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ABSTRAKT

Proteolytické enzymy piispivaji ke vzniku, rozvoji a progresi fady onemocnéni.
Dipeptidylpeptidaza-IV (DPP-IV) a fibroblastovy aktiva¢ni protein (FAP) jsou serinové
protedzy s unikdtni schopnosti odstépovat dipeptidy obsahujici — vysoce evoluéné
konzervovany — prolin na ptedposledni pozici N-konce substrati/biologicky aktivnich
peptida. FAP vykazuje 1 gelatinolytickou aktivitu, kterou uplatiiuje pii procesech remodelace
extracelularni matrix. Glidlni mozkové nadory (gliomy) vznikaji transformaci rezidentnich
gliovych bun¢k, mozkové metastazy vznikaji z cirkulujicich transformovanych bunck
extrakranialnich nadora. NaSe predchozi prace popsaly zvySenou expresi DPP-IV a FAP v
tkdnich vysokostupiiovych gliomt. Piitomnost DPP-IV a FAP v tkanich mozkovych metastaz
nebyla do této doby popsana.

Cilem této dizertacni prace bylo popsat mnohocetné formy DPP-IV a FAP, ptiblizit
jejich bunéény pitivod a moznou regulovatelnost v mozkovych nddorech. DPP-IV a jeji
molekulové MW a pl formy byly exprimovany dominantné transformovanymi glialnimi
butkami, FAP a jeho MW a pl formy byly pfitomny v transformovanych i stromalnich
bunkach v tkanich GBM a mozkovych metastaz. Spektrum mnohocetnych forem DPP-IV a
FAP v tkdnich GBM ani v transformovanych glidlnich bunkéach pravdépodobné nebylo
dtsledkem glykosylace.

V tkanich GBM a mozkovych metastdz jsme nalezli do této doby nepopsanou
molekulovou formu FAP s pl 7,0-8,5. Ve stromalnich buikéch byly, na rozdil od
transformovanych glialnich bunék, nalezeny formy FAP s pl 7,0-8,0. Molekulové formy FAP
s pl 7,0-8,5 mohou byt v tkdnich GBM indukované v gliomovych bunkach 1 v nenadorovych
pericytech aZ v kontextu nddorového mikroprostredi. Exprese FAP, nikoliv ovS§em DPP-IV,
byla v gliomovych i stromalnich buiikéch ptfitomnych v tkdnich GBM a mozkovych metastaz
indukovana TGF-B1.

Poznani regulace exprese mnohocetnych forem DPP-IV a FAP a jejich biologickych
funkci v nadorovém mikroprosttedi mize v budoucnu pfispét k identifikaci dalSich

terapeuticky vyznamnych cili v 1é€bé mozkovych nadori.

Kli¢ova slova: dipeptidylpeptidaza-IV (DPP-1V), fibroblastovy aktivacni protein
(FAP), mnohocetné formy, mozkové nadory, nddorové mikroprostiedi,

TGF-p1



ABSTRACT

Proteolytic enzymes are known to contribute to the initiation, development and
progression of a number of diseases. Dipeptidyl peptidase IV (DPP-IV) and fibroblast
activation protein (FAP) are serine proteases with the unique ability to cleave dipeptides
containing - highly evolutionarily conserved - proline at the penultimate position of the N-
terminus of substrates/biologically active peptides. FAP also exhibits gelatinolytic activity,
which it exerts during extracellular matrix remodeling processes. Glial brain tumors (gliomas)
arise from resident transformed glial cells, whereas brain metastases originate from
circulating transformed extracranial tumor cells. Our previous work has described an
increased expression of DPP-IV and FAP in high-grade glioma tissues. The presence of DPP-
IV and FAP in brain metastatic tissues has not been described to date.

The aim of this thesis was to describe the multiple forms of DPP-IV and FAP, and to
describe their cellular origin and possible regulation in brain tumors. DPP-IV and its
molecular MW and pl forms were expressed predominantly by transformed glial cells,
whereas FAP and its MW and pl forms were expressed by transformed and stromal cells
present in GBM and brain metastatic tissues. The spectrum of multiple forms of DPP-IV and
FAP in GBM tissues and transformed glial cells was probably not a result of glycosylation.

We found a previously undescribed molecular form of FAP with a pl of 7,0-8,5 in
GBM tissues and in brain metastases. In stromal cells, in contrast to transformed glial cells,
several forms of FAP with pl 7.0-8.0 were found. Molecular forms of FAP with pI 7,0-8,5 can
also be induced within glioma cells and non-tumor pericytes present in GBM tissues in the
context of the tumor microenvironment. Expression of FAP, but not DPP-IV, was induced by
TGF-B1 in glioma and stromal cells present in GBM tissues and in brain metastases.

Understanding the regulation of the expression of multiple forms of DPP-IV and FAP
and their biological functions in the tumor microenvironment may contribute to the
identification of additional therapeutically relevant targets in the treatment of brain tumors in

the future.

Key words:  dipeptidyl peptidase IV (DPP-IV), fibroblast activation protein (FAP), multiple

forms, brain tumors, tumor microenvironment, TGF-f1.
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1 Uvop

1.1 PROTEAZY

Protedzy jsou ubikvitné exprimované enzymy, které hydrolyzou peptidovych a
izopeptidovych vazeb ireverzibilné modifikuji proteiny a peptidy, ¢imz se podileji na udrZeni
celkové homeostazy organizmu. Protedzy jsou jednou z nejvétsich proteinovych rodin, kterou
tvori téméf 600 hydrolytickych enzymi dale rozdélenych podle mechanizmu katalytického
ucinku (Rawlings & Bateman, 2021).

S rozvojem a priitbéhem fady patologickych stavii vEetné nadorovych onemocnéni je
Casto spojena i deregulovand exprese protedz, proteolyticka aktivita, na proteolyze zavisla
signalizace a/nebo narusend rovnovaha mezi pfitomnosti protedz a jejich inhibitor (Eatemadi
et al.,, 2017; Turk et al., 2012). Protedzy se na procesech vzniku a rozvoje nadorovych
onemocnéni mohou podilet modifikaci komunikace mezi jednotlivymi bunéénymi
populacemi nddorového mikroprostfedi mechanizmem proteolytické modifikace biologicky
aktivnich peptidi (Itoh, 2022), remodelaci extracelularni matrix (Karamanos et al., 2019;
Mohan et al., 2020), stimulaci pfechodu bunky z epitelového do mezenchymového fenotypu
(EMT) (Mitschke et al., 2019) a maskovdnim transformovanych bun¢k pfed imunitnim
systémem (Muenst et al., 2016), ¢imz podporuji rGst nadoru, jeho invazivitu a schopnost
metastazovat (Hanahan & Weinberg, 2011; Pandya et al., 2017).

Proteolyza je relativné jednoducha posttranslaéni modifikace, ptfi které vznikaji
produkty s odliSnou strukturou a piipadné i biologickou funkci. Pro vznik a rozvoj
nadorovych onemocnéni je diilezité pochopeni komplexniho vlivu a proteolytickych kaskad v
mikroprostfedi nadoru (Vizovisek et al., 2021). (i) Protedzy v nddorovém mikroprostiedi
mohou pochazet z transformovanych bun¢k nebo z bunék néadorového stromatu, napi.
imunitnich bun€k a bunék mezenchymového typu (Hanahan & Coussens, 2012). (ii)
Spektrum protedz se miize liSit na kvalitativni a kvantitativni urovni (Ludwig, 2005). (iii)
Protedzy mohou byt v bunce pfitomné v multiproteinovych komplexech a tyto komplexy
mohou ovliviiovat proteolytickou aktivitu (Eatemadi et al., 2017). (iv) V nadorovém
mikroprostiedi se vzajemné ovliviiuji rGzné proteazy z rtiznych rodin (Sevenich & Joyce,
2014).

Dipeptidylpeptidaza-IV (DPP-IV, EC 3.4.14.5) a fibroblastovy aktiva¢ni protein
(FAP, EC 3.4.21.B28) jsou serinové protedzy s mnohocetnymi biologickymi t¢inky. Zmény

exprese DPP-IV a FAP byly popsdny v patogenetickych mechanizmech fady nadorovych
10



onemocnéni, pri¢emz v téchto procesech mohou hrat roli tumor promotorti i tumor supresora
(Beckenkamp et al., 2016; Busek et al., 2022; Fitzgerald & Weiner, 2020).

V soucasné dob€ je zndmo né€kolik genovych produktd s riznym stupném sekvencni
podobnosti a DPP-IV-podobnou aktivitou. Na zakladé prace nasi laboratofe byla postupné
definovana skupina “Dipeptidylpeptidaze aktivitou a/nebo strukturou podobnych* (Dipeptidyl
peptidase-IV activity and/or structure homologous, DASH) molekul, mezi jejiZ Cleny patii
fibroblastovy aktivacni protein (FAP), dipeptidylpeptidaza 6, 7, 8, 9 a 10 (Sedo & Malik,
2001). DASH molekuly ovliviiuji procesy nadorové transformace regulaci ristovych
vlastnosti bun€k v nddorovém mikroprosttedi piedevsSim proteolytickou modifikaci

biologicky aktivnich peptidli (Sedo & Malik, 2001; Waumans et al., 2015).

1.1.1 Dipeptidylpeptidaza-IV a fibroblastovy aktivacni protein

Dipeptidylpeptidaza-1V (DPP-1V, EC 3.4.14.5) byla poprvé popsana jako glycyl-
prolyl B-naftylamid4za (Hopsu-Havu & Glenner, 1966). Pozdéji byla prokazana jeji totoZnost
s diferenciatnim antigenem T lymfocyti (CD26), potkanim glykoproteinem gpl110 a mysi
thymocyty-aktivujici molekulou (THAM) (McCaughan et al., 1990; Ulmer et al., 1990;
Vivier et al., 1991). DPP-IV je exprimovana fadou tkani v€etné endotelovych buné€k, coz ji
¢ini ptistupnou cirkulujicim peptidovym substratim (Fukasawa et al., 1981). Gen pro DPP-IV
dosahuje 70x10° part bazi a je lokalizovan na chromozomu 2 (2q24.2). Je tvofen 26 exony,
které koduji 766 aminokyselin velky protein (Misumi et al., 1992; Wagner et al., 2016). Gen
pro lidskou DPP-1V koduje dva mRNA transkripty, jeden o velikosti 4,2x10° part bazi, jehoz
distribuce neni v organismu omezena a mensi 2,8x10° pard bazi, ktery byl pfitomen
v placenté, ledvindch, jatrech a plicich. PfestoZe byly popsany i dal§i minoritni sestfihové
varianty, jejich vyznam zistava nejasny (Abbott et al., 1994; Bernard et al., 1994).

DPP-IV je ubikvitné exprimovand, typicky membranové vazanad serinova protedza
typu II, jejiz hydrolytickd aktivita je podminéna homodimerizaci dvou monomernich
podjednotek (Mentlein, 1999). DPP-IV byla pozorovana také ve vySSich molekulovych
strukturach (200—400 kDa) (De Meester et al., 1992; Gorrell et al., 2001; Puschel et al., 1982;
Shibuya-Saruta et al., 1996). N&které prace popisuji i DPP-IV v podobé¢ tetrameru, jehoz MW
pfesahuje 800 kDa. Dimery DPP-IV na povrchu plazmatickych membran T lymfocyti
a epitelovych bun¢k by mohly tvorbou homotetrameru ovliviiovat jejich adhezni vlastnosti a
mezibunécné interakce (Engel et al., 2003; Lambeir et al., 1997). Krom& membranoveé vazané
DPP-IV byla v plazmé, slindch, cerebrospinalni tekutiné nebo semindlni plazmé popséna 1
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solubilni/secernovana forma DPP-1V, kterda pravdépodobné vznikd bunécnou sekreci nebo
dosud malo popsanym mechanizmem proteolytického Stépeni (z angl. shedding) membranové
DPP-IV (Abbott et al., 2000; Durinx et al., 2000; Lambeir et al., 1997). Glykosylaci
podminéna pritomnost mnohocetnych forem DPP-IV s odliSnou enzymovou aktivitou byla
popsana v plazmé pacientli s diabetem mellitem druhého typu (O’Mullan et al., 2017) nebo ve
tkanich spinocelularniho karcinomu plic (Sedo et al., 1991). Membranova 1 solubilni forma
DPP-1V, stejné jako hydrolytickd aktivita DPP-IV, byly zvySeny v B lymfoidnich bunkach
stimulovanych interferony a, B, y (Bauvois et al., 2000). Zvysena exprese DPP-IV byla
pozorovana béhem diferenciace naivnich T bun¢k do maturovanych Thl lymfocytd po
stimulaci interleukinem-12 (IL-12) (Cordero et al., 1997). Transkript DPP-IV byl pozorovan
ve visceralni tukové tkani obéznich pacientd a solubilni DPP-IV byla pozorovana
v adipocytech kultivovanych ex vivo (Sell et al., 2015). Stimulace lidskych adipocytl
izolovanych z visceralni tekutiny faktorem nekrotizujicim nadory-a (TNF-a) vedla ke zvySeni
koncentrace solubilni DPP-IV oproti nestimulovanym adipocytim, ovSem bez odpovidajici
korelace s mRNA transkriptem DPP-IV. Toto pozorovani naznacuje vznik solubilni DPP-IV

mechanizmem proteolytického §tépeni membranove vazané DPP-1V (Sizarov et al., 2011).

Fibroblastovy aktivacni protein alfa (FAP, EC 3.4.21.B28) je membranové vazana
serinova proteaza typu II poprvé popsand jako povrchovy antigen transformovanych
epitelovych bunék (Rettig et al., 1986). Na zaklad¢ analyzy genové sekvence bylo pozdéji
potvrzeno, ze FAP je identicky se seprdzou, povrchovou protedzou detekovanou v
invadopodiich melanomovych bunék (Monsky et al., 1994). Gen pro FAP dosahuje 73x10°
part bazi a je lokalizovan na chromozomu 2 (2q23), kde je tvofen 26 exony, které koduji 760
AMK velky protein. Vzhledem k lokalizaci v genomu (2q23) je pravdépodobné, Ze vznikl
genovou duplikaci genu DPP-IV (Abbott et al., 2000). FAP sdili s DPP-IV 68% sekvencni
podobnosti C-termindlni domény a ve skupin€é DASH je nejblizSim homologem DPP-1V
(Goldstein et al., 1997). Hydrolyticka aktivita FAP je, stejn¢ jako u DPP-IV, podminéna
homodimerizaci dvou monomernich podjednotek. Soucasné byl popsan i mozny vznik
heterodimeru s DPP-IV (Scanlan et al., 1994). Oproti DPP-IV mtze FAP fungovat i jako
gelatinaza (J. Lee et al., 2005).

Na rozdil od ubikvitn¢ exprimované DPP-IV je FAP exprimovany téméf vyhradné
v mistech tkanové remodelace, véetné naddorové tkdné. FAP byl poprvé popsan v reaktivnich
stromdlnich fibroblastech epitelidlnich nadorti, sarkomii mékkych tkani, pfi hojeni ran a ve

fetalnich mezenchymovych fibroblastech (Rettig et al., 1986). Krom¢ membranové vazaného
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FAP byla v lidské plazmé popsana solubilni forma FAP, ktera se do cirkulace miize dostavat
dosud neuplné popsanym mechanizmem proteolytického Stépeni membranové formy (z angl.
shedding) (Mueller et al., 1999). Solubilni forma FAP mlze byt syntetizovana de novo jako
enzym piitomny v krevni plazmé Stépici a2-antiplasmin (antiplasmin cleaving enzyme,
APCE) (Lee et al, 2006). V nadorové asociovanych fibroblastech odvozenych
z leptomeningedlni tkan€é mize byt exprese FAP stimulovana napft. transformujicim riistovym
faktorem (TGF-B), tetradekanoylforbolacetitem (TFA), kyselinou retinovou (RA) nebo
retinolem (H. Chen et al., 2009; Chung et al., 2014; ptiloha ¢.3, Krepela et al., 2021; Rettig et
al., 1994). V melanocytech a primarnich melanomovych buiikkach byla exprese FAP

indukovana ultrafialovym zatenim UV A a UV B (Waster et al., 2011).

1.1.1.1 Biologické substraty DPP-1V a FAP

DPP-1V odstépuje X-Pro dipeptidy z N-termindlniho konce fady biologicky aktivnich
peptida a bilkovin obsahujicich - vysoce evolucné konzervovany - prolin na pfedposlednim
misté jejich AMK sekvence (Lambeir et al., 2003). Peptidovd vazba obsahujici prolin je
vzhledem k jedinecné struktufe prolinu relativné stabilni vi¢i Sté€peni vétSinou protedz
(Vanhoof et al., 1995). Krom¢ odStépovani N-koncovych X-Pro dipeptidi miize DPP-1V,
s fadoveé niz$i GcCinnosti, odStépovat 1 dipeptidy obsahujici na ptedposledni pozici glycin,
valin, threonin nebo leucin (Lorey et al., 2000; Lorey et al., 2003). Katalyticka tridda sloZena
z aminokyselin Ser®, Asp’™ a His™ je lokalizovana mezi 140 aminokyselinovymi zbytky C-
termindlniho useku a orientovana do extracelularniho prostoru (Ogata et al., 1992). FAP sdili
s DPP-IV piiblizné¢ 70% sekvencéni homologii C-terminalni domény, kde je uloZena 1
katalytickd tridda obou protedz (Goldstein et al., 1997). FAP $§tépi, piestoze s fadove nizsi
hydrolytickou U¢innosti, vétSinu pfirozenych substratii DPP-IV (Niedermeyer et al., 1998).
Snizen4 exopeptidazova aktivita FAP je ziejmé& zplsobena zaménou Asp®® za Ala®’, coz vede
k celkové slabsimu zapornému ndboji v aktivhim centru a castecné destabilizaci
intermedidrniho komplexu FAP-substrat (Aertgeerts et al., 2005; Aertgeerts, Ye, Tennant, et
al., 2004).

Mezi substraty DPP-IV obsahujici X-Pro N-terminalni dipeptid patii fada bioaktivnich
molekul napt. neuropeptidii, chemokini nebo inkrentinl s Sirokym spektrem biologickych
Gginkt uplatiiujicich se i v procesech nadorové transformace. U¢inkem DPP-IV mize
dochazet k jejich degradaci a eliminaci ale téz k regulaci jejich funkci; aktivaci nebo ¢astéji
inaktivaci, ke zméné jejich receptorové preference, ¢i zméné na receptorového antagonistu
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(Elmansi et al., 2019). DPP-IV miize timto zpisobem ovliviiovat procesy spojené s bunécnou
proliferaci, adhezi, migraci a apoptézou a miize modulovat lokalni a systémovou imunitni
odpovéd. Ze substrati DPP-IV jsou nize uvedeny ty, které se uplatituji v procesech
gliomageneze.

Hormon uvoliiujici ristovy hormon (growth hormone releasing hormone, GHRH, 44
AMK) patii mezi prvni popsané substraty DPP-IV v lidské plazmé. GHRH ma dva pfirozené
funkéni receptory pPGHRHR a SVI1. Pfitomnost GHRH byla popsana v fadé nador vcetné
malignich gliomt (Schally et al., 2008), v nichz korelovala s hor$i prognozou pacientt
(Mezey et al., 2014). Biologicka aktivita GHRH je terminovana hydrolytickou aktivitou DPP-
IV, ¢emuz jde zabranit ptidavkem Diprotinu A, inhibitoru DPP-IV (Frohman et al., 1986).

Neuropeptid Y (NPY, 36 AMK) byl detekovan v centrdlnim i perifernim nervovém
systému, v tukové tkani nebo § buitkach Langerhansovych ostrivki (Brundl et al., 2018; Lee
& Herzog, 2009). Neuropeptidy se vazou do receptort RY1-RY5 (Sundstrom et al., 2013),
které patii do rodiny receptori spfaZzenych s G proteiny (Li et al., 2011). NPY ma silnou
afinitu k receptorim RY1 a RY2, hojné distribuovanych v mozkové tkani (Eva et al., 2006;
Kopp et al., 2002). U¢inkem DPP-IV dochézi ke vzniku biologicky aktivniho derivatu NPY
(3-36) (Frerker et al., 2007) s jinou receptorovou preferenci (Kitlinska et al., 2006). Interakce
NPY s RYS5 pravdépodobné participuje na regulaci migrace a proliferace endotelovych bunék
béhem angiogeneze, vcetné nadorové angiogeneze (Zukowska-Grojec et al., 1998).
V buiikach neuroblastomu stimulovala vazba NPY na RY2 a RYS riist nddoru a vaskularizaci
(Kitlinska, 2007).

Substance P (SP, 11 AMK) je neurotransmiter signalizujici pfes tachykininovy
receptor (NK1R) sprazeny s G proteinem. SP je riistovy faktor s autokrinnim i parakrinnim
ucinkem (Palma et al., 1999). Nezkracena forma SP je v plazmé $tépitelnd kromé DPP-IV i
angiotensin-konvertujicim enzymem (ACE) (Nyberg et al., 1984). DPP-IV §tépi SP na
fragmenty 3-11 a 5-11, jejichz afinita vici pfirozenému receptoru NKI1R klesa (Mentlein,
1999). SP se pravdépodobné podili na atrahovani imunitnich bun¢k do mista zanétu. Genovy
knockout receptoru NK1R v mySim modelu mél negativni vliv na migraci neutrofili do mista
zanétu (Ahluwalia et al., 1998). Pfitomnost SP a NK1R byla popsana v mozkovych nadorech
in situ (Harford-Wright et al., 2013). Prace naSi laboratofe ukazuji, Ze v transformovanych
glidlnich bunkach dochdzi Gcinkem DPP-IV k inaktivaci SP a ztraté jejiho signaliza¢niho

potencialu (Busek, Stremenova, Krepela, et al., 2008).
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Regulated on activation, normal T cell expression and secreted (RANTES, CCLS5, 68
AMK) patii do chemokinové rodiny CC (Zlotnik & Yoshie, 2000). Vazbou do pfirozenych
receptor CCR sptazenych s G proteiny indukuje migraci a infiltraci leukocytli do mista
zanétu (Meurer et al., 1993). RANTES je exprimovan CD8" T bufikami, epitelovymi bufikami
a fibroblasty v reakci na patologické procesy vcetné zanétu a nadorové transformace
(Hedayati-Moghadam et al., 2021; Chen et al., 2018; Szabo et al., 2003). Ut¢inkem DPP-IV
dochdzi ke vzniku zkracené formy RANTES a terminaci jeho biologické aktivity. Zkracena
forma RANTES ma negativni vliv do chemotaxi monocytil, zatimco chemotaktické vlastnosti
T bunék nebyly za stejnych podminek ovlivnény. Je pravdépodobné Ze aktivace T lymfocytt
probiha nezavisle na hydrolytické aktivit¢ DPP-IV (Iwata et al, 1999). Exprese
RANTES/CCRS byla popsana v transformovanych glidlnich buiikdch a gliomovych
kmenovych bunkach (Kranjc et al., 2019). Hydrolyticky t¢inek DPP-IV na RANTES by mohl
podporovat tumor-supresivni roli DPP-IV v procesech gliomageneze.

Faktor la odvozeny ze stromdlnich bunék (stromal cell-derived factor 1, SDF-1la,
CXCL12, 89 AMK) je jedna z forem vznikajicich alternativnim sestfihem z jednoho genu
(Ghadge et al., 2011). SDF-1a je nejlépe popsana forma s Sirokou organovou distribuci véetné
mozkové tkan¢ (Ratajczak et al., 2006). CXCR4, chemokinovy receptor specificky pro SDF-
la, je exprimovan progenitorovymi bunikami a je dilezity v pribéhu embryogeneze (Zaruba
& Franz, 2010) a pro nékteré typy malignit a metastaz (Balkwill, 2003; Dewan et al., 2006;
Luker & Luker, 2006). Po aktivaci ligandem SDF-la spousti fosforylaci mitogeny
aktivovanych proteinkinaz (MAPK) souvisejici s pfezivanim a blokuje apoptdzu gliomovych
bunek in vitro (Richardson, 2016). Prace nasi laboratofe i1 jinych autori popisuje zvySenou
expresi receptoru CXCR4 v tkanich lidskych glioblastomi (GBM), jez souvisi s horsi
prognozou onemocnéni (Richardson, 2016; Stremenova et al., 2007; Tang et al., 2015).
Hydrolytickym t¢inkem DPP-IV vznika zkracena forma SDF-1a, ktera nema chemotaktické
ucinky a souCasné muze fungovat jako receptorovy antagonista CXCR4 receptoru (Van
Damme et al., 1999). Nizkd exprese DPP-IV v transformovanych buiikdch neuroblastomu
korelovala s nizkou koncentraci inaktivovaného SDF-la, coz vedlo ke zvySenému
metastatickému potencidlu téchto bunc¢k (Arscott et al., 2009). Znovuzavedeni DPP-IV
do bunék neuroblastomu navodilo navrat k jejich nemalignimu fenotypu (Arscott et al., 2009).

Peptid uvoliiujici gastrin (gastrin-releasing peptide, GRP, 27 AMK) je peptid tvoteny
proteolytickou upravou 148 AMK prekurzoru (Spindel et al., 1984). Patii do bombesinové
rodiny a je hojn¢ exprimovany v neuroendokrinnim systému (Spindel et al., 1993). Jeho

pfirozenym receptorem je GRP receptor (GRPR, BB2). Exprese GRPR byla popsana
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v gliomovych bunécnych liniich a malignich gliomech (Farias et al., 2008; Pinski et al.,
1994). Antagonisté GRPR inhibovali rist gliomovych bunéénych linii U138 a U87 v mySich
xenograftovych modelech (Kiaris & Schally, 1999; Pinski et al., 1994) Hydrolytickym
ucinkem DPP-IV vznikaji dva $tépné produkty (3-27) a (5-27) (Lambeir et al., 2001).
Fyziologicka tlloha GRP in vivo nebyla dosud objasnéna (Reeve et al., 1983).

Eotaxin (CCL11) je 74 AMK velky ¢len chemokinové rodiny CC, secernovany Th2
bunikami. Hydrolytickym uc¢inkem DPP-IV se snizuje vazebna afinita eotaxinu k receptoru
CCR3, ¢imz je naruSena jeho pfirozend funkce atrahovat eozinofily (Struyf et al., 1999).
Zvysena exprese eotaxinu a CCR3 v glioblastomech korelovala se Spatnou progndzou
celkového preziti (Tian et al., 2016).

Mezi biologické substraty exopeptidazové aktivity, které FAP sdili s DPP-1V, patii
NPY, SP (K. N. Lee et al., 2005). V tkani hepatocelularniho karcinomu byla pozorovana
pritomnost NPY a jeho receptoru Y2R v bunikach na rozhrani stromatu a parenchymu nédoru,
coz pravdépodobné umoziuje jejich pfistup k FAP v aktivovanych mezenchymovych
bunkach (Wong et al., 2016). In vitro $tépi FAP lysyl-oxiddze-1 podobnou oxidazu
(lysyloxidase like 1 oxidase, LOXL1) katalyzujici zesitovani kolagenu a elastinu, neutrofily
aktivujici peptid CXCL-5, kolonie stimulujici faktor 1 (colony stimulating factor 1, CSF-1) a
uplatiiuje se tak pti zanétlivych procesech (Zhang et al., 2019).

Oproti DPP-IV ma FAP rovnéZz endopeptiddzovou/gelatinolytickou aktivitu, kterd se
uplatiiuje zejména pii procesech remodelace ECM, Stépenim kolagenu I, III a IV in vitro.
Mezi fyziologické substraty endopeptidazové aktivity FAP patii hydrolyticky in vivo nebo
tepeln€ in vitro denaturovany kolagen I (Christiansen et al., 2007; Park et al., 1999), a2
antiplazmin (Lee et al., 2006) a fibroblastovy riistovy faktor-21 (FGF-21) (Dunshee et al.,
2016; Zhen et al., 2016).

Kolagen I patii do kolagenové superrodiny a jeho exprese byla popsana v gliomech na
rozdil od nenadorové mozkové tkané. V tkéani lidskych GBM byla pfitomnost prokolagenu I
pozorovana v proliferujicich bunikdch mozkovych obald a v nddorovych cévach (Paulus et al.,
1988). FAP se podili na proteolytické degradaci kolagenu I, ¢imz reguluje buné¢nou adhezi.
Nadorové asociované makrofagy (TAM) infiltruji do mikroprosttedi nadoru, kde potlacuji
protinadorovou odpovéd’ a podporuji rist nddoru. TAM adheruji k proteolyticky St€penému
kolagenu I u¢inkem FAP (Koyama et al., 2000; Mazur et al., 2016). Muliaditan piedpoklada,
ze kolagen I pomahd udrzovat fenotyp TAM exprimujicich FAP. Kolagen I se tak muize
podilet na “vychové” infiltrovanych imunitnich bun¢k exprimujicich FAP, které podporuji

rust a invazi nadoru (Muliaditan et al., 2018).
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a2 antiplazmin je ptirozeny inhibitor plazminu. Plazmin je serinova protedza s Sirokou
substratovou specifitou piitomna v krvi, degradujici fibrin. Stépenim o2 antiplazminu
uc¢inkem FAP dochazi ke vzniku zkracenych derivati o2 antiplazminu, které az ctyfikrat
ucinnéji inhibuji hydrolyticky ucinek plazminu na fibrin, tedy fibrinolyzu (Zhang et al.,
2019). Stépeni a2 antiplazminu molekulou FAP timto zptisobem potlacuje fibrinolyzu (Lee et

al., 2006).

1.1.1.2 Biologické funkce DPP-1V a FAP nezavislé na hydrolytické aktivité

DPP-IV miiZe nehydrolyticky interagovat s dalSimi vazebnymi partnery (Kameoka et
al., 1993). DPP-IV je vazebnym partnerem adenosindeamindzy (ADA), CD45 a
plazminogenu 2 a zprostfedkovava kontakt butnika-buiika a bunka-ECM, ¢imZz muze
ovlivilovat procesy nadorové transformace nezavisle na proteolytické funkci (Aytac & Dang,
2004; De Meester et al., 1994).

Adenosindeamindza (ADA, EC 3.54.4), je ubikvitn¢ exprimovany enzym
lokalizovany intraceluldrné i na povrchu bunéénych membran, kde miZze tvofit komplexy
s molekulou DPP-IV (De Meester et al., 1994; Kameoka et al., 1993; Sauer et al., 2012).
ADA katalyzuje deaminaci adenosinu a deoxyadenosinu, ktery je pro T lymfocyty toxicky
(Dong & Morimoto, 1996). Komplex ADA s DPP-IV na povrchu T lymfocyti stimuluje
sekreci cytokinli a interleukinl, ¢imz mulzZe zajistit vétSsi odolnost T bun€k vici inhibici
zprostiedkované adenosinem (Dang & Morimoto, 2002; Fan et al., 2003). Vyznam komplexu
ADA-DPP-IV v gliomech nebyl popsan. Lze pfedpokladat jeho roli v imunoregulaci —
potlac¢ovanim imunosupresivniho uc¢inku endogenniho adenosinu na funkci T lymfocyti.

Plazminogen (Pg) je glykoprotein krevni plazmy syntetizovany v jatrech ve formé
nékolika zymogenti (Raum et al., 1980). V cirkulaci jsou dominantni dvé formy Pg 1 a Pg 2
s rozdilnou vazebnou afinitou k DPP-IV (Brockway & Castellino, 1972). Pgl a Pg2 sdili
stejnou aminokyselinovou sekvenci, ale podléhaji rozdilné glykosylaci (Ferraroni & Hayes,
1979; Hayes, 1979; O'Rourke et al., 1979) a lisi se biologickym uc¢inkem (Ito et al., 1985).
Sialylace zvysuje schopnost vazby Pg 2 s DPP-IV (Pirie-Shepherd et al., 1995). Vazba Pg2 k
DPP-IV exprimované na povrchu transformovanych bunék karcinomu prostaty aktivuje
signalizaéni kaskadu vyuzivajici zmény intracelularni koncentrace Ca*" a produkci MMP 9,
coz ma za nasledek zvySenou invazivitu bunék in vitro (Gonzalez-Gronow et al., 2001).

Tyrosinfosfatiza (CD45, EC. 3.1.4.48) je transmembranovy glykoprotein typu I,
patiici do superrodiny tyrosinovych fosfataz (protein tyrosin phosphatase, PTP). Signalizace
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PTP je nezbytna pro regulaci signaliza¢nich drah ve fyziologickych 1 patologickych dé&jich,
vcetné procesi nddorové transformace (Tonks, 2006; Yi & Lindner, 2008). CD45
defosforylaci ovlivitluje funkce protonkogennich proteintyrosinkindz rodiny Src. Vazba DPP-
IV na CD45 byla popsana v aktivovanych T bunkach, kde reguluje funkci nékterych
proteintyrosinkinaz, napt. Lck (leukocyte-specific protein tyrosine kinase) nezbytnych pro
signalizaci receptorit T lymfocyti (Ishii et al., 2001; Torimoto et al., 1991).

Fibronektin (FN) je glykoprotein poprvé popsany na povrchu netransformovanych
bun¢k (Hynes, 1973). FN je komponentou ECM a vazbou do integrinovych receptord na
povrchu bunék zprostfedkovava komunikaci mezi extra- a intracelularnim prostfedim (Hynes,
2002). Jeho biologicka funkce je spojend s adhezi, proliferaci a migraci bunék. Nizka exprese
FN byla pozorovana v fad¢ transformovanych bun€k ve srovnani s netransformovanymi
buiikami in vitro a v nadorovém stromatu in vivo (Gallimore et al., 1977; Kahn & Shin, 1979;
Stenman & Vaheri, 1981). V nov¢jSich studiich byla zvySend exprese FN popsana v gliomech
(Liao et al., 2018), karcinomu ledvin (Ou et al., 2019) nebo zlucového méchyie (Cao et al.,
2015). Zvysena exprese FN koreluje s invazivitou bunék v karcinomu ovérii (Franke et al.,
2003), primarniho osteosarkomu (Shi et al., 2019), karcinomu kolorekta (Yi et al., 2016) a s
hors§i prognézou onemocnéni. Vazba DPP-IV na fibronektinu je zprostiedkovéana jeji C-
termindlni doménou bohatou na cystein a predpoklada se, ze je dalezitd pro zprostfedkovani
adheze pti orgdnové specifickém metastazovani (Cheng et al., 1998).

Podobné¢ jako DPP-IV je i FAP schopen tvofit funkéné vyznamné komplexy s jinymi
molekulami a pfimo ovliviiovat proliferaci a invazi prostfednictvim intracelularnich
signélnich drah a transkripéni regulaci geni souvisejicich s bunéénym cyklem (napt. PI13/Akt
a SHH/GLI). FAP proteolyticky degraduje homolog fosfatdzy a tenzinu (phosphatase and
tensin homolog, PTEN), ktery je pfirozenym inhibitorem signalni drahy PI3/Akt. Uginkem
FAP dochazi k inaktivaci PTEN a aktivaci signalni drahy PI3K/AKT v GBM, ktera podporuje
bunécnou proliferaci a invazi (Zhao et al., 2017). Aktivace SHH/GLI v GBM je ziejmé
zprostiedkovana zkracenou formou GLI1 (se ziskanou funkci, gain function), a protoze tato
forma reguluje i dalsi geny CD24, CD44 a vaskularni endotelovy ristovy faktor (vascular
endothelial growth factor, VEGF), stimuluje bunécny rist, invazi a angiogenezi v gliomu
(Doheny et al., 2020).

[ integriny jsou transmembranové adhezni molekuly zajistujici kontakt bunky
s komponentami extracelularni matrix. Schopnost transformovanych melanocytii invadovat

byla diisledkem vazby FAP k integrinu a3p1 v pfitomnosti kolagenu I (Mueller et al., 1999).
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Receptor plazminogenového aktivdatoru urokindazového typu (UPAR) uPAR je
exprimovan vyhradné¢ na povrchu transformovanych bunék, coz znég déld vhodného
kandidata v nddorové diagnostice (Mahmood & Rabbani, 2021). Pfitomnost heterogenniho
komplexu FAP-uPAR-BI integrin byla pozorovana v plazmatickych membranach
transformovanych melanocytii. Pericelularni proteolytickd aktivita tohoto komplexu
pravdépodobné pfispiva k remodelaci ECM a zvySené schopnosti transformovanych bunck

metastazovat (Artym et al., 2002).

1.1.1.3 DPP-1V a FAP v nadorovych onemocnénich

Snizena exprese sérové / solubilni DPP-IV byla popsana u pacientli s karcinomem plic
(Blanco-Prieto et al., 2015), prostaty (Nazarian et al., 2014), zaludku (Boccardi et al., 2015),
kolorekta (De Chiara et al., 2009), v melanomech (Matic et al., 2012) a v malignim
mezotheliomu (Fujimoto et al., 2014). Tumor-supresorova funkce DPP-IV byla potvrzena
znovuzavedenim DPP-IV do transformovanych bun¢k odvozenych z neuroblastomu (Arscott
et al., 2009), nemalobunécného karcinomu plic (Wesley et al., 2004) nebo melanomu (Wesley
et al., 1999), které vedlo k restauraci nemaligniho bunécného fenotypu.

Sérové koncentrace DPP-IV by mohly byt vhodnym prognostickym ukazatelem
karcinomu kolorekta a Zaludku (Boccardi et al., 2015; De Chiara et al., 2014). DPP-IV byla
popséana v pleurdlnim mezotheliomu (Angevin et al., 2017) a papildrnich karcinomil Stitné
zlazy (Lee et al., 2017), adenokarcinomi nebo karcinomu kolorekta (Larrinaga et al., 2015).
DPP-1V byla pozorovana také v transformovanych bunkdch kmenového charakteru (CSC)
odvozenych z maligniho mezotheliomu nebo v CSC odvozenych karcinomu kolorekta a v
leukemickych kmenovych buitkdch (LSC) izolovanych z krve pacientl trpicich chronickou
myeloidni leukémii (Ghani et al., 2011; Herrmann et al., 2014; Pang et al., 2010).

Oproti ubikvitng exprimované DPP-IV je exprese FAP za fyziologickych podminek u
dospélych jedincli omezena. Pritomnost FAP je spojovana s mnoha patologickymi stavy, mezi
které patii fibroza, artritida, ateroskler6za nebo metabolickd, autoimunitni ¢i nadorova
onemocnéni. Pfitomnost FAP je spojend s invazivitou nékterych nadorti, vzhledem k jeho
schopnosti ovlivilovat procesy spojené s remodelaci ECM (Liu et al., 2012). FAP byl popsan
v karcinomu prsu (Yu et al., 2015), kolorekta (Henry et al., 2007), pankreatu (Shi et al.,
2012), plic (Wang et al., 2017), ovarii (Zhang et al., 2015; Zhang et al., 2007) nebo malignich
gliomech (pfiloha ¢.2, Busek et al., 2016). Ve vétsSing piipadi je zvySena exprese FAP
spojovana s horsi prognézou onemocnéni. V nadorech je FAP exprimovan i fadou buné¢k
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nadorového stromatu, véetné mezenchymovych kmenovych bunék (mesenchymal stem cells,
MSC) a nadorové asociovanych fibroblastli (cancer associated fibroblasts, CAF). ZvySena
exprese FAP by mohla byt soucasti procesu prechodu buiky z epitelového do
mezenchymového fenotypu (EMT). V pribéhu této tranzice dochazi ke zméné fenotypu
epitelové buniky, ktera ztraci svoji polaritu a vznika vietenovitd buiika nezavisla na bunécnych
spojich a bazalni membrané, produkuje slozky ECM, ma zvySenou schopnost motility a
odolnost vii¢i apoptoze (Kalluri & Weinberg, 2009).

Tumor-supresorova role FAP byla pozorovana v transformovanych melanocytech,
jejichz maligni fenotyp byl potlacen transgenn¢ zavedenym FAP. Implantace bunék se znovu
zavedenym FAP nevedla ke vzniku nddoru v mySim modelu in vivo (Ramirez-Montagut et al.,

2004).

1.1.2 DalSi “Aktivitou a/nebo strukturou DPP-IV-podobné molekuly* (DASH)

Jak bylo uvedeno v tvodu této prace, DASH molekuly ovlivituji procesy nadorové
transformace regulaci ristovych vlastnosti transformovanych, stromalnich 1 imunitnich bunék
pfedev§im hydrolytickou modifikaci biologicky aktivnich peptidi (Sedo & Malik, 2001;
Waumans et al., 2015). Krom¢ DPP 6 a DPP 10, které¢ nemaji DPP-IV-podobnou aktivitu,
maji ¢lenové této rodiny podobnou substratovou specifitu a inhibi¢ni profily (Gorrell et al.,
2005, Lambeir et al., 2003). V nékterych ptipadech je aktivita DPP-IV patrné zastupitelna
DPP-IV-podobnou aktivitou ostatnich ¢lenti skupiny DASH. Biologické diisledky ptitomnosti
spektra DASH molekul v konkrétni tkdni budou zaviset na lokalni dostupnosti jejich
biologickych substratii a vazebnych molekularnich partnerti (Busek & Sedo, 2013).

Dipeptidylpeptidaza 8 a dipeptidylpeptidaza 9 (DPP 8, EC 3.4.14.5, DPP 9, EC
3.4.14.5) jsou lokalizovany piedevsim intracelularné¢ a DPP-IV-podobnou aktivitu vykonavaji
ve form¢ monomeru (Abbott et al., 2000; Bjelke et al., 2006; Qi et al., 2003). DPP 8§ a DPP 9
sdili 77% aminokyselinovou identitu a maji podobné biochemické vlastnosti (Ajami et al.,
2003). Presto mysi homozygoti nesouci gen pro inaktivni mutDPP 9 ptezivaly pouze 8§24
hodin po narozeni a biologickd funkce molekuly DPP 9 nebyla kompenzovana biologickou
funkci molekuly DPP 8 (Justa-Schuch et al., 2016). DPP 9 byla popsana ve dvou izoformach
(Ajami et al., 2004), a na rozdil od DPP 8 obsahuje v N-terminalnim konci signalni sekvenci
pro jadernou lokalizaci (Justa-Schuch et al., 2014). Substratovou specifitou se DPP 8§ velmi
podoba DPP-IV, s niz se jeji AMK sekvence shoduje z 19% (Qi et al., 2003). DPP 8 a DPP 9,
podobn¢ jako DPP-IV, kromé své hydrolytické aktivity interaguji nehydrolyticky s
komponentami ECM (Yu et al., 2006).
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Dipeptidylpeptidaza-1I1 (DPP-I1, DPP 7, QPP, EC 3.4.14.2) je intracelularni proteaza
primarné lokalizovand ve vezikuldrnim systému (Leiting et al., 2003). DPP-II je exprimovana
ubikvitné a mohla by slouzit jako marker lysozomti (McDonald et al., 1968). Hydrolyticka
aktivita DPP-II s pH optimem v kyselé oblasti je zavisla na predchozi glykosylaci. Dvé
izoformy a dv¢ sestfihové varianty DPP-II byly pozorovany v homogenatu potkaniho mozku
(Araki et al., 2001; Mentlein & Struckhoff, 1989). PfestoZze doposud nejsou pro DPP-II
popsany pfirozené substraty in vivo, in vitro byla prokazéana jeji schopnost Stépit, prestoze
s niz§i katalytickou Uc¢innosti, substanci P (SP), pfirozeny substrat DPP-IV (Mentlein &
Struckhoff, 1989). Vzhledem ke schopnosti DPP-II hydrolyzovat tripeptidy Gly-Pro-X je
pfedpokladéna jeji tcast i na degradaci kolagenu. Hydrolyticka aktivita DPP-II klesa
s prodluzujici se délkou peptidového fetézce substratu (Eisenhauer & McDonald, 1986;
McDonald & Schwabe, 1980). DPP-II je oznacovana jako regulator “klidovych® (z angl.
quiescent) B lymfocytl, protoze inhibice DPP-II pfispivala k jejich apoptoze. Tento efekt
nebyl pozorovan u aktivovanych B bunék chronické leukocytarni leukémie (CLL). DPP-II by
tak mohla byt prognostickym indikatorem CLL (Danilov et al., 2010).

Dipeptidylpeptidiaza 6 a dipeptidylpeptidaza 10 jsou integralni proteiny typu II bez
DPP-IV-podobné aktivity z diivodu zamény aminokyseliny serin za kyselinu asparagovou,
respektive glycin v aktivnim centru (Chen et al., 2006; Kin et al., 2001). S DPP-1V sdili DPP
6 a DPP 10 33 % resp. 32 % sekvencni podobnosti (Chen et al., 2003; Qi et al., 2003). Jejich
pfitomnost byla pozorovana v membranach neuronalnich bunék. DPP 6 i DPP 10 mohou
tvofit soucasti napétoveé fizenych iontovych kandli pro draselné ionty Kv4/Kv6, jejichz
ulohou je prodlouzeni depolarizace a zvySeni akéniho potencidlu membrany. Po vazbé DPP 6
nebo DPP 10 do Kv4 dochazi k tvorbé komplexu se zvySenou proudovou hustotou a

inaktivaci Kv4 (Ren et al., 2005).

1.2 MOZKOVE NADORY

Glidlni mozkové néadory, gliomy (n¢kdy oznaCovany také jako “primarni mozkové
nadory*), vznikaji transformaci astrocyti, oligodendrocytli nebo ependymalnich bunék. Dle
Svétové zdravotnické organizace (World Health Organization, WHO) byly diive gliomy na
zaklad¢ histologickych kritérii rozdéleny na astrocytarni, oligonendroglidlni, smiSené
oligoastrocytarni a ependymalni. Na zéklad¢ stupné¢ malignity jsou gliomy rozdéleny na

nizkostupiiové (stupenl 1 a 2) a vysokostupiiové (stupent 3 a 4). Nizkostupniové gliomy mitizou
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progradovat do maligni formy, vysokostupiiové gliomy jsou charakterizovany vysokou
agresivitou a schopnosti difuzné infiltrovat do ptilehlé mozkové tkané. V soucasné dobé jsou
vysokostupniové gliomy u dospélych jedinci klasifikovany dle mutace v genu
izocitratdehydrogenazy (IDH). Gliomy stupné 3 obsahuji IDH mutace a podle pfitomné nebo
neptitomné kodelece na chromozomu 1p/19q se dale dé€li na oligodenrogliomy a astrocytomy.
V gliomech stupné 4 (Glioblastoma multiforme, GBM), je IDH nemutovany (Louis et al.,
2021). GBM je nejcastéjsi a nejvice agresivni formou vysokostupiiového gliomu se $patnou
prognozou a medianem preziti do 15 mésict ode dne diagnozy (Ostrom et al., 2020). Mezi
histopatologické parametry, které jsou typické pro GBM, patii Cetnd nekroticka loziska,
mikrovaskularni proliferace, zvySena mitotickd aktivita a pfitomnost pleomorfnich bunck
(Wen & Kesari, 2008). Tyto tumory jsou rezistentni vii¢i v soucasné dob& pouzivanym
terapiim a vzhledem k jejich vysoce infiltrativnimu charakteru je neni mozné chirurgicky
dostate¢né radikalné odstranit (Stupp et al., 2017).

Mozkové metastazy (n€kdy oznacovany jako “sekundarni mozkové nadory*) vznikaji
z cirkulujicich transformovanych bunck, které pochdzeji z extrakranidlnich tumort,
nejcastéji karcinomu plic, prsu nebo melanomu (Eichler et al., 2011). Pro tento typ nadort
jsou typické casté mutace v genech pro IDH a p53 a delece na chromozomu 19q (Reya et al.,
2001; Wilson et al, 2014; Young et al., 2015). Diseminace tumorigennich bun¢k do
vzdalenych orgédni je n¢kolikastupniovy proces vyzadujici invazi do pfilehlé tkané, preziti v
krevnim obéhu a schopnost usadit se v cilovém organu. Pro uspé$nou adaptaci tumorigenni
buniky v novém prostiedi je dilezity kooperativni vztah nadorovych a stromalnich buné¢k
(Obenauf & Massague, 2015). Oproti diftznimu charakteru vySe popisovaného GBM, jsou
mozkové metastazy, podobn¢ jako nizko stupfiové astrocytomy, dobte ohrani¢eny (Langley &

Fidler, 2013).

1.2.1 Mikroprostiedi mozkovych nadori

Nadorové mikroprostiedi obsahuje kromé transformovanych bunék i rtizné typy
netransformovanych, stromdlnich, bunék, mezi které patii pericyty, endotelie, fibroblasty a
buiiky imunitniho systému (Quail & Joyce, 2013). V mikroprostfedi mozkovych nadora jsou

navic pfitomné rezidentni mikroglie, astrocyty a neurony.
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Obrazek 1. Bunééné populace pfitomné v nadorovém mikroprostredi GBM a jejich interakce ovlivriuji
biologicke chovani nadoru, napf. lokalni invazivitu, metastaticky potencial a rezistenci k terapii. Mikroglie
jsou pfitomné v peritumoralni oblasti, makrofdgy a gliomové kmenové bunky jsou lokalizovany
perivaskularné. Cévy a hemoencefalicka bariéra jsou porugeny, upraveno dle (Uyar Ramazan, 2022).

Gliomové burika @Glinmwé kmenova burika

‘:} Aktivovand mikroglie @) Neuralniprekurzorovaburika

ﬂ Inaktivovana mikroglie " Endotelovabufika

’% toooyt . Makrofag

Hypoxicka oblast . L.
* Mezenchymova kmenova bufka

_/ Porusend cévnisténa

V nasledujicim textu budou popsany bunécné populace ptitomné v glidlnich
mozkovych nddorech, ve kterych byla popséna ptitomnost DPP-IV a FAP a tykaji se této

prace.

Gliomové buiiky vznikaji procesem nadorové transformace glidlnich bun¢k v mozku.
Ptitomnost DPP-IV byla popséana v gliomovych bunécnych liniich a v primarnich gliomovych
nekmenovych kulturdch odvozenych z GBM (Busek, Stremenova, & Sedo, 2008; Busek et
al., 2012; Sedo et al., 2001; Sedo et al., 1998; Sedo & Revoltella, 1995). DPP-1V zavedena do
gliomovych buné¢k s nizkou endogenni expresi DPP-IV negativné ovlivnila jejich prolifera¢ni
potencial v mySich xenotransplantatech in vivo (Busek et al., 2012). Antiproliferacni efekt
DPP-IV naznacuje jeji tumor-supresorovou funkci v gliomagenezi. Vysledky nase i dalSich
autori potvrzuji téz pifitomnost FAP v transformovanych glidlnich buiikach (Busek et al.,
2012; Mentlein et al., 2011; Rettig et al., 1986). Pfitomnost FAP byla pozorovana v zejména
gliomovych bunkach exprimujicich DPP-1V (Busek, Stremenova, & Sedo, 2008). Podle
nekterych autord FAP pfitomny v gliomovych bunkach napoméha jejich migraci remodelaci
slozek ECM, ¢imz muze stimulovat rist nddoru a podporovat angiogenezi (Mentlein et al.,
2011).

Nadorové asociované pericyty byly popsany v 19. stoleti jako “adventicialni® bunky
(Rouget, 1893), které se vyskytuji ve sténdch mikrocév v blizkosti endotelu. Jsou to §tihlé,
podlouhlé, vétvené bunky (Sims, 1986), s charakteristickou expresi o aktinu hladkého svalu
(o SMA), desminu, CD146, receptoru pro PDGF (PDGFR) a neuroglidlniho antigenu NG2
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(Armulik et al., 2011). V pribéhu angiogeneze je proliferace a migrace endotelovych bunék
stimulovana parakrinnim plsobenim ristovych faktort exprimovanych pericyty (Durham et
al., 2014; Geevarghese & Herman, 2014). Podobné procesy se uplatiiuji v pribéhu nadorové
vaskularizace, kterd ovSem bez nalezité fyziologické maturace, vede ke strukturnim a
funk¢énim anomaliim nové tvofenych cév (Huang et al., 2010; Ozerdem & Stallcup, 2003).
V porovnani s ostatnimi tkdnémi je mnozstvi pericytli v mozkové tkani relativné vyssi a jejich
pfitomnost ve struktufe mozkovych kapilar je nezbytnd pro integritu a funkci
hematoencefalické bariéry. Vzhledem k tomu, ze v mozku byla prokazana schopnost pericyti
diferencovat do neurondlnich buné¢k v odpovédi na stresové podminky, mohou byt
oznacovany za alternativni zdroj kmenovych/progenitorovych bun€k (Dore-Duffy et al.,
2006; Muramatsu & Yamashita, 2014; Paul et al., 2012). Mezenchymové FAP" bunky s
charakteristikami nadorové asociovanych pericyti byly v GBM lokalizovany v blizkosti
dysplastickych cév (ptiloha ¢.2, Busek et al., 2016) a parakrinn¢ stimulovaly chemotaxi
endotelovych bunék, angiogenni puceni a zvySenou migraci a rlst transformovanych bunék in
vitro (Balaziova et al., 2021). Li popsala nddorové asociované pericytim podobné stromalni
buiiky exprimujici FAP™ PDGFR B* v mikroprostiedi GBM (M. Li et al., 2020). “GBM-
aktivované pericyty* secernuji fadu imunosupresivnich molekul a molekul stimulujicich
proriistové vlastnosti nadoru napft. IL 10, TGF-B (Sena et al., 2018).

Naddorové asociované fibroblasty (cancer associated fibroblasts, CAF) hraji dilezitou
roli v procesech tumorigeneze (Hanahan & Weinberg, 2011). CAF mohou vznikat z
tkadnovych fibroblastii nebo z mezenchymovych kmenovych bun¢k (Quante et al., 2011).
Mezi typické markery CAF patii o SMA, tenascin C, protein 1 specificky pro fibroblasty
(FSP 1) nebo FAP (Augsten, 2014). Ptritomnost CAF v gliomech nebyla dlouhou dobu
popsana z divodu absence rezidentnich fibroblasti v centralnim nervovém systému (LeBleu
& Neilson, 2020). Nase nepublikované vysledky i prace jinych autorti potvrzuji pfitomnost
mezenchymovych bunc¢k s charakteristikami nadorové asociovanych fibroblasti (CAF)
v GBM (Jain et al., 2021). Role CAF je dulezitd i v degradaci ECM. Vzhledem k tomu, ze
CAF odvozené z koznich fibroblasti stimulovaly proliferaci gliomovych bunék in vitro
(Trylcova et al., 2015), lze v procesech gliomageneze ptedpokladat jejich protumorigenni

funkeci.
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2 HYPOTEZA A CiLE PRACE

Slozeni spektra mnohocetnych forem DPP-IV a FAP mlze podminovat jejich
biochemicky potencial (napf. kinetické parametry, preference receptorovych subtypd jimi
procesovanych biologicky aktivnich substratll) s moznymi biologickymi disledky. Pfedchozi
vysledky nasi laboratofe ukazuji na odliSny expresni vzorec obou molekul ve tkanich
glioblastomu a v nenadorové mozkové tkani. Bunécny zdroj DPP-IV a FAP v tkani glidlnich
mozkovych nadort a mozkovych metastdz dosud neni znam. Na ziklad¢ naSich i dalSich
literarnich vysledki predpokladame existenci mnohocetnych forem DPP-IV a FAP specificky
exprimovanych v riaznych bunéénych typech (v transformovanych a stromalnich buiikach) a
pod vlivem jejich kontextu v nddorovém mikroprostiedi glidlnich mozkovych nadort a

mozkovych metastaz.

CILE PRACE:

1. Popsat expresni vzorec mnohocetnych forem DPP-IV a FAP v tkanich glidlnich
nizko— a vysokostupniovych mozkovych nadori a mozkovych metastdz v porovnani

s nenadorovou mozkovou tkani.

2. Pfiblizit molekuldrni podstatu riznosti mnohocetnych forem DPP-IV a FAP v GBM

provedenim deglykosylacnich studii.

3. Identifikovat bunény zdroj DPP-IV a FAP v tkanich glidlnich nadori a mozkovych

metastaz.
4. Ovérit regulaci exprese DPP-IV a FAP a jejich molekulovych forem v bunéénych

typech piitomnych v nadorovém mikroprostfedi glidlnich mozkovych nadort a

mozkovych metastaz in vitro.
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3 MATERIAL A METODIKA

3.1 BIOLOGICKY MATERIAL

3.1.1 Glialni mozkové nadory a mozkové metastazy

Tkanovy materidl byl ziskan v rdmci nékolika grantovych projekti ve spolupraci
Laboratoie biologie nadorové buniky (LBNB) s klinickymi pracovisti — Neurochirurgickym
oddélenim Nemocnice Na Homolce a s Neurochirurgickou a neuroonkolgickou klinikou 1. LF
UK a UVN na zékladé souhlasu piislusnych etickych komisi. Tkanové vzorky glidlnich
mozkovych néadorit byly ziskdny od 51 pacientd. Dle kritérii WHO byly tkané glialnich
mozkovych nédorti rozdéleny na nizkostupiiové (stupen 2: n=7) a vysokostupniové (stupen 3:
n=5 a stupen 4: n=39). Tkéanové vzorky mozkovych metastaz byly ziskdny od 24 pacientt.
Dle pGvodu extrakranialniho nadoru byly tkanové vzorky mozkovych metastaz rozdéleny na
mozkové metastdzy karcinomu prsu (n=6), plic (n=7), GIT (n=4), melanomu (n=2),
karcinomti nezndmého priméarniho ptivodu (carcinoma of unknown primary origin, CUPO,
n=5). Nenadorovd mozkovd tkan byla ziskdna od pacienti operovanych pro
farmakorezistentni epilepsii (FRE, n=15). Vzorky byly ihned po odbéru pouzity k odvozeni
primarnich bunéénych kultur (fibroblastovych, pericytarnich, naddorovych nekmenovych a

kmenovych) nebo ulozeny pii -80 °C pro nasledné analyzy.

3.1.2 Permanentni bunééné linie, primarni bunééné kultury

Permanentni gliomové bunééné linie U118, U138, U7, TI98G, U251 byly odvozeny
z GBM, glioma 4. stupn¢ malignity dle WHO (Cell Line Services, CLS, Némecko a
American Type Culture Collection, ATCC, LGC Standards, Velka Britanie). Gliomova
bunécnd linie U373 byla odvozena z gliomu 3. stupné malignity dle WHO (ATCC, LGC
Standards). Buiiky byly kultivovany dle doporuceni vyrobcii, v plastovych nadobach o plose
25 cm?, v termostatu (Sanyo, Japonsko) pii 37 °C (5% CO2/95% vzduch) v kultivaénim médiu
Dulbecco’s Eagle Modified Medium (DMEM, Merck, CR) s ptidavkem 10% fetalniho
teleciho séra (fetal calf serum, FCS, Merck, CR), dale oznacovaného jako kompletni DMEM.

Komeréné dostupnd primarni pericytarni bunéénd kultura (Human Brain Vascular
Pericytes, HBVP) byla odvozena ze zdravé fetalni mozkové tkan¢. HBVP kultura byla

kultivovana dle doporuéeni vyrobee, v plastovych nddobach o plose 25 cm?, potaZenych poly—
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L-lysinem (PolyLys, 0,0015% v/v, 150 pl/cm? Merck, CR), v termostatu (Sanyo, Japonsko)
pfi 37 °C (5% CO,/95% vzduch) v kultivaénim médiu. HBVP kultura byla kultivovana
v pericytarnim médiu (pericyte medium, PM) doplnéném 2% fetdlnim hovézim sérem (fetal
bovine serum, FBS), s pfidavkem riistovych suplementi (pericyte growth suplement, PGS) a
antibiotik Penicilin/Streptomycin (P/S) (vSe ziskano od Science Cell, USA), dale oznacovano
jako kompletni PM.

Z tkani GBM byly odvozeny gliomové nekmenové kultury (nonGSC) (Stremenova et
al., 2009), gliomové kmenové kultury (glioma stem cells, GSC) (Sana et al., 2018),
mezenchymové FAP" kultury s charakteristikami nadorové asociovanych pericyti (pFAP)
(Balaziova et al., 2021) a mezenchymové kultury s charakteristikami nadorové asociovanych
fibroblastii (CAF-GBM) (Trylcova et al., 2015). Z mozkovych metastdz byly odvozeny
mezenchymové kultury s charakteristikami nadorové asociovanych fibroblasti (CAF-MM).
Z nenddorové mozkové tkan¢ byly odvozeny mezenchymové kultury s charakteristikami
fibroblastii (KoF) (Trylcova et al., 2015). VSechny postupy byly upraveny dle pfedchozich
zkuSenosti a dle protokolii Freshney R.1. (2005).

Transgenni bunky U373 konstitutivné exprimujici zeleny fluorescencni protein
(green fluorescent protein, U373-pEGFP) s excitacni vlnovou délkou 395 nm a emisni
vlnovou délkou 509 nm byly pfipraveny pomoci vektoru pEGFP-N2 (Clontech-Takara Bio

Europe, Francie) v nasi laboratoti dle doporuceni vyrobce.

3.2 BUNECNE MODELY KOMPLEXITY NADOROVEHO MIKROPROSTREDI

3.2.1 Priprava a pouziti kondiciovanych médii

Bunky U373 a U87, nebo HBVP byly nasazeny do 92mm Petriho misek (Nunc, USA)
potazenych PolyLys v koncentraci 7,5 x 10° bunék/cm® a byly kultivovany v kompletni
DMEM, resp. v kompletnim PM. Po 24 hodinach a oplachu fosfatovym pufrem (PBS, 137
mM NaCl, 4 mM Na,HPO,, 2,68 mM KCI, 1,76 mM KH,PO, pH 7,4) byla provedena
vyména média za Cisté, bezsérové PM. Po 72 hodinich byla kondiciovand média (KM)
odpipetovana, centrifugovana (4 minuty, 4 °C, 225 g), steriln¢ filtrovana (Millex GV 0,22
pm, Millipore, Irsko) a uloZena do -80 °C. Jako kontrola bylo pouzit¢ PM bez expozice
buitkam.

Pouziti KM: 7,5 x 10° bun&k/cm* bun&k U373, U87 nebo HBVP bylo nasazeno do
60mm Petriho misek (Nunc, USA) potazenych PolyLys a 24 hodin kultivovano v kompletnim
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DMEM, resp. PM. Po odsati média a oplachu PBS bylo k buitkdm pifidano KM. Po 72
hodinach byl proveden sbér pomoci PBS/EDTA (0,02% v/v, pH 7,4) a bunétné pelety byly
ulozeny do -80 °C pro dalsi analyzu. Buiiky byly kultivovany v kvadruplikatech.

3.2.2 Prima kokultivace gliomovych bunék U373 a nenadorovych pericyti HBVP

3.2.2.1 Znaceni nenddorovych pericytit HBVP

10" bunék HBVP bylo znafeno pomoci fluorescenéniho barviva Tagit Violet
Proliferation and Cell Tracking Dye s excita¢ni vinovou délkou 395 nm a emisni vinovou
délkou 455 nm (Bio Legend, USA) dle doporuceni vyrobce. 10° bunék/ml bylo inkubovéano v
PBS obsahujicim prolifera¢ni barvivo v koncentraci 1 pl/ml po dobu 20 minut pii 37 °C. Po
centrifugaci (6 minut, 4 °C, 130 g) byl pelet resuspendovan v kompletnim PM. Buiiky byly
dale ozna¢ovany HBVP-Tagit.

3.2.2.2 P#ima kokultivace HBVP-Tagit a U373—pEGFP

Bunky HBVP-Tagit v kompletnim PM byly dle Tabulky 1 nasazeny do 92mm Petriho
misek potazenych PolyLys. Po devadesati minutové inkubaci v termostatu byly k buitkam
HBVP-Tagit dosazeny transgenni buiikky U373—pEGFP v poméru 1:1. Smésné kultury byly
sbirany v ¢asech 24, 48, 72 hodin od nasazeni, separoviany na prutokovém cytometru
s tiidi¢em bunék (Cell Sorter MA900, Sony, Japonsko) na jednotlivé populace a analyzovany.
Jako kontroly byly pouzity buiky HBVP-Tagit a U373—pEGFP, které¢ byly kultivovany
samostatné v kompletnim PM na PolyLys potazenych 92mm Petriho miskéch.

Pro stanoveni koncentrace FAP a TGF-B1 v médiu kokultivovanych bun¢k byla
nasazena kokultura HBVP-Tagit a U373—pEGFP s piislusnymi kontrolami (viz Tabulka 1).
V intervalech 0,5, 1, 2, 4, 6, 8, 10, 12, 24, 48 a 72 hodin bylo odebirdno po 500 ul média.
Odebrany alikvot byl centrifugovdn (6 minut, 4°C, 225 g), pienesen do 1,5 ml
mikrozkumavky (low protein binding microcentrifuge tubes, Thermo Scientific, USA) a

zamrazen pii -80°C. Objem odebraného alikvotu byl nahrazen 500 ul kompletniho PM.
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Tabulka 1. Schéma nasazeni bunék v kokultivatnich experimentech pro shér v rdznych é&asovych

intervalech.
5 oéet bunék x10° kultivovanych .
potet bunék x10° v kokultufe P . ) ¥ hodina shéru
. . ) samostatné nasazenych do 92mm .
nasazenych do 92mm Petriho misky ) ) od nasazeni
Petriho misky
HEVP-Tagit U373-pEGFP HBWVP-Tagit U373-pEGFP

1,5 1,5 3 3 0

1 1 2 2 24

0,5 0,5 1 1 48

0,2 0,2 0,4 04 72

3.2.2.3 Separace HBVP-Tagit a U373—pEGFP 7 kokultury

Smésné bunécné kultury byly 2x oplachnuty PBS pH 7,4 a inkubovany s 0,5 ml
trypsinu (0,25%, Biochrom, Némecko). U¢inek trypsinu byl zastaven DMEM bez piidavku
L-glutaminu a fenolové &ervené (Merck, CR), s piidavkem 5% FCS a 1% EDTA. Po
stanoveni poctu bunck (Coulter Counter Z2, Beckman Coulter, Némecko) byla smésna
kultura separovana na prutokovém cytometru s tfidiCem bunék (Cell Sorter MA900, Sony,
Japonsko) s tfidici tryskou o velikosti 130 um (LE-C3213, Sony, Japonsko). Bunky HBVP—
Tagit a U373—pEGFP byly tfidény do 15ml zkumavek (Thermo Scientific, USA)
s predpipetovanymi 8 ml kompletniho PM.

3.2.3 Stimulace gliomovych a stromalnich bunék rekombinantnim TGF-$1

Transformované glidlni bunky (permanentni, primarni nonGSC), HBVP a
mezenchymové FAP" kultury s charakteristikami nadorové asociovanych pericytt (pFAP) a
mezenchymové kultury s charakteristikami nadorové asociovanych fibroblasti (CAF-GBM
a CAF-MM) byly nasazeny do 92mm Petriho misek (pro HBVP a pFAP potaZzenych PolyLys)
v koncentraci 7,5 x 10° bunék/cm? do pfislusnych kompletnich médii DMEM, resp. PM.
Buiikdam bylo po 72 hodindch a oplachu PBS vyménéno kompletni médium obsahujici
rekombinantni TGF-p1 (Preprotech, CR) v koncentraci 2 ng/ml (piiloha ¢.3, Krepela et al.,
2021). S kontrolnimi buiikami bylo zachézeno stejnym zptusobem, bez ptidavku TGF-B1. Po
72 hodinach od stimulace byl proveden sbér pomoci PBS/EDTA (0,02% v/v, pH 7,4) a
bunécné pelety byly uloZzeny do -80 °C pro dal$i analyzu. Buiiky byly kultivovany

v triplikatech.
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3.3 CHARAKTERIZACE MNOHOCETNYCH FOREM DPP-IV A FAP

3.3.1 Priprava bunééného lyzatu

Tkanové vzorky byly homogenizovany v ledovém 25mM fosfatovém pufru pH 6
(0,2 mM Na,HPO,, 0,6 mM KH,PO,, 22,4 mM NaCl) homogeniza¢ni sondou Ultra-Turrax
S8N-5G (IKA, Staufen, Némecko) ve findlni koncentraci 15 % w/v. Homogenat byl smichan
v poméru 1:1 s lyza¢nim pufrem pH 7,5 (10 mM Tris — HCI, 1 mM EGTA, 1 mM Na,EDTA,
1% Triton X-100, 0,1% SDS, 10% glycerol) s pfidavkem inhibitorti proteaz 200 pM AEBSF a
50 uM E — 64 (oboje Sigma Aldrich, Némecko) s 25 uM pepstatinem A (Merck, Némecko) a
centrifugovan (30 minut, 4°C, 27 000 g). Bunééné lyzaty byly pfipravovany v koncentraci 10°
bunék/ml lyza¢niho pufru s inhibitory protedz, 20 minut inkubovany na orbitalni tiepacce pii
4°C a centrifugovany za stejnych podminek jako pro tkanové vzorky. Celkovy protein byl

stanoven metodou dle Lowryho (Lowry et al., 1951).

3.3.2 Biochemické stanoveni hydrolytické aktivity DPP-IV a FAP

Hydrolyticka aktivita DPP-IV a FAP byla méfena v 96 jamkovych deskach (Thermo
Scientific, USA) pfti 37 °C, kontinualni fluorimetrickou metodou pii excitaéni vinové délce
380 nm a emisni vinové délce 460 nm. DPP-IV-podobné aktivita byla stanovena pomoci
fluorogenniho substratu glycyl-L-prolyl-7-aminomethylkumarinu (H-Gly-Pro-AMC, Bachem,
Némecko), ve 200 pl reakéni smési obsahujici 193 ul PBS pH 7,4 a 5 pl méteného vzorku.
Reakce byla odstartovana ptidavkem 2 pl substratu ve finalni koncentraci 50 uM. Aktivita
DPP-IV byla méfena v ptitomnosti specifického inhibitoru DPP-IV, Sitaglitpinu (BioVision,
USA). Po probéhnuti 15 cykli méteni DPP-IV-podobné aktivity byl do kazdé jamky
pipetovan Sitagliptin ve finalni koncentraci 300 nM. Aktivita DPP-IV odpovida rezidualni
DPP-IV-podobné aktivité po inhibici Sitagliptinem vztaZzené na jeden miligram celkového
proteinu.

Exopeptidazova aktivita FAP byla méfena v podobném uspotfadani jako DPP-IV
s nasledujicimi modifikacemi. 5 pl vzorku bylo pipetovano do jamky, reakce byla zahajena
ptidavkem 95 pl PBS obsahujiciho fluorogenni substrat pro FAP NS604 (ziskan od RNDr.
Pavla Sachy PhD, z Ustavu organické chemie a biochemie, CR) ve findlni koncentraci 150 p
M. Specifita substratu NS604 byla ovéfena pomoci FAP-specifického inhibitoru DFAP

(ziskan od prof. Dr. Ingrid DeMeester z Laboratofe lékatské biochemie na Univerzité
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v Antwerpach, Belgie). Po probéhnuti 15 cykla stanoveni aktivity FAP byl do kazdé jamky
pipetovan objem inhibitoru ve finalni koncentraci 1 pM. Biochemické stanoveni aktivity FAP
dale probihalo za stejnych podminek jako je uvedeno pro DPP-IV.

Biochemicka stanoveni aktivity DPP-IV a FAP byla provadéna v triplikatech nebo
kvadruplikatech a probihala na Spektrofluorimetru 1420, multilabel counter Victor 3 (Perkin
Elmer, USA). Naméfend data byla vyhodnocena v programu Workout 2.0 Wallace 1420
Workstation.

3.3.3 Detekce hydrolyticky aktivnich MW a pl forem DPP-IV a FAP

Hydrolyticky aktivni formy DPP-IV a FAP byly detekovany v gelech po
elektroforetické separaci SDS PAGE (MW formy) a v gelech polymerovanych na
plastikovém nosi¢i s imobilizovanym pH gradientem 3-10 (ReadyStrip™ IPG Strips, BioRad,
Velka Britanie) po izoelektrické fokusaci (pl formy), metodou stanoveni aktivity enzymu
vgelu. PAGE gely nebo IPG gely byly po ekvilibraci ve fosfatovém pufru
(100 mM Na,HPO,, 100 mM NaH,POs pH 7,5) piemistény na sklenénou podlozku,
pfevrstveny substratem H-Gly-Pro-AMC (50 uM, DPP-IV-podobna aktivita) nebo NS604
(150 uM, aktivita FAP), piekryté acetatcelulozovou (AC) membranou (Beckman Coulter,
Némecko) a pod krycim sklem ulozeny na 30 minut do 37 °C v inkubatoru Heraeus (Kendro,
Némecko). Fluorescencni signal Stépeného produktu byl zachycen na AC membrénu a
dokumentovan na pfistroji ChemiDoc MP Imaging System (ChemiDoc, BioRad)

transiluminaci v UV spektru s emisnim filtrem 590/110 nm.
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3.3.4 Imunochemické metody

3.3.4.1 Enzyme-linked immunoassay (ELISA) pro DPP-1V a FAP

Koncentrace DPP-IV a FAP byla méfena s vyuzitim komercnich sad DuoSet ELISA:
DPP-IV/CD26 DY 1180, a DuoSet FAP, DY 3715 (R&D Systems, Némecko) dle doporuceni
vyrobce. Experiment probihal pfi pokojové teploté (RT), inkubace reagencii a vzorkd v desce
byly provadény s vyuzitim orbitalni tfepacky PTR 30 (Grant-Bio, Velkd Britdnie) promyvaci
kroky byly provadény na promyvaéce Hydroflex (Tecan, Schoeller, CR). Struéng, 96 jamkové
desky DY990 (R&D Systems, Némecko) byly pfes noc inkubovéany s piislusnou primarni
protilatkou (antiDPP-I1V, cat.no. 842127, 2 ug/ml a antiFAP, cat.no. 842997, 1 pg/ml). Po
oplachu v TTBS pufru pH 7,5 (0,05% Tween 20 v/v v Tris Buffer Saline: 100 mM Tris base,
154 mM NaCl) byl do jamek pipetovan bloka¢ni roztok (PBS s 1% albuminem) a po
hodinové inkubaci a oplachu testované vzorky. Po dvouhodinové inkubaci vzorkl a oplachu
byla do jamek na dv¢ hodiny pipetovand biotinylovana, detekéni protilatka (cat.no. 842128, 1
pg/ml). Po oplachu byl do jamek pipetovan kienovou peroxidazou-konjugovany Streptavidin
(cat.no. 890803) na dobu 20 minut. Po oplachu byl do jamek pipetovan substrat
(peroxid vodiku a tetramethylbenzidin, 1:1). Reakce probihala v temnu a po 20 minutach byla
zastavena pfidavkem IN kyseliny sirové. Chromogenni produkt byl kvantifikovan na pfistroji
Microplate reader Sunrise (Tecan, Svycarsko) pii vinové délce 450 nm s korekci absorbance
méiené pii vinové délce 570 nm. Standardni vzorky byly méfeny v duplikatech, analyzované
vzorky v triplikdtech nebo kvadruplikatech. Z naméfenych dat standardnich vzorka byla
sestrojena kalibra¢ni kiivka, s jejimz vyuzitim byly odecteny hodnoty koncentraci DPP-IV a

FAP v testovanych vzorcich.

3.3.4.2 Enzyme-linked immunoassay (ELISA) pro TGF-f1

Koncentrace TGF-B1 byla stanovena pomoci DuoSet ELISA Human TGF-f1 DY 240
(R&D Systems, Némecko) dle doporuceni vyrobce obdobné jako pfi stanoveni koncentrace
DPP-1V nebo FAP s nasledujicimi zménami. Primarni protilatka (antiTGF-B1, cat.no. 840116,
2 pg/ml) byla blokovana bloka¢nim roztokem (5% Tween 20 v/v v PBS pH 7,2-7.4).
Testované vzorky byly aktivovany acidifikaci 1 N HCl (10 minut, RT), nasledovanou
neutralizaci 1,2 N NaOH/0,5M Hepes (10 minut, RT). Dalsi kroky v protokolu byly identické
jako pfii stanoveni koncentrace DPP-IV nebo FAP.
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3.3.4.3 Imunodetekce DPP-1V a FAP po western blotu

3.3.4.3.1 1D Elektroforéza

Ptitomnost DPP-IV a FAP byla hodnocena po elektroforetické separaci proteinli
s navazujici imunodetekci (MW formy). V prubehu dizertacni prace byla zavedena Stain-Free
metoda, vyuZivajici k normalizaci detekovanych hodnot proteinu zdjmu digitalni subtrakci
denzitometricky zjiSténého pozadi celkového proteinu v nasazeném vzorku (Ladner et al.,
2004). K objemu bunécéného lyzatu obsahujictho 20 nebo 30 pg celkového proteinu
(stanoveného dle Lowryho) byl pipetovan vzorkovy pufr (Laemmli pufr 4x, 250 mM Tris
base, 28 mM SDS, 40% glycerol, pH 6,8). Elektroforéza byla provadéna v 7cm minigelech
s tloustkou 1,5 mm, slozenych ze 4% jamkového a 8% separaéniho gelu (30% akrylamid,
0,8% bis akrylamid). Pro provedeni Stain-Free metody byl do polymerac¢ni smési ptidavan
2,2,2 — Trichlorethanol (TCE, 0,05% v/v, Merck, Némecko). Elektroforéza probihala
v elektrodovém pufru (25 mM Tris base, 192 mM glycin, 0,1 % SDS, pH 8,3) pfi konstantnim
napéti (60 V po dobu 30 minut, 140 V po dobu 90 minut). Po ukonceni elektroforézy byla
provedena aktivace TCE ve Stain-Free gelu na pfistroji ChemiDoc MP Imaging System
(ChemiDoc, BioRad); doba aktivace 45 vtefin, za podminek optimalni automatické expozice.
Gely byly ekvilibrovany v transferovém pufru (Bjerrum and Schafer-Nielsen transfer buffer
$20% metanolem v/v) a proteiny byly pieneseny na PVDF membrinu s nizkym
fluorescenénim signalem (0,45 pum, Merck, CR) pii konstantnim napéti 10 V po dobu 60
minut (SemiDry System, BioRad). Po transferu byl metodou Stain-Free detekce pofizen
snimek PVDF membrany za podminek optimalni automatické expozice a signal z kazdé
dréhy, reprezentujici nandsku celkového proteinu, byl pouzit pro normalizaci signalu proteinu
zajmu na celkovy protein. Pfed imunodetekci byly membrany promyty v TTBS pufru pH 7,5
(0,05% Tween 20 v/v v Tris Buffer Saline: 100 mM Tris base, 154 mM NaCl) a nespecifické
vazby byly blokovany bloka¢nim ¢inidlem EveryBlot Blocking Buffer (EBBB, BioRad) pfi
RT po dobu 5 minut. Primarni protilatky proti lidskym DPP-IV a FAP antiDPP-IV E19 nebo
antiFAP D8 (obé Applied DNA Sciences, USA) byly fedény v EBBB 1000x, resp. 5000x a
inkubovany ptes noc pii 4°C. Poté byly membrany 30 minut oplachovany v TTBS a
inkubovany s HRP-konjugovanou sekundarni potkani protilatkou fedénou 20000 x v EBBB.
Po dal§im 30 minutovém oplachu byla aplikovina Luminata Forte (Merck, CR) a
chemiluminiscenéni signal byl hodnocen na pfistroji ChemiDoc v reZimu optimalni
automatické expozice. Detekovany signal DPP-IV nebo FAP byl hodnocen a normalizovan

pomoci ImageLab Software (BioRad) podle doporuceni vyrobce.
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3.3.4.3.2 2D Elektroforéza

Ptitomnost DPP-IV a FAP byla hodnocena po izoelektrické fokusaci (IEF) a 2D
elektroforetické separaci proteinli s navazujici imunodetekci. Vzorky byly lyzovany
v rehydrataénim pufru (Rehydration Buffer, RB, 8 M urea, 2% CHAPS, 50 mM DTT)
s ptidavkem amfolyti Bio-Lyte 3-10 (100x Bio-Lyte 3/10 Ampholyte, BioRad), inkubovany
20 minut na orbitalni tfepacce pii RT a centrifugovany (30 minut, 20°C, 27 000 g). Komercné
dostupné gely polymerované na plastikovém nosici s imobilizovanym gradientem (IPG gely)
pH 3-10, pH 4-7 a pH 7-10 (ReadyStrip™ IPG Strips, BioRad) byly pasivné rehydratovany
130 pg celkového proteinu v RB (Bradford, 1976) pfi RT pies noc. IEF probihala dle
doporuceni vyrobce ve tfech fazich 5-7 hodin pfi maximalnim proudu 50 pA. Ekvilibrace IPG
gelii pred 2D elektroforézou probihala 15 minut v ekvilibracnim pufru I (6 M urea, 2 % SDS,
50 mM Tris HCL 20% glycerol, pH 8,8 s ptfidavkem 2% w/v DTT) a 15 minut
v ekvilibra¢nim pufru II (6 M urea, 2 % SDS, 50 mM Tris HCI, 20% glycerol, pH 8,8 2,5%
w/v 1AA). IPG gely byly pfeneseny na 8% separacni gel (30% akrylamid, 0,8% bis
akrylamid) o tloustce 1,5 mm a zafixovany 0,5% w/v agarézou v elektrodovém pufru se
stopovym mnozstvim bromfenolové modfe. Elektroforéza i nésledny pfenos proteinii na
PVDF membranu probihal, jak bylo uvedeno pro 1D elektroforézu a western blot, bez

prabézné Stain-Free dokumentace.

3.3.4.4 Imunohistochemicka a imunocytochemicka analyza

10 um fezy ze vzorkli mozkové tkané byly piipraveny pii —20 °C na kryotomu (Bright
Instruments, Velka Britanie) a fixovany ve 4% paraformaldehydu, 10 minut pfi RT. Po
dvojitém oplachu v PBS byly fezy permeabilizovany 0,1% Tritonem X-100 (Sigma,
Némecko) a inkubovany v bloka¢nim roztoku TBS (Tris Buffer Saline: 100 mM Tris base,
154 mM NaCl, pH 7,5 s 10% FCS a 0,1% BSA) 60 minut pfi RT. Dvojitd imunodetekce
antigenl byla provadéna sekvencné protilatkami antiDPP-IV MA261 (mouse, 1:100, Abcam,
Velka Britanie) pti 4°C pies noc a antiFAP D8 (rat, Applied DNA Sciences, USA) 1 hodinu
pfi RT s oplachem v TTBS mezi jednotlivymi inkubacemi. Sekundarni mysi AF 488 (1:500,
AlexaFluor 488 donkey antimouse IgG A21202) a potkani AF 546 (1:500, AlexaFluor 546
goat antirat IgG, A11081, obé od Molecular Probes/Invitrogene, Velkd Britanie) protilatky
byly aplikovany 1 hodinu pfi RT.

34



Imunocytochemickd analyza byla provedena podobné jako imunohistochemicka
barveni s nasledujicimi modifikacemi. 4x10°/cm’ bun&k bylo nasazeno na sklenéna kryci
sklicka a fixovano ve 4% paraformaldehydu, 5 minut pfi RT. Blokace probihala v TBS pufru
1 hodinu pfed inkubaci sklicek s primarnimi protilatkami antiDPP-IV MA 261, 1:100 a
antiFAP D8, 1:100 (4 °C pfes noc). Po oplachu byla skla inkubovana se sekundarni mysi (AF
488, A21202) nebo potkani protilatkou (AF 488, AlexaFluor 488 goat antirat IgG, A11006,
Molecular Probes/Invitrogene, Velka Britanie) 1 hodinu pti RT. Kontrolni barveni jader bylo
provadéno pomoci 50 ng/ml Hoechst 33258 (bisbenzimid, Sigma Aldrich, Némecko). Vzorky
byly montovany v Aqua Polymount (Polysciences, Némecko) a signal pozorovan a

dokumentovan na fluorescenénim mikroskopu IX70 (Olympus, CR).

3.3.5 Deglykosylace

Deglykosylace peptidovou N-glykosiddzou F (PNGaza F, E.C. 3.5.1.52, Sigma
Aldrich, USA) byla provedena dle doporuceni vyrobce s nasledujicimi modifikacemi: 20 pg
celkového nativniho proteinu (stanoveného Lowryho metodou v diive popsaném bunééném
lyzéatu) bylo inkubovéano s 0,01 U PNGazy F pii 37 °C v inkubatoru Heraeus po dobu 24
hodin. Ke kontrolnim vzorkim nebyla ptfidana PNGéza F. Vzorky byly nasledné¢ smichany
s Laemmli pufrem 4x a analyzovdny metodou western blot v nedenaturujicich a

neredukujicich podminkéach.

3.4 STATISTIKA

Pro statistické vyhodnoceni byl pouZit program Statistica 12 (StatSoft CR s.r.0., CR).
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4 VYSLEDKY

4,1 MNOHOCETNE FORMY DPP-IV A FAP V TKANICH GLIALNiCH MOZKOVYCH

NADORU A MOZKOVYCH METASTAZ

Koncentrace DPP-IV a FAP byla v tkanich GBM statisticky vyznamné vys$i ve
srovnani s koncentraci v nizkostupiiovych gliomech a FRE (pfiloha ¢.1, Matrasova et al.,
2017).

Koncentrace DPP-IV byla v tkdnich mozkovych metastdz karcinomu plic a GIT
statisticky vyznamné vys$i ve srovnani koncentraci ve FRE (obrazek €. 2A) a statisticky
vyznamn¢ korelovala s aktivitou DPP-IV (Spearmantv korelacni koeficient r=0,8042,
p<0,05) a snormalizovanym signdlem imunopozitivni DPP-IV po WB (Spearmantv
korela¢ni koeficient r=0,8064, p<0,05).

Koncentrace FAP byla v tkanich mozkovych metastaz karcinomu plic a GIT vyssi,
ovSem bez statistické vyznamnosti, ve srovnani s koncentraci ve FRE (obrazek ¢.2B) a
statisticky vyznamn¢ korelovala s aktivitou FAP (Spearmantv korela¢ni koeficient r=0,777,
p<0,05) a s normalizovanym signalem imunopozitivniho FAP po WB (Spearmantiv korelacni

koeficient r=0,694, p<0,05).

Obrazek 2. Koncentrace DPP-IV a FAP v tkanich mozkovych metastaz a v nenadorové mozkové tkani byly
stanoveny metodou ELISA. ca.plic: karcinom plic, ca.GIT: karcinom gastrointestinalniho traktu, CUPQ:
karcinomy neznadmého plvodu, ca.prsu: karcinom prsu, FRE: farmakorezistentni epilepsie. Kruskal-Wallisiv
test, *p<0,05, n.s.: bez statisticke wwznamnosti, krabice 25-75 % s oznafenim medianu, svorky: minimalni a
maximalni hodnoty, trojuhelniky: zdrojové hodnoty, koletka: odlehlé hodnoty, &tveretky: extrémni
hodnoty.
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Mnohocetné formy DPP-IV a FAP byly v tkanich glialnich mozkovych nadora
a mozkovych metastaz identifikovany na zéklad¢ jejich elektroforetickych pohyblivosti (MW
formy) a izoelektrickych bodu (pl formy).

DPP-IV bylave vysokostupiiovych gliomech pfitomna ve dvou az tfech
imunopozitivnich, hydrolyticky aktivnich MW formach s elektroforetickou pohyblivosti
odpovidajici molekulové hmotnosti MW 140-160 kDa. V bioptickém materialu, kde byla
nalezena pouze jedna imunopozitivni MW forma DPP-IV, nebyla pozorovana zadna
hydrolyticky aktivni MW forma DPP-IV (pfiloha ¢.1, Matrasova et al., 2017).

FAP byl ve vysokostupiiovych gliomech pfitomny v jedné imunopozitivni MW formeé
s elektroforetickou pohyblivosti odpovidajici MW 120-140 kDa. Pfitomnost hydrolyticky
aktivnich forem FAP nebyla stanovovana (ptiloha ¢.1, Matrasova et al., 2017).

DPP-IV a FAP nebyly v gliomech stupné¢ 2 a ve FRE pfitomny v detekovatelnych
mnozstvich (ptiloha ¢.1, Matrasova et al., 2017; ptiloha ¢.2, Busek et al., 2016; Stremenova et
al., 2007).

DPP-IV byla vtkédnich mozkovych metastdz pfitomna vjedné az dvou
imunopozitivnich, hydrolyticky aktivnich MW forméch s elektroforetickou pohyblivosti
odpovidajici MW nad 200 kDa (obrazek ¢. 3).

FAP byl v tkanich mozkovych metastdz pfitomen v jedné az tfech imunopozitivnich
MW formach s elektroforetickou pohyblivosti MW 100 kDa, 150 kDa a nad 200 kDa.

Ptitomnost DPP-IV a FAP ve FRE nebyla métitelna (obrazek ¢. 3).

V tkdnich GBM a mozkovych metastdz bylo po izoelektrické fokusaci pozorovano

n¢kolik forem s pl 4,0-5,0, pI 5,8 a pl 8,0 nesoucich DPP-IV-podobnou aktivitu (obrazek ¢.4).
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Obrazek 3. MW formy DPP-IV a FAP v tkanich mozkovych metastaz a nenadorové mozkové tkani. DPP-1V-
podobna aktivita byla detekovana po elektroforetické separaci substratem H-Gly-Pro-AMC. Imunopozitivni
MW formy byly detekovany po 1D WB protilatkami antiDPP-1V E19 a antiFAP D8. Signal DPP-IV a FAP byl
normalizovan na celkowy protein ze Stain-Free PVDF membrany. ca.prsu: karcinom prsu, ca.plic: karcinom
plic, ca.GIT: kardnom gastrointestindlniho  traktu, CUPO: karcinomy nezndmého plvodu,
FRE: farmakorezistentni epilepsie.
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Obrazek 4. pl formy s DPP-IV-podobnou aktivitou v tkdnich GBM a mozkowvych metastaz byly
detekovany po izoelektricke fokusaci substratem H-Gly-Pro-AMC. GBM: glioblastoma multiforme.
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NCH 114
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38



Tabulka 2. pl formy s DPP-IV-podobnou aktivitou v tkanich GBM a mozkowvych metastaz byly detekovany
po izoelektrické fokusaci substratem H-Gly-Pro-AMC. GBM: glioblastoma multiforme, MM: mozkové
metastazy.

formy s DPP-IV
kéd vzorku podobnou aktivitou

pl 4,0-5,0 |pl 5,8 |pl 8,0
- +

239
235
234 +
233
192 +
187
186 +
185
HO34 | -
MM [NCH 145 -
NCH 114 -

GBM

I I I o o I I R

4.2 DEGLYKOSYLACE MNOHOCETNYCH FOREM DPP-IV A FAP PRITOMNYCH V GBM

Pro pftiblizeni molekularni podstaty mnohocetnych forem DPP-IV a FAP byla
provedena celkova deglykosylace DPP-IV a FAP ptfitomnych v tkanich GBM. DPP-IV i FAP
jsou glykoproteiny, jejichz sacharidova slozka je vazand N-glykosidovou vazbou. Takto
vazané sacharidové fetézce mohou byt odstépovany peptidovou N-glykosidazou F (PNGéza
F, EC 3.5.1.52).

Nase vysledky DPP-IV a FAP nepotvrdily vliv glykosylace na vznik mnohocetnych
forem DPP-IV a FAP v gliomovych bunécnych liniich (ptiloha ¢.1, Matrasova et al., 2017).
Expozice DPP-IV a FAP v tkdnovych homogenatech GBM PNGdaze F nevedla ke zméné
poctu pozorovanych imunopozitivnich MW forem ani k poklesu hydrolytické aktivity DPP-
IV (data neuvedena). Uginkem PNGézy F se zvysila elektroforeticka pohyblivost piitomnych
MW forem DPP-IV a FAP v porovnani s kontrolnimi, PNGaze F neexponovanymi vzorky

(obrazek €. 5).
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Obrazek 5. Deglykosylace DPP-V a FAP piftomnych v tkdnich GBM. DPP-IV-podobna aktivita byla
detekovana po elektroforetické separaci substratem H-Gly-Pro-AMC. Imunopozitivni MW formy DPP-IV a FAP
byly detekovany po 1D WEB protilatkami antiDPP-IV E19, antiFAP D8. (+): vzorek exponovany PNGaze F (-):
vzorek bez expozice PNGaze F. GBM: glioblastoma multiforme, PNGaza F: peptidova N glykosidaza F
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IDENTIFIKACE BUNECNEHO ZDROJE DPP-IV A FAP vV TKANICH GLIALNICH

MOZKOVYCH NADORU A MOZKOVYCH METASTAZ

K identifikaci bunécného zdroje jednotlivych mnohocetnych forem DPP-IV-podobné

aktivity byly provedeny experimenty s bunéénymi populacemi pfitomnymi v mikroprostiedi

GBM a mozkovych metastaz.

Mnohocetné formy DPP-1V a FAP v transformovanych glidalnich buiikdach

Ptitomnost DPP-IV a FAP byla hodnocena v permanentnich gliomovych bunéénych

liniich a primérnich gliomovych nekmenovych (nonGSC) a gliomovych kmenovych (GSC)

kulturach.

Enzymova aktivita DPP-IV byla signifikantné vyssi v nonGSC kulturach v porovnani

s enzymovou aktivitou v gliomovych bunéénych liniich a GSC kulturdch (obrazek ¢. 6A).

Koncentrace DPP-IV se v gliomovych bunéénych liniich statisticky vyznamné neliSila od

koncentrace v nonGSC kulturach (obrazek ¢. 6B) a statisticky korelovala s normalizovanym

signalem imunopozitivni DPP-IV po WB (Spearmantiv korelaéni koeficient r=0,6294,

p<0,05).
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Koncentrace FAP v nonGSC kulturach byla

signifikantné¢  vyssi

ve srovnani

s koncentraci v gliomovych bunéénych liniich (obrazek ¢. 6C) a statisticky korelovala

s normalizovanym signalem imunopozitivniho FAP po WB (Spearmantv korelacni koeficient

r=0,775, p<0,05).

Obrazek 6. Enzymova aktivita a koncentrace DPP-IV a FAP v gliomowych bufkach. (&) Enzymova aktivita
DPP-IV byla stanovena biochemicky. Koncentrace (B) DPP-IV a (C) FAP byly stanoveny metodou ELISA.
nonGSC: gliomové nekmenové kultury, GSC: gliomové kmenové kultury. {A) Kruskal-Wallisiv test, *p<0,05.
{B), (C) Mann-Whitneylv U test, **p<0,05, n.s.: bez statistické vyznamnosti. Krabice, 25-75 % s oznafenim
medianu, svorky: minimalni a maximalni hodnoty, trojihelniky: zdrojové hodnoty, koletka: odlehlé hodnoty,
ttverecky: extrémni hodnoty.
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DPP-IV byla v gliomovych liniich a nonGSC kulturach pfitomna v jedné az dvou

imunopozitivnich, hydrolyticky aktivnich MW formach s elektroforetickou pohyblivosti v

oblasti MW 140 kDa (obrazek ¢. 7). V gliomovych buné¢nych liniich byly pfitomny dvé az tii

hydrolyticky aktivni, imunopozitivni formy DPP-IV s pl v oblasti 5,8 (pfiloha ¢.1, Matrasova
etal., 2017).

FAP byl v gliomovych liniich a nonGSC kulturach pozorovan v jedné az dvou

imunopozitivnich MW formach s elektroforetickou pohyblivosti v oblasti MW 140 kDa

(obrazek ¢. 7). V gliomovych bunéénych liniich byly pfitomny dvé az tfi imunopozitivni

formy FAP s pl 5,8-6,2 a imunopozitivita FAP byla pozorovana i v oblasti kyselého pH.
Ptitomnost DPP-IV a FAP v GSC nebyla métitelna (obrazek €. 7).
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Obrazek 7. MW formy DPP-IV a FAP v gliomowych bunkach. DPP-IV-podobna aktivita byla detekovana po
elektroforeticke separaci substratem H-Gly-Pro-AMC. Imunopozitivni MW formy byly detekovany po 1D WB
protildtkami antiDPP-IV E19 a antiFAP D8. Signal DPP-IV a FAP byl normalizovdn na expresi
glyceraldehydfosfatdehydrogenazy nebo na celkowy protein ze Stain-Free PVDF membrany. nonGSC:
gliomové nekmenové kultury, G5C gliomové kmenove kultury.
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Mnohocetné formy DPP-1V a FAP ve stromdlnich burikdch pritomnych v tkanich GBM a

mozkovych metastaz

Mikroprostiedi mozkovych nadorti je tvofeno nejen transformovanymi ale i
stromalnimi buiikami, proto byla pfitomnost mnohocetnych forem DPP-IV a FAP hodnocena
v mezenchymovych FAP" kulturach s charakteristikami nadorové asociovanych pericyti
pFAP, v mezenchymovych kulturach s charakteristikami nadorové asociovanych fibroblasti
CAF-GBM a CAF-MM, v nenadorovych pericytech HBVP a v nenadorovych
mezenchymovych kulturach s charakteristikami fibroblastti KoF.

Koncentrace DPP-IV se ve stromdlnich buiikidch ze vSech studovanych zdroji
statisticky vyznamn¢ neliSila od koncentrace v nenadorovych buitkdch KoF a v nenadorovych

pericytech HBVP (obréazek ¢. 8A).
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Koncentrace FAP byla vyssi v CAF-GBM, CAF-MM a pFAP ve srovnani
s koncentraci v nenddorovych builkkdch KoF a nenadorovych pericytech HBVP, ovSem bez

statistické signifikance (obrazek ¢. 8§B).

Obrazek 8. Koncentrace DPP-IV a FAP ve stromalnich bufikach pfitomnych v tkanich GBM a mozkowvych
metastaz a v nenadorové mozkové tkani byly stanoveny metodou ELISA. KoF: mezenchymove kultury s
charakteristikami fibroblastd odvozené z nenddorové mozkové tkadné, CAF-GBM: mezenchymové kultury s
charakteristikami nadorové asociovanych fibroblastl odvozené z tkéni GBM, CAF-MM: mezenchymové
kultury s charakteristikami nadorové asociovanych fibroblastl odvozené z tkani mozkowych metastaz,
HBWYP: primarni pericytarni buné&éna kultura odvozena z nenadorove mozkove tkané, pFAP: mezenchymoveé
FAP* kultury s charakteristikami nadorové asociovanych pericytd odvozené z tkani GBM. Kruskal-Wallisdv
test, n.s.: bez statistické wyznamnosti. Krabice: 25-75 % s oznafenim medidnu, svorky: minimalni a
maximalni hodnoty, trojuhelniky: zdrojové hodnoty, koletka: odlehlé hodnoty.
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DPP-IV byla v CAF-MM 219 a pFAP kl.27 pfitomna ve dvou imunopozitivnich,
hydrolyticky aktivnich MW formach s elektroforetickou pohyblivosti odpovidajici MW 140
kDa. V ostatnich kulturach stromalnich bun¢k a v nenddorovych buikach KoF a HBVP
nebyla DPP-IV detekovatelna (obrazek €. 9).

FAP byl v CAF-MM, CAF-GBM a pFAP piitomny v jedné az dvou imunopozitivnich
MW formach s elektroforetickou pohyblivosti odpovidajici MW  120-140 kDa.
V nenadorovych buitkdch KoF nebyla ptitomnost FAP detekovatelna (obrazek €. 9).
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Obrazek 9. MW formy DPP-IV a FAP ve stromdlnich bufikich pfitomnych v tkdnich GBM a mozkowvych
metastaz a v nenddorovych bufikach. DPP-IV-podobna aktivita byla detekovana po elektroforetické separaci
substratem H-Gly-Pro-AMC. Imunopozitivni formy DPP-IV a FAP byly detekovany po 1D WB protilatkami
antiDPP-1V E19, antiFAP D8. Signal DPP-IV a FAP byl normalizovan na celkowy protein ze Stain-Free PVDF
membrény. KoF: mezenchymové kultury s charakteristikami fibroblastd odvozené z nenddorové mozkové
tkané, CAF-GBM: mezenchymové kultury s charakteristikami nadorové asociovanych fibroblastd odvozené z
tkdni GBM, CAF-MM: mezenchymové kultury s charakteristikami nédorové asociovanych fibroblastd
odvozene z tkani mozkovych metastaz, HBVP: primarni pericytarni bunééna kultura odvozena z nenadorove

mozkové tkané, pFAP: mezenchymové FAP* kultury s charakteristikami nadorové asociovanych pericytd
odvozene z tkani GBM.
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Vzhledem k tomu, ze v CAF-GBM, CAF-MM a pFAP byla prokdzana velmi nizka

koncentrace proteinu DPP-1V, pI formy DPP-IV nebyly dale analyzovany.

Ve stromalnich buitkdch CAF-MM, CAF-GBM a pFAP byly pozorovany dvé¢ az tfi

imunopozitivni, hydrolyticky aktivni formy FAP s pl 5,5-6,0. Imunopozitivita FAP s pl 4,0-

5,0 byla detekovana v oblasti kyselého pH fokusovaného gelu. Ve stromalnich buinikach byly

ptitomny 1 formy FAP spl 7,0-8,0 a pI 9,0-9,5. Elektroforetickd mobilita pI forem FAP
odpovidala MW monomeru okolo 100 kDa (obrazek €. 10).
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Obrazek 10. pl formy FAP ve stromalnich bunkach pritomnych v tkanich GBM a mozkowych metastaz.
Hydrolyticky aktivni pl formy byly detekovany po izoelektrické fokusaci FAP-specifickym substratem NS&04.
Imunopozitivni pl formy FAP byly detekovany po 2D WB protilatkou antiFAP D8. CAF-GBM: mezenchymové
kultury s charakteristikami  nAdorové asociovanych fibroblastd odvozené z tkdni GBM,
CAF-MM: mezenchymové kultury s charakteristikami nadorové asociovanych fibroblastd odvozené z tkani
mozkowych metastdz, pFAP: mezenchymové FAP* kultury s charakteristikami nddorové asociovanych pericytd
odvozené z tkani GBM.
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Tabulka 3. pl formy DPP-IV a FAP v gliomovych a stromalnich bufikach pfitomnych v tkanich GBM a
mozkovych metastdz. Imunopozitivni pl formy DPP-IV a FAP byly detekovany po 20 WEB protilatkami
antiDPP-IV E19 a antiFAP D8. CAF-GBM: mezenchymové bunky s charakteristikami nadorové asociovanych
fibroblastd odvozené z tkédni GBM, CAF-MM: mezenchymové bufiky s charakteristikami nadorové
asociovanych fibroblastd odvozené z tkdni mozkowych metastdz, pFAP: mezenchymové FAP® bufky s
charakteristikami nadorové asociovanych pericytd odvozené z tkani GBM.

imunopozitival DPP-1V imunopozitivnl FAP
kdd vzorku
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Distribuce DPP-IV a FAP v bunéénych populacich piitomnych v mikroprostiedi
mozkovych metastaz byla hodnocena dvojitym barvenim tkanovych fezii protilatkami
antiDPP-IV. MA261 a antiFAP DS8. Zatimco DPP-IV byla pfitomna piedev§im
v transformovanych elementech, FAP byl pfitomen pfedev§im ve stromalnich bunkéach

mozkovych metastaz (obrazek ¢. 11).

Obrizek 11. Intratumorovd heterogenita pFitomnosti DPP-IV a FAP v mozkovych metastazach byla
vizualizovana dvojitou sekvenéni imunodetekei protilatkami antiDPP-IV MA261 a antiFAP D8, antinuclei
Hoechst. ca.plic: karcinom plic.

DPP-IV + FAP + Hoechst DPP-IV + FAP + Hoechst DPP-IV + FAP + Hoechst

Pritomnost DPP-IV a FAP v gliomovych nekmenovych kulturach a stromalnich CAF-
GBM byla imunocytochemicky potvrzena protilatkami antiDPP-IV MA261 a antiFAP D8
(obrazek ¢. 12).
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Obrazek 12. Distribuce DPP-IV a FAP v gliomovych a stromalnich bufkach pfitomnych v tkanich GBM a
mozkovych metastaz. Pfitomnost DPP-IV a FAP v (A) nonGS5C a (B) CAF-GBM byla detekovana
imunocytochemicky. K imunodetekci byly pouZity protilatky antiDPP-IV MA261 a antiFAP D8, antinuclei
Hoechst. nonGSC: gliomové nekmenové kultury, CAF-GBM: mezenchymové kultury s charakteristikami
nadorové asociovanych fibroblastd odvozené z tkani GBM.
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4.4 INDUCIBILITA EXPRESE DPP-IV A FAP v BUNECNYCH TYPECH PRITOMNYCH V
NADOROVEM MIKROPROSTREDI GLIALNICH MOZKOVYCH NADORU A MOZKOVYCH

METASTAZ IN VITRO

NasSe vysledky prokazaly regulaci exprese FAP v riznych typech bun¢k ptitomnych
v mikroprosttedi GBM uc¢inkem TGF-B1 (ptiloha ¢.3, Krepela et al., 2021). Pro pfiblizeni
mechanizmli regulace exprese DPP-IV a FAP v mikroprosttedi GBM byly provedeny

experimenty vyuzivajici expozici nenadorovych pericytt HBVP médiim kondiciovanym
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transformovanymi glidlnimi buitkami a vice versa, pifimou kokultivaci nenadorovych bunék
HBVP a gliomovych bun¢k U373 a stimulaci gliomovych a stromdlnich bun€k pfitomnych

v tkanich glidlnich mozkovych nddord a mozkovych metastdz rekombinantnim TGF-B1.

Exprese DPP-1V a FAP v nenddorovych pericytech HBV'P po expozici médiu

kondiciovaném gliomovymi buiitkami U373 nebo U87 a vice versa.

Enzymova aktivita DPP-IV se v HBVP exponovanych KM-U373 a KM-U87
statisticky vyznamné¢ neliSila od HBVP neexponovanych KM (obrazek ¢. 13A) a nebyla
citlivd ke specifickému inhibitoru DPP-IV Sitagliptinu (data neuvedena). Enzymova aktivita
FAP v nenddorovych pericytech HBVP statisticky vyznamné vzrostla po expozici KM-U373
a po expozici KM-U87 (obrazek ¢. 13B) a byla citliva k inhibici FAP-specifickym
inhibitorem DFAP (data neuvedena).

Obrazek 13. Vliv médii kondiciovanych gliemovymi bufikami U373 a UB7 na enzymovou aktivitu DPP-IV a
FAP v neniddorowych pericytech HBVP. Enzymové aktivity (A) DPP-IV a (B) FAP byly stanoveny biochemicky.
KM-U8B7: média kondiciovana gliomovymi bufkami, KM-U373: media kondiciovand gliomowvymi burikami
U373, HBVP: primarni pericytarni bun&éna kultura odvozena z nenadorové mozkove tkané, HBVP ko: burnky
neexponované KM. Kruskal-Wallishv test, *p<0,05, ns.: bez statistické wvyznamnosti. Krabice, 25-75 % s
oznacfenim medianu, svorky: minimalni a maximalni hodnoty, trojuhelniky: zdrojoveé hodnoty.
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V bunkiach HBVP exponovanych KM-U373 nebo KM-U87 byly pfitomny dvé
imunopozitivni MW formy FAP s elektroforetickou pohyblivosti odpovidajici MW 100 kDa
(obrazek ¢. 14A). V kultivacnich médiich HBVP bunc¢k dochazi k dalSimu zvySeni
koncentrace TGF-B1 (obrazek ¢. 14B).

Obrazek 14. Vliv médii kendiciovanych gliomovymi bufikami U373 a U87 na expresi FAP v nenadorovych
pericytech HBVP. (A) Imunopozitivni MW formy FAP byly detekovany po 1D WB protilatkou antiFAP D8. (B)
Koncentrace TGF-B1 byla stanovena metodou ELISA. Data piedstavuji primér ze tfi biologickych vzorkd
méfenych v technickych triplikatech +SEM. KM-UB87: media kondiciovana gliomowymi burfikami, KM-U373:
meédia kondiciovana gliomovymi bufkami U373, HBVP: primarni pericytarni bunééna kultura odvozena z
nenadorové mozkové tkanéd, HBVP ko: burky neexponované KM.
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Exprese a enzymova aktivita FAP a DPP-IV v gliomovych buiikdch U87 a U373 se po
kultivaci v médiich kondiciovanych nenadorovymi pericyty HBVP (KM-HBVP) statisticky

vyznamné neménily (data neuvedena).

Exprese DPP-1V a FAP v gliomovych buiikach U373 a nenddorovych pericytech HBVP po

piimé kokultivaci

Pro analyzy byly jednotlivé populace separovany pritokovym cytometrem s tfidicem
bun¢k na U373-pEGFP s 79,9% cistotou a HBVP-Tagit s 87,6% cCistotou. Oproti buitkdm
U373-pEGFP kultivovanym samostatné byl pozorovan jejich statisticky vyznamné rychlejsi

rust v kokultuie s HBVP-Tagit (obrazek ¢. 15B).
49



Obrazek 15. Rast gliomowvych bunék U373-pEGFP a nenadorovych pericyti HBVP-Tagit v podminkach
pfimé kokultivace. (A) Kokultura buné&k U373-pEGFP a HBVP-Tagit. (B} Rdst bun&k U373-pEGFP a HBVP-
Tagit v podminkach kokultury. Mann-Whitneydv U test, *p<0,05, n.s.: bez statistické vyznamnosti. Krabice:
25-75 % s oznafenim medianu, svorky: minimalni a maximalni hodnoty, trojuhelniky: zdrojové hodnoty.

A ; . L H ROst bunék v podminkach pfimé kokultivace
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Normalizovary potet bunék

UslBko  U3TBv ~ HBVPko HBVPv
kokultufe kokultufe

V podminkach piimé kokultivace byla pozorovana zvySena aktivita a exprese FAP v
nenadorovych pericytech HBVP-Tagit 1 v gliomovych bunkach. Koncentrace FAP
v kokultivovanych HBVP-Tagit vzrostla 3,5x ve srovnani s koncentraci vz HBVP-Tagit
kultivovanymi samostatné (obrazek ¢. 16A), enzymova aktivita FAP vzrostla 1,3x (obrazek ¢.
16B). Koncentrace FAP v kokultivovanych U373-pEGFP vzrostla 10x ve srovnani
s koncentraci v U373-pEGFP kultivovanymi samostatné¢ (obrdzek ¢&. 16A), relativni
hydrolyticka aktivita FAP vzrostla 4,2x (obrazek ¢. 16B). Pritomnost FAP v médiu kokultury
nebyla detekovatelné (data neuvedena).

V médiu kokultury dochazi v ¢ase ke zvyseni koncentrace TGF-B1 (obrazek ¢. 16C).
Inhibiéni studie s pouzitim specifického inhibitoru DPP-IV neprokéazaly interferenci

enzymovych aktivit DPP-IV a FAP (data neuvedena).
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Obréazek 16. Vliv pfimé kokultivace gliomowvych bunék U373-pEGFP a nenaderovych pericytd HBVP-Tagit
na expresi FAP. (A) Koncentrace FAP byla stanovena metodou ELISA. (B} Enzymova aktivita FAP byla
stanovena biochemicky. (C) Koncentrace TGF-P1 byla stanovena metodou ELISA. Pokud neni uvedenao jinak,
data byla ziskana v 72. hodiné od nasazeni kokultury. ko: buriky kultivované samostatné. Data pfedstavuji
primér ze dvou biologickych vzorkd méfenych v technickych triplikdtech +SEM.
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Vliv TGF-f1 na expresi DPP-1V a FAP v transformovanych glidlnich a stromdlnich

buiikach pritomnych v GBM a mozkovych metastazdach

Pro expozici rekombinantnimu TGF-B1 byly pouzity gliomové bunécné linie, nonGSC
kultury, nenadorové pericyty HBVP, mezenchymové FAP" kultury s charakteristikami
nadorové asociovanych pericytl pFAP a mezenchymové kultury s charakteristikami nadorové
asociovanych fibroblasti CAF-GBM a CAF-MM. Ve studovanych buiikach byl, na rozdil od
DPP-1V, pozorovan statisticky vyznamny narast koncentrace proteinu FAP vlivem TGF-B1
(obrazek ¢. 17A a B).

Dvé nebo tfi imunopozitivni MW formy FAP byly, s vyjimkou U373, pfitomny ve
vSech testovanych bunkach. Elektroforeticka pohyblivost dvou MW forem FAP odpovidala
MW 100 kDa a jedné formy 150 kDa (obrazek ¢. 17C).
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Obrazek 17. Vliv rekombinantnihe TGF-B1l na expresi DPP-IV a FAP v gliomovych a stromalnich bufkach
pfitomnych v tkanich mozkowvych nadord. Koncentrace (A) DPP-IV a (B) FAP byly stanoveny metodou ELISA.
(C} Imunopozitivni MW formy FAP byly detekovany protilatkou antiFAP D8. Signal FAP byl normalizovan na
celkovy protein ze Stain-Free PVDF membrany. (+): vzorek exponovany TGF-B1, (-): vzorek bez expozice TGF-
B1. UBT: gliomova bunécna linie, U373: gliomova bunééna linie, nonGSC: gliomové nekmenove kultury,
HBVP: primarni pericytarni bun&éna kultura odvozena z nenadorové mozkové tkané, pFAP: mezenchymové
FAP* bunky odvozené z tkani GBM. CAF-GBM: mezenchymowvé bunky s charakteristikami nadorové
asociovanych fibroblastd odvozené z tkani GBM, CAF-MM: mezenchymové burky s charakteristikami
nadorové asociovanych fibroblastd odvozené z tkdni mozkowvych metastdz. (A), (B) Wilcoxondv parovy test,
*p=0,01, n.s.: bez statistické vyznamnosti.
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V gliomovych bunkach U87 i v nenadorovych pericytech vedla expozice TGF-B1 k
expresi hydrolyticky aktivni formy FAP s pl 5,0-6,0, nepfitomné v nestimulovanych buiikach.
Imunopozitivni formy FAP s pl 5,0-6,0, pI 7,0-8,0 a pI 9,0-9,5 byly pozorovany po indukci
TGF-B1, ve srovnani s neexponovanymi buitkami. Elektroforetickda mobilita imunopozitivnich

pl forem FAP odpovidala MW 100 kDa (obrazek €. 18).

Obrazek 18. pl formy FAP v gliomowych bufkich U87 a nenadorovych pericytech HBVP exponovanych
rekombinantnimu TGF-Bl. Hydrolyticky aktivni pl formy FAP  byly detekovany substratem NS604.
Imunopozitivni pl formy FAP byly detekovany protilatkou antiFAP D8&. (A) U87: bez pfidavku TGF-f1, US7 +
TGF-B1: s pfidavkem TGF-B1. (B) HBVP: bez pfidavku TGF-B1, HBVP + TGF1: s pfidavkem TGF-B1. HBVP
primarni pericytarni kultura odvozena z nenadorové mozkové tkané, UB7: gliomova bunééna linie.
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5 DISKUZE

Existence mnohocetnych forem DPP-IV a FAP byla popsana v bioptickém materialu
nadorovych tkani, organti a bunéénych populaci vcetné transformovanych astrocyti
(Medeiros Mdos et al., 1991; Sedo et al., 2001). Cilem predkladané dizertacni prace byl popis
a analyza spektra mnohocetnych forem DPP-IV a FAP pfitomnych v tkanich glioml a
mozkovych metastaz.

Nase predchozi vysledky prokazaly vyznamné vyssi hydrolytickou aktivitu DPP-IV,
zejména jeji membranové frakce, koncentraci proteinu a relativni expresi transkriptu DPP-IV
ve vysokostupniovych gliomech oproti nenadorové tkdni mozku (ptiloha ¢€.1, Matrasova et al.,
2017; Stremenova et al., 2007). Vyssi koncentrace proteinu a relativni exprese transkriptu
FAP byla pozorovéna v tkanich vysokostupiiovych gliomi oproti nenddorové tkdni mozku
(priloha ¢.1, Matrasova et al., 2017; ptiloha ¢.2, Busek et al., 2016; Mentlein et al., 2011;
Stremenova et al., 2007).

Ptitomnost DPP-IV a FAP v tkanich mozkovych metastaz nebyla dosud studovana.

Nase vysledky prokazuji vyznamné vyss$i koncentraci proteinu a vyS$§i enzymovou
aktivitu DPP-IV v tkdnich mozkovych metastdz karcinomu GIT a plic ve srovndni
s nenadorovou mozkovou tkani. ZvySena exprese DPP-IV byla popsdna v premalignich
adenomech a kolorektalnich karcinomech ve srovnani s normdlni tkani tlustého stfeva
(Larrinaga et al., 2015). Subpopulace nadorovych kmenovych bun¢k exprimujicich DPP-IV
byla pfitomna v primarnich kolorektalnich karcinomech i v jejich jaternich metastazach. Tyto
buiiky jsou pravdépodobné diilezité pro iniciaci, progresi a chemorezistenci nadoru (Pang et
al., 2010). Pritomnost DPP-IV byla popsana v riiznych typech primarnich karcinomt plic a
vfad€¢ znich odvozenych bunéénych linii. Aktivita DPP-IV byla pozorovana v buikach
lidského a mysiho adenokarcinomu plic. Vildagliptin, inhibitor hydrolytické aktivity DPP-IV,
potlacil rist nadorovych bunék v in vivo modelech, pravdépodobné prostiednictvim
makrofagy stimulované cytotoxicity NK bunék (Jang et al., 2019). Terapeuticky vyuzivana
inhibice hydrolytické aktivity DPP-IV gliptiny u pacientli s diabetem mellitem druhého typu a
konkomitantnim pokrocilym karcinomem plic zvysila dobu jejich pteziti (Bishnoi et al.,
2019). Oproti tomu nizkd hydrolyticka aktivita DPP-IV byla pozorovana v buikach lidského
adenokarcinomu a dlazdicobunécného karcinomu plic ve srovnani s buiikami odvozenymi
z fetdlni plicni tkdné (Dimitrova et al., 2012). Snizend koncentrace proteinu a relativni

exprese transkriptu DPP-IV byla rovnéz pifitomna v buiikdch lidského nemalobunééného
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karcinomu plic (NSCLC) ve srovnani s epitelovymi plicnimi buiikami (Wesley et al., 2004).
Expresi DPP-IV jsme rovnéz prokazali v tkdnich mozkovych metastdz karcinomu prsu, kde se
ovSem signifikantné¢ neodliSovala od nenddorové mozkové tkané. Exprese DPP-IV
v nenddorovych epitelovych bunkach karcinomu prsu pravdépodobné podporuje jejich
nadorovou transformaci zprostiedkovanou epidermalnim rastovym faktorem (Choi et al.,
2015). Dalsi prace popisuji epitelo-mezenchymovou tranzici (EMT) transformovanych bun¢k
odvozenych z karcinomu prsu a zvyseni jejich metastatického potencialu v disledku inhibice
hydrolytické aktivity DPP-IV (S. Li et al., 2020; Yang et al., 2019). V tkanich mozkovych
metastaz melanomu jsme pozorovali expresi DPP-IV srovnatelnou s nenadorovou mozkovou
tkani. Nizkéa exprese DPP-IV byla pozorovéana v transformovanych melanocytech a v tkanich
melanomil (Morrison et al., 1993; Wesley et al., 1999).

Nase vysledky dale prokazuji, ze rovnéz koncentrace proteinu a hydrolyticka aktivita
FAP jsou vyssi vtkénich mozkovych metastaz karcinomu GIT a plic ve srovnani
s nenddorovou mozkovou tkani. V primdrnich extrakranidlnich nddorech je FAP exprimovéan
transformovanymi buitkami i fadou bunék nadorového stromatu (Busek et al., 2018). ZvySena
exprese FAP v nddorovém stromatu adenokarcinomu tlustého stfeva souvisela s agresivnim
vyvojem onemocnéni a jeho generalizaci (Henry et al., 2007). Exprese FAP u pacientt s
karcinomem jicnu inverzné korelovala s dobou jejich pfeZiti (Sato et al., 2022). ZvySena
exprese FAP v naddorové asociovanych fibroblastech z karcinomu plic byla soucasti epitelo-
mezenchymového prechodu transformovanych buné¢k a jejich zvySeného metastatického
potencialu (Wang et al., 2017). Expresi FAP jsme rovnéz prokazali v tkanich mozkovych
metastdz karcinomu prsu, kde se signifikantné neodliSovala od nenadorové mozkové tkané.
Vysoké exprese FAP v primarnich karcinomech prsu inverzné korelovala s pfitomnosti
estrogenovych a progesteronovych receptorti a se Spatnou prognézou pacientek (Yu et al.,
2015). V tkanich mozkovych metastaz melanomu jsme pozorovali expresi FAP srovnatelnou
s nenddorovou mozkovou tkani. Nizkd exprese FAP byla pozorovana v transformovanych
melanocytech a v tkdnich melanomii (Ramirez-Montagut et al., 2004).

DPP-IV a FAP mohou byt znakem transformovanych bun¢k primarnich
extrakranialnich naddorti a ovlivilovat jejich invazivitu a metastaticky potencial. Nase ani dalsi
literarni vysledky zatim neumoziuji detailné popsat vliv lokalniho kontextu na regulaci
exprese DPP-IV a FAP v tkdnich mozkovych metastaz, ktera se mize liSit od regulace

v mikroprostiedi primarnich extrakranialnich nadort.
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Z naSich vysledk vyplyva, ze v tkanich vysokostupiiovych gliomli, mozkovych
metastdz a tyto tkané konstituujicich bunécnych populacich jsou pifitomna rizna spektra
mnohocetnych MW a pl forem DPP-IV a FAP.

Dvé¢ az tfi imunopozitivni, hydrolyticky aktivni MW formy DPP-IV s MW 140-160
kDa jsme pozorovali v tkanich vysokostupiiovych gliomt, zatimco DPP-IV s MW nad 200
kDa byla nalezena pouze v tkdnich mozkovych metastdz. Vznik vysokomolekularni formy
DPP-IV s MW nad 200 kDa byl v literatufe popsan jako komplex DPP-IV s molekulou ADA
v krevnich mononukledrnich bunikach (De Meester et al., 1992). Piitomnost komplexu DPP-
IV s ADA je typické pro plazmatické membrany T bunék (Shibuya-Saruta et al., 1996), které
jsou rovnéZ soucasti nadorového mikroprostitedi GBM. V tkanich GBM souvisi pfitomnost
CD4" T lymfocytl s nepiiznivou prognézou pacienti (Han et al., 2014). V bioptickém
materidlu z tkani vysokostupiiovych gliomd, kde byla pozorovana pouze jedna
imunopozitivni MW forma DPP-IV, nebyla po elektroforetické separaci nalezena
korespondujici hydrolyticka aktivita DPP-IV. V téchto bioptickych vzorcich byla zjisténa
velmi nizké aktivita DPP-IV 1 biochemicky, fluorescen¢ni kontinudlni metodou. De Meester
pozorovala hydrolytickou aktivitu DPP IV pouze u jedné ze tii forem DPP-IV purifikovanych
z mononuklearnich bun€k z periferni krve (De Meester et al., 1992). Hydrolyticka aktivita
DPP-IV byla pozorovana u jedné ze Ctyf forem DPP-IV izolovanych z lidské plazmy
(Shibuya-Saruta et al., 1996). Absence enzymové aktivity jedné MW formy DPP-IV by
mohla byt zpiisobena citlivosti pouzité metody (Ludwig, 2005). Néktefi autofi pozorovali
snizenou hydrolytickou aktivitu DPP-IV v souvislosti s jeji hypersialylaci (Mavropoulos et
al., 2005; O’Mullan et al., 2017). V tké&nich gliomt byla pozorovéana zvySena relativni exprese
transkriptu 02,3-sialyltransferdzy ve srovndni s nenadorovou mozkovou tkani. Zména
sialylacniho vzorce a pfitomnost 02,3- vazanych sialovych kyselin byla pozorovana
v plazmatickych membréanach gliomovych bun¢k a komponentaich ECM (Yamamoto et al.,
1997).

Imunopozitivita MW forem FAP byla detekovana vyhradné¢ v DPP-IV pozitivnich
tkanich vysokostupniovych gliomd a mozkovych metastaz, coz podporuje diive popsanou
koexpresi a hypotetizovanou koregulaci obou molekul v gliomovych bunkéch a tkénich
(Balaziova et al., 2011; Stremenova et al., 2007). V tkdni vysokostuptiovych gliomli jsme
nalezli pouze jednu molekulovou formu FAP s MW 140 kDa, zatimco v bioptickém materidlu
mozkovych metastaz byly pozorovany az tii MW formy FAP s MW 100 kDa, 150 kDa a 200
kDa. Podobn¢ jako DPP-IV muze i FAP nehydrolyticky interagovat s vazebnymi partnery.

Mueller pozoroval v transformovanych melanocytech komplex FAP s a3B1 integrinem
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(Mueller et al., 1999). V GBM souvisela exprese a3p1 integrinu v endotelovych buiikach se
zvySenou vaskularizaci (Bae et al., 2022). Predikovand molekulovd hmotnost lidského
monomeru FAP je dle aminokyselinové sekvence 87,7 kDa. V literatufe byl popsan monomer
s MW v rozmezi 90-97 kDa (Ghersi et al., 2006; Goldstein et al., 1997; K. N. Lee et al., 2005;
Mori et al., 2004; O'Brien & O'Connor, 2008).

Sacharidové slozky na povrchu enzyml mohou ovliviiovat jejich afinitu k substratu a
kinetiku enzymovych reakci (Mitra et al., 2006). Glykosylace DPP-IV a casteéné¢ FAP je
v literatuie dobie popsana, piestoze jeji vliv na biologickou aktivitu obou molekul nejsou
jednoznac¢né (Aertgeerts, Ye, Shi, et al., 2004; Kahne et al., 1996; Mavropoulos et al., 2005).
Krystal lidské DPP-IV obsahuje devét predikovanych mist pro vazbu sacharidového fetézce a
sedm z nich je mezidruhové konzervovanych (Aertgeerts, Ye, Shi, et al., 2004). Lidsky FAP
méa pét predikovanych mist pro vazbu sacharidového fetézce (Aertgeerts et al.,, 2005).
Prispévek sacharidovych slozek v DPP-IV a FAP miiZze dosahovat az 30% resp. 50%
z celkovée MW molekuly (Escribano & Imperial, 1989; Kawasaki et al., 2009). Z vysledka
ptedkladané prace vyplyvd, ze kompletni deglykosylace DPP-IV a FAP v tkanich GBM
ovlivnila elektroforetickou mobilitu pozorovanych forem ve srovnani s PNGéaze F
neexponovanymi kontrolami. Stejné pozorovani bylo popsano pro PNGéazou F
deglykosylované DPP-IV a FAP z gliomovych bunéénych linii (pfiloha ¢.1, Matrasova et al.,
2017). Enzymova aktivita DPP-IV nebyla u¢inkem PNGézy F ovlivnéna. Aertgeerts uvadi, ze
pritomnost sacharidovych slozek v DPP-IV a FAP neni nezbytnd pro jejich enzymovou
aktivitu, tvorbu dimeru nebo vazebné vlastnosti (Aertgeerts et al., 2004 a 2005). V tad¢
nadord, vcetné gliomil, byl pozorovan pozménény obsah glykoproteinii na kvalitativni 1
kvantitativni Grovni (Hakomori, 1989). Na zaklad¢ naSich vysledkii predpokladame, ze
spektrum mnohocetnych forem DPP-IV a FAP v GBM primarné nevznikd v dusledku
pritomnosti sacharidovych struktur. Biologicka funkce obou molekul by ovSem mohla byt
v mikroprosttedi GBM glykosylaci ovlivnéna. Bunééna adheze je ovlivnéna sacharidovymi
slozkami membranovych a secernovanych proteint (Arnal-Estape & Nguyen, 2015; Ohtsubo
& Marth, 2006). Terminalné vazané sialové kyseliny udavaji glykoproteinim na povrchu
bunénych membran zaporny naboj, ¢imz mohou snizovat adhezivitu a stimulovat invazivni
potencial transformovanych bunék (Passaniti & Hart, 1988). BEHAB/brevican je
proteoglykan ECM specificky pro CNS. Jeho exprese je zvySend v gliomech a jeho
proteolyticka degradace mize zvySovat invazivitu gliomu (Gary et al., 1998). Viapiano popsal
dvé¢ formy BEHAB/brevicanu s odliSnym obsahem sialovych kyselin ve vysoko— a

nizkostupiiovych gliomech (Viapiano et al., 2005). Brevican je substraitem FAP, ktery hraje
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roli v remodelaci ECM (Mentlein et al., 2011). Nami popsané¢ formy FAP s pl v alkalické
oblasti pfitomné v tkanich GBM a mozkovych metastdz by svym kladnym nabojem mohly
stabilizovat interakci se sialylovanym brevicanem a podporovat hydrolyticky G¢inek FAP.
Podobné jako v tkdnich vysokostupnovych gliomi a mozkovych metastdz jsou
v gliomovych liniich a gliomovych nekmenovych kulturdich (nonGSC) pfitomné dvé
imunopozitivni, hydrolyticky aktivni MW formy DPP-IV. V gliomovych bunikach jsme
nenalezli MW formy DPP-IV nad 200 kDa, coz mlze byt zpiisobeno omezenou dostupnosti
molekularnich vazebnych partnert v kultivacnich podminkach in vitro. Na rozdil od spektra
MW forem DPP-IV pozorovaného v tkdnich GBM je v kultivovanych gliomovych bunkach
pfitomna jedna MW forma DPP-IV s odpovidajici hydrolytickou aktivitou. V tkdnich GBM a
mozkovych metastaz jsme po izoelektrické fokusaci pozorovali nékolik pl forem nesoucich
DPP-IV-podobnou aktivitu s pl 4,0-5,0, pI 5,8 a pI 8,0. Tfi imunopozitivni formy FAP s pl
7,0-8,5 jsme nalezli v tkdnich GBM (pfiloha ¢.1, Matrasova et al., 2017) a v tkanich
mozkovych metastaz karcinomu plic a GIT (pfipravovano k publikaci). Zdrojem
molekulovych forem s pl 5,8, nesoucich DPP-IV-podobnou aktivitu, popsanych v tkanich
GBM a mozkovych metastdz mohou byt gliomové bunky, v jejichz modelovych liniich jsme
pozorovali dvé az tii imunopozitivni, hydrolyticky aktivni formy DPP-IV s pl 5,8-6,0 (ptiloha
¢.1, Matrasova et al., 2017). Tyto pl formy DPP-IV jsou nejbliZze predikovanému pl DPP-IV
5,67. V gliomovych buiikach jsme imunodetekci nenalezli molekulové formy DPP-IV s pl
4,0-5,0. Pritomnost molekulovych forem DPP-IV spl 4,4 byla popsédna v krevni plazmé
pacientll s diabetem mellitem druhého typu a patrné souvisela s vyssi aktivitou DPP-IV a
niz§im obsahem sialovych kyselin ve srovnani s DPP-1V s pl 4,25 z krevni plazmy zdravych
jedinc (O’Mullan et al., 2017). Né¢kolik k neuraminidaze citlivych pl forem DPP-IV s pl
3,0-4,0 bylo izolovano rovnéz =z lidské placenty (Puschel et al., 1982). Kahne se
spolupracovniky pozorovali jedenact imunoreaktivnich pl forem DPP-IV v mitogeny
aktivovanych lymfocytech v rozmezi pl 3,5-5,9, z nichz pét mélo enzymovou aktivitu DPP-
IV a pouze dvé pl formy DPP-IV s pl 3,5 a 3,9 obsahovaly sialové kyseliny a byly citlivé
k u¢inkiim neuraminidazy. Ostatni formy DPP-IV nebyly citlivé k u¢inku neuraminidézy ani
jinych glykosidaz (Kahne et al., 1996). Z literarnich dat je patrné, Ze profil aktivnich pl forem
DPP-IV je rozmanity a hypersialylace snizuje aktivitu DPP-IV. Na rozdil od tkani GBM, jsme
imunopozitivitu DPP-IV s pl 8,0 nedetekovali v Zadnych studovanych bunéénych modelech a
nebyla popséna ani v literatufe. Predpokladame, ze jeji pfitomnost v GBM miize byt

dasledkem lokalné specifickych regulaci posttranslacnich uprav.
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Obdobn¢ jako v ptipadé¢ experimentl k identifikaci bunéného plvodu DPP-IV a
jejich MW a pl forem pozorovanych v bioptickém materidlu, byly analyzovany bunécné
populace pfitomné v mikroprostiedi vysokostupniovych gliom a mozkovych metastdz in
vitro. Molekulové formy FAP s MW v oblasti 140 kDa jsou podobné jako v tkénich
vysokostupnovych glioma a mozkovych metastaz pritomné v gliomovych liniich, gliomovych
nonGSC kulturach a, oproti DPP-1V, 1 ve stromalnich bunikéch pfitomnych v tkanich GBM a
mozkovych metastaz. V gliomovych ani stromalnich bunikdch jsme nenalezli molekulové
formy FAP s MW 200 kDa, coz muze byt zpisobeno, podobn¢ jako u DPP-IV, absenci
molekularnich vazebnych partnerti tvoficich komplexy s molekulou FAP v kultivacnich
podminkach in vitro. Zdrojem molekulovych forem s pl 5,8, nesoucich DPP-IV-podobnou
aktivitu, popsanych v tkdnich GBM a mozkovych metastdz, mohou byt gliomové i stromalni
bunky, v nichz jsme pozorovali dvé az tfi imunopozitivni, hydrolyticky aktivni formy FAP
s pl 5,8-6,2 resp. pl 5,5-6,0. Predikovana hodnota pl FAP dle aminokyselinové sekvence je
6,24. V gliomovych a stromalnich buiikach jsme pozorovali imunopozitivitu FAP s pI 4,0-5,0.
Pritomnost FAP s pl 4,2—4,8 byla popsana v transformovanych butikach karcinomu pankreatu
(Escribano & Imperial, 1989) a FAP s pl 5,0 byl pfitomen v melanomové bunécné linii LOX
(Pineiro-Sanchez et al., 1997). Pivod ani vyznam téchto pl forem FAP nebyl autory popsan.
Ve stromdlnich buinikdch jsme pozorovali FAP spl 7,0-8,0 a pl 9,0-9,5. Zdrojem
imunopozitivnich forem FAP s pl 7,0-8,5 v tkanich GBM a mozkovych metastaz tak mohou
byt stromalni bunky. Podle dalSich autord miZze byt exprese FAP v gliomovych buiikdch
navozena regula¢nim kontextem nadorového mikroprostiedi (Rohrich et al., 2019).

Jako modelovy systém pro studium humoralnich komunikaci v nadorovém
mikroprostfedi jsou obecné uZivany experimenty s vyuzitim kondiciovanych médii (F. X.
Chen et al., 2009; Tan et al., 2018; Zhang et al., 2020). NaSe experimenty prokazaly zvySeni
exprese FAP provazené zvySenim sekrece TGF-B1 do kultivaéniho média v transformovanych
glidlnich bunikach 1 v nenddorovych pericytech po expozici mediim kondiciovanych
netransformovanymi, resp. transformovanymi bunéénymi populacemi. Experimenty s
vyuzitim pfimych kokultivaci bunék jsou obecné uzivany jako modelovy systém pro studium
komplexnich, vcetné kontaktnich, interakci v nadorovém mikroprostiedi. Mezi typické
dasledky téchto interakci patii piechod buiiky z epitelového do mezenchymového fenotypu
(EMT) nebo diferenciace do mezenchymovych kmenovych bunék (Bhattacharya et al., 2012).
V podminkach piimé kokultivace transformovanych glialnich bunék s nenadorovymi pericyty
byla nasimi experimenty potvrzena zvySena koncentrace FAP v obou populacich, za dal$iho

zvySeni TGF-B1 v jejich kultivaénim médiu. Expozice transformovanych glidlnich bunék a
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nenadorovych pericytli rekombinantnimu TGF-B1 vedla k expresi molekulovych pl forem
FAP s pl 7,0-8,0 a pI 9,0-9,5, ndmi pozorovanych v komplexnim bioptickém materidlu z tkéni
GBM (pftiloha ¢.1, Matrasova et al., 2017) a z tkdni mozkovych metastdz karcinomu plic a
GIT (ptipravovano k publikaci). Tato pozorovani nasvédcuji vyznamu kontextu nadorového
mikroprostiedi pro modifikaci expresniho vzorce molekulovych forem FAP v tkanich GBM a
mozkovych metastaz.

Dale nase vysledky ukazuji, Ze exprese TGF-B1 a FAP byla nejvyssi v tkdnich GBM
mezenchymového subtypu a imunohistochemickd analyza prokazala kolokalizaci FAP a
TGF-B1 v perivaskularni nice a parenchymu GBM. V gliomovych buitkach U87 byla exprese
FAP regulovéana signalni drahou TGF-B1 zavislou na fosforylaci Smad2/3. Fosforylovany
pSmad2/3 je transkripénim faktorem, ktery ptimo aktivuje transkripci genu pro FAP (ptiloha
¢.3, Krepela et al., 2021).
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6 ZAVERY

CIL 1. V tkanich vysokostupiiovych gliomii a mozkovych metastaz jsou p¥itomné
mnohocetné formy DPP-IV a FAP. V tkanich GBM a mozkovych metastaz je ptitomna do
této doby nepopsand molekulova forma FAP s pl 7,0-8,5 (pfiloha ¢.1, Matrasova et al., 2017).

CIL 2. Spektrum mnoholetnych forem DPP-IV a FAP v tkanich GBM ani

v transformovanych glidlnich bunikach pravdépodobné neni disledkem glykosylace.

CiL 3. DPP-IV a jeji molekulové MW a pl formy jsou dominantné exprimovany
transformovanymi glidlnimi buitkami, FAP a jeho MW a pl formy jsou exprimovany
transformovanymi a stromalnimi bunkami v tkdnich GBM a mozkovych metastaz. Ve
stromalnich bunkach jsme, na rozdil od transformovanych glidlnich bunék, nalezli formy FAP

s pl 7,0-8,0.

CIL 4. Molekulové formy FAP s pI 7,0-8,0 mohou byt v tkanich GBM indukované
v gliomovych bunkach 1 v nenaddorovych pericytech aZz v kontextu nddorového
mikroprostfedi. Exprese FAP muze byt v gliomovych i stromdlnich bunkach pfitomnych

v tkdnich GBM a mozkovych metastdz indukovana TGF-p1.
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Heterogeneity of molecular forms of dipeptidyl peptidase-IV and fibroblast
activation protein in human glioblastomas

Ivana Matrasova, Petr Busek, Eva Balaziova, Aleksi Sedo

Background and Aims. Proteolytic enzymes contribute to the progression of various cancers. We previously reported
increased expression of the proline specific peptidases dipeptidyl peptidase-IV (DPP-IV) and its closest paralogue
fibroblast activation protein (FAP) in human glioblastomas. Here we analyze the molecular heterogeneity of DPP-IV
and FAP in glioblastomas.

Methods. ELISA, isoelectric focusing, 1D and 2D electrophoresis followed by WB or enzyme overlay assay were utilized
to analyze DPP-1V and FAP isoforms. Cell fractionation using a Percoll gradient and deglycosylation with PNGase F were
performed to analyze the possible basis of DPP-IV and FAP microheterogeneity.

Results. Molecular forms of DPP-IV with an estimated molecular weight of 140-160 kDa and a pl predominantly 5.8
were detected in human glioblastoma; in some tumors additional isoforms with a more acidic (3.5-5.5) as well as al-
kaline (8.1) pl were revealed. Using 2D electrophoresis, two to three molecular forms of FAP with an alkaline (7.0-8.5)
pl and an estimated MW of 120-140 kDa were identified in glioblastoma tissues. In glioma cell lines in vitro, several
isoforms of both enzymes were expressed, however the alkalic forms present in glioblastoma tissues were not detected.
Removal of N-linked oligosaccharides decreased the estimated molecular weight of both enzymes; the overall pattern
of molecular forms nevertheless remained unchanged.

Conclusion. Several isoforms of DPP-IV and FAP are present in glioblastoma tissue. The absence of alkaline isoforms of
both enzymes in glioma cell lines however suggests that isoforms from other, most likely stromal, cell types contribute

to the overall pattern seen in glioblastoma tissues.
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INTRODUCTION

Malignant gliomas are the most frequent primary tu-
mors of the central nervous system'. Of these, glioblas-
tomas (grade IV gliomas) represent the most malignant
form with almost 100% mortality, aggressive and diffuse
infiltrative growth and limited response to therapy’. As
reviewed previously, several proteases were found to be
deregulated in gliomas and critically contribute to the
disease progression’,

The almost ubiquitously expressed dipeptidyl pepti-
dase-IV (DPP-1V, EC 3.4.14.5) and its closest paralogue
fibroblast activation protein (FAP, EC 3.4.21.B28), char-
acteristically expressed in the cancer and remodeling
tissues, were implicated in the pathogenesis of various
cancers. The functional consequence of their dysregula-
tion may be cancer specific*®, possibly depending both on
the available substrates of particular protease and on the
cell population expressing the enzymes within the given
tumor. The post-proline hydrolytic activity of DPP-IV and
FAP is important for the processing of biologically active
peptides and in the case of FAP also for the remodeling of
the extracellular matrix™*. Both proteases are involved in
the regulation of cell differentiation, adhesion and migra-

252

tion by their proteolytic activity and also non-hydrolytic
interactions”'”, Our previous reports demonstrated that
the expression DPP-IV and FAP is increased in glioblas-
tomas'""?. The data on their pathogenetic role in brain
tumors is limited- DPP-IV inhibits glioma cell growth, in
large part independently of its enzymatic activity", and
FAP likely influences the interaction of glioma cells with
the surrounding extracellular matrix (our unpublished
results and ref.").

DPP-IV and FAP are type II- transmembrane proteins
that are enzymatically active as homodimers with a mo-
lecular weight (MW) typically of 220-240 kDa and 170
kDa, respectively*'*. Enzymatically active soluble forms
of both enzymes lacking the transmembrane region are
found in blood plasma, and in the case of DPP-IV also
in other bodily fluids, but their origin is largely specula-
tive'"". In addition to these forms which are probably
the result of shedding from the plasma membrane by an
unknown protease, substantial molecular heterogeneity
has been reported for both DPP-IV and FAP from vari-
ous sources, and these molecular forms are thought to
have unique pathophysiological functions. A spectrum of
pl forms of DPP-IV was described in human plasma'"
and placenta®. Multiple molecular forms of DPP-IV were
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also identified in normal and cancer lung tissues” and in
glioma cells in vitro™ . Interestingly, chemically induced
differentiation of C6 glioma cells was accompanied by
changes in the proportion of the DPP-1V isoforms™. In T
lymphocytes, Kahne et al. identified 11 immunoreactive
molecular forms of DPP-IV with pl range between 3.5
and 5.9. In addition, the expression pattern and subcel-
lular localization of these isoforms was affected by the
mitogenic stimulation of the cells*. The data on recombi-
nantly produced DPP-IV suggest that the heterogeneity of
molecular forms of DPP-IV may in part be a consequence
of the differential glycosylation of the enzyme®.

In contrast to DPP-IV for which only one mRNA has
been reported’, two alternative splicing forms of FAP
were found in melanoma cells: one encoding a 97 kDa
full-length transmembrane monomeric form and a short-
ened form encoding the 50-70 kDa C terminal part of
the protein containing the catalytic region, but lacking a
large part of the N terminal including the whole trans-
membrane and intracellular domain®’. Furthermore, trans-
genic FAP lacking the cytoplasmic and transmembrane
domains was converted into 50-70 kDa forms by putative
EDTA-sensitive activators and the resulting shortened
forms of FAP exhibited up to a 7 fold increase in the
gelatinolytic activity’. In addition, the FAP amino acid
sequence contains 3 potential glycosylation sites', which
may give rise to the existence of molecular forms similarly
to DPP-IV. Their presence has nevertheless not been ex-
plored so far. Our study for the first time analyzes the
molecular forms of DPP-IV and FAP in human glioma
tissues and their possible origin.

MATERIAL AND METHODS

Brain tissue samples

Brain tissue samples were collected from 51 patients
undergoing astrocytic tumor resection, non-tumorous
brain specimens were obtained from 15 patients in
whom brain surgery was performed for drug-resistant
temporal lobe epilepsy'’. Written informed consent was
obtained from the patients before their entry into the
study according to the guidelines of institutional Ethics
Committee conducted in accordance with the Declaration
of Helsinki. The tumors were graded in compliance with
the 2007 WHO Classification Criteria. Tissue samples,
clear of macroscopic vessels and necrosis, were frozen
on solid CO, and then stored at -80 °C.

Human glioma cell lines

UI38MG, US7TMG and UIISMG (WHO grade IV,
acquired from Cell Line Services, Germany) were cul-
tured on the Nunc tissue plastic (Thermo scientific,
Langenselbold, Germany) in the Dulbecco’s modi-
fied Eagle’s medium (DMEM; Sigma, Prague, Czech
Republic) supplemented with 10% foetal calf serum (FCS;
Sigma) under a humidified (90%) atmosphere of 5% CO,
and 95% air at 37 °C.
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Non-denaturing, non-reducing SDS polyacrylamide
electrophoresis (SDS PAGE)

Tissue samples were homogenized in ice-cold phos-
phate buffered saline (PBS) pH 6.0 with an Ultra-Turrax
homogenizer fitted with an S8N-5G probe (IKA, Staufen,
Germany) to a final 15% w/v concentration. Homogenates
were mixed 1:1 with a lysis buffer (10 mM Tris-HCI pH
7.5, containing | mM EGTA, 1 mM Na EDTA, 1%
Triton X-100, 0.1% SDS, and 10% glycerol) supplemented
with protease inhibitors (final concentration pepstatin
A 25 uM, AEBSF 200 uM, E-64 50 uM) and centrifuged
at 27 000 g, 4 °C for 30 min. Total cell lysates (10 x 10°
cells/mL) were prepared on ice in a lysis buffer supple-
mented with protease inhibitors. To preserve the native
enzyme structure and enzymatic activity, all samples were
analyzed under non-reducing and non-denaturing condi-
tions in discontinuous (4% stacking, 7% resolving) 1.5mm
gels. Samples were mixed with 4x Laemmli sample buf-
fer, 40 ug of total protein assayed according to Lowry”
were loaded on the gels. The separation was carried out
in an electrode buffer containing 25 mM Tris, 192 mM
glycine and 0.1% SDS, pH 8.3 at constant voltage (60 V
for 30 min followed by 140 V for 90 min).

ELISA

The DPP-IV and FAP proteins were assayed in tissue
lysates by DuoSet DPP-IV and DuoSet FAP ELISA kits
(DY 1180 and DY3715, R&D Systems, Abingdon, UK)
according to the manufacturer ‘s instructions. Briefly, the
96-well transparent plate was coated by capture antibodies
diluted in PBS (anti DPP-IV, cat.no. 842127, 2 pg/mL and
anti FAP, cat.no. 842997, | ug/mL; overnight incubation
at room temperature (RT)). After washing and block-
ing the plate in 1% bovine serum albumin in PBS, the
samples were applied for two hours. After washing, bioti-
nylated detection antibodies (1 ug/mL) and streptavidin-
horseradish peroxidase were applied. Substrate Reagent
Pack (DY999, R&D Systems) was used for the visual-
ization. The reaction was terminated by 2M sulphuric
acid. The absorbance of samples was measured at 450 nm
using the microplate reader Sunrise (Tecan, Malmedorf,
Switzerland). The measured absorbance values were cor-
rected by subtracting the absorbance values obtained at a
reference wavelength of 570 nm. The resulting differential
absorbance values were used for the constructing the cali-
bration curves and data evaluation.

Western blot analysis (immunoblotting)

Gels were equilibrated in Bjerrum and Schafer-Nielsen
transfer buffer containing 20% methanol. Proteins were
transferred onto the PVDF membrane using a semidry
blotting system (Bio-Rad, USA). PVDF membranes were
thoroughly rinsed in 0.05% Tween 20 in Tris Buffer Saline
pH 7.5 (0.05% TTBS) and blocked in 5% non-fat dry milk
(NFDM) prior to incubation with the primary antibod-
ies at 4°C, overnight. Membrane washing in TTBS was
followed by incubation with a horse-reddish peroxidase
conjugated secondary antibody at RT for 60 min. The
used antibodies are listed in Table I. The blots were de-
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Table 1. Antibodies used for immunoblotting.

Blocking Primary Species/ clone/ - Secondary Species/ clone -
Agent Antibody peCompany Diiion Antibody pz‘ompemy Dintion

5% NFDM  Anti-Human DPP-IV Rat, E19, Vitatex  1:1000 PreAdsorbed Anti-Rat, Goat, Abcam UK 1:20000
USA ab6257

5% NFDM  Anti-Human FAP Rat, D8, Vitatex 1:5000 PreAdsorbed Anti-Rat, Goat, Abcam UK 1:20000
USA ab6257

5% NFDM  Anti-GAPDH Rabbit, 1:1000  Anti-Rabbit Sheep, Amesrham UK 1:20000
Merck-Millipore
USA

5% NFDM  Membrane Fraction Abl40365 1:500 Secondary Antibody Ab140365 1:500

WB Cocktail Abcam, UK Cocktail Abcam, UK

NFDM= non-fat dry milk

veloped using Luminata Forte (Merck-Millipore, USA)
and exposed to a photographic film (Hyperfilm™ ECL,
Amersham).

DPP-1V enzyme overlay assay

The exopeptidase activity of DPP-IV was visualized by
an enzyme overlay assay using the fluorogenic substrate
74 Glycyl-L-Prolylamido }-4-methylcoumarin (H-GP-AMC,
final concentration 100 uM). Gels were equilibrated in
phosphate buffer pH 7.5, a cellulose acetate membrane
impregnated with the substrate was placed on the top of
the gel and covered by a glass plate to prevent evapora-
tion. The signal was visualized after 30 min incubation at
37 °C on a transluminator (VilberLourmat, France) with
an excitation wavelength of 360 nm.

Isoelectric focusing and 2D electrophoresis

Tissue samples or cells ( 10 million/mL) were mechani-
cally homogenized in the sample/rehydration buffer (8§ M
urea, 2% CHAPS, 50 mM DTT, 0.2% w/v BioLyte 3/10
ampholytes, protease inhibitors) and incubated on an
orbital shaker for 30 min at RT. Samples were cleared
by centrifugation (27 000 g, 20 °C for 30 min). Protein
concentration was determined by the Bradford assay
(Bio-Rad, USA) according to the manufacturer’s instruc-
tions. 150 pg of total protein was loaded onto 7 ¢cm long
Immobilized pH gradient (IPG) strips (pH 3-10 or pH
4-7, Bio-Rad, USA), passive rehydration was performed at
RT, for 12-16 h. Isoelectric focusing (IEF) was performed
under the following conditions: 250 V for 20 min (linear
ramp); 4 000 V for 120 min (linear ramp); 10 000 VH at
4 000 V (rapid ramp). After isoelectric focusing, the IPG
strips were incubated in the equilibration buffer I (6 M
urea, 30% glycerol, 2% CHAPS, 50 mM Tris pH 6.8 and
1% DTT) for 15 min followed by incubation in the equili-
bration buffer I (6 M urea, 30% glycerol, 2% CHAPS, 50
mM Tris pH 6.8 and 2.5% IAA) for additional 15 min.
IPG strips were then either used for the visualization of
the exopeptidase activity of DPP-IV by an enzyme overlay
assay, or the separation on 8% polyacrylamide gels in the
second dimension was performed at 140V.

Deglycosylation by peptide-N-glycosidase F

Deglycosylation by peptide-N-glycosidase F (PNGase
F, E.C. 3.5.1.52, Sigma Aldrich, USA) was performed ac-
cording to the manufacturer’s instructions with the follow-
ing modifications: cell lysates were prepared as described
above and 20 pg of total native protein was subjected to
deglycosylation by 0.01 unit of PNGase F at 37 °C for 24
h. Control samples were incubated without PNGase F un-
der the same conditions. The samples were subsequently
mixed with the 4x Laemmli sample buffer and separated
using non-denaturing, non-reducing SDS PAGE.

Cell fractionation using continuous Percoll gradient

Cells were mildly homogenized in ice-cold isotonic
medium (40 million/mL, 250 mM sucrose, 20 mM Tris-
HCI, 1 mM EDTA, 3 mM MgCl,) pH 7.6 supplemented
with protease inhibitors in a 2 mL Dounce-tissue grinder
(SigmaAldrich, Mexico) for 5 min. Nuclei were removed
by centrifugation at 250 g, 4 °C for 10min, the super-
natant was applied on top of a 4 mL of 27.4% Percoll
(Pharmacia, Sweden). Ultracentrifugation was performed
at 65 000 g, 4 °C for 60 min (MTX 150 Sorvall, rotor
S560-ST, ThermoScientific). 50 pL fractions were col-
lected and individual subcellular compartments were
identified using the Membrane Fraction WB Cocktail
(Abcam, UK). For IEF, the samples were diluted 1:4 us-
ing the sample/rehydration buffer.

Immunocytochemistry

Cells were cultured on glass coverslips, fixed by 1:1
aceton:methanol for 2 min at RT. Nonspecific binding was
blocked by 10% fetal calf serum plus 1% bovine serum al-
bumin in Tris-buffered saline for 1 hour. The samples were
incubated with the monoclonal primary antibodies anti-
DPP-IV (clone MA 261, 1:100) or anti-FAP (clone F19,
56 pg/mL) overnight at 4°C, followed by AF 488 donkey
anti-mouse IgG (A2120, ThermoFisher Scientific, 1:500,
I h at RT). 400 uM ToPro (ThermoFisher Scientific)
or 50 ng/mL Hoechst 33258 (Sigma-Aldrich, St. Louis,
USA) added to the solution of the secondary antibodies
were used for nuclear counterstaining. The primary anti-
bodies were omitted in the staining controls. Slides were
mounted in Aqua Polymount (Polysciences, Eppelheim,
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Germany) and viewed on the Olympus IX 81 confocal
microscope equipped with the 488, 543 and 633 nm lasers
(FluoView 300, Olympus, Prague, Czech Republic).

RESULTS

Expression of DPP-IV and FAP increases with increasing
glioma grade

The expression of DPP-IV and FAP was analyzed in
high-grade gliomas (grade IV; n=39, grade III; n=5), low-
grade gliomas (grade II; n=7) and non-tumorous brain
tissue (pharmacoresistant epilepsy; n=15). The concentra-
tion of both DPP-IV and FAP as determined by ELISA
was significantly higher in glioblastomas (Fig. 1); for
DPP-IV, the quantity determined by ELISA correlated
with the DPP-IV enzymatic activity in tissue homogenates
(r=0.79, P<0.05, data not shown). These data confirmed
our previously reported results'' in an independent patient
cohort.

Molecular forms of DPP-IV and FAP in gliomas

All 66 patient samples were simultaneously analyzed
using western blotting and an enzyme overlay assay after
electrophoretic separation under non-denaturing, non-
reducing conditions. The levels of DPP-IV and FAP were
below the detection limit in all samples of the normal
brain tissue (data not shown), but both molecules were de-
tectable in grade III and IV gliomas (Fig. 2A). Substantial
molecular heterogeneity of DPP-IV was present with up
to three DPP-IV immunoreactive bands with an estimated
molecular weight in the range of 140-160 kDa. The cor-
responding DPP-IV hydrolytic activity sensitive to a DPP-
IV inhibitor was detected in the majority of these cases,
suggesting the presence of enzymatically active molecu-
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lar forms of canonical DPP-IV. Interestingly, in several
samples containing only a single DPP-IV immunoposi-
tive band on WB, little or no enzymatic activity could
be detected using the enzyme overlay assay (Fig. 2A).
In contrast to several isoforms of DPP-IV, western blot
analysis of the high-grade glioma tissue samples revealed
only one molecular form of FAP with an electrophoretic
mobility corresponding to 120-140 kDa (Fig. 2A).

Representative glioblastoma samples containing en-
zymatically active DPP-IV were further analyzed using
isoelectric focusing. This confirmed the presence of sev-
eral molecular forms of DPP-IV with the predominant
isoform having pl 5.8. In some of the tumors additional
isoforms with a more acidic (3.5-5.5) as well as alkaline
(8.1) pl were detected (Fig. 2B). FAP immunodetection
after 2D electrophoresis revealed the presence of two to
three forms of FAP with an alkaline (7.0-8.5) pI and an
estimated MW of 120-140 kDa (Fig. 2C).

Similarly to glioblastoma tissues, enzymatically ac-
tive isoforms of DPP-IV with an electrophoretic mobility
between 140-160 kDa were revealed in three permanent
glioma cell lines (Fig. 2A). Using isoelectric focusing,
the DPP-IV hydrolytic activity with a corresponding im-
munopositivity was detected predominantly at pI 5.8 with
a MW of 140 kDa (Fig. 2D). In UI18MG cells, which
have the highest DPP-IV expression (data not shown),
additional forms were detectable in the acidic region. FAP
immunopositivity was only identified at an acidic pl be-
tween 4.2-4.8 (MW 140 kDa) and 5.8-6.2 (MW 140-200
kDa) in the three glioma cell lines.

Possible basis of the heterogeneity of DPP-IV and FAP
molecular forms in glioma cells

Our previous results and literature data show that the
majority of DPP-IV and FAP is present in the membrane
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Fig. 1. DPP-IV and FAP expression in grade [I-IV gliomas and non-tumorous brain tissue (pharmacoresistant epilepsy). Protein
concentration of A) DPP-IV and B) FAP was assaved using ELISA. **P < 0.01, Kruskal-Wallis test. Horizontal line- median,
boxes- 25-75%, whiskers- range of non-remote values, white triangles- source data, white circles- remote values, asterisks- extremes.
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Fig. 2. Molecular forms of DPP-IV and FAP in human gliomas and glioma cell lines. A) Separation of DPP-IV and FAP molecular
forms using SDS PAGE under non-denaturing and non-reducing conditions. DPP-IV enzymatic activity was detected using mem-
brane overlay assay with and without a specific DPP-IV inhibitor. Immunodetection of DPP-IV, FAP and GAPDH was performed
after transfer of the proteins to a PYDF membrane. Double dagger- tissues with a single DPP-IV band on WB without corresponding
detectable DPP-IV enzymatic activity. GAPDH- glyceraldehyde phosphate dehydrogenase. B) Detection of the DPP-IV enzymatic
activity in glioblastomas after separation of the molecular forms by isoelectric focusing. C) Immunodetection of FAP in glioblas-
tomas after separation of the molecular forms by 2D electrophoresis. D) Analysis of DPP-IV and FAP molecular forms in human
glioma cell lines using isoelectric focusing and 2D electrophoresis.
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fraction, possibly in the form of high molecular weight
oligomeric complexes' . However, in addition to the
plasma membrane, both DPP-IV and FAP are also local-
ized in various intracellular compartments’** (Fig. 3A).
To assess whether the heterogeneity of molecular forms
of DPP-IV and FAP reflects the presence of specific iso-
forms in subcellular compartments, cell fractionation us-
ing a continuous Percoll gradient was performed. Western
blotting (Fig. 3B) and isoelectric focusing (Fig. 3C) con-
firmed that DPP-IV and FAP were dominantly present
in the plasma membrane and the endoplasmic reticulum
fractions. The estimated MW corresponded to the 140-
160 kDa (DPP-IV) and 120-200 kDa (FAP) observed in
glioma tissues. DPP-IV in the endoplasmic reticulum had
dominantly an acidic pl between 4.4 and 5.1, while the
pl of DPP-1V in the plasma membrane was more alkaline
(4.8-5.8).

We further evaluated whether differential glycosyl-
ation might contribute to the heterogeneity of molecu-
lar forms of both molecules. Upon deglycosylation with
PNGase F the estimated molecular weight decreased
by approximately 10 kDa in comparison to non-treated
samples. The overall pattern of molecular forms of both
DPP-IV and FAP nevertheless remained unchanged (Fig.
3D). The removal of N-linked saccharides by PNGase F
did not influence the hydrolytic activity of DPP-IV (data
not shown).

DISCUSSION

Since the discovery of the multifunctional dipeptidyl
peptidase-IV, several other proteases possessing similar
enzymatic activity or sequence homology have been de-
scribed and classified as “Dipeptidyl peptidase-IV activity
and/or structure homologues” (DASH) (ref.*). Of these,
DPP-IV and its closest paralogue FAP are dominantly
plasma membrane localized and were implicated in can-
cerogenesis, most probably by interacting with local regu-
latory as well as structural molecules present in the cancer
microenvironment®**,

The presence of heterogeneous molecular forms of
DPP-IV observed in various biological sources, includ-
ing transformed astrocytic cells”**, led us to presume the
existence of specific isoforms of both enzymes in glio-
blastoma.

In the current study, we observed a significantly higher
expression of DPP-IV and FAP proteins in high-grade glio-
mas compared to the grade Il astrocytoma and the normal
brain tissue, which confirmed our previous results'. There
was a wide intertumoral variability in the expression of
both molecules, possibly reflecting their differential ex-
pression in individual molecular subtypes of glioblastoma
(ref." and our unpublished data) and our unpublished
data. FAP immunopositivity was detectable by WB in
most of the high-grade glioma samples, but was absent
in the DPP-IV negative gliomas. This is consistent with
ours as well as other authors’ reports suggesting the co-
expression and possible coregulation of DPP-IV and FAP
in glioma cells and tissues'"", human pancreatic alpha

cells” and in some cancer cell lines™, The coexpression of
DPP-IV and FAP was also described in endothelial cells,
where both molecules are part of proteolytically active
heteromeric aggregates with a molecular weight of 820
kDa, promoting cell migration and invasion™,

We further demonstrate the presence of several enzy-
matically active forms of canonical DPP-IV in most of the
high-grade gliomas. Using non-denaturing SDS PAGE,
we show that the migration pattern of DPP-IV present in
glioblastomas corresponds well with the one observed in
glioblastoma cell lines. Interestingly, the pattern consist-
ing of three molecular forms of the enzyme activity was
restricted to the samples which in parallel exhibited more
than one band of DPP-IV immunopositivity. This may be
explained by the fact that the samples without detectable
activity in the enzyme overlay assay had lower quantity of
DPP-IV (measured by ELISA) and thus their enzymatic
activity may be below the detection limit of the method.
However, since we could not assess the specific enzymatic
activity of individual DPP-IV isoforms, we cannot definite-
ly exclude the existence of hydrolytically inactive isoform
of DPP-IV in glioblastomas.

Isoelectric focusing revealed several isoforms of DPP-
IV in glioblastomas and glioma cell lines, typically having
an acidic pl in similar ranges as described for DPP-IV in
human lymphocytes™. Interestingly, alkalic isoforms were
detected in several tissue samples but were not observed in
any of the analyzed glioma cell lines. Thus, it is possible to
presume that these alkalic isoforms might originate from
other cellular source of DPP-IV within the glioblastoma
tissue. Indeed, we previously described the expression of
DPP-IV enzymatic activity in the microvasculature and
mononuclear-like cells in glioblastomas®. Alternatively,
transformed glial cells could express different isoforms of
DPP-IV when being in direct contact with other elements
of the tumor microenvironment.

Immunodetection of FAP after native electrophoresis
demonstrated only a single form, while the 2D electropho-
retic separation revealed several isoforms of FAP in glio-
ma tissue as well as in glioma cell lines. Previous studies
reported a pl of 5 for FAP isolated from the human mela-
noma cell line LOX", which corresponds with our results
in glioma cells. Nevertheless to the best of our knowledge,
the substantial molecular heterogeneity of FAP isoforms
has not been observed so far. Interestingly, the isoforms
detected in glioblastoma tissues exhibited more alkaline
pl compared to the glioma cell lines. Similarly to DPP-
IV, these isoforms may originate from the stromal cells
expressing FAP in glioblastomas'® or reflect the differ-
ences in FAP isoforms expressed by glioma cells in vitro
and in situ.

Our previous results and literature data show that the
majority of DPP-IV and FAP is present in the membrane
fraction, possibly in the form of high molecular weight
oligomeric complexes™'. However, in addition to the
plasma membrane, both DPP-IV and FAP are also local-
ized in various intracellular compartments***. The expres-
sion pattern of individual MW isoforms of the enzymes
was not substantially different between plasma membrane
and endoplasmic reticulum, although acidic pl isoforms
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of DPP-IV were more prevalent in the endoplasmatic re-
ticulum than in the plasma membrane fraction.

The molecular mechanisms responsible for the het-
erogeneity of DPP-IV and FAP remain to be identified.
Removal of N-linked polysaccharides from both DPP-IV
and FAP using PNGase did not influence the propor-
tion of their isoforms, but only slightly shifted the whole
pattern toward to the lower molecular weights. Similarly,
literature data show that deglycosylation has no effect
on the molecular heterogeneity of DPP-1V isolated from
human leukocytes or placenta’**. The DPP-IV hydrolytic
activity measured in the samples treated with PNGase F
remained comparable to the control samples (data not
shown), supporting the conclusion of Aertgeerts et al that
deglycosylation of DPP-IV does not to affect itsr hydrolyt-
ic activity'™*°, Overall these data suggest that differential
glycosylation does not play a major role in generating the
variability of DPP-IV and FAP.

CONCLUSION

Using enzymatic and immunochemical methods, we
describe for the first time that DPP-IV and FAP are pres-
ent in various isoforms in high grade gliomas with a vary-
ing pattern in individual tumors. Part of this variability
corresponds with the patterns observed in glioma cell
lines; nevertheless the absence of alkalic isoforms of both
enzymes in the glioma cell lines suggests possible contri-
bution of the stromal cells to the pattern observed in glio-
blastoma tissues. The microheterogeneity of both enzymes
is most probably not due to differential glycosylation.
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Abstract Glioblastomas are deadly neoplasms resistant to
current treatment modalities. Fibroblast activation protein
(FAP) is a protease which is not expressed in most of the
normal adult tissues but is characteristically present in the
stroma of extracranial malignancies. FAP is considered a po-
tential therapeutic target and is associated with a worse patient
outcome in some cancers. The FAP localization in the glioma
microenvironment and its relation to patient survival are un-
known. By analyzing 56 gliomas and 15 non-tumorous brain
samples, we demonstrate increased FAP expression in a sub-
group of high-grade gliomas, in particular on the protein level.
FAP expression was most elevated in the mesenchymal

Electronic supplementary material The online version of this article
(doi:10.1007/513277-016-5274-9) contains supplementary material,
which is available to authorized users.

>4 Petr Busck
busekpetr@ seznam.cz

o4 Aleksi Sedo
aleksi@cesnet.cz

Institute of Biochemistry and Experimental Oncology, First Faculty
of Medicine, Charles University in Prague, U Nemocnice 5, 128
53 Prague 2, Czech Republic

(¥

Department of Neurosurgery, Na Homolce Hospital, Roentgenova 2,
150 30 Prague 5, Czech Republic

Department of Pathology, Na Homolce Hospital, Roentgenova 2,
150 30 Prague 5, Czech Republic

Institute of Clinical Biochemistry and Laboratory Diagnostics of the
First Faculty of Medicine, Charles University in Prague and General
University Hospital in Prague, U Nemocnice 2, 128 01 Prague

2, Czech Republic

Institute of Biophysics and Bioinformatics, First Faculty of
Medicine, Charles University in Prague, Salmovska 1, 120 00 Prague
2, Czech Republic

subtype of glioblastoma. It was neither associated with glio-
blastoma patient survival in our patient cohort nor in publicly
available datasets. FAP was expressed in both transformed
and stromal cells; the latter were frequently localized around
dysplastic blood vessels and commonly expressed mesenchy-
mal markers. In a mouse xenotransplantation model, FAP was
expressed in glioma cells in a subgroup of tumors that typi-
cally did not express the astrocytic marker GFAP. Endogenous
FAP was frequently upregulated and part of the FAP* host
cells coexpressed the CXCR4 chemokine receptor. In summa-
ry, FAP is expressed by several constituents of the glioblasto-
ma microenvironment, including stromal non-malignant mes-
enchymal cells recruited to and/or activated in response to
glioma growth. The limited expression of FAP in healthy tis-
sues together with its presence in both transformed and stro-
mal cells suggests that FAP may be a candidate target for
specific delivery of therapeutic agents in glioblastoma.

Keywords Fibroblast activation protein & - Seprase -
Glioma - Serine protease - Stromal cells

Introduction

Glioblastoma multiforme (GBM, WHO grade IV glioma) is
the most common type of astrocytic tumors. The patient prog-
nosis is dismal due to a highly infiltrative growth and the
resistance of glioma cells to conventional chemotherapy and
radiotherapy. Novel therapeutic targets are therefore needed.
Similarly to other human malignancies, glioblastomas contain
genotypically and phenotypically heterogeneous malignant
cells and also various types of non-transformed cells. These
comprise microglia/macrophages and other immune cells, en-
dothelial cells, pericytes/smooth muscles cells, reactive
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astrocytes, and various progenitor cells recruited from the
bone marrow [1].

Fibroblast activation protein alpha (FAP, seprase, EC3.4.21.
B28) is a dipeptidy! peptidase and endopeptidase that was orig-
inally identified by the F19 antibody in in vitro cultured fibro-
blasts and several cancer cell lines [2]. Its expression in adult
healthy tissues is sparse; FAP is predominantly expressed at
sites of tissue remodeling such as healing wounds and cancers
[2-6]. Tn tumors, FAP is mainly expressed in the tumor stroma
in cancer-associated fibroblasts (CAF) (reviewed in [5, 6]).
CAF contribute to tumor progression among others by releas-
ing growth and angiogenesis-promoting mediators, by driving
the epithelial-mesenchymal transition and by suppressing the
immune response to the developing tumor. Although data are
limited, FAP seems to participate in the tumor promoting prop-
erties of CAF. Koczorowska et al. showed the stimulatory effect
of FAP on the secretion of TGF-beta, proangiogenic factors,
and proteins involved in the remodeling of the extracellular
matrix (ECM) [7]. Another report suggested that FAP enzymat-
ic activity contributed to the ECM remodeling by modulating
the protein levels as well as the architecture of the ECM, which
promoted pancreatic cancer cell motility [8]. In animal models
of lung and pancreatic cancer, Lo et al. [9] further showed that
the ablation of the FAP* stromal cells reversed the tumor-
induced desmoplasia, decreased tumor vascular density, and
thus reduced tumor growth. Besides CAF, other stromal cells
were reported to express FAP, including endothelial cells [10,
11] and a subpopulation of the CD45" cells in breast cancer, the
latter most probably representing tumor-associated macro-
phages [12, 13]. In pancreatic adenocarcinoma, ovarian carci-
noma, and squamous cell carcinomas of the esophagus and oral
cavity, FAP is expressed in the cancer cells as well [14]. In a
cancer type-dependent manner, FAP is thought to contribute to
the malignant potential of these transformed cells by both en-
zyme activity-dependent and independent mechanisms
[15-18]. A meta-analysis of 15 immunohistochemical studies
examining FAP expression in various extracranial solid cancers
also demonstrated that a FAP overexpression is associated with
a worse disease prognosis [19], further suggesting its important
role in cancer progression.

Due to its unique expression profile and its presumed
role in cancer progression, FAP is considered a potential
therapeutic target. Indeed, several strategies of therapeutic
FAP targeting were recently shown to be effective in pre-
clinical models of extracranial malignancies [14].

Compared to the extracranial malignancies, the brain tumor
microenvironment exhibits several unique characteristics. The
fibrillary extracellular matrix proteins are less abundant [20],
and the data on the presence of cells with properties similar to
cancer-associated fibroblasts are limited [21, 22]. Based on
the mRNA quantification, FAP upregulation in the brain tu-
mor tissue was previously suggested by us and others [23-25].
On the basis of these studies and the reports showing FAP

& Springer

expression in glioma cells in vitro [24, 26], the transformed
glial cells are presumed to be the major cell population ex-
pressing FAP in the brain tumors. The quantity of FAP pro-
tein, its distribution among the constituents of the glioma mi-
croenvironment and its relation to glioma patient survival are
unknown. Using human biopsy material and relevant preclin-
ical in vivo glioma models, we demonstrate an increase of the
FAP protein in the majority of high-grade gliomas, identify the
contribution of non-malignant stromal cells to its upregulation
in glioblastomas, and analyze its relation to patient survival.

Materials and methods (see supplementary
information for details)

Patients and sample collection Tissue samples were obtained
from 56 glioma and 15 pharmacoresistant epilepsy (controls)
patients; tumors were graded according to the current WHO
classification (Table 1). The study was approved by the insti-
tutional ethics committee and was conducted in accordance
with the Declaration of Helsinki. Informed consent was ob-
tained from all individual participants in the study.

qRT-PCR FAP mRNA was quantified by a coupled real-time
RT-PCR assay as described previously [23]. Mouse transcripts
in the xenotransplanted tumors were quantified using mouse-
specific primers and TagMan probes (Krepela et al., in prep-
aration). The expression of the investigated mRNAs was nor-
malized to the expression of 3-actin or mouse DPP9 mRNA
using the ACy method.

ELISA and western blot analysis DuoSet FAP ELISA kit
(R&D Systems) was used according to the manufacturer’s
recommendations. FAP detection by western blot analysis
was performed using the D8 (Vitatex, USA) antibody under
non-reducing and non-denaturing conditions.

Immunohistochemistry and confocal microscopy, FISH
Immunohistochemistry was performed on frozen sections as de-
scribed [4, 22]. D8 and D28 (Vitatex) and F19 monoclonal anti-
bodies were used to detect human FAP; the three antibodies gave
comparable results, and the best visualization of FAP positivity in
GFAP" cells was achieved using the D28 antibody. A rabbit
polyclonal anti-FAP antibody (Abcam) was used to detect mouse
FAP in the xenotransplants. Dual-color interphase FISH with the
Vysis LSI EGFR SpectrumOrange/CEP 7 SpectrumGreen Probe
(Abbott, USA) was performed according to the standard manu-
facturer’s protocol. Shides were viewed on the Olympus IX 81
confocal microscope (FluoView 300).

Glioma cell lines and primary cell cultures and orthotopic
xenograft glioma model Human glioma cell lines were ob-
tained from ATCC (U373, U138) and CLS Cell Lines Service
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Table 1  Charactenstics of the patient cohort

Diagnosis Age at operation Sex Entry Kamofsky index Tumor volume
(years) (M/F) (em’)

Control (n = 15) 43 (22-62) 411 100 -

Grade I1 (n = 7) (one OA, five FA. one OD) 36 (24-56) 6/1 100 (90-100) 22.66 (14.63-111.8)

Grade 11 (n = 5) (three AOD, two AOA) 62 (47-65) 4/1 100 (70-100) 51.22 (8.42-103.97)

Grade IV (n = 43) (38 GBM, | giant cell GBM. 5 GBM-0O) 59 (39-79) 2716 90 (30-100) 46.9 (7.97-126.45)

Median and range of the values are shown; control—pharmacoresistant epilepsy

AOD anaplastic oligodendroglioma, AOA anaplastic oligoastrocytoma, OA ol
glioblastoma, GBM-0 GBM with oligodendroglioma component

GmbH (U87, U251); primary cell cultures were derived from
glioblastomas as described [26]. FAP expression and xeno-
transplant characteristics were highly similar for the U373
and U251 glioma cell lines used in this study supporting their
presumed identity [27]. Glioma stem-like cell cultures were
grown under serum-free conditions as gliomaspheres or on
laminin [28]. The cell cultures derived under these conditions
typically expressed the stem cell markers CD133 and Sox-2
and differentiated into GFAP and/or beta III tubulin-
expressing cells in vitro (Supplementary Fig. 1).
Xenotransplants were generated by implanting 10°-10° cells
into 6-10-week-old male NOD.129S7(B6)-Ragltm]Mom/]
mice as described [26]. The use of animals was approved by
the institutional commission and the Ministry of Education,
Youth, and Sports of the Czech Republic.

Statistical and bioinformatics analyses To compare FAP
expression among the individual glioblastoma molecular sub-
types and to identify genes whose expression significantly,
positively, or negatively correlated with the expression of
FAP in glioblastomas, the expression data and assignment to
individual glioblastoma molecular subtypes reported by
Verhaak et al. [29] were used. The expression of transcripts
in these 173 glioblastomas was normalized to the expression
levels in healthy controls, and the log2 value of this ratio was
used for the analyses. Functional annotation and gene set en-
richment analysis were performed using the DAVID database
[30].

The Cox ordinal regression model and backward and
forward algorithms were used to identify significant sets
of variables predicting survival and the pseudo-likelihood
R* for the Cox model, LR(R*) = 1 — In[L(fitted)]/
In[L(null)] [31], a relative measure of the explained entro-
py., was calculated to compare the importance of the indi-
vidual variables. The REMBRANDT database and the
survival and FAP expression data from the Gravendeel
[32] and The Cancer Genome Atlas (TCGA) datasets
were used to evaluate the association of FAP expression
with glioma survival in independent patient cohorts. For
the construction of Kaplan-Meier plots, patients were

igoastrocytoma, FA fibrillary astrocytoma, OD oligodendroglioma, GBM

divided into groups based on FAP protein or mRNA expres-
sion: low expression = first quartile, medium expression = sec-
ond + third quartile, high expression = fourth quartile. The
multiple-sample test and two-sample tests were used to deter-
mine differences in survival between individual groups.

Results

FAP protein expression is increased in the majority
of human high-grade gliomas

We analyzed the FAP expression in 56 patients with histolog-
ically verified newly diagnosed glioma and compared it to the
expression in non-tumorous brain tissue (pharmacoresistant
epilepsy, n = 15). On the mRNA level, there was a trend for
increased FAP expression in glioblastomas compared to con-
trols (p = 0.074, Mann-Whitney U test, Fig. la). Larger dif-
ferences were observed when the quantity of FAP protein was
determined using ELISA. FAP protein expression in gliomas
grade dependently increased with statistically significant dif-
ferences between glioblastomas and non-tumorous brain as
well as grade II tumors. There was however considerable het-
crogeneity of FAP expression among individual high-grade
gliomas (Fig. 1b). The upregulation of the FAP protein in a
subgroup of glioblastomas was also corroborated by the west-
em blot analysis (Fig. 1¢). A band corresponding to a FAP
dimer (estimated MW of 120140 kDa under non-reducing,
non-denaturing conditions) was detectable in a large propor-
tion of glioblastomas, in only a minority of grade III tumors
(data not shown) and in none of the analyzed control tissues
and grade T tumors (data not shown).

In summary, our results show that FAP expression is sub-
stantially heterogencous among glioblastomas but is increased
in a large proportion of newly diagnosed tumors as compared
to the non-tumorous brain tissue, particularly on the protein
level. The correlation between mRNA and FAP protein ex-
pression as determined by ELISA was rather modest (= 0.32,
p < 0.01, Spearman correlation coefficient), suggesting that
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Fig. 1 Expression of FAP in gliomas. a FAP mRNA in control non-
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grade [V. b Quantification of FAP protein in control and glioma grade I1-
IV tissue lysates by ELISA. **p < 0.01, Kruskal-Wallis test. ¢ Detection
of FAP by westem blotting in control and glioma tissues (D8 antibody).

regulation of FAP expression on the posttranscriptional level
may be important in gliomas.

Association of the FAP expression with the glioblastoma
mesenchymal subtype

To determine whether part of the observed variability of the
FAP expression in glioblastomas may be related to its differ-
ential expression in the various molecular subtypes of glio-
blastomas, we used the TCGA expression data and the assign-
ment of individual tumors to a particular molecular subtype
reported by Verhaak et al. [29]. Compared to other subtypes,
FAP expression was significantly more upregulated in the
mesenchymal subtype with over 70 % of the mesenchymal
tumors exhibiting at least a twofold upregulation compared to
the controls. In contrast, the classical and proneural subtypes
only exhibited a minimal FAP upregulation (Fig. 1d).

We further performed a gene set enrichment analysis of
the transcripts significantly positively correlating with
FAP in the Verhaak dataset, which revealed an overrepre-
sentation of genes encoding various extracellular matrix
proteins (e.g., fibronectin, various types of collagens,

&) Springer

mesenchymal

3

neural proneural

GAPDH glyceraldehyde 3-phosphate dehydrogenase. d FAP mRNA ex-
pression in the molecular subtypes of glioblastomas based on the TCGA
data, **p < 0,01, ANOVA, Tukey post hoc test. horizontal line—median,
boxes—25-75 %, whiskers—range of non-remote values, white
triangles—source data, white circles—remote values, asterisks—
extremes

laminin, lumican) and factors involved in inflammation
and wound healing (e.g., chemokines CCL2, CCL26,
and CXCL12; chemokine receptors CCR2 and CXCR4;
interleukin (IL)-15, interleukin receptor IL2RA; and
TGF receptor TGFBR2). FAP expression also positively
correlated with the transcripts for the proteases ADAM
metallopeptidase domain 12; caspases 4, 5, and 7: cathep-
sins K and S; dipeptidyl peptidase-IV (DPP-1V); and the
plasminogen activator urokinase receptor (UPAR). In con-
trast, the most negatively correlated transcripts encoded
proteins involved in neurogenesis and neuronal signaling
(Supplementary Table 1).

In our patient cohort, we validated the positive correlation
of FAP with the homologous protease DPP-IV on both the
mRNA (Spearman r = 0.47, p = 0.003) and protein
(Spearman r = 0.49, p = 0.002) level.

Patterns of FAP expression in human gliomas
Using freshly frozen bioptic material from glioma patients and

a panel of monoclonal antibodies, FAP expression was eval-
uated by immunohistochemistry in 46 gliomas. Three patterns
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of FAP immunopositivity were found: fibrillary
intraparenchymal positivity, predominantly perivascular posi-
tivity, and the presence of both intraparenchymal and
perivascular positivity (Fig. 2a).

The fibrillary intraparenchymal FAP positivity was present
in 65 % of the tested glioblastomas and colocalized with the
astrocytic marker GFAP. Part of these intraparenchymal FAP*
cells also expressed SOX-2, a marker of multipotent neural
and glioma stem cells, further supporting their malignant ori-
gin (Fig. 2b).

In addition to the FAP positivity of intraparenchymal cells,
we observed the presence of FAP'GFAP ™ cells in 65 % of
human glioblastomas (n = 34), 29 % of grade Il (n = 7) and
40 % of grade I1I (n = 5) tumors. These cells were absent in the
non-malignant brain tissue (n = 10). We analyzed, whether the
EGFR amplification, a molecular aberration typical for glioma
cells [33], is present in these FAP*GFAP ™ cells. In three dif-
ferent glioblastomas exhibiting EGFR amplification, FAP ex-
pression was almost exclusively localized in the cells with
unamplified EGFR (Fig. 2¢), suggesting that they may repre-
sent a distinet subpopulation of glioma cells or, more likely,
stromal cells. Interestingly, we did not detect EGFR amplifi-
cation in any of the four tested tumors with intraparenchymal
FAP*GFAP™ cells.

Using double-immunofluorescence staining, the elongated
FAP'GFAP™ cells were often detected around dysplastic tu-
mor vessels (Fig. 2d) and were negative for the markers of
microglia (Ibal) and endothelial cells (von Willebrand factor).
FAP expression in these cells colocalized with typical mesen-
chymal markers (smooth muscle actin (SMA) and TE-7 [22]).
The regions with FAP*GFAP ™ cells also contained substantial
amounts of the mesenchymal extracellular matrix protein fi-
bronectin (Fig. 2e-g).

We further investigated whether hematopoietic cells origi-
nating in the bone marrow may contribute to the FAP* stromal
subpopulation in human glioblastomas by determining the
coexpression of CD45 in FAP* cells. Although the CD45
and FAP staining patterns were largely non-overlapping, spo-
radic CD45"FAP" cells could be detected in several glioblas-
tomas (Fig. 2h).

This data suggest that in addition to glioma cells, FAP is
expressed by several other cellular types within the microen-
vironment of human glioblastomas.

FAP expression and its relation to glioma patient survival

FAP expression was reported as a possible negative prognos-
tic factor in several extracranial malignancies [19)]. Our anal-
ysis of the data from publicly available datasets comprising
both low-grade and high-grade tumors (REMBRANDT and
[32]) revealed that FAP expression was associated with glio-
ma patient survival. However, as we demonstrate, FAP ex-
pression is typical for glioblastomas as compared to low-

grade tumors. Thus, the observed effect on survival is most
likely due to the larger proportion of glioblastomas in the
subgroups with higher FAP expression (Supplementary
Fig. 2).

In our patient cohort, the median survival was 48 weeks for
glioblastoma (n = 42) and at the time of last follow-up, 60 %
of grade Il (n = 5) and 100 % of grade II (n = 7) patients were
alive. We used the Cox regression analysis to identify vari-
ables associated with the survival of glioma patients. A triad of
tumor grade, age at operation, and tumor volume most strong-
ly predicted patient survival in the whole experimental cohort
(LR[R’] = 16 %) and was independently identified by the
backward and forward stepwise regression fit in the Cox mod-
cl. In glioblastoma, the combination of patient age and the
presence of residual tumor had the highest predictive power
(LR[R’] = 6.9 %). FAP expression as determined by qRT-
PCR. ELISA, or western blotting neither alone nor in combi-
nation with the clinical variables was associated with patient
survival in the whole patient cohort or in glioblastoma
(Fig. 3a, b and data not shown). Similarly, our analysis of
two different publicly available microarray datasets revealed
no association between FAP expression and survival in grade
IV tumors (glioblastomas, Fig. 3c, d).

FAP expression in a preclinical glioma model

FAP has recently received substantial attention as a possible
therapeutic target in several malignancies (reviewed in [14]).
In order to evaluate the expression of FAP in a clinically rel-
evant animal model, various human glioma cell lines were
orthotopically implanted in immunodeficient mice and the
expression of FAP was evaluated. FAP protein was detected
in the malignant glioma cells in xenotransplants generated
from U87 and U138, but not from U373 (Fig. 4a) or U251
(not shown) cell lines corresponding with the in vitro FAP
expression in these cells [34]. We further established
xenotransplanted tumors using paired glioblastoma primary
cell cultures that were expanded in serum containing media
or cultured under serum-free conditions favoring the isolation
of glioma stem-like cells [28]. FAP expression was frequently
detected in the xenotransplanted malignant cells derived using
the serum containing media, whereas it was in general absent
in tumors derived from the glioma-stem like cells.
Interestingly, the FAP positivity of glioma cells in the
xenotransplants was almost exclusively associated with the
absence of GFAP expression in these cells (Fig. 4b).

Using the orthotopic mouse glioma model, we evaluated
the expression of FAP in host (mouse) stromal cells. In 19
paired samples comprising xenografts from human U373
(n=6), UI38 (n = R), and U87 (n = 5) cell lines and corre-
sponding contralateral hemispheres, there was a significant
upregulation (median 3.4; range 0.61-51.0) of the endoge-
nous mouse FAP transcript as demonstrated using mouse-
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Fig. 3 FAP and glioblastoma patient survival. a Identification of factors
associated with survival by Cox regression analysis in the studied cohort.
The pseudo-likelihood R for the Cox model LR(R’) was used to compare
the relative importance of individual variables. b The Kaplan-Meier
survival plot of glioblastoma patients according to FAP protein
concentration in the tissue determined by ELISA. ¢, d The Kaplan-

specific qRT-PCR (Fig. 4¢). We further detected FAP protein
expression in mouse cells surrounding and infiltrating the ex-
perimental tumors by immunohistochemistry. There was a
positive correlation (r = 0.69, p < 0.001, Spearman correlation
coefficient) between mouse FAP and mouse CXCR4 tran-
scripts in the xenotransplants, and part of the FAP" cells
coexpressed the CXCR4 chemokine receptor (Fig. 4d., e).
Collectively, this data suggest that in preclinical glioma
models, FAP is expressed by transformed glial cells especially
in GFAP-negative tumors. Similarly to epithelial cancers, FAP
may be upregulated in resident or recruited stromal cells.

Discussion

Glioblastomas are highly malignant brain tumors resistant to
treatment. FAP contributes to the progression in extracranial
malignancies, is often associated with worse patient progno-
sis, and represents a potential therapeutic target. However, the
data on FAP protein expression and localization in gliomas is
so far limited. In this study, we demonstrate an increased ex-
pression of FAP in several cellular subpopulations present in
the glioblastoma microenvironment and its association with

Meier survival plots of glioblastoma patients with differential FAP
mRNA expression in ¢ the Greavendeel [32] and d TCGA datasets.
White triangles—low expression = first quartile, white squares—
medium expression = second + third quartile, white circles—high
expression = fourth quartile based on FAP protein or mRNA
expression. Plus signs = censored data

their mesenchymal features. In addition, we characterize
mouse glioma models for the future evaluation of FAP-
targeted therapies. Increased FAP expression was previously
observed in various non-malignant states accompanied by the
remodeling of extracellular matrix [5, 6]. To avoid the possible
changes of FAP expression consequent to the reparatory pro-
cesses induced by glioma radiotherapy, chemotherapy, or sur-
gery, only patients without previous treatment were included
in the study. Our results, obtained in a uniform and well-
characterized patient cohort comprising 56 newly diagnosed
gliomas, confirm and extend the previous observations by us
and others that suggested higher FAP mRNA expression in
glioblastomas [23-25]. Importantly, our current study reveals
that especially the expression of FAP protein is grade-
dependently increased in human gliomas. Results of earlier
studies detecting FAP protein by immunohistochemistry were
ambiguous. In the seminal works that characterized FAP as a
cancer-associated antigen, Rettig et al. reported that none of
the astrocytomas (n = 12) and high-grade astrocytomas (n=4)
exhibited FAP positivity as determined using the F19 anti-
body, although immunopositivity was detected in the majority
of astrocytoma cell lines in vitro [2]. In contrast, based on the
colocalization of FAP with GFAP and the proliferation marker
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hematoxylin, insets—staining controls) and double-
immunofluorescence labeling of a representative U138 xenotransplant
using antibodics against FAP and human nuclei. b Summary of FAP
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Ki67 in human glioblastomas, Mentlein et al. [24] concluded
that FAP is expressed in glioma cells and/or activated astro-
cytes. Our data revealed intraparenchymal FAP positivity in
65 % of glioblastomas. In several cases, these cells
coexpressed SOX-2, which was reported to be most abundant-
ly expressed in hypercellular and proliferative areas in glio-
blastomas [35]. Our results thus strongly support the conclu-
sion that malignant glioma cells in situ do express FAP.
Although not emphasized by the authors in previous stud-
ies [23, 24], FAP mRNA expression is considerably heteroge-
neous in glioblastomas. Our current data show that this also
translates into greatly heterogeneous FAP protein expression.
Based on the expression profiling and the presence of typical
genetic aberrations, several molecular subtypes of glioblasto-
mas were recently described [36]. Our analysis of FAP expres-
sion in individual glioblastoma molecular subtypes reported
by Verhaak et al. [29] suggests that FAP is predominantly
overexpressed in tumors of the mesenchymal subtype, and
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in immunodeficient mice. ¢ Expression of mouse FAP mRNA in paired
tissue samples in xenotransplanted tumors and contralateral brain hemi-
spheres. Expression was normalized to the expression of mouse DPP9.
**p < 0.01, n = 19, Wilcoxon signed-rank test. d, e Double-
immunofluorescence labeling of a primary cell culture P57 xenotrans-
plant using antibodies against mouse FAP and e human nuclei and
mouse CXCR4. Several FAP' mouse cells outside of the tumor are seen;
tumor margin is indicated by a dashed line

its expression positively correlates with the expression of
genes implicated in the remodeling of the extracellular matrix
and inflammation. This is concordant with the presumed in-
volvement of FAP in the processes of tissue remodeling [6]
and the higher overall necrosis and associated inflammatory
infiltrates in the mesenchymal glioblastoma subtype [29]. The
increased expression of FAP in the mesenchymal glioblasto-
ma subtype may also be linked to the proposed regulation of
FAP expression by the mesenchymal transcription factor
Twist in glioma cells [25]. Part of the intertumoral variability
of FAP expression seen in glioblastomas may thus be ex-
plained by the uneven presence of FAP in the individual mo-
lecular subtypes of glioblastoma. We did not detect FAP ex-
pression in glioma cells in the tumors exhibiting EGFR am-
plification, the molecular aberration characteristic for the clas-
sical subtype, and EGFR amplification was detected in none
of the tested samples exhibiting parenchymal FAP positivity.
This suggests that FAP expression and EGFR amplification do
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not typically occur together in glioma cells and further sup-
ports that individual molecular subtypes differ in FAP expres-
sion. Larger cohorts and a combination of genomic markers
are needed to confirm this conclusion.

FAP is a negative prognostic factor in various malignancies
[19], and in addition, the mesenchymal gene signature in glio-
blastoma is associated with worse patient survival [37). We
therefore aimed at determining whether FAP may be a prog-
nostic marker in gliomas. Our analyses of the publicly avail-
able datasets ([32] and REMBRANDT database) suggested
that higher FAP mRNA expression may be negatively associ-
ated with the survival of patients with gliomas, but this was
most likely due to the fact that high FAP expression was typ-
ically associated with glioblastomas. When glioblastomas
were analyzed separately, we observed no effect of FAP on
patient survival. Similarly, FAP quantity as determined by
qRT-PCR, ELISA, or WB was not associated with survival
in our glioblastoma patient cohort. Together, the expression of
FAP is characteristic for glioblastomas but contrary to several
other malignancies, we could not confirm it as an independent
predictor of patient survival.

Our study shows that stromal cells in human glioblastomas
express FAP. The upregulation of FAP in the stroma of extra-
cranial malignancies is well established [5], but to the best of
our knowledge, we are the first to report similar phenomenon
in primary brain tumors. The perivascularly localized FAP"
cells were GFAP negative. In addition, in tumors with EGFR
amplification, this molecular alteration was not observed in
the FAP" cells, further supporting that these cells represent
non-malignant stromal elements. These FAP*GFAP™ cells fre-
quently expressed the mesenchymal marker TE-7, and in
some cases, also SMA alpha, and were present in areas with
abundant presence of the typical mesenchymal extracellular
matrix protein fibronectin. There are various potential origins
of these cells. The local source of cells with mesenchymal
properties in glioblastomas may be pericytes, multipotent
mesenchymal stromal cells [38], and fibroblasts. The presence
of fibroblasts in the brain tumors is nevertheless not that well
established as in other malignancies, although we [22] and
others [21] have shown that cells with properties similar to
cancer-associated fibroblasts are present in glioblastomas.
Fibrocytes [6] are another possible source of FAP* mesenchy-
mal cells in glioblastomas. These cells are derived from
CD14" monocyte precursors, express the hematopoietic
markers such as CD45, and migrate to sites of extracellular
matrix remodeling [39]. Indeed, we detected CD45 expression
in part of the FAP" cells in glioblastomas suggesting their
origin in the bone marrow. FAP expression in a subset of
CD45'"CDI1b"CDI14"MHCIT" cells was reported in human
breast cancer. These cells were likely tumor-associated mac-
rophages [12], but their antigenic profile is characteristic for
fibrocytes as well [39]. It remains to be determined whether
the FAP+ stromal cells contribute to glioma pathogenesis. The

FAP" stromal mesenchymal cells were recently shown to have
an important role in tumor-induced immunosuppression [13,
40], ECM production, and remodeling [8, 9] and may also
contribute to angiogenesis [7-9]. Potentially, the FAP-
mediated cleavage of antiplasmin leading to lowered fibrino-
lytic capacity [41] may also participate on the hypercoagula-
bility and vaso-occlusive mechanisms that promote glioblas-
toma progression [42].

The expression of FAP in glioma cells and stromal
elements was recapitulated in orthotopic xenotransplants
in immunodeficient mice. Similarly to human glioblasto-
mas, FAP was expressed only in a part of the model gli-
oma cell lines and the FAP positivity in the
xenotransplants was strongly associated with the absence
of GFAP expression. The FAP*GFAP cell lines U87 and
U138 exhibit higher expression of MMP2 and the mesen-
chymal marker fibronectin ([43] and our unpublished da-
ta). The mesenchymal transition [44] may contribute to
the higher expression of FAP in tumors originating from
primary cell cultures derived using serum containing me-
dia as compared to the glioma stem-like cell cultures. Our
xenotransplantation model further allowed assessing the
changes in the expression of FAP in stromal cells using
mouse-specific gRT-PCR. Although variably, endogenous
FAP was upregulated in the xenotransplantation model
upon implantation of any of the three different glioma cell
lines used. The presence of the CXCR4 chemokine recep-
tor in part of the FAP expressing mouse cells suggests that
in addition to the upregulation of FAP in resident stromal
cells, cells attracted by the tumors may contribute to the
observed upregulation of endogenous FAP.

FAP represents a potential target in cancer therapy. In some
preclinical tumor models, low molecular FAP inhibitors or
FAP downmodulation by shRNA inhibited cancer progression
[45, 46]. Nevertheless, a FAP inhibitor Val-boroPro
(Talabostat) and an unconjugated humanized anti-FAP anti-
body sibrotuzumab had minimal clinical activity in phase Il
clinical trials in patients with metastatic colorectal cancer [47,
48]. Other so far preclinical studies therefore exploited the
selective expression of FAP in the tumor microenvironment
to deliver cytotoxic compounds by FAP-targeted
immunotoxins [49], immunoradioisotopes [50], or FAP-
activated prodrugs [51] or to ablate FAP-positive cells by
FAP-specific chimeric antigen receptor T cells [52] or vacci-
nation against FAP [53]. These approaches do not rely on the
direct pathogenetic role of FAP and have the potential to in-
fluence also FAP-negative malignant cells by a bystander ef-
fect and/or by the ablation of cancer-promoting stromal cells.
Such therapies may potentially be applicable to a subgroup of
glioblastoma patients with high FAP protein expression.

In conclusion, FAP protein expression is increased in the
majority of human glioblastomas due to its upregulation in
glioma cells as well as in various stromal populations that
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are activated or possibly recruited in response to the glioma
growth. FAP" stromal cells characteristically expressing mes-
enchymal markers were present in the majority of glioblasto-
mas. Although the functional role of FAP and FAP-bearing
stromal cells for the progression of brain tumors is currently
unclear, the expression of FAP in the glioblastoma microen-
vironment together with the restricted expression in healthy
adult tissues makes it a possible target for the specific delivery
of therapeutic agents, Our work thus also provides informa-
tion on the preclinical models for the testing of new therapeu-
tic modalities in glioblastoma.
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Abstract: The proline-specific serine protease fibroblast activation protein (FAP) can participate in
the progression of malignant tumors and represents a potential diagnostic and therapeutic target.
Recently, we demonstrated an increased expression of FAP in glioblastomas, particularly those of
the mesenchymal subtype. Factors controlling FAP expression in glioblastomas are unknown, but
evidence suggests that transforming growth factor beta (TGFbeta) can trigger mesenchymal changes
in these tumors. Here, we investigated whether TGFbeta promotes FAP expression in transformed
and stromal cells constituting the glioblastoma microenvironment. We found that both FAP and
TGFbeta-1 are upregulated in glioblastomas and display a significant positive correlation. We
detected TGFbeta-1 immunopositivity broadly in glioblastoma tissues, including tumor parenchyma
regions in the immediate vicinity of FAP-immunopositive perivascular stromal cells. Wedemonstrate
for the first time that TGFbeta-1 induces expression of FAP in non-stem glioma cells, pericytes, and
glioblastoma-derived endothelial and FAP* mesenchymal cells, but not in glioma stem-like cells. In
glioma cells, this effect is mediated by the TGFbeta type I receptor and canonical Smad signaling
and involves activation of FAP gene transcription. We further present evidence of FAP regulation by
TGPFbeta-1 secreted by glioma cells. Our results provide insight into the previously unrecognized
regulation of FAP expression by autocrine and paracrine TGFbeta-1 signaling in a broad spectrum of
cell types present in the glioblastoma microenvironment.

Keywords: glioblastoma; tumor microenvironment; transforming growth factor beta; fibroblast
activation protein; seprase; regulation of expression; Smad2; signaling

1. Introduction

Glioblastomas are genetically, epigenetically, and phenotypically highly heteroge-
neous and invariably lethal brain tumors which devastate brain tissues via their infiltrative
and invasive growth [1]. They consist of different, phenotypically varied cancer and stromal
cell types, such as mesenchymal, endothelial, and immune cells, all of which participate in
creating a dynamic tumor microenvironment [2]. Proteolytic networks acting in the glioblas-
toma microenvironment are of critical importance in the process of gliomagenesis [3]. In
a previous study, we demonstrated increased expression of fibroblast activation protein
(FAP) in a large proportion of human glioblastomas and its localization in both transformed
and stromal cells [4]. FAP, also known as seprase, is a dimeric type Il transmembrane
glycoprotein which exhibits catalytic activity of a serine protease (EC 3.4.21.B28) that can
act as a dipeptidyl peptidase or endopeptidase on oligo- and polypeptide substrates and
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preferentially cleaves post-proline peptide bonds [5-7]. FAP expression is very low in
most healthy human tissues and cells, with the exception of multipotent bone marrow
stromal cells [8], alpha cells of Langerhans islets [9], some dermal fibroblasts surrounding
hair follicles [10], and skin melanocytes after ultraviolet irradiation [11]. Prominent FAP
expression is, however, found in stromal cells including fibroblasts, fibroblast-like cells,
and myofibroblasts at sites of active tissue remodeling, such as fibrosis, chronic inflamma-
tion, and healing wounds [5,12,13]. Moreover, FAP is frequently overexpressed in solid
malignant tumors, where it is found in stromal cells, e.g., in cancer-associated fibroblasts
and endothelial cells, and it is also present in premalignant and cancer cells [5,14-18]. Due
to its frequent overexpression in the tumor microenvironment and its plasma membrane
localization, FAP is considered a promising molecular target for the imaging and treatment
of malignant tumors [19-21].

Current studies provide evidence that FAP can participate in complex processes
that drive and maintain the progression of malignant tumors. These include cell prolif-
eration, differentiation, signaling, adhesion, migration, extracellular matrix remodeling,
epithelial-mesenchymal transition, angiogenesis, invasion, metastasis, and immunosup-
pression, although it seems that the role of FAP is highly context dependent and cell
type specific [14,19,22,23]. Despite the expanding list of validated and candidate natu-
ral peptide and protein substrates of FAP [5-7], the biochemical functions of FAP in the
abovementioned biological processes are not yet precisely understood. Alongside their
proteolysis-dependent effects, membrane-bound FAP molecules can engage in binding
interactions with other proteins, including those anchored in the plasma membrane and
recruited in lipid rafts and invadopodia [24] or those present in the cell cytoplasm [25].
During its biogenetic trafficking, FAP may thus exhibit both proteolytic and non-proteolytic
protein-recruiting and scaffolding functions.

Which factors control FAP expression in glioblastomas is currently unknown. Among
the various molecular subtypes of glioblastomas, we observed the highest FAP expression
in the mesenchymal subtype [4]. This glioblastoma subtype is associated with a more
aggressive phenotype and with signaling pathways involved in wound healing and in-
flammation [26]. An important mediator of mesenchymal changes in glioblastomas is the
transforming growth factor beta (TGFbeta) [27,28], a pleiotropic cytokine which exists in
three isoforms (TGFbeta-1, -2, and -3), and by binding to TGFbeta receptors, triggers both
Smad and non-Smad TGFbeta-activated intracellular signaling pathways [29,30]. Depend-
ing on the type and differentiation status of the cell as well as activities of other signaling
pathways, TGFbeta induces epithelial-mesenchymal transition, activates angiogenesis,
dampens immune responses, and promotes tumor invasiveness [31,32]. Since it has been
shown that in some, but not all cell types, the FAP gene is a transcriptional target for TGF-
beta signaling [23], we studied several cell types isolated from or serving as model systems
for the complex glioblastoma microenvironment to assess whether TGFbeta participates in
the upregulation of FAP gene expression in particular subpopulations of transformed and
stromal cells typically present in glioblastomas.

2. Results
2.1. Expression of FAP and TGFbeta Isoforms in Human Glioblastomas

The levels of FAP protein (Figure 1A, left panel) and FAP enzymatic activity (Figure 1A,
right panel) were substantially higher in glioblastomas than in non-tumorous pharmacore-
sistant epilepsy (PRE) brain tissues. In glioblastomas, the enzymatic activity of FAP
displayed statistically significant positive correlation with FAP protein concentration
(Figure 1D). The strength of this correlation was moderate, which may be due to dif-
ferences in the relative concentrations of active FAP molecules [33]. ELISAs specific to the
individual TGFbeta protein isoforms revealed that in glioblastomas, TGFbeta-1 was the
most abundantly expressed TGFbeta isoform (Figure 1B). Further analysis revealed that the
concentration of TGFbeta-1 protein was substantially higher in glioblastomas than in the
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PRE brain tissues (Figure 1C). In glioblastomas, FAP and TGFbeta-1 protein concentrations
showed a weak but statistically significant positive correlation (Figure 1E).
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Figure 1. Expression of fibroblast activation protein (FAP) and transforming growth factor beta (TGFbeta) in human
glioblastomas (GBMs). (A) Upregulation of FAP protein (left panel) and FAP enzymatic activity (right panel) levels in
GBMs as compared to pharmacoresistant epilepsy (PRE) brain tissues. (B) Differential expression of TGFbeta protein
isoforms in GBMs (n = 20). (C) Upregulation of TGFbeta-1 protein level in GBMs as compared to PRE brain tissues.
(D) Relationship between the levels of FAP enzymatic activity and FAP protein in GBMs. (E) Relationship between FAP
protein and TGFbeta-1 protein levels in GBMs. In (A-C), the sets of individual data points (each representing the mean
of measurements in triplicate) are presented as a median with the box showing the 25th-75th percentile and whiskers
indicating the 10th and 90th percentile. Note the logarithmic y-axis. In (A,C), * p < 0.01, Mann-Whitney rank sum test. In
(B), * p < 0.05, Kruskal-Wallis one way ANOVA on ranks.

We previously reported that FAP was most prominently upregulated in the mesenchy-
mal subtype of glioblastoma based on the data from 173 glioblastomas in The Cancer
Genome Atlas (TCGA) database [4]. We now extended the analysis of the TCGA data to
505 primary glioblastomas and analyzed the expression of FAP and individual TGFbeta iso-
forms. Concordantly with the FAP protein data reported in the present study, FAP mRNA
was upregulated in glioblastomas compared to control brain tissues (Figure 2). Similarly,
transcripts encoding TGFbeta isoforms (TGFB 1, 2, 3) were upregulated in glioblastomas
compared to control brain tissues (Figure 2) as was also reported in previous studies [34].
Expression of FAP and all TGFbeta isoforms was highest in the mesenchymal subtype
glioblastomas (Figure 2). FAP expression correlated with TGFB1 and TGFB3, but not
TGFB2 in all glioblastomas and in the mesenchymal subtype (Figure 2). Collectively, these
data suggest that TGFbeta-1 may contribute to the regulation of FAP expression in the
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glioblastoma microenvironment. The TCGA data further suggest that this may be most
pronounced in the mesenchymal subtype of glioblastoma.
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Figure 2. FAP and TGFbeta expression in molecular subtypes of primary glioblastomas (GBMs) according to The Cancer
Genome Atlas (TCGA) data. (A) Expression of FAP and individual isoforms of TGFbeta mRNA in GBMs and individual
molecular subtypes compared to control brain tissues. Line—median, box—25th-75th percentile, whiskers—non-outlier
range, triangles—raw data, circles—outliers, asterisk—extremes; * p < 0.05, *** p < 0.001, Mann-Whitney U test and
Kruskal-Wallis one way ANOVA on ranks. (B) Correlation between FAP and individual TGFbeta isoforms in all GBMs and
in individual molecular subtypes of GBM (Pearson correlation coefficient, correlations with p < 0.05 are in bold). Scatter
plots are shown only for statistically significant correlations.
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2.2. Immunohistochemical Localization of FAP and TGFbeta-1 in Human Glioblastomas

Using chromogenic and fluorescence immunohistochemistry, we detected FAP im-
munopositivity in glioblastomas in several cell subpopulations including perivascular
stromal cells, some intraparenchymal cancer cells in approximately 25% of glioblastomas
and, albeit infrequently, endothelial cells of some blood vessels (Figure 3A-D,F). In contrast
to glioblastomas, PRE brain tissues did not exhibit FAP immunopositivity (Figure 3E).
By means of fluorescence immunohistochemistry and confocal microscopy, we detected
TGFbeta-1 immunopositivity broadly in glioblastoma tissues including regions in the
immediate vicinity of FAP-immunopositive perivascular stromal cells (Figure 3F).

Figure 3. Immunohistochemical detection of FAP and TGFbeta-1 in the tumor microenvironment of
human glioblastomas (GBMs). (A-D) Representative images of FAP immunopositivity (brown) in
GBMs as compared to (E) non-tumorous brain tissue (pharmacoresistant epilepsy), where no FAP
immunostaining was detected. In GBMs, FAP is expressed in perivascular stromal cells (+), including
microvascular proliferations (*), and in some tumors also in some cancer cells (arrows). Infrequently,
FAP was also detected in the endothelial cells of blood vessels (arrowheads showing endothelial FAP
in an arteriole). (F) Representative confocal fluorescence microscopy image of a GBM tissue section
showing TGFbeta-1 immunopositivity (green) in the tumor parenchyma and stromal regions in the
vicinity of FAP expressing perivascular stromal cells (red). Nuclei (blue) were counterstained with
the Hoechst 33258 dye.

2.3. Upregulation of FAP Enzymatic Activity and FAP Protein Induced by Recombinant
TGFbeta-1 in Different Cell Types Present in the Glioblastoma Microenvironment

To determine whether TGFbeta-1 may contribute to FAP upregulation in glioblastomas,
we cultured several different cell types representing cellular components of glioblastoma mi-
croenvironment, with and without human recombinant TGFbeta-1 for 72 h, and measured
FAP enzymatic activity. Permanent human glioma cell lines U87, U251 and U118 displayed
detectable baseline FAP enzymatic activity and FAP protein which dose-dependently in-
creased when the cells were cultured in the presence of TGFbeta-1 at concentrations ranging
from 0.2 ng'-mL~" to 10 ng-mL~! (Figures 4A and 5). A considerable TGFbeta-1-mediated
upregulation of FAP enzymatic activity was also observed in four out of five tested non-
stem glioma cell cultures (Figure 4B, left part), while TGFbeta-1-treated glioma stem-like
cell cultures showed either no change or negligible increase in their extremely low baseline
FAP enzymatic activity (Figure 4B, right part). Human brain vascular pericytes (HBVP)



Int. J. Mol. Sci. 2021, 22, 1046

6 0f 20

and glioblastoma-derived FAP* mesenchymal (pFAP) cell cultures displayed a marked
upregulation of their FAP enzymatic activity after treatment with TGFbeta-1 (Figure 4C).
Glioblastoma-derived endothelial cell (pEC) cultures showed a highly variable level of
baseline FAP enzymatic activity but all exhibited a significantly upregulated FAP enzymatic
activity after treatment with TGFbeta-1 (Figure 4D). In contrast to the pEC cultures, human
umbilical vein endothelial cells (HUVEC) showed no TGFbeta-1-mediated increase in their
extremely low baseline FAP enzymatic activity (Figure 4D). Using ELISA, we confirmed
FAP upregulation on the protein level in permanent glioma cell lines and endothelial cells
(Figure 5). In all investigated cell types that responded to TGFbeta-1 by FAP activity and
FAP protein upregulation, the maximum response was reached at 2 ng-mL~! of TGFbeta-1
with no further increase for 10 ng-mL ! (Figures 4 and 5). To the best of our knowledge,
there is no evidence that the catalytic activity of FAP is regulated by an endogenous bio-
logical inhibitor or activator. In cells expressing FAP, the levels of FAP enzymatic activity
and FAP protein concentration are upregulated in parallel after treatment with different
concentrations of recombinant TGFbeta-1 (Figures 4 and 5). This results in a strong positive
Pearson correlation between FAP protein and FAP activity levels, as shown for human
glioma cell lines U87 and U251 and for endothelial cells pEC 54A (Figure 5). Therefore, the
quantification of FAP enzymatic activity is a reliable measure of FAP gene expression level
in various cell types.
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Figure 4. Upregulation of FAP enzymatic activity by human recombinant TGFbeta-1 protein in
different cell types originating from human glioblastomas (GBMs). The cells were cultured in the
absence or presence of recombinant TGFbeta-1 for 72 h and their lysates were assayed for FAP
enzymatic activity and total protein concentration. (A) Upregulation of FAP enzymatic activity
in TGFbeta-1-treated permanent glioma cell lines. (B) Upregulation of FAP enzymatic activity
in TGFbeta-1-treated non-stem glioma cell cultures, but absence of or negligible increase in FAP
enzymatic activity in TGFbeta-1-treated glioma stem-like cell cultures. (C) Upregulation of FAP
enzymatic activity in TGFbeta-1-treated human brain vascular pericytes (HBVP) and glioblastoma-
derived FAP* mesenchymal (pFAP) cell cultures. (D) Upregulation of FAP enzymatic activity in
TGFbeta-1-treated endothelial cell (pEC) cultures isolated from human GBMs, but not in human
umbilical vein endothelial cells (HUVEC). Results are presented as mean + SD from six parallel cell
cultures measured in triplicate. In (A-D), * p < 0.05, one way ANOVA, Tukey's post hoc test.
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Figure 5. Upregulation of FAP protein concentration by human recombinant TGFbeta-1 protein in
permanent glioma cell lines and endothelial cells (pEC) isolated from human glioblastoma. The cells
were cultured without TGFbeta-1 and with several concentrations of recombinant TGFbeta-1 for
72 h and their lysates were assayed for FAP protein concentration, FAP enzymatic activity and total
protein concentration. (A,B) Upregulation of FAP protein concentration in TGFbeta-1-treated glioma
cell lines U87 (A) and U251 (B). (C) Upregulation of FAP protein concentration in TGFbeta-1-treated
pEC 54A cells. (D,E) Relationship between FAP protein concentration and FAP enzymatic activity
in U87 (D) and U251 (E) cells cultured without and with TGFbeta-1. (F) Relationship between
FAP protein concentration and FAP enzymatic activity in pEC 54A cells cultured without and with
TGFbeta-1. In A-C, results are presented as mean + SD from four parallel cell cultures measured in
triplicate. * p < 0.05, one way ANOVA, Tukey's post hoc test. In (D-F), Pearson correlation between
FAP protein concentration and FAP enzymatic activity in U87 (D), U251 (E) and pEC 54A (F) cells
is shown.

2.4. Characterization of the TGFbeta-1-Mediated Upregulation of FAP Enzymatic Activity and
FAP Protein in Human Glioma Cells

Besides being dose-dependent (Figures 4 and 5), TGFbeta-1-mediated upregulation of
FAP protein concentration and FAP enzymatic activity in human glioma cells was also time-
dependent (Figure 6B,C). Moreover, the TGFbeta-1-treated U87 glioma cells also displayed
a time-dependent upregulation of FAP mRNA (Figure 6A). The TGFbeta-1-induced increase
in FAP mRNA expression preceded that of FAP protein by at least 12 h (Figure 6A,B), which
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indicates that TGFbeta-1 regulates FAP expression on the transcriptional level. Interestingly,
we also observed an upregulation of FAP mRNA, FAP protein, and FAP enzymatic activity
over time in our control cell cultures (Figure 6A-C,F).
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Figure 6. Characterization of TGFbeta-1-mediated upregulation of FAP mRNA, FAP protein, and
FAP enzymatic activity in human glioma cells. (A) Time-dependent upregulation of FAP mRNA ex-
pression in U87 glioma cells during cultivation without and with 10 ng'-mL "' of human recombinant
TGFbeta-1. (B) Time-dependent upregulation of FAP protein in U87 glioma cells during cultivation
without and with 10 ng-mL ™" of human recombinant TGFbeta-1. A complete blocking of exogenous
and partial blocking of endogenous FAP protein upregulation by co-treatment with the TGFbeta type
I receptor inhibitor A8301 (1 uM). (C) Time-dependent upregulation of FAP enzymatic activity in
U87 and U251 glioma cells during cultivation without and with 10 ng-mL ! of human recombinant
TGFbeta-1. (D) Upregulation of both FAP protein and FAP enzymatic activity in U87 glioma cells after
cultivation with 10 ng-mL ! of human recombinant TGFbeta-1 for 72 h and its complete blocking by
co-treatment with the TGFbeta type I receptor inhibitors A7701 and A8301 (both at 1 uM), which also
reduced the baseline FAP protein and FAP enzymatic activity levels. (E) Time course of secretion of
endogenous TGFbeta-1 into serum-free media by cultured glioma cells U87 and U251 and human
brain vascular pericytes (HBVP). The mean increase in secreted TGFbeta-1 level between the 2nd
and 72nd hour of cultivation is indicated for each examined cell line. (F) Time course of increase in
the baseline level of FAP enzymatic activity in cultured U87 glioma cells and its marked decrease
by treatment with A8301 and A7701 (both at 1 uM). The results in (A) are presented as the mean
+ SD from three parallel cell cultures measured in triplicate. Results in (B-F) are presented as the
mean = SD from five or six parallel cell cultures measured in triplicate. In A, * p < 0.05, one way
repeated measures ANOVA. In (B,C,F), * p < 0.05, Friedman repeated measures ANOVA on ranks. In
(D), * p < 0,05, one way ANOVA, Tukey’s post hoc test.
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The synthetic small-molecule inhibitors of TGFbeta type I receptor (ALK-5 kinase)
A8301 and A7701 [35] not only completely blocked the exogenous recombinant TGFbeta-
1-mediated upregulation of FAP protein and FAP enzymatic activity in U87 glioma cells
(Figure 6B,D), but also led to a significant decrease in the baseline level of FAP protein
and FAP enzymatic activity in the cultured cells (Figure 6D). Since this A8301- and A7701-
sensitive fraction of baseline FAP protein and FAP enzymatic activity could be due to
upregulation via autocrine TGFbeta-1 signaling, we investigated the secretion of endoge-
nous TGFbeta-1 in U87 and U251 glioma cells and in human brain vascular pericytes
(HBVP). By means of ELISA, we demonstrated that all three studied cell lines secreted
TGFbeta-1 into serum-free media, albeit in different quantities (Figure 6E). The baseline
level of FAP enzymatic activity in cultured U87 cells significantly increased over time and
reached a plateau after several cultivation days (Figure 6F). However, it was markedly
reduced (by 32-42%) when U87 cells were cultured in the presence of A8301 and A7701
(Figure 6F). The inhibitor A7701 is a direct synthetic precursor of A8301, which exerts
about twice as much a potent inhibitory effect (in terms of IDs) against the TGFbeta type |
receptor as compared to A7701 [35]. Nevertheless, at a treatment concentration of 1 uM,
both inhibitors completely prevented the TGFbeta-1-induced upregulation of FAP protein
and FAP enzymatic activity in U87 glioma cells (Figure 6B,D).

To assess whether TGFbeta-1 signaling leads selectively to FAP upregulation, we
evaluated the effect of TGFbeta-1 on the expression of dipeptidyl peptidase-4 (DPP4). This
proline-specific protease is the closest FAP homologue [36] and is co-expressed with FAP
in some cell types including glioma cells [9,37]. Nevertheless, in U87 glioma cells cultured
with or without recombinant TGFbeta-1 for 72 h, the level of DPP4 protein and DPP4
enzymatic activity remained unchanged (Figure 7).
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Figure 7. Effect of TGFbeta-1 on the expression of dipeptidyl peptidase-4 (DPP4) in human U87
glioma cells. The levels of DPP4 protein and DPP4 enzymatic activity were determined in U8S7 cell
lysates after cultivating the cells with and without 10 ng-mL~! of human recombinant TGFbeta-1
for 72 h. The results are presented as the mean =+ SD from six parallel cell culture experiments for
each condition measured in triplicate. The levels of DPP4 protein and DPP4 enzymatic activity in the
TGFbeta-1-treated and TGFbeta-1-untreated cells did not significantly differ (p = 0.792 and p = 0.126,
respectively; Mann-Whitney rank sum test),

2.5. TGFbeta-1-Induced Phosphorylation of Smad2 in FAP-Upregulating and
FAP-Non-Upregulating Human Glioma Cells

Since the U87 glioma cells and the AZVUO0O1A glioma stem-like cells were sensitive
and fully resistant, respectively, to TGFbeta-1-mediated upregulation of FAP enzymatic
activity (Figure 4A,B), we wondered whether this difference may be due to the absence
of activation of the canonical TGFbeta receptor/Smad signaling pathway in the glioma
stem-like cells. Using Western blot analysis with specific anti-pSmad2 antibodies, we
demonstrated that both the FAP-upregulating U87 glioma cells and FAP-non-upregulating
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AZVUOO1A glioma stem-like cells were capable of rapidly phosphorylating the Smad2
protein when exposed to TGFbeta-1 (Figure SA,B). TGFbeta-1-induced phosphorylation
of Smad2 was completely inhibited when the cells were co-treated with TGFbeta-1 and
the inhibitor A7701 (Figure 8A,B; for the full length immunoblots see the Supplemental
Figure S1).
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Figure 8. Western blot analysis of TGFbeta-1-induced phosphorylation of Smad2 protein in glioma cells. (A) U87 glioma

cells and (B) AZVUODIA

glioma stem-like cells treated with recombinant TGFbeta-1 for the indicated times showed the

presence of phosphorylated Smad2 (pSmad2) protein (lanes 5, 6, and 7, upper immunoblots). pSmad2 was undetectable in
U87 glioma cells and in AZVUOOTA glioma stem-like cells cultured in the absence of TGFbeta-1 (lanes 2, 3, and 4, upper
immunoblots) or in the presence of both TGFbeta-1 and TGFbeta type I receptor inhibitor A7701 (lanes 8, 9, and 10, upper
immunoblots). The lower immunoblots show immunodetection of GAPDH which served as a protein loading control.

3. Discussion

Proteases contribute to cancer pathogenesis and represent potential diagnostic and
therapeutic targets. In glioblastoma, TGFbeta is produced by glioma cells, microglia, and
astrocytes [38—40]. TGFbeta signaling through phosphorylated Smad2 regulates expression
of various TGFbeta-response genes [27,41-43] and leads—in addition to various other
effects—to dysregulation of proteolytic networks [3]. Our previous work suggested in-
creased expression of FAP, a potential TGFbeta target gene, in glioblastomas [4]. It this
work we investigated the effect of TGFbeta signaling on FAP expression in multiple cell
types present in glioblastoma microenvironment.

We show that all three TGFbeta protein isoforms (-1, -2, and -3) are expressed in
glioblastomas, with the TGFbeta-1 isoform being the most abundantly produced. This is in
line with recent findings in glioblastomas obtained by methods other than ELISA [34,41].
We used biochemical and immunohistochemical methods to show that the expression of
both FAP and TGFbeta-1 was upregulated in glioblastomas as compared to non-tumorous
brain tissues. Interestingly, the FAP-immunopositive cells within the glioblastoma mi-
croenvironment were localized in the immediate vicinity of the TGFbeta-1 immunopositive
stromal and cancer cells. These observations in conjunction with the positive correlation
between FAP and TGFbeta-1 protein levels in glioblastomas suggested that TGFbeta-1
signaling may be involved in the regulation of FAP expression by targeting multiple cell
types within the glioblastoma microenvironment. To test this hypothesis, we carried out
in vitro experiments, in which, several cell types representing the cellular components of
the glioblastoma microenvironment were exposed to human recombinant TGFbeta-1. These
experiments revealed that TGFbeta-1 upregulates the expression of FAP in human perma-
nent and non-stem glioma cell cultures, brain vascular pericytes, and glioblastoma-derived
endothelial cells and FAP* mesenchymal cells.

It was previously reported that human glioma cell lines secrete both TGFbeta-1 and
TGFbeta-2 proteins [40]. Both secreted TGFbeta isoforms occur as a mixture of a latent
precursor and a biologically active form, and the proteolytic conversion of the former to
the latter is catalyzed by a furin-like protease [40]. In cultured U87 and U251 glioma cell
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lines, we observed an accumulation of the secreted endogenous TGFbeta-1 in the culture
medium and a parallel increase in the baseline FAP protein and FAP activity levels in the
cells. These observations together with the ability of recombinant TGFbeta-1 to upregulate
FAP in the cells pointed to the possible regulation of FAP level through the endogenous
TGFbeta-1/TGFbeta receptor signaling axis. To test this, we exposed the cultured glioma
cells to specific TGFbeta type I receptor inhibitors A8301 and A7701 [35]. This resulted in a
significant decrease in FAP protein and FAP activity levels in the inhibitor-treated glioma
cells providing evidence that autocrine/paracrine TGFbeta-1 signaling can contribute to
the regulation of baseline FAP levels. These results, together with the ability of human
brain vascular pericytes to secrete TGFbeta-1, further indicate that the autocrine/paracrine
TGFbeta-1 signaling can contribute to the regulation of FAP level in multiple cell types
within the glioblastoma microenvironment.

Several recent studies demonstrated that the specific chemical inhibitors of the TGF-
beta type I receptor, including A8301 and A7701 used in our experiments, effectively
suppress the canonical Smad-dependent TGFbeta signaling pathway, but they do not
interfere with the TGFbeta-triggered non-Smad signaling pathways including those involv-
ing MAP kinases [35,44-47]. Thus, the complete suppression of the TGFbeta-1-induced
upregulation of FAP and the partial suppression of the baseline level of FAP we observed
after treatment with A8301 and A7701, are caused by the specific blocking of the canonical
Smad-dependent TGFbeta signaling pathway. This is further supported by the concurrent
lack of Smad2 phosphorylation in U87 cells which were co-treated with TGFbeta-1 and
A7701. These data together provide evidence that the canonical Smad-dependent TGF-
beta signaling axis accounts for the TGFbeta-1-mediated regulation of FAP expression in
glioblastoma cells.

It has previously been demonstrated that TGFbeta-1 can trigger the upregulation
of FAP gene expression in certain human melanoma cell lines via a signaling pathway
that involves the activation of TGFbeta receptors and formation of phosphorylated Smad
(pSmad) complexes which directly bind to the FAP promoter and activate FAP gene tran-
scription [23]. Besides this mechanism, other transcription factors, including EGR-1 [48],
Twist [49] and Snail [50], can likewise directly bind to the FAP promoter and trigger the
transcription of the FAP gene. Interestingly, in some cell types, the genes that encode
EGR-1, Twist, and Snail can be transcriptionally activated by the TGFbeta-induced pSmad
complexes [51-53]. Nevertheless, there is evidence that pSmad-mediated TGFbeta-1 signal-
ing does not upregulate the levels of Snail and Twist proteins in human glioma cells [54].
This supports the conclusion that TGFbeta signaling induces direct activation of FAP gene
expression by pSmad complexes in glioma cells. Thus, mesenchymal transcription factors
such as Twist [49] and the autocrine and paracrine TGFbeta-1 signaling described in the
current work contribute to the regulation of FAP expression in glioma cells.

The biochemical basis of the very low baseline FAP levels and absent or negligible
upregulation of FAP after treatment with recombinant TGFbeta-1 in glioma stem-like
cells and human umbilical vein endothelial cells (HUVEC) is, at present, unknown. We
assume that the protein-binding partners of pSmad complexes, which can function as
switching contextual determinants [32,55], modify the functionality of the TGFbeta-1
signaling pathway controlling FAP gene expression in these cells. Further studies are
warranted to identify the molecular mechanism by which cells avoid the TGFbeta-1-
mediated upregulation of FAP expression, as they could contribute to the identification of
factors maintaining the extremely low FAP expression in the majority of healthy tissues.

The functions of FAP in cancer are incompletely understood and seem very probably
different in different cell types. Its role in individual cell subpopulations in the glioblastoma
microenvironment remains to be established. Nevertheless, approaches utilizing FAP
expression for tumor imaging, including imaging of glioblastomas, and targeted delivery
of anticancer therapeutics have been recently described [19-21]. Considering the important
role of TGFbeta-1 signaling in glioblastoma progression, the TGFbeta-induced expression of
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FAP opens an interesting possibility of evaluating these approaches for parallel therapeutic
targeting of several cell subpopulations in glioblastoma.

4. Materials and Methods
4.1. Patients and Tissue Samples

Tissue samples were obtained from surgically treated patients (Table 1) with glioblas-
toma multiforme (GBM, WHO grade IV glioma, n = 76) and pharmacoresistant epilepsy
(PRE; n = 10; controls) and were stored at —78 °C until preparation of lysates. The tumors
were graded according to the current WHO classification [56]. The study was conducted in
accordance with the Helsinki Declaration and was approved by the Ethics Committees of
the Na Homolce Hospital, the Military University Hospital, both Prague, Czech Republic,
and the Masaryk Hospital, Usti nad Labem, Czech Republic (study approval numbers 108-
39/4-2014-UVN and 7/8/2014-25, approved on 28 July 2014 and 21 July 2014, respectively).
Signed informed consent was obtained from all patients entering the study.

Table 1. Characteristics of patient cohorts.

Diagnosis n Age at Surgery * Sex IDH " Status
agn (Years) (Male/Female) (Wild/Mutated)
Glioblastoma multiforme 76 62 (41-80) 49/27 76/0
Pharmacoresistant epilepsy 10 32 (22-62) 3/7 N.D. €

* Data are presented as the median with the range in parentheses; " IDH = isocitrate dehydrogenase; € N.D. =
not determined.

4.2. The Cancer Genome Atlas (TCGA) Database Data

Expression data and information on the molecular subtype of primary glioblastomas
(n = 505) and non-tumorous brain tissues (n = 10) from the TCGA GBM (HG-UGI133A
platform) were downloaded from GlioVis data portal [57] on 29 February 2020.

4.3. Immunohistochemistry and Confocal Microscopy

For FAP immunostaining in 4 um paraffin sections, we used a primary rabbit mon-
oclonal antibody (Ab207178 (clone EPR20021), Abcam, Cambridge, UK; 1:250, at room
temperature for 20 min) and an automated Bond Stainer (Leica, Buffalo Grove, IL,USA).
Antigen retrieval was performed with an EDTA-based pH 9.0 epitope retrieval solution
(BOND Epitope Retrieval Solution 2) for 20 min and Bond Polymer Refine Detection
(Leica) was used to visualize the primary antibody and haematoxylin counterstaining,.
Images were captured by an experienced pathologist (P.H.) on an Axioskop 2 mot plus
microscope using the Axiocam ICcl camera (Zeiss, Oberkochen, Germany). Sequential
double immunofluorescence labelling of TGFbeta-1 and FAP was performed in 10 um
frozen sections with minor modifications of a previously described protocol [4,9]. The
sections were fixed with chilled aceton:methanol 1:1 at —20 °C for 5 min, blocked with
10% fetal calf serum plus 1% bovine serum albumin in TBS, and incubated with primary
anti-TGFbeta-1 antibody (ab92486, Abcam; 1:400, overnight at 4 °C). After washing away
non-bound antibodies, the slides were incubated with the primary anti-FAP antibody (D8;
Vitatex, Stony Brook, NY, USA; 1:200, 1 h at room temperature). After washing, slides
were incubated with the corresponding Alexa Fluor 488- and 546-conjugated secondary
antibodies (Thermo Fisher Scientific, Waltham, MA, USA; 1:500, 1 h at room temperature).
400 uM ToPro (Thermo Fisher Scientific) or 50 ng-mL ! Hoechst 33,258 (Sigma-Aldrich,
St. Louis, MO, USA) were used for counterstaining of cell nuclei. Immunostained sections
were viewed and photographed using Olympus IX 81 confocal microscope (FluoView 300,
Olympus, Shinjuku, Japan).
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4.4. Cell Culture and Experimental Treatment of Cells

Permanent human glioma cell lines U87, U251 and U118 were purchased from CLS
Cell Lines Service GmbH, Eppelheim, Germany. The cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM; Sigma-Aldrich, Cat. No. D5796), supplemented with
10% of fetal calf serum (FCS), at 37 °C in a humidified atmosphere of 5% CO; in air.

Cultures of non-stem and stem-like cells from glioblastomas were derived, cultured
and characterized as we described previously [58]. Briefly, after mechanical and enzymatic
(Papain Dissociation System, Worthington, Lakewood, NJ, USA) dissociation according
to manufacturer’s recommendations, cells were grown in 10% FCS-containing media
(non-stem cell cultures), or after forming gliomaspheres in serum-free media (stem-like
cell cultures, DMEM /F12 with bFGF 20 ng-mL~! and EGF 20 ng-mL "', both PeproTech,
London, UK), B27-supplement 1:50 (Thermo Fisher Scientific), 1% Glutamax (Thermo
Fisher Scientific), 100 U-mL ! penicillin and 100 ug-mL ! streptomycin) propagated on
Geltrex-coated (Thermo Fisher Scientific) plastic. The cells were grown at 37 °C in a
humidified atmosphere of 5% of CO; in air. The three studied glioma stem-like cell cultures
were all tumorigenic in immunodeficient mice forming highly infiltrative tumors. These
cells cultures expressed in variable extent the stem cell markers CD133 (anti-AC133-APC,
Miltenyi Biotec, Bergisch Gladbach, Germany) and Sox2 (anti-Sox2-PerCP, IC2018C, R&D
Systems, Abingdon, UK) as determined by flow cytometry [58]. They also differentiated to
glial fibrillary acidic protein (GFAP) and beta-III tubulin positive cells when exposed to
10% FCS containing medium [58], except for GSC247 cells. Of the five studied non-stem
glioma cell cultures, four were tumorigenic in immunodeficient mice.

Human brain vascular pericytes (HBVP, ScienCell Research Laboratories Carlsbad,
CA, USA) were cultured according to the manufacturer’s recommendations on polylysine-
coated (0.01%, Sigma-Aldrich) plastic in the recommended Pericyte Medium (ScienCell, Cat.
No 1201) supplemented with pericyte growth supplement (PGS), 2% FCS and 100 U-mL !
penicillin and 100 pg-mL~! streptomycin. Human umbilical vein endothelial cells (HUVEC)
were obtained from Thermo Fisher Scientific and cultured according to the manufacturer’s
recommendations in M200 (Cascade Biologics Thermo Fisher Scientific) supplemented
with 2% Large Vessel Endothelial Supplement (LVES, Thermo Fisher Scientific).

Endothelial cell cultures (pEC) were derived from fresh glioblastoma tissue. Tumor
tissue was cut in small pieces and digested with TrypLE Select (Thermo Fisher Scientific)
at 37 °C for 20 min. The resulting cell suspension was used for direct magnetic-activated
cell sorting (MACS) using a CD105 antibody (M3527, Agilent Dako, Santa Clara, CA, USA
0.15 pg of the antibody per 100 pL of 107 cells per mL at 4 °C for 8 min) and Sheep-Anti
Mouse IgG Dynabeads (Cat. No. 11031, Thermo Fisher Scientific, 0.15 uL per 100 uL of 107
cells per mL) according to the manufacturer’s recommendations. The positive fraction was
cultured as described by Miebach et al. [59] and Charalambous et al. [60] on fibronectin-
coated (3 pg~cm'2, Sigma-Aldrich) plastic in an initiation medium containing RPMI, 10%
FCS, 10% Nu serum (BD Bioscience, San Jose, CA, USA), 1 mM HEPES (Sigma-Aldrich),
300 UI Heparin (Zentiva), 1% penicillin/streptomycin (Sigma-Aldrich), and 3 ug-mL~! en-
dothelial cell growth supplement (ECGS, BD Bioscience). After two weeks, 10% Nu Serum
was omitted from culture media and the ECGS concentration was increased to 30 pg-mL .
Alternatively, the mechanically and enzymatically dissociated tissue fragments were placed
on fibronectin-coated plastic in the initiation medium and MACS was performed after
harvesting the emigrated cells, usually after 7 days. Thereafter, the cells were cultured as
described above. A similar procedure was used to isolate FAP* mesenchymal cells (pFAP),
except that an anti-FAP F11-24 antibody (Santa Cruz Biotechnology, Dallas, Texas, USA;
0.1 pg of the antibody per 100 uL of 107 cells per mL at 4 “C for 8 min) was used for MACS
and cells were grown in pericyte growth medium (Pericyte medium, ScienCell, Cat. No.
1201, supplemented with 2% FCS, PGS, 100 U-mL~! penicillin and 100 ug-mL~! strepto-
mycin). The isolated endothelial cells expressed the endothelial cell marker von Willebrand
factor (vWE, in 100% of cells) and did not express astrocytic (GFAP) or mesenchymal (clone
TE7, platelet derived growth factor receptor—PDGFR) markers. The pFAP cell cultures
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expressed mesenchymal markers (FAP in approximately 70% of cells, TE7 in approximately
90% of cells, PDGFRbeta in approximately 90% of cells) and were GFAP and vWF negative
as determined by immunocytochemistry using specific primary antibodies (Table 2)

Table 2. Antibodies used for the characterization of cell cultures derived from human glioblastomas.

Secondary Antibody (1:500,

Antibody, Source Dilution Temperature, Incubation Time Room Temperature, 1 h)

A EAD e BCL P SOl om PS5t 4 ovemigh -
Anti-TE-7 (CBL271, Millipore) 1100 room temperature, 1 h (’l‘:"‘"’r'(‘,‘;:f 2’2“]"2‘:);:)'“"’ i
Anti-PDGFRbeta (LS-C11443, LSBio) 1:50 4°C, ovemight 3:“‘.:("‘;‘;? :';]"Z‘b;'“‘“ et
Anti-vWF (A0083, Dako) 1:200 room temperature, 1 h 3:&:22::’-:17’{33;101- 488
Anti-GFAP (11-255-M001, Exbio) 1:200 4°C, overnight 3::;';‘;‘2‘““ 212“1"2‘;];'“‘“ 488
Anti-beta Il Tubulin (TU-20, ab7751, Abcam) ~ 1:250 4°C, ovemight ARSI Slon o 109

(Invitrogen, A21202)

During experiments, permanent glioblastoma cell lines, glioma non-stem and stem-
like cell cultures, human brain vascular pericytes (HBVP), glioblastoma-derived FAP*
mesenchymal cells (pFAP), glioblastoma-derived endothelial cells (pEC), and human um-
bilical vein endothelial cells (HUVEC) were cultured in the appropriate media (see above)
in 6-well culture plates (Nunc, Roskilde, Denmark) at 37 °C in a humidified atmosphere
of 5% of CO; in air. After 72 h, the culture media were exchanged for fresh media with
or without the tested substances. Human recombinant transforming growth factor beta-1
(TGFbeta-1; Cat. No. 100-21C, PeproTech, Cranbury, NJ, USA), 10 |,1g~mL‘l in PBS, pH
7.2, containing 0.1% of bovine serum albumin (BSA), was added to the culture medium to
achieve the treatment concentration of 0.2, 2 and 10 ng-mL . In some experiments, potent
inhibitors of the TGFbeta type I receptor (activin-like kinase 5/ ALK-5 kinase) A8301 [35]
and A7701 [35] (both from Axon Medchem, Groningen, The Netherlands) were used. The
inhibitors were dissolved at a concentration of 10 mM in dimethyl sulfoxide and were
further diluted to a treatment concentration of 1 uM in the culture medium either alone or
with recombinant TGFbeta-1. Cells were then grown under the described conditions for
the required period of time and were harvested and processed as described below.

4.5. Preparation of Tissue and Cell Lysates and Cell Conditioned Media

Tissue samples were homogenized with Ultra-Turrax homogenizer (T10; IKA, Kénigswin-
ter, Germany) on ice in a homogenization buffer containing 2 mM Na;HPOy, 0.6 mM
KH,POy and 22.4 mM NaCl, pH 6.0. The 15% homogenates were mixed in 1:1 volume
parts with a lysis buffer (10 mM Tris-HCl, pH 7.5, containing 1% Triton X-100, 0.1% SDS,
10 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol) and a mix of protease and phos-
phatase inhibitors including 25 uM pepstatin A, 200 uM AEBSF, 50 uM E-64, 5 mM NaF,
and 1 mM Na3VOy. The suspensions were rotation-mixed at 4 °C for 30 min and then
cleared by centrifugation at 22,000x ¢ and 4 “C for 30 min. The cleared supernatants, i.e.,
the tissue lysates, were collected and stored in aliquots at —75 “C until analysis. Cell lysates
were prepared as follows: cells adherently growing in 6-well culture plates (Nunc) were
washed twice with ice-cold PBS buffer pH 7.4 and scraped off in 200 uL of the lysis buffer
on ice. Cell lysates were cleared by centrifugation at 22,000 x ¢ and 4 °C for 30 min and the
supernatants were stored in aliquots as described above.

To obtain serum-free conditioned media from U87 and U251 cells, the cells were
seeded in 6-well Nunc culture plates and grown in DMEM supplemented with 10% FCS,
at 37 °C in a humidified atmosphere of 5% CO; in air to reach confluence. The medium
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was then removed, cells were washed twice with PBS buffer pH 7.4, and cultivated in
2 mL of fresh serum-free DMEM per well for additional 72 h. The sampling was done
at 2,4, 6,12, 24, 48, and 72 h of cultivation and involved the withdrawal of 200 pL of
the conditioned culture medium and immediate volume replenishment with 200 uL of
fresh, serum-free DMEM. To obtain the conditioned medium from HBVP cells, the cells
were seeded in 6-well Nunc culture plates and grown in a complete Pericyte Medium (see
above) to reach confluence. The medium was then removed, the cells washed with PBS
buffer pH 7.4, and cultivated in 2 mL of fresh, serum-free Pericyte Medium. Sampling
of the conditioned medium was done as described above except that fresh serum-free
Pericyte Medium was used for volume replenishment. The collected conditioned media
were centrifuged at 22,000 x g and 4 °C for 30 min to remove detached cells and cell debris,
and the supernatants were stored in aliquots at —75 “C until analysis.

4.6. Determination of Total Protein

Total protein concentration in tissue and cell lysates was determined by the Lowry
method [61] using BSA as a standard.

4.7. Determination of Enzynie Activity

Enzymatic activity of FAP was measured in black, flat bottom 96-well plates (Corn-
ing Costar, Tewksbury, MA, USA) using a kinetic assay with 150 uM of N-(quinoline-
4-carbonyl)-D-Ala-L-Pro-7-amido-4-methyl-coumarin as a fluorogenic FAP-specific sub-
strate [62] prepared by standard Boc peptide chemistry [63]. FAP assays were carried out
at 37 °C in a total reaction volume of 100 uL in a PBS buffer containing 8 mM NaH; POy,
42 mM Na;HPOj4 and 150 mM NaCl, pH 7.4. Fluorescence of the enzymatically released 7-
amino-4-methylcoumarin (AMC) was measured on a microplate fluorimeter Infinite M1000
(Tecan, Grodig, Austria) using excitation and emission wavelengths/slits of 380/5 nm
and 460/5 nm, respectively. During the assays, less than 3% of the initial FAP substrate
concentration was cleaved. The FAP substrate on its own was stable in the PBS buffer pH
7.4. Measurements were done in triplicate and were calibrated with several concentrations
of AMC in the assay buffer.

The enzymatic activity of DPP4 was measured in white, flat bottom 96-well plates
(Nunc) at 37 °C using a kinetic assay with 50 uM of Gly-L-Pro-AMC (Bachem, Bubendorf,
Switzerland) as a fluorogenic substrate in PBS buffer pH 7.4. In parallel assays, a highly
selective DPP4 inhibitor sitagliptin (Biovision, Milpitas, CA, USA) was used at 300 nM to
exclude the activity of other DPP4-related proteases cleaving the substrate, as described
previously [64].

4.8. ELISA Assays

TGFbeta protein isoforms TGFbeta-1, TGFbeta-2 and TGFbeta-3, and proline-specific
protease proteins FAP and DPP4 were assayed in tissue and cell lysates and serum-free
conditioned media by DuoSet ELISA kits (R&D Systems) including DuoSet TGF beta-1 (Cat.
No. DY240), DuoSet TGF beta-2 (Cat. No. DY302), DuoSet TGF beta-3 (Cat. No. DY243),
DuoSet FAP (Cat. No. DY3715) and DuoSet DPP-IV (Cat. No. DY1180), respectively, in
accordance with the manufacturer’s recommendations.

4.9. Western Blot Analysis

The Western blot procedure was performed in a similar way to that described pre-
viously [65] with some modifications specified below. The lysate samples, 35 pg of total
protein per one gel lane, were electrophoresed under denaturing and reducing conditions
in discontinuous (5% stacking, 10% resolving) 1.5 mm polyacrylamide gels. The samples
were mixed with a 5x sample buffer containing 10 w /2% SDS, 50 w/v% glycerol, 250 mM
Tris/HCI, 0.05% Serva Blue G and 500 mM dithiothreitol, pH 7.40. Electrophoretic sepa-
ration was carried out in an electrode buffer containing 25 mM Tris, 192 mM glycine and
0.1% SDS, pH 8.3, at constant voltage (60 V for 30 min followed by 140 V for 90 min). After
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separation, the gels were equilibrated in a transfer buffer containing 48 mM Tris, 39 mM
glycine, pH 9.2, and 20% methanol. Proteins were transferred onto a polyvinylidene diflu-
oride (PVDF) membrane using a semidry blotting system (Bio-Rad, Hercules, CA, USA).
PVDF membranes with the transferred proteins were thoroughly rinsed in a buffer (TTSB)
containing 0.05% Tween 20, 100 mM Tris/HCI and 154 mM NaCl, pH 7.5, and blocked
in a 5% BSA in TTSB prior to incubation with a 1000 x diluted primary antibody Rabbit
Anti-Phospho Smad2 (Serd65/467) (Sigma-Aldrich; Cat. No. AB3849-1) at 4 °C overnight.
After extensive washing in TTSB, the membranes were incubated with a 25,000 x diluted
Donkey Anti-Rabbit IgG-Horseradish Peroxidase-Conjugated secondary antibody (GE
Healthcare, Little Chalfont, UK; Cat. No. NA934) at room temperature for 60 min. Im-
munoblots were washed with TTSB and developed using Luminata Forte (Sigma-Aldrich).
Chemiluminiscence signal was detected and captured on an imaging ChemiDoc System
(BioRad). Subsequently, the membranes were washed with TTSB and probed overnight
at 4 °C for glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which served as a
protein-loading control, using a 1000 x diluted Rabbit Anti-GAPDH (Sigma-Aldrich; Cat.
No. 2459656). After extensive washing with TTSB, the membranes were incubated with
20,000 x diluted secondary Donkey Anti-rabbit IgG-horseradish peroxidase-conjugated
antibody. The immunoblots were washed and developed with Luminata Forte. The signal
was detected and captured on the ChemiDoc System.

4.10. Isolation of Total RNA and Real Time RT-PCR

The isolation and fluorometric quantification of total RNA from cultured human
glioma cells and real time RT-PCR were carried out according to the previously reported
procedures [66] using several important modifications in the real time RT-PCR method as
described below. The forward and reverse primers and TagMan probes for the quantifi-
cation of expression of human FAP and p-actin (ACTB) mRNAs (Table 3) were designed
using the Primer Express software (Thermo Fisher Scientific) and custom-synthesized at
Thermo Fisher Scientific.

Table 3. Primers and TagMan probes for real-time RT-PCR quantification of expression of human FAP and ACTB mRNAs.

Human Transcript GenBank Accession No. Primer Names Sequences of Primers and TagMan Probes
Forward primer. 5-TCTGCTGTGCTTGCCTTATTG-3'
Fib';:,lf:.:. ‘(‘:}:g;’m NM_004460.4 Reverse primer. 5'-ATGAAGATATTCTTGTCCTGAAATCC-3
TagMan probe: 5'-(6-FAM)TGCATTGTCTTACGCCCTTCAAGAGTTCA(TAMRA)-3
Forward primer: 5-ATGGCCACGGCTGCTT-3'
f3-actin (ACTB) NM 001101.2 Reverse primer. §-CCATGCCCAGGAAGGAA-Y
TagMan probe: 5'4(6-FAM)CCCTGGAGAAGAGCTACGAGCTGCCT(TAMRA)-3

The expression of human FAP and ACTB mRNAs was quantitated by a two-step,
real-time RT-PCR assay as follows. In the first reverse transcription (RT) step, 3 ug of total
RNA was reverse-transcribed in a total volume of 30 pL of 50 mM Tris/acetate buffer,
pH 8.3, containing 75 mM of potassium acetate, 3 mM of MgCl,, 2.5 uM of Oligo (dT)zp
Primer (Thermo Fisher Scientific), 500 uM of each dGTP, dCTP, dATP, and dTTP, 5 mM
dithiothreitol, 60 units of RNase inhibitor RNAseOUT (Thermo Fisher Scientific) and
300 units of SuperScript Ill Reverse Transcriptase (Thermo Fisher Scientific). RT reactions
were carried out at 55 °C for 30 min and were terminated by heating at 70 “C for 15 min. The
resulting RT mixes were stored at —25 “C until PCR analysis. The subsequent PCR step was
carried out in a total volume of 25 uL of 20 mM Tris/HCI buffer, pH 8.4, containing 50 mM
of KCI, 4 mM of MgCl,, 0.43 mM of each dGTP, dCTP, dATP, and dTTP, 200 nM of each
forward and reverse gene-specific primer and TagMan probe (Table 3), 2.5 unit of Platinum
Taq DNA polymerase (Thermo Fisher Scientific), and an aliquot of the RT mix, representing
a PCR input equivalent of 200 ng of total RNA. PCR amplification included a hot start at
95 °C for 3 min and 40 cycles of denaturation at 95 “C for 15 sec and annealing/extension
at 58 °C for 1 min. The real-time PCR assays were run in triplicate on the QuantStudio
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12K Flex instrument (Thermo Fisher Scientific) operated from within the QuantStudio
12K Flex Software (Thermo Fisher Scientific). Threshold cycle (Cy) values of amplification
reactions, represented by the plots of the background subtracted fluorescence intensity
(AFT) of the reporter dye (6-FAM) against the PCR cycle number, were determined using
the QuantStudio 12K Flex Software.

4.11. Statistical Analysis

Statistical calculations were performed with SigmaStat (Systat Software, San Jose,
CA, USA) and Stat200 (Biosoft, Cambridge, UK). A two-sided p < 0.05 was considered
statistically significant. Statistical difference of PCR results was calculated from linearized
ACrt data (i.e., 2-C) after normalizing the expression of FAP mRNA (target transcript)
on the expression of ACTB mRNA (reference transcript) [66].

5. Conclusions

Our present work demonstrates for the first time that FAP expression positively corre-
lates with TGFbeta expression in glioblastomas and can be differentially regulated via au-
tocrine and paracrine TGFbeta-1 signaling in non-stem glioma cells, pericytes, glioblastoma-
derived endothelial and FAP* mesenchymal cells, but not in glioma stem-like cells. In
glioma cells, this regulation is mediated by TGFbeta type I receptor and canonical SMAD
and involves the activation of FAP gene transcription.

Supplementary Materials: Supplementary materials can be found at https:/ /www.mdpi.com/14
22-0067/22/3/1046/51. Figure S1: Western blot analysis of TGFbeta-1-induced phosphorylation of
Smad2 protein in glioma cells.
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Abbreviations

GBM Glioblastoma

PRE Pharmacoresistant epilepsy
TGFbeta Transforming growth factor beta
FAP Fibroblast activation protein

DPP4 Dipeptidyl peptidase-4

Smad Small mothers against decapentaplegic
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
ACTB p-Actin
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Introduction:

Dipeptidyl peptidase-IV (DPP-1V) and fibroblast activation protein (FAP) are transmembrane proteases possessing a DPP-IV-like exopeptidase activity. In addition, FAP is an endopeptidase and
cleaves denatured collagen. Both enzymes are involved in the processes of cell differentiation, adhesion and migration by hydrolytic as well as non-hydrolytic mechanisms. The effect of DPP-
IV and FAP can be either tumor promoting, or tumor suppressing, depending on the tumor type. Differing expression within the particular cell population (stromal, transformed) as well as
the molecular heterogeneity of DPP-IV and FAP can be the cause of the conflicting effects of both molecules in different tumors. Molecular heterogeneity of both molecules may affect their
biological function(s) due to the shift of the proteolytic processing of their biologically active substrates present in the tumor microenvironment. Our previous data showed the presence of
DPP-IV-like enzymatic activity and the expression of DPP-IV and FAP in various glioma primary cell cultures and cell lines. Thus, here we analyze patterns of multiple molecular forms of DPP-
IV and FAP in cultured human glioma cells.

Results:
1. DPP-IV (A) and FAP (B) are variably expressed in glioma primary cell cultures and 2., The majority of DPP-IV-and FAP is present in the membrane fraction of glioma cell
cell lines line U118 and elute as a high oligomeric complexes
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3. DPP-IV-like enzymatic activity in the primary cell cultures and glioma cell lines is

4. Presence of multiple molecular forms of DPP-IV (A) and FAP (B) in primary cell
represented by multiple molecular forms of DPP-IV and/or FAP with differing MW (A)

cultures and glioma cell lines was confirmed by immunodetection.
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5. Gelatinolytic activity of FAP detected by gelatin zymography in the presence
(EDTA) or absence (EDTA-) of the metalloproteinase inhibitor

Conclusions: our results demonstrate the presence of multiple molecular forms
(EDTA-)

(EDTA+) 3 = of DPP-1V and FAP in glioma primary cell cultures and cell lines.
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o  The majority of DPP-IV and FAP was present in the membrane fraction and
eluted in the form of oligomeric complexes using gel chromatography

o 1-4 molecular species posessing DPP-IV enzymatic activity were identified
50 kDa using gel chtomatography, isoelectric focussing and immunodetection in
glioma cell cultures and lines

o Immunoanalysis demonstrated 1-3 molecular forms associated with the

endopeptidase activity characteristic for FAP
Materials and methods:

Glioma cell lines U138, U118 and U87 were acquired from CLS. Glioma primary cell cultures (P 33, 35, 36, 38, 44, 55, 57, 59 and 11) were derived from high grade gliomas (Budek et al., 2012) and cultured in 10% FCS. Gel chromatography was
carried on Sephadex column S 300. Elution profiles were determined using specific substrates H-GlyPro AMC for DPP-1V-like exopeptidase activity (Bachem) and Z-GlyPro for FAP endopeptidase activity (Bachem). Presence of FAP was differentiated
using Sitagliptin, specific inibitor of DPP-IV {Biovision research products). DuoSet ELISA (RnD Systems) was used to quantify DPP-IV and FAP in cell lysates, real-time RT-PCR data were normalized to the beta actin. DPP-IV and FAP were separated
according to their MW (SDS PAGE; non reducing, non denaturating conditions) and pl (IPG strips pH 4-7, 7em, BioRad). The exopeptidase activity was detected using overlay assay with H-GlyProAMC (f.c. 100uM). The endopeptidase (gelatinolytic)
activity was assayed using 0.1% gelatin in 7% polyacrylamide gels. Gels were incubated in the presence or absence of EDTA at 37°C and stained with Coomasie blue. Immunodetection of DPP-IV and FAP was performed using the
rat monoclonal antiDPP-1V (E19) and antiFAP (D8) antibody (Vitatex) and a HRP conjugated secondary antibody (Abcam 6257)
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