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EuxapioTieg

OAokAnpwvovtag 1n OI10aKTOPIKA Pou diaTpIBry 6a nBsAa va euxapioTHow
O0Aoug 6ool pe Bonbnoav, kaBévag pe Tov BIKOG Tou TPOTTO. MpwTioTWG, TNV
emPBAéTTOUCG pou  emmikoupn kaBnyntpia  NTpdykava NIKITOBITG yia TN
ouvepyaoia OA0 autd TO OIACTNPA, KABWG POU €DWOE TNV EuKAlpia va
aoxoAnbw pe pia evdla@épouoa MPEAETN Kal va €CeAIXBwW O €PEUVNTIKO
etriredo. Tov kabnyntA Mewpyio T{avakdkn TTou wg ETIRBAETTWY TNG TITUXIAKAG
Mou pe OEXTNKE OTO epyacTrplo loToAoyiag-EpBpuoroyiag. ZTn cuvéxela, Ba
euxaploTHow Tov KaBnynt ApioTteidn Toatodkn yia TNV UTTOCTHPIEN, KABWG
Kal Tnv kabnyntpia Emanuela Corsini géAn TG TPIMEAOUG OUMPBOUAEUTIKAG
EMTPOTING, TTou PonRbnoav oTtnv €EENIEN Kal OAOKANpwon TNG TTapoUcag
dlatpifric. EmmmAéov, Ba nNBeAa va euxapioTAow Ta uTtoAoimTa HEAN TNG
ETITOPENOUG ECETAOTIKAG ETTITPOTING TTOU CUMUETEIXAV OTNV aAfloAdyNOor) Pou:
Toug Kabnyntég KwvoTtavrivo Kpaocaydkn kai  Mapia Tlapdrh, Tnv
AvatrAnpwTtpia KadnyAntpia Mapia-EAévn Kautrd kar tov Etrikoupo KaBnyntn
MavwAn TZat¢apdkn.

AkoAoUBwg, Ba ABeAa va euxapioTAOW Ta PEAN TOU €PYACTNPIOU PE TTPWTN
TNV Ap Aikatepivn Mtrepdidkn yia Tnv kKaBodrynor] Tng. I18IaIiTEPES EUXAPIOTIES
Kal oTnv KOAANTA pou @iAn Ap Boudoupn KaAAippon, atmd Toug TTPWTOUG
avlpwTToug TToU yvwploa POAIG ekivnoa TIG OTTOUBEG pou oTo HpdkAeio, yia
TIG OUMPBOUAEG TNG OAa auTd Ta Xpovia. Ae Ba ptTopolca va TTapaAsipyw NG
d16aKTOpPIKEG POITATPIEG Elprivn-Mapia Mataydava kai Mewpyia davoupdkn kai
TNV TTPOTITUXIAKI QOITATPIA EppavouéAAa MNepiouvdakn Pe TIG OTTOIEG TTEPA ATTO
TNV aAAnAemmidopacn o€ eTayyeAUaTIKO €TTiTTEQO, dNUIOUPYNOAUE Hia duopen
TTapPEQ TTOU €KAVE TNV KABNUEPIVOTATA OTO EPYACTHPIO TTIO EUXAPIOTN. ETTion,
EUXOPIOTW Kal Ta TTOAQIOTEPA HPEAN TOU epyaoTnpiou Kal QiAeg pou Elprivn-
Mapia (Pevara) Mwpditn kai KwvoTtavtiva Aviwviadou yia Tn oThpIf Toug
OKOUO KAl PETA TNV ATTOXWPENOH TOUG aTTO TO €PYACTHPIO. 2TA TTOAQIOTEPQ
MEAN TOu epyacTnpiou TToUu Ba ABEAa va €uXapIOTHOW avikouv Kal n Ap
Katepiva Kouidn kair Ap Mapia MuTiAnvaiou. I8iaiTepeg euxapioTieg Kal 0TOUG
@oItnTég  laTtpikAg Oeddwpo Kpaoavdkn, Aviwvio KwoTtoupo, AyyeAKn

Bouiddokn kai Mewpylo Zapiddkn, yia tnv €BEAOVTIKI) CUPMPETOXI TOUG OTO



epyaoTrplo. Euxapiotw, €mmiong kai Tnv Ap lwavva Zmupidakn Kal TV Kupia

Eupudikn KOKKIVAKN UE TIG OTTOIEG EiXAPE KABNUEPIV ETTAQPI OTO EPYACTHPIO.

QuOIKG TO PEYAAUTEPO KEUXAPIOTW» TO OPEIAW OTOUG YoVEiG Jou Ogoxdpn Kai
OAya oTtoug otroioug o@eidw Ta TTavTa. OAa Ta Xpdvia Twv OTTOUdWV POoU UE
oTAPICav WUXOAOYIKA KAl OIKOVOUIKA Kal ATav «diTTAa» pou, TTapOAO TTOU
Bpiokovtav otnv AAAN dkpn TNG EAAGDBAG. O1 AéEeig Kal Eva aTTAG «EUXAPIOTW»

Ba ATav TToAU Aiyo.

Aev Ba ptTopouca va TTapaAsiyw Tov ayarrnuévo pou @ido Ap AnunTtpiou
MavayiwTtn yia TIG TTOAUTIMEG OUMPBOUAEG Tou Kal Tn BorRBeId Tou, OXI HOvo KaTd
TN OIdpKEIO eKTTOVNONG TNG OI0TPIBAG HMou, aAAG yia OAa Ta Xpovia TTou
Bpiokoualr oto HpdkAeio. EmimAéov, viwBw Tnv avdykn va TTw €éva PeydaAo
euxaploTw atov MixdAn AiaAuvd yia Tnv WuxoAoyikr utrooTipiEén 6Ao autd 1o

dlaoTNA.

TéNOG, Ba euxapIoTHOW TOV AVOPWTTO TTOU PE €KAVE va ayatrriow Tn BioAoyia
Kal va TNV €MAEEW o€ TTAYYEAUATIKO ETTITTEDO, TOV KABNYNTA JOU OTO OXOAEiO
Ap EppavounA AupatlOGTTouAo TTou TTOTE QEV ETTAVOTTAUETAI OE 00O YVWPICE

Kal ouveyiCel va eEeNicoeTal wg ETMOTAPOVAG.



Abstract

Allergic contact dermatitis (ACD) is the most common dermatopathy and is
caused by topical exposure to chemical allergens. ACD is a type IV (delayed)
hypersensitivity response resulting in sterile inflammation (Tan et al., 2014).
The term “sterile” characterizes inflammatory responses not caused by
pathogens/ microbes (Chen and Nunez, 2010; Kurbet et al., 2016).
Importantly, almost 20% of the general population presents ACD to at least
one or more contact allergens (Peiser et al., 2012). The symptoms include
erythema, vesiculation, scaling and itchiness. Contact allergens are haptens,
low molecular weight chemicals (<1000Da) (Martin, 2012) normally unable to
trigger immune responses (Corsini and Kimber, 2007). Hence, binding of
haptens to self- macromolecules is crucial for the initiation of inflammation
(Murphy et al., 2019). The complexity of the immune system may sometimes
result in a “mistaken” response to haptens (McFadden et al., 2012). P-
phenylenediamine (PPD) and 2,4 dinitrochlorobenxene (DNCB) are common
contact sensitizers, responsible for many cases of ACD (Milam et al., 2019;
Saarnilehto et al.,, 2014). They were previously shown to trigger the
production of IL-18, a reliable marker of keratinocyte sensitization (Galbiati et
al., 2014; Nikitovic et al., 2015). Epidermal keratinocytes play a key role in
innate immunity, affect the skin inflammatory responses and are crucial for
ACD progression (Corsini et al., 2013). The extracellular matrix (ECM) that
provides tissue structure, specificity and organization, regulates as well
cellular functions and responses, such as inflammation by triggering specific
signaling pathways (Nikitovic et al., 2013; Kavasi et al., 2017). Hyaluronic acid
or Hyaluronan (HA), an important ECM component, is a linear non-sulfated
glycosaminoglycan, composed of repeating units of N-acetylglucosamine
(GlcNACc) and glucuronic acid. HA is well established to participate in a wide
variety of biological functions. The metabolism of HA has been demonstrated
to play an important role in sterile inflammation (Kavasi et al., 2017). Indeed,
HA deposition has been demonstrated to be altered, upon keratinocyte
treatment with PPD and DNCB contact sensitizers. Notably, Low molecular
weight Hyaluronan (LWMHA) is able to trigger IL-18 production (Nikitovic et

al., 2015). HA is synthesized by specific enzymes called Hyaluronan



Synthases (HAS1, HAS2 and HA3). The process takes place on the plasma
membrane where these enzymes are located, with simultaneous secretion of
the HA chain to the ECM. HA degradation is performed by enzymes
denominated, Hyaluronidases (HYAL1 and HYAL2). In the skin HA is
synthesized mainly by dermal fibroblasts, but also by epidermal keratinocytes
(Kavasi et al., 2017). Toll- like receptors (TLRs) are a family of
transmembrane receptors, widely known for their roles in innate immunity.
Toll-like receptor 4 (TLR4), is strongly implicated in skin inflammation with the
ability to bind Damage Associated Molecular Patterns (DAMPSs), including
LMWHA (Termeer et al., 2002; Kuzmich et al., 2017). DAMPs are
endogenous molecules, with the ability to act as “danger signals,” that trigger
cellular responses and they have strongly been correlated to the process of
sterile inflammation (Chen and Nunez, 2010; Hernandez et al.,, 2016). A
category of DAMPs are the Reactive Oxygen Species (ROS), chemically
active small molecules, resulting from incomplete reduction of oxygen (Kubert
et al., 2016; Nastase et al., 2017). Indeed, ROS have been characterized as
mediators of inflammation (Mittal et al., 2014) and noteworthy they can
degrade HA chemically. TLR4 activation results in the downstream triggering
of nuclear factor kappa-beta (NF-kB), the transcription factor, established to
regulate the transcription of pro- inflammatory cytokines (Kaplan et al., 2012).
In its inactive form this transcription factor is located to the cytoplasm, while in
its activated form, translocates to the nucleus engaged in the transcription of
several genes (Akira and Takeda, 2004). NF-kB has been strongly correlated
to innate immunity and inflammation (Kaplan et al., 2012). In fact, several
therapeutic approaches for inflammation target the inhibition of TLR4/ NF-«kB
signaling (Huang et al., 2014; Gomes et al., 2015). In the present study, the
putative co- operation of HA and TLR4 in the process of contact allergen-
induced keratinocyte activation was investigated. Specifically, contact
sensitizers PPD and DNCB were shown, in NCTC2544 human keratinocytes,
to significantly increase the expression of the TLR4 receptor in a
concentration dependant manner, as demonstrated by western blot and Real-
time PCR. The contact allergens were also demonstrated to induce HAS1,
HAS2 and HAS3 overexpression at both the protein and mRNA level. These

data suggest that the contact sensitizers enhance HMWHA production by the



upregulation of HAS isoforms. Thus, the previously shown contact sensitizer
mediated HYALs upregulation (Nikitovic et al., 2015) in combination to ROS
action, will increase endogenous LMWHA release. Furthermore, LMWHA
treatment of keratinocytes induced increased expression of not only the TLR4
receptor, but also of the HAS1 and HAS3 enzymes. This observation implies
that the increased release of LMWHA by the activated keratinocytes will result
in enhanced HMWHA deposition, available for degradation to LMWHA and
the subsequent TLR4 signaling, forming a loop for the sustaining of
inflammation. Moreover, downregulation of TLR4, upon RNA interference
utilization, resulted in an attenuation of HAS1 and HAS3 basal levels,
suggesting a direct correlation between HA synthesis and TLR4 signaling.
PPD and DNCB effects on HA metabolism, were shown to be partly executed
through the TLR4 downstream signaling. Indeed, blocking of the TLR4
receptor with a neutralizing antibody, resulted in attenuated contact allergen
mediated HYAL and HAS upregulation. Furthermore, PPD and DNCB
stimulated the activation of the TLR4 downstream mediator NF-kB as well as
its translocation to the nuclei of keratinocytes. Blocking of TLR4 activities
reduced NF-kB activation. Additionally, LMWHA treatment enhanced NF-kB
activation, whereas blocking HYALSs’ action with an inhibitor (aristolochic acid)
attenuated the contact allergen mediated NF-kB activation. In conclusion,
keratinocyte sensitization by the PPD and DNCB contact allergens is partly
mediated via a LMWHA/ TLR4/ NF-kB signaling axis.



MepiAnyn

H aAAepyiki depparimida € emmagrig (ACD) eivar n 1o ouyxvry depuaToTTddeia
Kal TTPOKAAEiTal QTrd TNV €TTAPN TOU OEPUATOC ME XNUIKA aAAepyloyova.
ATtroTeAei pia avtidpaon utrepeuaioBnoiag TutTou IV (emBpaduvouevn), TG
oTToiag To aTroTEAETA €ival n «aTeipay» @Aeypovn (Tan et al., 2014). O épog
«OTEIPA» QVTITTPOOWTTEUEI PAEYHUOVWOEIG QTTOKPICEIG TTOU OEV TTPOKAAOUVTAI
amd 1maboyova/ pikpoBia (Chen and Nunez, 2010; Kurbet et al.,, 2016).
2x€00V 10 20% TOU YeVIKOU TTANBUCOU TTapouciddel aAAEPYIKT) BEPUATITION OE
TOuAdxioTov éva aAAepyloydvo, 11 akoun kal oe TrepicooTepa (Peiser et al.,
2012). 10 CUPTITWHATA CUYKaTaAEyovTal epuBpoTnTa, QUOOANIdBWOES dEPUQ,
aTTOAETTION KAl KvNOUOGS. Ta aAAepyloydva TTou TTpokKaAouv depuatitida €€
ETTAQPNG atroTeAOUV atrTéEVIA, ONAAdH ATEAr avTiyova TTOU gival XNUIKA XapnAou
Moplakou Bdapoug (<1000Da) (Martin,2012) Tta otoia uTtd QUOIOAOYIKEG
ouvOnkeg aduvatolv va TIPOKOAEOOUV AVOOOAOYIKEG OTTOKPIOEIC (OTEAN
avtiyova) (Corsini and Kimber, 2007). Emopévwg, yia va TTupodotnOei n
dladikaoia TNG QAEyPovAG, €ival atmmapaitntn n TPOCOECN TWV ATITEVIWV HE
Moakpouopla Tou eautou (Murphy et al, 2019). H TtoAuttAoKOTNTO TOU
avoooTroiNTIkoU  OUCTAMAOTOG  gival  TTOAU  mmBavé va odnynoel o€
«AavBaouévecy arokpioelic ota amTévia (McFadden et al., 2012). Auo
ouvnBiopéva alepyloyova uTTeUBuvVa yia TTOAAEG TTEPITITWOEIC DEPUATITIONC £
eTagng eival n Tapagevulevediauivn (PPD) kai o 2,4 divitpoxAwpoReviévio
(DNCB) (Milam et al., 2019; Saarnilehto et al., 2014). Z& TTPpONYOUNEVEG
MEAETEG £xel BeIxOei N 1816TNTA TOUG va TTPOKOAOUV OTA KEPATIVOKUTTOPA TNV
TTapaywyn vrepAeukivng- 18 (IL-18), n otroia atroTeAei ATTOdEKTO EIKTN YIA TO
XOPOKTNPIOUO OUGIWY TTOU TTPOKaAOUV «uTTeEpeualaodnaia €€ eTagrc» (Galbiati
et al., 2014; Nikitovic et al., 2015). Ta KepaTivOKUTTOPA TNG ETTIOEPHIOAC
dladpapaTtiCouv  onuavtikd  poAo  otnv €Ut avooia, etTnpedlouv
QAEYUOVWOEIG ATTOKPIOEIG, ETTOMEVWG, €ival €CAIPETIKAG ONPACiag yia Tnv
eCENEN TNG aMAepyikAg depuartimdag €¢ emagpng (Corsini et al., 2013). H
eCwkuTTdpia BepéNia oucia (ECM) n otroia kaBopilel 0TOUG I0TOUG T doun
TOUG, TNV IOTOEIBIKOTNTA KAl TNV opydvwon, puBuidel TTOANEG KUTTOPIKEG
AEITOUPYIEC Kal OTTOKPICEIG, yia TTapddelyua TTPOKANCN QAEYUOVAG, KABWG

TTUPOOOTEI TNV €EVEPYOTTOINON OUYKEKPIMEVWY ONUATODOTIKWY  POVOTTATIWV



(Nikitovic et al., 2013; Kavasi et al., 2017). ‘Eva 1diaitepa onuavTikd CUCTATIKO
TNG €CWKUTTAPIOG BepéAog ouaiag €ival To UOAOUPOVIKO o&U, dnAadn pia
YPOUMIKN MN Beiwpévn yAUKOCapIVOYAUKAvVI. 2uvTiBeTOI ato
emavaAaupavopeveg  povadeg  N-akeTuA-yAukolapivng  (GIcNAc)  kai
YAUKOUPOVIKOU 0&£0G. To uaAoupovIKO ogu gival yvwaoTo yia TV TTANBWPa Twv
BloAoyikKwv AeIToupyiwv TTOU  €TTNPEEACEl KAl PAAIOTA, OUXVA QUTEG Ol
AEIToupyieg €ival avTiBeTeG PETALU TOUG, KOBWG £EAPTWVTAI ATTO TO POPIOKO
Bapog TOoU uaAoupovikou. O PETABONOPOG TOU UAAOUPOVIKOU 0&EOG
dladpapartiCel onuavTikdG poAo oTtn oteipa @Aeypov (Kavasi et al., 2017).
EmmpdobeTa, n €mWaOOn KEPATIVOKUTTAPWY ME Ta aAAepyloydva PPD kai
DNCB civalr utreuBuvn yia aAAayég oTnv TOTTOBETNON TOU UAAOUPOVIKOU.
EmmAéov, 10 xaunAou popiakoU Bapoug uaAoupovikd (LWMHA) TTpokaAci
Tapaywyn IviepAeukivng- 18 (Nikitovic et al., 2015). H ouvBeon ToU
UaAoupoVvIKOU 0&€og yivetar atmrd KaTdAnAa évCuua Trou ovouddlovral
ouvBdoeg Tou ualoupovikou (HAS1, HAS2 and HA3). H ouvBeon
TTPAYHATOTIOIEITAI OTNV KUTTOPIKN HEUPPAVN OTTOU £dPACOVTAI TO CUYKEKPIPEVA
évuua, PE TaUuTOXPOVN €KKPION TOU HOKPOMPOPIoU OTnV €EWKUTTAPIO BeUENIT
oucia. H atroikodounor Tou yiveTal atrd pia AAAn kartnyopia evCUUwv TIG
uaAoupoviddoeg (HYAL1 kai HYAL2). H ouvBeon TOU UOAOUPOVIKOU OTO
Oépua yiveTal KUpiwg atmmd Toug IVOBAAOTEG TNG Oeppidag, aAAd kal amd Ta
KEPATIVOKUTTOPA TNG emdepuidag (Kavasi et al., 2017). O1 Toll- like utrodoxeig
(TLRs) atroteAoUv pia olkoyévela OIAPEPNBPAVIKWY UTTOBOXEWY, €EUPEWG
YVWOTWV YIa Toug TTOANATTAOUG pOAOUG TOUG OTNV £U@UTN avooia. MeTagu Twv
MEAWV QUTAG TNG KaTnyopiag uttodoxEwy, 1I01aiTepn onuacia €xel o TLR4, o
OTTOI0G €XEI OUOXETIOTEI ME TOUG MNXAVIOHMOUG QAEYMOVAG TOU OEPUOTOGC.
XapaKkTnpIoTIKO Tou gival n 1816TNTA Tou va TTPocdEVEl HOPIaKA MOTIBa TTou
oxetiCovral ye PAABeg (DAMPS), OTTwg cival TO XaunAou poplakoU BApoug
uaAoupoviké o¢u (Termeer et al., 2002; Kuzmich et al., 2017). Ta DAMPs
gival gvdoyevy popia TTou dPOUV WG «OAPATA KIVOUVOU» Kal TTUPOdOTOUV
OIAQOPES KUTTAPIKEG AEITOUPYiEG KAl HAAIOTA €XOUV CUCXETIOTEI e AOBEVEIES
oteipag @Aeypovriig (Chen and Nunez, 2010; Hernandez et al., 2016). Mia
OUYKEKPIPEVN KaTnyopia DAMPS cival pIkpd XnUIK& evepyd uOpIa TTOU
TTPOKUTITOUV aTTO aTeA] avaywyry Tou ofuyovou Kal ovopalovtal dpacoTIKEG

Mop@ég oguyovou (ROS) (Kubert et al., 2016; Nastase et al., 2017). MaAioTaq,



EXOUV XapaKTNPIoTEl wg pubpIoTéEG TNG @Acyuovng (Mittal et al.,, 2014) kai
€XOUV TNV IKAVOTNTA VA OTTOIKOOOUOUV XNMIKA TO UaAoupoviké ofu. H
evepyoTroinon Tou uttodoxéa TLR4, €X€l WG CUVETTEIQ TNV EVEPYOTTOINOT £VOG
METAYPAPIKOU TTapAyovTa TTou ovouddetal Mupnvikog TTapdyovtag- KATTTTa
BAta (NF-kB), kai €ival yvwoTog yia Tn HETAYPAQPR TIPO- QPAEYHOVWOWV
Kutokivwv (Kaplan et al.,, 2012). H avevepyry pop®r) Tou aTTavTATAl OTO
KUTTAPOTTAQOUA, €VW OTOV TTUPAVO PPICKETAI O€ €VEPYOTTOINUEVN MOP®N,
emayovrag petaypa®n ToAAwyv yovidiwv (Akira and Takeda, 2004). O NF-kB
EXEl OUOXETIOTEN PJE PNXAVIOMOUG £UQUTNG avooiag Kal gAsypovhs (Kaplan et
al., 2012). MdaAioTa, OpPICUEVEG OEPATTEUTIKEG TTPOOEYYIOEIC KATA TG
@Ageypovng, oOTOXEUOUV TNV avaoToAr Tng onuaroddétnong TLR4/ NF-kB
(Huang et al., 2014; Gomes et al., 2015). Ztnv mapouca dIaTpIBA YEAETHONKE
n méavr) cuvepyaoia Tou UaAOUPOVIKOU 0&€og pe Tov uttodoxéa TLR4 oTn
O10dIKACia EVEPYOTTOINONG TWV KEPATIVOKUTTAPWY aTTO aAAEpPyIoyOvVa ETTAPNG.
Mo ouykekpipéva, Ta alAepyloyéva PPD kai DNCB 1TpokAGAecav CnuUaVTIKN
augnon Tou utrodoxéa TLR4 pe TPOTTO €£LAPTWHPEVO ATTO TN CUYKEVTPWON
TOUG, OTNV KUTTAPIKA O€IpA avBpwTTIVWV KEPATIVOKUTTAPpWY NCTC2544, 6TTwg
QPAVNKE HE TIG TEXVIKEG TNG QVOCOATTOTUTTWONG KOTA western Kal Tng
aAUCIdWTAG avTidpaong TToAupepdong TrpaydaTikou Xpovou (Real- time
PCR). EmmAfov, Ta aAAepyioyova odriynocav o€ augnuévn EK@pacn Twv
ouvBaowv Tou ualoupovikou HAS1, HAS2 and HASS3, emiong oe emitredo
mpwTteivng Kal MRNA. Ta dedouéva autd uttodeIkvUouV OTI Ta aAAepyioyova
€€ eTaA@NG €TAyouv aug¢non TnG ouvBeong Tou uywnAou popiakou BApoug
UOAOUPOVIKOU aTTO TIG augnuéveg ouvBaoeg Tou. ETTiITTAéov, n eTayouevn armod
aAMAepyloyova augnon Twv uahoupovidacwyv (Nikitovic et al., 2015) o€
ouvouaoud pe TN dpdon Twv OPACTIKWVY HOPPWV ofuydvou, odnyei atnv
augnon  Twv  evdoyevwy  EMITTEOWY TOU  XAWNAOU  popiakou  Bdpoug
uoAoupovikou. EmmrpdoBeta, n  €mwacn  TwWV  KEPATIVOKUTTAPWY  HE
UOAOUPOVIKO 0&U xaunAoUu popiakoU PApoug, TIPOKAAECE au&énon Tng
ék@paaong Tou uttodoxéa TLR4, OTTwg etTiong kai Twv cuvBacwv HAS1 kal
HAS3. Autd katadelikviel TTwg N auénon Tou xaunAou poplakou Bdpoug
UaAOUPOVIKO OTa evepyOTTOINPEVA KEPATIVOKUTTAPA, Ba odnynoel o€ €MITTAEOV
upnAou popiakoU Bdapoug uaAoupovikd, OIoBECIYO yia ATTOIKOdOUNON Of€

MIKPOTEPA TUAMATO KOl TTEPETAIPW €VEPYOTTOINON TNG ONUATOdOTNONG TOU



TLR4, cav pia «Aoutra» dlatApnong TG QAeyuovns. AkOPa, O OUVONKEG
ENewng TLR4, pe Tn péBodo RNA aiynong, peiwbnkav Ta evooyevr) €TTiTTeda
Twv ouvBaowv HAS1 kai HAS3, dcixvoviag pia Aueon OUCXETION METALU
ouvBeoNG TOU UOAOUPOVIKOU Kal TG onuaTtoddtnong Tou TLR4. O1 emITITWOEIG
Twv aAMAepyloyovwyv PPD and DNCB oT0 WETABOAICUO TOU UAAOUPOVIKOU
0&£0G, PAVNKE va eKTEAOUVTAI £€0TW PEPIKWGS ATTo Tn onuatoddétnon tou TLR4.
AUTO TTpoEKUWYE ATTO TO YEYOVOG OTI avaoToA Tou uttodoxéa TLR4 pe €10IKO
avTiowpa, odAynoe o€ HEiWON TNG €TTAyOUEVNG aTTO OAAEpyloydva augnong
TwWV UaAoupovidaowyv Kal Twv ouvbaocwv Tou uaAoupovikou. Idiaitepa
ONUAVTIKO ATAV TO Yyeyovog OTI Ta aAAepyioyova PPD kai DNCB etnpéacav
TNV evepyotroinon Tou NF-kB, OTTwg €TTiong Kal TN METATOTTION TOU OTOV
Tupriva. AvaoToArp Tng Opdong Tou TLR4 TrpokdAece peiwon oOTnv
evepyotroinon Tou NF-kB. EmimTAéov, emmwaon pe xapnAou popiakoU Bépoug
UaAOUPOVIKO 0CU evioxuoe Tnv evepyoTtroinon Tou NF-kB oTa kepaTivokUTTapa.
H avaoTtoArl Tng dpdong Twv uaAoupovidaowv HE KATAANAO avaoToAéa
(apioTOAOXIKO 0EU), €iXe WG OUVETTEID TN MEIWON TNG ETTAYOMEVNG ATTO
aAAepyloyova evepyotroinong Tou NF-kB. 2UPTTEPACUATIKA, N €VEPYOTTOINON
TWV KEPATIVOKUTTAPWY KaBopileTal PEPIKWG OTTO TOV ONPATOdOTIKO Aova

XaunAoU popiakoU Bapoug uahoupoviko ogu/ TLR4/ NF-kB.
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1. Introduction

1.1 Contact dermatitis (Irritant and Allergic)

Contact Dermatitis is a type of inflammation of the skin, caused by
environmental factors. The symptoms, not always occurring all together, are
itchiness, burning, stinging and pain. Clinical presentation includes erythema,
vesiculation and scaling. Usually, but not in all cases, contact dermatitis
occurs only at the region of the skin exposed to the irritant or allergen (1).
Unfortunately, clinical presentation varies hence, exact diagnosis is
sometimes difficult (2). A systemic method for contact dermatitis diagnosis
includes four steps; (i) elimination where non-allergic or non-dermatitis cases
must be eliminated or included, (ii) perception, as a pre-patch test diagnosis is
necessary, before the utilization of suitable patch test series, to use as a
guide; (iii) detection where the appropriate patch test series, with highest
possible sensitivity and specificity is determined, (iv) finally, deduction phase,
where all information including allergen, concentration and time points should

be combined for reaching a correct diagnosis (3).

Contact dermatitis is classified into two discrete subtypes, Irritant and Allergic
Contact dermatitis. Irritant contact dermatitis (ICD) occurs as a direct damage
of the epidermis without prior activation of immune system, or skin
sensitization. A strong irritant is able to induce ICD through a single exposure
of the skin to it, while weaker irritants may require multiple exposures. On the
other hand, allergic contact dermatitis (ACD) is a delayed type IV
hypersensitivity reaction to various chemicals upon exposure and subsequent
sensitization of the individual to them (1). These chemicals are denominated
haptens and are characterized by their low molecular weight (<1000Da) (4).
Haptens are unable to be recognized alone by the immune system, but need
to be bound in with protein carriers to form a complete antigen (5). ICD and
ACD are difficult to distinguish based only on their presentation symptoms,
hence, histological analysis of the lesion, during the acute phase of the
disease, is required. One of the important histological distinctions is the



presence of necrotic keratinocytes in ICD lesions without the intense

spongiosis observed in respective ACD lesions (6).

Importantly, almost 15-20% of the general population globally, presents
allergic reaction to one or more contact allergens and the percentage seems
to increase over the years (3). Indeed, in Europe, epidemiological studies
indicate that nearly 20% of the population experiences ACD (7). Moreover,
40% of occupational diseases are skin related and 90% of this incidence is
attributed to contact dermatitis (irritant or allergic) (2). Risk factors for ACD
can be genes with higher susceptibility for the presentation of ACD, sex, age,
ethnicity or occurrence of other skin pathologies, such as atopic eczema, ICD
or Stasis dermatitis as well as the duration and localization of the exposure (3,
8). Noteworthy, the presenting lesions may occur patchy or diffuse, in a
manner dependent on the chemical structure and specificities of each
respective allergen. Moreover, autosensitization has been determined, as
regarding the occurrence of an ACD lesion in a different part of the body,
most frequently the skin near the eyes (1). This subtype of ACD is also known

as ectopic contact dermatitis (6).

Crucially, sensitization is the first phase in the progression of ACD. After the
allergen contacts the skin, occurs penetration via the stratum corneum and
the creation of covalent bonds, or if it is a metal ion, complexes with self
macromolecules (9). The binding of the hapten to a self macromolecule, will
lead to the formation of a complete antigen, a procedure assisted by enzymes
from epidermal keratinocytes. Upon, processing of the antigens by skin
dendritic cells, likewise denominated Langerhan’s cells, they are displayed on
these cells’ surfaces and the cells migrate towards the regional lymph nodes
(10). More accurately, during the migration process, Langerhan’s cells
differentiate from antigen- processing to antigen- presenting cells (mature
immunostimulatory dendritic cells), with an effective ability to present the
antigen to responsive T-lympocytes in the draining lymph nodes. Importantly,
the maturation and migration of Langerhan’s cells is mediated by
keratinocytes via production and secretion of cytokines including TNF-a, IL-13
and IL-18 (11). In continuation, adjacent T-lymphocytes will come in contact

with Langerhan’s cells and antigen specific T-cells are generated. The latter
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ones, subsequently, have the ability to be transferred to the epidermis via
blood circulation (10). It should be mentioned, that often, repetitive exposure
to the allergen is needed for sensitization. At this point, allergen-specific T-
cells clones are strongly expanded. The clinical presentation of ACD will occur
after additional exposure to the allergen in question, and this second phase in
disease progression is characterized as elicitation (7, 10). In most cases, the
symptoms of ACD occur approximately 48h after skin contact with the
allergen (3). Thus, Langerhan’s cells presenting the allergen antigens interact
with the corresponding specific T-cells whereupon an inflammatory response
is initiated with massive cytokine production (10). It should be mentioned that
keratinocytes contribute significantly to the elicitation phase by likewise, acting

as antigen presenting cells, assisting activation of specific T-cells (9).

1.2 Patch test

The standard clinical procedure used for the diagnosis of ACD is the
utilization of the so called “patch” test. In this procedure, patients with
symptoms or history of the disease are exposed to suspected allergens in
order to topically induce ACD correlated lesions and thus, verify the diagnosis
and the causative agent. Often, a patch test is performed in the case of
patients presenting with separate dermatopathies, such as various types of
eczema, in order to detect potential allergies to prescribed medications. For
the correct performance of the test in question, it is important that the
allergens tested are properly stored and used in appropriate concentrations

with carefully chosen vehicles (12).

1.3 Contact Allergens

Allergens are synthesized or natural substances usually commonly utilized in
everyday activities. It is noteworthy, that more than half of ACD cases are
attributed to various cosmetics ingredients (1). Contact allergens are quite
often components of products utilized for personal care or health issues,
jewelry and can have either organic or inorganic origin (13). For instance,

widely used in cosmetics are the preservatives methylchloroisothiazolinone



(MCI) and methylisothiazolinone (1) with the latter being assigned the allergen
of the year for 2013 (14). Earlier, nickel was determined as the most common
allergen positive in patch tests and designated allergen of the year in 2008.
This metal is present in innumerable products of everyday use including
jewelry, buttons, belts, self-phones, tablets or even multivitamins and
sensitization rate for nickel has been increasing over the years. Likewise, gold
is one of the numerous metals which can induce contact sensitization, being
designated as the allergen of the year 2001. Synthesized hydrophobic
molecules like para-phenylenediamine (PPD) are common allergens. Indeed,
this aromatic amine contained in many hair dyes and henna tattoos and
characterized as a strong inducer of ACD, was designated as allergen of the
year in 2006 (14). Likewise, another important allergen is 2,4-
dinitroclorobenzene (DNCB), widely used in experimental models on ACD
studies (15). DNCB is synthesized through chlorobenzene nitration and is
used in the production of sulfur dyes (16). Interestingly, it has medical
applications, as it is utilized in warts therapy (17), and its use has also been
reported in the therapy for alopecia aerata (18). Another group of chemicals
implied in ACD induction are parabens. These chemicals are widely used as
anti- microbial preservatives and are common ingredients of food products as
well as in cosmetics and medicinal applications (19). Interestingly, nalil
varnishes and preservatives as well as fragrances contained in shower gels
and shampoos are responsible for the induction of patchy or diffuse ADC-
associated lesions (1). Fragrances are either natural or chemical agents
which enhance odor and although they are widely considered relatively
harmless, they are the second most frequent contact allergen cause after
nickel. Another well established and commonly implicated in ACD contact
allergen is formaldehyde. This chemical is, under standard conditions, a
colorless and odorous gas, derived from incomplete combustion of wood,
tobacco, coal, and gasoline. Formaldehyde is, likewise, a common ingredient
of numerous products including nail polish or personal hygiene products.
Importantly the use of formaldehyde has been reduced over the years due to
its negative “publicity” as carcinogenic factor and contact sensitizer (14).
Propolis, a resinous substance found in poplars, and used by honeybees to

seal their hive is considered a contact sensitizer responsible for ACD on
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apiarists (1). This is an interesting finding due to the fact that propolis is also
widely used as a component of natural medicine applications due to its anti-
inflammatory, antiseptic and anesthetic properties (20). Importantly,
sunscreens also hide “danger” due to some chemical ingredients which are
incorporated as filters against UV radiation. Noteworthy, some physical filters
such as zinc oxide, titanium dioxide are not considered as contact sensitizers,
while other chemical filters often contained in sunscreens are more likely to
cause sensitization (21). The above mentioned are just a few examples of the
thousands of identified contact allergens which upon exposure can potentially

induce the presentation of ACD.

1.4 Treatment of ACD

Upon the identification of the contact allergen responsible for ACD, it is of
utmost importance to avoid further exposure of the patient to it, although this
is not always possible (1). In cases of moderate ACD, avoiding the
responsible contact allergen is sufficient for cure (2). Here, it is paramount
that upon identification of the cause, the patient should use alternative, “safer”
products instead. However, in some cases a prescription of therapeutic
treatment may be needed. Thus, the utilization of topical corticosteroids is a
routine therapeutical approach of albeit, moderate effectiveness, in many
patients. Upon presentation of strong ACD symptoms, oral administration of
corticosteroids might be needed. An example is the inducement of ACD by
poison ivy (6) or PPD (2). Nevertheless, this type of therapy, though useful
and necessary in some cases, would be better to avoid in chronic disease,
due to potential severe side effects, such as osteoporosis and type Il diabetes
(2). It is important to note that, long term use of topical corticosteroids can
likewise cause side effects including, skin atrophy, rebound dermatitis,
dyspigmentation, telangiectasia or striae. To avoid these side effects, topical
calcineurin inhibitors have also been used as an alternative therapy (6).
Nonetheless, in severe acute phase ACD systemic corticosteroids may be the
treatment of choice, as if contact dermatitis is not treated, the danger of it
developing to a chronic condition underlies. In chronic cases where the

individual does not respond to other therapies, suggested treatments are:



psoralen and UVA treatment, narrow- band UVB treatment, systemic
treatment with immunomodulators, such as methotrexate, azathioprine and
cyclosporine, and also targeted biologic therapy (1, 2). In mild cases, barrier
creams and emollients could also be helpful. Information and awareness on
potential contact allergens and products containing them is recommended, in
order to avoid, as far as possible, repeated exposure. Unfortunately, there is
no typical and standard treatment against ACD due partly to the fact that the
clinical symptoms of the disease vary among individuals. Increasing
knowledge on the pathogenesis and molecular mechanism involved is the key
to find successful treatments. Furthermore, speedy, sensitive and reliable

biomarkers would be a useful tool for proper diagnosis (2).

1.5 Extracellular Matrix (ECM) structure and functions

The extracellular matrix (ECM) is a complex network of molecules secreted by
the cells with an inherent self- assembly ability, which provide tissue
specificity, structure and organization (19, 22). The ECM is present in all
tissues and organs where it provides both mechanical and biological support
to cells (23-25). The ECM consists mainly of water, proteins and
polysaccharides and more specifically, of proteoglycans (PGs),
glycosaminoglycans (GAGSs), collagens, elastins, fibronectin and laminins, as
well as growth factors and enzymes (26-28). The components of this complex
network participate in a wide variety of biological functions including,
proliferation, adhesion, angiogenesis, cell motility, homeostasis as well as
inflammation (22, 24, 29-31). The ECM components regulate biological
functions by affecting specific signaling pathways, which finally support
homeostasis, but in a pathological milieu participate in various disease
progression. Importantly, in all tissues the initialization and propagation of

inflammation can be supported by ECM- derived signals (32).

A prominent family of the ECM macromolecules is proteoglycans (PGs),
molecules consisting of a protein core, where one or more glycosaminoglycan
(GAG) chains are covalently bound in. PGs’ molecular weight range is 11-
220kDa, but is modified depending on the binding of specific GAG chains (33,



34). GAGs are linear polysaccharides, negatively charged consisting of
repeating disaccharide units of 70 to 200 residues and form long, non
branched chains. The disaccharitic building “blocks” consist of uronic acid and
a hexozamine (glucosaminoglycan or galactosamine) (35). The types of
GAGs are Hyaluronan (HA), Dermatan sulfate (DS), Chondroitin sulfate
Keratan sulfate (KS), Heparin and Heparin sulfate (HS). GAG classification
depends on the uronic acid form and the type of hexosamine incorporated in
their repeating disaccharide units (32). Among the different GAG types, HA
differs, as it is the only one not bound to protein cores, it is not sulfated and it
is physiologically found in the form of free chains (32). PG properties depend
on both their protein core and GAG decoration. Moreover, according to
classification based on their localization, three groups of PGs have been
determined, namely, the extracellular PGs, the cell membrane PGs and the
intracellular PGs. The extracellular ones are secreted to the ECM upon
synthesis and participate in the organization of the complex ECM network.
Indeed, the Small- Leucine Rich Proteoglycans (SLRPs) and modular PGs
are characterized by their extracellular localization. Modular PGs are further,
depending on specific binding properties, classified to Hyalectans, also called
Lecticans (HA and lectin binding) and the non HA binding PGs of the
basement membrane. Hyalectans family members are brevican, neurocan,
and versican. A characteristic structural feature of the hyalectan family is that
their protein core is constituted of three domains. HA binds to the specific
binding module localized to the N-terminal domain, while lectins bind to C-
terminal. The third central domain has specific binding sites for other GAGs
(36). The second PG localization is at the cell membrane. Cell membrane
PGs are either transmebrane molecules (e.g syndecans, CD 44) whose GAG
modifications are bound in to their extracellular domain or anchored to the
membrane (e.g glypicans) Finally, the only known intracellular PG is
denominated serglycan and is expressed by endothelial and hematopoietic
cells (34).

Under pathological conditions an abnormal remodeling of the ECM is evident.
One of the results of this remodeling is the liberation of Damage Associated

Molecular Patterns (DAMPSs), likewise demominated as alarmins. These



liberated endogenous molecules have intrinsic ability to trigger and sustain
inflammation (37). The resulting inflammatory response induced by DAMPs is
characterized as “sterile”, as it is not pathogen derived (38). Keratinocytes, as
well as other cells with immune responsive functions, can in addition to
cytokine secretion for immune modulation, also generate alarmins e.g.
molecules with the ability to trigger immune responses (9). Under
physiological conditions DAMPs, are intracellular endogenous molecules not
in contact with the immune system and thus not recognized. However, under
pathological conditions, such as stress or injury, apoptotic or activated cells
release DAMPs to the ECM, causing innate immune system activation, which
ultimately results in sterile inflammation (37, 39). Apart from released DAMPs
of intracellular origin, DAMPs can also be products of the ECM, degraded,
due to ECM protease action or through the action of enzymes secreted by
apoptotic or necrotic cells (37). Some of the molecules shown to act as
DAMPs are uric acid, ATP (40), heparan sulfate, biglycan (37), Low molecular
weight hyaluronan (LMWHA) as well as many other components originating
from the ECM and released upon degradation (38). It is well established that
the ability of DAMPs to trigger sterile inflammation is directly correlated to
several disease pathogenesis, including atherosclerosis, cancer and auto-
immune diseases (39).

Noteworthy, another category of DAMPs liberated to the ECM, are Reactive
Oxygen Species (ROS) (38). Specifically, ROS are chemically active small
molecules resulting from incomplete reduction of oxygen (41). ROS are
involved in programmed cell death or necrosis, mediate the expression of
several genes by inducing or suppressing their transcription, and activate key
cell signaling cascades (42). These highly active molecules are not only
responsible for signal transduction, but also act as mediators of inflammation
(43). Some examples of ROS are oxygen radicals including, superoxide anion
(02*), hydroxyl (*OH), peroxyl (RO2°%), peroxynitrite and alkoxyl (RO®) and
also some non- radicals, that are either oxidizing agents and/ or are easily
converted into radicals, namely hypochlorous acid (HOCI), ozone (O3), singlet
oxygen (*O,), as well as hydrogen peroxide (H,O,). ROS can have both

endogenous and exogenous origin and when their levels are increased, the



occurring state is characterized as “oxidative stress”. Importantly, even though
there are many anti- oxidative self mechanisms in all tissues, under conditions
of high ROS levels the anti- oxidative capacity of tissues is overridden and the
condition of oxidative stress prevails (32). Indeed, in vertebrate organisms,
cells have an evolutionary developed mechanism of antioxidant defense
system with main function the removal and neutralization of ROS. Thus,
antioxidant enzymes known as ROS scavengers are: superoxide dismutase
(SOD) which coverts O,°” into H,O,, catalase, glutathione peroxidase (GPx)
which converts H,0O, to H,O, peroxidredoxins, and thioredoxins (Trxs). The
condition of oxidative stress occurs, when ROS are so increased that the
capacity of antioxidant enzymes is inadequate to neutralize them (43).
Importantly, ROS have the ability to chemically degrade HA into smaller

molecular weight fragments (42).

1.6 Hyaluronan (HA)

HA is one of the most important ECM components. This linear non- sulfated
GAG is composed of repeating units of N-acetylglucosamine (GIcNAc) and
glucuronic acid (GlcA) combined by -1.3 and B-1.4 linkages (= 3- B- D-
GIcNAc (1 >4) B- D GIcUA (1) (34, 44). Noteworthy, HA is the only non-
sulfated GAG (45) and also, the only GAG not attached to a protein core, but
found free to the ECM (46). Moreover, while all the GAGs are synthesized to
the Golgi apparatus, HA is synthesized by the three hyaluronan synthases
(HAS1, 2 and 3) at the plasma membrane (44) and secreted to the ECM
during its synthesis (47). HA was first expressed about 500 million years ago
in lower chordates, as revealed by philogenetic studies (48-50). This GAG
was initially isolated from cat eye tissue in 1934 (51). The importance of HA
for organism homeostasis is evident as it is expressed by and localized in all
vertebrate tissues. Interestingly, nearly the half of the total HA in the human
body is localized to the skin (52). More accurately, dermal fibroblasts produce
and deposit most of skin HA to the dermis (53). Importantly, epidermal
keratinocytes likewise, produce HA, and deposit it to the ECM of spinous and
granular epidermal layers, while at the basal layer HA is mostly localized

intracellularly (53).



HA is well established to participate in a wide variety of biological functions
including cell adhesion, migration, proliferation, embryogenesis (54, 55),
wound healing progression (56-58). Importantly, HA has been implicated in
the pathogenesis of several types of cancer (59, 60) as well as in
inflammation processes (61). This GAG exhibits a high turnover rate (46),
enabling it to play an important role in the regulation of tissue homeostasis.
Thus, HA mediates the formation of intercellular gels, by interacting with other
ECM components, for instance, proteoglycans facilitating physiological tissue
organization (62). Interestingly, every 24 hours 30% of the total HA is
replaced by newly synthesized chains of this ubiquitous GAG (Misra et al.,
2015). Noteworthy, HA affects body immune response and consequently the
evolution of the inflammatory process (61). For instance, tumor necrosis
factor- stimulated gene-6 (TSG-6) catalyses the formation of covalent bonds
between HA and the heavy chains of inter-a-inhibitor (lal), a procedure that
promotes the resolution of inflammation (63). In fact, in keloid lesions,
decreased TSG-6 levels were demonstrated to be part of the abnormal

formation of scar tissue (63).

Importantly, HA functions are often opposing and directly dependent on its
molecular weight. Hence, it is well established that high molecular weight HA
(HMWHA) promotes tissue stability during homeostasis (64), as interactions
between HMWHA and other ECM components, facilitate correct ECM
structural organization. Additionally, by utilizing specific out-in signaling
pathways HMWHA has immunosuppressive, anti- angiogenic and anti-
inflammatory properties (47, 65) as well as to participate in cellular
differentiation (47) and in wound healing processes (19). While HMWHA is
normally deposited in tissues (64), LMWHA fragments are produced under
stress conditions or as a result of injury either enzymatically by
hyaluronidases, enzymes that degrade HA or chemically by action of ROS
(40, 42). The truncated HA fragments are biologically active in a discrete
manner as compared to its HMWHA counterparts (64). Thus, LMWHA
fragments, in their function as DAMPs, promote the opposite effects to those
of HMWHA, namely enhance inflammation, angiogenesis and tumorigenesis

processes (47) as well as facilitate scar formation (46). The even smaller HA
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fragments, tetrasaccharides have been shown to both ameliorate these
effects (47) or to facilitate them in a manner dependent on the model system
utilized (66).

In vertebrate tissues HA is detected either as a free molecule or in a complex
with specific cell surface receptors or co- localized with other ECM
components, including PGs in its role of a scaffold component in various
forms. HA binding proteins are denominated hyaldherins and are capable of
binding HA with covalent or electrostatic bonds. Many of HA biological roles
are executed through its binding to the hyaladherin receptors (53). Indeed,
through the conjunction of HA, these HA- hyaladherin complexes mediate

cell- cell, cell- ECM and ECM components adherence (67).

1.7 Hyaluronan Synthases (HAS)

HA is synthesized by a three Hyaluronan Synthases (HAS1, 2 and 3),
previously called hyaluronan synthetases, enzymes classified as
glycosyltransferases with the ability to polymerase HA chains. These
enzymes act in the obligatory presence of Mn** and Mg?* and the use UDP
sugars (GIcNAc and GIcA) as substrate. HA synthesis occurs de novo, as no
primer is required, only the presence of UDP sugars and the activator Mg?".
Notably, HAS enzymes have more than one functions, as they not only initiate
and polymerase HA by connecting two sugars with two distinct linkages, but
also, facilitate the transfer of the produced HA chains across the cell
membrane and to the pericellular space (50). Specifically, the active site of
HASs where HA polymerization occurs, is localized at the inner side of the
plasma membrane and in continuation the synthesized HA chain is extruded

to the outer side of the plasma membrane (68).

Interestingly, all species expressing HAS genes were found to express more
than one. For instance, chordates were found to express three or four HASs
and Xenopous has 3 isoforms and one non functional. Indeed, in addition to a
common gene- ancestor, the existence of two gene duplications is
hypothesized (50). In mammals three HAS isoforms have been identified with
a molecular weight of approximately 63k, HAS1 HAS2 and HAS3 (44). The
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three HAS genes are homologous and located on different chromosomes,
specifically: HAS1 on chromosome 19q13.4, HAS2 on chromosome 8g24.12
and HAS3 on chromosome 16g22.1 (69). Thus, the localization on different
chromosomes implies ancient gene duplication origin (64). HAS expression is
affected by the specific cell microenviroment and differs among different
tissues (47). HAS1 and HAS2 produce HA of 200-2000kDa, even though
HAS2 exhibits a tendency to synthesize chains at the higher range of the
synthesis spectrum whereas HAS3 polymerases smaller chains with
molecular weight 100-1000kDa (56, 70). Indeed, it is due to its size, that HA is
secreted to the ECM not by exocytosis, like other GAGs, but during its
synthesis by HASs (44, 62, 70).

HAS expression is affected by a plethora of factors and often differentially for
each gene. Thus, growth factors and cytokines including, keratinocyte growth
factor (KGF), epidermal growth factor (EGF), transforming growth factor- beta
(TGF-b), bone morphogenenetic protein (BMP) superfamilies, tumor necrosis
factor-alpha (TNF-a) and interleukinl- 3 (IL-1B), were demonstrated to
increase HAS2 expression (71). Specifically, in keratinocytes it was
determined that the EGF family members and especially heparin binding
epidermal growth factor (HB-EGF), enhance HAS2 activity (36). Moreover, in
keratinocytes HA synthesis is executed equally by HAS2 and HAS3, while
fibroblasts mainly exhibit HAS2 activity (19). KGF, also stimulates the
expression of the main HAS of the epidermis, the HAS3 enzyme (72, 73).
Additionally, growth factors TGF-f1, FGF-2, EGF, and PDGF-BB were
demonstrated to upregulate HAS expression in skin fibroblasts, resulting in
increased HA production. In fact, TGF-B1 upregulated HAS1 and HAS2, while
FGF-2, EGF, and PDGF-BB increased only HAS2 expression (74). In aged
fibroblasts, HASZ2 is downregulated, hence HA production is decreased (75).
Additionally, glucocorticoids downregulate HAS2 expression at the
transcriptional level and also, by the regulation of the mRNA turnover (71).
Importantly, HAS1 was found to be upregulated during keratinocyte
differentiation, highlighting this enzyme’s importance for the process. HAS3
on the other hand, was correlated to the presentation of skin inflammatory

conditions (76), including atopic dermatitis (77).
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It is noteworthy that, HAS activity is regulated by a plethora of factors, but
differentially for the 3 enzymes. In contrast to HAS2 and HAS3, HAS1
presents high dependency on availability of the respective substrates, as their
low concentration abrogates HAS1 activity (78). On the other hand, HAS2
activity is enhanced under high GIcNAc levels (78). In fact, HAS3 is the most
active glycosyltrasferase among the three HAS enzymes, as it exhibits high
activity even at low UDP sugars levels (78). HAS3 activity however, may also
be affected by substrate concentration (71).

1.8 Hyaluronidases (HYALS)

HYALs are enzymes that degrade HA with high affinity. These enzymes,
however, also have the ability to degrade chondroitin and chondroitin sulfates
albeit with low affinity (79). This HYAL property explains why several
metazoans express HYALS, though they lack the ability to synthesize HA (71).
In humans HYALs were determined to be expressed at very low levels, but
they exhibit very specific and high activity for the HA substrate (79). In the
human genome six mammalian HYAL genes have been detected so far (79),
with the most active being HYAL1, HYAL2 and PH-20 (80). HYAL1, HYALZ2,
and HYALS3 genes are located on chromosome 3p21.3, and HYAL4, PHYAL1,
and SPAM1, are located on chromosome 7g31.3 (81). The first HYAL
detected was denominated HYAL1 and is located to the lysosomes (79, 81). It
is expressed as an isoform of 57kDA and as a processed isoform of 45kDa,
but both present similar specificities (82). HYAL2 is located to the plasma
membrane via a glycophosphatidyloinositol anchor located at the enzyme’s C
terminus, but it has also been detected to lysomes (36, 83). Specifically,
HYALZ2 degrades HMWHA into small size fragments of approximately 20kDa
(81, 83). These fragments are endocytosed by cells and transported in
endosome vesicles to lysosomes, where HYAL1 will further degrade these
small fragments, to very small oligosaccharides mostly, tetrasaccharides (81).
HYALZ2 is expressed in two isoforms (82), with PH-20 isoform, encoded by the
SPAM1 gene, being anchored similarly to HYALZ2 to the plasma membrane

via a glycophosphatidyloinositol anchor (81).
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HA degradation takes place by cleavage of B(1—4) glycosidic bond at C1 of
the GIcNAc. In humans the most abundant HYALs are HYAL1 and HYAL2.
Specifically, HYAL2 degrades HA with a slower rate and presents lower
affinity for HA fragments smaller than 20kDa. HYALL1 is expressed in human
somatic tissues and detected in plasma, while HYALZ2 is present in most
tissues with the exception of adult brain. Though PH-20 is the most active
among the HYALs, it is expressed only on the surface of human sperm and
the inner acrosomal membrane where it cleaves the digestion products of
other HYALSs into tetrasaccharides. As regarding, HYAL3, this hyaluronidase
was demonstrated not to be significant for HA metabolism in mammals.
HYAL3 has been detected in testes, brain and bone marrow tissues. HYAL4
is not an active hyaluronidase, but it presents affinity for chondroitin and
chondroitin sulfate. HYALP1, was found to be transcribed in human tissues
but not translated, though it was observed to be expressed and to replace PH-
20 in Spam’/" mice (36). Noteworthy, an important factor affecting HYAL
activity is the microenvironment pH, as the PH-20 is most effective in neutral
pH, while HYAL1 and 2 exhibit the highest activities in acidic milieu (51).

1.9 HA Receptors

1.9.1 CD44

The main HA receptor is denominated cluster of differentiation 44 (CD44)
which has been characterized as a type | transmembrane glycoprotein (67,
84). Though, CD44 is encoded by a single gene with 10 constant and ten
variant exons (85), it presents a variety of isoforms, due to alternative splicing
and post- translational modifications (84). For instance, this transmebrane
protein can be glycosylated at the N- and O- glycosylation sites (36) and GAG
chains can be bound in (53). Interestingly, these modifications play a role in
modulating receptor affinity for HA (86). Indeed, in epidermal keratinocytes
interleukin-18 (IL-18) was demonstrated to reduce CD44 Ser-325
phosphorylation, leading to increased affinity to HA (87). The molecular
weight of the isoforms varies between 80-20kDA, with a main isoform of
85kDa (88). CD44 molecule consists of four domains, an HA binding, a
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transmembrane, a cytoplasmic and a stalk domain. In order to acquire the
ability to bind H, the receptor must be activated by post translational
modifications including glycosylation at the extracellular domain or
phosphorylation of serine amino acids in the cytosolic domain (36).

CD44 binds HA of all molecular weights, and complex formation triggers
different cellular reactions depending on the molecular weight of the bound
HA chain. Thus, HMWHA binding to CD44 suppresses angiogenesis,
inflammation, migration, whereas LMWHA binding induces the opposite
effects (36). The CD44 receptor plays an important role in skin homeostasis
and maintenance of keratinocyte pericellular matrix and is expressed by cells
residing in both dermal and epidermal sections of the human skin (89-91).
Importantly, CD44- HA binding affects keratinocyte differentiation (92) and
adhesion (93). Epidermal barrier function is another biological function with
CD44 participation. Indeed, it has been suggested that CD44 contributes to
the performance of the skin barrier through the facilitation of proper cell
organization (94). The main isoform of the epidermis is epican, a heparan/
chondroitin sulfate proteoglycan form of CD44 (95). Importantly, the HS
glycosylation of epican bestows to this CD44 isoform the ability of growth
factor binding (96).

1.9.2TLR4

Toll-like receptor 4 (TLR4) is a transmembrane protein intimately involved in
the processes of innate immunity. Likewise, this receptor has the ability to
bind HA (97). TLR4 belongs to the family TLR proteins, eleven of which
(TLR1, TLR2, TLR3 TLR4, TLR5, TLR6, TLR7 TLR8, TLR9, TLR10 and
TLR11) have been detected in human tissues (98). TLR family members are
type | proteins that were firstly detected in drosophila. They have a leucine-
rich repeat (LRP) domain at the extracellular domain and a carboxyl- terminal
Toll-interleukin | receptor (TIR) domain intracellularly (99). In vertebrates they
are highly conserved and recognize numerous ligands such as nucleic acids,
lipids, lipoproteins and proteins. TLRs have the ability to recognize Pathogen
Associated Molecular patterns (PAMPs), namely, specific molecules

expressed in bacteria, fungi and viruses which upon binding to the respective
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receptors, activate innate immunity via nuclear factor kappa-beta (NF-kB) (13,
19). The TLR4 gene is located on chromosome 9g32-33 and contains four
exons (100). The gene presents several single nucleotide polymorphisms
(SNPs) (101). The receptor is widely known for its specific lipopolysaccharide
(LPS) binding ability. Specifically, LPS produced by numerous gram negative
bacteria, consists of a long and branched carbohydrate chain with a
hydrophobic lipid A region attached on it. Immune system activation caused
by this macromolecular glycolipid, occurs via the lipid A region whose specific
structure differs among bacterial species (13, 102). It is noteworthy that, the
binding between LPS and TLR4 is not direct, but non covalently mediated via
an MD-2 adaptor protein (103).

The majority of TLRs with the exception of TLR3 and TLR4 members, act
exclusively via the Myeloid differentiation factor 88 (MyD88) adaptor protein,
leading to NF-kB activation and mitogen-activated protein kinases (MAPKS)
activation and consequent transcription of pro- inflammatory cytokines (13).
Thus, TLR3 acts via a separate adaptor protein, TIR- domain- containing
adapter inducing interferon-g (TRIF), which functions in an autocrine manner
and leads to late NF-kB activation (13, 104). Interestingly, TLR4 is able to
induce downstream signaling through both MyD88 dependent and
independent pathways. Generally, upon ligand binding to TLR4, the receptor
is homodimerized, due to specific interactions inaugurated through the TIR
domains. Subsequently, upon conformational changes in the receptor’s
structure, adaptor proteins are recruited via their TIR domains. The adaptor
proteins with such domains, needed for TLR4 dependant immune response,
are MyD88, MyD88-adapter-like (Mal) protein, known as TIR- domain-
containing adapter protein (TIRAP) as well as, TIR- domain- containing
adapter inducing interferon-g (TRIF) also known as TIR- domain- containing
adapter molecule-1 (TICAM-1) and TRIF-related adapter molecule (TRAM),
denominated likewise, as TIR-containing protein (TIRP), or TIR- containing
adapter molecule-2 (TICAM-2) (101). As regarding the MyD88 dependent
pathway, MyD88 signaling adaptor interacts with TLR4 via Mal bridging
adaptor, while respectively to MyD88 independent pathway, TRIF signaling
adaptor interacts with TLR4 via TRAM bridging adaptor. Noteworthy, it was
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demonstrated that the bridging adaptor MyD88 and TLR4 have positively
charged TIR domain, hence, these two dominions are mutually repelled. On
the other hand, the Mal adaptor has negatively charged TIR domains, thus a
link between TLR4 and the signaling adaptor is possible (104). Noteworthy,
the LPS induced signaling is mediated mainly through the MyD88 dependant
pathway. It has been determined that the MyD88 independent pathway
participates in maturation of dendritic cells (101).

As regarding, receptor restricted downstream signaling in MyD88 dependant
pathway IL-1- receptor- associated kinases (IRAKs) and tumor- necrosis-
factor receptor- associated factor 6 (TRAF6) are activated, and as a result,
inhibitor of nuclear factor-kB (IkB)- kinase complex (IKK) is triggered.
Specifically, in the formation of the IKK complex, IKK-a, IKK-B IKK-y
participate, (known likewise as IKK1 and IKK2 and NF-kB essential
modulator, NEMO, respectively). Consecutively, IKK phosphorylates IkB
(family of inhibitors that keep NF-kB in inactivated form), which is
ubiquitinilyzed and degraded whereupon NF-kB is released and translocates
to the nucleus, which ultimately results in inflammatory cytokine production
(105). Importantly, TRAF6 activation will also lead to Mitogen activated protein
kinases (MAPK) triggering (104), with consequent activation of AP-1
transcription factor, also implicated in pro- inflammatory cytokine expression
(106). As regarding the TRIF- dependant pathway, the interferon regulatory
factor-3 (IRF3) transcription factor is activated, with consequent transcription
of type | interferons (IFNs) and other co- stimulatory molecules (101). TRIF
induces TNF-a production, whereupon this inflammatory mediator exhibits

autocrine activity which results in late NF-kB activation (105).

Importantly, the TLR receptors exhibit the ability to recognize DAMPSs, which
results likewise in innate immune system activation (19, 103). TLR4 does not
bind haptens directly, but it complexes with endogenous macromolecules
generated by the breakdown of high molecular weight parent molecules, such
as HMWHA. In in vivo experiments performed in mouse models a critical role
of TLR4 was revealed, in the induction of skin sensitization, upon HMWHA
degradation (103). Indeed, DAMPs are the cause of TLR4 (and also TLR2)-

mediated pro- inflammatory cytokine production, such as interleukine-1 (IL-1),
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IL-6, IL-12, IL-18, IL-13, TNF-a and interferon-a (INF-a), and consequent ACD
presentation (107). Importantly, TLR4 was demonstrated to be a crucial part
of the mechanism inducing ACD, as its binding to DAMPSs, including LMWHA
will trigger overexpression of IL-18 and TNF-a cytokines, which are required
for mobilization and migration of Langerhan’s and potentially dendritic cells
that contribute to the transport of the antigens to skin- draining regional lymph
nodes (107). Indeed, alarmins like DAMPs participate in several skin
disorders including ACD. Upon exposure to allergens, alarmins such as ROS
are liberated by keratinocytes, hence, a condition of stress occurs and the
secreted alarmins bind with TLR4 and other TLRs, resulting in pro-
inflammatory cytokine secretion, such as IL-1q, IL-1f3, IL-18, IL-33 and IL-36.
Indeed, the secretion of the respective cytokines constitutes an important step
in ACD pathogenesis (9). Hence, blocking DAMP production is considered a
promising therapeutic target for treating ACD (103).

Interestingly, nickel, the most frequent cause of ACD, has the ability to bind to
human TLR4 due to the existence of two histidine residues, H456 and H458.
Indeed, to the absence of the respective residues in the mouse TLR4 protein,
is attributed the innate protection of these rodents for the presentation of
contact hypersensitivity against nickel (13). Furthermore, TLR4, as well as
TLR2, do not recognize haptens directly, but requires the binding of the
hapten to host proteins for efficient recognition. As TLRs are responsible for
the recognition of various pathogen derived factors it has been hypothesized
that the skin bacterial flora is responsible for hapten recognition. However,
germ free mice can be induced to develop contact hypersensitivity against
TNCB, hence, the initial hypothesis of skin bacterial flora participation is
probably not valid (13, 108).

1.9.3 RHAMM

Another HA receptor to whom significant biological roles have been attributed
is receptor for hyaluronan mediated motility (RHAMM). Similarly to CD44,
several isoforms of the receptor, due to alternative splicing, can occur.
Furthermore, it has been determined that the isoforms are expressed in a cell

specific manner (109). The molecular weight of this HA receptor is
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approximately 85kDa (110). RHAMM was firstly detected as a soluble protein
of 60kDa in the cell culture of heart fibroblasts (111). This receptor has been
localized to the cytoplasm, the nucleus or located on the cell surface of
fibrosarcoma cells (88). Importantly, in healthy, non-dividing adult cells
RHAMM is not expressed or it presents low expression levels (88, 110).
Upregulation of RHAMM has been reported in some cancer types (88),
including, oral squamous cell carcinoma, breast and prostate cancer (110). Its
upregulation in neoplasms has been suggested to be utilized as a prognostic
marker (112, 113). RHAMM has been implicated, in the regulation of basic
biological functions including cell growth (114), motility and transformation
(115-117). Furthermore, this receptor has been correlated to pathological and
physiological processes such as inflammation, differentiation, tissue

remodeling and morphogenesis, matrix organization, angiogenesis (110).

Cytoplasmic RHAMM contains several specific kinase binding sites, the
existence of a binding site for ERK1 being an important example (36).
Moreover, to RHAMM has been assigned the ability to interact, in the role of
an adaptor protein, with the cytoskeleton and specifically with actin,
podosomes, mitotic spindle microtubules, the centrosome and other proteins
of the cytoskeleton, mediating tumorigenesis- related processes (36, 118-
120). Interestingly, cel- membrane RHAMM does not possess a
transmembrane domain and is anchored to the plasma membrane via a
glycosylphosphatidylinositol anchor (111, 121). It is well established that cell
motility and invasion are affected by cell- surface RHAMM with the
contribution of MAPK (ERK1,2) downstream signaling (122, 123). Moreover,
RHAMM interacts with other receptors, including CD44, platelet- derived
growth factor receptor (PDGFR), Ron- receptor tyrosine kinase e (119, 123),
epidermal growth factor receptor (EGFR) as well as several hepatocyte
growth factor receptors (HGFR) (110). Furthermore, RHAMM signaling has
been directly correlated to the regulation of biological functions of cells
originating from fibroblasts. Thus, transforming growth factor b (TGF-b) was
demonstrated to affect RHAMM expression in fibroblasts and consequently

these cells’ cell motility (124). Moreover, RHAMM is directly involved in the
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regulation of malignantly transformed fibroblasts migration, adhesion and

growth as demonstrated in an in vitro fiborosarcoma model (116, 117).

1.9.4 ICAM

The intercellular adhesion molecule-1 (ICAM-1) is another receptor with the
ability to bind HA (125). This protein is located to the plasma membrane, has
a b5bkDa protein core and its extracellular domain can be variously
glycosylated. Indeed, the molecular weight of glycosylated forms of ICAM-1
ranges between 80- 114kDa (126). The ICAM-1 gene is located to
chromosome 19 and has been shown to contain 7 exons and 6 introns (127).
ICAM-1 activities have been correlated to HA-dependent signaling as is the
case in the regulation of matrix metalloproteinase (MMP) expression in
fibroblasts (128), and the mediation of LPS- dependent cytokine production in
macrophages (125).

Interestingly, upon treatment of keratinocytes with the extracellular toxin
streptolysin O, which is produced by certain streptococci and is characterized
by ability to damage cell membranes, a strong upregulation of both CD44 and
ICAM-1 was established (129).

1.95LYVE-1

LYVE-1 is a HMWHA receptor expressed by lymphatic endothelial cells,
whose structure was determined to be similar to that of the CD44 receptor.
This transmembrane glycoprotein binds both soluble and immobilized HA and

was shown to mediate the transport of HA to lymph from various tissues (36).

1.10 ROS and HA

ROS generation can be induced through the activities of various mediators
including contact sensitizers. Importantly, ROS generation can in turn
contribute to the release of other DAMPs (107). As mentioned above, it is well
established that ROS engage in a chemical reaction with HA which results in
HA chemical cleavage. Under, inflammatory conditions ROS generation is
increased and in this milieu HMWHA acts as a protective factor against the
degradation of lipids, proteins as well as other cellular components. Indeed,
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HA serves as an extracellular target of ROS, which “neutralizes” ROS
activities and thus prevents these dangerous species from entering the cell
and incurring injury, which can ultimately lead to cell transformation or death.
The resulting LMWHA fragments act as “danger signals” for immune system
activation (130). Moreover, ROS not only degrade HA directly, but also affect
HYAL action, as demonstrated in lung inflammatory conditions, through the
upregulation of HYALs in a p38 MAPK dependant manner (131). It is
important to point out, however that ROS have the ability to degrade all
GAGs. Indeed, upon peroxinitrate (ONOO") decomposition, the resulting *OH
with the assistance of *NO, are responsible for GAG degradation through two
distinct pathways. The first requires conversion of nitric oxide to nitrous acid
and the other is mediated via peroxinitrate ONOQO". The targeting of different
GAG types and their subsequent degradation depends on the balance
between nitric monoxide radical (*NO) and superoxide (O,*) concentrations
(132). Thus, in inflammatory conditions, O2°* and *NO levels are increased.
When the latter two recombine, peroxynitrite is produced. Interestingly,
peroxynitrite has the ability to degrade HMWHA, but not heparin/ heparan
sulfate (42).

ROS are well established to participate in the progression of various
pathological conditions (133). For instance, the degradation of HA localized to
joint synovial fluid detected in patients with rheumatoid arthritis, has been
attributed to topical, low expression of the protective antioxidant enzymes e.g.
superoxide dismutase and catalase (42). Moreover, in the skin increased
ROS levels result in decrease of epidermal antioxidants. Thus, ROS can
directly or indirectly, for instance by proteolytic activation, degrade epidermal
ECM components, such as collagens, hyaluronan and proteoglycans.
Furthermore, ROS can induce dysfunctioning of basic cellular functions
including fibroblasts and keratinocytes migration and proliferation as well as

modifications of ECM components synthesis and remodeling (134).

The action of ROS has also been described during the resolution of the skin
wounds. The participation of ROS is especially important in the resolution of
skin chronic lesions which are described as condition of skin injury, where the

lesion is unable to heal. Importantly, approximately 1% of global population
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suffers from chronic wounds, which is determined as a both somatically and
psychologically debilitating condition. Chronic wounds exhibit long term
inflammation, impaired ECM response and an unsuccessful re-
epithelialization. Noteworthy, the generation of ROS within the wounds is one

of the factors responsible for this prolonged pathological condition (134).

1.11 NF-kB

The NF-kB is a family of transcription factors which are composed of homo or
heterodimers. Up to date, five monomers located to the cytoplasm in inactive
form have been identified: p65 (REL-A), p50 and p52, REL-B as well as
cytoplasmic (c) REL. The, IkB molecules are responsible for keeping NF-kB in
an inactive state (105). The NF-kB monomers have a Rel homology domain
(RHD) of approximately 300 amino acids long, with 35-61% identity among
different members. The RHD domain is responsible for the DNA binding of
NF-kB, homo or hetero- dimerization and also, binding to IkB factors. This
domain, however, is not accountable for the regulation of respective dimer
transcriptional activity. The p50 and p52, NF-kB family members, arise from
the longer p105 and p100 precursors, respectively. The p50/p65 is the most
frequent dimer of NF-kB and was demonstrated to have the fastest
traslocation rate upon activation from an ECM-dependent signal transduction
(135). Thus, upon phosphorylation and proteolysis of IkB, NF-kB translocates
to the nucleus, as stated above, where is mediates the transcription of various

target genes (105).
1.12 HA metabolism in inflammatory conditions

HA metabolism has been correlated to various skin disorders. To begin with,
in acute eczema, an inflammatory condition which is characterized by
epidermal spongiosis, a significant HAS3 upregulation and consequent
increased HA deposition were observed in vitro. Under, the same skin
conditions, cadherins, important factors for cellular adherence were found to
be downregulated and hence, keratinocyte cohesiveness was decreased and
simultaneously water inflow was favored. Indeed, clinically spongiosis is

occasionally detected in ACD. This finding can be partly explained by
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production of IFN-y by T cells, established to trigger keratinocyte apoptosis. In
turn, apoptotic keratinocytes present downregulation of E-cadherin expression
(136). Moreover, HAS3 expression levels were found to be elevated in skin
biopsies of acute eczema patients, presumably because of pro- inflammatory
factor action (76) and similar findings were observed in in vivo experiments
(237).

Atopic dermatitis (AD), also known as atopic eczema, is the most frequent
skin inflammation with genetic, immunological and autoimmune effects (138).
AD patients present overexpression of HAS3 as shown by skin biopsies, while
HAS1 expression was shown to be decreased (77). Interestingly, HAS
synthase expression is regulated through multiple mechanisms in milieu of
AD. Thus, HAS2 and HAS3 expression were demonstrated to be increased by
pro- inflammatory cytokines, such as IL-4, IL-13, INF-y (139), growth factors
EGF and KGF (73, 90), as well by retinoic acid downstream signaling (140).
Moreover, EGF expression was also found to be increased in AD patient
biopsies, where HAS3 expression was upregulated as well. In agreement to
these data, treatment of Reconstructed Human Epidermis (RHE) with EGF,
resulted in HAS3 upregulation (77). HAS1 was suggested to be the main
synthase responsible for HA production by keratinocytes, under physiological
conditions (139, 141). However, other studies suggest that HAS3 is the main
synthase in keratinocytes, whereas the synthesizing activity of HAS1 is mostly
evident in fibroblasts (139, 141). Indeed, an interesting hypothesis has been
proposed stating that the main difference between normal and pathological

conditions, may be the balance between HAS isoforms expression (77).

The CD44 receptor participates in skin inflammatory mechanisms, albeit,
sometimes in a conflicting manner. Thus, CD44 was demonstrated to regulate
HA production in the skin, through a feedback mechanism. Indeed, in a CD44-
deficient mouse model HA was found to be hyper- accumulated in both
dermis and epidermis and keratinocyte proliferation was determined to be
decreased. These findings were correlated to a disabled skin inflammatory
response and defective tissue repair (142). In an early study, the existence of
a positive correlation between CD44 expression and HA excess uptake was

suggested (143). Moreover, this mechanism was indicated to be the key in the
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resolution of inflammation in a mouse pneumonia model (144). In a separate
CD44 deficient mouse model, the LPS induced NF-kB activation, as well as
TNF-a, IL-18 and IL-6 cytokine production was found to be promoted.
Furthermore, the same authors had demonstrated that the expression of
TLR4 signaling inhibitors was decreased (145). Additionally, the same knock
out mice presented defective epidermal permeability and homeostasis. On the
other hand, in a delayed type hypersensitive dermatitis model, cell infiltration
and cutaneous edema were decreased upon administration of an anti- CD44
antibody (146). Similarly, in CD44 knock out mouse model, the chemically
induced ACD symptoms were found to be decreased (146). In a mouse model
of colitis, deficiency in CD44 expression was, likewise, suggested to affect
favorably the progression of the disease (146). On the other hand, the
downregulation of CD44 expression in murine macrophages, induced
increased NF-kB action, well correlated to an pro- inflammatory status (147).
Likewise, some studies suggest that deficiency in CD44 expression does not
affect ACD progression in vivo. A possible explanation of this finding could be
the substitution of CD44 activities with other adhesion molecules, for instance
E-selectin, I-selectin and ICAM-1 with the ability to mediate progression of
inflammation. Hence, though CD44 plays key roles in skin inflammatory
processes as well as in the inflammatory status of other tissues, other HA

binding proteins could at least partly substitute the receptor’s action (146).

Increased expression of the HYAL2 enzyme has been determined in
pathological conditions (130). Thus, in an ACD keratinocyte model system
HYAL1 and HYAL2 were found to mediate, at least partly, the degradation of
hyaluronan (60). These authors had shown in NCTC2544 keratinocytes that
the treatment with contact allergens results in HYAL upregulation, and
increased HA degradation. Furthermore, this, process was found to be partly
ROS- dependant, as pretreatment with anti oxidant DPI, decreased the
degradation of HA (60). Moreover, in vivo overexpression of HYAL1, and
consequently, increased LMWHA levels, resulted in enhanced dendritic cell
migration from the skin. Indeed, in this study it was determined that the
antigen presentation was executed more rapidly followed by an enhanced

immune response (66). Interestingly, increased HYAL activity in allergy
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models was established in early reports (148), whereas the inhibition of HYAL

activity was demonstrated to result in diminished skin inflammation (108, 149).

The showed alterations of HYALSs activities under inflammatory conditions are
important, when taking into account the HMWHA well established anti-
inflammatory effects. Thus, in inflammatory bowel disorders, Crohn’s disease
and ulcerative colitis, “stress cables” e.g. cross- linked HA chains forming
cables and fibrils of HA have been detected at inflammation sites. These HA
cables were shown to isolate pro- inflammatory mediators and hence prevent

their action, while simultaneously they enhance tissue stability (47).

1.13 Wound healing

The important role of HA in the wound healing process has been widely
studied. Thus, it has been demonstrated that HMWHA exhibits positive effects
in wound healing. Indeed, gels containing HMWHA are being widely used on
patients after surgery, to reduce scar formation. Specifically, during wound
repair HA exhibits important roles in both structural and physiological
functions (134). The process of wound healing includes four temporal phases
often overlapping: homeostasis, inflammation; proliferation and migration and
finally remodeling (150, 151).

During homeostasis a fibril clot is synthesized by growth factors and other
molecules, with the scope to stop the bleeding and provide a suitable matrix
for migrating cells, recruited to the site of injury (150). At the initiation of the
process HMWHA is increased and high influx of inflammatory cells,
neutrophils and leukocytes is observed (53). During the inflammatory phase
keratinocytes, migrating to the wound region commence to synthesize HA
(152), as well as the proliferating and migrating fibroblasts (150). The
increased HA deposition modulates the functions of both inflammatory cells
and dermal fibroblasts such as migration, synthesis of pro- inflammatory
cytokines as well as phagocytosis of invading microbes. Furthermore, HA

participates in the scavenging of ROS within the wounds (134).
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However, the elevated available HMWHA supports LMWHA generation either
through ROS or HYALs action (150). Importantly, the released LMWHA has
been demonstrated to promote angiogenesis in the injured area (134).
Subsequently, LMWHA binds the TLR2 and TLR4 receptors and the
concomitant production of cytokines such as IL-6, TNF-a and IL-1B is
triggered. Cytokines, in turn, enhance HAS upregulation, resulting in
increased HA synthesis, which will again be degraded into LMWHA. Indeed,
the resulting feedback mechanism will promote the sustaining of inflammation
(150). Furthermore, HB-EGF is increased at the injured site, triggering HA
production by the neighboring cells. An interesting crosstalk between
keratinocytes and fibroblasts which migrate to the area, is the production of
keratinocyte growth factor (KGF or FGF-7) by fibroblasts, and its binding on
the respective FGFRIII2b receptor of epidermal keratinocytes, inducing

enhanced keratinocyte proliferation (153).

As wound healing proceeds, and the HA levels reach a maximum, an instant
decrease in the levels occurs, simultaneous to the appearance of proliferating
fibroblasts at the injured site. This alteration in HA levels mediates chondroitin
sulphate and collagen deposition. In fact, it seems that the decrease of HA
levels, is the reason for keratan and dermatan sulfate synthesis in the Golgi
apparatus (150). Subsequently, the, KS and DS containing proteoglycans
support collagen polymerization, a procedure critical for wound closure and a
part of the remodeling phase (150), a procedure, escorted by scar formation
(53).

Interestingly, in fetus wound healing can be terminated without scar formation
(during the first six months of pregnancy) (154). Hence, the differences
between adult and fetal wound healing seem to be critical to scar formation. A
basic difference between fetus and adult wound healing is the maintenance of
increased HA levels during the whole wound healing process in fetus, as the
decrease of HA levels does not occur (155). Another, significant difference is
the increased expression of HYAL enzymes in adults, which results in
enhanced HMWHA degradation (46). Moreover, addition of exogenous
HYALs and the subsequent increased LMWHA production has been

demonstrated to result in scar formation (46). Therefore, while HMWHA has
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beneficial effects to the whole process per se, decrease of HMWHA and
increase of LMWHA, seems to be one of the many reasons for scar formation.
Moreover, it has been demonstrated that the molecular weight of HA
modulates the type of the produced collagen that will, in turn, assist or inhibit
scar formation. Large HA fragments modulate only type-lll collagen
production, abundant in fetus, while smaller fragments seem also to modulate
the type-l collagen production, present in adult skin and promoter of scar
formation (156). Importantly, a mixture of HA chains of various molecular
weights HA seems to be more effective in the resolution of the wound healing
process (157). Thus, it can be concluded that LMWHA has both beneficial and
negative roles in the wound healing process. However, it must be noted that
the amniotic fluid plays a vital role in the healing process of fetus and not only
provides sterile conditions, but also contains numerous nutrients and growth
factors (158). Additionally, the amniotic fluid plays a role in the promotion of
the wound healing process by activating specific aspects of the immuno-
response, production of cytokines, or by enhancing fibroblasts’ migration to
the wound spot (159).

2. Aims of the study

ACD is a significant health hazard globally and almost all individuals could at
some point in their lives exhibit the symptoms of the disease. Therefore, it is
deemed important to determine the mechanisms involved in this disease
presentation and progression. The large number of patients suffering from
ACD worldwide and the often debilitating effects the pathology induces justify
alternative approaches in the facilitation of disease resolution. Contact
allergens are present in numerous products of everyday life, hence, deeper
knowledge of mechanisms of sensitization is critical for affective protection,
diagnosis and treatment of ACD. The scope of the present study was to
investigate the putative involvement of HA metabolism and TLR4 signaling in
the process of contact allergen mediated human NCTC2544 keratinocyte
sensitization. Defining the mechanisms involved, could facilitate the protection
against the disease as well as the development of alternative therapeutical

approaches.
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3. Materials and Methods

3.1 Cell culture

All the experiments were conducted on NCTC2544 human keratinocyte cell
line (Istituto Zooprofilattico di Bresia, Italy). Culture media was RPMI 1640
supplemented with Fetal Bovine Serum (FBS) 10% v/v. As antimicrobial
agents 1001U/ml penicillin and 100ug/ml streptomycin were used. Cells were
cultured as monolayers at temperature of 37°C and 5% CO,. All cell culture
reagents were purchased from Biosera.

3.2 Chemicals and Reagents

As skin sensitizers, the allergens 2,4-dinitrochlorobenzene (DNCB) and para-
phenylendiamine (PPD) were used, supplied by Sigma (USA). The utilized
concentrations of PPD (30ug/ml) and DNCB (2ug/ml) were earlier established
to strongly induce keratinocyte sensitization (160) and had likewise been
utilized in a previous study (60). Allergens were diluted in DMSO, also used
as vehicle control at 0.2% final concentration. LMWHA (15-40kDa) was
provided by R&D Diagnostics and diluted in ddH,O and utilized at 250ug/ml;
the concentration of LMWHA with strongest effect on 11-18 production as

previously determined (60).

Keratinocytes were treated with the neutralizing antibody against TLR4
(Sigma) at 2ug/ml and 4ug/ml for one hour, before the addition of allergens.
Lipopolysaccharide from Escherichia coli (LPS) was purchased from Sigma
Chemical Co. (St. Louis, Mo., USA) and was utilized at 500ng/ul as a positive
control for TLR4 activation (103, 161).

Aristolochic acid (a-acid) (Sigma) was utilized, in accordance to a previous
study (Nikitovic et al., 2015), at the concentration of 40uM. The cells were

treated with a-acid for one hour before the addition of the allergens.
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3.3 Transfection with short interfering RNA (siRNA)

Silencing of TLR4 gene was performed with short interfering RNA method.
Specifically, NCTC2544 were seeded in T25 culture flasks (1.000.000 cells
per flask). The sequence was taken from Zhang and Li (162) (sense
sequence: 5 GCUGAUGCCGCUGAUGCCA 3, anti-sense sequence: 5
UGGCAUCAGCGGCAUCAGC 3’). Three different concentrations of siRNA
sequence were assessed (25nM, 50nM, 100nM) in order to establish the most
efficient downregulation conditions. This approach demonstrated that 100nm
of siTLR4 induced the strongest effect and this concentration was further
utilized in all TLR4-silencing experiments. As a negative control, scrambled
SIRNA (siNegative) was used. The transfection was performed with
Lipofectamine™2000 (Invitrogen) protocol. Lipofectamin and RNA sequences
were diluted in Opti-MEM © (Invitrogen) culture media, left for five minutes in
room temperature and then they were mixed and left for 20minutes in room
temperature, before they were added to the cultured cells, according to

manufacturer’s instructions.

3.4 Western Blot

NCTC 2544 were seeded in T25 culture flasks, 1.000.000 cells per flask. The
harvested NCTC2544 were lysed with RIPA solution. Electrophoresis of the
samples was performed in 10% polyacrylamide gel, followed by transfer to
nitrocellulose membrane in 10mM CAPS buffer. Thereinafter, membranes
were blocked with PBS containing 0.1% Tween and 5% v/v milk powder,
overnight at 4°C. Primary antibodies were diluted in PBS containing 0.1%
Tween and 1% v/v milk powder. Primary antibodies supplied from Santa Cruz
Biotechnology are: TLR4, HAS1, HAS2, HAS3, NF-kB-p65, p-NF-kB-p65
(Ser536), all used in 1:200 dilution. Actin was purchased from Millipore and
used in 1:5000 dilution. Secondary peroxidase-conjugated antibodies
provided by Millipore, were used to visualize the binding of the primary to the
targeted proteins upon incubation, and the final image was obtained by
Luminata"™Crescendo western HRP Substrate, Millipore. Anti-mouse, anti-

rabbit and anti-goat were diluted in PBS containing 0.1% Tween and 1% v/v

29



milk powder in 1:5000 dilution. The Blots were analyzed using ImageJ

software.

3.5 RNA-isolation and Real-Time PCR

Total RNA was isolated with Trizol (Invitrogen) according to manufacturer’s
instructions. 1000ng of the total RNA of each sample were used for the
production of complementary DNA (cDNA) with TAKARA PrimeScript reagent
kit (TAKARA, Japan) according to manufacturer’s instructions. Real-Time
PCR was performed in Mx3005P cycler (Stratagene) with the KAPA SYBR®
FAST Universal qPCR kit (KAPA Biosystems) in a total volume of 20 ul.
Specific gene primers were used for the detection of the investigated genes
(HAS1, HAS2, HAS3, TLR4, HYAL1, HYAL2, CD44). As a house keeping
gene for the quantification of the results, GAPDH was used. For each
optimized assay, a standard curve was run. This curve provided a linear plot
of threshold cycle (Ct), against log (dilution). The quantification of each gene
was according to the concentrations of a standard curve and was presented

as arbitrary units.

Tablel Sequences for primers used in Real-time PCR.

Gene Forward Reverse

HAS1 5 GGT GGG GAC GTG GGA TC | 5 ATG CAG GAT ACA CAG TGG AAG
3 TAG 3

HAS2 5 GTG TTA TAC ATG TCG AGT | 5 GTC ATA TTG TTG TCC CTT CTT
TTACTTCC 3 CCGCUZ

HAS3 5 GGT ACC ATC AGA AGT TCC | 5 GAG GAG AATGTT CCAGAT GCG 3
TAG GCAGC 3

HYAL1 |5 CCG GTG CTG CCC TAT GTC | 5 AGGCTGTGC TCCAGCTCATC 3
3!

HYAL2 | 5 GGC GCA GCT GGT GTC ATC | 5 CCG TGT CAG GTA ATC TTT GAG
3 GTACT 3
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TLR4 5 CAG AAC TGC AGG TCC TGG | 5 GTT CTC TAG AGATGC TAG 3’
3’

GAPDH | 5 GGA AGG TGA AGG TCG |5 GTC ATT GAT GGC AAC AAT ATC
GAGTCA 3 CACT3

CD44 5 GGT CCT ATA AGG ACA CCC | 5 AAT CAA AGC CAAGGC CAAGA 3
CAAAT

3.6 Immunofluorescence

NCTC2544 cells were seeded onto round coverslips in 24-well plates
(120.000 cells per well) and incubated for 24h. Upon treatment completion
and culture media was removed, the cells were fixed with a solution of 5%
formaldehyde and 2% sucrose diluted in PBS for 10minutes in room
temperature. After two washes with PBS, the cells were permeated with
Triton-X diluted in PBS for 10minutes at room temperature. After permeability
dilution was removed and coverslips were washed with PBS, primary antibody
(anti-NF-kB by Santa Cruz) diluted in 1% FBS, PBS in a dilution of 1:50, was
added and incubated for 1h. For HA localization Hyaluronic acid Binding
Protein (HABP) was used, supplied from Millipore at 1:100 dilution. After three
washes, secondary antibodies were added (anti-rabbit Alexa Fluor in 1:250
dilution and streptavidin from Invitrogen for HABP in 1:200 dilution) and
incubated in the dark for 1h. Nuclei were stained with TOPRO-3, by
Invitrogen, in 1:500 dilution for 20minutes in the dark. Finally, coverslips were
placed on glass slides using glycerol and observed with confocal microscopy.

The images were captured by Leica Confocal Software.

3.7 Proliferation assay

NCTC2544 cells were seeded into 96-well plates. Four different
concentrations of NCTC2544 were tested (1500, 3000, 6000 and 9000 cells
per well), in order to find the appropriate one for the assay, which was found
to be 3000 cells per well (Figure 19A). For the experiment, after 24h
incubation in culture media, 125ug/ml and 250ug/ml LMWHA were added for
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48h. Then, cells were lysed and their number was measured by fluometric
CyQUANT cell Proliferation Assay kit. This method measures DNA content
upon binding of a fluorescent dye on it. On every experiment a standard curve
was used to quantify the result. Fluorescence was measured by fluorimeter
(Biotek) using 485/528nm at emission filters. All samples were used in

triplicates.

3.8 Statistical analysis

Each experiment was performed at least three times with representative
results reported. For all experiments, statistical significance was evaluated by
Student’s t test or one-way ANOVA analysis with Tukey’s post-test, using

GraphPad prism (version 4.0) software.

3.9 Optimizations
As RNA interference methodology specific for the TLR4 had not been

previously performed in the NCTC2544 keratinocytes, the concentration of the
TLR4 specific sequence, inducing the maximum downregulation of the
receptor had to be determined. Hence, three concentrations of the TLR4
specific sequence were used (25nM, 50nM, 100nM), with 100nM achieving
63% downregulation at the transcriptional level and 55% downregulation at
the protein level. Therefore, the 100nM concentration was utilized in the
experiments with siRNA against TLR4. However, as the studied allergens
increase TLR4 levels, the siRNA effect was annulled by the newly
synthesized TLR4. In order to investigate the effects of contact allergens on
TLR4 deficient cells, TLR4 neutralizing antibody was utilized. The first
concentration used was 2ug/mL as in Galbiati, Papale (160), which was
sufficient to decrease IL-18 production caused by PPD and DNCB. In the
present study, for maximum blocking of the receptor two concentrations were
utilized: 2pg/mL which was determined by Galbiati, Papale (160) to decrease
IL-18 production caused by PPD and DNCB and a higher concentration of
4ug/mL. The utilized concentrations of PPD and DNCB have been used in
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numerous previous studies on the related topic, as well as the utilized control
with DMSO (60, 160, 163).

In continuation with previous studies (60, 160, 163), the treatment duration for
PPD and DNCB was 24h. However, when NF-kB activation was studied, this
time point was not effective. Hence, 1h, 2h and 3h treatments were tested
with the maximum activation of NF-kB being at 2h, as determined by Western
blot (data not shown). Likewise, the same time point was used in immune

fluorescence for the examination of NF-kB.

Likewise, in Western blot experiments, the antibodies for all the investigated
proteins were optimized, utilizing different concentrations and the one with the
clearest image was used in the experiments that followed. Similarly,
antibodies used in confocal microscopy, were firstly tested in order to obtain a
strong fluorescent signal without background fluorescence (data not shown).
The concentrations are mentioned in the respective materials and methods

sections.

Finally, before performing proliferation assay, the appropriate cell number
seeded in every well had to be determined. Four different seeding numbers
were tested, 1500, 3000, 6000 and 9000 cells per well, with 3000 being
ascertained as the most suitable. This seeding number revealed maxim
proliferative ability during the incubation time. LMWHA was tested not only in
the concentration used in previous experiments (60), but also at a lower one
(125pg/ml).
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4. Results

4.1 Contact allergens upregulate TLR4 in a concentration
dependent manner

As TLR4 was demonstrated to participate in allergen-mediated keratinocyte
activation (160), the present thesis aimed to further examine its mechanisms
of action. The implication of TLR4 in inflammatory mechanisms was
previously shown by numerous studies (108, 164-167). Additionally, it seems
to be part of contact allergen-induced keratinocyte activation, as a neutralizing
antibody against TLR4, decreases the contact allergen mediated IL-18
production (160). In this study, after treating keratinocytes for 24h with
increasing concentrations of the two allergens, PPD (30ug/mL, 45ug/mL and
60ug/mL) and DNCD (1upg/mL, 1.5pg/mL and 2ug/mL), a notable
concentration dependent upregulation of TLR4 expression (Figure 1) was
observed at both protein (p<0.01 for 30ug/mL, 45ug/mL PPD and 2ug/mL
DNCB, p<0.001 for 60ug/mL PPD) and mRNA level (p<0.01 for 30pg/mL,
45ug/mL PPD, p< 0.001 for 60ug/mL PPD and p<0.05 for 2ug/mL DNCB).
These data, well in agreement with the previously shown contribution of TLR4
to contact allergen-induced IL-18 production (160), suggest that TLR4 is able

to affect the contact allergen mediated activation of keratinocytes.
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Figure 1 Effect of PPD and DNCB treatment on TLR4 expression. NCTC2544
cells were treated for 24h with increasing concentrations of PPD (30ug/ml, 45ug/ml,
60ug/ml), and DNCB (1pg/ml, 1.5pug/ml, 2ug/ml) (DMSO - negative control) before
harvesting. (A), (C) Representative blots of TLR4 protein (95kDa) and actin (42kDa)
are presented. (B), (D) TLR4 protein bands were densitometrically analyzed and
adjusted against actin. (E), (F) TLR4 mRNA expression was evaluated by Real- time
PCR. The results represent the average of three separate experiments in triplicate.
Means + SEM plotted; Statistical significance *p<0,05, ** p<0,01, ***p=<0,001.

4.2 The effect of contact allergens on HAS1 expression

Taking into account that inflammatory mediators were shown to affect HA

synthesis (150), the present study aimed to examine the putative effects of
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contact allergens on HAS expression in the following step of the present
study. Therefore, NCTC2544 were treated for 24h with PPD (30ug/mL) and
DNCB (2pg/mL) and HAS1 expression was initially estimated. The use of
Western blot and Real- time PCR, demonstrated an increase in HAS1

expression at both the protein and mRNA levels (p<0.05) (Figure 2).
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Figure 2. Effect of allergen treatment on HAS1 expression. NCTC2544 cells were
treated for 24h with PPD 30ug/ml and DNCB 2ug/ml (DMSO - negative control)
before harvesting. (A) Representative blots of HAS1 protein (63kDa) and actin
(42kDa) are presented. (B) HAS1 protein bands were densitometrically analyzed and
adjusted against actin. (C) HAS1 mRNA expression was evaluated by Real- time
PCR. The results represent the average of three separate experiments in triplicate.
Means + SEM plotted; Statistical significance *p<0.05, ** p<0.01, ***p<0.001.

4.3 Contact allergens induce an upregulation of HAS2
expression

The putative effects of contact allergens on HAS2, the main HA synthase of
fibroblasts, but likewise expressed in keratinocytes (70, 90), were also
examined. Previously, it had been shown that pro- inflammatory cytokines
increase HAS2 expression in keratinocytes (77). The utilization of western blot

and Real- time PCR in the present study demonstrated that contact allergens
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significantly upregulated HAS2 expression (p<0.05), at both the transcriptional

and translational levels (Figure 3).
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Figure 3. Effect of contact allergens on HAS2 expression. NCTC2544 cells were
treated for 24h with PPD 30upg/ml and DNCB 2ug/ml (DMSO - negative control)
before harvesting. (A) Representative blots of HAS2 protein (63kDa) and actin
(42kDa) are presented. (B) HAS2 protein bands were densitometrically analyzed and
adjusted against actin. (C) HAS2 mRNA expression was evaluated by Real- time
PCR. The results represent the average of three separate experiments in triplicate.
Means + SEM plotted; Statistical significance *p<0.05, ** p<0.01, ***p<0.001.

4.4 Contact allergens cause upregulation of HAS3 expression

HAS3, mainly expressed in Kkeratinocytes (72), has previously been
demonstrated to play a role in skin inflammation (76) and atopic dermatitis
(AD) (77). The treated with PPD (30ug/mL) and DNCB (2ug/mL) keratinocytes
were shown to have an upregulated HAS3 expression (p<0.05) (Figure 4) at
both protein and mRNA level. These data therefore suggest that contact

allergen treatment enhances HA synthesis of human keratinocytes.
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Figure 4. Effect of allergen treatment on HAS3 expression. NCTC2544 cells were
treated for 24h with PPD 30ug/ml and DNCB 2ug/ml (DMSO - negative control)
before harvesting. (A) Representative blots of HAS3 protein (63kDa) and actin
(42kDa) are presented. (B) HAS3 protein bands were densitometrically analyzed and
adjusted against actin. (C) HAS3 mRNA expression was verified by Real- time PCR.
The results represent the average of three separate experiments in triplicate. Means
+ SEM plotted; Statistical significance *p<0.05, ** p<0.01, ***p<0.001.

4.5 LMWHA upregulates TLR4 expression by keratinocytes

LMWHA has been characterized as DAMP (168), an endogenous factor able
to trigger and sustain inflammation. Previously, it had been shown that
LMWHA affects keratinocyte activation, whereas in the present study the
putative contribution of TLR4 signaling to this mechanism was examined.
NCTC2544 keratinocytes were treated with LMWHA (250ug/mL) (Figure 5)
and its possible effect on TLR4 expression was examined. This strategy
revealed a significant upregulation of TLR4 expression at both the protein
(p<0.001) and mRNA (p<0.001) levels, in treated with LMWHA keratinocytes.
These data suggest that LMWHA could modulate keratinocyte activation

through a TLR4- dependent mechanism.
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Figure 5. Effect of LMWHA treatment on TLR4 expression. NCTC2544 cells were
treated for 24h with LMWHA 250ug/ml before harvesting. (A), Representative blots of
TLR4 protein (95kDa) and actin (42kDa) are presented. (B) TLR4 protein bands were
densitometrically analyzed and adjusted against actin (C) TLR4 mRNA expression
was evaluated by real time PCR. The results represent the average of three separate
experiments in triplicate. Means + SEM plotted; Statistical significance *p<0,05,
**p<0,01, *p<0,001.

4.6 LMWHA upregulates HAS1 and HAS3

Taking into account the shown upregulation of HAS1 expression upon
treatment with contact allergens, this study aimed to examine the putative
effect of LMWHA. Thus, the expression of HAS1 upon treatment with LMWHA
(250pg/mL) was also determined (Figure 6). Western blot and Real-time PCR

demonstrated a significant upregulation of HAS1 expression (p<0.01 and
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p<0.001 respectively). These data indicate the existence of a possible

feedback loop involving LMWHA signaling.
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Figure 6. Effect of LMWHA treatment on HAS1 expression. NCTC2544 cells were
treated for 24h with LMWHA 250ug/ml before harvesting. (A) Representative blots of
HAS1 protein (63kDa) and actin (42kDa) are presented. (B) TLR4 protein bands
were densitometrically analyzed and adjusted against actin. (C) HAS1 mRNA
expression was verified by Real- time PCR. The results represent the average of
three separate experiments in triplicate. Means + SEM plotted; Statistical significance
*p<0.05, ** p<0.01, ***p=<0.001.

Similarly, putative effects of LMWHA on HAS3 expression were examined
(Figure 7). Likewise to the demonstrated effect on HAS1, LMWHA in a
concentration of 250ug/mL, increased HAS3 protein (p<0.05) and mRNA
(p<0.05) expression. This finding, in combination to demonstrated HAS1

upregulation, indicates that during keratinocyte activation HA production of

40



various molecular weights is upregulated, enhancing thus, the simultaneous

degradation to LMWHA, and finally the sustaining of inflammation.
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Figure 7. Effect of LMWHA treatment on HAS3 expression. NCTC2544 cells were
treated for 24h with LMWHA 250ug/ml before harvesting. (A) Representative blots of
HAS3 protein (63kDa) and actin (42kDa) are presented. (B) TLR4 protein bands
were densitometrically analyzed and adjusted against actin. (C) HAS3 mRNA
expression was evaluated by Real- time PCR. The results represent the average of
three separate experiments in triplicate. Means + SEM plotted; Statistical significance
*p=<0.05, ** p<0.01, ***p=<0.001.
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4.7 The role of TLR4 in the process of keratinocyte
sensitization

4.7.1 Optimization of siTLR4

In continuation, the study focused on the potential involvement of TLR4 in the
mechanisms of keratinocyte activation. Therefore, to further investigate the
role of TLR4, the silencing of the TLR4 gene utilizing the siRNA method was
performed. To achieve a satisfying downregulation of the targeted gene, three
different concentrations of the specific sSiRNA were tested (25nM, 50nM and
100nM), as shown in Figure 8. The most efficient downregulation of 55% at
the protein level (p<0.01) and a 63% downregulation at the mRNA level
(p<0.01) was achieved with the utilization of the 100nM concentration of

siTLR4 (Figure 8) which was further used in all sSiRNA experiments.
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Figure 8. Transfection with siRNA specific for TLR4. NCTC2544 cells were
transfected with three different concentrations (25nM, 50nM and 100nM) of siRNA
sequence specific for TLR4 gene for 24h before harvesting. As control a non specific
RNA sequence was used (siNegative). (A) Representative blots of TLR4 protein
(95kDa) and actin (42kDa) are presented. (B) TLR4 protein bands were
densitometrically analyzed and adjusted against actin. (C) TLR4 mRNA expression
was determined by real time PCR. The results represent the average of three
separate experiments in triplicate. Means + SEM plotted; Statistical significance
*p<0.05, ** p<0.01, ***p=<0.001.

4.7.2 HAS1 is downregulated in TLR4 deficient cells

The next step of the present study, was to examine whether the demonstrated
modulations of HAS enzymes’ expression were perpetrated through TLR4
downstream activities. Therefore, after downregulation of the TLR4 gene,
HAS1 expression was measured. Both HAS1 protein (p<0.001) and mRNA
(p=<0.01) levels were downregulated, as demonstrated in Figure 9. This finding
shows a correlation between the synthesis of the studied GAG and TLR4

downstream signaling.
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Figure 9. Effect of TLR4 downregulation on HAS1 expression. NCTC2544 cells
were transfected with 100nM of siRNA sequence specific for TLR4 gene for 24h
before harvesting. As control a non specific RNA sequence was used (siNegative).
(A) Representative blots of HAS1 protein (63kDa) and actin (42kDa) are presented.
(B) HAS1 protein bands were densitometrically analyzed and adjusted against actin.
(C) HAS1 mRNA expression was evaluated by Real- time PCR. The results
represent the average of three separate experiments in triplicate. Means + SEM
plotted; Statistical significance *p<0.05, ** p<0.01, ***p=<0.001.

4.8 Effect of TLR4 downregulation on HAS3 expression

The expression of HAS3 in TLR4 deficient keratinocytes, was likewise
estimated. Similarly to HAS1, HAS3 was also found to be decreased in
keratinocytes whose TLR4 expression was attenuated as shown by Western
blot (p<0.05) and Real- time PCR (p=<0.05) (Figure 10). In combination, to the
shown decrease of HAS1, these data suggest that TLR4 downstream

signaling affects HAS isoforms expression in keratinocytes.
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Figure 10. Effect of TLR4 downregulation on HAS3 expression. NCTC2544 cells
were transfected with 100nM of siRNA sequence specific for TLR4 gene for 24h
before harvesting. As control a non specific RNA sequence was used (siNegative).
(A) Representative blots of HAS3 protein (63kDa) and actin (42kDa) are presented.
(B) HAS3 protein bands were densitometrically analyzed and adjusted against actin.
(C) HAS3 mRNA expression was determined by Real- time PCR. The results
represent the average of three separate experiments in triplicate. Means = SEM

plotted; Statistical significance *p<0.05, ** p<0.01, ***p<0.001.

4.9 HA is decreased in TLR4 deficient cells

Additionally, the present thesis aimed to assess the effect of TLR4 on HA
localization. The utilization of immunofluorescence demonstrated that HA was

deposited to the pericellular matrix by NCTC4544 cells, in accordance to a
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previous study (60). Upon downregulation of TLR4 expression, a decrease in
HA signal was established (Figure 4G), demonstrating that HA pericellular
deposition depends on TLR4 expression. These data are well correlated to
the dependence of HAS1 and HAS3 expressions on TLR4 showed in this

study.
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Figure 11. Effect of transfection with siRNA against TLR4 on HA localization
NCTC2544 cells were transfected with 100nM of siRNA sequence specific for TLR4
gene for 24h before harvesting. As control a non specific RNA sequence was used
(siNegative). HA was stained with green fluorescent antibody and the nuclei are

presented in blue, after TOPRO staining.

4.10 Role of TLR4 on HA metabolism in keratinocytes
exposed to PPD and DNCB

4.10.1 HAS1 and HAS3 allergen mediated upregulation, is decreased
when TLR4 is blocked

Downregulating TLR4, with the siRNA method could not be used in
combination with allergens, due to the shown upregulation of TLR4
expression by both PPD and DNCB. Both allergens were demonstrated to
override the silencing of the TLR4 gene (data not shown). Thus, for the
combination of allergen treatment and blocking of TLR4 action, a neutralizing
antibody against TLR4 was utilized. This strategy aimed to block the allergen
mediated TLR4 downstream signaling. In a previous study (160), the same
approach was demonstrated to decrease keratinocyte IL-18 production upon

exposure to contact allergens.

NCTC2544 were treated for 1h with anti-TLR4 2ug/ml and then, PPD
(30pg/ml) (Figure 12A, C) and DNCB (2ug/ml) (Figure 12B, D) were added for
24h. As shown in Figure 12 neutralizing TLR4 antibody decreases PPD and
DNCB mediated HAS1 and HAS3 upregulation (p<0.05).
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Figure 12. Effect of blocking TLR4 on PPD and DNCB mediated HAS1 and
HAS3 upregulation. NCTC2544 cells were treated for 1h with a neutralizing
antibody against TLR4 (2ug/mL) and then with PPD 30ug/ml and DNCB 2ug/ml for
24h, or just with PPD 30ug/ml and DNCB 2ug/ml for 24h (DMSO — negative control),
before harvesting. (A), (C) PPD 30ug/ml and (B), (D) DNCB 2 ug/ml before
harvesting. HAS1 and HAS3 mRNA expression was determined by Real- time PCR.
The results represent the average of three separate experiments in triplicate. Means
+ SEM plotted; Statistical significance * p<0.05, ** p<0.01, ***p<0.001.

4.10.2 The effects of TLR4 on contact sensitizers mediated HYALSs
expression

Previously, it was demonstrated that exposure of keratinocytes to contact

allergens causes an upregulation of HYAL isoforms. Specifically, HYAL1 was
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increased upon both PPD (30ug/ml) and DNCB (2ug/ml) treatment, while
HYAL2 was increased only by DNCB (60). In this study, whether this
upregulation is mediated, among others, by TLR4 was investigated. Utilization
of the anti- TLR4 antibody did not affect the basal levels of HYAL1 and
HYAL2 expression (Figure 13 A, D). In continuation, NCTC2544 cells were
pre- incubated for 1h with two concentrations of anti-TLR4 2ug/ml and 4ug/mi
and then, exposed to PPD (30ug/ml) and DNCB (2ug/ml) for 24h. Real- time
PCR verified the increase in HYAL1 levels PPD (Figure 13B, p<0.05) and
DNCB (Figure 13C, p<0.01) treatments and increased HYAL2 expression
after PPD treatment (Figure 13 E, p<0.05), as previously shown (60).
Interestingly, the upregulation of HYAL isoforms’ expression due to the
allergens’ action was annulled in the presence of anti- TLR4 in at a
concentration of 4ug/ml (p<0.05). The above data suggest that TLR4, at least

partially, contributes to the contact sensitizer effect.
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Figure 13. Effect of a neutralizing antibody against TLR4 on PPD and DNCB
mediated HYAL1 and HYAL2 upregulation. NCTC2544 cells were treated for 1h
with a neutralizing antibody against TLR4 2ug/mL and 4ug/mL and then with PPD
30ug/ml and DNCB 2ug/ml for 24h, or just with PPD 30ug/ml and DNCB 2ug/ml for
24h (DMSO- negative control), before harvesting. (A), (B), (C) HYAL1 and (D), (E)
HYAL2 mRNA expression was determined by Real- time PCR. The results represent
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the average of three separate experiments in triplicate. Means * SEM plotted;
Statistical significance *p=<0,05, ** p<0,01, ***p=<0,001.

4.11 Effect of PPD and DNCB on NF-kB activation

Under inflammatory conditions, NF-kB is activated, which causes a multitude
of cellular responses including TNF-q, IL-1 and IL-8 cytokine release (169). In
the present study, NCTC2544 cells were treated with PPD (30ug/ml) and
DNCB (2upg/ml) for two hours. Indeed, as NF-kB activation is prior to cellular
responses, the appropriate treatment time had to be optimized. First, a 24h
treatment, analogous to all other experiments, was performed, but it revealed
no significant changes in NF-kB activation. Then 1h, 2h and 3h treatments
were tested (data not shown). In these experiments maximum activation of
NF-kB, upon contact allergen treatment, was determined to be at the 2h point
(data not shown). LPS (500ng/ml) was used as positive control as it is a well
established activator of TLR4 and NF-kB (103, 161). Western blot analysis
revealed a contact sensitizer- mediated NF-kB activation by both allergens as
shown in Figure 14 (p<0.05 for PPD and p<0.01 for DNCB). Furthermore, NF-
KB translocation to the nucleus upon 2h allergen treatment was detected by

immunoflurorence (Figurelb).

52



A e

NF-kB - et S W S 5D,
ACTIN e G e -  4okDa

Control DMSO PPD DNCB

(B)
m 140000 A Kk
X
L 120000 -
Z *%
— 100000 A
o
¥ 80000 - *
L
<
& 60000 A
[T
© 40000 A
°
® 20000 -
o
0 . . . _
Control  DMSO PPD DNCB LPS

30ug/ml 2pug/ml 500ng/ml

Figure 14. Effect of PPD and DNCB on NF-kB activation. NCTC2544 cells were
treated with PPD 30ug/ml, DNCB 2ug/ml and LPS 500ng/ml as positive control, for
2h (DMSO - negative control) before harvesting. (A) Representative blots of NF-kB
protein (65kDa), p- NF-kB (65kDa) and actin (42kDa) are presented. (B) NF-kB, p-
NF-kB protein bands were densitometrically analyzed and adjusted against actin and
the ratio of p-NF-kB/ NF-kB is presented. The results represent the average of three
separate experiments in triplicate. Means + SEM plotted; Statistical significance
*p<0.05, ** p<0.01, ***p=<0.001.
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Figure 15. Effect of PPD and DNCB on NF-kB localization. NCTC2544 cells were
treated with PPD 30pg/ml, DNCB 2ug/ml and LPS 500ng/ml as positive control

Negative

(DMSO - negative control), for 2h before harvesting. NF-kB was stained with green
fluorescent antibody and the nuclei are presented in blue after TOPRO staining.

4.12 Effect of TLR4 on contact allergen mediated NF-kB
activation

Western blot analysis revealed that PPD- and DNCB-dependent NF-kB
activation was attenuated upon blocking TLR4 with a specific neutralizing
antibody (Figure 16). These data suggest that PPD and DNCB- dependent

NF-kB activation is partly mediated through TLR4 downstream signaling.
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Figure 16. Effect of blocking TLR4 on NF-kB activation. NCTC2544 cells were
treated either with a neutralizing antibody against TLR4 (4 pg/mL) for 1h and in
continuation with PPD 30ug/ml and DNCB 2ug/ml during 2h or just with PPD 30ug/ml
and DNCB 2ug/ml for 2h (DMSO - negative control) before harvesting. (A)
Representative blots of NF-kB protein (65kDa), p- NF-kB (65kDa) and actin (42kDa)
are presented. (B) p-NF-kB, NF-kB protein bands were densitometrically analyzed
and adjusted against actin and the ratio of p-NF-kB/ NF-kB is presented. The results
represent the average of three separate experiments in triplicate. Means + SEM
plotted; Statistical significance *p=<0,05, ** p<0,01, ***p=<0,001.
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4.13 The effect of LMWHA on NF-kB activation

In order to examine the direct effect of LMWHA on NF-kB activation,
keratinocytes were exposed to 250ug/ml of LMWHA. This approach resulted
in enhanced NF-kB activation (p<0.05), as shown in Figure 17A, B. On the
other hand, a-acid, an inhibitor of HYALs activity and hence HA degradation,
attenuated PPD and DNCB- mediated NF-kB activation (p<0,05) (Figure 17C,
D). In control experiments, a-acid was found not to affect the basal levels of
keratinocyte NF-kB activation. These data correlate well with the supposition

that LMWHA directly participates in NF-kB activation in this cell-type.
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Figure 17. LMWHA effect on NF-kB activation (A), (B) NCTC2544 cells were
treated for 2h with LMWHA 250ug/ml before harvesting. (A) Representative blots of
NF-kB (65kDa), p- NF-kB (65kDa) and actin (42kDa) are presented. (B) p-NF-kB,
NF-kB protein bands were densitometrically analyzed, adjusted against actin and the
ratio of p-NF-kB/ NF-kB is presented. (C), (D) NCTC2544 cells were treated either
with a-acid (40uM) for one hour and in continuation with PPD 30ug/ml, DNCB 2ug/ml
for 2h, or just with PPD 30ug/ml and DNCB 2ug/ml for 2h (DMSO - negative control),
before harvesting. (C) Representative blots of NF-kB (65kDa), p- NF-kB (65kDa) and
actin (42kDa) are presented. (D) NF-kB, p-NF-kB protein bands were
densitometrically analyzed and adjusted against actin and the ratio of p-NF-kB/ NF-

KB is presented. The results represent the average of three separate experiments in
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triplicate. Means + SEM plotted; Statistical significance *p<0,05, **p=<0,01,
***p<0,001.

4.14 Effect of contact sensitizers on CD44 expression

In a previous study it was demonstrated that the effects of PPD, DNCB and
LMWHA on keratinocyte sensitization were partly mediated through CD44
downstream signaling (60). In this study it was examined whether PPD and
DNCB affect CD44 expression. The utilization of Real- time PCR
demonstrated that PPD and DNCD do not affect CD44 expression (P=NS)
(Figure 18).
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Figure 18. Effect of PPD and DNCB on CD44 expression. NCTC2544 cells were
treated for 24h PPD 30ug/ml and DNCB 2ug/ml (DMSO — negative control) before
harvesting. CD44 mRNA expression was verified by Real- time PCR. The results
represent the average of three separate experiments in triplicate. Means + SEM
plotted; Statistical significance *p<0.05, ** p<0.01, ***p=<0.001.
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4.15 LMWHA inhibits keratinocyte proliferation

In addition to its contribution to the mechanisms of contact allergen mediated
keratinocyte sensitization, HA is well established to be important for the
wound healing process (19). During the processes of wound healing, which
presents aspects of sterile inflammation, HA was shown to affect keratinocyte
proliferation in a manner dependent on size and model utilized (46, 170, 171).
Therefore, in the model system used in this study, the proliferation rate of
keratinocytes, after LMWHA treatment was tested (Figure 19). First, an
optimization of the appropriate cell number was performed (Figure 19A) and
consecutively the effect of LMWHA on keratinocyte growth was assessed.
The highest utilized concentration (250ug/ml) of LMWHA induced a significant
inhibition of the keratinocyte proliferation rate (Figure 19B).
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Figure 19. Effect of LMWHA on NCTC2544 cell proliferation. (A) Four different
cell numbers were seeded in 96-well plates (1500, 3000, 6000, 9000) grown in
culture media. (B) NCTC2544 cells were treated for 48h with LMWHA 125ug/ml and
250ug/ml before harvesting. Control cells were grown in cell culture media. The
results represent the average of three separate experiments in triplicate. Means +
SEM plotted; Statistical significance *p<0.05, ** p<0.01, ***p<0.001.
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5. Discussion

TLRs were firstly established to mediate pathogen associated inflammatory
responses, but over the years increasing data demonstrated important roles
of the receptors in the processes of sterile inflammation (172). Importantly,
TLR4 was shown to be implicated in several keratinocyte functions, such as
proliferation. Thus, in HaCat cell line TLR4 acted as a negative regulator of
proliferation (173). Moreover, in vivo experiments suggested that the
activation of TLR4 by ligands released upon injury will result in the induction
of IL-23 release by keratinocytes and the presentation of the atopic dermatitis
phenotype (174). Furthermore, TLR4 expression has been correlated
positively with inflammatory conditions, for instance, upon LPS treatment the

receptor was increased in a synovial sarcoma cell line (175).

Keratinocytes express TLR4 and also secrete pro- inflammatory cytokines
including, IL-1pB and IL-18 as a response to exposure of various haptens (13,
176). Importantly, TLR4 expression was found to be increased in the skin of
atopic dermatitis patients (177). Moreover, TLR4 downstream signaling has
previously been correlated to ACD (9, 13, 160, 178, 179). Indeed, TLR4-
deficient macrophages were shown to exhibit reduced cytokine expression
upon activation (172). Interestingly, mice lacking TLR4 were not sensitized by
IL-12, whereas mice deficient in both TLR2 and TLR4 did not respond to
contact allergens 2,4,6 trinitroclorobnzene (TNCB), oxazolone and fluorescein
isothiocynate (FITC) insult (13). Nickel, a well known contact sensitizer, was
shown to induce in endothelial cells a pro- inflammatory cytokine IL-8
production, whereas the inhibition of MyD88, a TLR downstream mediator,
abrogated the nickel-dependent IL-8 production (180). Likewise, the inhibition
of TLR4 activity decreases chemical allergen mediated release of IL-18, which
is a well established marker of keratinocyte sensitization (160, 163, 181).
Hence, a correlation between TLR4 availability and cytokine release is
arguable. In the present study, the contact sensitizers, PPD and DNCB, were
demonstrated to increase keratinocyte TLR4 expression, in a concentration
dependent manner. These data are similar to previous reports where the
existence of feedback mechanisms between cytokine release and TLR4

expression, has been suggested. For instance, IL-33 released by murine
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macrophages causes an upregulation of their TLR4 levels (182). Similarly,
macrophages infected by lactate dehydrogenase- elevating virus (LDV)
exhibited increased TLR4 expression (183). Indeed, LDV virus activates
innate immune cells causing cytokine, including TNF-a, secretion to which
these authors attributed TLR4 upregulation (183). Moreover, in mouse
articular chondrocytes, IL-1B treatment was shown to stimulate TLR4
expression (184). Furthermore, in in vivo models, where mice were treated
with DNCB, an increase in TLR4 levels was determined in the skin (185).
Hence, it could be hypothesized that in NCTC2544 keratinocyte model,
cytokine release triggered by allergens is responsible for the shown TLR4

upregulation.

HMWHA (200-2000kDa) is produced by HAS 1 and 2 whereas HAS3
produces HA of 100-1000kDa as recently discussed (19). Importantly, HAS
enzymes are differentially expressed in pathological conditions (60, 77, 186-
188). In the present study it was demonstrated that the three HA synthases
were upregulated upon exposure of keratinocytes to PPD and DNCB contact
allergens. Previously, HAS2 mRNA was shown to be increased upon
inflammatory cytokine treatment in endothelial cells (49), suggesting that
these mediators regulate HAS expression, as well as HA synthesis. As earlier
demonstrated, blocking of TLR4 results in decreased allergen mediated IL-18
production (160). Moreover, in an in vivo model, TLR2 and TLR4 deficiency
was accompanied by lower deposition of HA on the cell surface and
decreased inflammatory response to lung injury (57). Likewise, in a mouse
model, TLR4 deficiency was correlated to reduced oxidative stress and
inflammation (189). In a separate murine TLR4 knock out model, a protective
effect against brain injury was shown through decreased NF-kB activation
(190). Additionally, in an in vitro study on a human synovial sarcoma cell line,
LPS treatment and the resulting inflammatory conditions, initiated an increase
in HAS2 and HAS3 (175). Indeed, in the present study TLR4- deficient
keratinocytes exhibited significantly decreased HAS1 and HAS3 expression
levels, implying a direct correlation between HA synthesis and TLR4-
dependant signaling. The finding that allergens upregulate HA synthases, is

supported by respective data in mouse synovial fibroblasts (191). More
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accurately, mouse synovial fibroblasts inflammatory response was attenuated
when HA synthesis was inhibited by the downregulation of the HAS genes.
Therefore, these data argue that HA production is important for inflammatory
conditions as produced HMWHA is a substrate for both HYALs and ROS
activities, resulting in its degradation to LMWHA fragments. Importantly, in the
present study TLR4- deficient keratinocytes exhibited significantly decreased
HAS1 and HAS3 expression levels, implying a direct correlation between HA
synthesis and TLR4- dependant signaling. Indeed, numerous endogenous
molecules have been determined as TLR4 ligands including biglycan, CD138,
a-crystallin A chain, B-defensin 2, endoplasmin, fibrinogen, fibronectin,
heparan sulphate, HMGB1, HSP22, HSP60, HSP70, HSP72, hyaluronan,
monosodium urate crystals, S100 proteins and tenascin-C, among others, as
previously discussed by Yu, Wang (192). Some of these ligands e.g
fibronectin, laminin or tenascin-C are important components of the epidermal
ECM and of the epidermal- dermal junction and known to be involved in the
regulation of skin homeostasis (193, 194). Therefore, it is conceivable that the
binding of these molecules to TLR4, under physiological conditions, can
mediate respective receptor downstream signaling, regulating the basal levels
of HAS isoforms expression. Previously, HAS2 mRNA was shown to be
increased upon treating endothelial cells with IL-18 and TNF-a inflammatory
cytokines (49), suggesting that these mediators regulate HAS expression and
HA synthesis. Moreover, as reviewed by Ghatak, Maytin (150), TNF-a and IL-
18, whose expression is mediated by TLR4, have been demonstrated to affect

HA deposition in several cell types.

LMWHA is also an established DAMP, as well as a TLR receptor ligand.
Indeed, LMWHA is known to affect innate immune system activation, resulting
in the release of inflammatory mediators (57, 195). Indeed, LMWHA, whose
structure with its repeating disaccharides resembles that of pathogens, is
recognized by TLRs, and thus, bestows to this size HA the ability to induce
inflammatory response (172). In the present study, well correlated to earlier
findings, it is demonstrated that treating keratinocytes with LMWHA enhances
NF-kB activation. In a previous study, on the human keratinocyte model
NCTC2544, it was demonstrated that LMWHA activates keratinocytes, as
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monitored by IL-18 production (60). Importantly, it is well established that
LMWHA can bind the TLR4 receptor and thus, to participate in
immunomodulation. This is well corroborated by a study, where cytokine and
chemokine production triggered by HA fragments in peritoneal macrophages,
was found to be annulled in TLR2" and TLR4" cells (172). Furthermore,
activation of TLR4 by HA was demonstrated in both in vivo and in vitro models
(167, 184, 196). Previously, in HaCat keratinocyte cell line, LMWHA of 6-
50kDa caused an upregulation of TLR4 expression (157), which correlates
well to the enhancement of TLR4 levels, demonstrated in the present study.
Endogenous LMWHA is generated either by chemical degradation due to
ROS or hyaluronidase enzymatic action (79, 160, 197). Noteworthy, in
inflammatory conditions, ROS generation is increased whereas, it was
demonstrated in murine skin that the inhibition of ROS action with antioxidants
reduces skin sensitization by allergens (149, 198). The same authors had
likewise demonstrated that, the inhibition of HYALSs activity with aristolochic
acid reduced contact sensitization. Moreover, it was previously shown, that
allergens increase the expression of HYALSs, decreasing HA deposition to
keratinocyte pericellular matrix by increased degradation of HMWHA to small
HA fragments (60).

Binding of LMWHA to the TLR4 receptor triggers downstream signaling which
leads to NF-kB activation as shown in dendritic cells (199). Separate studies
had likewise demonstrated that HA fragments induce NF-kB activation without
specifying the mechanism(s) involved (166, 200). Moreover, LMWHA was
shown to mediate cytokine and chemokine production via TLR4 (172). Indeed,
TLR4 deficient macrophages, do not release inflammatory cytokines and
chemokines in response to LMWHA stimulus (57). Furthermore, small HA
fragments also induce maturation and migration of dendritic cells through
TLR4 activation, a process important for the innate immune response (60,
166). Here, the effect of LMWHA on the expressions of the LMWHA receptor
TLR4, as well as on HAS1 and HAS3 expressions was investigated, in a
keratinocyte model system. This approach demonstrated an increase of the
respective target expressions. The increase of LMWHA endogenous levels is

a result of contact allergen treatment is hypothesized. As mentioned above,
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both HA synthases (in this study) and HYALs (60) are increased in
keratinocytes exposed to PPD and DNCB contact sensitizers. Hence, the
enhanced synthesis of HMWHA, due to increased expression of HAS
isoforms, will in combination to HYALs and ROS activities result in increased
LMWHA generation. As LMWHA was shown to further increase IL-18
production (60), as well as HAS isoforms expression it could be argued that

this GAG assists in sterile inflammation sustenance.

As HAS and HYAL expression are increased in keratinocytes upon PPD and
DNCB treatments, it was considered significant to examine if this upregulation
is TLR4 mediated. Moreover, in the present study, it was shown that the basal
levels of HAS isoforms are diminished in TLR4 deficient keratinocytes. Hence,
upon blocking TLR4 with a neutralizing antibody, the contact allergen-
dependent increase in HAS1, HAS3, HYAL1 and HYAL2 expression was
found to be attenuated. Therefore, blocking TLR4 downstream signaling will
also result in lower HA synthesis, decreased release of LMWHA and
attenuated inflammatory response. These data are in agreement with
previous studies where TLR4- deficient mice have dampened ability to
respond to an insult (57, 201). Importantly, it has been suggested that the
inhibition of TLR4 downstream signaling is a promising therapeutic approach
for inflammation- correlated pathologies (103, 202, 203). The importance of
HYALSs contribution to the process of TLR4 mediated inflammation was also
shown in HYALs- deficient mouse synovial fibroblasts, where the cytokine-
mediated overexpression of TLR4 was found to be attenuated (191). In the
same study, the downregulation of HYAL isoforms in combination to treatment

with anti- oxidants reduced the release of inflammatory mediators.

The triggering of TLR4 leads to downstream NF-kB activation and is directly
correlated to inflammatory responses (169, 204). Increased NF-kB activation
has been observed in several inflammatory conditions, such as inflammatory
bowel diseases, rheumatoid arthritis and asthma (177). At this point, it is
noteworthy to mention that lypopolysaccharide (LPS), detected to the outer
membrane of Gram- negative bacteria, is a well established pathogen
activator of TLR4 downstream signaling (102). Hence, in this study LPS was

utilized as a reliable a positive control for the activation of TLR4 and
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downstream mediators. In fact, LPS is well established to activate TLR4, with
consequent downstream activation of NF-kB with consequent cytokine
secretion, as demonstrated in several cell lines including mouse embryonic
fibroblasts (205), as well as keratinocytes (176). Indeed, therapeutic
approaches against inflammation target the NF-kB pathway (206, 207). For
instance, the flavone apigenin, which exhibits anti- inflammatory activities, has
been demonstrated to suppress LPS mediated cytokine secretion partly via
suppressing NF-kB activation in placenta and fetal membranes (208).
Similarly, in periodontal ligament cells apigenin-7-glycoside decreased LPS
mediated inflammation by inhibiting NF-kB and MAPK intracellular pathways
(209). In fact, apigenin downregulated, among others, the expression of
several cytokines including IL-1B3, IL-2, IL-6, IL-8, as well as TNF-a.
Furthermore, the same substance inhibited production of cytokines, such as
IL-18, IL-2, IL-6 and TNF-a in human epithelial cells (210). In keratinocytes,
apigenin not only reduced the production of inflammatory cytokines, but was
also found to decrease the LPS mediated increase in TLR4 levels and NF-kB
activation (161). Furthermore, in a different study, DNCB treatment in vivo
induced increased TLR4 and NF-kB expression in rat skin, as well as
cytokine, including IL-18, release. These effects were attenuated by a
flavonoid preparation which specifically inhibits NF-kB via TLR4 neutralization
(185). Additionally, the cytokine IL-1B is able to activate NF-kB in mouse
chondrocytes, with resultant upregulation of the cytokines’ transcription (184).
Oral exposure to diisononyl phthalate (DINP) and sensitization by FITC in
mice, resulted in increased NF-kB activation, IL-18 release and an ACD like
phenotype, which was attenuated by the utilization of an NF-kB inhibitor (211).
In the present thesis, PPD and DNCB treatments enhanced NF-kB activation,
as demonstrated by increased p-NF-kB levels, and also, by the shown NF-kB
translocation from the cytoplasm to the nuclei of the cells. Importantly this
activation is mediated partly via TLR4 receptor, as blocking of TLR4
diminished the effect. Moreover, previously, it was shown that, inflammatory
cytokines increased HAS genes expression, whereas the inhibition of NF-kB
ameliorated the latter effect (49, 212), which well correlates to the data of the
present study. Importantly, in atopic dermatitis patients, NF-kB levels nuclear

levels are increased when compared to healthy skin (177). In order to confirm
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whether the observed contact sensitizers’ dependent NF-kB activation is
mediated at least partly by TLR4, the receptor was blocked with a neutralizing
antibody. Indeed, this approach resulted in attenuated NF-kB activation well in
agreement with the above mentioned studies. Furthermore, in the present
thesis, a specific inhibitor of HYAL activity, a-acid, was utilized in order to
diminish HA degradation. As a result, the allergen- mediated NF-kB activation
of keratinocytes was decreased. On the other hand, the exposure of
keratinocytes to LMWHA resulted in enhanced NF-kB activation. These data
in combination to the previously shown, attenuated keratinocyte activation by
contact allergens upon a-acid treatment (60), support the suggestion that
allergen- dependent NF-kB activation and downstream inflammatory

signaling, are partly executed via LMWHA effects.

Moving on to a different topic, the important role of HA in the wound healing
process, which is a separate model of sterile inflammation, has been widely
discussed. At the initiation of the process HMWHA deposition was found to be
increased (53) whereas, as wound healing proceeds, an instant decrease of
HA levels occurs that will finally lead to an enhanced, important to wound
closure, collagen deposition. This type of wound healing results in scar
formation (53). Interestingly, in fetuses wound healing can be terminated
without scar formation (154). A basic difference between fetus and adult
wound healing are the sustained HA levels as the decrease of HA deposition
does not occur in fetuses (155). Furthermore, adult tissues exhibit higher
HYAL isoforms expression, as compared to fetal skin (46). Therefore, while
HMWHA exhibits beneficial effects on the wound healing process, decrease
of High and increase of Low Molecular weight HA, seems to contribute to scar
formation. Indeed, in the present study, it was investigated whether LMWHA
affects keratinocyte proliferation, as cell proliferation is part of the wound
healing process and contributes to dermal pathologies. An inhibition of
keratinocyte growth by LMWHA is demonstrated. Previously it was
demonstrated that HA fragments have the ability to inhibit fibroblast
proliferation in a molecular weight and concentration dependent manner
(213). In another study, LMWHA resulted in inhibition of fibroblast proliferation

via membrane hyperpolarization. In fact, the authors suggested that the
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effects were not concentration dependant (214). Furthermore, chronic wounds
are characterized by increased secretion of pro- inflammatory cytokines;
whereas LMWHA has been demonstrated to promote angiogenesis at the
injured area (134). ROS is also an important factor in injuries as it degrades
HMWHA and thus LMWHA levels are increased (41). The ability of LMWHA
and contact allergens to modulate keratinocyte growth may, likewise,
contribute to the contact dermatitis disease phenotype. Further investigation is
needed in order to clarify the complex roles of HA in wound healing process.

6. Conclusions

In conclusion, the present thesis suggests that during keratinocyte activation
by contact allergens, TLR4 and HA interactions have an important role. Upon
exposure of keratinocytes to contact allergens, HMWHA is cleaved to
LMWHA, either enzymatically by HYALs or chemically by ROS action. This
will result in increased LMWHA levels. Upon binding of LMWHA to TLR4 the
receptor is activated with the resulting downstream triggering of NF-kB and its
translocation to the nucleus. The translocated NF-kB will engage in
transcriptional regulation of target genes with the consequent inflammatory
cytokine production. This chain of events, in turn, triggers increased TLR4
expression. HASs upregulation will provide even more HMWHA as substrate
for the degrading factors ROS and the also upregulated HYALSs. Importantly,
when TLR4 is blocked, the contact allergen mediated effects on HAS and
HYAL isoforms expression and also NF-kB activation, are diminished,
demonstrating the importance of the receptor to the immune response.
Therefore, keratinocyte activation by contact allergens is partly mediated via a
LMWHA/ TLR4/ NF-kB signaling axis.
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The results of the thesis are summarized in Figure 20 both graphically (A, B,
C) - used as graphical abstract in Kavasi, Berdiaki (215) and as a chart (D):
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Figure 20 (a-c): The role of HA-TLR4 interaction in the process of contact
allergen-induced keratinocyte activation. Keratinocyte cell membrane is
presented graphically in (a) inactivated condition, (b) in activated by contact allergens
condition and (c) upon blocking of TLR4 receptor. Allergens upregulate HASS,
HYALs and also TLR4. As a result, HMWHA is increased and degraded to LMWHA
by HYALs and ROS, hence, LMWHA levels are elevated. NF-kB is downstream
activated, causing the transcription of inflammatory factors. When TLR4 is

neutralized, the effects are all diminished.
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Figure 20 (d). Contact allergens, in a manner dependent on TLR4/ NF-kB
downstream signaling, induce TLR4, HASs and HYALS overexpression resulting in
increased synthesis and degradation of HA. Released pro- inflammatory LMWHA
fragments facilitate TLR4, HAS and HYALS overexpression and sustain keratinocyte

sensitization.
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7. Future approaches

Further investigation is needed in order to clarify all the steps of HA/ TLR4/
NF-kB signaling pathway. An important factor that could be examined is the
CD44, HA receptor. CD44 is a main HA receptor whose activities regulate
many biologic functions including inflammation (49, 216). Previously it was
demonstrated that inflammatory effects of PPD were diminished upon
utilization of a neutralizing antibody specific for CD44 (60). To be more
accurate, the term “inflammatory effects” was qua