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Extended Summary

The present Ph.D. thesis focuses on the anafysis and investigation of the role of inflammation,
oxidative stress, and innate immunity in driving disc degeneration, Low back pain is extremely
common and a major cause of disability and economic burden worldwide, with one of its main
underlying causes being degeneration of the intervertebral dises. These discs sit between the
vertebrae and are made of a soft, gel-like nucleus pulposus (NP) in the centre, surrounded by the
annulus fibrosus, and capped by cartifaginous endplates. When discs degenerate, they lose height,
hiydration, and structural integrity, which is finked to chronic back pain and reduced quality of life.
Although [1DD has been studied extensively, its biology is complex, involving mechanical loading,
biochemical changes, inflammation, and oxidative damage, with many of the molecular
mechanisms remain to be fully clarified. NP cells, which usually exist in a protected, iow-immune
environment, can begin to produce inflammatory cytokines and chemokines themselves,
reinforcing local damage. Among the key mediators, IL-1B is especially important because it
promotes expression of matrix-degrading enzyimes while suppressing extracellular matrix synthesis,
even at low, physiologically relevant concentrations measured in degenerate discs. Innate immune
receptors such as TLR2 (often together with TLRS) respond to microbial molecuies and tissue
damage signals, including bacterial components from Cutibacterium acnes and matrix breakdown
products like soluble biglycan, triggering NF-Ib. and INK signalling, cytokine release, and further
matrix degradation. Oxidative stress adds another layer, with reactive oxygen species such as
hydrogen peroxide present in NP tissue and commonly used in vitro to model stress related damage.
‘The current study uses IL- 1 to represent inflammatory cytokine signalling, a synthetic TLR2/6
agonist (Pam2CSK4) to mimic innate immune activation by microbial or damage signals, and
hydrogen peroxide to model oxidative stress. Rather than looking few markers, the aim was to
profile both secreted inflammatory and matrix-related proteins as well as intracellular signalling
molecules in an integrated way using Luminex multiplexed assays. It also addresses an important
gap by comparing NP cell responses in standard monolayer culture with those in a more
physiological 3D alginate, low-glucose, low-oxygen environment, where NP cells regain a more
native-like phenotype. The central hypothesis is that these three stimuli generate distinet but
overlapping molecular signatures, and that examining extracellular and intracellular responses
together will uncover key pathways and mediators that shape the inflammatory, catabolic
environment characteristic of disc degeneration.

Primary human nucleus pufposus cells from surgical disc samples were isolated and then expanded
in standard 2D monclayer culture and then also re-differentiated in 3D alginate beads under low-
siucose, low-oxygen conditicns to betfer mimic the in vivo niche, Cells were stimulated with
physiologically relevant and higher doses of IL-18, a TLR2/6 agonist (Pam2CSK4), or a sub-toxic
concentration of Hz0s, and their responses were measured. Outcomes included gene expression by
qPCR, a 73-plex Luminex secretome assay and a 21-plex phosphoprotein Lumninex assay, with
viability assays used to define the H20» dose. Rigorous non-parametric statistics applied to identify
stimulus-specific and overlapping changes across donors and culture formats.

Viability assays showed that NP cells tolerated H>02 up to around fifty uM with no significant loss
of viability, with a gradua! decline above 62.5 uM and a sharp drop at 0.5-1 mM, so fifty pM was
chosen as a sub-toxic dose. In monolayer, both doses of IL-1B {100 pg/mL, ! ng/mL} and
Pam2CSK4 sirongly upregulated IL-1B, IL-6, IL-8, and MMP-3 mRNA, whereas p16™¢% n21WAT1
and all genes under HzQ: remained unchanged. Secretome profiling in 2D revealed a broad baseline
inflammatory and matrix-relaied profile that varied between donors and was extensively
remodelled by TL-1p3 and PamZCSK4: more than 50 proteins were significantly aitered, with many
pro-inflammatory cytokines, chemokines, and matrix regulators increased, and a smaller subset
decreased. Hz0: in contrast significantly elevated only VEGF and MMP-7. In 3D alginate under
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low glucose and physioxia, fewer markers changed overall, but [L-18 (100 pg/mL} and Pam2CSK4
consistently increased 1L-6, [L-8, GRO-¢, I[CAM-1, and MMP-7, with stimulus-specific effects on
MMP-1, TGF-81, IP-10, and b-FGF. Phosphoproteomic analysis in monolayer showed that both
IL-1B and Pam2CSK4 converged on a shared signaling pattermn, significantly increasing
phosphorylation of IkBe, NF-kB, and c-JUN, whereas fitty uM H.0: selectively reduced p-FAK
witheut activating this established inflammatory signature,

These findings indicate that IL- 13 and TLR2/6 activation drive a potent, overlapping inflammatory
and catabolic program in NP ceils, while sub-toxic oxidative stress exerts a more modest and
qualitatively distinct influence. The robust induction of -6, TL-8, GRO-u, [CAM-1, and MMP-7
across both 2D and 3D systems, together with activation of NF- «B and AP-1 signaiing, suggests
that these mediators form a core response module to immune-type stimuli in NP cells, relatively
independent of culture format. Their known reles in disc degeneration, pain, matrix breakdown,
and leukocyte recruitment support their relevance as mechanistic effectors and candidaie
biomarkers. The much broader secretory response in monolayer compared with alginate
underscores how high-glucose, high-oxygen, serum-containing conditions exaggerate NP
inflarmmatory output, whereas 3D physioxia constrains responses but preserves key pathways. This
has practical implications: 2D models are sensitive for detecting changes, but 3D systems may
better reflect in vivo magnitude and context. The minimal impact of fifty uM H20: on inflammatory
signaling, despite clear viability loss at higher doses, suggests that oxidative stress in NP cells may
contribute to degeneraticn more through cell damage, altered adhesion, and pro-angiogenic
remodelling than through a classical cytokine storm. Ovwerall, the integrated secretome—
phosphoproteome approach yvields a focused, translatable five-marker panel plus NF-xB/AP-1
phospho-readouts that couid be used to benchmark therapies targeting IL-1R, TLR2/6, or
downstream kinases in future disc degeneration studies, while aiso highlighting the importance of
donor variability and microenvirommnent when interpreting NP cell behaviour.




Tithog Ardaxtopuaig Srutppiic: Avaluon povoruTidy opetoddTiong & tovtonoinen
frodaiktdy WTevIeTIKeD (UpEITNPE SPOPUOCHEVT GTOV EKQUALGLO TOV HEGOGTOVEUALOD
digicov.

Zovypaeiog: Kovéing Eéupyog, Emplénav: Ko, Alsfémoviog Azwvidag

Ewrravig epiinym

H mapovea Gidaktopu datpifn eoTdlerl 6Ty avainen kel eEEpetvnaT] toL PAAOL ¢ Pheyuovic,
TOU 0EE0MTUCOU GTPEG KUL THG EVEPYOTOITOT)S OTOLEIMV TOV UVOGOTOMTIKOD GUOTIUNTOS TV
rpodinon g exgpialong pesocrovdiiiay diokwv. H ndvog ot madtn sivay sCoipeticd ouypvd
puvopevo kel amoterel teifov aito evarmpiug ko oucovo ke enapuvonc TeyKoo e, Le uig
amd T KOpLEG vrokeldever oitieg vo alvan 1 exgUiion tov pesoarovEtamy diskmy. O diokol
avtol Pplokovion petald TV omovOUADY XUl GTO KEVIPO amoTteAovvicl omd £vay Lohaxo,
Cehamvaddn mupfva (nucleus pulposus, NP), o onolog repibdiietan und 1o 1616 annulus fibrosus.
‘Otav o1 Siokot velataviol exeUALoT], yivouv Do, evoddtnoT ko Sowkr) stelepdtnt, yeyovig
oL CUVIEETHL GTEVE Lie ypdvio TOVO 6T UEOT] 1Kot uetpév mowotnTa Long. Av Kot 1y eKgpiALloT
00 Uesoanovivioy digkov (IDD}Y &yer usiemnbel sxtevde, 1 Bokovin g mopopdver axdua
nepimhiorn, xebdg eumhérer pnyevikd @optia, Boymuuxés erdayés, eleyuovi] kol ofadoiiy
BAGPT pe amotéhesun ToAA Omo To uopendd tHg uitio va, LY £xouy RG] TANP®S BIEVKPIVIGEEL
To wortepa NP, to onole. owvibaog Pplokovion o &ve TpocTateviévo, voao-Tpovorovyo
nepiBdAdoy, Eyouv Tn SuvetdTrto voo mopdyowv Te 16 eAsyuovedes wottapoiivec Ko
yrueokives, svioybovag T tormucy PAASn. Avduesa otoug Pucikotg pesehafntés wov sudivovim
v toy skpuAtoud, 1 wotokdviy LL-15 slvar dwitepe. anuavtia), koldg npodyst my éxeppaon
evlbuwy nov anodouctdy 1) eughie ovole (matrix-degrading enzymes), sv® KOTOOTEAAEL ]
aovleon sfowuttdpurs Beuéhieg ovclag Omeg To korkaydvo. o wwrtoxhy TL-1P éyst
ROGOTIKOROMBEl  gKoOUn KUl GE YUPENALS, QLOWOAOYUCE OYETIKES guykevipdosll uéoa e
exgpuioUivong digrong. Kuttapucol vmodoyels dnwg o TLR2 (ouyvé ge cdurpun ve tov TLRE)
avTomokpivovion o mkpolkd neple kol chucte lotikhg PAAPng, ceumepiapBoavopévay
fukmpuekdy cuotatikay arnd Cutibacterium acnes «on zpoidviov arodduncng e Dsuéhing
ovaclag, Grwg to biglycan. Ta spebicunta auth evepyomololy Tig kutteplicég odote NF-kB ko INK,
odTydvTIG o8 EKKPLOT) KDTTUPOKIVAY K Tepuitépm orodounon g Bspfheg ovaleg, To
ofeidemrd oTpeg mpooHETer Evo EmImAZOY ERIRESO MOALTAOKOTTUS, UE OPUOTIKES LOPGES
ofuydvoy Ommg to waepoleidio Tov vdpoybvov vo ovigvedoviol otov 10td NP ko ve
YOTGILOTOLOUVTI EPEMG in VILro Yo T HWOVIEACTONGT) Gtpesoydvor PAdlng (oxidative siress),
Hropotoo uedétn yonowonoel tyv IL- 10 v va ovomopuo e 1n onuatoddtaT) oAy Lovedmny
utTapoKkvay, Svay suvletikd ayavice) TLR2/6 (Pam2CSK4) yna va munBel mipy svepyonoinom
mg EpeUTNG evooieg und wxpofakd 1) smPrlabn ofpeta, Ko vrEpoleiito Tov VEPAYOVOD YL VOl
nposououbael 10 05gdmTId atpeg. Avil v efetdlel podvo Liyoug Beikteg, OTOYEVEY GTNV
OALOKANLOUEVT] LUpTOYPAENGT) TO0D EXKDYOLSYOV PAsYLOVDSGHY xor matrix-related mpaTeivay,
0G0 KOl SVOOKLTTAPIMY uopidv oNUOTodOIoNG, ¥PNOLOTOUbVTOS TOALTAEKTIKE: Luminex
avoAadoets. Topdiinio, KOADITEL Eva GTIUOVTIKO KEVO GUYKPIVOYTUS T1g ARoKpIoEIC TV KUTTHpmY
NP o wodhépyag-LovootiPade {monolayer) ue exelves oe éva mepocitepo puoiohoykd 3D
nepBdiiov (ahyvicd oompidi), rUmAng yALOing kut youunlov ofuydvou, Omov T kiTTope NP
aveKToNY £v0 0 OUGIKO I Vive-ouoww eawdtuno. H kevipua uvrdbaon sivan 1 autd e 1pio
gpsBiopate Gnuovpyolby SLUKPITEG CAAG £V HEDEL ERUCOADTTOUEVEG Lopiccds aviaroxplosig ko
O TonTOYPOYT EEETHGT EEWILTERMV ke EVOOILTTAPLLY grokpiosmy Jo avadeifal Kowig 0800
Kot PO O 00U SILOpMVOLY TO QAZYLOVHIES K TovTdypove Kataforkd remBdiioy mov
yapoxtpiler tnv exgihian tou dicikov,

Ta, witTape NP dvteyoy 1o HaO:2- gog nepimov 50 uM yaois onpeviud] andisio Buociuonyiug, e
sradakh peloon téve and o 62,5 uvl <ot ardtoun Ttoon onig guykevipdosig 0,5—1 mM. Troy,




10 50 uM enthéydnioy Gig vo-tofud) Séom. T povoonpése, ko or 8o dogelg [L-1 [ {100 pg/mL,
1 ng/mL) xafdc ke 0 Pam2CSK4 adcnoay Eviove Ty EKQpaoT) Tav mRNA tov IL-15, {L-6, IL-
8 o MIMIP-3, evéd T pl6™ p21V T e dho to efetalousva yovido vrd Ha0: rapipevoy
apctéPpinre. H avédvon o 2D enoxdivye &vo gopd gheypovddeg rpogii, 10 om0l MEPEPE
uetakd SoTdv o ermpedo ke onuovTIed umd Ty Kutokdvi IL- 1P kot tov Pam2CSK4. Tlévo and
50 wpateiveg petafiitycoy onpevTucd, Ue TOAAES TPO-QAEYHOVADEL KUTTRPOKIVES, YNUELOKIVES
Kou pubotés e efaxvtidplag WiTpog ve auElvovial, ko éve HIKPOTEPO VROGUYORD Vi
ugtovetol. Aviifétmg, 1o HaO2 oEnoe ot povtid uovo tee VEGE o MMP-7, S 3D koddiépye,
VR0 YA yhukéln Ko ofuydvo, Arydtepor delkteg petafanniay GUVOAKD, dhhd 1 [L-14 (100
pg/ml) ke o Pam2CSK4 abénoov orabepa g npoteiveg IL-6, [L-8, GRO-a, ICAM-T wor MMP-
7, ne sldikic avid epEOIGHe EMOPAOEL; OTIG rpotetveg MMP-1, TGF-B1, TP-10 o b-FGF. H
POGEOTpOTEDLUT tviivon og 2D édeite 6T 1060 1 LL-1B 050 wor 0 Pam2CSK4 GUYKAIvOUY 08
EviL Koo TPOTUTO oTLTo8GTNoG, aLEGVOVTIS aTUOVTIKE T Paceopuiinet oy 1kBa, NF-xB
ko c-JUN, eveh 1o 50 oM H:0: uslwooy emtiextikd ™ goopopukioen g FAK xopig vu
EVEPYOTOMAGOLY GUTHY THY TPOCVIQEPOUEVT] PAEYLOVHET VROYPAET).

Ta evpAuate eotd deiyvovy 6ty IL-15 won n evepyoroinon tov vrodoytv. TLR2/6 mpodyouv éva
1GYUPG, 08 UEYHAD BaSu0 ETKEAVTTOLEVD (PAEYLOVODES KoL KOTHROAIKD TPOYPOLLL GT6 KUTTEPO. .
NP, evdh 1o urd-tofiké ofaidmrid otpeg aokel 1o Hme Slgopstud emidpaot). H enywyh tav
IL-6, T1-8, GRO-0, ICAM-1 xar MMP-7 1600 ota 2D 666 ko oo 3D cusmipetd, of CUVOUGHO
ge TNV evepyoroinon g onparoddtong NF-cB ko AP-1, vrodnidver 0Tt outol o1 pecohapntéc
cuykpotoly fva Bactkd «uotifo ardkplongs o1g kottapa NP, og peydho Pubud aveEaptnto und
m uopet Kudkiépyeing. O yveotog pOROG TOUG GTY EKGUALCT] TOU BioKOD, TOV advo, TV
umedéunot g sborvttdplag WNTPUG KUl TV APOGEAILOT) AEVKOKVTTAP®Y vootnpiler
CTUAGTE TOUC (BC WIYUVIGTIKODS mapéeyoviag-hadid o Suvimxotg Brodeikteg. H mokd evpitepn
gxkpituc emdkpion os 21D g8 odyxpon ue 3D vroypouuilel 611 01 cuvBiKes pWMAAG YALKOONS,
VYIADD 0EVYEVOD Kot 0pod evioydouy DIEPBOALKE T GAEYHOVIOT UROB0OT] THY wttdpoy NP,
evih oe 3D mepropiletan To Bpog g wrdKpoNG. AVTO £y npuxtikds ouvéreeg: o 2D poviéla
efvon wWoitepe sveicBnro v Ty aviyveven ciioydv, cddd o 3D cvemiuata mfavov v
ovEaverAODY KuADTEPE TO in vivo péyebog kul mhaiclo tov aroxpicemyv. H neploptopiévn exidpaom
tov 50 UM Ha0: ot Qheynovdsn oTuoTodoton, Tepl T GoeT GRGAEL Bunoiudtntug s
vymioTepes Séaeig, vrodnhdvel 61 10 0£adeTKd otpeg atat Khttapa NP umopel va cupfdiiet
oTY EXQUAMGT] Tepaadiepo Uéow uttepucs PAGPNG, Buortapory LEVIG KOTTUDIKTS TROCKOAANOT|G
KOL TPO-UYYEIOYEWNTIKYG  CvadoUope@acNs, Topl UEOHO GG KoK G AREAEVDEPOOTS
cottepoxvivy. I ohokinpauéviy mpooéyyier  UESH NG ovOAuoTg  exKpwousvey &
pooeopuitmuivay tpoteiviy ofnyel o fva maveh nEvie SeKTdv, oF ouvBboouO UE TIg
pocpopuiidesg NF-xB/AP-1, mov Ou pmopodouy vi yonowlonombalv yie TN oUYKplon
fepumewdv mov otoyebouv tov IL-1R, tov TLR2/6 fi yevika e UEAROVTIKES LEAETEG EXCPDAIOTG
LEGOGTOVEVAOD SloKov, GvedEiviovTig napliinie m onuocie g perafinrémtag ustadd
SoThv KoL OV WKPOTEPPEALOYTOG GTNY EPUTVEIR TG CULTEPLPOPES TV KuTTpmY NP.




