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1. Uvod

V soucasné dobé jsou obvykle terapeuticka rozhodnu-
ti pii onkologické 1é¢bé zaloZzena na analyze bioptickych
vzorkd primarniho nadoru ¢i metastaz. Nicmén¢ vzhledem
k velké ¢asové i prostorové intraindividualni heterogenité
nadorovych bunék, obzvlast’ pokud jsou vystaveny seleké-
nimu tlaku jako napf. pifi systémové 1écbe, mlze byt tento
pristup nedostacujici. Alternativu predstavuji cirkulujici
nadorové buiky (CTC, z angl. Circulating Tumor Cells).
Zatimco klasicka biopsie je invazivni a v n¢kterych ptipa-
dech i technicky naro¢na, k vysetteni CTC postacuje odbér
8 ml periferni krve, coz pacienta zatizi vyrazné méné.
Vzhledem k podobnosti s histologickou analyzou je nékdy
vydetieni CTC oznalovano jako tekutd biopsie'. Nejvétsi
vyhodou tekuté biopsie oproti klasické je vSak moznost
sériovych odbérd, které umoziuji kontinudlni sledovéni
lécby a v pripadé zmén v molekularnim profilu nadoro-
vych bungk i rychlou reakei’.

Vyuziti CTC v diagnostice podporuje i teorie tzv.
Casné diseminace. Drive byla diseminace povazovana za
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termindlni stddium vyvoje maligniho nadoru. V poslednich
letech se vSak ukazuje, Ze diseminace neni doménou pouze
vysoce diferenciovanych nadorii, ale mize k ni dochazet
jiz ve stadiu premaligni buiiky. Dusledkem je paralelni
vyvoj primarniho loziska a jeho metastaz, takze u nich
dochézi ke kumulaci rozdilnych genetickych, epigenetic-
kych i daldich zmén a nariistu heterogenity’. CTC tak mo-
hou byt v krvi detekovany jesté pred nalezenim primarniho
nadorového loziska. V S§irSim kontextu vsak tento objev
neni piekvapivy, protoze u 5-10 % vSech piipadl metasta-
tickych nadorovych onemocnéni neni zndmo primarni
misto pavodu®.

V soucasné dobé se vyzkum v oblasti CTC soustied’u-
je do ctyt hlavnich oblasti, kterymi jsou: hlubsi porozume-
ni procesu metastazovani, odhadnuti nebezpeci metastatic-
kého relapsu ¢i progrese onemocnéni, identifikace terapeu-
tickych cilit a pochopeni mechanismu vzniku chemorezis-
tence’.

V klinické praxi maji CTC vysoky potencial, protoze
jejich véasna detekce a molekularni charakterizace umoz-
nuji zlvoleni vhodné terapie a prubézné sledovani Gcinnosti
1écby".

2. Cirkulujici nadorové buiky

CTC byly poprvé popsany australskym 1ékafem Tho-
masem Ramsdenem Ashworthem, ktery si pfi pitvé paci-
enta s Cetnymi tumory povSiml zvlastniho typu bunéck
v jeho krvi, jez svou morfologii odpovidaly buiikam izolo-
vanym z nadoru’. B&hem nasledujicich let byla postupné
potvrzena jeho domnénka, Ze by piitomnost téchto bunek
v krvi pacienta mohla vysvétlit nadorovy rozsev po celém
téle. Jde vétsinou o bunky uvoliiované z primarniho tumo-
ru, které se krevnim feCistém dostavaji do dalSich tkani,
kde z nich mohou vzniknout sekundarni nadorova loziska
neboli metastazy. Jsou tedy piimym ucastnikem procesu
metastazovani, ktery je hlavni pfi¢inou umrti v souvislosti
s nadorovym onemocnénim. Umrtnost v téchto ptipadech
dosahuje az 90 % (cit.”).

2.1. Metastaticka kaskada

Proces metastazovani se poprvé pokusil vysvétlit
Stephen Paget v roce 1889 svou teorii seminka a Zivné
pudy (z angl. seed and soil). V této hypotéze seminka
predstavuji CTC, které se mohou uchytit pouze
v kompatibilnim organovém prostiedi neboli Zivné pudé®.
Nejenze tato teorie odolala v konkurenénim prostfedi celé
fady dalSich teorii, ale byla i dale rozvinuta. V soucasné
dobé¢ vychazi ze tfi hlavnich faktort, které ovliviiuji uspés-
nost celého procesu’.
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Za prvé, primarni tumor byva casto tvofen mnoha
subpopulacemi buné€k s odlisnou biologickou charakteristi-
kou vcetn¢ metastatického potencidlu. Tato biologicka
heterogenita mtize byt zplisobena mnohobunécnym ptivo-
dem tumoru, nicméné byla potvrzena i v pfipadech tumor
vychazejicich zjednoho bunééného typu’. Vyznamny
zdroj intratumoralni heterogenity byl objasnén s objevem
nadorovych kmenovych bunék (CSC, z angl. Cancer Stem
Cells), coz jsou nadorové buriky s vlastnostmi kmenovych
bun€k, predev§im schopnosti sebeobnovy, proliferace
a diferenciace. CSC mohou vzniknout mutaci kmenové
butiky konkrétni tkdné€, nebo z progenitorové builky, ktera
schopnost sebeobnovy ziska mutaci'®. Tyto buiiky stojici
na vrcholu hierarchického usporadani nadorovych bunék
vykazuji vysoky stupen malignity, invazivity, pohyblivosti
a odolnosti’ a obvykle jsou hlavni pfi¢inou selhani onkolo-
gické 1é¢by, protoze pokud preziji, miZze velmi rychle dojit
k obnové nadoru a relapsu onemocnéni'.

Za druhé, proces metastazovéani je tvofen celou fadou
po sob¢ jdoucich a vzajemné propojenych krokd, pticemz
v kterémkoliv z nich mize dojit k zastaveni celého proce-
su’. Témito kroky jsou: lokalni invaze, ptestup do blizkych
krevnich cév neboli intravazace, cirkulace, pfilnuti
k endotelu, extravazace, dormance (stav snizené ¢i silné
redukované &innosti) a proliferace'".

A za tfeti, metastazy vznikaji pouze ve specifickych
organech vzhledem k biologické jedinecnosti orgdnového
mikroprostfedi. Jen velmi malé mnozstvi CTC je schopné
vstoupit do nového mikroprostiedi a piezit v ném jako
diseminované nadorové bunky (DTC, z angl. Dissemina-
ted Tumor Cells)*. Usp&nost nadorovych bungk je prav-
dépodobné podminéna citlivosti a adaptabilitou na prolife-
rativni signaly pfitomné v novém mikroprostiedi, které
podporuji jejich rist a invazivitu’. Ne viechny buiiky jsou
vSak schopné se na nové prostiedi adaptovat a piechazi do
klidového stadia, coz vede ke snizeni mnozstvi DTC
schopnych progrese k tvorbé metastaz. Nicméné i toto
prostiedi se muze meénit v disledku starnuti, nemoci ¢i
zranéni a nakonec muiZze dojit ke vzniku signald, které
v dormantnich buiikach vyvolaji proliferaci’.

2.1.1. Lokdlni invaze a epitelidlné mezenchymalni prechod

U nadorti vychazejicich z epitelidlnich bunék byva
obvykle soucasti lokalni invaze do okolnich tkani epitelial-
né¢ mezenchymalni pfechod (EMT, z angl. Epithelial-
Mesenchymal Transition). EMT je reverzibilni, vysoce
koordinovany proces, ktery je charakterizovan ztratou
epitelidlnich znakl, pfedevsim apiko-bazalni polarity
anaopak ziskanim mezenchymalnich znakd. P¥i EMT
dochazi ke tfem vzajemné propojenym procesim: zméné
tvorby povrchovych proteintl, pfestavbé cytoskeletu spoje-
né s tvorbou vybézku a k produkcei proteas. Tyto procesy
jsou indukovany a regulovany celou fadou transkrip¢nich a
rastovych faktorti'!. Zaroven jsou viak znamy ptipady
agresivnich a vysoce invazivnich nadori, u kterych CTC
nevykazovaly znaky EMT, nebo u nich pfeména probéhla
pouze astecnd'"'%.

Pro EMT je kli¢ové uvolnéni tésnych spojit mezi bun-
kami a ztrata adheze v dusledku zmény zastoupeni povr-
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chovych proteint'2. Jde predevsim o kadheriny, zajistujici
tésna spojeni s ostatnimi bunkami, a integriny, které buniku
ukotvuji v bazalni membrané. Vedle adhezivni funkce
maji oba dva typy proteintl i signalizacni funkci, takze se
spolupodileji i na dalgich krocich EMT". Integrinové
a kadherinovd vymeéna vede ke sniZeni afinity téchto bu-
neék k jejich epitelidlnim sousedim, ¢imZ je podpofena
jejich invazivita a schopnost migrace'.

Dalsim procesem, ke kterému dochazi béhem EMT,
je prestavba cytoskeletu. Na trovni intermedialnich fila-
ment jsou cytokeratiny nahrazeny vimentinem a déle jsou
periferni aktinovd vldkna nahrazena stresovymi vlakny,
kterd se shlukuji vuréitych oblastech’. Stim souvisi
i dalsi dilezity faktor podporujici migraci bunék, kterym je
produkce proteas, predev§im matrixovych metaloproteas,
cysteinovych kathepsini a serinovych proteas, jeZ podpo-
ruji uvoliiovani mezibunécnych spojii, umoziuji degradaci
extracelularni matrix a bazalni membrany a aktivuji uvol-
novani rustovych faktort a chemokind, aby byla buika
schopna opustit primarni misto vyskytu'*.

2.1.2. Intravazace a cirkulace

Poslednim krokem migrace z mikroprostiedi primar-
niho nadoru je intravazace neboli vstup CTC do krevnich
¢i lymfatickych cév. Bud’ mtze jit o aktivni prichod, ktery
vyzaduje zapojeni specifickych molekul napt. chemokinil
a adhezivnich molekul, nebo jde o zcela pasivni a neregu-
lovany proces, pii kterém dochazi spiSe k proristani celé-
ho nadoru pies sténu cév'>'®. Daldim zptsobem je kolek-
tivni migrace, pii které CTC s invazivnim fenotypem pro-
chazi endotelem aktivné a dalsi bunky pak vyuzivaji po-
zménéného endotelu k pasivnimu priichodu'®. Dal§im fak-
torem, ktery usnadiiuje transendotelidlni migraci CTC, je
neovaskularizace, protoze endotelialni bunky nové vytvo-
fenych cév maji mezi sebou slabsi spoje. Vedle potieby
zvySeného zasobovani Zivinami je to dalsi z diivodi induk-
ce angiogeneze'’.

Za nejcastéjsi cestu $iteni CTC je povazovana krevni
cirkulace, a pfestoze mohou byt kazdy den do krve uvol-
novany desetitisice bunék, pouze malé procento prezije
v tomto naprosto odli§ném mikroprostiedi'®. Jakmile CTC
vstoupi do krevniho fecisté, stavaji se velmi zranitelnymi,
protoze jsou vystaveny jak mechanickym vlivim napft.
smykovym sildm, tak imunitnimu systému a zaroven jim
hrozi anoikis — apoptoza v dusledkd ztraty adheze
k extracelularni matrix'®. N&které CTC jsou schopné vy-
tvortit klastry oznacované jako cirkulujici nadorové mikro-
embolie, které snizuji ndchylnost CTC k anoikis a zaroven
se uplatiuji v dalsich fazich metastatické kaskady, protoze
mohou zalozit metastazy intravaskularné bez potieby ex-
travazace''. Tyto klastry zaroven Casto obsahuji i stromal-
ni buniky z mista ptivodu, které mohou zvySovat schopnost
proliferace. Dalsim, vice specifickym, zpisobem rezisten-
ce vici anoikis je potlaceni aktivity kaspas ucastnicich se
apoptozy'®.

Hlavnim obrannym mechanismem pfed imunitnim
systémem je produkce tkanového faktoru na povrchu CTC,
ktera vede k lokalni agregaci krevnich desti¢ek. Desticky
pak tvoii jakysi §tit kolem CTC, ktery je chrani pfed kon-
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taktem s NK bunkami (z angl. Natural Killer cells), jejichz
lIyticky ucinek je zalozen hlavné na piimém kontaktu
s CTC. Aktivované desticky zaroveni produkuji transfor-
mujici ristovy faktor B, ktery inhibuje aktivitu NK bungk,
a vaskularni endotelidlni rGstovy faktor, ktery inhibuje
zrani dendritickych bun€k. Z toho divodu indikuje zvyse-
né riziko trombdzy u onkologickych pacientd rychlejsi
progresi onemocnéni'™'®,

Existuji 1 dal§i obranné mechanismy, které jsou vsak
specifické pouze pro urcité typy CTC. Naptiklad cirkuluji-
ci buriky karcinomu prsu produkuji jaderny faktor kappa B,
ktery ovliviiuje aktivitu tumorového nekrotizujiciho fakto-
ru o, jenZ pak chrani CTC pfed utokem NK bunék. Buiiky
kolorektalniho karcinomu na svém povrchu tvoii ve
vy$$im mnozstvi protein CD47, ktery by je pravdépodobné
mohl chranit pted fagocytozou makrofagy''.

2.1.3. Extravazace a usidleni

Pro cileni CTC do urcité tkané jsou dilezité receptory
na jejich povrchu a néasledna chemotaxe k ligandim téchto
receptord' "'*. CTC karcinomu prsu nesou chemokinové
receptory, jejichz ligandy se ve zvySeném mnozstvi nacha-
zeji v lymfatickych uzlinach, plicich, jatrech a kostni die-
ni, coz jsou tkang, ve kterych se obvykle vyskytuji me-
tastazy odvozené od tohoto typu nadoru'!. Dal§im zajima-
vym piikladem je neurotropni Sifeni pankreatického ade-
nokarcinomu'®. V piipadé n&kterych nadorti viak nad tro-
pismem vitézi uspotadani cévniho systému: CTC kolorek-
talniho karcinomu ¢asto tvoii metastazy v jatrech, prestoze
nejsou na toto prostiedi adaptovany. Jejich velké mnozstvi,
které je do jater pfinaSeno portalnim ob&hem, vSak vyrazné
zvySuje pravdépodobnost jejich usidleni v jaternim paren-
chymu. V tomto ptipadé jde tedy spise o pasivni proces’.

K extravazaci dochazi obvykle v mensSich kapilarach,
kde se CTC v dtsledku zuZeni prasvitu kapilar zachyti.
Zastaveni muze byt podpofeno i ptitomnosti klastru desti-
¢ek obklopujicich CTC, ¢imz je zvétSen jejich efektivni
primér. Poté nasleduje adheze na sténu cév, které se ucast-
ni cela fada molekul vcetné selektintl, integrind, kadherind
¢ imunoglobulinovych receptorti’’. Adheze je zaroven
podpotena i krevnimi destickami, které produkci celé fady
faktorlt zvySuji vaskularni permeabilitu a podporuji rist,
Zivotnost a pohyblivost CTC (cit.'®). Pfi dalsim postupu
skrz extracelularni matrix se opét uplatnuji integriny, které
umoziuji adhezi k fibronektinu a lamininu a tedy dalsi
prostup do tkané a kolonizaci'?.

Obecné je kolonizace velmi neefektivni proces a vét-
sina CTC, které¢ se dostanou na sekundarni misto, prodéla
do 24 hodin od extravazace apoptézu. Ne vSechny prezivsi
buriky se vSak déli dostate¢né rychle, aby daly vzniknout
aktivné rostoucim makrometastdzam. Né&které buiky vy-
tvaii pouze malé mikrometastazy, které vsak dal nerostou,
pravdépodobné v disledku rovnovdhy mezi proliferaci
a apoptozou’. Jiné buiiky po sp&iné diseminaci vstupuji
do faze dormance, ktera miZe trvat i nékolik let'’. Jeji
pfi¢inou je Casto EMT, ktery buniky prodélaly v zacatcich
své migrace, protoze mezenchymalni fenotyp sice umoz-
fuje snaz$i migraci, ale snizuje schopnost proliferace'®.
Proto u nich obvykle dochdzi k mezenchymalné epitelial-

585

Referat

nimu prechodu (MET, z angl. Mesenchymal-Epithelial
Transition), diky kterému se bunkam vraci vyssi agresivita
a schopnost tvofit metastazy''. Dal§im dilezitym fakto-
rem, ktery podporuje proliferaci a tvorbu makrometastaz je
vaskularizace, jeZ byva obvykle vyvolana produkci angio-
gennich ristovych faktora™*.

Je odhadovano, ze se uspésnost CTC v procesu me-
tastazovani pohybuje pod hranici 0,1 %. Nicméné i neu-
spésné  bunky mohou ovlivnénim  mikroprostiedi
v hostitelské tkdni napomoci zaloZeni metastdz z jinych
CTC (cit.").

2.2. Detekce cirkulujicich nddorovych bunck

Pro detekci CTC byla vyvinuta cela fada metod, kte-
rym vSak kvuli nizké koncentraci CTC musi pfedchazet
jejich separace ze vzorku.

Metody separace lze rozdélit na dvé hlavni skupiny
podle toho, jestli vyuzivaji odlisnych fyzikalnich vlastnosti
napf. velikosti, deformability, hustoty a naboje, nebo bio-
logickych znakd, ¢imzZ je minéna pfedevsim tvorba speci-
fickych povrchovych proteind. Nékteré metody oba pristu-
py kombinuji®®. Ob& skupiny metod mizeme jeité déle
délit na konvencni makroskopické analytické systémy
a mikrofluidni zafizeni. Vyhody mikrofluidnich zafizeni
oproti béznym metoddm spocivaji v nizsi spotfebé vzorku
a krat§i dob¢ analyzy, takZe mohou byt pouzity
pii testovani v mist& péce o pacienta®.

K detekci uspésné izolovanych CTC se pak nejcastéji
vyuziva polymerasova fetézova reakce, imunohistologie
a mikroskopie®.

2.2.1. Metody separace zalozZené na fyzikalnich
viastnostech

Vyhodou metod vyuzivajicich fyzikalnich vlastnosti
je skutecnost, ze umoziuji separaci bez potfeby oznaceni
protilatkami a nedochazi tedy k aktivaci povrchovych anti-
genl. Z makrotechnik je pouzivana ptredev§im filtrace,
kterd umoziiuje separaci na zakladé rozdilné velikosti bu-
nék. Velkou vyhodou je pouzitelnost metody pro buiky
pochazejici ze vSech typl solidnich tumord a dale zacho-
vani  viability a morfologickych vlastnosti bunék
s moznosti dal3i kultivace a analyzy*.

Alternativou je izopyknicka centrifugace v hustotnim
gradientu, pfi které cCastice migruji skrze médium
s hustotnim gradientem, dokud se nedostanou do bodu, ve
kterém jejich hustota odpovidd okolnimu médiu. Syntetic-
ky sacharosovy polymer s vysokou molekuldrni hmotnosti
umoznuje oddéleni ¢astic s hustotou vy$§i nez
1,077 g ml™', tedy CTC, plasmy a mononuklearnich bungk.
Vyuziva se vSak pfednostné pro separaci lidskych mezen-
chymalnich kmenovych bunék. Jeho velkou nevyhodou je
nizk4 uéinnost a cytotoxicita?**. RovnéZ je mozno pouzit
koloidni suspenzi kiemikovych €astic. Vyhodou je vyssi
udinnost, stale vSak dochazi ke ztrat¢ bunék v dasledku
promiseni média s krvi jesté pred zacatkem centrifugace.
Tuto nevyhodu lze castetné pirekonat pouzitim porézni
membrany, umisténé nad separaénim médiem, ¢imz se
zéroveh zjednodusi i odbér bunék po separaci?'.
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Naprosto odlisny zplisob izolace predstavuje vyuziti
akustoforézy, neboli separace Castic za pouziti piezoelek-
trickych pfevodniki, které vytvateji stojaté vinéni. Pokud
je bunécna suspenze vystavena akustickému poli, dochazi
k migraci bun¢k do kmiten (bod, ktery kmitd s nejvétsi
amplitudou) ¢i uzll stojatého vinéni (bod, jehoz amplituda
je nulova) v zavislosti na hustoté a stlacitelnosti bunck.
CTC maji ve srovnani s ostatnimi bunikami vyssi hustotu
a jsou stlacitelngjsi, takze se shlukuji ve stfedu mikroka-
nalku, kde se nachédzeji uzly, na rozdil od ostatnich bun¢k,
jez migruji ke sténam®'.

Izolaci zivotaschopnych CTC o vysoké Cistoté umoz-
fluje frakcionace tokem, kterd déli buiiky na zéklade¢ roz-
dilné velikosti a deformability.

2.2.2. Metody separace vyuzivajici biologickych viastnosti

Pro izolaci CTC pomoci metod zaloZenych na vysky-
tu specifickych povrchovych markerti 1ze vyuzit dvé stra-
tegie. Bud’ tzv. pozitivni selekci, pfi které jsou protilatky
cileny na povrchové proteiny typické pro CTC, nebo tzv.
negativni selekci, kdy jsou naopak pouzity protilatky proti
CD45 a CD61, které jsou charakteristické pro leukocyty
a megakaryocyty. Pti pozitivni selekci jsou cilovymi struk-
turami bud’ epitelidlni markery napt. EpCAM (z angl. Epi-
telial Cell Adhesion Molecule) a cytokeratiny, nebo kon-
krétni antigeny specifické pro nador. Problém vSak nastava
u CTC, které prosly EMT, a tak vzhledem k jejich mezen-
chymalnimu fenotypu nejsou zachyceny. U obou zptsobii
jsou protilatky navazany na magnetické kulicky, takze je
mozné je po interakci s buiikami oddélit od zbylé krve
magnetickym polem?.

Prikladem negativni selekce je technologie Roset-
teSep™, ktera pouzivéa tetramerni komplexy protilatek, jez
se vazou na specifické antigeny na povrchu bunék, které
chceme odstranit a vytvari tak immunorozety s ¢ervenymi
krvinkami, jez lze oddélit od ostatnich bunék centrifu-
gaci®?.

Jednim z mikro€ipt, ktery umoziiuje zachyt a kvanti-
fikaci CTC s vysokou specifitou a citlivosti je CytoTrap-
Nano™ CTC Enumeration systém, jehoz soucasti je Cyto-
TrapNano™ Chip zndmy téz jako NanoVelcro, ktery se
sklada ze dvou funkénich jednotek. Jednou z nich jsou
kfemikové nanopilife pokryté avidinem, takZe mohou va-
zat biotinylované anti-EpCAM protilatky. Druhou ¢asti je
specialni mikrofluidni zafizeni, které podporuje vertikalni
pratok krve ¢ipem, coz vyrazné zvysSuje frekvenci interak-
ci mezi protildtkami a buitkami ve srovnani se statickym
uspofadanim. Pro zobrazeni bun¢k zachycenych v Cipu
slouzi fluorescenéni mikroskop™*.

Oficialn€ schvalenym zatizenim pro separaci CTC je
CellSearch® CTC Test, ktery byl vyvinut pro kvantifikaci
CTC vplné krvi. Prvnim krokem je izolace epitelidlni
frakce bunék pomoci ferrofluidnich castic s protilatkami
proti EpCAM. Poté nasleduje imunofluorescencni znaceni
protilatkami proti CDS, CD18, CD19 a CD45 pro rozliseni
CTC a leukocytil. Zaroven se pouziva fluorescenéni barvi-
vo DAPI ke zvyraznéni jader. Poté se kazeta s obarvenym
vzorkem vlozi do pfistroje CellTrack Analyzer [I®, ktery
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na zékladé analyzy obrazu potvrdi ¢i vyvrati ptitomnost
CTC (cit.?).

3. Zavér

Specifické a citlivé biologické markery jsou potieba
ve vSech fazich diagnostiky onkologickych onemocnéni,
at’ jiz pfi screeningu, odhadu prognozy, volbé vhodné tera-
pie, nebo pii predikei ¢i zhodnoceni jeji uc¢innosti. Nejveét-
$imi vyhodami vysetfeni CTC jsou mensi invazivita a jed-
noduchost odbéru oproti klasické biopsii, podchyceni in-
traindividudlni heterogenity naddorovych bun¢k, kterd mi-
ze byt pfi¢inou neucinnosti terapie, a mozZnost sériovych
odbért, které umoziuji dlouhodobé sledovani 1écby.

Autorky by rady podékovaly zvlasté doc. MUDr. Via-
dimiru Bobkovi Ph.D. a Mgr. Katariné KolosStové
z Fakultni nemocnice Kralovské Vinohrady a 3. lékarské
fakulty Univerzity Karlovy v Praze.

Seznam pouzitych zkratek

CSC nadorové kmenové bunky

CTC cirkulyujici nadorové bunky

DTC diseminované nadorové bunky

EMT epitelialné mezenchymalni prechod
EpCAM molekula epitelidlni bunécné adheze
MET mezenchymalné epitelialni ptechod
NK buniky  typ lymfocytl tzv. ,,pfirozeni zabijaci®
TEM transendotelialni migrace
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T. Hulickova and L. Karamonova (Department of
Biochemistry and Microbiology, University of Chemistry
and Technology, Prague): Circulating Tumor Cells —
a Promising Multifunctional Biomarker

Circulating tumor cells are most often released into
the blood or lymph from the primary tumor. They are dis-
tributed by circulation to other tissues, where they can
form metastases. In clinical practice, these cells have
a high potential because their collection is non-invasive
and, in addition, their early detection and molecular char-
acterization allow the choice of appropriate therapy and
continuous monitoring of the effectiveness of anticancer
treatment. This paper describes the mechanisms of pene-
tration of tumor cells into the circulation, the possibilities
of their survival in the bloodstream and ways of settling in
the new organ microenvironment. It also focuses on vari-
ous ways of separating these cells from the sample and the
possibility of their subsequent detection.

Full text English translation is available in the on-line
version.

Keywords: circulating tumor cells, metastases, metastatic
cascade, biomarker
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1. Introduction

Currently, therapeutic decisions in cancer treatment
are usually based on the analysis of biopsy samples of the
primary tumor or metastases. However, due to the large
temporal and spatial intra-individual heterogeneity of can-
cer cells, especially when subjected to selection pressure
such as in systemic therapy, this approach may not be suf-
ficient. Circulating tumor cells (CTCs) are an alternative.
While a conventional biopsy is invasive and in some cases
technically demanding, an 8 ml peripheral blood sample is
sufficient to examine CTCs, which places significantly
less burden on the patient. Due to its similarity to histolog-
ical analysis, CTC is sometimes referred to as liquid biop-
sy'. However, the biggest advantage of liquid biopsy over
conventional biopsy is the possibility of serial sampling,
which allows continuous monitoring of treatment and rap-
id response in case of changes in the molecular profile of
tumor cells’.

The use of CTC in diagnostics is also supported by
the theory of early dissemination. Previously, dissemina-
tion was considered the terminal stage of malignant tumor

development. In recent years, however, it has been shown
that dissemination is not the domain of highly differentiat-
ed tumors only, but can occur as early as the premalignant
cell stage. The consequence is the parallel development of
the primary lesion and its metastases, resulting in the accu-
mulation of different genetic, epigenetic and other changes
and an increase in heterogeneity3 . Thus, CTCs can be de-
tected in the blood even before the primary tumor is found.
However, in a broader context, this discovery is not sur-
prising, as the primary site of origin is unknown in 5-10%
of all cases of metastatic cancer”.

Currently, research in CTCs is focused on four main
areas: a deeper understanding of the metastatic process,
estimating the risk of metastatic relapse or disease progres-
sion, identifying therapeutic targets and understanding the
mechanism of chemoresistance”.

CTCs have a high potential in clinical practice, as
their early detection and molecular characterization allow
the selection of appropriate therapy and continuous moni-
toring of treatment efficacy'.

2. Circulating tumor cells

CTCs were first described by the Australian physician
Thomas Ramsden Ashworth, who, while dissecting a pa-
tient with multiple tumors, noticed a particular type of
cells in his blood that matched the morphology of the cells
isolated from the tumor®. Over the following years, his
hypothesis that the presence of these cells in the patient's
blood could explain the tumor spread throughout the body
was gradually confirmed. These are mostly cells released
from the primary tumor that pass through the bloodstream
to other tissues where they can form secondary tumor foci
or metastases. They are therefore directly involved in the
process of metastasis, which is the main cause of cancer-
related death. The mortality rate in these cases is as high as
90% (ref.’).

2.1. Metastatic cascade

Stephen Paget first tried to explain the process of
metastasis in 1889 with his seed and soil theory. In this
hypothesis, seeds represent CTCs that can only take hold
in a compatible organ environment or nutrient soil®. Not
only has this theory withstood competition from a number
of other theories, but it has also been further developed. It
is currently based on three main factors that influence the
success of the process’.

First, the primary tumor often consists of many sub-
populations of cells with different biological characteris-
tics, including metastatic potential. This biological hetero-
geneity may be due to the multicellular origin of the tu-
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mor, but has also been confirmed in cases of tumors aris-
ing from a single cell type’. An important source of intra-
tumoral heterogeneity has been elucidated with the discov-
ery of Cancer Stem Cells (CSCs), which are tumor cells
with stem cell characteristics, particularly the ability to self
-renew, proliferate and differentiate. CSCs can arise from
a mutation of a stem cell of a specific tissue or from a pro-
genitor cell that acquires the ability to self-renew by muta-
tion'’. Standing at the top of the cancer cell hierarchy,
these cells exhibit a high degree of malignancy, invasive-
ness, motility and resistance’ and are usually the main
cause of cancer treatment failure, as if they survive, tumor
recurrence and disease relapse can occur very quickly'.

Second, the process of metastasis consists of a series
of successive and interconnected steps, any of which can
halt the process’. These steps are: local invasion, transfer
to nearby blood vessels or intravasation, circulation, adher-
ence to the endothelium, extravasation, dormancy (a state
of reduced or severely reduced activity) and prolifera-
tion'!,

And third, metastases arise only in specific organs
due to the biological uniqueness of the organ microenvi-
ronment. Only a very small number of CTCs are able to
enter and survive in the new microenvironment as Dissem-
inated Tumor Cells (DTCs)*. The success of tumor cells is
likely to be determined by their sensitivity and adaptability
to proliferative signals present in the new microenviron-
ment that promote their growth and invasiveness’. Howev-
er, not all cells are able to adapt to the new environment
and enter a quiescent state, leading to a reduction in the
number of DTCs capable of progression to metastasis.
However, this environment can also change as a result of
ageing, disease or injury, and eventually signals may be
generated that trigger proliferation in dormant cells’.

2.1.1. Local invasion and epithelial-mesenchymal transition

In tumors arising from epithelial cells, epithelial-
mesenchymal transition (EMT) is usually a part of the
local invasion into the surrounding tissues. EMT is a re-
versible, highly coordinated process characterized by loss
of epithelial features, especially apico-basal polarity, and
gain of mesenchymal features. During EMT, three interre-
lated processes occur: alteration of surface protein for-
mation, cytoskeleton remodeling associated with protru-
sion formation, and protease production. These processes
are induced and regulated by a variety of transcription and
growth factors''. However, there are known cases of ag-
gressive and highly invasive tumors in which CTCs did
not show signs of EMT or in which the transformation was
only partially performed'"'2.

The loosening of tight junctions between cells and the
loss of adhesion due to changes in the abundance of sur-
face proteins are crucial for EMT'2. These are mainly cad-
herins, which provide tight junctions with other cells, and
integrins, which anchor the cell in the basement mem-
brane. In addition to their adhesive function, both types of
proteins have a signalling function, so that they are in-
volved in other steps of EMT'. Integrin and cadherin
switch leads to a reduction in the affinity of these cells for
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their epithelial neighbours, thus promoting their invasive-
ness and ability to migrate'.

Another process that occurs during EMT is cytoskele-
ton remodeling. At the level of intermediate filaments,
cytokeratins are replaced by vimentin, and furthermore,
peripheral actin filaments are replaced by stress fibers that
cluster in specific regions'. Related to this is another im-
portant factor that promotes cell migration, which is the
production of proteases, especially matrix metalloproteas-
es, cysteine cathepsins and serine proteases, which pro-
mote the release of intercellular junctions, allow degrada-
tion of the extracellular matrix and basement membrane,
and activate the release of growth factors and chemokines
to enable the cell to leave its primary site'*.

2.1.2. Intravasation and circulation

The final step of migration from the microenviron-
ment of the primary tumor is intravasation or entry of
CTCs into blood or lymphatic vessels. This can either be
an active passage, requiring the involvement of specific
molecules such as chemokines and adhesion molecules, or
it can be a completely passive and unregulated process,
where the entire tumor grows through the vessel wall'*'¢.
Another way is collective migration, in which CTCs with
an invasive phenotype pass through the endothelium ac-
tively, and other cells then use the altered endothelium to
passively pass through'’. Another factor that facilitates
transendothelial migration of CTCs is neovascularization,
as the endothelial cells of the newly formed vessels have
weaker connections between them. In addition to the need
for increased nutrient supply, this is another reason for the
induction of angiogenesis'’.

Blood circulation is considered the most common
route of spread of CTCs, and although tens of thousands of
cells may be released into the blood each day, only a small
percentage survive in this very different microenviron-
ment'*. Once CTCs enter the bloodstream they become
very vulnerable as they are exposed to both mechanical
influences e.g. shear forces and the immune system, as
well as being at risk of anoikis - apoptosis due to loss of
adhesion to the extracellular matrix'®. Some CTCs are
capable of forming clusters referred to as circulating tumor
microemboli, which reduce the susceptibility of CTCs to
anoikis and also apply at later stages of the metastatic cas-
cade as they can establish metastases intravascularly with-
out the need for extravasation''. At the same time, these
clusters often also contain stromal cells from the site of
origin, which may enhance the ability to proliferate. An-
other, more specific, mode of resistance to anoikis is sup-
pression of the activity of caspases involved in apoptosis'®.

The main defense mechanism against the immune
system is the production of tissue factor on the surface of
CTCs, which leads to local platelet aggregation. The plate-
lets then form a kind of shield around the CTCs, which
protects them from contact with NK cells (Natural Killer
cells), whose lytic effect is mainly based on direct contact
with CTCs. Activated platelets also produce transforming
growth factor B, which inhibits NK cell activity, and vas-
cular endothelial growth factor, which inhibits dendritic
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cell maturation. Therefore, the increased risk of throm-
bosis in cancer patients indicates a faster progression of
the disease'"'®.

There are other defence mechanisms that are specific
to certain types of CTCs. For example, circulating breast
cancer cells produce nuclear factor kappa B, which influ-
ences the activity of tumor necrosis factor o, which in turn
protects CTCs from NK cell attack. Colorectal cancer cells
produce CD47 protein at higher levels on their surface,
which could possibly protect them from phagocytosis by
macrophages'".

2.1.3. Extravasation and resettlement

Receptors on the surface of CTCs and subsequent
chemotaxis to the ligands of these receptors are important
for targeting CTCs to a particular tissue''*. Breast cancer
CTCs carry chemokine receptors whose ligands are found
in increased amounts in lymph nodes, lung, liver and bone
marrow, tissues in which metastases derived from this type
of tumor are usually found''. Another interesting example
is the neurotropic spread of pancreatic adenocarcinoma'.
However, in some tumors, the vascular arrangement wins
out over tropism: CTCs of colorectal cancer often form
metastases in the liver, although they are not adapted to
this environment. The large number of CTCs brought to
the liver by the portal circulation greatly increases the
likelihood of their settlement in the liver parenchyma.
Thus, in this case, it is more of a passive process’.

Extravasation usually occurs in smaller capillaries
where CTCs become trapped due to narrowing of the ca-
pillary permeability. Arrest may also be aided by the pres-
ence of a cluster of platelets surrounding the CTCs, there-
by increasing their effective diameter. This is followed by
adhesion to the vessel wall, which involves a variety of
molecules including selectins, integrins, cadherins or im-
munoglobulin receptors'®. Adhesion is also promoted by
platelets, which increase vascular permeability and pro-
mote CTC growth, viability and motility by producing
a number of factors'®. Further progression through the
extracellular matrix again involves integrins, which allow
adhesion to fibronectin and laminin and thus further tissue
penetration and colonization'%.

In general, colonization is a very inefficient process
and most CTCs that reach the secondary site undergo
apoptosis within 24 hours of extravasation. However, not
all surviving cells divide rapidly enough to give rise to
actively growing macrometastases. Some cells form only
small micrometastases but do not continue to grow, proba-
bly due to a balance between proliferation and apoptosis’.
Other cells, after successful dissemination, enter a dorman-
cy phase that can last for several years'’. This is often
caused by EMT that the cells have undergone early in their
migration, as the mesenchymal phenotype, while facilitat-
ing migration, reduces the ability to proliferate'®. There-
fore, cells usually go through a mesenchymal-epithelial
transition (MET), which returns them to higher aggressive-
ness and the ability to form metastases''. Another im-
portant factor that promotes the proliferation and for-
mation of macrometastases is vascularisation, which is
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usually triggered by the production of angiogenic growth
factors'?.

It is estimated that the success rate of CTCs in the
metastatic process is below 0.1%. However, even unsuc-
cessful cells can help to establish metastasis from other
CTICSS by affecting the microenvironment in the host tis-
sue .

2.2. Detection of circulating tumor cells

A number of methods have been developed for the
detection of CTCs, but due to the low concentration of
CTCs, these must be preceded by their separation from the
sample.

Separation methods can be divided into two main
groups according to whether they exploit different physical
properties, e.g. size, deformability, density and charge, or
biological features, meaning primarily the formation of
specific surface proteins. Some methods combine both
approaches®. Both groups of methods can be further sub-
divided into conventional macroscopic analytical systems
and microfluidic devices. The advantages of microfluidic
devices over conventional methods are lower sample con-
sumption and shorter analysis time, so they can be used for
point-of-care testing®'.

Polymerase chain reaction, immunohistology and
microscopy are most commonly used to detect successful-
ly isolated CTCs (ref.?").

2.2.1. Separation methods based on physical properties

The advantage of methods using physical properties
is that they allow separation without the need for labeling
by means of antibodies and therefore do not activate sur-
face antigens. Among the macro techniques, filtration is
mainly used, which allows separation based on differences
in cell size. The applicability of the method to cells de-
rived from all types of solid tumors and the preservation of
cell viability and morphological characteristics with the
possibility of further culture and analysis are major ad-
vantageszz.

An alternative is isopycnic density gradient centrifu-
gation, in which particles migrate through a density gradi-
ent medium until they reach a point where their density
matches the surrounding medium. The high molecular
weight synthetic sucrose polymer allows separation of
particles with a density greater than 1.077 g mL™, i..
CTCs, plasma and mononuclear cells. However, it is pref-
erably used for the separation of human mesenchymal
stem cells. Its major drawback is low efficiency and cyto-
toxicity’'**. A colloidal suspension of silica particles can
also be used. This has the advantage of higher efficiency,
but still results in cell loss due to mixing of the medium
with blood before centrifugation begins. This disadvantage
can be partially overcome by the use of a porous mem-
brane placed over the separation medium, which also sim-
plifies the collection of cells after separation”'.

A completely different method of isolation is the use
of acoustophoresis, or the separation of particles using
piezoelectric transducers that create standing waves. When
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a cell suspension is exposed to an acoustic field, the cells
migrate into antinodes (the point that oscillates with the
largest amplitude) or standing wave nodes (the point
whose amplitude is zero) depending on the density and
compressibility of the cells. CTCs have a higher density
and are more compressible compared to other cells, so
they cluster in the centre of the microchannel where the
nodes are located, unlike other cells that migrate towards
the walls®'.

Isolation of high-purity viable CTCs is enabled by
flow fractionation, which separates cells based on differ-
ences in size and deformability.

2.2.2. Separation methods using biological properties

Two strategies can be used to isolate CTCs using
methods based on the presence of specific surface markers.
Either so-called positive selection, in which antibodies are
targeted to surface proteins typical of CTCs, or so-called
negative selection, in which antibodies against CD45 and
CD61, which are characteristic of leukocytes and
megakaryocytes, are used instead. In positive selection, the
target structures are either epithelial markers such as Ep-
CAM (Epithelial Cell Adhesion Molecule) and cy-
tokeratins, or tumor-specific antigens. However, the prob-
lem arises with CTCs that have undergone EMT and thus
are not captured due to their mesenchymal phenotype. In
both methods, the antibodies are bound to magnetic beads
so that they can be separated from the rest of the blood by
magnetic fields after interaction with the cells.

An example of negative selection is the Ro-
setteSepTM technology, which uses tetrameric antibody
complexes that bind to specific antigens on the surface of
the cells to be removed, forming immunorosets with red
blood cells that can be separated from other cells by cen-
trifugation”**.

One of the microchips that enables the capture and
quantification of CTCs with high specificity and sensitivi-
ty is the CytoTrapNano™ CTC Enumeration System,
which includes the CytoTrapNano™ Chip, also known as
NanoVelcro, which consists of two functional units. One is
silicon nanopillars coated with avidin so that they can bind
biotinylated anti-EpCAM antibodies. The second part is
a special microfluidic device that promotes vertical blood
flow through the chip, which significantly increases the
frequency of antibody-cell interactions compared to a stat-
ic arrangement. A fluorescence microscope is used to visu-
alize the cells trapped in the chip®*.

The officially approved device for CTC separation is
the CellSearch® CTC Test, which was developed for the
quantification of CTCs in whole blood. The first step is to
isolate the epithelial fraction of cells using ferrofluid parti-
cles with antibodies against EpCAM. This is followed by
immunofluorescent labeling with antibodies against CD8,
CD18, CD19 and CD45 to distinguish between CTCs and
leukocytes. At the same time, the fluorescent dye DAPI is
used to highlight the nuclei. The cassette with the stained
sample is then loaded into the CellTrack Analyzer II® to
confirm or refute the presence of CTCs based on image
analysis®.
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3. Conclusion

Specific and sensitive biomarkers are needed at all
stages of cancer diagnosis, whether for screening, estimat-
ing prognosis, selecting appropriate therapy, or predicting
or evaluating its efficacy. The greatest advantages of CTC
testing are less invasiveness and simplicity of sampling
compared to conventional biopsy, the detection of intra-
individual heterogeneity of cancer cells that may cause
ineffectiveness of therapy, and the possibility of serial
sampling that allows long-term monitoring of treatment.

The authors would like to thank doc. MUDr. Viadimir
Bobek Ph.D. and Mgr. Katarina Kolostova from the Uni-
versity Hospital Kralovské Vinohrady and the Third Fa-
culty of Medicine, Charles University.

List of abbreviations used

CSC Tumor Stem Cells

CTC Circulating Tumor Cells

DTC Disseminated Tumor Cells

EMT epithelial-mesenchymal transition

EpCAM  Epithelial Cell Adhesion Molecule

MET mesenchymal-epithelial transition

NK cells  type of lymphocytes called "Natural Killer
cells"

TEM transendothelial migration

REFERENCES

1. Hwang W. L., Pleskow H. M., Miyamoto D. T.: Adv.
Drug Delivery Rev. 125, 122 (2018).

2. Lianidou E. S., Strati A., Markou A.: Crit. Rev. Clin.
Lab. Sci. 51, 160 (2014).

3. Klein C. A.: Science 321, 1785 (2008).

4. Dasgupta A., Lim A. R., Ghajar C. M.: Mol. Oncol.
11,40 (2017).

5. Alix-Panabiéres C., Pantel K.: Clin. Chem. 59, 110
(2013).

6. Ashworth T. R. : Med. J. Aust. /4, 146 (1869).

7. Chaffer C. L., Weinberg R. A.: Science 33/, 1559
(2011).

8. Paget S.: Lancet /33,571 (1889).

9. Fidler L. J.: Nat. Rev. Cancer 3, 453 (2003).

10. Jordan C. T., Guzman M. L., Noble M.: N. Engl. J.
Med. 355, 1253 (2006).

11. Caixeiro N. J., Kienzle N., Lim S. H., Spring K. J,,
Tognela A., Scott K. F., de Souza P., Becker T. M.:
Cancer Metastasis Rev. 33, 747 (2014).

12. Yilmaz M., Christofori G.: Cancer Metastasis Rev. 28,
15 (2009).

13. Micalizzi D. S., Farabaugh S. M., Ford H. L.: J. Mammary
Gland Biol. Neoplasia 75, 117 (2010).

14. Joyce J. A., Pollard J. W.: Nat. Rev. Cancer 9, 239
(2009).

15. Bidard F. C., Pierga J. Y., Vincent-Salomon A.,
Poupon M. F.: Cancer Metastasis Rev. 27, 5 (2008).

16. Joosse S. A., Gorges T. M., Pantel K.: EMBO Mol.



Chem. Listy /15, 583-587 (2021)

17.

18.

19.

20.

21.

22.

23.

24.

25.

Med. 7, 1 (2015).

Reymond N., d'Agua B. B., Ridley A. I.: Nat. Rev.
Cancer /3, 858 (2013).

Chang M. C,, Jeng J. H. , in the book: Encyclopedia of
Cancer (Schwab M., ed.), p. 3793, Springer, Berlin
2011.

Ferreira M. M., Ramani V. C., Jeffrey S. S.: Mol.
Oncol. 10,374 (2016).

Yap T. A., Lorente D., Omlin A., Olmos D., de Bono
J. S.: Clin. Cancer Res. 20, 2553 (2014).

Low W. S., Wan Abas W. A. B.: BioMed Res. Int.
2015, 239362.

Bobek V., Kolostova K., in the book: Urothelial Car-
cinoma: Methods and Protocols, Methods in Molecu-
lar Biology Vol. 1655 (Schulz W. A., Hoffmann M. J.,
Niegisch G., eds.), chap. 20. Springer Science + Busi-
ness Media LLC, New York 2018.

Alunni-Fabbroni M., Sandri M. T.: Methods 50, 289
(2010).

CytoLumina: https://cytolumina.com/technology/
cytotrap-nano-ctc-enumeration-system/, downloaded
April 10, 2018.

Menarini Silicon Biosystems. http://
cellsearchctc.cllstg.net/, accessed April 10, 2018.

Review

Abstract

Circulating tumor cells are most often released into
the blood or lymph from the primary tumor. They are dis-
tributed by circulation to other tissues, where they can
form metastases. In clinical practice, these cells have
a high potential because their collection is non-invasive
and, in addition, their early detection and molecular char-
acterization allow the choice of appropriate therapy and
continuous monitoring of the effectiveness of anticancer
treatment. This paper describes the mechanisms of pene-
tration of tumor cells into the circulation, the possibilities
of their survival in the bloodstream and ways of settling in
the new organ microenvironment. It also focuses on vari-
ous ways of separating these cells from the sample and the
possibility of their subsequent detection.
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