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Elektroporacija je pojav, kjer izpostavljenost celice zunanjemu elektricnemu polju
povzro¢i povecano prepustnost membrane, zato v celico lahko vstopijo molekule, za
katere je druga¢e membrana neprepustna. Ce po prenehanju delovanja elektri¢nega polja
celica prezivi govorimo o reverzibilni elektroporaciji, o ireverzibilni elektroporaciji pa,
e celica umre. Pred kratkim se je pojavila nova oblika ireverzibilne elektroporacije -
visokofrekvenéna ireverzibilna elektroporacija, pri kateri naj ne bi prislo do
nenadzorovanega misi¢nega kréenja in obCutka boleCine, kot smo tega navajeni pri
monopolarnih pulzih. Namen doktorske disertacije je bilo preuciti u¢inek nove oblike
elektroporacijskih pulzov in ga primerjati z u¢inkom uveljavljenih monopolarnih pulzov,
ovrednotiti ucinkovitost ponovnega zdravljenja z elektroporacijo v primeru delnega
odgovora tumorja ali ponovnem pojavu tumorja in preuciti vzrok za aktivacijo
imunskega sistema po elektroporaciji. Rezultati kazejo, da je ucinkovitost
visokofrekvencnih  bipolarnih pulzov ob povecanju amplitude primerljiva z
monopolarnimi pulzi. Vzrok za potrebovano visjo amplitudo bi se lahko skrival v
iznicevalnemu ucinku. Ta je odvisen od elektroporacijskega pufra. Zdravljenje z
elektroporacijskim metodami lahko uporabimo vecékrat, u¢inek vsakega nadaljnjega
zdravljenja pa bo primerljiv s prvotnimi zdravljenjem. Celice pri elektroporaciji umrejo
tudi po poti imunogene celiéne smrt, ki preko spros¢anja DAMP molekul lahko
aktivirajo imunski sistem in s tem pripomorejo k boljSem izidu zdravljenja tumorjev z
elektroporacijo.
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Electroporation is a phenomenon in which exposure of a cell to an external electric field
causes the formation of pores in the membrane. This allows molecules to which the
membrane is otherwise impermeable to enter the cell. If the cell survives, this is called
reversible electroporation; if the cell dies, this is considered irreversible electroporation.
Recently, a new form of irreversible electroporation has emerged - high-frequency
irreversible radiofrequency electroporation. These pulses do not cause involuntary
muscle contractions or pain, which is inevitable when using established monopolar
pulses. The aim of this dissertation is to compare the efficacy of the novel pulses with
monopolar pulses, to evaluate the efficacy of repeat treatment with electroporation in
case of partial response or tumor recurrence, and to understand the cause of immune
system activation after electroporation. The results show that the efficacy of high-
frequency bipolar pulses is comparable to that of monopolar pulses, although a higher
amplitude is required. Possible reason for the higher amplitude is the cancellation effect.
However, it seems that this effect depends on the electroporation buffer. Electroporation
therapies with long monopolar pulses can be applied multiple times, achieving the same
treatment efficacy as the original treatment. Cells killed by electroporation may die by
immunogenic cell death, in which the release of DAMP molecules may activate the
immune system and affect the outcome of electroporation therapy.
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1 UVvOD S PREDSTAVITIVJO PROBLEMATIKE, CILJEV IN
HIPOTEZ/ZNANSTVENIH VPRASANJ

1.1 ELEKTROPORACHNA

Osnovni gradnik vseh Zzivih bitij je celica, ki je obdana z membrano iz fosfolipidnega
dvosloja. Membrana lo¢uje notranjost celice od okolja in hkrati zaradi njene selektivne
prepustnosti doloCa sestavo celi¢ne notranjosti. Selektivna prepustnost onemogoca prosto
prehajanje vecine ionov in bioloskih molekul, zato je njihov prehod odvisen od membranskih
proteinov, ki gradijo ionske kanale in ¢rpalke. Zaradi razli¢nih koncentracij ionov na obeh
straneh membrane, se na membrani ustvari elektri¢cna napetost, imenovana mirovna
membranska napetost oziroma mirovni membranski potencial (Alberts in sod., 2002; Reece
in sod., 2014). Kadar celico oziroma celino membrano izpostavimo zunanjemu
elektricnemu polju, ob tem nastane vsiljena membranska napetost, ki se pristeje vrednosti
mirovnega membranskega potenciala. Doloeno povecanje membranske napetosti lahko
membrana prenese, vendar pa nekje pride do tocke, imenovane kriti¢na napetost (priblizno
200 mV ali ve¢, odvisno do trajanja pulza). Pri tem membrana postane nestabilna, zaradi
Cesar se spremeni prepustnost membrane za molekule in ione, ki drugace ne ali tezko
prehajajo membrano (Glaser in sod., 1988; Kotnik in sod., 2012; Neumann in Rosenheck,
1972; Rems in Miklav¢i¢, 2016; Tarek, 2005; Weaver in sod., 1996). Zaradi poveCane
prepustnosti  (angl. permeability) pojav imenujemo elektropermeabilizacija ali
elektroporacija. Slednji izraz izhaja iz prepriCanja, da se ob izpostavljenosti zunanjemu
elektricnemu polju v membrani pojavijo pore. Vodne molekule, naj bi namre¢ pod vplivom
elektricnega polja vdrle v lipidni dvosloj, zaradi prerazporeditve lipidnih glav pa naj bi se
oblikovale pore (Kotnik in sod., 2019; Tarek, 2005).

Elektroporacija oziroma pojav poveCane prepustnosti membrane, je lahko
reverzibilna/povratna ali ireverzibilna/nepovratna, odvisno od parametrov elektri¢nih
pulzov, kot so elektri¢na poljska jakost, dolzina, Stevilo in ponavljalna frekvenca pulzov
(Rems in Miklav¢ig, 2016). Ce po prenehanju delovanja elektriénega polja celica ponovno
vzpostavi fizioloske procese govorimo o reverzibilni elektroporaciji (Rols in Teissié, 1990a).
O ireverzibilni elektroporaciji pa govorimo, ko po izpostavitvi elektricnemu polju celica ne
uspe zaceliti membrane (Rubinsky, 2007) ali kljub zaceljeni membrane ne uspe vzpostaviti
celicne homeostaze in s tem fizioloskih procesov zato celica umre (Corrotte in Castro-
Gomes, 2019).

Elektroporacija se uporablja v Sirokem naboru postopkov v zivilski tehnologiji,
biotehnologiji in medicini. Zaradi netermi¢nega delovanja elektroporacija nima vpliva na
okus, barvo in hranilno vrednost tkiv. Ravno zato je primerna za uporabo v Zivilski
tehnologiji, kjer omogoca lazje in u¢inkovitejSe pridobivanje rastlinskega soka iz rastlinskih
tkiv, dehidracijo/susenje rastlinskega tkiva, u¢inkovitejSo ekstrakcijo celiénih komponent
(pigmentov, antioksidantov, metabolitov, sladkorjev in lipidov), nastanek boljSega vina ter
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uc¢inkovitej$e zamrzovanje hrane (Gagneten in sod., 2019; Gomez in sod., 2019; Mahendran
in sod., 2019; Ozturk in Anli, 2017; Thamkaew in Gomez Galindo, 2020). Poleg tega metoda
elektroporacije omogoca inaktivacijo in uni¢enje bakterij v odpadnih vodah, pasterizacijo
tekocin (sadni sokovi, mleko, pivo) in ¢vrstih prehrambnih produktov (meso) (Bermudez-
Aguirre in sod., 2012; Evrendilek in sod., 2019; Gomez in sod., 2019; Montanari in sod.,
2019). V biotehnologiji se elektroporacija uporablja za ekstrakcijo farmacevtsko ali
medicinsko zanimivih molekul in plazmidov iz mikroorganizmov (Kotnik in sod., 2015).
Elektroporacija ima pomembno vlogo tudi pri susenju zelene biomase, ki sluzi kot vir za
biogorivo (Golberg in sod., 2016). V nasprotju z biotehnologijo in Zivilsko tehnologijo, v
medicini uporabljajo elektroporacijo za vnos molekul v notranjost celice, kot je to pri
elektrokemoterapiji (Campana in sod., 2019b), genski elektrotransfekciji (genski terapiji z
elektroporacijo) (Sachdev in sod., 2022) ter vnosu u¢inkovin v in skozi kozo (Zorec in sod.,
2015). Poleg tega elektroporacija omogoca tudi zlivanje celic (Rems in sod., 2013) in
netermic¢no odstranjevanje oziroma uniéenje tkiva (Aycock in Davalos, 2019; Reddy in sod.,
2019).

V doktorski disertaciji sem se osredotoCila predvsem na metode elektrokemoterapije in
genske elektrotransfekcije z reverzibilno elektroporacijo ter netermi¢nega odstranjevanja
tkiva z ireverzibilno elektroporacijo. Te metode so podrobneje predstavljene v naslednjih
poglavjih.

1.1.1 Reverzibilna elektroporacija

1.1.1.1 Elektrokemoterapija

Zdravljenje s klasicno kemoterapijo poteka s sistemsko ali lokalno dovedenim
kemoterapevtikom. Uspesnost zdravljenja je odvisna od uspesnosti vstopa kemoterapevtika
v celico, kjer se ta veze na genski material tumorske celice in s tem aktivira svoje delovanje.
Vstop kemoterapevtikov v tumorsko celico omejuje celicna membrana, zato je ué¢inkovitost
tak$nega zdravljenja nizka. Lahko pa kemoterapevtiku dodamo elektroporacijo zaradi ¢esar
se prepustnost membrane poveca in kemoterapevtik vstopi v notranjost celice v veliko vedji
koncentraciji. S tem se poveca ucinkovitost zdravljenja in hkrati je koncentracija
uporabljenega kemoterapevtika lahko manjsa, kar omili stranske u¢inke zdravljenja (Groselj
in sod., 2018; Miklav¢i¢ in sod., 2014). Tako zdravljenje imenujemo elektrokemoterapija.
Pri elektrokemoterapiji gre torej za lokalno zdravljenje tumorja s kombinirano uporabo
kemoterapevtikov in elektroporacijo (Campana in sod., 2019b; Mir in sod., 1991; Okino in
Mohri, 1987). Klju¢ za uspesno elektrokemoterapijo je dovolj veliko elektricno polje in
zadostna koli¢ina kemoterapevtika (Cemaiar in sod., 2001, 1998; Miklav¢ic in sod., 1998;
Miklav¢ic in sod., 2006). Najpogosteje uporabljena kemoterapevtika pri elektrokemoterapiji
sta cisplatin in bleomicin (Gehl in sod., 1998). Pri elektrokemoterapiji tarénega tkiva ne
smemo poskodovati, zato se najpogosteje uporablja osem 100 ps dolgih monopolarnih
pulzov, dovedenih pri poljski jakosti v obmocju reverzibilne elektroporacije (Jaroszeski in
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sod., 2000; Mir in sod., 1991; Sersa in sod., 1995). Priporocila za izbor elektrod,
kemoterapevtika, nacin vnosa kemoterapevtika ter anestezijo glede na velikost, lokacijo in
Stevilo tumorjev so zapisana v zbirki o standardnih protokolih (angl. standard operation
procedures) (Campana in sod., 2019b; Gehl in sod., 2018; Mir in sod., 2006) .

Poleg povecanja prepustnosti membrane za kemoterapevtike, se pri elektrokemoterapiji
pojavijo Se drugi pozitivni ucinki zdravljenja, kar e poveca uporabno vrednost 0ziroma
ucinkovitost elektrokemoterapije. Elektrokemoterapija povzroci tudi lokalne poskodbe o0z.
zozenje zil tumorskega ozilja, s ¢imer se zmanj$a pretok krvi skozi tumor. To vpliva na
zmanjSano dostavo hranil, hkrati pa se zmanjsa tudi spiranje kemoterapevtika iz tumorja
(Jarm in sod., 2010). Novejse Studije elektrokemoterapiji pripisujejo tudi aktivacijo
imunskega sistema, ki vpliva na preostale tumorske celice in oddaljene metastaze (Calvet in
sod., 2014; Calvet in Mir, 2016; Di Gennaro in sod., 2016; Sersa in sod., 2015).

Elektrokemoterapija je ucinkovita in relativno uveljavljena terapija za zdravljenje koZznega
raka (Campana in sod., 2019a; Campana in sod., 2019b; Mali in sod., 2013). V zadnjih letih
so ucinkovitost elektrokemoterapije potrdili tudi pri zdravljenju globlje lezec¢ih tumorjih
mehkega tkiva (Bianchi in sod., 2016; Campana in sod., 2019b; Edhemovic in sod., 2011,
Edhemovic in sod., 2014; Gargiulo in sod., 2012; Gasbarrini in sod., 2015; Linnert in sod.,
2012; Tarantino in sod., 2017). Zaradi razmeroma nizke koncentracije uporabljenega
kemoterapevtika je elektrokemoterapija opredeljena kot varna terapija z malo stranskih
u¢inkov (Marty in sod., 2006).

1.1.1.2 Genska elektrotransfekcija

Reverzibilna elektroporacija se uporablja tudi pri genski terapiji za vnos tujega genskega
materiala v celico. Celi¢ni mehanizem nato s prepisom in sintezo tujega genskega materiala
omogoci nastanek izbranega proteina ali utiSanje gena (Anguela in High, 2019; Ginn in sod.,
2018). Za uspesno gensko terapijo mora tuj genski material prepotovati ovire kot so celi¢na
membrana, citoplazma in jedrni ovoj. Vnos tujega genskega materiala v celico poteka preko
virusnih in ne-virusnih vektorjev. Uporaba virusnih vektorjev pogosto povzroci nezazelene
reakcije kot je aktivacija imunskega odziva (Zhao in sod., 2022), zato v zadnjem Casu
nara$¢a zanimanje za ne-virusne vektorje, ki pa so lahko kemiéni ali fizikalni (Yin in sod.,
2014). Ne-virusna metoda, ki kaze velik potencial za vnos genskega materiala je genska
terapija z elektroporacijo oziroma genska elektrotransfekcija (angl. Gene Electrotransfer,
GET) (Lambricht in sod., 2016).

Pri tej metodi elektri¢no polje poleg poveCanja prepustnosti membrane povzro¢i tudi
elektroforezno silo, ki omogoci gibanje negativno nabitega genskega materiala (DNA) v
blizino celicne membrane. Natan¢en mehanizem metode $e ni v celoti znan. V in vivo naj bi
bil prvi korak prerazporeditev DNA iz mesta injiciranja do tar¢nih celic (Sachdev in sod.,
2022), naslednji koraki pa podobni kot v in vitro. Tam naj bi DNA potekal v petih korakih:
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interakcija izbrane DNA s celicno membrano, transport DNA ¢ez membrano, premik DNA
preko citoplazme do jedra, vstop v jedro in izrazanje genov. Glede vstopa DNA v celico
obstajata dve teoriji. Pri prvi, bolje sprejeti teoriji, pride ob elektroporaciji, do interakcije
celicne membrane z DNA, ki kasneje z endocitozo vstopi v notranjost celice (Escoffre in
sod., 2011; Faurie in sod., 2010). Po drugi, manj sprejeti teoriji pa naj bi DNA z
elektroforezno silo vstopila v celico preko ob elektroporaciji nastalih por v membrani
(Breton in sod., 2012). Vnesena DNA naj bi nato po citoplazmi celice potovala preko
aktinskega omreZja citoskeleta do blizine jedra (Dauty in Verkman, 2005). Prenod DNA
preko jedrnega ovoja pa naj bi bil najuspesnejsi v Casu delitve celice, ko je jedrni ovoj
zacasno odsoten (Brunner in sod., 2002).

V onkologiji se genska elektrotransfekcija uporablja za zdravljenje tumorskih tkiv in za
preventivno zdravljenje oziroma cepljenje (Algazi in sod., 2020; Bhatia in sod., 2020; Heller
in Heller, 2010; Heller in Heller, 2015). Ve¢ desetletne $tudije izpostavljajo gensko
elektrotransfekcijo kot varno in ucinkovito (Sachdev in sod., 2022). Pred kratkim so
pokazali, da se genska elektrotransfekcija lahko uporablja tudi pri zdravljenju tumorjev
preko ex vivo genskega inzeniringa, kjer omogoci vstop kompleksa za preurejanje genoma
v T celice. T celice s spremenjenim genomom zacnejo izrazati specifiéne receptorje (angl.
chimeric antigen receptors, CARS), preko katerih se veZejo na antigene tumorskih celic in
jih oznacijo za unicenje (Alzubi in sod., 2021). Klini¢ne $tudije genski elektrotransfekciji
pripisujejo tudi vnos CRISPR/Cas9 kompleksov za urejanje genskih zapisov (Fajrial in sod.,
2020) in vnos gole DNA kot metodo cepljenja v luci trenutne epidemije COVID-19
(Folegatti in sod., 2020; Morrow in sod., 2016; Topol, 2021).

1.1.2 Ireverzibilna elektroporacija/unicenje tkiva

Ireverzibilna elektroporacija (IRE) je ablacijska metoda, pri kateri pride do celi¢ne smrti oz.
uni¢enja bolezenskega in tumorskega tkiva brez uporabe kemoterapevtika. Sprva je IRE
veljala za neZelen stranski u¢inek reverzibilnih elektroporacijskih pulzov. Sele leta 2005 so
IRE predlagali kot potencialno samostojno metodo za uni¢enje mehkih tkiv (Davalos in sod.,
2005). IRE predstavlja netermi¢no obliko ablacije, pri kateri uni¢enje tkiva ne temelji na
visoki temperaturi kot radiofrekvencna in mikrovalovna ablaciji ali nizki temperaturi kot
krioablacija (Cho in sod., 2011; Davalos in sod., 2005; Scheffer in sod., 2014; Swan in sod.,
2013; Tondo in sod., 2018).

V primerjavi z elektrokemoterapijo IRE zahteva vecje elektri¢no polje in daljSo izpostavitev
(daljse pulze ali vecje Stevilo pulzov). Najpogosteje uporabljajo 90 ali ve¢ visokonapetostnih
(1-3 kV) pulzov z dolzino 70-100 ps (Aycock in Davalos, 2019; Cho in sod., 2011; Davalos
in sod., 2005; Scheffer in sod., 2014; Swan in sod., 2013). Ustrezna postavitev elektrod je
skrbno nacrtovana za vsakega pacienta posebej in zagotavlja natancno pokritje celotnega
tumorja in minimalen dvig temperature (Aycock in Davalos, 2019). To pripomore tudi k
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ohranitvi strukture tkiva, ki se nahaja v blizini zdravljenega tkiva kot so zile, zivci in
seCevod. To je Se posebej zazeleno pri zdravljenju kirursSko tezko dostopnih predelov (Chen
in sod., 2015; Maor in sod., 2007). Danes je IRE relativno uveljavljena elektroporacijska
metoda za unicenje tumorjev mehkega tkiva jeter, prostate, ledvic in trebusne slinavke
(Bower in sod., 2011; Geboers in sod., 2020; Guenther in sod., 2019; Lee in sod., 2007; Pech
in sod., 2011).

IRE bi se lahko uveljavila tudi kot metoda za odstranjevanje tkiva, ki povzroca nastanek
atrijske fibrilacije (Bradley in Haines, 2020; Stewart in sod., 2019, 2021). Slednja velja za
najpogostejso motnjo srénega ritma in vodi v razvoj Stevilnih srénih bolezni, ki so poleg raka
najpogostejsi vzrok smrti ¢loveka v 21. stoletju (Ahmad in Anderson, 2021). Pri zdravem
sré¢nem tkivu signal za kréenja srca nastane v sinoatrialnem vozlu, od koder signal potuje do
prekatov. Pravilno Sirjenje signala je klju¢no za pravilno kr¢enje sréne misice in ¢rpanje Krvi.
Pri atrijski fibrilaciji se v atriju pojavi dodaten signal, ki najveckrat izhaja iz plju¢ne vene.
Ta signal potuje preko stika med plju¢nimi venami in levim atrijem. V tem stiku je zgradba
tkiva zapletena in drugacna kot v drugih delih srca - sréna miSi¢na vlakna se spontano
depolarizirajo, prevajanje akcijskega potenciala pa je zelo pocasno. Zaradi spremenjene
elektri¢ne aktivnosti srca pride do neurejenega kréenja atrijev (Stublar in sod., 2021). To
povzroci zastajanje krvi v atriju, s tem pa se povecuje nevarnost mozganske kapi (Oladiran
in Nwosu, 2019). Poleg tega atrijska fibrilacija povzroca $e druge simptome, kot so obéutek
razbijanja v prsnem koSu, utrujenost, slabo pocutje, oslabelost in omotica, ki vplivajo na
kakovost zivljenja pacienta (Lip in sod., 2016). Zdravljenje atrijske fibrilacije poteka z
antiaritmicni zdravili ali ablacijo tkiva ki generira neustrezne signale. Ker te signale v
veli¢ini primerov generira tkivo, ki lezi v plju¢ni veni, poseg imenujejo tudi izolacija
plju¢nih ven (angl. pulmonary vein isolation, PV1), s katero prekinemo signal med plju¢no
veno in atrijem (Stublar in sod., 2021). Trenutno najbolj razsirjena ablacijska metoda za
zdravljenje atrijske fibrilacije je radiofrekvenéna ablacija (Stublar in sod., 2021). Pri
radiofrekven¢ni ablaciji skozi konico ablacijskega katetra dovedejo visokofrekvencni
izmeniéni elektriéni tok, ob tem pa se v taréno tkivo sprosti energija v obliki toplote. Ce
nastala toplota preseze 50°C to povzroci poskodbo tkiva oz. srénomisic¢ne stene (Raatikainen
in sod., 2017). Poskodba v globini nekaj mm zados¢a za poskodbo vseh plasti
(transmuralnost) srénomisi¢ne stene od endokarda do epidakrada, s ¢imer se trajno prekine
prevajanje signala (Kumar in sod., 2015). Klju¢nega pomena za uspesno zdravljenje je torej
zadostna globina in neprekinjenost izolacijske linije (Miller in sod., 2012). Glavna
pomanjkljivost radiofrekvencne ablacije je ozko temperaturno obmocje delovanja, zato
metodo lahko spremljajo nezazeleni stranski ucinki, kot so nezadostna poskodba tar¢nega
tkiva ali poSkodba okoliskega tkiva, kot sta poziralnik in freni¢ni zivec (Calkins in sod.,
2017; Singh in sod., 2013).

Pred kratkim se je pojavila nova metoda ablacije, ki za razliko od radiofrekvenéne ablacije,
ne temelji na termi¢nem poSkodovanju tkiva, temve¢ na elektroporaciji tkiva, imenovana
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ablacija pulzirajoega polja (angl. pulsed field ablation, PFA). Trenutno je PFA predmet
Stevilnih predklini¢nih in kliniénih $tudij, kjer potrjujejo varnost in ucinkovitost PFA
ablacije (Koruth in sod., 2019; Reddy in sod., 2019, 2021). V nobeni $tudiji niso zaznali
tipiénih nezazelenih stranskih ucinkov oziroma poskodb okoliskega tkiva, ki navadno
spremljajo zdravljenje s termi¢no radiofrekvencno ablacijo (Koruth in sod., 2019; Maor in
sod., 2019; Stewart in sod., 2019, 2021). Vzrok za to bi bila lahko razli¢na celi¢na/tkivna
obcutljivost na elektroporacijske pulze. Domnevajo, da naj bi bil elektroporacijski prag
srénega tkiva namre¢ nizji od elektroporacijskega praga drugih tkiv (Kaminska in sod.,
2012). Poleg tega zdravljenje z PFA v primerjavi z radiofrekven¢no ablacijo dosega boljso
transmuralnost in je vsaj za tretjino Casa krajsi (Bradley in Haines, 2020; Reddy in sod.,
2019b). Ob nadaljnjem izboljSevanju metode PFA, bo slednja verjetno postala prevladujoca
ablacijska metoda atrijske fibrilacije v klini¢ni praksi, vendar pa je za popolno uveljavitev
metode potrebno zagotoviti veéje razumevanje te metode, njene prednosti in
omejitve (Haines, 2022).

1.2 VISOKOFREKVENCNI BIPOLARNI PULZI

Trenutno najveckrat uporabljeni pulzi v medicini S0 monopolarni. Ucinkovitost
elektroporacije je odvisna od parametrov elektri¢nih pulzov kot so amplituda, ponavljalna
frekvenca, stevilo in dolzina, Ki pa lahko meri vse od nanosekund pa do milisekund (ms)
(Rems in Miklav¢i¢, 2016). Tako elektrokemoterapija kot IRE za svoje delovanje
uporabljata 100 ps dolge pulze, v razli€nem Stevilu in amplitudi. Kljub visoki u¢inkovitosti
elektroporacije pa ima zdravljenje z monopolarni pulzi tudi dolo¢ne omejitve oziroma
tezave. Dovajanje pulzov je potrebno uskladiti elektrokardiogramom, v izogib nastanku
motenj srénega ritma (Ball in sod., 2010). Pacient pulze obc¢uti kot kratko ostro bolec¢ino, ki
jo spremlja nenadzorovano krc¢enje misic. Zaradi nenadzorovanega kréenja misic lahko pride
do premika elektrod in potencialnih poskodb tkiva (Aycock in Davalos, 2019; Scheffer in
sod., 2014). Pri dovajanju 100 pus dolgih pulzov, naj bi do vzdrazenja zivénih vlaken prislo
pri veliko nizji amplitudi, kot je potrebna za IRE, kar pomeni, da do vzdrazenja zivénih
vlaken pride v ve¢jem podrocju okoli elektrod (Mercadal in sod., 2017). Poleg neprijetnosti
ob zdravljenju, ki jih pacient obcuti, pa so prisotne tudi drugi stranski u¢inki zdravljenja. V
okolici elektrod zaradi elektrokemijskih reakcij pride do sprememb pH-ja (Klein in sod.,
2019; Olaiz in sod., 2014) in nastanka mehurékov (Mahni¢-Kalamiza in Miklav¢ié, 2020).
pripomoreta k boljSem/prijetnejSem zdravljenju, vendar bi bila najbolj optimalna reSitev

minimiziranje vzdrazenja zivénih vlaken in elektrokemijskih reakcij (Gudvangen in sod.,
2022).

Pri iskanju pacientu prijaznejsih pulzov, so ugotovili, da vi§ja frekvenca pulzov in uporaba
zelo kratkih pulzov zmanjSa misi¢no kréenje. Ob povecanju ponavljalne frekvence iz 1 Hz
na 5 kHz, je bil obCutek bolecine sicer manjsi kot prej, vendar Se vedno neprijeten (Miklav¢ic
in sod., 2005; Zupanic in sod., 2007). Na podlagi in vitro studij so ugotovili, da imajo kratki
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nanosekundi pulzi zelo nizko ucinkovitost pri depolarizaciji vzdraznih celic (Azarov in sod.,
2019; Bagalkot in sod., 2019; Bowman in sod., 2010; Hristov in sod., 2018; Wang in sod.,
2009). Prag elektroporacije vzdraznih celic z nanosekundnimi pulzi naj bi bil niZji kot je
prag za nastanek akcijskega potenciala. Akcijski potencial, ki sledi elektroporaciji oziroma
povecani prepustnosti membrane z nanosekundnimi pulzi, naj bi nastal kot posledica izgube
mirovnega membranskega potenciala po elektroporaciji (Azarov in sod., 2019; Pakhomov
in sod., 2017; Wang in sod., 2009), medtem ko naj bi pri daljsih pulzih (100 ps) prislo do
nastanka akcijskega potenciala pred elektroporacijo oziroma povecano prepustnostjo
membrane, saj je prag za nastanek akcijskega potenciala nizji od pragu elektroporacije.
Vzrok za drugacno dinamiko celic po izpostavitvi razliénim pulzom si lahko razlagamo z
minimalnimi ¢asovnim intervalom, ki je potreben za odpiranje napetostno obcutljivih
ionskih kanalov (Pakhomov in Pakhomova, 2020).

Na podro¢ju ireverzibilne elektroporacije Vv zadnjih letih opisujejo novo obliko
elektroporacijskih pulzov, pri kateri bi bil lahko postopek zdravljenja z elektroporacijo
pacientom bolj prijazen kot trenutna uveljavljena (monopolarna) oblika pulzov (Arena in
sod., 2011). TakSen naéin zdravljenja so poimenovali visokofrekvencna ireverzibilna
elektroporacija  (ang. high  frequency irreversible electroporation, HFIRE).
Visokofrekvenéne bipolarne pulze sestavljajo vlaki zelo kratkih pulzov, ki si sledijo v
izmenjujoci se polariteti. Nova oblika pulzov odpravlja zgoraj navedene pomanjkljivosti
monopolarnih pulzov, hkrati pa je ucinkovitost visokofrekvencnih bipolarnih pulzov ob
poviSanju amplitude ali Stevila pulzov enakovredna ucinkovitosti monopolarnih pulzov
(Arena in sod., 2011; Siddiqui in sod., 2016, 2017). Glavna posebnost visokofrekven¢nih
bipolarnih pulzov je torej odsotnost nenadzorovanega kréenja misic. V nasprotju s klasi¢no
relaksantov in sinhronizacije z srénim utripom, kar mo¢no olajSa sam proces in trajanje
terapije (Siddiqui in sod., 2016). Potencialno uporabo visokofrekven¢nih bipolarnih pulzov
so v zadnjih letih prepoznali tudi za ablacijo sréne misice, kjer je odsotnosti vzdrazenja
napetostno obcutljivih misi¢nih celic, in odsotnost nastanka mehurc¢kov v krvi srca $e
posebej pomembno. V nasprotju z drugimi ablacijski metodami lahko pri PFA tudi
spreminjajo veliko ve¢ parametrov, s ¢imer vplivajo na samo ucinkovitost ablacije (Reddy
in sod., 2018, 2019). Neustrezno spreminjanje parametrov pa lahko povzro¢i tudi termic¢ne
poskodbe, zato je poznavanje delovanja visokofrekvenénih bipolarnih pulzov, tako
parametrov in posebnosti, ki jih prinaSa ta oblika pulza, klju¢na za ¢im uspesnejSo uporabo
v Kliniki.

V primerjavi s klasi¢nimi monopolarnimi pulzi imajo visokofrekvencni bipolarni pulzi
kompleksnejSo strukturo in vecje Stevilo parametrov, saj lahko poleg dolZine, Stevila,
frekvence in amplitude pulzov nadzorujemo tudi ¢asovni zamik med pozitivno in negativno
fazo bipolarnega pulza, ponavljalno frekvenco, stevilo pulzov v vlaku in zamik med vlaki
pulzov. Poleg tega imata lahko pozitivna in negativna faza razlicne amplitude in dolZine
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(Pirc in sod., 2021). Posledi¢no to pomeni ve¢ spremenljivk, ki vplivajo na ucinek
elektroporacije (Slika 1).
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Slika 1: Shema monopolarnih pulzov (zgoraj) in visokofrekvencnih bipolarnih pulzov (spodaj). Pri
visokofrekvencnih pulzih so vlaki bipolarnih pulzov (b) loceni z ponavljano frekvenco 1 Hz, en vlak pulzov
pa je sestavljen iz $tevilih (Np) bipolarnih pulzov (p), ki so med seboj loceni s ¢asovnim zamikom v dolzini
d,. Vsak bipolaren pulz pa je sestavljen iz pozitivne in negativne faze pulza dolzine Tp, med njima pa je kratek
¢asovni zamik (dy).

Visokofrekvencne bipolarne pulze si lahko predstavljamo kot sestav enostavnejSih oblik
pulzov, ki pa so jih v preteklosti Ze raziskovali z namenom bol§jega razumevanja delovanja
elektroporacije. Ali se posebnosti teh enostavnejsih pulzov in njihove posebnosti odrazajo
tudi v obliki visokofrekvenc¢nih bipolarnih pulzov in v kolik$ni meri to vpliva na u¢inkovitost
elektroporacije z visokofrekvencnimi bipolarnimi pulzi pa zaenkrat ostaja neraziskano. Prva
posebnost je tako imenovan izni¢evalni ucinek (angl. cancellation effect), kjer si pozitivna
in negativna faza pulza sledita zelo hitro, zato drugi pulz (t.i. negativna faza) izni¢i u¢inek
prvega (t.i. pozitivne faze) (Ibey in sod., 2014; Pakhomov in sod., 2014; Schoenbach in sod.,
2015). Pojav so odkrili pri nanosekundnih pulzih, ob primerjavi u¢inkovitosti posameznega
bipolarnega pulza v primerjavi z monopolarnim pulzom enake dolzine (seStevek dolzine
negativne in pozitivne faze bipolarnega pulza je enak dolzini monopolarnega pulza). Kljub
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enaki koli¢ini dovedene energije obeh oblik pulzov, je ucinek bipolarnega pulza zaradi
izni¢evalnega ucinka manjsi kot pri monopolarnem pulzu (lbey in sod., 2014; Pakhomov in
sod., 2014; Schoenbach in sod., 2015). Vse kaze, da se izni¢evalni uéinek z vecjo dolzino
pulza izgubi, saj imajo daljsi bipolarni pulzi enako ali celo boljso ucinkovitost kot
monopolarni pulzi kljub enaki koli¢ini dovedene energije (Kotnik in sod., 2003; Kotnik in
sod., 2001; Kotnik in sod., 2001).

Naslednja posebnost je preuc¢evanje uc¢inka vlakov monopolarnih pulzov oz. deljenje enega
daljsega vlaka pulzov na ve¢ krajsih vlakov pulzov. Elektroporacija celic z enim dalj$im
monopolarnim pulzom, naj bi bila manj uspesna, kot ¢e so ti pulzi razdeljeni na ve¢ krajsih
vlakov monopolarnih pulzov. Elektroporacija v primeru delitve na ve¢ vlakov poteka dlje
¢asa ob enako veliki dovedeni energiji, kar pripomore tudi k manjSemu segrevanju tarnega
tkiva. Pri tem naj bi prvi vlak pulzov povecal obcutljivost celic na elektri¢ne pulze, zato naj
bi bile celice ob naslednjem vlaku nanj bolj obcutljive. PodaljSevanje ¢asa med vlaki torej
povecuje ucinkovitost elektroporacije monopolarnih pulzov. Opisan pojav so imenovali
elektrosenzitizacija (Jiang in sod., 2014; Pakhomova in sod., 2011; Pakhomova in sod.,
2013). Nadaljnje studije so pokazale, da so ti fenomeni odvisni od elektroporacijskega pufra
(Dermol in sod., 2016).

Eden od pomembnih parametrov, ki verjetno vpliva na elektroporacijo je elektroporacijski
pufer. Znano, je da ima lahko elektroporacijski pufer, zaradi sestave, osmolarnosti ter
prevodnosti pomemben vpliv na ucinek elektroporacije in vitro (Barrau in sod., 2004,
Pucihar in sod., 2001; Rols in Teissie, 1989; Rols in Teissié, 1990b). Sicer velja, da je
preucevanje delovanja in posebnosti pulzov do dolo¢ene mere najlazje in vitro, je pri tem
potrebno upostevati posebnosti, ki pa jih v in vivo pogojih ni, kot na primer elektroporacijski
pufer. Posledicno, ne vemo ali so od elektroporacijskega pufra odvisni ucinki
elektroporacije, kot na primer izni¢evalni uéinek in elektrosenzitizacija, prisotni tudi v in
Vivo pogojih in ¢e so, do kakSne mere. Kljub temu da na podlagi raziskav opravljenih v
razli¢nih pufrih ne dobimo vedno uporabnih informaciji preko katerih lahko sklepamo o
dogajanju in vivo, pa so ti podatki pomembni za optimizacijo pogojev in vitro studij (Mattes,
2020).

1.3 VECKRATNO ZDRAVLJENJE Z ELEKTROPORACIJO

Pri elektrokemoterapiji in ireverzibilni elektroporaciji gre vecinoma za enkratno terapijo. V
primeru delnega/nepopolnega odgovora pa je potrebno terapijo ponoviti. Pri tem se pojavi
vprasanje ucinkovitosti, ali le-ta ob ponovitvi ostane enaka ali je slabsa. Medtem ko je uCinek
razli¢nih parametrov pulzov raziskovan tako v in vivo kot v vitro studijah, pa se o u¢inkih
ponovnega zdravljenja oziroma ponovne izpostavitve celic elektri¢nim pulzom, ne ve veliko.
Niti, ¢e lahko celice razvijejo odpornost na elektriéne pulze in s tem postanejo nanje manj
obcutljive, kar bi lahko pomenilo manjSo ucinkovitost ponovnega zdravljenja.
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Obstojece raziskave so bili izvedene na tumorskih celicah in bakterijah. Tumorske celice naj
bi ze po enkratni izpostavljenosti elektricnemu polju postale manj obcutljive na nadaljnje
izpostavitve elektricnemu polju. Pri tem pa je celotna Studija zajemala zgolj dve generaciji
(Shao in sod., 2017). Bolj natan¢no preverjanje razvoja odpornosti na elektri¢ne pulze SO
izvedli na bakterijah Pseudomonas putida, ki so v velikem S$tevilu prisotne v odpadnih
vodah. Bakterije so, izpostavljali elektri¢nemu polju kar 30 generacij. V vsem tem ¢asu niso
zaznali, da bi prislo do razvoja odpornosti bakterij na elektroporacijske pulze (Gusbeth in
sod., 2009). Dosedanje S$tudije veckrat izpostavljenih celic elektriénim pulzov so si
nasprotujoce, prekratke ali za namen zdravljenja tumorskega tkiva neustrezne. Za boljSo
uporabo elektroporacije v medicini, tako iz vidika reverzibilne elektroporacije kot
ireverzibilne elektroporacije, ob ponovni rasti tumorja, ob ponovni vzpostavitvi atrijske
fibrilacije, kot tudi ob veckratni genski elektrotransfekciji, je torej nujno razumevanje
ucinkovitosti veckratnega zdravljenja z elektroporacijo.

1.4 AKTIVACIJA IMUNSKEGA SISTEMA PO ELEKTRPORACUI
Aktivacija imunskega sistema pacienta, naj bi izboljsala izid zdravljenja z reverzibilno

(Calvet in sod., 2014; Calvet in Mir, 2016; Sersa in sod., 2015; Sersa in sod., 1997) kot tudi
z ireverzibilno elektroporacijo (Bulvik in sod., 2016; José in sod., 2012; Pandit in sod., 2019;
Scheffer in sod., 2019; Vogl in sod., 2009; White in sod., 2018). Poleg uni¢enega tarnega
tumorskega tkiva, aktiviran imunski sistem lahko vpliva tudi na oddaljene metastaze.
Aktivacija imunskega sistema pri elektroporaciji bi bila lahko posledica imunogene celi¢ne
smrti (angl. immunogenic cell death, ICD) elektroporiranih celic. Pod ICD se steje kakr$na
koli oblika celi¢ne smrti (programirana ali neprogramirana), ki povzro¢i aktivacijo
imunskega sistema. Ob ICD se iz celic spro$¢ajo posebne signalne molekule imenovane
molekulski vzorci s povezani poskodbo/nevarnostjo (angl. damage-associated molecular
patterns or danger-associated molecular patterns, DAMP) (Chaplin, 2010; Diercks in Kluin,
2016; Kellie in Al-Mansour, 2017). Gre za signalne molekule, ki se spro$¢ajo iz umirajocih
celic in delujejo kot notranji signal za poskodbe/nevarnost. Pri nepoSkodovanih celicah se
ve¢ina DAMP molekul nahaja v celi¢ni notranjosti (Roh in Sohn, 2018), kjer opravljajo
specificne funkcije. Ob poskodbi pa pride do aktivnega ali pasivnega prenosa DAMP
molekul v izvenceli¢ni prostor oziroma na povrsino celic, Kjer prevzamejo vlogo signalne
molekule (Gong in sod., 2019; Kato in Svensson, 2015; Obeid in sod., 2007; Patel, 2018).
Kot signalna molekula se vezejo na vzoréno prepoznavne receptorje (angl. pattern
recognition receptors, PRR), ki jih nosijo celice imunskega sistema, natan¢nejse fagociti
(Kato in Svensson, 2015; Rock in sod., 2011). Fagociti, kot so makrofagi, ob fagocitozi tujih
molekul oziroma DAMP molekul izlo€ajo vnetne mediatorje, ki sprozijo vnetno reakcijo.
Stopnjo poskodbe oz. stresa odraza kolicina DAMP molekul, saj v odvisnosti od
koncentracije DAMP molekul lahko pride do zdravljenja preko blage vnetne reakcije ali
unic¢enja oz. fibroze tkiva preko moc¢nega vnetja (Stoecklein in sod., 2012). Fagociti nato
ustrezno razgrajene tuje molekule predstavijo celicam T pomagalkam in s tem sproZzijo
specificen imunski odziv. Razvijejo se limfociti B in T, ki se diferencirajo v spominske
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limfocite. Slednji se ob vztrajanju tujka/tumorskih celic ali njegovi ponovni izpostaviti
preoblikujejo v efektorske celice, ki odstranjujejo tujke (Kreiger in sod., 2011). Umirajoce
tumorske celice, podvrzene imunogeni celi¢ni smrti, naj bi tako delovale kot in situ cepivo,
in tako pripomogle k unic¢enju preostalih tumorskih celic v telesu in vzpostavitvi dolgoro¢ne
proti-tumorske imunosti (Sersa in sod., 2015).

PreucCevanju imunogene celi¢ne smrt in vitro poteka preko detekcije Stevilnih DAMP
molekul v izvenceliénem prostoru, med katerimi so najbolj znane adenozintrifosfat (angl,
adenosine triphosphate, ATP), kalretikulin (angl. calreticulin, CRT) in protein HMGB1
(angl. high mobility group box 1 protein) (Roh in Sohn, 2018; Zhou in sod., 2019).
Elektroporacija s poveCanjem prepustnosti membrane omogoca prehod molekulam, Ki
drugace ne prehajajo membrane, VKljuéno z DAMP molekulami. Izvencelicni ATP je v
zgodnjem raziskovanju elektroporacije sluzil kot molekula za potrditev povecane
prepustnosti membrane (Rols in sod., 1998; Rols in Teissié, 1990a; Sixou in sod., 1991;
Volker in sod., 1989). Sele $tudije zadnjih let ATP molekulo pri elektroporaciji pristevajo
med DAMP molekule, kljuéno za aktivacijo imunogene celi¢ne smrti (Calvet in sod., 2014).
V splosnem je potek imunogene celi¢ne smrti povzro¢en z elektroporacijo neznan, saj je
razen iztekanja ATPja, izpust ostalih DAMP molekul v odvisnosti od elektroporacijskih
pulzov slabo raziskan.

Trenutno razumevanje signalnih poti vpletenih odziv imunskega sistema je slabo. V
prihodnosti bi lahko znanje o teh signalnih poteh potencialno izboljSalo uporabe
elektroporacije v kliniki. Razumevanje prepletenosti ireverzibilne elektroporacije in
aktivacije imunskega odziva je pomembno tudi iz vidika nastanka fibroznega tkiva.
Potencial pa kaze tudi imuno terapija v kombinaciji z elektroporacijo (Imran in sod., 2022).
Ker bi vzrok za aktivacijo imunskega odziva pri zdravljenju z elektroporacijo lahko lezal v
mehanizmu celi¢ne smrti pri elektroporaciji bo potrebno posebno pozornost posvetiti tudi
raziskovanju celi¢ne smrti, ki po povzrocijo elektroporacijski pulzi sami in v kombinaciji z
kemoterapevtiki.

Naceloma velja, da je prezivetje celic odvisno od njihove sposobnosti ohranjanja
homeostaze ob stalnem prilagajanju na zunanje in notranje drazljaje. Ko je intenziteta
draZljaja prevelika in se celice nanj ne morejo vec¢ prilagoditi, nastane celi¢na poskodba, ki
povzro¢i porusenje celiéne homeostaze (Miller in Zachary, 2017). Prav to se zgodi tudi pri
elektroporaciji, kjer drazljaj povzroci nastanek poskodb oz. por v membrani in tako porusi
celicno homeostazo. Rezultat poSkodbe celice je reverzibilna ali ireverzibilna
elektroporacija, odvisno od celi¢nih popravljalnih mehanizmov. Elektroporacija povzroci
prehod celice skozi tri faze - nastanek poskodbe, popravljanje in celiéna smrt. Mehanizem
vsakega od teh ob elektroporaciji je zaenkrat slabo raziskan, vendar pa zaradi vse vecjega
zanimanja uporabe ireverzibilne elektroporacije v medicini vedno bolj pomemben.
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V literaturi je opisanih nekaj celi¢nih poskodb, ki nastanejo ob elektroporaciji in potencialno
vplivajo na potek celiéne smrti pri elektroporaciji. Elektroporacija primarno povzroci
poskodbo plazemske membrane nastanka pojava por v membrani. Celica je zato podvrzena
osmotskemu neravnotezju. Ca®* ioni vdrejo v celico in porusi se znotrajceliéna homeostaza.
ATP izteCe iz celic, kar vodi do pomanjkanja energetsko bogatih molekul znotraj celice
(Gibot in sod., 2020; Pakhomova in sod., 2014; Rols in Teissié, 1990a). Nastanejo tudi
kisikove reaktivne spojine ter oksidativne poskodbe nenasienih lipidov v membrani
(Teissie, 2017; Wiczew in sod., 2020). Signalne poti bioloskih molekul (Ca?*, ATP in ROS)
na katere vpliva elektroporacija se v celici mo¢no prepletajo, zato je primaren vzrok
poskodbe pri elektroporaciji tezko dolociti (Brookes in sod., 2004). Elektroporacijski pulzi
pa lahko vplivajo tudi na veéje molekule. Spremenijo lahko konformacijo in strukturo
proteinov, posredno pa povzroéijo tudi poskodbe DNA (Chafai in sod., 2019; Hekstra in
sod., 2016). Posebno skupino pulzov predstavljajo nanosekundi pulzi, ki povzroéijo tudi
poskodbe membran celi¢nih organelov, kot je mitohondrij (Beebe, 2017; Napotnik Batista
in sod., 2012).

Kljucnega pomena za prezivetje celice je aktivacija popravljalnih mehanizmov, ki s
celjenjem membrane celici omogocijo ponovno vzpostavitev celicne homeostaze in s tem
njeno prezivetje (Corrotte in Castro-Gomes, 2019). Velikost por, ki nastanejo v plazemski
membrani pri elektroporaciji je ocenjena na velikost do 100 nm (Bowman in sod., 2010).
Medtem, ko se pri sobni temperaturi ali optimalnih 37°C membrana po elektroporaciji
povrne v prvotno stanje ze v nekaj minutah po elektroporaciji, pri nizkih temperaturah (4°C)
za svojo zacelitev membrana potrebuje tudi ure (Kotnik in sod., 2019). Poleg temperature
imajo na popravljalne mehanizme vpliv tudi parametri pulzov (Gabriel in Teissie, 1994,
Jakstys in sod., 2020; Rols in Teissié, 1990a; Saulis in Saule, 2012), koncentracija Ca?* v
elektroporacijskim pufru (Ciobanu in sod., 2018), sestava elektroporacijskega pufra (Gabriel
in Teissie, 1994; Rols in Teissié, 1990b) in nastanek ROS (Gabriel in Teissie, 1994).
Natan¢ni popravljalni mehanizem elektroporirane membrane zaenkrat ostaja neznan, vendar
pa obstaja nekaj teorij. NajmanjSe poskodbe membrane velikosti nekaj nanometrov, naj bi
se zacelile spontano (Cooper in McNeil, 2015; Levine in Vernier, 2010). Pri vecjih
poskodbah pa naj bi se uvihki poskodovanih delov membrane odstranili preko endocitoze,
eksocitoze lizosomov (Hai in Spira, 2012) ali preko ESCRT (angl. endosomal sorting
complexes required for transport) kompleksa (Ding in sod., 2017). Medtem ko predvidevajo,
da naj bili pri celjenju membrane poskodovane z mikrosekundnimi in milisekundnimi pulzi
vpleteni enaki ali podobni popravljalni mehanizmi pri katerih imajo pomembno viogo
lizosomi (Silve in sod., 2014), pa to ne velja za nanosekunde pulze. Ti namre¢ povzro¢ijo
prekinitve mreze mikrotubolov, zaradi Cesar je notrajceliéna migracija lizosomov
onemogoc¢ena (Thompson in sod., 2018; Thompson in sod., 2014).

Kljub uspeSnemu celjenju membrane pa v€asih celice ne uspejo vzpostaviti homeostaze, zato
celica umre. Elektroporacija lahko sprozi razlicne oblike celi¢nih smrti v odvisnosti od
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parametrov pulzov, tipa celic ali tkiva in ostalih dejavnikov. Apoptoza je najpogosteje
opisana celi¢ne smrti, ki jo sprozi elektroporacija tako pri in vivo (Arena in sod., 2011; Chai
in sod., 2017; Faroja in sod., 2012; Mercadal in sod., 2020; Ringel-Scaia in sod., 2019;
Scheffer in sod., 2014) kot pri in vitro Studijah ob uporabi nanosekundnih (Beebe in sod.,
2003; Beebe in sod., 2013; Ren in Beebe, 2011), mikrosekundnih (Kaminska in sod., 2012;
Mercadal in sod., 2020; W. Zhou in sod., 2012) in milisekundnih pulzov (Matsuki in sod.,
2010). Poleg apoptoze so pri elektroporaciji potrdili tudi nekrozo celic. V neposredni blizini
elektrod je namre¢ elektri¢no polje najvisje, kar se lahko odraza tudi v termi¢nih poSkodbah
celic, ki povzroéijo nekrozo celic (Zmuc in sod., 2019).

Nekroza je dolga leta velja za neprogramirano celi¢no smrt, vendar pa novejse Studije
opisujejo aktivacijo dolocenih signalnih poti, kar kaZze da je nekroza deloma programirana
celicna smrt (Festjens in sod., 2006; Proskuryakov in sod., 2003). V zadnjem casu se je
pojavila nova nomenklatura celi¢ne smrti, Ki celi¢nih smrti ne deli ve¢ na nekrozo, apoptozo
ter avtofagijo, temve¢ na podlagi morfoloSkega, biokemijskega in funkcijskega vidika
definira $tevilne nove poti celicne smrti (Galluzzi in sod., 2018). Na podrocju elektroporacije
so do sedaj in vitro potrdili dve novi poti celi¢ne smrti in sicer nekroptozo (angl. necroptosis)
in piroptozo (angl. pyroptosis). Za obe pa je znaéilno spros¢anje DAMP molekul oziroma
imunogena celi¢na smrt (Calvet in sod., 2014; Mercadal in sod., 2020; Ringel-Scaia in sod.,
2019).
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1.5 HIPOTEZE

V okviru problematike in nacrtovanega raziskovalnega dela doktorske disertacije smo
postavili naslednje hipoteze, katerih potrditev ali zavrnitev bo prispevala k izboljSanju metod
elektroporacije v medicini.

e Ucinek elektroporacije visokofrekvenénih bipolarnih pulzov je manjsi od
nizkofrekven¢nih monopolarnih pulzov pri enaki dovedeni energiji in amplitudi ter
odvisen od elektroporacijskega pufra.

e Veckratna izpostavljenost elektri¢nemu polju povzroci razvoj rezistence na elektri¢ne
pulze.

e Parametri elektricnih pulzov vplivajo na iztek molekulskih vzorcev povezanih z
nevarnostjo (DAMP) iz celic.
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2 ZNANSTVENA DELA

2.1 OBJAVLIJENA ZNANSTVENA DELA

2.1.1 Iznievalni uc¢inek visokofrekvencnih bipolarnih pulzov je prisoten pri
reverzibilni in ireverzibilni elektroporaciji

Polajzer T., Dermol—Cerne J., Rebersek M., O’Connor R., Miklav¢i¢ D. 2020. Cancellation
effect is present in high-frequency reversible and irreversible electroporation.
Bioelectrochemistry, 132: 1-11

Uporaba visokofrekven¢nih bipolarnih pulzov naj bi bila pri zdravljenju z
elektrokemoterapijo kot tudi pri ablaciji tkiva z elektroporacijo pacientu prijaznejsa, saj ti ne
povzroc¢ajo boledine in nenadzorovanega kréenja misic. Uc¢inkovitost visokofrekvenénih
bipolarnih pulzov, tako iz vidika povecane prepustnosti membrane kot vpliva na prezivetje
celic, je ob povecanju amplitude primerljiva z monopolarnimi pulzi (8x100 ps), ki so
trenutno uveljavljeni za uporabo v medicini, vendar je pri tem potrebno povecati amplitudo.
Vzrok za vi§jo amplitudo pulzov visokofrekvencnih bipolarnih pulzov bi lahko bil v njihovi
obliki, kjer si veliko $tevilo zelo kratkih pulzov sledi v izmenjujoci se polariteti. Znotraj
visokofrekven¢nih bipolarnih pulzov bi lahko prislo do tako imenovanega izni¢evalnega
ucinka, kjer si pulza razli¢nih polaritet sledita zelo hitro in ob tem ucinek prvega pulza iznici
ucinek z drugega pulza. V Studiji smo na celi¢ni liniji CHO Vv razli¢nih elektroporacijskih
pufrih prisotnost izenacevalnega ucinka visokofrekvencnih bipolarnih pulzov potrdili pri
ireverzibilni elektroporaciji oziroma vplivu na preZivetje celice. Pri preucevanju povecane
prepustnosti membrane, je bil iznievalni ucinek visokofrekvencnih bipolarnih pulzov v
nizkoprevodnem elektroporacijskem pufru odsoten, ob visanju prevodnosti pufrov pa se
izni¢evalni ucinek spet pojavi. Mo¢ izni¢evalnega ucinka visokofrekvencnih bipolarnih
pulzov je pogojena tako z dolzino pulzov pozitivne in negativne faze bipolarnega pulza (1-
10 ps), kot tudi z dolzino ¢asovnega zamika med pozitivno in negativno fazo bipolarnega
pulza (0,5 ps — 10 ms). V splosnem velja, da daljsi pulzi in daljsi zamik povzro¢ita manj
izrazit izniCevalni ucinek. Vzrok za nastanek izni¢evalnega ucinka lahko deloma pojasnimo
z aktivnim praznjenjem celiéne membrane (ang. assisted discharge). Ker iznicevalni u¢inek
e ni v celoti pojasnjen smo testirali tudi hipotezo o hiperpolarizaciji celice zaradi vdora
kloridnih ionov, ki pa je nismo uspeli potrditi.
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It was recently suggested that applying high-frequency short biphasic pulses (HF-IRE) reduces pain and
muscle contractions in electrochemotherapy and irreversible ablation treatments; however, higher
amplitudes with HF-IRE pulses are required to achieve a similar effect as with monophasic pulses. HF-
IRE pulses are in the range of a microseconds, thus, the so-called cancellation effect could be responsible
for the need to apply pulses of higher amplitudes. In cancellation effect, the effect of first pulse is reduced
by the second pulse of opposite polarity. We evaluated cancellation effect with high-frequency biphasic
pulses on CHO-K1 in different electroporation buffers. We applied eight bursts of 1-10 ps long pulses
with inter-phase delays of 0.5 ps - 10 ms and evaluated membrane permeability and cell survival. [n per-
meability experiments, cancellation effect was not observed in low-conductivity buffer. Cancellation
effect was, however, observed in treatments with high-frequency biphasic pulses looking at survival in
all of the tested electroporation buffers. In general, cancellation effect depended on inter-phase delay
as well as on pulse duration, i.e. longer pulses and longer interphase delay cause less pronounced cancel-
lation effect. Cancellation effect could be partially explained by the assisted discharge and not by the
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hyperpolarization by the chloride channels.
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1. Introduction

Electroporation is a phenomenon in which cells exposed to
pulsed electric fields of a sufficient intensity form nanoscale
defects referred to as pores in the cell membrane, where lipids
are chemically modified and the function of membrane proteins
is modulated [1]. Consequently, membrane permeability increases
and allows molecules for which the membrane is usually imper-
meable to cross the cell membrane. If cells recover after treatment
and survive, this is termed reversible electroporation. However,
when damage is more extensive, and cells die, this is termed irre-
versible electroporation (IRE). Electroporation is used in medicine,
i.e. electrochemotherapy (ECT) [2-5], gene therapy [6,7], DNA vac-
cination [8,9], and tumor [10,11] or cardiac ablation [12-15] by
irreversible electroporation, in biotechnology [16-18], and food
processing [16,19].

In ECT and IRE treatments, 50-100 ps long monophasic pulses
are traditionally applied at approximately 1 Hz repetition fre-
quency, synchronized with the heart rhythm [4,11,20]. Low repeti-
tion frequency results in separate muscle contractions, i.e.

* Corresponding author.
E-mail address: Damijan.miklavcic@fe.uni-lj.si (D. Miklav&ic).
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individual multiple muscle twitches associated with every pulse
delivered [21]. Since pulses cause electrical stimulation of excita-
ble tissue, also sensory nerves are stimulated, therefore the proce-
dure is also painful for the patients [2223]. Therefore, general
anesthesia [24], synchronization with electrocardiogram [25-27
and administration of muscle relaxants are needed during the
treatment to prevent painful muscle contraction.

It was previously suggested that unpleasant sensations could be
reduced by increasing the pulse repetition frequency [2328].
Although in vitro results were promising, as the obtained molecular
uptake remained similar up to 8.3 kHz repetition frequency, only
slightly higher voltages had to be applied with higher repetition
frequencies [29]. In vivo, at 1 Hz a higher percentage of complete
tumor regression was observed than at 5 kHz repetition frequency,
especially when using sub-optimal drug concentrations [28,30].
Another suggestion to reduce muscle and nerve excitation and ele-
vate pain was to use specially designed electrodes, i.e. insulated
needle electrodes [31] or “current cage” electrode placement
[32]. Another recent approach was to replace the standard 50-
100 ps monophasic pulses by bursts of short biphasic pulses, the
so-called high-frequency irreversible electroporation (HF-IRE).
When HF-IRE pulses were applied ex-vivo and in vivo to several
animal models [33-35] as well as to humans in the first human
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study on prostate cancer [36], there were fewer muscle contrac-
tions observed and less muscle relaxants needed than in standard
IRE treatments. The efficiency of the HF-IRE treatment was compa-
rable to the IRE treatment; however, higher amplitudes of electric
pulses had to be in the HF-IRE treatments than when using stan-
dard IRE pulses. Nevertheless HF-IRE pulse treatments could
potentially improve the procedural safety for patients by cbviating
the need for neuromuscular blockage and general anesthesia.

In addition to IRE it was also demonstrated that high-frequency
electroporation, ie. HF-EP with bursts of short biphasic pulses
could be used to increase membrane permeability to fluorescent
dyes [37] and recently, also to chemotherapeutic cisplatin in elec-
trochemotherapy in viiro [38]. However, in this case higher electric
pulses had to be delivered with HF-EP than with classical
8 x 100 us ECT to achieve a comparable effect for equal pulse
duration.

It was previously reported that biphasic pulses were at least as
efficient as monophasic pulses. In vitro, higher DNA transfection
efficiency was obtained with biphasic pulses than with monopha-
sic pulses [39]. Presumably, biphasic pulses induced cell mem-
brane permeabilization on both sides of the membrane facing the
electrodes and not only on one side, as would be expected with
monophasic pulses. Improved efficiency of permeabilization with
biphasic pulses was later confirmed also by increased membrane
permeability [40], while the electrolytic contamination with
biphasic pulses was lower than with monophasic pulses [41]. In
vivo, monophasic {100 ps) and biphasic pulses (50 + 50 ps) were
reported to be of similar efficiency in electrochemotherapy [42],
whilst with 20 ms long biphasic pulses a higher transgene expres-
sion in liver tissue was obtained than with unipolar pulses
{(monophasic) [43]. In another study, no difference was seen in
gene transfer of skin between applying monophasic and biphasic
pulses [44]. In all studies mentioned above, however, longer pulses
were applied than those used in HF-IRE {>10 ps).

Over time, the development of new pulse generators has made
it possible to deliver even shorter pulses in the nanosecond time
range [45]. Interesting new observations were made using biphasic
nanosecond pulses suggesting they were less efficient in permeabi-
lizing and killing cells than moneophasic nanosecond pulses [46],
i.e. the so-called cancellation effect was observed which challenged
the existing knowledge. Briefly, a cancellation effect was reported
in which the effect of the first pulse was cancelled {or reduced)
by the effect of the second pulse of the opposite polarity, although
applying asymmetrical biphasic pulses {in voltage [47] and time
[48]) decreases the extent of the cancellation effect. This cancella-
tion effect was observed for one or more biphasic pulses with the
duration of the positive or the negative pulse between 60 and
900 ns and the delay between the positive and the negative pulse
up to 10 ms [46-51]. It was detected via calcium influx, the influx
of fluorescent dyes, phosphatidylserine externalization, metabolic
assays of survival, and membrane conductance measurements.
The reason{s) for this cancellation effect have not yet been identi-
fied; however, different theories and models were proposed
[52,53]. The mechanisms suggested are: assisted membrane dis-
charge; reversed electrophoretic ion transport; two-step oxidation
of membrane phospholipids [49]; localized charging and discharg-
ing events across the membrane [48]; and reversed elongation
forces due to electrodeformation [51,54]; but evidence supporting
each of these mechanisms are lacking. Here, we investigated a new
hypothesis - a hyperpolarization of chloride channels.

Chloride channels (CLC) are responsible for the movement of
ClI” ions necessary in neurcnal, muscular, cardiovascular, and
epithelial function [55]. CLC channels are dimers with each of the
subunits forming ‘protopores’ that combined together leads to
two types of gating, slow and fast [56]. Unlike most other types
of voltage-gated ion channels, their structure does not include an

51-54 transmembrane voltage-sensing motif. Instead, their fast
gating voltage dependence arises from the movement of the per-
meant C1” ion through the transmembrane electric field, which
interestingly can be activated by either hyperpolarization or depo-
larization. Consequently, CLC channels can exhibit bidirectional
ultrafast gating of CI~ in the ps range that is dependent on the con-
centration of extracellular C1~. We hypothesized that the transit of
Cl~ in the pores of CLC channels might therefore be sensitive to the
rapid reversal of electric field in biphasic pulses, leading to the can-
cellation effect.

Since pulses, usually applied in HF-IRE treatments are biphasic
and 1 ps long, they are already in the time range of the cancellation
effect. Thus, in our study, we aimed to determine if the cancellation
effect is also present in HF-IRE treatments in vitro. The cancellation
effect could partially explain why higher voltages must be applied
with HF-IRE pulses than with IRE pulses to achieve a comparable
effect. We evaluated irreversible as well as reversible electropora-
tion, and thus we call our protocol high-frequency electroporation
(HF-EP). We varied pulse duration between 1 and 10 ps, while the
inter-phase delay was varied between 0.5 ps - 10 ms. We com-
pared the effect of HF-EP pulses to standard IRE or ECT pulses
{i.e. 100 ps monophasic pulses) with the same total pulse duration.
Experiments were performed in three different electroporation
buffers, as it was already shown that electroporation buffers signif-
icantly influence electroporation experiments [57]. We also per-
formed calculations where we evaluated the effect of buffer
conductivity on membrane charging and discharging. Our results
show that the cancellation effect is present in HF-EP treatments
and shows its complex dependency on the electroporation buffer.

2. Materials and methods
2.1. Flectroporation buffers

Three different electroporation buffers were used (Table 1). A
standard low-conductivity potassium-phosphate (KPB) bulifer is
often used in in vifro experiments due to current limitations of
pulse generators. To obtain the high-conductivity buffer, we iso-
osmotically replaced the sucrose by NaCl as sucrose is physiclogi-
cally not present at high concentrations. To obtain the buffer with-
out chloride, MgCl was replaced by magnesium D-gluconate
hydrate and NaCl by sodium gluconate. We eliminated all chloride
ions to test a hypothesis that the cancellation effect could be
explained by hyperpolarization of the cell membrane caused by
the activation of chloride channels. All buffers were isg-osmotic
(300 mOsm/kg), as determined by freezing point depression
method with Knauer cryoscopic unit {model 7312400000, Knauer,

Table 1
Composition and electrical conductivity of three electroporation buffers, used in our
study.

Electroporation Composition Electrical
buffer conductivity
(mSjcm)
Low-conductivity 10 mM K;HPO4/KHPO, in ratic 1.76 [57]
buffer 40.5:9.5, 1 mM MgCl;, 250 mM
ClZHZZOH
High-conductivity 10 mM K;HPO,/KH,PO, in ratio 19.12 [57]
buffer 405:9.5
1 mM MgCly, 150 mM NacCl
Buffer without 10 mM K;HPO4/KH;FO, in ratic 9.57*

chleride 40.5:9.5, 1 mM Cy3H2Mg0,4XH;0,

150 mM NaCgHq;0;

* Measured with the cenductometer 5230 SevenCompact (Mettler Teledo,
Switzerland) at reom temperature (24 °C).
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Germany). All chemicals were from Sigma Aldrich, Germany,
except for KH,PO4 which was from Merck, Germany.

2.2. Cell preparation

Chinese hamster ovary (CHO-K1) cells purchased from the
European Collection of Authenticated Cell Cultures were grown
in HAM F-12 growth medium (PAA, Austria) in culture flasks
(TPP, Switzerland) in an incubator (Kambic, Slovenia) at 37 °C with
a humidified 5% CO2. The growth medium was supplemented with
10% fetal bovine serum (Sigma-Aldrich, Germany), L-glutamine
(StemCell, Canada), antibiotics penicillin/streptomycin (PAA, Aus-
tria) and gentamycin (Sigma-Aldrich, Germany) (i.e., full HAM-
F12). After 2-3 days when 70% confluency was reached, cells were
detached by 10x trypsin-EDTA (PAA, Austria), diluted 1:9 in Hank’s
basal salt solution (StemCell, Canada), which was inactivated after
2 min by addition of fresh full HAM F-12. The cell suspension was
centrifuged at 180 g and 22 °C for 5 min. The supernatant was
removed, and the cell pellet was re-suspended in the chosen elec-
troporation buffer at the cell density 2 x 10° cells/ml.

2.3. Pulse generation

Pulses were applied by a laboratory prototype pulse generator
(University of Ljubljana), based on H-bridge digital amplifier with
1 kV MOSFETs (DE275-102N0O6A, IXYS, USA) [37]. Two types of
pulses were delivered ~monophasic pulses and bursts of biphasic
pulses (HF-EP treatment). We adopted the nomenclature from
the field of cardiac ablation where bipolar pulses are called bipha-
sic pulses and the delay between the pulses is the inter-phase
delay. Pulses were delivered between stainless steel 304 plate elec-
trodes with 2 mm interelectrode distance. Between samples, elec-
trodes were cleaned in experimental electroporation buffer and
dried with sterile gauze. Control sample was subjected to the same
procedure of the exposed sample in absence of pulses, i.e. 0 V/cm
amplitude. Monophasic square pulse treatment consisted of eight
100 ps long pulses of 100-1000 V (resulting in voltage-to-
distance ratio: 0.5-5 kV/cm) delivered in a step of 100 V at 1 Hz
pulse repetition frequency and was used as a reference for stan-
dard electroporation protocols. In HF-EP treatment (Schematic 1,
Table 2), eight bursts were applied at 1 Hz repetition frequency.
Each burst consisted of several biphasic pulses. One biphasic pulse
consisted of a negative and a positive pulse, both of lengths 1, 5 or
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10 ps (T1) and voltage 100 - 1000 V, delivered in a step of 100 V.
The inter-phase delay and the delay between biphasic pulses was
0.5 us — 10 ms (T2) (see Table 2), i.e. delay lengths already studied
in cancellation effect [49,50]. The number of biphasic pulses and
their duration in one burst was adapted to obtain a total on-time
in one burst (the time when the voltage was different from zero)
of 100 ps (see Table 2). The total on-time of HF-EP pulse treatment
was thus equivalent to the monophasic pulse treatment (£ = 800
us). The delivered voltage and current was measured with an oscil-
loscope, Wavesurfer 422, 200 MHz, using a differential probe
(ADP305) and current probe (CP030) (all from LeCroy, USA)
(see Fig. 1). The current in low-conductivity buffer was measured
up to 1000 V, however, in high-conductivity buffer and in buffer
without chloride the highest measured voltage was 700 V, as
higher voltages resulted in currents above 30 A which could dam-
age the current probe.

2.4. Permeabilization assay

Just before electric pulses were applied, 50 pl of cells suspension
was mixed with propidium iodide (PI, Life Technologies) to obtain
a final concentration of 100 pg/ml. The sample was transferred
between electrodes, and electric pulses were applied. The sample
was transferred to a 1.5 ml tube and incubated at room tempera-
ture for three minutes. Afterwards, 150 pl of electroporation buffer
was added to obtain a high-enough volume for measurement. The
uptake of PI was detected by flow cytometry (Attune NXT; Life
Technologies, Carlsbad, CA, USA). Samples were excited with a blue
laser at 488 nm and emitted fluorescence was detected through a
574/26 nm band-pass filter. 10,000 events were obtained, and data
were analyzed using the Attune Nxt software. On the dot-plots of
forward-scatter and side-scatter, single cells were separated from
debris and clusters. The percentage of PI permeabilized cells was
obtained from the PI fluorescence intensity histogram, by gating
permeabilized from non-permeabilized cells. Each data point was
repeated three times.

2.5. Viability assay
50 ul samples of cell suspension were transferred between the
electrodes, and electric pulses were applied. Afterwards, 40 ul of

the electroporated cell suspension was diluted in full HAM-F12
growth media to obtain cell density 2 x 10* cells/100 pl. 100 pl

HF-EP
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o
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!

5
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1
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Time
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Schematic 1. Scheme of the pulses applied in experiments. On the left is the pulse shape of standard monophasic pulse treatment (8 monophasic pulses of 100 ps) and on the
right is the pulse shape of HF-EP pulse treatment. One burst consists of several biphasic pulses. We varied pulse length (T1), inter-phase delays (T2), while the on-time of each

burst was fixed to 100 us by number of pulses in one burst.



19

POLAJZER T. Primerjava u¢inkov visokofrekvenénih bipolarnih in nizkofrekvenénih monopolarnih pulzov na preZivetje celice.
Dokt. disertacija. Ljubljana, Univerza v Ljubljani, Biotehniska fakulteta, 2022

4 T. PolajZer et al./Bioelectrochemistry 132 (2020) 107442

Table 2

Description of the HF-EP pulse parameters. Total on-time in one burst was the same as in one 100 ps monophasic pulse since puise length » 2 (positive and negative part of a

biphasic puise) » number of biphasic pulses = 100 ps.

Pulse length (ps) - T1 Inter-phase delay (ps) - T2

Number of biphasic pulses in one burst (-)

Applied voltage (V) Total time (ps)

1 0.5, 1, 5, 10, 100, 1000, 10,000 50 100-1000 V in a step of 100 V 100

0.5, 1, 5, 10, 100, 1000, 10,000 10 100-1000 V in a step of 100 V 100

10 0.5, 1, 5, 10, 100, 1000, 10,000 5 100-1000 V in a step of 100 V 100
600

Low-conductivity buffer
—— High-conductivity buffer
Buffer without chloride |

unv
o

-200
-400 -
I
600 . . .
-1 -0.5 0 0.5 1 1.5 2 25 3 3.5
t/us
6 Low-conductivity buffer |
High-conductivity buffer
4 Buffer without chloride
2!
£ 0 paembm—— W
2+

Fig. 1. Measured voltage and current of pulses in different buffers. The waveform of
one biphasic pulse with the duration T1 of 1 ps and inter-phase delay T2 of 1 ps
320 V (1.6 kVjem) were applied. Waveforms in different buffers are shown in
correspondent colors (low-conductivity buffer in red, high-conductivity in blue and
buffer without chloride in black). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

of cell suspension was then transferred (in three technical repeti-
tions) to wells in the 96-well plate and incubated at 37 °C and
humidified 5% CO, atmosphere. MTS assay (CellTiter 96® AQueous
One Solution Cell Proliferation Assay, Promega, USA) was used to
assess cell viability 24 h after electric pulses were applied. 20 pl
of MTS tetrazolium reagent was added to the samples, and the
96-well plate was returned to the incubator for 2.5 h. The absor-
bance of formazan (reduced MTS tetrazolium compound) was
measured with a spectrofluorometer (Tecan Infinite M200, Tecan,
Austria) at 490 nm. Each data point was repeated three times.
Background absorbance was subtracted for all the samples and
control and the percentage of viable cells was calculated by sub-
tracting the background and normalizing the absorbance of the
samples to the absorbance of the control {0 V/cm).

2.6. Temperature measurement

50 ul of all three electroporation buffers was transferred
between the stainless steel plate electrodes (d = 2 mm). Experi-
ments were performed at room temperature (24 °C). Temperature
changes were measured by the fiber optic sensor system (opSens,
Québec, Canada), with a temperature probe (ProSens, opSens),
which consisted of ProSens signal conditioner and a fiber optic
temperature sensor OTG-M170 with a diameter of 0.17 mm. The
sensor was placed in the drop between the electrodes. The temper-
ature was measured before, during and 10 s after electric pulse
delivery. With biphasic pulses, we tested bursts of 1, 5 and 10 ps

long pulses and applied 320 V (voltage in permeability experi-
ments), 600 V (voltage in survival experiments) and 1000 V {max-
imal applied voltage) with the same pulse and burst number as in
permeability and survival experiments. We chose 0.5 ps as the
inter-phase delay to have the smallest heat dissipation between
pulses, ie. the worst-case scenario. We also applied eight 100 ps
long monophasic pulses at 320 V, 600 V and 1000 V.

2.7. Statistical analysis

Statistical analysis was performed using Graphpad Prism 7
(Graphpad software, San Diego, USA). The results are expressed
as mean + SD, and statistically significant differences (*p < 0.05,
**p <0.01,""*p < 0.001) were determined by one-way ANOVA with
Tukey's multiple comparisons test.

2.8. Calculation

We conducted a theoretical analysis of the time course of trans-
membrane voltage induced by square pulses, as described in [58].
For the induced transmembrane voltage {A®d,,) in response to a
step turn-on of the DC field, we presumed the exponential shape
of increase in the ITV on a single spherical cell:

Ay (1) :}ERcosB(l - exp(fg)) (1)
With the time constant t being defined as
T= z—chmk @)
Zig+A +E*€'"

where i, 4, and i, are extracellular, intracellular and membrane
conductivity, respectively, R cell radius {flow cytometry analysis
showed no difference in FSC scatter of cells in low-conductivity buf-
fer, high-conductivity buffer or buffer without chloride, i.e. buffers
did not cause cells to shrink or swell), d cell membrane thickness,
C,, membrane capacitance, E applied electric field, f the geometrical
factor {approx. 1.5), & the angle between the electric field from the
center of the sphare to a point on the cell membrane.

Square pulses consist of two steps (turn-on and turn-off), and
thus the response is a superposition of the two separate responses.
If several pulses are applied, the response is a superposition of
responses to each pulse separately (Fig. 7 in | 58]). For the calcula-
tions, we used equations {9a-f), (A6d) and (A8) from |58], and the
reader is advised to search there for the details of our calculation.
Calculations were performed in Matlab R2017 {Mathworks, USA).

In our experiments, cells were electroporated in three different
buffers. From Eg. (2) we can see that the time constant also
depends on the electric conductivity of the extracellular liquid
{ko). The parameters used in our calculations and their values are
given in Table 3. The values {(except for the extracellular conductiv-
ity, which was determined experimentally in the scope of our
study) were all taken from [58]. The results are reported as ITV
normalized to f ER.
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Table 3
Parameters used in our calculations, their symbols and values.

Parameter Symbol Value

Cell radius R 10 pm

Membrane capacitance C em/d = 8.8 Fjm®
Cytoplasmic conductivity A 0.3 Sjm
Cytoplasmic permittivity & 7.1 x 107'° As/Vm
Membrane conductivity A 3% 107 S/m
Membrane permittivity Zm 44 < 10" As/Vm
Membrane thickness d 5nm

Conductivity of the electroporation buffer 4, »1 = 1.76 mSjem
%2 =19.12 mSjcm

ha =9.57 mSjcm

3. Results

3.1. Canceliation effect as a function of the amplitude of the electric
field

First, we focused on cell survival (Fig, 2) as HF-IRE pulses are
predominantly used to achieve irreversible electroporation. Then,
we determined cell membrane permeability (Fig. 3), as we aim to
use HF-EP also to achieve reversible electroporation. Both cell sur-
vival and cell membrane permeabilization were evaluated as a
function of electric field amplitude for monophasic pulses and for
HF-EP pulses when pulse length (T1) was 1 us, and the inter-
phase delay (T2) was 1 ps or 10 ms. Three different electroporation
buffers were used to observe buffer dependency.

Monophasic pulses were more efficient than biphasic pulses in
survival and permeability experiments, as they caused higher cell
membrane permeabilization and lower survival at the same elec-
tric fields (Figs. 2 and 3).

In Fig. 2 we can see that the cancellation effect was consistently
observed in all three buffers when cell survival was evaluated.
Namely, when the inter-phase delay was 10 ms (dashed lines),

100 «
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pulses were more effective at decreasing cell survival, and lower
electric fields were needed to achieve the same cell death than
with 1 ps (solid lines) inter-phase delay.

On the contrary in permeability experiments, we observed
either a cancellation or a sensitization effect {Fig. 3). A cancellation
effect was present in the high-conductivity buffer and the buffer
without chloride, as HF-EP pulse treatment with a longer inter-
phase delay (10 ms) was more efficient than HF-EP pulse treatment
with a shorter inter-phase delay (1 ps) between pulses at the same
electric field. However, in the low-conductivity buffer, we observed
that HF-EP pulse treatment with a shorter inter-phase delay (1 us)
between pulses was more efficient than HF-EP pulse treatment
with a longer inter-phase delay (10 ms) between pulses at the
same electric field, i.e. we observed the ‘sensitization’ effect, similar
as in|[57].

3.2. Cancellation effect as a function of pulse duration and inter-phase
delay

The cancellation effect in HF-EP treatment was studied in detail
by applying 1, 5 and 10 ps long pulses (T1) with several different
inter-phase delays (0.5 ps - 10 ms) (T2) (Fig. 4), again by evaluating
cell survival and cell membrane permeabilization. We applied a
fixed voltage of 600 V, i.e. 3000 V/cm between the electrodes in
survival experiments and 320 V ie. 1600 V/cm in permeability
experiments. As our hypothesis about the contribution of
voltage-gated chloride ions was disproved, these experiments
were performed only in the low- and high-conductivity buffer.

Longer pulses {10 us) were more efficient than shorter pulses
{1 us) in achieving cell membrane permeabilization and cell death,
irrespective of the inter-phase delay T2 and the buffer.

In the low-conductivity buffer, no cancellation effect was pre-
sent in permeabilization or survival. On the contrary, for pulse
duration T1 = 1 ps, cell permeabilization was less efficient when
the inter-phase delay was increased, ie., we observed a sensitiza-

Survival/%

—&— Low-conductivity buffer; monophasic
40 = = Low-conductivity buffer; T2 =1 ps
— Low-conductivity buffer; T2 = 10 ms.
30 —a— High-conductivity buffer; monophasic
= = High-conductivity buffer; T2 =1 ps

20 —— High-conductivity buffer; T2 = 10 ms
Buffer without chloride; monophasic
10 Buffer without chloride; T2 = 1 ps
0 Buffer without chloride; T2 = 10 ms
0 500 1000 1500 2000

2500 3000 3500 4000 4500 5000
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Fig. 2. Cell survival as a function of the electric field in three different buffers. In HF-IRE treatment, pulse duration was 1 ps, and the inter-phase delay was either 1 ps or
10 ms. Monophasic pulses are shown in solid black, dark grey and light grey lines for low-conductivity buffer, high- conductivity buffer and buffer without chloride. HF-IRE
pulses with T1 =1 us are shown in red, blue and green for low-conductivity buffer, high- conductivity buffer and buffer without chloride, respectively. Dashed lines (- — -) are
used for pulses with 1 ps inter-phase delay and solid lines (---=) for 10 ms. 50% survival is shown in a dotted line (.. ....). Resulls are shown as mean = standard deviation.
The asterisks {*} mark p < 0.05%, p < 0.01%*, p < 0.001*** and show statistically significant differences between monophasic pulses and different T2 of the same buffer in HF-IRE
pulses. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Cell membrane permeabilization as a function of the applied electric field in different buffers. In HF-EP treatment, pulse duration was 1 ps, and the inter-phase delay
was either 1 ps or 10 ms. Monophasic pulses are shown in solid black, dark grey and light grey lines for low-conductivity buffer, high- conductivity buffer and buffer without
chloride. HF-EP pulses with T1 =1 ps are shown in red, blue and green, for low-conductivity buffer, high- conductivity buffer and bulfer without chloride, respectively. Dashes
lines (- - -) are used for pulses with 1 ps inter-phase delay and solid lines (——--} for 16 ms. 50% permeabilization is shown in a dotted line (...... )- Results are shown as
mean * standard deviation. The asterisks (*) mark p < 0.05%, p < 0.017%, p < 0.001™** and show statistically significant differences between monophasic pulses and between
different T2 of the same buffer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

tion effect (Fig. 4b). For cell membrane permeabilization with 5
and 10 ps long pulses, the sensitization effect was observed only
with longer inter-phase delays of 1 ms and 10 ms. In high-
conductivity buffer, however, longer inter-phase delays (T2) were
more efficient in permeabilizing and killing cells than shorter, i.e.
a cancellation effect was present and decreased with longer T2
{statistical difference between T2 = 0.5 us and T2 = 1000 ps or more
is p < 0.001) (Fig. 4d). The extent of the cancellation was reduced
with an increase in pulse duration (T1), Interestingly, the cancella-
tion effect in survival assay was still observed at 10 ps, the longest
pulse length tested (Fig. 4c).

3.3. Temperature measurements

Fig. S1 shows the time dependency of temperature when HF-EP
or ECT pulses are applied. We can see that in high-conductivity
buffer and in buffer without chloride during each burst, the tem-
perature increases and during the delay between bursts, it
decreases.

In Table $1, the maximal temperature is shown for various com-
binations of pulse parameters and electroporation buffers. We can
see that the maximal increase was 23 °C when 1000 V was applied.

3.4. Calculation of the assisted discharge

Assisted discharge was suggested as one of the possible mech-
anisms responsible for the cancellation effect [49]. The time-
constant of the membrane depends, amongst other factors, on
the extracellular conductivity, which varied between our buffers
{Table 1). Fig. 52 shows the membrane time constant tau {calcu-
lated according to Eq. (1)) as a function of extracellular conductiv-
ity with marked time constants for the three buffers, used in our
study.

In Fig. 5, we can see that with longer inter-phase delays (5 ps or
more) the membrane discharges completely and there is no contri-
bution of the assisted discharge. In Fig. 6, we can see that with 5 ps
pulses, we reach stationary transmembrane voltage during the
pulse application, i.e. the membrane charges completely. Similarly
as in Fig. 5 with 1 ps pulses, we can see that with the inter-phase
delays of 0.5 and 1 ps the membrane does not discharge com-
pletely, but with inter-phase delays of 5 ps it does. From Figs. 5,
6 and Table 4 we can observe that cell membranes charge and dis-
charge slowest in the low-conductivity buffer and in all three buf-
fers, it takes maximally 5 ps to charge/discharge.

4. Discussion

In our study, we evaluated the cancellation effect in in vitro
experiments with high-frequency short biphasic pulses, i.e., high-
frequency electroporation (HF-EP), by determining cell survival
and cell membrane permeability in three different electroporation
buffers across a wide range of pulse parameters. In HF-EP, we
applied eight bursts of 1, 5 and 10 us long pulses {(T1) with inter-
phase delay of 0.5 ps to 10 ms (T2) and an on-time of 800 pus. We
compared the effect of HF-EP to the standard ECT pulses, i.e. eight
100 us long pulses,

4.1. Monaphasic vs HF-EP pulse treatment

We compared the efficiency of a monophasic and HF-EP pulse
treatment in three different buffers. We determined that short
biphasic pulses were less efficient in decreasing cell survival and
increasing cell membrane permeability than monophasic pulses
as es higher electric field had to be applied to achieve a similar
effect {(Figs. 2 and 3), which is in agreement with the existing
HF-IRE and HF-EP studies [34,37,38,59].
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Fig. 4. Cancellation effect in survival and permeabilization after HF-EP pulse treatment in two different electroporation buffers as a function of pulse duration. In survival
experiments, samples were exposed to 600 V (3000 Vjem) and in permeabilization experiments, to 320 V {1600 V/cm). Graphs A and B show results in low-conductivity
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Al

% Low-conductivly bufler |

= = =High-conductiviy buffer
¥ - Buffer without ehioride |
o8 Appied pulse
04
02
§ o
£ 02
04
08
08
A oy
0 05 1 15 2 25 3 o 05 1 15
Timels _

. . 1

Loy conuciy e c
= = =High-conductiviy buffer 1 08 Low-canductivity buffer
=== Buffer without chioride

= = =High-conductivity bulter
_____ Bufler without chioride
Agplied puise

Applied pulse

«
g
£ .02 1
04
08+ 1
08+
2 25 3 as 4 0 02 04 06 08 1 12
Timels %10° Timels x10%

Fig. 5. Time constant of membrane charging as a function of the electric conductivity of the extracellular medium as a response to a step. We can see that in our experiments,
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in this figure legend, the reader is referred to the web version of this article.)

4.2. Survival in HF-IRE pulse treatments

First, we focused on cell survival, as HF-IRE pulses are predom-
inantly applied to obtain irreversible electroporation. We applied
1 ps long pulses with two different inter-phase delays (1 ps and
10 ms) in three electroporation buffers as a function of the electric
field. A cancellation effect was observed in all three buffers at a

high-enough electric field {from 3 kV/cm in the low-conductivity
buffer, from 1.5 kV/cm in the high-conductivity buffer and the buf-
fer without chloride) (Fig. 2) which is in agreement with already
published studies where the cancellation effect was observed in
assessing cell survival |46,49]. Interestingly, cells responded simi-
larly in the high-conductivity buffer and the buffer without chlo-
ride; there was no significant difference at any of the tested
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Table 4

Fraction of Induced transmembrane voltage normalized to geometric factor f, applied electric filed E and cell radius R [ITV/f ER]. After the voltage is turned off, the transmembrane
voltage decreases exponentially and depends on the time constant of the membrane, except when assisted (T2 < 1 ps).

05 ps 1ps 5pus 10 ps 100 ps 1ms 10 ms
Low-conductivity buffer 3.97 x 107! 158 < 107! 9.74 x 1073 949 x 10°° 0 0 0
High-conductivity buffer 205 < 107! 421 <107 132 x 1077 175 x 107" 0 0 0
Buffer without chloride 228 < 107! 521 x 1072 385 x 1077 148 x 107" 0 0 0

electric fields which indicates that extracellular chloride ions do
not play a major role in cell survival after electroporation.

In Fig. 4, a wider range of inter-phase delays was tested at a
fixed electric field (3 kV/cm). In the low-conductivity buffer, no
cancellation effect was observed when we compared different T2
to the shortest T2 = 0.5 s used. A statistically significant difference
between T2 = 1 us and T2 = 10 ms was observed, as seen in Fig. 2
and also in Fig. 4 (p < 0.05). In the high-conductivity buffer, cell
survival increased with decreasing inter-phase delay, i.e. the can-
cellation effect was observed. With longer pulses (10 ps), lower
electric fields were already sufficient to achieve a similar decrease
in cell survival than with shorter pulses (1 us), regardless of the
chosen buffer and the inter-phase delay (Figs. 2 and 4), which is
in agreement with existing studies on the electroporation
strength-duration curve [60]. Thus, longer pulses than 1 ps could
be applied in HF-IRE treatments to increase efficiency; however,
the suggested benefit of reducing pain and muscle contractions
at longer pulses would need to be reevaluated.

4.3. Permeabilization in HF-EP pulse treatment

We expected the results in permeabilization experiments to be
similar to the ones in survival experiments, as survival and perme-
ability are believed to be correlated, and increased permeabiliza-
tion is a prerequisite for possible cell death [11]. First, we
focused on 1 ps long pulses with 1 us and 10 ms inter-phase delay
as a function of the electric field in three electroporation buffers.
Unexpectedly, in the low-conductivity buffer, permeabilization
was more efficient with 1 pus than with 10 ms inter-phase delay,
i.e., we observed a reversed cancellation effect, opposite to our
expectations and the existing literature [49]. Although cells
responded very similarly in the low- and the high-conductivity
buffers with the 10 ms inter-phase delay, they responded oppo-
sitely with the 1 ps inter-phase delay, thus indicating that the phe-
nomenon causing cancellation effect happens in the time-range of
1 us to 10 ms, as already reported for ns pulses [49,50].

Translation of results from in vitro to in vivo thus seems not to
be straightforward and/or is even questionable. When inferring
the in vivo response from the in vitro experiments, the importance
of electroporation buffer should be taken into account, and per-
haps, the buffer most similar to tissues should be used. In this
paper we consider this to be the high-conductivity buffer, due to
the presence of NaCl.

In Fig. 4, a wider range of inter-phase delays at 1600 V/cm was
tested. We wanted to determine if in the low-conductivity buffer,
the reversed cancellation effect was present also with other
inter-phase and pulse lengths. However, it was mostly observed
for the pulse length of 1 pus. Longer pulses mostly caused complete
cell membrane permeabilization, and we could not distinguish
between the effects of different inter-phase delays. The cancella-
tion effect was however observed in high-conductivity buffer and
it depends on pulse length.

Electroporation can be induced also by exposure of cells to
pulse modulated sine wave signals [61]. The efficiency of treat-
ment decreased when frequency of sinewaves was increased
|59]. This is comparable to the efficiency of HF-EP: biphasic pulses
with longer (10 ms) inter-phase delay are more effective in perme-
abilizing cells than biphasic pulses with short (1 ps) inter-phase
delay (Fig. 2). In HF-EP pulse treatment this happens due to cancel-
lation effect. This may be partly explained by the fact that at longer
interphase delays, relatively more power is delivered at the lower
frequency range of the signal.

4.4. Effect of electroporation buffers

It was already shown that electroporation buffer has a signifi-
cant effect on the cell membrane permeabilization in vitro [57].
Thus, we used three different electroporation buffers: the low-
conductivity potassium-phosphate buffer, usually used in many
laboratories, the high-conductivity buffer where sucrose was sub-
stituted with NaCl in an iso-osmolar manner and the buffer with-
out chloride. Interestingly, it was previously observed that in
in vitro permeability experiments, cells responded very differently
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when electroporated in the low- or high-conductivity buffers in the
time-range of minutes, in the experiments on the so-called ‘cell
sensitization’ [57]. Here, a parallel can be drawn as we also
observed very different responses in the same buffers {Fig. 4).

In permeability experiments, it was observed that the cancella-
tion effect was more pronounced in the low-conductivity buffers
than in the high-conductivity buffers with no or very short inter-
pulse intervals [51]. However, our results contradict these results,
as the cancellation effect was not observed in the low-conductivity
buffer; moreover, the ‘sensitization’ effect was observed. In our
experiments, the cancellation was observed in the high-
conductivity and medium-conductivity buffers (ie. buffer without
chloride), but not in the low-conductivity buffer. It is possible that
low conductivity caused the lack of cancellation effect, although it
is more possible that the high sucrose concentration was responsi-
ble, similarly, as indicated in [57].

4.4.1, Contribution of chloride channels

Since the absence of muscle contraction using HF-IRE pulses
was also demonstrated [31,33,34,36,59,62-66], we assumed that
HF-EP pulse treatment inhibits the induction of action potentials.
Fast reversal of pulse polarities causes a reversal in depolarization
and hyperpolarization of the membrane. One of the
hyperpolarization-activated inward currents is produced by the
chloride ions [67,68]. Opening of the CI~ channels can be activated
in the presence of CI” ions. The influx of C1~ ions after the first
pulse would decrease the resting potential, cause hyperpolariza-
tion and make it more difficult for excitable cells to reach mem-
brane potential required for activation of the action potential,
thus, abolishing the action potential. Similarly, due to the lower
resting membrane potential, a higher electric field would need to
be applied to reach the same transmembrane voltage as without
the influx of chloride ions, making cells less sensitive to the follow-
ing pulses, i.e. causing the cancellation effect. The activation time
constant of voltage-gated €I~ ion channels in skeletal muscle com-
prises two components, a fast gate (~16 ps) and a slow gate {~1 ms)
[56], which could explain the influence of the inter-phase delay T2
on the cell membrane permeabilization and cell death. Voltage-
gated chloride channels are known to be present in CHO cells
[69]. Thus, we tested this theory by preparing a buffer without
chloride ions. Elimination of the cancellation effect was expected,
yet the cancellation effect was present. Thus, our hypothesis on
the contribution of the chloride channels to the cancellation effect
was dismissec.

4.5. Temperature effect

Temperature has a significant effect on the efficiency of electro-
poration, e.g. it was shown that changes in temperature affect gene
electrotransfer [70,71], cell membrane permeabilization [72], skin
electroporation [72] and breakdown voltage of lipid bilayers [74].
Moreover, electric pulses cause Joule heating and consequently,
they can cause thermal damage [75,76]. The threshold for thermal
damage is 42 °C for prolonged exposure, while the temperature
should not exceed 50 °C at any time [77]. In our experiments, at
applications of 1000 V the temperature increased up to 45 °C from
the room temperature (24 °C), i.e. itincreased for 22 °C and thermal
damage was obtained. Between different tissues, the electric con-
ductivity varies significantly and is generally in the range of 1072
to 2 §/m [78,79] which is a similar range as the conductivities of
the buffers in our study (0.1-2 S/m). Considering that in tissues
the initial temperature is around 37 °C, we can expect thermal
damage predeminantly arcund the electrodes due to high current
density and at very high electric fields, longer pulse lengths and
shorter inter-phase delays.

When 600 V was delivered to buffers, the temperature changed
for approx. 7 °C at all pulse lengths (T1 = 1, 5 and 10 us) (Table 51).
Survival experiments performed at the same condition showed dif-
ferent cancellation effect (Fig. 4c), therefore we can assume cancel-
lation effect is not effected by the temperature but by the pulse
parameters.

4.6. Effect of the assisted discharge

Several hypotheses were put forth to explain the cancellation
effect, but so far none could completely explain the phenomenon.
We focused on the assisted discharge, as the three buffers we used
varied vastly in their electric conductivity. In survival assays, cells
electroporated in the high-conductivity buffer and buffer without
chloride were more sensitive than those in the low-conductivity
buffer when the inter-phase delay was 1 ps (Fig. 2). Incomplete
membrane charging and assisted membrane discharge [49] lend
themselves as a plausible explanation for such behavior. In perme-
abilization assays, cells were generally the most sensitive to elec-
troporation in the low-conductivity buffer (Fig. 3). As in the high-
conductivity buffer and the buffer without chloride the charging
was faster than in the low-conductivity buffer {Fig. 6), we cannot
explain less permeabilization in the high-conductivity buffer and
in the buffer without chloride than in low-conductivity buffer with
the difference in membrane charging. The assisted discharge influ-
ences results up to 1.5 ps for the high-conductivity buffer and the
buffer without calcium, and 2.5 ps in the low-conductivity buffer
after voltage is turned on (Fig. 6). This means that permeabilization
should be more efficient with the 10 ms inter-phase delay than
with the 1 ps in all buffers, which is true for cell survival but not
for cell membrane permeabilization. We can thus conclude that
the time constant of membrane charging, together with the
assisted discharge, could only partially explain the discrepancies
in the experimental data.

4.7. Drawbacks of our study

We applied bursts of biphasic pulses, while in studies on cancel-
lation effects single biphasic pulses or single trains were applied.
Thus, it is possible that because our pulse application lasted for
8 s, additional effects were present [30].

It is possible that by applying different voltages in Fig. 4, or even
adapting the voltages to separate electroporation buffers, the pres-
ence of a cancellation effect would be more clear. However, we
decided to fix the voltage to be able to compare the results at the
same electric fleld.

In the theoretical calculation of the assisted discharge as a func-
tion of extracellular conductivity, we assumed that all cells in the
suspension are of the same size, which is a simplification [81].
The size of the radii namely follows the Gaussian distribution
which means that also time constants of the membrane are statis-
tically distributed vary through the population.

In temperature measurements, we aimed to measure the tem-
perature always at the same spot in the cell suspension. However,
due to the limited precision of positioning the probe, its position
could slightly vary between the treatments. Alsc, we measured
the macroscopic increase in temperature. It was previously shown
that even when the macroscopic increase is negligible, at the cell
level, there could still be some thermal damage in intermediate
vicinity of the electrodes [82,83].

5. Conclusion

In our study, we focused on the previously reported cancella-
tion effects in in viiro electroporation with bursts of short biphasic
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pulses. The following main conclusions can be drawn from our
work. (1) Cancellation effect is present in HF-EP treatments looking
at survival and could be responsible for the need to apply higher
electric fields in HF-IRE treatments than in IRE treatments. (2) Can-
cellation effect is present in a wide range of pulse parameters and
depends on the inter-phase delay as well as on pulse duration, ie.
cancellation is less pronounced with longer pulses and longer
interphase delays. (3] Cancellation effect is electroporation-huffer
dependent. (4) Cancellaticn effect in survival experiments can be
only partially explained by the assisted discharge. (5) Cancellation
effect is not caused by the hyperpolarization.
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2.1.2 Razvoj spremenjene obcutljivosti celicne linije CHO ob veckratni
izpostavljenosti elektroporacijskim pulzom in vitro

Polajzer T., Miklav¢i¢ D. 2020. Development of adaptive resistance to electric pulsed field
treatment in CHO cell line in vitro. Scientific Reports, 10: 9988

Terapije, ki temeljijo na elektroporaciji (elektrokemoterapija, genska elektrotransfekcija,
netermi¢n0 unicenje tkiva z ireverzibilno elektroporacijo, ablacija srénega tkiva) so
predvsem za enkratne terapije. Vcasih pa se zgodi, da zdravljenje ni bilo popolnoma
uspesno, zato je potrebno terapijo ponoviti, a se o u¢inkovitosti ponovnega zdravljenja ne ve
veliko. V na8i Studiji smo preverili moznost razvoja povecane odpornosti celic na
elektroporacijske pulze. CHO celice smo dolgoro¢no (30 zaporednih generacij) izpostavljali
elektroporacijskim pulzom. Razvoj povecane odpornosti celic smo preverili pri vsaki peti
generaciji, preko izdelave krivulji, ki prikazujejo povefano prepustnost membrane in
preZivetje celic po elektroporaciji. V nobeni od teh generacij nismo zaznali statisti¢ne razlike
med kontrolo skupino ter celicam izpostavljenim elektroporacijskim pulzom. S to Studijo
ponujamo dokaz, da elektroporacija ne vpliva na celice na nacin, da bi te postale manj (ali
bolj) obcutljive na elektroporacijske pulze. Nasi rezultati kazejo, da lahko zdravljenje z
elektroporacijskimi metodami uporabimo veckrat, pri tem pa lahko pri¢akujemo, da bo
ucinek vsakega nadaljnjega zdravljenja enakovreden prvotnemu zdravljenju.
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Development of adaptive
resistance to electric pulsed field
treatment in CHO cell line in vitro

Tamara PolajZer & Damijan Miklav¢i¢®

Pulsed electric field treatment has increased over the last few decades with successful translation from
in vitro studies into different medical treatments like electrochemotherapy, irreversible electroporation
fortumor and cardiac tissue ablation and gene electrotransfer for gene therapy and DNA vaccination.
Pulsed electric field treatments are efficient but localized often requiring repeated applications to
obtain results due to partial response and recurrence of disease. While these treatment times are
several orders of magnitude lowerthan conventional biochemical treatment, it has been recently
suggested that cells may become resistant to electroporation in repetitive treatments. In our study,

we evaluate this possibility of developing adaptive resistance in cells exposed to pulsed electric field
treatment over successive lifetimes. Mammalian cells were exposed to electroporation pulses for 30
generations. Every 5% generation was analyzed by determining permeabilization and survival curve. No
statistical difference between cells in control and cells exposed to pulsed electric field treatment was
observed. We offer evidence that electroporation does not affect cells in a way that they would become
less susceptible to pulsed electric field treatment. Our findings indicate pulsed electric field treatment
can be used in repeated treatments with each treatment having equal efficiency to the initial treatment.

Electroporation or pulsed electric field (PEF) treatment can cause increase in membrane permeability and allows
molecules, for which the membrane is mostly impermeable, to cross. Two distinct outcomes of electroporation
can be observed and used: reversible and irreversible electroporation.

In reversible electroporation cells manage to repair the damage caused by electric pulses, ie. cells survive. This
has been widely used in different scientific fields for inserting molecules of interest into the cell. One of the more
widely used applications is gene electro-transfer, which allows genetic manipulation. From a simple increased
transfection this was developed into gene therapy'? and DNA vaccination>*, While with gene therapy new genes
and products are expressed within the host cell, DNA vaccination induces immune response of host organism.
Combination of DNA vaccine injection and electroporation is most potent DNA delivery for subsequent immune
response®, Increased cell membrane permeability is also being exploited in electrochemotherapy (ECT). ECT isa
combination of electric pulses and chemotherapeutic drug. Due to increased cell membrane permeability chem-
otherapeutic drug enter the cell which potentiates the cytotoxicity of the drug®”. ECT has been proved as a safe
and efficient procedure for skin malignancies and now studies have been initiated to treat deep-seated tumors™’.

The other possible outcome of electroporation is irreversible electroporation (IRE), where the damage to the
cells is too extensive and leads to cell death. The use of irreversible electroporation as tissue ablation technique
in recent years is increasing. IRE is one of the rising technologies as minimally invasive ablation treatment in
interventional electrophysiology as it has several benefits over other types of ablation (i.e. radiofrequency or
cryoablation) such as short treatment time, reduced thermal injury and selectivity or sparing of surrounding
tissue. IRE can also be used for tumor and tissue ablation not amenable to surgical treatment!®!!. In IRE treat-
ment targeted tissue is efficiently destroyed, however, the integrity of nearby tissue structures like vessels and
nerves are preserved as well as extracellular matrix'>%. This is also why IRE is on its way to become the leading
therapy for cardiac ablation!*'¢. Other myocardial ablation therapies like radiofrequency or cryo-ablation may
result in damaging untargeted tissue (e.g. phrenic nerve and esophagus)'”. In cardiac ablation IRE, also known as
pulsed field ablation (PFA), pulses are being delivered intracardially (.e. inside of the heart) viaspecially designed
catheters as minimally invasive procedure or epicardially (e.g. during heart surgery)'®. PFA pulses use trains
of mono- or biphasic pulses. Preclinical experiments show successful lesion formation in myocardium, while
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Figure 1. Preliminary experiments [or vollage delermination. Permeabilization ( ® ) and survival ( 4) curve are
presented. The intersection point of the curves was the selected voltage/electric field for the adaptive resistance
experiment.

preserving the integrity and function of nearby structures, such as lungs, coronary arteries, phrenic nerve and
esophagus™* 2, First human studies showed successful and immediale electrical isolation of pulmonary vein
after PTA application®,

PIT treatment including reversible (DNA vaccination, electrochemotherapy) and irreversible electroporat
also stimulates sensoty nerves, thus the procedure can be painful for patients®™. Therefore, general anesthes
synchronization with electrocardiogram®-** and administration of muscle relaxants are needed during the treat-
ment to prevent muscle contraction, discomfort and pain due to electric pulse delivery. Flectrochemotherapy and
IRE are efficient and cause complete or partial response of the treated tumors/tissue which leads to prolonged
survival and significant pain reduction!>,

The oulcome of the electroporation based trealment depends on pulse paramelers, which may need (o be
adjusted to specific application and targeted tissue. While effect of different pulse parameters on cells and tis-
sues are being addressed in in vitro and in vive experiments, not much is known about the impact of repeated
treatment, i.e. if cells can adapt to PEF treatment in a way that they would become less affected by the PEF treat-
ment, i.e. if the treatment would become less efficient when repeated. In a recent study on human cancer cells
authors suggested a development of adaptive resistance to IRE?. Similar question was addressed by designing
experiments in bacleria for 30 generations which however showed no development of adaplive resistance Lo
PLT treatment™, In our study clements from both previous studics were used for designing and conducting an
experiment on developing adaptive resistance in cell exposed to PEF treatment. Mammalian cells were exposed to
electroporation pulses for 30 generations over the course of four months. No development of adaptive resistance
to PEF treatment was observed. We were unable to develop an electroporation resistant cell line resistant either to
permeabilization (reversible eleclroporation) or viabilily (irreversible electroporation). Based on results oblained
we can confirm repetitive electroporation treatment in electroporation-based therapies, like electrochemother-
apy, gene electrotransker for gene therapy or DNA vaccination and IRE as an ablation method is being as efficient
as when the first time used.

Results

[n preliminary experiments we determined pulse amplitude to which cells will be exposed in each generaticn in
adaplive resistance experiment. The vollage (electric field) amplitude for the adaplive resislance experimenl was
selected at the intersection point of permeabilization and survival curve of 8 % 100 us with repetition rate 1 He,
i.e. 200V (1000 V/cm) (Fig. 1}. At this pulse amplitude almost all cells were permeabilized, while the survival was
only mildly affected and yet enough by the standard procedure to obtain a “resistant” cell line*.

Graphical description of the experiment and forming of experimental groups is presented in the methods
(Fig. 5). Permeabilization and survival curves (8 .« 100 ps, 1 Hz, 0-600 V) were determined for 14, 5%, 10%, 15T,
20™, 25" and 30" generation in three experimental groups: CI'RL- never exposed Lo pulse treatment, CTRL | EP
- exposed to PET treatment only in 1% generation and EP- repeatedly exposed to pulse treatment (for more
detailed explanation see Materials and methods section).

Over the 15/30 generation period we obtained a large amount of permeabilization and survival curves, For
easier presentation we separated permeabilization and survival curves. Changes in curves at different electrical
field are presented in five graphs, one for each tested point of electrical field of permeabilization and survival
experiment. Rise of permeabilization curve and fall of survival curve as a function of the pulse amplitude still
remains evident. This presentation allows easier comparison between CTRL and EP and between CTRL—EP and
EP group at the same electric field and additionally we can compare different generations.

Every time cells were transterred to a new growing flask, they were exposed to 1000 V/em, which caused
around 80% of cells in preliminary experiment (Fig. 1} to be permeabilized. Cells were periodically exposed
to this stressor, which could influence the sensitivity of cells to electroporation pulses. Looking overall at the
permeabilization results obtained (Fig. 2), only one (15% generation at 1250 V cm) out of 15 experimental points
show statistical difference between CTRL and EP group in experiment 1. Al this experimental point the slope ol
permeabilization curve is high and the variability between generations is large. If resistance would develop, we
would expect the whole permeabilization curve (at every experimental point) to shift towards lower % values and
be statistically different than control. To investigate, if this one statistically significant differences between CTRL
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Figure 2, Permeabilization al different electric lields for 15 generation. Two experiments {upper and lower
panels) both for 15 generations, are shown. Each experiment is presented at 5 different clectric field values: 500,
750, 1000, 1250 and 1500 V/cm. Results are show an average - SD) of three technical repetitions. In cach
experiment generation efficiency of permeabilization of control samples (CTRL, ® ) was compared to samples
exposed to PEF treatment/electric pulses (EP, £ )} in the same experiment. Statistically significant difference,
with p < 0.05, is observed only at 1250 V/cm between C1RL and EP group of 15™ generation in experiment 1.

and LP group is repeatable and nol an experimental error we repeated the experiment. This lime no slatistical
difference between CTRL and EP group (Fig. 2) was detected. After two repelitions of the experiment, no statis-
tical differences were reproduced. Similar observations were observed between CTRL 4 EP and EP group. Data
on CTRL — EP (cells that were only once exposed to pulse treatment} is shown in supplementary file, Fig. S1.
Electroporation pulses alone do not cause/influence cells to develop adaptive resistance to cell permeabilization
caused by electroporation.

In survival experiments cells were repeatedly exposed to 1000 V/em, which in the preliminary experiment
(Fig. 1) allowed around 80% of cells to survive (together 80% of permeabilization, Fig. 2). Cells were exposed
to EP in every generation, which would influence the sensitivity of cells for PEF trealment, making cells more
resistant to electroporation pulses, i.¢, shifting the survival curve towards higher % values. Similar observation as
in permeabilization experiment were found in viability experiments. Variation between gencrations is present at
the slope of survival curve (Fig. 3). [n the two experiments no statistically significant difference between CTRL
and EP group was observed. Similar observations were observed between CTRL | EP and EP group. Data on
CT'RL— EP is shown in supplementary file, Fig. $2. Flectroporation pulses alone do not cause cells to develop
adaplive resistance to IRE.

In 15 generations of cell line, spread over the course of 2 months, we did not succeed in developing electropo-
ration resistant cells line. On account of “short” time, we expanded the second experiment for another 15 gener-
ations, making it a total of 30 generations and prolenging the experiment to 4 months.

Only one statistically significant difference was observed in permeabilization and survival experiments
(Fig. 4), however this was not present in all of the experimental points of both curves and it disappeared with
a next generation. Similar results were obtained also between CT'RL ' EP and EP group. Data on CIRL | EP is
shown in supplementary file, Tig. $3. Electroporation pulses do not cause a development of adaptive resistance
in cells to PEF trealmenl.

Discussion

"The use of Pulsed Electric Field (PEF) treatment has increased over the last few decades. It has been successfully
translated [rom in vilro studies into clinic. Electrochemotherapy is becoming an established method for treat-
ing skin melastasis and is now moving to a deep-seated tumor™®, Irreversible electroporation is on its way to
become the leading therapy for hard to reach tumors®® and cardiac tissue ablation®. A promising medical ficld
is DNA vaccination with the help of electric pulse treatment. Both reversible and irreversible electroporation are
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Figure 3. Survival at different electric fields for 15 generation. Two experiments (upper and lower panels) both
for 15 generations, are shown. Each experiment is presented at 5 different electric field values: 500, 1000, 1500,
2000 and 2500 V/cm. Results are show an average + SIJ of three technical repetitions. In each experiment
generation efficiency of permeabilization of control samples (CTRL, ® ) was compared Lo samples exposed to
PLT treatment/electric pulses (O, 2 ) in the same experiment, No statistically significant difference with

p < 0.05 was observed between CTRL and EP group.

very eflicient bul may resull in partial response or recurrent disease and thus the Lreatment needs (o be repeated.
Also in gene therapy and DNA vaccination repeatable treatment may be needed. The efficiency and impact of
repeated PEF treatments is however not known. Hitherto it has not been explored if repeated PEF treatment
could lead to a development of resistance to PEF treatment.

[n our study, we evaluated the possibility of developing adaptive resistance to electroporation pulses.
According Lo the available literature this was investigated only twice with dillerent outcome in vifro. One exper-
iment was performed on bacteria for 30 generations and the second experiment was on mammalian cells for 2
generations. The standard procedurce to obtain a “resistant” cell line takes a few months, with low administrated
doses or treatment and cells are allowed to recover in drug-free media. Produced cell line should display between
two to cight-fold resistance compared to their parental cell line. In this test the sensitive parental cells are com-
pared to the surviving daughter resistant cells by viability assays®™. In our study we exposed mammalian cells to
PEF trealment for 30 generations which lasted app. 4 months, Lo see il we can induce development of adaplive
resistance in cells to PEF treatment. The results of our study can help to understand if PEF treatment can be used
in repeated treatments in clinics.

Cells were exposed to well established and most often used electroporation pulses; 100 ps long monopolar
pulses with repetition frequency 111z*, Two controls were used. Tirst control (CTRL group) represents intact
parental cell line, cells that were never exposed to pulse treatment. Every time cells were just harvested and trans-
ferred to a new growing flask. This control allowed us to evaluate if pulse treatment has influenced cells to develop
adaptive resistance over time. At the same time, it showed that some variably over generations is present also in
untrealed group. Second control (CTRL - EP) was introduced Lo investigale il only one exposure of cells o PEF
treatment has any cffect on their behavior. This happens when PEF treatment is successful and only one applica-
tion is needed to achieve desired results. ITowever, if PET treatment results in only partial response, the treatment
needs to be repeated, The baseline for this control are cells that were once exposed to PEF treatment. This control
(CI'RL | EP group) was first exposed to pulse treatment at the beginning of the experiment and then it was just
continually transfer to a new growing flask in an absence of pulse treatment. Two controls in experiment allowed
us Lo assess, if repetitive exposure to PEF treatment leads to any changes in cell behavior compared to cells that
were never exposed to PET treatment and cells with only one exposure to PEL treatment (cells that had only par-
tial response Lo the firsl (reatment)).

In our experiment 1°" gencration followed by every 5% generation was being analyzed by determining
permeabilization and survival curve. We would expect a shift, i.e. higher electrical field would be needed for
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Figure 4. Permeabilization and survival in 30 generation. 30 generations of CI'RL and EP group are shown at
different electric fields. In each generation efficiency of survival of CT'RL { ®) group was compared to samples
exposed Lo electric pulses (EP group, &), Statistically significant diflerence, with p < 0.05, is observed only at
1500V fem between CTRL and EP group of 25! generation (note that first 15 generations are the same as those
in experiment 2 from Tigs. 2 and 3).

permeabilization and survival curve of EP group, in comparison to centrol groups, if cells exposed to pulsed elec-
tric field treatment develop adaptive resistance (become resistant) to the electroporation pulses. Furthermore, we
would expect the shift between EP and control groups to become bigger with each generation.

Looking overall al our resull only in (wo data poinlts statistical dilference between CTRL and EP group
and one between CTRL + EP and EP group were detected, which, however, disappeared with the next gener-
ations and with the repetition of the experiment. We thus assumed these differences are most probably a result
of experimental errors and can as such be considered random. No repeatable statistical difference between EP
and control groups and no visible shift in permeabilization or survival curves were observed. Electric field for
no (0%) and maximum/full permeabilization (100%) and cell death stays the same even after 30 generations.
Neverlheless, some varialions belween generalions within the same experimental group (within CTRL group,
within CI'RL | EP group and within EP group) can be observed at intermediate electric fields/experimental
points which however do not provide evidence of cells developing adaplive resistance. According Lo our results
PEF treatment can thus be used for repeated treatments with similar efficiency as the initial treatment.

Our findings can hardly be compared to the results of previously reported study® where a small number of
generations {(only 2: 17 and 2" generation) was used. A small number of generations used invalidates the conclu-
sion of authors regarding adaptive resistance to PEF treatment being developed. Namely, according to standard
procedure obtaining a “resistant” cell line takes a few months, while the study in** on adaptive resistance develop-
menlt due Lo electrical pulses based on 2 generation look only 5 days. Such a shorl time is not suflicient to develop
a resistant cell line. In our experiment we observed a statistical difference between CTRL and EP group at 5%
generation, but with the next generation this difference disappeared, and the difference was attributed to experi-
mental error. Also, experiments in these two studies were performed on different cell lines; in™ experiments were
petformed using human pancreas cancer cells, whereas in our experiment “healthy” cells from hamster ovaries
were used so direct comparison is not necessarily adequate.

Even though our result show that PEF treatment can be used as safe and efficient in repeated treatments, we
need (o recognize some limitations of our study. Since the standard procedure to oblain a resistant cell line is
conducled with low administrated doses of chemicals or Lreatmenl, we believe allecting 80% of cell viabilily (i.e.
20% cell kill) should be sufficient enough to cause a development of resistant cell line, At the same time, chosen
threshold caused 80% in permeabilization assay, which from permeabilization perspective was actually a high
administrated dose. Nevertheless, no development of adaptive resistance ta PEF was detected in permeabili-
zation. We believe that same cell behavior would we cbserved in development of adaptive resistance to PEF in
survival assay, even il the used electric field would be higher. However, it would be interesting Lo test, il adap-
tive resistance to PEF in survival assay would change, if experiment was performed with PEF treatment causing
higher, ¢.g. 80% cell kill. The study was performed only on one cell line, #.e. CITO cell line, which are genetically
stable and are considered as non-cancer cells. For more reliable results, different cancer and non-cancer cell
should be used. However, when working with cancer cell line, number of passages (gencration) is limited between
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Figure 5. Scheme of the resistance experiment. Each generation cells were electroporated in transferred to

a new growing flask. Hxperiment was repeated for 15 or 30 generations (N). 1¥ generation followed by every
5% generation of CT'RL, CTRL— EP and EP group were analyzed for a development of adaptive resistance by
preforming permeabilization and survival curve.

10-20, depending on cell line, as low passage reflects the characteristics of the primary tumor more closely and
the malignancy kept*% Such experiments would be shorter than the one performed in this study, but suffi-
cienl enough o see, il cancer cell behavior is diflerent form non-cancer cell. Il the adaplive resistance would be
obtained ## vitre further in vivo experiments would be necessary.

Conclusion

[n our study the efficiency and the effect of repeated PEF treatment was investigated in vitro on CHO cells. Our
resulls show that electroporation does not aflect cells in a way that they would become less susceplible to PET
treatment, i.e. that cells would develop adaptive resistance for reversible or irreversible electroporation. Our find-
ings indicate PET treatment can be used for repeated treatments, if the initial treatment resulted in only partial
Tesponse or recurrence of disease.

Methods

Pulses. Eight 100 ps long monopolar pulses with repetition [requency 1 Hz of 100-600V (0.5-3kV/cm) were
applicd by the laboratory prototype pulse generator (University of Ljubljana), based on IH-bridge digital amplifier
with 1kV MOSTETs (DE275-102N06A, IXYS, USA)". Delivered current and vollage were measured by the oscil-
loscope Wavesurfer 422, 200 MIz, the current probe CP030 and the differential prabe ADP305 (all from LeCroy,
USA) (recording not shown). Cells in suspension were electroporated between stainless steel 304 plate electrodes
with 2 mm interelectrode distance (voltage-to-distance ratio: kV/cm).

Cells. Chinese hamster ovary {CII0-K1, Buropean Collection of Authenticated Cell Cultures) {negative for
mycroplasma) were grown in HAM F-12 growth medium (PAA, Austria} in culture flasks (TPP, Switzerland) in
an incubator {Kambi¢, Slovenia) at 37°C with a humidified 5% CO,. The growth medium was supplemented with
10% fetal bovine serum (FBS) (Sigma-Aldrich, Germany), L-glutamine (StemCell, Canada), antibiotics penicil-
lin/streptomycin (PAA, Austria) and gentamycin (Sigma-Aldrich, Germany) (i.e., complete HAM-F12). When
70% confluency was reached, cells were detached by 10x trypsin-EDTA (PAA, Austria), diluted 1:9 in Hank’s
basal sall solulion (SlemGell, Canada) and incubated al 37 °C [or 2 minules. Trypsin was inaclivaled by addition
of fresh complete HAM F-12. Sample was centrifuged at 180 g and 22 °C for 5 minutes. Old media was removed,
and the cell pellet was re-suspended in growth medium (complete ITAM-T'12) at the cell density 2 x 10° cells/ml.

Permeabilization assay. Electropermeabilization of cells can be quantified by penetration of a
membrane-impermeable fluorescent agent like propidium iodide (P1}*%. Binding of P1 to nucleic acid enhances
its fluorescence, so it can easily be detected. Before electric pulses were applied, cells suspension was mixed with
propidium iodide (PI, Life Technologies) to a final concentration of 100 pg/ml. 60 pl of the sample was trans-
lerred between electrodes, and electric pulses were applied. Aflerwards the sample was transferred (o a 1.5ml
tube and incubated at room temperature for three minutes. 150 ul of growth medium was added to obtain a
high-encugh volume for measurement. The uptake of P1 was detected with the flow cytometer (Attune Nx'T; Life
Technologies, Carlsbad, CA, USA). Samples were excited with a blue laser at 488 nm and emitted fluorescence
was detected through a 574/26 nm band-pass filter. 10,000 events were obtained, and data were analyzed using
the Altune Nxt sollware. In analysis single cells were separaled [rom debris and clusters and the percentage ol
PI permeabilized cells was obtained from PI fluorescence intensity histogram by gating permeabilized cells from
non-permeabilized.

Viability assay. The MT$ Assay is a colorimetric method for determining the number of viable cells®. 60l
of the sample was transferred between electrodes, and electric pulses were applied. After pulse application, 10 ul
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cell suspension was diluted in full HAM-F12 growth media to obtain cell density 2 x 10* cells/100 pl. 100 pl of cell
suspension was then transferred (in three technical repetitions) to wells in the 96-well plate (TPP, Switzerland)
and incubated at 37 °C and humidified 5% CO, atmosphere. MTS assay (CellTiter 96 AQueous One Solution Cell
Proliferation Assay, Promega, USA) was used to assess cell viability 24 hours after electric pulses were applied.
According to manufacturer’s instructions 20 il of MTS tetrazolium compound was added to the samples, and the
96-well plate was returned to the incubator for 2hours. The absorbance of formazan (reduced MTS tetrazolinm
compound) was measured with a spectrofluorometer (Tecan Infinite M200, Tecan, Austria) at 490 nm. Percentage
of viable cells was calculated by subtracting the background and normalizing the absorbance of the samples to the
absorbance of the sham control (0 V/cm).

Development of adaptive resistance experiment. Inpreliminary experiments we determined ampli-
tude of voltage/electric field at which high membrane permeabilization and cell survival at the same time is
achieved.

Parental cells (1° generation) were detached and resuspended in complete HAM F-12 growth media at the
density of 2 x 10° cells/ml. Parental cells were split to two groups: one was used as a control in the absence of
any pulse treatment — control or parental cells, never exposed to pulse treatment (CTRL group), and the other
was repeatedly exposed to pulse treatment to become “resistant” cell line by exposing cells to pulse treatment
(EP group). 60 pl samples were placed between plate electrodes and pulses were delivered (8 x 100 us, 1 Hz,
200 V). Control cells were subjected to the same procedure as the exposed sample in absence of pulses, i.e. 0 V/em
amplitude. Afterwards cells were transferred in new culture growing flask and placed in an incubator until a new
generation of cells grew to obtain 70% of confluency was reached (2-4 days).

Cells from the second generation (CTRL and EP group) cells were harvested and resuspended incomplete
HAM F-12 growth medium to the density of 2 x 10 cells/ml. CTRL group was again transferred between the
electrodes (in the absence of pulse treatment) and then transferred to the new growing flask. EP group was split in
two parts. One part was exposed to pulse treatment and then transferred to the new growing flask. The other part
became a control, which was once exposed to electric pulses (CTRL+ EP). Cells were transferred between the
electrodes (inthe absence of pulse treatment) and then transferred to the new growing flask. Cell were incubated
until a new generation of cell grew.

Cells from the third generation (CTRL, CTRL +EP and EP group) were harvested and resuspended in
complete HAM F-12 growth medinm to the density of 2 x 10° cells/ml. Cells from control groups (CTRL and
CTRL + EP group) were transferred between the electrodes (in the absence of pulse treatment) and then trans-
ferred to the new growing flask. Cells from EP group were exposed to pulse treatment) and then transferred to the
new growing flask. Cell were incubated until a new generation of cells grew. This procedure was repeated until a
wanted generation for all of the groups was obtained.

Graphical description of the experiment is presented in Fig, 5. This process/experiment was repeated twice for
15 generations. Second experiment was prolonged to 30 generations. Three technical replications were made for
each group in each experiment.

'The first, followed by every fifth, generation in EP and control groups (5th, 10th, 15th, 20th, 25th and 30th)
were analyzed. In every fifth generation permeabilization and survival curves (typical for electroporation assays)
were determined (8 x 100 s, 1 Hz, 0-600 V). If cells exposed to electroporation pulses (EP group) would develop
adaptive resistance to the PEF treatment, we would expect a shift in permeabilization and/or survival curve in
comparison to control groups.

Statistical analysis. Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, USA). The
results are shown as mean =+ SD. Statistically significant differences (*p < 0.05) were determined by repeated
measures ANOVA test, followed by multiple comparison by Hold-Sidak method.
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2.1.3 In vitro analiza spros¢enih molekulskih vzorcev povezanih s poskodbo iz celic
po elektroporaciji

Polajzer T., Jarm T., Miklav¢i¢ D. 2020. Analysis of damage-associated molecular pattern
molecules due to electroporation of cells in vitro. Radiology and Oncology, 54: 317-328

Celice lahko umrejo po poti imunogene celi¢ne smrti, pri kateri se iz celic spros$cajo
molekulski vzorci povezani s poskodbo (DAMP). DAMP molekule se veZejo na celice
imunskega sistema. Ob tem se sprozi kaskada dogodkov aktivacije imunskega sistema, od
spros¢anja vnetnih mediatorjev do priklica celic imunskega sistema, kar povzroci unicenje
preostalih tumorskih celic. Aktivacija imunskega sistema je pomemben sestavni del pri
zdravljenju tumorja z elektrokemoterapijo (ECT) in ireverzibilno elektroporacijo (IRE). V
tej Studiji smo suspenzijo celic, pridobljenih iz ovarijev kitajskega hréka, izpostavili 100 ps
dolgim pulzom. Spros¢anje DAMP molekul — natan¢neje: adenozintrifosfata (ATP),
kalretikulina, nukleinskih kislin in se¢ne kisline smo preucevali v razlicnih Casih po
izpostavitvi elektroporacijskim pulzom razlicnih amplitud. Ocenili smo statisti¢no
korelacijo med spros¢anjem DAMP in povecano prepustnostjo membrane ter prezivetjem
celic, oziroma med spros¢anjem DAMP in reverzibilno ter ireverzibilno elektroporacijo. Na
splosno se spros¢anje DAMP molekul povecuje z naraScajoCo amplitudo pulza.
Koncentracija DAMP molekul je odvisna od ¢asovnega intervala med izpostavljenostjo celic
elektroporaciji in analizo. Stabilnost nekaterih DAMP molekul je ¢asovno odvisna, kar je
potrebno upostevati pri nacrtovanju poskusov detekcije DAMP molekul po elektroporaciji.
Koncentracija ve¢ine DAMP molekul mo¢no korelira s celi¢no smrtjo. V analiziranih
vzorcih pa nismo zaznali secne kisline. Spros¢anje DAMP molekul bi lahko sluzilo kot
marker za predvidevanje tipa celi¢ne smrti. Razumevanje spros§¢anja DAMP molekul ima
velik vpliv na zdravljenje z elektroporacijo, saj bi lahko tako bolje nadzorovali prisotnost
DAMP molekul, ki je glede na cilj terapije razlicno zazelena. Pri elektrokemoterapiji je
aktivacija imunskega sistema zazelena, saj pripomore k uni¢enju tumorskih celic, medtem
ko sproS€¢anje DAMP pri ablaciji srénega tkiva lahko povzro¢i moc¢nejSe vnetje in fibrozo
tkiva.
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Background. Tumor cells can die via immunogenic cell death pathway, in which damage-associated molecu-
lar pattem molecules (DAMPS) are released from the cells. These molecules activate cells involved in the immune
response. Both innate and adaptive immune response can be activated, causing a destruction of the remaining
infected cells. Activation of immune response is also an important component of tumor treatment with electroche mo-
therapy (ECT) and ireversible electroporation {IRE). We thus explored, if and when specific DAMPs are released as a
consequence of eleciroporation in vitro.

Materials and methods. In this in vifro study, 100 ps long electiic pulses were applied to a suspension of Chinese
hamster ovary cells. The release of DAMPs — specifically: adenosine friphosphate (ATP), calreticulin, nucleic acids and
uric acid was investigated at different time points after exposing the cells to electric pulses of different amplitudes. The
release of DAMPswas statistically correlated with cell permeabilization and cell survival, e.g. reversible and ireversible
electroporation.

Results. In general, the release of DAMPs increases with increasing pulse amplitude. Concenftration of DAMPs de-
pend on the fime interval between exposure of the cells fo pulses and the analysis. Concentrations of most DAMPs
correlate strongly with cell death. However, we detected no uric acid in the investigated samples.

Conclusions. Release of DAMPs can serve as a marker for prediction of cell death. Since the stability of certain
DAMPs is fime dependent, this should be considered when designing protocols for detecting DAMPSs after electric
pulse treatment.

Key words: electroporation; pulsed electric field tfreatfment; damage-associated molecular pattern molecules; im-
munogenic cell death; electrochemotherapy

Introduction

Electroporation or pulsed electric field (PEF) treat-
ment can cause changes in membrane perme-
ability, which allows molecules, that are other-
wise membrane impermeable, to cross the plasma
membrane. In reversible electroporation the dam-
age to cell membrane is repaired, enabling the cell
to reestablish its metabolism and survive. This
type of electroporation is used in multiple thera-
pies. Electrochemotherapy (ECT) is one of such
widely used therapies in which the increased cell

Radiol Oncol 2020; 54(3): 31 7-328.

membrane permeability enables chemotherapeutic
drug to enter the cell and thus potentiates the cy-
totoxicity of the drug.!? In irreversible electropora-
tion (IRE) the damage to the cells however is too
severe for the cells to recover which leads to cell
death. While the cells are destroved, the integrity
of tissue like vessels, nerves and extracellular ma-
trix remains preserved®?, making this therapy very
appealing for ablation of tumor and other tissues,
otherwise unsuitable for surgical removal or ther-
mal ablation such as radiofrequency ablation or
cryo-ablation.5®

doi: 1 0.2478/raon-2020-0047
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In ECT eight square 100 ps electrical pulses,
with an amplitude of 100-1000 V are usually used
to induce a reversible membrane permeabilization.
For IRE, more pulses (80-100 pulses) at higher am-
plitude (up to 3000 V) are required, to overwhelm
the reparative capacity of the cells which leads to
cell death.” From morphological, biochemical, and
functional perspectives, different cell death path-
ways/types can be activated® Historically, based
on morphological changes, three different forms of
cell death were defined: apoptosis (cell shrinkage,
chromatin condensation, formation of apoptotic
bodies); autophagy (cytoplasmic vacuolization);
and necrosis (loss of plasma membrane integrity ).
Such classification is still employed, but in newer
classification based on genetic, biochemical, phar-
macological and functional differences, cell death
is either accidental (uncontrollable death caused
by disassembly of the plasma membrane) or regu-
lated (activation of signal transduction). Depending
on signaling pathways different types of regulated
cell death are being characterized, e.g. intrinsic
and extrinsic apoptosis, necroptosis, ferroptosis,
pyroptosis, immunogenic cell death, lysosome-de-
pendent cell death, mitochondrial permeably tran-
sition driven necrosis and many others gathered
and described by Galluzi et al..”? In electroporation
studies, cell death has been most extensively ex-
plored in the range of nanosecond pulse treatment,
where the majority of studies confirmed cell death
by apoptosis (intrinsic and extrinsic) and only few
studies indicated necrosis.!*'? Both pathways were
confirmed also in microsecond pulse treatment.
Nevertheless, in recent studies new cell death types
were also detected like pyroptosis?, necroptosis?®?
and immunogenic cell death.??

In IRE ®¥20% and ECT with either bleomycin or
cisplatin?®¥ used for cancer treatment, involve-
ment and importance of host immune response
was demonstrated, counteracting tumor escape
mechanisms.?#% After these therapies, dying tu-
mor cells can release specific molecules, which are
being recognized by the cells of immune system.
These molecules can activate the innate and adap-
tive immune response, leading to the destruction of
the remaining tumer cells in the body* and induc-
ing long-lasting protective antitumor immunity.4
Some studies even suggest that immunogenic effect
of IRE is more pronounced than in other ablation
therapies like radiofrequency ablation™ and cryoa-
blation.? Evidence suggests that administration of
immune-stimulating molecules can even enhance
the local effectiveness of ECT® and IRE*## allow-

ing simultaneous treatment of distant tumors.

Our immune system consists of two comple-
mentary and closely collaborative systems, an
innate (non-specific) and an adaptive (antigen-
specific) system. Activation of immune system is
essential for our survival, as it distinguishes and
eliminates potentially harmful molecules, even the
ones that derive from the host/our own tissues.
Well known are the pathogen-associated molecules
(PAMPs), which are present on microbes and are
being recognized by cells of the innate immune
system when they bind to pattern recognition re-
ceptors (PRRs). The same pathways are activated
by the host's damage-associated molecular pat-
tern molecules (DAMPs), which act as endogenous
damage signal in case of cell death or response
to stress, leading to inflammatory response.®-4
Release of DAMPs characterizes immunogenic
cell death (ICD). Most of DAMPs are normally lo-
cated intracellularly*, where under normal physi-
ological conditions have an important intracellular
role. When a cell is damaged or dies, DAMPs are
actively or passively exposed or released to extra-
cellular space.®5! The release of DAMPs is often
accompanied by cytokines, chemokines and other
inflammatory mediators.” In extracellular space
DAMPs have a completely different function, as
they are being recognized by pattern recognition
receptors (PRRs), such as TRLs, NOD-like, PRLs
and RAGE receptors on immune cells.®** Binding
of DAMPs to these receptors stimulates innate im-
mune response through promoting the release of
pro-inflammatory mediators and recruiting im-
mune cells (dendritic cells, macrophages, T cells
and neutrophils). Usually, the exposure of differ-
ent DAMPs depends on endoplasmic reticulum
stress, followed by reactive oxygen species (ROS)
production.® Release of DAMPs correlates with
the degree of trauma. Some DAMPs can even be
involved in tissue repair pathway.®% It depends
on DAMPs and their triggered pathways, together
with cytokines and growth factor to determine, if
mild acute inflammation and wound healing % or
severe inflammation and fibrosis will follow >

Electroporation causes an increase in membrane
permeability and allows molecules, for which
the membrane is usually impermeable, including
DAMPs, to cross it. ATP, one of the main DAMPs,
was even used as an indicator of cell membrane
permeabilization in the first electroporation stud-
ies.® In recent years reports on electroporation
studies have started to emerge investigating the
immunogenic cell death caused by electroporation.
Studies detected DAMPs, like ATP, high-mobility
group box 1 protein (HMGB1) release and calreti-
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culin externalization, as they are the gold standard
for predicting the ICD in cancer cells.®! So far most-
ly single (or a small subset of) DAMPs were stud-
ied. Most studies involved nanosecond pulse treat-
ment??®, whereas studies using microsecond??,
millisecond?”® and H-FIRE pulse treatments®” are
even more scarce. For now, different DAMPs were
investigated at different intervals after electropora-
tion ranging from 30 min to 72 hours, using differ-
ent types of cancer cells.

Because in both ECT and IRE the immune sys-
tem response is essential for successful and com-
plete tumor eradication, we decided to explore if
and when specific DAMPs are released in response
to electroporation in vitro. The experiments were
performed using 100 ps long pulses, as they are
most commonly used in ECT treatment and in IRE
for soft tissue ablation.

Materials and methods
Cell preparation

Chinese hamster ovary (CHO-K1) from European
Collection of Authenticated Cell Cultures were
grown in culture flasks (TPP, Switzerland) filled
with HAM F-12 growth medium (PAA, Austria) at
37°C with a humidified 5% CO,. The growth me-
dium was enriched with 10% fetal bovine serum
(FBS) (Sigma-Aldrich, Germany), L-glutamine
(StemCell, Canada) and antibiotics penicillin/
streptomycin  (PAA, Austria) and gentamycin
(Sigma-Aldrich, Germany). At 70% confluency,
cells were detached with trypsin solution (10x
trypsin-EDTA (PAA, Austria) 1:9 diluted in Hank’s
basal salt solution (StemCell, Canada), which was
inactivated after 3 minutes by the growth medium.
After 5 minutes of centrifugation at 180 g and 22°C
supernatant was removed. Cell were mixed with
the growth medium to obtain cell density at 2x10°
cells/ml.

Electric pulse generation

Laboratory prototype pulse generator (University
of Ljubljana), based on H-bridge digital amplifier
with 1kV MOSFETs (DE275-102N06A, IXYS, USA),
described in ! was used. Eight 100 ps long mo-
nopolar electric pulses with repetition frequency 1
Hz and amplitude of 0-600 V (0-3 kV/cm; voltage
to distance ratio) with increments of 100 V (and
additional increments in the permeabilization as-
say) were applied between stainless steel 304 plate
electrodes (d = 2 mm). Oscilloscope HDO6104A-
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FIGURE 1. Application of 500 W puses. Blue line shows voltage and red line shows
current. Due to sequencing, cll eight pulses are in one picture, separated by //.

MS, differential probe HVD3206A and the current
probe CP031A, all from LeCroy, USA, were used
to monitor the delivered pulses, ie. voltage and
current. The delivered voltage was approximately
10-15% lower than the value set on the pulse gen-
erator and the current was in the range of 3-21 A.
When pulses with high amplitudes were applied
(Figure 1), current decreased slightly during the
pulse, presumingly due to electrochemistry at elec-
trode-electrolyte interface reducing the available
interface area for ion exchange between the metal
electrode and the electrolyte and possibly also due
to ion depletion at the said interface.

Results

First, the permeabilization and the survival curves
were abtained to determine experimental points for
the studies on release of DAMPs. Permeabilization
and survival curves are presented in all figures
showing the concentration of various DAMPs to
visualize how the presence of DAMPs is related to
changes in permeabilization and cell viability. In
figures the permeabilization and survival curves
are shown only at pulse amplitudes tested for the
presence of DAMPs; in steps of 50 V in the range
of pulses where changes in permeabilization occur
and in steps of 100 V above 200V,
Theconcentration of ATP insupernatant was first
measured with fluorescent method 30 minutes and
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FIGURE 2. Release of adenocsine triphosphate (ATP) as o function of electric pulse
amplitude determinred by fluorescent assay. Two-time points ofter electroporation
were assessed. Permeabilization and sunival curves are clso presented. Black and
green csterisks (*) indicate statistically significant differences between the samples
at different voltages and the coresponding confrol at 0V {one-way analysis of
variance [ANOVA] followed by Holm-Sidak post-hoc test, (p < 0.05) and within the
pair of samples at different voltages (-test, p < 0.05), respectively).

24 hours after electroporation (Figure 2). At 30 min-
utes the concentration of ATP in supernatant was
detected at 200 V. However, statistical difference
between the control and the treatment groups (ob-
tained by one-way analysis of variance [ANOVA]
followed by the post-hoc test) was only detected at
500 V and above. The concentration of ATP in su-
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FIGURE 3. Relecse of adencsine friphosphate [ATF), cs a function of electric pulse
amplitude determined by luminescence assay. Two-time points after electroporation
were assessed. Permeabilization and sundval curves are clso presented. Black and
green csterisks (*) indicate statistically significant differences between the samples
at different voltages and the corresponding contfrol at 0 V' {one-way analysis of
variance [ANOWA] followed by Holm-Sidak post-hoc test, {p < 0.05) and within the
pair of samples ot different voltages (Htest, p < 0.05), respectively).
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pernatant grew with increasing pulse amplitude,
which after 24 hours led to decreased cell viability;
e.g. correlation between the cell survival and ATP
concentration in supernatant detected after 30 min
is quite strong and negative; R = -0.864. Also, weak
correlation between cell permeabilization and ATP
concentration in supernatant (R = 0.594) confirms,
that ATP presence in supernatant is more strongly
correlated with the irreversible than the reversible
electroporation. It may indicate that strong ATP re-
lease from cells leads to cell death.

After 24 hours (Figure 2) the lowest ATP con-
centration was achieved at the pulse amplitude
resulting in death of most cells (500, 600 V). The
concentration of ATP at these points is statistically
different to the results obtained 30 minutes after
pulse treatment. After 24 hours the concentration
of ATP had decreased with the lower viability, but
statistical differences between the control and the
treatment groups were present from 400 to 600 V.
At 24 hours there is a positive statistical correlation
between the cell survival and concentration of ATP
in supernatant (R = 0.888), which is stronger than
the correlation to permeabilization (R =-0.695).

Since no ATP was detected in supernatant with-
in the range of reversible electroporation after 30
minutes using the fluorescent method (Figure 2),
we also used a more sensitive luminescent method
(Figure 3). Furthermore, since ATP analysis showed
that 24 h after treatment ATP is not detected in all
samples, we were also interested in how fast ATP
was degraded. Scuderi et at. showed complete re-
sealing of plasma membrane 10 minutes after pulse
treatment using 8 x 100 s pulses.®® Thus, another
time point for ATP measurement was chosen, ie.
15 minutes after (Figure 3). With more sensitive
luminescent detection assay, ATP was detected in
supernatant already at 100 V, however statistically
significant difference to control was only detected
at 300 V and higher. These results are more reliable
due to higher assay sensitivity however even with
this method statistically significant amount of ATP
in supernatant is detected in the range of irrevers-
ible electroporation, as increased electric field/volt-
age kills more cells more ATP is present in the ex-
tracellular space. This is also confirmed by a strong
correlation between the survival and the amount
of ATP in supernatant, R =-0.947 for 15 min and R
=-0.964 for 30 min, and much weaker correlation
between the permeabilization and the amount of
ATP (R =0.704 for 15 min and R =0.728 for 30 min).
In our results, only one significant difference was
found in detected ATP amount between 15 and 30
minutes after pulse treatment at 500 V. Since this
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difference was not detected for all the experimental
points (voltages), we believe that ATP in extracel-
lular space is not degraded in this first 30 minutes
after pulse treatment.

Calreticulin (CRT) is an endoplasmic reticulum
protein which needs to be transferred to the outer
leaflet of the plasma membrane in order to act as
a DAMP. Externalization of calreticulin to outer
membrane in an active process involving also its
transport across the cell. Due to this active and
time demanding process the externalization of
calreticulin was investigated 4 and 24 hours (also
used in previous studies?22) after pulse treat-
ment (Figure 4) on viable cells (determined by pro-
pidium iodide [PI] staining). Calreticulin was first
detected at 300 V and its fluorescence increased
with increasing voltage of pulses. Furthermore,
the lowest viability at 600 V with < 5% of viable
cell has the strongest signal of calreticulin after 4
and 24 hours. This could indicate the amount of
externalized calreticulin per viable cell increases
with the level of stress (amplitude of applied elec-
tric pulses). Furthermore, analysis shows a strong
correlation between survival determined by MTS
test and externalization of calreticulin, as survival
decreased, the detection of calreticulin increased (R
=-0.801 for 4h and R = -0.946 for 24h) and weak
correlation between permeabilization and exter-
nalization of calreticulin was observed (R = 0.535
for 4h and R = 0.556 for 24h). Since calreticulin was
detected only in viable cells (determined by PI) ad-
ditional information on viability was obtained, and
results were normalized to control (0 V) for each
investigated time point separately. Except for the
results at 300 V, no statistically significant differ-
ence between 4 and 24 hours was detected at any
other experimental point, suggesting that calreti-
culin can be detected 4 hours after pulse treatiment
and that expression of the protein remains stable
for the next 20 hours.

Until now, nucleic acids (in the role of DAMPs)
have not been investigated in relation to electropo-
ration. Most of RNA (except fresh transcripted
mRNA) is located in cytoplasm, while DNA is lo-
cated in the cell nucleus. The concentration of RNA
and DNA in supernatant has been detected 15, 30
minutes and 24 hours after electroporation like in
ATP assay (Figure 5 and 6). Concentration of DNA/
RNA started to rise from 400 V up (Figure 5 and 6).
This happened at the same pulse amplitudes where
after 24 hours cell viability was affected, indicating
the amount of nucleic acid occurs in the range of cell
death, iec. irreversible electroporation. Exposure
of cells to higher pulse amplitudes caused higher
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release of nucleic acids, which after 24 h resulted
in lower cell viability. This is confirmed also by a
strong negative correlation between survival and
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FIGURE 5. Release of RNA as o function of electric pulse amplitude. Three-fime
points after electroporation were assessed. Permeabilization and sunival curves
are also presented. Approximate baseline of RNA is presented with -——-. Black and
green asterisks (¥ indicate statistically sigrificant differences between the samples
at different voltages and the corresponding control at O V' (one-way cnalysis of
variance [ANOVA] followed by Holm-Sidok post-hoc test, (p < 0.05) and within the
pair of samples at different voltages (+-test, p < 0.05), respectively).

Radiocl Oncol 2020; 54(3): 31 7-328.
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release of RNA (R=-0.909 for 15 min, R =-0.909 for
30 min, R = -0.919 for 24 h) and weak correlation
between permeabilization and release of RNA (R =
0.584 for 15 min, R = 0.696 for 30 min, R is not sig-
nificant for 24 h), respectively. Similarly, for DNA,
a strong correlation between survival and release
of DNA (R=-0.935 for 15min, R=-0.919 for 30 min,
R=-0.928 for 24 h) and a weak correlation between
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FIGURE 7. Relecse of uic acid as a function of electric pulse amplitude. Amount of
uric acidwas analysed 24 hours affer pulse treatmentinsupernatant. Permealbilization
and survival curves are ako presented. No statistical difference was detected.

] ] from cells after electroporation

permeabilization and release of DNA (R =0.571 for
15 min, R = 0.689 for 30 min, R is not significant for
24 h) was found. This correlation may indicate that
loss of nucleic acids results in cell death.

Comparison of the concentration of RNA de-
tected in supernatant 15, 30 minutes and 24 hours
after pulse treatment did not show any significant
differences. Comparison of the concentration of
DNA detected in supernatant 15, 30 minutes and
24 hours after pulse treatment showed only signifi-
cant differences between 15 and 30 minutes at 600
V, yet interestingly this was not the case between
15/30 minutes and 24 hours after pulse treatment.
According to our results, the released nucleic acids
in vitro are stable and are not degraded within 24
hours after pulse treatment.

We also tried to detect uric acid, another well
know DAMP molecule. The release of uric acid
in supernatant was analyzed 24 hours after pulse
treatment (Figure 7). In our experiments we were
however unable to detect any uric acid in superna-
tant after pulse treatment. Initial experiments were
also performed after 30 minutes, but results were
the same (data not shown).

Discussion

Besides the induced membrane permeabilization,
followed by cell death, activation of the immune
response seems to be an important component in
effectiveness of ECT?%%%7 and IRE"¥**% treatment in
vivo. Activation of the immune system can be trig-
gered by a special type of cell death, called immu-
nogenic cell death (ICD) in which DAMPs are the
key mediators.® Presence of DAMPs after pulse
treatment has been detected in different types of
cancer cells and normal tissues.??° However, only
onestudy was performed with 100 us pulses, which
are predominantly used in ECT and IRE.? The au-
thors investigated release of ATP, calreticulin and
HMGBI due to electroporation pulses alone, bleo-
mycin alone and combination of electroporation
pulses and bleomycin. Their study demonstrated
the release of ATP and calreticulin after pulse treat-
ment, but how this correlates to reversible and/or
irreversible electroporation remained elusive. This
question is addressed in our study, were release/
detection of different DAMPs was correlated with
permeabilization and survival curve in vitro.
Detected amounts of DAMPs were correlated
to cell membrane permeabilization determined
by PI assay immediately after pulse treatment and
cell survival, analyzed 24 hours after treatment by
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MTS test, ie. to reversible and irreversible elec-
troporation, respectively. It is generally believed
that membrane permeabilization and cell survival
after pulse treatment are causally related, i.c. in IRE
cell death occurs due to membrane permeabiliza-
tion and loss of cell homeostasis (in this study cor-
relation coefficient between the two is -0.680) and
in ECT increased accumulation of drug leads to in-
creased cell cytotoxicity.

In ECT and IRE it was also demonstrated that
the immune response plays an important role in
achieving therapeutic effect.®*® We have therefore
determined different DAMPs at different times
after exposing the cells to electric pulses and de-
termined whether the concentrations of extracel-
lular DAMPs were better correlated to cell death
or to membrane permeabilization. While activation
inflammatory response and activation of immune
system is desired in cancer therapies, on the other
hand it can be a wanted or an unwanted effect in
gene therapy.®® In DNA vaccination therapies,
changed permeability of cell membrane enhances
the introduction of DNA vaccine inside of cell and
the presence of DAMPs additionally activates in-
flammatory response, which leads to enhanced
production of antibodies, thus enhancing the ef-
ficlency of vaccination.®% Nevertheless, in most
cases of gene therapy, the immune response in un-
wanted, as it may destroy the transfected cells and
prevent transgenic protein expression.®® By now
many DAMPs have been identified and the number
is still increasing, Most known are the HMGB1, nu-
cleic acids, proteins like heat-shock proteins, 5100
and calreticulin, purine metabolites like ATP and
uric acid and saccharides. A list of know DAMPs
and their receptors is given by Roh and Sohn %

ATP is a well-known molecule in biology and
biochemistry for being a universal energy source
in the cell and necessary for multiple cell processes
and cell metabolism. Interestingly, first studies of
electroporation and increase in plasma membrane
permeability involved adenosine triphosphate ATP
detection in electroporation buffer.” The released
ATP is also considered a DAMP. In our study two
types of ATP detection methods with different sen-
sitivities were used.”>” In a previous study per-
formed by Calvet ¢t al.?6 using the same pulses as in
our study, the release of ATP was detected 30 min-
utes after the treatment. We were able to confirm
their observations with the fluorescence and the
luminescence method (Figures 2 and 3 respective-
ly). Furthermore, the investigation of the effects at
different pulse amplitudes showed that the release
of ATP increases with increasing amplitude. This

was expected, as ATP release was previously used
as a permeability marker after electroporation.”
However, in our results statistical differences be-
tween the control and the treatment groups were
not detected in the range where the permeabiliza-
tion curve is ascending, but was detected only in
the range of pulse amplitudes at which all cells
were already permeabilized and many were dead.
Since ANOVA analysis is less sensitive when large
amount of samples with big differences between
them are analyzed, additional ANOVA was per-
formed, taking into account only the results from
0 to 300 V (e.g. where permeabilization changes
from 0 to 100%). Now additional analysis showed
that statistical differences between control and the
treatment groups are present at 200 V and above
in luminescent method, suggesting ATP release
as possible membrane permeabilization detection
method. In the fluorescence method, this statisti-
cal difference was obtained only at 300 V. Such dif-
ference in analysis and also a bigger ratio of ATP
between the control and the treatment groups indi-
cates that the luminescence method is more sensi-
tive method than the fluorescence method. Taken
into consideration ATP release at all investigated
voltages (also the one leading to cell death after 24
hours) the release of ATP is more strongly corre-
lated to cell death/irreversible electroporation (R =
0.888) than permeability/reversible electroporation
(R =-0.695).

24 hours after pulse treatment (Figure?2) the
highest amount of ATP was detected in the super-
natant of control sample and the amount of ATP
decreased with increasing pulse amplitude. This
can be explained by homeostasis of ATP in living
cells. In a living homeostatic cell most of the ATP
is located intracellularly, however in considerably
lower concentration ATP is also present in extracel-
lular space.” When cells are damaged, considerable
release of ATP molecule affects ATP pumps, caus-
ing depletion of intracellular K* and accumulation
of intracellular NA* and Ca? and leading to cell
death.™ A previous study showed that electropo-
ration pulses cause ATP depletion, which in 24 re-
sults in lower viability, presumingly by affecting
Ca?-ATPase.” In our study the effect on survival
was also confirmed by very strong positive corre-
lation between survival/irreversible electropora-
tion and amount of ATP detected in supernatant
(R =0.888). Nevertheless, we need to consider, that
some of the ATP detected in supernatant could be
from the cells damaged due to cell handling during
experiment. In extracellular space ATP is degraded
by nucleotides like CD39 and CD37, which convert

323
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ATP through ADP and AMP to adenosine”, which
explains why ATP was detected 30 minutes at very
high voltages (500, 600 V), but was no longer de-
tected after 24 hours (Figure 2). This can also ex-
plain why Calvet et al.%5, was unable to detect ATP
30 hours after pulse treatment alone, however it
does not explain, why ATP was still detected when
bleomycin alone or in combination with electropo-
ration pulses was used. How fast ATP degrades in
extracellular space, remains unknown. Qur results
do not indicate that ATP degrades within the first
30 minutes after pulse treatment, since no differ-
ence between 15 and 30 minutes after pulse treat-
ment was detected. In a different study”™ the results
for ATP 4 hours after pulse treatment was lower in
samples exposed to pulse treatment than in the
control. If this is taken into consideration together
with our results, then ATP degradation in vitro oc-
curs somewhere between 30 minutes and 4 hours
after pulse treatment.

Calreticulin was another molecule of interest in
our study. This highly conserved protein has major
functions in lumen of the endoplasmic reticulum
(ER). It is involved in correct folding of proteins
that are produced in endoplasmic reticulum?” and
in regulation of calcium metabolism, as it affects
Ca? capacity of the ER stores.”® In the early phase
of cell death, activated ER stress leads to transloca-
tion of calreticulin to cells surface trough ER-Golgi
pathway or lysosome exocytosis.”® Calreticulin, as
DAMP, was investigated previously in electropo-
ration studies.??5%%® In Calvets's study”, which
used the same pulses as in our study (eight 100 ps
pulses), calreticulin was determined 30 hours after
treatment using different treatments. Calreticulin
was detected on the plasma membrane after elec-
troporation pulses alone or in combination with
bleomycin (ECT), yet no externalization was de-
tected in cells threated with bleomycin alone. Since
only calreticulin, exposed on the cell surface acts
as a DAMP, only viable cells (determined by PI)
were taken into analysis. The presence of calreti-
culin on the cell surface was previously detected
already 4 hours after electroporation with milli-
second pulses®, thus we assumed 4 hours is suf-
ficient time for calreticulin to transfer to cells sur-
face. Additionally, calreticulin was detected also
24 after pulse treatment. In our study calreticulin
was investigated 4 and 24 hours after treatment
(Figure 4), which is after the resealing of cell mem-
brane.® Even though calreticulin was detected on
the surface of live cells, it was detected only in the
range of irreversible electroporation. Additionally,
calreticulin detection increased with decreasing

cell viability (less viable cells), implicating that big-
ger stress or in this case pulse amplitude causes
more calreticulin molecules to be externalized to
cell surface. Nevertheless, since it is believed that
externalization of calreticulin occurs in early phase
of cell death™®, it is possible that cell determined
as viable would die within next hours.

In comparison to ATP, calreticulin is more sta-
ble. Only at 300 V the difference between 4 and
24 hours was statistically significant. Stability of
externalized calreticulin was previously also con-
firmed in another in vitro study. Nevertheless,
in vivo study shows expression is the strongest be-
tween four and six hours, and diminishes 24 h after
the treatment.”®

So far studies investigating DAMDPs, released
by the electroporation treatment, included ATP,
calreticulin and HMGB]1. In addition to ATP and
calreticulin we also included other known DAMPs
in our study, namely nucleic acids and uric acid,
which so far have not been investigated as DAMPs
after electroporation. Inside the cells nucleic acids
are the source of genetic information. As DAMPs
in extracellular space nucleic acids bind to TLR
receptors. Bound DNA can even attract HMGB1
(a non-histone nuclear protein, which can be ac-
tively or passively released into extracellular
space, where it acts as a DAMP®) and together
they form complexes stimulating dendritic cells to
produce type 1 interferon (non-specific immune
response), which can lead to anti-DNA autoan-
tibody production (specific immune response).®
Nucleic acids (RNA and DNA) can be detected in
supernatant already within minutes after pulse
treatment (Figure 5,6). Nevertheless, we need to
consider — based on the control, 0 V in Figures 5
and 6, that some of the nucleic acids detected in
supernatant could be from the cells damaged due
to cell handling during experiment. Since RNA is
more abundantly present in cells than DNAS8,
the same was expected to be the case in the super-
natant after pulse treatment. However, the amount
of detected DNA in our samples was bigger than
that of RNA. Since RNA is more prone to degra-
dation than DNA®, it is possible that some of the
RNA was destroyed during the process of analy-
sis. Nevertheless, the amount of released nucleic
acids increases with increasing voltage of electric
pulses to which the cells were exposed. Our results
indicate that the release of nucleic acids (RNA and
DNA) occurs in the range of irreversible electropo-
ration; L.e. pulse amplitudes that lead to cell death
as determined by MTS test at 24 h post treatment.
This was confirmed also by very strong negative
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correlation between the cell survival and the re-
lease for RNA and DNA.

Uric acid is a product of purine metabolism
within the cell, like degradation of nucleic acids,
and is released from injured and dying cells.® A
molecule that is soluble inside the cell, accumu-
lates in extracellular space, where it is transformed
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TABLE 1. Correlation (R) between sunival and release of domage-cssociated
molecular pattern molecules (DAMPs) affer pulse treatment. Investigated time
points for ecch molecule are presented in the bottom row. Correlation was
evaluated with Pearsen correlation coefficient and survival was analyzed via MTS

assay 24 hours aofter pulse treatment

R vs. survival (MTS)

in insoluble crystal of monosodium urate, stimu- Pl -0.480
lating the maturation of dendritic cells and T-cell ATP 0.947 1) -0.964 (L)/-0.864 (F) 0888 (F)
85,36 i i

response, ' Here, tbe pre‘sence of uric a‘C1d (?fter DNA 0935 0915 0996
electroporation was investigated for the first time.

. . . . RNA -0.909 -0.50% 0919
Presence of uric acid in supernatant was inves-
tigated 24 hours after electroporation treatment CRI 0801 0946
(Figure 7). We expected uric acid to show a simi- uric acid NS
lar behavior in pulse parameter dependency as fime points 5 . 15 min 30min Ah 4k

. . fer EP

other DAMPs. However, we did not detect uric ol
acid in supernatant after PUISE treatment. Standard ATP = adenosine friphosphate; CRT = calreticulin; (F) = fluorescence assay; () = luminescence

curve was obtained, therefore Uric Acid Assay Kit
worked. Maybe uric acid production did not hap-
pen or uric acid was still inside of cells and not
yet in supernatant as predicted. Furthermore, we
found no existing data on CHO cells and uric acid
in the literature, so maybe formation of uric acid in
ovarian cells does not occur.

With respect to the results obtained, detection of
DAMPs and its correlation to cell membrane per-
meabilization and cell survival seems to be more

assay; NS = no statisticdl significance; PI = propidium iodide

TABLE 2. Correlation (R) between permedhilization ond relecse of damage-
associatedmolecular pattem molecules (DAMPs) ofterpuke treatment. Invesfigated
fime points for each molecule are present in the bottom row. Correlafion was
evaluated with Pearson comelation coefficient and permeabilization was anclyzed

by propidium iodide (Fl) assay 3 minutes affer pulse freatment

R vs permeabilization (PI)

complex than initially thought. Even a DAMP mrs 0280
like ATP, which can be released due to electropo- ATP 0.704 0.728 (L)/0.594 (F) -0.695 (F)
ration alone is better correlated to cell survival DNA 0.571 0.689 NS
than membrane permeabilization (Tables1, 2). RNA 0584 0.696 NS
A recent study performed by Ringel-Scaia et al.?, CRI 0535 055
in which multiple signaling pathways were ana- o
lyzed, showed that the cell and cell population is U."c uc"_j NS
a dynamic system which changes with time. Two Z;??:r@g'nfs 3 min 15 min 30min 4h 24k
hours after pulse treatment RNA analyses showed

ATP = adenosine triphosphate; CRT = cdlreticulin; (F) = fluorescence assay; (U = luminescence

activation of immunosuppressive pathway, cell in-
jury and apoptosis. With time these genes became
less pronounces and after 24 hours change in gene
expression indicated proinflammatory response,
cell repair and necrosis/pyroptosis. This explains
changes in DAMPs detection hours after pulse
treatment, including the presence and absence of
different DAMPs and its correlation with cell sur-
vival. Since statistical correlations between DAMP
release and cell survival is much stronger than
with membrane permeabilization, involvement of
immune system in IRE can be explained. However,
activation of immune system was demonstrated
also in ECT treatments, were reversible electropo-
ration is used. How can that be, if correlation be-
tween membrane permeabilization and released
DAMPs is weak or does not even exist? Modeling®”
and in vivo experiments® show that application of

assay; NS = no statisticdl significance

nominally reversible electroporation pulses such
as those used for ECT of tumors still causes some
cell death by means of irreversible electroporation
in tissue close to the electrodes, due to inhomoge-
neous electric field distribution, which can thus
lead to the release of DAMPs and activation of the
immune system.

The aim of this study was to explore, if and
when specific DAMPs are released as a conse-
quence of electroporation and if the release of
DAMPs can be correlated to reversible and/or ir-
reversible electroporation. Even though detection
of certain DAMPs remains uncertain, others show
strong correlation to cell survival/irreversible elec-
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troporation and much weaker correlation to mem-
brane permeabilization/reversible electroporation.
Release of DAMPs could perhaps serve as a pre-
dictor of cell death. In addition, it may indicates
that the stability of certain DAMPs is questionable
and thus their presence and detectability is time
dependent. This needs to be taken into considera-
tion when designing protocols to detect DAMPs
after electroporation treatment. Finally, to obtain
a better insight of DAMP release with respect to
electroporation treatment other cell types includ-
ing also cancer cell types should be investigated.
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2.1.4 Celi¢na smrt zaradi elektroporacije

Batista Napotnik T., Polajzer T., Miklav¢i¢ D. 2021 Cell death due to electroporation — A
review. Bioelectrochemistry, 141: 107871

Pri elektroporaciji celice izpostavimo kratkotrajnim elektricnim pulzom, kar povzroci
zaCasno povecanje prepustnosti membrane. Reverzibilno elektroporacijo uporabljamo za
vnos genov in povecan vnos zdravil v celico. Ireverzibilno elektroporacijo (katere izid je
smrt celice) pa uspesno uporabljamo kot metodo netermicne ablacije mehkih tkiv, kot so
tumorji ali sréno tkivo. Na izid zdravljenja s terapijami, ki temeljijo na elektroporaciji, lahko
vplivajo tudi mehanizmi celi¢ne smrti, na katere vlivajo tudi razli¢ni parametri elektri¢nih
pulzov in pogoji pri razli¢nih terapijah. V pregledni ¢lanek smo vkljucil vso literaturo, ki
smo jo nasli preko podatkovne zbirke Pubmed ob iskanju z gesli “‘Electroporation cell death
apoptosis”, ‘‘Electroporation cell death necrosis”, ”Electroporation cell death necroptosis”,
““Electroporation cell death pyroptosis”, ‘‘Electroporation cell death pyroptotic”,
““Electroporation nanosecond apoptosis”, ‘‘Electroporation nanosecond necrosis”,
““Electroporation calcium cell death”, in ‘‘Electroporation immune”. Tej literaturi smo
dodali $e literaturo poznanih ¢lankov, ki se dotikajo tematike celi¢ni smrti pri elektroporaciji.
Z uporabo tako zbrane literature smo naredili pregled celicnih poskodb, popravljalnih
mehanizmov membrane in poti celicne smrti pri elektroporaciji. Ugotovili smo, da
elektroporacija ne povzroCi le poskodb plazemske membrane, temvec vpliva tudi na
nastanek ROS, dvig znotrajceli¢nega Ca?*, izgubo ATP, ter poskodbe mitohondrija, DNA in
membranskih proteinov. Vse to pa lahko vodi v razlicne poti celicne smrti, med katerimi
literatura omenja apoptozo, nekrozo, piroptozo in nekroptozo. Znanje o popravljalnih
mehanizmih membrane, mehanizmih celiéne smrt po izpostavitvi elektriénim pulzom ter
identifikacija tar¢nih molekul elektroporacijskih pulzov je klju¢na za optimizacijo ze
obstojecih in novih metod, ki temeljijo na uporabi elektroporacije v medicini.
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1. Introduction

Electroporation is a phenomenon that occurs when cells are
exposed to electric field of sufficient amplitude: their plasma
membrane permeability becomes increased [1]. On one hand, in
reversible electroporation, the increased permeability is only tem-
porary, after a certain time cells repair their plasma membrane and
re-establish homeostasis. Reversible electroporation is used in
biotechnology and medicine for delivery of otherwise impermeant
molecules to cells such as chemotherapeutics in electrochemother-
apy (ECT) | 2] or nucleic acids in gene electrotransfer {GET) |3]. On
the other hand, in irreversible electroporation (usually with the
use of higher number of electric pulses and of higher amplitude),
the cells are damaged beyond repair and they die [4]. Irreversible
electroporation is already used as a focal ablative technique for
treating tumours, especially those unsuitable for surgery or ther-
mal ablatien because of their specific anatemic location [4]. Irre-
versible electroporation (called also as pulsed field ablation) is
resurging as efficient, safe and fast ablation modality [5]. This tech-
nology is expected to represent a major advance in the field of
treating heart arrhythmias [6]. The mechanisms of cell death also
due to expanding interest in cardiac ablation are therefore of sig-
nificant interest,

Irreversible electroporation leads to cell death of different
types, namely necrosis, apoptosis, and also types of immunogenic
cell death such as necroptosis and pyroptosis that have gained
attention in recent years. It is important to know cell death path-
ways and how electric pulses of different parameters influence
them in order to control and optimize therapeutic protocols such
as tumour ablation and pulsed field ablation in heart, Different
types of cell death have also different systemic responses in terms
of abscopal effects and long-term immune response which is
_especially important in oncelogy. Moreover, in gene electrotrans-
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membrane
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fer, EP itself can also stimulate immune response [7|. Therefore,
there is a need for better understanding of triggering cell death
and immune response by electroporation especially considering
the expanding interest in applying this technelogy clinically. And
the last but not least, with the increasing knowledge of specific
repair and cell death mechanisms after electric field exposure, direct
and indirect targets of electric field in cells can be identified which
can lead to a development of new electroporation-based techniques
used in medicine, biotechnology, and food technology [8].

1.1. Cell injury and cell death

Cells constantly adapt to physiological demands to maintain
their viability and homeostasis. The term cell injury is used to
describe the situation when the stimulus/insult, external or inter-
nal, is excessive or when the cell is no longer capable to adapt
without suffering some form of damage. Cell injury can be repara-
blefreversible (non-lethal damage which can generally be cor-
rected) or irreversible (lethal damage) resulting in cell death. The
transition between reversible and irreversible damage, commonly
referred to as the “point of no return” is of major interest and
importance for devising therapeutic strategies to prevent or trigger
cell death after therapeutic intervention [9,10].

The main mechanisms of cell injury are: 1) membrane damage,
2) DNA and protein damage, 3) increase of ROS, 4) entry of Ca**, 5)
mitochondrial damage, and 6) ATP depletion. They are schemati-
cally depicted in Fig. 1. We can observe the complexity of cell
injury biochemical mechanisms. They are interconnected and
overlapping, sometimes one injurious agent {insult) can trigger
multiple pathways, therefore it is not always possible to determine
a specific target or prevention mede of injury of a particular insult
[9-12].
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Fig. 1. Mechanisms of cell injury (derived from [9,10,12]). Created with BioRender.com.
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1.2. Modes of cell death

When a cell is injured beyond repair, it dies. Historically, cell
death was classified into three forms, with respect to morphologi-
cal changes: type I: apoptosis ( programmed cell death, cell shrink-
age, caspase activation, DNA condensation, fragmentation into
apoptotic bodies, absence of immune response), type II: autophagy
(massive vacuolization of the cytoplasm), and type III: necrosis (ac-
cidental cell death, swelling, plasmalemmal blebs and rupture, cell
lysis, immune response) [ 13]. This classification is still widely used,
however, over the past decade new definitions of cell death
emerged based on morphological, enzymological {involvement of
nucleases and caspases), functional {programmed/regulated or
accidental) and immunological characteristics (immunogenic or
non-immunogenic) [ 14]. A Nomenclature Committee on Cell Death
formulated guidelines for the definition and interpretation of cell
death from morphological, biochemical, and functional perspec-
tives [11]. With extensive study of cell death mechanisms, several
new pathways of immunogenic cell death - a programmedfregu-
lated cell death that can exhibit necrotic or apoptotic morphology
and elicit immune response - were identified, e.g. necroptosis, fer-
roptosis, pyroptosis, and others [11-15].

Damaged, dying or dead cells resulting from trauma, ischemia,
cancer, and other settings of tissue damage in the absence of
pathogenic infection communicate a state of danger to the organ-
ism by releasing damage-associated molecular patterns (DAMPs),
i.e. endogenic danger molecules. DAMPs activate the immune sys-
tem by interacting with pattern recognition receptors (PRRs) on
cells of innate immune system {the same PRRs that interact also
with pathogen-associated molecular patterns PAMPs) and thereby
trigger non-infecticus inflammation and tissue repair [16-18].
DAMP molecules are passively or actively released from cytoplasm,
nucleus or other cellular compartments into extracellular space
(adenosine triphosphate ATP, chromatin-binding protein high
mobility group Bl HMGB1, DNA etc.) or become exposed on the
cell surface (calreticulin, heat shock proteins) [13,19]. DAMPs
interact with PRRs (such as receptor for advanced glycation end
products RAGE, Toll-like receptors TLRs, NOD-like receptors NLRs
etc.) on the surface of immune cells {dendritic cells, macrophages,
T cells and neutrophils) and trigger innate and adaptive immune
responses via various pathways (NF-xB etc.) [17-19]. A selective
interception of immunogenic cell death pathways can be a promis-
ing new tool for diagnosis, prevention and treatment of human dis-
eases in which cell loss must be avoided {inflammatory diseases)
or amplified (cancer) [13,19-22].

2. Materials and methods
2.1. Literature search strategy and selection

For the purpose of our review of electroporation-related cell
death, a semi-systematic search through Pub Med database {The
National Institutes of Health) was performed by employing key-
words “Electroporation cell death apoptosis”, “Electroporation cell
death necrosis”, "Electroporation cell death necroptosis”, “Electro-
poration cell death pyroptosis”, “Electroporation cell death pyrop-
totic”, “Electroporation nanosecond apoptosis”, “Electroporation
nanosecond necrosis”, “Electroporation calcium cell death”, and
“Electroporation immune”. Besides that, papers frem previous
reviews and publications [23-25] were included to the list of
papers analysed. Among them, 113 papers related to cell injury
and cell death after EP with electric pulses of different parameters
(ns-ms range of square monopolar or bipolar pulses) without addi-
tion of any chemical compounds {chemotherapeutics, Ca®" ions,
DNA) were analysed for cell injury (Tables 1 and 2).
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3. Cell death and electroporation
3.1. Electroporation and cell injury

Electroporation (EP) can be considered as a membrane damage
(structural and dynamical reorganization of the plasma mem-
brane) with cell recovery as an active cellular process, which
involves cellular machinery [1,26]. Membrane pore formation by
itself is an injury, moreover, EP causes also lipid peroxidation
[27,28] and damages membrane embedded proteins [29-31]. Since
many pathways of cell injury and cell death overlap, the main rea-
son for cell death after electroporation is still unspecified. Never-
theless, some information can be gathered from the literature.
Unfortunately, it is not possible to infer if the cell death following
EP is a result of multiple cell injuries or a single specific pathway
following a deleterious effect acting on a specific target, or if vari-
ous pathways are initiated by different electric pulses used.

An injury in plasma membrane allows Ca®* ions to enter the cell
from extracellular space, disrupting the intracellular calcium
homeostasis [32,33]. Since Ca®* is a universal carrier of biclogical
information [34], EP can trigger numerous pathways of cell sig-
nalling including stress or cell death pathways. Pore formation
causes osmotic imbalance and cell swelling which lead to necrosis
and this mechanism may be calcium-dependent [35-38]. The
absence of extracellular Ca>* prevents cells from dying from apop-
tosis via endoplasmic reticulum (ER) pathway [39] or commits
cells more to apoptosis than to necrosis [27]. The increase of inter-
nal Ca®* can be further amplified with store-operated (capacitive)
Ca®" entry [40/41] or espedially, Ca-induced Ca®' release from
internal stores [42,43].

A massive influx of Ca®" after EP causes depletion of intracellular
ATP due to the activation of Ca-ATPases and inhibition of ATP pro-
duction in mitochondria and is linked to cell death {mostly necrosis)
in calcium electroporation{CaEP)[32,33,44-49]. Moreover, ATP and
other energetically rich molecules can leak through permeabilized
plasma membrane from the cell [25,50-52]. In fact, ATP leak was
even one of the first assays to detect cell membrane permeabiliza-
tion [53]. Also to be noted, ATP depletion switches cell death from
apoptosis to necrosis [54].

Electric pulses induce producticn of reactive oxygen species
(ROS) and oxidative damage of unsaturated lipids that are associ-
ated to cell membrane permeability, membrane resealing time,
and cell damage [1,26,27,55,56] and may therefore centribute to
increased permeability post-pulse [28]. Electric pulses can initiate
ROS production inside the cell [57-59], mostly in mitochondria,
that can damage cell molecules, trigger oxidative stress, and lead
to cell death by apoptosis, necrosis, necroptosis, or pyroptosis,
which appears to depend on cell type and pulse parameters
[12,58,60].

Mitochondrial damage by electroporation is intricate due to
complex structure and function of this cellular organelle. The
effects of electric pulses on mitochondria were mainly studied
using electric pulses of nanosecond duration. In contrast to con-
ventional electroporation using ps and ms pulses it was first
believed that nanosecond pulse electroporation (nsEP) can create
small pores only in membranes of cell organelles like mitochon-
dria, with negligible impact on plasma membrane [61]|. More-
over, it was discovered that electroporation with nstP induce
apoptosis where mitochondria play a major role [62,63]. It was
shown that nsEP cause loss of mitochondrial membrane poten-
tial (MMP) that is crucial for mitochondrial activity [35,64-70].
However, it is still not known if this is a direct or indirect
(apoptosis-related) effect of nsEP. Due to Ca®*-dependency of
MMP dissipaticn it was suggested that this was not due to elec-
troporation of the inner mitechendrial membrane [65,71]. How-
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Table 1

Published papers on cell death, reporting on cell injury in vitro. Most commonly used electric pulse parameters (number, duration and voltage to distance ratio) for each EP-based
treatment are stated in column headers.

Cell injury ns pulses us pulses ms pulses Bipolar
(nsEP) (IRE) (mostly single pulses of 1-  (H-FIRE)
(mostly 10-100 pulses of 10-300 ns, 20-  {mostly 20-200 pulses of 20 ms, 1000-2000 V/cm) (mostly 50-200 bursts containing 25-
150 kv/cm) 70-100 ps, 1000-2000 V/cm) 300 pulses of 1-2 ps, 500-4000 V/cm)
Membrane Yes Yes Yes Yes
damage [35-38,40,62,63,65,67.69-71,71,81,104-  [25,53,80,82,111,122-126] 162] [123]
119]
No
No [122]
[63,120,121]
ATP depletion  Yes Yes Yes Yes
[51,127,128] [25,50,52,53,129] 55] 58]
Elevation of Yes
Ca®" [35.37-
40,65,67,69,104,105,108,109,113,117,130]
Mitochondrial ~ Yes
damage [35.62.65,67-71,71,79.61,112,117]
No
[39,131]
Increase of No Yes Yes
ROS 167.69] 55] 58]
DNA damage Yes Yes Yes
Indirect Indirect Indirect
[68,71,79,81,91,132-134] [80,82] 190]
Direct
[76,77.106]

Directfindirect not clear

[109]
Protein Yes
damage [71,103]
Table 2

Published papers on cell death, reporting on cell injury in vive. Most commonly used electric pulse parameters (number, duration and voltage to distance ratio) for each EP-based

treatment are stated in column headers.

Cell injury ns pulses us pulses ms pulses Bipolar
(nsEP) (IRE) (mestly single pulses of 1- (H-FIRE)
(mostly 10-100 pulses of 10- (mostly 20-200 pulses of 70- 20 ms, 1000-2000 V/cm) (mostly 50-200 bursts containing 25-300
300 ns, 20-150 kVjcm) 100 ps, 1000-2000 V/cm) pulses of 1-2 ps, 500-4000 V/cm)
Membrane Yes Yes Yes
damage [78,83,89,135-145] [146] [136]
ATP depletion
Elevation of
Ca2+
Mitochondrial — Yes Yes
damage [91] [142-145]
Increase of
ROS
DNA damage Yes Yes Yes
Indirect Indirect Indirect
[63,91,83,105] [73,78,83-89,141,142,144,147-  [92]
149]
Protein No
damage [58]

ever, the involvement of the meost likely candidate for the loss of
MMP, mitochendria permeability transition pore (mPTP) complex
is still under debate [71]. Nevertheless, it is clear that Ca®*, ATP,
and ROS all influence mitochondrial physiclogy. Moreover, they
exist in an interdependent network, with each having the ability
to affect the others. It is therefore difficult to determine which
effect is the cause and which is the consequence of a patholog-
ical stimulus [72].

Electric pulses can also cause DNA damage, however, it is not
clear [63,73] if the effect is direct [74-77] or indirect as a conse-
quence of apoptotic cell death [78-93].

A direct protein damage after EP was not yet extensively stud-
ied. MD and other simulations revealed that electric field exposure
may result in direct detrimental effects on structure (unfolding,
modifying of H-bonding, conformaticnal changes, andfor disrup-
tion of secondary structures such as «-helix or B-sheet) of proteins,
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e.g. myoglobin [9495], tubulin [96], kinesin [97], soybean
hydrophobic protein [98] or small peptide V3-loop [99], and even
ion channels that exhibit pores in voltage-sensor domains after
electric field exposure [31]. In experiments with purified proteins
exposed to electric fields, Raman spectroscopy, dynamic light scat-
tering and atomic force microscopy imaging, or X-ray crystallogra-
phy were used to demonstrate that the intense electric fields can
affect protein confermation and structure [100-102]. It thus seems
that electric pulses may cause direct protein damage in biclogical
systems [29,30,71,103].

Published papers on cell death, reporting cell injury i vifro and
in vivo are listed in Tables 1 and 2. An empty cell of the table means
that there was no published data on the subject found in literature
search.

As evident from Tables 1 and 2, electric pulses have detrimental
effects on many cellular structures and functions, directly or indi-
rectly through different pathways of cell functions and encompass
all of the mechanisms of cell injury depicted in Fig. 1. When the
injuries are severe and beyond repair, cells undergo one of several
types of cell death. Therefore, different therapeutic strategies have
evolved over the past few decades to ablate tissues such as irre-
versible electroporation {IRE) that use microsecond (mostly 20-
200 pulses of 70-100 ps, 1000-2000 Vjcm voltage to distance
ratio) or ms (mostly single pulses of 1-20 ms, 1000-2000 Vfcm)
electric pulses [4], high-frequency irreversible electroporation
(H-FIRE) that uses bursts of bipolar microsecond electric pulses
(mostly 50-200 bursts containing 25-300 pulses of 1-2 ps, 500-
4000 Vjcm) [58], pulsed field ablation to treat cardiac arrhythmias
with a large range of pulse parameters combinations [150],
nanosecond pulsed electric field {nsEP) ablation {mostly 10-100
pulses of 10-300 ns, 20-150 kVjcm) [109], as well as elec-
trochemotherapy {(ECT) that combines electric pulses of lower elec-
tric field strength with cytotoxic chemotherapeutic drugs [2] and
calcium electroporation (Ca EP) that combine electric pulses
(mostly 8 pulses of 100 ps, 1000 Vjcm) with high doses of calcium
[32] to treat cancer.

3.2. Membrane repair after electroporation

Electroporation results in an injury of plasma membrane {and
also internal membranes such as in the case of nsEP) and most of
detrimental effects on cells that can trigger cell death {such as
Ca®* influx, ATP depletion, ROS increase and mitochondrial dam-
age) can be considered a consequence of membrane damage
[151]. Therefore it is of utmost importance that cell restores its
plasma membrane integrity quickly after injury to maintain cell
homeostasis that depends on plasma membrane selective perme-
ability [152].

In general, only tiny membrane injuries (lipid pores of nm
range) may reseal spontaneously, for injuries larger than a few
nm different active mechanisms for membrane repair have evolved
in eucaryotic cells [151,153,154]. Special signalling mechanisms
help cells to identify the nature, magnitude (size and number of
wounds) and location of the plasma membrane injury and coordi-
nate the appropriate repair responses [151,154]. Membrane repair
response occurs in seconds to minutes (mostly within 30 s after
membrane injury) therefore, all the components of membrane
repair mechanisms must be ready to be activated without de novo
protein synthesis [151,152]. Ca®" influx acts as a key trigger for
plasma membrane repair: membrane injury results in localized
and transient increases of cytosolic free Ca?* concentration which
trigger repair mechanisms at the site of the injury [154].

Membrane repair mechanisms are an area of active research
and are reviewed in several papers [151-157]. All of membrane
repair mechanisms are Ca** dependent [155]. Cells employ multi-
ple mechanisms simultaneously for efficient membrane repair
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[151]. Large wounds (several pm in diameter) are repaired by
patching: cytoplasmic vesicles fuse together and form a patch to
fill the wound [153,154,157]. Small or medium size holes (pm to
few pm scale) are repaired by clogging with annexins and other
proteins (e.g. dysferlin), followed by membrane shedding (pinch-
ing out) [154]. Small wounds {smaller than 100 nm) are repaired
by two mechanisms: exocytosis followed by endocytosis and
membrane shedding via ESCRT (Endosomal Sorting Complex
Required for Transport) proteins [154]. In exocytosis, lysosomes
migrate immediately after Ca®" influx towards the injured site
and fuse with plasma membrane with a help of proteins involved
in membrane repair (e.g. SNARE proteins, synaptotagmins, cal-
pains, dysferlin) [151,153,155,156,158]. Exocytosis and patching
also reduce membrane tension that appear in membrane injury
and allow faster spontaneous resealing of small lipid pores
[153,157]. Exocytosis is however not sufficient to eliminate persis-
tent wounds such as pore-forming proteins. Therefore, the release
of lysosome content into extracellular space triggers massive endo-
cytosis [155]. Lysosomal enzyme acidic sphingomyelinase initiates
production of ceramide domains in plasma membrane near
wounded site and ceramide-dependent endocytosis (through cave-
olar vesicles) that internalizes and later degrades the lesions/pore-
forming toxins [152,154,155].

Following exposure of cells to electric pulses, the aqueous pores
formed in plasma membrane (or rather increased membrane per-
meability) persist for several minutes or, if incubated in low tem-
peratures, e.g. 4 °C, even hours before they reseal [1,159-161].
Closing of pores and resealing of the membrane - re-establishing
its full barrier function consists of several stages: a rapid stage that
lasts only microseconds after the pulse with a rapid decrease in
pore size, and several slower stages that can last minutes after
the pulse with slow decrease in pore size and number of pores
which lead to gradual reseal [161-166]. Therefore, the resealing
times obtained experimentally can be of various duration, depend-
ing on the detection method, e.g. membrane conductance relax-
ation (50 ms - 2 s) [162,167-169] and restoration of barrier
function to ions or molecules (120 ms - 20 h) [159,161,170-
173]. Moreover, the pore closure time in molecular dynamics
(MD) simulations is about nine orders of magnitude shorter than
typical experimentally determined membrane resealing times [1]
which suggests that the pores in cell membranes are more complex
(e.g. involving both membrane lipids and proteins) than those in
simple bilayers in MD [31,174] or that electropermeabilization of
cell membranes may involve other mechanisms than electropora-
tion such as lipid peroxidation [1]. Considerable efforts have been
made in attempt to describe resealing theoretically [166,175,176].

Depending on exposure conditions, electric pulses preduce
heterogeneous populations of membrane pores, with sizes ranging
from 1 to 100 nm [177]. Small, nanometer scale pores that occur in
lipid bilayer after EP may reseal spontaneously [153,178]. How-
ever, the resealing of EP pores is mostly an active process that
requires extracellular calcium: plasma membrane integrity after
EP in calcium-depleted medium requires much longer time to
reestablish than in medium containing calcium ions [179-183].
The resealing is affected by pulse parameters {higher the pulse
amplitude and number, longer the resealing time)
[53,55,172,184], temperature [159,161], calcium concentration in
extracellular medium [179], generation of reactive cxygen species
[55] and medium composition (e.g. sucrose concentration, Mg”")
[55,185]. Although Ca® ions are required for active repair mecha-
nisms they also interact with lipids and may therefore have a direct
effect on the dynamics of pore formation, size and resealing [182].

In a simple (spontaneous) lipid pore closure model, the fate of a
pore lies in the ratio between two opposing dynamic forces: con-
tractile line tension and expansive membrane surface tension.
Electropoere line tension energy is proportional to the pore radius,
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therefore, the resulting total energy for a given pore (and fate: clo-
sure or expansion) is strongly dependent on the pore size
[157,186-188]. The cytoskeleton, especially the actin cortex under
the plasma membrane has an important effect on the stability and
resealing of pores [187]. Anchoring of the actin cortex to the
plasma membrane alters electropore dynamics in a manner that
allows for electropore stability - opposing spontaneous closure
and allowing molecule transport after pulse cessatien [153,189]
but also opposing pore expansion and the pores may therefore
be more manageable by the cell’s active wound healing mecha-
nisms [187,189,190].

It was shown that the membrane repair kinetics after EP follows
an exponential dynamics that is interrupted by abrupt recovery
steps consistent with a membrane patch model [191]. The authors
also suggested two other active cellular mechanisms of repair: i) a
removal of leaky patches of membranes by endocytosis and ii) a
calcium-induced vesicle exocytosis that reduces the plasma mem-
brane tension and thereby enables pore repair by constriction and
bilayer resealing [1971]. Indeed, Huynh et al. detected a lysosomal-
associated membrane protein 1 {(Lamp-1) on the cell surface indi-
cating a lysosomal exocytosis in response to EP wounding
[192,193] that was correlated to a degree of damage induced by
different pulse parameters [192]. Moreover, a CHMP4B subunit of
ESCRT-III complex, involved in repair of small membrane wounds
(less than 100 nm) mainly by plasma membrane shedding [194]
was localized not only at plasma membrane after EP but also at
nuclear envelope after exposure to electric pulses that affect both
plasma membrane and nuclear envelope [195]. The calcium bind-
ing protein ALG-2 may also contribute to membrane repair and cell
survival after EP [196]. Membrane recovery and cell survival in
slightly acidic medium were better than in physiclogical one which
can be attributed to more efficient membrane repair mechanisms
(possibly exocytosis) in acidic environment [197]. A less efficient
membrane repair system in cancer cells may account for higher
susceptibility to EP compared to normal cells [198].

Experiments with double wounding by EP [180] revealed simi-
lar results as those with double wounding by mechanical puncture
[199]: the resealing after the second wounding was faster than
after the first one. Authors suggested that the membrane wound
was repaired by exocytosis and the second wound resealed faster
due to calcium-influx-mediated activation of Golgi apparatus
(GA) and its formation of new vesicles. The increasing delay (1, 2,
and 3 min delay) between two pulse trains led to a decreased
molecular transport [180]. In a study with similar results (the
delivery of target molecules decreased with increasing delay time
between pulses; high repetition rate is more efficient for perme-
abilization, i.e. leading to higher permeabilization than low repeti-
tion rate) the authors suggest that the second pulse re-porates the
weakened cell membrane (already containing nano-sized pores or
defects) [163]. Higher EP efficiency of higher pulse repetition rate
is usually attributed to the temporal summation of brief sub-
thresheld effectsflesions which can recover without consequences
if the interval between pulses is sufficiently long [200]. However,
some studies revealed that low pulse repetition rates are more effi-
cient for permeabilization than high repetition rates, e.g. the study
on both microsecond and nanosecond electric pulse duration
[201]: applying a pulse on a permeabilized cell membrane is likely
to be less effective since the existing conducting structures prevent
the formation of equally high transmembrane potential [200-202].
The authors speculate that in this case, the type of damage induced
by both ps and ns pulses is similar and that the resealing of such
damage happens through identical pathways [201]. However, for
the similar damage, much higher number and amplitude of ns
pulses compared to ps pulses was applied. Nevertheless, the effect
of pulse repetition rate is still puzzling (and leading to different
results, for review see the Introduction of Pakhomova et al.
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[200]) and suggests complex permeabilization and resealing pro-
cesses [163,201].

Since the application of single nanosecond electric pulses (nsEP)
cause smaller pores (with a diameter < 2 nm) than longer, micro-
or millisecond electric pulses or multiple nsEP [177,203] it was
always a question whether repair mechanisms that heal nsEP dis-
ruptions differ from those that restore the membrane after longer
pulses (the size of pores/membrane damage affects the mode of
membrane repair [153]). Lysosomes are known to contribute to
membrane repair by exocytosis [158]. However, it was shown that
nsEP in the presence of extracellular calcium cause inhibition of
intracellular migration of lysosomes which can be a result of
calcium-induced disruption of the microtubules [203,204]. There-
fore, the repair mechanisms for restoring the membrane after nsEP
exposure remain unknown.

3.3. Types of cell death after electroporation

Electroporation can trigger different types of cell death in trea-
ted tissues, namely apoptosis, necrosis, necroptosis, and pyropto-
sis. EP-based treatments lead to typical types of cell death (such
as apoptosis after IRE or nsEP, necrosis after Ca EP) however, each
treatment can result in many different types of cell death. The type
of cell death triggered by EP depends on pulse parameters, cell and
tissue type, treating conditions and other factors. In vivo EP-treated
cells undergo a spectrum of different cell death types depending on
the location in different treatment zones where they encounter
specific electric field parameters. Cells close to electrodes are
exposed to electric fields with the highest amplitudes and there-
fore die of necrosis or even coagulative necrosis with denatured
proteins as a consequence of thermal damage, whereas in other
treated areas cells die of other modes of cell death such as apopto-
sis [83,89,138]. Cells at the margins of treated area undergo rever-
sible EP and eventually survive. However, by adding adjuvant
molecules andjor chemotherapeutics that are taken up by reversi-
bly electroporated cells at treatment margins the efficacy of
tumour treatment by irreversible electroporation can be further
increased {(a combination of IRE and electrochemotherapy) [205-
207]. Different tissues may also respond to electric fields of the
same parameters with different types of cell death [140]. In the fol-
lowing sections different types of cell death that occur after differ-
ent electroporation treatments will be presented and discussed.

3.3.1. Apoptosis

Apoptosis is a programmed, regulated, non-inflammatory cell
death which is generally characterized by distinct morphological
characteristics and energy-dependent biochemical mechanisms
[208]. According to existing literature it is a type of cell death most
commonly occurring in electroporation-based ablations such as
irreversible electroporation {IRE) [83,85-89,125,135,138,141,142,
144,147,148,209,210], high-frequency irreversible electroporation
(H-FIRE) [58,123,136,211,212], electrochemotherapy (ECT)
[205,207,213-215], electroporation combined with electrolysis
[216] and nsEP ablation [63,91,93,120]. Apoptosis was confirmed
alse in numerous in vitro studies using ms [217], us (IRE, H-FIRE)
[80,82,123,125,126,218] and ns pulses [39,62,6566,69,79,111,
114,120,130,131].

Cells that undergo apoptosis after IRE with ps pulses exhibit
typical morphology: nuclear condensation and fragmentation, cell
shrinkage and fragmentation to apoptotic bodies [83,141,148,207 |.
Apoptosis in IRE treated cells and tissues was also detected by acti-
vation of executioner caspases {proteases that play essential roles
in apoptosis, coordinating the destruction of cellular structures),
namely caspases —3 and -7 [88,125,126,135,138,139,141], and
by DNA fragmentation, typical for apoptosis, detected by Terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
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assay [73,83,85-89,141,142,144,147,148]. A clinical study of IRE in
patients with colorectal liver metastases revealed that IRE induces
apoptotic cell death in colorectal liver metastases and the ablation
zone shows a sharp demarcation between avital and vital tissue
[143]. However, apoptosis does not occur in all regions of tissue
treated with IRE: at regions close to the electrodes where electric
fields reach high amplitudes and even thermal damage cells die
from necrosis [83,89,138]. The occurrence of apoptosis and necro-
sis in vivo is time-dependent, but the results are sometimes diffi-
cult to discern what comes first [125,135,144,148]. Sometimes,
apoptosis is absent from IRE treated tissues; cells undergo other
cell death pathways such as necrosis, pyroptosis, and necroptosis
[73,137,219-223].

H-FIRE affects cells and tissues in a similar way as IRE {apopto-
sis, necrosis) [58,123,136,210-212], although with some differ-
ences in caspase-dependency in some cells [123]. H-FIRE seem to
have more effect on intracellular structures, e.g. nuclei, and less
on plasma membrane than IRE [122]. H-FIRE can also induce
pyroptosis [58].

Apoptosis was extensively studied in treatments in vifro and
in vivo with nskP since first confirmed [63]. The fact that cells
undergo cell death without the use of chemical compounds
{chemotherapeutics) led to nsEP-based treatment of tumours
[224]. Apart from morphology, apoptosis due to nsEP exposure
was detected by activation of executioner caspases —3 and —7
[62,63,66,69,79,91,107,112,114,119,120,225,226], and DNA frag-
mentation [62,63,79,91,120,227]. Apoptosis detection with phos-
phatidylserine externalization assay using Annexin-V must be
implemented and results interpreted with caution since it can
occur due to pore formation in EP, not related to apoptosis
[228,229]. Therefore, the assay has to be employed with a suffi-
cient delay after nsEP application when the pores are resealed
[230]. Apoptosis by nsEP is executed via different pathways
(Fig. 2). Loss of mitochondrial membrane potential [65,68-70],
cytochrome c release [62,65,69,79,91,112], caspase-9 activation
[65,69,91,112,226], upregulation of pro-apoptotic factors {BAX,
BAK, BAD) and downregulation of anti-apoptotic factors (Bcl-2,
Bcl-xL, Mcl-1) [79,91,93,109] confirmed the involvement of mito-
chondria, mostly through intrinsic apoptosis pathway, however,
in some studies, BID cleavage also points to the activation of type
1I extrinsic-like apoptosis [69]. In some cells (HCT, B16F10, E4
SCC, Jurkat), apoptosis progresses also through type I extrinsic-
like pathway without or with little involvement of mitochondria
[67,69,79] and with caspase-8 activation and modulation of extrin-
sic apoptotic regulators which influence sensitivity to nsEP [131].
This means that nsEP have a prominent effect also on plasma
membrane structures, too, not only on cell interior. Different apop-
totic pathways are triggered in different cells [65], sometimes even
in the same cells [69]. Moreover, different conditions and severity
of injury in nsEP exposure lead to different forms of cell death:
necrosis following extensive swelling as a predominant cell death
mode in U-937 human monocyte cell line can be switched to apop-
tosis if swelling is prevented by adding sucrose to electroporation
medium [37,38]. Extracellular Ca®* also influence the mode of cell
death in nsEP in a similar way as in Ca EP [130]. The balance
between apoptosis and necrosis in cells exposed to nsEP may be
influenced by the ability to repair the damage (e.g. ion balance,
ATP supply) or the level of intracellular damage (higher in nsEP
than ps pulses) [81]. Nevertheless, similarly to longer (ps and ms)
pulses, more cells undergo necrosis when they are exposed to
pulses of higher amplitude or pulse number, resulting in more sev-
ere damage [93,114].

The most intriguing question in understanding nsiP cell death
is what is the primary target of nstP that triggers the cascade of
the programmed cell death. Intrinsic apoptosis is initiated by a
variety of micreenvironmental perturbations including growth fac-
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tor withdrawal, DNA damage, endoplasmic reticulum (ER) stress,
reactive oxygen species (ROS) overload, replication stress, micro-
tubular alterations or mitotic defects [11]. As known, nsEP were
also reported to cause direct DNA damage and mitotic defects
[76,77,231]. Apoptosis is linked to DNA damage via several path-
ways [232] that were not yet fully studied in the case of nsEP.
One possibility is via PLK-1 protein and centrosome-mediated
apoptosis [77], PUMA and NOXA were not activated [91,112].
Expesure of cells to nsEP cause ER stress that could be related to
ROS formation, permeabilization of the ER, or Ca®" influx, and can
further trigger mitochondria-mediated intrinsic apoptosis via PERK
and IRE1 [39,128]. ROS formation that occur after nsEP [57] could
trigger both intrinsic and extrinsic apoptosis via several cellular
targets including those in mitochondria, DNA, ER and plasma
membrane [60].

In electrochemotherapy (ECT), ie. electroporation combined
with chemotherapeutic drug, pulses (typically of 100 us duration)
with lower electric field strength and lower number of pulses are
used to allow tumour cells to reseal and survive, therefore, cells
predominantly die due to the cytotoxic action of chemotherapeutic
drugs delivered into cells with EP [233]. With the use of electric
pulses that cause increased permeability, intracellular drug accu-
mulation is increased and it results in increased drug cytotoxicity
[234]. The two drugs that have been used most often in ECT are
bleomycin, and cisplatin which both target DNA [233]. Bleomycin
is a cytotoxic antibiotic that generates DNA double-strand breaks
(DSB) and DNA single-strand breaks (SSB) [214]. Apoptosis, along
with mitotic cell death, is a predominant mode of cell death after
ECT [205,207,214,215,235,236], however, other forms of cell death
(necrosis, necroptosis, immunogenic cell death) were also identi-
fled [50,235,237]. It seems that the internal concentration (which
is related to external concentration and electric pulse parameters)
and, consequently, the amount of DSB and SSB and the ratio
between them determine the mode of cell death
[214,215,236,238]. SSB are responsible for the induction of apopto-
sis which occurs at high amounts of SSB and low to moderate
amounts of DSB. At moderate level of DSB and low SSB, cells
undergo mitotic cell death, a caspase-dependent programmed cell
death which results from the abnormal passage through mitosis of
cells containing unrepaired DNA breaks, similar to cell death
caused by radiation [214,238,239]. However, at high amounts of
DSB (at high doses of bleomycin), irrespective of SSB amount, cells
die of a rapid apoptosis-like cell death (here termed as
“pseudoapoptosis”) [214,215]. “Pseudoapoptosis” in this case is a
very fast (a few minutes) cell death process that displays the mor-
phological and biochemical characteristics of apoptosis, however it
seems that it does not require induction of cell endonucleases
involved in typical apoptosis: it is rather caused by direct effect
of bleomycin than via cell endonucleases and can therefore pro-
ceed faster than regular apoptosis. The hypothesis is that bleomy-
cin at high concentrations acts directly as an endonuclease and can
be considered as an apoptosis-mimetic drug [215].

Apart from apoptosis, there are other forms of regulated cell
death such as necroptosis and pyroptosis that also cccur after cell
exposure to electric field. However, they both elicit immune
response in vivo, therefore, they will be discussed in Section 3.3.3:
Immunocgenic cell death and immune response.

3.3.2. Necrosis / accidental cell death

Accidental cell death is a rapid, uncontrollable cell death caused
by extreme conditions (heat, radiation, trauma, anoxia, infection)
that lead to loss in cell homeostasis and is characterized by the
rupture of the cell membrane. It was previously referred to necro-
sis which exhibits a typical necrotic morphology: cellular changes
include cell swelling (oncosis) and blebbing, swelling of mitochon-
dria, ER and nuclear envelope dilatations, random DNA
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degradation, and finally, membrane rupture followed by spilling
cell contents into its surrounding [12,240,241]. Contrary to apopto-
sis, necrosis was considered to be accidental, unprogrammed or
unregulated, however, there are some molecular events and pat-
terns (e.g. RIP1 and PARP activation) that typically occur during
necrosis, therefore it is at least in part regulated [240-242]. More-
over, according to Nomenclature Committee on Cell Death new
types of regulated cell death that also exhibit necrotic morphotype
have been identified such as necroptosis and ferroptosis. Therefore,
cell death types that exhibit necrotic morphotype can be accidental
or regulated [11]. Most papers reporting necrosis as the form of cell
death after EP were however published before the last recommen-
dations of Nomenclature Committee on Cell Death that categorize
types of cell death to accidental and regulated [11]. In most of the
EP studies, researchers have identified necrosis morphologically.
What the authors refer to as “necrosis” is probably, in most cases,
what the Committee defines as accidental cell death however, it is
impossible to distinguish the precise type of cell death that
occurred after EP exposure. Hence, we refer here to necrosis as to
all cell death types with necrotic morphology.

Cellular and molecular mechanisms underlying necrotic mor-
photype cell death are: ATP depletion, mitochendrial dysfunction,
oxidative stress, protein kinase signalling, PARP activation, and
plasma membrane injury [12,241). ATP depletion is crucial for
necrosis induction: in case of mitochondrial dysfunction indicative
for both apoptosis and necrosis, a rapid loss of ATP can switch cell’s
fate from energy-dependent apoptosis to energy-independent
necrasis [241,243]. The spillage of the contents of necrotic cells

into the surrounding tissue activates inflammatory signalling path-
ways, which recruit diverse types of immune cells (neutrophils,
macrophages, dendritic cells) involved in the immune response
[242]. This renders necrosis also an immunaogenic cell death. The
cell death triggering of immune response by releasing danger sig-
nals (DAMP molecules, such as HMGB1, Heat shock proteins, cal-
reticulin, and mRNA) will be discussed in Section 3.3.3:
Immunogenic cell death and immune response.

Exposure to electric pulses caused necrosis in in vitro and in vivo
studies using IRE [126,137,140,142,144,147,209,210,218-223] and
H-FIRE pulses [58,136,210,212,244], Ca EP [33,44-49], ECT
[235,245] and nsEP [37,38,70,81,93,114,130,134,246,247|. Necro-
sis was also determined as a mode of cell death after cardiac abla-
tion with IRE for treating heart arrhythmias (for atrial fibrillations,
in vivo experimental procedure in pigs) [248].

In Ca EP, electric pulses {mostly 100 ps long, but also with nsEP
|249| and H-FIRE pulses |250]) are delivered with high concentra-
tions of Ca®* in vitro or in vivo (1Csp ranging from 0.4 to 5.0 mM Ca®*
concentration in vitro, and 100-500 mM Ca** with 20-80% tumour
volume in viva) [32]. A high Ca** uptake leads to cell death, mostly
necrosis |33,44-49], however, a few studies also reported apopto-
sis [49,251,252| and necroptosis |250). In vitro, most of the cells
swell, rupture and lyse after CakP, although some cells may exhibit
apoptotic morphology and shrinkage (Fig. 3) [48,49]. Several stud-
ies reported an immediate, severe and long-lasting drop in cellular
AlP level |33,46-49). ATP depletion as a result of increased intra-
cellular Ca** may be caused by highly increased activity of
Ca-ATPases in plasma membrane {(PMCA) and ER (SERCA) that try
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to restore low levels of intracellular Ca®*, opening of permeability
transition pores in the mitochondrial membrane, resulting in loss
of ATP production, and a direct loss of A1T, i.e. leakage through per-
meabilized plasma membrane [32,46]. Besides the abrupt ATP
depletion which is pivotal for necrosis induction, calcium overload
also causes activation of lipases and proteases, and generation of
ROS which may also contribute to cell death |32,46]. It has been
shown that normal cells seem to be less sensitive to Ca EP than
cancer cells [251-254]. Mareover, contrary to ECT, Ca EP induces
cytotoxicity without any genotoxicity |33]. It was also reported
to elicit immune response and long-term anti-tumour prevention
mediated by DAMP molecules (HMGB1) [45].

3.3.3. immunogenic cell death and immune response

In many studies using electric pulses of different parameters
researchers report immunogenic cell death (ICD) eliciting immune
response. The term immunogenic cell death is used here in a
broader context of different types of cell death that can trigger
immune response {necrosis, necroptosis, pyroptosis, and even
apoptosis), not referring to a specific type of ICD characterized by
apoptotic morphology and connected to ER stress |255].

In in vivo treatments of tumours with IRE and H-FIRE
[58,73,73,85-88,92,129,135,137,142,144,212,221,222,244,256-26
0], ECT [50,235261,262|, Ca EP (4445253261 and nskpP
[51,127,226,263-266), immune response was observed. Besides
innate immune response that recruits macrophages and natural
killer cells to remove damaged and dead treated tumour cells
and debris, the most important is adapted immune response: the
activation of specific anti-tumour memory cells can lead to long-
lasting protection against tumour that was treated and can, with
an abscopal effect (ab scopus - away from target) prevent metas-
tases to spread the disease, as was also reported in some cases after

electroporation  [45,51,58,127,226,256-258,261,264-266). A
strong positive correlation between up-regulation of cellular
immunity-associated genes and decreased tumour diameter was
shown [58]. Moreover, “vaccination” with ECT or nsEP-treated can-
cer cells protects animals against subsequent challenge with can-
cer cells [50,264], Therefore, the immune response in treating
cancer is advantageous. However, not all EP-based treatments
were successful in eliciting a long-term anti-cancer protection
[267], and in some cases incomplete eradication of tumours was
reported to lead to even faster growth of recurring tumours [268].

EP is also a potent immunological adjuvant for genetic vaccina-
tion with gene electrotransfer (GET) due to a low-intensity tissue
damage, which rapidly resolves, and pro-inflammatory cytokine
release [7,269]. GET of cytokine genes can be used in combination
with EP [270-273] or ECT [274,275] to boost the immune response
after EP or ECT and enable to prevent recurrences and distant
metastases. A combination of ECT with immunostimulating agents
(e.g. interleukin-2) can also be an elegant and efficient way to cure
both the ECT-treated nodules and distant nodules [276|. However,
the immune response in gene therapy can also be unwanted since
it may eliminate transfected cells or interfere with transgenic pro-
tein expression and function [277,278].

Immunogenic cell death is characterised by release of damage-
associated molecular patterns {DAMPs) from dying cells
[13,16,17,19,25]. Released DAMPs bind to pattern-recognition
receptors (PRRs) of immune cells and elicit immune response
[16-18]. The signalling of DAMP molecules is reviewed by Galluzzi
|17]. Indeed, it was shown that IRE [25,129,256|, H-FIRE |58, ECT
|50], GET [92] and nsEP |51,127,128] cause release of DAMPs both
in vitro and in vivo. In most of these studies, ATP, calreticulin and
HMGB1 were detected as they represent the gold standard for pre-
dicting the ICD-inducing capacity of chemotherapeutic agents [ 22].
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However, other DAMPs such as nucleic acids and uric acid were
also investigated [25]. The release of DAMPs increases with
increasing  pulse  amplitude, number and  duration
[25,51,53,128,129,256] which is consistent with the hypothesis
that the release of DAMPs correlates with the degree of (mem-
brane) injury inflicted to cells [25,279]. Howevetr, in a recent study
in vitro, concentrations of DAMPs correlate strongly with cell death
but only weakly with cell membrane permeabilization in the range
of reversible EP which suggests greater complexity in DAMP sig-
nalling [25],

In necrosis, DAMPs are passively released from the cells {ATP,
HMGB1, Hsp70, Hsp90, gp96) or, in the case of an ER protein cal-
reticulin, translocated to the surface of the cells [241,242]. Histor-
ically, necrotic cells were considered as the most prominent, if not
the anly, source of DAMPs since apoptotic cells conserved an intact
plasma membrane |280]. However, there are other forms of regu-
lated cell death with necrotic and apoptotic-like morphology that
also elicit a strong immune response such as necroptosis and
pyroptosis. Since necroptosis and pyroptosis were only investi-
gated in recent years it is possible that necrosis and apoptosis iden-
tified morphologically in some older studies may in fact be
attributed to necroptosis or pyroptosis [145].

Necroptosis is a form of regulated and immunogenic cell death
showing morphological features similar to necrosis [11,13,15,281].
Typical events for determining necroptosis (Fig. 4) is activation of
receptor interacting serine/threonine kinase 3 (RIPK3) which sub-
sequently activates mixed lineage kinase domain-like pseudoki-
nase {MLKL), the effector of necroptosis: MLKL migrates to
plasma membrane and causes membrane permeabilization, cell
swelling and rupture which results in release of DAMPs
[11,13,15,281,282]. A few studies have identified necroptosis
in vitro or in vivo after IRE | 73,145/, electroporation combined with
electrolysis [216], ECT [237], Ca EP [250] and nsEP [112]. Only two
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studies confirmed the activation of RIPK3 and MLKL [73.216],
others determined necroptosis on the basis of morphology and
time frame of cell death [145,237], or other biochemical character-
istics such as sensitivity to necroptotic inhibitors |237], analysis of
other cell death mechanisms [112] or activation of genes that may
contribute to necroptosis signalling |250|. The lack of RIP3 expres-
sion in B16F10 melanoma cells may contribute to a weak antitu-
mour immune response after treatment with nsEP [246].
Pyroptosis is a regulated, caspase-dependent cell death which
differs from apoptosis {also regulated, caspase-dependent cell
death) in morphology, biochemical pathways and immune
response, Pyroptosis (Fig, 5) is driven by the activation of inflam-
matory caspases, most importantly, caspase —1 {but also 4, 5, or
11) that is activated within an inflammasome, a macromolecular
protein complex composed of inflammasome-initiating sensors
and inflammatory caspases [283]. Inflammatory caspases activate
gasdermin D, a pore-forming protein that permeabilizes plasma
membrane and promote the release of DAMPs through pores and
subsequent membrane ruptures. Caspase-1 also activates inflam-
matory cytokines, IL-1p and IL-18 which are then released through
gasdermin D and membrane ruptures into the cell surrounding
[11,13,281]. The release of DAMPs and, especially, the release of
inflammatory cytokines promote a strong immune response
[11,13,281]. Pyroptosis exhibits a distinct morphology that
includes multiple bubble-like protrusions that can produce pyrop-
totic bodies, and a peculiar form of chromatin condensation that
differs from its apoptotic counterpart. Cell lysis after membrane
rupture is also typical for pyroptosis but not for apoptosis |11,284].
Activated caspase-1 and gasdermin D were found in liver tissue
treated with IRE | 73| or electroporation combined with electrolysis
|216] and upregulation of genes associated with pyroptosis in H-
FIRE treated tumours were linked to a systemic anti-tumour
immune response [58]. It is likely that DAMP molecules activate
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NLRP3 inflammasome pathway in caspase-1-dependent pyroptosis
[58].

Electroporation with a chemotherapeutic drug SN38 in the
presence of free Fe** ions may lead to ferroptosis [285], a form of
regulated, immunogenic cell death initiated by oxidative perturba-
tions of the intracellular microenvironment, particularly severe
lipid peroxidation, which relies on ROS generation and iron avail-
ability [11]. Since EP causes such oxidative perturbations in plasma
membrane it may lead to ferroptosis [56].

Although apoptosis is considered non-immunogenic | 14|, nsEP
and IRE treatments still elicit immune response. This can be
explained by the fact that some cells in treated tumours underge
necrosis as well, especially near the electrodes, or other immuno-
genic forms of cell death, and it is sufficient to trigger immune
response |24,112]. Moreover, some studies show that also
caspase-dependent apoptotic processes can lead to immune
response and exposure of DAMP molecules in pre-apoptotic stage
[51,226,255,286-288|, possibly through ER stress [51,128,264].

4. Conclusions

(1) There are many different forms and pathways of cell death
that occur in cells and tissues. Apoptosis, necrosis, necropto-
sis and pyroptosis were all reported to be induced by electric
pulses causing electroporation under certain conditions. The
ability to trigger an immune response after electroporation-
based cancer treatments is crucial for eradication of tumours
on a long-term scale to prevent the recurrence. We strongly
believe that with an increasing knowledge on how pulse
parameters and different treatment conditions affect cell
death pathways is a key to optimisation of therapies.

(2) The extent of cell death pathways needs to be evaluated in
cells of different physiology to determine whether pulses
are simply stimulating molecular responses or whether its
effects are more specific and truly related to the electric
pulse parameters. In addition, much care must be taken
when comparing studies across different pulse durations
and pulse shapes. Considering different types of cell death
that occur after EP treatments that use a large range of pulse
parameters, maybe cell death mechanisms between long
and short pulses are more connected than was previously
believed.

(3) Electroporated cells exhibit membrane damage, increase in
intracellular Ca** concentration, mitochondrial disruption,
ATP depletion, ROS production, and DNA damage, which all
contribute to different forms of cell death. Nevertheless,
the exact targets that may lead to different mechanisms of
cell death caused by electroporation in different cells under
specific conditions still need to be determined. However,
this may not be an easy task, considering the cell specificity,
complexity, interconnectivity and overlapping of cell injury
and death pathways.
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3 RAZPRAVA IN SKLEPI

3.1 RAZPRAVA

Zelimo si, da bi bilo zdravljenje, tako z reverzibilno kot z ireverzibilno elektroporacijo
varno, ucinkovito in pacientu prijazno. To pomeni, da bi zdravljenje z elektroporacijo
potekalo brez spremljevalnih zdravil, ki preprecujejo nenadzorovano Kréenje misSic in
obcutek bolecine, kar bi hkrati omogo¢ilo tudi varnejSo in hitrejSo obravnavo pacientov.
Dodana vrednost vsakega zdravljenja je njegova varnost in ué¢inkovitost njegove ponovitve
v primeru delne ozdravitve. Vse bolj postaja jasno da, je klju¢nega pomena razumevanje in
potencialno tudi nadzorovanje reakcij imunskega sistema kot dolgoro¢ni odziv na
zdravljenje z elektroporacijo.

V doktorski disertaciji smo: 1) preucili u¢inek nove oblike elektroporacijskih pulzov, ki bi
lahko potencialno nadomestili trenutno uveljavljene monopolarne pulze, ki povzro¢ajo
nenadzorovane miSi¢ne kontrakcije in obcutek bolecine; 2) ocenili ucinkovitosti
ponavljajocega zdravljenja z elektroporacijo; in 3) preucili imunogeno celi¢no smrt, ki bi
lahko vodila v aktivacijo imunskega sistema, kar vpliva in lahko izboljsa izid samega
zdravljenja z elektroporacijo. Rezultati, pridobljeni v okviru doktorske disertacije, so
skladno s tematiko razdeljeni v tri izvirne znanstvene prispevke (Polajzer in sod., 2020a;
Polajzer in sod., 2020b; Polajzer in Miklav¢ic, 2020). Poleg izvirnih znanstvenih prispevkov,
je v okviru doktorske disertacije nastal tudi pregledni c¢lanek: Celi¢na smrt zaradi
elektroporacije (Batista Napotnik in sod., 2021).

Ucinkovitost monopolarnih in visokofrekvenénih bipolarnih pulzov je primerljiva

Pred kratkim se je pojavila nova oblika ireverzibilne elektroporacije, tako imenovana visoko
frekvencna ireverzibilna elektroporacija, pri kateri naj ne bi pri§lo do depolarizacije
vzdraznih celic, torej nehotenega miSi¢nega krcenja ali obcutka bolecine, kot smo tega
navajeni pri trenutno uveljavljenih monopolarnih pulzih (Arena in sod., 2011; Siddiqui in
sod., 2016, 2017). V casu zacetka te doktorske naloge so bili generatorji pulzov oziroma
elektroporatorji, ki omogocajo generiranje visokofrekven¢nih bipolarnih  pulzov
komercialno nedostopni. Obstajalo je le nekaj prototipov na svetu, med njimi tudi v Sloveniji
na Univerzi v Ljubljani, Fakulteti za elektrotehniko v Laboratoriju za biokibernetiko.
Posledi¢no so bile studije, predvsem izvedene in vitro, redke (Sano in sod., 2015, 2017;
Sweeney in sod., 2016). Nasa $tudija je ena prvih v kateri smo SirSe preucili delovanje
visokofrekvenénih bipolarnih pulzov in njihove posebnosti.

Odsotnost nehotenega miSi¢nega kréenja ali obcutka bolecCine pri zdravljenju z
visokofrekvenénimi bipolarnimi pulzi nepomembna, ¢e njihov ucinek ni primerljiv z
ucinkovitostjo monopolarnih pulzih. V studiji smo, preko izdelave krivulj povecane
prepustnosti membrane in prezivetja celic, primerjali u¢inek uveljavljenih monopolarnih
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pulzov in novejsih visokofrekven¢nih bipolarnih pulzov v obmocju reverzibilne in
ireverzibilne elektroporacije. Pri tem smo uporabili tipi¢ne pulze za elektrokemoterapijo —
osem 100 ps dolgih pulzov (skupen ¢as trajanja pulzov je 800 us) in ponavljalno frekvenco
1 Hz. U¢inek visokofrekven¢nih bipolarnih pulzov smo primerjali z u¢inkom monopolarnih
pulzov. Obe obliki pulzov sta imeli enak skupen ¢as trajanja (800 us). To pomeni, da smo v
obeh primerih, tako z visokofrekven¢nimi bipolarnimi pulz kot monopolarnimi pulzi dovedli
enako energijo. Iz vidika povecane prepustnosti membrane in prezivetja celic smo z uporabo
visokofrekvenénih bipolarnih pulzov in monopolarnih pulzov lahko dosegli primerljiv
ucinek elektroporacije. Za doseganje primerljive ucinkovitosti Smo morali pri
visokofrekvenénih bipolarnih pulzih uporabiti visjo amplitudo oziroma dovesti vecjo
energijo kot pri monopolarnih pulzih. Potreba po vi§ji amplitudi je prisotna neglede na
uporabljen elektroporacijski pufer ali parametre visokofrekvencnih bipolarnih pulzov. Ta
opazanja so skladna z obstoje¢imi $tudijami, s ¢imer smo $e dodatno potrdili potencialno
nadomestitev monopolarnih pulzov z visokofrekvenénimi bipolarnimi pulzi (Dong in sod.,
2018; Scuderi in sod., 2019; Sweeney in sod., 2016; Zhao in sod., 2018).

Parametri visokofrekven¢nih bipolarnih pulzov vplivajo na izraZenost izni¢evalnega
ucinka

Glede na to, da so visokofrekvenéni bipolarni pulzi sestavljeni iz Stevilnih zelo kratkih
bipolarnih pulzov, smo predvidevali, da bi bil vzrok za potrebovano vi§jo amplitudo
visokofrekvenénih bipolarnih pulzov v primerjavi z monopolarnimi pulzi, lahko posledica
prisotnosti izenacevalnega uéinka. Spreminjanje parametrov (Slika 1), kot sta dolzina
pozitivne in negativne faze bipolarnega pulza (v nadaljevanju dolzina pulza, Tp) in ¢asovni
zamik med pozitivno in negativno fazo bipolarnega pulza (v nadaljevanju ¢asovni zamik,
di1) visokofrekven¢nih bipolarnih pulzov nam je tako omogocilo preucevanje, do sedaj
neraziskanega, vpliva na ucinkovitost elektroporacije kot tudi preucevanje pojava
izni¢evalnega ucinka v odvisnosti od omenjenih parametrov. Pri tem smo dolzini pulza (Tp
=1, 5 ali 10 ps) glede na izbrano dolzino prilagodili $tevilo bipolarnih pulzov (N) v vlaku,
tako da smo ohranili skupen ¢as trajanja pulzov pri 800 us (Tp=1 us, N =50; Tp=5 us, N=
10; Tp =10 ps, N= 5) ob ponavljalni frekvenci enaki (1 Hz) vlakov visokofrekvenénih
bipolarnih pulzov in monopolarnih pulzov. Medtem pa parameter ¢asovnega zamika (d1 =
0,5 us — 10 ms) nima vpliva na skupen cas trajanja pulzov. Preu¢evanje parametrov
visokofrekvenénih bipolarnih pulzov je omogocila tudi uporaba elektroporacijskih pufrov
razli¢ne sestave in posledi¢no razli¢ne prevodnosti. KPB pufer (angl. potassium-phospfate
buffer) z nizko prevodnostjo (1,76 mS/cm) se pogosto uporablja v in vitro poskusih zaradi
tokovnih omejitev elektroporatorjev. Drugi pufer je visoko-prevodni pufer (19,12 mS/cm),
kjer smo saharozo zamenjali z NaCl, s ¢imer so pogoji, katerimi je izpostavljena celica bolj
podobni in vivo pogojem.

Glede na rezultate nase studije je u¢inkovitost in vitro elektroporacije z visokofrekvenc¢nimi
bipolarnimi pulzi odvisna od parametrov pulzov in elektroporacijskega medija. Pri krajsi
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dolzini pulza (1 ps) je elektroporacija manj ucinkovita 0ziroma oz. povzro¢i manj$o
prepustnosti membrane in veéje prezivetje celic. Ob podaljSevanju dolzine pulza (10 Us) se
poveca tudi ucinkovitost reverzibilne in ireverzibilne elektroporacije 0z. povzroé¢i vecjo
prepustnosti membrane in manjSe prezivetje. Vpliv dolzine pulza na prepustnost
membrane/reverzibilno elektroporacijo je prisoten le v visoko-prevodnem mediju, medtem
ko je vpliv na prezivetje celic je prisoten v obeh pufrih. V visoko-prevodnem pufru dolzina
casovnega zamika vpliva na ucinkovitost elektroporacije podobno kot dolzina pulzov, saj
krajsi casovni zamik (0,5 Us) povzroci slabso ucinkovitost elektroporacije, podaljsevanje
Casovnega zamika (10 ms) pa privede do u¢inkovitejse elektroporacije. Predvidevamo, da je
to zaradi pojava izniCevalnega ucinka, katerega izrazenost upada s podaljSevanjem dolzine
pulza in casovnega zamika. Ravno nasprotno pa se celice odzovejo na parameter ¢asovnega
zamika v nizko-prevodnem pufru. Ucinek elektroporacije je tam najvedji pri najkrajSem
¢asovnem zamiku in s podaljSevanjem ¢asovnega zamika upada, kar je v nasprotju s teorijo
o izenacevalnemu ucinku. Vzrok za to bi lahko bil KPB pufer, pri katerem so ze dokazali
drugacen odziv celic na elektroporacijo in vitro v primerjavi z ostalimi pufri (Dermol in sod.,
2016).

Na podlagi rezultatov pridobljenih pri visoko prevodnih medijih, ki bolj realisti¢no
predstavljajo razmere in vivo, predvidevamo da pri uporabi visokofrekvenénih bipolarnih
pulzov lahko pride do izni¢evalnega ucinka, ki je odvisen od dolzine pulzov in ¢asovnega
zamika. Povecevanje dolzine bipolarnega pulza in Casovnega zamika bipolarnega pulza
povzro¢i manjSo izrazenost izniCevalnega ucinka ob tem pa se povecCuje ucinkovitost
elektroporacije. Zato sklepamo, da neprimerna izbira parametrov visokofrekvencnih
bipolarnih pulzov lahko zmanjsa u¢inkovitost reverzibilne in ireverzibilne elektroporacije.

Vzrok za nastanek izni¢evalnega ucinka ostaja nepojasnjen

Natancen mehanizem izni¢evalnega ucinka ni znan, je pa predlaganih nekaj teorij: obrnjen
elektroforezni transport ionov, dvostopenjska oksidacija membranskih fosfolipidov, aktivno
praznjenje membrane, lokalno polnjenje in praznjenje membrane, pa vendar nobena od teh
ni potrjena (Gianulis in sod., 2018; Gowrishankar in sod., 2018; Merla in sod., 2017
Pakhomov in sod., 2014; Valdez in sod., 2017). V tej Studiji smo preucevali novo teorijo pri
kateri naj imeli pomembno vlogo kloridni kanalcki. Vdor kloridnih ionov v notranjost celice
preko kloridnih kanal¢kov naj bi zmanjsal mirovni membrani potencial oziroma povzrocili
hipepolarizacijo membrane. Vzdrazne celice bi tako tezje dosegle prag za nastanek
akcijskega potenciala. Po tej teoriji kloridni ioni v visoko-prevodnem mediju omogocajo
nastanek hiperpolarizacije, zamenjava kloridnih molekul za brez-kloridno molekulo pa bi
morala fenomen izni¢evalnega uc¢inka odpraviti. Za preucevanje vpliva kloridnih ionov smo
uporabili poseben pufer, kjer smo MgCl nadomestili z magnezijevim D-glukonat hidratom
in NaCl z natrijevim glukonatom. Vseeno je bil izni¢evalni u¢inek tudi v tem pufru prisoten.
V primerjavi z monopolarnimi pulzi smo potrebovali vi§jo amplitudo, prav tako pa je
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ucinkovitost elektroporacije odvisna od vsaj enega parametra pulzov, in sicer ¢asovnega
zamika (d2), kjer krajsi ¢asovni zamik (0,5 ps) povzro¢i manj$o ucinkovitost elektroporacije,
ob podaljSevanju zamika pa se ucinkovitost elektroporacije poveca. Presenetljivo je bil
izni¢evalni u¢inek po velikosti precej podoben tistemu v visoko-prevodnem pufru, ¢eprav je
prevodnost pufra brez kloridnih ionov precej niZja (9,57 mS/cm). Rezultati nase Studije niso
potrdili teorije o vpletenosti kloridnih ionov v izni¢evalni u¢inek.

Vseeno pa smo z uporabo matemati¢nega modeliranja, na podlagi razli¢ne prevodnosti
elektroporacijskih pufrov izniCevalni ucinek deloma pripisali aktivnemu praznjenja
membrane, ki velja za eno od teorij nastanka izni¢evalnega u¢inka (Gianulis in sod., 2018;
Gowrishankar in sod., 2018; Merla in sod., 2017; Pakhomov in sod., 2014; Valdez in sod.,
2017).

Veckratno zdravljenje z elektroporacijo ne pomeni zmanjSano ucinkovitosti
zdravljenja

Pri vsakem zdravljenju v kliniki se pojavi vprasanje njegove ucinkovitosti in ponovljivosti
v primeru nepopolnega odziva bolezni na zdravljenje in potrebe po njegovi ponovitvi. Pri
tem se porajajo naslednja vprasanja: kako primerljiva je uéinkovitost med prvim in
ponovnim zdravljenjem, kolikokrat lahko ob podobni ucinkovitosti zdravljenje se
ponovimo, da je ob tem zdravljenje Se uc¢inkovito oziroma kdaj ponovno zdravljenje ni vec
uspesno in je zato potrebno nain zdravljenja spremeniti. V zdravljenju raka ta pojav
poznamo pod imenom semirezistenca in redko rezistenca. Ponovljivost zdravljenja z
elektroporacijo je nejasna, saj so si trenutno obstojece Studije malostevilne, njihovi rezultati
pa nasprotujoci (Gusbeth in sod., 2009; Shao in sod., 2017). Nasa Studija je preplet
eksperimentalnih elementov obeh obstojecih studij, s ¢cimer odpravlja njune pomanjkljivosti
kot so izbira celi¢ne linije in $tevilo generacij. Ceprav je realisticna ponovna uporaba
zdravljenja z elektroporacijo dvakratna ali modra trikratna, pa nas je zanimalo ali je
spremenjena obcutljivost 0z. razvoj rezistence na elektri¢ne pulze sploh mozna, ¢e Ze, kdaj
do tega pride in kaj to pomeni za metode zdravljenja z elektroporacijo.

Nasa studija opravljena na CHO celicah dokazuje, da je uporaba oziroma zdravljenje samo
z elektroporacijskimi pulzi (in ne v kombinaciji z drugimi zdravili) za namen tako
reverzibilne elektroporacije kot tudi ireverzibilne elektroporacije enako uspesna vec
generaciji. Omenjeno velja za v medicini trenutno uveljavljene monopolarni pulze, in sicer
osem pulzov z dolzino 100 ps in ponavljano frekvenco 1 Hz (Aycock in Davalos, 2019; Gehl
in sod., 2018). Pri tem smo ucinkovitost elektroporacije oz. spremenjeno obcutljivost celic
na elektroporacijske pulze spremljali preko povecane prepustnosti membrane (obmocje
reverzibilne elektroporacije) in prezivetja celic (obmocje ireverzibilne elektroporacije) v
prvi/starSevski generaciji in nato v vsaki 5. nadaljnji generaciji.
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Prva ponovitev poskusa je trajala 15 generacij 0z. priblizno dva meseca, druga ponovitev pa
dobre 3tiri mesece. Casovni okvir za vzpostavitev »rezistenéne« celiéne linije oz. celiéne
linije s spremenjeno obcutljivostjo naj bi bil nekaj mescev, s ¢imer smo $e povecali
verjetnost razvoja takih celic (McDermott in sod., 2014). Glede na standardni protokol za
nastanek rezisten¢ne celi¢ne linije smo izpolnili tudi ostala klju¢na elementa: nizka doza
stresorja (v tem primeru elektroporacijskih pulzov) in okrevanje brez prisotnosti stresorja
(3-4 dnevni okrevanje celic v gojiscu v inkubatorju) (McDermott in sod., 2014). Nizko dozo
stresorja smo dosegli s premisljeno izbiro jakosti elektricnega polja dovedenih pulzov. V ta
namen smo izbrali amplitudo pulzov, ki povzro¢i povecano prepustnost membrane priblizno
80 % celicam in hkrati umre samo okoli 20 % celic. Jakost stresorja elektroporacijskega
pulza je tako hkrati iz vidika reverzibilne elektroporacije visoka, ter nizka iz vidika
ireverzibilne elektroporacije.

Ob upostevanju vseh pogojev razvoja rezistence celiCne linije in obstojeCe Studije na
evkariontskih celicah smo pri¢akovali zamik krivulj oziroma spremenjeno obcutljivost celic
na elektri¢no polje in s tem razvoj rezistence celi¢ne linije oz. celi¢ne linije z zmanjS$ano
obcutljivostjo na elektri¢ne pulze. Predvidevamo, da bi celice z spremenjeno obc¢utljivostjo
za elektroporacijske pulze za enako ucinkovitost v primerjavi s starSevsko generacijo
potrebovale nizjo ali vi§jo amplitudo oziroma jakost stresorja (McDermott in sod., 2014).
Pri tem pa bi razlika v amplitudi narascala tudi z vsako naslednjo generacijo. V sklopu teh
predvidevanj smo postavili hipotezo, da veckratna izpostavljenost elektricnemu polju
povzroci razvoj rezistence na elektriéne pulze in jo po poskusali potrditi.

Nasi rezultati so v nasprotju s postavljeno hipotezo. Celice niso spremenile svoje
obcutljivosti na elektri¢ne pulze niti v 15 generacijah, niti v 30 generacijah. To velja tako za
reverzibilno elektroporacijo kot ireverzibilno, torej neglede na jakost stresorja, ki je bil pri
reverzibilni elektroporaciji precej moc¢nejsi kot pri ireverzibilni elektroporaciji. Glede na
dolgoro¢en nespremenjen odziv celic na izpostavljenost elektroporacijskim pulzom, morda
celo nikoli ne pride do spremenjene ob¢utljivosti celic. 1z dobljenih rezultatov lahko trdimo,
da celice zaradi izpostavljenosti elektroporacijskim pulzom ne postanejo bolj ali manj
obcutljive ozirom 0z. ne postanejo rezistentne na taksne pulze. Ugotovljeno je v nasprotju z
na$o postavljeno hipotezo, zaradi ¢esar smo hipotezo zavrnili.

Nasa Studija je torej zavrnila moZnost razvoja spremenjene obcutljivosti celic v primeru
ponovnega zdravljenja s samimi elektroporacijskimi pulzi tako v obmoc¢ju reverzibilne kot
ireverzibilne elektroporacije. Na razvoj spremenjene ucinkovitosti ne vpliva niti jakost
stresorja, saj kljub zelo intenzivnem stresorju (ki vpliva na 80% celic) celice niso postale
bolj obcutljive v obmoc;ju ireverzibilne elektroporacije. Glede na rezultate studije sklepamo,
da zdravljenje z elektroporacijo lahko uporabimo veckrat, pri tem pa je ucinkovitost
ponovljenega zdravljenja enaka. Ker smo pri tem uporabili celi¢no linijo CHO, ki velja za
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netumorsko celi¢no linijo, predvidevamo, da to velja za gensko elektrotransfekcijo pri vnosu
ve¢ odmerkov cepiv in ireverzibilno elektroporacijo, kot je ablacija srénega tkiva, v primeru
nezadostne obseznosti tkiva pri prvem zdravljenju. Predpostavljamo, da enako velja tudi za
ablacijo tumorskega tkiva, kar pa je sicer v nasprotju z Studijo, ki so jo izvedli Shao in sod.
(2017), a je slednja zaradi zelo majhnega Stevila generacij celic nezanesljiva, zato je odziv
tumorskih celic na veckratno izpostavitev elektroporacijskim pulzom potrebno Se preveriti.
Vprasanje pa je, ¢e se to zgodi tudi pri zdravljenju raka z elektrokemoterapijo, kjer so celice
poleg elektricnih pulzov izpostavljene tudi kemoterapevtikom, ki sami po sebi lahko
vplivajo na prezivetje celic. Slednji bi morda kot kemiéni stresor v kombinaciji z
elektroporacijskim pulzi lahko wvplival na spremenjeno obcutljivost celic na
elektrokemoterapijo. Seveda, pa bi bilo smiselno sposobnost razvoja spremenjene
obcutljivosti celic na elektroporacijske pulze preveriti tudi in vivo, saj vemo, da se rezultati
in vitro studij, ne odrazajo vedno tudi in vivo, kjer gre za celosten odgovor organizma.

Spros¢anje DAMP molekul iz elektroporiranih celic je izrazitejSe v obmocju
ireverzibilne elektroporacije

Aktivacija imunskega sistema pacienta, naj bi izbolj$ala izid zdravljenja z reverzibilno
(Calvet in sod., 2014; Calvet in Mir, 2016; Sersa in sod., 2015; Sersa in sod., 1997; Chiarella
in sod., 2008) kot tudi z ireverzibilno elektroporacijo (Bulvik in sod., 2016; José in sod.,
2012; Pandit in sod., 2019; Scheffer in sod., 2019; Vogl in sod., 2009; White in sod., 2018),
saj poleg uniCenega tarénega tumorskega tkiva, aktiviran imunski sistem vpliva tudi na
oddaljene metastaze. Eden moznih razlogov za aktivacijo imunskega sistema pri zdravljenju
z elektroporacijo je aktivacija imunogene celi¢ne smrti, o kateri se na podrocju
elektroporacije ve dokaj malo, saj gre za novejSo obliko poimenovanja poti celi¢ne smrti.
Aktivacijo imunogene celi¢ne smrti je mozno spremljati in vitro preko sprosc¢anja specifi¢nih
signalnih DAMP molekul iz elektroporiranih celic. Dosedanje in vitro studije so bile
opravljene na tumorskih in netumorskih celicah ob uporabi razli¢nih dolzin pulzov in v
kombinaciji z razliénimi kemoterapevtiki (Calvet in sod., 2014; Guo in sod., 2018; Nuccitelli
insod., 2015, 2017; Ringel-Scaia in sod., 2019; Rossi in sod., 2019; Schultheis in sod., 2018;
Zhao in sod., 2019). Za razliko od obstojecih $tudij Smo v nasi ocenili korelacijo med
sporo¢anjem DAMP molekul in povecano prepustnostjo membrane oziroma reverzibilno
elektroporacijo ter med sporo¢anjem DAMP molekul in celi¢no smrtjo oziroma ireverzibilno
elektroporacijo.

Korelacija prestavlja povezanost dveh spremenljivk in jo prikazujemo s koeficientom R.
Korelacija je najmocnejsa v blizini vrednosti 1 in upada z nizanjem vrednoti do 0,5. Pri
vrednostih manjsih od 0,5 velja, da korelacija ne obstaja. Na splosno velja prepricanje, da
sta povecana prepustnost membrane in prezivetje celic po elektroporaciji vzro¢no povezana,
Kjer zaradi povecane prepustnosti membrane celic pride do zmanjSanega prezivetja celic.
Korelacijski koeficient v tej Studiji je bil R =- 0,680, kar kaZze da njuna povezanost ni
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najmoc¢nejsa. Pri tem velja izpostaviti, da smo za analizo celi¢ne smrti uporabili metabolni
test, katerega rezultati % prezivelih celic niso tako natancni kot pri testu klonogenosti,
vendar hkrati dovolj zanesljivi, da ocenimo priblizen upad prezivetja celic ob povecanju
amplitude elektri¢nih pulzov.

Rezultati nase Studije so najbolj primerljivi s studijo, ki so jo opravili Calvet in sod. (2014),
saj pri obeh Studijah uporabljamo enake pulze, in sicer osem monopolarnih pulzov, dolzine
100 ps. Medtem ko so Calvet in sod. (2014) preucevali aktivacijo imunogene celi¢ne smrt v
kombinaciji s samimi elektroporacisjkimi pulzi in v kombinaciji elektroporacijskih pulzov s
kemoterapevtikom, smo se v nasi Studiji osredotocili na delovanje samih elektroporacijskih
pulzov. Predvidevamo namre¢, da je izpostavljenost elektroporacijskim pulzom ze samo po
sebi zadosca, da pride do spros¢anja DAMP molekul, saj so aktivacijo imunskega sistema,
dokazali pri ireverzibilni elektroporaciji le z uporabo elektroporacijskih pulzov (Bulvik in
sod., 2016; José in sod., 2012; Pandit in sod., 2019; Scheffer in sod., 2019; Vogl in sod.,
2009; White in sod., 2018). Tako kot Calvet in sod. (2014) smo dolocali vrednosti
spros¢enega ATP po elektroporaciji in premik proteina kalretikulina na zunanjo stran celi¢ne
membrane in dobili podobne rezultate kot omenjena Studija ob uporabi sami
elektroporacijskih pulzov. ATP in kalretikulin sta dve od treh DAMP molekul, ki veljajo za
zlati standard imunogene celi¢ne smrti tumorskih celic (Zhou in sod., 2019). Vendar je
identificiranih se veliko DAMP molekul, njihov stevilo pa se se povecuje. Med bolj znanimi
so visoko mobilen protein 1 (HMGB1), nukleinske kisline, proteini toplotnega Soka (angl.
heat-shock proteins), protein S100, se¢na kislina ter saharidi (Roh in Sohn, 2018). V nasi
Studiji sSmo poleg sproscanja ATP in kalretikulina analizirali e spros¢anje nukleinskih kislin
in se¢ne Kisline. Prisotnost slednje sicer v studiji nismo uspeli potrditi, kar pripisujemo CHO
celi¢ni liniji ali neustrezni v metodi.

Statisti¢na korelacija spros¢anja DAMP molekul s povecano prepustnostjo membrane je v
splosnem slaba ali je celo ne moremo potrdili. Korelacija med spros¢anjem ATP in povecane
prepustnosti membrane je pozitivna, saj vrednost spro§¢enega ATP po 15-30 minutah
nara$¢a z vrednostjo povecane prepustnosti membrane (R = 0,594 pri fluorescen¢ni metodi
oziroma R =0,704 in 0,728 pri luminiscen¢ni metodi). Koli¢ina spros¢enega ATP nekaj
minut po izpostavitvi elektroporacijskemu pulzu dosega pozitivno korelacijo s povecano
prepustnostjo membrane. Pozitivna korelacija je bila sicer pri¢akovana, vendar ne tako $ibka
(R =0,594), saj so v prvih studijah elektroporacije detekcijo sprosc¢enega ATP iz celic
uporabljali za potrjevanje povecane prepustnosti membrane. 24 ur po elektroporaciji se je
korelacija spremenila v negativno korelacijo (R = - 0,695), saj so vrednosti ATP ob viSanju
amplitude upadle. Zelo sibko korelacijo spros¢anja DAMP molekul z reverzibilno
elektroporacijo smo potrdili tudi pri analizi kalretikulina (R (4 h)=0,535 in
R (24 h) = 0,556) tako 4 in 24 ur po elektroporaciji, kot tudi pri detekciji DNA in RNA
15 - 30 min po elektroporaciji (R =0,57 - 0,69), medtem pa korelacija med spros¢anjem
nukleinskih kislin in reverzibilno elektroporacijo 24 ur po elektroporaciji sploh ne obstaja.
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V primerjavi z reverzibilno elektroporacijo je korelacija spros¢anja DAMP molekul
mocnejsa z ireverzibilno elektroporacijo oz. celi¢no smrtjo. Korelacija spros¢enega ATP
analiziranega s fluorescen¢no metodo (R (30 min) =- 0,865 in R (24 h) = 0,888). Dodatna
analiza ATP z luminiscen¢no metodo, ki velja za bolj ob¢utljivo metodo merjenja ATP je
potrdila moc¢no korelacijo med spros¢anjem ATP in ireverzibilno elektroporacijo oziroma
celi¢no smrtjo tudi v tem primeru (R (15 min) = - 0,964, R (30 min) = - 0,947). To velja tudi
za sproscanje nukleinskih kislin, ki dosega mo¢no negativno korelacijo (R > - 0,9) pri vse
tockah casovne analize (15, 30 min in 24 h).

V preteklosti so elektroporacijskim pulzom ze pripisovali poSkodovanje DNA in zmanjSanje
znotraj celi¢nega ATP zaradi nastanka por v membrani in s tem povecane prepustnosti
membrane. Tako bi lahko dvig ATP, DNA in RNA v odvisnosti od amplitude pulza kmalu
po izpostavitvi elektroporaciji pripisali stanju oz. Stevilu poskodb, ki jih povzroci
elektroporacija. Zanimivo je, da koncentracija ATP 24h po elektroporaciji upada s
povecevanjem amplitude, medtem pa koncentraciji DNA in RNA s poveéevanjem amplitude
narascata. Predvidevamo, da se izvenceli¢ni ATP razgradi s pomoc¢jo ATPaz, ki ob povecani
prepustnosti membrane uidejo iz celice. Drasti¢en iztek ATP bi lahko vplival tudi na
delovanje ATP ¢rpalk, ki sicer vzdrzujejo koncentracijo ionov na obeh stranech membrane.
Posledi¢no, zaradi tega pride do porusenega ionskega ravnotezja kar vliva na celicno smrt
(Hansen in sod., 2015; Wang in sod., 2003) °. Povisana vrednost ATP pri kontroli pa bi bila
lahko posledica delnega poSkodovanja celic ob pipetiranju in centrifugiranju celic.

Podobno korelacijo kot spros¢anje ATP in nukleinskih kislin nakazuje tudi detekcija
kalretikulina na zunanji plazemski membrani. Korelacija se v 24 urah po elektroporaciji e
ojata (R (4h) =-0,801, R (24 h) =-0,946). Medtem ko pasivno spro$¢anje ATP in
nukleinskih kislin lahko pripisujemo poSkodbi celicne membrane oz. nastanku por, ki
nastanejo v membrani pri elektroporaciji, to ne velja za premik proteina kalretikulina na
zunanjo stran plazemske membrane. Kalretikulin se namre¢ v normalno delujoci celic nahaja
v notranjosti endoplazemskega retikuluma, kjer skrbi za pravilno zvitje nastajajocih
proteinov in za regulacijo Ca?* metabolizma (Gelebart in sod., 2005; Krause in Michalak,
1997). V zgodnji fazi celicne smrti se preko veziklov endoplazemskega retikuluma in
golgijevega aparata ali z lizosomskimi vezilki premakne na celi¢no povrsje, kjer prevzame
vlogo DAMP molekule (Kranz in sod., 2017; Panaretakis in sod., 2009). Detekcija takSnega
kalretikulina s protitelesi je zato mozna le na Zivih celicah z zaceljeno membrano, saj bi
drugace oznacili tudi znotraj celi¢en kalretikulin, ki pa ni DAMP molekula. Celice smo zato
pred analizo oznacili s propidijevim jodidom (PI), ki obarva celice s poSkodovano membrano
in mrtve celice. Kljub temu smo kalretikulin na zivih celicah (Pl negativnih) zaznali le v
obmocju ireverzibilne elektroporacije. Njegova detekcija pa je naraS€ala s povecanjem
amplitude, Ceprav se je Stevilo zivih celic pri tem zmanjSevalo iz Cesar sklepamo da vi§ji
stres oziroma v tem primeru amplituda pulzov povzroci, da se na povr§je celice premakne
ve¢ molekul kalretikulina. Pri tem pa velja dodati, da naj bi do premika kalretikulina na
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zunanjo plazemsko membrano prislo v zgodnji fazi celicne smrti (Kranz in sod., 2017;
Panaretakis in sod., 2009), kar pomeni da tistih nekaj celice ki jih po 24h prepoznamo kot
zive (Pl negativinih), lahko v naslednjih nekaj urah umrejo. Obarvanje celic s P1 je pokazalo,
da nekaj celic prezivi tudi po dovajanju pulzov z najvisjo amplitudo, kar je v nasprotju z
oceno prezivetja z metabolnim testom. Metodi namre¢ dolo¢ata prezivetje celic preko
razliénega celiénega mehanizma 24 ur po elektroporaciji (Satkauskas in sod., 2017).

SodeC po nasih rezultatih je statisticna korelacija med spros¢anjem DAMP in prezivetjem
celic veliko mo¢nejsa kot pri povecani prepustnosti membrane, kar lahko pojasni aktivacijo
imunskega sistema ob uporabi ireverzibilne elektroporacije. Vendar pa je bila aktivacija
imunskega sistema dokazana tudi pri zdravljenju z reverzibilno elektroporacijo (Calvet in
sod., 2014; Chiarella in sod., 2008), kar pa smo v nasi Studiji potrdili le v primeru izlo¢anja
molekule ATP. VVzrok za aktivacijo imunskega sistema pri zdravljenju z elektrokemoterapijo
bi lahko lezal v nenamerni ireverzibilni elektroporaciji, v neposredni blizini elektrod. Studije
so namre¢ pokazale, da pri zdravljenju z elektrokemoterapijo kljub dovajanju reverzibilnih
pulzov, zaradi nehomogene porazdelitve elektriénega polja, pride v blizini elektrod do
celi¢ne smrti s pomodjo ireverzibilne elektroporacije (Miklav¢ic in sod., 2000; Zmuc in sod.,
2019). Znanje o aktivaciji imunogene celi¢ne smrti, njenem prispevku in vpletenosti v
zdravljenje je pomembno tudi za ¢im bolj$o napoved zdravljenja ali uporabo v kombinaciji
z imuno-terapijami (Maglietti in sod., 2020).

Klju¢ do razumevanja aktivacije imunskega sistema bi lahko lezal v mehanizmu
celi¢ne smrti po elektroporaciji

IzboljSanje metod zdravljenja z elektroporacijo zahteva tudi izboljSanje razumevanje
aktivacije imunogene celi¢ne smrt, kar posledi¢no pomeni razumevanje celi¢ne smrti pri
elektroporaciji. Sode¢ po rezultatih naSe Studije je sproS¢anje DAMP molekul z
elektroporacijo bolj zapleteno kot smo sprva mislili, saj je tudi sproscanje ATP statisti¢no
mocneje povezano v ireverzibilno elektroporacijo kot reverzibilno elektroporacijo. Nedavna
Studija Ringel-Scaia in sod. (2019) je pokazala, da se dinamika izraZzanja genov po
elektroporaciji s casom spreminja. Tako naj bi se kmalu po elektroporaciji aktivirale signale
poti, ki se nanasajo na poskodbo celice, apoptozo in zatiranje imunskega odziva. S¢asoma
naj bi njihovo izrazanje upadlo, zato pride izrazanja drugih genov. Po 24 urah naj bi
prevladovalo izrazanje genov vpletenih v vnetni odziv, popravilo celic in nekrozo/piroptozo.
Spremenjena dinamika izrazanje genov bi lahko pojasnila tudi spremembe v koncentraciji
DAMP molekul v razli¢nih ¢asovnih to¢kah.

Vse kaze, da je za razumevanje aktivacije imunskega sistema klju¢no za razumevanje celi¢ne
smrti, ki jo povzroc€ijo elektroporacijski pulzi oz. ireverzibilne elektroporacija. Na splos$no o
celi¢ni smrti, ki jo povzrocijo elektri¢ni pulzi vemo dokaj malo, kar je glede na to, da prve
Studije segajo dale¢ nazaj v zgodovino (Neumann in Rosenheck, 1972) in da je bilo od takrat
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na tem podrocju opravljenih mnogo $tudij, morda znak da odgovor na to ni tako preprost. S
preuc¢evanjem literature celi¢ni smrti smo ugotovili, da gre elektroporirana celica skozi tri
faze in sicer: poskodba, popravljanje in smrt. Tip celi¢ne poskodbe zaradi elektroporacijskih
pulzov je odvisen od parametrov elektroporacije, ki pa se razlikujejo tudi glede na
eksperimentalne pogoje (in vivo ali in vitro) (Batista Napotnik in sod., 2021). Prezivetje
celice je seveda odvisno od popravljalnih mehanizmov celice. Kateri mehanizem je vpleten
pri odstranjevanju celi¢nih poskodb oziroma por v membrani je zaenkrat le slabo raziskano,
pri tem pa naj bi imeli pomembno vlogo tudi parametri pulzov (Batista Napotnik in sod.,
2021) kot je na primer dolzina samih pulzov (Thompson in sod., 2018; Thompson in sod.,
2014). Pot celi¢ne smrti po elektroporaciji, so neko¢ vecinoma pripisovali apoptozi in
nekrozi, medtem ko novejSe Studije omenjajo tudi nekroptozo in piroptozo za kateri je
znacilno spros¢anje DAMP molekul oziroma imunogena celi¢na smrt (Brock in sod., 2020;
Mercadal in sod., 2020; Ringel-Scaia in sod., 2019). Natan¢en mehanizem celi¢ne smrti pri
elektroporaciji do sedaj Se ni poznan, vse pa kaze da je odvisen od parametrov pulzov,
celi¢ne linije oz. tkiva ter od eksperimentalnih pogojev (Ball in sod., 2010; Batista Napotnik
in sod., 2021; Brock in sod., 2020; Pakhomova in sod., 2013; Ringel-Scaia in sod., 2019).
Na podlagi zbrane literature ocenjujemo, da bi bolj$e razumevanje elektroporacije na nivoju
celinih poskodb, popravljalnih mehanizmov in celicne smrti prinesla sistematsko
zastavljena Studija. Pri tem bi razli¢ne celi¢ne linije (razli¢nega tkivnega izvora, tumorske —
netumorske, diferencirane — nediferencirane) izpostavili razliénim pulzom (nanosekundne,
mikrosekundne milisekundne monopolarne pulze in visokofrekveéne bipolarne pulze) pri
istih eksperimentalnih pogojih. Le tako bi lahko zares ocenili vpliv pulzov in celiénih linij
na poskodbe, popravljalne mehanizme in celicne smrti.

3.1.1 Prispevek k znanosti

Pridobljeni rezultati na podrocju visokofrekvenéne ireverzibilne elektroporacije SO
pomembno dopolnili obstojeCe znanje o delovanju in vplivu parametrov visokofrekven¢nih
bipolarnih elektri¢nih pulzov na ucinkovitost elektroporacije. Potrdili smo, da je ucinek
visokofrekvenénih bipolarnih pulzov primerljiv s monopolarnimi pulzi, ki se trenutno
veCinoma uporabljajo v medicini. Na ucinek zdravljenja lahko mocno vpliva izbor
parametrov pulzov, kot je dolzina pozitivne in negativne faze bipolarnega pulza in ¢asovni
zamik med pozitivno in negativno fazo bipolarnega pulza. Ob neustrezni izbiri lahko namre¢
pride do izni¢evalnega ucinka, ki se kaze v slabsi u€inkovitosti zdravljenja z elektroporacijo.
Poleg klini¢ne vrednost Studije ima $tudija tudi raziskovalno vrednost, kot je zavrnitev ene
teorije in delna potrditev druge teorije o nastanku izni¢evalnega uéinka.

Aktivacija imunskega sistema lahko v odvisnosti od namena zdravljenja pripomore k
uspesnejSem zdravljenju z elektroporacijo. Aktivacija imunskega sistema pri elektroporaciji
je lahko posledica spros¢anja DAMP molekul iz elektroporiranih celic. Dokazali smo, da je
spros¢anje DAMP molekul odvisno od parametrov pulzov. Spros¢anje DAMP molekul in s
tem aktivacija imunskega sistema je glede na nase rezultate izrazitejSa V obmodcju



79

POLAJZER T. Primerjava u¢inkov visokofrekvenénih bipolarnih in nizkofrekvenénih monopolarnih pulzov na preZivetje celice.
Dokt. disertacija. Ljubljana, Univerza v Ljubljani, BiotehniSka fakulteta, 2022

ireverzibilne elektroporacije kot reverzibilne elektroporacije, ne glede na to, da nekatere
DAMP molekule izstopijo iz celice ze zaradi poveCane prepustnosti membrane, ki jo
povzrocijo elektroporacijski pulzi.

Nasa Studija je edina v kateri smo raziskovali razvoj odpornosti evkariontskih celic oz.
razvoj zmanjSanje obcutljivosti celic na elektricne pulze. Dokazali smo, da je ucinek
elektroporacijskih pulzov na celicah, vsaj do 30. generacije, enak kot ob prvem zdravljenju.
S tem smo potrdili, da je elektroporacija metoda, ki jo lahko po potrebi lahko veckrat
ponovimo, v primeru, delnega odziva na prvotno zdravljenje ali ponovnega pojava
bolezenskega tkiva.

Rezultati pridobljeni v doktorski nalogi bodo sluzili kot pomembno izhodisce Stevilnim
pred-klini¢nim in klini¢énim Studijam, kot tudi metodam zdravljenja z elektroporacijo,
temeljecih na reverzibilni kot tudi ireverzibilni elektroporaciji.
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3.2 SKLEPI

e Visokofrekvencni bipolarni pulzi bi lahko v prihodnosti nadomestili trenutno
uveljavljene monopolarni pulze, tako iz vidika reverzibilne kot tudi ireverzibilne
elektroporacije. Z visokofrekven¢nimi bipolarnimi pulzi lahko namre¢ dosezemo
enako ucinkovitosti elektroporacije kot z monopolarnimi pulzi, vendar pa je pri
visokofrekvencnih bipolarnih pulzih potrebno dovesti vecjo energijo oziroma
uporabiti vi§jo amplitudo.

e Ucinek visokofrekven¢nih bipolarnih pulzov je odvisen od parametrov pulzov, kot sta
dolZina pozitivne in negativne faze bipolarnega pulza in dolzina ¢asovnega zamika
med pozitivno in negativno fazo bipolarnega pulza. Krajsa dolzina omenjenih
parametrov pomeni manj ucinkovito elektroporacijo, podaljSevanje njune dolzine pa
privede do ucinkovitej$e elektroporacije. Predvidevamo, da je razlog za to izni¢evalni
ucinek, katerega vpliv pa upada s podaljSevanjem dolzine pulza.

e Prisotnost izni¢evalnega ucinka pri visokofrekven¢nih bipolarnih pulzih je odvisna
tudi od elektroporacijskega pufra, kar lahko vpliva na rezultate in vitro studij in
njihovo napovedno vrednost za in vivo in klini¢ne $tudije.

e Vzrok za nastanek izni¢evalnega ucinka pri bipolarnih pulzih ostaja nepojasnjen,
vendar njegov obstoj lahko vsaj deloma pripisemo aktivnemu praznjenja membrane
in ne teoriji o hiperpolarizaciji celice zaradi vdora kloridnih ionov.

e Zdravljenje z elektroporacijo, tako v obmo¢ju reverzibilne kot ireverzibilne
elektroporacije lahko uporabimo veckrat, pri tem pa je ucinkovitost vsakega
ponovnega zdravljenja vedno enaka in primerljiva s prvotnim zdravljenjem.
Povecanje ali zmanjSanje obcutljivosti namre¢ kljub veckratni izpostavljenosti
elektroporacijskim pulzom nismo opazili.

e Sproscanje DAMP molekul pri zdravljenju z elektroporacije je v vecji meri prisotno
v obmog¢ju ireverzibilne elektroporacije oz. ablacije tkiva, ob katerem povzro¢imo
smrt celic in ne obmocju reverzibilne elektroporacije, kjer dosezemo le povecano
prepustnost celic.

e Mehanizem celi¢ne smrti, ki jo povzrocijo elektroporacijski pulzi je slabo raziskan.
Trenutno obstaja nekaj teorij o celiénih poskodbah, ki jih pulzi povzrocijo,
popravljalnih mehanizmov, ki se ob tem sprozijo ter o poteh celi¢ne smrti, do katerih
elektroporacijski pulzi privedejo. V prihodnosti bo potrebno izvesti sistemati¢no
zasnovano raziskavo, kjer bi ugotovili ali je u¢inek elektroporacije z vidika poskodbe,
popravljalnih mehanizmov in celi¢ne smrti odvisen od oblike pulzov ali tkivnega
izvora celice ali obojega ali Se kak$nega drugega parametra.
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4 POVZETEK (SUMMARY)

41 POVZETEK

Kadar celico izpostavimo zunanjemu elektri¢cnemu polju v membrani nastanejo pore, zaradi
Cesar se spremeni prepustnost membrane za molekule in ione, ki drugace membrano tezko
prehajajo.  Zaradi  poveane  prepustnosti  membrane  pojav  imenujemo
elektropermeabilizacija ali elektroporacija, saj naj bi se ob izpostavljenosti zunanjemu
elektricnemu polju v membrani oblikovale pore. Elektroporacija je lahko
reverzibilna/povratna ali ireverzibilna/nepovratna, odvisno od parametrov elektri¢nih
pulzov, kot so elektri¢na poljska jakost, dolzina, $tevilo in ponavljalna frekvenca pulzov. Ce
celica ponovno vzpostavi fizioloSke procese in prezivi govorimo o reverzibilni
elektroporaciji, ¢e celica umre pa o ireverzibilni elektroporaciji. Elektroporacija se uporablja
v Sirokem naboru postopkov v Zivilski tehnologiji, biotehnologiji in medicini. V doktorski
disertaciji sem se osredotoCila predvsem na metode elektrokemoterapije in genske
elektrotransfekcije z reverzibilno elektroporacijo ter netermi¢nega odstranjevanja tkiva z
ireverzibilno elektroporacijo.

Tako elektrokemoterapija kot ablacija tkiva z ireverzibilno elektroporacijo za svoje
delovanje uporabljata dolge monopolarne pulze, v razliénem Stevilu in amplitudi. Dovajanje
teh pulzov povzroc¢i nenadzorovano misi¢no kréenje in obcutek bole¢ine, spremembo pH in
nastanek zraénih mehurckov kot posledico elektrokemijskih reakcij. Pred kratkim se je
pojavila nova oblika pulzov, ki odpravlja navedene pomanjkljivosti monopolarnih pulzov,
tako imenovana visokofrekven¢na ireverzibilna elektroporacija. Visokofrekvenéne
bipolarne pulze sestavljajo vlaki zelo kratkih pulzov, ki si sledijo v izmenjujo¢i se polariteti.
V nasprotju s klasi¢éno IRE, pri terapiji z visokofrekven¢nimi bipolarnimi pulzi ne
potrebujemo misi¢nih relaksantov in sinhronizacije dovajanja pulzov s srénim utripom, kar
moc¢no olajsa sam proces in skrajsa trajanje terapije. Potencialno rabo teh pulzov so v zadnjih
celice in nastanka mehurckov v krvi srca $e posebej pomembno. V primerjavi s klasi¢nimi
monopolarnimi pulzi imajo visokofrekvené¢ni bipolarni pulzi kompleksnej$o strukturo in
vecje Stevilo parametrov, saj lahko poleg dolZine, Stevila, frekvence in amplitude pulzov
nadzorujemo tudi ¢asovni zamik med pozitivho in negativno fazo bipolarnega pulza,
ponavljalno frekvenco, stevilo pulzov v vlaku in zamik med vlaki pulzov. Posledi¢no to
pomeni ve¢ spremenljivk, ki vplivajo na ucinek elektroporacije. Neustrezno spreminjanje
parametrov lahko povzro¢i tudi termi¢ne poSkodbe, zato je poznavanje delovanja
visokofrekvencnih bipolarnih pulzov pulzov, tako parametrov in posebnosti, ki jih prinasa
ta oblika pulza, klju¢na za varno in uspes$no uporabo v kliniki. VVseeno pa je odsotnost
nehotenega misi¢nega kréenja ali obCutka bolecine pri zdravljenju z visokofrekven¢nimi
bipolarnimi pulzi nepomembna, ¢e njihov ucinek ni primerljiv z ucinkovitostjo
monopolarnih pulzih. V §tudiji smo, preko izdelave krivulj povecane prepustnosti membrane
in prezivetja celic, primerjali u€inek uveljavljenih monopolarnih pulzov in novejsih
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visokofrekvenénih  bipolarnih  pulzov v obmoc¢ju reverzibilne in ireverzibilne
elektroporacije. Tako z uporabo monopolarnih pulzov kot visokofrekven¢nih bipolarnih
pulzov smo lahko dosegli primerljiv u¢inek elektroporacije, iz vidika povecane prepustnosti
membrane in prezivetja celic. Vendar pa smo morali za doseganje primerljive u¢inkovitosti
pri visokofrekvencnih bipolarnih pulzih uporabiti visjo amplitudo oziroma dovesti vecjo
energijo kot pri monopolarnih pulzih. U¢inek visokofrekven¢nih bipolarnih pulzov je
odvisen od parametrov pulzov, kot sta dolzina pozitivne in negativne faze bipolarnega pulza
in dolzina ¢asovnega zamika med pozitivno in negativno fazo bipolarnega pulza. Krajsa
dolzina parametra pomeni manj ucéinkovito elektroporacijo, podaljSevanje dolzine pa
omogo¢i u¢inkovitejso elektroporacijo. Predvidevamo, da je to zaradi pojava izni¢evalnega
ucinka, katerega moc¢ upada s podaljSevanjem dolzine pulza. Prisotnost izni¢evalnega ucinka
visokofrekvenénih bipolarnih pulzih in vitro je odvisna od elektroporacijskega pufra. Vzrok
za nastanek iznicevalni uc¢inek Se vedno ni v celoti pojasnjen, vseeno pa iznic¢evalni uc¢inek
lahko vsaj deloma pripisemo aktivnemu praznjenja membrane.

Kljub temu, da gre pri elektrokemoterapiji in ireverzibilni elektroporaciji predvsem za
enkratno terapijo, pa je v primeru delnega/nepopolnega odgovora potrebno (in mozno)
terapijo ponoviti. Pri tem se pojavi vpraSanje uéinkovitosti, ali le-ta ostane enaka ali je
slabSa. Dosedanje Studije veckrat izpostavljenih celic elektricnim pulzov so si nasprotujoce,
prekratke ali za namen zdravljenja tumorskega tkiva neustrezne. V §tudiji smo spremenjeno
obcutljivost celic na elektroporacijske pulze spremljali preko povecane prepustnosti
membrane (obmocje reverzibilne elektroporacije) in prezivetja celic (obmogje ireverzibilne
elektroporacije) do 30. generacije. Pri tem smo izpolnili kriterije standardnega protokola za
vzpostavitev »rezistencne« oz. celicne linije s spremenjeno obcutljivostjo na
elektroporacijske pulze. Glede na rezultate Studije sklepamo, da zdravljenje z elektroporacijo
lahko uporabimo veckrat, pri tem pa je ucinkovitost vsakega zdravljenja primerljiva s
primarnim zdravljenjem, kar velja tako za reverzibilno kot ireverzibilno elektroporacijo.

Stevilne $tudije omenjajo pomembnost aktivacije imunskega sistema organizma k
dolgorocnejsemu vpliv zdravljenja z reverzibilno kot ireverzibilno elektroporacijo, saj
aktiviran imunski sistem omogoc¢i uni¢enje preostanka tumorskih celic oziroma zmanjSanje
oddaljenih metastaz. Aktivacija imunskega sistema pri elektroporaciji bi bila lahko posledica
imunogene celi¢ne smrti (ICD) elektroporiranih celic, kjer se iz celic spro$¢ajo posebne
signalne DAMP molekule. Trenutno razumevanje signalnih poti vpletenih v celi¢no
smrt/prezivetje po elektroporaciji in aktivacijo/supresijo imunskega sistema je slabo. Za
razliko od obstojecih $tudij smo sporo¢anje DAMP molekul (ATP, kalretikullin, nukleinske
kisline, se¢na kislina) analizirali v celotnem obmocju elektroporacije, torej tako reverzibilne
kot ireverzibilne elektroporacije ter njihovo spros¢anje statisti¢no korelirali z reverzibilno in
ireverzibilno elektroporacijo. Statisticna korelacija s povecano prepustnostjo membrane je v
sploSnem slaba ali je celo ne moremo potrdili. Statistina korelacija med spro$¢anjem
DAMP in prezivetjem celic je veliko mocnejsa, kar lahko pojasni aktivacijo imunskega
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sistema ob uporabi ireverzibilne elektroporacije. VVzrok za aktivacijo imunskega sistema pri
zdravljenju z elektrokemoterapijo oziroma reverzibilno elektroporacijo bi lahko lezal v
nenamerni ireverzibilni elektroporaciji, v neposredni bliZini elektrod. Studije so namre¢
pokazale, da pri zdravljenju z elektrokemoterapijo kljub dovajanju reverzibilnih pulzov,
zaradi nehomogene porazdelitve elektricnega polja, pride v blizini elektrod do celicne smrti
zaradi ireverzibilne elektroporacije ali celo termi¢nih poskodb.

Izboljsanje metod zdravljenja z elektroporacijo zahteva tudi izboljSanje razumevanje
aktivacije imunskega sistema. Aktivacijo imunskega sistema lahko povzro¢i imunogena
celi¢na smrt, o kateri pri elektroporaciji vemo bolj malo. Na splo$no je znanje o celi¢ni smrti,
do katere pride pri elektroporaciji pomanjkljivo. Trenutno vemo, da elektroporacija povzroci
prehod celice skozi tri faze - nastanek poskodbe, popravljanje in celiéna smrt. Mehanizem
vsakega od teh ob elektroporaciji je zaenkrat slabo raziskan, v vsaki fazi pa je do sedaj
potrjenih nekaj moznih tar¢, mehanizmov oz poti. Med potmi celi¢nih smrti je najpogosteje
opisana apoptoza, medtem ko novejSe Studije opisujejo tudi novi poti celi¢ne smrti in sicer
nekroptozo (angl. necroptosis) in piroptozo (angl. pyroptosis), kjer gre zaradi spros¢anje
DAMP molekul v obliki imunogene celicne smrti. V prihodnosti je potrebno izvesti
sistemati¢no zasnovano Studijo, kjer bi ugotovili ali je uc¢inek elektroporacije z vidika
poskodbe/celi¢ne smrti odvisen od pulzov ali tkivnega izvora celice.
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4.2 SUMMARY

When the cell is exposed to an external electric field, pores are formed in the membrane.
Pores change the permeability of the membrane to molecules and ions that otherwise cannot
pass through the membrane. Because of the change in permeability, the phenomenon is
called electropermeabilization. Another name for it is electroporation because pores are
formed in the membrane. The effect of electroporation depends on parameters of electric
pulses, such as the strength of the electric field, the duration, number and frequency of the
pulses. If the cell survives, it is called reversible electroporation, and if the cell dies, it is
called irreversible electroporation. Electroporation is used in food technology,
biotechnology and medicine. In my thesis, I mainly focused on the methods of
electrochemotherapy and gene therapy with reversible electroporation and non-thermal
tissue removal with irreversible electroporation.

Both electrochemotherapy and tissue ablation with irreversible electroporation use long
monopolar pulses of varying number and amplitude. The delivery of these pulses causes
uncontrolled muscle contraction and sensation of pain, as well as pH changes and the
formation of air bubbles as a result of electrochemical reactions at the electrodes. Recently,
a new form of pulses called high-frequency irreversible electroporation was suggested that
mitigate the above-mentioned disadvantages of monopolar pulses. High-frequency bipolar
pulses consist of trains of very short pulses that follow each other in alternating polarity.
Unlike the classic IRE, therapy with high-frequency bipolar pulses does not require muscle
relaxants or synchronization with the heartbeat, which greatly facilitates the process and
reduces the duration of therapy. In recent years, the potential of these pulses has also been
recognized for ablation of cardiac tissue, where the lack of excitation of cardiomyocytes and
the absence of bubbles in the blood of the heart are particularly important. Compared with
conventional monopolar pulses, high-frequency bipolar pulses have a more complex
structure and a larger number of parameters, because in addition to the pulse duration,
number, frequency, and amplitude, we can also control the time delay between positive and
negative bipolar phases and the repetition frequency of the trains. Also, such pulses can be
symmetrical or asymmetrical. Thus, there are several parameters that affect the
electroporation effect. Inadequate pulse parameters can also cause thermal damage.
Therefore, knowledge of the parameters of the high-frequency bipolar pulse and the specific
properties of this form of pulse is critical for successful application in the clinic. However,
the absence of involuntary muscle contractions or pain sensations during treatment with
high-frequency bipolar pulses is irrelevant if their effects are not comparable to the efficacy
of monopolar pulses. In this study, we compared the effects of established monopolar pulses
with newer high-frequency bipolar pulses in reversible and irreversible electroporation
through membrane permeability and cell survival. By using monopolar pulses and high-
frequency bipolar pulses, we were able to achieve comparable electroporation efficiency.
However, to achieve comparable efficiency, we had to use a higher amplitude or apply more
energy for the high-frequency bipolar pulses than for the monopolar pulses. The effect of
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high-frequency bipolar pulses depends on pulse parameters such as the duration of the
positive and negative phases of the bipolar pulse and the duration of the time delay between
the positive and negative phases of the bipolar pulse. A shorter duration of the parameters
means a less efficient electroporation, and a longer duration leads to a more efficient
electroporation. We hypothesized that this is due to the presence of a cancellation effect
whose strength decreases with increasing pulse duration. The presence of the cancellation
effect of high-frequency bipolar pulses in vitro depends on the electroporation buffer. The
cause of the cancellation effect is not known. However, its existence can be attributed at
least in part to the active discharge of the membrane.

Although electrochemotherapy and irreversible electroporation are mainly single-shot
therapies, in case of partial/incomplete response it is necessary to repeat the treatment. This
raises the question of efficacy, whether it remains the same or worsens. Previous studies in
which cells were repeatedly exposed to electrical pulses have been inconsistent, too short,
or inadequate for the purpose of treating tumor tissue. In this study, we monitored sensitivity
of cells to electroporation pulses by changes in membrane permeability (reversible
electroporation range) and survival (irreversible electroporation range) up to 30 generations.
Thus, we met the criteria of the standard protocol for establishing "resistance™ or cell lines
with reduced sensitivity to electroporation pulses. Based on the results of the study, we
conclude that electroporation therapy can be applied more than once and that the efficacy of
each treatment is comparable to that of the initial treatment, which is true for both reversible
and irreversible electroporation.

Several researchers report a contribution of activation of the body's immune system to the
long-term effects of treatment with reversible as well as irreversible electroporation since an
activated immune system enables the destruction or reduction of distant metastases.
Activation of the immune system by electroporation may be due to immunogenic cell death
(ICD) of the electroporated cells, in which specific DAMP signaling molecules are released
from the cells. Current understanding of the signaling pathways involved in cell
death/survival and immune activation/suppression is poor. In contrast to existing studies, we
analyzed release of DAMP molecules (ATP, calreticulin, nucleic acids, uric acid) over the
entire electroporation range, i.e., both reversible and irreversible electroporation, and their
release was statistically correlated with reversible and irreversible electroporation. The
statistical correlation with altered membrane permeability is generally poor or not-existent.
The statistical correlation between the release of DAMP and cell survival is much stronger,
which could explain the activation of the immune system by irreversible electroporation.
The reason for the activation of the immune system during electrochemotherapy treatment
could be the unintended yet unavoidable irreversible electroporation in close proximity to
the electrodes. Studies have shown that during electrochemotherapy treatment, despite the
provision of reversible pulses, cell death occurs near the electrodes due to irreversible
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electroporation or even thermal damage in immediate vicinity of the electrodes due to
inhomogeneous distribution of the electric field.

To improve electroporation treatments, we also need to better understand how immunogenic
death is activated, which in turn means understanding cell death due to electroporation.
Currently, we know that a cell undergoes three phases during electroporation - damage,
repair, and cell death. The mechanism of each of these phases during electroporation is
currently poorly understood. In each phase, some possible targets, mechanisms, or pathways
have been confirmed so far. Among the pathways of cell death, apoptosis is the most
commonly described, while recent studies also include new pathways of cell death, namely
necroptosis and pyroptosis both types of immunogenic cell death. In the future, a
systematically designed study needs to be performed to determine whether the effect of
electroporation in terms of damage/cell death depends on the pulse parameters, tissue origin
of the cell or both.
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