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1 Uvod

Zakladem homeostazy jednotlivych bunék a celého organismu je prenos informaci a molekul
pres membrany. Prenos signali pfes membranu je jednim z klicovych mechanismt regulace
bunééné aktivity. Tato komunikace bunky s okolim probiha pres systém membranovych a cyto-
plazmatickych receptorti a jejim vysledkem je ovlivnéni prakticky vsech aspektii Zivota bunky —
od bunéc¢ného déleni, pres regulaci genové exprese az po regulaci funkce jednotlivych komponent
bunky, od trovné jednotlivych biomolekul po celé organelové systémy. Pro tyto ucely exprimuji
bunky celou fadu riiznych typt receptort, z nichz nejvice zastoupené jsou receptory sprazené s
G-proteiny. Mezi né patfi tzv. proteinazami-aktivované receptory, které prevadéji do bunky sig-
naly zprostfedkované proteindzami. Ty maji kromé své proteolytické funkce i diilezitou funkci
informacnich molekul, které ovliviuji celou fadu bunécnych déji a jsou tak klicovymi elementy

ovliviujicimi fyziologické a patofyziologické déje.

1.1 Struktura a mechanismy aktivace PARs

Proteindzami aktivované receptory (PARs, dle Nomenclature Commitee of International Union
of Basic and Clinical Pharmacology) patii do superrodiny receptort sprazenymi s G-proteiny
(G-protein coupled receptors, GPCRs). PARs jsou ubikvitné exprimované transmembranové
receptory sprazené s G-proteinem, které se ucastni regulace odpovédi bunék na pfitomnost
extracelularnich proteindz. Doposud byly popsany ctyfi podtypy PARs: PAR1 (Rasmussen et
al. 1991; Vu et al. 1991), PAR2 (Nystedt et al. 1994), PAR3 (Ishihara et al. 1997) a PAR4 (Kahn
et al. 1998a; Xu et al. 1998), které se lidi specificitou pro své ligandy, proteindzy, a charakterem

signalnich kaskad nasledujicich po jejich aktivaci.

1.1.1 Struktura PARs

PARI (gen F2R - Factor 2 Receptor; Gene ID: 2149), PAR2 (gen F2RL1 - coagulation Factor 2
Receptor-Like 1; Gene ID: 2150) a PAR3 (gen F2RL2; Gene ID: 2151) jsou kédovany na dlouhém
raménku 5. chromozému (5q31), PAR4 (gen F2RL3; Gene ID: 9002) je kddovan na kratkém

raménku 19. chromozému (19p12). Kazdy gen je tvofen jednim intronem a dvéma exony, které



PART  TLDPRY“'SFLLRN
PAR2  SSKGR*SLIGKV
PAR3  TLPIK{**TFRGAP
PAR4  LPAPL{¥GYPGQV

Obrazek 1: Obecné schéma struktury PAR
Svislou Sipkou je zndzornéno misto stépeni proteindzou, barevné je vyznacena sekvence TL jed-
notlivych PARs, kterd se vdzZe na e2 klicku (schématicky barevné zndzornéno).

koduji signalni peptid a vlastni protein (Kahn et al. 1998a; Schmidt et al. 1997).

Z PARs byl zatim uspésné krystalizovan PAR1 s navazanym agonistou, vorapaxarem (Zhang et
al. 2012a). Krystalografické ziskani presné struktury GPCR, a zvlasté PARs, v aktivni konformaci
je diky termodynamické nestabilité aktivovaného receptoru komplikované a k udrzeni termo-
dynamické stability komplexu je potieba uzit specifickych modifikaci (mutace, fizni proteiny).
V aktivni konformaci byly proto z GPCR zatim popsany lidsky f2-adrenergni receptor, lidsky
receptor pro adenosin (A2A) a krysi receptor pro neurotensin.

Proteinazami aktivované receptory patii do IV-B topologické tridy integralnich membranovych

proteinti (kam kromé GPCR patii transportéry pro glukézu — GLUT, napétove fizené kalciové



kanaly a také napt. CFTR), které jsou tvofeny sedmi transmembranovymi a-helikdlnimi domé-
nami (TM1-TM?7), extracelularnim N-koncem a intracelularnim C-koncem. Soucésti N-konce
je signalni peptid o délce 17-26 aminokyselin a propeptid o délce 11-30 aminokyselin. Mezi
transmembranovymi doménami jsou tfi intracelularni (i1-i3) a tfi extracelularni (el-e3) klicky,
intracelularni C-konec je délky 13-51 aminokyselin. Terciarni struktura PARs je stabilizovana
kovalentni disulfidovou vazbou mezi cysteiny TM2 a e2 klicky (Adams et al. 2011b) (Obrazek 1).
Na zakladé dat z recentni uspésné krystalizace struktury PAR1 se ukazalo, ze PAR1 (a lze tedy
ocekavat ze i PAR2, PAR3 a PAR4) jsou vzdalenéj$imi pfibuznymi rodiny A GPCR (tzv. rhodo-
psinova rodina). Pfesnéji, PAR1 patti do 6-podrodiny spolu s purinergnimi, glykoproteinovymi
a ¢ichovymi receptory. Od 2-adrenergniho receptoru, strukturalniho i funkéntho ,etalonu”
GPCRs, se PAR1 (a dalsi PARs) lisi zejména zptisobem vazby ligandu a mechanismem konfor-
macni zmény, ktera prenasi informaci z extracelularniho prostredi k cytoplazmatickym domé-
nam interagujicim s G-proteiny.

Posttransla¢ni modifikace PARs zahrnuji N-glykosylaci N-konce, €2 a e3, ubiquitinylaci a fosfo-
rylaci na C-konci a i1-i3 a palmitoylaci na C-konci.

Na N-konci tzv. trombin-senzitivnich PARs, PAR1 a PAR3, jsou hirudinové domény, které usnad-
nuji vazbu trombinu, tfeti trombin-sensitivni PAR, PAR4, ale hirudinovou doménu neobsahuje
a vazba trombinu na PAR4 je nizkoafinitni a rychlost jeho disociace z PAR4 je snizena (Kahn et

al. 1998b).

1.1.2  Aktivace PARs

Ptirozenym ligandem PARs nejsou, jako v ptipadé jinych GPCRs, relativné jednoduché molekuly
(napt. katecholaminy), ale makromolekuly - proteinazy, které interaguji s N-koncem PARs, kte-
ry ve specifické sekvenci rozstépi, ¢imz dojde ke vzniku intrinsického neoligandu (tzv. tethered
ligand, TL), ktery se nasledné ireverzibilné vaze na e2 klicku PAR a tim jej aktivuje (Obrazek 2).
PARs tak Ize charakterizovat nejen vazebnym mistem a afinitou pro dany ligand (proteinazu), ale
i sekvenci na N-konci, kterou proteinaza $tépi a ktera je pro jednotlivé PARs specifickd (Obrazek
1)(Adams et al. 2011b).

Zasadnim poznatkem pro vyzkum a pochopeni i¢inku PARs na bunééné déje je princip ligan-

dové pleiotropie a receptorové redundance. Ligandova pleiotropie je zaloZena na schopnosti



Obrazek 2: Schéma aktivace PAR
Zelené je zndzornéna aktivujici proteindza, kterd odstépi cdst N-konce PAR; odhaleny TL na

N-konci se pak vdzZe na e2 klicku

jedné proteinazy aktivovat rizné PARs, receptorova redundance je schopnost jednoho PAR byt
aktivovany vice riznymi proteinazami. Spolu s tzv. biased agonismem, transaktivaci, homodime-
rizaci a heterodimerizaci PARs, interakcemi s jinymi makromolekulami a s fadou navazujicich
signalnich kaskad, které mohou byt s aktivaci PARs asociované se tak jedna o komplexni faktory

zasadné ovliviujici vysledné (pato)fyziologické déje.

1.1.3 Proteinazy

Od poloviny 60. let je znamo, Ze pepsin a chymotrypsin mohou navodit hormonadlni efekt ve tka-
nich, napt. syntézu glykogenu ¢i indukovat mitogenni aktivitu (Ramachandran et al. 2012). Tyto
poznatky postupné ukazaly, Ze proteindzy maji nejen digestivni, ale také signalni hormonalni
funkci. Podobné jako v ptipadé klasickych hormont je fyziologicka aktivita proteinaz realizovana
autokrinni, juxtakrinni a parakrinni sekreci a vyznamna je také jejich endokrinni aktivita, kterou
lze predpokladat u riznych patologickych stavii spojenych s masivnim uvolnénim proteinaz do
obéhu (typicky pfi akutni pankreatitidé ¢i diseminované intravaskularni koagulopatii). Vyznam
proteindz je mimo jiné podtrzen i faktem, ze priblizné 2 % lidského genomu koduje proteinazy
a jejich inhibitory (Hollenberg et al. 2014).

Pro pochopeni funkce PARs je tak zasadni vzit v potaz aktivitu proteindz schopnych interakce s
PARs za fyziologickych i patologickych podminek.

Ve vztahu k PARs lze proteinazy rozdélit na aktiva¢ni a inaktiva¢ni. Aktiva¢ni proteinazy §tépi



N-konec PAR a demaskuji TL, ktery nasledné PAR aktivuje. Inaktivacni proteinazy stépi N-konec
mimo oblast TL, blize k TM1, ¢imzZ sekvenci TL odstrani z dosahu svého vazebného mista na
receptoru.

Presné misto $tépeni N-konce PARs se pro rtizné proteinazy lisi. Kromé kanonickych sekvenci,
ve kterych jsou PARs §tépeny trombinem ¢i trypsinem, existuji i jina (nekanonickd) mista, ve
kterych dochdzi ke $tépeni N-konce jinymi proteindzami (Hollenberg et al. 2014) (Obrazek 3,
Obrazek 4). Navic bylo prokazano, Ze presné misto $tépeni PARs muize byt ovlivnéno i buné¢nym
typem, ktery dany PAR exprimuje. Na modelu karcinomu prsu $tépila MMP1 N-konec PAR1 na
fibroblastech ve stejném misté jako trombin (Obrazek 3) a potencovala tak invazivni rtist nadoru.
Na trombocytech vSéak MMP1 stépila PAR1 ve svém kanonickém misté (Obrazek 3) ¢imz doslo
k aktivaci jiné signalni drahy a RhoA kinazy (Canto et al. 2012).

Inhibice aktivity proteinaz (vedle downregulace PARs) je zasadnim regula¢nim mechanismem
jejich spravné fyziologické funkce. Proteolyticka aktivita proteinaz a jeji presna modulace je, v
ptipadé CNS, dulezita pro embryogenezi, synaptickou plasticitu a reparativni procesy v CNS
(Lendeckel a Hooper 2005). Inhibice proteindzy mtize nepfimo vést jak k zabranéni aktivace
PARs (inhibici aktivujici proteinazy) tak i podpore aktivace PARs inhibici inaktivujici proteinazy.
Timto se ke slozitosti na Grovni signalizace jednotlivych PARs, jejich interakcemi mezi sebou ¢i
jinymi receptory a rtiznymi aktivujicimi a inaktivujicimi proteinazami pridava dalsi faktor, ktery
interpretaci a snahu o porozuméni role PARs jesté vice komplikuje.

Ve fyziologii i patofyziologii organismu tak PARs spolu s proteindzami a jejich inhibitory tvori
komplexni a neoddélitelny funkéni celek a praveé specifickd konfigurace téchto jednotlivych prvki

spolu s prislusnymi intracelularnimi signalnimi déji urci vysledny fenotypicky efekt.

1.1.3.1 Mozkové proteindzy

Pfitomnost aktivni proteindzy v mozkové tkani implikuje jeji ilohu nejen v ramci digestivnich
¢i resorptivné-reparativnich déju, ale i jeji ulohu jako signalni molekuly, kterd interaguje s PAR
exprimovanym na povrchu bunky. V mozku je fada bunéénych typt a kazdy z nich muze ¢i
nemusi, at uz za fyziologickych ¢i patologickych podminek, PAR exprimovat. Pohled na bunku
(naptiklad neuron) jako na zodpovédného hospodare nabada k iivaze, Ze PARs jsou exprimovany

pouze pfi stavech, kdy bunka ,,o¢ekavd” pritomnost proteinazy ve svém okoli. Mozek jako velmi



dynamicka struktura tyto pozadavky ¢aste¢né spliuje, nicméné je potreba rozlisit, zda se jedna
o fyziologickou aktivitu proteinaz ¢i aktivitu indukovanou patogennim procesem. Z hlediska
patofyziologické role PAR2 a PARs obecné tak zalezi na charakteru léze. Zasadni je posouzeni
integrity hematoencefalické bariéry (typicky pfi ischemickych, hemoragickych, zanétlivych a
traumatickych 1ézich), ¢asovych aspekta (akutni inzult, napt. ischémie versus chronicky proces,
typicky neurodegenerativni onemocnéni) a patofyziologického podkladu onemocnéni (autoimu-
nitni, zplisobené exogenni noxou ¢i obecné noxou endogenni, naptiklad patologicky konformo-
vanym proteinem). PARs funguji v $ir§im kontextu jako pouhé ,,prevadéce” informaci z extrace-
lularniho prostiedi. Pro pochopeni role signalizace PARs v mozku je tak dtlezita znalost nejen
typu PAR, ale i priciny, kterd vedla k aktivité specifické proteinazy, ktera s danym PAR interaguje.
Ptvod proteinaz v mozkové tkani miize byt dvoji: 1) intrinsicky, syntézou a sekreci proteinaz
glidlnimi elementy, neurony a v $irs§im kontextu i endoteliemi ¢i pericyty mozkovych cév, nebo
2) extrinsicky, kdy proteinazy pochazi z krevni plasmy. Proteinazy extrinsického ptivodu maji
vyznam pii stavech s naruSenim integrity hematoencefalické bariéry (hemoragie, ischémie,
epilepticky paroxysmus, akutni zanétlivé onemocnéni) a jejich pisobeni je v mozku velmi ¢asto
neregulované (Lendeckel a Hooper 2005). V nasledujicim textu budou diskutovany, vzhledem k

zameéreni prace, pouze znamé intrinsické mozkové proteinazy.

1.1.3.1.1 P22

Proteinaza P22 byla piivodné purifikovana z mysiho mozku (Sawada et al. 2002), nicméné je
pfitomna i v lidském CNS. P22 je schopna stépit slozky extraceluldrni matrix jako je napriklad
laminin ¢i kolagen IV. Laminin v mozku slouzi mimo jiné jako podptirna struktura pro rtist neu-
ritd a pfezivani neuront a kolagen IV zajistuje integritu hematoencefalické bariéry. Neregulovana
aktivita P22 proto muize vyznamné prispivat k zaniku neuront a naruseni selektivni permeability
hematoencefalické bariéry (Wang et al. 2008).

Senzitivita k P22 byla zatim popsana pro PAR2 (Sawada et al. 2002). P22 tak miize aktivaci PAR2,
kromé své vlastni proteolytické aktivity, vyznamné prispivat k neuroprotektivnim ¢i neurotoxic-
kym déjam v mozku, pficemz ze studii zabyvajicich se roli PAR2 v CNS plyne, Ze vysledny efekt,
ktery mize byt protektivni ¢i toxicky, vzdy zavisi na charakteru inzultu. Konstitutivni aktivita

P22 v mozku je relativné nizka, nicméné po mechanickém inzultu byla na pfechodnou dobu v



kife a hipokampu jeji aktivita akutné zvySend (maximum v 8. hodiné po inzultu), a to nejen

ipsilateralné k mistu 1éze, ale i kontralateralné (Sawada et al. 2002).

1.1.3.1.2 Kallikrein 6

Kallikrein 6 (neurosin) byl ptivodné izolovan z tkané karcinomu prsu (Wang et al. 2008), ale
jeho pritomnost byla potvrzena i v lidském mozku (Scarisbrick et al. 2001). Inaktivni zymogen
kallikreinu 6 miize byt aktivovan ¢innosti enterokinazy a plasminu; kromé toho byla popsana
limitovana autoaktivacni a autoinaktiva¢ni schopnost samotného zymogenu, respektive aktivniho
kallikreinu 6 (Wang et al. 2008).

Kallikrein 6 je v CNS exprimovan na neuronech a glidlnich elementech a specificky aktivuje
PAR1 a PAR2. PAR4 je ,kallikrein 6 resistentni” a to i navzdory tomu, ze kallikrein 6 ma schop-
nost $tépit N-konec PAR4. Vyznam $tépeni N-konce PAR4 kallikreinem 6 tak miize spocivat
v jeho inaktivaci (Scarisbrick et al. 2001).

V mozcich pacientti s Alzheimerovou nemoci byla exprese kallikreinu 6 lokalizovana zejména
na mikroglii a v perivaskularnich prostorech, navic bylo prokazano, ze kallikrein 6 je schopen
$tépit N-konec APP (Wang et al. 2008).

Kallikrein 6 je vyznamny z hlediska patogeneze synukleinopatii, kdy byl s cytochromem c lo-
kalizovan v mitochondriich, ze kterych byl po stresovém inzultu translokovan do cytoplazmy.
U Parkinsonovy nemoci byl kallikrein 6 lokalizovan v centru Lewyho télisek a také bylo pro-
kazano, ze kallikrein 6 §tépi monomericky i oligomericky a-synuklein (Spencer et al. 2013).
V mozcich pacientti s nemoci s Lewyho télisky (klinicky bud Parkinsonovou nemoci ¢i demenci
s Lewyho télisky) i u transgenniho mysiho modelu byla snizena exprese kallikreinu 6 asociovdna
se zvy$enou akumulaci a-synukleinu a v neuronalni kultufe nasledna indukce exprese kallikreinu
6 vedla ke zlepseni synaptické integrity (Spencer et al. 2013).

Dalsim typickym zastupcem synukleinopatii je mnohotna systémova atrofie (MSA) charak-
terizovana predominantni degeneraci mozecku, kmenovych struktur, bazalnich ganglii i neo-
kortexu a pro kterou jsou patognomonické pocetné oligodendroglialni cytoplasmatické (méné
pak i neuronalni i jaderné) a-synuklein-imunoreaktivni inkluze. I v pfipadé MSA byl prokazan
inverzni vztah mezi koncentracemi kallikreinu 6 a akumulaci a-synukleinu. Podani kallikreinu

6 na my$im modelu MSA navic indukovalo snizeni akumulace a-synukleinu v oligodendroglii



doprovazené i zlepsenim klinického obrazu (Spencer et al. 2015).

Z vyse uvedeného vyplyva jednozna¢ny vztah mezi akumulaci a-synukleinu a koncentraci kalli-
kreinu 6. Bohuzel ani v jedné ze studii specificky se zabyvajicich timto vztahem (Spencer et al.
2013; Spencer et al. 2015) nebyla exprese ani aktivita PAR2 ¢i dalsich PARs zkoumana, a tak 1ze
o zapojeni PAR2 v ramci aktivity kallikreinu 6 v patogenezi synukleinopatii zatim jen spekulovat.
Vzhledem k expresi oligodendrocyty je role kallikreinu 6 dilezita i v patogenezi demyelinizu-
jicich onemocnéni. Na mysim modelu roztrousené skler6zy mozkomisni, experimentalni au-
toimunitni encefalitidé (EAE), byl u MOG (myelin oligodendrocyte glycoprotein)-indukované
EAE kallikrein 6 zvysené exprimovan v periplakové bilé i Sedé hmoté (Terayama et al. 2005a).
Podobna situace byla zjisténa i u PLP (proteolipid protein)-indukované EAE (Blaber et al. 2004).
U obou modeltt EAE (MOG- a PLP-indukovanych) byl uzitim kallikrein 6 inaktivujicich protila-
tek zpomalen nastup a snizena zavaznost onemocnéni (Blaber et al. 2004; Terayama et al. 2005a;
Wang et al. 2008). S témito vysledky pak kontrastuje studie na cuprizonem-indukované EAE, ve
které byl kallikrein 6 dtlezity pro spravnou remyelinizaci po poskozeni CNS (Bando et al. 2006).
Kromeé vyse uvedenych ,,primarnich” nemoci myelinu je kallikrein 6 zvy$ené exprimovan v okoli
ischemickych a traumatickych 1ézi a mize pres PAR1 a PAR2 indukovat poskozeni neuront
(Yoon et al. 2013). Navic bylo prokazano, ze kallikreinem 6 aktivovany PAR2 pfispiva k degene-
rativnim zménam asociovanymi s traumatickym postizenim michy (Radulovic et al. 2015). Takto
aktivovany PAR2 indukuje aktivitu STAT3 a tim stimuluje sekreci IL-6 z astrocyt, ktery se podili
na zvy$eni exprese GFAP a vyvoji reaktivni astrogliézy (Radulovic et al. 2015).

Kromé aktivace PAR2 s naslednym neuroprotektivnim nebo neurotoxickym efektem tak miize
vlastni proteolyticka aktivita kallikreinu 6 pfispivat nejen k patogenezi fady nemoci CNS zahrnu-
jici Alzheimerovu nemoc, Parkinsonovu nemoc ¢i demyelinizujici onemocnéni, ale i k pribéhu

reparacnich procestii v CNS (Wang et al. 2008; Radulovic et al. 2015).

1.1.3.1.3 Kallikrein 8

Kallikrein 8 (neuropsin) je serinova proteinaza, ktera je v lidském a my$im mozku exprimovana
v limbickych strukturach, zejména pyramidovych neuronech poli CA1-CA3 hipokampu (Wang
et al. 2008).

Specificita kallikreinu 8 vii¢i PARs je zatim stdle nejasnd (Wang a Liu 2008). Kallikrein 8 je



v mozku secernovan do extracelularni matrix a jeho preferen¢ni exprese v hipokampu mtize byt
spojena s jeho vlivem na synaptickou plasticitu, rist neuritii ¢i dlouhodobou potenciaci (Wang
et al. 2008). Kromé tohoto podilu na fyziologickych procesech byla exprese kallikreinu 8, ob-
dobné jako kallikreinu 6 v modelu EAE, zvy$ena na oligodendrocytech exprimujicich CNPazu
a pozitivné asociovana s progresi demyelinizovanych lézi (Terayama et al. 2005b). Negativni vliv
aktivity kallikreinu 8 byl pozorovan i na modelu traumatického postizeni michy, kdy prispival k

degeneraci axont a oligodendrocytt (Terayama et al. 2007).

1.1.3.1.4 TrypsinlV

Trypsinogen IV, poprvé identifikovany v mozku, je exprimovan neurony i glidlnimi elementy,
zejména astrocyty, a oznacuje se jako tzv. mozkovy trypsinogen. Vznika alternativnim sestfihem
genu pro mesotrypsinogen, ktery je vedle kationického a anionického trypsinogenu jednou ze
tfi isoforem trypsinogenu popsanych v pankreatu. Rozdil mezi mesotrypsinogenem a trypsi-
nogenem IV je v jejich N-konci, kdy trypsinogen IV postrada klasickou signalni sekvenci a je
tak mozné, Ze se jednd o cytoplasmaticky protein. Pritomnost trypsinogenu IV v extraceluldrni
matrix mozku v8ak naznacuje, ze k jeho sekreci dochazi, a to nejspise diky pritomnosti furinové
domény. Navic je pravdépodobné, ze ptivodné intraceluldrni protein mutize byt do mezibuné¢ného
prostoru uvolnén pfi poskozeni bunky (Wang et al. 2008).

Tak jako pankreatické isoformy trypsinogenu jsou stépitelné a aktivovatelné enterokindzou, je i
trypsinogen IV cilem pro mozkovou enterokinazu, ktera je v malych mnozstvich detekovatelna
v extracelularni matrix mozku. Aktivni trypsin IV vznikly aktivitou enterokinazy je navic totozny
s mesotrypsinem (pankreatickou isoformou). Studie zabyvajici se specificitou trypsinu vici PARs
pridly s rozdilnymi vysledky, které zavisely na experimentalnich podminkach, zejména druhové
specificité ¢i typu pouzitych bunéénych kultur. Ve vybranych lidskych epitelovych extrapankre-
atickych bunécnych liniich maze lidsky mozkovy trypsin IV aktivovat PAR2 a PAR4 (Cottrell et
al. 2004), v krysi bunécné kultufe neurondlnich dorsalnich ganglii miize aktivovat PAR1 a PAR2
(Knecht et al. 2007) a rekombinantni lidsky mesotrypsin aktivuje v astrocytarni kultufe PAR1 a
neaktivuje PAR2 (Wang et al. 2006b). Senzitivita jednotlivych typti PARs k trypsinu IV je proto
stale kontroverzni, nicméné zasadni pro pochopeni protektivniho ¢i toxického ptisobeni PARs v

CNS. Vysledky studii jsou zatim spi$e nejednoznacné a zda se, Ze trypsin IV miize, podle uzitého



modelu, aktivovat PAR1, PAR2 i PAR4 (Wang et al. 2008).

1.1.3.1.5 Neurotrypsin

Neurotrypsin je serinova proteindza exprimovand v mozku i dalsich organech. V. mys$im mozku je
neurotrypsin exprimovan v rozdilnych koncentracich béhem embryogeneze s vrcholem exprese
v hipokampu a neokortexu priblizné 10. postnatalni den a nejspise se proto jedna o proteinazu
dalezitou pro vyvoj CNS (Wang et al. 2008). V dospélém mys$im mozku je neurotrypsin expri-
movan zejména v limbickych strukturach (Wang et al. 2008).

Specificita neurotrypsinu k PARs je zatim stale nejasna. Z patofyziologického hlediska je zaji-
mavé, Ze delece v 7. exonu genu pro neurotrypsin (PRSS12; 4q28) jsou spojeny s autozomalné
recesivni mentalni retardaci (OMIM 606709) (Molinari et al. 2002), coz jen potvrzuje dilezitou

funkci neurotrypsinu ve vyvoji CNS.

1.1.3.1.6 Tkanové metaloproteinazy

Matrixové metaloproteinazy (MMPs) a ADAMs (a desintegrin and metalloproteinases) tvori sku-
pinu metaloproteindz (v aktivnim centru s metioninem a Zn**) s vyznamnou roli v embryogenezi
a patogenezi fady onemocnéni. MMPs se déli na extracelularni a membranové MMPs; ADAMs
jsou molekuly membranové a ptisobi jako tzv. sheddases, enzymy odstépujici z cytoplasmatické
membrany bunky jiné molekuly (Baranger et al. 2014). Tkanové inhibitory metaloproteinaz
(TIMPs) inhibuji aktivitu MMPs a ADAMs. Aberantni aktivitu MMPs, ADAMs a TIMPs lze
zjistit v patogenezi cerebrovaskularniho poskozeni, demyelinizacnich procesi, nadorovych a
zanétlivych onemocnéni CNS a také u neurodegenerativnich onemocnéni (Baranger et al. 2014;
Lorenzl et al. 2004; Lorenzl et al. 2002). Podrobny piehled tlohy metaloproteinaz a jejich inhi-
bitortd v patogenezi nemoci CNS je shrnut v prehledném c¢lanku (Baranger et al. 2014).

PARs, které mohou byt aktivovany MMPs, jsou zejména PAR1 a PAR2, nicméné v mozku je

presnd interakce MMPs a PARs spi$e nejasna.

1.1.4 Inhibitory proteinaz
Z pohledu aktivity PARs jsou, stejné jako aktivujici a inaktivujici proteinazy, velmi dulezité
inhibitory proteinaz. Je to pravé aktivita inhibitorti proteindz, ktera, kromé jejich syntézy a

sekrece, vyznamné ovliviuje jejich dostupnost pro PARs a tim nepfimo ovliviiuje bunécnou,
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PAR-asociovanou, odpovéd. Mezi zakladni inhibitory proteindz patfi tzv. serpiny (serpin - serine
proteinase inhibitor), TIMPs ¢i cystatiny inhibujici cathepsiny.

V mozku jsou zatim nejlépe popsany serpiny. Mechanismus ptsobeni serpind je zalozen na
principu ,,navnady” - serpin se kovalentné navaze do aktivniho centra serinové proteinazy,
ktera jej rozstépi a tim dojde k ireverzibilni konformacni zméné aktivniho centra proteinazy a
ireverzibilni inhibici jeji aktivity.

Mezi nejvyznamnéjsi mozkové serpiny patfi nexin-1. Nexin-1 je inhibitorem trombinu, v mozku
je exprimovan neurony i glidlnimi elementy a ve spinalnich motorickych neuronech je exprimo-
van spolu s PAR1 (Wang et al. 2008). Koexpresi nexinu-1 a PAR1 je zajisténa regulovana aktivita
trombinu, zcela nezavisla na PAR1 (na rozdil od regulace zaloZené na modifikaci N-konce PAR1
¢i jeho downregulaci). Dalsim serpinem v CNS je neuroserpin, ktery inhibuje aktivitu tkanové-
ho aktivatoru plasminogenu (tPA) a i v tomto pfipadé jsou neuroserpin a tPA koexprimovany.
Serpin PAI-1 (plasminogen activator inhibitor I), je v CNS zvySené exprimovan astrocyty pfi
ischémii a naruseni hematoencefalické bariéry. Exprese PAI-1 pericyty je indukovana aktivaci
PARI, ¢imz je zajisténa regulace aktivity serinovych proteinaz podobné jako v pfipadé nexinu-1
(Wang et al. 2008).

Aberantni koncentrace PAI-1 a dal$ich inhibitorti a aktivatort plasminogenu byly zjistény v moz-
cich pacientii s Alzheimerovou nemoci (Barker et al. 2012) a zvy$ené koncentrace PAI-1 byly de-
tekovany v mozkomi$nim moku pacientti s minimalnim kognitivnim deficitem (Oh et al. 2014).
Ve vztahu k Alzheimerové nemoci byl zkouman dalsi serpin, al-antichymotrypsin, ktery je
v mozcich pacientti s Alzheimerovou nemoci, zvy$ené exprimovan aktivovanymi astrocyty a je
tak mozné, ze se podili na dysregulaci clearance AB (Abraham 2001).

Znalosti o endogennich mozkovych proteinazach, jejich inhibitorech a specificité vici jednot-
livym PARs jsou stale limitované. Je to pravé komplexita dana vztahem mezi aktivujicimi ¢i
inaktivujicimi proteinazami, ,,jejich” serpiny a specificitou vii¢i riznym typtim PARs, ktera je
zcela zasadni pro pochopeni funkce PARs v CNS a jeji experimentalni modelovani. Pouze takto
komplexni pristup pak mtize byt podkladem pro vyuziti serpinii ¢i proteinaz jako terapeutické

modality.
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1.1.5 Obecny vztah PAR-ligand

V klasickém pohledu na receptorovou biologii je agonista receptoru molekula, ktera ma schop-
nost vazby a aktivace daného receptoru; antagonista je molekula, ktera inhibuje ti¢inek agonisty,
bud pfimou kompetici o vazebné misto na receptoru nebo vazbou na receptor a alosterickou
modulaci funkce receptoru.

V pripadé PARs je viak klasické pojeti agonisty (a antagonisty) nepfesné. Agonistou PAR je, sen-
su stricto, PAR samotny, konkrétné sekvence TL na N-konci, kterd je demaskovana proteolyzou
N-konce (Adams et al. 2011b).

Znalost sekvence TL a jeho komplementéarni sekvence na e2 kli¢ce jednotlivych PARs umoznila
syntetizovat oligopeptidy, které se vazi na e2 klicku PAR a mohou tak napodobit tllohu agonisty ¢i
antagonisty. Zavedeni syntetickych oligopeptidti vyznamné zjednodusilo vyzkum funkce PARs a
charakterizaci zdkladnich signalnich déji a jejich vliv na fenotyp bunky. Z metodického hlediska
jde o velmi cenné, a pro funkéni studie PARs zcela nezbytné prvky, které umoznuji selektivni
inhibici ¢i aktivaci daného PAR (napf. PAR1) a tim napfiklad presnéjsi charakterizaci déjii na-
vozenych aktivaci neinhibovaného PAR (napf. PAR2) (Adams et al. 2011b).

Synteticky oligopeptid modulujicich funkci PARs byl jiz tspé$né vyuzit v ramci terapeutického
ovlivnéni funkce PAR1 (French 2015).

Na tomto misté je tfeba zminit, ze aktivace ¢i inhibice PARs pomoci syntetickych oligopeptida
je pro PARs velmi nefyziologicka, protoze nerespektuje konformacni zmény navozené vazbou
proteindz ani mozné vztahy mezi PARs a dal$imi transmembranovymi molekulami. Bylo proka-
zano, ze napriklad aktivace PAR1 trombinem a PAR1-aktivujicim peptidem indukovala odlisné
signalni drahy. V kontextu tzv. ,biased signalizace” PARs je, mimo jiné, charakter ligandu (pro-
teindza versus synteticky oligopeptid) zcela zasadni pro spravnou interpretaci a translaci vysledka
do farmakologického vyuziti PARs (Zhao et al. 2014).

O proteinaze lze hovofit jako o agonistovi PAR z funkéniho hlediska, protoze je to jeji prote-
olyticka aktivita, ktera vede k aktivaci PAR. Analogicky, inaktivujici proteindza svou vazbou
PAR neinhibuje, ale je to jeji proteolyticka aktivita, kterd odstrani ¢ast N-konce se sekvenci TL
z dosahu vazebného mista na PAR. V $irsim slova smyslu tak Ize mezi inhibitory funkce PARs

zaradit také proteindzy, které inhibuji aktivujici proteinazy a tim i funkci PARs i pfes to, Ze se s
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PARs bezprostfedné neinteraguji. Recipro¢né lze o inhibitorech proteindz uvazovat jako o mo-
lekulach podporujicich signalizaci PARs, protoze mohou inhibovat také inaktiva¢ni proteinazy.
Dalsi zasadni rozdil oproti klasickym receptorovym agonistiim ¢i antagonistiim je ten, Ze pro-
teinazy jsou makromolekuly s mnohondasobné vyss$i molekulovou hmotnosti nez naptiklad ka-
techolaminy. Do hry tak vstupuji velmi komplexni alosterické vztahy mezi proteindzami, PARs
a dal$imi makromolekulami.

V ramci organismu tak existuje komplexni prostfedi, v némz se vyskytuje fada proteinaz s riznou
afinitou k PARs, které mohou PARs aktivovat i inhibovat, které mohou o vazbu na PAR kom-
petovat a navzdjem antagonizovat své pusobeni. Ddle se v tomto prostiedi vyskytuji inhibitory
proteindz s riznou schopnosti inhibovat jejich proteolytickou aktivitu a tim ovlivnit aktivitu
PARs. Tato komplexita je zasadnim limitujicim faktorem pro vyzkum biologie PARs, hodnoceni

nasledné aktivity signalnich drah a pfenosu ziskanych poznatkt do sirsiho kontextu, napriklad

patogeneze nadorovych nebo fibrotizujicich onemocnéni.

1.2 Signalizace a regulace aktivity PARs

Poznéni na poli signdlnich mechanismii PARs a GPCRs obecné doznalo béhem poslednich deseti
let obrovského rozmachu. Kromé klasickych (tzv. kanonickych) signélnich kaskad navazujicich
na aktivované G-proteiny byly popsany drahy spojené s aktivitou -arrestinti. Fenomén ,biased
signaling” je v biologii GPCRs a PARs relativné novy, nicméné je jiz pevné etablovan v chapani
signaliza¢ni rozmanitosti molekul a umoznuje ¢aste¢né vysvétlit mechanismy rozdilnych efektti
na buné¢nou odpovéd pri aktivaci stejného receptoru. Stejné jako u jinych GPCRs jsou u PARs
postupné popisovany komplexni mezireceptorové interakce — homodimerizace, heterodimeriza-
ce a transaktivace jednotlivych PARs mezi sebou i mezi PARs a receptory z jinych skupin GPCRs
¢i dalsich receptorovych rodin. Komplexita signalizace PARs je dale potencovana receptorovou
pleiotropii, ligandovou redundanci a sterickymi vlivy jinych membranovych molekul v jejich

tésné blizkosti.

1.2.1 Signalizace G-proteiny

Klasicky mechanismus aktivace GPCR je zalozen na vazbé ligandu, ktera indukuje konformac-
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ni zménu intracelularnich domén GPCR a aktivaci tzv. G-proteint (GTP-vazajicich proteini).
G-proteiny mohou byt monomery (napf. proteiny Ras, Rab, Rho a dalsi) ¢i heterotrimery sesta-
vajici z monomeru Ga a dimeru Gfy.

Obé podjednotky, Ga a Gy, jsou zakotveny ve vnitfnim listu cytoplasmatické membrany a
v kontaktu s C-terminalni a TM doménami GPCR. Vazba ligandu vede ke konformacni zméné
C-konce, ktera indukuje disociaci podjednotky Ga od GBy komplexu. Oba systémy, Ga a GPy,
pak aktivuji systém tzv. druhych posli, které maji vliv na celou fadu bunéénych déji véetné
desenzitizace aktivovaného GPCR. Podle aktivovaného systému druhych poslii je podjednotka

Ga ddle subtypizovina - nejvyznamnéjsi podtypy jsou Ga, Ga, Ga a Ga, .. Podjednotka Ga,

.
stimuluje a Ga. inhibuje aktivitu adenylatcyklazy (AC), ktera pfeméni AMP na cyklicky adenosin
monofosfat (cAMP). Cyklicky AMP aktivuje proteinkinazu A (PKA), ktera dale aktivuje fadu
dalsich signdlnich molekul, zejména MAPK. Podjednotka Ga_ aktivuje fosfolipazu C (PLC), kterd
$tépi membrdnovy fosfatidylinositol-4,5-difosfat (PIP,) na diacylglycerol a inositol-1,4,5-trifos-
fat (IP,). Diacylglacerol nésledné aktivuje proteinkindzu C (PKC) a IP, se vdZe na IP,-sensitivni
kalciové kanaly na hladkém endoplasmatickém retikulu, ze kterého se nasledné uvolni do cyto-
plasmatického kompartmentu deponované ionty kalcia. Podjednotka Ga,, ,, aktivuje RhoGEF a
RhoA, pres které jsou dale aktivovany dalsi systémy kinaz (Siehler 2009).

Dimer GBy miize aktivovat ¢i inhibovat fadu signalnich systému a ovliviiuje zmény cytoskeletu,
moduluje aktivitu napétové fizenych kalciovych kandlti a tim ovliviiuje koncentraci intracelular-
niho kalcia a mize modulovat aktivitu AC i PLC (Tomankova a Myslivecek 2011).

Tradi¢ni pohled na signalizaci G-proteiny uvazuje, Ze se tato signalizace odehrava v ramci cy-
toplazmatické membrany. Recentni data vSak ukazuji, Ze internalizovany GPCR (konkrétné
f2-adrenergni receptor) muze po aplikaci agonisty isoprenalinu jesté¢ omezenou dobu akti-
vovat Ga, a odpovidajici druhé posly (cAMP-PKA draha) i z endosomélniho kompartmentu
(Irannejad et al. 2013).

Doposud bylo prokazano, Ze PARs jsou sprazeny s Ga, Ga;, Ga_a Ga,,  , proteiny (Gieseler et

12/13
al. 2013) (Obréazek 3, Obrazek 4).
Zasadni pro biologii PARSs je, ze po aktivaci riznymi proteindzami byla u rtiznych PARs indu-

kovana riznd signdlni drdha — napf. elastdza indukovala na PAR1 Ga, a na PAR2 Rho/ERK1/2
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Obrazek 3: Zjednodusené schéma signalizace PAR1

Jednotlivé proteindzy (PR3 proteindza 3; MMP1 tkdriovd metaloproteindza 1; NE elastdza neutro-
fild; APC aktivovany protein C), pfislusné sekvence TL a ndsledné aktivované signdlni drdhy jsou
barevné odliseny.

drahu. Na druhou stranu, trypdza mize pfes PAR2 indukovat Ga,, Ga, Ga, i Ga,,,; podjednotky
a tak vede az k protichiidnym efektim (Ga, x Ga,) (Canto et al. 2012). Toto analogicky platii pro
aktivaci PARs syntetickymi oligopeptidy, kdy aktivace PAR proteindzou muize mit opacny efekt
nez aktivace daného PAR syntetickym oligopeptidem. Naptiklad PAR1 aktivovany trombinem

indukuje Ga,  , signalizaci, zatimco synteticky agonista PAR1 (SFLLRN) preferuje aktivaci Ga_

12/13
signalizace (Obrazek 3) (McLaughlin et al. 2005).
Je tedy zfejmé, Ze signalizace PARs podléha komplexnim déjum, pro které neni pouhy vztah

proteinaza-PAR dostate¢ny k porozumeéni a vysvétleni mechanismu tG¢inku dané proteinazy
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Obrazek 4: Zjednodusené schéma signalizace PAR2
Jednotlivé proteindzy, pFislusné sekvence TL a ndsledné aktivované signdlni drdhy jsou barevné
odliseny.

pres dany PAR. Stejné jako u jinych GPCRs se i u PARs uplatnuji jiné, neklasické (nekanonické)
zpusoby aktivace a interakce jednotlivych PARs mezi sebou (homodimerizace, heterodimerizace,

transaktivace).

1.2.2 B-arrestiny

Aktivované PARs mohou (stejné jako i jini ¢lenové rodiny GPCR) interagovat kromé G-proteinu
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i s jinymi adaptorovymi proteiny. Nejlépe charakterizovanymi adaptorovym proteiny jsou arresti-
ny (DeWire et al. 2007). Rodina arrestin je tvofena ¢tyfmi ¢leny, dva jsou exprimovany v sitnici
(arrestin-1 v tycinkach a arrestin-2 v ¢ipcich) a dva jsou ubikvitni (B-arrestin 1 a p-arrestin 2)
(DeWire et al. 2007). Recentné byly popsany dalsi proteiny s obdobnymi vlastnostmi, a-arrestiny
a Vps26 (Kang et al. 2014). Nazev ,arrestiny” je odvozen od jejich schopnosti narusit sprazeni
G-proteinu s GPCR a tim zastavit signalizaci GPCR. B-arrestiny se vazi na fosforylované C-konce
GPCRs a dosud byly popsany 2 zakladni funkce -arrestini:

1) interakce s C-koncem GPCR, adaptorovym proteinem AP2 a clathrinem vedouci k
desenzitizaci, internalizaci a downregulaci GPCRs a

2) indukce sestaveni signalnitho komplexu na C-konci GPCRs.
Vzhledem k propojeni téchto dvou funkci se B-arrestiny vétsinou internalizuji spolu s akti-
vovanym GPCR v ramci jeho downregulace a pfitom mize dojit k aktivaci dalsich signalnich
mechanismi zahrnujici ERK1, ERK2 a JNK3 (Reiter et al. 2012).
V pripadé PARs byla interakce s f-arrestiny popsana pro PAR1 a PAR2, znalosti o vztahu p-a-
rrestint a PAR3 a PAR4 jsou stale spise omezené. U PARI byla po aktivaci trombinem a APC
popsana signalizace B-arrestinem s aktivaci ERK1/2 a Racl-Akt systému (Zhao et al. 2014).
Vazba B-arrestinu na PAR2 je naopak klicovym krokem v procesu internalizace PAR2, nicméné i
v tomto pripadé se zda, ze komplex PAR2-B-arrestin miize signalizovat z kompartmentu casnych

endosom, ze kterych je spusténa dalsi vina kaskad zahrnujici Rafl a ERK (Gieseler et al. 2013).

1.2.3 Biased signalizace

Komplexita signalizace a regulace aktivity GPCRs (a tim i PARs) je demonstrovana relativné
novym konceptem, tzv. biased signaling (Luttrell et al. 2015).

Klasicky koncept aktivace GPCR pocita s vyse popsanou vazbou ligandu a naslednou aktivaci
G-proteinu a nové i se signalizaci B-arrestiny. V klasickém modelu tak ligand, ,nonbiased”
agonista aktivuje z kvantitativniho hlediska receptor zcela ¢i ¢aste¢né (tzv. parcidlni agonista),
nicméné kvalitativné ,vyuzije” cely signaliza¢ni repertoar, ktery ma dany receptor k dispozici.
»Biased agonista” ale po vazbé na GPCR preferuje (je ,,biased”) signalizaci jednim systémem (pres
G-protein nebo B-arrestin), pficemz nevyuzita signaliza¢ni receptorova alternativa je neaktivni

¢i dokonce aktivné inhibovana. Koncept ,,biased” agonismu je zasadni pro vyvoj a vyuziti arte-
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ficidlnich agonistd, protoze jen znalost vSech moznych variant signalizace danym receptorem
muze spolehlivé podat informaci o funkci daného receptoru a jeho mozném farmakologickém
vyuziti (Luttrell et al. 2015).

V pripadé PARs je funkéni selektivita zasadnim mechanismem regulace bunécnych déji a z hle-
diska vyzkumu PARs problematickym aspektem. Rada proteindz nestépi N-konec PARs pouze
v ,kanonické” sekvenci, ale v riznych mistech na N-konci. S tim se také lisi jejich vazebné misto
a komplexni sterické vztahy nejen v ramci aktivovaného receptoru, ale i v kontextu vii¢i okolnim
makromolekuldam. V ptipadé PARI je to kompartmentalizace s EPCR v kaveolach cytoplazmatic-
ké membrany, v pripadé PAR2 je to jeho aktivace elastazou neutrofili, které vyznamné modifikuji
»kanonickou” signalizaci PAR1, respektive PAR2 (Ramachandran et al. 2011; Russo et al. 2009).
I pouhd vazba jiné proteinazy muze u PAR preferovat jinou signalni drahu. Jako u GPCRs obec-
né se i u PARs jedna zejména o zakladni preferenci signalizace bud pres G-proteiny na strané
jedné, nebo pres B-arrestin na strané druhé. Rovnovaha a podil jednotlivych signalti (G-protein
vs. B-arrestin) v kombinaci s komplexni homologni a heterologni regulaci aktivity PARs ma pak
zasadni vliv na vysledny (pato)fyziologicky efekt a vyznamné ovliviiuje farmakologicky vyzkum
a moznosti terapeutického vyuziti GPCRs vcetné PARs (Griffin et al. 2015; Luttrell et al. 2015;

Zhao et al. 2014).

1.24 Ukonceni signalizace PARs

Obecné se v ramci regulace aktivity GPCRs (a PARs) mluvi o tzv. desenzitizaci a downregulaci.
Desenzitizace je rychly proces, pti kterém nedochazi k redukci po¢tu molekul GPCRs na mem-
brané, downregulace je pak proces, ktery trva déle a dochdzi pfi ném ke snizeni poctu GPCRs
pomoci endocytdzy. Zakladni mechanismy desenzitizace a downregulace PARs jsou analogické
ostatnim ¢lentim superrodiny GPCR a zahrnuji 1) disociaci ligandu z jeho vazebného mista
na N-konci a 2) fosforylaci serint a threoninti na C-konci a kli¢ce i3 aktivitou PKA a PKC a
kindzami asociovanych s GPCR (GRKs). Aktivita GRKs nasledné zvysi afinitu B-arrestini k fo-
sforylovanému C-konci GPCR. Fosforylaci C-konce PAR a vazbou B-arrestinu dojde ke sterické
blokaci interakce PAR s G-proteinem. V pripad¢ aktivity PKA a PKC miize dojit i k fosforylaci
C-koncti dalsich, neaktivovanych, GPCRs - tzv. heterologni regulaci. Pokud GRKs fosforyluji

pouze aktivovany GPCR jedna se o tzv. homologni regulaci (Tomankova a Myslivecek 2011).
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Regulace aktivity PARs je, vzhledem ke specifickému zpiisobu jejich aktivace, zaloZena predevsim
na modulaci komplexnich sterickych zmén celého receptoru a na aktivité vy$e zminovanych ki-
naz (PKA, PKC, GRKs) a -arrestinti. Podle klasického modelu se B-arrestiny vazi na jiz fosfory-
lovany C-konec PAR a tato interakce vede k definitivnimu ukonceni signalizace PAR. B-arrestiny
pak slouzi jako zakladni prvek pro sestaveni internalizacniho komplexu, nejcastéji s clathrinem,
dynaminem a AP2, ktery nasledné vede k internalizaci PAR do endosomalné-lyzosomalniho
kompartmentu. Tento proces je oznacovan jako downregulace PARs (GPCRs).

Prestoze obecné plati, ze k internalizaci GPCRs je potfeba vazby p-arrestinu a jeho interakce
s AP2 a clathrinem, nékteré GPCRs B-arrestin k internalizaci nepotfebuji a misto toho mohou
svym C-koncem interagovat s AP2 pfimo nebo, jsou-li ubiquitinylované, s jinymi adaptorovymi
proteiny jako je napriklad epsin-1 (Marchese et al. 2008; Soh et al. 2010; Zhao et al. 2014), které
se na internalizaci mohou rovnéz podilet. Ubiquitinylace ma v§ak kromé regula¢niho vlivu na
internalizaci a degradaci PARs, také vliv na aktivaci nékterych druhych posli. V pripadé ubiqui-
tinylovaného PARI to je preferencni aktivace MAP kinazy p38, ktera nasledné indukuje zvyseni
endotelidlni permeability (Grimsey et al. 2015).

Pfesny mechanismus desenzitizace jednotlivych PARs neni zatim dobte objasnén. Oproti jinym
¢lentim superrodiny GPCRs se PARs vyznamné lii svym osudem po internalizaci do endosomal-
né-lyzosomalniho systému. PARs jsou vazbou TL na e2 klicku aktivovany jednorazoveé a trvale
a po jejich internalizaci neni jejich recyklace zpét na cytoplasmatickou membranu mozna. Po
prechodné fazi v casnych endosomech mifi PARs do lyzosomil, kde jsou degradovany.
Downregualce PAR1 probiha cestou fosforylace C-konce receptoru GRKs a PKA ¢i PKC a deu-
biquitinylace, interakce s epsinem-1 a sestavenim AP2-clathrin-dynaminového komplexu a
internalizaci, uloha P-arrestini je v internalizaci PARI velmi omezend. PARI je, kromé této
atypické nete¢nosti k B-arrestintim, odli$ny také tim, ze k namireni do lyzosomu nepottebuje
vSechny ¢leny ESCRT (endosomal sorting complexes required for transport). Naopak je pro néj
dalezita interakce s adaptorovym proteinem ALIX (ALG-2-interacting protein X), ktery premos-
ti vétsinu ¢lend ESCRT a interaguje az s ESCRT-III, ¢imz navede PAR1 do multivezikularnich
télisek (Marchese a Trejo 2013).

V kontextu PARs je dtilezité brat také v potaz substratovou specificitu aktivujicich proteindz,
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ktera je podkladem ,,biased signalizace® a tudiz i potencidlné ,biased downregulace® PARs.
Toto bylo zatim prokdzano na p2-adrenergnim receptoru, kdy byly aktivitou rtznych agonistt
aktivovany rizné GRKs, které rozdilné fosforylovaly C-konec B2-adrenergniho receptoru, ¢imz
vznikl jakysi fosfatovy kéd pro vazbu B-arrestint. Kinazova aktivita riiznych GRKs navic nemusi
byt k navazani f-arrestind a nasledné internalizaci GPCR dostate¢na; u p-opiodniho receptoru
byla tato ,,nedostate¢nost” prokdzana pro GRK5. Shodou okolnosti se jedna o stejnou GRK, ktera
fosforyluje C-konec PARI na lidskych endotelovych bunkach a funkéni vztah PAR1-GRKS je tak
moznou pri¢inou, pro¢ nejsou B-arrestiny zapojeny do downregulace PAR1 (Zhao et al. 2014).
Vazba B-arrestinu 1 a -arrestinu 2 nasledovanad internalizaci receptoru je naopak hlavni cestou
downregulace PAR2. Aktivace PAR2 indukuje fosforylaci C-konce PAR?2, ktera umozni pevnou
vazbu [B-arrestind a endocytézu PAR2 do endosomalné-lyzosomalniho systému aktivitou ESCRT.
PAR2, na rozdil od PARI, vyuziva pii své cesté do lyzosomt vSech ¢lend ESCRT (Ramachandran
etal. 2012).

Presnéjsi mechanismy desenzitizace PAR3 a PAR4 jsou zatim spiSe neznamé. Pro PAR4 bylo
zatim prokazano, ze jeho downregulace probihda pomaleji nez u PAR1 a s moznym podilem
B-arrestinu 2 (Ramachandran et al. 2012).

Pfesné mechanismy internalizace a nasledného tfidéni PARs v ramci endosomalné-lyzosomal-
niho systému jsou v soucasné dobé predmétem intenzivniho vyzkumu. Zatim nejlépe popsanym
mechanismem je ubiquitinylace a deubiquitinylace lysinti na i1-i3 klickach a C-konci PARs
(Marchese et al. 2008; Marchese a Trejo 2013). Internalizace GPCR vs$ak nemusi vzdy znamenat
ukonceni signalizace, protoze nékteré GPCRs mohou z endosomtl signalizovat pomoci aktivo-
vanych G-proteint i pres -arrestiny (Irannejad et al. 2013). Endosomalni signalizaci tak nelze

vyloucit ani pro nékteré typy PARs, zejména PAR2, ktery s f-arrestiny interaguje.

1.2.5 Posttranslacni translokace PARs na cytoplazmatickou membranu
Exprese PARs na membranach probihd vzhledem k ireverzibilni povaze jejich aktivace z de novo
syntetizovanych PARs lokalizovanych v membrandach sekre¢nich vezikul. Regulace transportu
PARs v ramci vezikuldrniho sekre¢niho systému bunky sice podléha mechanismim spole¢nym
pro vSechny transmembranové molekuly, presné mechanismy regulace vesikularniho transportu

PARs z a do cytoplazmatické membrany vSak dosud nejsou znamy a jsou predmétem intenzivni-
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ho vyzkumu. Doposud ziskané poznatky ukazuji, ze se jedna o zna¢né komplexni proces a zZe se
jednotlivé typy PARs mohou pravdépodobné navzdjem ovliviiovat. Pfikladem mtiZe byt interakce
PAR2 a PAR4, kdy je pro spravnou expresi PAR4 na membrané bunky potteba jeho interakce
s PAR2, ktera je navic facilitovana proteinem 14-3-3C (Cunningham et al. 2012).

Pro cileni PARs na membranu je dilezita posttransla¢ni modifikace jejich C- a N-konci. V ptipa-
dé PARI je palmitoylace N-konce signalem pro translokaci PAR1 do kaveol (Canto a Trejo 2013),
v pripadé PAR2 je palmitoylace jeho N-konce nejspise dilezitym predpokladem pro translokaci
PAR?2 na cytoplazmatickou membranu (Botham et al. 2011). V pripadé PAR4 se pro spravnou
translokaci receptoru na cytoplazmatickou membranu zd4 zasadni kromé interakce s PAR2 a

proteinu 14-3-3( také N-glykosylace (Cunningham et al. 2012).

1.2.6 Komplexni vztahy mezi PARs

Vyse popsané mechanismy aktivace GPCR (v uz$im smyslu PARs) a nasledné signalizace jsou
pouze zjednodusenymi modely. S rozvojem molekularni biologie se ukazalo, Zze GPCR mohou na
cytoplazmatické membrané, v tzv. lipidovych raftech, utvaret signalni komplexy, které obsahuji
GPCRs a dalsi, s membranou asociované receptory ¢i nereceptorové molekuly a intraceluldrni
systémy druhych poslii. Existence tohoto ,,signalosomu” na membrané tak mutze bunce slouzit
k efektivnéj$imu prenosu informace do bunky a regulaci ¢i modifikaci signalizace, na kterém se

podili nejen zvySeni denzity danych receptord, ale i jejich alostericka modulace (Ferre 2015).

1.2.6.1 Homodimery a heterodimery PARs

Podobné¢ jako GPCR mohou i PARs vytvaret homodimery a heterodimery (Obrazek 5), nicméné
zatim jsou znamy jen nékteré moznosti kombinace PARs. Neni vylouc¢ena ani moznost existence
oligomert PARs (Ferre 2015; Lin et al. 2013).

Popsany byly homodimery PAR1-PAR1, PAR2-PAR2 a PAR4-PAR4 a jejich vyznam tkvi nejspiSe
rl, jejichz vlivem muze dochazet ke komplexnéjsim signalnim déjiim, které mohou vyznamné
ovlivnit o¢ekavany efekt dané proteinazy na bunku (Lin et al. 2013).

Funké¢né dobre popsany je heterodimer PAR1-PAR4, ktery na trombocytech potencuje ti¢inek

trombinu (Nakanishi-Matsui et al. 2000). Popsan byl i heterodimer PAR1-PAR2, u kterého doslo
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k transaktivaci mezi PAR1 a PAR2 (O‘Brien 2000). U PAR1-PAR2 heterodimeru byla dale po-
psana aktivace PAR2 po podani trombinu, ktery po internalizaci dimeru PAR1-PAR2 indukuje
signalizaci B-arrestinu z endosomi a aktivaci kinaz ERK1/2. Aktivita heterodimeru je poté defi-
nitivné ukoncena modifikaci C-konce PAR1 a jeho degradaci (Lin et al. 2013).

Heterodimer PAR3-PAR4 se zda byt funkéné nezbytny, protoze pro PAR3 zatim neni dobte po-
psan jeho presny signalni mechanismus a je hlavné povazovan za modulator signalizace PAR4
(Adams et al. 2011b). Podobny vyznam ma PAR3 u heterodimeru PAR1-PAR3, kdy ptisobi
jako alostericky modulator signalizace PAR1 (McLaughlin et al. 2007). Analogicky vyznam
ma i heterodimer PAR1-PAR4 kdy dochazi k facilitaci aktivace PAR4 (Nakanishi-Matsui et al.
2000). Existence a vznik ¢i zanik dimert PARs na cytoplasmatické membrané, jejich asociace s
dal$imi GPCRs a dalsimi s membranou-asociovanymi molekulami maji zasadni vliv na charak-
ter signalizace z hlediska aktivace G-proteinti ¢i f-arrestini (biased signaling) a vyznamné tak
ovliviuji (pato)fyziologické déje, dokonce byl v tomto ohledu navrzen pojem ,,PAR-interaktom”
(Griffin et al. 2015). Zatim byl popsan protektivni efekt dimeru PAR1-PAR2 na endotel pfi sepsi
(Kaneider et al. 2007), nicméné aktivita PAR1-PAR2 heterodimeru byla také asociovana s hy-
perplazii hladkych svalovych bunék medie cév, pricemz existence komplexu PAR1-PAR2 byla
pro tento efekt nezbytna (Sevigny et al. 2011). Existence heterodimerti nemusi nutné ovliviiovat
pouze signalizaci, ale miize mit vyznam i pro samotnou expresi PARs - v pfipadé heterodimeru
PAR2-PAR4 PAR2 podporuje anterogradni transport PAR4 na cytoplasmatickou membranu
(Cunningham et al. 2012).

Zda PARs tvori heterodimery v aktivované ¢i neaktivované formé, neni zatim zcela jasné, nic-
méné pro heterodimer PAR1-PAR4 bylo prokdzano, Ze k jeho vzniku je tfeba aktivace obou
receptort trombinem, pricemz dimerizace nebyla indukovana, pokud byly PAR1 i PAR4 aktivo-
vany arteficialnim aktiva¢nim syntetickym oligopeptidem, kdy ziistaly jejich N-konce intaktni
(Arachiche et al. 2013).

Na zakladé soucasnych poznatki biologie GPCRs a PARs Ize usoudit, Ze homo- a heterodime-
rizace GPCRs ¢i PARs je, ne-li pravidlem, tak alespon ¢astym jevem, ktery vyznamné ovliviiuje

vysledny fenotyp bunky a potazmo celého (pato)fyziologického systému.
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1.2.6.2 Transaktivace PARs

Transaktivaci Ize shrnout jako situaci, kdy aktivace jednoho receptoru vede k aktivaci signal-
ni drahy receptoru druhého. V pripadé PARs se tak proteolyticky demaskovany neoligand na
N-konci jednoho PAR nenavaze na ,,svou” e2 klicku, ale na e2 klicku jiného PAR.
Transaktivace mezi PARs je zatim popsana mezi PAR1 a PAR2 - PAR1 aktivuje PAR2 (Lin a Trejo
2013) a mezi PAR3 a PAR1 - PAR3 aktivuje PAR1 (Kaufmann et al. 2005).

GPCRs (a PARs) mohou také interagovat se cleny jinych receptorovych rodin zahrnujicich re-
ceptory s tyrosinkinazovou aktivitou (RTK, napt. EGFR, HGFR, VEGER ¢i PGFR), Toll-like
receptory (TLR) ¢i chemicky fizené iontové kanaly (napf. NMDA receptory) a transaktivovat
tim dalsi signalni kaskddy (Obrazek 5) (Cattaneo et al. 2014; Gieseler et al. 2013). Vyznamnym
partnerem PARs jsou v tomto ohledu RTK, kdy systém druhych posla asociovany s RTK mize
byt PARs aktivovan i v nepfitomnosti ligandu RTK (napf. EGF) ¢i naopak, aktivace PARs muze
vést k okamzitému uvolnéni agonisty RTK, ktery pak autokrinné a parakrinné stimuluje prislusné
signalni kaskady (George et al. 2013; Gieseler et al. 2013). Vzhledem k vyznamnému onkogen-
nimu potencidlu RTK je intrinsicka (aktivujici mutace v tyrosinkindzové doméné¢) ¢i extrinsicka
(napt. transaktivace PARs) dysregulace jejich signalizace dilezitym krokem v nadorovém zvra-
tu bunlky (Arora et al. 2008; Darmoul et al. 2004a; Darmoul et al. 2004b; Gieseler et al. 2013;
Mussbach et al. 2015). Farmakologické ovlivnéni aktivity PARs tak mtze byt vedle jiz rutinné
uzivanych inhibitort tyrosinkinaz dal$im pfistupem k cilené inhibici onkogenni signalizace RTK
u vybranych nadorovych onemocnéni.

Kromé nadorovych onemocnéni je aktivita RTK spojena i s patogenezi fibrotizujicich onemoc-
néni (Wynn a Ramalingam 2012). V tomto ohledu bylo prokazano, ze aktivovany PAR2 mtize
indukovat signdlni kaskady spojené s TGFp a EGFR a prispivat tak k rozvoji renalni fibrozy
(Chung et al. 2013).

Kromé vyse uvedeného byl prokdzan vliv transaktivace PARs v ramci patogeneze onemocnéni

kardiovaskuldrniho systému, zanétlivych onemocnéni a bolesti (Gieseler et al. 2013).
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Obrazek 5: Mezireceptorové interakce PARs

a) homodomerizace (napr. PAR2-PAR2)

b) heterodimerizace (napf. PART-PAR2)

¢) heterodimerizace s jinym typem GPCR

d) funkéni heterodimerizace s ¢lenem jiné receptorové rodiny (napr. EGFR)

1.3 Uloha PARs v patofyziologii zakladnich organovych systéma

Exprese PARs byla prokdzana v endotelu, hladkych svalovych bunkach, bunkach imunitniho
systému, trombocytech, fibroblastech a epiteliich dychaciho a traviciho sytému, v mozku, mise,
perifernim nervovém systému a nadorovych bunkach (Adams et al. 2011b; D’Andrea et al. 1998).
Uloha jednotlivych typti PARs v rémci orgdnovych systémd je velmi komplexni a jen obtizné Ize
jednomu typu PAR priradit pevnou, presné charakterizovanou funkci s danym (pato)fyziologic-
kym efektem. V dalsich oddilech budou diskutovany dosud poznané funkce PARs v zakladnich

organovych systémech.
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1.3.1 Kardiovaskularni systém a hemostaza

Fyziologicka a patofyziologicka role PARs je nejlépe popsana u kardiovaskuldrniho a hemosta-
tického systému. Svéd¢i pro to i skutecnost, ze prvni identifikovany PAR, PARI, byl popsan jako
trombinovy receptor na krevnich destickach (Rasmussen et al. 1991; Vu et al. 1991). V ramci
kardiovaskularniho systému jsou PARs exprimovany na endoteliich, krevnich destickach, hlad-
kych svalovych bunkach i fibroblastech. Na krevnich desti¢kach jsou exprimovany trombin-
-senzitivni PAR1 a PAR4, kde slouZi jako receptory pro trombin a jejich aktivace indukuje syn-
tézu tromboxant, degranulaci a agregaci krevnich desticek a nasledny vznik trombu (Coughlin
2005). Endotelové bunky exprimuji PAR1, PAR2 a PAR4, bunky hladké svaloviny PAR1 a PAR2.
Fyziologicky vyznam PARs v kardiovaskuldrnim systému se tak opird predevsim o regulaci
permeability endotelové bariéry a regulaci tonu cév, na které se podili zejména trombinem in-
dukovana signalni aktivita oxidu dusného. V srdci ma aktivita PARs vliv na rozsah ischemického
postizeni a rozvoj fibrézy myokardu ¢i patogenezi virové myokarditidy (Alberelli a De Candia
2014). Zajimavosti je dvoji role aktivovaného PARI na tonus plicnich arterii — PAR1 stimuluje
produkci oxidu dusného endoteliemi a tim podporuje vasorelaxaci plicnich tepen, nicméné toto
je dano akutni expozici trombinu; pfi prolongované expozici trombinu byla pozorovana deplece
cGMP a nasledné i oxidu dusného, coz mtize byt jednou z pri¢in narusené regulace vaskular-
niho tonu v plicnim fecisti a miize tak prispivat k rozvoji plicni hypertenze (Nickel et al. 2013).
Na regulaci tonu koronarnich tepen se podili jak PAR1, PAR2 i PAR4. PAR1 mél pti dysfunkci
endotelu vasokonstrikéni efekt, naproti tomu pro PAR2 a PAR4 byl popsan efekt vasorelaxa¢ni
(Alberelli a De Candia 2014). Zajimavy je také potencujici vliv PAR1 na fibrézu myokardu (Sonin
et al. 2013) a toxicky vliv aktivovaného PAR2 v modelu virové myokarditidy (Weithauser et al.
2013). Dtilezité je, ze PARI je receptorem nejen pro trombin, ale pro aktivovany protein C (APC),
plasmin i komplex TF/VIIa. PAR1 tak miize byt aktivovan proteinazami se zcela rozdilnym efek-
tem na pribéh hemostazy a odlisnou odpovédi endotelovych bunék (Griffin et al. 2015).

V pripadé trombinu a APC je nejlépe popsan a vysvétlen dudlni efekt PAR1 na permeabilitu en-
dotelu. PAR1, aktivovdn trombinem, vede ke kontrakci a zvy$ené permeabilit¢ endotelu (Alberelli
a De Candia 2014). Toto je v8ak antagonizovano piisobenim APC, ktery rovnéz aktivuje PAR1

(Griffin et al. 2015). Vazba trombinu na PARI preferen¢né aktivuje Ga ,, .-RhoA drahu, ktera
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vede k naru$eni endotelové bariéry. APC se na PAR1 vaze za pomoci EPCR (endothelial protein
C receptor), ktery je s PAR1 lokalizovan pres protein caveolin 1 do oblasti kaveol, preferencné
aktivuje Ga.-Racl signalizaci a v konecném diisledku vede ke stabilizaci endotelidlni bariéry (Bae
et al. 2007; Russo et al. 2009). V pripadé PAR1 je také znam efekt pfi uziti syntetického aktivac-
niho oligopeptidu, kdy je N-konec PARI intaktni, TL je skryt a aktivovany PAR1 preferen¢né
signalizuje pfes Ga, drahu (Blackhart et al. 2000; McLaughlin et al. 2005).

Vliv PARs na hemostazu je zasadni z fyziologického, patofyziologického a terapeutického aspek-
tu. Tyto poznatky jiz motivovaly k vyvoji farmakologickych preparati, inhibitortt PAR1, obecné

oznacovanych jako tzv. paxary (French et al. 2015).

1.3.2 Respiracni systém

V plicich a dychacich cestach jsou PARs exprimovany na pneumocytech, respira¢nim epitelu,
mezotelu, endotelu, hladkych svalovych bunkach a bunkach imunitniho systému (Peters a Henry
2009). Z patofyziologického pohledu je nejvyznamnéjsi vliv PARs na tonus hladké svaloviny
stény dychacih cest, jejich podil na alergické senzitizaci a také vliv na patogenezi plicni fibrézy.

Bronchorelaxac¢ni efekt byl prokdzan u PAR2, ktery po své aktivaci indukuje syntézu prosta-
glandinu E2, kterou ale muze indukovat rovnéz aktivita PAR1 a PAR4 (Peters a Henry 2009).
Prostaglandin E2 md v respira¢nim systému celou fadu efektt zahrnujicich relaxaci hladké
svaloviny, zvyseni sekrece hlenu, zvyseni sensitivity k acetylcholinu, snizeni produkce kolagenu
fibroblasty a imunomodula¢ni efekt (Peters a Henry 2009).

Alergicka senzitizace ¢i jeji modulace je nejcastéji spojovana s PAR2, kdy byla u mysi s vyraze-
nym genem pro PAR2 pozorovana slabsi alergicka reakce evokovana roztoci (produkuji fadu
proteindz) nez u mysi s normalni expresi PAR2 (Davidson et al. 2013).

Proteinazy koagula¢ni kaskady, zejména trombin, mohou piisobit jako fibrogenni faktory v pato-
genezi plicni fibrézy (Chambers a Scotton 2012; Jose et al. 2014; Wuyts et al. 2013). PARI1 po své
aktivaci indukoval myoepitelovy fenotyp lidskych alveolarnich bunék a Ize tak soudit, ze PAR1 se
miize podilet na indukci epitelomezenchymalni transdiferenciace (EMT) pneumonocytt. Navic
aktivace PAR1 indukuje sekreci fibrogenniho TGEFp fibroblasty a epitelidlnimi bunikami (Song et
al. 2013). Reciproc¢né, inhibice aktivity PAR1 antagonistickym peptidem snizila rozsah postizeni

bleomycinem indukované plicni fibrézy u mysi (Lin et al. 2014).
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Vice nez PAR1 je v$ak jako profibrogenni faktor zkouman PAR2. Na modelu bleomycinem indu-
kované plicni fibrézy u mysi PAR2 aktivovany TF/VIIa indukoval proliferaci fibroblastt in vitro
a ve tkanich z plic pacientt s idiopatickou plicni fibrézou (IPF) pak byla detekovana zvysena
exprese PAR2 v myofibroblastickych fokusech (Wygrecka et al. 2011). Bleomycin, stejné jako
TGEp, indukuje expresi PAR2 a EMT se zvysenou syntézou kolagenu, pficemz v my$im modelu
s vyfazenym genem pro PAR2 byly fibrotické zmény v plicich vyvolané bleomycinem mensiho
rozsahu, podobny nalez byl i u wild-type mys3i, kterym byl podan antagonista PAR2 (Borensztajn
etal. 2010; Lin et al. 2015a; Wygrecka et al. 2011). Pozorovana zvysena exprese PAR2 v téchto stu-
diich vs$ak kontrastuje se studii provedené z bronchoalveolarnich lavazi pacientt s IPF, kde nebyl
oproti kontrolam zjistén rozdil v expresi PAR2 (Park a Yoo 2013). Podobny zavér méla i studie
porovnavajici chronickou obstrukéni plicni nemoc a asthma bronchiale jako dvé onemocnéni
charakterizované, podobné jako IPE, postupnou prestavbou dychacich cest (Matej et al. 2014).
Asociace PARI i PAR2 s patogenezi plicni fibrézy je ovlivnéna moznou interakci téchto recepto-
ri. PAR1 a PAR2 nemusi mit, navzdory moznym ocekavanim, aditivni fibrogenni efekt, naopak
se zd4, ze hlavnim profibrogennim faktorem bude spise aktivita PAR2, protoze inhibici PAR2
antagonistou byl potlacen také fibrogenni efekt indukovany PARI (Lin et al. 2014; Lin et al.
2015a; Lin et al. 2015b).

Zda je PAR2 vhodnym terapeutickym cilem pro lé¢bu IPF je stale sporné, zejména s ohledem na
rozdily mezi presné definovanym experimentalnim modelem a etiologicky stale zdhadnou IPF

u lidi (Jose et al. 2014; Matej a Olejar 2012).

1.3.3 Gastrointestinalni systém

V gastrointestinalnim traktu jsou PARs exprimovany na epitelu, v hladkych svalovych bunkach
i v neuronech a gangliovych bunkach enterického nervového systému (Kawabata et al. 2008).
Aktivace PAR1 a PAR2 vede ke zvy$eni permeability epitelu tlustého stfeva (Cenac et al. 2004;
Chin et al. 2003) a PARs se komplexné podileji na regulaci motility a tonu stfevni hladké svalo-
viny i zlu¢ovych cest (Kawabata et al. 2008). PAR2 navic stimuluje sekreci exokrinnich 7laz a je
jednim z hlavnich regulatort exokrinni sekrece v pankreatu (Kawabata et al. 2008). Pfitomnost
PAR?2 v acinech a duktech pankreatu je zdsadni v patogenezi akutni pankreatitidy, kdy je expre-

se PAR2 zvysend (Olejar et al. 2001). Pfesnd role PAR2 u akutni pankreatitidy v§ak neni stale
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jasnd, protoze rizné studie uzivajici rizné experimentalni metody podporuji jak prozanétlivou
tak i protizanétlivou roli PAR2 (Kawabata et al. 2008; Laukkarinen et al. 2008; Matej et al. 2006;
Namkung et al. 2004; Olejar et al. 2001).

V ramci zanétlivych onemocnéni vlastniho travictho traktu byla prozanétliva role PAR2 proka-
zéna na modelu enteritidy indukované toxinem A Clostridium difficile (Cottrell et al. 2007) a na
modelu kolitidy indukované Citrobacter rodentium (Hansen et al. 2005). S tim kontrastuje spise
protizanétlivy efekt PAR2 u mysiho modelu IBD a protektivni efekt na my$im modelu ischemic-

kého postizeni, ktery byl pozorovan i pro PAR1 (Kawabata et al. 2008).

1.34 Urogenitalni systém

PARs jsou urogenitalnim systému, hojné exprimovany na tubularnich epiteliich nefronu, na
mesangialnich bunkach a ve stromalnich elementech (Vesey et al. 2007).

Aktivace PARs v ledvinach, zejména PAR2, ma spiSe prozanétlivy efekt (Vesey et al. 2013). Na
modelu ischemicko-reperfuzniho poskozeni ledviny byla demonstrovana toxicka role PAR1
a indiferentni role PAR2 (Sevastos et al. 2007). S timto vysledkem kontrastuje studie, kterd se
zabyvala roli parstatinu v modelu akutniho renalniho poskozeni. Parstatin je fragment N-konce
PARLI, ktery je odstépen aktivitou proteinazy, a ktery je uvolnén do extracelularniho prostredi.
V in vivo studii na mysich prokazali Diamantopoulos et al., Ze intravendzni podani parstatinu
pred ¢i ihned po docasné bilaterdlni okluzi renalnich cév ¢i podani jodové kontrastni latky snizi
rozsah nasledného akutniho ischemického rendlniho poskozeni i rozsah kontrastni latkou-in-
dukované nefropatie (Diamantopoulos et al. 2012).

Na mysim modelu srpkovité glomerulonefritidy byl prokazan toxicky vliv aktivace PAR1 i PAR2
(Cunningham et al. 2000; Moussa et al. 2007).

Z funk¢niho hlediska je zajimava role PAR2 v patogenezi renalni fibrézy jako end-stage stavu
chronického renalniho onemocnéni. Ve studii provedené na mys$im modelu s vyfazenym genem
pro PAR2 Chung et al. ukazali, Ze absence PAR2 je nejen spojena s mensim stupném fibré-
zy ledvin, ale Ze aktivace PAR2 pomoci syntetického oligopeptidu indukuje drahy typické pro
signalizaci TGFP (Chung et al. 2013). Protoze je TGFp obecné povazovan za fibrogenni faktor,
ktery je také spojovan s EMT, je synergicky vztah PAR2 a TGEFp signalizace velmi zajimava z

terapeutického hlediska. Co v$ak neni zndmo je mechanismus aktivace TGFf-asociované drahy
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aktivitou PAR2. Nejspise puijde o tzv. crosstalk signalnich drah, kdy systém druhych posla indu-
kovany aktivaci PAR2 vede k aktivaci TGFp-asociovanych druhych posli. Kromé ,,crosstalku”
na intracelularni trovni, stoji také za povS§imnuti i mozna tésna prostorova asociace PAR2 a
TGFBR na cytoplazmatické membrané a lze proto uvazovat také o moznosti transaktivace mezi
PAR2 a TGFBR.

Dalsi oblasti, kde je role proteindz koagula¢ni kaskady zasadni, je patologie té¢hotenstvi. PAR1 a
PAR3 jsou exprimovany na bunkach cytotrofoblastu a jsou dilezité pro spravny vyvoj placenty
(Even-Ram et al. 2003; Even-Ram et al. 2001). Vyznam PARI pro fyziologickou placentaci je pod-
poren vysledky studie, ve které byla snizena exprese mRNA pro PAR1 zptisobena polymorfismy
v regulacnich sekvencich genu pro PAR1 asociovana s opakovanymi potraty (Grisaru-Granovsky
et al. 2015). Trombin i PAR1-aktivujici oligopeptid totiz mohou indukovat expresi sVEGFR-1,

solubilniho receptoru pro VEGE ktery je spojovan s patogenezi preeklampsie (Zhao et al. 2012).

1.3.5 Pohybovy systém

Pro patologii pohybového systému je diilezity vyznam PARs jako mediatorti zanétu a chronické
zanétlivé bolesti. U zanétlivych onemocnéni je dulezitd role PAR2 v patogenezi degenerativni
osteoartrdzy a revmatoidni artritidy (Vergnolle 2009). PAR?2 je u revmatoidni artritidy zvysené
exprimovan na synovii a svou aktivitou je schopen indukovat otok a hyperémii kloubt a sti-
mulovat prozanétlivou reakci véetné sekrece cytokiniit TNFa a IL-1P (Ferrell et al. 2003; Kelso et
al. 2007). Tento efekt muze byt vyznamné oslaben blokddou PAR2 pomoci siRNA, protilatkou
proti PAR2 (klon SAM-11) ¢i antagonistou PAR2 (Kelso et al. 2006). PAR?2 je proto povazovan
za atraktivni cil 1écby jinak farmakologicky velmi $patné ovlivnitelnych artropatii (Neumann et

al. 2014).

1.3.6  Nadorova onemocnéni

Role PARs v patogenezi nadorovych onemocnéni je spolu s jejich roli v patofyziologii hemostazy
v soucasné dobé pravdépodobné nejintenzivnéji zkoumanou oblasti biologie PARs.

Tak jako v ostatnich systémech je role jednotlivych PARs u riiznych typt nadorovych onemoc-
néni velmi komplexni. Vysledky studii jsou prakticky vzdy ovlivnény fadou faktort, které zna¢né

znesnadnuji jejich ,metaanalytickou” interpretaci (Matej et al. 2007). Kromé prirozené variability
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v signalizaci PARs a komplexnimi vztahy mezi PARs a jejich ligandy to jsou na experimentalni
urovni zejména uziti rozdilnych modelti (nadorové bunécné linie, zvifeci, nejcastéji mysi, modely
¢i lidské tkanové vzorky), riiznych metod aktivace a inaktivace PARs a riznych marker jejich
aktivity. Vysledky studii jsou tak ¢asto zavislé na daném modelu a experimentdlnim postupu a
jejich realny biologicky vyznam je ¢asto spise sporny.

Obecné jsou PARs, zejména PARI a PAR2, méné PAR3 a PAR4 exprimovany vétsinou nadort
(Elste a Petersen 2010). Aktivita PARs muze podporovat nadorovou invazi, rist, angiogenezi,
hematogenni $ifeni a obecné metastaticky potencial epitelovych nadorti (Even-Ram et al. 2001;
Shi et al. 2004; Yin et al. 2003), i kdyz byla zaroven prokdzana inhibice leukemogeneze PAR1
(Baumer et al. 2014). Pritomnost PARs na nadorovych bunkach, stromadlnich elementech, en-
doteliich ¢i nervovych zakoncenich a jejich interakce s trombinem, MMPs, kallikreiny a dal$imi
proteinazami jsou dulezitymi faktory pro rozvoj invazivniho a metastatického potencialu nado-
rovych bunék a pro vznik nadorové bolesti (Kularathna et al. 2014). Zasadni pro interpretaci a
pochopeni role PARs v patogenezi nadorovych onemocnéni je lokalizace exprese PARs. PARs
exprimované na nadorovych bunkach prevadi informace poskytované proteinazami koagula¢ni
kaskady (zejména trombinu v pripadé PARI ¢i komplexu TF/VIla v pripadé PAR2), proteina-
zami uvolnénymi bunkami imunitniho systému ¢i proteinazami dané tkani ¢i organu vlastnimi
(nejcastéji MMPs a kallikreiny). Koagula¢ni faktory maji vliv spise na metastaticky potencial
nadorovych element, MMPs a kallikreiny pak ovliviuji vztah nadorovych bunék ke stromatu
(Parisis et al. 2013). S timto tésné souvisi vyznam PARs lokalizovanych na bunkach nenddo-
rovych struktur (stroma, epitelie, bunky imunitniho systému), které mohou rovnéz vyznamné
ovlivnit vztah nadorovych bunék vii¢i nenddorové tkani (Matej et al. 2012b).

U karcinom gastrointestinalniho traktu je role PARs, zejména PAR1 a PAR2 spiSe onkogenni —
stimulace nadorové progrese byla popsana u karcinomd jicnu (Han et al. 2013), zaludku (Sedda
et al. 2014), kolorektalniho karcinomu (Cai et al. 2014; Darmoul et al. 2004a; Darmoul et al.
2004b; Darmoul et al. 2001; Heider et al. 2004; Hu et al. 2013; Ma et al. 2013; Malfettone et al.
2013; Wu et al. 2013), dlazdicového karcinomu ustni dutiny (Al-Eryani et al. 2015; Al-Eryani et
al. 2013) a nazofaryngedlniho karcinomu (Yang et al. 2013). Zajimava je role PARs v patogenezi

karcinom pankreatu, u kterych PAR2 nejspise podporuje rtist primarniho nadoru, ale zaroven
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tlumi lymfangiogenezi a metastaticky potencial (Shi et al. 2014). PAR1 muZe svou interakci (na
urovni druhych poslit) s CXCR1 a VEGFR2 podpotrit preziti nadorovych bunék (Uzunoglu et al.
2013) a zaroven podpotit jejich rtst (Queiroz et al. 2014).

U karcinomil prsu rovnéz prevazuje onkogenni potencial aktivity PARs. PAR1 je zvySené ex-
primovan v hyperplastickych duktech (Yin et al. 2006) a ve tkani karcinomu prsu (Hernandez
et al. 2009). Exprese PAR1 je asociovana s horsi prognézou onemocnéni, zvy$enou invazivitou
nadorovych elementt a progresi onemocnéni (Keshava et al. 2013; Tiburcio et al. 2012; Yang et
al. 2015). Vliv PAR1 na samotnou indukci vzniku karcinomu prsu je véak sporny (Versteeg et al.
2008). Potencial pro indukci ristu nadorovych bunék byl prokazan pro PAR?2, ktery je podobné
jako PARI zvySené exprimovan ve tkani karcinomu a jehoz aktivita je podobné jako v ptipa-
dé PARI1 pozitivné asociovana s jeho invazivitou a progresi (Matej et al. 2007; Su et al. 2009).
V tomto ohledu stoji za zminku, ze PAR1 ma schopnost transaktivovat ErbB2 (HER2/neu) a tim
prispivat k progresi nadorového onemocnéni (Arora et al. 2008).

Massi et al. prokazali, Ze PAR1 je zvySené exprimovan na bunkach atypickych névti a maligniho
melanomu, pficemz nebyl zjistén rozdil v expresi PAR2 mezi benignimi a malignimi melanocy-
tarnimi 1ézemi (Massi et al. 2005). V dalsich studii byl prokazan pozitivni vliv aktivace PARI na
progresi maligniho melanomu (Melnikova et al. 2009; Villares et al. 2011). V pfipadé maligniho
melanomu a PAR2 byl prokazan potencujici vliv PAR2 na rtist primarniho tumoru, pfi¢emz jeho
metastaticky potencial je aktivitou PAR2 tlumen (Matej et al. 2012b; Olejar et al. 2014).

U karcinom plic podporuje PARI motilitu (Cisowski et al. 2011) a spolu s PAR2 proliferaci
nadorovych bunék (Jin et al. 2003). Pro PAR2 byl také prokazan antiapoptoticky efekt (Michel
et al. 2014).

Z dalsich epitelovych malignich nddort byl onkogenni potencial ¢i zvySend exprese PARI nebo
PAR2 prokazan u karcinomii ovaria (Agarwal et al. 2008; Grisaru-Granovsky et al. 2005), u karci-
nomu prostaty je zvysena exprese PAR1, PAR2 a PAR4 (Black et al. 2007) a aktivita PAR1 a PAR2
jsou asociovany s jeho progresi (Mize et al. 2008; Ramsay et al. 2008). Polymorfismy v genu pro
PART1 jsou asociovany s vy$si invazivitou renalniho karcinomu (de Martino et al. 2013), stejné tak
i aktivita PAR2 (Sun et al. 2015), ktera muze u renalniho karcinomu zvysit expresi angiogennich

faktorti (Zhang et al. 2013).
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PAR1 a PAR2 také mohou podporovat progresi gliomi, respektive glioblastoma multiforme
(Itsekson-Hayosh et al. 2015; Luo et al. 2014).
Z vyse uvedeného plyne ze 1ze obecné usoudit na spise onkogenni potencial PARs, ¢imz se nabizi

vyznamny terapeuticky potencial modulace aktivity PARs.

1.3.7 Periferni nervovy systém

Kromé nize diskutované role v CNS jsou PARs zapojeny i do patofyziologickych déji na Grovni
periferniho nervového systému, zejména patofyziologie bolesti.

Na zakladé dostupnych poznatki lze povazovat PAR2 za pronociceptivni a PAR1 a PAR4 spise
za proanalgetické (Vergnolle 2009). Aktivaci PAR2 dochazi ke stimulaci sekrece neuropeptidii
CGRP a substance P a k indukci mechanickych a termickych hyperalgickych podnéta (Vergnolle
2009).

Pro PAR2 byl popsan pronociceptivni vyznam u pankreatické bolesti (Ceppa et al. 2011) a vy-
znam v ramci syndromu drazdivého tra¢niku, kdy je aktivita PAR2 spojovana s degranulaci
zirnych bunék a stimulaci visceralnich nervovych zakonceni (Cenac et al. 2007).

Jako pronociceptivni element ma PAR2 vyznam v nadorové bolesti. Na kulturach dlazdicového
karcinomu a mysiho osteosarkomu bylo ukazano, Ze po aplikaci trypsinu ¢i PAR2 agonisti ma
supernatant z téchto kultur silny algicky efekt, ktery je snizen az nepfitomen v pfitomnosti in-
hibitort serinovych proteinaz ¢i pfi chybéni genu pro PAR2 (Kularathna et al. 2014). Na mysim
modelu nddorového postizeni kosti pak byla v neuronech dorsalnich spinalnich ganglii prokaza-
na kolokalizace a zvy$ena exprese PAR2 a PAR4 na tirovni mRNA s moznym vyuzitim inhibice

PAR?2 jako pristupu k 1é¢bé kostni nadorové bolesti (Bao et al. 2015a; Bao et al. 2015b).

1.4 Role PARs v centralnim nervovém systému

Pritomnost viech Ctyf typli PARs v centrdlnim nervovém systému (CNS) byla prokdzana imu-
nohistochemicky u potkani, pficemz PAR1 je exprimovan nejvice v neuronech pyramidové
vrstvy cornu Ammonis hipokampu, méné pak v kortikalnich oblastech, thalamu, hypothalamu,
striatu a amygdale (Junge et al. 2004). PAR2 a PAR3 jsou ve zvy$ené mife exprimovany ve vSech

vrstvach mozkové kiry, hipokampu, medidlnich habenuldrnich jadrech, centralnich jadrech
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amygdaly, ventralnich jadrech thalamu, hypothalamu a ve striatu. Podobny expresni profil ma
i PAR4 (Bushell et al. 2006; D’Andrea et al. 1998; Striggow et al. 2001). PAR2 byl také prokazan v
CNS béhem embryonalniho vyvoje, coz podporuje jeho mozny vyznam pti vyvoji CNS.
Exprese mRNA pro PAR1 byla prokazana v lidskych neuronech a astrocytech; v oligodendrocy-
tech a mikroglii je jeji exprese nejista (Ishida et al. 2006; Junge et al. 2004; Weinstein et al. 1995).
Exprese PAR4 u lidi je stale nejasna (Ishida et al. 2006). PAR1, PAR2 a PAR3 jsou také exprimo-
vany na endoteliich mozkovych cév (Bartha et al. 2000).

Vyznam PARs exprimovanych na neuronech ¢i glii neni zatim zcela jasny a vysledky studii za-
byvajicich se funkci PARs v CNS silné podporuji vyznam PARs jako komplexnich modulatort
tyziologickych i patofyziologickych déji.

Role PAR1 je ztejma v ramci vaskularnich déja, kdy aktivace PAR1 trombinem muze indukovat
zvySeni permeability hematoencefalické bariéry a obecné protrombogenni fenotyp endotelu a
nebo, vlivem APC, naopak endotel stabilizovat. PAR4, jako dalsi trombin-sensitivni PAR plni
nejspiSe roli analogickou PAR1, nicméné jeho sniZzena senzitivita k trombinu spojena s jeho
prolongovanou aktivaci mize vést k rozdilnym efektiim, a to zejména pti patologickych stavech
spojenych s kvalitativné a kvantitativné aberantnim proteindzovym prostfedim a expresi PARs
na rtznych bunéénych typech.

Z hlediska funkce PAR2 v CNS jsou zajimavé vysledky funk¢ni studie, ve které se ukazalo, ze
PAR?2 potlacuje synaptickou aktivitu mezi neurony pole CA1 hipokampu a Schafferovymi ko-
laterdlami. Aktivace PAR2 na astrocytech byla spojena s inhibici ionotropnich glutamatovych
receptoru a je tedy mozné, ze PAR2 tak plni dlohu v rdmci negativni zpétné vazby potencialné
limitujici glutamatovou toxicitu. V ramci obrannych mechanismi byla prokazana role PARs
jako induktorti sekrece cytokinti mikroglialnimi elementy (Noorbakhsh et al. 2003; Rohatgi et
al. 2004).

Studie zabyvajici se roli PARs v patofyziologii centralniho nervového systému lze zjednodusené
rozdélit na ty, které se zabyvaji spise obecnymi mechanismy neurotoxického ¢i neuroprotektiv-
niho ptisobeni a na ty, které se zabyvaji patofyziologii PARs v kontextu definovanych modelti [ézi

CNS ¢i primo specifickych lidskych onemocnéni CNS.

33



1.4.1 Neuroprotektivni mechanismy

Neuroprotektivni efekt byl popsan po aktivaci vSech ¢tyr typt PARs. Presné molekularni me-
chanismy neuroprotektivniho ptisobeni PARs jsou v8ak stale nejasné. Nejlépe je pravdépodobné
popsan neuroprotektivni efekt aktivace PAR1 a PAR2 proti ceramidem indukované bunééné smr-
ti na potkani astrocytarni kultufe. Kritickou roli zde hraje GRO/CINC-1, krysi analog lidského
IL-8. Aktivaci PAR1 a PAR2 dojde k aktivaci mitogeny-aktivovanych proteinkindz (MAPK): 1)
c-Jun N-termindlnich kindz 1 a 2 (JNK1 a JNK2), 2) extraceluldrnimi signaly regulovanych ki-
naz 1 a 2 (ERK1, ERK2) a 3) p38 s naslednou indukci sekrece GRO/CINC-1 (Wang et al. 2007b;
Wang et al. 2007c; Wang et al. 2006a). Na sekreci GRO/CINC-1 ma vliv i pfesné regulovana
koncentrace intracelularniho kalcia - jeho bazalni koncentrace je nezbytnym predpokladem pro
syntézu a sekreci GRO/CINC-1, ale zvy3ené koncentrace negativné ovliviiuji PAR1 indukovanou
expresi GRO/CINC-1 (Wang et al. 2007c). GRO/CINC-1 se na své cilové bunce vaze na CXCR2
a inhibuje tak ceramidem indukovanou translokaci cytochromu ¢ z mitochondrii a tim zablokuje
intrinsickou cestu apoptdzy. Aktivace PAR1, PAR2 i PAR4 mize indukovat expresi CINC-2 a
CINC-3 s podobnym uc¢inkem jako GRO/CINC-1 (Wang et al. 2007a).

Aktivita MAPKSs, JNK a ERK, je kromé indukce sekrece GRO/CINC-1 spojovana i s neuropro-
tektivnim ptsobeni PAR2 na mys$im modelu pfechodné ischémie (Jin et al. 2005) a obecné také
s protektivni roli aktivity PAR1 (Jiang et al. 2002; Wang et al. 2002b; Xi et al. 2001). Protektivni
pusobeni PAR2 inhibuje aktivitu ERK a p38, ale neméni aktivitu JNK 1 a 2, které jsou tedy nejspis
zakladnimi efektory, jejichz aktivita indukuje protektivni efekt PAR2 (Greenwood a Bushell 2010;
Wang et al. 2007a; Wang et al. 2007b).

Neuroprotektivni efekt PAR2 muize byt také zalozen na modulaci aktivity glutamatovych recep-
tori obecné spojovanych s neurotoxickym pisobenim - na my$im modelu byly do amygdal
zavedeny elektrody, které iniciovaly epileptogenni aktivitu. Ta byla potlacena intracerebralnim,
subkutannim i intravenéznim podanim PAR2-agonisty (Lohman et al. 2008).

PAR2 rovnéz interaguje s aA- a aB-crystallinem (Li et al. 2009). Crystalliny jsou exprimova-
né aktivovanymi astrocyty a podobné jako tzv. heat-shock proteiny funguji jako molekularni
chaperony. Jejich exprese je v CNS mimo jiné zvy$end u Alzheimerovy a Parkinsonovy nemoci

a u Alexanderovy nemoci je soucasti astrocytarnich Rosenthalovych vldken (Li et al. 2009).

34



Crystalliny Ize rovnéz prokazat v balénovych neuronech u kortikobazalni degenerace. aB-crysta-
llin byl také identifikovan jako komponenta a-synuklein-imunoreaktivnich oligodendroglialnich
inkluzi u mnohotné systémové atrofie (MSA). V dalsim typu a-synuklein-imunoreaktivnich
inkluzi, Lewyho téliscich, typickych pro Parkinsonovu nemoc a demenci s Lewyho télisky, bylo
mnozstvi aB-crystallinu nizsi nez v ptipadé MSA (Pountney et al. 2005).

Na modelu astrocytarni kultury bylo prokazano, ze aA- i aB-crystalliny specificky interaguji
pouze s PAR2 a tato interakce sniZuje miru apoptdzy astrocytii po podani ceramidu ¢i stauro-
sporinu a tento protektivni efekt je dale potencovan zvysenim exprese aA- a aB-crystallinu (Li

et al. 2009).

1.4.2 Neurotoxické mechanismy

Podkladem neurodegenerativniho ptisobeni PARs je narudeni intracelularni homeostazy kalcia,
dysregulace transportu iontti pfes membrany a vznik produktt oxidativniho metabolismu v cy-
tosolu i v mitochondriich. Toto vede, v kombinaci s dal$imi faktory jako jsou zanét, hypoxie,
ischémie, snizené pH, hypoglykémie ¢i hypergylkémie, mineralova dysbalance a obecné naru-
$eni proteostazy k naruseni funkce a viability neuront a glidlnich elementii. Navozeni apoptozy
mize byt zplisobeno vysokymi koncentracemi trombinu, ktery pres PAR1 indukuje vzestup
intraceluldrniho kalcia, stimuluje sekreci glutamatu a pres NMDA-receptory vede k toxickému
postizeni neuronii glutamdtovou toxicitou (Gingrich et al. 2000; Hamill et al. 2009). Déle miize
dochazet k indukci iNOS, COX-2, NF-kB signalizace a sekrece eikosanoidi a prozanétlivych
cytokini (Luo et al. 2007).

Toxické plisobeni zvysené koncentrace intracelularniho kalcia bylo pozorovano po aktivaci PAR1
a PAR2 (Luo et al. 2005; Smith-Swintosky et al. 2002; Striggow et al. 2001; Wang a Reiser 2003;
Wang et al. 2002a). Signalni kaskady vedouci k toxickému efektu zahrnuji RhoA GTPazu, aktivaci
kaspazy-3 a modulaci aktivity ERK1 a ERK2, JNK1 a JNK2 a p38 (Choi et al. 2003a; Wang et al.
2007a; Wang et al. 2007b). PAR1 indukovand aktivace ERK1 a ERK2 vede k proliferaci astrocytti
a rozvoji reaktivni astroglidzy (Nicole et al. 2005; Wang et al. 2002b). Podobné muze perzistentni
aktivace PAR4 indukovat aktivaci mikroglie (Suo et al. 2003a). Je v$ak otazkou, zda je aktivace
astrocytu ¢i mikroglie vzdy nutné toxicka. Lze vSak ocekavat, Ze aberantni aktivita ¢i excesivni

sekrece prozanétlivych cytokinti mikroglii bude mit i nepfiznivy efekt.
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Zatim nejisty vyznam ma zvysena exprese PAR2 v mozcich krys po ozareni (Olejar et al. 2002).

14.3 Vaskularni patologie CNS

Uloha PARs v patogenezi ischemického ¢ hemoragického postizeni CNS spocivd zejména v mo-
dulaci patofyziologickych déjii na neuronech ¢i glidlnich elementech v okoli postizené oblasti. Pro
¢ast mozkové tkané bezprostredné postizené nejzavaznéjsim inzultem (typicky umbra v pripadé
ischemického postizeni) ma aktivita PARs vyznam toxicky a spolupodili se na mechanismech
regulované ¢i neregulované bunécéné smrti. Eventualni protektivni ptisobeni PARs se zde nema
$anci uplatnit. Nicméné v oblasti penumbry je rovnovaha toxického a protektivniho ptisobeni
PARs jednim z faktorti rozhodujicich o zaniku ¢i pfeziti neuront, glidlnich elementt a en-
dotelii. V oblasti penumbry byla imunohistochemicky prokdzana prechodné zvysena exprese
PAR1, PAR2, PAR3 i PAR4 (Henrich-Noack et al. 2006; Jin et al. 2005). Na mikroanatomické
a subcelularni urovni doslo po navozeni prechodné globdlni ischémie v krysich hipokampech
ke ztraté exprese PAR4 v poli CA1l, aberantni intracytoplazmatické expresi PAR4 v poli CA3 a
ztraté exprese PAR4 na vlaknech v poli CA4 (Henrich-Noack et al. 2010). Na trovni mRNA je
vsak exprese PARs v terénu ischémie odli$na, s vyrazné snizenou expresi mRNA pro PAR1, méné
snizenou expresi mRNA pro PAR?2, pfechodné zvysenou expresi mRNA pro PAR3 a zvysenou
expresi mRNA pro PAR4 (Rohatgi et al. 2004).

Hlavni aktivujici proteinazou aberantné pritomnou v mozkové tkani pfi ischemicko-hemora-
gickych inzultech je trombin, pro ktery byl, spolu s MMP-9, prokazan pfimy toxicky efekt na
neurony. Trombin i MMP-9 aktivuji PAR1 a indukuji zanik neuroni, ktery je sniZen inhibici
trombinu hirudinem, inhibici MMP-9 i vyfazenim genu pro PARI (Xue et al. 2009). Toxicky
efekt trombinu pres aktivaci PAR1 byl prokdzan na mys$im modelu ischemického postizeni in-
dukovaného uzavérem a. cerebri media (Chen et al. 2012) a intrahipokampalni injekce trombinu
indukovala aktivaci mikroglie a oxidativni stres v neuronech pole CA1 (Choi et al. 2005). Ani
trombin vSak nemusi byt vzdy nutné asociovan pouze s toxicitou. Nizké koncentrace trombinu i
PAR1-agonista indukovaly na kultufe krysich astrocytt a neuronti PAR1-dependentni protektiv-
ni u¢inek pii hypoglykémii, deprivaci rtistovych faktort a podani peroxidu vodiku, pricemz vyssi
koncentrace trombinu byly jiz toxické (Vaughan et al. 1995). Tento jev, kdy nizké koncentrace

trombinu podpotily spise protektivni efekt, byl potvrzen podanim agonisty PARI, které mélo
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analogicky, protektivni, efekt, ktery byl spojen s aktivitou p44/42-MAPK (Hu et al. 2010; Jiang
et al. 2002; Xi et al. 2001). Protektivni efekt agonisty PAR1 pak zlepsil preziti neuront i pfi jejich
nasledném vystaveni vysokym koncentracim trombinu (Jiang et al. 2002).

Na krysim modelu ischémie vedlo podani baicalinu (flavonoid ziskany z kofent $isaku bajkal-
ského [Scutellaria baicalensis], ktery je oblibenym ,1ékem” v tzv. celostni mediciné) ke snizeni
exprese PAR1 a ke zlepSeni neurologického profilu i snizeni apoptdzy neuronti (Zhou et al. 2012);
podobny ucinek podani baicalinu byl pozorovan i na modelu intracerebralni hemoragie (Zhou
et al. 2014).

Studie na mysich s prechodnou okluzi a. carotis ¢i a. cerebri media byla absence PARI spojena
s redukci objemu infarktovych lozisek (Hamill et al. 2009; Olson et al. 2004), pricemz jako jeden
z moznych mechanismu toxického pusobeni aktivity PAR1 se ukazala byt indukce NMDA-
asociované toxicity (Hamill et al. 2009). Podobny vysledek prinesla dalsi studie na modelu isché-
mie zpusobené prechodnou okluzi a. cerebri media u krys, kdy byla inhibice exprese PARI po-
moci siRNA rovnéz asociovana s redukci objemu infarktovych lozisek a lep$im neurologickym
profilem, pricemz autofi pozorovali u krys s vyfazenym PARI zvysenou aktivitu stresovych
proteintt HSP70 a MAP2 (Zhang et al. 2012b). I pfi bilateralni okluzi spole¢nych karotid byl vy-
sledek analogicky — mysi se zachovalou expresi PAR1 mély horsi neurologicky deficit, zavaznéjsi
edém mozku a zvySenou apoptézou neuront (Wang et al. 2012).

V kontextu vy$e provedenych studii prokazujicich toxicky efekt aktivace PAR1 je zajimavy vy-
sledek studie na my$im modelu permanentni okluze distalni a. cerebri media, kdy byla aktivace
PAR1 rekombinantnim analogem APC spojena se snizenim objemu infarktovych lozisek, migraci
neuroblasti do periischemické oblasti a zlepsenim klinickych parametri (Wang et al. 2013).
Protektivni efekt APC byl prokazan i v dalsi studii, ve které méla aktivace PAR1 a PAR3 APC
protektivni vliv na modelu NMDA a staurosporinem indukované apoptdzy (Guo et al. 2004).
Role PAR2 v ischemicko-hemoragickém postizenti je, na rozdil od PAR1, prozkoumana vyrazné
méné, kdy je narozdil od PAR1, PAR2 asociovan spiSe s protektivnim uc¢inkem.

Pfi ischémii navozené prechodnou okluzi a. cerebri media bylo u mysi s vyrazenym genem pro
PAR2 pozorovano zvyseni objemu infarktového loziska, zvySeni apoptdzy a snizeni exprese GFAP

spolu s vyznamné snizenou aktivitou ERK1/2 v neuronech, ktera byla u mysi se zachovanym
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PAR2 naopak zvysena (Jin et al. 2005).

1.4.4  Alzheimerova nemoc

Role PARs v patogenezi Alzheimerovy nemoci je komplexni, protoze kromé vlastni aktivity PARs
je v tomto pripadé dulezitd i role proteinaz, které mohou k patogenezi Alzheimerovy nemoci,
kromé aktivace prislusnych PARs, vyznamné prispét i svou proteolytickou aktivitou vici kli-
¢ovym patologicky modifikovanym molekuldm asociovanym s Alzheimerovou nemoci. PARI,
PAR2 a PAR4 navic svou aktivitou moduluji jiné, zejména zanétlivé procesy, které vyznamné
prispivaji k progresi neurodegenerativnich zmén.

V roce 1992, jesté pred objevem PARI1, popsali Akiyama et al. zvy$ené koncentrace trombinu
v mozcich pacientli s Alzheimerovou nemoci a jeho akumulaci v amyloidovych plakach a neuro-
fibrilarnich klubcich (Akiyama et al. 1992). Pivod trombinu nemusi byt pouze exogenni, z krevni
plasmy, ale i endogenni, protoze byla prokazana exprese protrombinu v neuronech, astrocytech i
mikroglii (Arai et al. 2006). Trombin md schopnost §tépit tau protein, pficemz hyperfosforylace
tau proteinu tuto schopnost trombinu snizuje (Arai et al. 2005). Hyperfosforylace tau proteinu a
jeho agregace mohou byt navic indukovany aktivaci trombin-senzitivnich PARs, PAR1 a PAR4.
V tomto kontextu je dilezity rozdil ve strukture N-konce PARI a PAR4, kdy PAR1 ma na svém
N-konci hirudinovou doménu, ktera facilituje vazbu trombinu a zaroven usnadni jeho disociaci
(Adams et al. 2011a). PAR4 hirudinovou doménu nema a trombin se na néj vaze méné ochotné,
nicméné nasledna rychlost disociace trombinu je pomalejsi a downregula¢ni mechanismy tlu-
mici aktivitu PAR4 tak nejspiSe funguji pomaleji. Prolongovana aktivace PAR4 trombinem tak
miize byt, ve srovnani s PAR1, pro bunku skodlivéjsi, protoze jsou nadmérné stimulovany MAP
kinazy ERK1 a ERK?2, jejichz aktivita je povazovana za jednu z cest vedouci k hyperfosforylaci a
nasledné aktivaci tau proteinu (Ferrer 2001; Suo et al. 2003b). Aktivace PAR4, na rozdil od PARI,
navic vedla v mikroglialni kultufe k sekreci potencialné neurotoxického TNFa (Suo et al. 2003a);
aktivita PARI je spojovana s proliferaci mikroglie (Suo et al. 2002).

Vliv endogenné syntetizovaného trombinu v CNS je spiSe sporny (Wang a Reiser 2003). Navic lze
predpokladat ze jeho exprese a aktivita je mnohem presnéji regulovana nez aktivita exogenniho
trombinu. Ta mize byt, spolu s nasledné aberantni aktivitou PAR1 a PAR4, jednim z faktorti

prispivajicich k poskozeni a zaniku neuront po naruseni hematoencefalické bariéry. Poskozeni
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hematoencefalické bariéry v ramci Alzheimerovy nemoci ale i starnuti obecné neni vzacné.
Drobné hemoragie ¢i mikroischémie v periventrikularni a subkortikalni bilé hmot¢ a korovych
oblastech vznikajici nejcastéji na podkladé hypertenzni angiopatie drobnych cév ¢i naopak,
poklesu perfuzniho tlaku v kapilarach vedouciho k jejich kolapsu a nasledné okluzi (Brown a
Thore 2011). Jedna se o relativné Casty fenomén a pritomnost téchto mikrovaskuldrnich zmén,
kterd je detekovatelna magnetickou rezonanci, je nezavislym prediktorem horsiho klinického
pribéhu nejen Alzheimerovy nemoci, ale i dal$ich neurodegenerativnich onemocnéni (Prins a
Scheltens 2015).

Afkhami-Goli et al. popsali dvoji roli PAR2 v ramci patogeneze Alzheimerovy nemoci. V kor-
tikalnich neuronech mozka pacientd s Alzheimerovou nemoci je exprese mRNA pro PAR2
snizena. Na mys$im modelu je pfitomnost PAR2 na neuronech spojovana s neuroprotektivnim
fenotypem, ktery spocival ve snizeném toxickém piisobeni vyvolaném poddnim A, _,, u mysi
s normalné exprimovanym PAR2 ve srovnani s PAR2-KO skupinou. Naopak pritomnost PAR2
na astrocytech a mikroglidlnich elementech indukovala sekreci prozanétlivych cytokint zahrnu-
jicich IL-8 ¢i IL-4 a byla spojena s jejich neurotoxickym ptisobenim (Afkhami-Goli et al. 2007).
Z hlediska vyznamu IL-8 tyto vysledky kontrastuji s vysledky studii na krysim modelu, kde je
krysi analog IL-8, GRO/CINC-1, spojovan s neuroprotektivnim pisobenim (Wang et al. 2007a;
Wang et al. 2007b; Wang et al. 2006a).

Pohled na Alzheimerovu nemoc jako na chronické ,low-grade” zanétlivé onemocnéni induko-
vané zejména toxicitou oligomertd AP a amyloidovych plak doprovazenou aktivaci mikroglie
dale neptimo podporuje roli PARs jako buné¢nych senzort pro zanétem indukované proteinazy
(Rubio-Perez a Morillas-Ruiz 2012).

Mimo vlastni aktivitu PARs jsou zajimavé vysledky studie na mys$im modelu, kde trypsin IV (tzv.
mozkovy trypsin), ktery mtize aktivovat i PARs, §tépil APP a indukoval expresi GFAP astrocyty

(Wang et al. 2008).

1.4.5  Parkinsonova nemoc
Na modelech Parkinsonovy nemoci byla prokazana toxicka i protektivni role trombinu piisobi-
ciho pres PARI a PAR4.

Na my$im modelu s 6-OHDA (6-hydroxydopaminem) indukovanou degeneraci dopaminergnich
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neuront substantia nigra byl prokazan protektivni efekt trombinu zavisly na koncentraci a také
¢ase podani (Cannon et al. 2007; Cannon et al. 2005). Pokud byl trombin podan intracerebralné v
nizkych koncentracich nékolik dni pred aplikaci 6-OHDA, byl tucinek protektivni, respektive byly
pozorovany méné zavazné neurologické priznaky a byla snizZena ztrata dopaminergnich synapsi.
Tento efekt byl replikovan poddnim PARI antagonisty, jehoz administrace spolu s prekondici
trombinem potencovala protektivni efekt. Oproti tomu aktivace PAR4 agonistou vedla ke zhor-
$eni priznaki a tento uc¢inek byl pozorovan také pri vysokych davkach trombinu (Cannon et al.
2006). I zde, podobné jako u Alzheimerovy nemoci (Suo et al. 2003a), je zjevny rozdil v charak-
teru aktivace PAR1 a PAR4 trombinem a jejiho nasledného vlivu na osud bunky.

V dalsich modelech mél trombin po injekci do substantia nigra s davkou rostouci toxicky tcinek,
spojeny s indukci apoptézy dopaminergnich neurond (Choi et al. 2003a). V mikroglii takto po-
dany trombin indukoval aktivaci kinaz p38, ERK1/2 a JNK zvy$enou expresi a aktivitu iNOS a
COX-2, spolu se sekreci prozanétlivych cytokint IL-1p, IL6 a TNFa (Choi et al. 2003b). Aktivace
PAR1 trombinem na astrocytech vedla k jejich aktivaci a indukci aktivity glutathionperoxidazy,
pricemz zvysena sekrece cytokini IL-1p, IL-6 a IL-8 pozorovana nebyla (Ishida et al. 2006).
Kromé trombinu mohou PAR1 aktivovat MMPs, které jsou ve zvy$ené mire pfitomny v sub-
stantia nigra pacient( s Parkinsonovou nemoci (Lorenzl et al. 2002) a také u progresivni supra-
nuklearni obrny, pro kterou je rovnéz charakteristicka degenerace substantia nigra (Lorenzl et
al. 2004), i kdyz v tomto pripadé¢ jde o onemocnéni asociované s patologii proteinu tau.

Na modelu toxicity a-synukleinu v krysi mikroglialni kulture bylo ukdzano, ze a-synukleinem
aktivovand mikroglie indukuje aktivitu iNOS a zvysi sekreci MMP1, MMP3, MMP8 a MMP9,
TNFa a IL-1P (Lee et al. 2010). V této studii snizila inhibice MMP3, MMP8 a MMP9 aktivitu
iNOS a expresi TNFa a IL-1P. Inhibice MMP3 a MMP9 navic snizila aktivitu NF-xB a MAPK
signalizace. Priikaz, ze MMPs piisobi tyto zmény pres PAR1 byl proveden podanim cathepsinu G
(spole¢ny inhibitor PAR1, PAR2 a PAR3) a syntetického antagonisty PAR1, které aktivitu iNOS
a sekreci prozanétlivych cytokint inhibovaly.

Na dal$im modelu Parkinsonovy nemoci byl mysim do substantia nigra podan 1-methyl-4-fe-
nyl-1,2,3,6-tetrahydropyridin (MPTP), ktery navodil degeneraci dopaminergnich neurond, zvy-

$eni exprese a-synukleinu, zvySeni exprese PAR2 a aktivujici fosforylaci NF-«xB. Inhibici PAR2
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doslo ke snizeni aktivity NF-kB, coZ se projevilo nejen snizenou sekreci IL-1$ a TNFa, ale také
snizenou acetylaci histonu H3 v oblasti promoteru genu pro a-synuklein vedouci k jeho snizené
expresi (Liu et al. 2014). ZvySeni exprese PAR2 tak muze spolu s NF-«B prispivat ke zvysené syn-
téze a-synukleinu a nepfimo tak prispivat ke vzniku inkluzi a zvySenim sekrece prozanétlivych
cytokini k degeneraci neuront v substantia nigra.

Subkutanni podani MPTP mysim indukovalo pfiznaky odpovidajici extrapyramidovému
syndromu, které byly vyjadfeny méné u PAR1-KO mysi a které ustoupily po podani PAR1-
antagonistického oligopeptidu; podani MPTP bylo navic spojeno se zvysenim exprese MMP1
a snizenim exprese PAI-1 jak u PAR1-WT tak i u PAR1-KO mysi. PAR1-KO mysi mély oproti
PARI-WT mys$im niz$i aktivitu mikroglie, vyssi expresi dopaminového transportéru a vyssi
koncentraci dopaminu a tyrosinhydroxylazy (Hamill et al. 2007).

Pro interpretaci vysledkt studii s neuronalnimi ¢i glialnimi kulturami je dilezitym faktem to,
ze Parkinsonova nemoc je onemocnéni s definovanou ¢asoprostorovou progresi patologie a-sy-
nukleinu, ktera za¢ind v mozkovém kmeni a pokracuje pres limbické struktury a bazalni ganglia
do neokortikalnich oblasti. Je to fenomén, ktery nemohou izolované bunéc¢né kultury reprodu-
kovat. Tento aspekt byl vzat v potaz ve studii provedené na mozcich pacientii s Parkinsonovou
nemoci, ve které autori prokazali variaci exprese PAR2, trypsinu a jeho inhibitort (serpini A5 a
A13) v raznych oblastech mozku. V nucleus dorsalis n. X. byla u Parkinsonovy nemoci snizena
exprese serpinu A5 na neuronech, ale byla zvy$ena na mikroglii. V locus coeruleus byla snizena
exprese serpinu A13 na neuronech a v substantia nigra byla sniZena neurondlni exprese PAR2,
trypsinu i serpintt A5 a A13, pricemz v pozdnich stadiich Parkinsonovy nemoci byla zvysena
exprese mikroglidlniho serpinu A13. Tyto vysledky tak poukazuji na komplexitu exprese PAR2

a jeho aktivator( a inhibitort v ramci patogeneze neurogenerativnich onemocnéni (Hurley et

al. 2015).

1.4.6  Prionova onemocnéni

Uloha PARs v patogenezi prionovych onemocnéni je stéle nezndma. Prionové onemocnéni jsou
charakterizovana relativné dlouhou preklinickou fazi, ktera se po prechodu do faze klinické ma-
nifestuji rychle progredujici demenci se zménami chovani i motoriky a vedou ke smrti v fadu

nékolika mésict. Tento rychly priibéh je spojen s rozsahlymi dystrofickymi zménami, masivnim
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zanikem neurond a aktivaci astrocyt doprovazenymi zvysenim koncentrace proteinu tau a pfi-
tomnosti proteinu 14-3-3 v mozkomi$nim moku. Pfi takto dramatickém prubéhu lze ocekavat
zmény exprese PARs, které mohou i pfi intaktni hematoencefalické bariéfe vlivem endogennich
mozkovych proteindz modulovat aktivitu glie a osud neuront.

Ve studii na my$im modelu s vyrazenym genem pro PAR2 a s indukovanym prionovym one-
mocnénim bylo ukdzano, Ze u mysi s geneticky vyrazenym PAR?2 je nastup priznakii onemocnéni
opozdény a i jeho priibéh pozvolnéjsi. Tyto vysledky by tak mohly naznacovat modula¢ni vliv

aktivity PAR2 na patogenezi prionovych onemocnéni (Matej et al. 2012a).

1.4.7 Demyelinizujici onemocnéni

Nejcastéjsim a z medicinského hlediska nejdiilezitéj§im demyelinizujicim onemocnénim je roz-
trousena skler6za mozkomisni (RS). Béhem akutnich stadii RS dochazi ke zvyseni permeability
hematoencefalické bariéry a migraci lymfocyti a dalSich bunék imunitniho systému do perivas-
kularnich prostor a déle do bilé hmoty. Postizena muze byt prakticky jakdkoliv ¢ast CNS. Po ode-
znéni zanétu dochazi k restituci s omezenou remyelinizaci a vétsinou s jen minimalni destrukci
axontl (u tzv. remitujici-relabujici formy RS; u vzacnéjsi, primarné progredujici formy, aktivita
nemoci postupné graduje). PARs se tak mohou v ramci patogeneze RS nejvice uplatnit béhem
aktivni faze. Vzhledem k jejich expresi na endotelu se mohou podilet na zvySeni permeability
hematoencefalické bariéry a indukci prozanétlivych zmén v perivaskularnim i neuropilovém
kompartmentu.

Na my$im modelu RS, experimentalni autoimunitni encefalitidé (EAE) se ukazalo, ze inhibice
PART1 arteficidlnim antagonistou vede ke zmirnéni pfiznaki (Kim et al. 2015a). Autofi v této
studii prokazali, Ze inhibice PARI stabilizuje hematoencefalickou bariéru zachovanim exprese
adhesivnich molekul occludinu a ZO-1 na endoteliich. Dale také snizuje sekreci MMP9 astro-
cyty, ktera ma schopnost $tépit slozky bazalnich membran. Inhibice PAR1 v pak snizila rozsah
demyelinizace a zanétlivé infiltrace (Kim et al. 2015a; Lakhan et al. 2013).

Vyse popsana aktivita PAR1 tak poukazuje na mozny vyznam trombinu jako zesilujiciho faktoru
béhem aktivni faze EAE, respektive RS. V tomto pfipadé (a obecné ani v dalsich) vSak nelze akti-
vaci PAR1 vzhledem k jeho funkéni selektivité asociovat pouze s jednim typem bunécné odpove-

di. Patologicka role trombinu a tudiz i PAR1 byla prokazana na mysich s indukovanou EAE, kdy
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byla zavaznost prubéhu EAE snizena poddnim inhibitoru trombinu (hirudinu). Podani agonisty
PARI, aktivovaného proteinu C (APC), v§ak indukovalo na rozdil od trombinu snizeni exprese
TNFa, IL-6 a IL-17, snizeni Th1 a Th17 cytokini a inhibici signalni drahy NF-«B (Feistritzer a
Riewald 2005; Han et al. 2008). Tyto studie tudiz potvrzuji vy$e diskutovany rozdil ve vysledném
fenotypu endotelu po aktivaci PAR1 trombinem ¢i APC, kdy APC navazany na EPCR aktivuje
pres PAR1 rozdilné signdlni drahy nez trombin.

I pres dominantni asociaci s vaskularni komponentou patogeneze EAE, respektive RS, mtize
byt role PAR1 v patogenezi téchto demyelinizujicich onemocnéni dilezita i v ramci postizeni
oligodendrocyti. Aktivace PAR1 kallikreinem-6, proteinazou hojné exprimovanou v lidském
mozku zejména oligodendrocyty (Scarisbrick et al. 2001), vedla k degenerativnim zménam oli-
godendrocyti a snizeni exprese PLP (Burda et al. 2013). Kromé toho je exprese kallikreinu 6 a
jeho aktivita asociovana s patogenezi demyelinizace na virovém modelu RS u mysi (Scarisbrick et
al. 2012a; Scarisbrick et al. 2012b) a v ptipadech lidské RS je kallikrein 6 asociovan se sekundarné
progredujici RS (Scarisbrick et al. 2008).

V mozkové tkani mysi s indukovanou EAE a mozkové tkani pacientt s RS byla v oblastech
postizenych demyelinizaci pozorovana zvy$ena exprese PAR2 na makrofazich a astrocytech.
Aktivita PAR2 vedla k hor§imu pribéhu onemocnéni, coz bylo recipro¢né prokazano také na my-
$ich s vyrazenym genem pro PAR2, u kterych byl pribéh onemocnéni ptiznivéjsi (Noorbakhsh
et al. 2006). V ramci této studie se také ukazalo, Ze po podani bakterialniho endotoxinu byla
pritomnost PAR2 u wildtype mysi spojena s indukci iNOS v astrocytech a u PAR2-KO mysi
se snizenou sekreci IL-10 makrofagy. Toxicky efekt PAR2 na oligodendrocyty byl prokazan
aplikaci supernatantu z kultury makrofagu aktivovanych PAR2-agonistickym oligopeptidem na
oligodendroglialni kulturu, ve které nasledné doslo k degenerativnim zménam. Aktivace PAR2
na makrofazich agonistickym oligopeptidem indukovala iNOS a sekreci TNFa, IL-6 a IL-12.
U PAR2-KO mysi s indukovanou EAE byla navic pozorovana snizena infiltrace mozkové tkané
zanétlivymi elementy. Na zakladé téchto vysledki 1ze dobfe posoudit roli PAR2, ktera v zavislosti
na buné¢ném typu (makrofagy) prispiva k rozvoji zanétlivé reakce a poskozeni oligodendrocytt
v ramci patogeneze imunitniho demyelinizujictho onemocnéni a to nejen aktivitou T-lymfocyti,

ale i pfimo cytokiny secernovanymi makrofagy vlivem aktivity PAR2 (Noorbakhsh et al. 2006).

43



Pro patogenezi demyelinizujicich onemocnéni je tak nejspise zasadni pritomnost kallikreinu 6 a
v pripadé aktivnich stavii spojenych se zvysenou permeabilitou hematoencefalické bariéry také
trombinu. Kombinovana aktivace PAR1 a PAR2 na endotelu, oligodendrocytech a makrofazich
v bilé hmot¢ zfejmé vyznamné prispiva k patogenezi téchto onemocnéni.

Pfesna patogeneze RS je stile neznamad a predpoklada se indukce autoimunitni reakce proti
autogennimu antigenu v CNS (Compston a Coles 2008), pricemz vysledky vyse diskutovanych
studii jsou zaloZeny na podani exogenniho antigenu, navic ¢asto spolu s adjuvans, nejcastéji
Freundovym agens ¢i toxinem B. pertussis. Proto je potieba hodnotit vysledky studii zalozenych

na indukci EAE u mysi a jejich translaci do patogeneze lidské RS kriticky.

1.4.8  Onemocnéni motorického neuronu

Zajimavé vysledky poskytla studie na mys$im modelu lidského onemocnéni motorického neu-
ronu, konkrétné modelu s mutovanou superoxiddismutazou 1 (SOD1, p.G93A) (Zhong et al.
2009). Mutace SOD1 je asociovana s priblizné 20 % hereditarnich pripadi amyotrofické lateralni
sklerézy (ALS) u lidi (Robberecht a Philips 2013).

Klicovou molekulou je v tomto ptipadé APC, ktera po perifernim podani prostoupila hemato-
encefalickou bariérou a v motorickych neuronech indukovala snizeni exprese mutované SOD1 a
tim i toxicitu asociovanou s kyslikovymi radikaly. Toto bylo spojeno s lepsim neurologickym pro-
filem a del$im prezivanim mysi s mutovanou SOD1. Snizeni exprese SOD1 korelovalo s expresi
PARI1 a PAR3, jejichz aktivita byla spojena se snizenim exprese transkripéniho faktoru SP1, jehoz
aktivita je podobné jako napft. aktivita NF-kB asociovana se spise toxickym efektem. Inhibice
PARI a PAR3 pak vedla ke zvys$eni exprese SOD1. Kromé snizeni exprese SOD1 v neuronech
APC také snizil expresi SOD1 v endoteliich malych cév michy, a celkové stabilizoval hematoen-
cefalickou bariéru, kterd je u pacientti s ALS typicky narusena (Winkler et al. 2013; Zhong et al.
2009). Na dilezitou roli serinovych proteindz a jejich inhibitort (serpint) v patogenezi ALS ne-
pfimo poukazuje také studie, ktera prokazala narusenou rovnovahu aktivity serpinti a proteinaz
v ramci vzniku neurondlnich cytoplasmatickych inkluzi (Chou et al. 1998).

Prestoze klinicky i neuropatologicky dominuje u ALS postizeni motorickych neuront, nelze zcela
opomenout klicovy vztah mezi funkci a viabilitou neuronti a spravnou funkci oligodendrocytt.

Ty nejen myelinizuji axony, ale také zasadnim zptsobem pfispivaji k jejich spravnému metabolis-
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mu (Nave 2010a; Nave 2010b). Postizeni oligodendrocytti v ramci patogeneze ALS tak mtize byt
asociovano s aberantni aktivitou proteinaz a PARs, které tak mohou vyznamné participovat na

patogenezi neurodegenerativnich onemocnéni charakterizovanych poskozenim myelinu a axontl.

1.4.9 HIV-asociovana encefalopatie

Postizeni centralniho nervového systému spojeného s infekci HIV je u pacientd nelécenych
antiretrovirovou terapii velmi casté — az v 50 % pripadii. Klinicky se chronické postizeni CNS
pfi infekci HIV oznacuje jako spektrum tzv. HIV-asociovaného neurokognitivniho postizeni
klasifikovaného podle miry neurologického postizeni a v pokrocilé podobé az HIV-asociovanou
demenci (Antinori et al. 2007). Subakutni HIV encefalitida se diky zavedené diagnostice a terapii
vyskytuje vyrazné méné. V perifernim nervovém systému se infekce HIV ¢asto manifestuje jako
HIV-indukovana distalni sensoricka polyneuropatie (Kaku a Simpson 2014).

V mozcich pacientti s HIV encefalitidou byla oproti neurologicky zdravym kontrolam a ptipa-
diim roztrousené skler6zy mozkomisni zjisténa zvysena exprese PAR1 i trombinu na astrocytech,
kdy na astrocytarni kulture aktivace PAR1 trombinem i PAR1-agonistou stimulovala sekreci
IL-1p, aktivitu iNOS a expresi PAR1 mRNA, pricemz supernatant z této kultury indukoval na
neuronalni kulture NMDA-asociovanou neurotoxicitu. Intrastriatalni aplikace PAR1-agonisty
mys$im pak indukovala astrocytézu a zanétlivé zmény v CNS potvrzujici toxicky a prozanétlivy
efekt aktivace PAR1 (Boven et al. 2003).

PAR1 mize na svém N-konci vazat proteiny oznac¢ované jako proprotein konvertazy, mezi které
patfi furin. Furin ma schopnost se navazat na N-konec PARI aniz by jej aktivoval a zaroven ma
schopnost $tépit glykoprotein HIV, gp160, na gp120 a gp41. Tento proces je dilezitym krokem
pro infekci bunky virem HIV (Ozdener 2005). ZvySena exprese PAR1 na neuronech tak mize
vést k sekvestraci membranového furinu, ¢imz se snizi jeho dostupnost pro $tépeni gp160 a tim
vyznamné omezi vniknuti virovych partikuli HIV do bunky (Kim et al. 2015b).

Toxicky efekt aktivace PAR1 byl také prokazan u HIV-asociované distalni senzorické polyneu-
ropatie, pfi které dochazi k degeneraci neuronti dorsalnich spindlnich ganglii. Na téchto neu-
ronech byla piisobenim IL-1P stimulovana exprese PARI, ktery po své aktivaci vedl ke zvy$eni
intraceluldrniho kalcia a degenerativnhim zménam neuront, které byly snizeny podanim IL-1f

antagonisty (Acharjee et al. 2011).
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U HIV-asociované demence byla exprese PAR2 spolu s expresi IL-1p a TNFa v mozcich pacientt
zvySena. Upregulace neurondlniho PAR2 se ukazala byt pravé vysledkem aktivity IL-1B i TNFa
a pusobila protektivné proti Tat-indukované neurotoxicité (Tat — Trans-activator of transcripti-
on, je protein kédovany HIV, ktery stimuluje transkripci virové RNA) (Noorbakhsh et al. 2005;
Ozdener 2005). Aktivita TNFa byla u mysi s normaélné pfitomnym genem pro PAR2 na neuro-

nech protektivni, ale u mysi s vyfazenym genem pro PAR2 byla toxicka (Noorbakhsh et al. 2005).
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1.5 Terapeutické aspekty

Ubikvitni exprese PARs, proteindz a jejich inhibitort a jejich rozsahlé zapojeni v myriadé fy-
ziologickych funkci a patofyziologickych déji primo vybizi k terapeutickému vyuziti aktivace
¢i inhibice PARs a proteinaz. Prakticky kazda prace zabyvajici se patofyziologii PARs u lidskych
onemocnéni je na svém konci uzaviena tim, ze PARs mohou byt vyuzity k 1écbé daného onemoc-
néni a fada praci jiz pracuje s presné definovanymi modelovymi systémy danych onemocnéni
s cilem zjistit, zda je modulace aktivity PARs moznou cestou k objeveni novych terapeutickych
moznosti. Komplexita interakci PARs a proteinaz v fadé organovych systémd, ktera ale také za-
sadnim limitujicim faktorem znesnadnujicim jejich 1écebné vyuziti (Sidhu et al. 2014).
Zminéna komplexita fyziologie PARs se odraziiv fadé moznych pristupi k jejimu farmakologic-
kému ovlivnéni. Kromé vyuziti klasickych arteficialnich agonisti a antagonisti PARs (Adams et
al. 2011b; Ramachandran et al. 2012) je to také uziti pepducini, lipopeptidd, které se inkorporuji
do vnitfniho listu cytoplazmatické membrany a interakci s intracytoplazmatickymi klickami
GPCRs, respektive PARs, mohou aktivovat, inhibovat ¢i jinak modulovat jejich aktivitu a tim
ovlivnit napfiklad prometastaticky fenotyp nadorovych bunék (Agarwal et al. 2008; Yang et al.
2009). Zejména na poli lécby nadorovych onemocnéni je terapeticky slibnym pristupem ovliv-
néni aktivity proteinaz (Overall a Kleifeld 2006).

Zatim jediny preparat modulujici aktivitu PARs zavedeny do klinické praxe, konkrétné v 1écbé
tromboembolické nemoci, je antagonista PAR1 vorapaxar. Do klinickych studii ptivodné postou-
pily dva preparaty: vorapaxar (SCH530348) a atopaxar (E5555). Atopaxar neprosel druhou fazi
klinickych studii pro hemoragické a dalsi kardiovaskularni komplikace spojené s jeho podava-
nazvem Zontivity (MSD) pro uziti v ramci prevence infarktu myokardu ¢i ischemické cévni
mozkové prihody u pacientt s vysokym kardiovaskularnim rizikem (French et al. 2015).

V soucasné dobé existuji volné dostupné pripravky, které obsahuji proteinazy ¢i jejich inhibitory,
nicméné jejich uc¢innost neni doloZena dostatkem dat z klinickych studii. Na tomto poli se také
uplatnuje i uziti fytofarmak obsahujicich fadu prirozenych proteinaz (Kakarala a Jamil 2014).
Uziti a dal$i vyzkum fytofarmak mize byt, zejména v kontextu udéleni Nobelovy ceny za fyzio-

logii a medicinu pro rok 2015 za objev artemisinu, ptivodné izolovaného z rostliny Artemisia
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annua (pelynék nocni), pro 1é¢bu malarie, také jednou z moznych cest pro modulaci aktivity
PARSs u riiznych onemocnéni.

Postupnym poznavanim biologie a presnych signalnich mechanismu jednotlivych PARs, pro-
teindz a jejich inhibitort se otevira vice moznosti jak presnéji a spolehlivéji zacilit na prislusny
(pato)fyziologicky efekt. Je zfejmé, Ze ovlivnéni aktivity PARs nejspise nebude onou ,,magickou
kulkou” 1é¢ici dané onemocnéni. Vyznam intervence na urovni PARs je hlavné na drovni ne-
moc-modifikujici. V budoucnu lze ocekavat, ze ovlivnéni aktivity PARs, proteinaz a jejich in-
hibitord bude soucast 1é¢by alespon nékterych systémovych onemocnéni, zejména nadorovych
¢i zanétlivych, at uz primo ovliviiujici progresi onemocnéni nebo v ramci paliativni analgetické
1é¢by (Vergnolle 2009). Slibna je moznost cilené lokalni intrartikuldrni aplikace inhibitortt PARs
u degenerativnich onemocnéni kloubti (Neumann et al. 2014) ¢i perspektiva vyuziti modulace
aktivity PARs v ramci lé¢by akutnich ischemickych onemocnéni CNS ¢i vyuziti modulace PARs

v ramci prevence sekundarniho poskozeni pfi traumatech michy.
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2 Cile prace

2.1 Popis zmén koncentrace PAR2 v mozkomisnim moku u neuropato-
logicky definovanych neurodegenerativnich onemocnéni a jejich vztah

k rutinné uzivanym biomarkeriim

Hypotéza H1: Hodnoty koncentrace PAR2 v mozkomi$snim moku koreluji s pfitomnosti pro-
teinu 14-3-3 a celkového tau jako markert neurondlniho poskozeni u rychle progredujicich

neurodegenerativnich onemocnéni.

2.2 Charakterizace oligodendroglialni reakce u onemocnéni motorického
neuronu s inkluzemi proteinu TDP-43 jako model pro nasledné studie role

PAR2 a dalSich typi PARs v kontextu oligodendroglialni patologie

Hypotéza H2: Degenerace glie a neuronti charakterizovana pfitomnosti inkluzi proteinu TDP-43

u onemocnéni motorického neuronu je spojena s reakei oligodendrocytti.

2.3 Charakterizace topografie patologie a-synukleinu u atypické formy
mnohotné systémové atrofie jako synukleinopatie s tésnym vztahem k pa-

tologii crystallinti a potencialni protektivni funkci PAR2

Hypotéza H3: MSA existuje kromé klasické cerebelarni a parkinsonské formy ve formé atypické

charakterizované kognitivnim deficitem a specifickou topografii patologie a-synukleinu.

2.4 Zduraznéni problematiky komplexity funkce PAR2 v patogenezi na-

dorovych onemocnéni

2.5 Prehled problematiky role PARs u neurodegenerativnich onemocnéni
jako komplexnich ¢lenti patogenetickych drah tcastnicich se jak neuropro-

tektivnich tak i neurotoxickych déjt
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3 Vysledky

3.1 Popis zmén koncentrace PAR2 v mozkomisnim moku u neuropato-
logicky definovanych neurodegenerativnich onemocnéni a jejich vztah

k rutinné uzivanym biomarkeriim

ROHAN, Z., et al. Proteinase-activated receptor 2 and disease biomarkers in cerebrospinal fluid
in cases with autopsy-confirmed prion diseases and other neurodegenerative diseases. BMC
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Abstract

Background: Proteinase-activated receptor 2 (PAR-2) has been shown to promote both neurotoxic and
neuroprotective effects. Similarly, other routinely used nonspecific markers of neuronal damage can be found
in cerebrospinal fluid (CSF) and can be used as biomarkers for different neurodegenerative disorders.

Methods: Using enzyme-linked immunosorbent assays and western blotting we assessed PAR-2, total-tau,
phospho-tau, beta-amyloid levels, and protein 14-3-3 in the CSF of former patients who had undergone a
neuropathological autopsy after death and who had been definitively diagnosed with a prion or other
neurodegenerative disease.

Results: We did not find any significant correlation between levels of PAR-2 and other biomarkers, nor did
we find any differences in PAR-2 levels between prion diseases and other neurodegenerative conditions.
However, we confirmed that very high total-tau levels were significantly associated with definitive prion
diagnoses and exhibited greater sensitivity and specificity than protein 14-3-3, which is routinely used as a marker.

Conclusions: Our study showed that PAR-2, in CSF, was not specifically altered in prion diseases compared to other
neurodegenerative conditions. Our results also confirmed that very high total-tau protein CSF levels were significantly
associated with a definitive Creutzfeldt-Jakob disease (CJD) diagnosis and should be routinely tested as a diagnostic

examinations even in “clinically certain” cases.

marker. Observed individual variability in CSF biomarkers provide invaluable feedback from neuropathological

Keywords: Proteinase-activated receptor 2, Tau, Phospho-tau, Beta-amyloid, Protein 14-3-3, Creutzfeldt-Jakob disease

Background

Protease-activated receptor 2 (PAR-2) belongs to the
family of protease-activated receptors (PARs) that consists
of four members: PAR-1, PAR-2, PAR-3, and PAR-4. PARs
are activated by proteolytic cleavage of their extracellular
N-terminus to unveil a neo-ligand that subsequently binds
to the extracellular domain on the receptor itself and acti-
vates it irreversibly. PAR-1, PAR-3 and PAR-4 are mainly
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activated by thrombin, while PAR-2 is preferentially acti-
vated by trypsin. Intracellular PAR-activated signaling, via
gene expression, influences cellular activity [1].

In the CNS, PARs are expressed on neurons, glia,
ependymal cells and endothelial cells and modulate both
neuroprotective and neurotoxic effects [2]. In a recent
study using a murine prion disease model, PAR-2 knock-
out scrapie-inoculated mice showed delayed onset of
symptoms and longer survival than PAR-2 wild-type mice
[3]. This suggests a possible modulatory role for PAR-2 in
the dynamics of prion diseases. Although, the complete
role of PAR-2 in brain pathology remains unclear.

Cerebrospinal fluid (CSF) biomarkers are being increas-
ingly used in the clinical diagnosis of neurodegenerative

© 2015 Rohan et al; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
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disorders. Total-tau (T-tau), phosphorylated tau (P-tau),
beta-amyloid (AP) levels, and protein 14-3-3 status are
routinely assessed in differential diagnostic workups of de-
mentia. These biomarkers have also diagnostic potential
for other neurodegenerative diseases such as Lewy body
diseases [4,5] and frontotemporal lobar degenerations
(ETLD) [6].

The aim of this study was to evaluate PAR-2 as a pos-
sible differential marker of neurodegenerative processes.
As part of the study we also completed an ante mortem
evaluation of T-tau, P-tau, AP levels, and 14-3-3 status
and compared the results and associations with PAR-2
values.

Methods

Study design and case selection

The study was designed as a retrospective analysis of
diagnostic samples collected by our institution. Patients re-
ferred to our institution for dementia (including possible/
probable Creutzfeldt-Jakob disease; CJD) were clinically
and neuropsychologically assessed, and then underwent
neuroimaging and CSF examinations as part of a routine
diagnostic workup.

Cases with a neuropathologically confirmed diagnosis
of neurodegenerative disease and an ante mortem CSF
analysis of T-tau, P-tau, AP, and protein 14-3-3 were in-
cluded in the study. Of 59 patients, 36 had a neuropatho-
logically confirmed prion disease and 23 were diagnosed
with some other neurodegenerative disease (see Table 1
and the Additional file 1).

The patients or their relatives agreed with the storage
of CSF samples and brain tissue for research purposes
and signed informed consents. The study was approved
by the Ethics committee of our institution, Thomayer
Hospital, Prague.

Cerebrospinal fluid analysis

Non-hemolytic CSF samples were briefly vortexed and
T-tau, P-tau, AP, and PAR-2 levels were analyzed using com-
mercially available ELISA kits (INNOGENICS® INNOTEST"
hTAU Ag, cat. #80323, INNOTEST® PHOSPHO-TAU 35;p),
cat. #80317, INNOTEST® B-AMYLOID(_4z), cat. #80324
and USCN ELISA Kit for PAR-2, cat. #SEA852Hu). Protein
14-3-3 status was assessed using sodium-dodecyl sulphate
polyacrylamide gel electrophoresis and western blot using
polyclonal IgG antibody against protein 14-3-3 (K-19;
Santa Cruz Biotechnology; sc-629), followed by chemilu-
minescent detection (Pierce® ECL Plus; #32132).

Neuropathology assessment

Brains were fixed in 10% formalin for 2 — 4 weeks. Sam-
ples were embedded in paraffin blocks and diagnosed
using standardized recommendations [7]. A definite diag-
nosis of CJD was confirmed through neuropathological
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examination and western blot detection of the proteinase
K resistant form of prion protein. In positive cases, the
prion protein gene (PRNP) was analyzed for codon 129
polymorphisms and disease-associated mutations.

Statistical analysis

Patient data were split to CJD (n=36) and non-CJD
(n=23) groups (Table 1). The Wilcoxon-Mann—Whitney
(WMW) nonparametric test was used for the median
equity hypothesis HO at a significance level of 0.05 for six
variables (age at death, duration of illness, and CSF levels
of T-tau, P-tau, AP, and PAR-2). The Fisher exact test of
independence hypothesis HO, in a 2 x 2 contingency table,
was used for CJD/non-CJD group vs. categorical data at a
significance level of 0.05 for two variables (protein 14-3-3,
categorized T-tau). Significance levels were decreased
using the Bonferroni correction for multiple testing. Due
to the non-gaussian nature of experimental data, a non-
parametric approach to correlation analyses was used.
The Spearman rho correlation coefficient was calculated
and the hypothesis of independence was tested using a
critical level of 0.05.

Results

Summarized results of case groups are included in
Table 1, detailed results of each case are presented in the
Additional file 1.

PAR-2 CSF levels did not differ significantly among
studied neurodegenerative diseases

Using the WMW and a Bonferroni correction of signifi-
cance levels (0.05/6 = 0.0083), no statistically significant
difference was found between PAR-2 CSF levels in the
CJD and non-CJD groups (p-value = 0.085).

Greatly increased T-tau levels, decreased disease duration
and age at death as well as a positive protein 14-3-3
status were significantly associated with prion diseases
Values of T-tau were significantly higher in the CJD
group (p-value =< 0.001; Figure la), while disease dur-
ation (p-value < 0.001) and age of death (p-value = 0.006)
were significantly lower in the CJD group when evaluated
using the WMW test with a Bonferroni correction. No
differences in P-tau and Ap CSF values were found be-
tween evaluated groups.

Statistically significant dependences between groups
and categorical variables were found for both groups
(evaluated using the Fisher exact test with decreased sig-
nificance levels and a Bonferroni correction of 0.05/2 =
0.025). Positive and weakly positive protein 14-3-3 status
(p-value < 0.001, sensitivity 77.7%, specificity 69.5%) as well
as T-tau values greater than 1200 pg/ml were shown to be
significant indicators for a CJD diagnosis (p-value < 0.001,
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Figure 1 Summary of T-tau results. a. Box plot of individual T-tau

values in CJD (n=36) and non-CJD (n = 23) cases. Bars represent T-tau

median values; * = p-value < 0.05. b. ROC diagram of T-tau values

higher than 1200 pg/ml in CJD cases. se — sensitivity; sp — specificity.

sensitivity 88.8%, specificity 78.2%). The ROC diagram of
T-tau is presented in Figure 1b.

The mean levels of AB were lowest in AD compared to
other neurodegenerations. However, the small number of
AD cases did not allow confirmation of significance.

No statistically significant correlation between PAR-2 and
T-tau in CSF in either the CJD or the non-CJD group

We found no statistically significant correlation between
PAR-2 and CSF levels of T-tau and protein 14-3-3 status
in either the CJD group (T-tau R=0.11, p =0.51) or the
non-CJD group (T-tau R=0.01, p=0.97). However,
PAR-2 levels were significantly and inversely correlated with
protein 14-3-3 status in the non-CJD group (R =-0.45;
p =0.03).

Other biomarkers, less relevant as prion disease bio-
markers (e.g. P-tau and Ap), were statistically significantly
correlated with PAR-2 CSF levels (P-tau R =0.4, p =0.01;
ABR=04,p=0.02).
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Discussion

Our goal was to evaluate PAR-2 CSF levels in patients with
various neurodegenerative diseases. Our results showed
that PAR-2 CSF levels did not differ between CJD and
non-CJD groups, suggesting that changes in PAR-2 CSF
levels are not specifically associated with prion disease.
Based on our results, PAR-2 cannot serve as a biomarker
for distinguishing prion diseases from other neurodegener-
ative diseases. However, based on recent results obtained
in mice [3], PAR-2 may act as a nonspecific enhancer of
neurodegenerative processes. This concept of PAR-2, as a
neurodegeneration-promoting factor, has also been sup-
ported by other studies.

We also did not find any significant correlation be-
tween PAR-2 and T-tau CSF levels in the CJD or non-
CJD groups. Interestingly, in the non-CJD group, protein
14-3-3 status correlated with PAR-2 CSF levels; however,
this is most probably a biased observation since non-
CJD cases with positive or weak protein 14-3-3 were also
often associated with increased T-tau levels, which prob-
ably reflects neuronal damage rather than a relationship
to PAR-2 mediated pathogenesis, although, it could also
be involved in neuronal damage mechanisms in general.

Another goal of our study was to retrospectively evalu-
ate results of CSF biomarkers routinely used in diagnostics
of neurodegenerative diseases. Our results are in agree-
ment with larger studies [8-13]. In our cohort, presence of
protein 14-3-3 positivity and isolated T-tau CSF values
were significantly higher in prion diseases than in other
neurodegenerative diseases, regardless of whether the
prion disease had a sporadic or genetic origin and regard-
less of codon 129 PRNP polymorphisms.

T-tau is generally considered to be a marker of neur-
onal damage in AD and lesions caused by ischemic brain
injury, CNS infections, and epileptic seizures [14]. Hu-
man prion diseases are often characterized by sudden
onset, rapid progression, extensive neuronal damage,
and being rapidly fatal (months). T-tau levels may initially
be low, but tend to increase during the disease course
[15]. Isolated T-tau levels greater than 1200 pg/ml were al-
most always associated with prion disease. In non-prion
neuropathology, we found high T-tau levels in one case of
vascular dementia associated with severe ischemic white
matter lesions (case 38), in three AD patients with rapid
progression (cases 46—48), and in two cases of neuro-
pathologically confirmed frontotemporal lobar degener-
ation with TDP-43 inclusions (FTLD-TDP; cases 54 and
59). In the AD subgroup (n = 6), T-tau values ranged from
497 pg/ml to over 1200 pg/ml, with the highest T-tau
levels associated with either increased P-tau or decreased
AP levels. Conversely, slowly progressive diseases, such as
AD and FTLDs, generally have lower rates of neuronal
damage and longer survival times (on the order of years).
Additionally, they have rather low T-tau levels, although,
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levels can increase to over 1200 pg/ml during disease pro-
gression; a pattern similar to what was seen in this study.

Levels of P-tau and A did not significantly differ be-
tween groups. Nevertheless, P-tau values in some CJD and
non-AD-non-CJD cases reached the cutoff value that is
usually regarded as specific for AD (median of 60 pg/ml)
[16] and therefore could be a potential diagnostic pitfall in
differential diagnostic workups for dementia. Moreover, in
four of six cases of definite AD, we observed decreased
(under 400 pg/ml) levels of AP in the CSF (cases 44—47).
This result further supports the diagnostic utility of lower
levels of AP in AD cases.

The strengths of our study were: (1) it only included
neuropathologically confirmed cases with an ante mor-
tem CSF analysis and (2) it excluded cases with mixed
neuropathology. This approach provides objective results
when studying prion disease and other neurodegenera-
tion biomarkers.

Conclusions

We showed that PAR-2 CSF levels do not differ among
prion diseases and other neurodegenerative diseases.
This may suggest a disease-nonspecific modulatory role
in neurodegeneration processes. Our results also con-
firmed that very high T-tau CSF levels and 14-3-3 pro-
tein positivity are significantly associated with a definite
CJD diagnosis. Individual variability in CSF biomarkers,
however, was commonly observed, which led us to con-
clude that neuropathological examinations, of even “clin-
ically certain” cases, can still provide invaluable feedback
to clinicians.

Additional file

[ Additional file 1: Cases included in the study. ]
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Additional file 1: Cases included in the study.

case # gf :th Gender I[:r)# (;?]ttﬁg] i:;ti 33 E;)';?r?ﬂ] E)-gt;?rlrjll] ﬁ)% /mi] '[Dng?nglz] CP;'\(IJE 129 | Neuropathological diagnosis | Clinical diagnosis
1 71 F 2 N 195 20 640 7,79 MM sCJD RPD

2 60 F 4 P 600 46 421 6,01 MM sCJD CJD

3 57 F 10 N 1201 114 1080 | 7,29 MM sCJD CJD

4 52 M 4 P 1201 |62 476 23,7 \AY sCJD CJD

5 54 M 3 P 1201 49 590 8,6 MM sCJD CJD

6 81 F 2 P 1201 |39 446 28,49 | MM sCJD CJD

7 62 F 1 P 1201 |60 619 8,05 MM sCJD CJD

8 62 F 5 P 1201 72 497 17,23 | MV sCJD CJD

9 68 M 6 P 1201 |63 639 6,22 \AY sCJD CJD

10 68 M 6 P 1201 42 351 6,75 \AY sCJD CJD

11 68 M 4 N 223 44 255 4,26 MM sCJD RPAD/CJD
12 71 F 4 P 1201 166 1123 13,13 | VWV sCJD CJD

13 74 F 17 P 1201 21 481 8,8 MV sCJD CJD

14 49 M 3 P 1201 19 294 10,37 | MM sCJD CJD

15 58 M 16 W 1201 66 1407 14,22 | MV sCJD CJD

16 61 F 1 P 1201 41 812 7,02 MM sCJD CJD

17 59 F n/a* N 563 42 909 7,25 MM sCJD CJD

18 69 M 1 P 1201 |50 1160 | 15,16 | MM sCJD CJD

19 69 F 8 P 1201 |49 680 12,86 | MM sCJD CJD

20 65 M 2 P 1201 |29 609 5,83 MM sCJD CJD

21 69 F 2 P 1201 102 1047 16,76 | MM sCJD CJD

22 70 F 11 P 1201 48 927 8,30 MV sCJD CJD

23 53 F 4 wW 1201 19 272 1,54 MM sCJD CJD

24 63 F 1 N 1201 18 231 1,42 MM sCJD CJD

25 71 M 2 N 1201 55 776 2,99 MM sCJD CJD

26 74 F 7 P 1201 58 329 1,58 \AY sCJD CJD

27 62 F 12 W 1201 82 747 3,30 MM sCJD CJD

28 65 F 5 W 1201 37 600 2,85 MM sCJD CJD

29 71 F 1 P 1201 |53 663 2,50 MM sCJD CJD

30 58 F 5 W 1201 21 229 1,25 MM sCJD CJD

31 58 F 8 N 1201 |59 799 15,96 | MM fCJID (E200K mutation) CJD

32 62 F 11 w 1201 20 518 5,42 \AY fCJID (R208H mutation) PSP/CJD
33 53 F 11 W 1201 75 673 7,79 MV fCJID (E200K mutation) CJD

34 62 F 6 P 1201 48 315 1,77 MM fCJID (E200K mutation) CJD

35 39 M 48 N 1201 16 212 7,66 MV GSS (P102L mutation) GSS

36 65 M 4 P 1201 |92 471 16,12 | MM GSS (P102L mutation) CJD

37 62 F 12 N 65 25 410 2,79 n/a VaD VaD/mth
38 69 M 2 P 1201 |20 186 5,00 n/a VaD VaD/mtb/CJD
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39 79 M 72 N 728 103 1512 |5,92 n/a VaD VaD/AD
40 62 F 6 '\ 357 28 552 1,728 | n/a VaD CJD

41 72 M 24 N 194 61 1672 | 6,44 n/a PSP AD

42 64 M 40 N 159 35 553 16,64 | n/a PSP PSP

43 89 F 36 N 497 95 475 8,08 n/a AD (Braak stage V) depression
44 76 M 27 '\ 860 29 256 6,58 n/a AD (Braak stage V) CJD

45 68 M 84 N 830 102 94 10,62 | n/a AD (Braak stage VI) AD

46 78 F 2 N 1201 |65 143 40 n/a AD (Braak stage VI) CJD

47 62 M 36 P 1201 |58 125 1,215 | n/a AD (Braak stage VI) AD/FTD
48 82 F 7 W 1201 |35 679 3,659 | n/a AD (Braak stage 1V) CJD

49 54 M 16 N 268 34 1109 |16,47 | n/a FTLD-TDP FTD

50 62 M 4 P 1121 |54 595 13,35 | n/a FTLD-TDP CJD

51 90 M 46 N 857 69 1065 |8,38 n/a FTLD-TDP AD

52 75 M 9 N 148 26 265 5,22 n/a FTLD-TDP MSA/CJID
53 70 M n/a N 164 34 748 10,68 | n/a FTLD-TDP FTD

54 80 F 12 N 1099 |94 281 11,68 | n/a FTLD-TDP FTD/AD
55 69 M 12 N 282 40 494 4,71 n/a FTLD-TDP FTD

56 78 M 3 N 467 16 339 6,72 n/a FTLD-TDP CJD

57 58 M 20 N 311 33 647 21,79 | n/a FTLD-TDP FTD/MSA/CJID
58 53 F 20 N 134 15 348 2,321 | nla FTLD-TDP CJD

59 82 F 40 P 1201 |21 360 3,111 | n/a FTLD-TDP CJD

Supplemental table legend: codon 129 polymorphisms: MM — methionine/methionine, MV —

methionine/valine, VV — valine/valine; protein 14-3-3 status: P — positive, W — weak, N —

negative; AD — Alzheimer’s disease; FTD — frontotemporal dementia; FTLD-TDP —

frontotemporal lobar degeneration with phosphorylated TDP-43 inclusions without motor
neuron involvement; GSS — Gerstmann-Striussler-Scheinker disease; MSA — multiple system

atrophy; mtb — metabolic encephalopathy; fCJD — familial Creutzfeldt-Jakob disease; PSP —

progressive supranuclear palsy; RPAD — rapidly progressive Alzheimer’s disease; RPD — rapidly

progressive dementia; sCJD — sporadic Creutzfeldt-Jakob disease; VaD — vascular dementia; n/a

— not available; n/a* — diagnosis made on brain biopsy
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3.2 Charakterizace oligodendroglialni reakce u onemocnéni motorického
neuronu s inkluzemi proteinu TDP-43 jako zakladni predpoklad pro na-
sledné studie role PAR2 a dalSich typu PARs v kontextu oligodendroglidlni

patologie
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Abstract

Background: TDP-43 proteinopathies represent a spectrum
of neurodegenerative disorders. Variable clinical presenta-
tions including frontotemporal dementia, amyotrophic lat-
eral sclerosis (ALS) and mixed forms are associated with the
spatial heterogeneity of the TDP-43 pathology. Recent stud-
ies have emphasized the role of oligodendrocytes in the
pathogenesis of ALS. Objective: To evaluate whether TDP-
43 proteinopathies are associated with an oligodendroglial
response. Methods: We performed a study on 7 controls and
10 diseased patients with spinal cord involvement. Using the
oligodendroglia-specific antibody TPPP/p25, we assessed
oligodendrocyte density in the lateral corticospinal tracts
(LCSs) along with the presence of perineuronal oligodendro-
cytes (PNOGs) in the anterior horns. We performed a densi-
tometry of myelin basic protein (MBP) immunoreactivity.
The numbers of TDP-43 and p62 immunoreactive inclusions
were counted in both the LCSs and the anterior horns. Re-
sults: Double immunolabeling confirmed that oligodendro-
cytes harbor TDP-43 inclusions. In the LCSs, MBP density, but

not the number of oligodendrocytes, was decreased in the
diseased group. However, oligodendrocyte counts in the
LCS correlated positively, and the density of MBP inversely,
with the number of neuronal inclusions in the anterior horn,
suggestive of a compensatory response of oligodendro-
cytes. The number of neurons with PNOGs correlated with
the amount of inclusions. Conclusion: Our study further em-
phasizes the importance of oligodendroglia in the patho-
genesis of TDP-43 proteinopathies with spinal cord involve-
ment. ©2014 S. Karger AG, Basel

Introduction

The clinicopathological spectrum of TDP-43 (trans-
activation-responsive DNA-binding protein of 43 kDa)
proteinopathies includes disorders characterized by in-
tracellular accumulation of misfolded and phosphorylat-
ed TDP-43 (pTDP-43) [1, 2]. Moreover, TDP-43 immu-
nodeposits are ubiquitinated and show immunoreactivity
for p62, which is a multifunctional protein involved in
intracellular signaling and the regulation of both the
ubiquitin-proteasome system and autophagy [3]. Disor-
ders recognized in this spectrum clinically present as
frontotemporal dementia, motor neuron disease (MND)
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or combined forms. The neuropathological classification
corresponds to the entities designated as frontotemporal
lobar degeneration (FTLD)-TDP, amyotrophic lateral
sclerosis (ALS) and FTLD-MND, respectively [4]. Cases
with ALS symptomatology show TDP-43- and p62-im-
munoreactive inclusions in both neurons and glia of the
spinal cord. Numerous mechanisms have been proposed
to explain the pathogenesis of TDP-43 proteinopathies,
including an imbalance in RNA metabolism [5], protein
p62 dysfunction [3], damage caused by astrocyte and mi-
croglial activation, glutamate toxicity and, generally
speaking, proteostasis imbalances [6-8]. Even though the
role of neurons in the pathogenesis of ALS has been stud-
ied extensively, the role of oligodendrocytes, the cells re-
sponsible for axon myelination and support, is less well
known [8, 9]. However, recent studies have shown that
oligodendrocytes may be involved in the pathogenesis of
ALS. Failure of oligodendrocytes to metabolically sup-
port axons, due to monocarboxylate transporter (MCT-
1) deficiency, was shown to lead to axonal degeneration
and neuronal loss [10]. Other studies have shown that
during the pathogenesis of ALS, neuron-glial antigen
2-positive (NG2+) oligodendrocyte progenitors prolifer-
ate and generate differentiated oligodendrocytes, which
show an aberrant phenotype that could lead to the degen-
eration of axons [11, 12]. Another study showed that oli-
godendrocytes release exosomes upon glutamate activa-
tion and that these exosomes are endocytosed by neurons
[13]. This could be a pathway for oligodendrocytes to
support neurons during harmful events such as oxidative
stress or nutrient deficiency [13]. Apart from oligoden-
drocyte progenitors and myelinating oligodendrocytes,
another peculiar oligodendroglial population called peri-
neuronal oligodendrocytes (PNOGs) seem to contribute
to the pathogenesis of various neurodegenerative disor-
ders and have been shown to differ from myelinating oli-
godendrocytes by having a role that is probably directed
towards metabolic support of neurons rather than my-
elination of axons [14-16].

Due to the lack of reliable markers that can be used in
postmortem formalin-fixed human tissue samples, oligo-
dendrocyte pathology has been less investigated in ALS
[8]. Through the application of a marker of differentiated
oligodendrocytes, TPPP/p25 (tubulin polymerization-
promoting protein), in the present study we assess and
quantify the oligodendroglial response in cases character-
ized by TDP-43 proteinopathy with motor neuron in-
volvement. This marker has been used to characterize ol-
igodendrocyte pathology in postmortem samples origi-
nating from individuals with multiple sclerosis [17],
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a-synucleinopathies [18, 19] and temporal lobe epilepsy
[20]. Additionally, our study evaluated whether pTDP-43
and p62 pathologies were associated with myelin altera-
tions in the lateral corticospinal tract (LCS) of the spinal
cord.

Material and Methods

Material

Paraffin-embedded 4-pm-thick tissue sections from a total of
10 diseased patients (6 women) and 7 controls (3 women) were
evaluated. The mean age at death in the control group was 48.4
years (median: 38; range: 21-84), and in the disease group, it was
64.4 years (median: 64; range: 49-73). Causes of death in the dis-
eased patients were bronchopneumonia or pulmonary embolism.
Causes of death in the controls included cancer not affecting the
brain or spinal cord, heart failure, hypertensive intracranial hem-
orrhage and pulmonary embolism. Brains were fixed in buffered
formalin and examined using routine neuropathological proto-
cols. The neuropathological classification of the 10 diseased pa-
tients included ALS or FTLD-TDP with associated MND; thus, all
cases showed the TDP-43 pathology in the spinal cord. The dis-
eased group represented sporadic cases of clinically observed
MND/ALS only (n = 5) and frontotemporal dementia with subse-
quently developed MND (n = 5) with no detected abnormality in
the COORF72 and TARDBP genes. Moreover, FUS (fused in sar-
coma) pathology was excluded. Cases with other concomitant
neurodegenerative conditions were excluded from the present
study. Blocks from the cervical spinal cord were used from both
diseased patients and controls.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed par-
affin-embedded sections using antibodies prepared against TPPP/
p25 (monoclonal, 1:1,000; Hoftberger et al. [17]), p62 (monoclo-
nal, 1:500; BD Biosciences, San Jose, Calif., USA), pTDP-43
(monoclonal pS409/410, 1:2,000; Cosmo Bio, Tokyo, Japan) and
myelin basic protein (MBP; polyclonal, 1:200; DAKO, Glostrup,
Denmark). For visualization of the primary antibodies, a DAKO
EnVision™ kit with a peroxidase-DAB system (rabbit/mouse) was
used.

Double Immunolabeling and Laser Confocal Microscopy

Polyclonal anti-TPPP/p25 (1:3,000; Haider et al. [21]) antibody
was used with Alexa Fluor 488 (1:200; Jackson Immuno Research
Laboratories Inc., USA). Monoclonal anti-pTDP-43 antibody was
used with Cy3 (1:100; Jackson ImmunoResearch Laboratories).
Nuclei were stained with TO-PRO 3 (1:8,000; Molecular Probes
Europe BV, Leiden, The Netherlands). Immunofluorescent signals
were elicited using argon 488-nm and helium/neon 550-nm lasers.
Immunofluorescence labeling was evaluated using a Leica TCS
SP5 II confocal microscope (Leica Microsystems GmbH, Wetzlar,
Germany) with a HCX PL APO 40x/1.2-0.75 OIL CS objective.

Cell Counting and Inclusion Quantification

Counting was performed by a diagnosis-blinded observer
(Z.R.) using the grid method. At x400 magnification, each grid
corresponds to an area of 0.25 x 0.25 mm. Using x400 magnifica-
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tion, TPPP/p25 immunoreactive cells were counted in a total of 16
grids, thus covering an area of 1 mm?. TPPP/p25 immunoreactive
cells were counted in prepared sections from the LCS and the ip-
silateral dorsal column. Additionally, in the ipsilateral anterior
horns, the numbers of neurons with 0 or 1 or more PNOGs (de-
fined as TPPP/p25-immunoreactive cells located next to neurons
without any intervening neuropil) were counted. For this purpose,
a neuron was defined as a cell displaying at least two of the follow-
ing: (1) a nucleus with a visible nucleolus, (2) lipofuscin in the cy-
toplasm, (3) Nissl’s substance in the cytoplasm or (4) an apical
dendrite.

The degree of neuronal and glial p62 and pTDP-43 immuno-
reactivities was measured by counting the number of inclusions
per 1 mm? in the LCS. In the ipsilateral anterior horn, this was
evaluated in the area around 10 neurons at x200 magnification.

To assess the severity of pTDP-43 pathology in the primary
motor cortex (Brodmann area 4) of diseased patients, we semi-
quantitatively evaluated the amount of neuronal cytoplasmic and
neuritic pTDP-43 immunoreactivities in a four-tiered manner
(none-mild-moderate-severe).

MBP Densitometry

Sections of spinal cord immunolabeled for MBP were scanned
with a digital slide scanner (NanoZoomer 2.0-HT: C9600-13;
Hamamatsu Photonics K.K., Hamamatsu, Japan) and further ana-
lyzed using Image]J software (Image]J 1.47q; W.S. Rasband; Nation-
al Institutes of Health, Bethesda, Md., USA). Regarding regions of
interest for MBP densitometry, areas from the LCS were selected
at x400 magnification and imported into the Image] software. Af-
ter conversion to 8-bit images, the MBP density was measured,
applying the same threshold for all sections and expressed as the
integrated density (the algorithm takes into account different pix-
el values across the region of interest, which provides a better cor-
relation to uneven diaminobenzidine-based staining) of threshold
pixel values in the region of interest.

Statistical Evaluation

The cases included in the study (n = 17) were grouped as con-
trols (n = 7) and diseased patients characterized by pTDP-43 pa-
thology (n = 10); the latter were designated as the ‘diseased group’
in the study. The quantity of p62 and pTDP-43 inclusions in neu-
rons and glia, the quantity of TPPP/p25-immunoreactive cells and
the density of MBP immunoreactivity in the white matter were
subjected to statistical analysis. To compare the mean values of
these variables, the Mann-Whitney test was used. For assessment
of the relationship between variables, the Spearman correlation
test was performed. p < 0.05 was considered to be statistically sig-
nificant.

Results

Patterns of p62, pTDP-43, TPPP/p25 and MBP

Immunoreactivities

In the sections from the cervical spinal cord, no p62- or
pTDP-43-immunoreactive inclusions were found in any
of the examined areas in the control group. In the dis-
eased group, irrespective of the predominant clinical fea-
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ture, p62- or pTDP-43-immunoreactive neuronal and
glial cytoplasmic inclusions and neuritic profiles were
found to variable extents in all the areas examined (fig. 1a-
d). The number of p62 and pTDP-43 inclusions corre-
lated well with each other in all the regions examined
(p < 0.05). Double immunolabeling for pTDP-43 and
TPPP/p25 demonstrated that inclusions in the white
matter were associated with oligodendroglial cells, and
cytoplasmic immunolabeling partly overlapped; a few
globular inclusions showed a clear TPPP/p25 immunore-
activity (fig. 1e-h). TPPP/p25 immunoreactivity was ob-
served in oligodendrocytes in both white and gray matter.
In addition, a weak immunoreactivity of myelin sheaths
was also present. Although there was a trend for a de-
creased number of TPPP/p25-immunoreactive cells in
the diseased group (fig. 2a, b), this was not significant
(p>0.1). PNOGs were recognized mainly in the ALS cases
(fig. 2¢c). Immunoreactivity for MBP was present as dif-
fuse staining of myelin sheaths in both the white and gray
matter of the areas examined. In the LCS, we found sig-
nificant differences in MBP density between the control
and the diseased group (p = 0.050; fig. 2d-f), but not in
the dorsal column (p = 0.62). In the motor cortex, we ob-
served neuronal cytoplasmic and/or neuritic pTDP-43
immunoreactivities in all the diseased patients (n = 10).

Relationship between MBP Density and p62 and

pTDP-43 Inclusion Load

The Spearman correlation test revealed no significant
correlations between MBP density and the number of
TPPP/p25-immunoreactive oligodendrocytes in the spi-
nal cords of the control (R = -0.39; p = 0.38) and the dis-
eased group (R = -0.45; p = 0.18). In the diseased group,
we observed an inverse correlation between the number
of p62-immunoreactive neuronal inclusions in the ante-
rior horn and MBP density in the corticospinal tract (R =
-0.87; p = 0.001). No correlation between the extent of
neuritic or neuronal cytoplasmic pTDP-43 pathology in
the motor cortex and MBP density in the LCS was ob-
served (p > 0.8 for both).

Relationship between Perineuronal and Corticospinal

TPPP/p25-Immunoreactive Oligodendrocytes and p62

and pTDP-43 Inclusion Load

We found no significant difference between the con-
trol and the diseased group (p > 0.1) relative to the num-
ber of neurons with no or 1 or more PNOGs in the ante-
rior horn. However, in the diseased group, we found that
the number of neurons with 1 or more adjacent PNOGs
was related to the increased number of neuronal p62 (p62
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Fig. 1. pTDP-43 immunohistochemistry shows a neuronal cyto-
plasmic globose and skein-like inclusion (a) and a cytoplasmic gli-
al coiled-body-like inclusion (b). Immunohistochemistry for p62
shows a globose neuronal cytoplasmic inclusion (c) and a glial cy-
toplasmic inclusion (d). Confocal microscopy shows a green signal
(colors in online version only) for TPPP/p25 (e), red for pTDP-43
(f) and blue for TO-PRO 3 DNA staining (g) with colocalization
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0 DTDP-43 o
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p62

of pTDP-43 and TPPP/p25 signals (h). Note that TPPP/p25 im-
munoreactivity overlays the nucleus and labels the cytoplasm of
oligodendrocytes and that pTDP-43-immunoreactive inclusions
variably overlap with the cytoplasmic TPPP/p25 immunolabeling.
Scale bar =15 um (a, ¢), 7.5 um (b, d), 2.5 um (e-h, uppermost row
of panels) and 5 pm (e-h, lower 3 rows of panels).
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Fig. 2. a, d Bar graphs showing TPPP/p25-immunoreactive cell
counts (a) and MBP density values (d) in controls and TDP-43
proteinopathy (TDP) cases. * p < 0.05. b TPPP/p25 immunoreac-
tivity in a control (Co) and an ALS case (TDP) showing cytoplas-
mic and nuclear staining of oligodendrocytes along with weak my-

neuronal R =0.826, p=0.03; p62 glial R = 0.524, p = 0.12)
and neuronal and glial pTDP-43 (pTDP-43 neuronal R =
0.68, p = 0.03; pTDP-43 glial R = 0.83, p = 0.003) inclu-
sions in the anterior horn. In the diseased group, we ob-
served more PNOG-bearing neurons with inclusions
(43.25% of the neurons with neuronal cytoplasmic inclu-
sions showed PNOGs, while 23% of the neurons without
neuronal cytoplasmic inclusions showed PNOGs). How-
ever, this did not reach statistical significance (x* test; p =
0.13). The number of neurons with 1 or more PNOGs also
positively correlated with the severity of neuritic, but not
with that of neuronal cytoplasmic, pTDP-43 pathology in
the motor cortex (R = 0.63; p = 0.051). The number of
neuronal p62- and pTDP-43-immunoreactive inclusions
in the anterior horn positively correlated with the num-
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elin staining. ¢ PNOG (arrow) defined as a TPPP/p25-immunore-
active cell that touches the neuron. e, f MBP-stained sections from
a control (Co) and an ALS case (TDP) showing a clear loss of MBP
staining in the LCS in the ALS case (e, arrowheads). Scale bar = 25
um (b, f), 7.5 pm (c) and 0.15 mm (e).

ber of TPPP/p25-immunoreactive oligodendrocytes in
the LCS (pTDP-43 neuronal R = 0.66, p = 0.03; pTDP-43
glial R = 0.49, p = 0.14; p62 neuronal R = 0.61, p = 0.057;
p62 glial R = 0.56, p = 0.08). The severity of the motor
cortex neuritic pTDP-43 pathology correlated variably
with the number of TPPP/p25-expressing oligodendro-
cytes in the LCS (R = 0.76; p = 0.011), p62 glial (R = 0.68;
p = 0.029) and neuronal (R = 0.59; p = 0.069), pTDP-43
glial (R = 0.55; p = 0.093) and pTDP-43 neuronal (R =
0.62; p = 0.056) inclusions in the anterior horn. No cor-
relation was found between motor cortex neuritic pTDP-
43 pathology and p62 glial (R = 0.403; p = 0.248) and
pTDP-43 glial (R = 0.530; p = 0.115) inclusions in the
LCS. The severity of neuronal cytoplasmic pTDP-43 pa-
thology did not correlate with these variables.
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Relationship between Age and TPPP/p25-

Immunoreactive Cell Count

The Spearman correlation test showed a significant
negative correlation between the age at death of the sub-
jects in the diseased group and the number of TPPP/p25-
immunoreactive cells in the LCS (R = —0.64; p = 0.046).
The presence of both p62 and pTDP-43 immunoreactiv-
ities did not correlate with age or MBP density values in
the diseased group.

Discussion

In this study, we demonstrated the oligodendroglial
response in the spinal cord in TDP-43 proteinopathy cas-
es (diseased group) with motor neuron symptomatology.
Major findings of our study are the following: (1) we pro-
vided evidence that TPPP/p25-immunoreactive oligo-
dendrocytes contain pTDP-43 inclusions; (2) we found a
decreased density of MBP in the LCS of the diseased
group, which was not paralleled by a loss of TPPP/p25-
expressing oligodendrocytes; (3) inclusions in the ante-
rior horn correlated inversely with the density of MBP
and positively with the number of TPPP/p25-immunore-
active oligodendrocytes in the corticospinal tract, and (4)
we demonstrated a positive correlation between the
amount of p62- and pTDP-43-immunoreactive inclu-
sions and increased numbers of motor neurons with
PNOGs. In addition, our observations suggest that the
age of patients may potentially influence the oligoden-
droglial response in the corticospinal tract.

To quantify oligodendrocytes, we used brain-specific
TPPP/p25 as a marker of differentiated myelinating oli-
godendrocytes. This marker provides robust results in
formalin-fixed paraffin-embedded tissue; its antigenicity
is preserved even after prolonged fixation in routinely
used fixatives and has been successfully used in previous
studies [17-21]. Apart from neurons, oligodendrocytes
are considered to be the other major cell type having pT-
DP-43-immunoreactive inclusions in TDP-43 proteinop-
athies. This is mainly based on the morphology of the cells
and inclusions. However, definite confirmation that these
cells are of oligodendroglial origin has been missing due
to lack of a marker specific for mature myelinating oligo-
dendrocytes that could be reliably used in human post-
mortem formalin-fixed tissues [8]. In our study, we dem-
onstrated that pTDP-43-immunoreactive inclusions co-
localize with TPPP/p25, and, therefore, we confirmed
that the cells containing the inclusions are indeed oligo-
dendrocytes. The partly overlapping immunoreactivity
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could suggest a redistribution of cytoskeletal elements
into the glial inclusions, reminiscent of the inclusions in
the a-synucleinopathy called multiple system atrophy
[18, 19]; however, this merits further analysis. As with
neurons, the majority of pTDP-43-immunoreactive in-
clusions in oligodendrocytes was ubiquitinated and con-
tained p62.

Our finding that the number of TPPP/p25-expressing
oligodendrocytes in the LCS does not show a significant
difference between the control and the diseased group is
in agreement with recently published studies using dif-
ferent markers for differentiated oligodendrocytes [11,
12]. However, in cases with developed MND, the loss of
myelin in the LCS was obvious, and we also found a de-
crease in the MBP density within this group when com-
pared with the controls. We noted a trend for decreased
numbers of TPPP/p25+ cells in the diseased group, which
could be associated with the loss of myelin and tract de-
generation. Although we did not perform an exact so-
matotopic comparison, interestingly, MBP density in the
LCS in the diseased group did not correlate with the ex-
tent of neuronal/neuritic pTDP-43 pathology in the mo-
tor cortex, but it correlated inversely with the number of
neuronal p62-immunoreactive inclusions in the anterior
horn. In contrast, neuronal p62- and pTDP-43-immu-
noreactive inclusions in the anterior horn positively cor-
related with increased numbers of TPPP/p25-expressing
oligodendrocytes in the LCS. This opposing effect sug-
gests that a subset of oligodendrocytes, in a pool of qui-
escent cells, start to express TPPP/p25 during the course
of the disease as a reaction to ongoing distress in motor
neurons and myelin loss. Most likely, this is a compensa-
tory phenomenon, which, however, is not enough to
reach or to exceed the level seen in the nondiseased
group. Since dysfunctional oligodendrocytes have been
shown to contribute to axonal degeneration and myelin
loss, this could suggest that the myelin loss in the LCS is
not just secondary to upper motor neuron damage [10,
11,13, 22]. This is also supported by studies on mice har-
boring mutations that cause oligodendroglial dysfunc-
tion and showing axonal degeneration, albeit in the pres-
ence of relatively preserved myelin sheaths [23, 24]. This
implies that oligodendrocytes may contribute to non-
cell-autonomous damage to neurons before myelin loss
occurs. Indeed, an oligodendroglia-mediated non-cell-
autonomous loss of neurons was suggested by Philips et
al. [11], who demonstrated that mutant superoxide dis-
mutase 1 (SOD1) causes posttranscriptional decreases in
MCT-1 levels, and thus impairs trophic support to the
axons. Kang et al. [12] selectively deleted mutated SOD1
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(G37R) from the NG2+ oligodendrocyte precursors in
mice, causing a delayed disease onset and prolonged sur-
vival. Moreover, in the same study, MCT-1 expression
was partially preserved in some cases during the early
stages of disease.

The finding of a positive correlation between the
number of TPPP/p25-expressing PNOGs and the num-
ber of neuronal p62-immunoreactive and neuronal and
glial pTDP-43-immunoreactive inclusions in the ante-
rior horns is intriguing. To plausibly explain this phe-
nomenon, a deeper understanding of PNOG function is
necessary. Recent studies have shown that PNOGs may
trophically and metabolically support neurons [25] and
protect them from apoptosis [14]. PNOGs were shown
to be decreased in the prefrontal cortex of patients suf-
fering from schizophrenia [26], while being increased in
the temporal lobe resection specimens from patients
with epilepsy [20]. Szuchet et al. [16] defined PNOGs as
differentiated nonmyelinating oligodendrocytes (A2B5+
and OTMP+) derived from oligodendrocyte precursors,
distinct from their myelinating counterparts. The au-
thors of the study suggested that PNOGs may serve as a
reserve oligodendrocyte population that is primarily
nonmyelinating but can participate in remyelination
during various pathologic conditions. In the same study,
PNOGs were shown to be negative for CC1 (a clone of
adenomatous polyposis coli), 2',3"-cyclic nucleotide
3'-phosphodiesterase (CNP) and myelin proteolipid
protein, which are markers of myelinating oligodendro-
cytes; this is in conflict with results of the study by Taka-
sakietal. [15], who used CNP positivity to define PNOGs,
and also contravenes our study, in which we define
PNOGs by the expression of TPPP/p25, which has been
shown to be coexpressed with CNP in differentiated my-
elinating oligodendrocytes [17, 27]. PNOGs can be de-
fined by morphological criteria such as those used in our
study and in the studies by Taniike et al. [14], Vostrikov
et al. [26] and Takasaki et al. [15]; on the other hand,
there are molecular-genetic criteria, as used in a study by
Szuchet et al. [16]. Since these two approaches yield con-
tradictory results, a more comprehensive characteriza-
tion of PNOGs, at the molecular-genetic and morpho-
logical levels, is needed. Despite this inconsistency, re-
ported CCI negativity in PNOGs [16] becomes more
interesting in the context of more recent studies that in-
vestigated oligodendroglial pathology in ALS [11, 12].
Kang et al. [12] showed that in the mouse model of ALS
with the SOD1 G93A mutation, NG2+ oligodendrocyte
precursors increased in number, but CC1+ oligodendro-
cyte numbers remained rather stable, implying that there
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is a concomitant loss of CC1+ oligodendrocytes. This
was described in another study carried out on SODI
G93A mice as well, in which the authors observed an in-
crease in NG2+ oligodendrocyte precursors; moreover,
the CC1+ oligodendrocytes showed an impaired mor-
phology and failure in myelination and the metabolic
support of neurons [11]. Therefore, we can speculate that
increases in NG2+ precursors may also lead to increases
in CC1- PNOGs, which could then metabolically, tro-
phically and antiapoptotically support distressed neu-
rons. This would suggest an important role for PNOGs
in the pathogenesis of ALS.

In conclusion, our study shows that TDP-43 pro-
teinopathy cases presenting with motor neuron involve-
ment show a complex oligodendroglial response. We hy-
pothesize that there is a compensatory response during
the progression of the disease and that this is why we see
a positive correlation with the number of inclusions and
TPPP/p25-positive cells. However, this reaction is not
enough to reach or to exceed the number of TPPP/p25-
expressing cells in nondiseased tissue. A comparable phe-
nomenon has also been observed in multiple sclerosis
[17] and temporal lobe epilepsy [20]. If TPPP/p25 is a
marker of functionally matured oligodendrocytes, capa-
ble of myelination and providing metabolic support to
the neurons, a reactive increase in oligodendrocytes ex-
pressing TPPP/p25 could be related to ongoing damage
to the CNS. Based on this study, TPPP/p25 seems to be
triggered by neuronal distress, as indicated by the pres-
ence of p62- and pTDP-43-immunoreactive inclusions in
the diseased group. Whether the ‘responding’ TPPP/p25-
expressing oligodendrocytes contribute to the repair of
myelin or offer metabolic support to neurons, as two dif-
ferent populations, merits further investigations. Our
demonstration of the important role of oligodendrocytes
in TDP-43 proteinopathies could serve as a rationale for
the development of glia-based therapies.

Acknowledgements

The study was supported by grant IGA NT12094-5 from the
Grant Agency of the Ministry of Health, Research Project MSMT
0021620849, Charles University Project PRVOUK P26/1/4 as well
as by a grant from the AKTION Austria-Czech Republic. It was
performed in the frame of the European Commission’s 7th Frame-
work Programme under GA No. 278486, DEVELAGE (G.G.K.).
The authors wish to thank Tom Secrest, MSc, for revisions on the
English version of this article.

Neurodegener Dis 7
DOI: 10.1159/000362929

78




—

10

References

Davidson Y, Kelley T, Mackenzie IR, Picker-
ing-Brown S, du Plessis D, Neary D, Snowden
JS, Mann DM: Ubiquitinated pathological le-
sions in frontotemporal lobar degeneration
contain the TAR DNA-binding protein,
TDP-43. Acta Neuropathol 2007;113:521-
533.

Josephs KA, Hodges JR, Snowden JS, Mac-
kenzie IR, Neumann M, Mann DM, Dickson
DW: Neuropathological background of phe-
notypical variability in frontotemporal de-
mentia. Acta Neuropathol 2011;122:137-153.
Salminen A, Kaarniranta K, Haapasalo A,
Hiltunen M, Soininen H, Alafuzoff I: Emerg-
ing role of p62/sequestosome-1 in the patho-
genesis of Alzheimer’s disease. Prog Neuro-
biol 2012;96:87-95.

Robberecht W, Philips T: The changing scene
of amyotrophic lateral sclerosis. Nat Rev Neu-
rosci 2013;14:248-264.

da Cruz§, Cleveland DW: Understanding the
role of TDP-43 and FUS/TLS in ALS and be-
yond. Curr Opin Neurobiol 2011;21:904-919.
Rothstein JD: Current hypotheses for the un-
derlying biology of amyotrophic lateral scle-
rosis. Ann Neurol 2009;65(suppl 1):S3-59.
Powers ET, Morimoto RI, Dillin A, Kelly JW,
Balch WE: Biological and chemical approach-
es to diseases of proteostasis deficiency. Annu
Rev Biochem 2009;78:959-991.

Ince PG, Highley JR, Kirby J, Wharton SB,
Takahashi H, Strong M]J, Shaw PJ: Molecular
pathology and genetic advances in amyo-
trophic lateral sclerosis: an emerging molecu-
lar pathway and the significance of glial pa-
thology. Acta Neuropathol 2011;122:657-
671.

Lasiene J, Yamanaka K: Glial cells in amyo-
trophic lateral sclerosis. Neurol Res Int 2011;
2011:718987.

Lee Y, Morrison BM, Li Y, Lengacher S, Farah
MH, Hoftfman PN, Liu Y, Tsingalia A, Jin L,
Zhang PW, Pellerin L, Magistretti PJ, Roth-
stein JD: Oligodendroglia metabolically sup-
port axons and contribute to neurodegenera-
tion. Nature 2012;487:443-448.

11

12

13

14

15

16

17

18

Philips T, Bento-Abreu A, Nonneman A,
Haeck W, Staats K, Geelen V, Hersmus N,
Kusters B, van den Bosch L, van Damme P,
Richardson WD, Robberecht W: Oligoden-
drocyte dysfunction in the pathogenesis of
amyotrophic lateral sclerosis. Brain 2013;136:
471-482.

Kang SH, Li Y, Fukaya M, Lorenzini I, Cleve-
land DW, Ostrow LW, Rothstein JD, Bergles
DE: Degeneration and impaired regeneration
of gray matter oligodendrocytes in amyo-
trophic lateral sclerosis. Nat Neurosci 2013;
16:571-579.

Frithbeis C, Frohlich D, Kuo WP, Amphorn-
rat J, Thilemann S, Saab AS, Kirchhoff F, M6-
bius W, Goebbels S, Nave KA, Schneider A,
Simons M, Klugmann M, Trotter J, Kramer-
Albers EM: Neurotransmitter-triggered
transfer of exosomes mediates oligodendro-
cyte-neuron communication. PLoS Biol 2013;
11:e1001604.

Taniike M, Mohri I, Eguchi N, Beuckmann
CT, Suzuki K, Urade Y: Perineuronal oligo-
dendrocytes protect against neuronal apopto-
sis through the production of lipocalin-type
prostaglandin D synthase in a genetic demy-
elinating model. J Neurosci 2002;22:4885-
4896.

Takasaki C, Yamasaki M, Uchigashima M,
Konno K, Yanagawa Y, Watanabe M: Cyto-
chemical and cytological properties of peri-
neuronal oligodendrocytes in the mouse cor-
tex. Eur ] Neurosci 2010;32:1326-1336.
Szuchet S, Nielsen JA, Lovas G, Domowicz
MS, de Velasco JM, Maric D, Hudson LD: The
genetic signature of perineuronal oligoden-
drocytes reveals their unique phenotype. Eur
J Neurosci 2011;34:1906-1922.

Hoftberger R, Fink S, Aboul-Enein F, Botond
G, Olah ], Berki T, Ovadi J, Lassmann H, Bud-
ka H, Kovacs GG: Tubulin polymerization
promoting protein (TPPP/p25) as a marker
for oligodendroglial changes in multiple scle-
rosis. Glia 2010;58:1847-1857.

Kovacs GG, Gelpi E, Lehotzky A, Hoftberger
R, Erdei A, Budka H, Ovadi J: The brain-spe-
cific protein TPPP/p25 in pathological pro-
tein deposits of neurodegenerative diseases.
Acta Neuropathol 2007;113:153-161.

Neurodegener Dis
DOI: 10.1159/000362929

19

20

21

22

23

24

25

26

27

Kovacs GG, Laszlo L, Kovacs J, Jensen PH,
Lindersson E, Botond G, Molnar T, Perczel A,
Hudecz F, Mezo G, Erdei A, Tirian L, Lehotz-
ky A, Gelpi E, Budka H, Ovadi J: Natively un-
folded tubulin polymerization promoting
protein TPPP/p25 is a common marker of
a-synucleinopathies. Neurobiol Dis 2004;17:
155-162.

Stefanits H, Czech T, Pataraia E, Baumgartner
C, Derhaschnig N, Slana A, Kovacs GG:
Prominent oligodendroglial response in sur-
gical specimens of patients with temporal lobe
epilepsy. Clin Neuropathol 2012;31:409-417.
Haider L, Fischer MT, Frischer JM, Bauer J,
Hoftberger R, Botond G, Esterbauer H, Bind-
er CJ, Witztum JL, Lassmann H: Oxidative
damage in multiple sclerosis lesions. Brain
2011;134:1914-1924.

Higuchi M, Zhang B, Forman MS, Yoshiyama
Y, Trojanowski JQ, Lee VM: Axonal degen-
eration induced by targeted expression of mu-
tant human tau in oligodendrocytes of trans-
genic mice that model glial tauopathies. ]
Neurosci 2005;25:9434-9443.

Griffiths I, Klugmann M, Anderson T, Yool
D, Thomson C, Schwab MH, Schneider A,
Zimmermann F, McCulloch M, Nadon N,
Nave KA: Axonal swellings and degeneration
in mice lacking the major proteolipid of my-
elin. Science 1998;280:1610-1613.

Edgar JM, McLaughlin M, Werner HB, Mc-
Culloch MC, Barrie JA, Brown A, Faichney
AB, Snaidero N, Nave KA, Griffiths IR: Early
ultrastructural defects of axons and axon-glia
junctions in mice lacking expression of Cnpl.
Glia 2009;57:1815-1824.

Du Y, Dreyfus CF: Oligodendrocytes as pro-
viders of growth factors. ] Neurosci Res 2002;
68:647-654.

Vostrikov VM, Uranova NA, Orlovskaya DD:
Deficit of perineuronal oligodendrocytes in
the prefrontal cortex in schizophrenia and
mood disorders. Schizophr Res 2007;94:273—
280.

Skjoerringe T, Lundvig DM, Jensen PH, Moos
T: P25a/tubulin polymerization promoting
protein expression by myelinating oligoden-
drocytes of the developing rat brain. ] Neuro-
chem 2006;99:333-342.

Rohan/Matej/Rusina/Kovacs

79

Downloaded by:

Univerzita Karlova v Praze

195.113.0.105 - 9/14/2014 1:40:26 PM



3.3 Charakterizace topografie patologie a-synukleinu u atypické formy
mnohotné systémové atrofie jako synukleinopatie s tésnym vztahem k pa-

tologii crystallinii a potencialni protektivni funkci PAR2

ROHAN, Z., et al. Screening for alpha-synuclein immunoreactive neuronal inclusions in the
hippocampus allows identification of atypical MSA (FTLD-synuclein). Acta Neuropathol, Aug
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Atypical multiple system atrophy (aMSA) is a term recently
introduced by Aoki et al. to describe cases that show hall-
mark neuropathological changes of glial cytoplasmic inclu-
sions (Papp—Lantos bodies) characteristic of MSA, while
clinically presenting with frontotemporal dementia (FTD)
syndromes associated with frontotemporal lobar degen-
eration (FTLD) and severe limbic and cortical a-synuclein
neuronal pathology [2]. The authors evaluated FTD syn-
drome cases and showed that the evaluation of a-synuclein
immunoreactive neuronal cytoplasmic inclusions (NCls)
in the hippocampus (dentate gyrus and CA1/Subiculum)
seems to be of great importance [2]. We aimed to determine
if these morphological features in the hippocampus are reli-
able to identify similar cases in our archives.

We evaluated a-synuclein immunostaining in the hip-
pocampus from a cohort of 18 neuropathologically con-
firmed MSA cases [10]: all cases contained characteris-
tic Papp—Lantos bodies and NCIs in the basal ganglia,
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brainstem, and cerebellum. According to Aoki et al. [2], we
used a four-tiered scoring system (none—0, mild—1, mod-
erate—?2, severe—3) for the evaluation of a-synuclein NCIs
regardless of their morphology (ring, NFT, or Pick body
like). The selection was blinded to the clinical diagnosis,
age, gender, and macroscopic observations. We observed
a-synuclein immunoreactive NCIs in the granule cells of
the dentate gyrus in seven cases (38 %). Five out of seven
cases (online supplemental file 1) showed only relatively
few NCIs in the dentate gyrus and CA1/Subiculum (score
1) (Fig. la, b). There was a lack of a-synuclein immunore-
active thin neurites and eosinophilic Pick body-like spheri-
cal inclusions in the hematoxylin and eosin (H&E) staining.
Three of these five cases did not show clinical symptoms
of dementia. Gait disturbance, parkinsonism, cerebellar
symptoms, and dementia (not compatible with FTD) were
reported in the two additional cases (57- and 71-year-old
women) during the final 24 months of illness (total dura-
tion of illness was 120 and 75 months, respectively). Both
brains showed AP plaques (both Thal phase 3) [9] and neu-
rofibrillary degeneration (both Braak stage II) [1, 3]. In the
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Fig. 1 Microscopic findings a
in the reported atypical MSA
cases. Few spherical [left side
of images (a) and (b); CA1 sub-
region] and ring-shaped [right
side of images (a) and (b); den-
tate gyrus] neuronal a-synuclein
immunoreactive inclusions in
two cases with typical MSA
and dementia in the last phase
of the disease course. Spherical
eosinophilic inclusions in atypi-
cal MSA (FTLD-synuclein) in
the CA1 subregion (c case 1;

d case 2). Many Pick body-
like and NFT-like inclusions

in the CA1/Subiculum in case

1 (e) and 2 (f). a-Synuclein
immunoreactive ring-shaped
inclusions in the granule cells
of the dentate gyrus in case 1
(g) and 2 (h). Immunostaining
for phospho-tau (AT8 antibody)
reveals oligodendroglial inclu-
sions in the hippocampal white
matter partly with globular
morphology (i left side of
image) resembling a-synuclein
immunoreactive Papp—Lantos
bodies (i right side of image).
Spherical eosinophilic inclu-
sions in atypical MSA (FTLD-
synuclein) reported by Sikorska
et al. [8] (j left side of image
shows CAL1 and right side of
image shows dentate gyrus).
The black bar in the bottom of
image (a) represents a length
of 100 wm for images a and b;
30 wm for images ¢, d and j;
and 50 pwm for images e—i

cases lacking hippocampal NCIs, FTD-like symptoms have
not been reported.

An additional two cases showed severe NCI pathology
in the hippocampus, both in the dentate gyrus and the CA1/
Subiculum. NCIs in the dentate gyrus mostly had ring-
shaped immunoreactivity. Aoki and colleagues considered
numerous Pick body-like inclusions in the hippocampus
to be highly characteristic of aMSA [2]; indeed, we also
observed many of these together with NFT-like inclu-
sions [2] (Fig. Ic-h) and therefore interpreted these cases
as aMSA. Evaluation of the clinical data revealed FTD
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syndromes in these two cases, associated with macroscopic
signs of FTLD. Patient 1 (72-year-old man) presented with
parkinsonism, and soon developed dysarthria, dysphagia,
vertical gaze palsy and FTD symptoms (i.e., utilization
behavior and frontal lobe symptoms) during the disease
course, which lasted 42 months (online supplemental file
1). The clinical diagnosis was progressive supranuclear
palsy with frontal dementia. The second patient (79-year-
old woman) presented with non-fluent aphasia, impaired
word finding, and subsequent memory disturbance associ-
ated with gait disorder and parkinsonism, which rapidly
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progressed and was accompanied by akinetic mutism in the
terminal phase. EEG revealed transient left temporal sharp
wave complexes. Since the disease course was shorter than
18 months and the laboratory examinations did not suggest
an alternative cause for the symptoms, a tentative diagnosis
of Creutzfeldt—Jakob disease was rendered. Neither of the
two cases had documented autonomic dysfunction.

In the cohort of Aoki et al. [2], hippocampal tau pathol-
ogy spanned from mild to severe NFT pathology with vari-
able AP pathology. These pathologies were not significantly
different from typical MSA cases [2]. In our two aMSA
cases, we observed moderate neurofibrillary degeneration
(Braak IIT and IT) and also AB deposits (online supplemen-
tal file 1). It is noteworthy, however, that both cases showed
oligodendroglial AT8 immunopositive inclusions only in
the hippocampal white matter, despite the lack of argyroph-
ilic or p62-positive grains. Although some of these showed
globular morphology (Fig. 1i), the amount and their ana-
tomically restricted distribution was not compatible with
that reported in globular glial tauopathies [5].

As the next step, we re-evaluated the case reported by
Sikorska et al. [8]. Indeed, the early clinical symptoms of
this individual included behavioral changes followed by
psychotic symptoms, with aggression and later delusion
and hallucinations followed by rapidly progressive demen-
tia. Although not covered by current diagnostic criteria,
psychotic symptoms seem to be common in FTD patients
[6]. This clinical phenotype together with the prominent
degree of FTLD and abundant presence of NClIs (includ-
ing NFT, Pick body, and ring like) in the hippocampus and
dentate gyrus (Fig. 1j) allows this case to be diagnosed as
aMSA (FTLD-synuclein). In that paper [8], cortical Lewy
bodies were described in the cortex, which strongly resem-
ble the Pick body-like inclusions reported by Aoki et al.
[2]. Indeed, the archival diagnosis was Pick’s disease [8].
It is worth noting that the clinical phenotype of the cases
considered to be FTLD-synuclein (see Table 4 in the paper
by Aoki et al. [2]) was classified based on the presence
of FTLD and an abundance of limbic and cortical NClIs,
although the clinical symptoms were not fully compatible
with FTD.

Based on these observations, we have expanded the
series reported by Aoki et al. [2] by reporting two previ-
ously unpublished cases. Additionally, we can confirm that
the case reported by Sikorska et al. [8] also belongs to the
group of aMSA. All three cases have shorter illness dura-
tions than those reported in Japan and bear similarity to
those reported in the USA [2]. We agree that these cases
show either or both features of FTLD or clinical symptoms
of FTD. In addition, we have also observed that the clini-
cal progression can suddenly become quite rapid, which
can introduce a differential diagnosis of prion disease. Our

findings support the suggestion that diagnostic screening
of the hippocampus for neurodegeneration-related proteins
can reliably suggest a neurodegenerative condition [4, 7].
Accordingly, detection of a moderate or severe degree of
eosinophilic and a-synuclein immunoreactive NCIs with
NFT-, or Pick body-like appearance in the CAl/subicu-
lum and ring-like or spherical NCIs in the granule cells
of the dentate gyrus and a-synuclein immunoreactive thin
neurites and reactive astrogliosis strongly suggests aMSA
(FTLD-synuclein) warranting a systematic evaluation.
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3.4 Zduraznéni problematiky komplexity funkce PAR2 v patogenezi na-

dorovych onemocnéni

ROHAN, Z., et al. Re: Shi et al. Protease-activated receptor 2 suppresses lymphangiogenesis and
subsequent lymph node metastasis in a murine pancreatic cancer model. ] Pathol 2014;234: 398-
409. J Pathol, Dec 9 2014.
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Received 24 November 2014; Revised 24 November 2014; Accepted 4 December 2014

PAR-2 in various carcinogenesis models: not
the only PARticipant

We read with great interest the article by Shi ez al [1] in
the November 2014 issue of The Journal of Pathology,
which discussed the role of proteinase-activated receptor
(PAR)-2 in the growth and metastasis of pancreatic
cancer in a murine model.

In addition to the well-known role of PAR-2 in the pri-
mary proliferation of various cancer cells [2,3], includ-
ing pancreatic cancer [4], the results presented high-
lighted convincingly the importance of stromal host
receptors relative to local progression in the ortho-
topic pancreatic cancer model. The authors recorded an
increase in the average volume of primary tumours in
wild-type animals compared with PAR-2~~knockouts.
However, they found that metastatic spread to abdominal
organs and lymph node metastasis was more extensive in
PAR-27/~ knockout animals than in wild-type animals.

The authors noted the importance of the different roles
of PAR-2 in metastasis, which vary depending on the
model of metastasis (ie the important role of the host
receptor). However, while a similar receptor (PAR-1),
which is activated by thrombin, is (1) involved in cancer
cell proliferation and invasion, (2) generally considered
pro-carcinogenic, and (3) unambiguously considered to
be a pro-metastatic factor [5], the same level of certainty
regarding these events cannot be extended to PAR-2.
Nevertheless, even though the data set describing this
receptor in different models and/or experimental settings
is small, the available results provide a good indication
of it role.

No differences in the size and number of lung metas-
tases in the murine melanoma model (using injections
into the tail vein) were described by Camerer et al
[6]. In contrast, our team recently published data
that showed larger primary B16 melanomas growing
subcutaneously in PAR-27/~ knockouts, while distant
metastases (mainly to the lungs) were significantly more
frequently recorded in wild-type controls [7]. Addition-
ally, survival was prolonged in PAR-2~~ knockouts.

The available data make it clear that the absence of
host PAR-2 leads to different outcomes depending on
(1) primary tumour type (melanoma versus pancreatic
cancer), (2) primary tumour location (skin versus pan-
creas), and (3) the model of metastatic induction (pri-
mary tumour growth versus intravenous application).
Based on the three variations mentioned above, a vari-
ety of mechanisms for PAR-2 action have been dis-
cussed, including (a) antigen presentation in dendritic
cells (DCs) [8]; (b) the role of PAR-2 in DC maturation

Copyright © 2014 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

[9]; and (c) the role of tissue factor/factor VIIa PAR-2
in tumour proliferation [10] and in capillary endothelia
in distant locations [6,11]. Recently, Shi et al suggested
an additional role for PAR-2 with regard to lymphatic
vessel maturation [1].

To evaluate the influence of PAR-2 on lymphatic
vessel growth, Shi et al utilized both artificial [agonist
peptide (AP)] and more natural, in vivo-generated cell
culture extracts to activate PAR-2. It is worth point-
ing out that ligand pleiotropy and receptor redundancy
are characteristic features of PARs that can adversely
affect virtually all PAR-based experiments and, as the
authors noted in their conclusion, often lead to ambigu-
ous results and further complicate therapeutic appli-
cations of PAR-based research. Together with PAR-2
hetero- and homo-dimerization [12], and probably also
transactivation [13], these features lead to the extreme
variability of effects observed under different physiolog-
ical, pathological, and research conditions. In vitro or
ex vivo research in this field allows only limited use of
well-defined proteases or APs. Nonetheless, these can
help to assign a specific role to the receptor after acti-
vation by a given ligand. In an organism where com-
plex systems of interacting proteases and anti-proteases
affect virtually all receptors, PARs (namely PAR-2 in the
study by Shi et al) are exposed to the influence of vari-
ous proteases, including both activating and inactivating
proteases, as well as several different types of protease
inhibitors. Moreover, serum-activating and -inactivating
proteases can also significantly affect tissue phenotype
from the perspective of PAR-2 activation status. Using
complex mixtures of tissues or cell culture extracts
can more reliably simulate in vivo conditions; however,
this makes assessing the real composition and individ-
ual protease concentrations, and their receptor affini-
ties, problematic under physiological conditions. When
combined with complex steric interactions between lig-
ands (both natural, ie proteases, and artificial, APs) and
membrane receptors, there is a potential for ‘biased’ sig-
nalling of the PAR-2 or modified downstream signalling
interactions in general. Surrogate markers for PAR-2 (eg
ERKI1, 2 activity, used by Shi et al) and other mark-
ers of PAR activation usually reflect only one (often the
dominant) signalling axis, but do not reflect other poten-
tially co-activated cascades that may potentially modify,
or even oppose, the effect of the original stimulus.

Conclusion

The study by Shi etal offers compelling evidence
that both stromal and tumour PAR-2 significantly

J Pathol 2015; 236: 128-129
www.thejournalofpathology.com 86
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influence pancreatic tumour growth and lymphatic
metastatic potential. However, given the extreme
variability in PAR-2 modes of activation, subsequent
signalling, and the resulting cellular or secretory pheno-
type, the role of PAR-2 in pancreatic cancer and other
cancers should be viewed as non-uniform and dependent
(in large measure) on the individual tumour environ-
ment, as well as being very dependent on the experimen-
tal model used in the study. Therefore, PAR-2 should be
regarded less as a specific pro-carcinogenic/anti-cancer
factor and more as an important and complex disease
modifier with pharmacokinetic and pharmacody-
namic properties that complicate possible therapeutic
uses of PAR-2 inhibitors and activators in different
diseases.
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Abstract: The etiopathogenesis of Alzheimer’s disease is characterized by beta amyloid A4, toxic frag-
ment aggregation and its association with impaired autophagy. In mitochondria, chronic damage due to trans-

port and enzymatic processes together with the production of reactive oxygen species (ROS) are followed by the subse-
quent accumulation of A in the form of senile plaques and the accumulation of hyperphosphorylated tau protein in intra-
cellular deposits called tangles. Proteinase-activated receptors (PARs), members of the G protein-coupled receptor
(GPCR) family, facilitate and modulate the transcellular transport and distribution of a variety of subcellular molecular
components to the lysosomal system and, thus, influence their degradation. A review of the data shows that the activation
or inhibition of PARs leads to changes in the process of autophagy, which may influence ROS production and A4

degradation in lysosomes and result in AD pathogenesis.

Keywords: Amyloid B, Alzheimer’s disease, autophagy, protein tau, proteinase-activated receptor, reactive oxygen species.

1. ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is currently the most common
neurodegenerative disorder: at least 30% of the population
over 85 years in developed countries is affected, and AD is the
fourth leading cause of death in the USA [1]. Indeed, the high
prevalence of AD represents animportant socioeconomic prob-
lem related to the aging population in industrialized countries,
and 5.4 million people are currently suffering from the disease
in the USA alone [2]. AD is characterized by amyloid protein
deposits with the extracellular formation of senile (neuritic)
amyloid beta (Af) plaques and intracellular tangles containing
hyperphosphorylated tau protein [3-5]. In general, AD is asso-
ciated with neuronal loss, synaptic dysfunction and functional
abnormalities of mitochondrial structures [6]. The clinical
course of the disease correlates with the temporospatial pro-
gression of tau pathology, which is associated with neuronal
loss and is the basis for AD staging [7, 8]; however, the extent
of A pathology is not as tightly linked to AD progression as
is the pathology of tau. Although the etiopathogenesis of AD
is still only partially understood, a number of genetic factors
[9], such as mutations in the amyloid precursor protein (APP)
and presenilin genes (PSENI and PSEN2), allelic variants of
the apolipoprotein E gene (APOE), sortilin-related receptor 1
(SORCS1) and the clusterin (CLU), complement component
receptor 1 (CR1), MS4A4/MS4A6E, CD2AP, CD33, TREM2
and EPHA-1 (EPHT) genes have all been linked to AD inci-
dence [10-14].
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Additionally, various environmental factors can influence
the risk of AD development, including exposure to metals,
such as mercury, aluminum, zinc, copper and lead [15], the
subject of our previous study [16]. The metabolism of differ-
ent metals is closely related to mitochondrial dysfunction,
reactive oxygen species (ROS) production and the initiation
of apoptotic signaling.

The pathophysiology of familiar and sporadic forms of
AD share many similarities: 1) intracellular production and
accumulation of toxic AP resulting from (- and y-secretase
cleavage of APP, 2) phosphorylation and aggregation of tau
protein and 3) impairment of intracellular/axonal transport.
Together, these events cause toxic damage to organelles,
resulting in an increase in ROS production, which closes a
vicious circle through the additional phosphorylation of tau
and oxidative damage to organelles. Another important fac-
tor in AD is the alternatively spliced variants of the mRNAs
of the above-mentioned target proteins related to disease
morphology (A, tau), APP generation (presenilins, Apo E,
BACE) and lipid metabolism [17, 18]. Because alternative
mRNA splicing is considered to play a significant role in
genome expression, it is possible that epigenetic regulation
during the relatively long evolution of AD could be an im-
portant control mechanism [19].

The non-amyloidogenic cleavage of APP by o-secretase
occurs at the plasma membrane. After amyloidogenic cleav-
age by p-secretase, APP [20], in complex with lipoprotein
receptor-related protein 1 (LRP-1) and adaptor Fe-65, under-
goes accelerated endocytosis via clathrin-coated pits and
delivery to late endosomes [21, 22]. AP is then released to
the cytosol, forming stable complexes with TOM-40 and
TIM-23, the outer and inner mitochondrial membrane trans-
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locase, respectively [23]. However, two major forms of Af3
(40 and 42 amino acids) are generated, and it has been sug-
gested that the longer peptide is more toxic, prone to aggre-
gation, and more readily accumulates into deposits [24, 25].
AR production is generally thought to trigger and facilitate
tau hyperphosphorylation in AD brains [26], and its associa-
tion with the microtubule-associated protein tau is, therefore,
not surprising [27, 28]. Hyperphosphorylated tau impairs
transcellular and axonal organelle transport [29], mainly af-
fecting metabolic pathways in the mitochondria [30], i.e., the
Krebs cycle and oxidative phosphorylation (OXPHOS).
Transition metals play important roles in AD development:
in biological systems, these metals undergo redox cycling
reactions and possess the ability to produce reactive radicals,
such as superoxide anion radical and nitric oxide [31]. Sub-
sequent oxidative stress resulting in additional mitochondrial
DNA (mtDNA), protein and membrane damage is caused by
the cyclic pathological loop. Additionally, tau itself may
directly influence mitochondrial metabolism: it has been
found that the N-terminal-truncated 20-22 kDa fragment of
tau localizes to mitochondrial membranes, and its amount
correlates with pathological synaptic changes and mitochon-
drial functional impairment [32]. In addition, a dramatic de-
crease in OXPHOS has been observed, and adenine nucleo-
tide translocator has been identified as the unique mitochon-
drial target of the 26-44 tau fragment [33]. It has been pro-
posed that AP, acting together with truncated tau, is the
cause of abnormal mitochondrial dynamics and defective
function, including increased ROS, decreased cytochrome c
oxidase, and decreased ATP production, resulting in neu-
ronal damage. Furthermore, nuclear-encoded pyruvate dehy-
drogenase and o-ketoglutarate dehydrogenase (KDH) activi-
ties are reduced in AD subjects [34, 35], and the relationship
between Krebs cycle abnormalities and enhanced ROS pro-
duction has been connected to cognitive loss in AD as well
as in movement disorders such as Huntington’s disease [36].
Additionally, reduced cytochrome oxidase activity in AD
brain mitochondria [37], together with ATP depletion, re-
duces non-amyloidogenic APP cleavage [38-40] and facili-
tates the production of AP derivatives by [-secretase
(BACE). Free radicals also appear to activate BACE [41],
and fibrillar AP(;.42) up-regulates BACE expression [42].

The relevance of oxidative damage to AD pathogenesis
was demonstrated by the detection of lipid peroxidation
products (e.g., 4-hydroxynonenal, isoprostans, malondialde-
hyde) in brain tissue and cerebrospinal fluid (CSF), with
their levels correlating with the clinical evolutionof AD [43].
Such lipid peroxidation products can be detected in periph-
eral blood in the early stages of mild cognitive impairment
(MCI) [44] and can distinguish the progression of MCI to
clinically developed AD [45]. However, the levels of these
products have never been linkedto the neuropathological
grading of AD. The presence of oxidatively modified pro-
teins (a-enolase, ATP synthase, B-synuclein) has also been
previously reported as being related to the eventual devel-
opment of AD, but only in animal models [46].

2. THE ROLE OF AUTOPHAGY AND LYSOSOMAL
DEGRADATION IN ALZHEIMER’S DISEASE AND
OTHER NEURODEGENERATION PROCESSES

Autophagy (from the Greek for “self-eating”) is a process
of intracellular clearance of membranous or molecular com-
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ponents by lysosomal degradation. Its relationship to human
diseases is currently being widely discussed [47], and im-
paired or dysfunctional intracellular trafficking related to
autophagy is also being considered as an important factor in
neurodegenerative disorders, including AD [48]. Autophagy
plays a critical role related to ROS modulation and produc-
tion and the cytoprotective functions of various pathophysi-
ological processes [49], which is particularly true with re-
gard to the maintenance of mitochondrial quality [50]. Auto-
phagy also appears to be an important factor in cellular anti-
oxidant protection in neurodegenerative disorders [51, 52].

For example, in Parkinson’s disease, direct defects in the
PINK-1/Parkin mitophagic pathway accompanied by oxida-
tive stress and a-synuclein aggregation are prototypical for
impaired mitochondrial function [53, 54]. Autophagy induc-
tion has been shown to promote the degradation of a-
synuclein in neuronal cells [55], and the PINK-1 protein in-
teracts with the autophagy-initiating protein beclin-1, thus
promoting autophagy [56].

In the early stages of AD in humans, expression of the
central autophagy effector beclin 1 (BECN-1) has been
found to be decreased in affected brain regions. Impaired
autophagy accompanied by the accumulation of f-amyloid
under beclin 1-deficient conditions is closely related to the
pathogenesis of AD [57, 58], whereas beclin 1 overexpres-
sion reduces APP levels in cell lines [59]. In the human SK-
N-BE neuroblastoma cell line, toxic monomers of A4y
block the formation of the bcl2- beclin 1 complex, which
leads to the inhibition of apoptosis and perpetuation of auto-
phagy induction, followed by the accumulation of auto-
phagosomes and the inhibition of final degradation in
lysosomes. In contrast, Af;.42) oligomers cause an induction
of bel2- beclin 1 complex formation that favors apoptosis
[60].

The induction of autophagy via blockade of mTOR
(mammalian target of rapamycin) by rapamycin improves
learning deficits and ameliorates f-amyloid and tau protein
accumulation in animal AD models [61, 62]. In prion pa-
thology experiments, insoluble misfolded prion protein
(PrP%°) showed co-expression with the autophagosomal
marker LC3b, and the inhibition of autophagy by 3-
methyladenine led to its increased accumulation in cells,
suggesting that autophagy functions as a control mechanism
that limits the buildup of misfolded PrP* [63]. In accor-
dance, autophagy induction by rapamycin in a mouse model
of Gerstmann-Striussler-Scheinker disease delays the onset
of symptoms and prevents the brain accumulation of PrP*
[64].

Impaired lysosomal degradation is also considered to be
essential to the accumulation of the proteins found in AD,
and inadequate acidification associated with mutations in the
PSENI gene are also suspected [65]. However, some authors
have been unable to confirm the evidence that autophagy,
acidity and lysosomal functions are reduced in animal AD
models lacking presenilins [66].

3. PROTEINASE-ACTIVATED RECEPTORS

Proteinase-activated receptors (PARs) are ubiquitous sur-
face molecules that participate in numerous physiological
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and pathological processes. PARs belong to a family of
seven transmembrane domain G protein-coupled receptors
(GPCR; for details, see information in the “G Protein-
Coupled Receptor Data Base” at www.gpcr.org.), compris-
ing hundreds of surface receptors activated by a variety of
ligands that are involved in different hormonal regulation
processes, prostaglandin response, vision (rhodopsin), olfac-
tion and the sense of taste. GPCRs are coupled to hetero-
trimeric G proteins that cause the activation of different in-
tracellular signaling cascades upon ligand stimulation (see
below). Many GPCRs, such as cannabinoid receptors, opioid
receptors, and acetylcholine receptors, are expressed directly
in the brain. Interestingly, the activity of the a-, - and y-
secretase complex is also modulated by a response to the
activation of muscarinic acetylcholine receptors, glutamate
receptors, S-hydroxytryptamine receptors, opioid receptors,
and (2 adrenergic receptors, which are all suspected to play
a role in AD [67]. Dysfunction and cytosolic dislocation of
GPCR protein kinases (GRKs) 2 and 5 have been identified
as a consequence of AP accumulation [68], whereas a defi-
ciency in GRK 5 was found to accelerate the accumulation
of AP in transgenic mice [69]. B-arrestins 1 and 2, which are
responsible for GPCR inactivation and internalization after
phosphorylation by GKRs, regulate y-secretase activity and
the production of Af in AD [70, 71]. Thus, GPCRs, together
with B-arrestins, have become targets for the potential treat-
ment of AD and other neurodegenerative disorders [72, 73].

PARs are activated by a tethered ligand sequence within
the amino terminal region of the molecule, which is made
accessible by site-specific proteolysis. PAR activated by
thrombin, trypsin or other specific proteolytic enzymes par-
ticipates in cell and tissue growth and differentiation, regen-
eration and repair, edema, fibrosis, inflammatory response
regulation, blood coagulation, local and systemic effects on
blood circulation, neurodegeneration, and malignant trans-
formation [74].

There are four different PARs that respond to activation
by specific proteinases. PAR-1 can be activated by thrombin,
a complex of coagulation factors TF-VIIa-Xa or Xa, plas-
min, activated protein C, MMP-1 and granzyme. Trypsin,
tryptase, a complex of coagulation factors TF-Va and TF-
Vlla-Xa and TF-VIla, matriptase, bacterial, fungal, and para-
sitic frass proteinases can activate PAR-2. PAR-3 can be
activated by thrombin, and PAR-4 can be activated by
thrombin, trypsin, a complex of coagulation factors TF-VIla-
Xa, plasmin, cathepsin G, certain bacterial proteinases, kal-
likreins, and matriptase. A soluble, synthesized peptide of
the tethered ligand can also activate PAR: SFLLRN for
PAR-1, SLIGKV for PAR-2, TFRGAP for PAR-3, and
GYGQV for PAR-4 (in humans). An overview of the recep-
tor cleavage sites together with the respective activating and
inactivating enzymes is presented in (Table 1).

3.1. General Aspects of PAR-Associated Signaling

The signaling cascades initiated by PAR activation are
common with other members of the GPCR family. Hence,
PARs have been shown, or are implicated, to interact with
G-proteins and f-arrestins and to elicit signaling via receptor
homodimerization or heterodimerization and even transacti-
vation by members of other membrane-bound receptor fami-
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lies. However, despite being members of one of the best de-
scribed receptor families, the exact molecular mechanisms of
PAR-associated signaling and its effects on cell biology re-
main not well understood.

The detailed mechanisms of G-protein signaling are re-
viewed elsewhere [75]. For the purposes of this review, we
merely state that PARs are associated with Gay, Gag and
Gajy13 proteins, which further inhibit the adenylyl cyclase-
cAMP-MAPK pathway (for Ga;) or activate the phospholi-
pase C-diacylglycerol/inositol-1,4,5-phosphate-protein
kinase C pathway, leading to the release of Ca*" ions from
the endoplasmic reticulum (Goy). Goyyyi3 acts as an activator
of Rho guanine nucleotide exchange factors (RhoGEFs),
which trigger Rho protein kinase phosphorylation of proteins
regulating cell shape and motility.

B-arrestins play a double role in GPCR/PAR signaling:
they induce GPCR/PARdown regulation by binding to the
phosphorylated C-terminus and recruiting adaptor complexes
that mediate clathrin-dependent receptor internalization or
are able to recruit other molecules such as ERK1/2, MAPK
or JNK3 and elicit signaling independent of G-proteins [76].
However, thus far, B-arrestin endosome-associated signaling
has been demonstrated only for PAR-2 [77]. The desensitiza-
tion and downregulation of PARs is mainly mediated via C-
terminus phosphorylation by PKA, PKC and G-protein-
associated kinases (GRKs). Phosphorylation of the PAR C-
terminus significantly increases its affinity toward f-
arrestins, which can either elicit signaling or induce PAR
internalization into the endolysosomal compartment [78, 79].

The aspects of GPCR/PAR signaling mediated by either
G-proteins or p-arrestins is, however, more complex, which
may be due to the existence of various active conformations
of a particular GPCR/PAR and also to its interaction with
other cytoplasmic membrane-bound molecules and macro-
molecular complexes. This situation influences the subse-
quent signaling cascades, and the receptor is, thus, “biased”
toward a particular signaling axis [80]. For PARs, this is best
illustrated by PAR-1: activation by thrombin induces Gajo/13
signaling, leading to the prothrombogenic phenotype of en-
dothelial cells, whereas activation by APC leads to assembly
of the PAR-1-EPCR-caveolin complex, which preferentially
triggers the Ga; signaling axis and exerts an antithrom-
bogenic phenotype on endothelial cells [81-84].

Knowledge about PAR homo- or heterodimerization is
still rather limited. However, it has been shown that the
PAR-1-PAR-4 interaction potentiates the effect of thrombin
on platelets [85] and that activated PAR-1-tethered ligand
can bind to PAR-2 and activate signaling [86]. The extreme
variability of PAR signaling is also potentiated by the possi-
ble transactivation of PARs by other receptors, such tyro-
sine-kinase receptors including EGFR, HGFR or VEGFR.
This can represent one of the possible mechanisms of PAR-
mediated effects in various types of cancers as well as neu-
rodegenerative diseases [87].

After the site-specific proteolysis of PARs, intracellular
processes occur, including Ca** mobilization, PKC and MAP
kinase activation, accompanied by internalization, and intra-
cellular sorting, resulting in cell shape changes, adhesion,
secretion, growth or motility. PAR activation causes
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Table 1. Summarized overview of PAR-1 - 4 cleavage sites in common species (h - human, r - rat, m - mouse), activating protein-
ases, G coupling, and inactivation. For details, see body text.
Cleavage Site Activating Proteases G Protein Coupling Inactivation
Rl SFLLRN (h) Thrombin, TF-VIIa-Xa complex or Xa, hosphorylation (GRK), bet
! ospho: ation S cla
PARI v aPC/ EPCR, Tryptase, Plasmin, MMP- Gy, Gi, Gy phosphory ’

Ry ! S4,FFLRN (r,m)

1, Granzyme A

arrestins, internalisation

Rsq! S3,LIGKV (h)
PAR2 Rsq! S37LIGRL (r)
Rsy! S3sLIGRL (m)

Trypsin, Tryptase, TF-VIIa complex or
TF-VIla-Xa complex, MT-SP1, Kallik-
reins, Granzyme A

phosphorylation (GRKs), beta

G, Gi, G213, beta arrestins .
arrestins

Ks! T3sFRGAP (h)

PAR3
Ks7! S3sFNGGP (m)

Thrombin

G, ?

Re! GisYPGQV (h)

Thrombin, Trypsin, VIIa-Xa complex,

PAR4 Rsg! GsoFPGKP . . . Gy, Gy internalisati
8 ® Plasmin, Cathepsin G, Kallikreins @ e fermatisation
Rso! GooYPGKF (m)
Abbreviations: ! - cleavage site, VIla - activated coagulation factor VII, Xa - activated coagulation factor X, TF - tissue factor, MT-SP1 - Membrane-Type

Serine Protease 1, GRKs - G protein-coupled receptor protein kinase, MMP-1 - matrix metalloproteinase-1, aPC-EPCR - activated Protein C/ endothelial pro-

tein C receptor.

not only an enhancement of different intracellular mecha-
nisms linked to G-protein and B-arrestins but also appears to
have a role in non-specific enhancement in the membrane
internalization, sorting and transcellular transport or degrada-
tion of different extracellular and membrane components
[88]. Despite their similarity, individual PARs undergo dif-
ferent routes of internalization, utilizing different membrane
enzymatic systems. Uncleaved PAR-1 undergoes recycling
dependent on adaptor protein complex 2, and cleaved phos-
phorylated and ubiquitinated PAR-1 [89] is rapidly degraded
in lysosomes (t2 = 1 h) [90]. In contrast, PAR-2 requires
dynamin-dependent coupling with B-arrestins before sorting
to lysosomes (t%2 = 3 h) [91] and does not undergo recycling.
[-arrestins mediate activated PAR-2 internalization, promot-
ing signaling from endocytic vesicles, and activated PAR-2
is modified with ubiquitin, which facilitates its lysosomal
degradation. The internalization of both receptors begins and
occurs via dynamin-dependent clathrin-coated pits (Fig. 1).
The recycling of PAR-1 but not PAR-2 may explain their
different neuroprotective and neurotoxic behaviors in AD
pathology (see below).

3.2. PARs, ROS Production and Inflammation

The role of PARs in relationship to ROS production has
been largely investigated inassociation with inflammation
and inflammatory cells. For example, PAR-2 activation by
trypsin induces the release of eosinophil superoxide anions,
whereas thrombin acting on PAR-1, 3 and 4, shows minimal
effects [92]. In endothelial cells, PAR activation was found
to be directly related to mitochondrial ROS signaling, shar-
ing ERK-1/2 and p38 MAPK pathways [93]. Thrombin was
also shown to induce pulmonary vasoconstriction via PAR-1
activation and ROS production [94], and stimulation of
PAR-2 on murine lymphocytes induces adhesion and ROS
production [95]. Additionally, proteinases in neutrophils
induce superoxide generation in parallel with the production
of IL-6, IL-8, and TNF-qa, suggesting a role for PARSs in the
exacerbation of bronchial asthma [96].

However, it has been shown that controlled PAR-2 acti-
vation potentiates the anti-inflammatory, anti-oxidative and
protective effects of S1I00A8 in a mouse model of LPS-
induced endotoxemia, leading to an improvement in the sur-
vival of the investigated animals [97]. Similarly, a PAR-2
agonistic peptide also increases Mn-superoxide dismutase in
the rat heart after ischemia-reperfusion injury [98], and
PAR-2 deficiency has been shown to reduce cardiac ische-
mia/reperfusion injury [99] and prolong survival in prion-
infected mice [100].

3.3. Relationship Between Autophagy and PARs

The autophagosomal membrane originates from different
sources, including the mitochondria, Golgi apparatus, endo-
plasmic reticulum and plasma membrane-derived endosomes.
At the plasma membrane, the autophagy-related proteins
ATGY9 and ATG16L1 co-localize with clathrin-coated pits and
are trafficked to pre-autophagic structures [101]. An analysis
of the part of the autophagosomal membrane that originates
from and contains elements of the plasma membrane [102]
suggests that PARs could be involved in the pathogenesis of
AD and the respective pathogenic protein processing. Consid-
ering PARs as non-specific enhancers of different cellular
processes leads us to question whether their activation or inac-
tivation either positively or negatively affects amyloidogenic
or non-amyloidogenic cleavage, internalization and intracellu-
lar sorting of APP/ AP (see Fig. 2). It has been shown that the
modulation of PAR-2 regulates autophagy through mTOR
signaling in hepatocellular carcinoma [103]. This observation
is in compliance with our preliminary unpublished data show-
ing slightly increased amounts of phosphatidylethanolamine-
conjugated fragments of LC3b after subacute and chronic
treatment with trypsin in SH-SYS5Y neuroblastoma cells, sug-
gesting a general role for PARs in autophagic flux, even in
intracellular neuronal turnaround and degradation. Further-
more, different enzymatic mechanisms accompanying the
internalization of PAR-1 and PAR-2 may explain the different
modes of action of proteinases in AD.
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Fig. (1). Simplified diagram of PAR-associated signaling. After the site-specific cleavage of PAR, either canonical G-proteins (G-p) utilizing
adaptor protein (AP) or non-canonical B-arrestin (B-arr)/extracellular signal-regulated kinase (ERK1/2)-associated signaling occurs. PAR
desensitization and downregulation is mediated by G-protein-associated kinases (GRK) and B-arrestin binding. PARs are further modified in
carly endosomes, e.g. they are ubiquitinated (Ub) prior to degradation in lysosomes. For details, see the main text. The figure was generated

using Servier Powerpoint image bank: www.servier.com

3.4. The Role of PARs in Neurodegeneration

In the brain, PARs have been shown to promote both pro-
tective and toxic effects. PARs have an important role in the
survival and death of brain cells in different models of neu-
rodegenerative disorders, including Alzheimer’s disease, Park-
inson’s disease, HIV infection and multiple sclerosis
[104,105]. The different proteinases that can activate PARs
(thrombin, trypsin, mast cell tryptase, FVIla, FXa) can leak
through the blood-brain barrier during various pathological
events (traumatic brain injury, inflammation, irradiation, in-
toxication) [106-110]. In addition, thrombin, trypsin and tryp-
sin-like proteinases are commonly expressed in the brain and
play important roles in neural development, plasticity, neu-
rodegeneration and neuroregeneration [111]. Several specific
PAR inhibitors have been described to date, and their use in
the treatment of various CNS disorders is being contemplated
[112, 113]. Although the involvement of PARs in oxidative

damage to the brain during neurodegeneration has not been
studied, PAR activation was reported in relationship to in-
creased ROS production in other, non-CNS, locations [114,
115]. However, physiologically, general GPCR activation,
which results in mitochondrial Ca®" uptake and subsequently
in NADPH oxidase-independent mitochondrial ROS produc-
tion, does not alter mitochondrial function or trigger cell death
[116]. Rather, mitochondrial ROS demonstrate their role as a
downstream molecule that translates receptor-mediated Ca*"
signals into proinflammatory signals.

Within the context of neurodegenerative diseases, Suo et
al. demonstrated that thrombin can induce tau aggregation
via PAR-1 and PAR-4 signaling; PAR-4 activation appears
to be more harmful because it leads to the prolonged activa-
tion of the p44/42 MAPK pathway, which is thought to be at
least partly responsible for tau aggregation [117]. These
authors have also shown that PAR-4 activation may lead to
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b)

Fig. (2). Shared transcellular sorting pathways of A/ ABPPP and PARs. A (red bar) can migrate among organelles (black arrows), but once
inside the mitochondria (Mt), it forms stable toxic complexes with TIM and TOM (part a). The parallel transcellular transport of activated
PARSs (see ref. [89,90]) may facilitate the sorting of AB/ABPP (green arrow) directly to lysosomes for degradation (part b). This may help to
limit the pool of ABPP at the plasma membrane. Both molecules share the same pathway of internalization via clathrin-coated pits (C) and
early endosomes (End) to lysosomes (Lys). In addition, the regulation of autophagy by PAR-2 [103] likely utilizes the same parallel clearance
pathway of PARs and AP/ABPP. These possible pathways of enhanced A clearance could be a mechanism for reducing/increasing ROS
formation in neurons and subsequently the development of AD. The figure was generated using Servier PowerPoint image bank:

WWW.Servier.com..

the release of potentially neurotoxic TNF-a [118]. Afkhami-
Goli et al. studied the role of PAR-2 in AD and observed a
decrease in PAR-2 mRNA levels in the cortical neurons of
AD brains. According to their results, the dual effect of
PAR-2 is influenced by the cell type on which it is ex-
pressed. Neurodegeneration was found to be mediated
through the production of proinflammatory cytokines such as
IL-8 by microglia or the suppression of anti-inflammatory
cytokines such as IL-4 in astrocytes. In contrast, neuronal
PAR-2 activation appeared to be neuroprotective, as PAR-2
knockout (KO) mice were more susceptible to A4z
induced toxicity than wild-type (WT) mice, and this protec-
tive effect was thought to be mediated by the PAR-2-
dependent induction of chaperones that protect the cell from
endoplasmic reticulum (ER) stress [119]. Noorbakhsh et al.
suggested that PAR-2 is a harmful agent in multiple sclerosis
(MS) and experimental autoimmune encephalomyelitis
(EAE). In their study, they showed that enhanced PAR-2
expression on macrophages in CNS white matter was re-
sponsible for a more severe diseasecourse. Reciprocally,
PAR-2 deficiency in PAR-2 KO mice was shown to be neu-
roprotectivein EAE, which supports an alternative view of
MS pathogenesis that involves the possibility of macro-
phage-released proinflammatory cytokine-mediated oli-
godendrocyte death in the absence of lymphocytes [120].

Wang et al. showed that the PAR-1-, PAR-2- and PAR-
4-mediated release of chemokine cytokine-induced neutro-
phil chemo-attractants (CINCs) 1 and 3 from rat astrocytes
could protect cortical neurons from C2-ceramide-induced
neuron apoptosis [121-124].

In addition, Lee ef al. demonstrated that a-synuclein-
induced microglial activation leads to an increase in matrix
metalloproteinases (MMPs), together with an increase in
TNF-a, IL-1b and in iNOS activity and ROS generation.
Moreover, MMP inhibitors also suppress nuclear factor
kappa B (NF-kB)/AP-1 and MAPK activity, and a similar

effect was produced by the inhibition of PAR-1 by PAR-1-
antagonist peptide or cathepsin G, which generally inhibits
PAR-1, -2 and -3. Moreover, Lee et al. also observed that
cathepsin G induced the inhibition of IL-1$ and TNF-a ex-
pression, nitric oxide generation and expression of MMP
mRNA to a greater extent than did selective PAR-1 inhibi-
tion by a peptide [125]. In a rat model of PD, the increased
expression of PAR-2 in the substantia nigra was recorded,
and PAR-2 inhibition led to reduced a-synuclein production
and NF-«xB phosphorylation. The levels of IL-1 and TNF-a
expression were also decreased in the substantia nigra after
the abolition of PAR-2 signaling [126].

Considering AD as a “low-grade systemic inflammatory
disturbance” joins NF-kB with acetylcholine deficiency and
PARs [127]. The cholinergic hypothesis assumes the loss of
cholinergic neurons in the basal forebrain that provide cho-
linergic input to the cortex and hippocampus [128,129],
whereas cholinergic vagus nerve signaling inhibits the sys-
temic production of pro-inflammatory cytokines such as IL-1
and TNF-a in macrophages through selective a; nicotinic
acetylcholine receptors [130]. These cytokines are increased
in the systemic fluids of AD patients and can be used as
markers for inflammatory AD activity [131,132]. NF-xB
participates in the expression of these genes, as do IL-6 and
APP in glia and neurons [133]. The loss of cholinergic input
from the hippocampus increases interactions between protein
kinase A and NF-kB, leading to the nuclear translocation of
NF-xB [134] and strongly suggesting its involvement as an
inflammatory component in AD. PARs increase pro-
inflammatory cytokine production via prostaglandins in the
acute phase after cyclooxygenase 2 (COX-2) gene up-
regulation [135], which also involves the NF-kB pathway.
The stimulation of both PAR-1 and PAR-2 leads to NF-xB
nuclear translocation and COX-2 protein production. How-
ever, only PAR-1 stimulation causes acute-phase prostaglan-
din synthesis, whereas PAR-2 stimulated synthesis is detect-
able only later after 2-4 h. Additionally, NF-kB-adenovirus
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luciferase activity after PAR-2 stimulation was not as high as
after PAR-1 stimulation [136]. This difference most likely
also contributes to the observed differences in the pro- and
anti-inflammatory and/or neurodegenerative and neuropro-
tective behavior exhibited by PARs. Nonetheless, only PAR-
2 is regulated by IL-1 and TNF-a, involving NF-xB [137].
Taken together, the above data suggest that cholinergic
blockade of NF-kB may represent a method of anti-
inflammatory action against PAR stimulation.

Although the importance of PARs in neuronal and astro-
cytic cells has been demonstrated, their involvement in oli-
godendrocyte physiology is less understood, despite their
crucial role in maintaining a functional neuroglial network
[138-140]. A study by Burda ef al. showed that oligodendro-
cyte PAR-1 activation by kallikrein 6 led to an alteration in
oligodendrocyte maturation, loss of myelin basic protein and
subsequently to myelopathy in mice [141], suggesting that
PAR signaling may also play an important role in these cells.

4. PERSPECTIVES

It is obvious that PARs and A share similar mechanisms
and pathways, such as internalization via clathrin-coated pits
with physiological termination in lysosomes. In sporadic AD
and Down’s syndrome, endocytic pathway alteration is pre-
sent and precedes A deposit formation, suggesting the in-
volvement of the endosomal-lysosomal system in different
types of neuronal toxicity [142]. Neurotoxic thrombin has
been found in amyloid plaques, and higher production has
been observed in brain endothelial cells from AD patients
[143] during conditions of oxidative stress. It is proposed
that thrombin, via PAR-1 activation, exacerbates brain dam-
age at high concentrations, whereas low concentrations of
thrombin can rescue neural cells from death after brain in-
sults [144,145]. PAR-2 in AD exerts neuroprotective effects
on neurons, but the activation of PAR-2 in glia is neurotoxic
via the secretion of neurotoxic factors and also contributes to
Af-mediated neurodegeneration [119]. Other studies have
confirmed the suppressed expression of this receptor in neu-
rons of AD patients. Thus, the modulation of PAR activity
represents a potential pharmacologic strategy for the treat-
ment of neurodegenerative diseases. For example, in
amyotrophic lateral sclerosis (ALS), mutations in superoxide
dismutase (SOD) in familiar cases leads to its misfolding and
cell toxicity [146]. In mice bearing mutated SOD-1, acti-
vated protein C signaling on PAR-1 was found to inhibit the
synthesis of SOD and delay the progression of the disease
[147].

CONCLUSION

The role of PARs in the pathogenesis of neurodegenera-
tive diseases is only lately being discovered, and several lev-
els of research are needed to comprehend fully the role of
PARs in these diseases. First, different types of PARs (PAR-
1-PAR-4) exert different effects on different cell types in the
brain after activation or inactivation and can influence each
other. Second, the characterization of brain-specific protein-
ases that preferentially activate each type of PAR in the ab-
sence of blood-brain barrier damage is also a crucial prereq-
uisite for understanding PAR physiology and pathophysiol-
ogy in the brain. PARs, which are members of the GPCR
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group of membrane-bound receptors, can be found associ-
ated with both the cell membrane and intracellular compart-
ment membranes. In both cases, GPCRs (thus, PARs) have
been shown to use second messengers as their signaling
mechanism. The intricacy of G-protein and p-arrestin signal-
ing, receptor functional selectivity and most likely even PAR
dimerization and interaction with members of different re-
ceptors families vastly increases the complexity of PAR-
related effects on cell metabolism and function, and their
ubiquitous expression in the brain combined with contempo-
rary research results suggest that PARs are rather non-
specific modulators of neurodegenerative processes. PARs
share common degradation pathways with AP, which creates
an interconnection between A, PARs and tau pathology in
AD. The newly described PAR-2 regulation of autophagy
and the involvement of NF-kB in PAR-mediated intracellu-
lar signaling brings attention to these possibly promising
mechanisms for therapeutic targeting.

PAR inhibitors have been used as therapeutic agents for
thrombotic disease in several trials, and the use of PAR-
specific inhibitors or activators may offer new pharma-
cologic approaches for the future treatment neurodegenera-
tive diseases. However, to determine the viability of this
approach, additional, intensive research in the field of PARs
and related molecules is needed.
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4 Zavéry, zhodnoceni cili a hypotéz prace

4.1 Popis zmén koncentrace PAR2 v mozkomisnim moku u neuropato-
logicky definovanych neurodegenerativnich onemocnéni a jejich vztah

k rutinné uzivanym biomarkeriim

Vysledek prace nepotvrdil alternativni hypotézu (H1), ze hodnoty koncentrace PAR2 v mozko-
mi$nim moku koreluji s pfitomnosti proteinu 14-3-3 a celkového tau jako markert neuronalniho
poskozeni u rychle progredujicich neurodegenerativnich onemocnéni.

V praci byla analyzovana koncentrace PAR2 v mozkomi$nim moku pacientii s neuropatolo-
gicky ovérenymi neurodegenerativnimi onemocnénimi zahrnujici prionovd onemocnéni,
Alzheimerovu nemoc, progresivni suranuklearni obrnu a frontotemporalni lobarni degeneraci
s inkluzemi proteinu fosfo-TDP-43 a vaskularni encefalopatii.

Spolu s koncentracemi PAR2 byly v mozkomi$nim moku zhodnoceny koncentrace rutinné

uzivanych biomarkert: celkového tau (h-tau), fosforylovaného tau (p-tau, . ), amyloidu beta

(181P)
(A[S(Hz)) a proteinu 14-3-3.

Z téchto markert koreluji vysoké koncentrace h-tau (typicky > 800-1200 pg/ml) a pritomnost
proteinu 14-3-3 v mozkomisnim moku s akutnim poskozenim neuront, které je typické pro
rychle probihajici demenci u prionovych onemocnéni a které viak muaze byt pritomno i u akut-
nich inzultti CNS jako jsou ischemické ¢i traumatické 1éze.

V nasi studii jsme stanovenou hypotézu nepotvrdili: na celkem 59 vzorcich jsme stanovili kon-
centrace PAR2 v rozmezi 1,22-40,00 ng/ml (primér 8,97 ng/ml, SD 7,24 ng/ml) a tyto hodnoty
nekorelovaly se zvySenymi koncentracemi h-tau ani pfitomnosti proteinu 14-3-3 v mozkomis-
nim moku a ani nebyly statisticky vyznamné rozdilné mezi jednotlivymi diagnostikovanymi
jednotkami. Rovnéz nebyl zjistén rozdil v koncetracich PAR2 mezi sporadickou a familialni
Creutzfeldtovou-Jakobovou nemoci (CJN) ani jednotlivymi podtypy CJN podle polymorfismi
na 129. kodonu genu pro prionovy protein.

Limitaci nasi studie je, z hlediska hodnoceni patofyziologického vyznamu zmén koncentrace

PAR2 v mozkomi$nim moku, absence zdravych kontrol, jejichz ziskani ve statisticky vyznamném
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poctu je problematické a zalezitosti prospektivniho vyzkumného sledovani koncentrace PAR2
v mozkomi$nim moku vSech pacientd, u kterych lze s dostate¢nou mirou jistoty, idealné neuro-
patologicky, vyloucit vyznamnéjsi postizeni CNS.

Vysledek této studie tedy primy vztah mezi koncetraci PAR2 a hodnotami koncentrace markert
poskozeni neuronti nepotvrdil, z ¢ehoz lze usoudit, Ze pfitomnost PAR2 v mozkomi$nim moku
nelze povazovat za marker dynamiky neurodegenerativniho procesu. Nicméné vzhledem ke
komplexnimu zapojeni PAR2 a dal$ich PARs v patogenezi neurodegenrativnich onemocnéni

nelze vyloudit jejich modulujici roli.

4.2 Charakterizace oligodendroglialni reakce u onemocnéni motorického
neuronu s inkluzemi proteinu TDP-43 jako zakladni predpoklad pro na-

sledné studie role PAR2 a dalSich typu PARs v kontextu oligodendroglialni

patologie

Vysledek prace potvrdil alternativni hypotézu (H2), ze degenerace glie a neuronti charakteri-
zovana pfitomnosti inkluzi proteinu TDP-43 u onemocnéni motorického neuronu je spojena
s reakci oligodendrocytt.

Role oligedendrocytti v patogenezi neurodegenerativnich onemocnéni, a to véetné tzv. oligoden-
drogliopatii jako je mnohotna systémova atrofie ¢i tauopatie s globularnimi glidlnimi inkluze-
mi, je stale neznama. Jednou z pricin byla také nemoznost, na rozdil od neuront ¢i astrocytt,
spolehlivé identifikovat termindlné diferencované myelinizujici oligodendrocyty ve formalinem
fixovanych a do parafinu zalitych vzorcich. Tento problém prekonal novy marker, TPPP/p25a
(tubulin polymerisation promoting protein p25a), ktery specificky znaci diferencované myeli-
nizujici oligodendrocyty.

V této studii jsme analyzovali oligodendroglidlni reakci u onemocnéni motorického neuronu
s pfitomnosti inkluzi proteinu TDP-43 (také amyotroficka lateralni skleréza, ALS). Tyto inkluze
se vyskytuji v neuronech i oligodendrocytech, pficemz vyznam oligodendroglialnich inkluzi je
zcela nejasny, neurondlni inkluze TDP-43 jsou pak pfimo asociovany s po$kozenim neuront. V
pripadé ALS jsme prokazali, Ze s degeneraci postrannich kortikospinalnich provazcti mi$nich

ubyvd imunoreaktivita myelin-bazického proteinu, nicméné bez snizeni po¢tu TPPP/p25a-imu-
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noreaktivnich oligodendrocytt. Naopak, pocet TPPP/p25a-imunoreaktivnich oligodendrocytt
rostl spolu s pritomnosti inkluzi TDP-43 v neuronech, pfi¢emz s pritomnosti téchto inkluzi
vzrostl také pocet tzv. perineuronalnich oligodendrocytt, kterym je pfisuzovana neuroprotek-
tivni role. Zda se, Ze degenerace neurond prednich rohti mi$nich a axont kortikospinalni drahy
tedy neni nutné doprovazena snizenim absolutniho poctu oligodendrocytt. V kontextu dalsich
studii zabyvajicich se oligodendridlni patologii u ALS 1ze naopak uvazovat o reaktivni mobilizaci
a findlni difereciaci oligodendroglialnich prekurzor.

Pomoci TPPP/p25a jsme tak jako prvni charakterizovali oligodendroglialni status u ALS. Tato
morfologicka data tak bude v budoucnosti mozno déle korelovat s vysledky funké¢nich in vitro
studii a lépe analyzovat roli vyznamnych molekul, zahrnujicich PARs, véetné PAR2 a s nimi in-
teragujicich proteindz, které se podili na priibéhu neurodegenerativnich ¢i neuroprotektivnich

déji v ramci ALS.

4.3 Charakterizace topografie patologie a-synukleinu u atypické formy
mnohotné systémové atrofie jako synukleinopatie s tésnym vztahem k pa-

tologii crystallinti a potencialni protektivni funkci PAR2

Vysledek prace potvrdil alternativni hypotézu H3, Ze kromé klasické cereberalni a parkinson-
ské formy mnohotné systémové atrofie (MSA-C a MSA-P) existuje také atypickd forma MSA
(aMSA). Ta je charakterizovana klinickym obrazem s podilem kognitivniho deficitu a neuropa-
tologicky specifickou topografii patologie a-synukleinu.

Pritomnost oligodendroglialnich inkluzi a-synukleinu u mnohotné systémové atrofie (MSA) je
jejim zakladnim diagnostickym parametrem. Kromé oligodendroglialnich inkluzi jsou u MSA
pfitomny i inkluze neuronalni, které jsou u typickych forem MSA, MSA-C a MSA-P pritomny
v mensiné.

Na zakladé neuropatologickych nalezt byla popsana nova, atypicka varianta MSA (tzv. atypicka
MSA, aMSA), pro kterou je charakteristickd klinicka symptomatologie oproti typické MSA roz-
dilna a zahrnuje kromé extrapyramidovych a mozeckovych priznaka zejména postizeni kogni-
tivnich funkeci (syndrom demence).

V nasi praci jsme hypotézu existence neuropatologicky specifické varianty MSA potvrdili a za-
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roven jsme prokazali, Ze pritomnost neuronalnich cytoplasmatickych inkluzi ve fascia dentata
hipokampu je pro aMSA definujici a Ze 1ze tento nalez vyuzit pro stanoveni definitivni diagnozy
aMSA, ktera je v dalsich neuropatologickych ohledech, jako je postizeni mozecku, pontu, bazal-
nich ganglii, totozna s typickymi formami MSA.

V kontextu patologie a-synukleinu a jeho vztahu k PAR2 a proteintim, které s PAR2 fyziologicky
interaguji (napf. crystalliny) a které mohou touto interakci indukovat naptiklad protektivni efekt,
je tak presné rozliSeni jednotlivych klinickopatologickych forem MSA zasadni pro dalsi studie

role PAR2 u MSA.

4.4 Zdiraznéni problematiky komplexity funkce PAR2 v patogenezi na-

dorovych onemocnéni

V tomto sdéleni jsme rozvinuli diskuzi na téma role PAR2 v patogenezi karcinomt pankreatu,
konkrétné jeho vlivu na riist primarniho loziska a na metastaticky potencial nadorovych bunék.
Pfi interpretaci role PAR2 v kancerogenezi je tieba brat v potaz radu faktort. Jednim je histolo-
gicky typ primarniho tumoru, jeho lokalizace v ramci experimentalniho modelovani (ortotopicky
¢i heterotopicky) a také indukce metastatického $ifeni tumoru (intravaskuldrni injekce nadoro-
vych bunék ¢i jejich $ifeni z primdrniho loZiska). Dalsi skupinou faktort je pfitomnost aktivatora
a inhibitort aktivity PAR2 v zivém organismu v kontrastu s experimentalnim uzitim izolovanych
molekul, které maji stimulovat ¢i potlacit signalizaci PAR2, s ¢imz souvisi tfeti skupina faktort
a to je vlastni objasnéni signalnich mechanismd, které vedou k danému fenotypu. Tato ¢ast tak
zahrnuje komplikovanou analyzu aktivity fady druhych poslt, ktera se mize vyznamné lisit pod-
le uzitych agonistit PAR2. Pravé na zékladé syntézy téchto informaci pak Ize usuzovat na mozné

farmakologické ovlivnéni aktivity PAR2 v ramci l1é¢by nddorovych onemocnéni.

4.5 Prehled problematiky role PARs u neurodegenerativnich onemocnéni
jako komplexnich ¢len( patogenetickych drah ucastnici se jak neuropro-

tektivnich tak i neurotoxickych déjt

Role PAR2 v patogenezi Alzheimerovy nemoci je komplexni; podle specifickych podminek mize
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V.

PAR?2 indukovat toxicky i protektivni ucinek a je zfejmé, ze se na vysledném ucinku aktivity
PAR?2 spolupodili fada dalsich faktort. Jednim z téchto faktort je moznost spole¢né endosomal-
né-lysosomalni cesty degradace s rozstépenym APP. Ten se mtize intracelularné translokalizovat
do mitochondrii a vytvaret zde toxické komplexy s mitochondrialnimi transmembranovymi
proteiny. PAR2 sdili s APP mechanismus internalizace pres clathrinové jamky a nasledné intra-
celularni cesty degradace. PAR2 tak mtize facilitovat lysosomalni degradaci intracelularniho APP,
které muze jinak toxicky poskozovat mitochondrie.

Kromé této role v endosomalné-lysosomalni degradaci APP se miize PAR2 podilet na patogenezi
Alzheimerovy nemoci na fadé trovni zahrnujicich mozné interakce s PAR1, tzv. cross-talk jejich
signalnich drah, které mohou indukovat jak prozanétlivy NF-«B ¢i protektivni drahy kindz JNK

a ERK.
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5 Zaveér

V predkladané praci je zpracovan komplexni pohled na problematiku role proteinazami aktivo-
vanych receptort (PARs) v patogenezi nemoci CNS a ¢aste¢né téz nemoci nadorovych.

Ze studie na mozkomi$nich mocich vyplyva, ze koncentrace PAR2 v mozkomisnim moku nelze
povazovat za marker neuronalniho poskozeni ani marker typicky pro jednotliva neurodegene-
rativni onemocnéni. V kontextu vysledkt z mys$iho modelu prionového onemocnéni je mozné,
ze pritomnost PAR2 ma modifikujici vliv na pribéh tohoto onemocnéni. Exprese a aktivita
PAR2 v CNS tak muze i v pripadé lidskych prionovych onemocnéni odrazet aktivitu téchto
onemocnéni. Pro presnéjsi analyzu vyznamu PAR2 v mozkomisnim moku je tak tfeba provést
dlouhodobéjsi prospektivni studii, ve které budou v dostate¢né mire zahrnuty kontrolni subjekty
a bude analyzovana i casova dynamika koncentrace PAR2.

Pro studium role PAR2 v patogenezi neurodegenerativnich onemocnéni je zasadni poznani jed-
notlivych faktort prispivajicich k jejich patogenezi a to véetné mikromorfologickych projevt.
V nékterych pripadech, jako je napriklad Alzheimerova nemoc ¢i ischemické postizeni CNS
jsou tyto faktory pomérné dobfe poznany, u dal$ich nemoci, naptiklad ALS ¢i MSA je znalost
faktorti prispivajicich k jejich patogenezi stale omezena. Tradi¢ni pohled na patogenezi neu-
rodegenerativnich onemocnéni je stdle spise ,,neuronocentricky” a patologie glialnich elementt
je stale posouvana na druhou kolej spise jen jako uzite¢nych diagnostickych markerti nékterych
neurodegenerativnich onemocnéni. Vyznam degenerace glidlnich elementt je v§ak v mnoha
ohledech, a to predevsim vzhledem k existenci komplexni a z funkéniho hlediska zcela nezbytné
glioneuronalni sité, klicovym prvkem v patogenetickych mechanismech neurodegenerativnich
zmén. V ramci patologie oligodendrocytu je vyznamna dudlni, toxicka a zfejmé i protektivni,
role osy kallikrein 6-PAR2 v bilé hmoté, kdy je presna kvantifikace oligodendroglialni patologie
zasadni pro dalsi interpretaci role PAR2. V pripadé ALS tak muze potencialni mobilizace oli-
godendroglialnich prekurzorovych bunék smérem k terminalné diferencovanym oligodendro-
cytim zahrnovat také zmény v expresi ¢i aktivité PAR2 ¢i dalsich PARs.

Hypoteticky lze uvazovat o mozném protektivnim vlivu osy kallikrein 6-PAR2 u oligodendro-
cytt v lateralnich kortikospinalnich traktech v mise ¢i u perineuronalnich oligodendrocyti, kdy

aktivace PAR2 muize ptisobit neuroprotektivné, podpoftit remyelinizaci ¢i naopak stimulovat
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indukci GFAP v astrocytech a prispét tak k rozvoji astrogliézy. Astrogliéza nemusi vzdy nutné
znamenat patologii, ale predstavuje téz mechanismus hojeni v CNS, ktery miize slouzit k izolaci
patogenniho agens. V piipadé neurodegenerativnich onemocnéni Ize za takové agens, s prihléd-
nutim k hypotéze takzvaného ,,prion-like” Sifeni patologicky konformovanych proteini, pova-
zovat patologicky konformovany protein (tau, a-synuklein ¢i TDP-43), ktery se mtize axonalné
i transaxonalné $itit v rdmci celého CNS.

Protektivni role aktivity kallikrein 6-PAR2 systému byla prokazana na mys$im modelu MSA.
I v tomto pripadé je tfeba presné definovat morfologicky substrat lidské MSA, ktera byla az
do nedavné doby povazovana za relativné¢ homogenni klinickopatologickou jednotku. Zavéry
recentnich praci, véetné prace nasi, ukazuji, Ze i v tomto pripadé je mozné vyclenit atypickou
formu MSA (aMSA) charakterizovanou kognitivnim postiZzenim, které bylo donedavna pova-
zovano za exkluzivni kritérium pro diagnézu MSA. Atypickd MSA se totiz od typickych forem
1isi predominanci neuronalni patologie v hipokampu, pficemz zakladni diagnostické parametry
typické pro MSA, pritomnost oligodendroglialnich inkluzi, se mezi aMSA a typickou MSA nelisi.
Je zfejmé, Ze na predominanci zmén smérem do hipokampu se v tomto ohledu nepodili pouze
vlastni patologie a-synukleinu, ale i dal$i, dosud nepoznané faktory. V tomto ohledu je diilezita
role kallikrein 6-PAR2 systému, jehoz aktivita snizuje agregaci a-synukleinu a miize byt v ptipa-
dé MSA deficientni. Lze predpokladat, Ze predominantni deficience aktivity kallikrein 6-PAR2
v hipokampu muize byt jednim z faktort, ktery umozni vznik neuronalnich inkluzi a-synukleinu
uaMSA a v $irS$im kontextu také dalsich synukleinopatii.

PAR?2 a proteiny spojené s neurodegenerativnimi onemocnénimi jako jsou produkty $tépeni
APP (fragment AB ,_,,) ¢i a-synuklein, mohou do ur¢ité miry sdilet spolecné cesty a medidtory
degradace cestou ESCRT do lyzosomt ¢i pres komplex retromeru do trans—Golgi sité. Je zfejmé,
ze ireverzibilni aktivace PARs povede spiSe k jejich degradaci v lyzosomech nez k recyklaci do
trans—Golgi sité. Hypoteticky lze uvazovat, Ze kapacita degradac¢nich komplext potfebnych pro
spravnou degradaci ¢i recyklaci proteinti je omezena a ze zahlceni téchto mechanismi, spolu
s defekty ¢i pretizenim dalSich cest degradace proteind, jako je naptiklad ubiquitin-protedzo-
movy systém, chaperony-mediovana autofagie ¢i makroautofagie, miize vést ke komplexnimu

naruseni proteostazy bunky. Prilisné zvyseni exprese PARs na cytoplazmatické membrané a jejich
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nasledna aktivace spojena s vytizenim transportnich mechanismu tak mtize byt spojena pravée s
defektni degradaci ¢i transportem jiného proteinu, napriklad tau, a-synukleinu ¢i TDP-43 a je
tak mozné, Ze se zvysena aktivita PARs muze nepfimo spolupodilet na komplexnim naruseni
proteostazy bunky.

Na zakladé poznani z riznych organovych systémt véetné CNS samotného se ukazuje, Ze jednot-
livé PARs nejsou izolované aktivovany jednou proteinazou aktivujici jeden typ PAR indukujici
jednu signdlni drahu vedouci ke specifickému fenotypu, ale Ze se jedna o komplexni interakce
fady proteinaz, jejich inhibitort, vlastniho inzultu, PARs mezi sebou ¢i jinymi receptory a jimi
indukovanych signalnich drah. Je to az kombinace téchto faktor, ktera v kone¢ném disledku
ovlivni findlni fenotyp bunky a patofyziologicky pribéh daného onemocnéni.

Pouze presna charakterizace exprese PARs, jejich signalnich aktivit, aktivity proteinaz a jejich
inhibitorti a presna specifikace danych onemocnéni na morfologické a nasledné funkéni trovni
umozni potencialni uspésnou modifikaci téchto déjii v ramci terapie fady onemocnéni, zejména

nadorovych a zanétlivych, na jejichz patogenezi se PARs vyznamné podileji.
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6 Summary

This Thesis discusses the complex topic of the role of proteinase-activated receptors (PARs) in
the physiology and pathophysiology of central nervous system diseases, and to some extent, the
role of PARs in cancer pathobiology.

From a study performed using cerebrospinal fluid (CSF) samples from patients with neuropatho-
logically confirmed prion and other neurodegenerative diseases, we can conclude that PAR2
levels in the CSF do not track neuronal damage; therefore, unlike the levels of total-tau or the
presence of protein 14-3-3, PAR2 cannot be used as a marker of neuronal damage. Together with
results from the murine model of prion disease, we can conclude that PAR2 exerts disease-mo-
dulatory effects. Expression and activity of PAR2 in the brain appears to be mostly related to the
activity of the disease process itself. However, more extensive studies performed on both diseased
and control samples with an assessment of PAR2 CSF levels, using a prospective methodology,
are needed to better understand the role of PAR2 relative to prion disease pathophysiology.

To study the role of PAR2 in neurodegenerative diseases, a precise understanding of the role of
various elements contributing to the pathogenesis is essential. In certain diseases, such as in ce-
rebrovascular diseases or Alzheimer disease, the general elements of the pathogenesis are already
fairly well understood. In other diseases, such as motor neuron disease or multiple system atro-
phy, the understanding of the underlying mechanisms is still rather limited. The traditional “neu-
rocentric” view of neurodegenerative diseases leads to a underestimation and under recognition
of the role of glial elements, which are still being used mainly as diagnostic markers. Nevertheless,
degeneration of glial elements is, due to the existence of glioneural networks, in many aspects
integral to the pathogenesis of neurodegenerative diseases. If we consider oligodendrocytes, the
kallikrein 6-PAR?2 axis mediates both the toxic and possibly also the protective effects, therefore,
the exact description of oligodendroglial pathology is essential for a better understanding of the
exact role of PAR2. In motor neuron disease, we may, based on the results of our study, suggest
that induced differentiation of oligodendroglial precursors in terminally differentiated oligoden-
drocytes can result in changes in PAR2 or other PARs expression and activity. Moreover, the
protective role of kallikrein 6-PAR?2 axis activity in oligodendrocytes in the lateral corticospinal

tracts or in perineuronal oligodendrocytes in the anterior horns may be involved in remyelinati-
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on or it may induce GFAP expression in astrocytes, which can lead to astrogliosis and formation
of a glial scar. This may not necessarily be an inherently pathologic process, since scar formation
is also part of the healing process and, in general, may prevent further spread of noxious agents.
In neurodegenerative diseases, a “noxious” agent might take the form of a misfolded protein (e.g.,
tau, a-synuclein, or TDP-43) that might, in a “prion-like” manner, spread throughout the central
nervous system along the axonal pathways.

The kallikrein 6-PAR2 axis has been shown to exert a protective role in the murine model of
MSA. In this case, a precise definition of MSA-associated morphology, along with a full u unde-
rstanding of the clinical symptomatology, is essential. The clinical features of MSA have been,
until recently, considered to be rather uniform (i.e., cerebellar symptoms and parkinsonism
along with autonomic nervous system disturbances) with cognitive impairment actually being
an exclusion criterion for an MSA diagnosis. However, the atypical form of MSA (aMSA) has
recently been described and can manifest with a wide spectrum of neurological symptoms, inc-
luding cognitive impairment. In our work, we successfully replicated these results and suggested
a possible screening approach for a neuropathological diagnosis of aMSA. Typical MSA as well as
aMSA share a common a-synuclein pathology; however, in aMSA, severe neuronal a-synuclein
pathology can often be found in the hippocampus. The exact explanation for why the a-synuclein
pathology spreads to such an extent in the hippocampus, in aMSA cases, is still not known. We
can speculate that the attenuation of kallikrein 6-PAR2 axis activity, which has been shown to
reduce a-synuclein aggregation, may be one of the causes of local hippocampal vulnerability as
well as contributing to the pathogenesis of synucleinopathies in general.

Regarding the degradation of PAR2, certain degradation pathways may be shared with PAR2 and

other proteins associated with neurodegenerative processes, such as APP fragments (A, ,,) or

1-42))
a-synuclein. These common mechanisms include the ESCRT and retromer pathways. Irreversible
activation of potentially up-regulated PARs may thus lead to consumption of ESCRT components
and depletion for degradation of other proteins. In a similar manner, depletion of other degrada-
tion mechanisms such as ubiquitin-proteasome system, chaperone-mediated autophagy, or ma-

cro-autophagy can eventually lead to severe disturbances in the cellular proctostasis. Therefore,

overexpression of PARs on the cytoplasmic membrane followed by their down-regulation may
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indirectly lead to a pathological accumulation of other, often already aggregation-prone, proteins,
such as tau, a-synuclein, or TDP-43.

Based on our understanding of PARs in other organ systems, we can now say that individual
PARs are not activated by a single proteinase that elicits a single signaling pathway that then leads
to a single specific phenotypic effect. In reality there is a set of complex interactions between
various proteinases, their inhibitors, the noxious agent itself, different PARs, and other receptors
that eventually lead to the activation of an interconnected network of signaling pathways that
leads to a final, often multifaceted outcome.

Only a precise characterization of PARs expression, PARs-associated signaling pathways, organ
specific proteinases, and their inhibitors, along with a precise understanding of the structu-
ral-functional aspects of the associated diseases will allow for further development of tools to
specifically modulate PARs-associated physiological and pathophysiological events. This may
eventually lead to a successful treatment for many of serious diseases, mainly neoplastic and

inflammatory, which are largely associated with PAR activity.
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