMP-AMP synthase

mitochondrial transmembrane potential
reactive oxygen intermediates

peripheral blood lymphocytes

double-strand break repair

rheumatoid factor

double-strand break repair

rheumatoid factor

anti-cyclic citrullinated peptides
Anti-Sjogren’s-syndrome-related antigen A
anti-Sjogren’s-syndrome related antigen B
ataxia telangiectasia mutated serine/threonine

kinase

limited cutaneous systemic sclerosis
diffuse cutaneous systemic sclerosis
European League Against Rheumatism
American College of Rheumatology
damage-associated molecular patterns
transforming growth factor - 3
extracellular matrix

malondialdehyde

total antioxidant capacity
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ABD
PDGF
PRR
HSV
APS
aPL
PAMPs
anti-B2GPI
pAPS
sAPS
cAPS
thrAPS
STAT4

VDRL
VZV
CMV
ICAM-I
VCAM-I
PON-1
NO
ONOO-
HC
PBMC
EDTA
PBS
FBS—
DMSO
NaOH

Abbreviation

Explanation

Adamantiades — Behcet’s Disease
Platelet-derived growth factor
Pathogen recognition receptors
Herpes simplex virus
Antiphospholipid syndrome
antiphospholipid antibodies
pathogen associated molecular patterns
anti-beta-2 glycoprotein I antibodies
primary APS

secondary APS

catastrophic APS

Thrombotic APS

signal transducer and activator of transcription-
4

Venereal Disease Research Laboratory
Varicella Zoster Virus
Cytomegalovirus

intercellular cell adhesion molecule-1
vascular cell adhesion molecule-1
paraoxonase-1

nitric oxide

Peroxynitrite

Healthy controls

Peripheral blood mononuclear cell
Ethylenediaminetetraacetic acid
Phosphate Buffer Saline

Fetal Bovine Serum
Dimethylsulfoxide

Sodium hydroxide
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Abbreviation Explanation

ARP Aldehyde Reactive Probe

OT™M Olive Tail Moment

dsDNA Double-strand DNA

AQOPP advanced oxidation protein products

ssDNA Single-strand DNA

RPMI Roswell Park Memorial Institute (RPMI)
medium

HCl hydrochloric acid

FITC fluorescein isothiocyanate

Ser serine

TRITC tetramethylrhodamine

SD Standard deviation

SOD superoxide dismutase

GPx glutathione peroxidase

GR glutathione reductase

Prxs peroxiredoxins

CAT catalase

Mn Manganese

Zn Zinc

Cu Copper

Se Selenium
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Summary

Systemic autoimmune diseases comprise an heterogenous group and are characterized by
aberrant chronic immune activation against self-antigens, production of autoantibodies and
tissue injury. Although their pathophysiology remains unclear, several lines of evidence
suggest that the imbalance between the oxidant and antioxidant cellular systems after exposure
to deleterious stimuli, termed oxidative stress, is shown to be involved. Reactive oxygen and
nitrogen species are key mediators of oxidative stress and may damage cellular DNA. To
protect the genome, cells have developed several DNA repair mechanisms, composing the
DNA damage response and repair network (DDR/R). On the other hand, chronological age,
associated with a decline of the immune system functionality, leading to increased
susceptibility to cancer and autoimmunity. Herein, we aimed to examine whether systemic
autoimmunity is associated with aberrations in oxidative stress formation and DNA damage
accumulation, as well as whether these aberrations may be attributed to the person’s

chronological age.

We studied 78 consecutive patients with systemic autoimmune diseases, including Rheumatoid
Arthritis (RA) (n=9), Systemic Lupus Erythematosus (SLE) (n=14), Systemic Sclerosis (SSc)
(n=9), Adamantiades — Behcet’s disease (ABD) (n=6) and Antiphospholipid Syndrome (APS)
(n=40). A total of 212 apparently healthy individuals (HC) were studied in parallel. Peripheral
blood mononuclear cells (PBMCs) were isolated using standard methods. Oxidative stress
formation was assessed by quantifying intracellular glutathione oxidation with
chemiluminescent methods , DNA damage levels were measured by alkaline single-cell gel
electrophoresis (single- and double- strand DNA breaks) and abasic (apurinic/apyrimidinic)
sites using a chemiluminescent assays, while DNA damage repair efficacy was assessed by
immunofluorescence antigen staining and confocal laser microscopy (double-strand break
repair / DSB-R). Results from each patient subgroup were compared with corresponding results

derived from an HC subgroup, matched 1:3 for age and sex.

Firstly, increased oxidative stress levels were observed in RA, SLE, SSc¢, ABD and APS
patients compared to HC (glutathione oxidation: RA: 46.2 + 8,56 / HC: 70£10.7 [p<0.001],
SLE: 49.86 + 12.6 / HC: 70 £8.6 [p<0.001], SSc: 52 + 15.68 / HC: 67.29 + 10.1, [p<0.01],
ABD: 30.83 +£8.33/HC: 74.2 £ 8.54 [p<0.001], APS: 44.86 £ 11.54 / HC: 69+11.33 [p<0.001])

21



Secondly, increased abasic site formation was observed in RA, SLE, SSc, ABD and APS
patients compared to HC (abasic site formation: RA: 16.3 + 3.2/ HC: 7.8+2.4 [p<0.001], SLE:
14.8+4 / HC: 7+£2.4 [p<0.001], SSc: 12.56 £ 3.2 / HC: 7 £2.4 [p<0.01], ABD: 23 + 8.12/ HC:
5.7+ 1.4 [p<0.001], APS: 16.6 + 6.7/ HC: 7.3 £ 3.04 [p<0.001]). Abasic site formation strongly
associated with intracellular oxidative stress levels in HCs and patients with systemic
autoimmune diseases (HC: r=-0.555, p<0.001, Patients: r=-0.418, p<0.001). Thirdly,
endogenous double-strand and single-strand DNA breaks were highly elevated in the PBMCs
of patients with systemic autoimmune diseases, compared to HC (Olive Tail Moment: RA:
15.748.5 / HC: 6.2+1.7 [p<0.001], SLE: 9.7+ 5.4 / HC: 4.7 + 1.5 [p<0.001], SSc: 11.8 £ 8/
HC: 4.8+ 1.8 [p<0.001], ABD: 9.4+ 5.7 / HC: 4+ 1.3 [p<0.01], APS: 145+ 7.4/HC: 53+ 2
[p<0.001]). Collectively within patients, these elevated DNA damage levels strongly correlated
with both the oxidative stress (r=-0.388 , p<0.001) and abasic site levels (r=0.455, p<0.001)
underlining a possible mechanistic link. Notably, a lack of correlation was observed between
DNA damage repair capacity and oxidative stress levels in patients. DNA damage repair
capacity correlated strongly with oxidative stress levels (r=-0.500, p<0.001) in healthy
individuals, indirectly confirming the deficient DDR capacity in patients with systemic
autoimmunity. Finally, chronological age was found to strongly associate with oxidative stress
(r=0.636, p<0.001), DNA damage levels (r=0.641, p<0.001) and DDR capacity (r=0.781 ,

p<0.001) in HCs, but not in patients with systemic autoimmune diseases.

In conclusion, we show that patients with systemic autoimmune diseases display increased
oxidative stress, leading to increased DNA damage formation, and decreased DNA damage
repair capacity. Such aberrations are not systemic autoimmune disease specific and are not

influenced by the chronological age of the patient, as happens in the absence of autoimmunity.
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Hepiinyn (Summary in Greek)

Ta cLGTNUATIKA CVTOAVOGO VOOT|LLOTO. GUVIGTOVV LU0, ETEPOYEVT] OLAdN TABNCEWMY, 01 OTTOleg
yopokmnpifoviar amd ypoévia TOPEKKAIVOLGO OVOGOAOYIKY] €VEPYOTOINGCT £VOVTL OVTO-
aVTIYOVOV, TOPOYMYN OVTOOVTICOUAT®V KOl I0TIKY KOTOGTPOPT. AV kol 1 Tafopucioroyio
NG OVTOAVOGIOG TAPAUEVEL CKOTEWVY], 1 OVICOPPOTIO TOV OEEOMTIKMOV KOl 0VTIOEEWOMTIKAOV
KUTTOPIKOV UNYOVICU®V HETE TNV £KBEGT TOV KLTTAPOL o eMPAaPN epebicpata, mov KaAeiTot
0&edMTIKO OTPEC, POIVETAL VO GUVEICPEPEL OTNV KAMVIKY €KONA®ON NG avtoovociog. Ot
erevBepeg pileg o&uydvou kot aldTov, o1 KOPLoL 0EEWBMTIKOL HECOAUPNTES, HmopovV va
LETAPAAOVY TV GVUGTACT] TOV YOVISIOHOTOS TOV KLTTAPOV, 00NYdvTag o€ PAAPeg Tov DNA.
o v mpootacio ToL YovidlOUATOG, €xel ovamtuybel pia TANB®po EMO0PHOTIKOV
unyoviopmv Tov DNA mov kaAeitan diktvo andkpiong kot emdidpbmong Prapdv tov DNA.
[MopdAAnia, M xpovoAoylkn mMAkio. TOL OTOHOL £XEL CLGYETIOTEL UE TNV YHPOVCT TOL
OVOGOAOYIKOD GLGTHLATOG, 0ONYMOVTAG G ALENUEVT THAVOTNTA V1o KOPKIVO Kol 0VTOOVOGTAL.
2V mopovca LEAETN VTOBEGAE OTL TO GUGTNUATIKA VTOAVOGO VOGT | LATO GLGYETICOVTAL [UE
AVOUOAIES TOV KLTTOPIKOL 0EEWMTIKOV 0TPEG Kal avénuévn cuacsmpevon Prapfodv tov DNA

Kot emmAéov eAEyEape €0V O TaPEKKAIGELG GLUVOEOVTAL LE TV NAIKI TV 0G0eVDV.

2y perétn ot avordoope 78 dtodoyikol achevelg e CLGTNUATIKA CVTOAVOCH VOGTLLOTOL,
ocvouneprappavopévov acbevov pe Pevpatoeidn Apbpitda (PA) (N=9), pe Zvotnpotikod
EpvOnuatmon Avko (ZEA) (N=14), Xvotpoatiky XxAnpovon (Z£X) (N=9), pe Nooo
Adapavtiddn — Behcet’s (NB) (N=6) kot pe Aviipoc@olmidikd cvvdpopo (ADL) (N=40).
[MopdAinia, évo cOvoro 212 @awvopevikd vyeidv atopmv (YM) avorvdnkav. Tepipepuca
TOALLOPPOTHPTVA KOTTOPO omopovadnkay pe T ovviBelg pebddovg. To ofedmtikd oTpeg
TOGOTIKOTOMONKE UETPOVTOS TNV 0EEId®ON TNG EVOOKLTTAPLOG YAovTaOEdOVIG e neBddoVg
ANUELOQOTOVYEWG, To enimeda PAafdv tov DNA mocotikomomOnkav HEGm TG OAKOAIKNG
niekTpo@dpnoNg povadioimv Kuttdpov (dikAwva kot povokiwva Opavcpata DNA) kot ot
afoacikég (amovpvikég / amupludvikég) Béoelg péow peBddmV YNUEIOQOTAVYEWG, EVO 1
wavotra emdopbwong tov DNA ektiundnke pe pebddovg avocso@Bopiolod Kot GUVEGTIOKNG
pkpookomiog. Ta arotedéopata and kdbe vwoopddo achevdv cuykpidnkav pe avtictoym

VTOOUAdN VYEWDV ATOU®V, apol elxe Tponynbet 1:3 aviiotoryio nAikiog Kot eUAOV.

[Mpdtov, avénpéva enimeda 0&eWmTIKOV oTpeg mopatnpnOnkay oe acbeveig pe PA, ZEA, XX,

NB kot ADXE cg ouykpion pe YM (o&eidwon yrovtaBeiovng: PA: 46.2 + 8,56 / YM: 70£10.7
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[p<0.001], ZEA: 49.86 £ 12.6 / YM: 70 £8.6 [p<0.001], ZX: 52 £ 15.68 / YM: 67.29 + 10.1,
[p<0.01] NB: 30.83 + 8.33/ YM: 74.2 + 8.54 [p<0.001] , ADX: 44.86 = 11.54 / YM: 69+11.33
[p<0.001]). Agvtepov, avénpéva eninedo oynuaticpol afacikdv BEcemv mapatnpnOnkay o
acBeveig pe PA, ZEA, XX, NB ka1t ADY cg ouykpion pe YM (oynpatiopds ofocikedv Bécemv:
PA:16.3+3.2/ YM: 7.842.4 [p<0.001], XEA: 14.8+4 / YM: 7+2.4 [p<0.001], £X: 12.56 = 3.2
/YM: 7424 [p<0.01], NB: 23 £8.12/ YM: 5.7 + 1.4 [p<0.001], A®X: 16.6 + 6.7/ YM: 7.3 +
3.04 [p<0.001]). Tpitov, ta evdoyevn emineda SHKAOVOV Kol LOVOKA®OVOV Opavcudtomv tov
DNA otovg acBeveic pe ta e€etaldpevo ovTodvoso VOSLOTO TAV CHIOVTIKE avENIEVO G
ovykpion pe tovg YM (Olive Tail Moment: PA: 15.7£8.5/ YM: 6.2+1.7 [p<0.001], ZEA: 9.7+
54/YM: 4.7+ 1.5[p<0.001], 2%: 11.8 £ 8/ YM: 4.8+ 1.8 [p<0.001], NB: 9.4+ 5.7/ YM: 4+
1.3 [p<0.01], ADX: 145 £ 74 / YM: 5.3 £ 2 [p<0.001]). Xvvolkd ctovg acbeveig, to
avénpéva enineda twv Prapdv tov DNA oyvpd cuoyetiCoviatl TO60 pe T0 0EEWMTIKO GTPES
(r=-0.388 , p<0.001) 6c0 ko pe to emineda TV ofacikodv Bécewv (r=0.455, p<0.001),
vrodnAodvovtag évov mlave maboyevetikd pnyaviopd. Idwoutépa, 1 KLTTOPIKN KOVOTNTO
emdopbwong tov DNA dev paivetor va cuoyetiCeton pe ta eninedo T0v 0EEOMTIKOD GTPES
otov acbeveig, o avtifeon pe TOLg VYIELG LAPTVPES, EUUECHOS ETOANOEVOVTAG TNV HEIWUEVT
wavotTa emddpbwong otovg acbeveic e cvotnuatikny avtoavosio. Tédog, n nNAkia Tov
aTOUOV QOiveTOl Vo cLOYETI(ETOL ONUAVTIKG TOGO HE T eMIMEdO TOL OEEOWMTIKOD GTPES
(r=0.636, p<0.001), ta emimeda Prafov tov DNA (r=0.641, p<0.001) kor TV KLTTOPIKN
wavotra emdtopbmong tov DNA (r=0.781 , p<0.001) ctovg vyteig pdptupeg aAld oyt 6TOVG

ac0eVEIG LLe CLOTNOTIKA CVTOAVOCH VOGTLLOLTOL.

Yvvoyilovtog, omnv pehétn ovtn) dsiyvovpe 0Tl ot aoBevelg e GLOTNUOTIKG OVTOAVOGO
voonuato peaviCovv avénuévo ofedmtikd otpeg, avénpévo oynuaticpd Prapaov tov DNA
Kot petopévn wovotnta endtopbmong tov DNA. Avtég ot dratapayés eaiveTor vo etvat pn-
€101KEC Y1 T €€TalOUEVO GLOTNUOTIKG CVTOAVOCO, VOO LOTA, OAAG Kot Vo unv exnpealovtal

amo TV nAKio Tov asbevoic, OTmg cuppaivel oe dropa ywpic avtoavosia.
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TITLE: Oxidative stress and the DNA damage Response/Repair

network in Systemic Autoimmune Diseases

THEORETICAL BACKGROUND
(T'eviko pépog)

1. Introduction

The human body consists of 10! cells, containing 3x10° base pairs and coding more than
30.000 genes. However, the cells of the human body receive approximately 70.000 DNA
lesions every day. These DNA lesions can obstruct the genome replication and transcription, if
not successfully repaired, and may lead to mutations or wide-scale genomic instability. It was
known, even before the elucidation of the DNA structure by Watson and Crick in 1953, that
these DNA lesions can arise from exogenous factors, such as ionizing radiation (X-rays,
Ultraviolet radiation) and/or various chemicals (mutagenic and chemotherapeutic agents).
After the discovery of the stable double-helix structure of the DNA, it was recognized that
DNA is also subject to constant DNA damage from endogenous sources, produced even during

normal metabolic operations (1-3).

Even though the ozone layer absorbs the most harmful part of the solar ultraviolet spectrum
(Ultra-Violet radiation ¢ / UV-c), the residual solar UV radiation spectrum constitutes the most
pervasive DNA-damaging agent (3,4). Exposure to natural (uranium decay, radon gas) or man-
made (used during radiotherapies) radioisotopes can generate DNA damage via ionizing
radiation. In addition, chemical sources can induce DNA damage. Chemical agents used in
chemotherapy (alkylating and crosslinking agents or topoisomerase inhibitors) can cause
severe DNA damage. However, today, the most prevalent chemical agents causing self-
inflicting DNA damage are directly connected with the tobacco smoke, related with many types

of cancer most notably of the lungs, oral cavity and adjacent tissues (5,6).
Some DNA damage lesions can arise, apart from the aforementioned exogenous agents, via

physiological processes. During DNA replication DNA mismatches can occur occasionally. A

primary example is the abortive function of topoisomerase I, causing DNA-strand breaks. Most
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importantly, normal cellular metabolism is a well-defined source of endogenous reactive

oxygen species and is accountable for the oxidative DNA damage (7,8).

Upon DNA damage cells respond by initiating a robust DNA damage response and repair
network, allowing sufficient time to repair. This DNA damage response and repair network
(DDR/R) is a hierarchically structured network that consists of sensors, mediators, transducers
and effectors, which recognize any DNA lesion in a substrate-specific manner and assign the
specific DNA repair process (7,9). In case of unrepaired DNA lesions and depending on the
severity of the damage, cell either transfers the mutated genetic material to its offspring or

undergoes either programmed cell death (apoptosis) or senescence (6,10).

The majority of the studies researching defects on the DDR/R network are focused on
malignancies and its implications on the state-of-the-art cancer therapies on inherited diseases,
where mutations on key-genes related to DDR are observed, such as Fanconi anemia (FA) or
Ataxia-Telangiectasia, on neurodegenerative diseases, such as Alzheimer’s, Huntington’s or
Parkinson’s disease, which are related with DNA damage accumulation in neurons (11-16).
However, recent studies have reported that patients with autoimmune diseases exhibit
deficiencies in the DDR/R network. These aberrations are implicated in the perpetuation and
pathogenesis of many autoimmune diseases, such as Rheumatoid Arthritis (RA), Systemic

Lupus Erythematosus (SLE) or Systemic Sclerosis (SSc) (17-20).

Oxidative stress occurs when the balance between the production and elimination of reactive
oxygen, nitrogen, sulfur and chlorine species (ROS, RNS, RSS, RCS accordingly) is vanished.
ROS and RNS, the two key representors of oxidative stress, can be generated under normal
circumstances via cellular metabolism and respiration with the use of mitochondrial electron

transport chain, NADPH oxidases (NOX), nitric oxide synthases, and nitrite reductases.

However, in autoimmune diseases oxidative species can be overproduced due to systemic
inflammation (21,22). ROS are produced by host phagocytes and exert antimicrobial actions
against a broad range of pathogens during an inflammatory response. Thus, generation of
oxidative species can be beneficial for the host defense against microbial infection, but

inappropriate generation of ROS, as in autoimmune diseases, can affect and damage host tissue.
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Oxidative stress may lead to upregulation of intracellular inflammatory pathways, such as
rapamycin (mTOR) activity, affecting redox-sensitive transcription factors (Nrf2, AP-1 and
NF«B) leading to cytokine production (IL-2, IL-10, and TNF-a) and further perpetuating

autoimmune inflammation (23-25).

The cell can eliminate high levels of oxidative species with the use of scavenging systems.
There have been developed several mechanisms, providing elimination of these free radicals
and their derivatives. Some of these systems may contain enzymatic antioxidant molecules,
such as superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase
(GR), peroxiredoxins (Prxs) and catalase (CAT), interrupting the oxidation reaction and
repairing the oxidation products, or non-enzymatic endogenous substances, such as the proteins
ceruloplasmin, ferritin, transferrin and albumin, and dietary antioxidants such as vitamin C and
E, carotenoids, minerals (Mn, Zn, Cu, Se) and polyphenols (flavonoids, phenolic acids,
stilbenes, lignans), with their main goal being to prevent the formation of the free radicals (200-

202).

Exogenous DNA damage: Endogenous DNA damage:
- UV and ionising radiation - Oxidative stress

- Chemical agents ). |- Replication errors

- Drugs \ - Oncogen activation

‘ DNA Damage sensors |
/ l
//
y DNA Damage transducers
\TM, ATR, yH2Ax, DNA-PKc

DNA repair v -
Cellular senescence

Figure 1 : Graphic illustration of DNA Damage Response and Repair network (DDR/R).
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1.1 Comet assay as a biomarker of DNA damage

It is generally accepted that several insults, endogenous or exogenous, may damage the
genomic DNA. This DNA damage can influence the integrity of the DNA molecule and lead
to DNA base damage, DNA sugar damage , single-strand DNA breaks or double-strand DNA
breaks, the latter being the most cytotoxic. Hence, the measurement of double-strand DNA
breaks is of outmost importance, since these lethal DNA nicks can allow the prediction of cell
death. There have been developed a series of methods to quantify double-strand DNA breaks,
such as neutral elution, pulse field electrophoresis (2-D gel electrophoresis) and the comet

assay (single-cell gel electrophoresis).

Comet assay is a popular method to quantify DNA strand breaks, due to its low cost, high
reliability and versatility. The method was first mentioned in 1987 in a research paper by Singh
et. al, where the researchers measured the length of DNA migration in photomicrographs, a
method named “single-cell microgel electrophoresis technique”. The term comet assay was

introduced in 1990 by Olive et. al , describing the shape of DNA migration in agarose gels.

The final method used today, named alkaline comet assay, is based on the ability of negatively-
charged fragments of DNA, created by the DNA strand breaks, to be attracted in response to
an electric field through an agarose gel. This alkaline version of comet assay mainly detects
DNA lesions that are converted to DNA strand breaks by the alkaline conditions of the assay.
These DNA lesions, named alkali labile sites, are native DNA motifs highly sensitive to
incubation in alkali solutions which produce DNA strand breaks. These motifs mainly include
abasic site areas. The DNA molecule under the alkaline conditions of the method denatures
and is subjected to electrophoresis, allowing both the DNA loops and fragments to migrate
towards the anode. Therefore, the fraction of the DNA in the DNA migration tail is proportional
to the number of the alkali-labile sites and the endogenous DNA strand breaks.
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1.2 Abasic site quantification as a biomarker of DNA damage

DNA sustains a wide variety of DNA damage, upon exposure to cellular oxidative stress. The
DNA lesions associated with oxidative stress, and mainly with reactive Oxygen and Nitrogen
species (ROS and RNS respectively), are oxidized purines and pyrimidines, abasic sites and
the severely cytotoxic double- and single- strand DNA breaks. DNA abasic site formation
results from nucleotide depyrimidation or depurination. Under physiological conditions,
cellular DNA depyrimidation and depurination is a rare event, estimating a rate of 3 x 10-!!
abasic sites x s”!. This base loss phenomenon is promoted by oxidation of the DNA molecule
or can be an intermediate product in DNA repair mechanisms, such as the Base Excision Repair

(BER) mechanism.
Abasic sites can manifest in a variety of forms, such as 2'-deoxyribonolactone and C4-AP site,
directly resulting from nucleobase hydrolysis(26). 2'-deoxyribonolactone (L) is produced by

hydrogen abstraction from hydroxyl radicals at the C1 of the 2-deoxyribose, while C4-AP is
produced by hydrogen abstraction at the C4 of the 2-deoxyribose moiety of DNA(27,28).

Figure 2: Depiction of the variety of structural forms of abasic DNA lesions.
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1.3 Oxidative stress contributes to DNA damage formation

Cellular oxidative stress is a major cause of cellular and tissue injury, mainly caused by free
radicals in the form of ROS and RNS. These radicals are oxygen- or nitrogen- containing,
highly chemically reactive molecules that are the typical byproducts of the electron transport
chain during cellular respiration in aerobic organisms and are additionally derived from

catabolic oxidases, anabolic processes and peroxisomal metabolism (29,30).

The major types of ROS include superoxide (O*"), hydrogen peroxide 2 (H202), and hydroxyl
radical (*OH). Mitochondria are the most important source of intracellular ROS. O are
generated when an oxygen (O ) molecule gains one electron via electron leakage from the
respiratory chain. ROS, when kept at low levels, are essential signaling molecules involved in
the induction of many cellular or physiological activities such as messengers in redox signalling
reactions and effectors in immune responses to invading pathogens and in cellular apoptosis

(29,31,32).

The term oxidative stress, firstly mentioned by Helmut Sies in 1985, describes an imbalance
between the production of oxidative species and the antioxidant cellular capacity, and may
result in deleterious damage in many intracellular macromolecules (33,34). This redox
imbalance due to ROS accumulation can be noticed in many pathological conditions such as
during inflammation and aging (34-36). Increased ROS can be produced by activated
inflammatory cells, such as macrophages, neutrophils and eosinophils, promoting endothelial
dysfunction (oxidation of crucial cellular signaling proteins such as tyrosine phosphatases),
further propagating the inflammation, as well as during the metabolism of xenobiotics by

cytochrome-P450 oxidoreductases (37,204).

Oxidative stress and ROS accumulation can cause a great variety of oxidative DNA lesions.
The main DNA lesions associated with ROS are oxidized purines and pyrimidines, abasic sites,
SSBs and DSBs. The endogenous DNA base modifications may be produced by hydroxyl
radicals, adding to guanine and adenine at positions 4,5, or 8 in the purine ring, generating 8-
oxo-7,8-dihydroguanine (8-oxoGua) and 2,6-diamino-4-hydroxy-5-formamido-pyrimidine
(FAPYG) (38). The most frequent oxidative lesion is 8-0x0-7,8-dihydroguanine, also called 8-
hydroxyguanine, , due to its low oxidation reduction potential, is mainly mispaired with

adenine (39,203). In addition, ROS can mediate pyrimidine oxidation, which occurs at
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positions 5 or 6 in the pyrimidine ring, producing several radical species, such as 5,6-
dihydroxy-5,6-dihydrothymine (thymine glycol) and 5,6-dihydroxy5,6-dihydrocytosine
(cytosine glycol) (40). Two other pyrimidine lesions are the 5-hydroxymethyl uracil and the 5-
formyluracil, when detected in humans can be the result of the oxidation of the methyl group
of thymine. The hydroxyl radicals interacting with the DNA bases can mediate the production
of single-strand DNA breaks (SSBs) and double-strand DNA breaks (DSBs). Mechanistically,
hydrogen abstraction from the 2-deoxyribose may lead to the formation of carbon-based
radicals and be converted to peroxyl radicals under the presence of oxygen. The peroxyl

radicals also abstract hydrogen from sugar moieties, finally leading to DNA strand breaks (41).

However, when cells were exposed to cellular oxidative stress, they can initiate a variety of
both enzymatic and non-enzymatic anti-oxidant defensive mechanisms. The enzymatic
antioxidants include superoxide dismutase, glutathione peroxidase, glutathione reductase,
glutathione-S-transferase, and catalase, whereas non-enzymatic antioxidants contain ascorbic
acid (vitamin C), a-tocopherol (vitamin E), total thiol, glutathione, carotenoids, and flavonoids

(42).
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Figure 3 : Graphic illustration of Guanine modification by hydroxyl radicals and production
of 8-oxo-7,8-dihydroguanine  (8-oxoGua) and 2,6-diamino-4-hydroxy-5-formamido-
pyrimidine (Fapy-dGua).
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1.3.1 Glutathione as a biomarker of oxidative stress

Glutathione (GSH) is the most-abundant thiol-containing residue in every cellular type and
plays a central role in maintaining the physiological intracellular redox status in vivo. The
highest concentrations of GSH are observed in the liver and kidney, mainly produced by the
transsulfuration pathway (Met = homo-Cys => Cys ), while lower levels are present in the
brain cells, where the production of GSH is independent of the beforementioned pathway (43).
GSH is mainly (85-95%) localized in the cytoplasm, with the remainder distributed in the

peroxisomes, the nuclear matrix, endoplasmic reticulum, and the mitochondria (44,45).

Under cellular oxidative stress, ROS and RNS interact with the GSH, producing molecules of
GSH disulfide (GSSG). This oxidized form can be reverted back to its reduced state via reaction
with GSH reductase, in order to be maintained a redox homeostasis. Under normal
circumstances, the intracellular GSH/GSSG ratio exceeds 100, declining to below 10 under
highly oxidative stress conditions (46). Of note, many genetic mitochondrial disorders are
associated both with dysregulations of the mitochondrial electron transport chain and low
intracellular GSH levels, such as Friedreich ataxia, Alzheimer disease, Parkinson disease,

amyotrophic lateral sclerosis (ALS), and Rett syndrome (47).

However, GSH quantification can oppose many challenges, because of the instability of GSH
and the variety of methods between the laboratories, including high-performance liquid
chromatography (HPLC), gas chromatography with mass spectrometry, capillary
electrophoresis with ultraviolet absorbance or colorimetric detection, and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) (48). In particular, GSSG levels are
influenced by oxidation during sample handling, and can appear elevated if conditions are not
properly controlled (49). The glutathione redox couple ratio (GSH/GSSG) represents an
efficient way to depict the intracellular antioxidant capacity, eliminating the method variability,

due to the ratio measurement.
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1.4 The effect of age on oxidative stress and DNA damage response

Organismal aging is a complex process that is characterized by both dysfunction of many
homeostatic mechanisms and reduced durability under stressful factors. Although the
biological basis of aging remains to be illustrated, many cellular dysfunctions are associated
with the development of the aging phenotype, including DNA damage response (DDR)
dysregulations, leading to genomic instability, mitochondrial dysfunction and cellular
senescence (50). Cellular senescence, a state characterized by cell-cycle arrest in the G1 or
possibly G2 phase, which prevents the proliferation of severely damaged cells, can occur either
under normal circumstances, such as during embryonic development, or can be induced under
cellular oxidative stress, with four different molecular mechanisms (51):

1) DDR activation by oxidative DNA damage upregulates the expression of p53 and
p21/CDK-1, leading to cellular senescence (52).

2) oxidative stress activates the inhibitor of kappa-B (IkBs) kinase, increasing the action
duration of the nuclear factor kappa B (NF-kB), stimulating IL-8 expression, further increasing

p53 and thus leading to cellular senescence (53).

3) oxidative stress upregulates p38 mitogen-activated protein kinase (MAPK) expression

leading to increased p19 expression and inducing cellular senescence (54).

4) oxidative stress increases the expression of microRNA (miRNA), inducing cellular

senescence (55).

This senescent phenotype can also affect the cellular components of the immune system,
leading to a phenomenon called immunosenescence. It is characterized by dysfunctional
antigen recognition, reduced vaccination effectiveness and aberrations of both immune system
branches, innate and adaptive immunity. These aberrations are responsible for the chronic
inflammatory profile associated with the age progression. This proinflammatory phenotype,
called inflammaging, is characterized by increased levels of inflammatory cytokines, i.e.
Tumor Necrosis Factor — a (TNF-a), C-reactive protein (CRP), interleukin-8 (IL-8), Monocyte
Chemoattractant Protein-1 (MCP1), and RANTES (Regulated on Activation, Normal T Cell
Expressed and Secreted), which play a central role in the manifestation and progression of

autoimmune diseases.
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1.5 The effect of DNA damage response and oxidative stress in the

development of systemic autoimmune diseases

The diversity of the immune system is developed in order to protect the host from the various
infectious agents. However, there are two main immune aberrations, which could lead to
disease. First, the there is a variety of immune deficiency syndromes, in which one or more
components of the immune system are unable to protect the host effectively against a pathogen.
These disorders comprise an heterogeneous group that can be divided into primary and
secondary immune deficiencies (56). Primary immune deficiencies are caused by inherent
dysfunction of the immune system and are chiefly genetic in cause, while secondary immune
deficiencies are consequent to other underlying causes (age, immunosuppressant medication,

viral infections, malnutrition, protein-losing conditions) (57).

On the other hand, the failure of the immune components to distinguish self from non-self and
react to antigens, native to itself, is the basis for autoimmune diseases (58). The immune
tolerance, the ability to prevent immune responses against auto-antigens, is achieved via
inactivation of the self-reactive cells, that recognize and attack to their own antigens. In order
to avoid this harmful self-reactivity, self-tolerance is achieved in two levels : peripheral and
central. Central tolerance is achieved in the thymus and bone marrow, where lymphocytes with
self-reactivity potential are negatively selected and deleted or rendered anergic. Although a
great percentage of developing cells are deleted in central lymphoid organs, a small number of
cells can still escape from central deletion and reach to periphery. At second level, peripheral
tolerance is regulated through apoptosis, anergy and T-regulatory cell action in the secondary

lymphoid organs (59).

The inability of immune tolerance and recognition of self from non-self antigens may lead to
the development of autoimmunity, with deleterious effect on tissue integrity. The diseases
characterized by this aberrant activation are called autoimmune diseases and can be classified

into organoid and systemic autoimmune diseases (60).
The exact mechanisms that contribute to the manifestation and perpetuation of autoimmune

diseases are not fully elucidated, however both oxidative stress and DNA damage Response

aberrations has been shown to be involved in the pathogenesis of these diseases. For instance,
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elevated oxidative stress has been shown to alter the epigenetic (histone acetylation,
methylation, citrullination, ubiquitination, phosphorylation, and sumo-ylation) and
transcriptomic (increased production proinflammatory cytokines) landscape in the context of
many systemic autoimmune diseases, such as Systemic Lupus Erythematosus and Rheumatoid
arthritis (61). Furthermore, many systemic autoimmune diseases (Systemic Lupus
Erythematosus, Rheumatoid arthritis, Systemic Sclerosis) has been shown to be associated with
deficiencies in the DNA damage response and repair (DDR/R) network, leading to DNA
damage accumulation and thus deleterious cellular consequences (cellular senescence,

apoptosis, necrosis) (62-64).
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1.5.1 Systemic Lupus Erythematosus

Systemic Lupus Erythematosus (SLE) is the prototypic systemic autoimmune diseases,
characterized by heterogenous clinical manifestations, ranging from mild (i.e. rash, fever,
clinically quiescent serologically active SLE) to severe life-threatening complications (lupus
nephritis, seizures, acute pericarditis, acute autoimmune pancytopenia) (65). Although SLE
mortality has greatly declined to a 15-year survival of 85-95% in the last decade, mainly due
to earlier diagnosis and more effective medical management, excessive organ-specific damage
remains till today (65,66) (Fig. 4.). SLE has a clear gender tendency, predominantly affecting

women of childbearing age over men with a ratio of approximately 90% (67).

Entry criterion
Anti-nuclear antibodies at a titre of 21:80* on HEp-2 cells or an equivalent positive test

Additive criteria

Do not count a criterion if an explanation other than systemic lupus erythematosus is more likely
Occurrence of a criterion on at least one occasion is sufficient

At least one clinical criterion is required

Criteria need not occur simultaneously

Within each domain, only the highest weighted criterion is counted toward the total score

Clinical domains and criteria Weight | Immunological domains and criteria Weight
Constitutional Anti-phospholipid antibodies
Fever 2 Anti-cardiolipin antibodies or 2

anti-B2GP1 antibodies or
lupus anticoagulant

Cutaneous Complement proteins

Non-scarring alopecia 2 Low C3 or low C4 3
Oral ulcers 2 Low C3 and low C4 4
Subacute cutaneous or discoid lupus 4

Acute cutaneous lupus 6

Arthritis Highly specific antibodies

Either synovitis characterised by swelling or 6 Anti-dsDNA antibodyt 6
effusion in =two joints or tenderness in =two Anti-Smith antibody 6

joints plus 230 min of morning stiffness

Neurological

Delirium 2
Psychosis 3
Seizure 5
Serositis

Pleural or pericardial effusion 5
Acute pericarditis 6

Haematological

Leucopenia 3

Thrombocytopenia 4

Autoimmune haemolysis 4

Renal

Proteinuria >0-5 g/24 h 4

Renal biopsy class Il or V lupus nephritis 8

Renal biopsy class Il or IV lupus nephritis 10

Classify as ic lupus eryt with a score of 10 or more if entry criterion fulfilled

Figure 4: The development of 2019 European League Against Rheumatism and American
College of Rheumatology classification criteria for systemic lupus erythematosus made

possible an early and precise diagnosis.
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Many genetic and environmental factors can influence the development of SLE. Genetic factors
alone do not explain the development of the SLE phenotype, since monozygotic twins have an
inheritance rate of about 25% but only 2% in dizygotic twins (68). Genome-wide association
studies (GWAs) implicate several candidate loci including mutations in genes associated with
innate immunity (/RF5 and IRF7), deficiencies in complement pathways (C2, C4 and C1q) and
specific ancestral major histocompatibility complex (MHC) 8.1 haplotypes (HLA-B8 and
HLA-DR3) (69-72). Environmental factors that have a well-described association with
triggering the disease include: UV radiation, specific drugs and viral infections. The first two
environmental factors mentioned may promote the pathogenesis of SLE through their effects
on the genome, causing DNA damage in the form of DNA strand breaks or altering the
methylation of the DNA (73). Viral infections, especially with Epstein—Barr virus (EBV), may

trigger the disease, since T-cell responses in SLE are defective (74).

Although the exact pathophysiological mechanism of SLE remains unknown, it is accepted
that SLE is caused by an inappropriate autoimmune reaction against nucleic acid cellular
particles, orchestrated by both the innate and the adaptive immune response (69). Products of
apoptotic cells, such as DNA and RNA, can act as a potential stimulant of the innate immune
response, by activating TLR (Toll-like receptor) and TLR-independent nucleic acid sensors,
that lead to type I interferon expression. This IFN signature, distinctive of SLE, is strongly
associated with elevated production of autoantibodies containing RNA-binding proteins, such
as anti-Ro and anti-La (75). Recent data show that apart from the TLR sensors non-TLR
cytoplasmic sensors (RIG-1, MDA-5 and cGAS) may also play a significant role in the
pathogenesis of SLE (76,77).

Oxidative stress is thought to contribute to some of the aberrant exposure and reaction to the
endogenous antigens and autoantibodies, mainly produced by the increased cell-death signals,
typical of the SLE pathogenesis (78). SLE patients exhibit many signs of increased formation

of oxidative stress in their peripheral mononuclear cells and their T-cell populations.

In particular, T-cells from SLE patients exhibit mitochondrial hyperpolarization (increased
mitochondrial transmembrane potential [A¥m]), increased mitochondrial biogenesis(79) and
diminished mitochondrial turnover(80), thus leading to increased production of reactive
oxygen intermediates (ROI), mitochondrial dysfunction and oxidative stress (81,82). This

augmentation of oxidative stress levels may mediate T-cell dysfunction, since ROI can
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regulate many signal-transduction pathways in transcriptional, translational and epigenetic
level, Such T-cell defects may result in production of oxidative autoantibodies and

proinflammatory immune responses.

Furthermore, peripheral blood lymphocytes (PBL) have been also studied in the context of
oxidative stress. PBL from SLE patients exhibit lowered glutathione levels, the main anti-
oxidant system, and augmented formation of ROI, generated by NOX enzymes, a secondary

oxidant system, primarily in SLE phagocytes (83-85).
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Figure 5: A general overview of the interplay between oxidative stress and systemic lupus

erythematosus pathogenesis. Figure retrieved by Perl, A., 201 3.
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Apart from augmented oxidative stress formation, DNA damage response aberrations may also
be implicated in the pathogenesis of SLE. Previous studies have shown that patients with SLE
display defects in many pathways implicated with DNA damage response. In particular, both
nucleotide excision repair, responsible for repairing oxidative and UV-induced base lesions
(86), and double-strand break repair (DSB-R), responsible for repairing the cytotoxic double-
strand DNA breaks (87), exhibit lowered efficiency in the peripheral blood lymphocytes of
patients with SLE, leading to intracellular accumulation of DNA damage (19,62). Though it is
of interest, that patients with lower disease activity, such as patients with quiescent disease,
manifest lower DNA damage levels in comparison to patients with life-threatening disease,
such as patients with lupus nephritis, although both higher than the healthy individuals,

suggesting an association of endogenous DNA damage levels with SLE disease activity (19).
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1.5.2. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is one of the most prevalent chronic inflammatory autoimmune
diseases with an incidence of 0.5-1% with an apparent declining distribution from north to
south and from urban to rural areas (88,89). The mean age of the average RA patient is
identified to be approximately 63 years with a clear tendency towards female sex with a woman

to man ratio of 4/1 (90).

Many risk factors for developing rheumatoid arthritis have been reported, including smoking
(91), lower socioeconomic status (92), certain HLA haplotypes (93), particularly HLA-DRB1
(especially HLA-DRB1*01 and HLA-DRB1*04) being the most prominent, and specific
epigenetic modifications (94). These risk factors can alone or cumulatively increase the risk

for developing RA.

Apart from the genetic and epigenetic predisposition for developing rheumatoid arthritis, many
environmental factors have also been implicated in the manifestation of RA. For example, RA
has been long associated with infectious triggers by Proteus, Escherichia coli and Epstein-Barr
virus. These infectious agents can lead to RA development mainly via molecular mimicry
mechanisms (95,96). Furthermore, the gut microbiota plays a critical role in the development
of the disease. Many animal models have shown that microbial population changes can lead to
altered immune responses and arthritis exacerbation (97). Initial human studies in patients with

rheumatoid arthritis have confirmed these associations (98).

Although the presence of autoantibodies against self-antigens is a main characteristic of
autoimmune diseases, many cases of rheumatoid arthritis very often do not develop
autoantibodies. Therefore, the disease can be divided into seropositive RA, characterized by
the presence of autoantibodies, and seronegative RA, characterized by the absence of
autoantibodies (88). Two distinctive types of autoantibodies are observed in the RA, the
rheumatoid factor (RF), an IgM autoantibody against the Fc part of IgG antibodies, and
autoantibodies against cyclic citrullinated peptides (anti-cyclic citrullinated peptides / anti-
CCP autoantibodies). The rheumatoid factor is the first autoantibody observed and studied in
patients with rheumatoid arthritis. However it can also be observed in patients with infectious
and other autoimmune diseases, therefore its diagnostic value is very limited. On the other

hand, anti-CCP autoantibodies are mainly found in RA patients (specificity= 95%). Anti-CCP
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antibodies recognize many citrullinated self-proteins, including vimentine, a-enolase,

fibronectin, fibrinogen and Type II collagen (88,99).

This autoantibody production in rheumatoid arthritis is mainly attributed to aberrations of both
the innate and adaptive arm of the immune response in genetically pre-disposed individuals. In
individuals carrying genetic risk factors, such as risk HLA-aplotypes, citrullinated peptides,
produced from the aforementioned extrinsic factors, can be more efficiently presented, leading
to anti-CCP autoantibodies via subsequent T- and B- cell activation. Thus, modified self-
peptides are recognized by innate B-cells and are presented to autoreactive T-cells, leading to
autoantibody production. These auto-reactive T-cell clones are not deleted by the thymus due
to their unavailability during development. However, it is of interest that circulating anti-CCP
autoantibodies can be observed up to 10 years prior active disease manifestation, a state called

pre-RA (99,100).

In RA the main tissue-target is synovium. Autoantibody production is not capable to lead to
synovial inflammation per se. Random tissue insults, such as viral infection or microtrauma,
can lead to immune complex formation and vascular activation on the synovial area. Synovial
innate immune cells (mast cells) release vaso-active mediators, further increasing auto-
antibody access to self-reacting T-cells and B-cells, further overproduction of autoantibodies,
innate immune cell activation (macrophages, neutrophils). Innate immune cells release pro-
inflammatory cytokines (TNF, IL-1, IL-6), adhesion molecules and matrix degrading enzymes
(matrix metalloproteinases). As a result, synovial hypertrophy, in the form of synovial
“pannus”, cartilage and bone erosion, due to increased chondrocyte catabolism and osteoclast

neogenesis are observed (100-102).

These immune aberrations, observed in RA, have been shown to be associated with oxidative
stress and DNA damage response deregulations. Accumulation of DNA damage in many
immune cell populations in patients with RA can be a result of both increased DNA damage
formation and decreased DNA damage repair (9). In the context of increased DNA damage
formation, oxidative stress is the key mediator of DNA damage formation. Increased levels of
reactive oxygen species and diminished antioxidant potential can be observed both in the sera
and synoviums of many patients with RA. It is further supported that oxidative stress levels
may be even associated with disease activity (103). As far as DNA damage repair aberrations

are concerned, numerous studies have shown that many immune cell populations in RA
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patients exhibit significant defects in many DNA damage repair pathways, which are associated
with increased cellular senescence and apoptosis. For instance, RA peripheral blood
lymphocytes are characterized by diminished repair capacity of the nucleotide excision repair
pathway, controlled by the degree of chromatin condensation. Furthermore, RA T-cells has
been shown to be radiation-sensitive with delayed DNA damage repair, due to downregulation
of significant DNA damage sensors (ATM, Rad50, MRE11, and NBS1). This accumulation of
DNA damage due to both increased DNA damage formation and decreased DNA repair
capacity is thought to be significantly implicated in the pathogenesis of RA (64, 104, 105).
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1.5.3 Systemic Sclerosis

Systemic sclerosis is a chronic autoimmune-driven fibrosing disease that it mainly involves
the skin but also several other internal organs (lungs, kidneys, intestine, muscle). It can
manifest with many clinical features that include vascular abnormalities, such as the Raynaud’s
phenomenon (diminished blood supply due to irregular vascular spasm causing discoloration
of the extremities) and digital ulcerations, severe fibrosis of the skin of the extremities and the
face, pulmonary fibrosis, renal failure, pulmonary arterial hypertension or gastrointestinal

complications, such as gastrointestinal reflux (106-108).

Due to the great clinical heterogeneity of the disease two subsets have been accepted: limited
and diffuse cutaneous systemic sclerosis (Ic-SSc and dc-SSc respectively), with the only
difference being in the speed of the disease progression and the extent of skin and visceral
involvement. In limited disease, the fibrosis is restricted only in the distal skin of the extremities
and is frequently associated with late-stage only serious complications. On the other hand, in
diffuse cutaneous disease, not only the proximal skin of the limb but also the trunk are affected,
while this subtype of the disease is also associated with higher frequency cardiac involvement
and renal crisis, a life-threatening complication consisting of thrombotic microangiopathy,
hypertension and progressive acute kidney injury (107,109,110). Another hallmark of the
disease is the production of specific autoantibodies, including anti-centromere, anti-
topoisomerase I and anti-RNA polymerase III antibodies (107,111). If systemic sclerosis is
suspected, a definite diagnosis should be ascertained, using the 2013 European League Against
Rheumatism (EULAR) and American College of Rheumatology (ACR) classification criteria
(112,113).
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2013 American College of Rheumatology and European League Against Rheumatism

criteria for the classification of systemic sclerosis

*A total score of 9 is needed for a definite classification.

1. Proximal skin involvement

Skin thickening of the fingers of both hands, extending proximal to the

metacarpophalangeal joints (sufficient criterion; score 9)

2. Skin thickening of the fingers (only count the higher score)

a) Pufty fingers (score 2)
b) Sclerodactyly of the fingers (distalto the metacarpophalangeal joints but proximal to the

proximal interphalangeal joints; score 4)

3. Fingertip lesions (only count the higher score)

a) Digital tip ulcers (score 2)
b) Fingertip pitting scars (score 3)

4. Telangiectasia (score 2)

5. Abnormal nailfold capillaries (score 2)

6. Pulmonary arterial hypertension or interstitial lung disease (maximum score of 2)

a) Pulmonary arterial hypertension (score 2)

b) Interstitial lung disease (score 2)

7. Raynaud’s phenomenon (score 3)

8. Systemic sclerosis-related autoantibodies (maximum score of 3)

a) Anti-centromere (score 3)
b) Anti-topoisomerasel (score 3)

c¢) Anti-RNA polymerase III (score 3)

Table 1. Summary items from the 2013 American College of Rheumatology and European

League Against Rheumatism criteria for the classification of systemic sclerosis
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Many risks factors have been associated with the development of Systemic Sclerosis including
sex hormones, genetic predisposition and environmental encumbrance. The disease mostly
affects adult females, with a reported 6:1 female to male ratio by the EUSTAR registry (114).
The role of female sex hormones in the fibrosis development is supported by the modulatory
effects of oestrogens on extracellular matrix synthesis and the expression of adhesion
molecules in patients with systemic sclerosis (115). In genetic level, studies have shown that
SSc heritability is present, although lower than other autoimmune diseases and a positive
family history of SSc is a strong predictor for SSc development. Moreover, many large-scale
studies indicated that HLA-DQBI haplotype (HLA-DPB1%*13:01, HLA-DQB1*05:01,
HLADRB1*04:04, HLA-DRB1*11, and HLA-DQB1*03) is strongly associated with SSc
susceptibility (116-119). Many studies focusing on the environmental etiology of systemic
sclerosis has identified many environmental agents related to the disease manifestation, such
as vinyl chloride, silica, epoxy resins, rapeseed oil and certain drugs (Bleomycin, Carbidopa,

L-5-hydroxytryptophan, Pentazocine, Cocaine) (120-123).

Even though the pathophysiology of Systemic Sclerosis remains mainly unknown,
vasculopathy is suspected to be a major trigger for the aberrant immune responses observed.
Damaged or apoptotic endothelial cells release damage-associated molecular patterns
(DAMPs) that activate the neighboring and circulating immune cells. However, irregular
expression of adhesion molecules can accelerate the immune cell infiltration even before
endothelial damage (124-126). Immune cells in SSc secrete increased amounts of pro-fibrotic
factors, such as IL-4, IL-13 and transforming growth factor - B (TGF-f), stimulating B-cell
proliferation, immunoglobulin production and extracellular matrix (ECM) differentiation. The
activated fibroblasts, responsible for the ECM differentiation, have the characteristics of

myofibroblasts and seem to play a key role in disease pathophysiology (127-129).

Furthermore, it is supported that oxidative stress is implicated in development of this disease.
Indeed, many oxidative stress markers has been found to be significantly elevated in patients
with systemic sclerosis. In particular, increased levels of malondialdehyde (MDA), lipid
hydroperoxides and 8-isoprostane are observed in the sera of SSc patients (130). The total
antioxidant capacity (TAC), representing the tissue ability to counteract oxidative stress, has
also been reported diminished. This decrease could be attributed to the chronic inflammation
status, pathological conditions, such as tissue ischemia, or gastrointestinal abnormalities

(dysmotility, decreased pancreatic function, bacterial overgrowth and malabsorption of fat).
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Oxidative stress mediators (ROS, RNS etc.) can stimulate the production of pro-inflammatory

and pro-fibrotic cytokines, such as TGF-b and PDGF, to induce fibroblast activation (130-132)

Moreover, increased DNA damage levels have been observed in patients with systemic
sclerosis, regardless of disease subtype and medication. This DNA damage accumulation is
associated with specific gene polymorphisms (XRCCI and XRC(C4), related to DNA damage
repair pathways. These results indicate that SSc immune cells may be intrinsically predisposed

for a profibrotic and proinflammatory expression profile (9,63).
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1.5.4 Adamantiades — Behcet’s Disease

Adamantiades — Behcet’s Disease (ABD) is a chronic recurrent multisystemic inflammatory
disorder, characterized by a wide variety of clinical manifestations, including recurrent oral
and genital ulcers, ocular involvement, skin lesions, arthritis, vasculitis, epididymitis,
gastrointestinal and nervous system lesions (133). The disease exhibits a unique
epidemiological distribution that extends along the ancient Silk Road, from the Mediterranean
and the Middle Eastern countries to Far East Asian countries. Sex distribution in ABD appears
to be equal among male and female individuals, although there are many geographical
discrepancies, manifesting both male (Middle East) and female (Japan and Korea)

predominance (134).

The pathogenesis of ABD remains mostly unknown, but genetic predisposition, environmental
factors and immunological abnormalities contribute to ABD development. ABD is strongly
associated with the presence of HLA-B51* allele. Two subtypes of this allele, HLA-B*5101
and HLA-B*5108, have been especially implicated with disease development(135). Recent
studies have also reported additional independent associations with several MHC Class 1
regions, including HLA-B*15, HLA-B*27, HLA-B*57 and HLA-A*26, while HLA-B*49 and
HLA-A*03 seems to gain protection against ABD development (136). Beyond the MHC genes,
non-MHC regions that are implicated with ABD development include genes associated with
cytokine and growth factor production (IL-1b, IL-6, IL-8, IL-10, IL-12, IL-17, IL-18, IL-23,
TGF-B) (137). Previous studies have, also, shown that genes encoding proteins involved with
oxidative stress (glutathione transferase and myeloperoxidase) can also be associated with
increased risk for ABD development. Recent whole-exome analysis in ABD patients revealed
a novel deleterious genetic variant of NEIL-1, a gene implicated in Base excision repair (BER)

pathway, a critical pathway for the repair of oxidative DNA damage (135,138).

It has been long suggested that ABD could be possibly triggered by specific environmental
(contagious or not) factors in genetically susceptible individuals. Herpes simplex virus (HSV)
type 1 genome was found in peripheral blood lymphocytes, saliva fluid and
genital/gastrointestinal ulcers of ABD patients. ABD patients can also exhibit increased skin

reactivity against certain Streptococcus Sanguis antigens (139,140).
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ABD is defined as a disorder at the intersection of autoimmunity and autoinflammation. The
immunological characteristics that imply an auto-inflammatory role of ABD include
aberrations in the innate immune system. This is suggested by the ABD-specific pathergy test,
revealing an increased cutaneous inflammatory response, due to innate immune response
exaggerations. Pathogen recognition receptors (PRR), components of the innate immune
response, consist of the pathogen associated molecular patterns (PAMP) and the damage
associated molecular patterns (DAMP), exhibit increased expression and activation in patients
with ABD (141). This activation can result in cytokine (IL-1b and IL-18) expression via the
NF-kb pathway and the NLRP3-inflammasome activation. In ABD patients, NLRP3-
inflamasome is reported to be increased in transcriptional and translational level, with an
increased IL-1b response after stimulation (142). Neutrophil hyperactivation is also an
essential part of the auto-inflammatory pathogenesis of ABD, with neutrophil activation

markers, such as CD64, being significantly increased in ABD patients (143).

There are major characteristics that can classify ABD in the spectrum of autoimmune diseases.
First of all, ABD exhibits a strong genetic predisposal associated with the presence of the HLA-
B51 haplotype, a common feature with other autoimmune diseases (136). Moreover the
pathogenetic role of aberrations on the adaptive arm of immune response, subsets of T cells,
especially Th17, playing a crucial role in ABD development, is a major feature that connects
ABD to other autoimmune diseases (144,145). Finally, the successful disease control with the
conventional immunosuppressive agents, such as cyclosporine and cyclophosphamide underlie

the autoimmune character of ABD (146).

The autoinflammatory status observed in ABD can be partly attributed to oxidative stress
aberrations in essential immune response cellular components. Previous studies have
associated an oxidative stress status, mainly observed in the neutrophiles of ABD patients, with
increased chemoattraction, phagocytosis and free radical secretion (147). There is an imbalance
of the oxidative cellular stratus consisting of a significant increase of the oxidant pathways
combined with a diminished antioxidant capacity (148,149). This oxidant excess could be also
connected with the increased thrombotic risk, a severe complication of ABD. Activated
neutrophiles manifest a pro-oxidant profile, secreting great amounts of reactive oxygen species,
could alter the secondary structure of fibrinogen, thus connecting the oxidative stress with the

thrombo-inflammatory cascade in ABD (150,151).
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1.5.5 Antiphospholipid Syndrome

Antiphospholipid syndrome (APS) is a systemic autoimmune disease, which is characterized
by arterial, venous or small vessel thrombosis, the persistent presence of positive
antiphospholipid antibodies (aPL) and recurrent obstetric complications, including early
pregnancy loss, fetal loss, or pregnancy morbidity, despite a sufficient
antiplatelet/anticoagulation treatment (152,153). APL antibodies may include three different
antiphospholipid antibodies: lupus anticoagulant; anticardiolipin; and anti-beta 2 glycoprotein
I. The most recent APS classifying criteria require the persistent presence of anticardiolipin
antibodies or anti-beta-2 glycoprotein I antibodies (anti-B2GPI), combined with at least one

thrombotic or obstetric morbidity event (154).

APS can manifest in many forms: firstly the primary form (primary APS, pAPS), occurring as
an isolated, without any other background associated condition, or in association with other
systemic autoimmune diseases, mainly systemic lupus erythematosus, named secondary APS
(sAPS). Although both types of APS can exhibit similar clinical and biological features, there
is a trend of prevalence of specific features in every disease subtype (155,156). However, both
APS types are associated with increased morbidity and mortality compared to the general
population. This is mainly attributed to the increased thrombotic complications, affecting both
arteries and venous of critical organs (brain, heart, lungs, and kidneys) (157). Therefore, the
presence of APL and specific clinical signs can categorize APS in specific subtypes:
“classical/thrombotic” APS, involving recurrent vascular events, such as venous and/or arterial
thrombosis, APS limited to adverse obstetric events (obstetric APS), asymptomatic APL
positive carrier individuals, patients with life-threatening disease symptoms (catastrophic APS/

cAPS)(158).

Although the exact etiology of APS remains unknown, it is theorized to be multifactorial,
consisting of genetic, environmental and immunological components. The genetic basis in the
development of APS is supported by the development of clinical features in monozygotic
twins. Specific genetic variants have also been connected to the pathogenesis of APS
(159,160). Different HLA haplotypes has been associated with PAPS and SAPS, in particular
the HLA-DR?7 for the PAPS and the HLA-B8, HLA-DR2, HLA-DR3 for the secondary APS
(161,162). Apart from the HLLA-associated genes, many genetic studies have unraveled genes

outside the HLA area that could contribute to disease susceptibility, clinical heterogeneity, and
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autoantibody production in APS. The first genetic non-HLA risk factor for APS development
is associated with polymorphisms on the B2-GPI, leading to an amino-acid change and
correlating with anti-B2GPI production and reactivity (163). Furthermore, genetic
polymorphisms in the STAT4, a key gene encoding signal transducer and activator of
transcription-4 (STAT4), considered a common genetic risk factor for multiple autoimmune

diseases, are associated with APS development (164).

Infections are considered one of the most prominent environmental factors for APS
development. Historically, Treponema pallidum, responsible for syphilis, was the first
infectious agent to be associated with APS, since cardiolipins were the major tissue extract
used in the Venereal Disease Research Laboratory (VDRL) test, used for its diagnosis (165).
Over recent years it has been reported that many bacterial and viral infections can not only lead
to APL antibodies’ production but also to clinical signs of APS. These infections include
Treponema pallidum, leishmaniasis, Leptospiara interrogans, Neisseria, Plasmodium species,
Streptococcus Pyogenes, Helicobacter pylori, Mycoplasma pneumoniae, Hepatitis virus (A-
D), Varicella Zoster Virus (VZV), Epstein-Barr Virus (EBV), Cytomegalovirus (CMV) and
several adenovirus species (166-171). Furthermore, specific medications have been associated
with APL manifestation. These medications include amoxicillin, antiepileptic drugs
(phenytoin, valproate, ethosuximide), anti-hypertensive agents (chlorothiazide, propanolol,
hydralazine), oral contraceptives, phenothiazines (especially chlorpromazine), antiarhthmics
(procainamide, quinidine, quinine) and immunomodulatory drugs such as alpha interferon and

infliximab (172,173).

Although the exact pathogenetic mechanism, which makes an individual prone to APS
manifestation, remains to be elucidated, it is accepted that the pathogenesis of APS consists of
two steps, the first and second hit (158,174). The first hit is represented by the presence of APL
antibodies and their interference with endothelium, inducing the procoagulant phenotype. The
APL family consists of an heterogenous group of antibodies directed against phospholipid-
binding proteins, B2-glycoprotein I (B2GPI) being the most characteristic. Other PL-binding
proteins include prothrombin, thrombomodulin, antithrombin III, protein C and S and annexin
LIl and V. Anti-B2GPI can interact with monocytes and endothelial cells leading to tissue factor
upregulation and expression of adhesion molecules, such as intercellular cell adhesion

molecule-1 (ICAM-I) and vascular cell adhesion molecule-1 (VCAM-I), inducing a
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proinflammatory and procoagulant phenotype. Moreover, APL can lead to platelet activation,
increasing the secretion of procoagulant and prothrombotic chemokines, such as glycoprotein

II b-IIIa, thromboxane A2 and platelet factor-IV (175).

However, it is likely that APL presence is a necessary but not sufficient condition to trigger the
disease activation. Therefore a second hit may be necessary. This second hit, acting as
triggering factor includes acute infections, trauma and smoking, leading to inflammation and
increased oxidative stress development. Several mechanisms have been proposed as promoters
of oxidative stress in APS patients. Oxidative stress can be induced by increase in the
mitochondrial transmembrane potential, decrease of intracellular antioxidant enzymes, such as
the intracellular glutathione concentration and the paraoxonase-1 (PON-1) expression, and
increase of pro-oxidant molecule production, such as nitric oxide (NO), superoxide (O2—) and

peroxynitrite (ONOO-) (176).
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Figure 8: The mechanisms promoting oxidative stress in patients with APS.

Figure retrieved by Nocella, C. et. al 2021.
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EXPERIMENTAL AND CLINICAL DATA

(EIAIKO MEPOX)

2. Rationale and Purpose of the study

Systemic autoimmune diseases include a group of diverse diseases which are characterized by
chronic aberrant immune activation against self-antigens, extensive production of
autoantibodies and ultimately tissue injury. Pathophysiologically, oxidative stress, the
imbalance between the oxidant and antioxidant cellular systems after exposure to deleterious
stimuli, is shown to play a significant role in the manifestation and progression of these
diseases. Reactive oxygen and nitrogen species (ROS and RNS respectively), key
representators of oxidative stress, can alter the structure of intracellular macromolecules, such

as DNA, leading to oxidative damage.

However, the genome is protected by a well-organized mechanism, the DDR/R network,
minimizing the effect of those insults. Recent studies suggest that systemic autoimmune
diseases may manifest defects in both the oxidative stress regulation, generating higher levels
of oxidative DNA damage, and the DNA damage response network, thus further accumulating
DNA damage. This intracellular DNA damage accumulation can result in cytosolic DNA
fragments accumulation which may act as potent immunostimulators, further propagating

disease progress.

Finally, aging, a complex biological process recognized by the progressive deregulation of the
homeostatic mechanisms and reduced durability to stress, has been also associated with
deregulations on oxidative stress and DNA damage responses. Many distinguishing features of
the aging phenotype, such as genomic instability, mitochondrial dysfunction and cellular
senescence may be a result of defects on oxidative stress and DDR. Systemic autoimmune
diseases manifest a similar phenotype, although the affected population mainly includes young

and middle-aged adults.
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Based upon these data, herein we investigated:

1) whether patients with systemic autoimmune diseases manifest augmented oxidative stress

2) whether patients with systemic autoimmune diseases display increased accumulation of

DNA damage

3) whether organismal aging contributes to the pathophysiology of systemic autoimmunity

53



3. Study population and methodology

3.1 Study population

Seventy eight (N=78) consecutive adult patients, attending the rheumatology outpatient clinic
of the first department of propaedeutic and internal medicine of Laiko General Hospital, were
recruited between February 2019 and June 2023. In particular, the patients participating in the
study may be diagnosed:

= With Rheumatoid Arthritis, meeting the 2010 ACR/EULAR classification criteria for
Rheumatoid arthritis.

=  With Systemic Lupus Erythematosus, meeting the 2019 ACR/EULAR classification
criteria for Systemic Lupus Erythematosus.

=  With Systemic Sclerosis, meeting the 2013 EULAR/ACR classification criteria for
Systemic Sclerosis.

= With Adamatiades’-Behcet’s disease, meeting the 2006 International Criteria for
Behcet's Disease.

=  With Antiphospholipid Syndrome, meeting the updated Sapporo classification criteria
for Antiphospholipid Syndrome.

Furthermore, 212 apparently healthy individuals served as controls (HC). Exclusion criteria
included:

= personal or family history of systemic autoimmunity

= past or current history of malignancy

= active or recent (last 2 weeks) infection

At the time of the recruitment, demographics and disease characteristics of each individual
were noted. The disease characteristics included patients’ age, gender, smoking habits, disease
duration, clinical signs, laboratory parameters (ESR, CRP, autoantibody status), disease

activity indices and medication at the time of the sampling.

The study was approved by “Laiko” Hospital Ethical Committee (No 1110) and all participants

gave written informed consent in compliance with the Helsinki Declaration.
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3.2 Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated and purified using the standard
Ficoll gradient centrifugation method. The isolation and collection of PBMCs was performed

immediately after the venipuncture of each individual.

At first, approximately 20ml of peripheral blood was collected in EDTA tubes. The peripheral
blood was afterwards diluted 1/1 with 1xPBS (Phosphate Buffer Saline; 137 mM NaCl, 2.7
mM KCI, 10 mM Na;HPOj4, and 1.8 mM KH;POy4) in 15ml sterile falcon tubes. Then, the
diluted peripheral blood is carefully placed in sterile falcon tubes with Ficoll density gradient
medium (Ficoll-PaquePlus, Cytiva, Sigma-Aldrich). The PBMCs are isolated by Ficoll density
gradient centrifugation at 400g for 30 minutes in room temperature (20° C). After the
centrifugation, the upper layer, which mainly consists of plasma, is discarded. The mesophase
is carefully transferred into a new 15ml sterile falcon tube, without aspirating the lower layer,

which mainly consists of Ficoll and higher density cells, such as neutrophils.

Plasma

PBMCs

Ficoll-Paque

Erythrocytes and PMNs

Before centrifugation After centrifugation

S~ Before After

Figure 9: lllustration of the Ficoll density gradient centrifugation during peripheral

mononuclear cell isolation.
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The PBMC layer is washed in 15ml 1x PBS and centrifuged at 200g for 10 minutes.
Afterwards, PBMCs are washed a second time using 10ml 1x PBS and again centrifuged at
200g for 10 minutes. The cellular composition of the final cell pellet is controlled using Flow
cytometry. Finally, the cell pellet is stored in Freezing Medium (90% Fetal Bovine Serum
[FBS] + 10% Dimethylsulfoxide [DMSO]) and stored at -80°C for further use. Another smaller
part of the cell pellet is lysed in TRIzol® (Invitrogen, ThermoFisher Scientific) and stored at
-80°C for further use.
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3.2 DNA damage measurement by alkaline comet assay

The single-cell gel electrophoresis under alkaline conditions (alkaline comet assay) can
quantify single- and double- strand DNA breaks (SSBs and DSBs respectively) with high
sensitivity, being able to measure a range of strand breaks between 50-10.000 DNA strand

breaks per cell. The process of alkaline comet assay can be divided in distinctive steps.

1. The first step includes the dissolution of the low-melting agarose in 1x PBS solution at
100°C. Special pre-coated slides with agarose must be obtained before the start of the
experiment. These pre-coated slides can be either purchased by Trevigen®
(CometAssay HT Slide, Trevigen, USA) or prepared several days ahead, to be ensured
that they have dried. PBMCs are progressively defrosted, resuspended in the 1% low-

melting agarose-PBS solution at 37°C and spread onto the pre-coated slides.

2. The slides stay at 4°C for 30 minutes, in order for the agarose gel to be fixated.

3. Subsequently, the slides are placed in a sterile lysis buffer at 4°C for 2 hours, consisting
of 2.5M NaCl, 0.1M EDTA, 10mM Tris (pH=10) and 1% Triton X-100, dissolving the

cellular membranes.

4. Then the slides are placed in an horizontal gel electrophoresis chamber, first incubated
in pre-chilled electrophoresis buffer (0.3M NaOH, ImM EDTA) for 40 minutes at 4°C

without electric current and then for 30 minutes at 1 V/cm.

5. Afterwards, the slides are washed in sterile neutralizing buffer (0.4M Tris - HCI,

pH=7.5) for 30 minutes and double-distilled water for another 30 minutes.

6. Finally, the slides are saved in a dark place in room temperature and left to dry

overnight.

7. The gels are stained using the SYBR Gold Nucleic Acid Gel Stain (Thermo Fischer

Scientific) and left under no light conditions for approximately 30 minutes.
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8. The samples are observed and analyzed, using a fluorescence microscope (Zeiss

Axiophot)

9. DNA damage is evaluated, using the Olive Tail Moment [OTM = (Tail Mean-Head
Mean) x (% of DNA)/100] of at least 200 cells per sample. The parameter analysis is
achieved by the ImageJ Analysis/Open Comet software.

1] S ’

Preparation of slides
The image of assay Cells mixed with low melting

The head is composed of intact DNA point agarose at 37°C .‘
while the tail consists of single @

strand or double strand DNA breaks

Cell suspension
Immobilization of cells on

slide
.

MRS IONONOVONOR \

> . \.

. \

@ Staining and comet scoring \ #
Samples stained with interclating die
and visualized by ﬂoves‘cence Comet Head ‘c:arv:; ::om @
~ Mmicroscopy following alkaline (Intact DNA) g ) Cell lysis solution

s Treatment of cells with lysis

solution to remove
membranes and histones
from the DNA

©

Unwinding
— Samples treated
eemr— with alkali: DNA @ / \\
— unwinds and Electrophoresis V., aw®" |
denatures : N
SmV/ecm
(1min)

Figure 10: lllustration of the multi-step process of alkaline comet assay.
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3.3 Oxidative stress quantification by measurement of glutathione (GSH)

and oxidized glutathione (GSSG)

Basal intracellular oxidative stress was assessed using a luminescence-based system that
detects and measures total glutathione (GSH+GSSG), oxidized glutathione (GSSG) and the
reduced to oxidized glutathione ratio (GSH/GSSG), according to manufacturer’s protocol

(GSH/GSSG-Glo™ Assay, Promega).

The quantification of total and oxidized glutathione is based on a chemical reaction, where
GSH-dependent conversion of a GSH probe, Luciferin-NT, to luciferin by a glutathione-S-
transferase enzyme is coupled to a firefly luciferase reaction. The intensity of the light from
luciferase is dependent on the amount of the formed luciferin, which is in turn dependent on
the amount of GSH present. The total amount of glutathione is quantified, using a reducing
agent that converts all the intracellular glutathione to the reduced form, GSH. The oxidized
glutathione is measured by adding a second assay reagent that blocks all the GSH while leaving

the GSSG intact.

The experimental protocol includes plating 10* PBMCs in a sterile luminometer-compatible
tissue culture 96-well plate (Corning Costar). Then 50 pl/well of Luciferin Generation Reagent
was added to all wells, followed by a brief shake and incubation at room temperature (25°C)
for 30 minutes. Next, 100 pl/well of Luciferin Detection Reagent were added and left at room
temperature for another 15 minutes. The luminescence signal was read in a Spectramax M3

microplate reader (Molecular Devices LLC, California).
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Figure 11: lllustration of the glutathione-dependent conversion of Luciferin-NT to luciferin by
a glutathione S-transferase enzyme, which is coupled to a firefly luciferase reaction. This

reaction is the basic process on the oxidative stress quantification assay.
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3.4 Abasic site quantification

Among numerous types of oxidative DNA damage, apurinic/apyrimidinic sites (AP or abasic
sites) are one of the most characteristic lesions of oxidative DNA damage. Abasic sites are
produced in DNA at a significant rate by spontaneous base loss as in depurination during DNA
oxidation. Every day is estimated that each mammalian cell encounters 50,000 to 200,000
abasic site lesions. The unrepaired lesions can inhibit the function of topoisomerases, the
replication, and can lead to mutations, due to the bypass synthesis on the non-templated DNA

strand.

The OxiSelect™ Oxidative DNA Damage Quantitation Kit (Cell Biolabs, Inc.) can specifically
evaluate the AP-sites. The kit uses an Aldehyde Reactive Probe (ARP) to react specifically
with an aldehyde group on the open ring form of AP sites, allowing the AP-sites to be tagged
with biotin and later allowing the detection using a Streptavidin-Enzyme conjugate. The
quantity of AP sites in an unknown DNA sample is determined by comparing its absorbance
with a standard curve generated from the provided DNA standard containing predetermined
AP sites. The absorbance of each microplate is achieved in a Spectramax M3 microplate reader

(Molecular Devices LLC, California) using the 450 nm as the primary wave length.
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3.5 Study of double-strand DNA break repair mechanism (DSB-R)

The efficiency of the double-strand DNA breaks repair (DSB-R) mechanism was assessed by
studying the phosphorylation of the histone H2AX. Following the formation of double-strand
DNA breaks (DSBs) caused by ionizing radiation, UV-light or radiomimetic agents, PI3K-like
kinases, including ATM, ATR, and DNA-PK, result in the phosphorylation of the histones
H2AX at Ser139 along with the activation of the protein p53 through phosphorylation at Ser20.
Therefore, this newly phosphorylated YH2AX histone is one of the most sensitive markers of
double-strand DNA breaks, since it matches 1:1 with every DSB. Furthermore, the rate of

YH2AX removal can be used to study the double-strand repair mechanism efficiency.

In this study we studied the DSB-R mechanism efficiency through its induction by melphalan,
an alkylating chemotherapeutic agent, causing double-strand DNA breaks and yH2AX
induction. YH2AX was quantified by immunofluorescence antigen staining and confocal laser

microscopy.

Freshly isolated PBMCs were incubated in complete RPMI medium, supplemented with 10%
FBS, 50 mg/1 penicillin, 50,000 IU/1 streptomycin and 2 mmol/l L-glutamine, and subsequently
were treated with 100 pg/ml melphalan for 5 min at 37°C. Afterwards, PBMCs were incubated
in drug-free medium for specific times (0-24h). Then the cells were adhered to a coverslip,
coated with 1M HCI and 50 mg/ml poly-D-lysine prior to use, fixed by adding a 4%
paraformaldehyde solution for six minutes at room temperature and stored at 80°C before anti-

YH2AX analysis.

PBMCs were washed with cold PBS and blocked using 0.5 ml/well blocking buffer (0.1%
Triton X-100, 0.2% skimmed dry milk in PBS) for 1h at 25°C in a humidified box. Blocked
PBMCs were then incubated with anti- yYH2AX (Phospho-Histone H2AX [Ser139] Antibody,
Cell Signaling) at a dilution of 1:400 in blocking buffer at 4°C overnight.
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After washing with blocking buffer, cells were incubated with goat anti-mouse antibody,
fluorescein isothiocyanate (FITC) labeled or goat anti-rabbit IgG tetramethylrhodamine
(TRITC) labeled (Invitrogen) at a dilution of 1:4000 in blocking buffer for one hour at room
temperature in the dark. Coverslips were washed with PBS three times and then mounted with
mounting medium (Vectashield G-1200). The images were retrieved using a confocal laser
scanning microscope (Leica TCS SP-1). The results are expressed as the percentage of YH2AX-

positive cells (having more than five foci per cell).

3.6 Statistical analysis

The variable distribution was examined by D’Agostino-Pearson and Shapiro-Wilk tests.
Continuous variables are presented as mean + SD. Continuous variables were compared among
groups with Student’s T-test. Independent comparisons were performed with the use of Mann-
Whiney U test and paired comparisons were performed with the use of Wilcoxon signed- rank
test. Differences in categorical variables were examined by chi-square test. The Kruskal-Wallis
test was used for group wise differences among more than 2 groups. Correlations were
examined with the use of Pearson’s correlation coefficient, in case of parametric variables, or
the non-parametric Spearman’s test. Results were considered significant when p < 0.05.
Statistical analysis was performed in SPSS v.26 and SigmaPlot v.14.5 (IBM, USA) and
GraphPad Prism v.9.1.1 (GraphPad, USA).
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4. Results

4.1 Study population demographics and clinical characteristics

In general, 78 patients and 212 healthy individuals were engaged in the study, fulfilling the
aforementioned criteria. The demographical characteristics of each particular subgroup in the

study are presented below:

9 patients with Rheumatoid Arthritis (RA), 61.3% of female sex with mean age 63.33 +
10.98.

= 14 patients with Systemic Lupus Erythematosus (SLE), 92.9% of female sex with mean
age 40.21 £ 13.75.

= 9 patients with Systemic Sclerosis (SSc), 100% of female sex with mean age 48.67 +
17.02.

= 6 patients with Adamantiades — Behcet’s disease (ABD), 100% of male sex with mean
age 34.17 £ 6.401.

= 40 patients with Antiphospholipid Syndrome (APS), 72.5% of female sex with mean
age 47.7 + 13.18.

As expected, a female predominance in patients with systemic autoimmune diseases is
observed, apart from the patients with ABD, where as per the rest of bibliography a male
predominance is observed (177). As far as the mean age of each subgroup is concerned, the
youngest patients were observed in the ABD and SLE subgroup, with a mean age of 34.17 +
6.401 and 40.21 £ 13.75 respectively, while the oldest patients were observed in the RA
subgroup with a mean age of 63.33 £ 10.98, findings that are in line with each disease

epidemiological data (177-181).
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A conclusive list with demographical characteristics of each subgroup is presented in the table

below.

49.54 +20.96

63.63 +10.98

40.21 +13.75

48.67 £ 17.02

47.7+13.18

3417+ 6.4

130 /61.3%

6/66.7%

13/92.9%

9/100.%

29/72.5%

0/0%

8.75+15.89

6.67 £9.63

3.83+6.75

12+8.8

48+75

Table 2: Demographical characteristics of the healthy individuals and each patient subgroup.

= A table with the disease characteristics of the RA patients is presented below:

523+£09

3/375%

6/75.0%

Table 3: Clinical and laboratory characteristics of the RA subgroup.
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= A table with the disease characteristics of SLE patients is presented below:

5/357% 2/14.3% 8/57.1% 4/28.6% 2/14.3%

12/85.7% 5/35.7% 9/64.3% 26.38 +18.96

Table 4: Clinical and laboratory characteristics of the SLE subgroup.

= A table with the disease characteristics of SSc patients is presented below:

8/88.9% 7/71.8% 4/44.4% 3/33.3% 3/33.3%

8/88.9% 1/11.1% 4/44.4% 28.38 +21.8

Table 5: Clinical and laboratory characteristics of the SSc subgroup.
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= A table with the disease characteristics of ABD patients is presented below:

6/100.% 4/66.7% 2/33.3% 6/100.%

2/33.3% 1/16.7% 14.6 £12.58

Table 6: Clinical and laboratory characteristics of the ABD subgroup.

= A table with the disease characteristics of APS patients is presented below:

34/85.0% 6/15.0% 31/77.5% 14/35.0 %

3/75% 5/12.5% 10/25.%

7/17.5% 31/717.5% 24/60.% 31/717.5% 2.7 £2.77

Table 7: Clinical and laboratory characteristics of the APS subgroup.
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4.2 Increased levels of oxidative stress in patients with systemic

autoimmune diseases.

Peripheral blood mononuclear cells (PBMCs) were isolated from patients and healthy
individuals within 2h from venipuncture The presence of oxidative stress in PBMCs was
evaluated by quantifying the total (GSH) and oxidized glutathione (GSSG) and calculating
their ratio. Glutathione constitutes the most abundant free-thiol intracellular antioxidant and
thus was selected as the distinctive molecule for measuring intracellular oxidative stress. In
order to minimize the effect of sex and age, 1:3 age- and sex- matched healthy individuals were

selected to be examined against each disease subgroup.

Endogenous basal oxidative stress was significantly elevated in the PBMCs of patients with
systemic autoimmune diseases. Patients of each disease subgroup demonstrate significantly
increased oxidative stress levels compared to the age- and sex- matched healthy group. As
shown in Fig. 13., every disease subgroup exhibit comparable oxidative stress levels. In order
of magnitude, ABD and APS patients displayed the highest levels of oxidative stress (ABD:
30.83 + 8.33/ HC: 74.2 + 8.54 [p<0.001] , APS: 44.86 = 11.54 / HC: 69+11.33 [p<0.001]),
followed by the RA, SLE and SSc patients (RA: 46.2 + 8,56 / HC: 70+10.7 [p<0.001], SLE:
49.86 + 12.6 / HC: 70 £8.6 [p<0.001], SSe: 52 + 15.68 / HC: 67.29 + 10.1, [p<0.01]).
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Figure 13.
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Figure 13: Increased endogenous oxidative stress in patients with systemic autoimmune
diseases (RA, SLE , S§Sc, ABD, APS), compared to 1:3 age- and sex- matched healthy
individuals. The oxidative stress levels are comparable across every disease subtype. Tukey
boxplots representing the basal oxidative stress levels, expressed as the ratio of reduced
Glutathione (GSH) to oxidized glutathione (GSSG) in PBMCs derived from patients with
systemic autoimmune diseases and 1:3 age- and sex- matched healthy controls. P-values are

derived from Independent-Samples Mann-Whitney U Test. **p < 0.01, *** p<0.001.
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4.3 Increased abasic site formation in patients with systemic autoimmune

diseases.

Subsequently, the endogenous formation of abasic sites was assessed with specified
photometric method, as previously described, in the PBMCs of patients with systemic
autoimmune diseases (RA, SLE , SSc, ABD, APS) and 1:3 age- and sex- matched healthy
individuals. Abasic sites comprise one of the initial DNA damage forms after DNA oxidation.
Thus, abasic site formation rate can be counted as a link between intracellular oxidative stress

and DNA damage accumulation.

As shown in Figure 14, patients with systemic rheumatic diseases demonstrated elevated abasic
site formation levels compared to the age- and sex- matched healthy group. Furthermore, this
increase was found to be universal among the systemic rheumatic diseases examined in our
study, further indicating that this oxidative stress induced damage is not a disease specific
epiphenomenon (RA: 16.3 + 3.2/ HC: 7.842.4 [p<0.001], ], SLE: 14.8+4 / HC: 7+2.4
[p<0.001], SSe: 12.56 £3.2 / HC: 7 £2.4 [p<0.01], ABD: 23 +£8.12/ HC: 5.7 + 1.4 [p<0.001],
APS: 16.6 + 6.7/ HC: 7.3 £ 3.04 [p<0.001] ).
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Figure 14.
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Figure 14: Elevated abasic site formation levels in patients with systemic autoimmune
diseases, compared to 1:3 age- and sex- matched healthy individuals. Tukey boxplots
representing the abasic site formation levels, examining the endogenous AP-site formation, in
PBMC:s retrieved from patients with systemic autoimmune diseases and 1:3 age- and sex-
matched healthy controls. P-values are derived from Independent-Samples Mann-Whitney U
Test. *** p<(0.001.
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4.3 The interplay of the intracellular oxidative stress and DNA damage

formation

Next, to corroborate the association between intracellular oxidative stress and DNA damage
formation levels, we examined whether the observed oxidative stress and the abasic site
formation levels may be associated in our cohort. As it is already mentioned, oxidative stress,
via ROS formation and accumulation can lead to glutathione oxidation and consequently to

DNA damage formation, initially in the form of abasic sites.

As depicted in Figure 15, we found that both healthy individuals and patients with systemic
autoimmune diseases demonstrate a strong correlation between oxidative stress and the
endogenous abasic site formation levels (HC: r=-0.555, p<0.001, Patients: r=-0.418, p<0.001),
denoting that the link between oxidative stress and abasic site formation is universal among the

healthy and patients’ groups.
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Figure 15.
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Figure 15: Scatterplots depicting the association of endogenous oxidative stress (glutathione
oxidation ratio / GSH to GSSG ratio) and abasic site formation levels in healthy individuals
(N=212) and patients with systemic autoimmune diseases (N=78) . Correlation co-efficients

are derived from Spearman's test.
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4.4 Lack of association between chronological age and oxidative stress in

patients with systemic autoimmune diseases

Next, we aimed to examine whether chronological age can influence the intracellular oxidative
stress status in both healthy individuals and patients with systemic autoimmune diseases and
whether this association is differentiated between these groups. Searching the current
bibliography, organismal aging has been associated with increased oxidative stress. Moreover,
systemic autoimmune diseases can be demonstrated both in young and older age. Therefore,
we sought to examine whether the above observed oxidative stress and oxidative DNA damage

may be influenced by the chronological age.

In our study, we found that a strong association is present between oxidative stress and
chronological age in the healthy individuals’ group (Fig. 16. a) (=0.636, p<0.001). However,
in the patients’ group this association is absent (Fig.16. c) (r=0.208, p=0.067), confirming a

link between aberrant oxidative stress and systemic autoimmune diseases.

Furthermore, we examined also the association between abasic site formation rates and
chronological age and whether they are also differentiated between healthy and patients’
groups, since intracellular oxidative stress and abasic site formation are strongly associated. As
expected, it was found that abasic site formation associated with chronological age in the
healthy group only (Fig. 16b) (1=0.734, p<0.001), further corroborating the link between

aberrant oxidative stress and systemic autoimmune diseases.
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Figure 16.
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Figure 16: Scatterplots depicting the association of endogenous oxidative stress (glutathione

oxidation ratio / GSH to GSSG ratio), abasic site formation levels and chronological age in

both healthy individuals (N=212) and patients with systemic autoimmune diseases (N=78) .

Correlation co-efficients are derived from Spearman's test.
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4.5 DNA damage accumulation in patients with systemic autoimmune

diseases

In the next step, we studied the intracellular levels of the two most cytotoxic forms of DNA
damage, the single-strand and double-strand DNA breaks (SSBs and DSBs). These lesions can
be caused either by exogenous factors such as the action of ionizing radiation and UV-light, or
as the final byproduct of intracellular DNA damaging agents, such as intracellular oxidative
stress. In order to quantify these DNA lesions, we used the alkaline comet assay, which is

capable of quantifying both these DNA lesions.

As depicted in Fig. 17, DNA damage accumulation is increased among every disease subgroup
compared to 1:3 age- and sex- matched healthy individuals. It is of interest, that DNA damage
accumulation is comparable across every disease subtype, confirming that this aberration is not
disease-specific but a distinctive characteristic of systemic autoimmunity. In particular, RA-
and APS- subgroups exhibited the highest DNA damage levels (Fig. 17 a, e) (RA: 15.7+8.5/
HC: 6.2+1.7 [p<0.001], APS: 14.5+7.4/HC: 5.3 £ 2 [p<0.001]), followed by the SLE-, SSc-
and ABD- subgroups (Fig. 18 b-d) (SLE: 9.7+ 5.4/ HC: 4.7 £ 1.5 [p<0.001], SSc: 11.8 £ 8/
HC: 4.8+ 1.8 [p<0.001], ABD: 9.4+ 5.7 / HC: 4+ 1.3 [p<0.01]).
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Figure 17.
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Figure 17. Tukey boxplots representing the endogenous DNA damage levels, represented by
the double-strand and single-strand DNA breaks, using the the single-cell gel electrophoresis
under alkaline conditions (alkaline comet assay), in PBMCs derived from patients with
systemic autoimmune diseases and 1:3 age- and sex- matched healthy controls. P-values are

derived from Independent-Samples Mann-Whitney U Test. *** p<(0.001.
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4.6 DNA damage accumulation significantly correlates with intracellular

oxidative stress in patients with systemic autoimmune diseases

Next, we aimed to study, whether this increased DNA damage accumulation in the PBMCs of
the patients with systemic autoimmune diseases can be associated with the corresponding
aberrant oxidative stress, observed also in these patients. Thus we examined the possible
correlations between DNA damage (both SSBs and DSBs), assessed by the alkaline comet
assay, and the glutathione oxidation ratio (GSH / GSSG) or the abasic site formation levels

(AP-sites).

Of interest, we found that endogenous DNA damage levels strongly correlated with both
glutathione oxidation (Fig. 18a) (r=-0.388 , p<0.001) and AP-site levels (Fig. 18b) (r=0.455,
p<0.001), underlining a possible oxidative source for the accumulation of the double-strand

and single-strand DNA breaks in patients with systemic autoimmune diseases.
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Figure 18.
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Figure 18: Scatterplots depicting the association of endogenous oxidative stress (glutathione
oxidation ratio / GSH to GSSG ratio), abasic site formation levels and endogenous DNA
damage levels, represented by the double-strand and single-strand DNA breaks (OTM /
arbitrary units) in both healthy individuals (N=212) and patients with systemic autoimmune

diseases (N=78) . Correlation co-efficients are derived from Spearman'’s test.
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4.7 The interplay of intracellular oxidative stress and DNA damage repair

capacity

Subsequently, we aimed to examine a possible relationship between the cellular DNA damage
repair capacity and the intracellular oxidative stress. Since it was shown that intracellular
oxidative stress, assessed by the glutathione oxidation ratio, strongly associated with both
oxidative DNA damage (abasic site levels) and the following cytotoxic single-strand and
double-strand DNA breaks in both healthy individuals and patients with systemic autoimmune
diseases, we searched whether this intracellular oxidative status is also associated with the

cellular DNA damage repair capacity.

Under physiological conditions, oxidative stress induces a transient formation of oxidative
DNA damage, which is successfully repaired by the cellular DNA damage repair mechanisms.
This oxidative DNA damage can initially be in the form of abasic sites and later due to the
DNA repair mechanisms can take the form of double-strand and single-strand DNA breaks.
Every form of DNA damage can be repaired by a specific DNA repair mechanism. In case of
the double-strand DNA breaks (DSBs), they are repaired by double-strand DNA break repair
(DSB-R) mechanism. The DSB-R was assessed by studying the y-phosphorylation of the
histone H2AX, one of the most sensitive DSB markers, using immunofluorescence antigen

staining and confocal laser microscopy.

It was found that intracellular oxidative stress levels are strongly associated with double-strand
break repair mechanism capacity in healthy individuals (Fig.19a) (r=-0.500, p<0.001).
However, this association seems to be absent in patients with systemic autoimmune diseases,
confirming the deficient DNA damage repair capacity, also shown in our previous studies

(Fig.19b) (r=-0.118 p=0.304).
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Figure 19.
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Figure 19: Scatterplots demonstrating the association of endogenous oxidative stress
(glutathione oxidation ratio / GSH to GSSG ratio) and the DNA damage repair capacity,
represented by the double-strand DNA break repair mechanism capacity in both healthy
individuals (N=83) and patients with systemic autoimmune diseases (N=78) . Correlation co-

efficients are derived from Spearman's test.
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4.8 Lack of association between DNA damage repair capacity and aging in

patients with systemic autoimmune diseases

Moreover, we examined whether the double-strand break repair (DSB-R) capacity may be
influenced by the individual’s chronological age. Since, oxidative stress and oxidative DNA
damage does not seem to influence repair capacity in patients with systemic autoimmune
diseases, we wondered whether chronological age could affect the observed DNA damage

repair capacity in these individuals.

Interestingly, chronological age appeared to strongly associate with DSB-R capacity only in
the healthy individuals (Fig. 20a) (r=0.781 , p<0.001), displaying reduced DNA damage repair
capacity with increasing age. On the contrary, this lack of association in patients with systemic
autoimmune diseases (Fig. 20b) (r=0.032, p=0.781) validates the link between systemic

autoimmunity and defective DNA damage repair network.
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Figure 20.
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Figure 20: Scatterplots showing the association of the DNA damage repair capacity,
represented by the double-strand DNA break repair mechanism capacity and the chronological
age in both healthy individuals (N=83) and patients with systemic autoimmune diseases

(N=78) . Correlation co-efficients are derived from Spearman's test.
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4.9 Lack of association between endogenous DNA damage levels and aging

in patients with systemic autoimmune diseases

Finally, to confirm the link between systemic autoimmunity and the defective DNA damage
repair network, we examined the relationship between chronological age and endogenous DNA
damage levels, expressed by both the single-strand and double-strand DNA breaks (DSBs and
SSBs respectively), assessed by the alkaline comet assay in both healthy and patients’ groups.
Since neither oxidative stress and oxidative DNA damage, nor DSB-R capacity was influenced
by chronological age in patients with systemic autoimmune diseases, we studied whether the

intracellular levels of SSBs and DSBs were also thus affected.

Once again, chronological age was strongly associated with intracellular DNA damage levels
only in the healthy group (Fig.21a) (r=0.641, p<0.001). In the group of the patients with
systemic autoimmune diseases, chronological age again did not seem to influence the
intracellular DNA damage levels, further corroborating the link between systemic autoimmune

diseases and aberrant DNA damage repair capacity (Fig.21b) (r=0.013, p=0.907).
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Figure 21.
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Figure 21: Scatterplots showing the association of the DNA damage repair capacity,
represented by the double-strand DNA break repair mechanism capacity and the chronological
age in both healthy individuals (N=83) and patients with systemic autoimmune diseases

(N=78) . Correlation co-efficients are derived from Spearman's test.
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5. Discussion

Herein, we present that increased accumulation of intracellular oxidative stress and DNA
damage is evident in PBMCs of patients with systemic autoimmune diseases. Seventy eight
(N=78) patients with systemic autoimmune diseases, including 9 patients with Rheumatoid
Arthritis (RA), 14 patients with Systemic Lupus Erythematosus (SLE), 9 patients with
Systemic Sclerosis (SSc), 6 patients with Adamantiades — Behcet’s disease (ABD) and 40
patients with Antiphospholipid Syndrome (APS) were recruited. In order to assess intracellular
oxidative stress, we studied the oxidization of GSH redox pair (GSH/GSSG), a key cellular
antioxidant system. Furthermore, AP-site formation, the most frequent DNA lesions caused
either spontaneously or by genotoxic insults, including oxidative stress, was also measured.
Moreover, the two most cytotoxic forms of DNA damage, single-strand and double-strand
DNA breaks, were quantified, using a single-cell gel electrophoresis assay (alkaline comet
assay). Finally, the cellular double-strand DNA break repair (DSB-R) capacity, responsible for
the removal of the cytotoxic DSBs, was quantified using immunofluorescence antigen staining

and confocal laser microscopy.

First, increased oxidative stress and DNA damage accumulation were reported in PBMCs of
patients with RA, compared to age- and sex- matched healthy individuals. This comes in line
with previous results reporting increased levels of oxidative stress in correlation to endogenous
DNA damage levels in neutrophiles and PBMCs of RA patients (182,183). Moreover, previous
studies have shown increased levels of 8-0xodG in the DNA of peripheral blood lymphocytes,
CD4+ T cells, and granulocytes of RA patients (64).

Next, as we have previously shown, SLE patients display augmented oxidative stress and DNA
damage formation, quantified by both AP-site formation and single-strand and double-strand
DNA breaks. These results come in line with data, reporting that neutrophils from SLE patients
are characterized by increased accumulation of oxidative DNA damage and augmented
apoptosis rates. This pro-oxidant status of the SLE neutrophiles could drive the enhanced
generation of neutrophil extracellular traps (NETosis), observed in SLE patients, promoting
the externalization of pro-inflammatory cytokines and further perpetuating the oxidative

burden (184,185).
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In case of Systemic Sclerosis, oxidative stress is theorized to be implicated in disease
pathogenesis, although the exact mechanism remains yet unknown. Several studies have shown
that fibroblasts retrieved from SSc patients exhibit increased oxidative stress, expressed by the
increased ROS amount and decreased intracellular thiol levels, another significant intracellular
antioxidant, compared to healthy fibroblasts (186,187). Moreover, patients with diffuse SSc
and pulmonary fibrosis display increased levels of advanced oxidation protein products
(AOPP) in their sera. AOPPS can drive the hydrogen peroxide production by endothelial cells
and the proliferation of fibroblasts (188).

In Adamantiades — Behcet’s disease, previous studies come in line with our data, showing that
ABD patients display a prooxidant intracellular environment. Many immune cellular types,
including neutrophils, lymphocytes and monocytes, retrieved from ABD patients manifest
augmented prooxidant and decreased anti-oxidant mediators, leading to intracellular oxidative
stress (105,189). This oxidative stress is theorized to play a pathogenetic role, since ROS from
ABD neutrophiles negatively correlate with plasmin-induced fibrin lysis, suggesting an
association with the prothrombotic environment observed in ABD (150). In agreement with
our results displaying increased DNA damage in ABD patients, data from previous studies
demonstrate increased genomic instability in PBMCs of ABD patients, as shown by an

increased number of micro-nuclei and sister chromatin exchange events (190).

Furthermore, in this study we present augmented intracellular oxidative stress with a concurrent
increase in DNA damage accumulation in patients with antiphospholipid syndrome. Of note,
since the disease duration of the examined patients greatly varies, it is unclear whether these
aberrations may act as a potent disease trigger or whether it is the result of the chronic immune
activation. The oxidative stress involvement in APS can also be studied in previous reports,
promoting several mechanisms of ROS production. For example, increased superoxide
production was displayed possibly due to the circulation of aPL antibodies, resulting in
increased plasma peroxynitrite levels, a highly pro-oxidant substance. On the contrary, anti-
oxidant factors (paraoxonase-1 [PONI1] activity, nitric oxide [NO] levels) and the overall
intracellular anti-oxidant capacity has also been shown to be reduced, suggesting a permanent
pro-oxidant environment, possibly leading to downregulation of inducible nitric oxide synthase

expression and subsequent endothelial dysfunction (191,192).
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Finally, we have shown that chronological age can affect the oxidative stress formation and
DNA damage accumulation in healthy individuals, in contrast to the patients with systemic
autoimmune diseases, where age does not seem to contribute. Of interest, it is displayed that in
the case of the patients with autoimmune diseases individuals of young age can display
comparable levels of oxidative stress and DNA damage to healthy individuals of old age and
manifold higher than healthy individuals of the respective age. The effect of oxidative stress in
the progression of the aging phenotype, which include four primary hallmarks (genomic
instability, telomere attrition, epigenetic alterations, and loss of proteostasis), three antagonistic
hallmarks (deregulated nutrient sensing, mitochondrial dysfunction and cellular senescence)
and two integrative hallmarks (stem cell exhaustion and altered intercellular communication)
has been previously studied with controversial results. These hallmarks, contributing to the
ageing process, could be generated by oxidative damage due to the increased oxidative stress

(193,194).

It is generally accepted that cellular health is endangered by increased DNA damage levels,
since it can result in mutations and genomic instability. Several chronic clinical conditions,
associated with aging, such as coronary artery disease, kidney disease, chronic obstructive
pulmonary disease, multiple sclerosis, and Alzheimer’s disease have demonstrated high DNA
damage levels.(195,196) Furthermore, it is reported that increased DNA damage levels
(quantified by the comet assay) may also act as a predictor of mortality risk, since it may
represent a crucial factor in the development of chronic diseases and death (197). However,
previous studies examining the effect of age on the accumulation of DNA damage in PBMCs
of healthy individuals have reported little or no effect. A meta-analysis of 105 studies including
13,553 subjects, with the majority of study subjects having various comorbidities, displayed
only a slight change of endogenous DNA damage with increasing age (198). Similarly, another
study displayed a modest but significant association of DNA damage levels and chronological

age in individuals aged between 40 and 77 years old (199).
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6. Conclusion

In conclusion, our study demonstrates that patients with systemic autoimmune diseases exhibit
increased intracellular oxidative stress, that is associated with increased DNA damage
formation, both in the form of initial oxidative DNA damage (abasic site formation) and
cytotoxic double-strand and single strand DNA breaks. Furthermore, DNA damage repair
mechanisms in patients with systemic autoimmune diseases appear to be defective, suggesting
that both increased DNA damage formation and aberrant DNA damage may influence the

pathogenesis of systemic autoimmunity.

Moreover, we show that chronological age strongly correlates with increased oxidative and
DNA damage burden and diminished DDR capacity in apparently healthy individuals. In
contrast, age does not seem to affect either the cellular oxidative status or the DDR capacity in
patients with systemic autoimmunity, pointing to the pathogenetic link between systemic

autoimmunity and the aberrant DNA damage response.
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